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Abstract 
The richest petroleum system in the world is the Arabian-Iranian basin; the principal oil 
producing horizons in the region are within Mesozoic and Cenozoic strata. The Wafra oilfield 
is one giant oilfield, located in the Saudi Arabia-Kuwait Partitioned Neutral Zone. The main 
reservoir lithofacies in this oilfield is the Lower Cretaceous Ratawi Formation (Ratawi zone), 
which is also a major hydrocarbon zone in Kuwait and southern Iraq, but only in the 
northeastern area of Saudi Arabia. The Ratawi Formation is divided into three members: lower 
Ratawi Oolite, middle Ratawi limestone and upper Ratawi Shale. 

The systematic variations in Ratawi lithofacies in three dimensions (Ratawi facies tract and 
depositional system) and its rese pir nd seal rock characteristics are the product of 
(1) sedimentological processes the Ratawi platform type (carbonate ramp with 
moderate energy) and geological age: the Lower Cretaceous greenhouse period, (2) diagenetic 
processes (marine, subaerial exposure and burial) and (3) stratigraphic processes that include 
accommodation space and carbonate sediment supply. These factors are analyzed and 
integrated in the framework of sequence stratigraphy. 

During the deposition of the Lower Cretaceous Ratawi Formation, the Wafra oilfield area was 
located between the Arabian Shelf and the Gotnia Basin along the Khurais-Wafra-Burgan- 
Zubair arch (Kuwait Arch). The sedimentological approach to sequence stratigraphy is used to 
interpret and predict local, regional and global processes that control Ratawi platform 
initiation, development and termination within idealized genetic packages identified on the 
basis of sedimentological and diagenetic data from the core study, in addition to the stacking 
pattern of the Ratawi parasequences. 

Analyzing the different facies and surfaces in cores wells R-50 and R-48 identified eighty-four 
parasequences (5th order cycles). Fischer plots are used to identify systems tracts (4th order 
cycles) and greenhouse sequences (3`d order cycles) numbered 0,1 and 2, and sequence 
boundary zones numbered 1,2,3 and 4. The integration of Ratawi stacking pattern data from 
this study with previous studies, resulted in construction of a Ratawi chronostratigraphic 
hierarchy framework that includes composite sequences (2°d order cycle) numbered 1 and 2 
and composite sequence boundary zones numbered 1,2 and 3 within the Lower Cretaceous 
Thamama Group, in addition to l" order sub-sequence North Sea and North Atlantic cycles. 
Within this framework the local, regional and global controlling processes are examined. 

The initiation, development and termination of the Ratawi platform and the development of 
reservoir and seal rocks seem to be controlled by interplay of changes in the rate of 2°d orä er 
eustatic sea-level, tectonics (local and regional) and carbonate sediment supply. Cm 6site 
sequence boundary zone between the Ratawi Oolite and Ratawi Limestone is inferred to be 
bounded by two major unconformity surfaces. The lower boundary surface is a type 1 
sequence boundary in the study area on the Kuwait Arch and its correlative conformable 
surface is in the Gotnia Basin succession. The upper boundary surface is a type 3 sequence 
boundary in the Gotnia Basin and its correlative deepening-upward succession in the study 
area on the Kuwait Arch. 

The reservoir and non-reservoir units have been considered within the sequence stratigraphy of 
the Ratawi Formation deduced from cycle thickness and facies patterns. Fischer plots in time 
domains have been used to relate the Ratawi cycle stacking pattern to reservoir units, wireline 
log signatures, lithology and petrophysical characteristics. The best reservoir zones are shown 
to occur within the highstand systems tract beneath a major subaerial exposure associated 
with a 2°d order sequence boundary (Unit E) and transgressive systems tract (Unit D), and 
within the highstand systems tract (Unit C) of the sequence below. The regional seal is shown 
to occur within the termination facies of the Ratawi platform, which is part of a deepening- 
upward succession. 
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Introduction 

Chapter 1 Introduction 

1.1 Introduction 

The Arabian-Iranian basin is the richest petroleum system in the world. The 

recoverable reservoirs of oil and gas here are about 66% and 34% of the world 

reservoir, respectively, and the implied ultimate recovery from the area would amount 

to about 980 billion barrels of oil (Table 1-1). The principal oil producing horizons in 

the region are within Mesozoic (middle and upper Jurassic, lower and middle 

Cretaceous) and Cenozoic (Oligocene and Miocene) strata, but in the southernmost 

part, in southern Oman, within Palaeozoic rocks too (basal Cambro-Ordovician to 

Devonian and Lower Permian). The enormous Arabian-Iranian hydrocarbon reserves 

occur in some 290 producing oilfields (Fig. 1-1) (Beydoun, 1998). Many geologists 

(Murris, 1980; Beydoun, 1988,1991,1998; Stoneley, 1990; Alsharhan and Nairn, 

1997) have considered this basin to be an exceptional petroleum system in terms of oil 

and gas accumulation. 

Different geological factors worked simultaneously to make the Arabian- 

Iranian basin the richest petroleum system in the world, including: (1) A long history 

of almost continuous sedimentation, (2) A very large volume of predominantly marine 

sediments, (3) Extensive and thick reservoir rocks, with many regional unconformities, 
(4) The close association of rich source rocks deposited in marine anoxic basins 

adjacent to excellent reservoir rocks deposited over extensive shelf areas, (5) Widely 

distributed and efficient seal rocks, (6) Large anticlinal structures that formed during 

hydrocarbon migration which helped to preserve large volumes of pore space from 

further diagenesis, (7) The absence of prolonged erosion (except after post-orogenic 
late Neogene uplift), strong tectonism and metamorphism, and (8) Easily fractured 

carbonate rocks predominant since the Permian, permitting vertical migration across 

the bedding to charge younger reservoirs (Beydoun, 1988). 

Murris (1980) developed a model to explain the hydrocarbon systems of Qatar, 

within the central part of the Arabian-Iranian basin, for the Middle Jurassic to Middle 

Cretaceous interval. He suggested that the model could be extended to other parts of 

the basin. The model called for the association of source, reservoir and seal rock 
lithofacies in a cycle of transgression and regression. During the transgression the 

source rock lithofacies was deposited in a low-energy environment in starved basins 
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on the differentiated carbonate platform, and the reservoir rock lithofacies was 

deposited in high-energy environments on the carbonate platform, as marginal reefs, 

oolite sand bodies, rudistid banks and regressive sands. However, during the regressive 

part of the cycle, the seal rock lithofacies were deposited as supratidal evaporites and 

regressive shales. 
q 5" 

97 
1_ 
`0 

11 

\IRZ 
ý 

"x'". 
11 

ION I 4 103" 
")'s" ý" uj \6 1115 

! ºý'ý\ erlas 

in 

7ý ; 25 
ý98 

ý1 
(. 

` 

u9 87 
...... 

Kl 194 
u' .. 140 

' 

291 
94 

91 
76 -R ý. ý. _. 079 

073 

57 63 81 I 
"56 62 

"" 
70 171 

608 

ti 

u" 
"u 

sod 

fi444777 

49 

SAUDI ARABIA 

zr 

, 48 

ARABIAN 
GULF 

163 "162 1j1Jw u1t 
37 27 

A 

ý0 36 a 
38f 

ýcs 

2 
2-1 

33 
23 21 

1ö 116 
NITS 4 21 '3 

221 
ARAB 

20 EMIRATES 
i9 

,1 

+1Y 
,ý 

3 ýlo 1/ i) 

39 

14 9 ý. OMAN 

'ý _"'a 
ý. ýý is 

, e3 
ý. w 

82 "S 
151' 

SY 65 

Figure 1-1 Structural trends over the major oil and gas fields in the Arabian Gulf region (after 
Alsharhan and Nairn, 1997). Main and southern Wafra areas are numbers 90 and 91 along the 
Kuwait arch. The first and second largest oilfields in the world are Ghawar and Burgan, 
numbers 46 and 89. 

The modern concepts of carbonate sequence stratigraphy can be used as a tool 

to interpret the factors controlling the facies succession in the Arabian-Iranian basin at 

o 200KI. 

wncts4AL Tim" MM SEATED IASEMW 
FAUUM 

ivna. nwrnIDc. 

ý ,% uwwr. uýývowe, unrum 
. ̀, CL GU FIELDS 

2AC 

1ý 
Or 

ZO W, 

38 "ý sT 
IRAN 

149 >_> 
1ssý1""'"1. sr 

$42 

BAHRAIN 
f, 

1 

Chapter 12 



Introduction 

different scales. These factors can be used to constrain the stratigraphic evolution of 

the basin and predict basin-filling stratal patterns that include the temporal and spatial 

distribution of source, reservoir and seal rocks, which are the principal elements for 

any petroleum system. In addition, high-resolution sequence stratigraphy can be 

applied in geological reservoir characterization modelling, which is the main element 
in interpretation and prediction of reservoir heterogeneity and flow units. Constraining 

the factors that control the petroleum system aid reservoir flow units is important in 

hydrocarbon exploration and reservoir development and management. 

1.2 Aims of the study 
The Wafra oilfield is a giant oilfield in the Arabian-Iranian basin, located in the Saudi 

Arabia-Kuwait Partitioned Neutral Zone. The main reservoir zone in this oilfield is the 

Ratawi zone (Ratawi Formation), which is also a major hydrocarbon zone in Kuwait 

and southern Iraq, but only in the northeastern area of Saudi Arabia. The aim of this 

project is to apply the concepts of sequence stratigraphy to determine the factors that 

control the temporal and spatial distribution of source, reservoir and seal rocks in the 

Ratawi Formation (Thamama Group) in the Wafra oilfield, in the Saudi Arabia-Kuwait 

Partitioned Neutral Zone. In addition, high-resolution sequence stratigraphy is used to 

outline some of the controls on Ratawi zone heterogeneity in the Wafra oilfield and the 

factors that lead to preservation of near-surface depositional and diagenetic porosity at 
depth. 

The Ratawi Formation in the Wafra oilfield is studied through integrating 

sedimentary and diagenetic facies models, along with data from previous studies, 

within the framework of sequence stratigraphy at different cycle orders. On the global 

scale (2°d and 1st order sub-cycles), the aim is to interpret the long-term factors that 

were operating in the Tethys seaway during the lower Cretaceous, which controlled the 
initiation, development and termination of the Ratawi Oolite carbonate platform. On a 
more regional scale (3rd and 2°d order cycles), the aim is to interpret the source, 
reservoir and seal lithofacies in the Ratawi Formation. Finally, on a local scale (5`h and 
4`h order cycles), the aim is to determine reservoir heterogeneity of the Ratawi zone in 

the Wafra oilfield. 
The aims of this research include: 

1. To present an account of the regional geology and tectonic control of the lower 
Cretaceous strata of the Saudi Arabia-Kuwait Partitioned Neutral Zone. 
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2. To describe and interpret the facies and succession of the Ratawi Formation in the 

Wafra oilfield from core samples, and produce a depositional model in the context 

of sequence stratigraphy. 

3. To describe and interpret the diagenesis of the Ratawi Formation and produce a 
diagenetic model within the framework of sequence stratigraphy. 

4. To determine the cyclostratigraphy of the Ratawi Formation from core and well- 

log data and consider the nature of reservoir and seal facies, and reservoir 

heterogeneity, within a sequence stratigraphic framework. 

5. To use the concepts of sequence stratigraphy to interpret and predict seal, reservoir 

and source rocks of the Ratawi Formation in Wafra oilfield area. 

Oil: Proved reserves At end 2000 
Thousand 

million Share 
barrels of total 

Iran 89.7 8.6% 
Iraq 112.5 10.8% 
Kuwait 96.5 9.2% 
Oman 5.5 0.5% 
Qatar 13.2 1.3% 

Saudi Arabia 261.7 25.0% 
Syria 2.5 0.2% 
United Arab Emirates 97.8 9.3% 
Yemen 4.0 0.4% 
Other Middle East 0.2 t 
Total Middle East 683.6 65.3% 
Total North America 64.4 6.1% 
Total S. & Cent. America 95.2 9.0% 
Total Europe 19.1 1.9% 
Total Former Soviet Union 65.3 6.4% 
Total Africa 74.8 7.1% 

Total Asia Pacific 44.0 4.2% 
TOTAL WORLD 1046.4 100.0°ä 

Non-OPEC$ 166.7 15.9% 
OPEC 814.4 77.8% 

Table 1-1 Oil reserves at end 2000 

In order to achieve these aims the microfacies and broad facies belts of the Ratawi 
Formation are analyzed and represented by a depositional facies model in Chapter 3. 
The diagenetic overprint and its effect on the reduction or enhancement of the Ratawi 
depositional porosity are analyzed and represented by a diagenetic model in Chapter 4. 
This chapter also discusses the different factors that lead to the preservation of primary 
and secondary near-surface porosity at the depths of the reservoir zones. 
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The cyclostratigraphic framework for the Ratawi Formation is constructed in 

Chapter 5 from data obtained from two wells, well R-50 and R-48. The different 

reservoir and non-reservoir units in the Ratawi zone in the Wafra oilfield are correlated 

from the type section in a well at the Wafra crest to these two wells on the flank of the 

main structure using different types of logs. This chapter integrates the Ratawi 

depositional and diagenetic models within the constructed cycle hierarchy to interpret 

and predict the depositional and diagenetic porosity for different reservoir units 

(reservoir heterogeneity). The global, regional and local factors that control the 

initiation development and termination of the Ratawi Oolite platform and influenced 

the development of the petroleum system of the Ratawi Formation are discussed in 

Chapter 6. 

1.3 Location of the Study Area 

The Wafra oilfield is located in the Partitioned Neutral Zone, a region in the 

northeastern Arabian Peninsula, between Saudi Arabia and Kuwait (Fig. 1-2). Oil 

production in the area is jointly administered by the two governments represented by 

the Kuwait Oil Inc. and Saudi Arabian Texaco Inc. The oilfield is mapped as an 

anticline with a trend of the structural axis from north-northwest to south-southeast. 

Production comes from four horizons, which are the First and Second Eocene 

`limestones', the Wara Formation (Middle Cretaceous) and the Lower Cretaceous 

Minagish Formation. The Minagish Formation is known in the Partitioned Neutral 

Zone as the Ratawi Oolite member, which is the most productive horizon in the 

oilfield. The estimated recoverable reserves in these horizons are about 2.3 billion 

barrels, and in 1988 this ranked the Wafra oilfield as the 1015` largest oilfield in the 

world (Longacre and Ginger, 1988). 

The Wafra oilfield has no surface expression; the ground consists of flat-lying 

terrain with a desert sand surface. The thickness of the stratigraphic column at the 

oilfield is more than 16 kilometres (Fig. 1-3). Thus, the interpretation of the field 

geology is based entirely on well and seismic data. The first wildcat in the field, Wafra 

no. 1, was put down in 1949, and was abandoned as a dry hole. In 1953, after a 

geophysical survey, Wafra no. 4 was found to be productive from the Middle 

Cretaceous Wara Limestone, the first productive horizon. Two other productive 
horizons, the Eocene Limestone 

Ind 
Lower Cretaceous Ratawi Limestone (Fig. 1-4) 

were discovered in 1956 (Longacre, 1986). 
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1.4 Material available in this study 

The data available for this study include: 

1. Two hundred and four core samples collected by the author from the Ratawi Oolite 

and Ratawi Limestone (the lower and middle members of the Ratawi Formation) 

from wells R-50 and R-48 in Wafra main area, and well R-49 in Wafra southern 

area drilled in 1996/7. No samples were available from the upper member, the 

Ratawi Shale. 

2. General facies succession from core for wells R-50 and R-49, logged by the author, 

in addition to core description charts for these two cores prepared by Core Lab 

Company in the United Arab Emirates, at a scale of 1 to 50. 

3. Different log types including gamma ray, spectral gamma ray, neutron and density 

logs from wells R-50, R-49 and R-48. 

4. An unpublished Saudi Arabian Texaco Inc. report by Longacre (1986) describing 

the Ratawi Zone in the Wafra oilfield. 

5. Published data on the Lower Cretaceous Thamama Group in the Arabian-Iranian 

basin and the development of the Tethyan Seaway during lower Cretaceous times. 
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Figure 1-2 The location of the Partitioned Neutral Zone (after Al Harbi, 1994). 
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Figure 1-4 The location of the study wells R-48, R-49 and R-50 as well as reference well R-43 
in the main, southern and eastern Wafra areas. The depth to the top pay-zone of the Ratawi 
Bolite is also shown. 
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Regional Geology, the Ratawi Petroleum System and Previous Studies 

Chapter 2 Regional Geology, the Ratawi Petroleum System and 
Previous Studies 

The main topics of this study are facies and microfacies of the Ratawi Formation 

(Chapter 3), porosity and diagenesis of the Ratawi Formation (Chapter 4), cycles and 

sequences in the Ratawi Formation and regional patterns (Chapter 5) and the Ratawi 

sequence stratigraphic model and petroleum system (Chapter 6). The necessary 
background to this study is reviewed in this chapter under three headings, geotectonics 
(Section 2.1), Mesozoic geological history (Section 2.2) and previous studies of the 
Ratawi Formation in the Thamama Group (Section 2.3). 

2.1 Geotectonics 

This section will review the regional and local structure, including geotectonic 

elements of the Arabian Plate (Section 2.1.1), the basement lineaments and Arabian 

Folds trend (Section 2.1.2), the Hormuz salt basin (Section 2.1.3) and syndepostional 

structural growth of the Arabian Folds (Section 2.1.4). 

2.1.1 Geotectonic elements of the Arabian Plate 

The boundaries of the Arabian Plate were formed in the early Mesozoic (the northeast, 
southeast, north and older northwest margins) and in the middle to late Tertiary (the 

south, southwest, modified northeast and north, and new northwest margins) 
(Beydoun, 1991). The variation in lithofacies and sedimentary thickness across the 
Arabian-Iranian basin depends on the geotectonic setting. The thickness of the 
Phanerozoic cover in Kuwait and the Partitioned Neutral Zone is estimated to be 8-9 
km; the sediments as a whole thicken towards the northeast and do not exhibit any 
intense deformation (Warsi, 1990). A number of authors have discussed and classified 
the tectonic framework of the region (Fig. 2-1) (e. g. Beydoun, 1991; Alsharhan and 
Nairn, 1997). There are three main geotectonic elements in the region, namely the 
Arabian-Nubian Shield (Section 2.1.1.1), the Arabian Shelf (Section 2.1.1.2) and the 
mobile-belt (Section 2.1.1.3). 

2.1.1.1 The Arabian-Nubian Shield 

The shield, mainly composed of igneous and metamorphic rocks, had a long and 
complicated history in the Precambrian; it become peneplaned and stabilized as a 
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Craton by the onset of the Palaeozoic. Since the Precambrian the shield has been dry 

land or temporarily submerged by shallow-water, and has provided a source of 

ten-ibenous material for the Ratawi Formation and Zubair Formation. The Arabian 

Shield was separated from the Nubian Shield by the Red Sea in Neogene time. 
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Figure 2.1b) Major tectonic elements in the Middle East showing the Arabian, Zagros 

and Oman sedimentary basins and major trends mentioned in this study (after 
Alsharhan and Nairn 1997). 
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2.1.1.2 The Arabian Shelf 

The area to the north and northeast of the shield was formed by slow subsidence and 

deposition of continental and shallow-marine Palaeozoic sediments. The Arabian Shelf 

can be divided into: 

(1) The stable shelf or interior homocline, which is a belt of thin continental and 

shallow-marine sediments surrounding the shield. It is characterized by relatively 

undisturbed and gently dipping beds. 

(2) The unstable shelf or interior platform, which is to the east of the stable shelf. It is 

marked by more steeply dipping strata and more irregular dip; this is where the 

Wafra oilfield in the Partitioned Neutral Zone is located. These are related to the 

existence of a number of major north-south Arabian folds. Most of the oilfields in 

the unstable shelf are controlled by this north-south basement lineament trend, 

including the Wafra oilfield, which is controlled by the Khurais-Wafra-Burgan- 

Zubair arch (the Kuwait Arch). This is an anticline plunging to the north and 
c 

extends for more than 500 kilometres from northern Saudi Arabia tlýough Kuwait 

into southern Iraq. 

2.1.1.3 The Mobile-Belt 

The belt to the north and east of the Arabian shelf, the Taurus, Zagros and Oman 

Mountains, consists of sediments folded during mid-Tertiary continental collision, 

related to the Alpine system and closure of Tethys (Fig. 2-2). This orogeny lead to the 

formation of the Zagros foreland basin and the imposition of the dominant northwest- 

southeast fold trend (the Zagros trend) on the Arabian Fold trend that developed in 

pre-Tertiary times. This effect is apparent in the outlines of the oilfields, with the 

transitional change from one trend to the other (Beydoun et al., 1992). 

2.1.2 Basement Lineament and Arabian Folds trend 

The basement of Precambrian igneous and metamorphic rocks forming the continental 

crust of the Arabian Plate, extends from the Arabian Shield across the Arabian 

Peninsula to the Zagros Mountains in Iran. The basement evolved into a craton during 

late Precambrian time by the accretion of island arcs and microplates (Stoesser and 
Camp, 1985). This evolution and consolidation of the basement were through several 

orogenies, the final Idsas Orogeny (640-620 Ma) created a prominent basement grain 
direction and shear fracture system. This orogeny uplifted the western part of the 
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Arabian plate, and folded and thrust-faulted the eastern part of the plate and Iranian 

platform along a north-south direction (Idsas, Arabian Trend), and was wrenched by 

conjugate northwest-southeast (Najd-Trend) and northeast-southwest fault systems 
(Hussein' 1989) The Precambrian basement trends of the Arabian Plate are evident in 

the overlying Phanerozoic cover rocks. These trends have been subject to later 

rejuvenation as a result of subsequent plate-margin evolution effecting the lithofacies 

type, thickness and distribution of the later stratigraphic record. This is evident in the 

region of the Khurais-Wafra-Burgan-Zubair arch (Kuwait Arch) in the study area 

(Beydoun, 1991). 

The structural province of the Arabian shelf, with the Arabian Fold Trend 
(north-south), make a large angle with the structural province of the mobile belt, the 

Zagros Fold Trend (northwest-southeast). The younger Zagros Fold Trend, late 

Tertiary and younger, was superimposed on the older Arabian fold Trend in the region 

of the Zagros belt. The Arabian shelf with its Arabian Fold trend occupied the entire 
Arabian-Iranian basin through long periods of time, from Infracambrian to late 

Tertiary. This Arabian Fold trend indicates a relative independence of the Arabian 

shelf from tectonic pressure generated in the Zagros mobile belt (Kamen-Kage, 1970). 

Edgell (1996) identified fourteen major Arabian fold lineaments, the significant 

ones to this study north of the Qatar-Kazerum Arch are: (1) the En Nala Uplift, that 
has the largest oilfield in the world, the Ghawar oilfield, (2) the Khurais-Wafra- 
Burgan-Zubair Arch (the Kuwait Arch), where the study area is located, (3) the 
Rumaila-Minagish Uplift, (4) the Jaham-Ma'aqala-Wariah Uplift, and (5) the Hail- 
Rutbah-Mosul Arch. Also, he inferred that the geotectonic influence of these uplifts 
and their intervening depressions extended from the Arabian shelf to the Mobile Belt 
(the Iranian coast). The Arabian fold trend of the Kuwait Arch provides a north-south 
alignment over the oilfields of Khurais, Wafra, Burgan, Magwa, Ahmadi, Bahra, 
Sabriya, Raudhatain and Zubair. These Precambrian basement alignment trends effect 
the subsequent sedimentary facies and thickness patterns of the Lower Cretaceous 
Ratawi Formation and its subsequent erosion or preservation. 

The basement influenced both the sedimentary facies pattern and structural 
direction, which in turn controlled the major hydrocarbon occurrences in the Wafra 

oilfield. The basement trend also controlled the trend of syndepositional movements of 
the Hormuz salt, which in turn controlled the direction of the Ratawi carbonate ramp, 
depositional environments, and facies patterns. Also, the uplift of the basement along 
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the trend controlled the subsequent area of erosion and subaerial diagenesis of the 

Ratawi Formation. The lithofacies of the Ratawi Oolite and Ratawi Limestone 

members in the study area change to the Yamama Formation and Buwaib Formation at 

the outcrops in central Saudi Arabia. A disconformity has been reported from the 

outcrops between the Yamama and Buwaib formations; the disconformity appears to 

decease in time-gap from the outcrops to the study area (Alsharhan and Nairn, 1997). 

The inferred mechanism for the growth of the Kuwait Arch since the late 

Jurassic is the reactivation along the basement lineaments and faults, and mobilization 

of the Hormuz salt along linear pillows and swells -since-the-Jurassic (Murris, 1980; 

Warsi, 1990). Warsi (1990) studied the major geological structures in Kuwait using 

gravity measurements and interpreted the gravity high that extends north-south for 175 

kilometres in eastern Kuwait (the Kuwait Arch) as basement relief. Also, he inferred 

that the arch was an anticlinal structure plunging northwards, extending up to the 

Zubair field in southern Iraq. In addition to geophysical data, well data support the 

northward-plunging structure of the Kuwait Arch; the top of the Zubair Formation in 

the Burgan oilfield is at 1.6 km depth whereas in the Zubair oilfield is it at 3.2 km. He 

interpreted the partial or full closure of the gravity field over the Wafra, Burgan and 
Bahra oilfields, and over Kuwait City, as indicating the presence of a significant 

subsurface domal structure. 

Bou Rabee (1996) studied the tectonic and depositional history of Kuwait using 
subsidence curves and seismic reflection data. The subsidence curves showed that 
Kuwait and the study area under-went rapid subsidence from the Upper Carboniferous 
(300 Ma) to Middle Eocene (52 Ma). This rapid subsidence was interrupted by a 
decrease in rate of subsidence during the Middle Cretaceous, 97.5 Ma, due to the 
development of the unconformity between the Wasia and Aruma groups. Bou Rabee 
(1996) constructed a series of structure contour maps on the top seismic reflector of 
the Minjur Formation (Upper Triassic), Hith Formation (Upper Jurassic), Ahmadi 
Formation (Middle Cretaceous) and Rus Formation (Early Tertiary) and presented a 
series of isopach maps between these intervals. These maps show thinning of the 
formations over the Kuwait Arch (Burgan structure) and the other structures of the 
"Arabian Folds" in Kuwait and the Partitioned Neutral Zone. This supports the 

suggestion that the structures became active as early as the Jurassic. 
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Figure 2-2 Plate movements and large-scale palaeogeography from late-Triassic to 
Early Cretaceous (after Marzouk and El Stattar, 1994) 
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Figure 2-2 continued plate movements and large-scale palaeogeography from Late 
Cretaceous to Present day (after Marzouk and El Stattar, 1994) 
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2.1.3 Hormuz Salt 

According to Edgell (1996) the Arabian-Iranian Basin is the largest basin with active 

salt tectonics in the world. Evaporites in the basin are responsible for 60% of its 

hydrocarbon traps, which include the Infracambrian Hormuz salt of the Arabian Gulf, 

Jurassic salt of Kuwait, Saudi Arabia and Yemen, and Miocene salt of Iraq and Iran. 

The Infracambrian Hormuz salt and its equivalent salt in the Arabian-Iranian Basin 

were deposited in four distinct salt basins, namely the Northern Gulf, Southern Gulf, 

Fahud and Dhufar-Ghar basins. The subsequent sedimentary facies, thickness and 

structure in these four basins have been influenced by the salt throughout the 
Phanerozoic, with each basin having its own style of salt tectonics that was determined 
by differences in the overburden and salt thickness and lithology (Murris, 1980). The 

study area, the Wafra Oilfield, is located in the Northern Gulf salt basin (Fig. 2-3), 

which is characterized by a deep-seated salt dome (Edgell, 1996). 
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Figure 2-3 Neoproterozic salt basins of the Arabian-Persian Gulf Basin and major basement 
uplifts (after Edgell, 1996). 

The Infracambrian and Lower Cambrian Hormuz Formation of the Arabian 
Gulf and its equivalent the Ara Formation of south Oman, the Rava Formation of 
central Iran and the Salt Range Formation in Pakistan, were precipitated in rift basins 

Chapter 2 16 



Regional Geology, the Ratawi Petroleum System and Previous Studies 

formed during the extensional part of a major tectonic cycle. According to Husseini 

(1988,1989) this tectonic cycle on the Arabian Plate started with accretion and 

collision (about 720 to 620 Ma), followed by rifting and extension (about 620 to 450 

Ma). By the end of the Cambrian and early Ordovician, the Arabian Plate was a 

peneplaned stable margin of Gondwanaland. 

2.1.4 Syndepositional structural growth of the Arabian Folds 

There are three different theories for the origin and structure of the north-south 
Arabian fold trend, which is distinctly different from the other major trends in the 

region, notably the northwest-southeast Najd or Zagros fold trend. These were 
reviewed by Warsi (1990) and are: 
(1) As compressional features, but it is difficult to explain the rapid growth of the 

arches (Arabian folds) during extension and subsidence of the northeastern 
Arabian continental margin during Late Jurassic through Middle Cretaceous. 

(2) As differential compaction structures, but the differential compaction within the 
sedimentary cover over a buried passive relief is insufficient to explain the growth 
of the arches. 

(3) As structural growth by a combination of movement of the Infracambrian and 
Lower Cambrian Hormuz salt along linear pillows and swells and basement 

reactivation along pre-existing faults. 

Hormuz salt is inferred to have started to rise during the Jurassic or Early 
Cretaceous times causing thickness and depositional facies changes around the 
structures (Arabian folds) in the Arabian-Iranian Basin. Talbot and Alavi (1996) 

mentioned three different mechanisms, which may have triggered the Hormuz salt 
structures, which are: 
(1) Closing of the Palaeo-Tethys Sea during the Jurassic. 

(2) Opening and closure of the northeast-trending Oman basin with its foredeep 

parallel to the Oman line, and 
(3) Rift and drift of Neo-Tethys at some time between the Permian and earliest 

Cretaceous time. 

2.2 Mesozoic Geological History 

Throughout the Palaeozoic the Arabian Plate, which accommodated the Arabian- 
Iranian basin and the study area of the Partitioned Neutral Zone (PNZ), was attached to 
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Africa with the Turkish and Iranian continental blocks constituting the northern 

passive margin of Gondwana (Fig. 2-2). The study area (PNZ) was located in middle 

to high latitudes in the Southern Hemisphere and clastic sedimentation was dominant. 

The region during the Palaeozoic was characterized by epeirogenic tectonic 

movements (Murris 1980; Bou Rabee, 1996). During the middle Permian and Triassic 

to Jurassic, extension and rifting separated the Cimmerian, Turkish and Iranian 

continental blocks, from the northern and northeastern part of the Arabian Plate of 

Gondwana. These processes gave rise to the "Arabian Promontory" and a new ocean, 

the Southern Tethys (Neo-Tethys), along the line of the later Zagros suture (Beydoun, 

1998). 

This led to formation of the Arabian-Iranian basin as an extensive continental 

shelf, the Arabian shelf, at the passive margin of Neo-Tethys. The Arabian shelf 

during Triassic to late Cretaceous time was characterized by slow, steady subsidence 

that allowed deposition of shallow-marine sheet-like sediments on an extraordinarily 

wide epeiric sea more than 2000 km long (northwest to southeast) and almost 2000 

km wide from the shelf break to the shield. A number of intrashelf basins that have 

different sizes and duration developed on the Arabian Plate by differential subsidence 

and sedimentation. The Gotnia / Garau basin is the largest of these intrashelf basins 

and formed at the edge of the Arabian Platform, as a result of extensional tectonics 

(Beydoun et al., 1992). The study area is located at the margin of the intracratonic 

Gotnia basin adjacent to the Arabian Shelf. 

During the Mesozoic the Arabian shelf was located in tropical latitudes and 
dominated by carbonate deposition with shorter intervals of marls, argillaceous 

carbonates and shales, and subordinate evaporites. During the early and middle 
Cretaceous, deltas carried continental clastics over the inner Arabian shelf, derived 

from the Arabian shield, and interfingered to the east with marine clastics and 

carbonates (Beydoun et al., 1992). 

With the closing of the Neo-Tethys sea towards the end of the Cretaceous 

(Turonian to end-Campanian early-Maastrichtian time) oceanic sedimentary prisms 
and ophiolite masses were overthrust onto the leading edge of the Arabian shelf from 

northwestern Syria to Oman. These tectonic movements gave rise to epeirogenic 

movements in the shelf interior including the study area (PNZ). Collision between the 
Arabian Plate and Eurasia along the Zagros line during mid-Tertiary time resulted in 
late Neogene suturing and overprinting of the Zagros foreland basin onto the outer 
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edge of the northeastern Arabian margin. This led to compressional structures in 

northwest Iraq and southwest Iran and further epeirogenesis in the study area (PNZ) 

with reactivation of fault blocks (Murris, 1980; Bou Rabee, 1996). 

The geological history of the Mesozoic in the study area (PNZ) is discussed 

under five headings, namely the development of the Arabian shelf during the late 

Jurassic and Cretaceous times (Section 2.2.1), the Lower Cretaceous Thamama Group 

(Section 2.2.2), boundaries of Thamama Group (Section 2.2.3), controlling processes 

of the Thamama Group deposition and cyclicity (Section 2.2.4) and the Gotnia / Garau 

intrashelf basins (Section 2.2.5). 

2.2.1 Development of the Arabian shelf during the late Jurassic and Cretaceous 

times 

The Cretaceous succession of the Arabian-Iranian basin is divided into three groups by 

three regional unconformities that record erosion or non-deposition, during middle 
Aptian, Turonian, and Tertiary times. A regional unconformity at the Jurassic- 

Cretaceous boundary has not been recognized. The three groups are lower Thamama 

(Berriasian through early Aptian) approximately 2000 ft (610 m) thick and a time span 

of nearly 30 m. y., middle Wasia (late Aptian through Turonian) approximately 2000 ft 

(610 m) thick and a time span of nearly 21 m. y. and upper Aruma (Coniacian through 
Maastrichtian) commonly 1500 to 3000 ft (457 to 914 m) thick and a time span of 

nearly 24 m. y. The three Cretaceous groups of the Arabian-Iranian basin and their 

confining unconformities seem to be correlative over the entire southern margin of 
Tethys from Syria, Turkey, Lebanon, Egypt, northern Libya and possibly Morocco 

(Harris et al., 1984). 

Harris et al. (1984) constructed palaeodepth curves for the Arabian Peninsula 
from lithostratigrahic and biostratigrahic data and interpreted the Cretaceous strata 
between the regional unconformities. Each of the three depositional cycles in the curve 
has its own characteristic features. The upper group represents the most extensive 
regression of the sea, whereas the middle group appears to have been a major 
transgression onto the craton. The lower group, that includes the Ratawi Formation, 
has an intermediate position. 

The maximum extent of shallow-marine carbonate deposition on the Arabian 
Shelf was during the Lower and Middle Cretaceous, the Thamama and Wasia groups. 
This phase of the stratigraphic evolution of the shelf succeeded the extensive Upper 
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Jurassic evaporative conditions of the Hith Formation across the Arabian platform and 

deep-water evaporative conditions of the Gotnia Formation in the Gotnia / Garau 

intrashelf basins. The latter phase followed the extensive peritidal conditions of the 

Arab Formation on the platform and the evaporative conditions of the Gotnia 

Formation in the intrashelf basins. The phase of maximum carbonate deposition was 

terminated in the Upper Cretaceous by the clastic Aruma Group in a foreland basin 

setting (Murris, 1980). 

Pratt and Smewing (1993 a, b) suggested that the stratigraphic evolution of the 

Arabian platform in northeastern Oman during the deposition of Thamama and Wasia 

groups was controlled by three drowning events. These events marked the advance and 

retreat of Cretaceous shallow-water carbonate facies on the Arabian platform and 

intrashelf basin when the two major shallowing cycles (or sequences) of the Thamama 

and Wasia groups were deposited. Each drowning event led to a reduction of the 

shallow-water carbonate generating capacity of the Arabian platform and this was 

recorded as an abrupt change from shallow-water facies to deep-water facies. After 

diminishing the effect of the drowning process, shallow-water carbonate platform 

environments re-established themselves over the Arabian platform and deposited 

shallowing-upward cycles. 

The three drowning events on the Arabian shelf were broadly synchronous with 

others around Neo-Tethys. The main control on these regional drowning events in 

northeastern Oman is not only the response to eustatic sea-level change (Alsharhan 

and Kendall, 1991), but also a response to sedimentological and tectonic processes, 

related to the configuration of the Arabian shelf-margin (Pratt and Smewing, 1993 a, 
b). In the concept of sequence stratigraphy, these drowning events are genetic surfaces 
(i. e. time surfaces), that define genetic units or time-rock units, which are the 

shallowing-upward depositional cycles. Each depositional cycle represents a 
transgressive and regressive stratigraphic sequence that records onlap and offlap of the 
lithological belts and depositional environments across the Arabian platform and 
intrashelf basins. 

Each cycle of Thamama, Wasia and Aruma groups represents one genetic time 
rock-unit, and represents a shallowing-upward cycle of a major transgression and 

regression rhythm. Each of these three cycles formed under similar related processes 

of sediment supply, tectonics, eustasy and palaeogeography. Understanding the 
development of these processes in space and time provides insight for the 
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interpretation and prediction of the hydrocarbon system of the Ratawi Formation. 

Aigner et al. (1990) compared these cycles to the "sequences" of Sloss (1963), 

"supercycles" of Vail et al. (1977) and "second-order sequences" of Haq et al. (1988). 

According to Yousif and Nouman (1997), new data and interpretations from a 

number of deep wells during the 1980s mark a revolution in the existing concepts for 

the Jurassic-Cretaceous succession in Kuwait and the study area (PNZ). These data 

showed that the Cretaceous strata underwent inversion with respect to the Jurassic 

succession. This was due to the reactivation of basement arches and the deposition of 

shallow-water facies during the Cretaceous, in sites of deep-water Jurassic 

sedimentation in the Gotnia Basin. The Cretaceous reactivation of basement arches is 

due to the changing convergence direction between the Arabian and Eurasian plates, 

which reactivated structures that first originated during the Infracambrian, Caledonian 

and Hercynian tectonic events. 

The southern part of the Arabian shelf in northeastern Oman records rifting and 
development of a passive margin facing Neo-Tethys from the Middle Permian to the 
Middle Cretaceous. The Sahtan, Kahmah (Thamama) and Wasia Groups were 
deposited during the maximum extent of the broad epicontinental sea landward of the 
margin during the Upper Jurassic to Lower and Middle Cretaceous. These groups 

correlate with the groups in the study area and with the other principal hydrocarbon 

reservoirs in the Upper Jurassic and Lower and Middle Cretaceous strata of the 
Arabian Peninsula (Pratt and Smewing, 1993 a, b). The factors affecting the 
configuration and evolution of the edge of the Arabian passive margin in northeastern 
Oman during sedimentation of the Lower Cretaceous Kahmah (Thamama) Group 

would also have affected sedimentation of the Ratawi Formation in the platform 
interior (Mums, 1980; Beydoun, 1991). 

Pratt and Smewing (1990,1993 a, b) identified and interpreted three regional 
drowning events in the Upper Jurassic and Lower and Middle Cretaceous strata in the 
southern Arabian margin of northeastern Oman, which can be correlated with those 
recognized in the study area. They suggested that these drowning events (the 
beginning of each shallowing-upward cycle) were independent of eustatic sea-level 
change and are tectonically controlled. Shallow-water carbonate environments re- 
established themselves in the area each time after the drowning process diminished. 
The first regional drowning event occurred close to the Jurassic-Cretaceous boundar y 
and was recorded in the central Oman Mountains and adjacent subsurface. The second 
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regional drowning event occurred in the late Aptian and is recorded in Jebel Akhdar. 

However, this event is not recorded in the east Saih Hatat area, which records a single 

regressive, shallowing-upward sequence, that changes to a prograding shallow-water 

carbonate platform during the Cenomanian to Turonian time. The third regional 
drowning event occurred in the Turonian and is also recorded at Jebel Akhdar. 

Pratt and Smewing (1993 a, b) compared the Arabian shelf eustatic and relative 

sea-level changes of Haq et al. (1988), Harris et al. (1984), Scott (1988), and 

Alsharhan and Nairn (1988) with the Lower and Middle Cretaceous Kahmah 

(Thamama) and Wasia Groups of northeastern Oman. They showed that there was 

strong disagreement between these Lower and Middle Cretaceous eustatic and relative 

sea-level change curves on the Arabian platform. However, all curves show a world- 

wide, long-term rise in sea level through the Albian. Also the Arabian Shield was 

undergoing some tectonic movements during the Albian (Alsharhan and Nairn, 1988). 

Pratt and Smewing (1993 a, b) concluded that the large-scale evolution of the southern 

part of the Arabian shelf in northeastern Oman during the deposition of the Lower and 
Middle Cretaceous Kahmah (Thamama) and Wasia Groups was primarily driven by 

tectonic and sedimentological processes. They suggested that the three Cretaceous 

drowning events at the beginning of the Thamama, Wasia and Aruma Groups, could 
be explained as consequences of the tectonic behaviour of the Arabian platform and 

environmental change, and appeared to be independent of eustatic sea level. 

The first regional drowning event could have been caused by compression, 
along the southeastern side of the Arabian shelf margin by obduction of oceanic crust, 
the Masirah ophiolite, that lead to flexure and / or reactivation of rift blocks as part of 
a westward tilting of the Arabian shelf (Murris, 1980). This lead to synsedimentary 
normal faulting during the Middle Jurassic in Oman followed by uplift of up to 300 

metres and erosion during the Upper Jurassic. The hinge line of Arabian shelf tilting 

was the site of shoaling and deposition of the Upper Jurassic Asab Oolite in the UAE 
that may have led to restriction on the Arabian platform. The tectonic event induced a 
relative sea-level stillstand and reduced subsidence. Under the and conditions of the 
Upper Jurassic these processes lead to widespread evaporative conditions on the 
Arabian platform interior and the deposition of the Hith Anhydrite and Gotnia Salt 
Formations, which are partly equivalent to the Lower Cretaceous Rayda Formation in 
Oman (Fig. 2-4). The Hith Formation is approximately coeval and could be related to 
the Tithonian regression across Europe (Pratt and Smewing, 1993 a, b) which is the 
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Figure 2-4 Uppermost Jurassic to lowest Upper Cretaceous stratigraphic units of eastern 
Arabian platform (U. A. E. and Oman) and adjacent slope and Hawasina basin preserved in 
obducted thrust slices, originally deposited to northeast of Oman Mountains (after Pratt and 
Smewing, 1993). 

Chapter 2 23 



Regional Geology, the Ratawi Petroleum System and Previous Studies 

regressive phase of the 1" order sub-cycle, the "North Sea cycle", in Europe (Jacquin 

and Graciansky, 1998). 

The uplift was terminated around the Jurassic-Cretaceous boundary and 
followed by the first regional drowning event on the Arabian shelf that can be 

correlated with the start of the 1s` order sub-cycle, the "North Atlantic cycle", in 

Europe (Jacquin and Graciansky, 1998) and the deposition of the Lower Cretaceous 

Makhul (Sulaiy) Formation in the study area. Pratt and Smewing (1993 a, b) argued 

that the subsidence rate for the Arabian platform was slow during the deposition of the 

Hith Formation and Rayda (Makhul) Formation after the marginal rift blocks had 

downwarped to below storm wave base. In addition, the succession of Arab-Hith and 
Asab-Habshan records no major change in water depth. Therefore the first regional 
drowning event, at the onset of the Thamama Group, could be explained as a 

consequence of tectonic processes and not to the eustatic rise in sea level theory of 
Scott (1990). 

The Rayda Formation in Oman represents "Maiolica facies", which was 

generated when oceanic waters penetrated sediment starved Upper Jurassic and Lower 

Cretaceous Neo-Tethys platforms. The upper part of Rayda Formation in northeastern 
Oman can be correlated with the lower part of the Makhul (Sulaiy) Formation in the 

study area. After the drowning, the rate of carbonate sediment production exceeded the 

rate of accommodation space creation and the Arabian platform in northern Oman 
ca. ee kuvýtslo, EEA 

gradually filled up with-sediment and prograded to the northeast. This can be seen in 

shoal-water oolitic and reefal facies of the Habshan Formation (Pratt and Smewing, 
1993 a, b). The Habshan Formation can be correlated with the lower and middle 
member of the Ratawi Formation (the Ratawi Oolite and the Ratawi Limestone) in the 

study area (PNZ). 

After a brief late Aptian episode of sea-level fall and the formation of a 
regional unconformity above the Thamama Group (Harris et al., 1984), the second 
regionaldrowninglevent occurred by detrital influx and environmental change, which 
lead to the deposition of the Middle Cretaceous Nahr Umr Formation (Wasia Group). 
This event could have been caused by eastward tilting of the Arabian shelf that 
exposed the western side to erosion. Pratt and Smewing (1993 a, b) suggested the 
model of Mountain and Prell (1990) of shifting oceanic plates off the northern or 
eastern margin of the Arabian Plate to explain the second regional drowning event. 
The movement of the oceanic plates lead to a tectonic change in the southern part of 
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the Arabian platform in northeastern Oman from passive continental margin to a 

transcurrent plate boundary during the Upper Cretaceous. The second regional 

drowning event does not occur in the east Saih Hatat area, Oman, due to subaerial 

exposure in that area. The third regional drowning event that terminated carbonate 

deposition of the Middle Cretaceous Wasia Group was caused by convergence of 

oceanic crust and the formation of a foreland basin. 

The evolution of the palaeogeography during the Early Cretaceous was influenced 

by global tectonic movements around Neo-Tethys. Jadoul et al. (1998) reported that 

the Early Cretaceous stratigraphic evolution of South Tibet is similar to that of 

offshore northwest Australia. Both areas show a similar Early Cretaceous 

palaeogeographic evolution of the passive margin along the southern edge of Neo- 

Tethys. He related the magmatic episode which began during the Kimmeridgian / early 

Tithonian and lasted until Aptian times to global tectonics around Neo-Tethys and the 

detachment of India from Gondwanaland. This could support Pratt and Smewing 

(1993 a, b)'s suggestion that the first and second regional drowning events on the 

Arabian platform during Tithonian and Aptian times were related to shifting oceanic 

plates off the northern or eastern margin of the Arabian Plate. 

2.2.2 Lower Cretaceous Thamama Group 

The Lower Cretaceous Thamama Group accumulated during a period of extensive 
flooding of the Arabian Peninsula. The group is a succession of shallowing-upward 

cycles produced by major transgressions and regressions across the Arabian shelf and 
intrashelf basins. The study area (PNZ) during deposition of the Ratawi Oolite 

member, in lower and middle Valanginian time, was a shallow carbonate shelf close to 

the boundary between the Arabian Shelf and the Gotnia / Garau intrashelf basin 

(Mums, 1980; Longacre and Ginger, 1988). Tectonics, sea-level fluctuations, 

sediment supply and palaeogeography influenced the stratigraphic succession of the 
Ratawi Formation. The regional facies variation of the Thamama Group, both 

vertically and laterally, can be understood in terms of the migration of predominantly 
shallow-water carbonate facies belts across the Arabian shelf (Alsharhan and Nairn, 
1986) and in the filling of the deep-water Gotnia intrashelf basin. 

There is a drastic environmental change from the Upper Jurassic into the 
Thamama group of the Lower Cretaceous. The and environmental conditions that 

produced evaporites and carbonates during the Upper Jurassic were replaced by a 
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warm and more humid climate during which carbonates and siliciclastics of the 

Thamama group were deposited as the African-Arabian plate drifted northward to 

more equatorial latitudes (Bordenave 4W4,1994). Alsharhan and Nairn (1986) 

correlated the Thamama Group across the Arabian Peninsula and they recognized two 

carbonate cycles, which are the two shallowing-upward cycles of Scott (1990) in 

south-eastern Arabia. During the second cycle there was increasing detrital influx in 

the northern part of the basin in the study area. Alsharhan and Nairn (1986) argued that 

the increase of siliciclastics and shallowing-upward trend in the second carbonate 

cycle in the northern part of the basin were due to the eastward tilting of the Arabian 

Plate and not due to eustatic sea-level change. Also, this tectonic tilting of the Arabian 

Plate may be the process that lead to transgression and infill of the deep-water 

intrashelf Gotnia basin in Kuwait, the Partitioned Neutral Zone, and the southern Iraq 

to northeastern Iran area (the Dezful Embayment of the Lurestan basin) towards the 

end of the lower Cretaceous Thamama Group. 

2.2.3 Boundaries of Thamama Group 

The Lower Cretaceous Thamama Group in the study area (PNZ) is characterized by 

two cycles. The first cycle, during the early Lower Cretaceous (Berriasian and 
Valanginian age), includes the Makhul Formation (or Sulaiy Formation) and Ratawi 

Oolite member (or Minagish Formation in Kuwait and Yamama Formation in Saudi 

Arabia) (Fig. 2-5). The shallow-water facies of the Ratawi Oolite member were laid 

down on a shallow-marine ramp on the Arabian shelf, which dipped gently to the east. 
The Makhul Formation and its equivalents the Gadvan and Garau Formations to the 

northeast were deposited in the intrashelf Gotnia basin (Murris, 1980; Alsharhan and 
Nairn, 1986). 

The second cycle of the Thamama Group, deposited during the later Lower 

Cretaceous (Hauterivian, Barremian and Aptian), is distinguished from the first by the 
invasion of a clastic wedge from the northwest and the deposition of the sediments of 
the Ratawi Limestone, Ratawi Shale and Zubair Formation in the study area (or 

Buwaib and Biyadh Formations in Saudi Arabia). This lead to displacement of the 

shallow-water carbonate facies of the Lekhair and Kharaib Formations (equivalent to 
Ratawi Shale member and Zubair Formation) eastward and southward. During this 
time, the intrashelf Gotnia basin was infilled by detrital sediments (Ratawi Shale and 
Zubair Formation) from the west and the deeper-water Gadvan and Garau Formations 
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Figure 2-5 Lithostratigraphy 
correlation chart of the Mesozoic formations in Saudi Arabia, Kuwait, Iraq and UAE (after Beydoun, 1991). 
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Figure 2-5B) Lithostratigraphic correlation chart of the Cretaceous formations in the 

subsurface of Iraq, Kuwait, Saudi Arabia, Bahrain, Qartar and U. A. E. (after Alsharhan, 

A. S. & Nairn, A. E. M. 1997) 
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were displaced eastwards (Murris, 1980; Alsharhan and Nairn, 1986) 

At the maximum extent of the clastic wedge of the second cycle of the 

Thamama Group, elastics spread from the northwest into the central part of the 

Arabian platform, in the Qatar area, where they are represented by the basal Ratawi 

Shale. However, in the area to the south of Qatar in the United Arab Emirates, detrital, 

argillaceous material of the Zakum Member of the Lekhwair Formation does not 

appear to be directly related to the northwest detrital influx from Central Arabia. The 

presence of this detrital material is probably related to minor movements and erosion 

of uplifted areas along the Arabian Fold trend of the Qatar-Kazerum Arch. During the 
Aptian time, near the end of the second cycle, shallow-water carbonate settings of the 
Shuaiba Formation were re-established over most of the Arabian Shelf (Shebl and 
Alsharhan, 1994), terminating the deep-water environment of the intrashelf Gotnia 

basin in the study area. 
The two cycles of the Thamama Group are separated by an unconformity 

formed during the Valanginian-Hauterivian, indicating a period of erosion and / or 
non-deposition. In the study area, this surface is between the Ratawi Oolite and Ratawi 
Limestone. The characteristics of the unconformity surface change from the northern 
to southern part of the Arabian Shelf. In the northern part the unconformity has been 
described from the outcrops in central Saudi Arabia as a disconformity with only a 
slight interruption in deposition between the Yamama Formation (Ratawi Oolite 

member) and the Buwaib Formation (Ratawi Limestone member) (Shebl and 
Alsharhan, 1994). In the southern part of the Arabian Shelf in Oman it has been 
described as a minor unconformity in the Habshan Formation (Ratawi Oolite member) 
where it onlaps the Jurassic of the Huqf arch and it does not appear in the Salil- 
Habshan succession of the central Oman Mountains (Pratt and Smewing, 1993 a, b). 

Sadooni (1993) studied the Ratawi hydrocarbon system in southern Iraq. The 
Ratawi lithofacies there are controlled by tectonic processes on two scales, at the 
regional scale by the stable Arabian Platform and unstable zone of the Mesopotamian 
Gotnia basin, and at the local scale by growth of syndepositional structures. The 
Ratawi Formation was deposited in a setting that changed from an inner to outer ramp. 
The reservoir facies of the Ratawi Formation were deposited in a high-energy 

environment on the hinge-line separating the shallow-water Arabian Platform from the 
deep-water Gotnia basin and at the crestal area of the growing structures (Arabian 
folds). The seal facies were deposited in a low-energy, outer-ramp, deeper-water 
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environment. 

The lower boundary of the Lower Cretaceous Thamama Group with the Upper 

Jurassic beds seems to be a conformity; no regional unconformity has been recognized. 

In the study area, the shallow-water carbonate ramp of the Sulaiy Formation overlies 

the Upper Jurassic Hith Anhydrite on the Arabian platform whereas the deep-water 

Makhul and Garau Formations overlie the Upper Jurassic Gotnia Formations in the 

intrashelf Gotnia basin (Murris, 1980; Beydoun, 1991). 

The upper boundary of the Lower Cretaceous Thamama Group with the Middle 

Cretaceous Wasia Group, which is the top of the Shuaiba Formation, is a regional 

unconformity according to Harris et al. (1984) and is a sequence boundary. According 

to Scott (1990) geochemical and petrographic data of the uppermost Shuaiba 

Formation from parts of Oman and UAE indicate that the top of the formation was not 

subaerially exposed there, but elsewhere it may well have been. The boundary surface 

in Oman and UAE is isochronous but it becomes older towards the Arabian platform 

margin; the basal Nahr Umr Formation (Wasia Group) onlaps the Shuaiba Formation 

from the east. These data support the concept of a peripheral bulge in Oman, which 

was first active during the early part of the Late Aptian and then moved westward. The 

Shuaiba-Nahr Umr disconformity drowning event (the second cycle drowning) is 

controlled by eustatic sea-level rise and not by tectonic or environmental change 

according to Scott (1990). 

2.2.4 Controlling processes on Thamama Group deposition and cyclicitv 
The depositional patterns of the Thamama Group were controlled by the interplay of 

sea-level changes, sediment supply, epeirogenic movements, rejuvenation of the 

tectonic arches, and palaeogeography. The regional depositional patterns have a direct 

relation with the regional distribution of hydrocarbon source, reservoir and seal rocks. 
Understanding the relative importance of each of these factors and the reason why they 
interact in space and time provide insight data to interpret and predict the hydrocarbon 

system of the Ratawi Formation. 

The literature listed two main possible factors controlling the Thamama Group, 

namely tectonic and environmental versus eustatic global sea-level factors. According 

to Pratt and Smewing (1990,1993 a, b) the main control on the development of the 
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carbonate platform in the Lower Cretaceous Thamama Group was the tteecto 

y environmental factors that lead to a change in the rate of carbonate sediment-supp$ 

and production. These processes lead to the first and the second drowning events on 

the Arabian platform during the Cretaceous. However, according to Alsharhan and 

Kendall (1991), the main control on the Thamama Group was eustatic variations 

during gentle tectonic subsidence of the Arabian Shelf. 

The main controlling factors seem to be global tectonics around Neo-Tethys 

and the "Arabian Promontory" that lead to changes in the size of the oceanic basin and 

global sea-level fluctuations (tectonic-eustatic cycle). These processes are used by this 

study in Chapter 6 to explain the drowning event on the Ratawi Oolite platform and 

the deposition of the drowning succession, the lower part of the Ratawi Limestone, in 

the study area. The following data could support this concept: 

1. The three drowning events of the Arabian shelf are broadly synchronous with 

others around Neo-Tethys. The Rayda Formation is broadly contemporaneous with 
similar pelagic limestones (Maiolica facies) in the Mediterranean region. These 

data suggest that the tectonic activity on the southern Arabian shelf-margin in 

northeastern Oman was part of a widespread phase in the evolution of Neo-Tethys 

(Pratt and Smewing, 1993 a, b). 

2. The three Cretaceous sequences of the Arabian-Iranian basin and their confining 

unconformities seem to be correlative over the entire southern margin of the 
Tethys from Syria, Turkey, Lebanon, Egypt, northern Libya and possibly Morocco 
(Harris et al., 1984). 

3. The Hith Formation could be related to the Tithonian regression across Europe 
(Pratt and Smewing, 1993 a, b), which is the regressive phase of the 1St order sub- 
cycle, the North Sea cycle of Jacquin and Graciansky (1998). 

4. The clastic wedge spreading from the northwest into the middle of the Arabian 

platform (Ratawi Shale member and Zubair Formation of the Thamama Group and 
the Nahr Umr Formation and its equivalent in the Wasia Group) and detrital 

argillaceous material of the Zakum Member of the Lekhwair Formation, support 
the westward tilting of the Arabian platform (Munis, 1980) and tectonic and 
environmental factors that lead to the change in rate of carbonate sediment supply 
at this time (Pratt and Smewing, 1990,1993 a, b). 

5. During the Jurassic, the regional primary dip in Kuwait was to the south and 
southwest. This regional dip was disrupted by regional tectonic events at the end of 
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the Jurassic and Early Cretaceous, and by the Tertiary it reversed to the present 

northeast (Yousif and Nouman, 1997). 

2.2.5 The Gotnia intrashelf basins 

During the deposition of Lower Cretaceous Ratawi Formation, the study area was 
located between the Arabian Shelf and the Gotnia intrashelf basin (Fig. 2-6) (Longacre 

and Ginger, 1988). The stratigraphic evolution of the Ratawi Formation can be 

understood as a part of the geological development and infill of the Gotnia intrashelf 

basin. The vertical and lateral facies variation of the Ratawi Formation and its 

stratigraphic history can be modelled in terms of the eastward progradation of the 
Arabian Shelf and filling of the Gotnia intrashelf basin. 

The basin has been referred to as the Gotnia / Garau basin (Beydoun et al., 
1992), Laurestan basin (Murris, 1980) and Gotnia basin (Ayres et al., 1982). During 

the Jurassic, the Arabian Plate was the site of three intrashelf basins, the Dukan, 
Ghawar (Arabian), and Gotnia basins. The Gotnia basin is the largest of these 
intrashelf basins and formed as a result of extensional tectonics (Beydoun et al., 1992). 

These processes can be related to the tectonic development of the Arabian platform 
that started rifting in the Triassic, followed by continental separation in early Jurassic 

times, and succeeded by relaxation and subsidence during the Middle Jurassic 

(Alsharhan and Nairn, 1997). 

The geological development of the Gotnia intrashelf basin can be divided into 
three stages. The first stage is the initiation of the basin by tectonic differentiation of 
the northern Arabian Shelf, including the northern part of the study area (PNZ), that 
lead to intrashelf depression in the early Jurassic. The second stage is the expansion of 
the basin by inundation of the Arabian Shelf during late Callovian to Tithonian time. 
During the late Oxfordian to early Kimmeridgian time, the basin extended southwards. 
The centre of the basin during this time was several hundreds of metres deep, and 
laminated bituminous lime mudstone and marls were deposited in anoxic conditions. 
The Sargelu Formation in the Gotnia basin and Hanifa Formation in the Ghawar / 
Arabian basin (in Saudi Arabia) were deposited then. During the Tithonian the climate 
become arid, and salt, laminated anhydrite and shale of the Gotnia Formation were 
deposited in the basin, as a lowstand gypsum wedge and basin-fill halite. On the 
Arabian Shelf, anhydrite of the Hith Formation was deposited in a sabkha environment 
(Mums, 1980). 
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The final stage of the basin's geological history was progradation of the 

Arabian Shelf and the reduction of basin size. This stage started during the first cycle 

of the Thamama group (Berri asian-Valanginian) and ended in the study area (PNZ) by 

the second cycle of the Thamama group (Hauterivian-Aptian). During the Early 

Cretaceous there was a gradual return to a more humid climate and gradual 

replacement of the differentiated rimmed-type shelf by a carbonate ramp. Deep-water 

and anoxic conditions continued to be dominant in the Gotnia basin in the study area 
during the first cycle of the Thamama Group. Thin dark-grey argillaceous limestone of 

the Makhul / lower Sulaiy Formation, and its equivalent the Garau Formation to the 

east and northeast, was deposited in the basin. The lower member of the Ratawi 

Formation, the Ratawi Oolite (Minagish Formation), was deposited on the Arabian 

Shelf (Mums, 1980) and on the reactivated basement structure of the Kuwait arch in 

the study area (Alsharhan and Nairn, 1997). 

During the second cycle of the Thamama Group (Hauterivian-Barremian) a 
trend of clastic influx began and continued to increase, leading to the deposition of the 

clay-rich Ratawi Limestone and Ratawi Shale members of the Ratawi Formation 

(Buwaib Formation) and the Zubair Formation (Biyadh Formation). The basin was 

much reduced in size through progradation of the Arabian Shelf. By middle-late 
Barremian time, the clastic regime of the Zubair (Biyadh) Formation occupied the 

western half of the basin, including the study area. This lead to the migration of the 

shallow-water carbonate ramp facies of the Lekhair and Kharaib Formations towards 
the east and south, and deep-water facies of the Gotnia basin (the Garau Formation) 

towards the northeast (Murris, 1980; Yousif and Nouman, 1997). 

The physiogeography of the study area during the deposition of the Ratawi 

carbonate platform, which was between the Arabian Shelf and the Gotnia intrashelf 
basin (Fig. 2-6), was one of the factors that controlled the development of the Ratawi 
Formation stratigraphic succession. In addition, the depositional site controlled the 
Ratawi petroleum system, which includes the distribution of source, reservoir and seal 
rocks. Other factors include sea-level changes, epeirogenic movements of the Arabian 
Plate, rejuvenation of the Kuwait arch (Arabian folds) and carbonate sediment supply. 

Ayres et al. (1982) studied the hydrocarbon habitat in the main producing areas 
in Saudi Arabia and the study area (PNZ), and concluded that the Ratawi reservoir and 

other Cretaceous carbonate and clastic reservoirs are limited to northeastern Saudi 
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Figure 2-6 Palaeogeographic map of the Arabian Shelf during the Early to Middle 
Vulunginiun, the approximate time of accumulation of the Ratuwi Oolite, showing the location 

of Wufra near the boundary between the Arabian shelf and the slope into the intra shelf Gotnia 
basin (after Murris, 1980 and Longacre and tt, 1988). 

Arabia and PNZ. They related this distribution to the thermally mature Cretaceous 

Valanginian source rocks in the Gotnia intrashelf basin or to the local lack of Jurassic 

seal facies separating these Cretaceous reservoirs from Jurassic source rock. 

2.3 Previous studies of the Ratawi Formation in the Wafra oilfield area 

The Ratawi Formation, with its three members the Ratawi polite (Minagish 

Formation), Ratawi Limestone and Ratawi Shale, is the main producing hydrocarbon 

system in the Lower Cretaceous Thamama Group of the northern Arabian Gulf. The 

Ratawi Formation is the producing horizon in Saudi Arabia from the Manila, Marjan, 
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Safaniya and Zuluf oilfields, in Kuwait from the Burgan, Bahra, Minagish, Umm- 

Gudair, Riqua and Mutriba oilfields, and in the Partitioned Neutral Zone from the 

Khafji, Hout, Dorra, Lulu, South Fawaris, South Umm-Gudair and Wafra oilfields. 

Longacre and Ginger (1988) and Longacre (1986) studied the evolution of the 

Ratawi Oolite member (Lower and Middle Valanginian) in the Wafra oilfield, which is 

the deepest reservoir zone in the oilfield (Fig. 1-3,2-8 and 2-9) A few wells in the 

oilfield have drilled through the entire member and into the underlying Makhul 

(Sulaiy) Formation. The average depth to the top of the Ratawi oolite member in the 

area is between 6100 ft (1859 m) and 6400 ft (1951 m), and the thickness is more then 

600 ft (183 m). The general lithology is a porous carbonate grainstone with very little 

carbonate mud and / or cement between the grains, except for a few minor horizons. 

The majority of the grains have been rounded and polished by waves and currents 

giving them the external appearance of ooids. Most of the Ratawi Oolite is lacking 

obvious bedding structures and shows extremely poor sorting with only a few well 

sorted intervals which are commonly parallel and cross laminated. 

The Ratawi Oolite member is composed dominantly of skeletal and peloidal 

grainstone and mud-lean packstone. Skeletal grains include calcified calcareous algae 

Bacinella-Lithocodium and Codiacea; the latter bush-like algae contributed abundant 

quantities of sand-size and gravel-size carbonate grains. The lightly calcified algae 

were the probable source of much of the carbonate mud. Other skeletal grains include 

a variety of bivalves (robust rudists, flat Inoceramus, and various others), numerous 

types of foraminifera, echinoderms, stromatopororoids, fragments of coral, and a few 

gastropods and brachiopods. The non-skeletal grains include peloids and ooids, 

although they are almost non-existent in the upper part of the Ratawi Oolite reservoir 

zone (Units C, D, E and F); they are present in the lower part of the reservoir zone 
(Unit B). The facies and microfacies of the Ratawi Formation are described in Chapter 

3. 

2.3.1 Porosity and Permeability 
Porosity in the Ratawi Oolite ranges from less then 5% to more then 35% with average 

porosities ranging from 18 to 25%. It includes large amounts of depositional 

intergranular primary porosity, with abundant diagenetic dissolutional secondary 
Q 

porosity. Permeabilities in the Ratawi Oolite range from less thn 0.01 ml) to more 
then 5 Darcies, with average from 100 ml) to more than 1 Darcy, in the productive 
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horizons. The cut-off porosity in the reservoir zone is 15% measured from core and 

porosity logs (Longacre and Ginger, 1988). Porosity is discussed at length in Chapter 

4. 

2.3.2 Ratawi Oolite marker zones and the three Wafra reservoir producing areas 

The studies of Longacre (1986) and Longacre and Ginger (1988) identified nine 

marker zones labelled "marker zone # 1" at the base to "marker zone # 9" at the top 

(Fig. 2-7). They represent interruption of Ratawi Oolite sedimentation and are 

recognized as tight intervals in cores and on gamma ray and porosity logs. The Saudi 

Arabian Texaco Inc. Co. used the nine marker zones to divide the Ratawi reservoir 

zone in the Wafra oilfield into six units, namely unit A, unit B, unit C, unit D, unit E 

and unit F, and correlated these units in the main, southern and eastern Wafra areas. At 

the crest of the main Wafra area (well R-43), units C, D and E are reservoirs with 

porosity more than the cut-off value of 15%. Porosity of units C and D decreases at the 

flank of the structure of the main Wafra area and these two units are non-reservoir in 

the southern and eastern Wafra areas. Unit E is the only unit in the Wafra oilfield that 

is a reservoir unit in the main, southern and eastern Wafra areas, whereas unit F is a 

non-reservoir unit across the whole oilfield. 

The marker zones are recognized in well R-43 at the crest of the main Wafra 

oilfield area (Fig. 2-7) at the following depths: 

(1) Marker zone # 1: Top of unit A, at depth 7130 ft (2173 m) 
(2) Marker zone # 2: Top of unit B, at depth 6994 ft (2132 m) 
(3) Marker zone # 3: Within unit C, at depth 6891 ft (2100 m) 
(4) Marker zone # 4: Base of unit D, at depth 6858 ft (2090 m) 
(5) Marker zone # 5: Within unit D, at depth 6827 ft (2080 m) 
(6) Marker zone # 6: Top of unit D, at depth 6796 ft (2071 m) 
(7) Marker zone # 7: Within unit E, at depth 6775 ft (2065 m) 
(8) Marker zone # 8: Within unit E, at depth 6768 ft (2063 m) 
(9) Marker zone # 9: Unit F, from depth 6734 to 6718 ft (2052 to 2048 m) 

r 
These mrä}cer zones are used in this study (Chapters 3,4,5 and 6) to correlate the 

reservoir and non-reservoir units from the type locality well R-43 at the crest of the 
main Wafra area to the core description log at the flank of the main Wafra area (well 
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R-50) and the southern Wafra area (well R-49) and to relate these units to core 

samples, lithofacies, microfacies and cycle hierarchy. 

2.3.3 Ratawi Oolite reservoir units 
The studies of Longacre (1986) and Longacre and Ginger (1988) identified fifteen 

sedimentary facies in the Ratawi Oolite reservoir zone in the Wafra area, which are 

assembled into six major sedimentary units. These can be correlated in the Wafra 

oilfield using the nine marker zones (Section 2.3.2). The units are ordered from "Unit 

A" at the base to "Unit F" at the top: 

2.3.3.1 Unit A 

Very muddy peloidal wackestone and packstone: the deposition took place on a 

carbonate mud-rich shelf or in a slightly restricted lagoon. 

2.3.3.2 Unit B 

Oolitic and skeletal grainstones: these appear to mostly represent deposition on a 

shallow sand shoal, a series of bars or sand flat. Some intervals are muddy tidal-flat 

sediments. Primary porosity in the grainstone was initially high, but an abundance of 

freshwater calcite cement has significantly reduced porosity in the crestal areas of the 

field. This cemented zone diminishes in thickness laterally to the flanks of the oilfield. 

2.3.3.3 Unit C 

Coral and rudist Wckstone)and ýackestone: the muddy sediments on the flanks of the 

structure become mud free and much more porous and permeable towards the centre of 
the structure. 

2.3.3.4 Unit D 

Peloidal and skeletal packstone: the presence of carbonate mud indicates slightly 

quieter-water conditions than in the overlying unit E. The rich fossil assemblage 
indicates that this muddy shelf environment supported an open-marine fauna. In the 
East Wafra area, stromatoporoids and a mixture of coarse coral and rudist debris and 
some boundstone suggest close proximity to a reefal area. 
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2.3.3.5 Unit E 

Skeletal / algal (Bacinella-Lithocodiuni) grainstone and mud-poor packstone: the 

coarse-grained to gravel-sized-fragments dominated by green algae and other open- 

marine fossils indicate clear-water shelf conditions. The coarseness and abundance of 

the green algae suggest algal reefs or banks to the east of the main Wafra area. Rudist 

Well R-43 

Reservoir Unit (Porosity =. 15 %j  Oil   Water 

M7.14: Marker Zone Number 

Figure 2-7 Ratawi zone at reference well R-43 in Wafra oilfield. 
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2.3.3.5 Unit E 

Skeletal / algal (Bacinella-Lithocodium) grainstone and mud-poor packstone: the 

coarse-grained to gravel-sized-fragments dominated by green algae and other open- 

marine fossils indicate clear-water shelf conditions. The coarseness and abundance of 

the green algae suggest algal reefs or banks to the east of the main Wafra area. Rudist 

Well R-43 

MZ# 9- 

Unit E MZ# Ä 

MZ# 7 

Unit D 

MZ#4 

1! ° 6900: 
MZä 3 

Unit C_ 

Reservoir Unit (Porosity > 15 %)   Oil   Water 

MZ#: Marker Zone Number 

Figure 2-7 Ratawi zone at reference well R-43 in Wafra oilfield. 
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packstones are common and could represent mounds also to the east of the main Wafra 

area. All the grains in this unit are detrital in the main Wafra area. 

2.3.3.6 Unit F 

Interbedded transition of the Ratawi Oolite member (the reservoir zone) to the shaley 

carbonates of the overlying Ratawi Limestone member (the seal rock). 

Within the six depositional packages (unit A to unit F), fifteen sedimentary facies were 

identified and numbered alphanumerically from bottom to top as B-1, B-2, ... B-6 

within each of the six units (Longacre, 1986; Longacre and Ginger, 1988). The six 

depositional packages and their facies are recognized in cores and well-logs at the crest 

and flank of the Wafra structure. The north-south and east-west stratigraphic 

correlation of these depositional packages and facies across the reservoir is shown in 

(Fig. 2-8 and 2-9). The cemented zone at the top of Unit B divides the Ratawi reservoir 

zone (Ratawi Oolite member) in the Wafra oilfield into two producing horizons, the 

lower reservoir Unit A and Unit B, and the upper reservoir Unit C, Unit D, Unit E and 
Unit F. 

2.3.4 Ratawi Oolite reservoir units 

During the Lower Cretaceous Valanginian time, the Wafra area was located on the 

gently eastward dipping Arabian Shelf towards the opening Tethys ocean and east of 
the Arabian-Nubian Shield, which had been relatively stable since the Precambrian. 
During the deposition of the Ratawi Oolite member, the area was a shallow carbonate 

shelf at the boundary between the Arabian Shelf and the Gotnia intrashelf basin and 
received siliciclastic material from the shield during relative lowstands of sea level. 
The lithofacies of the Ratawi Oolite member accumulated on the crest and around the 
flanks of a pre-existing bathymetric prominence, trending northwest-southeast 
(Khurais-Wafra-Burgan-Zubair Arch or the Kuwait Arch). This lineament has 

prevailed and influenced patterns of sedimentation and structure in the Wafra area 
since the Precambrian. Evidence for the bathymetric high along the lineament is 
inferred from the distribution of high and low-energy lithofacies, from the 
development of tight zones and marker zones, and from lithofacies thicknesses 
(Longacre and Ginger, 1988). 
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Figure 2-8 Type porosity logs for the lithofacies of the Ratawi Oolite reservoir. Examples are 
shown for both crestal and flank locations (after Longacre and Wit, 1988). 

G, " ge_r 

Figure 2-9 Stratigraphic cross-sections showing the spatial distribution of lithofacies in the 
Ratawi Oolite (after Longacre and 8tt, 1988). 
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Longacre (1986) and Longacre and Ginger (1988) interpreted the origin of this 
basement lineament as the result of east-west compressional events in the Precambrian 

and later movements of the Infra-cambrian Hormuz salt. The depositional primary 

porosity in the Wafra reservoir was controlled by the bathymetric high during Ratawi 

Oolite sedimentation, which determined the distribution and geometry of the oolitic 

sand bodies which are now the reservoir units. They constructed a depositional facies 

model for each of the six units in the Ratawi Oolite member. These are: 

2.3.4.1 Depositional model for Unit A 
This unit is characterized by two facies, A-1 and A-2. The muddy peloidal wackestone 

and packstone, facies A-1, accumulated in a low-energy restricted environment, with 
influx of minor amounts of terrigenous clay to the Wafra area at the top of Unit A 

(facies A-2), which represents marker zone # 1. 

2.3.4.2 Depositional model for Unit B 
Five facies characterized this unit, B-1, B-2, B-4, B-5 and B-6 (B-3 was included in B- 

2). Five depositional environments developed in the Wafra area during deposition of 
the oolitic and skeletal grainstone, most of them reflecting shallow-water and high 

energy. These are: facies B-1 shallow-water lagoon, facies B-2 and B-4 mixed 

carbonate sand shoals, facies B-5 ooid sand shoals and facies B-6 tidal flats. After or 
during the deposition of facies B-6 a fresh-water phreatic lens was established that lead 
to pore-filling equant calcite cement in the upper part of unit B (upper B-2, B-4, B-5, 
B-6). This cement horizon (marker zone # 2) thins towards the Wafra flanks and 
inhibited the vertical migration of fluids. 

2.3.4.3 Depositional model for Unit C 

This unit is characterized by five facies, C-l, C-2, C-3, C-4 and C-5. Subtidal open- 
marine environments returned to the Wafra area and coral and rudist packstones and 
wackestones were deposited after a relative sea-level rise. The corals are always 
fragmented and abraded, not in-situ, and are more common in the eastern wells. The 
model suggests that reef growth was centred in deeper-water, more seaward positions 
to east of the Wafra area and debris was transported towards the Wafra area. The 

rudists, in contrast to the corals, are generally preserved whole and a local dense 
packing of rudists indicates that they grew in-situ. 
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Facies C-1, skeletal and peloidal grainstone-packstone, was deposited in 

subtidal open-marine environments with constant and moderate levels of water energy 

at the crest of the structure of the main Wafra area, that resulted in winnowing of some 

of the micrite. Facies C-2 is laterally equivalent to facies C-1, and is a mud-rich facies, 

which accumulated on the flanks of the structure of the main Wafra area. The 

environment was subtidal and open-marine with a slight increase in water depth 

compared to facies C-1. The cored sections of the thin facies C-3 are different in each 

well. The environment varied from a shallow subtidal lagoon to supratidal with 

subaerial exposure. This facies is marker zone # 3. Facies C-4 indicates the return of a 

high-energy, shallow-water, open-marine environment as in facies C-1. Facies C-5 is 

laterally equivalent to facies C-4 and restricted to the southern Wafra area. The 

environment of facies C-5 was similar to that of facies C-2. 

2.3.4.4 Depositional model for Unit D 

This unit is characterized by one facies (D-1). The facies was deposited in a low- 

energy, shallow-water, open-marine environment and has three marker zones # 4, #5 

and # 6. In the central part of the field, 20 to 30% of the micrite in unit D has been 

replaced by dolomite. The marker zones represent tight zones; porosity is less then 

15% (the cut off porosity for the Ratawi Oolite) and was reduced by precipitation of 

equant calcite cement. 

2.3.4.5 Depositional model for Unit E 

This unit is characterized by one facies (E-1). The facies was deposited in a high- 

energy, shallow-water sand shoal environment and has two marker zones #7 and # 8. 

In deep-water algal bioherms were deposited in the eastern Wafra area with rudist 

mounds, associated with Bacinella-Lithocodium bioherms. Sheets of skeletal material 

were washed from the bioherms by wave action to the Wafra area, and beds of coarse 
material derived from the buildups accumulated in the Wafra area by storm action. 
These conditions resulted in a lateral continuity of both lithology and good reservoir 
character. Marker zones #7 and #8 are characterized by low porosity mud-rich 
sediment and cemented horizons that formed during partial or complete exposure. 
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2.3.4.6 Depositional model for Unit F 

This unit is also characterized by one facies (F-1). The unit is represented by an 

interbedded facies between the "clean carbonate facies" of the Ratawi Oolite and the 

"dirty carbonate facies" of the Ratawi Limestone. Beds of argillaceous carbonate and 

argillaceous peloidal wackestone are traceable across the area, interrupting the clean 

skeletal packstones to wackestones, which accumulated on a low-energy mud-flat or 

shallow shelf. There are two zones of argillaceous carbonate within unit F, and a third 

argillaceous zone at the base of the Ratawi Limestone member. This unit is marker 

zone # 9. 

2.3.5 Diagenetic model for Ratawi Oolite 

In addition to facies analysis for the Ratawi Oolite member (Ratawi reservoir zone) in 

the Wafra oilfield, Longacre and Ginger (1988) described three stages of diagenesis 

and porosity development in the Ratawi zone, syndepostional, early diagenetic and late 

diagenetic. 

2.4 Summary 

As explained in this chapter and the previous one, the regional geology and petroleum 

system of the Lower Cretaceous in the study area (PNZ), which is a good example for 

the numerous producing horizons in the Arabian-Iranian basin, are quite complicated, 
with the many factors that make this basin an exceptional petroleum system still 
requiring explanation. The previous studies of the Ratawi Formation and its petroleum 
system in the PNZ were mainly carried out by the oil industry in the 1980's. 

Since then there have been many new developments in our understanding of 
stratigraphy, diagenesis and porosity development, and its preservation at reservoir 
depths. The aim of this thesis is to apply the new concepts of carbonate sequence 
stratigraphy, that made a revolutionary change in the science of stratigraphy and its 

application in studying petroleum systems during the 1990's, to give new insights to 
the Ratawi Formation petroleum system of the Saudi Arabia-Kuwait Partitioned 
Neutral Zone. 
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Chapter 3 Facies and Microfacies of the Ratawi Formation 

3.1 Introduction 

The Wafra oilfield is a giant oilfield producing from carbonates of the lower 

Cretaceous Ratawi Formation. Understanding the distribution of the carbonate 

reservoir facies in the oilfield and Ratawi oil system, which includes source, reservoir 

and seal rocks, in the regional framework, requires evaluating five main factors 

(Jordan and Wilson, 1994). These factors are (1) lithofacies, (2) carbonate platform 

type and palaeogeography, (3) pore types, (4) diagenetic overprint, and (5) sequence 

stratigraphy. Generally, the porosity in a sedimentary rock can be divided into 

depositional primary porosity, and diagenetic secondary porosity. Primary porosity is 

controlled by the depositional processes and texture, whereas secondary porosity is 

controlled by the diagenetic processes producing the diagenetic texture. The 

preservation of the porosity (primary and secondary) in a reservoir rock is controlled 
by the subsequent diagenetic processes, until oil emplacement (Moore, 1989; Tucker 

and Wright, 1990). 

In this chapter, the Ratawi Formation lithofacies and microfacies are described 

and interpreted. In addition, the preserved primary porosity is related to depositional 

texture, depositional processes and depositional environment. In Chapter 4, the nature 

of the Ratawi pores (primary and secondary) is discussed. In addition the diagenetic 

processes in the Ratawi Formation that lead to the formation of the secondary porosity 

are described and interpreted, also those which lead to the preservation, reduction and 

elimination of the primary and secondary porosity. The sequence stratigraphy of the 
Ratawi Formation is described and interpreted in Chapter 5, and in Chapter 6, the 

sequence stratigraphic model for the Ratawi is compared with Cretaceous elsewhere in 

the world. The Ratawi sequence stratigraphic model is a tool to interpret and predict 
porosity and oil system within the regional and global framework 

3.1.1 The Aims of this Chapter 

Chapter 3 has two aims. The first aim is to describe and interpret the environment of 
deposition. In addition, the preserved primary depositional porosity is linked to the 
depositional textures and environments. The second aim is to construct the Ratawi 
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palaeogeography and interpret the type of carbonate platform. To reach these goals, 

the Ratawi facies are examined on two scales. First at the microfacies scale in Section 

3.2, data from core samples, collected from the Ratawi Oolite and Ratawi Limestone, 

are described and interpreted. Second at the local and regional facies scale in Section 

3.5. the palaeogeography is reconstructed. The broad Ratawi facies of the three 

members, Ratawi Oolite, Ratawi Limestone and Ratawi Shale, are examined in 

relation to each other and to the underlying Makhul Formation and overlying Zubair 

Formation. 

The facies analysis of the Ratawi Formation at the two scales, microfacies and 

facies belt scales, is not only a useful tool in the identification of ancient Ratawi 

depositional environments, but also a powerful tool for evaluating Ratawi past climatic 

conditions, which is vital in interpreting the early overprinting diagenesis and the 

development of the Ratawi porosity (Chapter 4). In addition, facies analysis is used to 

distinguish different types and orders of surfaces that are significant in sequence 

stratigraphy (Chapter 5). 

3.1.2 Geological reservoir characterization 
The geological reservoir characterization of the Ratawi zone in the Wafra oilfield 

involves four steps. The first step is dividing the Ratawi Formation into reservoir 

(flow-unit) and non-reservoir units. The second step is identifying the origin of 

porosity (primary and secondary) in each unit, which makes each unit a reservoir or 

non-reservoir. By understanding the porosity origin, the reservoir heterogeneity 

(reservoir or non-reservoir units) can be described and interpreted. The third step is 

identifying the geometry, the distribution in three-dimensions, of the reservoir units. 

This is done by understanding the depositional and diagenetic processes and 

environments that are controlling the porosity in the three- dimensions. The last step is 

determining the interaction between these units in the Wafra oilfield, but that is outside 

the scope of this study. 

3.1.2.1 Reservoir and non-reservoir units of the Ratawi zone 
The first step in Ratawi geological reservoir characterization is the subdivision of the 
Ratawi zone in the Wafra oilfield into reservoir and non-reservoir units. As mentioned 
in Chapter 2, Saudi Arabian Texaco Inc has divided the Ratawi zone at Wafra into 6 

units. This study used core descriptions of wells R-48 and R-50 and log-facies to 
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identify these units. The Ratawi reservoir (flow unit) and non-reservoir units are 

identified by a 15% cut-off porosity, measured from neutron and density logs, and that 

is related to the economic permeability of the Ratawi zone in the oilfield (Longacre 

and Elliott, 1988). This study identified unit-D and unit-E as reservoir units in well R- 

50, at the flank of the main Wafra area, and unit-E as the reservoir unit in well R-49, at 
the southern Wafra area. 

3.1.2.2 Porosity origin and geometry of the Ratawi reservoir unit 
The second and third steps in Ratawi geological reservoir characterization are 

understanding the porosity origin, and then using this knowledge to interpret and 

predict the unit geometry. This study emphasizes the development of primary and 

secondary porosity and the processes that lead to the preservation of porosity. The 

main elements of the carbonate microfacies are grains (skeletal and non-skeletal), 

matrix, cements and porosity. The porosity of the rock is defined as the ratio of the 

total pore space to the total volume of the rock. The nature of the Ratawi pore system 
is one of the factors that effect the permeability and recovery efficiency of the 

reservoir. The nature of the pore system includes the pore size, pore-throat size, pore- 

surface roughness, and number of pore-connections, and these are related to the 
depositional and diagenetic environments (Chilingarian et al., 1992). 

The hierarchy of the geological controls on the porosity and permeability of the 
Ratawi zone in the Wafra oilfield, can be described and interpreted at three levels of 
reservoir heterogeneity by reservoir geologists and engineers (Chilingarian et al., 
1992). The three levels of the Ratawi reservoir heterogeneity are microscopic, 
megascopic and gigascopic. First, the controls on microscopic heterogeneity are 
microfacies, particle and pore properties. Second, the megascopic heterogeneity of 
non-reservoir and reservoir units is controlled by the depositional and diagenetic 
facies. Third, the gigascopic heterogeneity of the Wafra oilfield is controlled by the 
regional to global processes effecting the Ratawi depositional system that initiated, 
developed and terminated the Ratawi Oolite platform and determined the diagenesis of 
the reservoir and seal units at the oilfield scale. The Wafra oilfield is a porosity 
anomaly on a regional scale. Understanding the controlling factors at each scale allows 
"rules" to be deduced and prediction of the distribution of reservoir heterogeneity and 
oil system. 
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The porosity heterogeneity of the Ratawi zone in the Wafra oilfield at the 

gigascopic scale is controlled by the stratigraphic sequence and development of the 

basin fill that will be interpreted in Chapter 5. The porosity heterogeneity of the 

Ratawi zone at the microscopic and megascopic scales is controlled by the 

depositional and diagenetic environments. In this study, the Ratawi porosity at the 

microscopic scale is estimated as the percentage of the pore space in thin-section. 

Reservoir unit (flow unit) is identified by 15 % porosity cut off measured from the 

neutron and destiny logs. 

The data from this study demonstrate that unit-D and unit-E with certain 
depositional and diagenetic overprint facies have a predictable and characteristic 

porosity and permeability. The study indicates that porosity in reservoir unit-D is 

mainly primary porosity, controlled by Ratawi depositional texture and environment, 

whereas in reservoir unit-E it is mainly secondary porosity, controlled by diagenetic 

processes and environment. The preservation of the porosity (primary and secondary) 
in unit-D and unit-E is controlled by subsequent diagenesis. The heterogeneity of the 

Ratawi zone at the flow-unit scale in reservoir unit-C and unit-E is interpreted and 

predicted from the depositional and the diagenetic environments. These are a 
depositional ramp sand-body for unit C, discussed in this chapter, and a 2°d order 

sequence boundary related diagenetic overprint of pedogenic calcretes for unit E, 

discussed in Chapter 4. 

In this chapter, the depositional microfacies and the lithofacies of the Ratawi 
Formation are described and interpreted, and related to an `epeiric' ramp model. In 

addition, the ramp sand-body that formed reservoir flow unit-D, at the microscopic and 
megascopic scale, is described and interpreted in the framework of the Ratawi 
depositional environment. In Chapter 4, the diagenetic overprint, which preserved, 
reduced, enhanced or blocked primary depositional porosity and created a new 
secondary porosity in the Ratawi Formation, is described and interpreted, and depicted 

as a diagenetic model. In addition, the diagenetic environment of pedogenic calcretes 
at the 2nd order sequence boundary that formed reservoir flow unit-E at the 
microscopic and megascopic scale, are described and interpreted in the framework of 
the Ratawi diagenetic environment. 

The depositional epeiric ramp model of Chapter 3 and the diagenetic model of 
Chapter 4 for the Ratawi Formation are brought together in Chapter 5 by integration 
into the Ratawi sequence stratigraphic model. The integration of the data from both 
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models into the Ratawi sequence stratigraphic model allows a better understanding of 

the processes and prediction of the distribution of reservoir heterogeneity at the three 

scales in the Wafra oilfield. 

3.2 Microfacies of the Ratawi Formation 

3.2.1 The basic microfacies concept 

The data are based on Ratawi Oolite and Ratawi Limestone core samples from the 

main Wafra area, wells R-48 and R-50, and southern Wafra area well R-49. No 

samples are available from the Ratawi Shale or from the eastern Wafra area. The 

microfacies data from 204 Ratawi Oolite and Ratawi Limestone thin-sections given in 

Appendix 1, include types of non-skeletal and skeletal grains, cements, porosity types, 

sedimentary structures and diagenesis, with sample number and sample depth. In order 

to compile, compare and interpret the lithofacies data, this study uses the "lithofacies 

shorthand" of Jordan and Wilson (1994). This scheme is a semi-quantitative approach 

that normalizes the Ratawi Formation lithofacies data. The scheme follows Dunham's 

(1962) classification of carbonate rocks and recognizes six lithofacies associations or 

textural families, namely mudstone, wackestone, packstone, grainstone, boundstone 

and crystalline dolomite. On the basis of the grain composition within the six textural 

families, the scheme reduced the number of common carbonate lithofacies observed at 

any geological time (including the Ratawi Formation) to 26 lithofacies types. This 

grouping indicates a limited number of combinations of rock compositions and 

textures occurring in nature (Wilson, 1975: Flügel, 1982: Tucker and Wright, 1990). 

In order to interpret the Ratawi microfacies associations in terms of 
depositional facies belts (subenvironments) and to reconstruct the Ratawi 

palaeogeography, the Ratawi microfacies associations are compared with the standard 

microfacies models of Wilson (1975), Flügel (1982), and Tucker (1991) and Tucker et 

al. (1993). The lithofacies and microfacies of the Ratawi Formation are controlled by 

many factors, which include the rate of change of relative sea-level (eustasy and 
tectonics), sediment supply and platform type (Handford and Loucks, 1993). Tucker 

and Wright (1990) listed five main platform types or platform geometries, that include 

rimmed and ramp platform types. Wilson (1975) and Flügel (1982) used a typical shelf 
to basin profile for a rimmed-type platform, as a framework for compiling a list of 24 

standard microfacies occurring in 9 standard facies belts (environments of deposition). 
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For a typical homoclinal carbonate ramp, Tucker (1991) and Tucker et al. 

(1993) recognized three broad facies belts for compiling general lithofacies 

associations. These are (1) back-ramp environments characterized by restricted fauna 

and wackestone-mudstone, (2) shallow-ramp environments characterized by open- 

marine fauna and grainstone, and (3) deep-ramp environments characterized by open- 

marine fauna and mudstone, wackestone and grainstone (Fig. 3-1). According to 

Spence and Tucker (1999), these standard microfacies models characterize 

palaeogeography using a series of discrete unrelated lithofacies associations that are 

based on common grain composition within the textural families. The carbonate 

subenvironments are identified by individual microfacies associations that are defined 

relative to fixed palaeogeographic positions within the platform and static 

palaeobathymetries. However, sequence stratigraphic concepts imply dynamic 

palaeobathymetries, which lead to gradual changes in lithofacies associations. 
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BASIN deep ramp shallow ramp back ramp 
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Fig. 3-1 General facies model for a carbonate Ramp (after Tucker, 1991) 

3.2.2 Taphonomy of the Ratawi Formation 

The concept of microfacies analysis assumes that the grain assemblages preserve 
sufficient evidence of initial sediment input to enable the environments of deposition 

t998 
to be deduced. Perry (2096) discussed the importance of taphonomy in the 
reconstruction of the depositional environments when using the approach of 
microfacies analysis. Taphonomy is the reconstruction of the history of an organism 
between the time of its death and the time when it is studied as a fossil. This study 
interprets Ratawi ecological information from the preserved Ratawi grain assemblages, 
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taking into consideration early marine and exposure related diagenetic processes that 

to some extent modified Ratawi texture, structure and composition. These diagenetic 

modifications are examined in Section 4.3.2 discussing the marine diagenetic 

environment, and in Section 4.3.3 discussing the exposure diagenetic environment. 

Early diagenetic modifications (marine and exposure) are used in this study to interpret 

these environments. 

The preservation potential of Ratawi depositional texture is especially 
influenced by two early diagenetic processes, namely mineral stabilization 

(recrystallization) and micritization. In the first process, mineral stabilization of 

unstable original aragonite or siliceous grains, is observed in corals, gastropods, 

calpionellids, sponge spicules, green algae, and radiolarians. The process has three 

outcomes, the first two are complete (good) and partial (poor) preservation of the 

internal grain structure; the last is complete dissolution of the original unstable 

mineralogy and the space filled by granular drusy cement or preserved as a mould. 

The second process, micritization of original grains, produces the most 

common particle in the Ratawi Formation, the peloid. These non-skeletal particles 
have polygenetic origins, which include the micritization of skeletal particles (Tucker 

and Wright, 1990). Peloids and micritization are discussed in Section 3.2.1.2.1 and in 

Chapter 4. The micritization process is interpreted in this study to have been formed by 

endolithic micro-organisms, algae and fungi, in the early marine environment, and 

through pedogenic processes during early exposure. These processes influence Ratawi 

grain preservation, and thus bias the composition of resultant Ratawi grain 

assemblages for the microfacies analysis. 

3.2.3 Ratawi lithofacies associations 
The microfacies of the Ratawi Oolite and Ratawi Limestone are grouped into five 

main lithofacies associations when applying the "lithofacies shorthand" scheme of 
Jordan and Wilson (1994). 0.5% of the samples are crystalline dolomite; 26.7% of the 

samples are grainstone; 17% of the samples are packstone; 34.8% of the samples are 
wackestone, and 21% of the samples are mudstone. Selective thin sections have been 

stained in this study by Alizarin red S and potassium ferricyanide using the method of 
Miller in Tucker (1988). This method allows the differentiation between calcite and 
dolomite, in addition to ferroan phases in calcites and dolomites. 
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Depositional Characteristic fauna, Depositional 
or sedimentary structures or diagenetic 

diagenetic and grains environment 
texture 

Back Ramp 
BR-1 wackestone- Reworked open-marine Low-energy, low-salinity 

mudstone and restricted ostracod restricted lagoon near land with 
faunas, and black grains developed soil profiles 
Reworked open-marine 

BR-2 wackestone- and restricted ostracod Back Ramp 

mudstone faunas with Low-energy, low-salinity 

pseudomorphosed restricted lagoon 
gypsum 

Shallow Ramp 
SR-i rudstone Open-marine fauna, Skeletal and non-skeletal sand 

peloids shoals; coral reefs and ooid shoals 
with coral and ooids were close to the area 

Cross-laminated, flaser Shallow Ramp 
SR-2 grainstone- bedded, open-marine Intertidal and supratidal flat 

pack tone fauna and peloids 
Shallow Ramp 

SR-3 grainstone- Open-marine fauna, with Behind peloidal bioclastic shoals 
packstone ooids and aggregates near the restricted back-ramp 

lagoon 
Shallow Ramp 

SR-4 grainstone- Open-marine fauna and In front of peloidal bioclastic 
pack tone eloids shoals near the open sea 

Shallow Ramp 
SR-5 packstone Open-marine fauna, Peloidal bioclastic sand shoals 

peloids and black grains affected by subaerial exposure 
Deep Ramp 

DR-1 floatstone Open-marine fauna and Below fairweather wave-base 
peloids with occasional high-energy 

storm events 
Deep Ramp 

DR-2 mudstone Open-marine fauna and Below fairweather wave-base 
bioturbation with few high-energy, storm 

events 
Deep Ramp 

DR-3 wackestone Open-marine fauna and Close to fairweather wave-base or 
bioturbation somewhat below with few high- 

energy, storm events 
Open-marine fauna Deep Ramp 

DR-4 wackestone biomorpha (whole shell) Below fairweather wave-base 
Ramp Subaerial Exposure 

DiagCal pedogenic Diagenetic facies Diagenetic facies superimposed 
calcrete on previous fabrics 

Burial Diagenetic 
DiagDol crystalline Diagenetic facies with Replacing restricted shallow 

dolomite peloid ghosts lagoon facies 

Table 3-1 Ratawi facies 
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This study recognized 13 microfacies in the core samples of the Ratawi Oolite 

and Ratawi Limestone listed in Table 3-1. For interpretation and prediction of these 

five lithofacies associations, they are divided into (1) sedimentological lithofacies 

associations, Section 3.2.1, and (2) diagenetic lithofacies associations, Section 3.2.2. 

As mentioned in Section 3.1.2, the aim of this study is to interpret the origin of the 

Ratawi pore system. The sedimentological lithofacies associations include depositional 

facies that control depositional fabric and primary porosity. The diagenetic lithofacies 

associations include diagenetic facies that control diagenetic fabric and secondary 

porosity. 
The microfacies of the Ratawi Formation are defined and interpreted on a 

purely qualitative basis, by selecting important features and giving less weight to 

unimportant ones (Tucker and Wright, 1990). As is explained in the Section 3.3, the 

broad lithofacies associations (Makhul Formation, Ratawi Formation and Zubair 

Formation) indicate deposition in a ramp type environment. This section uses the ramp 

model of Tucker (1991) and Tucker et al. (1993) as a framework for four broad facies 

belts. Each of these facies belts has distinctive microfacies associations for that 

particular environment, and is characterized by certain early diagenetic and porosity 

types. In the carbonate epeiric ramp model fair-weather-wave base and storm-wave 
base subdivide the ramp into three distinct energy zones or environments. These are 
back-ramp, shallow-ramp and deep-ramp environments. 

Reservoir state, depositional environment and diagenetic environment are 
discussed for each microfacies identified in the Ratawi Formation. The reservoir state 
includes where this microfacies is a reservoir or non-reservoir unit in the Wafra 

oilfield, porosity % range, and common pore types. The depositional environment 
includes the sub-depositional facies belt as part of the epeiric ramp model of Tucker 

(1991) that controls primary depositional porosity. The diagenetic environment 
includes the main diagenetic environment controlling secondary diagenetic porosity. 
The percentage of each microfacies is given relative to the total 204 core samples, but 

this does not have stratigraphic statistical significance. 

3.3 Sedimentolodcal lithofacies associations 

The sedimentological lithofacies associations of the Ratawi Formation are grouped 
into four environments or broad facies belts, on the Ratawi ramp platform model of 
Tucker (1991). The first facies belt is the back ramp (BR), characterized by 
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wackestone-mudstone with restricted fauna (Section 3.2.1.1). The second facies belt is 

the shallow ramp (SR), characterized by rudstone, grainstone-packstone with an open 

marine-fauna (Section 3.2.1.2). The third facies belt is the deep ramp (DR), 

characterized by mudstone-wackestone with an open-marine fauna (Section 3.2.1.3). 

The last facies belt is the ramp with subaerial exposure, and pedogenic calcrete 

microfacies (DiagCal); this diagenetic microfacies is characterized by subaerial 

exposure facies superimposed on the three ramp facies. The microfacies DiagCal is 

discussed with the diagenetic lithofacies association. The microfacies analysis of the 

Ratawi Formation indicates that there are two microfacies in the Ratawi zone of the 

Wafra oilfield, with great economic potential. The first is the shallow ramp (SR) 

facies, and the second is the pedogenic calcrete facies (DiagCal). 

3 . 3.1 Back Ramp: wackestone-mudstone with restricted fauna 

The back ramp (BR), wackestone-mudstone with restricted fauna lithofacies 

association is divided into two microfacies. The first is microfacies BR1, bioclastic 

wackestone-mudstone with ostracods and black grains (Section 3.3.1.1) and the second 

is microfacies BR2, bioturbated bioclastic wackestone-mudstone with ostracods 

(Section 3.3.1.2). The back ramp lithofacies association is discussed in Section 3.3.1.3. 

3.3.1.1 Microfacies BR1: bioclastic wackestone-mudstone with ostracods and 

black grains 
Bioclastic wackestone-mudstone with a restricted ostracod fauna and black grains 

characterize microfacies BR1 (Fig. 3-2 a). This facies is common in the Ratawi, about 

24% of the core samples. The matrix is argillaceous micrite and this is often 

bioturbated, resulting in a homogeneous texture. Some discrete burrows are notable for 

the local development of micro-euhedral dolomite rhombs within them. This selective 

dolomitization process for the burrow fills is discussed in Chapter 4. Microfacies BR1 

is characterized by wackestone and mudstone; the origin of the micrite is regarded as 

primary as discussed in Section 3.3.1.3. The non-skeletal particles are quartz and black 

grains (clast). 

The terrigenous quartz grains are rare to common, mostly fine to medium sand 

in size (0.125-0.5 mm) and subangular in shape. Often the detrital quartz grains show 

evidence of partial to near complete replacement by calcite. This process of 

replacement is discussed in Chapter 4. The stratigraphic, vertical distribution of the 
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terrigenous quartz grains in the three members of the Ratawi Formation (Ratawi 

Oolite, Ratawi Limestone, and Ratawi Shale) has environmental significance. 

The quartz grains are included within the clay percentage in the core-lab chart 

of the Ratawi Oolite (well R-50) and the Ratawi Limestone (well R-48). The clay 

content in the Ratawi Oolite, Ratawi Limestone and Ratawi Shale members and in the 

overlying Zubair Formation can also be inferred from the wireline logs. Analyzing 

these data indicate that there is a general increasing upward trend for the clay. The 

source for the detrital quartz and clay is interpreted to be the Zubair delta, which is 

discussed in Section 3.5. 

The black grains (Fig. 3-3) are the second most common non-skeletal particle 

in microfacies BR1. This study, as other workers, considers black grains to be 

significant in microfacies analysis for two reasons, reconstruction of the 

palaeogeography, and their stratigraphic occurrence. Black grains in the BR1 

microfacies are common to rare, up to coarse sand size (1 mm), and rounded in shape. 

They are composed of lime mud (micrite) mixed with other non-skeletal and skeletal 

particles in the argillaceous matrix. To use the black grains in reconstruction of the 

palaeogeography and stratigraphic development of the Ratawi Formation, the possible 

origin and the causes of the blackening of the grains is reviewed. 

The black grains of the Cenomanian Breccia of Camporosello Epini Mountains 

Italy, were studied by Lang et al. (1997) using different methods including scanning 

electron microscope, X-ray diffraction, differential thermal analysis, and nuclear 

magnetic resonance. The study concluded that the blackening of the grains was mainly 

caused by organic matter, derived from rotting terrestrial plants, which may have been 

burned, and algae. In addition to the organic matter, there are small amounts of clay 

minerals and pyrite. The diagenetic environment of the blackening was anoxic and 

alkaline, when the partially altered carbonate sediment was impregnated by dissolved, 

colloidal or finely particulate organic matter, clay minerals and pyrite. This diagenetic 

environment was most probably within a soil profile, i. e. the black grains are 

pedogenic. The carbonate-crystal surfaces of the partially altered carbonate sediment, 

must go through a complex interplay of adsorption, neomorphism and microcrystalline 

cementation in the vadose or freshwater phreatic zones to fix the black coloration and 

make it relatively resistant to oxidation (Strasser, 1984; Lang et al., 1997). 

The black grains thus formed through erosion, reworking and transportation of 

the preferentially cemented and blackened sediment. The less-consolidated host 

Chapter 3 54 



Facies & Microfacies 

a; 

b 
Figure 3-2 a) Photomicrograph of microfacies BR-1: bioclastic wackestone-mudstone with 
ostracods, bioclastic fragements and black grains. Note patchy distributions of the grains due 
to bioturbation and fine size of the black grains in the matrix. The sample is without porosity. 
Sample number is R-50 # 41, depth 6751 ft (2055 m), field of view 5x3 mm, under plane- 
polarized light. b) Photomicrograph of microfacies BR2: bioturbated bioclastic wackestone- 
mudstone with ostracods. Note bioturbation and patchy distribution of the molluscan bioclasts. 
Aragonite bioclasts have been dissolved out and molds tilled with calcite cement. This 
microfacies has few moldic and vuggy pore spaces. Sample number is R-50 # 38, depth 6728 
ft (2051 m), field of view 10 x7 mm, under crossed polars. 
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a' 

h 

Figure 3-3 Photomicrograph of black grains a) in microfacies BR-1 and b) in microfacies SR- 
5. Note the different sizes of the grains and the skeletal, non-skeletal origin of the black grains 
and the presence of unblackened bioclasts. Sample numbers are a) R-50 # 49, depth 6783 ft 
(2067 m), field of view 3x2 mm, b) R-50 # 41, depth 6741 ft (2055 m), field of view 1x0.6 
mm, under plane-polarized light. 

sediment in the soil profile with the black grains would have been washed away, 

leaving the black grains as mostly relics. Black grains may be valuable indicators for 

the palaeogeographic reconstruction of ancient coastal and terrestrial environments 

(Strasser, 1984; Lang et al., 1997). In addition, they may be valuable indicators for the 

stratigraphy. 
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Black g4ns were used with other exposure features by Strohmenger et al. 

(1991) to study the Upper Jurassic stratigraphy and the facies development of the 

Dinaric carbonate platform (northwest Yugoslvaia) and the Jura carbonate platform 

(southeast France). Based on these exposure features, they recognized a sequence 

boundary and interpreted it as a type 1 sequence boundary, related to a global fall of 

sea level. The black grains are characteristic of a depositional environment with low 

sediment supply rate, which could have formed during a rapid marine transgression. 

Tucker and Wright (1990) argued that the interpretative terms `extra-clast', for 

reworked material from outside the area of deposition, and `intra-clast' for reworked 

sediment from the immediate depositional area, are impossible to be distinguished 

from the limited data of core samples. They suggest in this case using the non- 

interpretative, descriptive term `clast'. Black grains have been reported from various 

geological periods from the Ordovician to Holocene by Strasser (1984). This study 

interprets the black grains of the Ratawi Formation as clasts formed on land in the 

subaerial exposure environment, and eroded and transported into the low-energy 

shallow-water environment. Formation of the black grains in situ within organic-rich 

lagoonal muds is not preference in this study because the grains are mixed with 

unblackened bioclasts (Fig. 3-3) 

The skeletal particles of microfacies BR1 are grouped into two assemblages, 

which are restricted and open-marine assemblages. The first assemblages includes 

ostracods, which are the distinguishing feature for the restricted back-ramp lithofacies 

association (microfacies BR! and BR2). The ostracods as a group are inhabiting nearly 

all types of depositional environment from fresh-water, restricted-water to normal 

marine-water. However, single species tend to be highly sensitive, ecologically, to the 

depositional environment (Scoffin, 1987). It has not been possible to determine the 

species of the ostracods. 

The identification of the ecology of the ostracods as indicating a restricted 

environment depends on two lines of evidence. The first is that there are no ostracods 

in the shallow ramp (Section 3.3.1) or deep ramp (Section 3.3.3) facies. The second 

line of evidence is the association of the ostracods with the black grains and 

wackestone-mudstone texture, which indicates a low-energy, coastal environment. The 

ostracods in microfacies BR1 are common to rare. Most of the ostracod shells are 
disarticulated and well preserved; some shells are articulated, which indicate a low 

energy depositional environment, and little transportation or reworking. 
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The second assemblage includes open-marine skeletal organisms. The normal- 

marine salinity is inferred by the following groups: corals, bivalves, gastropods, 

brachiopods, crinoids, sponge spicules, green algae and foraminifera. The presence of 

the marine calcareous algae indicates water depths within the photic zone (Wilson and 

Jordan, 1983). These skeletal particles are rare to common, fine to medium sand in size 

(up to 0.5 mm), disarticulated and broken up, indicating some reworking and 

transportation. 

Reservoir state: This facies BR1 is a non-reservoir unit. The range of the porosity is 

between 0% to 7 %. The common pore types in this microfacies are vug, mouldic, 
fracture and stylolitic. 

Depositional environment: The black grains and quartz sand and silt associated with 

the wackestone-mudstone depositional texture of microfacies BR1 indicate a low- 

energy marginal marine depositional environment. The exposed marginal lands were 

characterized by relatively high rain-fall and soil development (Alsharhan and Nairn, 

1997). The articulated and good preservation of ostracods indicates little reworking 

and is evidence for low-salinity (hyposaline) restricted conditions. Mudstone- 

wackestone with reworked open-marine bioclasts indicates more reworking and 

occasional high-energy events, such as storms that transported the open-marine 

skeletal particles into the low-energy, low-salinity restricted lagoon. 

3.3.1.2 Microfacies BR2: bioturbated bioclastic wackestone-mudstone with 

ostracods 
The bioturbated bioclastic wackestone-mudstone with ostracods, microfacies BR2 

(Fig. 3-2 b), is a rare facies in the Ratawi, comprising about 5% of the core samples. 
Both microfacies BR1 and BR2 are distinguished by ostracods and a wackestone- 

mudstone depositional texture and similar skeletal particles and matrix. Microfacies 
BR2 is separated from microfacies BR1, on the absence of black grains. This indicates 

that microfacies BR2 was not deposited near exposed marginal lands. 

Reservoir state: This facies BR2 is a non-reservoir unit. The measured porosity is 0% 

to 7%. The observed pore types in microfacies BR2 are vug, mouldic, fracture and 
stylolitic. 
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Depositional environment: The BR2 microfacies was deposited in a similar 

depositional environment to microfacies BR1, namely a low-energy, low-salinity, 

hyposaline, restricted lagoonal environment. However, microfacies BR2 differs from 

microfacies BR1 in that it was not deposited near marginal lands with soil profiles, 

which indicates deposition near the centre of the restricted lagoon environment. 

3.3.1.3 Back ramp lithofacies association: discussion 

The back-ramp lithofacies association was deposited in a low-energy, shallow-water, 

restricted environment and was periodically affected by subaerial exposure. This 

lithofacies association is common in the Ratawi Oolite and Ratawi Limestone and 

accounts for about 29% of the core samples. The restricted conditions of the back- 

ramp environment could be formed by three processes: poor circulation, variations in 

salinity compared to normal seawater, and low-oxygen supply. The restricted 

conditions could be formed by poor circulation in the broad, sluggish lagoon behind 

oolitic, bioclastic and peloidal shoals on the shallow-ramp. Restricted conditions 

produced by salinity variation depend on the climate, and both hypersaline and 
hyposaline conditions may occur. The first type is usually associated with and regions, 

where the seawater salinity is more than 35 ppm. The second type is usually associated 

with tropical areas with considerable freshwater runoff, and the seawater salinity is 

less than 35 ppm (Wilson and Jordan, 1983). Restricted conditions due to low oxygen 

could be formed through stratification of the water in the lagoon. This layering could 
be formed by the floating of lower density fresh water, on more dense, marine water. 
This condition could be associated with the poor circulation and the freshwater runoff. 
This process of water stratification and associated low oxygen-restricted condition has 

been suggested by Bordenave and Burwood (1995) to be the principal processäls for 

the creation of the anoxic environment in the Gotnia intracratonic basin during the 
Middle Cretaceous. An anoxic environment is the principal requirement for the 

preservation of organic matter in the stratigraphic record and formation of source 

rocks. 

The restricted conditions of the Ratawi back-ramp environment could be 
formed by poor water circulation, low-salinity, and / or low-oxygen supply. The study 
area was located. on an `epeiric' ramp, south of the equator during the lower 
Cretaceous (Beydoun, 1991). The semi-tropical climatic could have brought 

considerable fresh-water runoff and low salinity, hyposaline conditions, in the 
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shallow-water lagoon, which could be associated with freshwater stratification and 

low-oxygen supply. In addition, the semi-tropical climate with the significant organic 

matter production could have produced the black grains (Section 3.2.1.1) through 

subaerial exposure. 

The black grains were eroded and transported as clasts into the back-ramp 

shallow-water lagoon by the fresh-water runoff. This study suggests that the process of 

water stratification, which is associated with low oxygen-restricted conditions in the 

Gotnia intracratonic basin, could be the principal factor in the deposition of the source 

rocks of the Ratawi oil system. The low-energy environment is inferred from the 

depositional texture (wackestone-mudstone) which is the characteristic texture for the 

back-ramp facies in this section, and also in the deep-ramp (Section 3.2.3). 

Many workers have reviewed the origin of micrite, including Flügel (1982), 

and Tucker and Wright (1990). All workers have considered micrite to be polygenetic 
in origin, and two main types are primary and secondary micrite. There are three main 

processes in the formation of micrite namely detrital supply, direct chemical 

precipitation, and diagenetic changes. The last mode is by diagenetic changes, and 

results in secondary micrite. This includes (1) grain degrading as a result of 

recrystallization, (2) cryptocrystalline cement, (3) recrystallized peloids, and (4) 

calcrete. The second mode is through change of water chemistry, and results in 

primary micrite. The second mode includes (1) temperature increase, salinity variation, 

and water energy, (2) bacterial action and decomposition of organic substances, and 
(3) assimilation by plants. The first mode is by supply of carbonate particles (detrital), 

and results in primary micrite. The first mode includes (1) submicroscopic calcareous 

algal fragments, (2) disintegrated parts of invertebrates, (3) borings of endolithic algae, 
fungi, and invertebrates, (4) fine detritus from bioerosion, (5) fine detritus from 

abrasion, (6) tests of micro-organisms, (7) nanno-organisms (Flügel, 1982). 

The microfacies analyses of the Ratawi Formation support subaerial exposure 
diagenesis for the pedogenic calcretes (Section 3.4.2), but not for the back-ramp 

(Section 3.3.1), the shallow-ramp (Section 3.3.2), and the deep-ramp (Section 3.3.3) 

micrites. Some of the micrite in the pedogenic calcretes could be secondary micrite 
formed by diagenesis. The origin of secondary micrite through micritization is 

discussed in the subaerial exposure environment (Chapter 4). 

Microfacies evidence supports a primary origin for the micrite and eliminates a 
secondary origin for the micrite in the lithofacies association of the back-ramp, the 
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shallow-ramp and the deep-ramp. The origin of the primary micrite of these lithofacies 

associations seems to be mainly by the second mode, direct chemical precipitation 

from seawater, and the first mode, supply of carbonate particles. A modern analogue, 

for the first and second mode, is the lime mud of the Trucial Coast of the Arabian 

Gulf, which may be a direct precipitate, and the Great Bahama bank, where mud is 

mainly formed from green algal disintegration (Tucker and Wright, 1990). The modern 

lime mud production rate was measured on the Little Bahama bank by Neumann and 

Land (1975). They concluded that the lagoon, the `carbonate factory', is producing 

more lime mud than that accumulating in the lagoon. Therefore, the mud is being 

transported from the `carbonate factory', the lagoon, into the deeper water periplatform 

area and on to adjacent tidal flats. To produce the grain-supported depositional texture 

of the ramp sand-body that characterizes the reservoir rock with the primary 
depositional porosity, most of the micrite must be winnowed away. The potential of 

the depositional lithofacies to be a reservoir rock would be reduced, if most of the lime 

mud had not been removed form the carbonate sand-body. A moderate to high-energy 

depositional environment is necessary for the removal of the micrite. This is discussed 

in the shallow ramp (Section 3.3.2), and Ratawi sand-body geometry and carbonate 

ramp model (Section 3.5.2). 

3.3.2 Shallow Ramp: rudstone, j! rainstone-packstone with open-marine farina 

The shallow ramp lithofacies has a great economic potential, during the exploration 
and the development of reservoir units A, B, C, and D. Under suitable diagenetic 

conditions, most of the shallow ramp primary depositional porosity is preserved, 

creating a reservoir unit with porosity more than 15%. The significance of the shallow 
ramp lithofacies becomes clear from microfacies analysis of core samples collected 
from reservoir unit-D, well R-50 on the flank of the main Wafra area. In addition, 

s 
Longacre and Ginger (198'$) reported that carbonate sand-bodies (shallow ramp 
lithofacies) with high primary depositional porosity were important in reservoir units 
A, B and C at the crest of the structure of the main Wafra area. 

The microfacies analysis carried out in this study indicates two main causes of 
the loss of primary porosity, and so reservoir potential, in units C, D and F, well R-49 
in the southern Wafra area, and unit-C and unit-F, well R-50 in the main Wafra area. 
The first cause is unsuitable early and late diagenetic conditions for the preservation of 
primary porosity in the carbonate sand-bodies of the shallow ramp (Chapter 4). The 
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second cause is the unsuitable environmental conditions for the development of the 

shallow-ramp carbonate sand-bodies. The development of the Ratawi sand-bodies was 

influenced by two factors. The first is the stratigraphic position of the ramp sand-body 

facies in the Ratawi sequence of initiation, development and termination of the Ratawi 

platform. The second is the palaeogeographic position within the Ratawi epeiric ramp, 

which controls the energy of the depositional environment. The different geometries of 

the shallow-ramp sand-bodies are reviewed in Section 3.5.2. Understanding the 

depositional environment that controls the occurrence and the geometry of the 

shallow-ramp sand-body lithofacies is important in Ratawi reservoir development and 

in the exploration for similar reservoir facies. 

The shallow-ramp lithofacies association is common in the Ratawi Oolite and 
Ratawi Limestone and accounts for about 24% of the core samples. The lithofacies 

association of rudstone and grainstone-packstone with an open-marine fauna is divided 

into five microfacies. These microfacies are peloidal bioclastic rudstone with coral and 

ooids (SR1), cross-laminated peloidal bioclastic grainstone-packstone (SR2), peloidal 

bioclastic grainstone-packstone with ooids and aggregates (SR3), peloidal bioclastic 

grainstone-packstone (SR4), and peloidal bioclastic packstone with black grains (SR5). 

3.3.2.1 Microfacies SRI: peloidal bioclastic rudstone with coral and ooids 
The most striking feature for this microfacies is the rudstone texture, which is a grain- 

supported depositional texture with more then 10% of the grains larger than 2 mm 
(Fig. 3-5 a). These grains consist of fragmented, reworked coral and bivalve (rudist) 

bioclasts. Microfacies SR1 is relatively rare, representing 3% of core samples. The 

dominant grains are non-skeletal with common skeletal particles. 

Peloids are the most dominant particles composed of microcrystalline 

carbonate, without any internal structure. They are subrounded in shape, and medium 
to coarse sand size. Flügel (1982) and Tucker and Wright (1990) reviewed the origin 

of peloids, and concluded that peloids have polygenetic origins. The different origins 

of peloids include faecal pellets, calcareous algae, mud clasts and micritized non- 
skeletal and skeletal grains. This reflects the difficulty in applying the approach of 

microfacies analysis to interpret the palaeoecology from Ratawi grain assemblages. 
The occurrence of the Ratawi peloids is not in lenses; also the particles are not 
organic-rich nor have any internal structure, which eliminate an origin as faecal pellets 
and calcareous algae. This leaves two possible origins for Ratawi peloids, mud clasts 
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and micritized non-skeletal and skeletal grains. The micritization processes are 

produced by endolithic micro-organisms and by recrystallization, and these are 
discussed in Chapter 4. Modern-day peloids are an important constituent of shallow- 

marine carbonate sediments on the northern Belize Shelf and Trucial Coast. They are 

typically formed by micritization of grains, non-skeletal and skeletal, in shallow, low- 

energy, restricted marine environments (Tucker and Wright, 1990). 

The skeletal particles include corals, bivalves, brachiopods, crinoids and 
forams, which constitute an open-marine fauna in addition to green algae Bacinella 

(Fig. 3-12 b). Most of them have micritic envelopes, the origin of which is discussed in 

Chapter 4. This fossil assemblage indicates normal marine salinity (Wilson and Jordan, 

1983). Coral bioclasts are common, usually more than 2 mm in diameter, bored and 

rounded. They indicate the presence of coral reefs near the study area. The coral 

bioclasts were eroded, reworked and transported to the site during high-energy, storm 

events. Mesozoic and Cenozoic corals are belonging to the scleractinian coral group. 

This group of corals has hard parts composed exclusively of aragonite (Adams and 

Mackenzie, 1998). The internal structure of the corals shows different degrees of 

preservation from well preserved to poorly preserved, discussed in Chapter 4. 

Bivalve and brachiopod bioclasts are common, medium to coarse sand size, 

and disarticulated and not rounded. This shape indicates they were not transported any 

great distance. Some of the bivalve bioclasts have thick shells, derived from rudists. 
Crinoids are also common, medium sand in size and broken up. Forams are rare. The 

original mineralogy for most bivalves, brachiopods, crinoids and forams is calcite, 
therefore most of the internal structure of these particles is well preserved and not 

micritized. Rudist bivalves are typical and often very common in the Ratawi 

Formation. Rudist palaeoecology and stratigraphy are reviewed by Ross and Skelton 

(1993). 

The rudist bivalves were sessile epifaunal suspension feeders, from the late 
Jurassic to the late Cretaceous. They flourished in shallow-marine carbonate settings at 
low latitudes. Rudists were largely bioclast contributors and not frame-builders. They 

could not themselves construct continuous branching reef frameworks, but occupied 
substrates typical for non-colonial benthic invertebrates. There was a close correlation 
between shell growth form, morphotypes, and the nature of the substrate. Rudist shells 
may be classified into three broad palaeoecological morphotypes. These are elevators, 
clingers and recumbents. The recumbent rudists evolved during the middle Cretaceous 
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(early Aptian, Albian to Cenomanian and Campanian to Maastrichtian). The 

palaeoecology of this shell growth form is characteristic of a high-energy environment. 

During the lower Cretaceous Ratawi Formation, elevators and clingers evolved. The 

palaeoecology of this shell growth form is characteristic of a low energy environment. 

The Arabian Gulf Cretaceous rudist-bearing carbonates were reviewed by 

Alsharhan (1995). The rudist-bearing carbonates in this region contain many giant oil 

fields, for their favourable depositional and diagenetic conditions. These nudist-bearing 

carbonate units include the Aptian Shuaiba Formation (Thamama Group), the 

Cenomanian Mishrif Formation (Wasia Group), and the Maastrichtian Simsima 

Formation (Aruma Group). A regional unconformity with subaerial diagenesis 

overprints the upper boundary of each of these formations. The Shuaiba Formation is 

dominated by rudists, mainly caprinids, with a smaller number of caprotinids, 

monopleurids and requienids. Associated with the rudists are calcareous algal crusts, 

foraminifera. and echinoid plates. 

These accumulated in mudstones through packstones, and carbonate sands in a 
normal-marine shallow-shelf setting. The excellent reservoir porosity and permeability 

of rudist-bearing carbonates are the products of primary and secondary porosity. 
Freshwater leaching during post-Aptian, post-Cenomanian, and post-Maastrichtian 

erosion enhanced the secondary moldic porosity. Other porosity types that occur 
include interparticle, intraparticle, vuggy, growth framework, shelter, intercrystalline, 

and rootlet (karstic). Fracturing locally improved porosity and permeability. The 

Lower Cretaceous rudists are characterized by thick shells of calcite with some layers 

of aragonite. The thick rudist shells could supply a large quantity of bioclasts. Some of 

the peloids of the Ratawi Formation could be derived from the micritization of the 

rudist bioclasts. 

Ooids are rare, but occur in units C, D, E and F in the Ratawi Oolite (Figure 3- 
4); they are medium sand in size (about 0.5 mm) and mixed with bioclasts and peloids. 
The ooids are normal in nature where there are more than three concentric laminae 

coating the small nucleus. All ooids have a similar microfabric, internal structure and 
size, which indicate they are the same generations of ooids. The origin of ooids is 

reviewed by Flügel (1982) and Tucker and Wright (1990). They described three types 

of ooids. These are superficial, micritic and normal ooids. The ooid microfabric is 
influenced by the energy level of the depositional environment and by mineralogy. 
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a' 

b 

Figure 3-4) Photomicrograph of oolitic grains characteristic of microfacies SR-1 in reservoir 
Unit D. Note the large nucleus and the concentric laminae of the grains; most of the grains are 
severely micritized. In (a) depositional interparticle porosity is preserved to some extent from 
reduction by chemical and physical compaction by patchy early meteoric bladed cement, 
whereas in (b) most of the porosity is filled by post-compaction, granular cement. Sample 
numbers are a) R-50 # 73, depth 6925 ft (2111 m), field of view 1x0.6 mm, b) R-50 # 70, 
depth 6912 ft (2107 m), field of view 1x0.6 mm, under plane-polarized light. 

The Ratawi normal ooids seem to have formed under a high-energy 

depositional environment and the `calcite-sea' of the Lower Cretaceous period 
(Sandberg, 1983). The modern sites of active ooid formation are warm, shallow water 

generally less than 2 metres deep, saturated to supersaturated with respect to calcium 
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carbonate. The water must be agitated to form regular concentric coats. These 

environmental requirements for ooid formation are found in oolite shoal complexes in 

the Trucial Coast and the Bahamas (Tucker and Wright, 1990). Flügel (1982) used 

normal ooids and peloids with other non-skeletal grains in a scheme to infer the energy 

of the depositional environment, as is discussed in Section 3.2.1.2.3. Peloids in this 

scheme indicate a low-energy environment, whereas normal ooids indicate a high- 

energy environment. 

Reservoir state: Microfacies SR1 is both a reservoir and a non-reservoir unit. When 

the primary depositional pores of this microfacies are not infilled by cement or reduced 

by burial compaction, or the porosity is enhanced by exposure diagenesis, than it is a 

reservoir rock with porosity more than 15%. This microfacies is seen in the upper part 

of reservoir unit D. The microfacies is a non-reservoir unit, with porosity between 5% 

to 10%, when most of the primary depositional pore space is lost by burial compaction 

and cementation. The common pore types in this microfacies are interpartical, fracture 

and vug. 

Depositional environment: Microfacies SR1 contains faunas which are open-marine in 

nature. The rudstone depositional texture, with reworked coral bioclasts, suggests 

high-energy events, such as storms, during which coral was eroded and transported to 

the site. The rare ooids could also be transported to the site during these high-energy 

events. There is no evidence to support a faecal pellet or algal origin for the peloids, so 

that the peloids are interpreted as the result of micritization of skeletal and non-skeletal 

particles by endolithic micro-organisms, during periods of low-energy and low- 

sediment supply. This evidence suggests that microfacies SRl was deposited in 

skeletal and non-skeletal sand shoals, which formed in agitated shallow water. Coral 

reefs and ooid shoals were close to the area. Shoal sediment was washed over to the 
back ramp, low-energy restricted lagoon and the skeletal and non-skeletal grains were 

micritized to peloids there. 

Microfacies SRI, peloidal bioclastic rudstone with coral and ooids, compares 

most closely to standard microfacies SMF 11 of Wilson (1975), grainstone with coated 
bioclasts that may be micritized, in sparry cement. This suggests standard facies belt 6, 

environments of winnowed platform edge sands, an area with constant wave action 

close to and above wave base. This description could be similar to microfacies SR1, 
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when occasional high-energy events (storms) are added to form the rudstone texture. 

3.3.2.2 Microfacies SR2: cross-laminated peloidal bioclastic grainstone- 

packstone 
The most conspicuous feature for microfacies SR2 is the flaser bedding and cross 

lamination of peloidal and bioclastic grainstone-packstone (Fig. 3-5 b). This 

microfacies is rare, representing around 1% of core samples. Sedimentary lamination, 

less than 1 cm in thickness, is produced by changes in sediment composition and/or 

grain size. The carbonate sand grains were transported as bedload, while micrite was 

transported in suspension. Carbonate sand was transported as ripples and dunes. 

The proportions of the carbonate sand to micrite produce two types of ripple, 

flaser bedding and lenticular bedding. Flaser bedding is formed when mud is deposited 

intermittently with migrating carbonate sand ripples. This produces thin streaks of 

micrite between the sets of the cross lamination, and micrite is concentrated in ripple 

troughs. Lenticular bedding forms when isolated ripples of carbonate sand migrated 

over mud to produce cross-laminated lenses of carbonate sand within micrite. Flaser 

bedding and lenticular bedding are common in the carbonate tidal-flat environment, 

which are distinguished by fluctuations in sediment supply and flow strength of the 

flood and ebb tidal currents (Tucker, 1991). 

The dominant particles are peloids with rare skeletal particles. Peloids are fine 

sand in size, subrounded in shape, without any internal structure, and composed of 

microcrystalline carbonate. As discussed in microfacies SRI (Section 3.3.2.1), there is 

no evidence to support a faecal or algal origin for the peloids in microfacies SR2, 

which leaves two possible origins: mud clasts and micritized non-skeletal and skeletal 

grains. The micritization processes by endolithic micro-organisms and recrystallization 

are discussed in Chapter 4. The skeletal particles are crinoids and sponge spicules, 

which indicate normal-marine salinity (Wilson and Jordan, 1983). The crinoids are 
common to rare, broken up, medium to fine sand in size. The sponge spicules are rare; 
the original siliceous bioclasts were completely dissolved out and the moulds filled by 

granular drusy calcite. This process is discussed in Chapter 4. 

Reservoir state: Microfacies SR2 is a non-reservoir unit. Most of the primary 
depositional pore space was lost by burial compaction and cementation. The common 
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pore types in this microfacies are interparticle and vug. The measured porosity is 4% 

to 5%. 

Depositional environment: The fauna of microfacies SR2 is open-marine in nature. 
The most useful environmental indicator for microfacies SR2, is the sedimentary 

structure flaser bedding. This indicates fluctuations in sediment supply and flow 

strength of the flood and ebb tidal currents. This process is typical of shallow-subtidal 

to intertidal environments (Tucker, 1991). 

3.3.2.3 Microfacies SR3: peloidal bioclastic grainstone-packstone with ooids and 
aggregates 

Microfacies SR3 is distinguished by the aggregate particles (Fig. 3-7 a). The 

percentage of this microfacies is about 6% of core samples. The dominant particles are 

non-skeletal with common bioclasts. The non-skeletal particles are peloids, ooids, 

aggregates and quartz grains. Peloids are the most dominant grains, medium to coarse 

sand in size and subrounded in shape. As in microfacies SR1 there is no evidence to 

support the origin of the peloids as faecal pellets and calcareous algae. This leaves two 

possible origins mud clasts and micritized non-skeletal and skeletal grains. 

Ooids are common to rare, medium sand in size and mixed with the bioclasts 

and peloids. The ooids are of the normal type. The origin of ooids is discussed in 

Section 3.3.2.1. Quartz grains are rare, fine to medium sand in size, and subangular in 

shape. As discussed in Section 3.3.1.3, the source for the detrital quartz is interpreted 

to be the Zubair delta. The skeletal particles are coral, brachiopod, crinoid, foram and 

green algae. Corals are rare, up to 1 mm in size, bored and rounded. Brachiopods are 

rare to common, and usually disarticulated. Crinoids are rare to common, broken up 

and normally with syntaxial cement. Forams and green algae are rare. The original 
mineralogy for the green algae was aragonite, which was dissolved out and the mould 
infilled by drusy calcite cement. 

Aggregate is the distinguishing grain for the microfacies SR3. Aggregates (Fig. 
3-6) are common to rare, fine to coarse sand in size, irregular in shape, and with non- 
specific internal structures. Flügel (1982) and Tucker and Wright (1990) reviewed the 
origin of aggregates. Four types of aggregate grains have been recognized. These are 
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grapestone, algal lump, lump, and caliche lump. The fourth type formed in the vadose 

zone by exposure diagenesis. The first three types of aggregate grain form when 

several carbonate grains become bound and cemented together in the marine 

environment. Flügel (1982) argued that three types of the marine aggregate are 

overlapping, and it is more useful to group grapestone and lump together, since they 

are controlled by the energy of the environment (water agitation). Algal lumps are less 

controlled by energy of the environment. There is no evidence to support an algal 

origin, and most likely, the Ratawi aggregates are a form of grapestone. 

Flügel (1982) discussed using grapestones and lumps (non-algal lumps) in a 

scheme to indicate the energy of the depositional environmental. This is done by 

eliminating all particles, which are not controlled by energy of the environment, but 

are more controlled by diagenesis (like caliche lumps and vadose pisoids) and 

organisms (like fecal pellets, and algal lumps). This simplified scheme of 

environmental energy indication shows that there are correlations between increasing 

water energy and the formation of certain carbonate particles. With increasing water 

agitation, the following succession of carbonate particles are formed: (1) lime mud and 

silt, (2) peloids and cortoids (grains with micritic envelopes), (3) aggregates and 

oncoids (irregularly formed particles with non-concentric partially overlapping 

micritic laminae), (4) normal ooids. In this scheme (1) and (2) carbonate particles, 

occur in relatively low energy lagoonal environments, (3) form in areas of moving 

water, and (4) originate in strongly agitated water. 

Reservoir state: Microfacies SR3 characterizes reservoir unit-D, with porosity more 

than 15%, when the primary depositional pores are not reduced by cement or burial 

compaction. The depositional porosity of reservoir unit-D is enhanced by vugs and 

dedolomitization. However, microfacies SR3 is also found in non-reservoir units, 

when the porosity is reduced by physical and chemical compaction, and cementation. 

The common pore types in this microfacies are interparticle, vug and fracture. 

Depositional environment: The faunas of microfacies SR3 are open-marine in nature. 
The depositional texture, grainstone-packstone, is characteristic of a depositional 

environment with medium to high-energy. However, aggregates, the distinguishing 

particle for this microfacies, formed in areas of low to medium water circulation. 

Microfacies SR3 was deposited as peloidal bioclastic sand shoals in medium to high- 
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b) 

Figure 3-5 a) Photomicrograph of microfacies SRI: peloidal bioclastic grainstone-rudstone 
with coral debris and ooids. Note the eroded edges of the coral grain. Most of the interparticle 

porosity has been reduced by chemical compaction and later burial post-compaction cement. 
Sample number is R-50 # 87, depth 6994 ft (2132 m), field of view 10 x7 mm, under crossed 
polars. b) Photomicrograph of microfacies SR2: cross-laminated peloidal bioclastic 

grainstone-packstone. The cross-lamination is marked by the compaction of micritic laminae. 
Sponge spicules are parallel to the lamina. This microfacies has little porosity. Sample number 
is R-49 # 56, depth 6832 ft (2082 m), field of view 10 x7 mm, under crossed polars. 
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a 

b 

Figure 3-6) Photomicrograph of aggregate$ grains characteristic of microfacies SR-3. Most of 
the grains are severely micritized. Sample numbers are a) R-50 # 71, depth 6917 ft (2108 m), 
field of view 1x0.6 mm, b) R-50 # 70, depth 6912 ft (2107 m), field of view 1x0.6 mm, 
under plane-polarized light. 
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U) 

h) 

Figure 3-7 a) Photomicrograph of microfacies SR3: peloidal bioclastic grainstone-packstone 
with ooids and aggregates. Crinoid grain has a syntaxial cement. Some of the interparticle 

porosity is preserved from burial compaction by early meteoric cement; most of the 
depositional porosity is reduced by early vadose compaction and later burial compaction, in 

addition to burial calcite cement. Sample number is R-50 # 74, depth 6934 ft (2114 m), field of 
view 10 x7 mm, under crossed polars. b) Photomicrograph of microfacies SR4: peloidal 
bioclastic grainstone-packstone. Some of the interparticle porosity is preserved from chemical 
compaction by meteoric cement; most of the porosity is reduced by early vadose compaction 
and late chemical compaction, as well as later burial calcite cement. Sample number is R-49 # 
43, depth 7005 ft (2135 m), field of view 3x2 mm, under crossed polars. 
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energy environments with periods of low to medium water circulation to form the 

aggregates. These could be back shoal areas near a lagoon with restricted circulation. 

Oolitic sand shoals and coral reef could have been nearby. Microfacies SR3 and SR4 

characterize the Ratawi carbonate sand-body. Understanding the factors that control 

the porosity and geometry of the Ratawi sand-body is important in the exploration and 

development of reservoir units A, B, C and D. These factors are analyzed in the 

framework of the Ratawi Oolite platform initiation, development and termination. 

3.3.2.4 Microfacies SR4: peloidal bioclastic grainstone-packstone 
The main difference between microfacies SR3 and SR4 is that the latter does not 

contain aggregate grains indicating a continuous medium to high energy environment, 

without periods of low to medium water circulation (Fig. 3-7 b). The percentage of this 

microfacies is about 7% of core samples. The dominant particles are non-skeletal with 

rare to common skeletal grains. The non-skeletal particles are peloids and quartz 

grains. Peloids are the most dominant particles, fine to coarse sand size and 

subrounded in shape. As in SRI microfacies there is no evidence to support the origin 
for the peloids as faecal pellets or calcareous algae, and they are mostly mud clasts and 

micritized non-skeletal and skeletal grains. 

Quartz grains are rare, fine sand in size, and subangular in shape. As discussed 

in Section 3.3.1, the source for the detrital quartz is interpreted to be the Zubair delta. 

The bioclasts are corals, bivalves, brachiopods, crinoids and forams. This fossil 

assemblage indicates normal-marine salinity (Wilson and Jordan, 1983). Corals are 

rare, rounded in shape and medium sand in size. Bivalves and brachiopods are rare, 
disarticulated, and of medium sand size. Crinoids are rare to common, broken up, and 

medium sand size. Forams are rare. 

Reservoir state: microfacies SR4 like the previous microfacies SR3, characterizes 

reservoir unit-D, with porosity more than 15%. The diagenetic secondary porosity 

vugs and dedolomitization, enhance the depositional porosity of reservoir unit-D. 
Nevertheless, this additional secondary porosity is not the controlling porosity in this 

reservoir unit. The main dominant porosity in reservoir unit-D is the depositional 

primary porosity. In addition to interparticle pores, vugs and fractures are also 

common. This microfacies of the Ratawi sand-body is a non-reservoir unit when the 

primary depositional porosity has been reduced by cementation or burial compaction. 
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Depositional environment: The carbonate sand-body of the Ratawi is characterized by 

microfacies SR3 and SR4. Both microfacies were deposited in open-marine peloidal 

bioclastic shoals in medium to high-energy environments. Microfacies SR4 is 

characterized by a depositional environment without periods of low to medium water 

circulation that formed the aggregates in microfacies SR3. This difference between 

microfacies SR3 and SR4 could suggest that microfacies SR4 was deposited on the 

front of sand shoals near the open circulation of the sea, whereas microfacies SR3 was 

deposited in the back shoal area near the restricted circulation of the back-ramp 

lagoon. 

3.3.2.5 Microfacies SR5: peloidal bioclastic packstone with black grains 
The main difference between this microfacies and microfacies SR4 and SR3 is that 

microfacies SR5 contains black grains (Fig. 3-3), which are evidence for subaerial 

exposure. In addition, the packstone depositional texture of microfacies SR5 indicates 

that this microfacies was deposited in the lowest energy environment in the sand-body 

microfacies of the Ratawi shallow ramp (Fig. 3-8 a). The percentage of this 

microfacies is about 6% of core samples. The dominant particles are non-skeletal with 

rare to common skeletal particles. The non-skeletal particles are peloids, grains and 

quartz grains. 

The dominated particles are the peloids, fine to medium sand in size and 
subrounded in shape. As in microfacies SR1 there is no evidence to support an origin 

as faecal pellets and calcareous algae, leaving two possible origins: mud clasts and 

micritized non-skeletal and skeletal grains. Black grains are common to rare, fine to 

medium sand in size, and rounded in shape. The possible origin and the causes of the 
blackening of the grains is reviewed in Section 3.3.1.3. The occurrence of black grains 
in this study is taken to indicate deposition near coastal and terrestrial environments. 
Quartz grains are rare, fine sand in size, and subangular in shape. As discussed in 
Section 3.3.1, the source for the detrital quartz grains is interpreted to be the Zubair 
delta. The skeletal particles are bivalves, brachiopod, crinoid and foram, which 
indicate normal marine salinity (Wilson and Jordan, 1983). Bivalves and brachiopods 

are rare to common, disarticulated, and medium sand in size. Crinoids are rare to 

common, broken up, and medium sand in size. Forams are rare to common. 
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Reservoir state: Microfacies SR5 is a non-reservoir unit. The range of the porosity is 

between 0% to 10%. The common pore types in this microfacies are interparticle, vug, 
intraparticle and fracture. It seems that the packstone texture reduced the reservoir 

potential of this microfacies. 

Depositional environment: Microfacies SR5 contains an open-marine fauna. The 

packstone texture and black grains indicate that it was part of the marine sand shoal, 
wQs 

which v affected by subaerial exposure and development of soil profiles. The black 
t. Je a 

grains eroded, transported and redeposited in the moderate-energy environment of 

the inner part of the shallow ramp sand-body near the low-energy lagoon. There are 

two possible interpretations of the subaerial exposure of the Ratawi marine shoal. The 

first interpretation is the building up of the marine sand-body above sea level; the 

second is the lowering of sea level. 

3.3.3 Deep Ramp: mudstone-wackestone with open-marine fauna 

The deep-ramp lithofacies association was deposited in a low-energy, deep-water, 

open-marine environment. This lithofacies association is common in the Ratawi Oolite 

and Ratawi Limestone, and accounts for about 11% of the core samples. The low- 

energy is inferred from the mud-support texture in the wackestone, mudstone and 
floatstone, which is a characteristic texture for a low-energy, deep-ramp. The origin of 
the micrite is discussed in Section 3.3.1, and the evidence from this study supports a 
primary origin for the lime mud. 

A deep-water environment is inferred from an association of the open-marine 
fauna with the mud-support texture, which indicates deposition below fair-weather 

wave-base. The deep ramp (DR) wackestone-mudstone with open-marine fauna 
lithofacies association is divided into four microfacies: Microfacies DR1: peloidal 
bioclastic floatstone (Section 3.3.3.1); microfacies DR2: bioturbated bioclastic 

mudstone (Section 3.3.3.2), microfacies DR3: bioturbated bioclastic wackestone 
(Section 3.3.3.3), and microfacies DR4: biomorpha (whole-shell) wackestone (Section 
3.3.3.4). 

3.3.3.1 Microfacies DR1: peloidal bioclastic floatstone 
The floatstone texture is the most striking feature for microfacies DR1, which has a 
mud-supported depositional texture with more than 10% of the grains larger than 2 
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mm (Fig. 3-8 b). These grains consist of fragmented, reworked corals and rudist 
bioclasts. The matrix is bioturbated. Microfacies SRI is rare, representing 1% of core 

samples. The dominant particles are non-skeletal with common skeletal particles. 
The non-skeletal particles are peloids and quartz grains. The dominant particles 

are peloids, fine to medium sand in size, and subangular in shape. As discussed in 

Section 3.3.2 there is no evidence to support a faecal pellet or calcareous algal origin, 

mud clasts and micritized non-skeletal and skeletal grains are likely. Quartz grains are 

rare, fine sand in size, and subangular in shape. The source for the detrital quartz 

grains is the Zubair delta, discussed in Section 3.3.1. 

The skeletal particles are coral, bivalve, gastropod, brachiopod, crinoid and 

foram. This fossil assemblage indicates normal marine salinity (Wilson and Jordan, 

1983). Corals are rare, mostly medium sand in size although some are much larger, up 

to 10 mm. They appear to have been transported from outside the area. Bivalves are 

rare to common, medium to coarse sand in size mostly and disarticulated. Rudist 

bivalve fragments reach 30 mm in size. Gastropods are common, fragmented, medium 

to coarse sand in size. The original mineralogy was aragonite, which dissolved out and 

the mould filled by drusy calcite. Brachiopods are rare, disarticulated and medium 

size. Crinoids are common, fragmented and fine to medium sand in size. Forams are 

rare. 

Reservoir state: This facies is a non-reservoir unit. The range of the porosity is 
between 3% ' to 10%. The common pore types in this microfacies are mouldic, 
interparticle, vug and fracture 

Depositional environment: Microfacies DRl contains an open-marine fauna. The 
floatstone, mud-support texture, indicates deposition below fair-weather wave-base. 
The large grains, more than 2 mm, indicate high-energy storm events; a coral reef was 
probably located nearby. The depositional environment was a low-energy deep ramp, 
with occasional high-energy storm events. 

3.3.3.2 Microfacies DR2: bioturbated bioclastic mudstone 
DR2 microfacies is characterized by a bioturbated argillaceous mudstone texture (Fig. 
3-9 a). The percentage of this microfacies is about 3% of core samples. The evidence 
from this study supports a primary origin for the lime mud, which is discussed in 

Chapter 3 76 



Facies & Microfacies 

a) 

b' 

Figure 3-8 a) Photomicrograph of microfacies SR5: peloidal bioclastic packstone with black 
grains. The black grains have a variable size; residual clay occurs in dissolution seams. Sample 
number is R-50 # 49, depth 6783 ft (2067 m), field of view 5x3 mm, under plane-polarized 
light. b) Photomicrograph of microfacies DRI: peloidal bioclastic floatstone. Note large rudist 
shell fragments. There is little interparticle porosity. Sample number is R-49 # 27, depth 6889 
ft (2100 m), field of view 5x3 mm, under plane-polarized light. 
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a) 

b) 

Figure 3-9 a) Photomicrograph of microfacies DR2: bioturbated bioclastic mudstone. Note the 
lack of syntaxial cement on the crinoid grain. Sample number is R-50 # 35, depth 6705 ft 
(2044 m), field of view 5x3 mm, under plane-polarized light. b) Photomicrograph of 
microfacies DR3: bioturbated bioclastic wackestone. Note the patchy distribution of the 
bioclasts as a result of bioturbation. Sample number is R-49 # 12, depth 6774 ft (2065 m), field 
of view 5x3 mm, under plane-polarized light. 

Section 3.3.1. Quartz grains are rare to common, fine sand in size, and subangular in 

shape. 

The skeletal particles are bivalves, brachiopods, crinoids, forams, radiolarians 

and calpionellids. This fossil assemblage indicates normal marine salinity (Wilson and 
Jordan, 1983), where radiolarians and calpionellids could indicate deep, open-marine 
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conditions (Scoffin, 1987). Bivalves, brachiopods and crinoids are disarticulated, rare 

to common, medium sand in size. Forams, radiolarians and calpionellids are rare. The 

original mineralogy for radiolarians was silica, which was dissolved out and the 

moulds were filled by drusy calcite cement. Burrows are marked by selective micro- 

euhedral dolomite. This process is discussed in Chapter 4. 

Reservoir state: Microfacies DR2 is a non-reservoir unit. The range of the porosity is 

between 3% to 8%. The common pore types in this microfacies are vug, mouldic and 

fracture. 

Depositional environment: Microfacies DR2 contains an open-marine fauna. 

Radiolarians and calpionellids indicate deep-water. The mudstone texture and 
bioturbation indicate low-energy, below fair-weather wave-base in a location with few 

high-energy, storm events. 

3.3.3.3 Microfacies DR3: bioturbated bioclastic wackestone 
Microfacies DR3 is very similar to the previous microfacies DR2. Both have a lime- 

mud support texture, and similar skeletal and non-skeletal particles. The only 
difference is that microfacies DR3 has more than 10% particles so that the depositional 

texture is a wackestone (Fig. 3-9 b). Microfacies DR3 is interpreted as the deposit of a 

slightly higher energy environment than microfacies DR2. The percentage of this 

microfacies is about 6% of core samples. 

Reservoir state: Microfacies SR3 is not found in reservoir unit D or E. The range of 
the porosity is between 0% to 16%. The common pore types in the microfacies are 
vug, mouldic, fracture and burrow. 

Depositional environment: Microfacies DR3 is similar to DR2. Both microfacies 
contain an open-marine fauna. The bioturbated wackestone texture of DR3 indicates a 
slightly higher energy environment than DR2. Microfacies DR3 is interpreted to be 
deposited close to fair-weather wave-base or somewhat below it. 
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3.3.3.4 Microfacies DR4: biomorpha (whole-shell) wackestone 
Microfacies DR4 has the same wackestone texture as the previous microfacies DR3, 

but the most noticeable feature is the presence of whole skeletal grains of thin-shelled 

of bivalves (Fig. 3-10 a). The term biomorpha was coined by Flügel (1982) for whole 

skeletal grains. The preservation of the non-fragmented articulated shells requires a 

depositional environment of low-energy and / or rapid sedimentation. This microfacies 

is very rare, with only 0.5% of core samples. 

Reservoir state: Microfacies DR2 is a non-reservoir unit. The porosity is about 3%. 

The common pore types in this microfacies are vug, mouldic and stylolitic. 

Depositional environment: Microfacies DR4 is similar to microfacies DR3. Both 

microfacies have a wackestone texture, and open-marine faunas. The biomorpha and 

wackestone texture suggests deposition just below fair-weather wave-base. This 

microfacies is similar to the standard microfacies number 8 of Wilson (1975) and 
Flügel (1982). 

3.4 Diagenetic lithofacies associations 
The diagenetic lithofacies association is the second lithofacies association 

observed in the Ratawi Oolite and Ratawi Limestone at Wafra oilfield. The diagenetic 

overprint modifies or obliterates the depositional texture and also affects the original 
depositional pore system resulting in an increase or decrease in the porosity of the 
Ratawi, The atawi^diagenetic lithofacies association has two diagenetic facies: 

crystalline dolomite microfacies (DiagDol) and pedogenic calcrete microfacies 
(DiagCal). 

3.4.1 Microfacies Dia2Dol: crystalline dolomite 

The crystalline dolomite microfacies (DiagDol) is characterized by 0.2-0.5 mm, curved 
dolomite crystals, with minor peloid ghosts (Fig. 3-10 b). Under CL, the dolomite is 

mostly non-luminescent. This microfacies is very rare, only about 0.5% of the core 
samples. The microfacies is present in the Ratawi Oolite member in well R-49. 
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a 

b) 

Figure 3-10 a) Photomicrograph of microfacies DR4: biomorpha (whole shell) wackestone- 
mudstone. The articulated thin bivalve shells have suffered mechanical compaction. This 
texture is termed biomorpha by Flügel (1982) (see Section 3.3.3.4 for additional explanation). 
Sample number is R-50 # 36, depth 6713 ft (2046 m), field of view 5x3 mm, under plane- 
polarized light. b) Photomicrograph of microfacies DiagDol: crystalline saddle dolomite. 
Crystal faces are non-planar surfaces and some intercrystalline porosity is present. Under CL, 
this facies is non-luminescent. Sample number is R-49 # 39, depth 6975 ft (2126 m), field of 
view 3x2 mm, under plane-polarized light. 

Reservoir state: Microfacies DiagDol is a non-reservoir unit. The porosity is about 
3%. The common pore types in this microfacies are intercrystalline, vug and fracture. 
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Depositional environment: Microfacies DiagDol is characterized by ghosts of peloids 

observed in the crystalline dolomite. This could indicate that this microfacies was 

originally deposited in a shallow subtidal carbonate environment, probably in a 

restricted lagoon. 

Diagenetic overprint: This microfacies consists of saddle or baroque dolomite, and this 

typically forms as a deep burial cement filling pore space, or as a replacement. The 

origin of baroque dolomite is discussed in Chapter 4. 

3.4.2 Microfacies DiauCal: pedoi! enic calcrete 

The pedogenic calcrete microfacies (DiagCal) is characterized by subaerial exposure 

features that formed through particular climatic conditions and duration of exposure 

(Fig. 3-13 and 3-14). Microfacies DiagCal is common, occurring in about 26% of the 

core samples. The microfacies analysis of the core samples collected from well R-50 

indicates that microfacies DiagCal is the main controlling porosity in reservoir unit E, 

and upper-most part of unit D. The calcrete microfacies is the second lithofacies in the 

Wafra oilfield that has great economic potential, the first being the shallow ramp 

carbonate sand-body lithofacies (SR), discussed in Section 3.3.2. 

In addition to the petrographic evidence (discussed in this section) that supports 

a pedogenic calcrete origin for reservoir unit-E, there is the stratigraphic evidence, that 

reservoir unit-E is located beneath a 2°d-order composite sequence boundary zone 
(Chapter 5). Reservoir unit E is the only one producing from the three areas of the 

Wafra oilfield, main Wafra, east Wafra, and southern Wafra (Longacre and Elliott, 

1988). 

The main controlling factors on the porosity development in reservoir unit E 

are the development of the subaerial exposure surfaces and calcrete microfacies 
(DiagCal), discussed under heterogeneity of reservoir unit E and palaeoclimate 
(Section 4.3.3.5.1). The preservation of the primary porosity, and the calcrete 
diagenetic porosity also depends on the subsequent diagenetic overprint until the oil 

emplacement in the pores, which is discussed in Chapter 4. 

Reservoir state: Microfacies DiagCal characterizes reservoir unit-E, with porosity 

more than 15%, when the primary pores and diagenetic pores of the calcrete are not 

reduced by cementation or burial compaction. The range of the porosity is between 0% 
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to 16%. The common pore types in this microfacies are rootlet, vug, mouldic, 
interparticle, fracture and stylolitic, 

Diagenetic overprint: Microfacies DiagCal is a subaerial exposure facies overprinted 

on lithofacies of the back ramp (BR) and shallow ramp (SR) lithofacies. 

3.4.3 Subaerial exposure features 

Understanding subaerial exposure that leads to the formation of pedogenic and karst 

facies unconformities and porosity is important for the interpretation of Ratawi 

reservoir heterogeneity. Subaerial exposure is examined under two headings, 

recognition and application (Section 3.4.3 1) and karst surfaces and facies (Section 

3.4.3 2). 

3.4.3.1 Subaerial exposure recognition and application 
Different methods and techniques can be used to detect subaerial exposure and 

unconformities. Budd et al. (1995) listed some of these techniques as (1) petrological 
features observed in cores and outcrops, (2) cycle stacking patterns (abrupt facies 

offsets), (3) interpretation of wireline logs, (4) eustatic sea-level curves, (5) seismic 
stratigraphy, (6) stable isotope geochemistry, (7) biostratigraphy and other methods of 
dating strata, and (8) computer modelling of tectonic, sea-level and basin evolution. 
The first four are applied in this study with different emphasis. The first method, 
petrological features observed in cores, is discussed in this section. The second 
method, cycle stacking patterns, is discussed in Chapter 5. The use of wireline logs, 

and eustatic sea-level curves is discussed in Chapters 5 and 6. 

The Ratawi subaerial exposure surfaces and facies relate to three main topics in 
this study: (1) reservoir development and exploration of unit E, discussed in this 
Chapter, (2) palaeoenvironmental interpretation of the Ratawi, discussed in this 
Chapter, (3) Ratawi sequence stratigraphy modelling, discussed in Chapters 5 and 6. 
To achieve these aims, Ratawi subaerial exposure surfaces (unconformities) and 
associated subaerial exposure facies are analyzed in the framework of the Ratawi 

sequence stratigraphy. This is done by recognition of the cycle order of the Ratawi 

subaerial exposure surfaces, which are 5`h, 4`h, 3`d and 2nd orders and the factors that 
control the associated subaerial exposure facies with each exposure order. 
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Many of the Middle East Lower Cretaceous oilfields including the giant Wafra 

oilfield have secondary porosity generated through subaerial exposure (Harris et al., 
1984). Also Budd et al. (1995) associated subaerial exposure secondary porosity with 

many of the large oil and gas fields around the world including the Arun field of 
Indonesia, Yates field and Horseshoe atoll field of west Taxes, and Golden Lane fields 

of Mexico. The importance of subaerially exposed carbonates in the development of 

reservoir zones and buried palaeokarst, is appreciated by many workers including 

Wright and Smart (1994) and Budd et al. (1995). 

3.4.3.2 Karst surface and facies 

The teT karst has been used in two ways, first to designate specific landforms that 

result mainly from the subaerial exposure and dissolution of carbonate rocks, and 

second to constitute a distinctive diagenetic facies (Esteban and Klappa, 1983). The 

term palaeokarst refers to karst features formed in the past, related to an earlier 
hydrological system or landsurface. There are three types of palaeokarst, relict, 

exhumed and buried (Wright and Smart, 1994). The Ratawi Formation reservoir unit 
E, in this study, is considered a buried palaeokarst with a calcrete diagenetic overprint, 
developed beneath a second-order sequence boundary, which is a subaerial exposure 
surface. 

Depending on the climate, under which carbonate sediment and rock were 
subaerially exposed, different diagenetic overprints can be recognized. These 

diagenetic overprints modify the pore system of the exposed carbonate determining 

where the exposed carbonate would be a seal rock or reservoir rock and the 

heterogeneity of the reservoir. Pedogenic calcrete is one of these diagenetic overprints. 
The factors that control calcrete formation are discussed in Chapter 4. 

This study used two data sets to identify exposure surfaces and facies. The first 
data set is core description of wells R-50 and R-48. The second data set is the 
petrographic analysis of the core samples collected from wells R-48, R-49 and R-50. 
The different exposure fabrics and environments have been reviewed by Esteban and 
Klappa (1983), James and Choquette (1988) and Wright (1994). 

The processes operating on a subaerially exposed carbonate surface form 

palaeosýls and two distinct components may be produced. The first component of the 
palaeos& s at the surface is non-carbonate horizons, which are typically clay. The 
second component of the palaeosoils usually beneath the clay horizons and is an 
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altered carbonate horizon formed by pedogenic processes. The calcrete features of the 

altered carbonate horizon are formed by redistribution and reorganization of the 

original calcium carbonate of the Ratawi. This is done by two main sets of processes, 

which are alteration-dissolution and carbonate precipitation (Wright, 1994). 

Esteban and Klappa (1983) listed 32 features (Table 3-2) which could be used 

to identify the altered carbonate horizon as a calcrete. The evidence for subaerial 

exposure used in this study is examined under two headings, subaerial exposure 

evidence from core description (Section 3.4.3 3) and subaerial exposure evidence from 

petrography (Section 3.4.3 4). 

A. Diagnostic Features 
(a) Diagnostic of Karst 

facies 
1. Karst surface 

Iandforms 
2. Karst collapse 

breccias 
3. Cavern porosity 
4. Speleothems 

(b) Diagnostic of caliche 
facies 

5. Rhizoliths 
6. Alveolar texture 
7. Microcodium 
8. Tangential LMC 

needle fibers 
9. Calcified cocoons 

10. Caliche glaebules 
11. Clay cutans 
12. Circum-granular 

cracking 
(c) Diagnostic of both karst 

and caliche facies 
13. Lichen structures 
14. Random LMC 

needle fibers 

B. Commonly Present But 25. Missing 
Non-diagnostic Features paleontological 
(d) Commonly present in zones 

karst facies 26. In-place 
15. Phytokarst non-tectonic 
16. Kamenitzas fracturing and 
17. Rillenkarren brecciation 

(e) Commonly present in 27. Microscopic 
caliche facies features: clotted 
18. Black pebble micrite, microspar, 

limestone meniscus and 
19. Floating texture and gravitational 

corroded grains cements, calcified 
20. Vesicles and filaments, calcified 

vesicular texture fecal pellets, 
21. Vermicular texture microborings 
22. Tepees 28. Leached and vuggy (f) Commonly present in 
karst and caliche facies 

porosity 
29. Lithoclasts in beds 

23. Irregular to planar directly above 
sharp upper sedimentary breaks 
surfaces 30. Laminar micritic 

24. Shallowing-upward crusts 
sequences 31. Chalky layers below 
culminating in a sedimentary 
non-specified break 
exposure surface 32. Crystal silt 

Table 3-2 Summary of features in subaerial exposure facies (after Esteban and Klappa, 1983) 

3.4.3.3 Subaerial exposure evidence from core description 

From the examination of the core and the description charts elementary depositional 

cycles (parasequences) were identified and are discussed in Chapter 5. Evidence of 

subaerial exposure in wells R-48 and R-50 is provided by: 
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3.4.3.3.1 Rootlets 

The origin of these features is discussed in the next section as `Rhizoliths'. It is used to 

indicate minor subaerial exposure of only a short duration. 
= Co vvýb k , v1 e, �o 

3.4.3.3.2 Mudcracks and Horizontal Veins 

The origin of these features is interpreted to be formed in two stages. The first stage is 

the formation of the mudcracks in lime mud through desiccation. The second stage is 

filling the mudcracks and horizontal cracks with sediment of different fabric, when 

deposition resumes. It is used to indicate minor subaerial exposure, with short duration 

of exposure. 

3.4.3.3.3 Karst 

The term is interpreted to be a group of features that indicate subaerial exposure under 

a humid climate. This includes irregular dissolution surfaces with associated breccia, 

and pore holes and cave systems. In this case, breccia with clast support fabric 

associated with sharp irregular discontinuity surfaces was observed in the cores. 

3.4.3.4 Petrographic evidence for subaerial exposure 
The second data set is the study of microfacies analysis of the Ratawi core samples. 
Petrographic evidence of subaerial exposure includes: (1) leached and vuggy porosity, 
(2) black grains, (3) rhizoliths, (4) alveolar septal structure, (5) calcified filaments, (6) 

micritization of carbonate particles and carbonate cement (microsapr), (7) radial 
cracking (circum-granular cracks), (8) complex cracks, (9) dense microfabric and 
floating sediment grains, and (10) vadose compaction. The origin of the black grains is 
discussed in Section 3.3.1. 

3.4.3.4.1 Leached and vuggy porosity 
Leached and vuggy porosity can form in different diagenetic environments, during 

shallow and deep diagenesis. The leached and vuggy porosity here is associated with 
subaerial exposure features and so is related to meteoric dissolution. The total Ratawi 

porosity is increased by the leached and vuggy porosity, but the permeability is only 
increased when this leached and vuggy porosity is connected to the other pore types. 
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3.4.3.4.2 Rhizoliths 

The rhizolith is an organosedimentary structure produced by higher plant roots (Fig. 3- 

11 and 3-12 a). The structures are generally millimetres to centimetres in diameter and 

centimetres to metres in length. Rhizoliths are reliable indicators of subaerial exposure 
because evidence of marine plants is rarely if ever preserved (Esteban and Klappa, 

1983). The different types of rhizolith depend on the degree and location of 

calcification. Three styles of root calcification are recognized (Wright and Tucker, 

1991), which are (1) root zone, (2) root envelope or tubule, and (3) host substrate 

around the root. The calcification processes are by cementation around and/or within 

the roots, and by mineral replacement of the roots (Esteban and Klappa, 1983). 

alveolar 
septol fabric root petrification 

micrite 
C 

cement Bp00 \\ microspar/spar 
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peloidol rnicrite -Q pr 

X00-ýD0 op jmicritised grains 

needle-fibre --- 
calcite 9 
microbial coatings concentric 

micrite/microspor 
microbial 
tubules 

Figure 3-11 Styles of root calcification in rhizoliths. A= root zone; B= root envelope or 
tubule; C= host substrate. The diagram illustrates four styles of root zone calcification: root 
petrification, concentric micrite / microspar, dense peloidal micrite and alveolar septal fabric. 
The first style developed in living root, whereas the last three styles developed in a decaying 
root (after Wright and Tucker, 1991). 

Also, Esteban and Klappa (1983) catalogued five basic types of rhizolith as: (1) 

root moulds and/or borings which are simply cylindrical pores left after root decay, (2) 

root casts which are sediment or cement-filled root moulds, (3) root tubules which are 
cemented cylinders around root moulds, (4) rhizocretions which are concretionary 
mineral accumulations around living or decaying roots, (5) root petrifactions which are 
mineral encrustations, impregnations or replacements of organic materials whereby 
anatomical root features are partly or totally preserved. 
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a' 

b 

Figure 3-12 a) Photomicrograph of a rhizolith (root tubule). The calcification processes are 
cementation and mineral replacement around the open mold of the root. (microfacies DiagCal: 

pedogenic calcrete). Sample number is R-49 # 33, depth 6917 ft (2108 m), field of view 5x3 

mm, under plane-polarized light. b) Photomicrograph of a clast of Bacinella irregularis (or 

algal oncoid). Note the sharp boundary between clast and the matrix, and evidence of erosion 
in broken chambers (at the upper boundary) of the clast. The green alga Bacinella irregularis 
constructs an organic fabric which is very similar to diagenetic alveolar septal structure (see 
Fig. 3-14 a to e for comparison). Sample number is R-50 # 66, depth 6864 ft (2092s m), field 

of view 5x3 mm, under plane-polarized light. 
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Figure 3-13 Photomicrograph of calcified filaments. Note the similarity between the calcified 
filaments and alveolar septal structure (see Fig. 3-14 a to e for comparison). The main 
difference is that the calcified filaments are without an organized fabric of pores and septa that 
characterize the alveolar structure. Crusts of meteoric bladed to rhombic cement crystals have 
developed on the calcified filaments and around the peloids. The porosity of microfacies 
DiagCal: pedogenic calcrete increases by the open fabric of calcified filaments. Sample 
number is R-50 # 60, depth 6835 ft (2083 m), field of view 3x2 mm, under plane-polarized 
light. 

Figure 3-14 Photomicrograph of alveolar septal structure. Note a network of anastomosing 
micritic walls forming irregular to cylindrical pores; some of the pore walls as well as the pore 
spaces are encrusted or filled by meteoric microcrystalline calcite cement (Fig. 3-14 a to e) or 
coarse deep-burial saddle dolomite cement (Fig. 3-14 e). Both forms of the alveolar septal 
structure occur in the Ratawi Formation: (1) tubular type (Fig. 3-14 a) and in intergranular 
pore spaces (Fig. 3-14 b to e). The diagenetic fabric of the alveolar septal structure, which is 
characteristic of microfacies DiagCal: pedogenic calcrete is very similar to the organic fabric 
of the green alga Bacinella irregularis (see Fig. 3-12 b for comparison). The open fabric of the 
alveolar septal structure is an important rootlet pore type in reservoir Unit E. All the 
photomicrographs are under plane-polarized light. (Fig. 3-14 a) sample number is R-50 # 55, 
depth 6813 ft (2077 m), field of view 5x3 mm. (Fig. 3-14 b) sample number is R-48 # 52, 
depth 6530 ft (1990 m), field of view 3x2 mm. (Fig. 3-14 c) sample number is R-49 # 21, 
depth 6835 ft (2083 m), field of view 5x3 mm. (Fig. 3-14 d) sample number is R-49 # 20, 
depth 6822 ft (2079 m), field of view 5x3 mm. (Fig. 3-14 e) sample number is R-50 # 21, 
depth 6591 ft (2009 m), field of view 3x2 mm. 
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Figure 3-14 

a) 
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Figure 3-14 continue 

e 

The Ratawi rhizolith structures are a root mould type, preserved by 

cementation of the sediment around the root. This cemented envelope consists of 

micritic calcite. The envelope of the micritic cement may reflect the site of an 

ectomycorrhizae, a symbiotic fungal sheath-root association (Wright, 1986). The open 

fabric of the rhizolith tubules increases the porosity the Ratawi Formation, reservoir 

unit E. 
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3.4.3.4.3 Alveolar septal structure 
The term `alveoli texture' is used to describe cylindrical to irregular pores that are 
formed by a network of anastomosing micritic walls. These walls are commonly 

encrusted by microcrystalline or cryptocrystalline calcite. The alveolar pore diameter 

commonly ranges from 100 to 500 microns, but a few may reach 1.5 mm, and be 

preserved open, rather than filled with calcite cement. The alveolar texture is found 

mostly within the platy and hardpan horizon of the soil profile (Esteban and Klappa, 

1983). Wright (1994) suggested the use of `alveolar septal structure' in order to avoid 

confusion with the term `alveoli structure' used to describe a fenestral-like fabric in 

soil micromorphology. 
The alveolar septal structure occurs in two forms: (1) in tubules, within pore 

space of root moulds (Wright, 1986), and (2) in intergranular pore spaces (Adams, 

1980). The Ratawi Formation contains both types in tubules (Fig. 3-14 a) and 

intergranular types (Fig. 3-14 b to e), the second type is the more common. According 

to Esteban and Klappa (1983) different workers interpret the origin of the alveolar 

septal structure as: (1) discrete channelways within sediment which had been 

penetrated by rootlets, (2) root moldic porosity, or (3) the product of coalesced 

millimetre-sized rhizoliths. Wright (1994) interpreted the origin as: (1) a symbiotic 

relation between the roots and fungi, which result in fungal precipitation of calcite 

needles in the walls (septa), (2) decomposition and calcification of the root. 

Alveolar septal structure is important in reservoir unit E. The pore system, 
formed by both the pores of alveolar septal structure, in addition to the pores from 

leaching, seems to be the major contributor to the high porosity of unit E. The potential 

porosity of alveolar septal structure and leaching is reduced by cementation and 

compaction. The alveolar septal structure can give textures very similar to the lower 

Cretaceous green alga Bacinella irregularis (see Fig. 3-12 b). The former fabric 

indicates normal-marine conditions, whereas the second fabric is superimposed on the 
depositional fabric and indicates a period of subaerial exposure under specific 
palaeoclimatic conditions to produce the pedogenic calcrete zone. This study separates 
the two fabrics by evidence of erosion and transportation of the green algal clasts 
whereas the diagenetic fabric shows evidence of replacement of the original sediment 

without evidence of transportation. 
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3.4.3.4.4 Calcified filaments 

The Ratawi calcified filaments are similar to walls (septa) of the alveolar septal 

structure but without the organized fabric of pores and septa that characterize the 

alveolar structure (Fig. 3-13). Wright (1994) argued that roots should be viewed as part 

of the `rhizosphere', which is a `micro-ecosystem' within the zone of rooting. A 

diverse range of organisms inhabits this micro-ecosystem, including bacteria, fungi 

and protozoa. The activities of these organisms could result in the calcified filaments. 

Calcified filaments could be formed by calcification of the root hairs of vascular plants 

(Goudie, 1996). The open fabric of calcified filaments contributes to the porosity of 

the Ratawi, when it is not reduced by cementation or compaction. 

3.4.3.4.5 Micritization of the carbonate particles and carbonate cement 
The origin of micrite is discussed in Section 3.3.1. Micrite is polygenetic in origin, and 

can be grouped into two main types, primary and secondary micrite. Secondary micrite 
is formed by diagenetic changes, which include grain and cement degrading as a result 

of recrystallization in the calcrete zone (Flügel, 1982). Esteban and Klappa (1983) in 

their description of the idealized calcrete profile indicate that micritization decreases 

downward from the hardpan and platy zones at the top, to the transition zone to 

unaltered host rock. 
The process of micritization is degradation of large crystals to micrite crystal 

size. The calcrete profile develops in stages that are characterized by the progressive 
accumulation of carbonate within the host rock. This accumulation involves three 

processes, namely carbonate cementation, displacement and replacement of the 

original host rock. The replacement processes include two types: (1) mineralogical 

replacement, like the replacement of the Ratawi quartz silt by carbonate, (2) 

replacement of carbonate grains and cement by micrite. These processes produce 
textural inversion, diagenetic wackestone and mudstone fabric (Wright and Tucker, 
1991). 

Diagenetic secondary micrite is important in the calcrete, microfacies DiagCal. 
There are two types of micritization. The first type is the partial to total micritization 
of the granular spary cement. Kahle (1977) termed this process `sparmicritization', 

which is degrading recrystallization of sparry cement to micrite. This process takes 
place by dissolution of the calcite spar and simultaneous precipitation of micrite in the 
resulting void space. Kahle (1977) interpreted this process as a chemical reaction 
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between crystals, pore water and organic compounds released during bacterial 

decomposition of fungi, algae or both. Sparmicritization occurs in both marine and 

vadose diagenesis. 

The second type of micritization is the partial to total micritization of skeletal 

particles. The micritization of the particles is a destructive process. The origin of this 

process could be related to the activity of macro- and micro- organisms, which include 

bacteria, fungi, algae and higher plants roots. The activity of the soil organisms ranges 
from a destructive to constructive process. The destructive processes of the roots in 

addition to micritization include dissolution of carbonate, which could be related to 

root respiration of carbon dioxide, and physical reorganization of the rock and 

sediment. The destructive micritization process of the fungi is by Bioerosion processes 

of fine scale dissolution-precipitation (Wright, 1994). 

In a case study, Jones and Kahle (1995) studied the origin of the modern 

micrite in the karst terrains of the Cayman Islands. They identified two types of 

micrite. The first type is primary depositional micrite, which is derived from sources 

external to the bedrock; they term it `exogenetic micrite'. The second type is 
diagenetic micrite, which is derived from sources in the bedrock; they term it 
`endogenetic micrite'. Endogenetic micrite can be produced by four processes that are 
operating in the confines of cavities in karst terrains. The first process is by etching, as 
constructive and destructive envelopes developed around spar calcite crystals. The 

second process is by calcification of microbes. The third process is by breakdown of 
calcified filamentous microbes. The last process is by precipitation of calcite from pore 
waters. They concluded that it is impossible to differentiate between the two types, 

exogenetic and endogenetic, after they are mixed. 
The presence of calcrete, microfacies DiagCal, indicates the occurrence of the 

subaerial micritization of the granular cement and particles. The micrite is the end- 
product, and the study cannot differentiate between endogenetic micrite and 
exogenetic micrite. Marine micritization produces a micritic envelope and then later 
destroys all the internal structure of the particles, and the micritization of the micrite 
envelope started from the edge of the particles. The combination of sparmicritization 
and particle micritization, leads to textural inversion, diagenetic wackestone and 
mudstone fabric, reducing the Ratawi porosity. 
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Figure 3-15 ) Photomicrograph of micritization (neomorphic inversion) of carbonate particles. 
Note three crinoid particles separated by micritic matrix under plane-polarized light (a) 

showing the same uniform extinction under crossed polars (b) indicating optical and crystal 
continuity of a single crystal grain (not broken grain). This evidence is used in this study to 
indicate that the micritic matrix within the grain was formed by micritization of different parts 
of a single crinoid particle. The micritization of carbonate grains results in the formation of a 
dense microfabric and floating sediment grains characteristic to microfacies DiagCal: 

pedogenic calcrete. Sample number is R-48 # 16, depth 6691 ft (2039 m), field of view 3x2 

mm. 
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Figure 3-16 Photomicrograph of micritization (neomorphic inversion) of carbonate cement. 
Granular drusy cement fills two cavities (a) all interfaces between the cement crystals are 
rounded (not planar surfaces) and micritized (b). Sample number is R-50 # 51, depth 6790 ft 
(2070 m), field of view (a) 3x2 mm, (b) 1x0.6 mm. 
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Figure 3-17 Photomicrograph of grainstone with some fitted fabric developed by vadose 
compaction. Some early meteoric cement occurs between the fitted grains. The early granular 
drusy cement reduced the effect of the deep burial compaction; the vadose compaction and the 
early meteoric cement eliminated all the interparticle porosity. Sample number is R-49 # 53, 
depth 7057 ft (2151 m), (a) field of view 1x0.6 mm, (b) field of view 0.25 x 0.15 mm, under 
plane-polarized light 
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3.4.3.4.6 Radial cracking (Circum-granular cracking) 

Radial cracking is a non-tectonic fracturing radiating from the centre to the edge of the 

grains. The origin of this type of fracture could be similar to circum-granular cracks. 

The non-tectonic fractures formed when the Ratawi sediments were affected by 

alternation of shrinkage and expansion during wet and dry climatic periods, before 

significant burial and cementation. Circum-granular cracking is a common feature in 

calcrete (Esteban and Klappa, 1983). The porosity of the Ratawi is enhanced by the 

open fabric of these fractures, when it not reduced by cementation or compaction. 

3.4.3.4.7 Complex cracks 
The complex cracks (Fig. 4-7 b). are similar to radial cracks and are also non-tectonic 

fractures. The cracks cut more than one particle. Tectonic cracks are differentiated 

from complex cracks in calcrete by their preferred orientation. The origin of the 

complex cracks is similar to radial cracking. The open fabric of the complex cracks 

increases the porosity of the Ratawi 

3.4.3.4.8 Dense microfabric and floating sediment grains 

Floating sediment grains and dense microfabric are interpreted to be the result of the 

development of diagenetic micrite that originated by micritization of the carbonate 

particles (Fig. 3-15) and carbonate cement (Fig. 3-16). These processes produce 
diagenetic wackestone and mudstone fabric (textural inversion). The porosity of the 
Ratawi is decreased by the development of this fabric. 

3.4.3.4.9 Vadose compaction 

The vadose compaction texture is a fitted fabric formed when the Ratawi sediments 
were affected by freshwater in the vadose zone, before significant burial and 
cementation (Fig. 3-17). The texture is purely chemically controlled dissolution at 
grain contacts (third and Tucker, 1988) and is an indicator of near-surface diagenesis. 
Vadose compaction is discussed in Chapter 4. The fitted fabric of the vadose 
compaction reduces the porosity of the Ratawi. 

3.5 Palaeoenvironment Reconstruction 

The depositional primary porosity of the shallow ramp sand-body is the main 
controlling porosity in reservoir unit A, B, C and D. Diagenetic secondary porosity 
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associated with calcretes developed below the 2°d order sequence boundary is the main 

controlling porosity in the reservoir unit E. The development the Ratawi shallow ramp 

sand-body in the Wafra oilfield depended on two factors. The first factor is the 

stratigraphic position of the initiation, development and termination of the Ratawi 

sand-body. The second factor is the palaeogeography within the Ratawi ramp that 

controlled the depositional energy, and so the microfacies. 

Before the reconstruction of the Ratawi palaeoenvironment in Section 3.5.3, 

the shallow ramp sand-body is discussed under two topics. The first topic is the facies 

and log-facies of Ratawi Formation, Section 3.5.1. The initiation, development and 

termination of the Ratawi Oolite platform are analyzed in the framework of the 

regional stratigraphic development of the Makhul Formation, Ratawi Formation and 

Zubair Formation. The second topic is the sand-body geometry and carbonate ramp 

models, Section 3.5.2. 

3.5.1 Facies and log-facies of the Ratawi Formation 

The aim of this section is to examine and interpret the broad vertical and lateral facies 

distribution of the three members of the Ratawi Formation and their relation to the 

underlying Makhul (Sulaiy) Formation and overlying Zubair Formation. The initiation, 

development and termination of the Ratawi ramp platform are the main controlling 
factors in the development of the lithofacies, and the reservoir and non-reservoir units 
in the Wafra oilfield. The data are based on different log types that include gamma ray, 

spectral gamma ray, neutron and density log. In addition, the data include detailed core 
description for the sampled intervals from well R-50, R-48, unpublished Saudi Arabian 

Texaco Inc. reports, and published data concerning the Thamama Group. 

The palaeogeography of the Arabian Peninsula during the Early Cretaceous 

was characterized by the gradual establishment of ramp-type carbonate deposition 

related to a relative rise in sea level, with carbonates covering most of the Arabian 
Gulf area. The northern Arabian Gulf area was differentiated into the Gotnia 
intracratonic basin surrounded by shallow-water of the Arabian platform (see Section 
2-2 and Mums, 1980; Alsharhan and Nairn, 1986). There are significant lithofacies 

changes from the outcrop of the Lower Cretaceous in the Arabian Peninsula to the 
study area, on the margin of the Gotnia intracratonic basin. The lithofacies that 
distinguish the Ratawi Formation occur only in the subsurface in the study area in the 
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Partitioned Neutral Zone, Kuwait and southern Iraq (Alsharhan and Nairn, 1997). 

Understanding the broad vertical and lateral Lower Cretaceous lithofacies change to 

the south of the Wafra oilfield area on the Arabian platform, in Saudi Arabia, and to 

the north of the Wafra oilfield area in the Gotnia intracratonic basin, Kuwait and 

southern Iraq, is the framework to interpret Ratawi Oolite platform initiation, 

development, and termination. 

Ayres et al. (1982) studied the hydrocarbon habitat in the main producing areas 
in Saudi Arabia. The authors placed the Southern Wafra area on the Arabian platform 

and the Main Wafra area in the Gotnia basin, during the Upper Jurassic. This pattern 

continued during the lower Cretaceous and influenced the depositional and diagenetic 

environments of the Ratawi Formation. Alsharhan and Nairn (1997) in their review of 
the hydrocarbon habitat of the greater Arabian basin restricted the distribution of the 
lower member of the Ratawi Formation, the Ratawi Oolite (Minagish Formation) to 

the Kuwait arch. The Ratawi Oolite is a reservoir zone in the Burgan oilfield and the 
Wafra oilfield. Northward of the Kuwait arch, to the north of the Burgan oilfield, the 
lithofacies of the Ratawi Oolite changes from reservoir facies to a non-reservoir facies 

of the Makhul Formation. 

The middle member the Ratawi Limestone in the Kuwait arch area overlies the 
Ratawi Oolite, but to the north of the arch the middle member is overlying the Makhul 

Formation (Fig. 6-2). The upper member of the Ratawi Formation, the Ratawi Shale, 

overlies the middle member and underlies the Zubair Formation. The vertical and 
lateral facies distribution of the sand-body of Ratawi Oolite platform (Ratawi 

Formation) seems to be controlled by location and development of the Kuwait arch, 

whereas the middle and upper members and the Zubair Formation are not. 
The lithofacies of the Ratawi Oolite (Minagish Formation) change to the south 

to the lithofacies of the Yamama Formation, on the Arabian platform. The top of the 
Yamama Formation is separated from the overlying Buwaib Formation by an erosional 
surface. This unconformity decreases in down cutting from the outcrop on the Arabian 
platform to the study area in the Gotnia intracratonic basin (Alsharhan and Nairn, 
1986). In the study area, the unconformity surface is correlated to a "major" exposure 
surface, a 2"d order sequence boundary, at the top of Unit-E. This unit is producing 
from calcrete facies, which is the only reservoir unit that produces from all areas of the 
Wafra oilfield (Longacre, 1986). In the Wafra oilfield, Unit-E underlies Unit-F, the 
upper unit of the Ratawi Oolite member, which is a transitional facies between the 
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"clean" carbonate of the Ratawi Oolite and the dirty Ratawi Limestone. The 

appearance of the dirty carbonate is the start of the termination of the developed 

Ratawi Oolite platform. The lithofacies of the Ratawi Limestone and Ratawi Shale at 
Wafra changes to the south to the lithofacies of the Buwaib Formation, on the Arabian 

platform. 
The vertical and lateral lithofacies changes between the Ratawi Formation and 

underlying Makhul Formation and overlying Zubair Formation indicate that the three 

formations represent lateral depositional environments on the broad Arabian platform 

and in the Gotnia intracratonic basin. The log data indicate a gradual increase in clay 

percentage from the lithofacies of the Ratawi Oolite (skeletal and peloidal grainstones 

and packstones) to the Ratawi Limestone (peloidal and skeletal packstones and 

mudstones). 

Longacre and Elliott (1988) assigned the upper unit of the Ratawi Oolite, Unit- 

E, as a transitional lithofacies between the Ratawi Oolite and Ratawi Limestone. The 

contacts between the Ratawi Limestone and Ratawi Shale members, and the Ratawi 
Shale and the Zubair Formation are not cored. However, the well logs from the Wafra 

oilfield also indicate a gradual increase in clay from the Ratawi Limestone to the 

4. 

Ratawi Shale. In addition, the log-facies indicate a gradual decrease in clay from the 
Ratawi Shale to the Zubair Formation. The log-facies indicate a transitional contact 
between the upper two members of the Ratawi Formation and between the Ratawi 
Formation and Zubair Formation. There are gradual vertical and lateral lithofacies 

changes between the Ratawi Oolite and the Makhul Formation (Alsharhan and Nairn, 
1997). 

Ali and Aziz (1993) studied the lithofacies of the Zubair Formation in central 
and southern Iraq and Kuwait and interpreted it as a deltaic succession. A number of 
depositional cycles have been defined, each cycle containing the following facies: 

marsh, chenier, interdistributary bay and delta-front. The contacts of the Zubair 
Formation with other formations are mostly gradational and conformable. Ali and Aziz 
(1993) interpreted previous studies that gave the Zubair Formation a variable age, 
Valanginian to Aptian, as a result of the time-transgressive nature of the Zubair 
Formation. The Zubair deltaic lobe migrated with time from northern into southern 
Iraq, and into the Kuwait-Wafra oilfield area by Barremian-Albfan times (Fig. 3-18) 
(Ali and Aziz, 1993). This indicates that the lithofacies of the three members of the 
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Ratawi Formation (Ratawi Oolite, Ratawi Limestone and Ratawi Shale) in the study 

area are the lithofacies equivalent to the Zubair Formation to the north. 
According to Sadooni (1993), the Ratawi Formation and equivalent Yamama 

Formation in southern Iraq is characterized by a complex carbonate lithofacies that 

was influenced by the two tectonic regimes of the stable Arabian platform and unstable 
Gotnia basin. The Ratawi Formation in southern Iraq was deposited over tectonic 

arches (Arabian folds, the equivalent to the Kuwait arch) and salt-cored structures. The 

Ratawi Formation was deposited in a setting that changed from an inner to an outer 

ramp. The high-energy shallow-water ramp sand-body facies (equivalent to the Ratawi 

Oolite facies in the study area) were deposited along the hinge-line separating the 

stable Arabian platform and unstable Gotnia basin and crestal areas of the growing j 
i 

structures. The low-energy deep-water carbonate facies (equivalent to Ratawi 

Limestone facies in the study area) were deposited in the structural, palaeotopographic 
lows. 

In the study area, the contacts of the Ratawi Formation with the underlying 
Makhul Formation and overlying Zubair Formation are mostly gradational and 
conformable. Thus, the concepts of Walther's Law can be applied to the facies 

succession, suggesting that the facies sequence is produced by progradation or lateral 

migration of one environment over another (Tucker and Wright, 1990). The broad 

lithofacies and log-facies in the Wafra oilfield indicate a gradual change in facies from 

high energy to low energy without any significant barrier, reef or slope facies. This 

would rule out the rimmed platform model, and implies an "epeiric" ramp bordering 

the Arabian Platform to the south and the Gotnia intracratonic basin to the north. 

The carbonate facies of the high- to moderate-energy ramp sand-body, the 
Ratawi Oolite, were deposited on a palaeotopographic high, the Kuwait arch, to the 

south of the terrigenous deltaic facies of the Zubair Formation. The shallow-water 
carbonate facies of the Ratawi Oolite change to deeper-water facies of the Makhul 
Formation away from the Kuwait arch. The lower member of the Ratawi Formation, 
the Ratawi Oolite, represents the initiation and the development of the Ratawi ramp 
sand-body on the Kuwait arch palaeotopographic high. 

The middle and the upper members of the Ratawi Formation, the Ratawi 
Limestone and Ratawi shale, represent the termination and drowning of the Ratawi 
platform. The Ratawi Shale is interpreted in this study as the prodelta facies of the 
Zubair delta lobe developed to the north of the Wafra area. The Ratawi Limestone is a 
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transitional lithofacies between the shallow-water carbonate facies of the Ratawi 

Oolite and the deep-water delta-front facies of the Ratawi Shale. 
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Figure 3-18 Palaeogeographic map of the Zubair delta during the Barrenian-Albfan (after All 
and Aziz, 1993). 

3.5.2 Ramp sand-body geometry and carbonate ramp model 

Ahr (1998) identified three factors that control the short-term characteristics of ramp 
carbonate facies, and long-term evolution of ramp architecture. The first factor is the 
location of sediment accumulation, which is controlled by the development of the 
accommodation space. This depends on the tectonic development of the Kuwait arch 
and global sea-level change at the time. The second factor is the rate of sediment 
production, which depends on the palaeoecology of the `carbonate factory' of the 
Ratawi platform, and rate of sea-level change. The last factor is the mode and pattern 
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of sediment distribution, which depends on the facies belt of the ramp. There are two 

ramp models, and three end-member shallow ramp sand-body models. 

Read (1985) defined two types of carbonate ramp: homoclinal ramps, where 

the slopes are relatively uniform, and distally-steepened ramps, where there is an 

increase in gradient in the outer, deep ramp region. The data from this study are not 

adequate to assign the Ratawi ramp to one of these categories, although a homoclinal 

ramp is more likely in the absence of any slope features. 
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9ure 3-19 Ratawi Formation depositional model showing the twelve Ratawi microfacies 
recognized in this study (see table 3-1), (a) during the deposition of Ratawi Oolite and Ratawi 
Limestone ramp facies and its equivalent basinal facies of the Makhul Formation, (b) during 
the deposition of the Ratawi Limestone and Ratawi Shale ramp facies and its equivalent delta 
facies of the Zubair Formation. 
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The mode and pattern of shallow-water sediment distrihution would he similar 

in distally-steepened and homoclinal ramp types. The deeper-water facics for distally- 

steepened ramps would be characterized by more gravity how facies, slumps, debris 

flow deposits and turbidites than homoclinal ramps (Tucker and Wright, 1990). 

Carbonate ramps were subdivided by Tucker (1991) and Burchette and Wright (1992) 

into three bathymetric environments each characterized by depositional facies with 
different sand-body types and therefore reservoir potential. The three hathymetric 

environments define three energy zones on the carbonate ramp. 

Above fairwcather wave-base is the shallow-ramp and back-ramp of' Tucker 

(1991) or the inner-ramp of Burchcttc and Wright ( 1992). Between fairweathcr wave- 
base and storm wave-base is the deep-ramp of 'bucker (1991) or middle-ramp of 
Burchette and Wright (1992). Below storm wave-base is the third hathymctric 
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environment, the basin of Tucker (1991) or outer-ramp of Burchette and Wright 

(1992). 

The facies patterns of the shallow-ramp (inner-ramp) carbonate sand-body 

depend on the level of the energy of the depositional environment. In the shallow-ramp 

(inner-ramp), wave energy is less intense than along the rimmed shelf, where the 

energy of storm waves and oceanic swell affect the shelf margin. This energy is 

gradually released on the gentle slope of the ramp, resulting in relatively strong wave 

action, which forms the shallow-ramp (inner-ramp) sand-body. In the deep-ramp 

(middle-ramp), the sand-body is formed by the energy of offshore storm surges, which 

transport shallow-ramp carbonate sand to the deeper-ramp (Tucker and Wright, 1990). 

Three end-member models of the sand-body of a shallow-ramp are identified 

depending on energy levels of the environment (Tucker and Wright, 1990; Tucker et 

al., 1993). The three-end members of the models are: (1) high-energy shallow-ramp, 

which is dominated by a strandplain of linear beach ridges with depressions (swales). 

A modern analogue is the Yucatan coast of Mexico; (2) moderate-energy shallow- 

ramp, which is dominated by a beach barrier-tidal delta complex with lagoons and 

tidal flats behind. A modern analogue is the Trucial Coast of the Arabian Gulf; (3) 

low-energy shallow-ramp, which is dominated by fringing sand banks and shoal 

complexes with intertidal flats behind, without a lagoon. A modern analogue is the 

west side of Andros Island, Bahamas. 

3.6 Ratawi Palaeoenvironment Reconstruction and Summary 

The microfacies analysis of the core samples of the Ratawi Oolite and Ratawi 

Limestone (Section 3.3) is the database used in this study for the reconstruction of the 

palaeoenvironment of the Ratawi Formation (Fig. 3-18). Tucker (1991) and Burchette 

and Wright (1992) subdivided the ramp into facies belts, each of them characterized by 

specific sedimentary processes and overprinted by specific early diagenesis. This 

model can be used to interpret and predict the Ratawi depositional fabric and early 
overprinted diagenetic fabric that influenced the pore system of the Ratawi Formation, 

and therefore the heterogeneity of the Ratawi zone in the Wafra oilfield. The ramp 
model is based on the interpretation of the palaeowater-depth and identifying the 
fairweather wave-base and storm wave-base. 
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The depositional textures and sedimentary structures provide the most 

important criteria for Ratawi ramp palaeowater-depth interpretation, in addition to 

bioturbation, skeletal and non-skeletal composition, and calcrete evidence. Grain- 

supported textures are interpreted to have been deposited above fairweather wave-base 

in a moderate to high-energy ramp setting. Mud-supported textures are interpreted to 

have been deposited below storm wave base or above fairweather wave-base in a low- 

energy ramp setting (Tucker, 1991; Burchette and Wright, 1992). 

On this process-based model, this study identifies four sedimentological 
lithofacies associations that are interpreted as the products of four Ratawi facies belts. 

These are: (1) Wackestone-mudstone with restricted faunas and black grains, which is 

interpreted as a restricted ramp environment with two subenvironments (Section 

3.3.1), (2) Rudstone, grainstone-packstone with open-marine fauna, which is 

interpreted as a shallow ramp environment with five subenvironments (Section 3.3.2), 

(3) Mudstone-wackestone with open-marine fauna, which is interpreted as a deep- 

ramp environment with four subenvironments (Section 3.3.3), and (4) Subaerial 

exposure facies (section 3.4.2). 

The Ratawi ramp model is basically an inner ramp with restricted lagoon that 
formed behind a sand-body barrier. This lagoon and shallow-ramp sand-body model of 

the Ratawi ramp is similar to the second model, noted above, of Tucker and Wright 

(1990) and Tucker et al. (1993). The model indicates that the energy of the 
depositional environment for this ramp was mostly moderate. 

The depth of the fairweather wave-base and storm wave-base of the Ratawi 

ramp depends on three factors (Burchette and Wright, 1992). The first factor is the 

physiogeography. The Kuwait arch controls the position and the development of the 
Ratawi platform, and deposition of the Ratawi Oolite. The Ratawi epeiric ramp was 
bordering the Arabian Platform to the south and the Gotnia intracratonic basin to the 
north. The development of the sand-body on the shallow ramp barrier was controlled 
by Hormuz salt antecedent structures. The second factor is the wind direction, which 
was from the northeast from the open sea of the Tethys. The last factor is the 
palaeoclimate of the lower Cretaceous, which was a greenhouse period. 
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Chapter 4 Diagenesis and porosity of the Ratawi Formation 

4.1 Introduction 

The most important parameters for any hydrocarbon reservoir are porosity and 

permeability. Porosity of the rock is the capability of the rock to store fluids, whereas 

permeability of the rock is the ability of the rock to release the fluids under a pressure 

gradient. The permeability and recovery efficiency of the Ratawi reservoir depend on 

many factors that include the nature of the pore system. Ratawi diagenetic and 

depositional environments control the nature of the pore system that includes the pore 

size, pore-throat size, pore-surface roughness, and number of pore-connections 

(Chilingarian et al., 1992). Diagenesis refers to all the processes that affect carbonate 

sediments after deposition until the realms of incipient metamorphism at elevated 

temperatures and pressures. The diagenesis of the carbonate involves many processes 

that can be grouped into three diagenetic environments, which are marine, meteoric, 

and burial. Understanding these diagenetic processes is vital to interpret and predict 

the evolution of the Ratawi porosity (Moore, 1989; Tucker and Wright, 1990). 

Factors that determine the nature of the diagenetic end-product and porosity 
development can be grouped into three main categories: (1) the composition of the 

original sediment, its texture and mineralogy, (2) the nature of the interstitial fluids and 

their movements, and (3) the biological, physical and chemical processes involved and 
the time subjected to them (Scoffin, 1987). The first factor depends mostly on the 

nature of the depositional environment, whereas the second and the last factor depend 

mostly on the nature of the diagenetic environment. 

Porosity development includes preservation of the primary depositional 

porosity, which could be enhancement by dissolution, reduced or occluded by 

cementation, and the formation of secondary porosity by such processes as dissolution, 
dolomitization, and fracturing. The rock fabric of the Ratawi reservoir is the end 

product of the depositional and diagenetic environments. The types of porosity can be 

related to the rock fabric as fabric-selective, non-fabric-selective, and fabric selective 

or not (Choquette and Pray, 1970). The high chemical reactivity of carbonates relative 
to siliciclastics leads to extensive early carbonate diagenesis in marine and meteoric 
environments. These early diagenetic processes strongly influence the fabric of the 

Chapter 4 108 



Diagenesis & Porosity 

carbonate rock that controls porosity development and type. In the burial diagenetic 

environment, carbonate rocks may be influenced by the near-surface diagenetic history 

and react to pressure dissolution more readily than a siliciclastic rock, leading to a 

greater loss of porosity with depth (Moore, 1989 and Chilingarian and Mazzullo, 

1992). 

Integrating the factors that controlled the Ratawi early diagenesis into a 

sequence stratigraphic framework may permit the porosity evolution of the Ratawi 

reservoir units to be predicted (Tucker, 1993 and Harris et al., 1999). In addition to 

porosity evolution, diagenetic studies are also used in this study to interpret the 

depositional environments and distinguish the different types and order of surfaces that 

are significant to construct a sequence stratigraphic model for the Ratawi Formation. 

4.1.1 The aims of this chanter 

This chapter has three main aims. The first aim is to investigate the different diagenetic 

products and relate them to the three main diagenetic environments; the evolution of 

the porosity of the Ratawi is linked to these diagenetic processes. The diagenetic 

overprints used to interpret Ratawi depositional environments, and to identify different 

types and order of surfaces are discussed in Section 4.2. The second aim is to describe 

the Ratawi primary and secondary pore types, which characterize reservoir Unit D and 
Unit E, and non-reservoir units, at Wafra oilfield. In addition, the possible factors that 

preserve near-surface porosity are discussed in Section 4.3. The last aim is to interpret 

and predict Ratawi porosity, reservoir rock (reservoir Unit D and Unit E), and seal 

rock, which is done by integrating the Ratawi diagenetic model and Ratawi 

depositional model into the Ratawi sequence stratigraphic framework; this is discussed 

in Section 4.4. 

4.2 Ratawi diagenetic environments 

4.2.1 Introduction 

Diagenetic processes considerably modify the primary depositional porosity, and have 

an important role in porosity reduction, enhancement, creation of secondary diagenetic 

porosity, and preservation of the near-surface porosity (primary and secondary) with 
increasing burial depth. Carbonate sediments are composed of a small variety of 
minerals, which are aragonite, high Mg-calcite, low Mg-calcite and dolomite, that are 
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Diagenetic 

Diagenetic processes 
envirogment 

Shallow- 
marine 

Subaerial 
exposure 

(meteoric) 

Burial 

1-ilardground 

2-Micritic envelope (constructive and destructive) ....,.. 
3-Synsedimentary organic dolomitization for burrows ... 

and organic rich intervals (micro-euhedral dol. ) 

4-Synseidimentary pyrite precipitation 
5-Micritization of carbonate grains 

6-Syntaxial rim cement ..... .,.,, ..., .., 
7-Calcitization of aragonite and high-Mg calcite .. m 
8-Pseudomorphosed gypsum 
9-Mixing-zone related dolomite ., _,. 

10-Dedolomitization and the formation of rhombohedral 
crystal-mould pores 

11-Micritization of carbonate grains and cements ý., 
12-Formation of black grains 
13-Formations of alveolar septal stricture, rhizolith and 

calcified f ilaments, in addition to related rootlet porosity 
14-Replacement of quartz grains by cacite 

15-Vadose compaction 
16-Bladed / granular cement 

17-Granular drusy cement 
18-Columnar cement 
19-Vugs 
20-Chemical and physical compaction ,...... 
21-Micro-euhedral dolomite associated with 

dissolution seam 
22-Saddle dolomite as cement and replacement 

23-Poikilotopic cement 
24-Fractures 

25-Pulses of carboxylic acid and the formation 
of burial vugs 

26-Emplacment of oil and the preservation of porosity 
from further reduction 

Figure 4-1 Ratawi diagenetic processes and inferred diagenetic environments. 

highly susceptible to chemical alteration, recrystallization and dissolution. The effects 
of carbonate diagenesis on porosity development are intensified by the tendency of 
shallow carbonate platforms to be subaerially exposed by building up to sea level and 
affected by falling sea level of different magnitudes and durations (Kupecz et al., 
1997). 
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Carbonate diagenesis includes six major processes: cementation, microbial 

micritization, neomorphism, dissolution, compaction, and dolomitization (Tucker and 

Bathurst, 1990). The development of porosity in the Ratawi zone in the Wafra oilfield 

is particularly influenced by cementation, compaction and dissolution. These processes 

can operate in several different diagenetic environments, early or late, shallow or deep. 

Ratawi diagenetic processes and inferred diagenetic environments are listed in Fig. 4-1 

4.2.1.1 Ratawi major diagenetic environments 
Carbonate diagenetic reactions are not solid-state reactions but take place in the 

presence of fluids (Bathurst, 1975). The fundamental difference in properties of these 

fluids can be used to identify three major diagenetic environments in the Ratawi, each 

characterized by a different set of diagenetic processes and porosity development. The 

Ratawi diagenetic environments are (1) marine (Section 4.2.1), with sea water ranging 

from supersaturated with the respect to CaCO3 in shallow, warm seas to undersaturated 

in deep cold seas, (2) meteoric (Section 4.2.2), with fresh water flowing through the 

subaerially exposed rock, and (3) deep burial (Section 4.2.3), where the interstitial 

fluids could be connate (marine) water, or they could be derived from different sources 
like clay diagenesis or fluids associated with organic matter diagenesis, and 
hydrocarbon generation (Scoffin, 1987). The different diagenetic products and 

environments for dolomitization and dedolomitization are discussed in Section 4.2.4. 

4.2.2 Shallow-marine dia2enetic environment 

4.2.2.1 Introduction 

Marine diagenesis takes place on beaches and tidal flats, and on the shallow seafloor; 
the major factors in this environment are water depth, latitude and climate (Tucker and 
Wright, 1990). The Lower Cretaceous ̀ Ratawi Oolite platform' is characterized by a 
shallow-water depth located to the south of the equator with a warm semi-arid climate. 
The diagenetic processes of the shallow-marine diagenetic environment occur in three 
subenvironments. The first subenvironment is the active marine phreatic, in carbonate 
sand shoals and reef, and this is characterized by a high rate of seawater movement 
through the sediment that leads to widespread cementation (Tucker and Bathurst, 
1990). This study has recognized this diagenetic environment in the shallow ramp 
microfacies SR (Section 3.3.2), characterized by a high-energy depositional 
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environment, but the amount of marine cement is minor. The possible reasons for the 

limited amount of marine cement in the Ratawi carbonate shoals are discussed in 

Section 4.2.2.5; this had a profound effect on the development of Ratawi porosity. 
The second subenvironment is the stagnant marine phreatic, occurring in back- 

shoal lagoons and characterized by extensive microbial micritization of the skeletal 

and non-skeletal particles and minor cementation (Tucker and Bathurst, 1990). This 

study has recognized this diagenetic environment in the back ramp microfacies BR 

(Section 3.3.1), which is characterized by widespread microbial micritization and also 

very limited amounts of marine cement. The last subenvironment is marine vadose, 

occurring in the high intertidal and supratidal flats, along low energy shorelines and 

upper foreshore, and backshore of high-energy shorelines. This is characterized by 

evaporation of seawater that leads to cementation and possible microbial micritization 

(Tucker and Bathurst, 1990). This study has recognized this diagenetic environment in 

cross-laminated peloidal bioclastic grainstone-packstone microfacies SR2 (Section 

3.3.2.2). This subenvironment is also characterized by a limited amount of marine 

cement but with extensive microbial micritization. 

This study has recognized seven marine diagenetic processes: micritization 
(Section 4.2.2.2), micrite envelopes (Section 4.2.2.3), grain reworking and boring 

(Section 4.2.2.4), marine cementation (Section 4.2.2.5), synsedimentary pyrite 

precipitation (Section 4.2.2.6), calcitization (Section 4.2.2.7), and synsedimentary 

organic dolomitization (Section 4.2.5.2.1). 

4.2.2.2 Micritization 

The process of micritization is important in the Ratawi Formation; almost all the 
Ratawi particles are micritized or have micritic envelopes. The term micritization 

refers to all shallow-marine diagenetic processes that result in obliteration of the 
original microstructure of the carbonate grain by gradual alteration to a 
cryptocrystalline texture; the processes can cause wholesale destruction of all types of 
skeletal and non-skeletal grains (Reid and Macintyre, 2000). This process is inferred 
here to be the process that formed the most dominant grain type in the Ratawi 
Formation, namely the peloidal grain (Section 3.3.2.1). Micritization creates 
difficulties in identifying Ratawi grains (Section 3.2.2), and the reconstruction of 
Ratawi depositional environments. 
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There are two distinct mechanisms for early marine micritization, which seems 

to have had a different impact on the development of microporosity of the Ratawi zone 

(Section 4.3.3.11). These mechanisms are (1) endolithic micro-organisms (Section 

4.2.2.2.1), and (2) syndepositional recrystallization (Section 4.2.2.2.2). This study did 

not differentiate between the two mechanisms; one approach to differentiate between 

the two processes is by identifying the microborings of the endolithic micro- 

organisms. 

4.2.2.2.1 Micritization by endolithic micro-organisms 
Micritization by endolithic micro-organisms is a widespread feature of shallow-water 

carbonate environments of the Arabian Gulf, Florida Bay and the Bahamas; and can be 

interpreted by two models; Bathurst model (1975) and Reid and Macintyre model 

(2000) (Fig. 4-2). According to Bathurst (1975), the process has three ordered events, 

(1) boring and colonization by endolithic micro-organisms, (2) death of endolithic 

micro-organisms and vacation of bores, and (3) emplacement of micritic aragonite or 
high-Mg calcite in the tubes. In this model the endolithic micro-organisms play no 
direct part in the precipitation of the carbonate in the bores. The process of filling the 

bores is regarded as a form of marine carbonate cementation. 

A B 

I. live endolith I. live endolith 
2. empty bore holes (common) 

, 
2. empty bore holes (rare) 

3. fringe cement 3. fibrous cement radiating from within tunnel 4. incomplete grain margins 4. intact grain margins 5. irregular edge of micritic rim 5. smooth edge of micritic rim 

Figure 4-2 Diagram showing two micritization models by microboring (a) conventional 
micritic rim formation model of Bathurst, 1975, (b) concurrent filling model of Reid and Macintyre, 2000 (after Reid and Macintyre, 2000). 

According to Reid and Macintyre (2000), endolithic micro-organisms take a 
direct part in the precipitation of the carbonate in the microbore; the microbores are 
filled by radial-fibrous aragonite that is precipitated as the endolithic micro-organism 
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advances. This model of micritization by boring and simultaneous filling of the 

boreholes could be difficult or impossible to distinguish from micritized grains formed 

by recrystallization (Section 4.2.2.2.2) (Reid and Macintyre, 2000). The endolithic 

micro-organisms include cyanobacteria (blue-green algae), chlorophytes (green algae), 

rhodophytes (red algae) and fungi. When the micritization process operates over a long 

period of time, all the internal structure of the grain is replaced by micrite by many 

cycles of boring and filling of boreholes. This is a centripetal, not a centrifugal 

oriented process (Bathurst, 1975). 

The process of micritization by endolithic micro-organisms seems not to 
depend on the penetrated light, but on the depositional environment and carbonate 

grain types. Perry (1998) studied the boring activity of the endolithic micro-organisms 

within the reef environments of north Jamaica; the study recognized two distinct 

assemblages of endolithic micro-organisms: (1) an upper photic zone assemblage, 

water depth less than 18 in, dominated by cyanobacteria and chlorophytes, and (2) a 
lower photic zone assemblage, water depth more than 18 m, dominated by 

rhodophytes and fungi. The study concluded that the highest degree of grain 

micritization by endolithic micro-organisms occurs within shallow, low-energy 

lagoonal back-reef environments and the most susceptible grains are corals, molluscs 

and foraminifera in all environments. 

The micritization of the Ratawi Formation by this process seems not to be 

controlled by the water depth but by the restricted circulation and low-energy 

environment of the `Ratawi epeiric ramp'. The empty endolithic bores, unfilled by 

micrite, of the Bathurst model (1975) in the Lower Cretaceous calcite sea seem to 

enhance the microporosity of the Ratawi zone. 

4.2.2.2.2 Micritization by syndepositional recrystallization 
The alternative process for micritization by endolithic micro-organisms is by 

syndepositional recrystallization, which is a relatively new model for the micritization. 
According to Reid and Macintyre (1998,2000), the syndepositional recrystallization 
micritization process is also a widespread feature of shallow-water, carbonate 
environments of Belize, Florida Bay and the Bahamas. The term recrystallization is 

used by Reid and Macintyre (1998,2000) in a general sense, synonymous to 
neomorphism, for a reorganization of the size, shape or composition of carbonate 
minerals. 
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a; 

b` 

Figure 4-3 Photomicrograph of the two types of the micritic envelope, destructive micritic 
envelope (a) and constructive micritic envelope (b) both on brachiopod grains. Note the well- 
developed boundary between the grain and the envelope in the constructive type. Sample 
number (a) is R-49 # 22, depth 6837 ft (2084 m), field of view 3x2 mm, under plane- 
polarized light. Sample number (b) is R-50 # 89, depth 7002 ft (2134 m), field of view 1x0.6 
mm, under plane-polarized light. 

The micritization by syndepositional recrystallization is by crystal growth and 

transformation of metastable Mg-calcite and aragonite to calcite on the tropical 

shallow-marine sea floor. This process is influenced by organic reactions, surface free 

energy, and microboring activity (Reid and Macintyre, 1998,2000). This process 
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seems not to be common in the Lower Cretaceous calcite-sea because the dominant 

particles would be composed of low Mg-calcite. As all ready mentioned, micritization 
by recrystallization is difficult to distinguish from micritization by boring and 

simultaneous cement filling of boreholes (Reid and Macintyre, 2000). The process of 

micritization by syndepositional recrystallization is not from the formation of bores as 
in the Bathurst model (1975), and it does not seem to enhance the microporosity of the 

Ratawi zone. 

4.2.2.3 Micrite Envelopes 

Two types of the micrite envelope are recognized by Flügel (1980) and Perry (1999): 

(1) destructive micrite envelopes (Section 4.2.3.3.1), and (2) constructive micrite 

envelopes (Section 4.2.3.3.2). Both processes take place during early marine 
diagenesis and are widespread features of shallow-water carbonate environments. 

4.2.2.3.1 Destructive micrite envelopes 
Destructive micrite envelopes (Fig. 4-3 a) are formed by the endolithic micro- 

organism process of micritization discussed in Section 4.2.2.2.1, in which the process 
does not take place over a long period of time. Therefore only the outer internal 

structure of the grain is replaced by micrite (Bathurst, 1975). This type is commonly 

referred to as a `destructive micrite envelope' because it results from the biochemical 

dissolution of grain material by endolithic micro-organisms and subsequent internal 

precipitation of micrite (Perry, 1999). 

4.2.2.3.2 Constructive micrite envelopes 
This type is commonly referred to as a `constructive micrite envelope' because it 

results from the accumulation of micrite around the external surface of the grains 
(Perry, 1999). The different processes for formation of the constructive micrite 
envelopes are reviewed by Perry (1999) who concluded that early micrite precipitation 
can occur as a result of external, extraskeletal or extracellular processes within a wide 
variety of environments. These include karst terrains, lacustrine and marine 
stromatolites, and marine microbial mats. 

The constructive micrite envelopes (Fig. 4-3 b) are formed by biologically- 
mediated micrite precipitation, which occurs (1) within the biofilm mucilage, (2) 

around biofilm components, and (3) associated with trapping of carbonate mud and 
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fine-grained sediment (Perry, 1999). The boundaries between the grain and the micrite 

envelope could be used to distinguish between the destructive and constructive micrite 

envelopes (Flügel, 1980); the constructive micrite envelopes are characterized by well- 

defined boundaries, whereas the destructive micrite envelopes are not. According to 

the grain-envelope boundaries, the origin of the Ratawi micrite envelopes is mostly of 

the destructive micrite envelope type. 

4.2.2.4 Grain reworking and boring 

Most of the coarse sand-size coral grains show evidence of boring and reworking, 

which indicate significant transportation. Organisms play a crucial role in the 

sedimentation of the carbonate grains; this not only includes the supply of the skeletal 

grain but also an influence on the mode of disintegration, erosion, transport, 

deposition, burial and preservation of grains (Scoffin, 1987). The abundant evidence of 

reworking and boring could be a reflection of a low sediment supply. 

4.2.2.5 Marine cement 
4.2.2.5.1 Introduction 

The process of cementation in the Ratawi Formation played a double role in 

controlling Ratawi reservoir heterogeneity, namely (1) reducing and eliminating 

primary and secondary porosity by filling the pore space, and (2) preserving primary 

depositional porosity in reservoir unit-D by forming a lithified framework that resisted 

deep burial compaction (Section 4.2.4). Cementation can occur in marine, meteoric 

and deep burial diagenetic environments; distinguishing the cement sequence is 

essential to interpret the heterogeneity of the Ratawi zone, which could be done by 

studying cement mineralogy, morphology and distribution (Moore, 1989). 

Cementation processes take place when (1) pore-fluid is supersaturated with 
the cement phase and kinetic factors do not inhibit precipitation (Section 4.3.4), and 
(2) the fluid effectively transports the cement phase to the site of precipitation. Cement 

source and mineralogy depend on the diagenetic environment, which are (1) marine 
environment, sourced from seawater and mineralogy aragonite, high Mg-calcite or low 

Mg-calcite depending on the geological time-period, (2) meteoric environment, 
sourced from dissolution of grains with unstable carbonate mineralogy, aragonite and 
high Mg-calcite, and a mineralogy of low Mg-calcite, and (3) deep burial environment, 
sourced from dissolution of carbonate grains and matrix, in addition to basin fluids and 
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a mineralogy of low Mg-calcite, and saddle dolomite. Cement morphology and 

distribution depend on the original cement mineralogy and diagenetic environments 

(Scoffin, 1987; Tucker and Bathurst, 1990). 

Modern marine environments are dominated by aragonite and high Mg-calcite 

cements and ooids, but in ancient seas, early Ordovician-middle Carboniferous and 

early Jurassic-late Cretaceous, low Mg-calcite was the dominatant marine mineralogy. 
This oscillating trend between the `aragonite sea' and `calcite sea' is referred as the 

Sandberg Curve, and this can be correlated to changes in global tectonic activity, 

atmospheric pCO2, and seawater Mg/Ca ratio (Moore, 1989; Tucker and Bathurst, 

1990; Tucker and Wright, 1990). 

The Ratawi Formation was deposited in the Lower Cretaceous calcite sea, 

which is inferred to be correlated with first-order high stands of global sea level and 
high pCO2, and low Mg/Ca ratio. The calcite sea not only influenced the mineralogy of 
the marine cements, but also influenced the taphonomy of the Ratawi Formation 

fossils (Section 3.2.2), in which Ratawi skeletal grains with an aragonite mineralogy 
(corals, gastropods, calpionellids, and green algae) were more soluble and some 
dissolved on the sea floor (Harper et al., 1997). 

The Ratawi shallow-ramp environment (Section 3.3.2) is characterized by rare 
marine cements even though the microfacies are rudstone and grainstone-packstone, 

which indicate high-energy environments. When these Ratawi facies are compared 

with their modern equivalents, as in the Arabian Gulf, one would expect Ratawi shoal 
facies to be cemented by marine cements of aragonite and high Mg-calcite mineralogy. 
This study has interpreted the rare marine cements in the Ratawi Formation as due to 

sluggish water circulation, and possible low precipitation rate of low Mg-calcite 

marine cements in the calcite sea compared to relatively rapid aragonite and high Mg- 

calcite cementation in modern aragonite seas. 

To distinguish marine cement from meteoric or deep burial cement in the 
Ratawi, this study used criteria listed by Tucker and Bathurst (1990): (1) first cement 
generation, (2) commonly acicular or columnar fabric, and (3) isopachous fibrous 
fringes with polygonal compromise boundaries where fringes meet in pores of the 
grainstone. Ratawi marine cements identified in this study are syntaxial rim cement 
(Section 4.2.2.5.2), and hardground cement (Section 4.2.2.5.3). 
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Figure 4-4 Photomicrograph of crinoid grain with syntaxial calcite cement (a) under plane- 
polarized light (b) under cathodoluminescence. Note the early part and outer part of the cement 
has a dull colour, whereas the middle zone is bright-orange. Sample number is R-48 # 7, depth 
6760 ft (2060 m), field of view 3x2 mm 
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4.2.2.5.2 Syntaxial rim cement 
Most crinoids in the Ratawi have developed a syntaxial rim cement (Fig. 3-7 a), which 
is a large, optically continuous crystal on the crinoid plate The overgrowths generally 

show a dull colour under CL, the crinoid early part, a bright-orange zone, and then a 
dull outer part (Fig. 4-4). The distribution of this type of cement is controlled by the 

depositional texture, and availability of the single crystal substrate of a crinoid plate. In 

a mud-supported texture, most crinoid plates are without a syntaxial rim cement; 

however, in a grain-supported texture all crinoid plates have syntaxial overgrowths 

that reduce the porosity. The syntaxial rim cement started to develop in the marine 

environment and continued to grow in the meteoric environment (Flügel, 1982). There 

are no modern analogues for the precipitation of the syntaxial rim cement in modem 

aragonite sea, but many examples of marine syntaxial rim cement have been reported 
from ancient carbonates deposited during periods of a calcite sea (Kim and Lee, 1996). 

Syntaxial overgrowth on crinoids precipitated in a marine environment are generally 

cloudy with fluid or mineral inclusions (often microdolomite) whereas those 

precipitated in a meteoric or burial environment are generally clear calcite. The dull 

nature of the early part of the crinoid overgrowth is most likely the result of low 

manganese content (and low iron too, since staining shows it to be non-ferroan 

calcite). It is quite likely that this early overgrowth calcite is a marine precipitate. 

4.2.2.5.3 Hardground cement 

The recognition of breaks in deposition is important for grouping Ratawi lithofacies 

into a hierarchy of genetic units, as discussed in the Chapter 5, and identifying cycles 

and sequences. Two processes lead to stratigraphic breaks: (1) decreases in 

accommodation space recognized by subaerial exposure surfaces (Section 3.4.3.3), and 
(2) decreases in the sediment supply producing hardground surfaces. A hardground is a 
surface of synsedimentary lithification, having existed as hardened seafloor prior to the 
deposition of the overlying sediments (Bathurst, 1990); they are the result of marine 
cementation and lithification. Hardgrounds can be recognized by evidence of early 
lithification including (1) sharp lithological contacts with truncated grains, (2) 

mineralized surfaces, and (3) encrustation or boring by organisms (Kim and Lee, 
1996). 

Evidence for different degrees of early marine cementation in the Ratawi 
Formation comes from studying ichnofossil types in the cores from wells R-50 and R- 
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48, where the following were identified: (1) rootlets, (2) burrow mottling, (3) 1 mm 

diameter burrows, (4) 3 to10 mm horizontal to vertical burrows, (5) larger than 10 mm 

diameter horizontal burrows, and (6) Trypanites ichnofossil. The larger than 10 mm 

diameter horizontal burrows are interpreted in this study to be Thalassinoides 

ichnofossils. The rootlet ichnofossils are used in Section 3.4.3.3 to infer subaerial 

exposure surfaces, whereas the other five ichnofossils are used in this Section to infer 

different degrees of early marine lithification. 
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Figure 4-5 Diagram to show types of biogenic response to loose (soft), firm and hard (lithified) 
substrates. (A) Nucula, (B) Chondrites, (C) Ophiomorpha, (D) Mercenaria / Arctica, (F) 
Thalassinoides, (G) Spongeliomopha, (H) Petricola, (I) Lithophaga, (J) crinoid holdfast, (K) 
oyster, (L) Trypanites, (M) encrusting bryozoan and serpulids on burrow wall (after Goldring, 
1995) 

Sedimentological structures and fabrics produced by animals can used in facies 

interpretation (Goldring, 1995) (Fig. 4-5). Organism activities, which include 

encrustation, feeding, burrowing and boring, can be evaluated and applied to 

environmental and facies interpretation that include the different degrees of early 

marine lithification. Goldring (1995) used burrowing and boring to identify four 

degrees of early marine lithification: (1) softground (mud that can be squeezed through 

the fingers) characterized by burrows exhibiting substantial compaction, with irregular 

outlines, and escape structures, (2) looseground (loose well-sorted to moderately well- 

sorted silt or sand grade sediment) characterized by burrows with a lining to stabilize 
the wall, made of pellet or mucus, (3) firmground (stiff substrate) characterized by 

burrows with minor burrow compaction and sharp outlines, and (4) hardground, 

rockground, and shellground characterized by an encrusting and boring biota and a 

mineralized crust. 
Three different degrees of Ratawi early marine lithification are recognized in 
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this study: (1) softground and looseground characterized by the burrow mottling, 1 mm 

diameter burrows, and 3 to 10 mm horizontal to vertical burrows, (2) firmground 

characterized by Thalassinoides, and (3) hardground characterized by Trypanites. The 

identifications of Ratawi hardground by Trypanites is essential in distinguishing three 

types of Ratawi elementary depositional cycle (parasequence), namely (1) 

transgressive-regressive cycle, (2) regressive cycle, and (3) aggraded cycle. As 

discussed in the Chapter 5, each cycle has different depositional and diagenetic 

characteristics. 

Ratawi hardgrounds are formed by three steps, (1) synsedimentary marine 

lithification by marine cement that formed the hardground just below the sea floor, (2) 

exhumation of the hardground by winnowing and erosion of the soft sediment above, 

and (3) erosion, mineralization, encrustation and boring of the hardground. The 

modern analogue to Ratawi hardground formation in a calcite-sea is the deep-sea 

environment, where seawater is undersaturated with respect to aragonite. The 

hardground features in this environment are driven by dissolution of biogenic 

aragonite and reprecipitation as low Mg-calcite at or near the sea floor (Kim and Lee, 

1996). 

4.2.2.6 Synsedimentary pyrite 
Synsedimentary pyrite is very important in the interpretation of the depositional 

environment of the Ratawi Formation. A restricted depositional environment can be 
inferred from a restricted fauna or a lithofacies that includes evaporites, organic 

matter, or pyrite (Paul, 1983). As discussed in Section 3.3 only the back-ramp 

environment of the Ratawi ramp is characterized by a restricted ostracod fauna, with 
the shallow-ramp and deep-ramp characterized by open-marine faunas. Pyrite, which 
is found in most of the Ratawi thin-sections (Appendix 1), together with the dark 

colour of the core samples, selective pyritization of fossils, and synsedimentary 
organic dolomitization of burrows (Section 4.4.2.1), indicate that a reducing 
environment existed just below the sea floor. 

Synsedimentary pyrite selectively formed in fossils or precipitated in pore 
space requires anoxic conditions below the sediment-water interface. Anoxic 

environments can be subdivided into three types: (1) non-sulphidic methanic, (2) non- 
sulphidic post-oxic, and (3) sulphidic (Tucker, 1991). The non-sulphidic methanic 
environment is characterized by organic-rich sediments in which bacteria continue to 
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decompose organic matter, removing all 02, N03-, and S042" and producing methane. 
The non-sulphidic post-oxic environment is characterized by less organic matter, 

which is only enough for the consumption of all dissolved oxygen by aerobic bacteria, 

but not enough to bring sulphate reduction. The sulphidic environment is characterized 
by enough organic matter for the consumption of all dissolved oxygen by aerobic 
bacteria, and which then permits bacterial sulphate reduction. 

Synsedimentary pyrite FeS2 is formed by the reaction between the H2S and 

Fee+, in which the source for H2S is from bacterial reduction of sulphate to produce 

sulphide S042" that dissolves in the pore water; the source of the Fe 2+ is the pore water, 

organic matter or clay minerals. Pyrite is not stable in the oxidizing meteoric 
diagenetic environment. Most of the pyrite in the Ratawi Oolite, beneath the karst 

surface of the 2°d order sequence boundary of reservoir unit-E, is inferred to have 

changed to goethite and limonite, giving the Ratawi core samples the yellow-brown 

colour. 

4.2.2.7 Calcitization 

The unstable minerals aragonite and high Mg-calcite in the Ratawi sediments were 
altered to the stable mineralogy, low Mg-calcite, mostly by the process of 

neomorphism, which includes recrystallization and replacement, where there may have 

been a change in mineralogy (Tucker and Bathurst, 1990). The neomorphic 

replacement reaction is through dissolution-reprecipitation and this may have 

influenced the development of the Ratawi fabric in two ways: (1) porosity- 

permeability and (2) taphonomy - the preservation potential of corals, gastropods, 

calpionellids and green algae (Section 3.2.2). 

The reaction is controlled by the rate of aragonite dissolution relative to calcite 
spontaneous nucleation, that is nucleation without the benefit of previous seed crystals 
or nuclei (Moore, 1989). James and Choquette (1984) recognized two styles of 
calcitization, namely (1) macroscale dissolution during the stabilization of aragonite, 
and (2) microscale dissolution during the stabilization of aragonite and high Mg- 

calcite. The first style is not included as a neomorphic replacement process. 
The first style, macroscale dissolution, forms when there is large water flux, 

which is strongly undersaturated with respect to aragonite. The aragonite particles 
undergo wholesale dissolution and the dissolved CaCO3 would be carried a significant 
distance and precipitated as low Mg-calcite cement. This process could lead to the 
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development of a lithified rock and massive rearrangement of pore space in the 

meteoric phreatic system (James and Choquette, 1984; Moore, 1989). This 

stabilization process is inferred to have occurred in the Ratawi gastropods, 

calpionellids and green algae (Fig. 4-24 a and 4-25 a) and is used to interpret the origin 

of some of the Ratawi mouldic pores (Section 4.2.3.3), which locally are filled by 

granular drusy cement (Fig. 4-6). 

The second style, microscale dissolution, may alter both high Mg-calcite and 

aragonite. In the case of high Mg-calcite the process forms when there is not a very 

high water flux; the high Mg-calcite dissolves and CaCO3 is simultaneously 

precipitated as low Mg-calcite on the opposite side of the water film, which is 

nannometres to micrometres in thickness. The low Mg-calcite would precipitate on the 

readily available nucleation sites within the particle, preserving the ultrastructure of 

the original particle during the stabilization process (James and Choquette, 1984; 

Moore, 1989). This stabilization process is not inferred to have occurred in the Ratawi. 

Figure 4-6 Photomicrograph of green algae and sponge spicules. Note the filling of the moulds 
by the coarse granular calcite cement. Sample number is R-50 # 25, depth 6609 ft (2014 m), 
field of view 5x3 mm, under crossed polars. 

In the case of aragonite the process forms when there is slow water flux, which 
is slightly undersaturated with respect to aragonite. The aragonite dissolves and is 

simultaneously precipitated as low Mg-calcite on the opposite side of the water film, 

several millimetres in width, in a chalky zone. This process leads to a low Mg-calcite 

mosaic with relics of the original structure of the particle outlined by organic matter 
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and other insoluble material (James and Choquette, 1984; Moore, 1989). This 

stabilization process is inferred to have occurred in the Ratawi corals (Fig. 3-5 a). 

The processes of calcitization by the microscale style unlike the macroscale 

style, does not lead to appreciable secondary porosity development or to significant 

calcite cementation outside the particle (James and Choquette, 1984; Moore, 1989). 

The calcitization process generally occurs under two different diagenetic conditions, 

(1) a late calcitization process, which could occur during meteoric or burial diagenesis 

(Section 4.2.3.7.1), and (2) an early calcitization process, which could occur under 

marine conditions (Section 4.2.3.7.2). Both models of calcitization produce a similar 

calcitized shell texture, but the two models would have different trace element and 

isotopic compositions (Hendry et al., 1995). 

4.2.2.7.1 Late calcitization in meteoric and burial environments 

The calcitization process during meteoric and burial diagenesis involves a single 

generation of low Mg-calcite that may contain aragonite skeletal relics; this model 

requires subaerial exposure or deep burial. The reaction is driven by undersaturated, 

meteoric or deep burial pore water, with respect to aragonite and high Mg-calcite, and 

proceeds via inward migration of the neomorphic front (Maliva and Dickson, 1992). 

4.2.2.7.2 Early calcitization in the marine environment 
The calcitization process may begin at the sediment-water interface and continue into 

shallow burial. In contrast to meteoric and burial diagenesis, where the calcitization 

process, proceeded via inward migration of a neomorphic front, the calcitization 

process in the marine realm is initiated at numerous individual reaction centres through 

the shells. The early calcitization in the marine environment is influenced by two 

different factors: (1) oxidation of the organic matter that increases CO2 and decreases 

pH of the pore-fluid, and (2) the calcite sea, which is undersaturated with respect to 

aragonite, but supersaturated with respect to calcite (Hendry et al., 1995). 

The Ratawi Formation is characterized by an anoxic environment below the 

sediment-water interface as explained in synsedimentary pyrite (Section 4.2.3.8) and 

synsedimentary organic dolomitization of burrow fills (Section 4.2.5.2.1); in addition 
the Lower Cretaceous Ratawi Formation was deposited in a calcite-sea. These data 

could support calcitization of the Ratawi particles by the second early calcitization 
model in a marine environment. 
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4.2.3. Shallow-burial meteoric diatenetic environment 

4.2.3.1 Introduction 

Meteoric diagenesis takes place when carbonate sediment and rock is exposed to 

rainwater; this is an important diagenetic setting for the development and evolution of 

carbonate porosity because of the large volume of water available for dissolution and 

precipitation (Moore, 1989). This diagenetic environment can happen at two different 

times, (1) soon after deposition (eogenetic), when the sediment shallows up to sea 

level by shoreline progradation or by slight relative sea-level fall, also when sediment 
is thrown on to a supratidal flat, and (2) after many millions of years after deposition 

(telogenetic), when the rock is uplifted and exposed at the Earth's surface (Tucker and 
Wright, 1990). 

The shallow meteoric diagenetic environment can be divided into three 

subenvironments each characterized by its diagenetic processes and porosity 

development. These subenvironments are (1) meteoric vadose zone, near the surface 

with water and air occupying the pore spaces, (2) meteoric phreatic zone, below the 

water table with higher water flux towards the top and more stagnant water near the 

base, and (3) the meteoric-mixing zone, at the contact between the fresh water and the 

denser saline marine water (Moore, 1989). 

The Ratawi meteoric diagenetic environment has two important roles in the 
development of the Ratawi zone at Wafra oilfield, (1) preservation of the depositional 

porosity of reservoir unit-C by early meteoric lithification that reduced deep burial 

compaction (Section 4.3.4), and (2) formation of reservoir unit-E. James and 
Choquette (1984) identified two main factors that control the meteoric diagenetic 

environment, (1) intrinsic factors, including mineralogy, grain size, porosity and 
permeability, and (2) extrinsic factors, including climate, vegetation and time. 

Ratawi facies are characterized by a range of textures from mudstone to 

rudstone (Section 3.3), and were exposed to the meteoric realm for different durations 
in the 5`h, 4`h, 3`d, and 2°d order sea-level cycles. Since the Ratawi Formation was 
deposited in a calcite-sea, all the marine cements and most of the particles are inferred 
to have been low Mg-calcite originally, such that few particles would enter the 
meteoric realm with aragonite or high Mg-calcite mineralogy. The palaeoclimate of 
the Ratawi in the study area is inferred to have been semi-arid; the significance of the 
palaeoclimate in terms of the diagenetic styles and porosity evolution, and 
development of reservoir or seal rock, and reservoir heterogeneity, is discussed in 
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detail in the Ratawi soil section (Section 4.2.3.4). 

This study recognizes the product of meteoric vadose zones as Ratawi soils 
(Section 4.2.3.4), vadose compaction (Section 3.4.3.4.9), and meteoric dissolution 

(Section 4.2.3.3). The main product of the meteoric phreatic zone is meteoric cement 

(Section 4.2.3.2), and the main product of the meteoric mixing zone is early diagenetic 

mixing-zone related dolomite (Section 4.2.5.2.2). 

4.2.3.2 Meteoric cement 
Ratawi meteoric cements are distinguished from deep burial cements in this study by 

their formation before burial compaction, and from marine cements by the criteria 

given in Section 4.2.2.5. The morphology of the cements can be used to differentiate 

between meteoric vadose and phreatic Subenvironments. The cement morphology 
depends on whether the pore space is alternately filled with water and air, in the 

vadose zone, or permanently filled with water, as in the phreatic zone (Moore, 1989; 

Tucker and Wright, 1990). The mineralogy of all meteoric cement is low Mg-calcite; 

the source is mostly the dissolution of unstable minerals, aragonite and high Mg- 

calcite, in meteoric water. 

Meteoric cements are mostly precipitated in areas with high rates of water 
flow, and supersaturated with CaCO3. In areas of sluggish water movement little or no 
cement would be precipitated; the greatest flow rate is usually in the upper part of the 

meteoric phreatic zone, whereas the deeper part could be stagnant (Tucker and 
Bathurst, 1990; Tucker and Wright, 1990). This study recognizes three types of 
meteoric phreatic cement, bladed/granular (Section 4.2.3.2.1), columnar (Section 
4.2.3.2.2), and granular drusy (Section 4.2.3.2.3). The meniscus and dripstone cements 
that characterize the meteoric vadose zone have not been identified. 

4.2.3.2.1 Bladed and granular cements 
Meteoric bladed and granular cements have an important role in the preservation of 
depositional porosity in Ratawi reservoir Unit D at well R-50 (Fig. 4-7 a) (Section 
4.2.4). The cement is characterized by circumgranular crusts of bladed to rhombic 
cement crystals (Fig. 4-7 b) developed around the grains; the crystal length to width 
ratio is about 4 to 1, with distinct rhombic ends that indicate an original mineralogy of 
low Mg-calcite, not aragonite. The cement is interpreted to be meteoric phreatic 
(Flügel, 1982; Moore, 1989). 
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Figure 4-7 a) Photomicrograph of the interparticle porosity in reservoir unit D (microfacies 
SR: shallow-ramp). Note the presence of strongly micritized ooid grains; some interparticle 

porosity is preserved from burial compaction by early meteoric cement; interparticle pore 
spaces are filled by saddle dolomite that show effects of dissolution. Sample number is R-50 # 
73, depth 6925 ft (2111 m), field of view 3x2 mm, under plane-polarized light. b) 
Photomicrograph of well developed meteoric bladed and granular drusy cements in reservoir 
unit E. Circumgranular crusts of meteoric bladed to rhombic cement crystals are developed 

around peloids. Interparticle porosity is still preserved. Sample number is R-50 # 66, depth 
6864 ft (2092 m), field of view 3x2 mm, under crossed polars. 
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Figure 4-8 a) Photomicrograph of meteoric columnar cement. Crust of columnar meteoric 
cement developed around the brachiopod fragment. Sample number is R-50 # 58, depth 6827 
ft (2081 m), field of view 1x0.6 mm, under plane-polarized light. b) Photomicrograph of 
poikilotopic cement in peloidal grainstone. This cement post-dates the first generation 
meteoric bladed cement. Sample number is R-50 # 66, depth 6864 ft (2092 m), field of view 1 

x 0.6 mm, under crossed polars. 

The reduction of the depositional porosity in reservoir unit-C, well R-50 in the 

main Wafra area, and reservoir unit-C and unit-D in the southern and eastern Wafra 

areas is interpreted in this study to be due to two factors, (1) presence of micrite, from 

the low-energy depositional environment, and (2) absence of meteoric bladed and 

granular cements, which could be the result of a low rate of meteoric flow at the edge 
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of the phreatic lens that formed within the antecedent structure of the main Wafra area, 

or to the absence of aragonite and high Mg-calcite in the sediment, the main source for 

the meteoric cement. 

4.2.3.2.2 Columnar cements 
The columnar cement (dog-tooth) is not a common cement in the Ratawi (Fig. 4-8 a). 
This cement is characterized by a circumgranular crust of elongate cement crystals, 

with length to width ratio about 5 to 2, and jagged dog-tooth terminations. The cement 
is interpreted to be meteoric phreatic (Flügel, 1982). 

4.2.3.2.3 Granular drusy cements 
Meteoric granular drusy cements are a common cement in the Ratawi (Fig. 4-6,4-7 

and Fig. 4-26 a), reducing the porosity of the reservoir zone. This cement is 

characterized by an equant crystal shape, which blocks the pore space; sometimes the 

crystals show an increase in size from the pore wall to pore centre. This cement fabric 

could be formed in a meteoric phreatic or deep burial environment; thermometry study 
by fluid inclusions or oxygen isotopes could be used to distinguish between these two 
diagenetic environments (Tucker and Wright, 1990). This study distinguished between 

the two cement environments by using petrographic criteria, which is cement 

precipitation relative to compaction. 

4.2.3.3 Meteoric dissolution 

Vug and mouldic porosity (Fig. 4-24 a) in addition to micro-vugs and micro-channels 
(Section 4.3) is a common secondary diagenetic porosity type in the Ratawi zone of 
the Wafra oilfield. Understanding the diagenetic conditions under which these porosity 
types developed is important for the reservoir development. These porosity types are 
formed by aggressive fluids, which selectively and non-selectively dissolve fabrics of 
the Ratawi rocks; the fluids could be generated under two different diagenetic 
conditions: (1) deep burial (Section 4.2.4.4), and (2) meteoric. 

The aggressive fluids of the meteoric environment are produced by three 
processes: (1) dissolution of CO2 from the atmosphere and soil, (2) the mixing zone, 
and (3) the oxidation of organic carbon and oxidation-reduction reactions involving 
sulphur (Mylroie and Carew, 1995). In this study most of the vug, mouldic, micro-vug, 
and micro-channel porosity types are inferred to be formed by aggressive dissolution 
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of CO2 from the atmosphere and soil or mixing zone, when there is evidence for 

subaerial exposure. 

4.2.3.4 Carbonate replacement of quartz 

The edges of most of the quartz particles in the Ratawi Formation are replaced by 

calcite (Fig. 4-9). This replacement process is interpreted in this study have taken place 

in the meteoric diagenetic environment with fluid supersaturated with carbonate. 

Figure 4-9 Photomicrograph of replacement of the quartz grains by calcite. This process is 

characteristic of the calcrete interval in the Ratawi Formation. The calcite replacement starts at 
the edges of the grains. Sample number is R-50 # 40, depth 6737 ft (2053 m), field of view 1x 
0.6 mm, under crossed polars. 

4.2.3.5 Ratawi soils 

The microfacies analysis of Ratawi reservoir units in the Wafra oilfield indicates that 

unit-E was affected by pedogenic processes to form calcretes and buried palaeokarst 

associated with the 2nd order sequence boundary. Interpretation and prediction of the 

pore system, heterogeneity, and geometry of the reservoir unit associated with the 

calcretes and buried palaeokarst require an understanding of two factors: (1) the 

controls on the Ratawi subaerial exposure surfaces, and (2) the controls on the Ratawi 

subaerial exposure facies. The pore system associated with the subaerial exposure 

surfaces and subaerial exposure microfacies could increase or decrease the original 

porosity and permeability (Wright and Smart, 1994). 
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One of the main aims of this study is to interpret and predict the Ratawi 

reservoir heterogeneity at three levels, discussed in Section 3.1.1.2. This Section 

discusses the heterogeneity of unit-E at two levels: (1) thin-section scale, microscopic 

heterogeneity, the controls of the microfacies, particle and pore properties in the 

reservoir, and (2) the megascopic heterogeneity, the controls of the facies (depositional 

and diagenetic) on the porosity and permeability, which lead to the formation of 

reservoir unit-E, not just in the main Wafra area, but also in the southern and east 

Wafra areas. The heterogeneity of the Ratawi zone at the reservoir unit scale and 

microfacies scale is interpreted in this study by integrating different types of data in 

the framework of sequence stratigraphy. These data include depositional, diagenetic, 

stratigraphic, structural and tectonic data. 

The types of subaerial exposure microfacies and surfaces, and the associated 

pore systems depend on many factors including: (1) duration of exposure, (2) 

accommodation space (base-level) changes, (3) depositional facies and stratigraphy, 
(4) mineralogy, (5) existing pore networks, (6) size and topography of the exposed 

area, (7) climate, (8) tectonic setting, and (9) reactive potential of ground water (Budd 

et al., 1995). The factors that control Ratawi subaerial exposure surfaces and the 

calcrete facies of reservoir unit-E are examined under two headings: (1) heterogeneity 

of reservoir unit-E and palaeoclimate (Section 4.2.3.5.1), and (2) calcrete profile 
development (Section 4.2.3.5.2). 

4.2.3.5.1. Heterogeneity of reservoir Unit E and palaeoclimate 
The Ratawi porosity developments that control the distribution of seal rock and 

reservoir rock with different heterogeneity can be categorized under the climatic 
regime that effected the Ratawi palaeo-exposure surfaces. The palaeoclimate of the 
Ratawi controls the type of diagenesis at the exposure surfaces, which then influenced 

the subsequent diagenesis. This could allow interpretation and prediction of the 
subaerial diagenetic processes and level of porosity development in the carbonate 
sequences, when the subaerial diagenetic processes are integrated within the 
framework of sequence stratigraphy (Wright, 1994; Tucker, 1993). 

Throughout the geological record, shallow-water carbonates exhibit numerous 
exposure surfaces, with different degrees of subaerial diagenetic overprints, reflecting 
the processes of progradation and sea-level oscillations, and processes active at the 
subaerial surface (Wright, 1994). When carbonate sediment and rock are exposed 
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under subaerial processes, the carbonate is altered by pedogenic processes to form soil. 

The preserved palaeosois in the geological record are characterized by a range of 

macro- and micro-features reflecting these palaeo-pedogenic processes. The pedogenic 

diagenetic overprint modifies the pore system, which leads to an increase or decrease 

of the total porosity and permeability of the rock. Climate has a great control on the 

pedogenic process, physicochemical and biological, and its record at subaerial 

exposure facies (Goudie, 1996). 

A range of carbonate rock textures is generated depending on the prevailing 

climate. Wright (1994) recognized four-component gradient soils, which develop on 

carbonate exposure surfaces under four different climatic regimes ranging from and to 
humid. The main consideration with climate is the actual amount of rainfall, and in 

addition how it was distributed seasonally. The four regimes of climatic-carbonate 

exposure surfaces are: 

4.2.3.5.1.1 Arid-type soil / and palaeoclimate 
Soils developed under semi-arid to and climates are characterized by the precipitation 

of carbonates, sulphates and other salts from the groundwater. The lack of moisture 

and carbonate dissolution leads to limited development of calcrete profiles. This type 

of soil is often associated with sabkha and supratidal flats, and is characterized by 

replacive evaporites, tepees, brecciation and vadose pisoids (Wright, 1994). 

4.2.3.5.1.2 ̀ Well-developed' calcrete-type soil / moisture-deficit wetter 

palaeoclimate 
The `well developed' calcrete-type soil develops under wetter climatic conditions but 

still with a net moisture deficit. This climatic condition leads to carbonate dissolution 
in the wet phases and precipitation during drier periods, which leads to the formation 

of the calcrete features and calcrete profiles. There are three models for calcrete 
formation, discussed in the calcrete fabric model (Section 4.2.3.5.1.5). 

4.2.3.5.1.3 ̀ Less-well developed' calcrete-type soil / wetter palaeoclimate 
The `less-well developed' calcrete-type soil developed under wetter climatic 
conditions that allow more vegetation cover, which lead to more aerosol accumulation. 
The exposure surfaces are characterized by thin clay-rich horizons with their 
mineralogy depending on three factors: (1) the original mineralogy of the clay in the 
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aerosols, (2) the length of the exposure which depends on the cycle order; duration of 

the exposure increases from the 5t', 4`h, 3`d to 2°d order cycle of sea-level change, (3) 

prevailing climate. When the rate of aerosol accumulation is high, the zone of 

carbonate accumulation may shift from the lower altered carbonate horizon to the 

upper clay-rich horizon, and this then leads to the formation of massive calcretes 

(Wright, 1994). 

4.2.3.5.1.4 Organic-rich type soil / the wettest palaeoclimate 

Organic-rich soils develop under the wettest climatic conditions, which lead to the 

dissolution of the carbonate in the soil zone and the development of karstic surfaces. 

The karst is characterized by small-scale karren, with small dissolution hollows or root 

pipe features. The dissolved carbonate precipitates as cement in the lower vadose zone 

or in the phreatic zone. 

The non-carbonate aerosols, under these wetter climatic conditions, break 

down to release iron. Under a seasonal climate aluminous lateritic soils are developed 

with boehmite, hematite and Al-goethite; the formation of gibbsite is inhibited by the 

buffering action of the carbonate. Distinctive thin, iron-rich layers, termed terra rossa, 

accumulate at the clay-limestone contact. Most of the non-carbonate clay zone is 

eroded from the fossil soil during the next marine transgression. In the geological 

record, calcretes are the most common type (Esteban and Klappa, 1983; Wright, 

1994). 

During the Upper Jurassic the study area was located south of the equator and 

characterized by a very and climate, which lead to the precipitation of the thick 

evaporitic Gotnia Formation. During the Lower Cretaceous, the Arabian plate moved 

northwards towards the equator, and the climate became less and (Murris, 1980). 

These climatic conditions could have lead to the development of the second type of 

exposure surface described by Wright (1994), in the Ratawi Formation at the 2°d order 

cycle sequence boundary, that is characterized by a `well-developed' calcrete. 

4.2.3.5.1.5 Calcrete fabric model 

The term calcrete is defined as a near-surface, terrestrial accumulation of 

predominantly calcium carbonate in a variety of forms from powdery to nodular to 
highly indurated. It results from cementation and displacive and replacive introduction 
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of calcium carbonate into soil profiles, bedrock and sediments, in areas where vadose 

and shallow phreatic ground-water becomes saturated with respect to calcium 

carbonate (Wright and Tucker, 1991). 

ALPHA 

i 

1) 

I Dense microtabric 
2 Nodules 

3 Complex cracks and crystallaria 
4 Circum-granular cracks 

5 Rhombic calcite crystals 
6 Floating sediment grains 

BETA 

4*04 

ýýIs 

ý /tI 

I Microbial coatings 
2 Needle fibre calcite 
3 Calcified tubules 

4 Microcodium 
5 Alveolar septal fabric 
6 Calcified pellets 

Figure 4-10 Micromorphological classification of calcretes (after Wright and Tucker, 1991). 
Note Ratawi pedogenic calcrete formed under strong physicochemical processes (alpha and 
beta fabric model) and weak biological processes (rhizogenic fabric model). 

There are two different diagenetic processes to form the calcrete fabric: 

pedogenic calcrete and groundwater calcrete. Pedogenic calcrete forms at subaerial 

exposure surfaces in the soil formation zone by pedogenic processes. Groundwater 

calcretes form below the soil formation zone, within the vadose zone or at the capillary 

fringe, and below the water table (Wright and Tucker, 1991). The microfacies of the 

Ratawi Formation, discussed in Section 3.2.1.4.1, support the regional stratigraphic 

evidence that the exposure surfaces of the Ratawi would alter to pedogenic calcrete. 

The origin of the fabrics in pedogenic calcrete is interpreted by three models. These 

models can be arranged with increasing biological activity and fixing of calcium 

carbonate in soil by biological processes, in addition to fixing of calcium carbonate in 

soil by physicochemical processes, namely alpha fabric, beta fabric and rhizogenic 
fabric models. Pedogenic calcretes can exhibit a mixture of fabrics between each of 
these two-end member models (Wright and Tucker, 1991; Wright, 1995). The 

diagenetic fabric of Ratawi reservoir unit-E is interpreted in the framework of these 

end-members models. The three pedogenic calcrete models are: alpha fabric model, 
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beta fabric model and rhizogenic fabric model. 

4.2.3.5.1.5.1 Alpha fabric model 
This model is characterized by the products of mainly physiochemical processes, 

which include evaporation, degassing, desiccation and replacive growth (Fig. 4-10). 

The features that characterize this model are dense microfabric, nodules, complex 

cracks, circum-granular cracks, rhombic calcite crystals, and floating sediment grains. 

This end member model develops in areas with a more and climate and less biological 

activity (Wright and Tucker, 1991). 

4.2.3.5.1.5.2 Beta fabric model 

This model exhibits a variety of microscale features attributable to the existence of 

macro- and micro- organisms, which include bacteria, fungi, algae and higher plant 

roots (Fig. 4-10). Microbial coatings, needle-fibre calcite, calcified tubes, 

Microcodium, calcified pellets and alveolar septal fabrics are the features that 

characterize this model. This end-member model develops in sub-humid to semi-arid 

areas with extensive vegetation cover. The pedogenic process reflects a relatively high 

degree of biological activity (Wright and Tucker, 1991). 

4.2.3.5.1.5.3 Rhizogenic fabric model 
This model is dominated by biological activity, largely through calcification in, on, or 
around, plant roots. The decreasing degree of root (rhizogenic) calcification is grouped 
into three types. The first type is intracellular calcification. This type results from the 

actual cells calcifying during the life of the plant or after death but before the cell 

shape is lost by decay processes. The features that characterize this type are 
Microcodium calcrete. The Microcodium structure consists of sheets, tubules and 
connected or unconnected spheroids consisting of cell-like crystals of calcite. 

The second type is extracellular calcification. This type is the result of 
calcification around roots and is a widespread feature in carbonate-rich dunes. 
Rhizocretions and calcareous cementation around root mats are the characteristic 
features. The third type is the peloid-pisoid association. This type is the result of 
calcification related to root mats. The features that characterize this type are peloidal 
and coated grain fabrics (Wright et al., 1995). 
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Microfacies DiagCal, discussed in Section 3.3.1.4.1, that characterizes reservoir Unit E 

of the. Wafra oilfield, exhibits fabrics characteristic of pedogenic calcretes. The 

features of microfacies DiagCal display a fabric mixture between the two end- 

members of the alpha and beta fabric models. This is interpreted in this study that the 

Ratawi pedogenic processes reflect an environment of subaerial exposure fluctuating 

between semi-arid to more and palaeoclimate. This petrographic interpretation of the 

Ratawi palaeoclimate is in agreement with that proposed by Murris (1980) for the 

Arabian plate under the Lower Cretaceous palaeoclimate. 

4.2.3.5.2 Calcrete profile development 

The different stages in the development of calcrete profiles influence Ratawi fabrics, 

which influence the Ratawi pore system. These stages are reviewed by Wright and 
Tucker (1991), Wright (1994) and Wright et al. (1995). The development of these 

stages depends on many factors, which include time of exposure, mineralogy of the 

host sediment, and the degree of biological activity and biological precipitation 
(fixing) of calcium carbonate, and rate of aerosol accumulation. 

The length of time of exposure depends on the cycle order of relative sea-level 

changes, 5th, 4th, 3ra, 2nd cycle order. When the mineralogy of the host sediment is 

carbonate, carbonate from the saturated fluids is precipitated as a cement, but if the 

mineralogy is non-carbonate, carbonate is precipitated as displacement nodules. 
Different pedogenic calcrete models have a different degree of biological activity and 
biological precipitation (fixing) of calcium carbonate. If the rate of aerosol 
accumulation is high on the top of the altered carbonate zone, the zone of carbonate 
accumulation moves upward forming a new calcrete zone. 

.0 a» o 

1234 
.56 

Figure 4-11 Stages in calcrete development in fine-grained sediment (after Wright and Tucker, 
1991). These six stages could be grouped into three main stages of fabric development: stage 4 
hard pan or petrocalcic layer, stage 5 laminar unit and stage 6 brecciated and pisoid unit. The 
abundance of alveolar septal structure in the Ratawi puts the development of Ratawi calcrete in stage 4. 
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According to the reviews by Wright and Tucker (1991), all calcrete profiles are 
developed by progressive increase in the diagenetic carbonate within exposed soil, 

sediment or rock. This is done through a combination of three diagenetic processes, 

replacement, displacement and cementation. The development of the fabric of 

pedogenic calcrete is grouped into six stages (Fig. 4-11), which represent the 

development (maturity) of the pedogenic calcrete profile with time. These six stages 

developed through three main stages of fabric development: 

4.2.3.5.2.1 Hard pan or petrocalcic layer development 

The unaltered and exposed host sediment or rock with time becomes substituted Mccr, }; L 

through the three diagenetic processes to form a diagenetic cald. rich horizon. This 

horizon is the hard pan or petrocalcic layer, which is characterized by continuation, 
hardening, and very low permeability. This calcrete fabric developed at stage 4. 

4.2.3.5.2.2 Laminar unit development 

The low permeability hard pan acts as a downward barrier for fluids saturated with 
calcium carbonate, which leads to the formation of the laminar unit on the hard pan. 

4.2.3.5.2.3 Brecciated and pisoid unit development 

The hard pan and laminar unit with time are fractured, which leads to the formation of 
the brecciated and pisoid unit. This calcrete fabric developed at stage 6. 

The microfacies analysis of the Ratawi samples puts the development of the Ratawi 

pedogenic calcrete profile in stage 4. The alveolar septal structure is most abundant in 

the main hard pan stage (Esteban and Klappa, 1983), which is stage 4. However, 

according to the profile development model, the hard pan stage should be 

characterized by low porosity, but in the Ratawi reservoir there is good porosity in this 
facies. 
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4.2.4.1 Introduction 

Diagenesis & Porosity 

The burial environment controls the final pathways of carbonate porosity evolution 

that produce the reservoir or seal rock. The major porosity trend in this diagenetic 

environment is porosity loss by physical and chemical compaction, and cementation. 

This general porosity-depth relationship can be reversed by processes which create 

new secondary porosity, or by preservation of near-surface porosity (Section 4.3) 

(Scholle and Halley, 1985). Burial diagenesis takes place when 
carbonate 

rock is 

buried below the zone affected by surface processes to the zone of metamorphic 

dehydration. Carbonate sequences could spend most of their geological history in the 

burial diagenetic environment, which is quite different from the marine and meteoric 

environments encountered by newly formed sediments during the early stages of 

lithification and burial (Moore, 1989; Tucker & Wright, 1990). 

Burial diagenesis is the consequence of the accumulation of overburden in a 

subsiding sedimentary basin and related changes in temperature, pressure, basin 

hydrology and pore-fluid chemistry. In addition to compaction and cementation, burial 

diagenesis includes replacement, neomorphism, dissolution and fracturing (Scholle 

and Halley, 1985). Different workers have used different terms to describe the burial 
diagenetic environment, including mesogenetic, subsurface, post-compaction, and 
deep burial; there is no unified diagenetic model that incorporates all the aspects of the 

carbonate deep burial diagenesis (Heydari, 1997). 

In the deep burial diagenetic environment of the Ratawi Formation porosity is 
decreased by burial cementation (Section 4.2.4), physical compaction (Section 

4.2.4.3.1), and chemical compaction (Section 4.2.4.3.2), where the Ratawi reservoir 
zones have not been effected by processes that preserve near-surface porosity (Section 
4.2.4. ). Also the deep burial diagenetic environment creates new porosity that 
increases the total porosity of the Ratawi reservoir zone by deep burial dissolution 
(Section 4.3.4.4.1), fracturing (Section 4.3.4.4.2), and stylolitization (Section 
4.3.4.4.3). 

4.2.4.2 Burial cement, 
The source of CaCO3 for burial cements could be from chemical compaction, or deep 
burial dissolution by corrosive fluids associated with shale-water expulsion and the 
beginning of hydrocarbon maturation of the source rocks in the Makhul and Ratawi 
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Figure 4-12 Photomicrograph of grainstone with burial granular drusy calcite cement (a) under 
plane-polarized light (b) under cathodoluminescence. Most of the interparticle porosity is 

reduced by granular drusy cement precipitated after the burial compaction. The cement under 
the CL is a red colour. Sample number is R-50 # 92, depth 7013 ft (2138 m), field of view 3x 
2 mm. 
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Formations (Moore, 1985). This study has identified three different types of deep 

burial cement: (1) saddle dolomite (Section 4.2.5), (2) granular drusy calcite (Section 

4.2.4.2.1), and (3) poikilotopic calcite (Section 4.2.4.2.2). 

4.2.4.2.1 Granular drusy calcite 

Late deep burial granular drusy calcite cement is distinguished from early meteoric 

granular drusy cement (Section 4.2.3.2.3) in this study by two petrographic lines of 

evidence, (1) cement is found between particles that are effected by grain-grain 

chemical compaction, which indicates that the cement was precipitated after the 

compaction (Fig. 4-12 a)., and (2) cement is found in fractures that are interpreted in 

Section 4.2.3.6 to be formed through deep burial tectonic processes (Fig. 4-26 a) 

(Moore, 1989; Tucker and Wright, 1990). Under CL, the bright calcite is commonly a 

rrcolour (Fig. 4-12 b). 

4.2.4.2.2 Poikilotopic calcite 
Poikilotopic cement is characterized by a single large crystal (Fig. 4-8 b) that surrounds 

several grains. This fabric indicates slow crystal growth from fluids with a low level of 

calcite supersaturation (Moore, 1989; Scholle and Halley, 1985). 

4.2.4.3 Burial compaction 
The compaction process is driven by the stresses acting on the rock, which is the 

pressure difference between the hydrostatic and lithostatic pressure; the first pressure 

is transmitted through water, whereas the latter is transmitted through the rock 

framework (Moore, 1989). The nature and extent of burial compaction and the loss of 

near-surface porosity depends on many factors including (1) sediment grain-size and 

packing, (2) early diagenetic fabric, and (3) amount and rate of overburden stresses 

(Scholle and Halley, 1985). 

The near-surface porosity in the Ratawi zone is reduced by the development of 
fitted fabric formed by two different diagenetic processes namely vadose and burial 

compaction (Fig. 4-13). The preservation of near-surface porosity in the Ratawi zone 

could have been achieved by reducing the effect of burial compaction and the 

development of a fitted fabric, which is inferred in this study to be formed by near- 

surface cementation and mineral stabilization in the marine and meteoric environments 
(Section 4.2.2 and 4.2.3). Burial compaction is divided into physical compaction 
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(Section 4.2.4.3.1) and chemical compaction (Section 4.2.4.3.2). 

4.2.4.3.1 Physical compaction 

Physical (and mechanical) compaction is common in the Ratawi Formation; two types 

of physical compaction are recognized (1) plastic grain deformation illustrated by 

concavo-convex contacts between peloid particles (Fig. 3-7 a), and (2) brittle grain 

deformation illustrated by fractured bivalve shells (Fig. 4-24 b). This type of 

compaction is the consequence of overburden or tectonic stresses at a rate that 

effectively exceeds the ability of the sediment to respond through chemical dissolution 

(Scholle and Halley, 1985; Moore, 1989). 

near-surface, grain-boundary 
deposition of dissolution in meteoric 
calcitic grains vadose zone 

O 
O 

loose packing close packing fitted fabric 

BURIAL 

early cementation, 
marine or meteoric 

sutured grain contacts from phreatic 
burial chemical compaction 

Figure 4-13 Reduction of the primary interparticle porosity by the development of vadose and 
burial compaction (personal communication Tucker, 2002). 

4.2.4.3.2 Chemical compaction 

Chemical compaction is also common in the Ratawi Formation; the features of the 

chemical compaction can be grouped into three types, (1) intergranular fitted fabric, 

(Fig. 3-4) (2) stylolites (Fig. 4-14 a), and (3) dissolution seams (Fig. 4-17 b) (Scholle 

and Halley, 1985; Tucker and Wright, 1990). The first type, intergranular or 

microstylolite fitted fabric, is developed between peloids and ooids, reducing the 

depositional porosity of reservoir unit-C. Microstylolites are the first stage in the 

development of stylolites, which are usually found in grain-supported facies of the 

Ratawi. 
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Figure 4-14 a) Photomicrograph of fitted fabric developed by deep burial compaction. Note 
the development of microstylolitic contacts between the peloids and the dissolution seams with 
residual iron-rich clay. The burial compaction eliminated all the original interparticle porosity. 
Sample number is R-49 # 52, depth 7051 ft (2149 m), field of view 3x2 mm, under plane- 
polarized light. b) Photomicrograph of interparticle porosity and burial dissolution porosity in 
saddle dolomite cement. Sample number is R-50 # 73, depth 6925 ft (2111 m), field of view 
0.5 x 0.3 mm, under plane-polarized light. 

The second type, stylolites (Fig. 4-14 a), transect the Ratawi fabric, cutting 

across the particles, matrix and cement, with amplitudes from a few millimetres in 

thin-section to about 10 mm or more in core samples. Stylolites in the Ratawi zone 

Chapter 4 143 



Diagenesis & Porosity 

locally are open and act as pores (Section 4.3.4.4). The last type, dissolution seams 

also known as residual or clay seams, are characterized by smooth undulose seams of 

insoluble residue, which are usually found in mud-supported facies. This type, like the 

stylolites, occur on different scales, from thin-section to core; in contrast to stylolites 

they do not act as pores in the Ratawi. 

4.2.4.4 Burial porosity 
As mentioned before, the general trend in the deep burial environment is the reduction 

of near-surface porosity by compaction and cementation, but the existing porosity can 

be enhanced and new porosity created during burial diagenesis. The total porosity of 

the Ratawi zone is increased by three deep burial processes, fracturing (Section 

4.2.3.6), stylolitization (Section 4.2.3.7), and dissolution (Section 4.2.4.4.1). 

4.2.4.4.1 Burial dissolution 

Dissolution in the Ratawi zone could have formed in the meteoric environment 
(Section 4.2.3.3), and / or the burial diagenetic environment; in this study, vugs are 
inferred to have been formed by aggressive deep burial fluids, where there is no 

evidence for subaerial exposure or they occur within deep burial cement. Also, deep 

burial vugs seem to be random in three dimensions, like `spongework' (Hill, 1995). A 

good example of deep burial dissolution in the Ratawi zone is the occurrence of vugs 

within saddle dolomite cement (Fig. 4-14 b). 

Hill (1995) interpreted the deep burial porosity as `H2S-related porosity' in 

which the aggressive fluids of the deep burial environment are produced by two 

processes: (1) mixing of waters of different H2S concentration in equilibrium with 
carbonate, producing an aggressive fluid undersaturated with respect to carbonate, and 
(2) H2S dissolution in pore water to produce sulphuric acid H2SO4. These two 
processes can dissolve carbonate rock creating micro-pore to cave-size dissolution 
features; the source of the H2S is the maturation of the source rock that produces H2S 
before expulsion and migration of the hydrocarbons to the trap (Hill, 1995). The 

maturation of the Lower Cretaceous source rocks (Makhul Formation, Section 
4.2.4.4.1) is inferred in this study to be the source of H2S. 
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4.2.5 Dolomitization and dedolomitization 

4.2.5.1 Introduction 

The Ratawi dolomite facies (Fig. 3-10 b) is not a reservoir facies at Wafra oilfield, 

although it an important reservoir facies in other giant oilfields. Warren (2000) cited 
Zenger (1980) that 50 % of the world's carbonate reservoirs occur in dolomites. The 

different dolomitization models for the Ratawi Formation are discussed in Section 

4.2.5.2; these different models can be interpreted in the framework of sequence 

stratigraphy (Fig. 4-15). The porosity and permeability of the Ratawi dolomite depend 

on the dolomite texture, which varies between near mimetic to complete obliteration of 

the original texture. 

The crystalline textures of the dolomite are classified into two types: (1) planar 
dolomite, characterized by many crystal face junctions, developed during early 

diagenesis, usually below 50°C, and (2) non-planar dolomite, characterized by few 

crystal face junctions, developed during late diagenesis, usually greater than 50°C. The 

permeability of the dolomite textures depend on the pore geometry, which depends on 

crystal size and shape. With increasing crystal size, three types of dolomite pore 

systems are developed: (1) polyhedral pores, (2) tetrahedral pores, and (3) 

intercrystalline pores (Warren, 2000). Ratawi microfacies DiagDol, discussed in 

Section 3.4.1, mostly has an intercrystalline porosity, which generally has the lowest 

porosity and permeability. 

Dedolomite is the replacement of dolomite by calcite (Purser, 1986). Some 

workers including Purser (1986) have argued that dedolomitization is important in the 
development of porosity, and all leached reservoirs of the Mesozoic of the Middle East 

should be examined for dedolomite porosity. The dedolomitization models for the 
Ratawi Formation are discussed in Section 4.2.5.3. Dedolomite porosity depends on 
the degree of dissolution during the replacement of dolomite by calcite. 

4.2.5.2 Ratawi dolomitization models 
Dolomite can be formed under different diagenetic conditions, and the various models 
for dolomitization are reviewed by Tucker and Wright (1990), and Warren (2000). 
These models can be grouped into three categories: (1) synsedimentary dolomitization 

models, which include normal marine, lacustrine (Coorong-style), and peritidal 
(sabkha-style) and organic models, (2) early diagenetic, active phreatic (shallow 
burial) dolomitization models, which include brine reflux and mixing-zone related 

Chapter 4 145 



Diagenesis & Porosity 

DOLOMITIZATION AND RELATIVE SEA-LEVEL CHANGE 

Some dolomitization models relate to unconformitics (sequence boundaries), climate 
and major changes in relative sea-level, notably: 

1. mixing-zone-related dolomitization during sea-level falls (lowstands) and 
humid climate, 

Z. circulating seawater dolomitizatign during sea-level rises (transgressive 
times), 

3. evaporativehreflux dolomitization during sea-level falls (lowstands) and 
and climate. 

reflux dolomitization during sea-level fall, and climate 2 

evaporation 

sea-level fall 

hyPersalino i 
marine 

dolomitization 

mixing-zone-related dolomltlzatlon during sea-level fall, 
B 

humid climate 
rainfall 

ti" 

sea-level fall 
meteoric 

tope 
marine 

seawater dolomltlzatlon during sea-level rise 
C 

sea-level rise 
meteoric 

ý"ý marine 

Models for dolomitization induced by relative changes in sea-level. 
Mixing-zone-related dolomitization refers to dolotnitization taking place within the 
mixing-zone (which probably does not happen) and to dolomitization taking place within the 
circulating marine groundwaters ahead of the mixing zone. 

humid climate. late HST to LST 

ab. 
lapmQ 

meteoric zone: 
` i! a-bvel 

calcite cementation 
mixing 

manne 
dedotomit zation zone: 

calcite 
dissolution. dolomdization dolomite cementation 

during late HST to LST groundwater zones move seaward 
dolomitization followed by meteoric diagenesis 

Figure 4-15 Dolomitization models interpreted in the framework of sequence stratigraphic 
model (after Tucker, 1993). Note the mixing-zone related dolomitization model, used in this 
study to interpret dolomitization in reservoir Unit D, is formed during sea-level rise. 
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b) 

Figure 4-16 a) Photomicrograph of selective dolomitization of a burrow fill by micro- 
euhedral dolomite crystals. Some porosity is evident (black). Sample number is R-49 # 
12, depth 6774 ft (2065 m), field of view 10 x7 mm, under plane-polarized light. all 
the original interparticle porosity. Sample number is R-49 # 52, depth 7051 ft (2149 
m), field of view 3x2 mm, under plane-polarized light. b) Photomicrograph of two 
pseudomorphosed gypsum crystals in restricted back ramp, microfacies BR2: 
bioturbated bioclastic wackestone-mudstone with ostracods. Note the well preserved 
straight-edges of the twin-crystal growth of the gypsum (on the left), which has been 

replaced by micro-euhedral dolomite crystals; whereas the original crystal on the right- 
hand was dissolved soon after formation and the mold filled with sediment. Sample 
number is R-50 # 1, depth 6475 ft (1974 m), field of view 3x2 mm, under plane- 
polarized light. 

Chapter 4 147 



Diagenesis & Porosity 

a) 

b) 

Figure 4-17 a) Photomicrograph of micro-euhedral dolomite crystals scattered through 
the sediment in mudstone and wackestone lithofacies. Note the uniform distribution of 
the dolomite crystals. Sample number is R-50 # 4, depth 6499 ft (1981 m), field of 
view 5x3 mm, under crossed polars. b) Photomicrograph of micro-euhedral dolomite 
crystals associated with a dissolution seam. Note the uniform crystal size in the 
residual clay of the dissolution seam. Sample number is R-50 # 8, depth 6525 ft (1989 
m), field of view 1x0.6 mm, under plane-polarized light. 
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models, and (3) late diagenetic (deep burial) dolomitization models, which include 

regional and focused models. 
All dolomitization models need to consider the source of Mg necessary for 

dolomitization, in addition to the mechanism of delivery. Ideally, stable isotopes, trace 

elements, fluid inclusions, in addition to petrographic and stratigraphic data are used to 

interpretrate the depositional and diagenetic history of the dolomite (Warren, 2000). 

This study depends only on the petrographic and stratigraphic data to interpret Ratawi 

dolomite, and three models are applicable (1) synsedimentary organic dolomite 

(Section 4.4.1.1), and (2) mixing-zone related dolomite (Section 4.4.1.2), and (3) late 

diagenetic (deep burial) dolomite (Section 4.4.1.3). 

4.2.5.2.1 Synsedimentary organic dolomite 

Two types of micro-euhedral dolomite crystals, with crystal size 10 to 20 microns, are 

recognized in the Ratawi Formation, that associated with deep burial stylolites and 

dissolution seams, discussed in the burial diagenetic environment Section (4.4.1.3), 

and that associated with selective dolomitization of burrows (Fig. 4-15 a) or replacing 

pseudomorphosed gypsum crystals (Fig. 4-16 b) or scattered through the sediment in 

mudstone and wackestone lithofacies (Fig. 4-17 a). 

The petrographic data, the selective dolomitization of burrows and the absence 

of evaporites, indicate that this type of dolomite is syndepositional having formed in 

shallow-marine normal-salinity seawater. The stratigraphic data and 

palaeoenvironmental reconstruction (Section 3.5) indicate a facies change from the 

Ratawi Formation to the Makhul Formation, which is rich in organic matter. The 

Ratawi epeiric ramp was characterized by restricted circulation, which would have 

lead to the preservation of organic matter. These data support a synsedimentary 

organic origin for this micro-euhedral dolomite. 

Synsedimentary organic, shallow-marine dolomite is formed in normal-salinity 
seawater by anaerobic sulphate-reducing bacteria that live in the near surface and 
shallow-subsurface. The bacteria use organic compounds as energy sources by 

reducing SO42- ions; this process produces ammonia that raises the pH and carbonate 
alkalinity of the pore water, which may result in a reaction between HC032' and alkali 
earth metals, Ca2+ and Mgt+, to form biogenic-syndepostional (epigenetic) calcite, 
aragonite, magnesite and dolomite (Aref, 1998). 
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This dolomitization took place during the deposition of the Ratawi Formation. 

Magnesium could be supplied from seawater or from the breakdown of organic 

compounds (Wright, 1997). A modern example could be Kau Bay, Indonesia, where 

organic dolomite is forming in a deep-water lagoon, 400 m depth, in the organic-rich 

sediments (Middelburg et al., 1990). 

4.2.5.2.2 Early diagenetic mixing-zone related dolomite 

The most important dolomite type in the Ratawi Formation is ferroan dolomite in 

reservoir unit-D with medium-size crystals 0.16 to 0.33 mm. These were later 

dedolomitized under meteoric conditions. This process produced dedolomite moulds 

that enhance the porosity of reservoir unit-D (Section 4.2.3.10); the process of 

dedolomitization is discussed in Section 4.2.5.3. During the dissolution of the ferroan 

dolomite, the ferrous iron of the ferroan dolomite oxidizes to form dark, brown, 

amorphous limonite-goethite around the dissolved dolomite moulds. 

Several lines of evidence suggest an early diagenetic reduced mixing-zone 

related dolomite model for the formation of the ferroan dolomite. This type of 
dolomite is restricted to grainstone-packstone facies of the shallow ramp. The 

palaeoenvironment reconstruction of the study area (Section 3.5) indicates that the 

climate during the Upper Jurassic was very arid. This climatic condition changes to a 

more humid climate during the Lower Cretaceous, as indicated by the near-absence of 

evaporite minerals and the presence of meteoric cement, as well as the calcrete fabric 

of the Ratawi reservoir unit-E of both alpha and beta fabric (Section 4.2.3.5). The 

Ratawi facies are generally rich in organic matter (Sections 4.2.2.6 and 4.2.5.2.1) 

which could have produced a more reducing mixing-zone related diagenetic 

environment. 

These data support the formation of ferroan dolomite under reducing 
conditions in association with a mixing-zone around the antecedent structures of the 
main Wafra area. The source of Mg would have been the seawater. The physical 
driving mechanism for the mixing-zone related model depends on the circulation of 
seawater induced by the mixing of meteoric and marine water (Tucker, 1993). The 

chemical driving mechanism of the mixing-zone model itself is that when two waters 
that are saturated with a particular phase are mixed, the resulting solution may be 

undersaturated with respect to one phase (calcite) while at the same time may remain 
saturated with the other phase (dolomite) (Warren, 2000). However, it is generally 
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believed that mixing-zone dolomite sensu stricto does not form because of calcite 

dissolution tacking place much faster than dolomite precipitation. In the mixing-zone 

related model, dolomitization takes place in seawater with its circulation through the 

carbonates driven by the fluid movement in the mixing-zone. A modern analogue for 

mixing-zone related dolomitization could be the middle Eocene Avon Formation, 

Florida, where dolomite cement is forming in the present aquifer system (Cander, 

1994). 

4.2.5.2.3 Late diagenetic (burial) dolomite 

Two types of deep burial dolomite are recognised in this study: (1) dolomite associated 

with stylolites and dissolution seams (Section 4.2.5.2.3.1), and (2) saddle dolomite as a 

cement and replacement (Section 4.2.5.2.3.2). The Ratawi burial diagenetic 

environment is discussed in Section 4.2.4. 

4.2.5.2.3.1 Dolomite associated with stylolites and dissolution seams 

Micro-euhedral dolomite, crystal size 10 to 20 microns, associated with stylolites and 

dissolution seams is a second type of micro-euhedral dolomite (Fig. 4-17 b). It is 

considered to be formed during burial diagenesis because it formed in-asse6i-a r n-wig 

chemical compaction. The source of Mg could be from fluids associated with chemical 

compaction, moving along the stylolites and dissolution seams. Tobin et al. (1997) 

reported this type of dolomite from middle Ordovician carbonate buildups in Alabama, 

USA. 

4.2.5.2.3.2 Saddle dolomite as a cement and replacement 
Saddle (or baroque) dolomite is a variety of dolomite with undulose extinction 

characterized by curved crystal faces and cleavages due to the high iron content (Fig. 

4-18). The evidence for a deep burial origin is the occurrence of saddle dolomite in 

tectonic fractures and association with high temperature (60 to 150° C) sulphide 
mineralization, and hydrocarbon migration and accumulation (Radke and Mathis, 

1980). Saddle dolomite in the Ratawi occurs as cement filling pore space, and a 

replacement in microfacies DiagDol crystalline dolomite (Section 3.4.1). Scattered 

saddle dolomite crystals are mostly non-luminescent or dull but with a bright 

overgrowth- red zone. In addition, from the CL, there is evidence for some dissolution 

of the bright overgrowth zone and infill by non-luminescent dolomite (Fig. 4-19). 
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a) 

b) 

Figure 4-18 Photomicrograph of saddle dolomite cement. Note the rhombic cleavage and wavy 
extinction; burial dissolution has created some porosity in the cement. Sample number is R-50 
# 94, depth 7028 ft (2142 m), field of view 1x0.6 mm, a) under plane-polarized light, b) 
under crossed polars. 
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Figure 4-19 Photomicrograph of scattered saddle dolomite cement under 
cathodoluminescence. The core of the cement is non-luminescenct or dull followed by a 
luminescenct orange-red zone and then a dull outer zone. (a) field of view 3x2 mm (b) field 
of view 1x0.6 mm. Note irregular non-luminescenct areas within in the luminescenct zone 
indicating some dissolution (cement unconformity) between the early luminescenct and later 
non-luminescenct zone. Sample number is R-50 # 75, depth 6936 ft (2114 m). 
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a) 

b' 

Figure 4-20 Photomicrograph of dedolomite in reservoir Unit E. The dedolomitization 

processes resulted in open dolomite rhomb moulds (dedolomite porosity) and filling the 
moulds by low-Mg calcite. Note the straight and `V' shape of the moulds, in addition to fine 
calcite crystals filling the moulds in the centre. Sample number is R-50 # 68, depth 6891 ft 
(2100 m), field of view 0.5 x 0.3 mm, a) under plane-polarized light, b) under crossed polars. 
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a) 

b' 

Figure 4-21 Photomicrograph of dedolomite and dedolomite porosity in reservoir unit 
D. Dissolution of ferroan dolomite has produced dedolomite porosity and precipitation 
of dark brown amorphous limonite-goethite around dolomite molds, a characteristic 
feature for the dedolomitization process in the Ratawi, in addition to the `v' shapes and 
straight edges modeling the positions of rhombohedral crystal molds. Some dolomite 
molds are filled with calcite cement. All the particles are heavily micritized. Sample 
number is R-50 # 68, depth 6891 ft (2100 m), (a) field of view 3x2 mm, under plane- 
polarized light, (b) field of view 1x0.6 mm, under plane-polarized light. 
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4.2.5.3 Ratawi dedolomitization 

The dedolomitization (calcitization) of dolomite is important in the development of the 

Ratawi zone in the Wafra oilfield. The primary depositional porosity of the reservoir 

unit-D is enhanced by dedolomite porosity as discussed in Section 4.3.3.10. The 

dolomitization of the reservoir unit-D and the formation of ferroan dolomite is 

interpreted in Section 4.2.5.2.2 to be mixing-zone related, formed through the 

abundance of organic matter. The upper-most part of reservoir unit-D at well R-50 is 

characterized by subaerial exposure and rootlet porosity. Dedolomitization is discussed 

further here under two headings: dedolomitization texture and porosity (Section 

4.2.5.3.1), and Ratawi dedolomitization model (Section 4.2.5.3.2). 

4.2.5.3.1 Dedolomitization texture and porosity 
The dedolomite textures of reservoir Unit D are associated with marine, meteoric and 
burial diagenetic features. Two types of dedolomite calcite textures in the Ratawi are 
(1) calcite pseudomorphs of dolomite rhombs (rare); the calcite is identified by a lack 

of rhombic cleavage, a drusy texture (Fig. 4-20) and staining, and (2) rhombohedral 

pores (Fig. 4-21), with limonite and goethite iron oxide around the rhomb mould; this 
fabric is more common and is important in the development of the Ratawi porosity. 
These fabrics formed by the dissolution of ferroan dolomite rhombs and the oxidation 

of ferrous to ferric iron. 

Dedolomite porosity is important in the Mesozoic carbonate reservoirs of the 
Middle East (Purser, 1986); so that understanding the genesis of dedolomite porosity is 
important in the development of the Ratawi zone and exploration. Textures, processes 
and timing of dedolomitization are reviewed by Taberner et al. (1998). 
Dedolomitization is a process in which dolomite dissolves and then in some cases 
calcite is precipitated; the process liberates magnesium into solution and consumes 
calcium. This can be (1) a one-step dedolomitization process, in which the dolomite 

rhombs are dissolved and calcite simultaneously precipitated in such a manner that the 
original dolomite rhomb fabrics are inherited by the calcite; Ratawi dedolomite calcite 
rhomb fabrics are inferred to have been formed by this process, (2) a two-step 
dedolomitization process, in which dolomite is dissolved to form cavities that may be 
filled by calcite either during the same overall process or from a different solution at a 
later time. The Ratawi dedolomite rhombohedral pores are inferred to have formed in 
this way. 
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The total porosity of the dedolomite rock is controlled by the type of 

dedolomite fabric, which may be (1) the same as before the dedolomitization when the 

dedolomitization process preserves exactly the shape of the dolomite rhombs replaced, 

(2) a decrease when the dedolomitization process seals the open pores by precipitation 

of calcite, or (3) an increase when the dedolomitization process is dominated by 

dissolution of the dolomite (Taberner et al., 1998). The total porosity of reservoir unit- 

D has been increased through large-scale dissolution of the ferroan dolomite during the 

dedolomitization process, without much subsequent precipitation of calcite. 

4.2.5.3.2 Ratawi dedolomitization model 
Dedolomitization processes and the development of dedolomite porosity could be 

developed at two different times: (1) early (near-surface) dedolomitization during 

subaerial exposure, reflecting either an erosional unconformity at a sequence boundary 

or late, post-burial uplift and weathering; this process would lead to the development 

of karst, with the dedolomitization process driven by oxidizing meteoric ground waters 

(Canaveral et al., 1996), and (2) late diagenetic dedolomitization during deep 

diagenesis. This dedolomitization process is driven by Ca-rich brines moving up into 

the dolomites (Budaj et al., 1984). The meteoric cement and calcrete features in 

Ratawi reservoir Unit D support the early exposure-related dedolomitization and the 

development of the dedolomite porosity before the deposition of unit-F. 

4.3 Ratawi porosity 

4.3.1 Porosity in carbonates versus siliciclastics 

The pore types and distribution are basically different in carbonates compared to 

siliciclastics (Choquette and Pray, 1970). The dominant pore type in siliciclastic 

sandstone is the primary depositional interparticle pore; the pore diameter and pore- 
throat size, that influence permeability, are a function of grain size and sorting. The 

processes working in the depositional environment of a siliciclastic sandstone control 
the rock fabric, grain size and sorting. The pore nature in a siliciclastic sandstone 
remains unchanged to a certain extent when the porosity is reduced by cementation 
and physical compaction. Only after the number of the pore connections are reduced 
would there be a major change in the porosity-permeability relation (Evans et al., 
1997; Kupecz et al., 1997). 
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However, in carbonate rocks, there is little relationship between depositional 

environment, energy, sorting and grain size, with primary pore types, which are highly 

variable in size and shape; the pore types in a carbonate are more varied than in a 

siliciclastic rock because of diagenetic modification. The size of the carbonate pores 

can range from less than one micron to caverns more than 100 meters across, and these 

could juxtaposed within the same rock unit. The complexity of porosity in a carbonate 
is the result of a combination of biological chemical and physical depositional 

proccses, grnd the diagenetic overprint of chemically reactive carbonates throughout 

their 
+ 

ll history (Kupecz et al., 1997). 

4.3.2 Carbonate porosity classification 
Flügel (1982) reviewed carbonate porosity classifications, which are mostly founded 

upon three bases: (1) geometry of pores, (2) interconnection of pores, and (3) 

relationship between rock-types and porosity types. The most widely used 

classification is that of Choquette and Pray (1970) (Tucker and Wright, 1990), which 

is based on pore geometry, the relations between pore types and origin of pores. The 

classification has two elements, which are (1) the basic carbonate porosity types, and 
(2) three sets of modifying terms for the basic porosity types, which are time of 

porosity formation, pore size and shape, and porosity abundance. 

Choquette and Pray (1970) recognized 15 basic porosity types, which can be 

placed in three groups in relation to the rock fabric, namely (1) fabric-selective; the 

pores are defined by fabric elements of the rock, (2) non-fabric-selective; the pores are 
not defined by fabric elements of the rock, the pores cross-cut the actual fabric, and (3) 
fabric-selective or not, the pores may or may not exhibit fabric control. It is important 

to assess fabric selectivity in order to describe, interpret and classify carbonate 

porosity better, which is determined by (1) the configuration of the pore boundary, and 
(2) the position of the pore relative to rock fabric (Choquette and Pray, 1970; Moore, 
1989; Tucker and Wright, 1990). 

The classification divides porosity into primary and secondary porosity. 
Primary porosity is any porosity present in a sediment or rock at the termination of 
depositional processes, and two basic types are (1) pre-depositional stage, which 
includes intraparticle porosity, within individual particles, such as foraminifers and 
gastropods or in non-skeletal particles (pellets and ooids), and (2) depositional stage, 
which includes interparticle and framework porosity, formed at the site of deposition 
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or in a growing organic framework. 

Secondary porosity is any porosity developed at any time after final deposition. 

Choquette and Pray (1970) divided this time of secondary porosity formation into 

three stages, eogenetic, telogenetic and mesogenetic. The eogenetic stage is the time 

interval between the deposition and before deep burial, when the sediment is sill under 

the influence of surficial diagenetic processes. The mineralogy is generally unstable or 
in the process of stabilization at this time (Choquette and Pray, 1970; Moore, 1989). 

Diagenetic processes of this zone include cementation, dolomitization, and dissolution, 

which are active in the meteoric (Section 4.2.3) and marine (Section 4.2.2) diagenetic 

environments. This zone is very important for Ratawi porosity formation. 

The mesogenetic stage starts when the sediment is buried below the influence 

of surficial diagenetic processes. The diagenetic processes of this zone include burial 

cementation and compaction, which are active in the deep burial diagenetic 

environment (Section 4.2.3), and are responsible for the reduction of the near-surface 

porosity of the Ratawi. The rock could spend a long geological time in this zone, 

which is characterized by slow diagenetic modification; the porosity development is 

generally destruction, and may end by complete elimination of the porosity (Choquette 

and Pray, 1970; Moore, 1989). This zone is very important for Ratawi porosity 

reduction. 

The telogenetic stage is the stage after the mesogenetic stage when the 

carbonate succession is exhumed to the influence of surficial diagenetic processes 
associated with unconformities. This stage is inferred in this study to be responsible 
for the development of reservoir unit-E below a 2°d order sequence boundary, and is 

characterized by a stable calcite mineralogy that is less susceptible to surficial 
meteoric diagenetic processes (Choquette and Pray, 1970; Moore, 1989). This zone is 

very important for Ratawi porosity formation. 

Ratawi reservoir unit-D is dominated by primary porosity enhanced by minor 
secondary porosity from the eogenetic and mesogenetic stages, in addition to some 
telogenetic alternation. Reservoir unit-E is dominated by secondary porosity of the 
telogenetic stage enhanced by minor mesogenetic porosity. 

4.3.3 Ratawi basic porosity types 

Microfacies analysis of the Ratawi oolite and Ratawi Limestone recognizes eleven 
basic porosity types (Appendix 1). Dedolomite pore type is listed with 
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dedolomitization, and the microporosity pore type is inferred to be in all Ratawi core 

samples. This study estimates the percentage of the Ratawi porosity from the thin 

sections and relates it to rock textures and position on the ramp facies belts (Fig. 4-22). 

Ratawi basic porosity types are: 

4.3.3.1 Interparticle pore type 

Interparticle pores, which are fabric-selective primary depositional type, are the main 

controlling pore type in reservoir unit-D (Fig. 4-7 and 4-14 b). at the flank of the main 
Wafra area. Also this type is the main controlling pore type in reservoir unit A, B and 
C at the crest of the main Wafra area (Longacre and Elliott, 1988). The interparticle 

pores occur between non-skeletal and skeletal grains within grainstones and 

packstones, which are controlled by the energy of the depositional environment. 
Moderate to high energy is necessary to winnow out most of the lime mud, which is 

characteristic of the shoal sand-bodies of the Ratawi shallow ramp facies belt (Section 

3.3.2). 

This porosity type varies with sorting, and grain shape: better sorting, and 
irregular or angular grain shape effect the grain packing and increase porosity; the 

packing of the rock fabric is also influenced by unidirectional currents and 
bioturbation. Unidirectional currents impose an alignment of grains, which imposes a 
degree of anisotropy to the flow of the fluids through the interparticle porosity. 
Bioturbation mixes the fabric, and imposes a degree of isotropy to the flow (Scoffin, 

1987; Moore, 1989). Interparticle porosity may also form by selective dissolution of 
the matrix (lime mud) from between larger grains (Flügel, 1982). 

The interparticle pores, which characterize reservoir unit-D with more than 
15% porosity cut off, are reduced by cementation and chemical compaction. Only a 
small amount of early meteoric cement is required to reduce the effect of the burial 

compaction in reducing the reservoir interparticle porosity and preservation of near 
surface porosity. Consequently, the preservation of the primary interparticle porosity 
of reservoir unit-D is favoured in the shallow-water, moderate to high energy facies of 
the Ratawi shallow ramp, where sand-bodies built-up to sea level. Then there was a 
sea level drop to expose the sand-body for a short period of time to meteoric 
diagenesis, so that small amounts of meteoric cement were precipitated to reduce the 
effect of burial compaction on the reservoir quality. 
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Figure 4-22 Ratawi porosity measured from thin section related to (a) texture and (b) Ratawi 
facies belts. Numbers are numbers of samples with that porosity. Note most of the reservoir 
zone (porosity equal or more than 15%) is in the grainstone texture (a) that occur in the 
shallow-ramp and ramp subaerial exposure belts (b). (Ms = mudstone, WS = wackestone, Ps = 
packstone, Gs = grainstone, Fs = floatstone, Rs = rudstone and Cx = crystalline carbonate). 
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4.3.3.2 Intraparticle pore type 

Intraparticle pores are a fabric-selective primary type, which is formed within the 

grains, and is not necessary interconnected between grains (Fig. 4-27). Its effect on 

permeability will depend on the micropermeability of the grain, and on overall fabric 

of the rock (Scoffin, 1987; Tucker and Wright, 1990). This type is a minor pore type in 

the Ratawi; this study recognizes it only in foraminifers and gastropod skeletal 

chambers. 

4.3.3.3 Mouldic pore type 

Mouldic pores are a fabric-selective secondary type, which is formed by selective 

removal of grains by dissolution during early diagenesis (Fig. 4-24 a and 4-25 a). This 

selective dissolution is due to a difference in solubility between the grain and the 

framework that can be related to (1) a difference in mineralogy, like aragonite and 

calcite, and (2) a difference in crystal size, crystallinity, and organic inclusions. The 

permeability of the rock increases when mouldic pores are connected to another pore 

system as in a grain-supported texture. However, when they are not connected, as in a 

mud-supported texture, then the permeability of the rock dose not change (Flügel, 

1982; Scoffin, 1987; Tucker and Wright, 1990). 

This study recognizes mouldic pores of sponge spicules and crinoids in the 

Ratawi. The original mineralogy of sponge spicules is siliceous or calcareous, whereas 

crinoids were calcareous. The non-reservoir microfacies with a porosity of more than 

15% are characterized by mouldic pores in a mud-supported texture with no 

connection, giving the rock a low permeability. 

4.3.3.4 Vug pore type 

Vug pores are a non-fabric-selective secondary type, formed by non-selective 
dissolution that cuts across the rock fabric, grains and cement boundaries (Fig. 4-24 a 

and 4-14 b). These could represent dissolution enlargement of fabric-selective mouldic 

pores. The diameter of the vugs is greater than 0.05 mm, and they are visible to the 

naked eye. Smaller vugs are a form of microporosity (Section 4.3.3.11); larger vugs 

are termed caves or cavernous porosity, which may be linked by channels. The total 

porosity and permeability of the rock are determined by the size and the number of the 

vugs. 

The vuggy porosity.. is formed during meteoric diagenesis (eogenetic and 
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telogenetic stages) and also during deep diagenesis, mesogenetic stages (Scoffin, 1987; 

Tucker and Wright, 1990). Vuggy porosity is common in the Ratawi and is the result 

of early meteoric dissolution (Section 4.2.3.3), when there is evidence of subaerial 

exposure, as in reservoir unit-E. Where there is no evidence of subaerial exposure, the 

origin of the vuggy porosity is inferred to be late deep dissolution (Section 4.2.4.4). 

Some of the Ratawi vuggy porosity is within saddle dolomite cements. This indicates 

deep burial dissolution of dolomite. 

4.3.3.5 Intercrystal pore type 
Inter-crystal pores are a fabric-selective secondary type (Fig. 3-10 b), occurring 

between crystals that could be replacive dolomite, evaporite or recrystallized calcite. 

The permeability is influenced by many factors including the size of the crystals, and 

the abundance of compromise boundaries. The smaller crystal size would cause a 
higher surface tension, which would lower permeability. Where there are fewer 

compromise boundaries giving large pore-throats, a higher permeability is generated 

(Scoffin, 1987; Tucker and Wright, 1990). This type of porosity is rare in the Ratawi, 

but it does occur in the deep burial saddle dolomite microfacies (DiagDol) that formed 

as a replacement (Section 4.2.5). 

4.3.3.6 Fracture pore type 

Fracture pores are a non-fabric selective secondary type (Fig. 4-25 b and 4-26 a), 
which is formed in brittle rock, usually with a homogeneous fabric. Fracture porosity 
is characterized by little relative displacement of adjacent blocks and grades into 
breccia porosity where blocks are jumbled and chaotic. To have an open fracture 

porosity, fracturing has to be post-burial, and this is usually associated with folding, 
faulting, salt doming, salt dissolution or fluid overpressure. Fractures can increase 

permeability by many times, especially when occurring in interconnected conjugate 
sets, even with low total porosity, and allow an increase in recovery efficiency. 
However, the permeability of the rock fabric becomes strongly anisotropic and with 
low recovery efficiency, when fractures follow the trend of the local tectonics that 
produce parallel fractures. Fractures allow the passage of post-burial fluids, which 
could create a vuggy porosity (Scoffin, 1987; Tucker and Wright, 1990). This type of 
porosity is not very common in the Ratawi; some of the fracture porosity is occluded 
by coarse granular deep burial cements. Under CL (Fig. 4-23) the fracture-filling 
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Figure 4-23 Photomicrograph of crinoid grain with fracture and syntaxial overgrowth calcite 
cement (a) under plane-polarized light (b) under cathodoluminescence field of view 3x2 mm. Note the luminescence of the granular drusy calcite cement in the fracture. Sample number is 
R-50 # 73, depth 6925 ft (2114 m). 
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a 

b) 

Figure 4-24 a) Photomicrograph of vuggy, moldic and intraparticle porosities in 
wackestone (microfacies DR3). Note the presence of moldic porosity from dissolution 
of gastropods, crinoids and sponge spicules. Some of the moldic pores were enlarged 
by dissolution. Sample number is R-49 # 13, depth 6789 ft (2069 m), field of view 5x 
3 mm, under plane-polarized light. b) Photomicrograph of the interparticle porosity in 
reservoir unit E (microfacies DiagCal: pedogenic calcrete). Interparticle porosity was 
preserved from subsequent burial compaction by meteoric cement formed in the 
calcrete zone. The interparticle porosity is reduced by chemical and physical 
compaction as evidenced by the development of dissolution seams and the fracture of 
brachiopod shell. Early crinoid overgrowth also preserved (white). Sample number is 
R-49 # 18, depth 6814 ft (2077 m), field of view 5x3 mm, under plane-polarized ligit. 
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ä) 

b 

Figure 4-25 Photomicrograph of vug porosity and fracture porosity. Note selective dissolution 
of skeletal grains in (a) and similar orientation of the fractures in (b) Sample number is R-48 # 
7, depth 6760 ft (2060 m), field of view 5x3 mm, under plane-polarized light. 
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a) 

b` 

Figure 4-26 a) Photomicrograph of tectonic fractures. Most of the fractures are filled by drusy 
cement. Sample number is R-50 # 30, depth 6675 ft (2034 m), field of view 5x3 mm, under 
plane-polarized light. b) Photomicrograph of complex and irregular cracks associated with 
subaerial exposure, calcrete fabric. The calcrete fabric consists of micritized grains, dense 
microfabric and floating bioclasts. Sample number is R-48 # 16, depth 6691 ft (2039 m), field 
of view 5x3 mm, under plane-polarized light. 
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Figure 4-27 Photomicrograph of intraparticle porosity in skeletal grain of foraminifera. Note 

most of the grains are severely micritized. Sample number is R-50 # 70, depth 6912 ft (2107 

m), field of view Ix0.6 mm, under crossed polars. 

calcite can be a bright orange colour. Some fractures are still open (Fig. 4-23 b). The 

origin of the fracture porosity is probably related to the growth of the Wafra 

antecedent fold structure. 

4.3.3.7 Stylolitic pore type 

Stylolitic pores are a non-fabric selective secondary type, which is developed through 

pressure dissolution; this type of porosity is not included in Choquette and Pray 

(1970)'s 15 basic pore types. The stylolitic porosity is similar to fracture porosity, 

which may serve as a pathway for migrating fluid, hydrocarbons and formation water 

that could create a vuggy porosity along these pathways. The permeability of the 

stylolitic porosity is strongly anisotropic, and usually parallel to bedding (Scoffin, 

1987). The stylolitic porosity is not very common in the Ratawi; the origin of the 

porosity is by deep burial chemical compaction (Section 4.2.4.2) in the mesogenetic 

stage. Open stylolites indicate a release of the pressure that generated the chemical 

compaction. 

4.3.3.8 Burrow pore type 

Burrow pores may be fabric selective or not (Fig. 4-16 a); they are a primary type, 

created by burrowing organisms in relatively unconsolidated sediment (Scoffin, 1987; 
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Tucker and Wright, 1990). This type of porosity is rare in the Ratawi and is recognized 

in this study by micro-euhedral dolomite rhombs, which have formed as a selective 

dolomitization of burrows (discussed in Section 4.3.5.2.1). There is a minor amount of 

porous saddle dolomite cement around the open burrow porosity, which could indicate 

a diagenetic sequence of deep burial cement first filling the pore space, followed by 

selective dissolution of the saddle dolomite cement. The burrow porosity is isolated in 

a mud-supported texture, and so does not increase the permeability. 

4.3.3.9 Rootlet pore type 
The term rootlet porosity is used in this study to describe all open fabric features that 

formed during subaerial exposure, which have not been blocked by cement or micrite; 

thus rootlet pores are a non-fabric selective secondary type. This type of pore is the 

main controlling pore type in reservoir unit-E, which is the only reservoir unit that is 

producing from the three areas of the oilfield, main, southern and east Wafra areas. 
The rootlet porosity includes rhizoliths (Fig. 3-12 a) (Section 3.4.3.4.2), alveolar septal 

structure (Fig. 3-14) (Section 3.4.3.4 3), calcified filaments (Fig. 3-13) (Section 

3.4.3.4.4), radial cracking (Section 3.4.3.4.6), and complex cracks (Fig. 4-26 b) 

(Section 3.4.3.4.7). Choquette and Pray (1970) used the term shrinkage porosity for 

pore space formed by shrinkage of the sediment soon after deposition through 
desiccation. The radial cracks and complex cracks are interpreted in this study as the 

result of diagenesis during subaerial exposure. 

4.3.3.10 Dedolomite pore type 

The term dedolomite porosity was used by Purser (1986) to describe secondary 
porosity associated with dedolomitization of middle Jurassic carbonate reservoirs in 

the Paris basin. The dedolomite pores (Fig. 4-21) are a fabric selective secondary type 
that is recognised by distinctive rhombohedral crystal-mould pores. Dedolomite 

porosity is formed by dolomite dissolution and in this study is associated with 
subaerial exposure (Section 4.4.3). Purser (1986) argued that although the 
dedolomitization process has been known since the 19th Century, dedolomite porosity 
is more widespread in hydrocarbon reservoirs than is generally believed; recognition 
of dolomite rhomb moulds, which is the direct evidence for dedolomitization in 

reservoir rocks, may be exceptional. However, reservoir rocks with leached-fossil 

porosity is common, as in much of the Cretaceous Ratawi zone and Jurassic of the 
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Middle East. These reservoir rocks should be re-examined in the light of possible 

dedolomitization processes that form dedolomite porosity and control reservoir 

heterogeneity. Dedolomite pores are only found in reservoir unit-D, enhancing the 

porosity of the unit, which is dominated by interparticle pore types. 

4.3.3.11 Microporosity pore type 

Microporosity is very important in the Ratawi zone at Wafra oilfield, and so 

understanding this type of porosity is significant for reservoir development and 

exploration. Chalky texture is common in the Mesozoic and Tertiary carbonate 

reservoirs of the Middle East (Wilson, 1975) and forms major reservoirs for oil, gas 

and condensate in the Thamama Group throughout the Arabian basin (Moshier, 

1989a). The chalky texture of the Middle East reservoirs is formed by the development 

of microporosity within the matrix component of the shallow-water carbonates, which 

is different from that in the true chalks that formed through deep-sea accumulation of 

calcareous nannofossil tests with abundant interparticle and intraparticle microporosity 

(Al-Aasm and Azmy, 1996). 

Choquette and Pray (1970) defined the micropores as voids of less than 62 

microns in average diameter; the term microporosity is equivalent to matrix 

microporosity, intramicrite porosity, chalky-porosity, matrical porosity, and pin-point 

porosity (Moshier, 1989b). Micropores with values larger than 5 microns could be 

significant with respect to reservoir performance and evaluation (Moshier, 1989b). 

However, Al-Aasm and Azmy (1996) studied the diagenesis and evolution of 

microporosity of Middle-Upper Devonian Kee Scarp reefs, Norman Wells, Northwest 

Territories, Canada and concluded that the best reservoir microporosity type is 

microvugs 4 to 10 microns. 

Figure 4-28 SEM micrograph intercrystalline microporosity and microvugs. Polished and 
etched resin-impregnated samples (a) and (b) sample number is R-50 # 70, depth 6912 ft 
(2107), (b) sample number is R-48 # 8, depth 6755 ft (2059 m). Note the high percentage of 
the microporosity, inferred in this study to be ineffective porosity, making the cut off porosity 
for the Ratawi zone equal or more than 15%. 
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h) 

C) 
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Three Ratawi core samples were examined by scanning electron microscope to 

study the diagenetic texture and microporosity types. The samples were impregnated 

with blue resin, polished and etched with 50% acetic acid for two minutes. Three types 

of microporosity are found: micro-vugs, micro-channels, and micro-intercrystalline; 

the average microporosity is 10 % ranging up to 20%. There are three possible origins 

for the Lower Cretaceous Thamama Group microporosity (Moshier, 1989 a, b) 

namely: (1) shallow meteoric diagenesis during exposure and unconformity formation 

(Harris et al., 1985), (2) lack of cementation during mineral recrystallisation and 

stabilisation, which could be related to the calcite-sea of the Cretaceous (Wilson, 

1980), and (3) deep burial diagenesis. This study inferred that most of the 

microporosity of the Ratawi zone formed by the first process, meteoric diagenesis 

during formation of a sequence boundary above reservoir unit-E, and by the second 

process, a lack of, rly cementation 
0%f 

The cu), t o porosity for the Ratawi zone at Wafra oilfield is 15% (Longacre and 

Ginger, 1987), which could indicate that there is a high percentage of ineffective 

porosity in the Lower Cretaceous Ratawi Formation. This ineffective porosity is 

inferred in this study to be caused by the presence of the microporosity. As mentioned 
before, the nature of the pore system, among other factors, controls the permeability 

and recovery efficiency of the Ratawi reservoir (Chilingarian et al., 1992). This study 
infers that the limited amount of fracture porosity and the small pore size, pore-throat 

size, and number of pore-connections of the microporosity contribute to the high 

porosity cut-off for the Ratawi zone. 

4.3.4 Porosity preservation during burial 

4.3.4.1 Introduction 

Ancient carbonates with porosity greater than a few percent are relatively uncommon, 
whereas newly deposited carbonate sediments typically have porosities of 40 to 70%. 
The destruction of the near-surface carbonate porosity with burial is the dominant 
trend of porosity evolution (Choquette and Pray, 1970). Schmoker and Halley (1982) 

recommended a change in geological emphasis, from the establishment of the 
correlations between early history (depositional environments and near-surface 
diagenetic environments) and porosity `evolution', to the establishment of correlations 
between early history and porosity `preservation' in the subsurface. 
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According to Alsharhan and Magara (1995) the main concerns of workers is 

not the creation of new porosity with burial, but the preservation of near-surface 

porosity at the burial depths of the reservoir. To preserve the high near-surface 

porosity to the reservoir burial depth, the effects of cementation and compaction 

processes must be reduced (Scholle and Halley, 1985). The possible geological, 

physical and chemical factors that reduce these deep diagenetic processes is reviewed 

under two headings, processes to reduce the effect of cementation (Section 4.3.4.2) 

and processes to reduce the effect of chemical compaction (Section 4.3.4.3); this 

information, plus regional data are used in this study to interpret the preservation of the 

near-surface porosity in the Ratawi zone at Wafra oilfield (Section 4.3.4.4). 

4.3.4.2 Processes to reduce the effect of cementation 

To cause significant cementation, formation water must be characterized by two main 
features: (1) the formation fluid must contain certain minimum amounts of ions in 

solution, and (2) the formation fluid must be flowing to supply the ions to the cement 

site (Harris et al., 1985). The absence of early cement could be due to processes that 

reduce ion concentration in the fluid or slow the fluid movement. These processes 
include: 

4.3.4.2.1 Absence of a source of carbonate cement 

There are three potential sources for carbonate cement, when they are reduced the 

preservation potential for the near-surface porosity increases. These are (1) a near- 
surface source during mineral stabilization; cement from this source rarely destroys all 
the porosity. (2) A deep phreatic source that is generated by an effective hydrodynamic 

flow system. This system precipitates cement near the carbonate source because 

carbonate solutions rapidly attain equilibrium; therefore this process also rarely 
destroys all the porosity. (3) A local source of CaCO3 liberated during pressure 
dissolution (Alsharhan and Magara, 1995). 

4.3.4.2.2 Isolation of the reservoir from the carbonate cement source 
Alsharhan and Magara (1995) cited Wilson (1981) that the deposition of an extensive 
seal rock above a reservoir rock would protect the porosity of the reservoir from late 

cementation by fresh water. This process was suggested for the preservation of the 

porosity in the Arab Formation by the deposition of the Hith Anhydrite seal. 
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4.3.4.2.3 Reduced fluid mobility by early emplacement of hydrocarbons 

Diagenetic processes take places in the presence of water. Early hydrocarbon 

emplacement in a reservoir would increase the pressure to the level of excess pressure 

and this reduces the flow of the formation water, and reduces cementation in the oil- 

saturated interval, so preserving porosity (Magara et al., 1993). This process requires 

early migration of the hydrocarbons from the source rock to the reservoir rock. 

4.3.4.2.4 High brine concentration in formation water 
Formation fluid must contain a certain minimum amount of CaCO2 in solution to cause 

significant cementation. High brine concentrations up to 250,000 ppm may interfere 

with cement mineral solubility, which could slow the precipitation of cement (Magara 

et al., 1993; Alsharhan and Magara, 1995). 

4.3.4.2.5 High carboxylic acid concentration in formation water 
The stability of carbonate minerals during progressive burial depends on two factors: 

(1) the aqueous species calcite (Ca2+), carbon dioxide (CO2), carbonic acid (H2CO3), 

bicarbonate (HCO3 ), and carbonate (C032") and (2) the alkalinity (pH) that depends on 

pressure of the carbon dioxide (pCO2) and organic acids, including carboxylic acid 
anions. Surdam et al. (1989) suggested that oxygen-bearing functional groups and 

water-soluble carboxylic acid are generated before or simultaneous with hydrocarbons 

and that pulses of organic compounds could control inorganic diagenesis, which 
include cement precipitation and enhancement of porosity by dissolution. 

Over the temperature range 80 to 120°C, the pH of formation waters is 

typically controlled by carboxylic acid, not by pCO2. Below 80°C bacteria consume 
short-chained organic groups of the acid and keep the acid at a relatively low 

concentration, but at elevated temperature, over 80°C, the bacterial activity is reduced 
and the acid concentration increases. However at elevated temperature, more than 
120°C, the acid is destroyed by thermal decarboxylation. When the pH is low, low 

alkalinity, and temperature between 80 to 120°C, the carbonate solubility may be high, 

which results in carbonate dissolution or lack of carbonate cement precipitation 
(Surdam et al., 1989). 
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4.3.4.3 Processes to reduce the effect of chemical compaction 

Chemical compaction is a very important factor in reducing near-surface porosity 

(Scholle and Halley, 1985). Therefore the processes that reduce chemical compaction 

would increase the preservation of near-surface porosity. These processes include: 

4.3.4.3.1 Early lithification 

Early lithification processes include early near-surface cementation that produces a 

lithified framework which resists deep burial pressure dissolution. This process has 

been suggested to preserve the porosity in the Arab Formation and Smackover 

Formation (Alsharhan and Magara, 1995). 

4.3.4.3.2 Early hydrocarbon emplacement 

The early hydrocarbon emplacement in the reservoir would build up the pressure to the 

level of excess pressure in the oil-saturated zone by the oil buoyancy effect. This 

excess pressure would reduce the effect of the overburden stress, and so reduce the 

process of chemical and physical compaction (Magara et al., 1993). 

4.3.4.3.3 Structural growth, unconformity and anhydrite buffer zone 
Magara et al. (1993) suggested three possible processes which could reduce the effect 

of burial compaction and therefore increase the preservation of near-surface porosity 

of the Arab Formation. The first is continuous or repeated growth of the structure 
(hydrocarbon trap) which could reduce the effect of the overburden stress at the crestal 
location of the structure and so reduce compaction at the crest where the reservoir 

would occur. This process might explain the porosity difference between a crest of the 

structure and a down-dip position, which is often reduced. 

The second is regional unconformity which might provide periods of elastic 
rebound of the rock, that would tend to reduce the effect of the overburden stress and 
compaction. The last is the presence of thick anhydrite beds, Hith and Arab B, C, and 
D anhydrite, which might have provided protection from the overburden pressure. 
These anhydrite zones might absorb part of the overpressure by yielding vertically and 
laterally through ductile and plastic deformation, and so reduce the effective stress on 
the reservoir rock. 
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4.3.4.4 Ratawi porosity preservation 
The porosity of the Ratawi zone at the Wafra oilfield, like all hydrocarbon reservoirs, 

represents a single point of porosity evolution along the continuum of porosity 
diagenesis (Schmoker and Halley, 1982). The Ratawi zone at Wafra oilfield is more 

than 152 m (500 ft) thick, at an average depth of 2133 m (7000 ft), with average 

porosity ranging from 18 to 25% and average permeability ranging from 100 and to 

more than one Darcy (Longacre and Ginger, 1987). The microfacies analysis of the 

Ratawi zone recognized two reservoir units, each with different reservoir lithofacies 

and controlling porosity types, but the porosity of both reservoir units originated by 

near-surface processes. 
Reservoir unit D is controlled by primary intergranular porosity of the shallow 

ramp sand-body, whereas reservoir unit E is controlled by secondary diagenetic 

porosity formed during subaerial exposure at the 2nd order sequence boundary. The 

geometries of reservoir unit D, and unit E depend on the nature of their porosities, 

which are mainly controlled by depositional and diagenetic subaerial exposure 

environments. 

There are two factors which account for the existence of the high porosity of 
the Ratawi zone at the Wafra oilfield: (1) preservation of the near-surface porosity, and 
(2) deep burial diagenetic enhancement of the near-surface porosity and creation of 

new porosity by acidic fluids, and fracturing. The possible processes for the first factor 

are examined under two headings, Ratawi porosity preservation by reduction of 

compaction (Section 4.3.4.4.1), and Ratawi porosity preservation by reduction of 

cementation (Section 4.3.4.4.2). The second factor is examined in the burial diagenetic 

environment (Section 4.3.4). 

4.3.4.4.1 Ratawi porosity preservation by reduction of compaction 
This study has inferred three possible processes which could reduce the effect of 
compaction in the Ratawi zone. The first process is early lithification and mineral 
stabilization (Section 4.3.4.2.1). The preservation of the depositional intergranular. 

porosity of reservoir unit-D from burial compaction is by early lithification through 
precipitation of meteoric cement during a brief period of subaerial exposure. This also 
stabilized the mineralogy, and aragonite and high Mg-calcite changed to low Mg- 
calcite. With reservoir unit-E, secondary diagenetic rootlet porosity and stable 
minerals formed during a long period of subaerial exposure that is interpreted in this 
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study to be a 2nd order sequence boundary. 

The second process is early hydrocarbon emplacement (Section 4.3.4.2.2). The 

development of the Wafra anticlinal structure may have been critical in permitting 

early oil migration into a growing structure and so preserved the reservoir quality by 

halting diagenesis. The Wafra structure, as other `Arabian Folds' in Kuwait and Saudi 

Arabia, became active as early as the Jurassic and continued to developed until the 

early Tertiary, as evidence from structure contour maps (Bou Rabee, 1996). The 

evidence for the development of `Arabian Folds' from the Ratawi zone at Wafra 

oilfield is the thinning of the reservoir and non-reservoir units over the Wafra main 

area antecedent structure and facies changes on the crest and flank of the structure 

(Longacre and Ginger, 1987) (see Fig. 2-8 and 2-9). 

The Lower Cretaceous source rocks in the study area, Makhul (Sulaiy), 

Minagish (Ratawi Oolite Member) and Zubair formations, subsided without major 

anomalies in burial rate or heatflow. They then entered the oil window during the Late 

Cretaceous and Early Tertiary, whereas oil expulsion occurred throughout Tertiary 

time. Quantification of expelled oil volumes suggests that the Makhul Formation was 

the most productive source rock in Kuwait (Abdullah et al., 1997). These data indicate 

hydrocarbon generation and migration from the Makhul source rock juxtaposed to the 

Ratawi zone and accumulation in the growing anticlinal structure started during the 

Late Cretaceous. 

The last process is structure growth and unconformity formation (Section 

4.3.4.2.3). The Wafra structure was continuously developing from the early Jurassic up 
to the recent time (Bou-Rabee, 1996). In addition, the regional unconformity during 

the end of the Lower, Middle and Upper Cretaceous in the study area (Alsharhan and 
Nairn, 1997) could have reduced the effect of the overburden stress by providing 

periods of possible elastic rebound of the rock. 

4.3.4.4.2 Ratawi porosity preservation by reduction of cementation 
This study has inferred five possible processes, which could have reduced the effect of 
cementation in the Ratawi zone. The first process is the absence of a source of 
carbonate cement (Section 4.3.4.1.1). The Ratawi Formation was deposited in a 

restricted depositional environment at a time of calcite sea in the Lower Cretaceous 
(Tucker and Wright, 1990). This could have led to a lower rate of marine cementation 
compared to the relatively fast rates of modem aragonite cementation under conditions 
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of strong marine water circulation. The low percentage of aragonite particles, skeletal 

and non-skeletal within the Ratawi, could have lead to limited cement sources during 

subaerial meteoric mineral stabilization. 

The second process is the isolation of the reservoir from the carbonate cement 

source (Section 4.3.41.2). The Ratawi Formation consists of three members; the 

Ratawi Oolite, the lower member, is shallow-water carbonate, whereas the second and 

the third members, Ratawi Limestone and Ratawi Shale, are interpreted in this study to 

be part of a drowning sequence. According to Murris (1980) the last two represent a 

regional seal. This extensive seal at the top of the Ratawi zone could have protected 

the porosity of the reservoir from late cementation by fresh water. 

The third process is reduced fluid mobility by early emplacement of 

hydrocarbons (Section 4.3.4.2.3). As explained in the previous section, oil generation 

and migration from source rock to Ratawi reservoir started during the Late Cretaceous. 

Early oil emplacement in the trap could have reduced the flow of formation water and 

reduced cementation in the Ratawi oil-saturated zone. 
The fourth process is high brine concentration in formation water (Section 

2 
4.3.4.2'. 4). The Upper Jurassic in the study area is characterized by a thick sequence of 

evaporites rock of the Gotnia Formation. This could have led to high brine 

concentrations in the formation waters of the Lower Cretaceous Ratawi Formation, 

which could have interfered with cement mineral solubility and slowed the 

precipitation of cement. 

The last process is carboxylic acids in formation water (Section 4.3.4.1.5). This 

process could be the most significant process for the preservation of the near-surface 

Ratawi porosity (depositional and early diagenetic) during burial and deep burial 

enhancement of the porosity by dissolution. As mentioned before, the source rocks for 

the Ratawi oil system entered the oil window during Late Cretaceous and Early 

Tertiary (Abdullah et al., 1997). This could indicate that the Ratawi source rock started 
to generate carboxylic acids, which migrated into Ratawi formation water from the 
Middle Cretaceous. This process could have lead to lower alkalinity of formation 

water; between 80 to 120°C, carbonate dissolution or lack of carbonate cement 

precipitation would result (Surdam et al., 1989). 
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4.4 Ratawi sequence stratigraphy and porosity development 

4.4.1 Introduction 

Porosity and permeability are largely controlled by two factors: (1) the original fabric 

and composition of the sediments, and (2) the subsequent diagenetic processes. The 

prediction of porosity in a reservoir is important for exploration as well as 
development; there are different approaches to construct models to predict carbonate 

porosity with depth. The models can be used in two main ways: (1) to provide 

standards, which are used as a tool to estimate porosity prior to drilling, and (2) to 

identify anomalies with higher porosity than the average, which allow the focusing of 

attention on specific factors that act to preserve near-surface porosity (Section 4.3.4), 

and create new secondary porosity at depth (Section 4.2.4.4) (Scholle and Halley, 

1985). 

4.4.2 Methods to predict porosity with depth 

According to Horbury and Robinson (1993) there are three main methods for 

predicting carbonate porosity with depth: (1) correlation between porosity and depth or 

maturity (Section 4. $. 2.1), (2) predicting porosity by chemical modelling (Section 

4. $. 2.2), and (3) predicting porosity in the framework of sequence stratigraphy 
(Section 4. $. 2.3). The last approach, which is one of the major aims of this study, is 

considered by Horbury and Robinson (1993) to be intermediate between the first 

approach of straightforward porosity-depth plots, and the second more theoretical 

chemical approach. 

4.4.2.1 Porosity-depth or maturity correlation model 
The destruction of porosity is the dominant trend of porosity evolution in carbonates 
with increasing burial depth. The influence of burial diagenetic history on carbonate 
porosity evolution commonly is illustrated by porosity-loss curves (Fig. 4-29), in 

which porosity is plotted versus depth (Halley and Schmoker, 1983; Schmoker, 1984). 
According to Amthor et al. (1994) the variable thermal maturity and increase in 
temperature, could be a better variable to use than burial depth to correlate with 
porosity evolution. Generally, carbonate porosity decreases with increasing maturity 
and increasing temperature; in general the bulk of porosity losses are more rapid in 
lower porosity rock. Dolomites appear to retain their porosity and permeability much 
better than limestone during burial, which indicates that dolomites are more resistant to 
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porosity and permeability reducing processes. The better porosity and permeability of 

dolomites relative to limestones at greater depths could have economic significance 

during exploration (Amthor et al., 1994). 
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Figure 4-29 Porosity versus depth for carbonate rocks. The curved line is the average and the 
ornament shows the range (after Tucker and Wright, 1990). Also shown is the depth and 
porosity range of the Ratawi Formation in the Wafra oilfield. 
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The relation of carbonate porosity to depth for the Cenozoic and Mesozoic 

South Florida basin was studied by Schmoker and Halley (1982) who showed that the 

average porosity for a shallow-water carbonate composite 
ýection 

for South Florida 

was reduced by a factor of two at a depth interval of about 1740 m (5700 ft). Deep- 

water carbonate shows a greater rate of porosity loss with depth. The study concluded 

that the regional porosity relations in South Florida are not primarily dependent upon 

the imprint of the highly variable depositional environments and near-surface 
diagenetic environments, but relate instead to more predictable parameters of burial 

depth. This regional porosity-depth relation could represent a general basic property of 

carbonate rocks. Schmoker and Halley (1982) suggested a change in the study of 

carbonate porosity from an emphasis on examining the pattern between early history 

and porosity `evolution' to examining the pattern between early history and porosity 
`preservation' in the subsurface. 

The regional porosity trend of the Ratawi Formation at the Ratawi reservoir 
burial depth can be inferred by correlating the Ratawi depth to the porosity-depth 

curves for the Mesozoic carbonates of South Florida (Schmoker and Halley, 1982). 

The average depth of the Ratawi zone at Wafra oilfield is 2074 m (6800 ft) and 

porosity ranges from 18 % to 25 %, whereas the regional porosity at a similar depth 
from the porosity-depth curves is less than 18 %. This indicates that the Ratawi 

reservoir is an anomaly, with a higher porosity than the standard regional porosity 
trend; thus this study should focus on factors that act to preserve the Ratawi near- 
surface porosity and create new secondary porosity at depth. 

4.4.2.2 Porosity-diagenesis and the chemical model n , rte As mentioned in the introduction, porosity depends on depositional andýsubsequent 
diagenesis. The second approach, porosity-diagenesis and the chemical model, predicts 
porosity by predicting the processes of diagenesis. The chemical models interpret and 
predict the processes responsible for diagenesis by assuming theoretically the cause of 
the dissolution-precipitation processes, and calculating water flow through the burial 
history of the sediment and subsequent dissolution-precipitation processes. However, 
these models assume a closed chemical system, which is not usually the case (Horbury 

and Robinson, 1993). Ratawi diagenetic processes did not take place in a closed 
chemical system, but were a response to the evolution of the Arabian basin, which 
included basin tectonics, heat flow, palaeoclimate and eustatic sea-level changes. 
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These processes can be evaluated within the framework of sequence stratigraphy, as 

discussed in the next section. 

4.4.2.3 Porosity-diagenesis and sequence stratigraphy 

Early near-surface diagenesis is important in the evolution of carbonate porosity. Near- 

surface diagenesis, which includes marine and subaerial exposure, generally has a 

greater impact on porosity development, and therefore reservoir heterogeneity, than 

deep diagenetic processes, because the water / rock ratio during subaerial exposure 

with meteoric flushing and repeated seawater inundation is much larger than that 

experienced during deep burial conditions. Near-surface diagenesis influences the 

subsequent diagenetic pathways and porosity evolution (Kupecz et al., 1997). 

Carbonate porosity can be predicted by studying the near-surface diagenesis in the 

framework of sequence stratigraphy (Fig 4-15 and 4-30) (Read and Horbury, 1993: 

Tucker, 1993; Sun and Wright, 1998). 

DIAGENESIS AND ICEHOUSE-GREENHOUSE EPISODES 

During icehouse times (Permo-Carbonifeous, Quaternary): 
greater amplitude of sea-level changes (up to 100m), more rapid sea-level 

changes, higher rate of porefluid movements through platforms. 
Consequences: deeper karsts at sequence boundaries and unconformities, deeper 
meteoric leaching from unconformities, more mixing-zone-related/reflux 
dolornitization during late highstand and lowstand of sea-level, more marine 
cementation and dolomitization during transgressive times. 

During greenhouse times (Cambrian-Carboniferous, Triassic-Cretaceous): 
smaller amplitude of sea-level changes (<5m), slower sea-level changes, 

sluggish pore-fluid movements through platforms. 
Consequences: minor karsts at parasequence boundaries, most diagenetic processes 
near-surface, e. g. supratidal dolomitization, shallow meteoric leaching. 

Figure 4-30 General diagenetic model during icehouse-greenhouse episodes in the framework 
of sequence stratigraphy (Tucker, 1998). 

The petrographic study in Sections 3.3 and 3.4 indicates that in the Ratawi zone 

at well R-50, the main controlling porosity type in reservoir unit-Dis depositional 

interparticle porosity, whereas in unit-E it is calcrete porosity formed during subaerial 

exposure (Section 4.3.3.5). The preservation of the depositional porosity is also 
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controlled by short periods of subaerial exposure that precipitate the meteoric bladed 

cement (Section 4.3.3.2.1) and stabilizes the mineralogy before deep burial. The 

duration of the subaerial exposure is one of the factors that controls Ratawi 

stratigraphy, as well as the nature and intensity of subaerial exposure. The Ratawi 

sequence stratigraphic model presented in Chapter 5 can be used to predict the 

duration, the diagenetic pattern, and porosity development during the subaerial 

exposure, when integrated with palaeoclimate and carbonate sediment mineralogy 
(Section 4.3.3.5) (Read and Horbury, 1993; Tucker, 1993). However, the model does 

not predict near-surface porosity preservation during burial (Section 4.3.4) which must 
be integrated and analyzed within the framework of the Ratawi sequence stratigraphic 

model. 
This study interprets and predicts the Ratawi reservoir and seal geometry and 

stratigraphic succession at Wafra oilfield by integrating two models: the Ratawi epeiric 

ramp model with sand-bodies, and the Ratawi diagenetic processes-products model, 
within the framework of the Ratawi sequence stratigraphic model. The stratigraphic 

position and geometry, and distribution of porosity in three dimensions in reservoir 
g. y"3 

unit-E is controlled by the development of the calcrete fabrics (Section 43-3°5) at the 
2nd order sequence boundary. this could explain the development of this unit in the 

main, southern and eastern Wafra areas. 
The stratigraphic position of reservoir unit-D is controlled by the initiation, 

development and termination of the `Ratawi Oolite platform' (Section 3.5), and the 
geometry and distribution of porosity in three dimensions, is controlled by the ramp 
sand-body model (Section 3.5.2). The stratigraphic position of the regional seal unit, 
Ratawi Limestone and Ratawi Shale, for the Ratawi zone at Wafra oilfield is 

controlled by the termination of the `Ratawi Oolite platform' by a deepening 

succession, resulting from a rapid sea-level rise at the start of a new 2°d order sequence 
and decrease in carbonate sediment supply, discussed in Chapter 5 and 6. 

4.5 Summary 

This chapter has been concerned with the diagenesis and porosity of the Ratawi 
Formation and shown that diagenesis took place in three diagenetic environments, the 
marine, meteoric-pedogenic and burial realm. High porosity zones occur within 
shallow-ramp grainstone (controlled mainly by interparticle depositional primary 
porosity) and back-ramp packstone-wackestone with porosities enhanced by exposure- 
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related diagenesis. The near-surface porosity (depositional and diagenetic) preserved at 

the reservoir depth by early hydrocarbon migration to the antecedent Wafra structure, 

and was enhanced by the formation of burial porosity, burial vugs and fractures. 

Dolomitization was not a major process in the Ratawi, but early dissolution of 
dolomite during the dedolomitization process and the formation of dolomite rhomb 

moulds (dedolomite porosity) has enhanced the porosity within the Ratawi zone. The 

different flow-units in the Ratawi zone at the Wafra oilfield (Units C, D, E and F) can 
be interpreted by integration of the Ratawi depositional model (Chapter 3), controlling 

the depositional porosity, and diagenetic model (this Chapter), controlling the 

diagenetic porosity, in the framework of sequence stratigraphy (discussed in Chapters 

5 and 6). The flow-units (with primary and secondary porosity) are associated with the 
development of carbonate sand-bodies and with a major unconformity (type 1 

unconformity associated with a 2°d order sequence boundary) during the initiation and 
development of the Ratawi platform. The regional seal, the Ratawi Limestone, is 

associated with the deposition of a deepening-upward drowning succession (type 3 

unconformity) associated with the termination of the platform. 
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Chapter 5 Cycles and sequences in the Ratawi Formation 

and regional patterns 

5.1 Introduction 

The twelve microfacies of the Ratawi Formation, defined from core samples of Ratawi 

Oolite and Ratawi Limestone, were grouped into four broad facies belts, deep ramp, 

shallow ramp, back ramp, and ramp subaerial exposure (see Chapter 3). Each of these 

facies belts can be interpreted and predicted through the depositional facies model. The 

association of these facies belts creates the Ratawi facies tract and depositional system, 

which is the assemblage of lithofacies in three dimensions. The composition and 

architecture of the Ratawi facies tracts and depositional system exhibit systematic 

variations that can be related to variations in two factors: (1) stratigraphic processes 

that include accommodation space and sediment supply and (2) sedimentological 

processes that include Ratawi platform type and geological age, in the lower 

Cretaceous greenhouse period (Fitchen, 1997). 

The initiation, development and termination of the `Ratawi Oolite platform' 

that control the primary depositional porosity of the carbonate sand-body of reservoir 

unit-A, unit-B, unit-C and unit-D and the second-order sequence boundary that 

controls the subaerial exposure diagenesis and secondary diagenetic porosity of 

reservoir unit-E, in addition to regional source and seal rocks, can be modelled, 

interpreted and predicted within chronostratigraphic units. The significance of the 

construction of a Ratawi chronostratigraphic hierarchy framework is not so much the 

origin or exact duration but rather the recognition that a hierarchy with different scales 

of stratal units exists and can. be used to predict Ratawi stratigraphic correlation and 

facies distributions beyond well-control points at Wafra oilfield (Kerans and Tinker, 

1997; Fitchen, 1997). 

Ratawi lithofacies and facies tracts migrate across the chronostratigraphic 

units, resulting in changes in stratal geometries and termination pattern of the Ratawi 

platform, in addition to facies shifts or offsets across bounding surfaces of the 

parasequence, parasequence set (systems tract), and sequence (Fig. 5-1) (Fitchen, 

1997). The Ratawi oil system and reservoir heterogeneity can be studied by analyzing 

the distribution of Ratawi lithofacies and petrophysical characteristics within a cyclic 
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Figure 5-1 Sequence stratigraphic models for ramp systems. (a) transgressive systems 
tract, (b) highstand systems tract, (c) lowstand systems tract, and (d) drowning 

unconformity (after Emery and Myers, 1996). 

framework of chronostratigraphic units (Kerans and Tinker, 1997). 

Sequence stratigraphy is a powerful tool for constructing a chronostratigraphic 

framework for the Ratawi in which source, reservoir and seal lithofacies can be 

interpreted and predicted within the idealized genetic packages at different scales. 

Sequence stratigraphy is the study of genetically related lithofacies within a framework 

of chronostratigraphic significant surfaces (Van Wagoner et al., 1990). This provides a 

theoretical basis and methodology for placing Ratawi lithofacies into a 

chronostratigraphic framework by integrating the available data for this study. 

Depending on the type of data available, the level of stratigraphic resolution 
desired, types of problem to be solved, carbonate sequence stratigraphic analysis can 

be performed using two main approaches that can be integrated during reservoir 
development and hydrocarbon exploration (Fitchen, 1997, Harris et al., 1999). The 

first approach is from seismic lines in which genetic units and seismic sequences are 
defined on the basis of the large-scale stratal patterns and geometry. This approach can 

also be applied to large outcrops by the identification of the large-scale stratal patterns 

and geometry from field work (Hunt and Tucker, 1993). The second approach is from 

the sedimentology in which the genetic units, parasequence and sequence, are defined 
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on the basis of their sedimentological and diagenetic data from outcrop, core and well 
logs that define different chronostratigraphic surfaces (Everts et al., 1995). The second 

approach is also known as high-resolution stratigraphy, which is in contrast to `coarse- 

resolution' of the first approach. 
The seismic stratigraphic concept emphasizes single surfaces for sequence 

boundaries and maximum flooding surfaces, whereas the sedimentological 

stratigraphic approach suggests that these surfaces could be represented by several 

cycles (Montanez and Osleger, 1993). The high-resolution framework is fundamental 

to defining flow units, to interpolating well data, and thereby to modelling fluid flow 

(Kerans and Tinker 1997) In analyzing the Ratawi Formation, this study used the 

sedimentological approach to sequence stratigraphy and follows the sequence 

stratigraphic terminology defined by Lehrmann and Goldhammer (1999). 

5.1.1 High-resolution sequence strati2raphy and reservoir characterization 
The significance of high-resolution sequence stratigraphy in the Ratawi reservoir study 
is the analysis of Ratawi facies and petrophysical characteristics in a time-significant 

context as opposed to a lithostratigraphic context. This allows the construction of a 
tight chronostratigraphic framework, which is essential for the generation of a 

porosity-permeability model and prediction of fluid-flow performance (Kerans and 
Tinker 1997). 

The characterization of a carbonate reservoir by applying high-resolution 

sequence stratigraphy can be accomplished through three main steps (Kerans and 
Tinker 1997). The first step is one-dimension core and well log analysis; this step has 

three goals, which are (1) core description and interpretation of cycles and 
parasequences, (2) identification and interpretation of parasequence-sequence 
hierarchy by Fischer plot and regional data, and (3) calibration of core data with well- 
log data to be correlated with uncored wells. 

The second step is to produce a two-dimensional cross-section and map 
analysis, which includes drawing a cross-section for the reservoir zone using key 

chronostratigraphic surfaces and vertical and lateral stacking of lithofacies systems 
tracts. The last step is three-dimensional reservoir interwell heterogeneity modelling, 
which includes inter-well porosity, permeability and saturation distribution in three- 
dimensions. 
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The accuracy of the reservoir heterogeneity model depends on the accuracy of 

the first step, and the construction of a high-resolution stratigraphic framework. 

Depending on the scope and data available for this study from the Ratawi zone at 
Wafra oilfield, this chapter discusses in detail the first step; the last step is outside the 

scope of this study, whereas the second step is discussed in this chapter as a general 

correlation between well R-49 and R-50. 

5.1.2 Aims of this chapter 

This chapter has five main aims. The first aim is to define and describe parasequences 

that occur within the Ratawi Oolite and Ratawi Limestone cored interval in wells R-50 

and R-48 (Section 5.2). The second aim is to examine the pattern of Ratawi Formation 

cycles and interpret its origin (Section 5.3). The third aim is to examine the stacking 

pattern for the cored interval in wells R-50 and R-48 by constructing and interpreting 

Fischer plots, and relating Ratawi lithofacies and petrophysical characteristics to the 

stacking pattern (Section 5.4). The fourth aim is to correlate between log signature and 
Ratawi core cycles, and surfaces (Section 5.5). The last aim is to correlate between 

well R-49 and R-50 (Section 5.6). 

5.2 Ratawi cycles 

5.2.1 Introduction 

The twelve Ratawi microfacies, which are recognized in the Ratawi Oolite and Ratawi 
Limestone core from Wells R-48, R-49 and R-50 (Chapter 3) are arranged into distinct 

units, and repeated many times in the core succession. These distinct units can be 

referred to as cycles, cyclothems, rhythms or parasequences (Tucker, 1982). 
Parasequence is the smallest genetic unit that can be recognized from outcrop and core 
and is defined by Lehrmann and Goldhammer (1999) as a relatively conformable 
succession of genetically related beds or bedsets bounded by marine flooding surfaces. 

The term parasequence is synonymous to the metre-scale shallowing-upward 
cycle of James (1979) and Goldhammer et al. (1987) and punctuated aggradational 
cycle of Goodwin and Anderson (1985). The parasequence is the basic building block 

of a depositional sequence. The developments of the world's largest oil and gas fields 

are strongly influenced by the textures and arrangement of the parasequences in the 
reservoir formation (Read and Horbury, 1993). 
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The data available for this study are 204 core samples from wells R-48, R-49 

and R-50, the core description charts for core wells R-49 and R-50 at a scale of 1: 50, 

and different types of well logs for wells R-48, R-49, and R-50, in addition to the 

author's own observations of the cores in Kuwait. 

The core description chart for well R-50 is for 258 ft (79 m) from 6775 ft 

(2065m) to 7032,42 ft (2143 m) depth; the lower part from 6797.90 ft (2072 m) to 

7032.42 ft (2143 m)is in the Ratawi Oolite, whereas the upper part from 6775 ft (2065 

m) to 6797.90 ft (2072 m) is in the Ratawi Limestone. The core description chart for 

well R-48 is for 274 ft (84 m) from 6520 ft (1987 m) to 6794 ft (2071 m) depth in the 

Ratawi Limestone. 

5.2.2 Ratawi paraseguence style 

Facies and composition of carbonate parasequences vary considerably depending on 

depositional and early diagenetic environments. Generally, carbonate parasequences 

can be grouped under two groups (Tucker and Wright, 1990), namely (1) those 

dominated by carbonate mineralogy, calcite and dolomite; this group includes 

carbonate shallowing-upward and carbonate-diagenetic cycles, and (2) those with 

alternating mineralogy, including carbonate-evaporite and carbonate-clastic cycles. All 

the cycles of the Ratawi Oolite and Ratawi Limestone are carbonate shallowing- 

upward cycles. The amount of siliciclastic material increases in the Ratawi Limestone, 

so that the Ratawi Oolite consists of `clean' carbonate shallowing-upward cycles, 

whereas the Ratawi Limestone has more `dirty' carbonate shallowing-upward cycles. 

5.2.3 Ratawi paraseauence boundaries and types 

This section examines the depositional and early diagenetic criteria used to define 

breaks in the Ratawi succession that probably represent significant chronostratigraphic 

surfaces, as seen in the cores (Fig. 5-2). Two types of surface are recognized: 

(1) non-depositional subaerial surfaces, including karst, rootlets and horizontal veins; 
the origin of these surfaces is discussed in Section 3.4.3.3. 

(2) non-depositional submarine surfaces, including hardgrounds and firmgrounds; the 

origin of these surfaces is discussed in Section 4.2.2.5. 

Thin organic-rich shales in the cores are taken to indicate non-depositional 

surfaces formed in restricted relatively deep water. When there is no depositional and 
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early diagenetic evidence to indicate a break in sedimentation in a thick interval, an 

abrupt grain-size change is used to infer a break in sedimentation in the subtidal 

environment. The different types of surface and their depth distinguished in this study 
in wells R-48 and R-50 are listed in Appendix 2. 

From the core study, 84 carbonate shallowing-upward parasequence cycles 

were identified, each beginning with a marine flooding surface and ending with the 

marine flooding surface of the next cycle. Marine flooding surface is defined by Van 

Wagoner et al. (1990) as a surface that separates younger from older strata, across 

which there is evidence of an abrupt increase in water depth. The cored interval at well 
R-50 contains 20 cycles, whereas the core interval in well R-48 contains 64 cycles 
(Appendix 2). 

5.3 Ratawi Formation cycles 

Defining a hierarchy of cycles is considered by Kerans and Tinker (1997) and others to 
be the basic step for constructing a stratigraphic framework, in which parasequence is 

the fundamental chronostratigraphic building block. Sequence stratigraphic units used 
in this study are parasequence, systems tract, greenhouse sequence and composite 
sequence, as defined by Lehrmann and Goldhammer (1999). These units are 
genetically related packages, of fifth (0.01 -1 my), fourth (0.1 -1 my), third (1 - 10 

my), second (10 - 100 my) and first (> 100, order eustatic / tectonic-eustatic cycles 
(Fig. 5-3). The first two orders of cycle can be produced by Milankovitch rhythms and 
glacio-eustasy (Tucker and Wright, 1990). 

HIERARCHY OF RELATIVE SEA-LEVEL CHANGE 

1St-order tectonoeustasy / sea-floor spreading rates, supercontinent 
breakup / formation 

2nd-order basin-forming processes, rifting, subsidence, tectonoeustasy 
3rd. order tectonoeustasy, intraplate stress changes, glacioeustasy 
4 th. order glacioeustasy, tectonics, sedimentary processes / autocyclicity 
Sth. order glacioeustasy, tectonics, sedimentary processes / autocyclicity 

Figure 5-3 Processes controlling the hierarchy of relative sea-level changes (after Tucker, 
1991). 
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Carbonate cycles are controlled by many factors including relative change in 

sea level, sedimentation rate, climate, water quality, tectonic setting, antecedent 

topography, and evolution of carbonate-secreting organisms. The most important 

factor is relative change in sea level, and accommodation space, which is recorded in 

the form of a hierarchy of genetic units (Read et al., 1995; Lehrmann and 

Goldhammer, 1999). 

Parasequences (5th order cycles) in the Ratawi Formation are interpreted in this 

section, whereas the origin of the systems tracts (4th order cycles), greenhouse 

sequences (3`d order cycles) and composite sequences (2nd order cycles) are interpreted 

in Section 5.4 on the Ratawi stacking pattern, and in Chapter 6 Ratawi sequence 

stratigraphic model. The origin of the Ratawi parasequences is investigated under three 

headings: the Ratawi peritidal and subtidal parasequences (Section 5.3.1), Ratawi 

parasequence symmetry (Section 5.3.2) and Ratawi Oolite and Ratawi Limestone 

cycles (Section 5.3.3). 

5.3.1 Ratawi peritidal and subtidal paraseguences 

There are two types of parasequence in the Ratawi Formation. The first type is a 

peritidal parasequence, defined by the upper surface of the cycle with evidence of 

subaerial exposure, indicating that all the available accommodation space is filled by 

sediment. The second type is a subtidal parasequence, defined by the upper surface of 

the cycle without any evidence of subaerial exposure, indicating subtidal deposition 

and not all the available accommodation space being filled by sediment. Autocyclic 

and allocyclic models (Fig. 5-4) could be used to interpret the origin of these two 

Ratawi parasequence types. 

The autocyclic model is driven by internal mechanisms of depositional 

processes and fluctuations in sediment supply or production. This includes the tidal flat 

progradation model (Ginsburg, 1971), tidal island model (Pratt and James, 1986), and 
lateral migration of tidal channels (Kozar et al. 1990). Detailed core and petrographic 

analysis for each cycle in the core succession is required to identify which model 
forms the Ratawi parasequences. Peritidal parasequences formed by the allocyclic 

model are characterized by early diagenetic subaerial features superimposed on 

subtidal facies. The available data for this study are not enough to make this 
distinction. 
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Figure 5-4 Allocyclic (A) and autocyclic (B) models for the genesis of parasequences (after 
Lehrmann and Goldhammer, 1999). 

The distinction between autocyclic and allocyclic models could have an impact 

on reservoir characterization and development. Parascqucnccs formed by allocyclic 

processes generally have a greater lateral continuity than paraseyuences formed by the 

autocyclic model. However, at the scale of the Wafra oilfield, a paraseyuelice formed 

by tidal flat progradation would have a higher lateral continuity than a peuaseyuence 
formed by the tidal island model (Lehrmann and Goldhammer, 1999). 

Subsidence through tectonic processes include thermal subsidence of the crust 

after rifting, changes in rates of sea-floor spreading (tectono-eustasy), in-plate stress 
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changes after continental and oceanic plate rearrangement, and synsedimentary 
faulting (jerky subsidence). The first two processes can be used to interpret the origin 

of 2°d order cycles and ls` order sub-cycles. Episodic tectonic subsidence is used in this 

study to construct a sequence stratigraphic model for the Ratawi Formation and to 

interpret the origin of the composite sequence (Fig. 5-3) (Section 6.4). 

According to Tucker and Wright (1990) the second model, changes in sea level 

by climate (glacio-eustasy) is the most popular explanation for the origin of cycles. 
The fifth and fourth-order cycles that form parasequences and systems tracts could be 

controlled by glacio-eustasy, which is driven by orbital perturbations, Milankovitch 

cycles, precession (19-23 Ky), obliquity (41 Ky), and eccentricity (100-400 Ky) (Fig. 

5-5). 

Ratawi peritidal parasequences are characterized by minor subaerial diagenetic 

overprint and thin to medium cycle thickness. The average thickness for the 

parasequences in the Ratawi Oolite is about 15 ft (4.6 m) whereas in the Ratawi 
Limestone it is about 4 ft (1.2 m) (Section 5.3). To apply a climate (glacio-eustasy) 

model to interpret the origin of the Ratawi parasequences, the Milankovitch signal 

must be studied in the context of greenhouse, transition and icehouse periods of the 
Phanerozoic (Kerans and Tinker, 1997). 

The Lower Cretaceous, Valanginian-Hauterivian time, when the Ratawi 
Formation was deposited, was a greenhouse period, characterized by low amplitude 
fluctuations in relative sea level, so that little accommodation space was generated, 

since there were no major glaciers in this period (Fig. 5-6). Sea-level change was due 

to fluctuations in alpine glaciers, in ground water and lake storage, and volume of 

ocean water (Tucker and Wright, 1990). 

This period was characterized by small volumes of water removed from and 
released to the oceans by 4th / 5`h order astronomic insolation cycles, so that the low- 
frequency (third-order) sea-level cycle has a higher amplitude than the fourth-and 
fifth- order sea-level cycles. Due to weak stratigraphic forcing, the formation of 
parasequences by autocyclic processes during a greenhouse period may be more 
common than during an icehouse period (Lehrmann and Goldhammer, 1999). 

Price (1999) reviewed evidence for polar ice during the Mesozoic period (Fig. 
5-7), which represents the longest period of warm climate during the Phanerozoic. He 

suggested four episodes of cold or sub-freezing polar climates, which are, Bajocian- 
Bathonian, Tithonian, Valanginian and Aptian. These four periods were characterized 
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Figure 5-6 Greenhouse and icehouse periods have different climatic forcing effecting the 
nature of sea-level changes. (a) Secular changes in climate from climate models and 
palaeolatitude of ice-rafted deposits. (b) Schematic illustration of differences in signature of 
sea-level fluctuations; greenhouse periods are shown with low-amplitude, high-frequency sea- 
level fluctuations, whereas icehouse periods are shown with high-amplitude, high- frequency 
fluctuations (after Lehrmann and Goldhammer, 1999). Note the lower Cretaceous Ratawi 
Formation was deposited in a greenhouse period characterized by low-amplitude, high- 
frequency sea-level fluctuations. 
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by `little icehouse' with `small' ice caps, about one-third the size of the present ice 

caps, largely restricted to continental interiors. Waxing and waning of the ice caps 
during the `little icehouse' periods could have produced larger sea-level fluctuations 

than the periods without. 
The lower member of the Ratawi Formation, the Ratawi Oolite, is inferred in 

this study to have been deposited in the Valanginian, whereas the middle member the 

Ratawi Limestone was deposited in the Hauterivian. Price's (1999) suggestion of a 
`little icehouse' during the Valanginian period is used in this study to explain the 

thicker parasequences and higher percentage of peritidal parasequences in the Ratawi 

Oolite compared to the Ratawi Limestone. 

5.3.2 Ratawi naraseauence symmetry 

Changes in the Ratawi environment are expressed in the different types of non- 
depositional surface. These surfaces are inferred in this study to reflect the vertical 
development of the Ratawi depositional fabric and petrophysical properties in each 

parasequence. A shallowing-upward sequence is generally inferred to be a coarsening 

upward facies trend, increasing the depositional porosity, whereas a deepening-up then 

shallowing-upward sequence is inferred to start with a fining upward facies, 

decreasing the depositional porosity before it increases in the shallowing-upward part. 
Three types of vertical lithofacies evolution can be inferred in the Ratawi 

parasequences, reflecting the dynamics of the Ratawi depositional environment, (1) 

regressive cycle (Section 5.3.2.1), (2) transgressive-regressive cycle (Section 5.3.2.2), 

and (3) aggraded cycle (Section 5.3.2.3). 

5.3.2.1 Regressive cycles 
A regressive cycle (R-cycle) (Fig. 5-2) is defined as a simple shallowing-upward 
succession. The non-depositional submarine surface (interpreted in this study to be 
formed in the deepest depositional environment) when it is present in the 
parasequence, is superimposed on the subaerial exposure surface at the bottom of the 
cycle (e. g. hardground superimposed on a subaerial exposure surface). The R-cycles 
are found in wells R-48 and R-50 (Table *). 

According to Holland et al. (1997) this cycle type can be interpreted by the 
parasequence model of cyclicity of Van Wagoner et al. (1990) of a simple shallowing 
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upward cycle bounded by marine flooding surfaces. The shallowing of the cycle is 

attributed to either progradation or aggradation under relatively constant sea level, 

follow the rapid transgression which initiated the cycle. This model is inferred in this 

study to produce an asymmetric parasequence, of an upward-shallowing lithofacies 

succession. 

5.3.2.2 Transgressive-regressive cycles 
Transgressive-regressive cycles (T/R-cycle) (Fig. 5-2), which are composed of two 

parts, a deepening-upward followed by a shallowing-upward succession, are defined in 

this study by the non-depositional submarine surface which is in the middle of the 

cycle. This indicates that the lower pat of the cycle is transgressive, with deepening- 

upward facies, whereas the upper part of the cycle is regressive, with shallowing- 

upward facies. The top surface of the T/R-cycle has evidence of subaerial exposure 

whereas in an aggraded cycle (A-cycles) there is a shallowing-upward surface without 

evidence of sub 1 rial exposure (Section 5.3.2.3). T/R-cycles are found in wells R-48 

and R-50 (Table 3). 

According to Holland et al. (1997) the deepening-upward transgressive part of 
these cycles cannot be interpreted by the parasequence model. This model assumes the 

main control on cycle formation is the change in the rate of accommodation space, 

relative sea level, and constant carbonate sediment supply that increase after a lag time 

after the rapid transgression which initiated the cycle. This model can interpret only 
the simple shallowing cycle of R-cycle type. 

Holland et al. (1997) recommend the interpretation of T/R-cycles by sequence 
stratigraphy (Chapter 6) and consider the T/R-cycle as a type of `high frequency 

sequence'. They assume the main control on the cycle formation is a change in the rate 
of accommodation space and carbonate sediment supply. The deepening-upward 

transgressive part of the T/R-cycle can be interpreted by changing rate of carbonate 
sediment supply in addition to relative sea level. 

This model is inferred in this study to produce symmetric parasequences with 
an upward-deepening to upward-shallowing lithofacies succession. The symmetry of 
the parasequence increases basin-ward, with increasing water depth, and 
accommodation space (Fitchen, 1997); in other words the T/R-cycle is interpreted to 
have formed in a deeper depositional environment than the R-cycle. 
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5.3.2.3 Aggraded cycles 
Aggraded cycles (A-cycle) (Fig. 5-2) are a subtype of the T/R-cycle. The A-cycles are 

observed in succession of R- and T/R-cycles in cores of wells R-50 and R-48 (Table 1 

and Appendix 2). The aggraded cycles are composed of two parts, a deepening-upward 

followed by a shallowing-upward succession without evidence of subaerial exposure. 

The lower and upper surfaces of the cycle are theoretically shallowing-upward 

surfaces, positioned in the middle of two non-depositional submarine surfaces 

described from the core. 
Average 

Number of % of cycles Cycle total Total % cycle Cycle Type cycle in core thickness in core thickness in core in core 

34(ft) 5.7 ft 
Core well R-50 6 30% (10.4 m) 14% (1.7 m) 

R-Cycle ------------------- -"----------------- -------------------- -"---------------- --------------- -----------"---"-- Core well R-48 13 20% 83(ft) 30% 6.4 ft 
(25.3 m) (1.9 m) 

153.5(ft) 15.4 ft 
Core well R-50 10 50% (46.8 m) 62% (4.7 m) 

T/R-Cycle --------- ------------- --------------- ------------- ----------- ------------ Core well R-48 32 50% 133.5(ft) 49% 4 ft 
(40.7 m) (1.3 m) 
59.5(ft) 14.9 m 

Core well R-50 4 20% (18 m) 24% (4.5) 
A-Cycle ------------------ ------------------- - ------ -"-"-------" -- -"-----"- -"-" "-"-"---"-"-"- "--------"-------- 

Core well R-48 19 30% 54.5(ft) 20% 2.9 ft 
(16.6 m) (0.9 m) 

i aoie D. i tcatawi cycle types in cores or wen K-: )u and K-4S. Number of each cycle type and 
percentage to total cycles in the core. Total thickness of each cycle type and percentage to the 
core interval in feet. 

5.3.3 Ratawi Oolite and Ratawi Limestone cycles 
This study identifies 84 parasequences (Section 5.2.3) listed in Appendix 2, the 

occurrence of the different parasequence types in wells R-50 and R-48 are given in 
Table 5.1. The origins of these parasequences can be interpreted using the autocyclic 
and allocyclic models discussed in the previous section. This section discusses the 

general characteriztic of the Ratawi Oolite (Section 5.3.3.1), and the Ratawi Limestone 

parasequences (Section 5.3.3.2). The Ratawi Oolite is the reservoir zone, whereas the 
Ratawi Limestone is the seal zone at Wafra oilfield. 

Chapter 5 200 



Cycles & Regional Patterns 

5.3.3.1 Ratawi Oolite cycles 
Arabian Texaco Incorporated divide the Ratawi zone at Wafra oilfield into six units, 

which are unit-A, unit-B, unit-C, unit-D, unit-E and unit-F, using nine marker beds 

defined by gamma ray and porosity logs (Fig. 2-6). The marker beds are used to 

correlate these units in the main, southern and eastern Wafra areas (Section 2.3.2). 

This study has analyzed spectral gamma ray, computed gamma ray, bulk density and 

neutron porosity logs for well R-50 to define these marker horizons and correlate the 

Ratawi reservoir units to well R-50 in order to compare the reservoir units with the 

parasequence succession defined in this study from the cored interval. 

The company define unit-F, marker horizon number 9, as the upper unit in the 

lower member of the Ratawi Oolite. The unit is a transitional lithofacies from `clean' 

carbonate of the lower member to `dirty' carbonate of the middle member of the 

Ratawi Limestone. The depth of the lower boundary of this unit is defined by the 

company in logs at the deepest `big' positive spike on the gamma ray log, with the 

upper boundary of the unit at the third positive spike. This study defines the lower 

boundary of unit-F at a depth of 6805 feet (2074 m) and the upper boundary of the unit 

at a depth of 6791 feet (2070 m), which is the lower boundary for the Ratawi 

Limestone. The thickness of unit-F is about 14 feet (4.3 m). 

The rest of the marker horizons (numbers 8,7,6,5,4 and 3) are defined by 

high density, low porosity and high gamma ray peaks. Marker number 6 is between 

reservoir unit-E and unit-D, defined by this study at a depth of 6872 feet (2096 m); the 
thickness of unit-E is about 67 feet (20 m). This reservoir unit has two marker beds, 

marker number 8, defined at a depth of 6847 feet (2087 m), and marker number 7, 
defined at a depth of 6858 feet (2090 m). Marker number 4 is between reservoir unit-D 
and unit-C, defined in this study at a depth of 6932 feet (2113 m); the thickness of 
unit-D is about 60 feet (18 m). This reservoir unit has one marker bed, marker number 
5, defined at a depth of 6908 feet (2105 m). The thickness of the upper part of unit-C, 
in the cored interval, is about 98 feet (30 m); marker number 3 occurs at a depth of 
6974 feet (2126 m). 

Twenty parasequences are recognized in this study in the 254 feet (77 m) of cored 
interval in well R-50; the lower seventeen parasequences are in the Ratawi Oolite, 

whereas the upper three parasequences are in the lower part of the Ratawi Limestone 
(parasequences number 18 to 20) (Appendix 2). The subtidal cycles are defined in this 

study by their upper surface boundary with subaerial exposure diagenetic overprint 

Chapter 5 201 



Cycles & Regional Patterns 

evidence but the peritidal cycles without. The two cycle types with its third subtype 

(R-cycle, T/R-cycle and A-cycle) describe two types of cycle symmetry (symmetric 

and asymmetric). Most of the R- and T/R-cycles are subtidal type whereas all the A- 

cycles are peritidal, listed in Appendix 2. 

The seventeen parasequences of the Ratawi Oolite have an average thickness of 

about 14 feet (4 m). The number of subtidal cycles is 4 (23 %) and the number of 

peritidal cycles is 13 (77%). Hydrocarbon production from well R-50 is from unit-D 

and unit-E, whereas unit-C and unit-F are non-reservoir units. The production in 

reservoir unit-D comes from parasequence number 9, which is a peritidal T/R-cycle, 

about 60 feet (18 m) thick. The main controlling porosity in unit-D is primary 

interparticle porosity (Chapter 4). The production of reservoir unit-E comes from 

parasequence number 15, which is a subtidal R-cycle, about 27 feet (8 m) thick. 

Secondary exposure-related (rootlet porosity) is the main controlling porosity in unit-E 

(Chapter 3), which is inferred in this study to be controlled by a 2°d order sequence 

boundary (Chapter 4 and Chapter 6). 

5.3.3.2 Ratawi Limestone cycles 

The cored interval in well R-48 is in the Ratawi Limestone, which is a seal rock at 

Wafra Oilfield. Sixty-four parasequences are recognized in the 271 feet (83 m) interval 

(Appendix 2). The Ratawi Limestone parasequences are characterized by an average 

thickness of about 4 feet (1.2 m), with the number of subtidal parasequences 35 (55 %) 

and the number of peritidal parasequences 29 (45 %). 

ej, 
A. 

The Ratawi Limestone is characterized by a higher percentage of subtidal 

cycles (55%) than the Ratawi Oolite (24%). This is interpreted in this study to show 

that the middle member was deposited in deeper-water environments, whereas the 

lower member was deposited in shallower environments on the `Ratawi epeiric ramp'. 

The three members of the Ratawi Formation (Ratawi Oolite, Ratawi Limestone, and 
Ratawi Shale) are inferred in this study to represent an overall deepening-upward 

succession (Chapter 6). 
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5.4 Ratawi cycle stacking patterns 

5.4.1 Introduction 

The depositional facies and early diagenetic fabrics of the Ratawi Formation, in 

addition to the petrophysical characteristics of the Ratawi reservoir and seal zones can 

be analyzed in the framework of the stacking pattern of the Ratawi cycles. Stacking 

pattern analysis is considered by Lehrmann and Goldhammer (1999) to be a subset of 

sequence stratigraphy that can be used to evaluate the vertical parasequence thickness, 

facies types, and unconformities into cyclic stratal packages of various scales and 

character. 
This study has distinguished 20 cycles in well R-50, and 64 cycles in well R- 

48. These cycles are the result of cyclic variation in either or both of the factors that 

control Ratawi sedimentation: (1) accommodation space and (2) sediment supply. Due 

to the limited data available to this study, the Ratawi cycles have been mainly defined 

on the basis of identifying non-depositional key surfaces (Section 5.2.3) from the Core 

Lab charts and visual examination of the core. 

These data, from a one-dimensional core succession, permit the analysis of 

each cycle thickness, cycle type, peritidal versus subtidal, and cycle symmetry, to 

evaluate the long-term patterns and trends. Ideally, stacking pattern analysis requires 

analyzing a stacking pattern for thickness trends in addition to facies proportions and 

early diagenetic features in each cycle (Fitchen, 1997), which is not available to this 

study. 

5.4.2 Fischer Plots 

A Fischer plot is a tool for graphically analyzing one-dimensional data for cycle 
thickening and thinning patterns, as normalized to a constant subsidence amount 
(Kerans and Tinker, 1997). The basic assumption behind the plot is that parasequence 
thickness provides an indication of the long-term variations in accommodation space. 
In addition the hierarchy of the fine-scale units (parasequence) nested within coarser 
scale units (systems tracts and sequences) is driven primarily by hierarchical 
fluctuations in which lower-frequency sea-level cycles force the higher-frequency sea- 
level cycles through composite interaction (Fig. 5-5 and 5-6). 

The composite interaction results in organizing the vertical and lateral 
distributions of parasequence thickness, lithofacies, lateral geometry, and early 
diagenesis relative to sequence (Fitchen, 1997; Lehrmann and Goldhammer, 1999). 
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ire 5-8 Fischer plot in depth domain for strata in well R-50 compared with log signatures 
location of reservoir and non-reservoir units. 
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Figure 5-9 Fischer plots in time domain for core well R-50. 
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Figure 5-10 Fischer plots in depth domain for core well R-48 compared with 'total' gamma ray 
signatures in Ratawi Limestone. 

Chapter 5 206 



Cycles & Regional Patterns 

4 00 
i 

3ý ty1 

CO 

75 

�A 

a ý jIN 

00000000 

} N 

(49aj) SSau)j3iyf 
a6aaana woiJ uouueinaa 

Figure 5-11 Fischer plots in time domain for core well R-48. 
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These vertical and lateral patterns are used in this study to interpret and predict Ratawi 

reservoir characterization. 

Fischer plots have been constructed for core wells R-48 and R-50 in two domains 

(Appendix 3), which are: 

(1) Time domain in which the cumulative departure from mean parasequence 

thickness is plotted against cycle number (Fig. 5-9 and 5-11). 

(2) Depth domain in which the cumulative departure from mean parasequence 

thickness is plotted against cycle depth in core and logs (Fig. 5-8 and 5-10). (Day, 

1997). 

Fischer plot in depth domain is used in this study to relate Ratawi stacking 

pattern to reservoir units, wireline log signatures, lithology, and petrophysical 

characteristics. The analysis of Fischer plots is discussed under three headings, Fischer 

plot for well R-50 (Section 5.4.2.1), Fischer plot for well R-48 (Section 5.4.2.2), and 
Ratawi cycle hierarchy from Fischer plots (Section 5.4.2.3). 

5.4.2.1 Fischer plot for well R-50 
2. 

Cycles 1 to 8 represent a falling limb (Fig. 5-8 and 5-9), indicating a long-term 

decrease in accommodation space. This pattern suggests that a sequence boundary 

zone number 1 (SBZ-1) should occur near cycles 7 and 8. This would be the bottom 

sequence boundary for the first Ratawi Oolite greenhouse sequence (GH S-1). Cycles 
1 to 6 represent a highstand system tracts for the previous greenhouse sequence (GH 
S-0). A greenhouse sequence is defined by Lehrmann and Goldhammer (1999) as a 
relatively conformable retrogradational to progradational succession of genetically 
related strata bounded by minimum-accommodation zones. 

Cycles numbered 9 to 15 form a rising limb, indicating an increase in 

accommodation space. Cycles 9 to 11 are interpreted to represent a retrogradational 
succession or transgressive systems tract, with cycles 12 to 15 representing a 
progradational succession or highstand systems tract of GH S-1. Cycle number 9 is the 
thickest cycle in the succession about 60 ft (18 m), followed by cycle 15 about 27 ft (8 

m), cycle 14 about 26 ft (7.9 m), and cycle 11 about 24 ft (7 m). These thick 
parasequences are interpreted in this study to be formed by subtidal amalgamation and 
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indicate missing beats in the cycle succession. Subtidal amalgamation could be formed 

during a long-term flooding phase, when sea-level oscillation occurred too far above 

the sediment surface to cause a distinct change in lithofacies (Montanez and Osleger, 

1993). 

Cycle numbers 16 to 20 create a falling limb, and indicate a decrease in 

accommodation space. A sequence boundary zone, number 2 (SBZ-2), probably 

occurs somewhere between cycles numbered 16 and 20. This sequence boundary is the 

upper boundary for GH S-1, inferred in this study to represent a second-order 

boundary of composite sequence (2°d order sequence) between the Ratawi Oolite and 

Ratawi Limestone (Chapter 6). 

In this study, the wireline logs of well R-50 were analyzed and the depth of 

marker bed numbers 3 to 9. The available data for this study of wireline logs and core 
description do not show an `ideal' correlation between the cycle surfaces identified in 

this study and the log response (Section 5.5). However, this study infers that the lower 

part of the middle member of the Ratawi Limestone is cycle numbers 18 to 20; non- 

reservoir unit-F, the transition unit between the lower and middle member, 

corresponds to the upper part of cycle number 15 to cycle number 17. These cycles, 

upper cycle 15 to cycle 20, generally represent the sequence boundary zone. This study 
interprets the low porosity of unit-F as a result of the low-energy muddy depositional 

environment associated with the sequence boundary zone. 

Reservoir unit-E is the upper part of cycle number 11 to the lower part of cycle 

number 15, roughly representing the highstand systems tract. The main controlling 

porosity in reservoir unit-E is secondary diagenetic soil-related and rootlet porosity. 
This study interprets the origin of the porosity of this unit as a result of its location 

beneath a surface with a long period of subaerial exposure (a 2°d order sequence 
boundary) under a semi-arid climate (Chapter 4). 

Reservoir unit-D is the upper part of cycle number 9 to the lower part of cycle 
number 11, roughly representing the transgressive systems tract. The main controlling 
porosity in reservoir unit-D is primary interparticle porosity. This study interprets the 
origin of the porosity of this unit as a result of the high-energy depositional 

environment associated with the transgressive systems tract, and the removal of 
carbonate mud from between grains and deposition of a packstone-grainstone sand- 
body on the shallow Ratawi ramp (Chapter 4). 
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The cored upper part of non-reservoir unit-C is cycle number 1 to the lower 

part of cycle number 9, roughly representing the sequence boundary zone and upper 

part of the highstand systems tract of the previous sequence. This study interprets the 

low porosity of unit-C on the flank of the main Wafra area as due to the low-energy 

depositional environment associated with the highstand systems tract and relatively 

short period of subaerial exposure associated with a 3rd order sequence boundary zone. 

The Ratawi zone of the Wafra oilfield is divided into three separate structural 

areas, which are main, southern and eastern Wafra areas. Unit-E, unit-D and unit-C are 

reservoir units at the top of the structure in the main Wafra area. Unit-E is the only unit 

that is a reservoir in the three Wafra areas, whereas unit-D and unit-C progressively 

lose their porosity from the top of the structure to the flank of the structure of the main 

Wafra area (Chapter 2). 

The core under investigation, R-50, is at the flank of the main area, where unit- 

D becomes less porous and where unit-C is a non-reservoir unit. This study interprets 

the increase of the porosity of unit-D and unit-C from well R-50 at the flank of the 

structure to the top of the main Wafra structure as due to the development of an 
`antecedent Wafra structure' (Chapter 1 and Chapter 6). 

The syndepositional development of the structure is interpreted in this study to 
be a result of movements of the Infra-Cambrian Hormuz salt (Chapter 1) and is 

inferred to have had two major effects on the development of the porosity of unit-D 

and unit-C, namely: 
1. Depositional effects: increased energy of the depositional environment on this 

topographic high that lead to higher concentration of packstone-grainstone at the 

top of the structure with its associated increase in porosity than at well R-50 to the 

side. 
2. Early diagenetic effects: subaerial exposure of the top of the structure longer than 

the flank, which lead to intensive subaerial diagenesis at the top of the structure, 
more than at well R-50, leading to the increase in porosity. 

5.4.2.2 Fischer plot for well R-48 

The distance between well R-48 and R-50 is about 3.6 kilometres. All the cored 
interval in the first well is in the Ratawi Limestone seal zone at Wafra oilfield, 
whereas only the upper 11 ft (3 m), cycle numbers 18 to 20 in the second well, is in the 
Ratawi Limestone. The available data for this study are not enough to infer the depth 
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of marker bed number 9 in well R-48, which is the boundary between the Ratawi 

Oolite and the Ratawi Limestone, nor to correlate SBZ-2 between the two wells. 
From the Fischer plot core of R-48 (Fig. 5-10 and 5-11), cycle numbers 1 to 28 

occur on a falling limb, suggesting deposition at a time of decreasing accommodation 

space. A sequence boundary zone (number 3, SBZ-3) could occur in the region of 

cycles 21 and 22. This study interprets SBZ-2 between the lower and the middle 

member of Ratawi Formation at well R-50 to be equivalent to SBZ-3 at the bottom of 

the Ratawi Limestone in the cored interval of well R-48. Cycle numbers 28 to 57 

generally occur on a rising limb suggesting deposition at time of increasing 

accommodation space. Cycle numbers 28 to 37 are thought to represent a broadly 

retrogradational succession or transgressive systems tract, whereas cycle numbers 38 

to 57 represent a broadly progradational succession or highstand systems tract of GH 

S-2. 

The thickest cycles are cycle number 34, about 37 ft (11 m), followed by cycle 

number 37, about 14 ft (4.2 m), cycle number 28, about 13.5 ft (4 m), and cycle 

number 30, about 11 ft (3.3 m). These cycles could contain several smaller cycles 

which were not recorded (missed beats), as a result of a subtidal amalgamation 

(Montanez and Osleger, 1993). Cycles numbered 58 to 64 occur upon a falling limb of 
the Fischer plot and indicate deposition during a decrease in accommodation space. A 

sequence boundary zone, number 4 (SBZ-4), is suggested to occur in the region of 

cycles 62 and 63. 

This study interprets the low porosity of the middle member of the Ratawi 

Limestone, which is the seal rock for the Ratawi zone at Wafra oilfield, as the result of 
two factors: 

(1) Deposition effects: the middle member was deposited in a lower-energy, deeper- 

water environment on the Ratawi epeiric ramp than the lower member. This lead to 
deposition of a mudstone / wackestone facies with low primary porosity. 

(2) Early diagenesis effects: a relatively short period of subaerial exposure associated 
with a 3`d order sequence boundary zone (SBZ-4) compared with the 2°d order 
sequence boundary zone at SBZ-2, and also the end of the development of the 
antecedent Wafra structure (Chapter 6). This lead to a shorter period of subaerial 
exposure, which would have lead to less secondary diagenetic porosity 
development in the middle member. 
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5.4.2.3 Ratawi cycle hierarchy from Fischer plots 
The hierarchy of cycles recognized in the Ratawi Oolite (Section 5.4.2.1) and Ratawi 

Limestone (Section 5.4.2.2) can be used to interpret and correlate the Ratawi 

chronostratigraphic units in order to construct a high-resolution chronostratigraphic 
framework for the Wafra oilfield. The vertical stacking patterns of the Ratawi Oolite 

and Ratawi Limestone are generally characterized by relatively thin parasequences at 

sequence boundary zones SBZ-1, SBZ-2 and its equivalent SBZ-3 (interpreted in this 

study to be the boundary between the lower and middle member of the Ratawi 

Formation recognized in two different cores) and SBZ-4. 

Ratawi sequences GH S-1 and GH S-2 are generally characterized by poorly 

developed parasequence grouping (e. g. bundling of 5 precessional cycles into one set 

of an eccentricity cycle); the average thickness for the Ratawi Oolite parasequences is 

about 15 ft (4.5 m) whereas in the Ratawi Limestone it is about 4 ft (1.2 m). Both 

sequences in the Ratawi Oolite and Ratawi Limestone include thick cycles interpreted 

in this study as the result of missing beats (Section 5.4). Ratawi greenhouse sequences 

are inferred in this study to be generally characterized by gross transgressive- 

regressive facies shifts without a well-defined maximum flooding surface. 
To correlate Ratawi cycle hierarchy with confidence between wells at Wafra 

oilfield, the different levels of resolution that are recognized in the stratigraphic record 

need to be appreciated. The level of resolution for the Ratawi Formation depends on 
the geological period, Lower Cretaceous, and the depositional system, an epeiric ramp, 
and the tectonic setting, a passive continental margin (Lehrmann and Goldhammer, 
1999). 

The spectrum of order and randomness of carbonate cycles in the geological 
record is recognized by Lehrmann and Goldhammer (1999). They identified six 
secular classes of order in shallow-marine carbonates on the basis of age: 
(1) Proterozoic-Early Ordovician, (2) Silurian-Devonian, (3) Pennsylvanian, Early 
Permian, Late Triassic, and Neogene, (4) middle to Late Permian, (5) Early to Middle 
Triassic, and (6) Jurassic to Cretaceous. 

The studied interval, Ratawi Formation in the Thamama Group, is in the 
Jurassic to Cretaceous secular class, which, according to Lehrmann and Goldhammer 
(1999) is characterized by: 

(1) Vertical stacking patterns; parasequence grouping is characterized by a range of 
development from poorly developed to some extent developed at sequence 
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boundaries; depositional sequences are characterized by gross transgressive- 

regressive facies shifts. 
(2) Lateral stacking patterns; parasequences are characterized by being partly or highly 

discontinuous; parasequence sets (systems tract) could be continuous; depositional 

sequences are characterized by regional extent. 
The general vertical stacking patterns for the Ratawi Formation seem to be in 

agreement with Lehrmann and Goldhammer's (1999) model. 

The general lateral stacking patterns of the Ratawi Formation are examined by 

correlating the Ratawi Oolite at wells R-50 with R-49 by using spectral gamma ray, 

and computed gamma ray logs (Section 5.6). The available data for this study used in 

lateral correlation seem to indicate: 

(1) No lateral correlation for parasequences (no `ideal' correlation between surfaces of 

parasequences in core R-50 and log signatures, also no `ideal' correlation between 

signatures of logs R-50 with R-49). 

(2) A `good' lateral correlation of reservoir units to systems tracts (generally, unit-E 

matches highstand systems track and unit-C matches the transgressive systems 

track; upper unit-C correlates to a highstand systems track) and these reservoir 

units can be correlated using marker zones. 

(3) Regional lateral correlation for 3rd order sequence boundary zones (Ratawi 

Formation and its equivalent in the Thamama Group of the Arabian basin). 

(4) Regional to global lateral correlation for the 2°d order sequence boundary zone 
(between different basins and different passive margins of the Lower Cretaceous 
Tethyan seaway, Chapter 6). 

The general lateral stacking patterns for the Ratawi Formation seem to be in agreement 

with the Lehrmann and Goldhammer (1999) model. 

5.5 Ratawi log signature to cycles and surfaces 
Wells at Wafra oilfield with a cored interval in the Ratawi Formation are very limited. 
Construction of a chronostratigraphic framework for the Ratawi zone requires 
calibration of core data with well logs (Section 5.1.1), and ideally these should result 
in a correlation of the Ratawi chronostratigraphic surfaces recognized in the core 
description between the wells. 

This study depends on data from three wells at Wafra oilfield: (1) well R-50, 

with core samples, detailed core chart description, spectral gamma ray, computed 
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gamma ray, bulk density and neutron porosity logs, (2) well R-48, with core samples, 
detailed core chart description, and gamma ray log, and (3) well R-49, with core 

samples, spectral gamma ray, computed gamma ray, bulk density and neutron porosity 
logs, the well does not have detailed core chart description. 

Carbonates in their pure state are not radioactive; three elements in carbonate 

rocks produce natural gamma radiation, potassium (K), thorium (Th) and uranium (U). 

The first element is found in clay as well as mica, feldspar and evaporite minerals; the 

second element is found in clay and heavy minerals, and the last element is found in 

organic matter and phosphate (Rider, 1991). The petrographic study of the Ratawi core 

samples (Chapter 3), core observations and the core description chart indicates a 

virtual absence of evaporite minerals, but there are clay, phosphate and organic-rich 

shale layers. 

The variations in these elements are measured by spectral gamma ray, and 

computed gamma ray; they can be used to distinguish stratigraphic surfaces, 

sedimentary environments and processes (Ehrenberg and Svana, 2001; North and 

Boering, 1999). The aim of this section is to calibrate Ratawi core data with log data 

by testing the correlation of total gamma ray and relative amounts of K, Th and U 

elements measured by logs with the different Ratawi surfaces and stacking patterns 
identified in this study. 

This study uses computed gamma ray logs and measures the presence of K and 
Th as a shale indicator. The space difference between the spectral gamma ray log, 

which measures K, Th and U, and the computed gamma ray log (measures only K and 
Th) is used to measure U and in this study, also to indicate phosphate, and organic 
shale laminae (Rider, 1991). 

The analysis of the core (observation and chart description), Fischer plot, spectral 
gamma ray and computed gamma ray logs for the Ratawi Oolite in well R-50 show 
that: 

(1) Marker bed number 9, the boundary between the Ratawi Oolite and the Ratawi 
Limestone, is marked by a `big' spike on the spectral gamma ray log, and a 
relatively small peak on the computed gamma ray log. This is interpreted as 
showing the presence of organic-rich shale laminae and clay minerals. 

(2) Marker beds number 3,4,5,6,7 and 8 are marked by `big' peaks on the spectral 
gamma ray log and smaller peaks on the computed gamma ray log. These are 
interpreted in this study as the result of phosphate in hardgrounds and clay 
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minerals. 

(3) The stacking patterns for sequence boundary zone number 1 (SBZ-1) and 

sequence boundary zone number 2 (SBZ-2) are generally marked by higher values 

on the spectral gamma ray log, whereas the stacking pattern for the transgressive- 

regressive sequence GH S-1 is generally marked by a relatively low response on 

spectral gamma ray log. This is interpreted in this study as due to the high 

concentration of clay minerals in the sequence boundary zones. 

(4) There is no perfect correlation between the different parasequence surfaces 

identified from the core description for R-50 in this study and the log signatures. 
This is interpreted in this study as due to the low concentration of clay minerals 

and phosphate generally, which host the K, Th and U elements, on these surfaces. 

The analysis of the cores, the core chart description, Fischer plots, and `total' gamma 

ray logs for the Ratawi Limestone for well R-48 in this study show that: 
(1) The stacking pattern for sequence boundary zone number 3 (SBZ-3) is generally 

marked by a high `total' gamma ray log response, whereas the stacking pattern for 

sequence boundary zone number 4 (SBZ-4), and the transgressive-regressive 

sequence GH S-2 are generally marked by a relatively low response on the `total' 

gamma ray log. This is interpreted in this study as the result of the high 

concentration of clay minerals in SBZ-3, but not in SBZ-4 and GH S-2. 

(2) There is no perfect correlation between the different surfaces identified from core 
chart R-48 in this study and log signature. This is interpreted in this study as the 

result of the low concentration of clay minerals and phosphate on these surfaces. 

5.6 General correlation between well R-49 and R-50 

To examine the Ratawi Oolite lateral stacking patterns in the Wafra oilfield, a 
correlation is attempted for the reservoir zones between wells R-50 (Fig. 5-8) and R-48 
(Fig. 5-12). The distance between the two wells is about 4.8 kilometres. Spectral 

gamma ray, computed gamma ray, bulk density and neutron porosity logs were used 
for the correlation. 

As explained in the previous section, the available data for this study do not 
show perfect correlation between core description data and wireline logs for well R-50. 
This difficulty in correlation could be caused by low sensitivity of the logging tools, 
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Figure 5-12 Log signatures for strata in well R-49 and location of reservoir and non-reservoir 
units. 
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Figure 5-12 Log signatures for strata in well R-49 and location of reservoir and non-reservoir 
units. 
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variation of carbonate mineralogy, changes in rock fabric and grain types (Fitchen, 

1997). Reservoir unit-F, unit-E, unit-D and unit-C are correlated between the two wells 

on the basis of identifying marker bed numbers 5,6,7,8 and 9. 

5.7 Summary 

This chapter has presented the results of an analysis of the cycles present within the 

Ratawi Formation and shown that there are variations in the cycle types and thickness 

through the succession. Three types of parasequence are recognized: regressive cycle 

(R-Cycle), transgressive-regressive cycle (T/R-Cycle), and aggraded cycle (A-Cycle). 

The patterns of cycle thickness variations, in conjunction with facies and diagenetic 

data, are used to interpret sequence boundary zones and systems tracts. 

Fischer plots in time domain have been used to correlate the well logs and the 

cycle patterns. The reservoir and non-reservoir units have been considered within the 

sequence stratigraphy of the Ratawi Formation deduced from cycle thickness and 

facies patterns. The best reservoir zones are shown to occur within the highstand 

systems tract beneath a major (2°d-order) sequence boundary (Unit E) and transgressive 

systems tract (Unit D), and within the highstand systems tract (Unit C) of the sequence 

below. 
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Chapter 6 The Ratawi Sequence Stratigraphic Model and Petroleum 

System 

6.1 Introduction 

Ratawi reservoir heterogeneity at Wafra oilfield, and regional source, reservoir and 

seal rocks of the Ratawi Formation petroleum system are analyzed as part of the 

dynamic evolution of the Arabian-Iranian basin. The Ratawi sequence stratigraphic 

model provides a set of concepts and methodologies in which to integrate available 

data from this study. A sequence stratigraphic model can be used to evaluate local, 

regional and global factors controlling heterogeneity in the Ratawi reservoir zone, in 

addition to distribution and chronostratigraphic relationships of source, reservoir and 

seal facies of the Ratawi Formation petroleum system. The model interprets platform 

stratal geometry, and depositional and early diagenetic facies, by three basic 

parameters, accommodation history, depositional system (including sediment supply), 

and platform-margin profile (Tucker and Wright, 1990; Posamentier and Allen, 1993; 

Fitchen, 1997). 

A sequence stratigraphic model can be used to interpret sequence stratigraphic 

cycles at different scales: 2"d order cycle composite sequence, 3`d order cycle 

greenhouse sequence (Section 6.4), and 5`h order cycle transgression-regression 
53 

parasequence (Section -. 2). Generally, the timing of sequence bounding surfaces 
is determined by accommodation space, which is controlled by eustasy, subsidence 

and uplift, where the stratal architecture between those bounding surfaces is 

determined by carbonate platform type and sediment supply. Only the eustasy factor of 

the three basic parameters of the sequence stratigraphic model is globally significant; 

the other three factors could be locally to regionally significant (Posamentier and 
Allen, 1993). 

In the previous chapters of this study, the depositional system of the Ratawi 
Formation is interpreted as an epeiric ramp characterized by four broad facies belts 
(Chapter 3). Each of these facies belts is characterized by particular early diagenetic 
facies superimposed on depositional facies, and petrophysical properties (Chapter 4). 
Diagenetic secondary porosity of reservoir unit-E, and depositional primary porosity of 
reservoir unit-D, in addition to non-reservoir unit-C, unit-F, and Ratawi Limestone 
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seal rock at wells R-49 and R-50, are interpreted within a cyclic framework of three 

sequences GH S-0, GH S-1 and GH S-2 (Chapter 5). 

To use the inferred Ratawi sequence stratigraphic framework to interpret and 

predict heterogeneity of the Ratawi zone at Wafra oilfield, and regional source, 

reservoir and seal rocks of the Ratawi Formation petroleum system, the controlling 

factors on Ratawi cyclicity hierarchy must be interpreted and predicted. Local, 

regional and global parameters that control the cyclicity of the Ratawi Formation are 

interpreted in a framework of the sequence stratigraphic model. 

There are no single sequence stratigraphic models or templates that can be used 

to characterize carbonate platforms of all ages (Fitchen, 1997). Factors that control the 

Ratawi Formation sequence stratigraphic model should be inferred from the processes 

that control the dynamic evolution of the lower Cretaceous Arabian-Iranian basin, 

which includes the shallow-water Arabian Shelf and deep-water Gotnia Basin. The 

development of the Arabian-Iranian basin is part of the dynamic evolution of the 

Tethyan seaway, which is associated with the geological history of Gondwana 

fragmentation and the opening, widening and closing of the Neo-Tethys. 

6.1.1 Ratawi Formation petroleum system 

The lithofacies of the petroleum system of the Ratawi Formation can be interpreted 

within the framework of the long-term accommodation change and basin fill of the 

Arabian-Iranian basin. Greenlee and Lehrmann (1993) proposed using the 2nd order 

cycle to evaluate basin tectonism and basin-filling stratal patterns and to recognize the 

temporal and spatial distribution of source, reservoir and seal rocks in the basin. 

The 2nd order cycle is a large-scale, long-term transgressive-regressive cycle 
developed over periods of 5 to 20 m. y. and is represented in this study by a composite 

sequence (CM S). A composite sequence, like a parasequence, may be symmetric or 

asymmetric (Chapter 5); their stratigraphic signature results from the interplay among 
different factors including depositional system, basin geometry, subsidence, sea level, 

climate and palaeoceangraphic conditions (Greenlee and Lehrmann, 1993; Fitchen, 
1997). 

The cycle of basin filling is represented by transgressive to regressive 
lithofacies packages forming the 2°d order composite sequence, which is similar to a 
transgressive-regressive 5th order cycle parasequence and 3`d order cycle greenhouse 
sequence. This similarity is due to the fact that they are developed during similar 
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accommodation history, increasing accommodation during transgressive phase and 

decreasing accommodation during regressive phase, but on different time-scales 

(Greenlee and Lehrmann, 1993; Fitchen, 1997). 

Composite sequences are bounded by composite sequence boundary zones 
(CMS BZ) that document major relative falls in sea level, and large-scale 

reorganization of the basin's depositional system. They represent distinctive 

stratigraphic architectures in the basin that appear to be driven by global tectonic 

processes related to changing rates of sea-floor spreading (Greenlee and Lehmann, 

1993). 

Douban and Al Medhadi (1999) applied the concepts of sequence stratigraphy 
to the Cretaceous succession in the Saudi Arabia-Kuwait Partitioned Neutral Zone and 
in Kuwait to analyze the petroleum system of this period. They identified five 2nd order 

composite sequences (megasequences) and four major breaks of sedimentation. This 

model can be used to interpret and predict source, reservoir and seal lithofacies. The 

five composite sequences are Berriasian to Valanginian, Late Hauterivian / Barremian 

to Aptian, Albian to Early Cenomanian, Cenomanian to Early Turonian, and Late 

Coniacian / Santonian to Maastrichtian. The four major breaks in sedimentation are 
Valanginian to Hauterivian, Early Albian, Turonian to Coniacian, and Late 
Maastrichtian. 

The sequence stratigraphic model of Douban and Al Medhadi (1999) divides 
the Lower Cretaceous Thamama Group in the study area into two 2°d order composite 
sequences, which are Berriasian to Valanginian and Late Hauterivian / Barremian to 
Aptian. Both composite sequences of the Thamama Group contain a well-developed 
petroleum system. 

6.1.2 Thamama Group 2°d order cycles 
The stratigraphic succession of the Cretaceous period in the Arabian-Iranian basin is 
divided into Thamama, Wasia and Aruma groups (Chapter 2). According to Douban 
and Al Medhadi (1999), the Cretaceous petroleum system of the Thamama Group 
(Berriasian through early Aptian) and Wasia Group (late Aptian through Turonian) 
each consists of two 2nd order sequences, whereas the Aruma Group (Coniacian 
through Maastrichtian) has one 2°d order sequence. Alsharhan and Nairn (1986) 
divided the Thamama Group into two predominately carbonate cycles, with the 
maximum development of the marginal clastic facies occurring within the upper cycle. 
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Figure 6-1 2°d-order and 3`d-order cycles recognized in this study compared to Tethyan 
stratigraphic cycles and 1` sub cycle of Jacquin et at. (1998). The 3rd order sequence boundary 
SBZ 1 (in core from well R-50) is equivalent to SBZ 2 (in core from well R-49) and is 
equivalent to 2°d order sequence boundary CMS BZ2. The latter surface is bounded by two 
major unconformity surfaces. The lower surface is a type 1 unconformity and its correlative 
conformable surface compares to Tethyan cycle surface Va2; the upper surface marks the 
beginning of a deepening upward succession and its correlative type 3 unconformity correlates 
to Tethyan cycle flooding surface number MFS Va2. (R-Oo = Ratawi Oolite, R-Ls = Ratawi 
Limestone, R-Sh = Ratawi Shale, GH S-1 = greenhouse sequence number 1, SB Z-1 = 
sequence boundary zone number 1, CM S1= composite sequence number 1 and CMS BZ 1= 
composite sequence boundary zone number 1). 
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This study infers that each of these two Thamama Group cycles is equivalent to 

a 2°d order, composite sequence (CM S) (Fig. 6-1), separated by a second-order 

composite sequence boundary zone (CMS BZ). The lower cycle is labelled in this 

study as CM S-1 and the upper cycle as CM S-2. The lower boundary zone of the first 

composite sequence is labelled in this study as CMS BZ-1 at the bottom of the Group; 

the middle boundary zone between the two composite sequences is CMS BZ-2, and 

the upper boundary zone of the second composite sequence is CMS BZ-3 at the top of 

the Group. 

The development of two 2nd order cycles of long-term accommodation changes 

in the Thamama Group is associated with cycles of Arabian-Iranian basin fill, which 

represent different stages in the development of the shallow-water Arabian shelf and 

deep-water Gotnia Basin. These long-term 2°d order cycles could be related to different 

stages of tectonic development of the Arabian plate, which is associated with the 

development of the Tethyan seaway. 

This study has no available chronostratigraphic data to determine the duration 

of the two composite sequences of the Thamama Group. The duration of CM S-1 and 

CM S-2 could be calculated by estimating the date of the CMS BZ-1, CMS BZ-2, and 

CMS BZ-3. Lehrmann et al. (2000) correlated the upper boundary zone of the 

Thamama Group CMS BZ-3 to a carbonate platform surface Ap 3 in Mexico and 

Texas, about 120 ma. on the Hardenbol et al. (1998) chart. 

The petrographic and stratigraphic data in this study indicate that the 

development of the Ratawi Oolite platform was terminated by deposition of the deep- 

water Ratawi Limestone and Ratawi Shale, after a long period of subaerial exposure 

(Chapter 5). This study interprets the lithofacies succession of the middle and upper 

members as a deepening (drowning) succession. 

This deepening succession is inferred in this study to be correlated with the 

`global' drowning event associated with the start of the second 2°d order cycle of the 

Thamama Group (Section 6.4). This study used the Hardenbol et al. (1998) composite 
"global" sequences and "eustatic" curves from the Mesozoic and Cenozoic 

chronostratigraphic chart to correlate CMS BZ-2 to sequence boundary surface 

number Va 2, dated at about 136 million years, which is positioned under a `major' 

maximum flooding surface (global drowning event). This event is inferred in this study 

to be correlated with the Ratawi deepening succession (Section 6.4). 
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This study inferred from the Hardenbol et al. (1998) chart that CMS BZ-1 may 

be the first sequence boundary in the Cretaceous, which is surface number Be 1, about 

144 nC! ý Pese data are used to calculate the duration of the two 2°a-order sequences of 

the Thamama Group; CM S-1 was about 8 million years, whereas CM S-2 was about 

16 m. y. 
This study interprets and predicts the vertical succession (temporal) and areal 

distribution (spatial) of lithofacies of the Ratawi reservoir zone at Wafra oilfield and 

components of the petroleum system (source, reservoir and seal rocks) in the 

framework of different stages of development of the two 2°d-order composite 

sequences. 

6.1.3 Aims of this chanter 

The end goal for this chapter and this study is to construct a sequence stratigraphic 

model for the Ratawi Formation in the Thamama Group in which location, cycle 

succession, depositional and early diagenetic facies, and petrophysical properties of 

the Ratawi Formation at Wafra oilfield as well as regional source, reservoir and seal 

rocks in the study area can be interpreted and predicted. This chapter has four aims, 

namely: 

1. Analyzing factors controlling the distribution of the Ratawi Formation in the study 

area, discussed in Section 6.2. 

2. Documenting the hierarchy of cyclicity of the Ratawi sequence stratigraphic 
framework that constituted the Ratawi zone, Ratawi Oolite platform, from the 

cored interval at Wafra oilfield, discussed in Section 6.3. 

3. Interpreting the local and regional versus global controls on initiation, 

development, and termination of the Ratawi Oolite platform that can act as a 

predictive tool for reservoir heterogeneity for the Ratawi zone at Wafra oilfield, 
discussed in Section 6.4.1. 

4. Interpreting the local, regional and global control on the development of the 
Ratawi Formation petroleum system, discussed in Section 6.4.2. 

6.2 Distribution of Ratawi Formation in the study area and ad jacent countries 
Understanding the factors that control the areal (spatial) and vertical (temporal) 
distribution of the three members of the Ratawi Formation (Ratawi Oolite, Ratawi 
Limestone and Ratawi Shale) in the study area and adjacent countries is important for 
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major oil fields in southern Kuwait and the study area, the Partitioned Neutral Zone (PNZ) 
(upper). Lithostratigraphic correlation of the Mesozoic formations in southern Iraq-Kuwait- 
PNZ and northeastern Saudi Arabia (lower) (after Alsharhan and Nairn, 1997). The regional 
temporal and spatial distribution of the lower Cretaceous Thamama Group in the Arabian- 
Iranian basin is used in this study to interpret the regional processes controlling the deposition 
of the Ratawi Formation. 
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Figure 6-2 Lithostratigraphic-structural cross-section showing productive horizons in the 
major oil fields in southern Kuwait and the study area, the Partitioned Neutral Zone (PNZ) 
(upper). Lithostratigraphic correlation of the Mesozoic formations in southern Iraq-Kuwait- 
PNZ and northeastern Saudi Arabia (lower) (after Alsharhan and Nairn, 1997). The regional 
temporal and spatial distribution of the lower Cretaceous 'I'hamanla Group in the Arabian- 
Iranian basin is used in this study to interpret the regional processes controlling the deposition 
of the Ratawi Formation. 
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the interpretation of the factors controlling Ratawi architecture, and these are essential 

for the construction of the Ratawi sequence stratigraphic model. This study reveals 

several important factors by analyzing the published data and the lithofacies and 

thickness patterns in the regional cross-section published by Alsharhan and Nairn 

(1997) (Fig. 6-2) which are north-south cross-sections through the Saudi Arabia- 

Kuwait Partitioned Neutral Zone, Kuwait, and southern Iraq. 

These patterns include: 

1. The lithofacies of the Ratawi Oolite, the lower member of the Ratawi formation, 

are restricted to the Kuwait Arch area in the Gotnia Basin; the arch extends from 

the Arabian Shelf in the south into the study area at Wafra oilfield to the Burgan 

oilfield and ends (plunges) in the north at a distance between Burgan and Ahmadi 

oilfields in the Gotnia Basin. 

2. The lithofacies of the Ratawi Limestone and Ratawi Shale, the middle and upper 

members of the Ratawi Formation, are not restricted to the Kuwait Arch area but 

extend from the study area to southern Iraq. 

3. The thickness of the Makhul Formation and carbonate-dominated facies of the 

Ratawi Formation (Ratawi Oolite and Ratawi Limestone) is greater at the northern 
boundary of the study area (boundary of the Gotnia Basin with the Arabian Shelf) 

and pinches out at the southern boundary of the study area (Arabian Shelf). 

These observed patterns are interpreted in this study as showing: 
1. The lithofacies of the Makhul Formation and lower and middle members of the 

Ratawi Formation are restricted to the Gotnia Basin in the study area, Kuwait and 
southern Iraq and pinch out on the Arabian Shelf at the southern boundary of the 

study area and in Saudi Arabia. This pattern is interpreted in this study as due to 
differential subsidence between the shallow-water Arabian Shelf and deep-water 
Gotnia Basin; the basin had a higher rate of tectonic subsidence than the shelf. 

2. The erosional unconformity that separates the Ratawi Oolite from the Ratawi 
Limestone (CMS BZ-2) decreases in intensity from the south (on the shelf) to the 
north (in the basin) due to an increase in differential subsidence. This unconformity 
and the overlying deepening succession (Ratawi Limestone and Ratawi Shale) in 
the study area may be correlated to a conformable surface and drowning 
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unconformity in the basin to the north of the study area, discussed in Section 6.4. 

3. The lithofacies of the lower member of the Ratawi Oolite (the reservoir zone) is 

considered in this study to be a `local' vertical and lateral lithofacies change of the 

Makhul Formation. This study infers tectonic activation of the Kuwait arch in the 

study area by differential subsidence between the arch and the deep-water Gotnia 

Basin, which created the shallow-water depositional environment of the Ratawi 

Oolite platform. 

4. The shallow-water depositional environment of the reservoir facies ended through 

differential subsidence between the arch and the basin in the study area after a long 

period of subaerial exposure (CMS BZ-2), and the deposition of the deepening 

succession of the Ratawi Limestone and Ratawi Shale. The differential subsidence 

between the Arabian Shelf and the Gotnia Basin continued during the deposition of 

the deepening succession. 
5. The differential subsidence between the shelf and the basin ended in the study area 

by deposition of shallow-water carbonate facies of the Shuaiba Formation, the 

upper lithofacies of the second composite sequence of the Thamama Group (CMS 

S-2). 

6.3 The cycle hierarchy of the Ratawi Formation 

Eighty-four parasequences are recognized in this study from the cored interval of the 

Ratawi Oolite and Ratawi Limestone in wells R-50 and R-48 by applying a high- 

resolution sequence stratigraphic approach. Since well data provide one-dimensional 
data that do not resolve stratal geometry and the termination of the Ratawi Oolite 

platform, this study used stacking pattern analysis to identify the cycle hierarchy of the 

Ratawi Formation (Chapter 5). Integrating these data with petrographic and 

stratigraphic data from this study and published data resulted in an integration of the 

hierarchy units of the Ratawi Formation into the Thamama Group hierarchy units. 
The cycle hierarchy recognized in this study is 5th order parasequence, 4`h order 

systems tract, 3rd order greenhouse sequence (GH S-0, GH S-1 and GH S-2 in the 
Ratawi Formation), in addition to 2°d order composite sequence (CM S-1 and CM S-2) 

in the Thamama Group (Appendix II and Fig. 6-1). These genetic units are 

characterized by systematic vertical and lateral distributions of Ratawi microfacies, 
lithofacies, ramp depositional system, early diagenetic facies and petrophysical 

properties. 

Chapter 6 226 



Sequence Stratigraphic Model & Petroleum System 

The recognition of a cycle hierarchy in the Ratawi Formation within the 

Thamama Group cycle hierarchy provides a predictive sequence stratigraphic 
framework for the Ratawi reservoir zone in which the petrophysical properties of the 

reservoir and non-reservoir units, in addition to the Ratawi Formation petroleum 

system, are interpreted and predicted (Chapter 5). 

Petrographic and stratigraphic data indicate a sequence boundary zone (SBZ-2) 

between the lower and middle member of the Ratawi Formation that is equivalent to 

the 2°d order sequence boundary zone CMS BZ-2, which divides the Thamama Group 

into two 2°d order composite sequences (CM S-1 and CM S-2) (Fig. 6-1). The GH S-0 

and GH S-1 of the lower member (Ratawi Oolite) is at the top of CM S-1, whereas the 

GH S-3 of the middle member (Ratawi Limestone) is at the bottom of the CM S-2. 

These petrographic and stratigraphic data include: p 

1. The petrographic data in this study indicate that the main controlling porosity in 

Unit E is diagenetic secondary ootlet porosity formedA by a long period of 

subaerial exposure (Chapter 4). Reservoir Unit E is the only reservoir unit in the 

Ratawi zone at Wafra oilfield that is producing in the main, southern and eastern 
Wafra areas. 

2. The regional stratigraphic data indicate that the lithofacies of the lower member of 
the Ratawi Oolite in the study area are correlated to the Yamama Formation and 

erosional unconformity to the south (Saudi Arabia) and Minagish Formation to the 

north (Kuwait) (Chapter 2). The lithofacies of the middle member (Ratawi 
Limestone) and upper member (Ratawi Shale) in the study area are correlated to 

the Buwaib Formation to the south (Saudi Arabia) and Ratawi Formation to the 

north (Kuwait). There is a subaerial erosional unconformity on the Arabian Shelf 

between the Yamama Formation and the overlying Buwaib Formation. The 

intensity of the erosional unconformity decreases from the outcrop on the Arabian 
Shelf to the south of the study area, into the subsurface in the study area and the 
Gotnia Basin, to the north (Alsharhan and Nairn, 1997). 

6.4 Ratawi Formation sequence stratigranhic model 
To use the constructed Ratawi Formation Thamama Group sequence stratigraphic 
framework as a predictive tool for Ratawi reservoir heterogeneity and petroleum 
system, the local, regional and global factors controlling the Ratawi Formation in the 
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Thamama Group cycle hierarchy must be interpreted and predicted. Many workers 

including Handford and Loucks (1993), Greenlee and Lehrmann (1993), and Fitchen 

(1997) proposed generalized sequence stratigraphic models for carbonate successions. 

These models interpret platform stratal geometry, depositional and early diagenetic 

facies by three basic parameters, namely accommodation history, depositional system 

(sediment supply), and platform margin-profile (platform type) (Fitchen, 1997). The 

model is used in this study to int 5rp3et and predict sequence stratigraphic cycles at 

different scales (Sections 6.5 and 2). 

However, to construct a specific sequence stratigraphic model for the Ratawi, 

this study must consider the specific factors and rate of change of processes that 

control the Ratawi Oolite platform initiation, development and termination (Fitchen, 

1997; Harris et al., 1999). The specific factors that are considered in this study include: 

1. The carbonate organisms which were living during the Lower Cretaceous 

Valanginian-Hauterivian time, and the Cretaceous ̀ calcite-sea'. 

2. The configuration of the Ratawi epeiric ramp platform, which was at the boundary 

between the shallow-water Arabian Shelf and the deep-water Gotnia Basin 

(Chapter 2). 

3. The rate of subsidence, inferred in this study to be linear subsidence associated 

with the passive continental margin of the Arabian plate, and differential 

subsidence between the Kuwait Arch, Gotnia Basin and Arabian Shelf, in addition 
to the development of a local antecedent topographic high by movement of 
Hormuz salt (Chapter 2). 

4. The eustatic sea-level fluctuations during the Lower Cretaceous Valanginian- 

Hauterivian, which was a greenhouse time with `little icehouse' periods (Chapter 

5). 

5. The climatic conditions during the Lower Cretaceous, which was a semi-arid 

climate after the very and climate during the Upper Jurassic (Chapter 3). 
6. The detrital siliciclastic influx to the study area, inferred to be associated with the 

migration of the Zubair delta from southern Iraq into the study area (Chapter 2). 

6.4.1 Factors controlling Ratawi Formation cyclicity 
The stratigraphic evolution of the `Ratawi Oolite platform', and its initiation, 
development and termination, and the four broad facies belts, deep-ramp, shallow- 
ramp, back-ramp, and subaerial exposure, are controlled by the interplay between 
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eustasy, tectonics and sediment supply at the second and third-order cycle scale. These 

three parameters control the architecture of the Ratawi Oolite platform by controlling 

the platform keep-up, catch-up and give-up phases. 

The petrographic and stratigraphic data in this study indicate that the lower 

member (Ratawi Oolite) represents a keep-up phase, whereas the lower part of the 

middle member (Ratawi Limestone) represents a catch-up phase, and the upper part 

represents a give-up phase. The amount of carbonate sediment decreases whereas 

detrital siliciclastic material increases upward from the lower member to the middle 

and upper members of the Ratawi Formation. The upper member (Ratawi Shale) 

represents complete drowning and burial of the Ratawi Oolite platform by the deep- 

water prodelta shale of the Zubair delta. 

The keep-up phase of the Ratawi Oolite member was formed when the rate of 

carbonate sediment supply was matched by the rate of accommodation space increase. 

The `Ratawi Oolite platform' aggraded to form a shoaling-upward cycle. This phase of 

platform development is characterized by peritidal parasequences. The accommodation 

space was created by differential subsidence between the Gotnia Basin and Kuwait 

Arch, and eustatic sea-level change during the Lower Cretaceous greenhouse and 

`small icehouse' (Chapter 5). 

The catch-up phase of the lower part of the Ratawi Limestone member was 
formed when the rate of carbonate sediment supply was unable to keep pace with the 

rate of accommodation space increase, but it then later aggraded to sea level. The give- 

up phase of the upper part of the Ratawi Limestone member formed when the rate of 

carbonate sediment supply was unable to match the rate of accommodation space 
increase, and the Ratawi Oolite platform was then buried under the prodelta shale of 
the Zubair delta (Ratawi Shale member) (Kendall et al., 1991). These two phases of 

platform development are characterized by subtidal parasequences (Chapter 5). 

Goldhammer and Wilson (1991) divided the Upper Jurassic and Lower 
Cretaceous in north-eastern Mexico and the northern Gulf Coast of Mexico into four 
2nd order sequences. Sequences number 1 and 2 are in the Upper Jurassic, and 
sequences number 3 and 4 are in the Lower Cretaceous. Sequence number 3 is 

correlated in this study to the Thamama Group, which is divided by Douban and Al 
Medhadi (1999) into two 2nd-order sequences. 

Jacquin et al. (1998) divided the Berriasian to Albian Lower Cretaceous of 
Western Europe, which includes the northern North Sea, southern England, western 
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Netherlands and north west Get-many, Paris Basin, northern suh-Alpine Chains and 

Vocontian Basin, into six 2d order cycles. They correlated these six 2' order cycles to 

six Tethyan 2°" order cycles, which are Tethyan cycle numbers 10 to 15. Cycle number 

10 is the upper part of the 1` order sub-cycle `North-Sea cycle', and cycles I1 to 15 

are in the lower part of the 1" order suh-cycle `North Atlantic cycle' C, 
6 -3 and Fig 
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This study has inferred that Tethyan cycles number 10,11 and 12 are 

equivalent to the Thamama Group. Similar to the sequence boundary of the Thamama 

Group, the lower boundary of Tethyan cycle number 10 is correlated to sequence 
boundary number Be 1, about 144.2 ma., whereas the upper boundary of Tethyan cycle 

number 12 is correlated to sequence boundary number Ap 3, about 120 ma. The upper 
boundary for Tethyan cycle 10 is correlated to sequence boundary number Be 7, about 
138 ma, and the upper boundary to Tethyan cycle 11 is correlated to sequence 
boundary number Va 3, about 135.5 ma. 

This study suggests that the lower Thamama Group composite sequence CM S- 

1 is equivalent to two Tethyan 2nd order cycles, Tethyan cycle number 10 of the 

`North-Sea cycle' and Tethyan cycle number 11 of the 'North Atlantic cycle'. The 

upper Thamama Group composite sequence CM S-2 is equivalent to one Tethyan 2nd 

order cycle, Tethyan cycle number 12 of the `North Atlantic cycle'. 
This study indicates that the two distinct lithofacies of the CM S-1 in the study 

area, which are deep-water facies of the Makhul Formation and shallow-water facies 

of the Ratawi Oolite member, could be correlated with the two Tethyan 2ad order 

cycles. Deep-water lithofacies of the Makhul Formation may be correlated with 
Tethyan cycle number 10, and differential subsidence between the Kuwait Arch and 
Gotnia Basin that lead to deposition of the shallow-water lithofacies of the Ratawi 

Oolite member can be correlated with the tectonic movement at the boundary of 
Tethyan cycle number 10 and 11 (Fig. 6-1 and 6-4). If this inference is correct, 
deposition of the lower member (Ratawi Oolite) began during the Tethyan cycle 

regression number R10, at Tethyan surface number Va 1 about 136 ma, and ended at 
Tethyan surface number Va 2 about 135.5 ma, a duration of approximately 0.5 my. 

The erosional unconformity that decreases in intensity from the Arabian Shelf 

to the Gotnia Basin divides the Thamama Group into two composite sequences CM S- 
1, and CM S-2 (Section 6.1.2). Reservoir heterogeneity of the Ratawi zone at Wafra 

oilfield and the petroleum system of the Ratawi Formation are controlled by the 
development of two Thamama Group 2°d order cycles. The factors controlling the 
development of the two composite sequences, CM S-1 and CM S-2, and the three 
composite sequence boundary zones, CMS BZ-1, CMS BZ-2, CMS BZ-3, are 
discussed in the following sections. 
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To construct a Ratawi sequence stratigraphie model, the relative importance of 

eustasy, tectonics and sediment supply at global, regional and local scales on the 

development of composite sequences CM S-1 and CM S-2 must be distinguished. One 

method to constrain the relative significance of each of these three main variables is to 

compare the pattern for two of the variables. This study analyzes tectonic versus 

eustatic processes (Section 6.4.1.1), eustatic versus sedimentary processes (Section 

6.4.1.2), and sediment supply versus tectonic processes (Section 6.4.1.3) on the 

initiation, development and termination of the `Ratawi Oolite platform', and the 

development of the Ratawi Formation petroleum system. 

6.4.1.1 Tectonic versus eustatic processes 
In order to separate the relative significance of regional and local tectonics from 

eustatic global sea-level change, this study correlates the Ratawi Formation in cycle 
hierarchy at the 2nd order cycle scale to the published eustatic cycle chart of Hardenbol 

et al. (1998) and Haq et al. (1988) (Fig 6-5). Only those sequence boundaries that can 

be correlated over large areas of the globe could have been formed by some kind of 

eustatic control (Bosellini et al., 1999). 

6.4.1.1.1 Factors controlling composite sequence boundary zone CMS BZ. 1 

According to Douban and Al Medhadi (1999), sequence boundary zone CMS BZ-1 is 

associated with the onset of the first 2°d order relative sea-level rise during the lower 
Cretaceous that deposited the first composite sequence CM S-1 of the Thamama 
Group. This relative sea-level rise was after a relative sea-level low, which produced 
an Upper Jurassic thick evaporite succession in the study area (Section 6.1.2). 

There are no available data for this study to locate the position of this surface 
on the eustatic cycle chart of Hardenbol et al. (1998) and Haq et al. (1988). This study 
assumes that the CMS BZ-1 is the first sequence boundary at the start of the 
Cretaceous period, which is surface number Be 1, about 144 ma (Fig. 6-6) This surface 
separates the shallow-water evaporites of the 

SUpper 
Jurassic Hith Formation from the 

deeper-water lower Cretaceous Makhul Formation in the study area. 
The regressive phase during the late Jurassic in the Arabian-Iranian basin could 

be correlated to a similar phase in Europe during the end of the North Sea cycle 
(Jacquin and De Graciansky, 1998). Sequence boundary surface Be 1 is controlled by 
global sea-level rise, a eustatic process. 
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6.4.1.1.2 Factors controlling composite sequence boundary zone CMS BZ-2 

Composite sequence boundary zone CMS BZ-2 is associated with the onset of the 

Thamama Group second 2°d order cycle, which started during the Hauterivian (Lower 

Cretaceous) and deposited the second composite sequence CM S-2 (Section 6.1.2). 

This sequence boundary zone separates the lower member (Ratawi Oolite) from the 

middle member (Ratawi Limestone) in the study area. 

In a review of sequence boundary types, Schlager (1999) listed three types of 

sequence boundary, type 1, type 2 and type 3 (Fig. 6-7). The first two types are 

restricted to surfaces with evidence of subaerial exposure, whereas the last type is 

without a long period of subaerial exposure. Sequence boundary type 1 is formed 

when the maximum rate of eustatic fall exceeds the rate of subsidence. Sequence 

boundary type 2 is formed when maximum rate of eustatic fall approximately equals 

the rate of subsidence. Sequence boundary type 3 is formed when maximum rate of 

eustatic fall is distinctly less than the rate of subsidence. 

The petrographic and stratigraphic data from this study indicate that the upper 

boundary of the Ratawi Oolite, CMS BZ-2, marks the termination of the Ratawi Oolite 

platform by the deposition of the deepening-upward succession of the overlying 

Ratawi Limestone on the subaerially exposed surface of the platform (Section 6.3). 

This composite sequence boundary zone is inferred in this study to be bounded by two 

major unconformity surfaces. 

The lower boundary surface is a type 1 sequence boundary in the study area on 

the Kuwait Arch and its correlative conformable surface is in the Gotnia Basin 

succession (Section 6.4.1.1.2.1). The upper boundary surface is a sequence boundary 

type 3 in the Gotnia Basin and its correlative deepening-upward succession in the 
2. 

study area on the Kuwait Arch (Section 6.4.1.1.2.4). 

6.4.1.1.2.1 Type 1 unconformity and its correlative conformable surface 
The stratigraphic and petrographic data in this study infer subaerial exposure of the 
Ratawi Oolite in the study area on the Kuwait Arch but continuous deposition in the 
Gotnia Basin. This was due to one or two processes. The first is a change in rate of 
differential subsidence between the arch and the basin, which would have lead to 

tectonic uplift of the arch at the start of Tethyan cycle number 11 (Section 6.4.1); the 

second is an increase in the rate of eustatic sea-level fall. During the relative sea-level 
low, the four facies belts of the Ratawi epeiric ramp (deep-ramp, shallow-ramp, back- 
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ramp, and subaerial exposure facies) were shifted in the direction of the deep-water 

Gotnia Basin, with the expansion of the subaerial facies belt of the Arabian Shelf onto 

the Kuwait Arch in the study area. 

This study used the Hardenbol et al. (1998) and Haq et al. (1988) composite 
"global" sequences and "eustatic" curves from the Mesozoic and Cenozoic 

chronostratigraphic chart to correlate the lower boundary unconformity surfaces of 

composite sequence boundary zone CMS BZ-2 to sequence boundary surface number 

Va 2, dated at about 136 ma (Fig. 6-5 and 6-6). As explained in the previous section 

the Thamama Group first composite sequence CM S-1 can be correlated to Tethyan 

cycles number 10 and 11. The Reservoir zone, which is the lower member of the 

Ratawi Oolite, is inferred in this study to be equivalent to Tethyan cycle number 11. 

According to Jacquin et al. (1998) the 1" order sub-cycle of the `North Atlantic 

cycle' is defined by the onset of the Upper Ryazanian transgression onto the European 

craton, and this is equivalent to the onset of Tethyan cycle number 11. In Europe this 

is a major turning point between the overall progradation of the underlying late 

Jurassic - lowermost Cretaceous regressive phase and the overall Cretaceous 

transgressive episode. 

The most erosional surface in the `North Atlantic cycle' interval in Europe is 

not at the base of the succession, the lower sequence boundary of Tethyan cycle 

number 11, but at the upper sequence boundary of this cycle. The unconformity at the 

end of Tethyan cycle number 11, which is equivalent to the unconformity at the end of 

the Ratawi Oolite member in this study, is the last of four Late Cimmerian 

unconformities, which are dated respectively as Lower Volgian (Tithonian), Upper 

Volgian, Late Ryazanian (upper Berriasian), and Lower Valanginian. 

This Lower Cretaceous major unconformity in Europe is inferred in this study 
to be correlated to the lower boundary surface of CMS BZ-2 between the Ratawi 
Oolite and the Ratawi Limestone. This unconformity is identified in the study area as a 
type 1 sequence boundary on the Kuwait Arch and Arabian Shelf, and its correlative 
conformable surface in the Gotnia Basin succession. This unconformity is inferred in 
this study to have had a major impact on the development of heterogeneity in the 
Ratawi reservoir zone at Wafra oilfield. 

During the long unconformity period of subaerial exposure under semi-arid 
conditions in the study area, a mature calcrete zone developed in the main, southern, 
and eastern Wafra areas (Chapter 4). This diagenetic overprint on the Ratawi Oolite 
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platform and its diagenetic secondary rootlet porosity is inferred in this study to be the 

main control on reservoir unit-E, which is the only reservoir unit producing from the 

three Wafra areas. 

This study infers that the onset of tectonic movements associated with the 1" 

order sub-cycle of the `North Atlantic cycle' that started at the base of Tethyan cycle 

number 11, surface number Va 7, at about 138 ma might have lead to the tilting of the 

Arabian Shelf (eastern part of the Arabian plate) to the east and uplift of the western 

side (Pratt and Smewing, 1993). This tectonic movement would have lead to 

differential subsidence between the Kuwait Arch and the Gotnia Basin in the study 

area, and a subaerial erosional unconformity on the Arabian Shelf. The movement of 

the arch induced the differential depositional environments of the Ratawi epeiric ramp, 

with subaerial exposure over the Arabian Shelf, a shallow-ramp (Ratawi Oolite 

platform facies) over the Kuwait Arch and a deep-ramp in the Gotnia Basin. 
This model indicates that the reservoir zone in the Ratawi Oolite member was 

only deposited in the shallow-water over the arch within the Gotnia Basin. The lower 

member of the Ratawi Formation is time equivalent to the subaerial unconformity on 

the Arabian Shelf and is considered in this study as a `local' facies change of the deep- 

water Makhul Formation. 

6.4.1.1.2.2 Deepening succession and its correlative Type 3 unconformity 
The stratigraphic and petrographic data in this study interpret the termination of the 

shallow-water deposition of the Ratawi Oolite platform by the deposition of a 
deepening-upward succession of the Ratawi Limestone on the subaerial unconformity 
surface over the Kuwait Arch (Chapter 3). This unconformity surface is inferred in this 

study to be correlated to a conformable surface in the Gotnia Basin, where the 
deepening-upward succession of the Ratawi Limestone on the arch may be correlated 
to the drowning event on the conformable surface in the Gotnia Basin. 

The drowning event, a type 3 unconformity and its correlative deepening- 

upward succession, is the upper boundary surface for CMS BZ-2, where the subaerial 
exposure type 1 unconformity and its correlative conformable surface is the lower 
boundary surface. This deepening-upward succession and drowning event is the 
stratigraphic record of the interplay between two processes, the change in the rate of 
sediment supply and accommodation space (Fig. 6-8). Factors controlling sediment 
supply are discussed in eustatic versus sedimentary processes (Section 6.4.1.2); factors 
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controlling relative sea-level rate change are discussed in this section. 

The upper boundary surface, which represents a deepening-upward succession 

of catch-up and give-up phases, was formed when the rate of accommodation space 

exceeded carbonate sediment supply and accumulation. The rate of change of 

a 
0ommogation 

space in the study area, during the formation of the upper boundary 

feeerwas controlled by the interplay of two processes. The first is the differential 

subsidence between the arch and the basin, which is inferred in this study to have 

ended at this time so that the Kuwait Arch subsided at the same rate as the Gotnia 

Basin; this is from the regional stratigraphic relations that indicate termination of the 

shallow-water facies of the Ratawi Oolite. The second is a rapid increase in the rate of 

relative sea-level rise. 
During the fast relative sea-level rise, the four facies belts of the Ratawi epeiric 

ramp, deep-ramp, shallow-ramp, back-ramp and subaerial exposure, were shifted in 

the direction of the shallow-water Arabian Shelf, with the expansion of the deep-ramp 

facies of the Ratawi Limestone over the Kuwait Arch. 

To evaluate the significance of global sea-level processes in the formation of 

the upper boundary surface of CMS BZ-2, this study correlates this change in the 

accommodation space with other parts of the world. This study used the Hardenbol et 

al. (1998) and Haq et al. (1988) composite "global" sequences and "eustatic" curves 
from the Mesozoic and Cenozoic chronostratigraphic chart to correlate the upper 
boundary unconformity surface to major flooding surface number MFS Va 2, dated at 

about 135 ma. This drowning event is associated with the onset of Tethyan 2nd order 

cycle number 12. 

According to Bosellini et al. (1999) the lower Valanginian drowning 

unconformity event is well known in a large part of the world, from the Caribbean to 

eastern Arabia. This event is documented in (1) the western continental margin of the 
Atlantic Ocean (Scotian Shelf, Baltimore Canyon, Caribbean); (2) the eastern 
continental margin of the Atlantic Ocean (Iberia, Morocco); (3) the western peri- 
Alpine domain, the northern and western continental margin of the Ligurian Ocean 
(western Tethyan) (southern France, Helvetic Alps, Estremadura, eastern Prebetic and 
Betic areas); and (4) the margins of the Adria Plate (Apulia Platform). 

The synchronized termination of widespread carbonate platforms during lower 
Valanginian time could be the result of several processes, including (1) rapid eustatic 
sea-level rise; (2) globally increased tectonic movements; (3) pulses in ocean-crust 

Chapter 6 238 



Sequence Stratigraphic Model & Petroleum System 

C hrono- Long - Terni and Lon Term g- 0 
ý. v 

°J c- 
h 

s tratigraphy Short - Term Eustatic F. ustatic Curve - w T, . G4 v 
y v 87) Curve - ITaq et at. (9 liardenbol et at. (1987) Ü N y 
E Stages 4 
l-c n v: 

jOO 1X50 I Oq 50 (1 n IN) 150 I PU 51( Om 

Albian 
0. ö 

15 U 

Aptian 

L- -- -__-_-. _ 'h1S 13Z 
120 112.0-Ap3 AO3 

U 
Shumba 

U I 
1,5 Barremian N° 

L 
Ö 

"fir : 

9 l tauterivian 
U Chf S2 

0 a 
U L 

E 

U 
5 Valanginian MSRZ 

U 
4 0 CMS 1 

Berriasian Nl vom, ýý g 

L 
r - --------- Be I 

CM; 117 1 
4 5 134- s 

11ith 
Fonn. 

L z-- 3rd-order cycle 
2rd-order er cycle 

Minor--4 -- - 

Maximum Flooding --5- 4e 
Surfaces 

diunl-D ---_Minor` Sequence 
edium ýIa1 

-d 
MAoundaries 

4Mayor 
Figure 6-6) Thamama Group 2°d-order sequences and surfaces recognized in this study 
compared with equivalent surfaces in the Eustatic Curve of Haq et al. (1987) and Hardenbol 

et al. (1998). Note minor to medium flooding surface for MFS Va2 in Hardenbol et al. (1998) 
curve, whereas it is a major surface in Haq et al. (1987) curve. (R-Oo = Ratawi Oolite, R-Ls = 
Ratawi Limestone, R-Sh = Ratawi Shale, GH S-1 = greenhouse sequence number 1, SB Z-1 = 
sequence boundary zone number 1, CM S1= composite sequence number 1 and CMS BZ 1= 
composite sequence boundary zone number 1). The lower boundary of the Ratawi Limestone 
showing evidence of subaerial exposure, probably varies locally from middle Valanginian to 
lower Hauterivian. There may be a condensed section between the Ratawi Oolite and Ratawi 
Limestone in the Gotnia Basin. 
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Figure 6-7 Diagram showing the three types of sequence boundaries recorded as an imaginary 
eustatic cycle in three areas with different rates of subsidence (t = time, Z= relative sea-level). 
Type 1 sequence boundary formed when maximum rate of eustatic fall (E) comfortably 
exceeds the rate of subsidence (S) (top). Type 2 sequence boundary formed when maximum 
rate of eustatic fall is approximately equal to the rate of subsidence (middle). Type 3 sequence 
boundary formed when maximum rate of eustatic fall is distinctly less than the rate of 
subsidence (top) (after Schlager, 1999). 

Chapter 6 240 

-t 



Sequence Stratigraphic Model & Petroleum System 

Origin of drowning unconformities: 
1. very rapid relative sea-level rise; e. g., a glacio-eustatic rise in an icehouse time. 
2, environmental change or deterioration: 

a. siliciclastic contamination, e. g., many Tertiary platforms in SE Asia. 
b. change in oceanic circulation and upwelling, e. g., Urgonian (Cretaceous) French Alps. 
c. basin salinity changes in intracratonic basins, e. g., Carboniferous, central England. 
d. oceanic anoxic events, e. g., mid-upper Cretaceous. 
C. long-term migration of platforms out of subtropical zones, e. g., Jurassic-Cretaceous, 

eastern U. S. 
f. other contributing factors: change in pCO2 of ocean/atmosphere, temperature (too high, 

too low), energy (too high, too low), light/turbidity, nutrient supply. 

Types of drowning unconformity 
1. Carbonate - Siliciclastic 

Abrupt: due to catastrophic drowning. Progradation of siliciclastic shoreline on land- 
attached platforms or axial source of siliciclastics. 
Gradual: due to siliciclastic encroachment and interfingering of carbonates with fine- 
grained basin-filling siliciclastic deposits. 

2. Carbonate - Carbonate 
abrupt and gradual; grain-size and textural unconformities; facies change to deeper-water 
carbonates. 

Figure 6-8 Types and origin of drowning unconformities (Tucker and Wright, 1990). 

formation; (4) large-scale oceanic anoxia and (5) widespread eutrophism (Bosellini et 

al., 1999). This study suggests that the interplay among all these factors could have led 

to the deepening succession of the Ratawi Limestone and its correlative drowning 

event type 3 unconformity. The first three processes are discussed in this section. The 

last two processes could be associated with an increase in nutrient supply, discussed in 

Section 6.4.1.2. 

The widespread termination of shallow-water depositional environments of 

carbonate platforms during the lower Valanginian, including the `Ratawi Oolite 

platform' is interpreted in this study to be associated with three processes: (1) increase 

in sea-floor spreading and formation of oceanic crust associated with onset of the 
`North Atlantic cycle', (2) intracratonic stress and subsidence of depositional basins, 

which were associated with a decrease in ocean basin volume, and (3) a 2°d order 

global sea-level rise cycle, of tectono-eustatic origin. 
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6.4.1.1.3 Factors controlling composite sequence boundary zone CMS BZ-3 

The upper composite boundary zone for the Shuaiba Formation CMS BZ-3, which is 

the upper boundary for CM S-2 and the Thamama Group, is correlated to surface 

number Apt 3 positioned beneath the `major' maximum flooding surface MFS Apt 3, 

dated at about 119 ma (Section 6.1.2). Bosellini et al. (1999) correlated this global 

drowning event to oceanic anoxic event 1 (OAE 1) that occurred during the late 

Barremian and continued through the Albian; this is interpreted to be a world-wide 

oceanographic and climatic event. 

This study interprets the origin of sequence boundary zone CMS BZ-3, the 

upper boundary for the second composite sequence CM S-2 and ending of the 
z 

Thamama Group, in a similar way to CMS BZ-2 (Section 6.4.1.1.9) (Fig. 6-6). The 

decrease in ocean basin volume accompanied with the formation of new oceanic crust 

could have lead to a 2°d order global sea-level rise (tectono-eustasy) along with the 

reorganization of continental plates, intracratonic stress and depositional basins at this 

time. The drowning event MFS Apt 3 is associated with the onset of the first 2°d order 

eustatic sea-level rise in the Middle Cretaceous Wasia Group. 

6.4.1.2 Eustatic versus sediment supply processes 

The termination of shallow-water deposition on the `Ratawi Oolite platform' by 

deposition of a deepening-upward succession (the Ratawi Limestone) is interpreted in 

this study as the result of the interplay between a change in the rate of accommodation 

space and sediment supply. The role of carbonate sediment supply in the initiation, 

development and termination of the shallow-water Ratawi Oolite platform is discussed 

under two headings: Forced regression versus depositional regression (Section 

6.4.1.2.1) and Valanginian-Hauterivian palaeoceanographic changes and carbonate 

sediment supply (Section 6.4.1.2.2). 

6.4.1.2.1 Forced regression versus depositional regression 
The architecture of the Ratawi Oolite platform was created by the interplay of several 
factors including rate of change of accommodation space and sediment supply. 
Regression can occur through two different processes, depositional regression and 
forced regression. Depositional regression results when the rate of sedimentation is 

higher than the rate of accommodation space creation at the time; the forced regression 

results when the rate of sedimentation is lower than the rate of accommodation space 
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creation and there is a fall in relative sea-level (Hunt and Tucker, 1993). 

The lower surface of sequence boundary zone CMS BZ-2 that separates the 

Ratawi Oolite from the Ratawi Limestone is a type-1 unconformity, with subaerial 

exposure, on the Arabian Shelf and Kuwait Arch and its correlative conformable 

surface in the Gotnia Basin (Section 6.4.1.1.2). The stratigraphic and petrographic data 

in this study indicate development of calcrete and karst facies superimposed on the 

shallow-water Ratawi Oolite facies (Chapter 4). 

These data are interpreted in this study to indicate that the lower boundary 

surface of CMS BZ-2 was formed by forced regression, the decrease in the rate of 

accommodation space creation was much higher than rate of sediment supply. The 

change in accommodation space was mainly controlled by a drop of eustatic sea level 

associated with the late highstand systems tract of composite sequence CM S-1 that 

ended at the lower boundary surface of the composite sequence boundary zone CMS 

BZ-2, surface number Va 2, dated at about 136 ma. 

6.4.1.2.2 Valanginian-Hauterivian palaeoceanographic changes and carbonate 

sediment supply 
The upper boundary surface of sequence boundary zone CMS BZ-2 records a 

deepening-upward succession in the Ratawi Limestone on the Kuwait Arch and 

inferred correlative drowning event in the Gotnia Basin. The deposition of this facies 

at this surface marks the start of the termination of the shallow-water environment of 

the reservoir facies on the Ratawi Oolite platform and the deposition of the local 

regional muddy seal facies. The Mesozoic period is characterized by a widespread 

platform drowning in the Toarcian, Valanginian, Aptian and Albian, and near the 

Cenomanian-Turonian boundary (Follmi et al., 1994). 

The rhythm of initiation, development and termination in the life span of these 

platforms was influenced by regional environmental and tectonic processes in addition 

to global processes. The widespread but episodic synchroneity of the termination of 

these platforms has been interpreted as the result of widespread eutrophism, large- 

scale oceanic anoxia, and globally increased tectonic movements. The development of 

carbonate platforms is influenced by two types of relative sea-level rise, constructive 

and destructive sea-level rise (Follmi et al., 1994). A constructive sea-level rise 

enables a platform to recover from widespread exposure, usually through a slow- 

modulated rise coupled with the development of oligotrophic water. A destructive sea- 
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level rise forces a platform to retrograde and there is usually limited platform growth 

in proximal areas, whereas the remainder of the platform is subjected to biological and 

physical erosion and condensation, usually associated with eutrophic water. 

The terms oligotrophic and eutrophic are qualitative terms used to refer to 

regimes of low and high dissolved nutrient availability, respectively, and their 

associated levels of primary productivity. An increase in nutrient supply in the 

depositional environment generally decreases the rate of carbonate production and 

increases the rate of bioerosion. Both processes decease the rate of carbonate sediment 

production and carbonate accumulation (Brasier, 1995). The activities of bacteria and 

microbes tend to increase at a time of eutrophic conditions and high nutrient supply. 

The stratigraphic and petrographic data in this study indicate that all sea-level 

changes in the Ratawi Oolite are associated with a constructive-type sea-level rise, 

whereas the destructive-type sea-level rise is associated with CMS BZ-2 at the base of 

the Ratawi Limestone. The increase in terrigenous material, starting from the upper 

Ratawi Oolite into the Ratawi Limestone and ending in the Ratawi Shale and Zubair 

Formation, is interpreted in this study to be associated with the migration of the 

`Zubair delta' from southern Iraq towards the study area (Chapter 3). 

An increase in nutrient supply into the marine environment is inferred in this 

study to be associated with the migration of the `Zubair delta' and associated increase 

in terrestrial runoff, which would have leý{d to an increase in eutrophic water from the 

upper Ratawi Oolite time through into thelRatawi Limestone and ending in the Ratawi 

Shale and Zubair Formation. The decrease in carbonate sediment supply and 

accumulation, and increase in bioerosion associated with an increase in nutrient 

supply, in addition to a rapid 2°d order eustatic sea-level rise (Section 6.4.1.1) are 

proposed here as the reasons for the termination of shallow-water deposition on the 

Ratawi Oolite platform. 

Global palaeoceanographic changes during the lower Cretaceous are used to 

interpret the widespread carbonate platform drowning events during this period that 

include the termination of the shallow-water Ratawi Oolite platform and the deepening 

succession of the Ratawi Limestone over the Kuwait Arch and inferred correlative 
drowning event in the Gotnia Basin. A palaeoceanographic model for the Valanginian- 

Hauterivian was constructed by Follmi et al. (1994), Weissert et al. (1998), and de 

Schootbrugge et al. (2000). The models used carbon isotope data to suggest a relation 

between the global carbon cycle and platform drowning. The model interprets the 
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positive increase in carbon isotope values during the drowning events as reflecting 

partition of carbon between the organic and carbonate (inorganic) carbon sinks. The 

models suggest episodes of intensified greenhouse climatic conditions as a result of an 
increase in CO2 from volcanic activity that then led to an increase in weathering, 

erosion and runoff rates and to elevated nutrient transfer rates from continents to 

oceans. 
The resulting increase in oceanic nutrient levels favoured marine 

phytoplankton production and black shale deposition (organic carbon sink) while 

conditions for the carbonate-producing biota (inorganic carbon sink) became 

unfavourable. This would have reduced carbonate sediment supply and accumulation 

along river-influenced coasts and resulted in widespread carbonate platform drowning 

and the deposition of a drowning succession during rapid sea-level rise. 

Contemporaneous with these processes was the deposition of widespread black shale. 
The stratigraphic and petrographic data from this study seem to agree with this 

model. The volcanic activity associated with the start of the `North Atlantic cycle' 

could have lead to the intensification of greenhouse climatic conditions towards the 

end of the Valanginian. This was associated with an increase in tectonic activity in 

Jordan and Lebanon that resulted in block faulting and emergence of Jurassic rocks in 

the region associated with movement. along the Dead Sea rift during the Berriasian- 

Valanginian (Amireh, 1997). This would have lead to an increase in weathering, 

erosion and runoff rates and to have elevated nutrient transfer rates from continents 
into the Gotnia Basin and the study area in association with the `Zubair delta'. 

The increase in nutrient supply in the study area could have lead to an increase 
in organic carbon sinks in the Ratawi Limestone and equivalent facies in the Gotnia 
Basin, which is considered to be a good source rock (Alsharhan and Nairn, 1997). At 

the same time, the decrease in the inorganic carbon sink is represented by termination 

of the shallow-water carbonates on the Ratawi Oolite platform. 

6.4.1.3 Sediment supply versus tectonic processes 
Tectonic processes seem to have played important roles in the initiation, development 

and termination of the Ratawi Oolite platform within which occurs the Ratawi 

reservoir zone in the Wafra oilfield. Changes in lithofacies and thickness of the Ratawi 
Formation are used in this study to evaluate the role of tectonic processes on different 

scales. The Arabian plate was a passive margin, relatively stable tectonically 
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Figure 6-9 The distribution of source, reservoir and seal rocks in Kuwait and the study area, 
the Partitioned Neutral Zone, during Mesozoic-Cenozoic (after Alsharhan and Nairn, 1997). 

throughout the Triassic to the middle Cretaceous (Chapter 2). During this period the 

plate experienced different faulting and tilting events that controlled the evolution of 

the lithofacies and thickness of the Upper Jurassic and Lower Cretaceous strata 

(Murris, 1980; Pratt and Smewing, 1993). 
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These tectonic events had major effects on the nature and distribution of 

source, reservoir and seal rocks in the Arabian-Iranian basin (Fig. 6-9). The factors 

affecting the configuration and evolution of the leading edge of the Arabian plate also 

affected sedimentation in the platform interior in the study area (Murris, 1980; 

Alsharhan and Nairn, 1997). The events can be interpreted in the framework of the 

tectonic evolution of the `North Sea cycle' and `North Atlantic cycle', which are parts 

of the tectonic evolution of the Tethyan seaway. According to Pratt and Smewing 

(1993) the two flooding events of the Arabian Shelf at the start of the lower Cretaceous 

Thamama Group and middle Cretaceous Wasia Group could be interpreted as the 

result of tectonic rather than eustatic events. Tectonic events reduced the carbonate 

sediment supply on the Arabian platform, causing shallow-water facies to be abruptly 

overlain by deeper-water facies. 

The first tectonic event occurred during the late Jurassic, resulting in the uplift 

of the eastern side of the plate and tilting of the plate to the west. The origin of this 

tectonic event was due to the thrusting of the Masirah ophiolite against the 

southeastern side of the Huqf Arch (east of Oman), before obduction. This tectonic 

event induced a relative sea-level stillstand and restricted circulation on the Arabian 

Shelf and Gotnia Basin. Under and conditions, during the late Jurassic, this event was 

recorded as evaporitic lithofacies of the Hith and Gotnia Formations in the interior of 

the plate (in the study area), and high-energy oolitic facies at the edge of the plate (in 

United Arab Emirates). The rapid subsidence of the eastern side of the plate (after the 

end of the thrusting) resulted in the first flooding event on the Arabian Shelf, recorded 
in the study area as composite boundary zone CMS BZ-1, the lower boundary of 

composite sequence CM S-1. 

The second tectonic event occurred during the Aptian, and resulted in the uplift 

of the western side of the plate. The origin of this tectonic event may be due to 

compressional effects of shifting oceanic plates off the northern or eastern margin of 
the Arabian plate. This tectonic event resulted in strong detrital influx from the west 
over the entire Arabian platform, recorded in the study area as composite boundary 

zone CMS BZ-3 and the deposition of the Burgan Formation. 

This study suggests that tectonic stress associated with the rearrangement of 
tectonic plates and rapid sea-floor spreading could cause 2nd order eustatic sea-level 
rises (tectono-eustatic). The effect of the tectonic events is discussed under three 
headings: tectonic events and the initiation of the Ratawi Oolite platform (Section 
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6.4.1.3.1), tectonic events and the development of the Ratawi Oolite platform (Section 

6.4.1.3.2), and tectonic events and the termination of Ratawi Oolite platform (Section 

6.4.1.3.3). 

6.4.1.3.1 Tectonic events and the initiation of the Ratawi Oolite platform 

The study area is located at the edge of the Arabian Shelf and Gotnia Basin. The basin 

is interpreted to be an intracratonic basin, originated by differential subsidence 

between the shelf and basin (Chapter 1). The western uplift and eastern subsidence of 

the Arabian plate that led to the first flooding event during the early Cretaceous (Pratt 

and Smewing, 1993), which is recorded as the lower boundary of the Thamama Group 

CMS BZ-1, is inferred in this study to have continued during deposition of the lower 

Cretaceous Thamama Group. This regional tectonic event on the Arabian plate was 

associated with a 2°d order eustatic sea-level rise during the onset of the `North 

Atlantic cycle'. 

As explained in Section 6.4.1, the lower composite sequence of the Thamama 

Group CM S-1 is correlated in this study to Tethyan cycle numbers 10 and 11. This 

study suggests increasing the tilt of the Arabian plate led to reactivation of the 

basement faults and differential subsidence between the Kuwait Arch and Gotnia 

Basin, which could be correlated with the lower boundary of Tethyan cycle number 

11, surface number Be 7, dated at about 138 ma. This surface is correlated with the 

start of the 1s` order sub-cycle of the `North Atlantic cycle'. 

This event caused shallow-water deposition over the arch and the initiation of 

the Ratawi Oolite platform, which is considered in this study to be a `local' facies 

change of the deep-water Makhul facies in the Gotnia Basin. The increase in the tilt 

caused a subaerial erosional unconformity on the Arabian Shelf during the deposition 

of the Ratawi Oolite platform. 

6.4.1.3.2 Tectonic events and the development of the Ratawi Oolite platform 
The reservoir zone at Wafra oilfield is the Ratawi Oolite, the lower member of the 

Ratawi Formation. There are two main types of controlling porosity in the reservoir 

zone, primary depositional porosity in units A, B, C and D, and diagenetic secondary 

porosity in unit-E (Chapters 3 and 4). The best primary porosity is associated with 

grainstone-packstone textures, and decreases with increasing lime mud in wackestone, 

and mudstone. 
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The high-energy depositional environment that controls the distribution of the 

grainstone-packstone texture is best developed on the crest of the Wafra antecedent 

structure and decreases towards the flanks of the structure. The Wafra main area is 

inferred in this study to be a syndepositional structural growth formed by movement of 

the Hormuz salt diapir (Chapter 1). The Infracambrian salt was mobilized through the 

increasing tectonic tilt of the Arabian plate. 

The stratigraphic and petrographic data in this study indicate a lithofacies 

change and increase of lime mud in units A, B, C and D between well R-43 at the crest 

and well R-50 on the flank of the structure of the main Wafra area, a distance about 3.5 

km. Unit-E is the only unit in the reservoir zone that is producing from in the main, 

southern and eastern Wafra areas; the main controlling processes in the development 

of the porosity of this unit is subaerial diagenesis associated with the composite 

boundary zone CMS BZ-2 (Chapter 4). The depth of fairweather wave base necessary 

to produce this change in the lithofacies and increase in lime mud, decreasing the 

depositional porosity in each unit between the crest and the flank, is about 25 ft (7.5 

m). This depth is used in this study to indicate the height of the Wafra main area 

antecedent structure at the end of deposition of unit-D. This study used these data to 

infer that the Valanginian relative sea-level fall at the end of deposition of unit-E, that 

produced the 2nd order composite sequence boundary zone CMS BZ-2 of unit-F 

(Chapter 5), was about 25 to 30 ft (7.5 to 9 m). 

6.4.1.3.3 Tectonic events and the termination of the Ratawi Oolite platform 
The stratigraphic and petrographic data in this study indicate termination of shallow- 

water depositional environments on the Ratawi Oolite platform by the deposition of 

the deeper-water facies of the Ratawi Limestone. The Ratawi Oolite facies is restricted 
to the Kuwait Arch area in the Gotnia Basin, whereas the Ratawi Limestone facies is 

restricted to the basin and is not present on the Arabian Shelf. Also, the data indicate 

an increase in terrigenous detritus from the upper Ratawi Oolite, through the Ratawi 
Limestone, to the Ratawi Shale and Zubair Formation. 

These data are interpreted in this study to be a reflection of continued increase 
in the tilt of the Arabian plate, uplifting the western side, associated with increased 

movement along the Dead Sea rift, during early Cretaceous time (Amireh, 1997). The 

plate movement may have ended the differential subsidence between the Gotnia Basin 

and Kuwait Arch, which started to subside at a higher subsidence rate similar to the 
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basin, after the deposition of the lower member. Continued tectonic events on the 

western side of the plate could have increased the amount of terrigenous material 

supplied to the study area by the `Zubair delta'. 

The Thamama Group in the study area was ended by the deposition of shallow- 

water carbonates of the Shuaiba Formation in the upper CM S-2. These data indicate 

that differential subsidence between the Gotnia Basin and Arabian Shelf decreased and 

the basin in the study area was then filled with the Ratawi Limestone, Ratawi Shale 

and Zubair Formation. 

6.4.2 Ratawi Formation and Thamama Group petroleum system 

One of the factors that make the Arabian-Iranian basin the richest petroleum region in 

the world is the presence of many petroleum systems, which are defined as 2°d order 

composite sequences. Each composite sequence repeats extensive source rocks, 

excellent reservoir rocks, and regional seal rocks (Beydoun, 1998). 

The petroleum system of the Lower Cretaceous Thamama Group can be 

studied in the framework of sequence stratigraphy. These lithofacies of the petroleum 

system are interpreted and predicted within each depositional system at a scale of the 

3`d order depositional sequence and 2 °d order composite sequence. 

Any cycle, which is characterized by a repetition of extensive source, reservoir 

and seal rocks, could have the potential to be a rich petroleum system (a lucky cycle). 
According to Douban and Al Medhadi (1999) the Cretaceous petroleum system model 
in Kuwait, in the Thamama Group, is divided into two 2°d order cycles. This study 
divides the Thamama Group into two 2nd order composite sequences CM S-1 and CM 

S-2, with each sequence characterized by its distribution of source, reservoir and seal 

rocks. The sequence stratigraphic model can be used to interpret the porosity of the 

carbonate rocks that create the seal and reservoir rocks, as discussed in Chapter 4 

(Read and Horbury, 1993; Tucker, 1993), as well as the type and amount of organic 

matter that creates the source rock (Pasley et al., 1993). 

The hydrocarbon trap type of the Ratawi zone at Wafra oilfield is interpreted in 

this study to be a stratigraphic trap, a depositional trap for units A, B, C and D and 
diagenetic trap for unit-E. The Ratawi reservoir zone occurs in the upper part of the 

composite sequence CM S-1 beneath the 2nd order sequence boundary zone CMS BZ- 
2. The interpretation and prediction of reservoir depositional and diagenetic porosity in 

the framework of sequence stratigraphy are discussed in Chapters 3 and 4. The Ratawi 
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Limestone is the local seal in the Arabian-Iranian basin (Mums, 1980). The source 

rock in composite sequence CM S-1 in Kuwait and the study area is the Makhul 

Formation, as well as Ratawi Limestone and Ratawi Shale members (Abdullah and 

Kinghorn, 1996). 

The Makhul Formation, the deep-water Gotnia Basin facies equivalent to the 

shallow-water Ratawi Oolite platform, contains kerogen types 1 and 2, and its maturity 

has reached the oil generation zone. The Ratawi Limestone contains type 3 kerogen 

and it is either mature or just entering the oil-generation zone. The Ratawi Shale 

contains terrestrial material (spores, cuticle and wood tissue, indicating a prodelta 

environment) and is mature in northern Kuwait. The Makhul Formation is 

characterized by an average of 10% organic matter, and is up to 300 ft (100 m) thick; it 

is considered the most productive source rock in Kuwait according to the model of its 

thermal history by Abdullah et al. (1997). 

All lithofacies in the Thamama Group, including the Makhul Formation, 

change to Garau Formation lithofacies to the northeast of the study area, which is a 

deeper-water lithofacies in the Gotnia Basin and is considered also to be a good source 

rock (Bordenave and Burwood, 1994). The maximum total organic carbon is 

interpreted in the framework of sequence stratigraphy to be generally associated with 

the maximum flooding surface (Creaney and Passer 1993). This study infers the 

richest source rock interval in the Makhul Formation in the study area to be associated 

with maximum flooding surface CM S-1 and to increase in the direction of the deep- 

water Gotnia Basin. 

The occurrence of extensive source, good reservoir and regional seal rocks, that 

make composite sequence CM S-1 a rich petroleum system, `a lucky cycle', is in 

agreement with the model of Murris (1980) that explains the hydrocarbon system in 

the central part of the Arabian-Iranian basin. The model called for the association of 

source, reservoir and seal rock lithofacies in a cycle of transgression and regression. 

During the transgression, the source rock lithofacies was deposited in a low-energy 

environment in starved basins on the differentiated carbonate platform; in the study 

area this is the Gotnia basin. The reservoir rock lithofacies were deposited in high- 

energy environments on the carbonate platform as marginal mounds, oolite bars and 

sheets, rudistid banks and regressive sands. In the study area these were the high- 

energy environments of reservoir units A, B, C and D and the subaerial diagenetic 

environments of reservoir unit-E that developed on the Ratawi Oolite platform. 
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However, during the regressive part of the cycle, the seal lithofacies were deposited as 

regressive supratidal evaporites or transgressive shales. In the study area this is the 

prodelta deepening-upward transgressive succession of the Zubair delta that terminates 

the Ratawi Oolite platform. 

6.5 Summary 

This chapter has been concerned with the regional sequence stratigraphy of the Lower 

Cretaceous in the Saudi Arabia-Kuwait Partitioned Neutral Zone area, and has shown 

how correlation can be made on regional and global scales. In the study area, apart 

from eustasy, it is clear that local tectonics, movement of the antecedent Wafra 

structure, in addition to regional tectonics, notably differential subsidence between the 

Kuwait Arch, the Gotnia intrashelf basin and the Arabian Platform, played a major role 
in the development of reservoir facies in the Ratawi Oolite. The reduction in carbonate 

sediment supply seems to have played a role in the development of the local regional 

seal facies (Ratawi Limestone). 

The initiation, development and termination of the Ratawi Platform system 
have been placed within a sequence stratigraphic framework. Source rocks formed 

during times of transgression, reservoir rocks were mostly deposited in high-energy 

environments and were affected by exposure, and seal rocks were deposited during the 
late drowning event that followed by transgression of the Zubair delta. 
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Chapter 7 Synthesis and Conclusions 

The Arabian-Iranian basin is the richest petroleum system in the world; the 

recoverable reservoirs of oil and gas here are about 65% and 34% of the world 

reservoir, respectively. This huge hydrocarbon reservoir is the end result of many 

geological factors working simultaneously towards the generation, migration, 

accumulation and preservation of the hydrocarbons. The factors that control the 

formation and disruption of the lithofacies of the source, reservoir and seal rocks in 

time and space of the petroleum system can be analyzed in the framework of sequence 

stratigraphy. Some of these factors are analyzed in this study for the Lower Cretaceous 

Ratawi Formation (Ratawi Oolite, Ratawi Limestone and Ratawi Shale members), of 

the Thamama Group in the giant Wafra oilfield, as an example for the many producing 

zones in the basin. 

The Ratawi sedimentary and diagenetic facies models (Chapters 3 and 4) are 

constructed in this study and integrated along with data from previous studies within 

the framework of sequence stratigraphy at different cycle orders. The constructed 

Ratawi sequence stratigraphic model (Chapters 5 and 6) is used as a tool to interpret 

and predict Ratawi lithofacies and oil system within the Lower Cretaceous regional 

and global framework. 

The nine marker zones defined by Saudi Arabian Texaco Inc. in logs from well 

R-43 (type locality well) are used in this study to correlate the different reservoir units 

that are defined at the crest of the main Wafra area to cores from wells R-50 and R-48 

on the flank of the main Wafra area and well R-48 in the southern Wafra area 

(Chapter 2). This study identified reservoir units C, D, E and F in the Ratawi Oolite in 

the cored intervals and logs of wells R-50 and R-49, and the Ratawi Limestone in the 

cored interval and logs of well R-48 and in the upper part of the cored interval of wells 
R-49 and R-50. The cutoff porosity that defines reservoir and non-reservoir units is 

15% porosity. The permeability and recovery efficiency of the different Ratawi 

reservoir units depend on many factors that include the nature of the pore system, in 

particular the pore size, pore-throat size, pore-surface roughness, and number of pore- 

connections. The depositional and subsequent diagenetic environments of the Ratawi 

Formation control the nature of the pore system. 
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Microfacies analysis preformed in this study on 204 core samples from wells 

R-48, R-49 and R-50 can be grouped into two lithofacies associations, namely 

sedimentological and diagenetic lithofacies associations. The carbonate ramp model is 

used as a framework to organize the Ratawi facies and microfacies into four broad 

facies belts. These are (1) back-ramp environments characterized by a restricted fauna 

and wackestone-mudstone, (2) shallow-ramp environments characterized by an open- 

marine fauna and grainstone, (3) deep-ramp environments characterized by an open- 

marine fauna and mudstone, wackestone and packstone, and (4) ramp subaerial 

exposure facies, with pedogenic textures. 

The four broad facies belts of the Ratawi epeiric ramp migrated with time as a 

result of changing rate of accommodation space and sediment supply. Each of these 

facies belts has distinctive microfacies associations for that particular environment, 

and is characterized by certain early diagenetic fabric and porosity types. Thirteen 

microfacies are recognized in this study and listed in Table 3-1. Eleven basic porosity 

types are recognized in the Ratawi microfacies, namely interparticle, intraparticle, 

mouldic, vug, intercrystal, fracture, stylolitic, burrow, rootlet, dedolomite and 

microporosity. 

According to Horbury and Robinson (1993) predicting Ratawi near-surface 

porosity in the framework of sequence stratigraphy is an intermediate approach 

between using the correlation between porosity and depth or the maturity method, and 

predicting porosity by chemical modelling (Chapter 4). Read and Horbury (1993) and 
Tucker (1993) used sequence stratigraphic models to interpret the porosity of the 

carbonates that create the seal and reservoir rocks. Also sequence stratigraphy was 

used by Pasley et al. (1993) to interpret the type and amount of organic matter that 

creates the source rock. 

The primary and secondary near-surface porosity is preserved at the Ratawi 

reservoir depth by the reduction of the effects of cementation and chemical 

compaction by different processes reviewed in Chapter 4. This study infers early 
emplacement of hydrocarbons, that started to be generated from the Makhul Formation 
during the Upper Cretaceous, and high carboxylic acid concentration in formation 

waters associated with pre-expulsion of the hydrocarbons to have had an important 

role in the preservation of Ratawi near-surface porosity. 

Chapter 7 254 



S nthesis and Conclusions 

The reservoir (flow) units in well R-50 are units D and E, whereas in well R-49 

it is unit E; the latter unit is the only reservoir unit producing from the main, southern 

and east Wafra areas. At the crest of the main area, units C and D are reservoir units 

and their porosity decreases in the direction of the flanks. The data from this study 
demonstrate that units D and E with their depositional and diagenetic overprint facies 

have a predictable and characteristic porosity and permeability. 

This study indicates that porosity in reservoir unit D is mainly primary 

depositional porosity, controlled by the depositional texture and environment of the 

sand-body on the shallow ramp, and enhanced by dedolomitization. In reservoir unit- 

E, by way of contrast, it is mainly secondary porosity, controlled by diagenetic 

processes of subaerial exposure developed beneath a 2°d order sequence boundary. The 

high cut-off porosity for the reservoir unit, which is 15%, is inferred in this study to be 

mainly due to the high percentage of ineffective microporosity in the Ratawi 

Formation. 

Different diagenetic processes played important roles in preserving, reducing, 

enhancing or eliminating the primary depositional porosity and creating secondary 
diagenetic porosity in the Ratawi zone at Wafra oilfield. These diagenetic processes 

are organized in this study into a diagenetic model with three diagenetic environments, 

namely (1) shallow-marine, (2) shallow-burial meteoric and (3) burial diagenetic. The 

first diagenetic environment is characterized by micritization and rare marine cements; 
the second environment is characterized by meteoric cements and development of 

exposure zones; the last environment is characterized by physical and chemical 
compaction, and burial cementation. 

The development of pedogenic fabrics is very important in the formation of 

reservoir zone E in the main, southern and eastern Wafra areas. The fabric is inferred 

in this study to be developed as pedogenic calcrete under conditions characterized by 

strong physicochemical processes (alpha and beta fabric model) and weak biological 

processes (rhizogenic fabric model). 
The systematic variations in Ratawi lithofacies in three dimensions (Ratawi 

facies tract and depositional system) and its reservoir characteristics are analyzed in 

this study as the product of variations in two factors (1) sedimentological processes 
that include the Ratawi platform type and geological age: the Lower Cretaceous 

greenhouse period, and (2) stratigraphic processes that include accommodation space 
and sediment supply. 
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The Wafra oilfield is located on the interior platform (unstable shelf) of the 

Arabian Shelf along the Khurais-Wafra-Burgan-Zubair arch (Kuwait Arch). The arch, 

part of the Arabian folds, is an anticline plunging to the north and extends for more 

than 500 kilometres from northern Saudi Arabia though Kuwait into southern Iraq; it is 

controlled by north-south basement lineament trend. During the deposition of the 

Lower Cretaceous Ratawi Formation, the study area was located between the Arabian 

Shelf and the Gotnia Basin that started to developed as a deep-water basin during the 

middle Jurassic. The inferred mechanism for the growth of the Kuwait Arch since the 

late Jurassic and the antecedent Wafra structure during the deposition of the Ratawi 

Oolite are the reactivation along the basement lineaments and faults, and mobilization 

of the infracambrian Hormuz salt along linear pillows and swells. 

The lithofacies of the Ratawi zone, including source, reservoir and seal rocks, 

are interpreted and predicted in this study within the idealized genetic packages 

identified by a sedimentological approach to sequence stratigraphy. The approach 

defined 5th order cycles (parasequence), 4th order cycles (systems tracts), 3`' order 

cycles (greenhouse sequences), a 2°d order cycle (composite sequence) and a 1" order 

sub-cycle (1S` order sub-sequence) on the basis of sedimentological and diagenetic data 

from the core study, in addition to the stacking pattern of the Ratawi parasequences. 

The integration of the Ratawi facies and stacking pattern data from this study with 

previous studies, including the Hardenbol et al. (1998) chart of Cretaceous sequence 

chronostratigraphy, resulted in construction of a Ratawi chronostratigraphic hierarchy 

framework. 

From the study of the cores, 84 shallowing-upward parasequences are 

identified, each beginning with a marine flooding surface and ending with the marine 

flooding surface of the next cycle; 20 cycles were noted in the cored interval of well 

R-50 and 64 cycles in the cored interval of well R-48. These parasequences are 

grouped into two types, namely peritidal and subtidal parasequences (Appendix 2). 

The vertical lithofacies evolution of these cycles can be a shallowing-upward 

succession, a regressive cycle (R-cycle, asymmetric) or deepening then shallowing- 

upward succession a transgressive-regressive cycle (T/R-cycle, symmetric). Evidence 

of subaerial exposure is present in the peritidal cycles but not in the subtidal cycles. 
The origin of the Ratawi parasequences can be interpreted using two models. 

The first is the autocyclic model, driven by internal mechanisms of depositional 

processes and fluctuations in sediment supply or production. The second is the 

Chapter 7 256 



Synthesis and Conclusions 

allocyclic model, driven by external mechanisms, which include tectonic and eustatic 

models. To apply a glacio-eustatic model to interpret the origin of the Ratawi 

parasequences, the Milankovitch signal must be studied in the context of greenhouse, 

transition and icehouse periods of the Phanerozoic. 

The Cretaceous time was a greenhouse period, characterized by low amplitude 
fluctuations in relative sea level, since there were no major glaciers in this period, and 

little accommodation space was generated. The Ratawi Oolite is inferred to have been 

deposited in the Valanginian, whereas the middle member, the Ratawi Limestone, was 

deposited in the Hauterivian. A `little icehouse' during the Valanginian period is 

suggested by Price (1999) and is used in this study to explain the thicker 

parasequences and higher percentage of peritidal parasequences in the Ratawi Oolite 

compared to the Ratawi Limestone. The formation of parasequences by autocyclic 

processes in the Ratawi Formation during the Cretaceous greenhouse period may be 

more common than during an icehouse period, due to weak stratigraphic forcing. 

The stacking patterns of these parasequences are analyzed in this study by 

constructing Fischer plots in time and depth domains. The depth domain plots are used 

to relate the Ratawi cycle stacking pattern to reservoir units, wireline log signatures, 
lithology and petrophysical characteristics. The Fischer plot analysis for core from 

well R-50, the cored interval of the Ratawi Oolite, identified the upper part of 

greenhouse sequence number 0 (GH S-0), sequence boundary zone number 1 (SB Z- 

1), GH S-1 and SB Z-2. 

Unit D, the reservoir unit with interparticle deposi)}opal nmary porosity, is 
interpreted in this study as retrogradational (a transgressive systems tract), the lower 

part of GH S-1, characterized by high-energy facies developed over the antecedent 
Wafra structure. Unit E, the reservoir unit with calcrete-rootlet diagenetic secondary 
porosity, is interpreted as progradational (a highstand systems tract), the upper part of 
GH S-1, characterized by low-energy facies and located beneath the 2°d order sequence 
boundary (SB Z-2), with long periods of subaerial exposure under a semi-arid climate. 
Unit C and unit F are not reservoir units, since porosity is less than 15%. Unit C unit is 
interpreted as the highstand systems tract of GH S-0 and the transition zone SB Z-1, 

characterized by low-energy facies and located under a 3rd order sequence boundary, 

whereas Unit F is interpreted as SB Z-2 that occurs within the transition zone 
characterized by low-energy facies. 
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The Fischer plot analysis for core from well R-48, the cored interval of the 

Ratawi Limestone, identifies SB Z-3, GH S-2 and SB Z-4. This interval in the Ratawi 

Limestone does not contain reservoir units, and porosity is less than 15%, due to 

lower-energy, deeper-water facies on the Ratawi epeiric ramp. This mark the end of 

the development of the antecedent Wafra structure and a relatively short period of 

subaerial exposure associated with a 3`d order sequence boundary zone. The thickest 

parasequences in the cored interval of wells R-49 and R-50 could contain several 

smaller cycles which were not recorded (missed beats), as a result of subtidal 

amalgamation. 
The Ratawi facies and stacking pattern data from this study identifying 

parasequences (5th order cycle), systems tracts (4th order cycle), and greenhouse 

sequences (3rd order cycle), are integrated with the previous studies. This results in the 

identification of a Ratawi composite sequence (2°d order cycle) and Pt order sub- 

sequence (Vt order sub-cycle) and the construction of the Ratawi chronostratigraphic 

hierarchy framework. In this framework, this study evaluates the regional and global 

processes in the initiation, evolution and termination of the Ratawi platform and the 

distribution of the source, reservoir and seal rocks of the Ratawi petroleum system. 

The Ratawi chronostratigraphic hierarchy framework divides the Lower 

Cretaceous Thamama Group into two 2nd order cycles, composite sequence (CM S), 

the lower one is labeled CM S1 and the upper CM S2. These sequences are separated 
by composite sequence boundary zone (CMS BZ); the bottom boundary in the 
Thamama Group is labeled as CMS BZ1, the second CMS BZ2 separating the two 

composite sequences, and CMS BZ3 at the top of the Thamama Group. The Ratawi 

Oolite is at the top of CM S 1, whereas the Ratawi Limestone and Ratawi Shale are at 
the bottom of CM S2. The Ratawi 3Id order boundary zone, SB Z-2, that separates the 
Ratawi Oolite and Ratawi Limestone, is equivalent to 2nd order boundary zone CMS 

BZ2. 

This study has correlated the Thamama Group to Tethyan cycles number 10,11 

and 12 of Jacquin et al. (1998); Tethyan cycles number 10 and 11 are correlated to the 
lower Thamama Group composite sequence (CM S-1) and Tethyan cycle number 12 is 

correlated to the upper composite sequence (CM S-2). The Thamama Group CMS BZ1 
is correlated to sequence boundary number Be 1, abo 

3t6144.2 ma; CMS BZ2 is 

correlated to sequence boundary number Val, about f-35-. 75* ma. and CMS BZ3 is 

correlated to sequence boundary number Ap 3, about 120 ma. The Tethyan cycle 
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number 10 is correlated to the upper part of the 1" order sub-cycle of the `North Sea', 

whereas Tethyan cycles number 11 and 12 are correlated to the bottom part of 1s` order 

sub-cycle of the `North Atlantic'. 

This study suggests a tectonic event tilted the Arabian plate, which led to 

reactivation of the basement faults and differential subsidence between the Kuwait 

Arch and Gotnia Basin. This lead to the deposition of the shallow-water Ratawi Oolite 

over the arch as `local' facies changes of the deep-water Makhul Formation. The tilt 

caused a subaerial erosional unconformity on the Arabian Shelf during the deposition 

of the Ratawi Oolite platform. This tectonic event could be correlated with the lower 

boundary of Tethyan cycle number 11, surface number Be 7, dated at about 138 ma. 
This surface is correlated with the start of the 1" order sub-cycle of the `North Atlantic 

cycle'. 
The initiation and development of the Ratawi Oolite platform were controlled 

by the differential subsidence between the Kuwait Arch and Gotnia Basin and by the 
low amplitude fluctuations in relative sea level during the general greenhouse period 

of the Cretaceous and the little icehouse of the Valanginian. These conditions, in 

addition to the development of the antecedent Wafra structure during the deposition of 
the Ratawi Oolite, influenced the deposition of the high-energy sand-body of the 
Ratawi ramp and the depositional porosity of reservoir units A, B, C and D at the main 
Wafra area. The Ratawi Oolite platform during the initiation and development was 
characterized by keep-up phases. 

The shallow-water depositional environment of the Ratawi Oolite platform was 
terminated by the deposition of the deepening-upward succession of the overlying 
Ratawi Limestone on the subaerially exposed surface of the platform. The CMS BZ-2 

that separates the lower and the middle member of the Ratawi Formation is inferred in 

this study to contain two major unconformity surfaces. The lower boundary surface is 

a type 1 sequence boundary in the study area on the Kuwait Arch and its correlative 
conformable surface is in the Gotnia Basin succession. The upper boundary surface is 

a type 3 sequence boundary in the Gotnia Basin and its correlative deepening-upward 

succession in the study area on the Kuwait Arch. 

The lower boundary surface, a type 1 unconformity, formed under semi-arid 
conditions under a long period of subaerial exposure associated with a 2°d order 
sequence boundary. This surface influenced the development of the calcrete zone and 
the secondary diagenetic porosity of reservoir unit E, which is the only reservoir unit 
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that is producing from the main, southern and eastern Wafra areas. This unconformity 

surface is correlated to the Hardenbol et al. (1998) chart and surface number Va 2, 

dated at about 136 ma. The unconformity at the top of the Ratawi Oolite platform is 

correlated to the unconformity at top of Tethyan cycle number 11; in Europe this 

unconformity is the most erosional surface in the North Atlantic cycle. This 

unconformity is the last of four Late Cimmerian unconformities, which are dated 

respectively as Lower Volgian (Tithonian), Upper Volgian, Late Ryazanian (upper 

Berriasian), and Lower Valanginian. 

The subaerial exposure of the Ratawi Oolite platform, in the study area on the 

Kuwait Arch, and the continuous deposition in the Gotnia Basin, are inferred in this 

study to be due to one or two processes. The first is a change in the rate of differential 

subsidence between the arch and the basin, which would have lead to tectonic uplift of 

the arch at the end of Tethyan cycle number 11. The second is an increase in the rate of 

eustatic sea-level fall at the end of the 2°d order cycle. During the relative sea-level 

low, the four facies belts of the Ratawi epeiric ramp (deep-ramp, shallow-ramp, back- 

ramp, and subaerial exposure facies) were shifted in the direction of the deep-water 

Gotnia Basin, with the expansion of the subaerial facies belt of the Arabian Shelf onto 

the Kuwait Arch in the study area. 

The upper boundary surface, deepening-upward succession and its correlative 

drowning event, a type 3 unconformity, is the stratigraphic record of the interplay 

between two processes, the change in the rate of sedim nt supply and accommodation 
C«q'+; * , of 

space. The surface was formed when the rate of /accommodation space exceeded 

carbonate sediment supply and accumulation. The deposition of the deepening-upward 

succession in the study area lead to termination of the shallow-water environment of 

the Ratawi Oolite platform. In this study, the unconformity surface is correlated to the 

Hardenbol et al. (1998) chart minor to medium flooding surface number MFS Va 2, 

dated at about 135 ma., which is a major surface in Haq et al. (1988) chart. According 

to Bosellini et al. (1999) the lower Valanginian drowning unconformity event is well 
known in a large part of the world, from the Caribbean to eastern Arabia. 

This study suggests that the upper boundary surface was formed by the 
interplay of several processes, including (1) rapid eustatic sea-level rise, associated 

with the onset of Tethyan 2°d order cycle number 12; (2) globally increased tectonic 

movements that lead to ending the differential subsidence between the Kuwait Arch 

and Gotnia Basin and rapid subsidence of the arch; (3) pulses in ocean-crust formation 
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that lead to sea-level rise (tectono-eustatic); (4) large-scale oceanic anoxia and (5) 

widespread eutrophism associated with the migration of the `Zubair delta' from 

southern Iraq to the study area and increase in terrestrial runoff, leading to increase in 

eutrophic water. 
The first three processes lead to an increase in accommodation space, whereas 

the last two processes lead to a decrease in carbonate sediment supply and 

accumulation, and increase in bioerosion. The Ratawi Oolite platform, during the 

termination of the shallow-water environment by the deposition of the deepening- 

upward succession of the Ratawi Limestone and Ratawi Shale, was characterized by 

catch-up and give-up phases. This last phase in platform development lead to 

deposition of a regional seal rock in the study area. 

The application of the modern concepts of carbonate sequence stratigraphy in 

this study to the Ratawi zone at Wafra oilfield seems to support Murris's (1980) model 

that explains the hydrocarbon system in the central part of Arabian-Iranian basin. The 

model interprets the association of the lithofacies of the petroleum system, source, 

reservoir and seal rocks, in a 2nd order cycle of transgression and regression. The 

source rock lithofacies was deposited in a low-energy environment in starved basins 

on the differentiated carbonate platform; the reservoir rock lithofacies was deposited in 

high-energy environments on the carbonate platform, during the transgressive part of 
the cycle. The seal lithofacies were deposited as supratidal evaporites or deltaic shales, 
during the regressive part of the cycle. 
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Appendix 1: Location of samples and petrographic data 
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Thin section descriptions 
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I11111 srrlinn (lr. ýrripIItol% 

Well R-50 
Sample number 95 94 93 92 91 90 89 88 87 86 

Sample depth it 7032 7028 7024 7015 7013 700 7002 6995 6994 6990 

Sample depth m) 2143 2142 22 
141 2135 2137 2135 22131 

2133 2132 130 

Texture (: s Rs Gs Gs Rs Ks Gs (: s Ks Fs 

Non-Skeletal Grains 

I'rloids AAAAABAAA lt 

Ooids FF 

ALgiegate l 

Quartrlsilt 

Phosphatic 
Black crams 
Skeletal Grains 
('orals E 1) I) I) lt I) I) I) I) 

Bivalves 1) I) (' 1) I'. 1) 1'. I) E I) 

Gastropods 

Brachiopods 1) F: F F: FFFF: 
1) I) ('rinoids I) I) I) 1) D I) D 1) 

Ostracods 

('alpioncllids 

Sponge spicules 
Green Algae FF I) 
Forams F: I) 1) 1) DEF. D I) 
Radiolarians 

CEMENT: 

Saddle dolomite wWWWWW 

Bladed / granular calcite wWWWWWWWWW 

Granular drusy calcite WWWWWWWWWW 

Syntaxial calcite wWWWWWWWWW 

Poikilotopic calcite wWWWWW 

Columnar calcite 
Porosity: 5%5% 7% 10% 10% 7% 5% 5% 5%r 7% 
Interparticle wWWWWWWWW 
Vug wWWWWWWWWW 
Mouldic 

Intrapaniclc 

Fracture wWWWWWWWWW 
Intercrystal 

Rootlet 

St}lolitic 

Burrow 

Sedimentary structures 
Rootlets 

Burrows / 13ioturhauon 

('russ lamination 

Diagenesis 

Saddle dol. replacement w 
Micro-euhedral dol. cx. 
I)edolomitieation 
Limonite / goethite 
Pyrite 
Vadose compaction wWWWWWWW 
Burial compaction wWWWWWWWWW 
Microspar cement w 
Micrile envelope wWWWWwwwWW 
Grain boring ( marine) WWWWwwwWww 
Microfacies SR-4 SR-1 SR-4 SR-3 SR-1 SR-1 SR-1 SR-4 SR-I 1)R-1 

Grain percentage: E_<l 'k- With this feature =W 't'exture: Ms = Mudstone 
1) =1-20ir Ws = Wackrstonr 
(' =21- 40 % I's = Packstone 
13 =41- 60 % Gs = (irainstonr 
A=> 61'4 Fs = Floatstonr 

Ks = Rudstone 
Matrrix = Micrite Cx = Crystalline carbonate 
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Thi, i %e( tirm de. crriptions 

Well R-50 

Sample number 85 84 83 82 81 80 79 78 77 76 

Sample depth (ft) 6984 6978 6974 6969 6964 6955 6951 6949 6931) 6937 

Sam»pledepth (111 '129 2127 2126 21'5 '1'3 2122)) '11') '1i 2115 2114 

Texture Ws CVs Its I's Ps Its I's Ks Gs Ps 

Non-Skeletal Grains 

1'clolds AAAAABAAAA 

Oolds F- 

A gg reg aIcFFFFI. 
Quartzisilt 

Phosphatic FE l-; 

Black grains 
Skeletal Grains 
('orals I) D F. DE I) 1F 

13 i6 al vc s6F. F. F F. F F. 

Gastropods FI 

Brachiopods FEFF I) I". 
Criuoids FDF 1) I) F F. 1'. I) I) 
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('alpioucllids 

Sponge spiculcs F. 
(irren Algae I) D I) 
Forams F. E I) 1) 1) I. U I) E 
Radiolarians 
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Saddle dolomite wWwWw 
Bladed / granular calcite wW 
Granular drusy calcite wWWWWWWWWW 
Svntaxial calcite wWWWWWWWWW 

Poikilotopic calcite wW 

Columnar calcite 
Porosity: 7% 10 Cyr 746 7% 7% 10% 10% 5% 6% 7% 

Intcrpalticle \V W 
Vug wWWWWWWWW \V 
Mouldic wW 

Intraparticle 

Fracture wWWWW 

Intererystal 

Rootlet 
Stylolitic W 
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Sedimentary structures 
Rootlets 

Burrows / Bioturh: uion 
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Diagenesis 
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Micro-cuhcdral dol. ex. 
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Limonite / goeUlite 

-- -- --- Pyrite 

Vadose compaction 
Burial compaction wWWWWwwwww 

Microspar cement w \V w 
Micrile envelope wWWww \V 
Grain boring ( marine) WWW \\ w 
Microfacies DR-3 DR-3 SR-I SR-3 SR-3 SR-I SR-4 SR-1 SR-3 SR-3 

(: rain percentage: F_<I '>i With this feature =W Texture: Ms = Mudstonc 
1) =1-20'4 Ws = Wackestone 
C =21- 40'9 Ps = Packstonc 
B =41- 60Gs = Grainstonc 
A=> 6Fi Fs = Floatstone 

Rs = Rudstonc 

Matrrix = Micrite ('x = Crvstallinc carbonate 
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min %e( non rlesrripfirne 

Well K-SO 
Sample number 75 74 73 72 71 70 69 68 67 66 

Sample depth (ft) 6936 6934 6925 6920 6917 6912 6909 6891 6885 6864 
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lnuaparticle 
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11 =41- 60'44 Gs = Grainstonc 
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Rs = Rudstune 

111atrrix = Micritc ('x = Crystalline carbonate 
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771in w( tiOFI (lrsrriprimn. s 

Well R-50 
Sample number 65 64 63 62 61 60 58 57 56 
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Grain percentage: E=<1 '7k- With this feature =W Texture: Ms = Mudstonc 
1) =1-20% Ws = Wackestoue 
C =21- 40'7v I's = Packstonc 
13 =41- 60'3 Gs = Grainstonc 
A=> 61 '& Fs = Floatslone 

Rs = Rudstonc 
Matrrix = Micrite ('x = Crystalline carbonate 
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Thin %eniun drsrriprirm. + 

Well R-50 
Sample number 55 54 53 52 51 50 49 4 47 46 

Sample depth ( ft) Glib 68(19 6796 6793 6790 6796 6783 6779 6775 6770 

Sample depth (In 1 21177 2075 '_071 2071 2070 2065 2007 21166 loos 21161 

Texture Cs Ps Gs 11's N's 1's Ps WW's WW's Ps 

Non-Skeletal Grains 

Peloid AAAAAA 11 A I) B 

li Omits 

Aggregate FD I) D 1: 
Quart isilt F t: 1: I: 1: 1: FF 
t'hosphalic 
Black grains 1: D IF 1) I) D I) F 
Skeletal (; rains 
('orals 

ltivalvcs 1) I? I I) I: li I) l': 

Gastropods I. 

Brachiopods FF AlF F 1,1: I) 

('tiuoids I) 1) I) I) I) D I) I) 1) 1 

Ostracods 1 
('alpionellids 

Sponge spicules F 1. 
Greco Algae 
Forams I) li I) I) I) tF k I'. 
Radiolarians 

CEMENT: 

Saddle doluluite 

Bladed / granular calcite wWWWWWW 
Granular dnlsv calcite wWW-W 
Syntaxial calcite wWWW 
Poikilolopic calcite w 
Columnar calcite 
Porosity: 16% 16% 4G%. 9% 7% 16% (toi Ili I 1% 
Intcrpanicle wWW 
Vag wWWWWWWW 
Mouldic wNW 
Iiitrapalllcle w 

Fracture wWWWWWW \1' 
Intcrcrystal 

Rootlet wWWWW 
Stylolinc wWWW 

Burro" 

Sedimentary structures 
Rootlets wWWWW 

Burrows / Bioturhation wWWW 
Cross lamination 

Diagenesis 
Saddle dol. replacement 
Micro-cuhedral dol. ex. WW 
Dedolomitization WI 

Limonite / gocthite w 

Pyrite wwwww 

Vadose compaction w 

Burial compaction wWWWWWWWW 

Microsparccnicnt wWWW 

Micrite envelope wWW 

Grain boring ( marine) W 
Microfacies Dia Cal DiagCal Dia Cat Diag('al BR-2 ßR-I SR-S BR-l BR-I SR-5 

(: rain percentage: E=<I `'4 With this feature =W Texture: Nis = Mudstonc 
D =1-209 Ws=Wackestone 
C =21- 40 % Ps = t'ackstonc 
B =41- 60 c/r Cs = Grainstone 

A=> 6l'7r Fs = Floatstone 

Rs = Rudstonc 
Matrrix = Micrite Cx = Crystalline carbonate 
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Thin se vion de. %cription. c 

Well R-50 

Sample number 45 44 43 42 41 411 39 38 37 36 

Sample depth ( ft ) 6764 6755 6751 67.15 6741 6777 6734 6728 6722 6711 

Sample depth 1m1 2062 11060 
2059 2057 2055 057 2052 2051 204() 2046 

1'cýture Ms Ws Ws Ws Ws W's Ws Ws W's Ms 

Non-Skeletal (: rains 
Peloids 

Ooids 

Aggregate 
Quartz/silt 1.1? EGEG li D I) I) 

Phosphatic E I'. G 

Black Lrains 1: F I) D I) 

Skeletal (: rains 
('orals 
Iüvakcs D 1) 1) FE Vi I) fi 

Gastropods 1'- 

Brachiopods 1) 1) E 1) EE li I I) 

(l'inoids fi I) D I) I) 1) I) I) I) l( 

Ostracods EEI: 

('alpionellids li 
Sponge spicules EEL 
Green Algae 
forams 1% I_ 1F 
Radiolarians 

('EMENT: 
Saddle dolomite WW 
Bladed / granular calcite w 
Granular drusv calcite wWWWWW 

Svntaxial calcite 
1wwww 

Poikilotopic calcite 
Columnar calcite 
Porosity: 2% 16% 16% 8%. 5% 3% 7%. 3%. 3% 3% 

Interparticle 

Vug wWWWWWWWW 

Mouldic wWWWWWW 

Intrap: u'ticle 
Fracture wW 

Intercr)'stal 

Rootlet 

Stvlolitic wWWW 

Burrow 
Sedimentary structures 
Rootlets 

Burrows / Bioturhation wWWWWWWWww 

(loss lamination 

Diagenesis 
Saddle dol. replacement 
Micro-cuhcdral dol. cx. 

-WWW 

I)cdoloinitii: ditm 
I. imonue / _nr11Wr 
Pyrite wW WW W W WWW 
Vadose compaction 
Burial compaction w W W W WW 
Microspar cement w 

Micrite envelope 
(irain boring ( marine) w 
Microtacies Br-I BR-I DR-3 BR-1 BR-I BR-I BR-2 13R-2 DR-2 DR-2 

(: rain percentage: E=<I 
,4 

With this feature =W Texture : Ms = Mudstonc 

D =I-20'7 Ws = Wuckestonc 
C =21- 40 % Ps = Packstolle 

B =41- (>U % (: s = (irainstonc 
A-> 61 ON, Fs = I-loatstonc 

Rs = Rudstone 

Matrrix = Micritc Cx = Crystalline carhtntatc 
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Dun. eerünn decrriptiuns 

Well R-50 
Sample number 35 34 33 32 31 30 29 28 27 26 

Sample depth (ft) 6705 6701 6697 6691 6681 6675 6659 6625 6620 6616 

Sample depth ( ni 2044 2042 2041 2039 2036 2034 2030 2129 2018 2017 

Texture Ms Ps Ms Ms Ms Ws Ms Ms Ms Ms 

Non-Skeletal Grains 

Pcloids B I) 

Oolds 
Aggregate 
Quarta/silt D 1) DDD I) D I) 1) I) 

Phosphatic G li 13 1: 13 I. F I. 

Black grains DG1: D I? DUD 

Skeletal Grains 

Corals 13 

Bivalves Ei L 1? EGL 

Gastropods 

Brachiopods E 1'. 

C'rinoids 13 1) 1DD 1) I) D I) 1) 

Ostrtcods I. E 13 Ii I li 

(', Ipionellids 

Sponge spicules 
-" -- -, F 

Green Alge I 1) 
Forams F. I! F 1; Ii F 

Saddle dolomite wW 
Bladed / granularcalcite 
Gr: mular dntsy calcite wWWWWW- 
Syntaxial calcite 
Poikilotopic calcite 
('olunmur calcite 
Porosity: 3% 10% oz 1% 0% 3% 0% 3% 2% 2% 

interparticle w 
Vug wWW 
Mouldic w 

Fracture wwwww 
Imercrymal 
Rootlet 

St>Iolitc ww 

entary structures 

is 

vs / Bioturh; ition wWWWWWW 
lamination 

dol. ex. 

/ gocthite 
WWWWWWWW 

Microspar cement 
Micrite envelope 
Grain boring ( marine) 

w WW 

Microfacies DR-2 SR-5 BR-I Br-I 13R-1 DR-3 BR-I ßR-I BR-I ßR-1 

Grain percentage: I=<I `7, With this feature =W Texture: Ms = Mudstonc 

D =I-20'7 Ws = Wackestone 
C =21- 40 IN, Ps = Packstolle 
B =41- 60 r/ Gs = Gruinstone 
A=> 61'%n Fs = Floatstone 

Its = Rudstone 
Matrrix = Micrite Cx = Crystalline carbonate 
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Thin 
. certion dest'riptions 

Well R-50 
Sample number 25 24 23 22 21 20 19 18 17 16 

Sample depth (ft) 6609 6003 6598 6595 6591 6585 6593 6574 6567 6565 

Sample depth Im 1 31114 22012 
2011 21)10 2(09 2008 2006 1004 2002 2_001 

'Texture Ws Ps Ws Ws Ws Ps Ps I's Ws Ws 

Non-Skeletal (: rains 
Pcloids ACAAAC 

Ooids 

Aggregate 1: 
-. . 

Quanzlsilt I) L F: L F: FL 

Phosphatic 

Black grains DCG I) E 

Skeletal Grains 
('orals G 1: 

Bivalves 1. Fi 1) 

Gastropods Ii E 

Brachiopods I-: EEGG I) f: 

1) I) 1) ('rinoids G I) DE 1) 1) 

Ostracods G F. L 

Calpionellids 

Sponge spicules G I) 

Green Algae D I) DGE I) 

foraou F I) li F li 
Radiolarians 

CEMENT: 

Saddle dolomite 

Bladed / granular calcite w 

Granular diusy calcite wWWWWWW 

Syntaxial calcite W 

Poikilolopic calcite 
Columnar calcite 
Porosity: 0% 1% 3% 2% 1% 3% 1% 7% 7% 2% 

InIcrpailicle W 

Vue WWW \V W 

Mouldic 
i 

Inuaparticlc 

Fracture wWWWWWW 

Intcrcrystul 

Rootlet 

Stylolitic wWWWWW 

ßunToH 

Sedimentary structures 
Rootlet, wW 

Burrows / 13ioturhation wWWWW 

Cross lamination 
Diagenesis 
Saddle dol. replacement 

Micro-eunedral dol. er. 
Dedokulnitiiation 

Ll ronite /t oethlte 

Pyrite wWW WWWW 
Vadose coin pact ion W 
Burial compaction wWWWW W 

Microspar cement 

Micrite envelope w 
Grain boring ( marine) 
Microfacies BR-2 Diag(al BR-1 BR-2 Diu (al SR-5 SR-5 BR-2 BR-I BR-I 

Grain percentage: F. =<I "Ir With this feature =W Texture : Ms = Mudstonc 
D =1-20'/ Ws = Wackestonc 
C =21- 40 % Ps = Packstone 

B =41- 60 ON, (: s = (irainstuuc 

A=> 61% Fs =I loatstone 
Rs = Rudstone 

Dfatrrix = Micrite Cx = Crystalline carbonate 
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Thin see tiun descriptions 

Well R-50 

Sample number 15 14 13 12 11 10 9876 

Sample depth ( ft) 6559 6554 6550 6546 6542 6540 6533 6525 6520 6510 

Sample depth On l I')99 1994 1996 1995 1994 199 1991 19H9 191)7 1984 

Texture Nis Ws Ms Ws Ps 1's l's Ps Ws Ms 

Non-Skeletal (: rains 
Peloids I) C (' 1) CBU 

Ooids 

Aggregate 

Quan/lsilt I) EELE I) 1? I) EE 

Phosphatic E li 1. I? I'. 

Black grains I) 17 li I) D I' 

Skeletal Grains 

('orals 1- E h. 

Bivalves E 1: I" 

Gastropods GE 

Brachiopods 1: D 1; FEF 

('rinoids 1) D I) I) D I) I) 1) I) 1: 

Ostracods E Ii E 1? F, 

('alpionellids 

Sponge spicules 1L 
Green Algae ( I) G I) I) I) fi I) 

Forams E 

Radiolarians 

CEMENT: 

Saddle dolomite 

Bladed I granular calcite 
Granular drusy calcite wWWWWWWWW 

Syntaxial calcite 
Poikilotopic calcite 
Columnar calcite 
Porosity: 3% 3% 3% 0% 2% 0% 0% 3% 3% 1% 

Interp: uticle 
Vug wWWWWW 

Mouldic 

Intrapanicle 

Fracture WW- 
-- 

W 

Intcrcrystal 

Rootlet 

Stvlotitic WWWW 

Burros 
Sedimentary structures 
Rootlets 
Burrows / Itioturhation wWWW 

Cross lamination 

Diagenesis 

Saddle dol. replacement 
Micro-cuhedral dol, ex. Www 

Dedolonlitization 

Limonite / goethite 
Pr rile wWWWWWWWw 

Vadosc compaction 
Burial compaction wWWWWWW 

Microspar cement 
Micrite envelope wW 

Grain boring ( marine) 
Microfacies BR-1 BR-I BR- I BR-1 SR-5 SR-4 BR-2 SR-4 BR- I BR-2 

Grain percentage: l: =<I With this feature =W Texture: Ms = Mudstouc 
D =1-20% Ws= Wackestone 

C =21- 40'7 l's = Packstone 

B =41- 60 % Gs = (irainstone 
A=> 61% Fs = Floatstonc 

Rs = Rudstone 
Nlatrrix = Micrite Cx = Crystalline carbonate 

Appendix 12 94 



Thin sei lion des 'rip(iuns 

Appendix 1 285 



Thin section desci"ipliulV, 

\\ c1l R-48 
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Well 12-48 
Sample number 12 3 4 5 6 7 8 9 IO 

Sample depth ( ft 6792 6799 6785 67811 6775 6765 6760 6755. 6751 6747 

Sample depth in ( _11170 
1_069 21168 2007 2065 2062 2060 2059 2058 2056 

' 
Texture Ws Ws W's NIs W's Ws Ws Ws W's s W 

Non-Skeletal (: rains 
1'rloid 

Ooids 

Aggregate 

Quartz. /silt I F 
Phosphatic L 

(Slack grains I) D F F D F F I) 

Skeletal (: rains 
('orals I. 

Biv'ahes DD F D D D 1) I) I'. 

Gastropods 1- J, 
Brachiopods DD 1': D D D D I) 

ct-inoids DD 1) D D I) I) I) D D 
Ostracods I'- F 1. F F 
('alpionellids 

- Sponge spicules 1: D F 

Gwen Altale 

forams I) I. F F h: 1; 
Radiolarians 

('li11ENT: 

saddle dolomite w w w w w 
Bl, idcd / uranular calcite w 
Granular dtusy calcite wW W W W W W W W W 
Synlaxial calcite 
I 'oikllotoplc calcite 

Columnar calcite w W w w 

Porosity: 20% 3% 1% ýfýrf 2% ýt 2% 5% 16% n 20% 8%%G 3% 

IIItc rpatYtc lc W 

Vug w W W W W W W 

Mouldic w W W W W 

Imrupa tide 
I racturc w W W W 

Intcrcrystal 
Rootlet 
Stvlolitic w W W W W W W 
Iturro\% 
Sedimentary structures 

Rootlets W 

Bur owes / l3iolurhation w w 
Cross lamination 

Diagenesis 
Saddle dol. replaccntcnt 
Micro-cuhedral dol. ex. W w w w 
Dcdolottt ltlzattotl 

Limonite / goctitite 
Pyrite wW W W W W W W W W 
Vadosc compaction 
Burial compaction w W 

Microspar cement wW W 

Micrite envelope 
Grain boring l ntarincl 
Microfacies Dia Cal BR-1 BR-I BR-1 139-I BR-I DR-3 BR-I BR-1 BR-1 

(: rain percentage: F=<I '5k With this featu re =W Texture: Ms = Mudstonc 
D =l-20'l W. s= Wackcsio nl' 

(' =21- 40 l's = Packstore 
11 =41- 60 Cs Giainstonc 

A=>o 11i 1, % = I loatstone 
Its = Itudstone 

Matrria = Micntc ('x _ Crystalline carbonate 
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1Ilin %ertiun des( ripfiuný 

Well R-48 

Sample number 11 13 14 15 16 17 18 19 20 

Sample depth (ft 1 6743 6729 6725 6722 6709 6699 6695 6601 6684 

Sample depth (mI 2055 2051 2050 2041) 2045 2042 22041 
2(139 2(137 

Texture W's Ws Ws Ws NIs Ws N1s Ws Ms 

Non-Skeletal Grains 

Peloids 
FD 

Ooids 

Aggregate 
Qu: u'tz/silt F- FL EFEFFEB 

Phosphatic F 

Black grains F. 1: F. NFEEEJ, 

Skeletal Grains 

Cot als 
Bivalves F F, F I: F I- 

Gastropods 

Brachiopods F I) L) 6B 
D 1) ("rinuids I) 1) D 1) DD 1) 

Ostracods E F, EFF. EFF, 

Culpionellids 

Sponge spicules FF I' 

Green Algae I) EE 

Forams FFFF: 

Radiolarians 

CEMENT: 

Saddle dolomite wW 

Bladed / granular calcite 
Granular drusy calcite wWWWWWWWW 

Syntaxial calcite 
Poikilotopic calcite 
Columnar calcite 
Porosity: 2% 2% 2% 1% 1% 7% 10% 3% 3% 

Interparticle 

\'ug wWWWWWW 

Mouldic wW 

Intraparticle 

Fracture wWWWWWW 

Intercr stal 
Rootlet 

Stylulitic W 

Burrow 

Sedimentary structures 
Rootlets 

llunows/Bioturhation wW '' 

(loss lamination 

Diagenesis 

Saddle dol. replacement 

Micro-cuhedral dol. cx. WWW 
I)edolontittealion 
Limonite I gocthite 

Pyrite wWWWWWWWW 
Vudosc compaction 
Burial compaction wW 

Microspar cement 
Micrite envelope 
Grain boring ( marine) 

Microfacies BR-I BR-I BR-I BR-I BR- I BR-I BR-I BR- I BR- I BR-I 

Grain percentage: E= <I With this feature =W Texture: Mx = Mudstonc 
D =1-20'i Ws=Wuckcstonc 
C =21- 40 'Yu I's Packstolle 
B =41- 60 '% Gs = Grainstone 
A=> 61 Si Fs = Floatstone 

Rs = Rudstonc 
Matrrix = Micritc ("x = Crystalline carbonate 
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Ihm u rims 

Well R-4X 
Sample number 21 22 23 24 25 26 27 28 29 30 

Sample depth (I't) 6675 6675 6674 0070 6665 6660 6651 6640 6636 6632 

Sample depth (m) 21136 
_'035 

2034 
_1033 

2031 2211±0 220227 
2024 202; 

22021 

Texture Ws Ms Ws Ms Ms ws Ms Ms Ms Ms 

Non-Skeletal (: rains 
1'rluids 

Ooids 
Aggregate 

Quartrlsilt li 'E G G 1{ I. FF I? P. 

! '((ostplatte F 1 
Black k'rains 1) I) I) 1: L {'. 

Skeletal Grains 

('orals 
Ilivahes I`. 1) h. 

Gastropods I. 
Brachiopods I", t", I) j: 1) I 

('rtnoids 1) 1) 1) 1) I) 1) 1) I) 1) I) 

()stracods I., F 

Calpionellids I 1: t. 
Sponge spicules F F 

Green Algae f. Ii l': li I: 
Drahts I. F I': I I. 1": 

R adit)Im iaiis 

Saddle dolomite 
Bladed / granular calcite 
Granular drusy calcite WW ß` W W W WW W W 
Syntaxtal aalalte 

I'oikilotopic Calcite 

Columnar c'alc'ite 

Porosity: 2% 7% 1% 3% 1% 1% 10% 1% 2% tlýir 
Interpartirlr 

Vug W W W W 

Mouldic 

Intraparticle 

Fracture WW W W W W WW W 

hucrcrvstal 
Rootlet 

Stvlulitic 

Burrow 

Sedimentary structures 
Rootlets 
Burrows / Rioturhation WW W WW W 
('l'oss lamination 

Diagenesis 
Saddle Jul. replacement 
Micro-euhedral dol. cx. 
I)edolontitizalion 

Limonite / goethlte 
Pyrite WW W W W W WW W W 
Vadose compaction 
Burial compaction W W 

Microspar cement 
Micrite envelope 

Grain boring ( marine) 
Microfacies BR-I BR-I BR-I DR-2 BR-I BR-I BR-I BR-I BR-I BR-I 

Grain percentage :G=<I 'Z With this feature ='1' Texture: Ms = Mudstone 
D =1-20`Y, Ws = Wac"keston e 
C =21- 40 Ps = Packstone 
11 =41- 60 (. s = (i rainstolte 

A => 61 Fs = I'lOattito1)e 

Rs = Rudstolte 

Matrrix = Mirrite Cx = Crystalline clrhonatc" 
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Thin %et iirm desrriptirm. % 

Well R-48 
Sample number 31 32 33 34 35 36 37 38. 39 Oll 

Sample depth (ft) 6628 6624 6620 6614 6609 6604 6599 6595 65K7 4584 

Sample depth ( m) 7020 202') 2014 2016 2014 2013 2011 3010 2008 2006 

Texture Ms Ms Ms Ms Ws Ms Ms ws Ms Ws 

Non-Skeletal Grains 

I'cloids 

Ooids 

Aggregate 

Quartzlsilt EE E F F E FE F. E 

Phosphatic I: 

Black grains F I: D D L" f: D 

Skeletal Grains 
Corals D F E 
Bi aloes li F I F 

gastropods 

Brachiopods F Ii I{ I F E 1. D 

('rinoids DD D D D DD D D 
Ostracods EF Ii F L F 
Calpionellids F 1. L 
Sponge spicules F 
Green Algae D D ED D 
Puramti 
Radiol: uians 

- 

('t'; N1ENT: 
Saddle dolomite 

Bladed / granular calcite 
Granular drusy calcite wW W W W W WW W W 
SVntaxial calcite 

Poikilotopic calcite 
Columnar calcite 
Porosity: 1% I% l%i 2% 1% 1% 2% 2% 1% 2% 
Interparticle 

Vuk W W 

Mouldic 
Intrapanicle 

-- Fracture wW W W W 
- 

WW W W 

Intercrystal 
Rootlet 

Stylolitic w W W W WW W W 
Burrow 

Sedimentary structures 
Rootlets 
Burrows / Biolurhauon wW W W w 
Cross lamination 

Diagenesis 
Saddle dol. replacement 
Micro-euhedral dol. ex. W 

Dedolomitization 

I-imonile / goethite 
Pyrite wW W W W W WW W W 
Vadose compaction 
Burial compaction wW W W W W 
Microspar cement 
Micrite envelope 

Grain boring ( tnarine) 
Microfacies BR-I BR-I BR-I BR-1 DR-3 DR-2 BR-I BR-1 BR-I DR-3 

Grain percentage: E=<1 '7, With this feature =W Texture: Ms = Mudstone 
D =1-20'i Ws =Wackeston c 
(' -21- 40 17( I's Packstosic 
B =41- 60 C/(, Gs (irainstonc 
A=> 611", Fs Floatsione 

Rs = Rudstonc 
Matrrix = Micrite ('x = Crystalline carbonate 
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Thin ve(tiun descripriwi. % 

Well R-48 
Sample number 41 42 43 44 45 46 47 48 49 5(1 

Sample depth ( ft 6582 6579 6575 6572 6564 6561 6556 6550 6545 6542 

Sample depth m1 1_006 2005 2004 2(103 20(11 200(1 1999 1996 199> 1994 

Texture l's Ws Ws Ws CVs Ms Ws Ws Ws Ws 

Non-Skeletal (: rains 
Pelzeids A 

Ooids 

Aggregate 
Quarulsilt FFEF, FFFFF 

Phosphatic F. I? 

Black grains F: EF 1) DEF 

Skeletal Crains 

('orals F 

Bivalses F. E 

Gastropods E 

Brachiopods 1) FEUE li D I) D 

Crinoids DDD 1) DD 1) U I) D 

Ostracods 

Calpionellids 
Sponge spicules 1) 
Green Algae DDDFUDUU 
Forams Fi DEF 
Radiolarians 
CEMENT: 
Saddle dolomite 
Waded / runular calcite 
Granular drusy calcite wWWWWWWWWW 

Syntaxial calcite 

Poikilotopic calcite 
Columnar calcite 
Porosity: 1% 3% 2% 1% 2% 7% 3% 2% 3% 1% 

Interparticle 

Vug wWWWW 

Mouldic W 

Intrapanicle 

Fracture wWWWWWWW 

Inlerervstal 

Rootlet 

Stylulitic WWWWWW 

Burrow 

Sedimentary structures 
Rootlets ww 

Burrows / Moturbation 

Cross lamination 

Diagenesis 

Saddle dol. replacement 

Micro-cuhedral dol. ex. WWW 

Dedolomitization 
Limonite / goethite 
Pyrite Ww wwW w WwwW 
Vadose compaction w 
Burial compaction w WW W WWWW 
Microspar cement 
Micrite envelope W w 
Grain boring ( marine) 
Microfacics SR-5 BR-2 BR-1 DR-3 BR-1 BR-1 BR-I Dia Cal Dia ('al DR-3 

Grain percentage: G=<1 17, With this feature =W Texture : Ms = Mudstonc 
D =1-20% Ws = Wackestonc 

(' =21- 40'7 Ps = Packstone 
It =41- 60 Cs =( iraitstone 

A => 61 Fs = Float stone 

Rs = Rudstone 
Matrrix = Mlcrne ('x = Crystalline carbonate 
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Thin section dcscription. s 

ti SGR 

i)eE7th ý( 
CGR 

6 700 

6'? lo i 
( 0,1 

{x'40 

6700 

L_in7etr rte 

(206l1 

Osoo 

j. !1II ý'ý 
t 

Unit L 
6, -, 4 0 

Zr 00) 

Lind C) 
(2 110) 

211>I 

Ull It (" , 

? 000 

QIVU)! 
ý ilt 

70ý1t) 
(2l46] 

7060-{ `., 'ýý 

Well IZ-4 ) 

Sample funlhcr 

4- 
i 

4-- 4- ; 
"--- 

. -- 4- ll_) 

+-- H 

4- l2 

"--- 
"-- 14 -; 

ý- lo 
17 

4-- Is 
"--- H 
4--- ý(J 

4--- ; 

~ 2(, -: 1 
ý- 'bB 

4)t 
all 

f-- :, 

4-- U 

:; 36 
iý 

4-- 39 

4U 
11 

ý--- 

44 
46 

4-- 

l) 4S 

"-- 5() 

4- SI 

f-- ; 

ii 
-5 

Appendix 1 293 



Thin section descriptions 

Well R-49 

Sample number 56 55 

7071 

54 

7069 

53 

7057 

52 

7051 

51 

71)43 

50 

7035 

49 

7027 

48 

71124 

47 

7015 
Sample depth (tt) 
Samplcdepth (ill 

7073 
2156 2155 '_154 -1151 

214') '147 2144 2142 2141 

, 

2139 

Texture (: s Gs Gs Gs Ps Ms Gs Ws WW s Ps 

Non-Skeletal Grains 
A A A A 

I'cIoid A A A A A 

Ooils l I' 

Aggregate 
_ 

L" l': 

Quart7lsilt E l'" 
-ý - 

E E E F F 

Phosphatic 
Black grains 
Skeletal Grains 

1,11-11 

E 

EDEE 
FF 
I) t. e 

; Teen Algae I? Ii G 

Drams G 1. 1: I{ I) 
Radiolarians 
CEMENT; 
Saddle dolomite w w w W W 
Waded / granular calcite w w 

Granulat drusy calcite [W 
w w W w W w W 

Sy11tadlal calcite w w 

-- _-, 

W 

I'oikl lotopic calcite 

Columnar calcite w 

Porosity: 5% 4% 101/1 10% 8% 5% 10% 8% 16% 7% 
Interparticle w w %NI w w w w 
Vug W W W W W W W W W W 

Mouldic w 

Intrapanicle 

fracture w W W W W W 

Intercrystal 

Sedimentary structures 
Rootlets wW 

Burrows / Bioturhation W 

Cross lamination wW 

Diagenesis 

Saddle dol. rrplarentent 
Micro-euhcdral Jul. cx. t 
Dedolontitization 

I. intonite / eocthite 

IIýtý 

\ ; 1llose compaction W W. W WWW 

Burial compaction w WW W 

Microspar cement w 
Micrite envelope wW 

Grain boring ( marine) 
Microfacies SR-2 SR-2 SR-4 SR=4 DiagCal BR-2 SR-3 SR-4 Diag('al SR-4 

Grain percentage: E=<I 17, With this feature =W Texture: Ms = Mudstonc 
D =1-20% Ws = Wackcstonc 
C =21- 40 % i's = Packstonc 
B =41- 60 %% (: s = Grainstouc 
A=> 61%, Fs Roatstone 

Ks = Rudstone 
Matrrix = Micrite Cx = Crystalline carbonate 
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Ain section de%rriptiori. % 

Well R-49 

Sample number 46 45 44 43 42 41 40 39 38 37 

Sample depth (ft) 7012 70)9 7(06 7005 6997 6987 6983 6975 6964 695( 

Sample depth ( m) 2137 213(1 '135.5 -_115 '_133 21 il) 2128 2126 2123 _O'_1) 

't'exture Ps Ps Gs Gs Gs Ps Ps Cx Ps %'s 

Non-Skeletal (. rains 
pcluids AAAAAAAA 

Ouids 
. 

Aggregate F 

Quartz/silt FF 
-_ __ 

EFF 
Phosphatic 

F. 

Black grains 
Skeletal Grains 
('orals F 

ßicahcs I. FFFF 
Gastropods 
Brachiopods FFFFFF 

('rinoids 1) DD 1) DDDD 
Ostracods F. 

('alpioncllids 

Sponge spicules 
Green Algae 17, E 
Forams FF 1) D I) D 1) 

Radiolarians 

CEMENT: 
Saddle dolomite wWWWWWW 
Bladed / granular calcite wWWWWWW 
Granular drusy calcite wWWWWWW 
Syntaxi: rl calcite wWWWWWW 

Poikilotopic calcite w 

Columnar calcite 
Porosity: 25% 10% 7% 8% 7% 6% 5% 3% 5% 3% 

Interparticle wWWWW 

Vug wWWWWWWWWW 

Mouldic 

Intraparticle w 

Fracture wWWWWWWW 

Intcrcrystal w 

Rootlet w 
__ 

WW 

Stylolitic 

Burrow 

Sedimentary structures 
Rootlets wWW 

Burrows / Binturhatiun 

Cross lamination 

Diagenesis 

Saddle dol. replacement w 

Micro-cuhedral dol. ex. }---}- 
Dedoloinitization --ý- Limonite 

/ gocthitc 
Pyrite 

Vadose compaction wWWWWWWww 

Burial compaction wWWWW 

Microspar cement 
Micritc envelope wW 

Grain boring ( marine) 

Microfacies SR-4 DiagCal SR-4 SR-4 Dia Cal Dia gCal SR-4 DiagDol SR-4 UR-2 

Grain percentage: E=<1 ci With this feature =W Texture: Ms = Mudstonc 
D =1-20`6 Ws = Wackestone 
C =21- 40 ci Ps = Packstone 
B =41- 60 ci Gs = Grainstone 
A=> 61 'Y( Fs = Floatstone 

Rs = Rudstone 
Matrrix = Micrite Cx = Crvstalline carbonate 
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Ratawi parasequence data 

Appendix 2: Ratawi parasequence data 

Two basic surface types are identified by this study (Chapters 3 and 4) from core from 

wells R-50 and R-48 and used to identify 84 parasequences. Cycle number, surface type 

and its depth (ft & m) and cycle type and its thickness (ft & m) are listed 

in this appendix. The two basic surface types are: 

(A) Non-Deposition Subaerial 

(1) Karst =K 

(2) Rootlets = Rot 

(3) Horizontal vein = Hor Ven 

(4) Exposure = Exp 

(B) Non-Deposition Submarine 
(1) Hardground = Had 

(2) Firmground = Frm 

(3) Organic shale Lami = Org-Sh 

(4) Grain size change = Gm Size 

These basic surface types define three basic types of naraseguence (cycle): 
(1) Transgressive-Regr = T/R-cycle 

(2) Regressive Cycle = R-cycle 

(3) Aggraded Cycle = A-cycle 

The depths of the top and the bottom of these parasequences are used in this study to 

construct Fischer Plots in depth domain (Section 5.3.2) using the method of Day (1997) that 
includes the calculation of the cumulative deviation from mean thickness (CDMTi) for 

each parasequence boundary. 

CDMTi = (Do - (i /N) . T) - Di 

i= cycle number (cycle number one is for the deepest complete cycle) 
Di = actual depth of the ith cycle top 

Do = the depth at the top of cycle number zero (the depth of the base of first cycle) 
N= the number of cycle in the interval 
T= the total thickness 
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Ratawl parasequence data 

Core Well R-48 

Cycle " Type and Depth (ft & m) Cycle Type & Thickness (ft & m) CDMTI 

Number 
f 

6520.6 ft Exp 0.0. 

(1987.5 m) 

64 R-cycle 9.6 ft (2.92 m) 
6530 ft K& Frm ritidal -5.16 
(1990.3 m) 

63 R-cycle 10 ft (3.05 m) 
6540 ft K& Rot peritidal -10.93 
(19993.4 m) 

62 6541.6 ft Org-Sh T/R-cycle 2 ft (0.61 m) 
(1993.9 m) peritidal 

6542 ft Rot -8.69 
(1994 m) 

61 6543 ft Frm & Org-Sh T/R-cycle 1.6 ft (0.49 m) 
(1994.3 m) peritidal 

6543.6 ft -6.06 
(1994.5 m) 

60 6544.6 ft Frm 'BR-cycle 2.6 ft (0.79 m) 
(1994.8 m) subtidal 
6546 ft K& Rot -4.22 
(1995.2 m) 

59 6547.6 ft Frm T/R-cycle 2 ft (0.61 m) 
(1995.7 m) peritidal 

6548 ft -1.99 
(1995.8 m) 

58 6548.6 ft Frm A -cycle 1 ft (0.30 m) 
(1996 m) subtidal 

6549 ft 1.24 
(1996.1 m) 

57 6550 ft Frm A-cycle 3 ft (0.91 m) 
(1996.5 m) subtidal 

6552 ft 2.47 
(1997 m) 

56 6554.6 ft Frm A-cycle 3.6 ft (1.09 m) 
(1997.8 no subtidal 

6555.6 ft 3.1 
(1998.2 m) 

55 6556.6 ft Frm A-cycle 4 ft (1.22 m) 
(1998.6 m) subtidal 

6559.6 ft 3.34 
(1999.4 m) 

54 6562.6 ft Hrd A Mt-cycle 5 ft (1.52 m) 
(2000.3 m) subtidal 
6564.6 ft K 2.57 
(2000.9 m) 

53 6567.6 ft Hrd T/R-cycle 3.6 ft (1.97 m) 
(2002.1 m) peritidal 

6568 ft 3.41 
(2001.9 m) 

52 6568.6 ft Frm A-cycle 1 ft (0.30 m) 
(2002.1 m) subtidal 

6569 ft 6.64 
(2002.2 m) 

51 6569.6 ft Ftm A-cycle 1.6 ft (0.49 m) 
(2002.4 m) subtidal 

6570.6 ft 9.28 
(2002.7 m) 

50 6571.6 ft Frm A-cycle 2 ft (0.61 m) 
(2003 m) subtidal 

6572.6 ft 11.51 
(2003.3 m) 

49 6574 ft Hrd }\ TIIZ-cycle 7 ft (2.13 m) 
(2003.7 m) subtidal 
6579.6 ft Rot 8.75 
(2005.5 m) 
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Ratawi parasequence data 

Core Well R-48 

Cycle Surface Type and Depth (ft & m) Cycle Type & Thickness (ft & m) CDD1Tl 

Number 

6572.6 ft 11.51 

49 6574 ft Hrd 
(2003.3 m) P% AYR-cycle 7 ft (2.13 m) 

(2003.7 m) subtidal 
6579.6 ft Rot 8.75 

(2005.5 m) 
48 6581.6 ft Ftm T/R-cycle 3.6 ft (1.10 m) 

(2006 m) peritidal 
6583 ft 9.58 

(2006.5 m) 
47 6584.6 ft Hrd A-cycle 3.6 ft (1.10 m) 

(2007 m) subtidal 
6586.6 ft 10.21 
(2007.6 m) 

46 6588.6 ft Org- Sh A-cycle 3 ft (0.91 m) 
(2008.2 m) subtidal 

6589.6 ft 11.45 
(2008.5 m) 

45 6590.6 ft Hrd A-cycle 4 ft (1.22 m) 
(2008.8 m) subtidal 

6593.6 ft 11.68 
(2009.7 m) 

44 R-cycle 3 ft (0.91 m) 
6596.6 ft Frm & Rot subtidal 12.92 
(2010.6 m) 

43 6597.6 ft Hrd T/R-cycle 2 ft (. 61 m) 
(2010.9 m) peritidal 

6598.6 ft 15.15 
(2011.3 m) 

42 6599 ft Hrd 17R-cycle 3 ft (0.91 m) 
(2011.4 m) subtidal 
6601.6 ft Rot 16.39 

41 6602.6 ft Hrd T/R-cycle 4.6 It (1.4 m) 
(2012.5 m) peritidal 
6606 ft K 16.22 
(2013.5 m) 

40 f ? 1R-cycle 3.6 ft (1.10 m) 6609.6 ft K ritidal 16.85 
(2014.6 no 

39 6611.6 ft Frm T/R-cycle 3 ft (0.91 m) 
(2015.2 m) peritidal 

6612.6 ft 18.09 
(20155.5 m) 

38 R-cycle 1 ft (0.30 m) 
6613.6 ft K& Org Sh subtidal 21.32 
2015.9 m) 

37 R-cycle 14 ft (4.27 m) 
6627.6 ft K& Frm ritidal 11.56 
(2020.! m) 

36 a WK-cycle 1 ft (0.30 m) 
6628.6 ft Rot peritidal 14.79 
(2020.4 m) 

35 0. T/R-cycle 4.6 ft (1.40 m) 
6633 ft K& Rot peritidal 14.63 
(Luz 1.1 m) 

34 6661.6 ft Hrd T/R-cycle 37 ft (11.28 m) 
(2030.5 m) peritidal 
6670 ft Rot 

. 18.13 
(2033 no 

33 R TIT -cycle 2.6 ft (0.79 m) 
6672.6 ft K peritidal -16.5 
(2033.8 as 

32 6673.6 ft Hrd T/R-cycle 4.6 ft (1.40 m) 
(2034.1 m) peritidal 
6677 ft Gm Size -16.66 
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Core Well R-48 

Cycle Surface Type and Depth (ft & m) Cycle'I'ype & Thickness (ft & Ili) ('l)\1'11 
Number 

32 6673.1, Il I Ird T/k-cycle 4.6 It (1.4)) Ili) 
f20)4 I nu peritidal 
6677 It Gru Size 

-16.66 
(20)5.1 ml 

31 R -cycle 36Itt101) 
6680.6 ft (; it, Size 

sublid: ll -1605 

(20152 w 
30 k-cycle II It (3.35 m) 

6691.6 it Grit Size subt; dnl -22.79 2019 Gnu 

29 R-cycle S It (1.52 cl) 6696.6 ft (nn Si/c 
suhtidul -23.56 12041.1 m) 

28 
R-cycle 13.6 It (4.15 In) 6710 ft (; Ill Sue subtidal _32.27 2015.2 w 

27 k-cycle ? It) (1. GIIli) 
6712 it (; Ill Süe suhtidul -30.49 
(20458m) 

26 k-cycle 3.6 ft ( 1.0) nt) 
6715.6 It Gu Size sublldul _29.85 
12047 x nn 

25 k-cycle 3 11 (001 nu 
6718.6 it it II Si/e suhtidal 28. (>2 
(2047 8 m) 

24 k-cycle 4till 22 tin 

6722-611 Rot K Ilyd subtid; ll 
(204') nu 

23 PR-cycle 7 It I'I 
6729.611 K elitiil t 

-SI IS 
(2051.2 no 

22 /k-cycle '_. b II (0.79 tu) 
6732 ft K entidal -29.32 
12051 ') ul 

21 f/R-cycle I fl (0.30 tu) 
67331t Rot elilidal '00X 
I_20522 m1 

21) FIR-cycle 2 tl (1) (, 1 11) 
6735 ft K& Rot erilid: l 

-' ( (S 
(2(1518uu 

19 '1 /R-cycle I it (Il ill m) 
6736 it K eritidal -20.61 
(21(5) l nu 

18 '1'/k-c)cle I it ((1.3(1 It) 
6737 fl Rol xritid tI -17.38 
12053.4 

17 6741 it Itrd I/k-cycle (, 61((21(111)) 
(2054 (, 1111 I lcrll Idol 

6743.0 It K 
-11) 75 

(2055.1 nil 
16 6746 6 (t lud 'I'/k-cycle 4 It (1 21 In) 

(2056.4 Ili) pcrilid; ll 
6747.6 it 

-19.5 
IS 6748.6 it Ilyd T/R-cycle 2.6 ti (0.7') 1 

120.57 w) Sublid: d 

6750 it K N. Rot 
17 60 

1 _2()574 11,1 

14 675 LG ft Ilyd '17R-cycle 2 II (0.61 n1) 
(2057.9101 Ixrilidal 

6752 it 
- 1544 

12058,, 
13 6752 (, it Ilyd A-cycle 51 1( 15 2 

(2050 2 subud; tl 
6757 11 

-16_21 
t2oses ý�ý 
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Ratawi parasequence data 

Core Well R. 48 

Cycle Surface Type and Depth (ft & m) Cycle Type & Thickness (ft & m) CDMTI 

Number 

13 6752.6 ft Hrd A-cycle 5 ft (1.52 m) 
(2059.2 m) subtidal 

6757 ft -16.21 
(2059.5 m) 

12 6761.6 ft Hrd A-cycle S ft (1.52 m) 
(2060.9 m) subtidal 

6762 ft -16.97 
(2061 m) 

11 6762.6 ft Hrd A-cycle 1.6 ft (0.49 m) 
(2061.2 m) subtidal 

6763.6 ft -14.34 
(2061.5 m) 

10 6764 ft Hrd A-cycle 2 ft (0.61 m) 
(2061.7 m) subtidal 

6765.6 ft . 12.1 
(2062.2 m) 

9 6766.6 ft Hrd A-cycle 2 ft (0.61 m) 
(2062.5 m) subtidal 

6767.6 ft -9.87 
(2062. ßm) 

8 6768.6 ft Hrd A-cycle 3 ft (0.91 m) 
(2063.1m) subtidal 

6770.6 ft . 8.64 
(2063.7m) 

7 6772 6 ft Frm 
A 

VR-cycle 3 ft (0.91 m) 
(2064.3m) subtidal 
6773.6 ft K -7.4 
(2064.6 m) 

6 11ý TIR-cycle 1.6 ft (0.49 m) 
6775 ft Rot peritidal -4.57 

S 
(2065 m) A T/R-cycle 3 ft (0.91 m) 
6778 ft K& Rot peritidal -3.33 
(2065.9 m) 

4 6780 ft Hrd T/R-cycle 4 ft (1.22 m) 
(2066.5 m) peritidal 

6782 ft -3.1 
2067.2 m) 

3 6783.6 ft Hrd A-cycle 3 ft (0.91 m) 
(2067.6 m) subtidal 

6785 ft -1.86 
(2068 m) 

2 6786.6 ft Hrd A-cycle 3.6 ft (1.09 m) 
(2068.6 m) subtidal 

6788.6 ft -1.23 
(2069.2 m) 

1 6790.6 ft Hrd A-cycle 3 ft (0.91 m) 
(2069.8 m) subtidal 

6791.6 ft 0 
(2070.1 m) 

0 6792.6 ft Hrd 
(2070.4 m) 
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Ratawi parasequence data 

Core Well R-50 

Cycle Surface Type and Depth (ft & m) Cycle Type & Thickness (ft & m) CDMTI 

Number 

6776 ft Hrd 
(2065.3 m) 

6777.6 ft 0 

(2065.8 m) 
20 6778 6 ft Hrd A-cycle 3 ft (0.91 m) 

(2066.1 m) subtidal 
6780.6 ft 9.4 

19 6782 ft Hrd 
(2066.7 m) A '1YR-cycle 4.4 ft (1.34 m) 

(2067.2 m) subtidal 
6785 ft K& Frm 17.4 
(2068 m) _ 

18 R-cycle 2 ft (0.61 m) 
6787 ft Rot & Frm ritidal 27.8 
(2068.7 m) 
6791 ft Frm 

17 6792 ft Org Sh T/R-cycle 8 ft (2.44 m) 
6793 ft Org Sh peritidal 
6793.6 ft Frm 

6795 ft 32.2 
(2071.1 m) 

16 6796.6 ft Org Sb A-cycle 3.6 ft (1.09 m) 
(2071.6 m) subtidal 

6798.6 ft 41 
(2072.2 m) 

15 6800.6 ft Org Sh A-cycle 27 ft (8.23 m) 
(2072.6 in) subtldal 

6826 ft 26 
(2080.6 m) 

14 6851 ft Org Sh A-cycle 26 ft (7.92 m) 
(2088.2 m) subtidal 

6852 ft 12.4 

13 8 
(2088.5 m) A 6 53.6 ft Org Sh i'/1 cycle 7 ft (2.13 m) 

(2089 m) subtidal 
6859 ft Hor Ven 17.8 
(2090.6 m) 

12 RT/Rcycle 4 ft (1.22 m) 
periudal 

6863 ft Hor Ven 26.2 
(2091.8 m) 

I1 R '1R-cycle 24 ft (7.31 m) 
peritidal 

6887 ft Hor Ven 14.6 
(2099.2 m) 

10 A, T/R: tycle 2.6 ft (0.79 m) 
peritidal 

6889.6 ft for Ven & Rot 24.4 
(2100 m) 

9 T/R-cycle 60 ft (18.28 m) 
peritidal 

6950 ft K . 23.6 
(2118.4 m) 

8 iYR-cycle 7 ft (2.13 m) 
peritidal 

6957 ft Rot . 18.2 
(2120.5 m) 

7 ZJR-cycle 10.6 It (3.23 m) 
peritidal 

6967.6 ft Hor Ven . 16.4 
(2126.2 m) 

6 R-cycle 8 ft (2.44 m) 
peritdal 

6975.6 ft Rot & Frm -12 
(2126.2 m) 
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Core Well R-50 

Cycle Surface Type and Depth (ft & m) Cycle Type & Thickness (ft & m) CDMTI 
Number 

6 R-cycle 8 ft (2.44 m) 
peritidal 

6975.6 ft Rot & Frm -12 
(2126.2 m) 

5 R-cycle 3.6 ft (1.09 m) 
peritidal 

6979 ft Rot & Frm -3 
(2127.2 m) 

4 R-cycle 9 ft (2.74 m) 
peritidal 

6988 ft Rot & Frm 0.4 
(2129 9 m) 

3 R-cycle 5.6 ft (1.71 m) 
peritidal 6993.6 ft Rot & Frm 7.2 

(2131.6 m) 
2 R-cycle 6 It (1.82 m) 

peritidal 
6999 6 ft Rot & Frm 13.6 
(2133 5 m) 

1 7007 ft Hrd T/R-cycle 26 ft (7.92 m) 
(2135.7 m) peritidal 

7025.6 ft Hor Ven 0 
(2141.4 m) - 

0 7030 ft Frm 
(2142.7 m) 

nce data 
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Ratawi parasequence data 

Appendix 2 B) Ratawi Parasequence Data 

Karst =K 

Rootlet = Rot 

Horizontal vein 
and mudcracks = Hor Ven 

Hardground = Had 

Firmground = Frm 

Organic shale lamina = Org Sh 

Grain size changes = Gm Size 

Fig A. 2.1 Log of core R-50 showing depositional texture, core sample number, and 

microfacies identified in this study (Appendix 1). Also shown are the different surfaces 

recognized in this study and marked on Core Lab description chart, used in this study 

to determine the parasequence succession, described in Appendix 2A and used to 

construct Fischer Plots (Appendix 3). 

Fig A. 2.2 Log of core R-48 showing depositional texture, core sample number, and 
microfacies identified in this study (Appendix 1). Also shown are the different surfaces 
recognized in this study and marked on Core Lab description chart, used in this study 
to determine the parasequence succession, described in Appendix 2A and used to 

construct Fischer Plots (Appendix 3). 

There is no sufficient data to construct log for core R-49 

For example of the parasequence in core see Figs A. 2.3, A. 2.4 and A. M. 
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Ratuwi parasequeiu"e data 

Core Well R-50 

Floatstone / rudstone 
Grainstonc / packstonc Sample 

Wackestone / rnudstone Number Microfacies 

Parasequence Parasequence Depth 
I 

Type succession feet 

6775 
Had 

A- cycle Had f- 4 49 BR- I 
6790- 

A- cycle 19 Had -u 49) BR-5 

. 6785 K&Hrrn 
k- cycle 4, u 5(1 BR-I 

R4L )1& 1- ra 

6790 4- uSI BR-2 
'l',: R- cycle 17 Jjr'Sh 

Org Sh a 52 l)iagCal 

6795 
53 I)iagCal ý- u A- cycle Org Sh 

6800 
Orr Sh 

6805- 

A- cycle 15 
6810 4-- $4 54 l)iag('al 

s: 55 I )iag('al 

6115 

ý- u 56 1)iag('al 
6x2() 

4- sr 50 DiagCal 6825 

4- aS I)iagCal 

(isiO A- cycle 

(, hý ý- 4 60 SR-5 

Fig A. 2.1 
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Ratawi parasequenCe data 

Dcpth 
(cct 

6x40- 
A- cycle 14 

ý- u 6() SR-5 

4- t01 SR-5 

ý- u h? DR-I 

A- cycle 13 (855 

12 h X00 
R- curl 

68 
R- cycle 

R- cycle 10 

6875 

f-- J! 63 I)Iag(aI 

4- 71 64 DiagCal 

4- 465 SR-1 

t- ;+ 600 DiagCal 
ý- 467 [)iagCal 

f- 9 68 SR-4 

T/R- cycle 9 

6895.1 

6900- 

- 6905 

4-- # 69 SR-3 

Fig A. 2.1 continued 

Appendix 2 [3 3 



Ratawi parasequence data 

'I /R- cycle 9 

Depth 
feet 

691 

691 

I id 

R cycle g 

R- cycle 7 

6925 

6930 

6935 

6945 

K 

695511 

R- cycle 6 0070 

0975 
R- cycle 

6980 

Fig A. 2.1 continued 

f- ti 69 IS R-3 

1- i 70 SR-3 

s- :t 71 SR-3 

- !i 72 SR-4 

ý- u 73 SR-3 

- ri 74 SR-3 

ý- r: 77 SR-1 

78 tilt-1 
79 SR-4 

"- 4 80 SR- I 

f- uxi SR 3 

u 92 SR-3 

u 8'3 SR-I 

4- !t K4 DR-i 
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Ratawi parasequence data 

R- cycle 

R- cycle 

K- cycle 

R- cycle 

R- cycle 

Fig A. 2.1 continued 

Depth 
tcet 

6975 

692; O 

4 
6995 

3 6990 

6995 - 
2 

7000 

7005 - 

7010- 

7015 - 

7020 

7025 

0 
7030 

4- 4 84 DR-3 

4-- u x5 UR-3 

4--- 

ý-- # 86 DR- I 

i{7 SR-1 

4-- ,s xx SR-4 

f- k K1) SR-1 

ý-. 490 SR- I 

ý- #91 SR-1 

f- a 92 SR- i 

f- # 92 SR-2 

ý-- P 93 till-4 

ý-- 4 94 SR-I 
ý- 0 95 SR-4 
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Ratawi parasequence data 

Core Well R-48 

Floatstone / rudstonc 
Grainstunc ,' ackston 

Sample 
p' r licrofacics 

Wackestone mudstonc 

Parasequcncc Parasequence Depth 
Type succession feet 

6520 ý^ 

R- cycle 64 6525 

6530 

R- cycle 63 6535 

"1 :, R - cycle 
T/R - cycle 

A- cycle 

T/R - cycle 
A- cycle 

A- cycle 

A- cycle 

A- cycle 

A- cycle 

T'R - cycle 

A- cycle 
A- cycle 
A- cycle 

A- cycle 

62 
6540 

01 
60 6545 
59 
58 

57 6550 

56 
6555 

55 

0S(, I1 

54 

6565 
53 

52 
51 (, 570 
50 

49 0575 

Fig A. 2.2 

ý- u 50 1)R-3 

9 41) Uiag('al 

4-- u 48 [)iag('al 

4-- 047 UR- 

4- tr 46 BR- 

4- u 45 RR-1 

4-- u 44 DR-3 

ý- u 43 1)R-3 

Appendix 2B6 



Ratawi parasequence data 

Depth 
lect 

6575 
A- cycle 49 

6580 - 'iR - cycle 48 

A- cycle 47 6585 

A- cycle 46 

6590 - A- cycle 45 

R- cycle 44 6595 

R- cycle . }.; 
A- cycle 42 6600 - 

R- cycle 41 
6605 - 

R- cycle 40 

-; R - cycle 
6610- 

R- cycle 38 

6615 - 

R- cvclc 37 
0620- 

6625 - 

R- cycle 36 

R- cycle 35 
6630- 

6035 

6640- 
'! R - cycle 34 

6645 

6650 

Fig A. 2.2 continued 

4- 4 43 BR-1 

4- u 4? BR-2 

f- r+ 41 SR-5 

ý- 1t 40 SDR-53 

u 39 BR-I 

.. r138 HR-1 

f-- u 37 BR-1 

4. -A 36 DR-1 

f-- u 15 ! )R-3 

4- j43-1 IHR- 

4- u ;i UR-I 

4-. u i? BR- 

4-- uil BR -I 

4-- u 30 BR-1 

f- U _21) BR-I 

ý- ýý 2 BR-I 

f- u 27 Eilt-I 

Appendix 2B7 



Ratawi parasequence data 

"l /R - cycle 

k- cycle 

'T "R - cycle 

R- cycle 

R- cycle 

R- cycle 

R- cycle 

R- cycle 

R- cycle 

R- cycle 

R- cycle 

R- cycle 

Fig A. 2.2 continued 

Depth 
feet 

6650 

6655 

34 
6660 - 

6665 

6670- 
33 

32 ()n75 

31 
66}«) 

30 6685 

' 6690 

29 
6695 

w 

6700 

28 

6705 

671(1 
27 

26 
6715 

25 

24 (72O 

23 

4- P27 HR-1 

0 2( ßR-1 

ý- n 25 RR-I 

4-- 4 24 DR-2 

f- ü 23 BR-1 
f- k 22 13k-I 

4 21 13k-I 

f- J4 20 BR- I 

f- u I') IUR-1 

f- lt 18 RR- 

f0 17 13R-I 

4 ft BK. I 

f- 4 15 13R- 
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Ratawi parasequence data 

R- cycle 

k cycle 

R- cycle 
R- cycle 
R- cycle 
R- cycle 
R- cycle 

T. R- cycle 

T/R - cycle 

A- cycle 

T! R - cycle 

A- cycle 

Dcpth 
[cct 

24 6720 

23 
6725 - 

22 6730 -, 

?I 

20 
19 6735 - 
18 

17 6740- 

16 6745 - 

14 
6750- 

13 
6755 - 

A- cycle 12 6760- 

A -cycle II 
A- cycle 10 
A- cycle 

67(, 5 
,) 

A-cycle 8 
ä77O - 

A- cycle 
7 

R- cycle 6 0775 - R- cycle 5 

TiR - cycle 4 6780 - 

A- cycle t 

A- cycle 2 
6785 7 

A- cycle 0790 - 

0 

Fig A. 2.2 continued 

ý- P 15 BR-1 

f- P 14 BR- 

f4 11 BR-1 

III R- 

"- u iO BR-1 

u 1) BR-1 

is x HR-I 

7 [)R-3 

ý- t, 0 1311- 

4- 45hR-I 

4- '14 BR 1 

ui BR-I 

2 BR-I 

ý" tý I DiagCal 
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Figure A. 2.3 Photograph of part of the core from well R-50 from 6775 to 6805 feet 

depth. The core shows three cycles (parasequences) of pale-grey marine mudstone 

passing up into oil impregnated grainstone. 

Appendix 2B 10 
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Ratawi parasequence data 

Figure A. 2.4 Photograph of core from well R-50, depth 6775 to 6790 feet, showing 

pale grey lime mudstone of back-ramp facies overlying oil impregnated bioclastic 

grainstone of shallow-ramp facies. An exposure surface overprinted by hardground 

occurs at the arrows. 
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Ratawi parasequence data 

Figure A. 2.5 Photograph of core from well R-50, depth 7017 to 7032 feet, showing oil 
impregnated oolitic grainstone of the shallow-ramp facies. A hardground occurs at the 

arrows. 
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r 
Ratawi Fischer Plots 

Appendix 3: Fischer Plots 

Fischer plots were constructed for strata in wells R-48 and R-50 in two domains 

(Chapter 5: 

1. Time domain, in which the cumulative departure from mean parasequence 

thickness is plotted against cycle number. Excel was used to compute the 

cumulative deviation from mean thickness (CDMT), the location of different 

points on the curve, and to draw the plots. 
2. Depth domain, in which the cumulative departure from mean parasequence 

thickness is plotted against cycle depth in the well. This study used the procedure 

of Day (1997) to compute the CDMT in Appendix 2, whereas the plots are drawn 

by hand and compared with spectroscopy, computed, `total' gamma ray, bulk 

density and neutron porosity logs in addition to reservoir zones. 
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Ratawi Fischer Plots 

SGR 50 

Well R-50 

Cumulative Deviation 

from Mean Thickness (ft) 

-20 0 20 40 

21 2 Bulk Density 2i7 

(RHOB) 
0.3 Neutron Porosity 

(NPHI) 

1 

C 

SGR: Spectroscopy Gamma Ray Reservoir Unit (Porosity > 15 %) 
CGR: Computed Gamma Ray 

Figure A. 3.1 Fischer plot in depth domain for strata in well R-50 compared with log 

signatures and location of reservoir and non-reservoir units. 
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Ratawi Fischer Plots 

Table A. 3.1 Data calculated by Excel for the Fischer plot in time domain for strata in 

well R-50 (data in feet). 

umber (Thickness 

0 
0 
1 26 -12.35 
1 13.65 
2 6 1.3 
2 7.3 
3 5.5 -5.05 
3 0.45 
4 9 -11.9 
4 -2.9 
5 3.5 -15.25 
5 -11.75 
6 8 -24.1 
6 -16.1 
7 10.5 -28.45 
7 -17.95 
8 7 -30.3 
8 -23.3 
9 60 -35.65 
9 24.35 
10 2.5 12 
10 14.5 
11 24 2.15 
11 26.15 
12 4 13.8 
12 17.8 
13 7 5.45 
13 12.45 
14 26 0.1 
14 26.1 
15 27 13.75 
15 40.75 
16 3.5 28.4 
16 31.9 
17 8 19.55 
17 27.55 
18 2 15.2 
18 17.2 
19 4.5 4.85 
19 9.35 
20 3 -3 
20 3.55E-15 

total thickness 247 ft 
number of cycles 20 
average thickness 12.35 ft 
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Figure A. 3.2 Fischer plots in time domain for strata in \\. ell 1Z-50. 
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Ratawi Fischer Plots 

Well R-48 

Depth Gamma Ray Cumulative Deviation 
fý ft (m) from Mean Thickness 

0 50 100 -40 -20 0 20 40 

65 
(19 

6580] 
(2006) 

600.1 
(2 12) 

66'10- 
(2018) 

6640 

Ratawi (2024)~ 

Limestone 
6660 
(2030) 

6680 
(2036) 

d- 64 

56-D 
4--54 

50 -D 
4- 48 

46 --D 
4-44 

42 D 

38 D 
a-- 40 Cycle 

Number 

d---- 36 
341 

31 

27 

22 -D 

29 

24 

16 ---D 
14 

12-> 

8I 

4-fl , 
41 

Figure A. 3.3 Fischer plots in depth domain for strata in well R-48 compared with 
`total' gamma ray signatures in Ratawi Limestone. 
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Ratawi Fischer Plots 

Table A. 3.2 Data calculated by Excel for the Fischer plot in time domain for strata in 

well R-48 (data in feet). 

cycle 
Number 

cycle I 
Thickness 

Cycle 
Number 

Cycle I 
Thickness 

0 22 
0 23 7 
1 3 4.234375 23 
1 7.234375 24 4 
2 3.5 3.000375 24 
2 6.500375 25 3 
3 3 2.266375 25 
3 5.266375 26 3.5 
4 4 1.032375 26 
4 5.032375 27 2 
5 3 0.798375 27 
5 3.798375 28 13.5 
6 1.5 -0.435625 28 
6 1.064375 29 5 
7 3 -3.169625 29 
7 -0.169625 30 11 
8 3 -4.403625 30 
8 -1.403625 31 3.5 
9 2 -5.637625 31 
9 -3.637625 32 4.5 
10 2 -7.871625 32 
10 -5.871625 33 2.5 
11 1.5 -10.10563 33 
11 -8.605625 34 37 
12 5 -12.83963 34 
12 -7.839625 35 4.5 
13 5 -12.07363 35 
13 -7.073625 36 1 
14 2 -11.30763 36 
14 -9.307625 37 14 
15 2.5 -13.54163 37 
15 -11.04163 38 1 
16 4 -15.27563 38 
16 -11.27563 39 3 
17 6.5 -15.50963 39 
17 -9.009625 40 3.5 
18 1 -13.24363 40 
18 -12.24363 41 4.5 
19 1 -16.47763 41 
19 -15.47763 42 3 
20 2 -19.71163 42 
20 -17.71163 43 2 
21 1 -21.94563 43 
21 -20.94563 44 3 
22 2.5 -25.17963 44 

"26.91363 
"19.91363 
-24.14763 
-20.14763 
"24.38163 
-21.38163 
-25.61563 
-22.11563 
-26.34963 
-24.34963 
-28.58363 
-15.08363 
-19.31763 
-14.31763 
-18.55163 
-7.551625 
-11.78563 
-8.285625 
-12.51963 
-8.019625 
-12.25363 
-9.753625 
-13.98763 
23.01238 
18.77838 
23.27838 
19.04438 
20.04438 
15.81038 
29.81038 

22.34238 
25.34238 
21.10838 
24.60838 
20.37438 
24.87438 
20.64038 
23.64038 
19.40638 
21.40638 
17.17238 
20.17238 
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Ratawi Fischer Plots 

Cycle 
Number 

Cycle 
Thickness 

45 4 15.93838 
45 19.93838 
46 3 15.70438 
46 18.70438 
47 3.5 14.47038 
47 17.97038 
48 3.5 13.73638 
48 17.23638 
49 7 13.00238 
49 20.00238 
50 2 15.76838 
50 17.76838 
51 1.5 13.53438 
51 15.03438 
52 1 10.80038 
52 11.80038 
53 3.5 7.566375 
53 11.06638 
54 5 6.832375 
54 11.83238 
55 4 7.598375 
55 11.59838 
56 3.5 7.364375 
56 10.86438 
57 3 6.630375 
57 9.630375 
58 1 5.396375 
58 6.396375 
59 2 2.162375 
59 4.162375 
60 2.5 -0.071625 
60 2.428375 
61 1.5 -1.805625 
61 -0.305625 
62 2 -4.539625 
62 -2.539625 
63 10 -6.773625 
63 3.226375 
64 9.5 -1.007625 
64 8.492375 

Total thickness 357.6 ft 
Number 64 
Average thickness 4.2 ft 
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Ratawi Fischer Plots 
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Figure A. 3.4 Fischer plots in time domain for strata in well R-48. 
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Ratawi Fischer Plots 

Well R-49 
0 SGR 100 1 .7 

Bulk Density (RHOB) 217 
1 

Figure A. 3.5 Log signatures for strata in well R-49 and location of reservoir and non- 
reservoir units. 

Appendix 3 315 

CGR: Computed Gamma Ray [] Reservoir Unit (Porosity > 15%) 


