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Abstract

The Middle Miocene Jeribe Formation has been studied from reservoir
potentiality point of view at three wells in Hamrin Oil Field, Northern Irag.
Thin sections of the cutting rock samples and different wireline logs of the
wells Hr-49, Hr-50, and Hr-51 were the main data used for evaluating the
formation which showed about 50m thickness and carbonate nature consisting
of limestone, dolomitic limestone, and dolostones. Microfacies, pore types,
and diagenesis features as appeared under microscope in the studied rock
samples were al shown. The formation appeared to contain different ratios of
shale with dispersed type of distribution. Highest ratio of shale concentrated
in the middle part of the formation.

The calculated porosity from the Sonic, Density, and Neutron logs have
been corrected from shale effect and showed variations from less than 5% in
the rich shale zones to more than 20% in the upper and lower parts of the
formation. The existence of the gas in the two wells of Hr-49 and Hr-51
detected from the relationship of the neutron and density logs. Secondary
porosities contributed in the total porosity of the formation by different
percentages reached in some intervals to about 7%. Permeability has been
calculated for Jeribe Formation in this study depending on multilinear
regression method using the available core analysis data (porosity and
permeability) and log data from the well Hr-2. The equation best representing
the relationship between the log data and the measured core permeability of
the well Hr-2 has been applied on the log data of the mentioned three studied
wells. The upper part of the formation showed permeabilities exceeded 30md
(especidly in the well Hr-49), whereas obvious fluctuations noticed in the
permeability values of the middle and lower part of the formation in the two
wells of Hr-50 and Hr-51 reflecting heterogeneity in the nature of the

formation.



Four distinctive reservoir units have been identified in the studied Jeribe
Formation depending on the variations in the shaeness, porosity, and
permeability of the formation. The reservoir units named from the bottom to
the top as RU-1, RU-2, RU-3 (subdivided to RU-3A and RU-3B subunits),
and RU-4 (subdivided to RU-4A and RU-4B subunits).

Water saturations in Jeribe Formation are relatively higher in the well Hr-
51 than the other two studied wells (especialy the lower part of the
formation). Most of the reservoired hydrocarbons in the well Hr-51 was
movable and that in contrast to the hydrocarbons in the Jeribe Formation in
the well Hr-50 which appeared containing the highest ratios of residual
hydrocarbons.

Jeribe Formation in the studied wells can produce hydrocarbons associated
with different volumes of water. The less produced water is in the reservoir
unit RU-1 and the reservoir subunit RU-4B, and the highest water production

isinthe reservoir subunit RU-3A.

Grain packstone or dolopackstone are the dominant rock fabric of Jeribe
Formation except the reservoir units RU-1 and RU-2 in the well Hr-50 which
are mostly mud dominated packstone or wackstone. The pore throat sizes
between the grains range mostly between 1.0 and 2.0 microns with being 2.0
micron much more dominated. Pore throat sizes of 0.5 micron exist rarely in
some reservoir units of the formation like RU-2 in the well Hr-49. The flow in
Jeribe Formation appeared to be from permeability provided by mainly
connected matrix pores and by microfractures.

Four Flow Zone Indicators (FZI) representing four unique Hydraulic Flow
Units (HFU) have been identified in the studied Jeribe Formation and that
from the relationship between the calculated Reservoir Quality Index (RQI)
and Normalized Porosity Index (9dz).



Net to Gross ratios of reservoir, pay, and production have been calculated
for Jeribe Formation using shaleness, porosity, permeability, and saturation
cutoffs with taking values of Movable Hydrocarbon Index (MHI) in
consideration.

The highest N/G ratios of reservoir, pay, and production for Jeribe
Formation exist in the well Hr-51 (79.83%, 79.33%, and 78.68% respectively)
and the lowest in the well Hr-50 (58.93%, 54.31%, and 25.98% respectively).

The well Hr-51 contains the highest production thickness of Jeribe
Formation among the three studied wells which is totally equal to 37m,
whereas the well Hr-50 contains the lowest which istotally equal to 13.25m.
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Chapter ONE......cceeeeeecie e nnee s Introduction

CHAPTER ONE

I ntroduction

1.1 Preface

The wealth of petroleum has made Irag one of the most actively explored
country of the world. Hamrin Oil Field is one of the Iraq’' s giant oil fields (Al-
Mehadi, 2009) with severa pay zones similar to the most of the other
northern Iragi oil fields.

Generally, reservoirs in the Hamrin QOil Field includes the Tertiary
reservoirs (part of the Transition zone of L. Fars, Jeribe, Euphrates, and
Kirkuk Group formations), and Cretaceous reservoirs (Shiranish, Kometan,
Hartha, Sadi, Khasib, Mishrif, Rumaila, Mauddud, Shu'aiba, and Yamama
formations) (NOC, 1994).

The Middle Miocene Jeribe Formation considers as a significant carbonate
reservoir within the Iragi geological succession. The organic detrital
limestone of Jeribe Formation in this field as observed from the drilled wells
is overlain by the transition beds of the Middle Miocene Lower Fars (Fatha)
Formation and underlain by the Lower Miocene Dhiban Formation.

Reservoir characterization which is to construction of realistic 3D image of
petrophysical properties to be used predict reservoir performance (Lucia,
2007), is considered as an effective tool for evauating any oil field
economically.

In this study, different kinds of data have been collected about Jeribe
Formation in Hamrin Oil Field for characterizing it as an important reservoir
bed. As most of the reservoir characterizing procedures, log data represented

the main source of information which had been used in evaluating the



Chapter ONE......cceeeeeecie e nnee s Introduction

formation.

As known, reservoir characterization to be best achieved for any reservoir,
different kinds of data should be available with the best quality. In this study
and due to the confidentiality and sensitivity of the required data not all the
vital data been obtained from the official authorities. Accordingly, best
attempt tried to be done with the available data to hit the targets of the study

as good as possible.

1.2 Hamrin Oil Field

The studied Hamrin Qil Field is located within the Low Folded Zone, part
of the Zagros Fold Belt of the Unstable Shelf ((Buday, 1980; Alsharhan and
Nairn, 1997; Sharland et al. 2001: Agrawi et a., 2010; Al-Ameri et al., 2011).
It is nearly 10km from north of Salahaddin Governorate and about 80km
southwest of Kirkuk City, north of Irag (Fig. 1.1A).

Hamrin Oil Field structurally consists of an asymmetrical longitudinal
anticline which has a reflection on the surface and extends to about 105km in
length and about 4.5 km in width with a northwest-southeast axis trend (Fig
1.1A). Field mapping and seismic data indicated the presence of a large
anticline which appeared to be composed of three domes namely (from
northwest to southeast) Albofodhool, Nukhailah, and Allas (Fig. 1.1B). The
domes separated by Darb Almilh Saddle (between Albofodhool and
Nukhailah domes) and Ain Alnukhaila Saddle (between Nukhailah and Allas
domes). The existence of a transverse fault is expected between those two
mentioned saddles by which a displacement of about 450m occurred between
the beds on both sides of the fault (NOC, 1994). Figure 1.2A shows the effect
of the mentioned transverse fault as appears on the structural cross section
along the domes of Allas and Nukhailah, whereas Figure 1.2B shows the trace

of the fault on the structural map drawn for the top of Jeribe Formation.



Figure 1.1: A: Simplified tectonic map of Northern Iraq with indication for the
studied Hamrin Oil Field (after Al-Ameri and Zumberg, 2012 with minor
modifications), B: Location of the studied wellsin Allas Dome (The satellite image is

from Google Earth).



Introduction

] Gas-0il contact (GOC)
Oil-water contact |OWC)

Hukhaila Dome

GOC =-B2.3 m
OWC = -189.6 m
Gas gl pantact (GOC]
Oll-water contact {QWEC)
] 5 Km
e

Figure 1.2: (A) Structure cross-section across the Hamrin and Ajil fields showing the
structure pattern and stratigraphic intervals; (B) Structure contour map on top of
Jeribe Formation, Nukhaila and Allas domes, Hamrin Field, Northern Iraq (after

NOC, 1992 in M ahdi, 2015).
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Table 1.1 summarizes the dimensions of the three domes with their closures

on top of Jeribe Formation in addition to the API degrees of the reservoired

oilsin each dome.

Table 1.1: The dimensions of the three domes of Allas, Nukhailah, and Albofodhool
as appeared on top of Jeribe Formation and the API degrees of their reservoired oils
(after NOC, 1994).

Dome | Length(km) | Width (km) | Minimum Closure (m) | API° of the oil
Allas 28 3 130 32
Nukhailah 15 3 75 23
Albofodhool 26.5 4.5 325 16.5

1.3 The Studied Wells

In order to study Jeribe Formation in Hamrin Oil Field, three subsurface
sections (wells) have been selected, namely Hr-49, Hr-50 and Hr-51 (Fig.1.1
B). Well locations, elevations, and coordinates are listed in table 1.2.

Table 1.2: The studied wellswith their localities, elevations and coor dinates.

Studied wells | Location | Elevation RTKB (m) Coordinates
Hr-49 313 Latitude: 34° 50’ 22.20"
Longitude: 44° 03’ 32.60"
nrso | NS 312 Latitude: 34° 47' 31.10"
Dome Longitude: 44° 07’ 43.80"
Hr-51 326 Latitude: 34° 49" 06.00"
Longitude: 44° 05’ 15.10"

1.4 Geological setting
Hamrin Oil Field is located in the Iragi Low Folded Zone which is

characterized by outcropping Neogene sedimentary rocks;, the cores of

anticlines may expose Eocene limestone or Upper Cretaceous sedimentary
rocks (Jassim and Buday, 2006).
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Hamrin anticline represents the SW anticlinal line of the Kirkuk block
(Embayment) portion of the Hamrin — Makhul Subzone (or Kirkuk-Hamrin as
mentioned by Agrawi et a., 2010) (Fig.1.3). The Hamrin- Makhul Subzone
comprises long prominent NW-SE (or E-W) trending anticlines with
decollement thrust faults originating at detachment surface at the base of the
saliferous beds of the Fatha (Lower Fars) Formation (Jassm and Buday,
2006). The anticlines of the Hamrin-Makhul Subzone are over 100km long
and are segmented into doubly plunging domes; the segmentation usually
occurs at intersections with transversal faults where the axes of the anticlines
are bent. The anticlines are often associated with longitudinal reverse faults

on the Sor SW flank, or occasionally on the N flank or on both flanks.
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Figure 1.3: Structural elements of northern Iraq and location of Makhul-Hamrin

lineament within Kirkuk-Hamrin Subzone (after Agrawi et al., 2010).
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The studied Jeribe Formation belongs to the Arabian Plate Megasequence
11 (AP11) of Sharland et a., (2001) within the Maximum Flooding Surface
Ng 20 (MFS 20) (Fig. 1.4). According to Sharland et a., (2001) in Irag and
Syria, Jeribe Formation carbonate sedimentation was suppressed due to rapid
deposition and plugging of accommodation space by sabkha cycles dominated
by anhydrite, with halite deposited locally in the center of the shallow, saucer-
like basin (Bellen et al., 1959; Agrawi et al., 1989; Tucker, 1999). These
events date the final closure of Neo-Tethys to the early Middle Miocene
(Beydoun, 1993; Hooper et al., 1995).
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Figurel.4: Schematic chronostratigraphic section for megasequence AP11 (34 Ma-

present) and showing the position of Jeribe Formation within the MFS Ng20 (after

Sharland et al., 2001 with minor modifications).
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The AP11 in Irag can be divided into three supersequence based to the
assumption of Aqrawi et al. (2010).

Jeribe Formation deposited relatively uniformly throughout the basin in
which deposited (Fig.1.5). The maximum thickness is 70-75m in Makhul-
Hamrin Subzone and Tigris Subzone (Jassim and Buday, 2006). In the basin
center, cycles 1 to 10m thick occur in which porous open-marine carbonates
are interbedded with relatively tight, restricted marine carbonates and
evaporites (e.g. in the East Baghdad Field) (Agrawi et al., 2010).
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Figure 1.5: Paleogeographic setting of the Jeribe Formation (after Aqrawi et al.,
2010).

1.5 Jeribe Formation

Damesin was the first who mentioned the Jeribe Formation in 1936 in
unpublished report and then Bellen in 1957 defined and described it from the
type locality near Jaddala Village, Jabal Sinjar, NW of Iraq at lat. 36°18'00"
N, and long.41°41'00" E (Bellen et a., 1959).
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1.5.1 Lithology and Thickness

The Jeribe Formation represents a heterogeneous formation originally
described as organic detrital limestone. The Jeribe Formation comprises 70m
of massive recrystallized and dolomitized limestones (Buday 1980; Jassim
and Buday, 2006). However, Bellen et a. (1959) mentioned that the
thickness of this formation ranges between 55 and 70m. Al-Juboury et al.
(2007) recorded athickness of 63m at well Injana-5.

As mentioned before, Jassim and Buday (2006) consider the maximum
thickness of Jeribe Formation in Makhul - Hamrin Subzone and Tigris
Subzone to be about 70-75m.

1.5.2 Depositional environment

According to Bellen at al. (1959); the type section gives most of the
possible variations of the facies. They mentioned three main facies that
interfinger extensively with each other. These are logoonal facies, lithophyllid
(reef) facies, and detrial facies that was probably deposited.

Al-Dayni (1979 in Ibrahim, 2008) determined the depositional environment
of the Jeribe Formation as reefal (forereef - backreef) based on study of
petrography, biostratigraphy and geochemistry of the formation in the
northern part of Iraqgi territory. According to Numan (1997); Jeribe Formation
deposited in a marginal basin, whereas Al-Jouiny (2000) and Ibrahim (2008)
stated that the formation deposited in an open platform and restricted platform
generalized as shallow marine environment.

Agrawi et al. (2010) consider Jeribe Formation as probably representing
upward-shallowing carbonate ramp sequence. Al-Hietee (2012) determined
the depositional environment of Jeribe as restricted, shallow open marine and

shoal environments.
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1.5.3 Boundaries and contacts

In the type area, the lower contact is unconformable with the Serikagni
Formation where Dhiban Formation is absent and may be replaced by the
Euphrates Formation (Bellen et al, 1959; Buday, 1980). In many areas
congolmeratic beds occurs at the base of the Jeribe Formation. The formation
IS passes gradationally into the overlying Lower Fars (Fatha) Formation.
Jeribe Formation has a similar distribution to the underlying Euphrates
Formation (Jassim and Buday, 2006).

In the studies wells Jeribe Formation appeared to be overlying by transition
beds of Lower Fars (Fatha) Formation and underlying by the lagoona
evaporatic beds of Dhiban Formation.

1.5.4 Age and Fossil

The age of this formation is Middle Miocene (Karim, 1978) and also
supposed to be early Miocene age (Bellen et al., 1959). However, the
formation later assumed to be within the middle Miocene sequence (Jassim
and Buday, 2006). Middle Miocene age is indicated by the presence of the
Orbulina datum near the base of the formation (Prazak, 1974).

According to Buday (1980) fossils are sometimes abundant and the most
conspicuous index fossil for the formation is Borelis melo curdica. He
mentioned also that Orbulina occurs in the formation too. Besides, Bellen et
al. (1959) mentioned the presence of Amphistegina sp., Elphidium sp., Nonion
sp., Rotalia beccarii, Dendritina cr. rangi, Peneroplis farsenss,
Meandropsina anahensis, fragments of gastropods, pelecypods, echinoids and

lithophyllid algae in the formation also.

1.5.5 Equivalents

Govanda Limestone Formation is equivalent to Jeribe Formation in age and
that in Northeast of Irag (Jassm and Buday, 2006). In the southwestern Iran,
the formation is equivalent to the Kalhur Limestone and part of Upper Asmari
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Formation (Buday, 1980). Jeribe Formation is not recognized in southern Iraq
(Bellen et al., 1959) (Fig.1.5), whereas it is also widespread at surface and in
the northern oil fields of Iragq (Aqgrawi et a., 2010).

1.6 Methodology and Data Collection
Rock samples (core and cutting) and logs are the main data that are used in

characterizing Jeribe Formation in this study.

1.6.1 Rock Samples

Rock samples obtained from NOC for the studied formation from the wells
Hr-49, Hr-50, and Hr-51 have been used to study microfacies, diagenesis,
and determine visually the types of the porosity using optical transmitted light
mi Croscopy.

Table 1.3 shows the thickness of Jeribe Formation in the studied wells in
addition to the depth intervals and number of the rock samples that used in

this study.

Table 1.3: Thickness of the Jeribe Formation in the studied wells with the number of
the selected rock samplesin each well.

Total Jeribe Formation
walls depth of _ Number of the
thewell | Thickness | Top Bottom | ¢tting samples
(m) (m) (m) (m)
Hr-49 600 47 419.5 466.5 9
Hr-50 662 51 525 576 14
Hr-51 640 49 476.5 525.5 6

1.6.2 Well log data

Table 1.4 shows the available and used types of 1ogs that were depended on
in this study for characterizing Jeribe Formation in the studied wells. As seen
in the table, log data from the well Hr-2 also used in this study for

permeability calculation issues when combined with the available core

11
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analysis data (porosity and permeability) for Jeribe Formation in the same
well.

A number of softwares used in digitizing and plotting the log data
including Getdata graph digitizer, Logplot-7, Adobe Photoshop, Adobe
Illustrator, in addition to the conventional softwares of Excel and Grapher.

Table 1.4: The available and used wireline log data for the studied wellsand the well
Hr-2.

Gamma | Caliper | Sonic | Density | Neutron | SP | Resistivity Logs
Weélls

RaylLog| Log | Log Log Log |Log|MSFL |LLS|LLD
Hr-2 X X X X X X ; - -
Hr-49 X X X X X - X X X
Hr-50 X X X X X - X X X
Hr-51 X X X X X ; X X X

1.7 Aimsof the study
The main objective of this research is to evaluate Jeribe Formation from
reservoir characteristics point of view from a selected wells in Hamrin Qil
Field, Northern Irag. Accordingly and in order to achieve that main target the
following aims were taken in consideration:
1. Estimation of the petrophysical properties of Jeribe reservoir such as
shale volume, porosity, and permeability.
2. Determination of the petrographic properties (microfacies and
diagenesis) which affected the reservoir development.
3. Subdivision of the reservoir beds to units depending on the variations
In reservoir properties.
4. Determination of the existed fluid types in the reservoir units and
their saturations.
5. ldentification of the potential flow zones within the studied

formation.

12
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6. Calculation of the net to gross reservoir and pay ratios for the studied
reservoir units and collectively for Jeribe Formation in the Hamrin
Qil Field.

1.8 Previous studies

Being Jeribe Formation an important reservoir in most of the Northern Iragi
oil fields, therefore alot of studies and researches have been done to show the
characteristics and properties of Jeribe Formation. The following is a
summary of the most important studies in relation to the core title of this
study.

Bellen et al. (1959) have described the type locality of Jeribe Formation
and stated that Jeribe Formation is of low Miocene age; composed of
recrystallized, detrital, and dolomitic limestone.

Lawa (1989) has studied the sedimentology and stratigraphy of the
Oligocene-Miocene succession in Qayara area near Mosul City. He
determined the paleodepositional environment of Jeribe Formation as semi-
districted warm lagoon.

Ibrahim et al. (2002) studied the biostratigraphy of Euphrates and Jeribe
formations in the Middle and Southern Irag. They recorded the Borelis milo
curdica Range zone as obvious character of Jeribe Formation. They also
determined the age of the formation as Early Middle Miocene depending on
the existence of the species Borelis milo (Fichtel&Moll) var curdica Reichel

Al-Ayaobe (2004) has studied Jeribe Formation using more than 140 rock
samples from three outcrop sections in Northwestern Irag. Based on the field
and petrographic features, the studied succession was divided stratigraphically
into two informal rock units. The microfacies analysis showed that Jeribe
Formation is composed of alternations of seven major facies; though, the algal
bound stone facies is regarded as the most important facies. These facies are

divided into (18) microfacies according to the types of grains and nature of
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the matrix.

Markaryan (2005) has examined Jeribe Formation in a number of fields in
Dyala Governorate. She claims that the porosities in the formation are of
intraparticle, fracture, channels, vugs and moldic types. She also declared that
Jeribe Formation has good reservoir properties with an average porosity about
20% and average permeability about 30md.

Al-Juboury et a. (2007) have studied the stratigraphic and depositional
environment in the late-Early Middle Miocene. They mentioned two
depositional basins, the first basin of Burdigalian age and the second of
Langhian age including Jeribe and Fatha formations. They also mentioned
that the Early Langhian age of the Kirkuk Basin characterized by a
shallowing- upward sequence which begins by sediments rich in planktonic
foraminifera for the lower part of the Jeribe Formation, and then shallow
water and lagoonal carbonates for the upper part of the Jeribe Formation.

Abdulrahman (2007) studied the sedimentologica and petrophysical
properties of the Aquitanian-Lower Early Langhian succession in the well
Kor Mor - 3. She concluded that Jeribe Formation represents a third order
cycle with no hydrocarbon content. She mentioned that Jeribe in the studied
well suffered from different kinds of cementation including Drusy, Fibrous,
Granular, and Syntaxial.

Al-Ghreri et al. (2007) Through their remarks on the age of the Miocene
Euphrates Formation in Western Irag, they thought that Borelis melo curdica
does not need to be the official stamp of the Jeribe Formation.

Ibrahim (2008) studied the sedimentology and reservoir characteristics of
Jeribe Formation from two wells of Tawke Oil Field, Kurdistan Region-Irag.
He mentioned that the formation which was of 63 and 87m thickness in the
two wells is composed of limestone and dolomitic limestone including thin
evaporite units. He distinguished four classes of porosity in the formation

including fracture, intercrystalline, vuggy, and interparticle. The measured
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porosity and permeability from 15 core samples revealed porosity up to
16.1% and permeability up to 36.8md.

Agrawi et a. (2010) have stated that Jeribe Formation probably represents
an upward- shallowing carbonate ramp sequence. Cycle stacking (ex. in East
Baghdad Field) suggests that another sequence present locally at the
formation’ s top.

Al-Ameri et a. (2011) have studied the hydrocarbon in the Middle
Miocene Jeribe Formation in a number of oil fields in Dyala District. They
found out that the oil accumulated in the Jeribe reservoir is originated from
the Upper Jurassic-Lower Cretaceous Chia Gara Formation. They also
explored that Jeribe Formation owns an average porosity about 12-27% in the
studied ail fields.

Al-Dabbas et al. (2012) studied Jeribe Formation (Early Middle Miocene)
in the central and southern Iraqg and they concluded that four major
depositional cycles are dominating in the formation. All the cycles exhibit
shallowing, upwell regressive cycles. The upper part of the formation
represents the fall of the sea level and marking the end of the regressive
phase.

AL-Hietee (2012) studied the facies architecture and sequence stratigraphy
of the Lower and Middle Miocene beds (including Jeribe Formation) in
Kirkuk area. He noticed that Jeribe Formation consists mainly of mudstone,
wackestone, and packstone with no recording of any grainstone facies.

Gharib (2012) has studied Jeribe and Euphrates formations from a number
of wells in Ajed Oil Field. He divided Jeribe Formation using log and
microfacies data into two reservoir units separated in the middle part by a
marl bed.

Fadhil (2013) has studied the sedimentological and reservoir characteristics
of Jeribe Formation in five wells at Alass dome within Hamrin Oil Field/ NE

Irag. Four main microfacies were recognized within the formation

15



Chapter ONE......cceeeeeecie e nnee s Introduction

representing environments of deposition extending from semi closed platform
to open platform and front slope. She divide Jeribe Formation depending
mainly on log data into two reservoir units (A and B), separated by alayer of
shale. She mentioned that Jeribe Formation has effective porosities ranging
between 0 and 33%.

Khargiiany (2014) in his study about the stratigraphy of Ashdagh anticline
near Darbandikhan Town, describes about 2m thick exposed Jeribe Formation
overlying about 2m thick Dhiban Formation. He mentiones that Jeribe in the
studied sections consists of dightly marly gray limestone.

Khargjiany et a. (2014) have studied Oligocene and Miocene rock beds in
Mamlaha anticline near Chamchamal Town. Through their study, they
mention that Anah Formation is separated from Euphrates Formation as
abrupt change in lithology, whereas Jeribe Formation lies beneath the
claystone of Lower Fars Formation.

Hussein (2015) studied the Tertiary reservoir (including Jeribe Formation)
from a number of wells in Khabbaz Oil Field. Poor permeability due to
relatively high content of dispersed shale was the most noticeable conclusion
of Hussein's study.

Mahdi (2015) during his study about source rock evaluation of some Upper
Jurassic - Lower Cretaceous formations in northern Irag, tried to correlate the
generated oils with the reservoired oils within few selected oil fields. Among
the selected oils was oil from Jeribe reservoir in Hamrin Oil Field that
classified it as oil family no.4 and appeared to be generated from marine
carbonate type 11S kerogen.

Sadeq et al., (2015) during their study about the permeability estimation of
fractured and vuggy carbonate reservoir using permeability multiplier method
in Bal Hassan Oil Field/Northern Irag, exhibited in a comparison way
(without details) porosity and permeability values for Jeribe Formation

measured through cores and through using transformation equation. In this
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study, Jeribe Formation mentioned mistakenly as of Oligocene age which is
an older age for this formation that never been mentioned previously.

Al-Qayim et a. (2016) studied the Oligocene-Miocene carbonate sequence
(including Jeribe Formation) at Golan Mountain, Kurdistan Region, and NE
Irag. In this study, Jeribe Formation was located at the upper most cycle
(sequence-4) in their studied section with thickness about 3m. They
mentioned that the lithologic character of Jeribe Formation was almost similar
to the underlying Euphrates Formation. They subdivided Jeribe Formation to
two members; the lower member (about 1.0 m thick), consists of thin-bedded,
gray, hard, granular limestone of shoal environment, and the upper member
(about 1.0 to 2.0 m-thick), which consists of gray, thin-bedded to laminated
sandy dolomitic limestone or calcareous sandstone.

Sissakian et a. (2016) studied the Miocene sequence in Irag emphasizing
on the stratigraphy, paleogeography, and economic potential of the sequence.
The authors attributed the wide subsurface extent of the Jeribe Formation to
the basin configuration during Middle Miocene, as it was continued since the
Early Miocene, as shallow marine, before starting the development of closed
lagoons in which the Fatha Formation was deposited. According to Sissakian
et al. (2016), the recognized cross bedding in the coquina bed within the
Jeribe Formation is good indication for shallow marine near shore deposition.

Al-Jwaini and Gayara (2016a) studied the Upper Palaeogene -Lower
Neogene succession in the fields of Kirkuk, Bai Hassan, and Khabbaz from
reservoir characterization point of view. Among the studied formations in the
succession was Jeribe Formation in the two fields of Bai Hassan and
Khabbaz. They characterized Jeribe Formation as reservoir unit -1 and show
the types of the microfacies in the formation and the types of the porosities
with the diagenesis affected the properties of the formation. The formation
also was evaluated depending on the log data from which, shale content,

porosity values, and saturations in Jeribe Formation were determined in the
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two mentioned fields.

Al-Jwaini and Gayara (2016b) as separate study analyzed the
Palaeoenvironments and sequence development of the same mentioned
succession above in the same mentioned fields also. Among the conclusions
of this study was that a transgression during the Langhian Middle Miocene
covered both Khabaz and Bai Hassan fields with shallow water but did not
reach the Kirkuk Field, which led to the deposition of the Jeribe facies in a
tidal flat environment in those two fields and absence of the formation in
Kirkuk Field.
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CHAPTER TWO

Lithological and Shale Calculation

2.1 Preface

Porosity and permeability as the most important properties characterizing
reservoirs are mainly related to the lithology of the reservoir bed. Determining
the lithology of the reservoirs can be done mostly either through studying the
rock samples (core and cutting) or through analyzing the wireline log data.

Accurate porosity determination is necessary for effective log
interpretation. When the lithology of a clean, liquid-filled formation is known
or can be assumed with reasonable accuracy, representative porosity value
can be derived from the reading of a porosity log. However, porosity
determination becomes more involved when the lithology is not known or
when it consists of two or more minerals of unknown proportions. Most
reservoir rocks are composed of one of two main minerals and may contain
various amounts of clay (Bassiouni, 1994).

Shale content as part of the lithology also has effective impact on
potentiality of reservoirs. Calculating shale volume and determining the way
by which it distributesis vital for characterizing any reservoir.

In this study, lithology and microfacies of the studied Jeribe Formation
have been determined using both rock samples and logs as sources of data.
More than one crossplot combining between different porosity logs used for
determining the lithology as precisely as possible. On the other hand, shale

content in the Jeribe reservoir has been measured through Gamma ray log for
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the studied wells as a step to show the effect of shaleness on the reservoir

properties and also its effect on the porosity logs.

2.2 ldentification of Microfacies

According to Flugel (2010), microfacies is regarded as " the total of all
sedimentological and paleontological data which can be described and
classified from thin sections, peels, polished slabs or rock samples'.
Microscopic examination of thin sections considers as essential technique in
studding carbonate rocks. Determining depositional environments, porosity
types and value, and the effective porosity, in addition to destructive or
constructive diagenesis processes all are important information that can be
obtained from the microscopic study of carbonates which are of great
assistance in best evaluating reservoir properties.

In this study, the prepared thin sections from the selected cutting rock
samples of Jeribe Formation in the three studied wells have been studied
using transmitted light microscopy. The classification proposed by Danhum
(1962) for carbonate rocks was mainly depended on in describing and
nominating the distinguished microfacies (Fig. 2.1). The types of porosity
observed from the studied thin sections were described using the terms
proposed by Choqutte and Pray (1970) (Fig.2.2).

Plates 1-3 show selected photos for some of the identified microfacies in
the studied Jeribe Formation with highlighting selective porosity or diagenesis
types as observed during the microscopic study of the prepared thin sections.

Common lithology, microfacies type, porosity type, and distinguishable
diagenesis for al the studied samples are listed in the tables 2.1-2.3 for Jeribe
Formation in the three studied wells of Hr-49, Hr-50, and Hr-51.
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Figure 2.1: Classification of Dunhum (1962) with modifications by Embry and
Klovan (1972) for carbonate rocks.
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Figure 2.2: Classification of carbonate porosity, X indicates the most distinctive
porosity typesin carbonate reservoirs (after Choqutte and Pray, 1970).
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PLATE-1
Thebar = 100micron
Fig. 1. Foraminifera bearing Grainstone Micr ofacies, Depth: 542m, well Hr- 50
Fig. 2. Foraminifera bearing Grainstone/Packstone Microfacies, A: channel
Por osity, B: intraparticle porosity, C: interparticle porosity, Depth: 548m,
well Hr- 50 .
Fig. 3: Medium crystalline saccar osic dolostone, Dolowackestone Microfacies, A:
bitumen filled fractures, Depth: 568m, well Hr- 50
Fig. 4: Quartz bearing Wackestone Microfacies, A: separated vugs,
Depth: 568m, well Hr- 50
Fig. 5: Packstone/Grainstone Microfacies, Depth: 570m, well Hr- 50
Fig. 6: Foraminifera bearing Packstone Microfacies, A: intraparticle
Porosity, Depth: 422m, well Hr- 49

PLATE -2
Thebar = 100micron

Fig. 1: Foraminifera bearing Packstone Microfacies, A: shelter porosity,
B: intraparticle porosity, Depth:426m, well Hr-49

Fig. 2: Algal bearing Wackestone Microfacies, A: bitumen filled fractures,
Depth: 436m, well Hr- 49

Fig. 3: Wackestone/Packstone Microfacies, A: moldic porosity, B: separated vugs,
Depth: 464m, well Hr-49

Fig. 4. Packstone/Grainstone Microfacies, A: moldic porosity, B: shelter
porosity, C: cement filled vug, Depth: 570m, well Hr-50

Fig. 5: Packstone/Wackestone Microfacies, Depth: 550m, well Hr-50

Fig. 6: Foraminifera bearing Grainstone/Packstone Microfacies, A: intraparticle
porosity, B: inter particle porosity, Depth: 548m, well Hr- 50

PLATE -3
Thebar = 100micron
Fig. 1. Wackestone/Packstone Microfacies, A: intraparticle porosity, B:
inter particle porosity, Depth: 466m, well Hr-49
Fig. 2: Packstone Microfacies, A: two sets of fractures, Depth: 452m, well Hr-49
Fig. 3: Foraminifera bearing Packstone Microfacies, A: intraparticle porosity,
Depth: 422m, well Hr- 49
Fig. 4: Foraminifera bearing Grainstone/Packstone, A& B: inter particle porosity,
Depth: 548 m, well Hr-50
Fig. 5: Wackestone/Packstone Microfacies, A: separated vugs, Depth: 520m,
well Hr-51
Fig. 6: Algae bearing Packstone Microfacies, A: bitumen filled microfracture,
Depth: 494m, well Hr- 51
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PLATE-1
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PLATE -2
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PLATE -3
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Lithological and Shale Calculation

Table 2.1 Main lithology, microfacies, poretypes, and diagenesis featuresidentified
in the studied Jeribe Formation in the well Hr-49.

Sample : .
Common Microfacies . )
Depth . Poretypes Diagenesis
lithology Type
(m)
420 Limestone Wackestone Intraparticle, moldic Ce.mentap on,
dissolution
Foraminifera Interparticle
422 Limestone Bearing intr particlé Cementation
Packstone P
Foraminifera
426 Limestone Bearing Intraparticle, shelter Cementation
Packstone
432 Argillaceous Packstone / Interparticle, Cementation,
Limestone Grainstone intraparticle, moldic dissolution
Argillaceous| Algal Bearing . Cementation,
436 l[imestone Wackstone Microfractures, vugs dissolution,
Foraminifera Microfractures, vugs, | Cementation,
452 Limestone Bearing interaparticles, dissolution,
Grainstone interparticles dolomitization
456 Limestone Wackestone / Intraparticle, moldic, Dissolution
Packstone vugs
Dolomitic Wackestone / Intraparticle, moldic, Ce_:menta_n on,
464 : dissolution,
limestone Packstone vugs o
dolomitization
) Wackestone / Intraparticle, Cementation,
466 Limestone Packstone interparticle, vugs dissolution

Table 2.2 Main lithology, microfacies, poretypes, and diagenesis features identified
in the studied Jeribe Formation in the well Hr-50.

Samp
le Common : : . :
Depth lithology Microfacies Type Poretypes Diagenesis
(m)
527 Dolostone Wackestone/ I_nterpartl_cl & Cementation
Packstone intraparticle
Cementation,
528 Dolostone Weckestone / Intraparticle, moldic, dissolution,
Packstone .
pyritization
530 Dolostone Wackestone / ' Intrqpartlcle, ' Ce.mentapon,
Packstone interparticle, moldic, dissolution
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533 Argillaceous Packstone / Intraparticle, Cementation,
dolostone Grainstone interparticle, moldic, dissolution
535 Argillaceous Foraminifera Microfractures, vugs, | Cementation,
dolostone Bearing Packstone intercrystalline dissolution
Argillaceous Grainstone/ Intraparticle, vugs, Cementap on,
537 : : . dissolution,
dolostone Packstone interparticle, moldic, R
pyritization
539 Argillaceous Grainstone / i nterl n;a%?g' frllgl dic Cementation,
dolostone Packstone P ’ ’ dissolution
vugs
Argillaceous Foraml nlfera : ! ntrapart cle, : Cementation,
542 Bearing interparticle, moldic, . :
dolostone : dissolution
Grainstone shelter, vugs
Dolostone with :
. Packstone / : Cementation,
544 Anhydrite Wackestone Microfractures, vugs dissolution
nodules
Foraminifera .
Bearin Interparticle,
548 Limestone =aring intraparticle, channel, | Cementation
Grainstone/
shelter
Packstone
550 Dolostone Packstone/ I_nterpartl_cl & Cementation
Wackstone intraparticle
564 Calcareous Grainstone/ Intraparticle, Dissolution,
dolostone Packstone interparticle, moldic cementing
Quartz bearing . Dissolution,
568 Dolostone Wackestone Microfractures, vugs cementing
570 Dolostone Pacl_<stone / Shelter, moldic, vugs Dissol ution,
Grainstone cementing

Table 2.3 Main lithology, microfacies, poretypes, and diagenesis features identified
in the studied Jeribe Formation in the well Hr-51.

=3jellE Common Microfacies

Depth . Poretypes Diagenesis
lithology Type
(m)
478 Limestone Wackestone vugs Dissolution
486 Ar_glllaceous Wackestone vugs Dissolution
limestone
Ardillaceous|  Algae bearin Microfractures, Dissolution,
494 9 J 9 interparticle, cementation,
limestone Packstone : . N

intraparticle pyritization
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Vugs, microfractures . )
) Wackestone/ 95, . ’ Dissolution,
502 Limestone interparticle, )
Packstone . . cementation
intraparticle
Vugs, microfractures . )
) Wackestone/ 95, . ’ Dissolution,
510 Limestone interparticle, )
Packstone . . cementation
intraparticle
Vugs, microfractures . )
) Wackestone/ 95, . ’ Dissolution,
520 Limestone interparticle, )
Packstone . . cementation
intraparticle

2.3 Lithology Deter mination from Por osity logs

The different log tools are responding to the lithology of the beds in
different ways. Some are affected very effectively by certain types of
lithology such as the effect of shale on Neutron log. Therefore, log data can
aid in determining lithology especialy if the data of different tools are
combined through applicable equations and crosspl ots.

The most useful combinations used in this study for determining the
lithology of the studied Jeribe Formation are Neutron-Density and M-N
crossplots (additional MID crossplot also used to support the identified
lithology in Chapter three of this study).

2.3.1 Neutron — Density Crossplot

The extensive use of the neutron-density combination may be due, in part,
to the fact that they were among the first logging tools that could be
physically combined and their data acquired in a single logging run. The
response of the combination is such that for reconnaissance evaluation one
can forego the crossplot and rely on recognition of the curve patterns (the
position of the curves with respect to each other) to quickly determine the
most likely predominant lithology and formation porosity (Asquith and
Krygowski, 2004).

Both the neutron and the density logs are not easy to use for lithology
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identification separately, but if they are combined, they become probably the
best available indicator (Schlumberger, 1972; Rider, 2002).

The density-neutron crossplots were constructed for clean formation, liquid
saturated formation and borehole filled water based mud or just water. The
sufficient separation between quartz, limestone and dolomite lines in the chart
indicate good identification for lithologies as well as the common evaporites
such as anhydrite and rock salt can be easily indicated. The interpretation of
the crossplot can be ambiguous when there is more than one mineralogy in
the formation like dolomite-cemented sandstone (Halliburton, 2001).

The reading of both logs (Neutron porosity, N& and Bulk density, pb) for
the studied formation in the three wells of Hr-49, Hr-50 and Hr-51 (appendix
A) are used to identify the lithology using the Neutron-Density crossplot
proposed by Schlumberger (1988) for the case of fresh mud drilling fluid
(Fig. 2.3).

Through the distribution of the measured N@ and pb on the N-D crosspl ot
different pattern of distribution noticed for the three wells. In well Hr-50, the
detected dolomite lithology is very noticeable, whereas in the other two wells
a clear scattering of the points are seen with an obvious distortion toward gas
effect field.

Accordingly, dolomite appears to be the dominant lithology of Jeribe
Formation in the well Hr-50, whereas limestone and dolomitic limestone
seem to be the lithology dominant of the formation in the other two wells of
Hr-49 and Hr-51. On the other hand, the existence of gas in the wells Hr-49
and Hr-51 is highly expected.

Dhiban and Lower Fars formations represented by green and yellow color
cycles respectively (Fig. 2.3) look as expected to be composed mainly of
anhydrites (especially clear in the well Hr-50). The expected effects of gas are
also noticeable on deflection of the points toward the gas field on the

crossplot in the wells Hr-49 and Hr-51.
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Figure 2.3: Neutron-Density crossplot for lithology identification of the studied Jeribe
Formation in the studied wells. The lithology of Dhiban and Lower Fars formations
also identified (the crossplot is after Schlumberger, 1988).
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2.3.2 M-N Crossplot

The lithology interpretation in more complex mineral mixture is facilitated
by use of the M-N plot. This plot combines the data of all three porosity logs
to provide the lithology-dependent quantities M and N. M and N are simply
the slopes of the individual lithology lines on the sonic-density and density-
neutron crossplot chart respectively. Thus, M and N are essentialy
independent of porosity, and a crossplot provides lithology identification
(Schlumberger, 1989).
M and N are mathematically defined as:

Atfl-At
= ooon O N N o 2%
_ @Nfl - 9N
DTl s E.q.2.2

Where:

Atfl: interval transit timein the fluid in the formation

At: interval transit timein the formation (from log)

pb: formation bulk density(from log)

pfl: fluid density (generally, 1.0 for fresh mud and 1.1 for saline mud)

@Nfl: neutron porosity of the fluid in the formation (usually 1.0)

@N: neutron derived porosity (from log)

The multiplier 0.01 is used to make the M values compatible for easy
scaling.

The M-N plot also displays arrows to indicate the direction along which
points will move away from their true lithology locations owing to the effect
of gas, secondary porosity, or shale. No unique shale ponit exists on the M-N
plot because shales tend to vary in their characteristics. Most shales, however,
will be situated below the line that joins the silica and anhydrite points
(Bassiouni, 1994).

The calculate M and N values are listed in the appendix A.
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As in the previous N-D crossplot, lithology easily identified for Jeribe
Formation in the well Hr-50 using the M-N crossplot (Fig.2.4). The
concentration of the M-N points in the dolomite field sings clearly to
domination of this lithology in Jeribe Formation. Again, the effect of gas led
to shift the points of M and N toward the gas zone in the wells Hr-49 & Hr-51
causing confusion in identifying the exact lithology of Jeribe in these two
wells athough limestone and dolomitic limestone look to be the correct
lithology of the formation. Shale impact also can be observed in those two
wells when observable points of M-N located at the lower right corner of the
crossplot (shale region). On the other hand, the existence of secondary
porosities (ex. fractures or vugs) is expected in the well Hr-49 as some points
of the M-N distorted toward the upper part of the crossplot (due to high value
of M factor). M factor commonly shows high values due to the low readings
of density log (pb) in fractured or vuggy zones, whereas sonic log will not
respond to the effect of fractures or vugs and the measured At readings remain
low representing the primary matrix porosities only. Such detection of
secondary porosities using M-N plot gives advantage of this kind of

crossplots on the previously used N-D crossplot.

The dominant anhydrite lithology of Dhiban and Lower Fars formations is
very clear on the M-N crossplot with observing the following points:
1. Possible effect of gas on the lithology of Lower Fars Formation in
the well Hr-49,
2. Possible effect of salt (rather than gas) on the lithology of Dhiban
Formation in the studied three wells.
3. Higher shale content in the Lower Fars Formation (Transition Beds)

in the well Hr-51 in comparison with the other two wells.
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Figure 2.4: M-N crossplot for lithology identification of the studied Jeribe Formation
in the studied wells. The lithology of Dhiban and Lower Fars formations also
identified (the crossplot isafter Schlumberger, 1989).
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2.4 Gamma Ray Log

The gamma ray log is a record of formation radioactivity, the radiation
emanates from naturally occurring uranium (U), thorium (Th) and potassium
(K). In petroleum borehole logging the commonest natural radioactivity (by
volume) is found in shale (clay), high gammaray value frequently mean shale
(Rider, 2002). The common uses of gamma ray log are for identifying
lithologies and correlating zones in addition to its main application for
calculating shale volumes in carbonate or sandstone (Asquith and Gibson
1982).

The Gamma ray measurements can be influenced by the logging speed.
When logging speed is too high or slow it will mix the bed boundaries. The
other main influence on gamma ray log is the increase of drilling mud
between the measuring tool and the actual formation due to the caving. This
effect will show lower gamma ray values. The gamma ray log also gives
lower values in bad borehole conditions (Rider and Kennedy, 2011). All these
factors should be considered while analyzing the gammaray log.

Gamma ray log readings for Jeribe Formation in the three studied wells are
listed in appendix A and plotted as curves in figure 2.5. The readings of the
gamma ray from the bottom of the formation to above the middle show
gradual increase reflecting may be a gradual increase in shale content. Near
the top of the formation the deflection of the gammaray curve starts reducing
and that may be due to decrease in shale content.

The sudden decrease in the gamma ray deflection at the lower and upper
contacts of Jeribe Formation with Dhiban and L. Fars formations respectively

(Fig. 2.5) are mostly due to the anhydritic nature of those two formations.
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Figure 2.5: Gammaray log for Jeribe Formation including upper most part of Dhiban
and lowermost part of Lower Farsformationsin thewells Hr-49, Hr-50 and Hr-51.
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2.5 Shale Volume Calculation

The smple gamma ray is sometimes called “shale log” because the
radiation detected by gamma ray log is coming mainly from the radiation
elements that exist in the shale. Therefore, gamma ray log can be used
quantitatively to derive shale volume (Rider, 2002).

The volume of shale can be applied for analysis of shaly formations. The
main step before calculating the shale volume is to calculate the gamma ray
index (IGR), which can be calculated by using the equation Eq.2.3 as advised
by Asquith and Gibson (1982).

GRlog—GRmin
GR max—GRmin

IGR= s E.q.2.3

Where:
GRIog = Gamma ray reading from log
GRmin = Minimum gamma ray reading from log (clean zone)
GRmax = Maximum gamma ray reading from log (shale zone)
Table 2.4 shows the selected minimum and maximum gammaray readings
with the depths at which the readings taken for calculating the IGR in the
three studied wells.

Table 2.4: Minimum and maximum gamma ray readings used for calculating IGR for
thethree studied wells.

Wells Depth (m) GRmin (API) | Depth (m) | GRmax(API)
Hr-49 450.00 14.71 434.00 76.67
Hr-50 567.50 9.62 538.25 88.36
Hr-51 518.50 10.59 489.00 79.23

With existence of IGR values, volume of shale can be calculated. In this
research, the equation proposed by Larionov (1969; in Asguith and
Krygowski, 2004) for calculating shale volume in Tertiary rocks (Eq.2.4) has
been used as the studied Jeribe Formation belongs to Tertiary period.
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Vsh=0.083{237"R _1.0}...oooviiiiiiiiee e, E.q.2.4

The calculated volumes of shale are listed in the appendix B and plotted as
curvesin the figure 2.6.

For distinguishing between zones of different shale contents within Jeribe
Formation, the standard proposed by Ghorab (2008) has been used (Table 2.5)

and shown also as zones in figure 2.6.

Table 2.5: Zonation on the bases of per centage of shale volume (after Ghorab, 2008).

Vsh (%) Zone
<10 Clean Zone
10-35 Shaly Zone
>35 Shale Zone

The plotted shale content curves mostly reflect the shape of the gamma ray
curves. Accordingly, the interval above the middle part of Jeribe Formation in
the three studied wells showed the highest shale content as noticed previously
in the gammaray curves.

The depth intervals and thicknesses of Jeribe and the studied parts of
Dhiban and Lower Fars formations are listed in table 2.6, whereas the details
of the shaleness according to the mentioned standard of Ghorab (2008) for the
whole studied sections arranged in the table 2.7.
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Figure 2.6: Curve plots of the calculated volume of shale and shale content zonation

along the studied sections of Hr-49, Hr-50 and Hr-51.
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Table 2.6: The depth intervals and thicknesses of Jeribe and the studied parts of
Dhiban and Lower Farsformationsin the Hr-49, Hr-50, and Hr-51 wells.

Wells Formations Depth interval (m) | Thickness (m)
L.Fars 417.00-419.50 02.50
Hr-49 Jeribe 419.50-466.50 47.00
Dhiban 466.50-471.00 04.50
L.Fars 521.50-525.00 03.50
Hr-50 Jeribe 525.00-576.00 51.00
Dhiban 576.00-584.00 08.00
L.Fars 470.00-476.50 06.50
Hr-51 Jeribe 476.50-525.50 49.00
Dhiban 525.50-532.00 06.50

The results of the average shale content zonation showed that Lower Fars
and Dhiban formations in all of the studied sections contain less than 10% of
shale for which they classified as clean zones. The same is true also with the
lower part of Jeribe Formation and partly with its upper part. It is worth
mentioning that even in the middle part of Jeribe Formation where shae
zones identified (maximum gamma ray readings), kind of exaggeration in the
shale content expected. Any maximum recording of gamma ray will show
100% shale when IGR calculated and shale volume measured although the
zone may be only shaly and not shale.

Figures 2.7-2.9 are drawn to show more clearly the lithology of the studied
sections with the gamma ray responds against each of the specific type of

lithology.

39



Chapter TWO......cceevieeeeee e Lithological and Shale Calculation

Table 2.7: Zonation of the Jeribe and the studied parts of Dhiban and Lower Fars
formations studied formations depending on their average shale content and

according to the standard proposed by Ghorab (2008).

Weélls Formations Zone Depth interval (m)
L.Fars Clean zone 417.00-419.50
Clean zone 419.50-428.00
Shale zone 428.00-438.00
Hr-49 Jeribe
Shaly zone 438.00-445.00
Clean zone 445.00-466.50
Dhiban Clean zone 466.50-471.00
L.Fars Clean zone 521.50-525.00
Shaly zone 525.00-535.00
Shale zone 535.00-545.00
Hr-50 Jeribe
Shaly zone 545.00-560.00
Clean zone 560.00-576.00
Dhiban Clean zone 576.00-584.00
L.Fars Clean zone 470.00-476.50
Clean zone 476.50-488.00
Shale zone 488.00-493.00
Hr-51 Jeribe
Shaly zone 493.00-501.00
Clean zone 501.00-525.50
Dhiban Clean zone 525.50-532.00
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CHAPTER THREE

Deter mination of Porosity, Permeability, and Reservoir Units

3.1 Preface

The main goal of this study in part is to determine porosity, permeability, and
reservoir units from the available logs and core test data
Reservoir characterization entails the application of petrophysical parameters to
evauate reservoirs. Among the important petrophysical parameters needed to
evaluate a reservoir are porosity and permeability (with estimating the effect of
shaleness on both parameters).

A reservoir is a subsurface rock that has effective porosity and permeability
that usually contains commercially exploitable quantity of hydrocarbon.
Reservoir characterization is undertaken to determine its capability to both store
and transmit fluid (Ulasi et al., 2012).

Porosity can be defined as the ratio of voids to the total volume of rock. It is
represented as a decimal fraction or as a percentage and is usually represented by
the Greek letter phi (). The amount of internal space or voidsin a given volume
of rock is a measure of the amount of fluid arock may hold. The amount of void
gpace that is interconnected, and thus able to transmit fluids is called effective
porosity (de). Isolated pores and pore volume occupied by adsorbed water are
excluded from a definition of effective porosity but are included in the definition
of total porosity (Asquith and Krygowski, 2004). With the existence of shale, the
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filled pore spaces by water in the shale are added to the total porosity (@t)
(Bassiouni, 1994). The storage capacity of a reservoir rock always depends on
the effective porosity, since it contains the reservoir fluids (Heinemann, 2005).

Permeability is the capacity of a reservoir rock to permit fluid flow. It is a
function of interconnectivity of the pore volume; therefore, arock is permeable if
it has an effective porosity (Ulas et al., 2012).

Porosity of subsurface formations can vary widely. Dense carbonates
(limestones and dolomites) and evaporites (salt, anhydrite, gypsum, sylvite, etc.)
may show practically zero porosity; well-consolidated sandstones may have 10
to 15% porosity; unconsolidated sands may have 30%, or more, porosity. Shales
or clays may contain over 40% water-filled porosity, but the individual pores are
usually so small, the rock is impervious to the flow of fluids (Schlumberger,
1989).

3.2 Determination of porosity

Devices that measure porosity are sensitive to both rock matrix and the fluid
filling the pore space. Thus, the measurement of porosity reflects not only
porosity, but also the type of rock, the clay content, and the fluid type (Bateman,
1985).

Rock porosity is generaly determined from the measurements from one, or a
combination of, the following logs:

Acoustic log,

Density log,

Neutron log, and

Nuclear Magnetic Resonance (NMR) log

Data from the mentioned first three types of porosity logs were available for

this study whereas no NMR logging is done for the studied wells.
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The measurements of the sonic, density, and neutron logs depend not only on
porosity (@) but also on the formation lithology, on the fluid in the pores, and in
some instances, on the geometry of the pore structure.

3.2.1 Sonic Log

The sonic log is a porosity log that measures interval transit time (At, deltart,
or DT) of acompressiona sound wave traveling through the formation along the
axis of the borehole. The sonic log device consists of one or more ultrasonic
transmitters and two or more receivers. Modern sonic logs are borehole-
compensated (BHC) devices (Asquith and Krygowski, 2004).

The speed of sound in sedimentary formations depends on many parameters.
Principally, it depends on the rock matrix material (sandstone, limestone,
dolomite etc.) and on the distributed porosity (Rider, 2002).

The sonic log seems to be affected also by the fluid contents of the pores:
water, oil, gas, or even disseminated shale.

The sonic velocity varies inversely with the recorded time interval (At). Thus,
a hard formation has a high sonic velocity and transmits sound faster than a soft
formation, which has a low sonic velocity. The dominant influence on sonic
velocity variations is porosity. The higher the proportion of open space in arock,
the less the speed of sound and the greater the recorded time interval (Miller,
1970).

The recorded interval transit time (At) for Jeribe Formation in the studied
wells are listed in the appendix A and shown as curve in the figure 3.1.

The recorded At values for the lower and middle part of the formation in the
three studied wells are generally less than 90usec/ft with more or less similar

deflections. The upper part of the formation in the well Hr-50 continued with
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relatively same At values, whereas high At records noticed in the upper part of
the formation in the both wells of Hr-49 and Hr-51. Such variations in the At are
mainly due to either increasing of porosity or changing in fluid properties
especially their densities.

Because At is dependent upon both lithology and porosity; therefore, the
formation matrix interval transit time (Atma) must be known to derive sonic
porosity by Wyllie time-average equation (Eq.3.1) (Wyllie et al, 1958: in
Asquith and Gibson, 1982).

__ Atlog—Atma
Ps = Atfl—Atma

Where:

@s. Sonic porosity (fraction).

Atlog: Interval transit time in the formation (usec/ft).

Atfl: Fluid travel time (freshwater mud = 189 psec/ft, and saline water mud
=185usec/ft).

Atma: interval transit time of formation’s matrix (usec/ft).

As the lithology of Jeribe Formation in the studied three wells has been
determined through the N-D and M-N point techniques (Chapter two),
accordingly the Atma of limestone (47.6usec/ft) used for calculating sonic
porosities in wells Hr-49 and Hr-51, whereas Atma of dolomite (43.5usec/ft)
used for the sonic porosity calculation in the well Hr-50. Both used values of
limestone and dolomite Atma are after Sclumberger (1972). Regarding the Atfl,
the value of 189usec/ft used for the three studied wells as the used drilling fluid
in the three cases was fresh mud.

The calculated sonic porosity values for Jeribe Formation in the three studied

wells are listed in the appendix B and shown in the figure 3.2 as curves.
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It is clear from the plotted @s that the upper part of the Jeribe Formation is of
higher porosity than the lower part. Porosity values more than 50% were
calculated in the interval depths between 421 and 427m in the well Hr-49,
whereas porosities of more than 40% observed in the depth interval 433 - 439m
of the same well, and also in two depth intervals of Hr-51 well (between depths
478 and 482m and between depths 492 and 495m). The upper part of the
formation in the well Hr-50 showed relatively lower porosity values (around
30%) in comparison with the same part of the formation in the other two wells.

The lower part of the formation in the three studied wells show no obvious
differences and all are generally showing porosity values between 15 and 25%.
High porosities (>22%) aso observed in the lowermost part of the formation
near the contact with Dhiban Formation. These abnormal high porosities in such
a carbonate reservoir like Jeribe Formation can preliminarily be interpreted as
due to either existence of high shale content (shale effect), or may be due to

existence of low density hydrocarbons such as gas.
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Figure 3.1: Interval transit time (At) for the studied Jeribe Formation in the wells Hr-49,

Hr-50 and Hr-51.
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3.2.2 Density Log

The Dengity log is a radioactivity tool, which is based on the response of the
rock to induced, medium-energy gamma rays. The result is an approximate
measurement of the bulk density of the rock. The bulk density, as used in well
logging, is the number of grams or mass weight of a substance divided by its
volume (Miller, 1970). The technique of density logging includes injecting
gamma rays into the logged beds around the borehole and then scattering the
gamma rays by electrons in the beds through a process known as Compton
Scattering. The scattered gamma rays are finaly detected by the detectors
(Darling, 2005).

The two identical density values used by the density log are: the bulk density
(pb or RHOB) and the matrix density (pma). The first is the density of the whole
formation (solid and fluid parts) as measured by the density logging tool,
whereas the matrix density is the density of the solid framework of the rock
(Asquith and Krygowski, 2004).

The density tool investigates the fluid in the pores of the permeable formations
within relatively shallow zones (about 6in.) which is mostly mud filtrate. This
mud filtrate may have a density ranging from about 1gm/cc (fresh water) to more
than 1.1gm/cc depending upon its salinity, temperature, and pressure
(Schlumberger, 1989).

The recorded pb by the density tool for Jeribe Formation in the three studied
wells are listed in the appendix A and plotted as curves in the figure 3.3. As a
general note: the upper part of the formation is of lower density than the lower
part. This feature can more easily be observed in the well Hr-49. The last five
meters of the formation at its bottom shows decreasing in density again. As pb
represents the bulk density of the formation (matrix type, porosity, fluid type and

content), therefore decreasing in the recorded pb values may be due to change in
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the properties of the formation including increasing the porosity or decreasing
the density of the reservoired fluid.

The mentioned Eqg.3.2 below is the common equation used for calculating
porosity from the recorded pb by the density logging tool:

BD = D Eq.3.2

Where:

@D: density porosity (fraction).

Pma: density of the matrix (gm/cc)

pfl: fluid density (1.0gm/cc for fresh water mud and 1.1gm/cc for saline water
mud)

pb: bulk density (log reading, gm/cc)

The selected value for matrix density in the Eq.3.2 varies with lithology and
affects greatly the calculated porosity. In dense formations like anhydrite,
negative values of the calculated density porosity are not uncommon as the
assumed matrix density is less than the actual formation density (Krygowski,
2003).

As the case with the sonic log, limestone matrix (2.71gm/cc) suggested for the
wells Hr-49 and Hr-51, whereas dolomite matrix (2.87gm/cc) suggested for the
well Hr-50 during @D calculation. Table 3.1 shows values of matrix density for
different types of lithologies as mentioned by Asquith and Krygowski (2004).

The porosity calculated from bulk density will also be affected by the choice
of fluid density (pfl), which varies with fluid type and salinity. As mentioned
before, the used drilling fluid was a fresh water base mud for the three studied
wells, therefore, 1.0g/cc used as value for the pfl during calculation process of
the @D.
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Generadlly, the zone investigated by the density tool is assumed to be
completely saturated with mud filtrate (Krygowski, 2003).

The porosity values derived from the bulk density readings of the density
logging tool are listed in the appendix B and drawn as curves in the figure 3.4.
Except the lower most 5.0 to 6.0m of Jeribe Formation in the three studied wells,
the porosity is gradually increasing upward till more than 27% at the upper part
of the formation before starting decreasing at the upper most 2.0 to 3.0m near the
contact with the above Lower Fars Formation. It isimportant to mention that no
high porosities as that recorded by the sonic log at the upper part of the
formation observed in the calculated density porosity and that should be due to

the different responses of the two porosity logs to the reservoired fluids.

Table 3.1: Matrix density values for common types of rocks (after Asquith and
Krygowski, 2004).

Lithology Density(g/cm®)
Sandstone 2.65
Limestone 2.71
Dolomite 2.87
Anhydrite 2.98
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3.2.3 Neutron Log

Neutron logs measure porosity of the beds through measuring the hydrogen
concentration in the formation. In shale free formations where porosity filled
with oil or water, the tool measures the liquid filled porosity (Asquith and
Krygowski, 2004).

High neutron count rate indicates low porosity, while low neutron count rate
indicates high porosity (Baker Hughes, 1992).

The derived porosity from the Neutron log is affected by the existing quantity
of hydrogen in the fluid content in the pore spaces and the hydrogen within the
formation matrix itself (Bassiouni, 1994).

Accordingly and as mentioned by Schon (2015), for any porous rock
composed of different mineral components, shale, and fluids, the porosity
derived from the neutron log can be represented as:

ON=@. DNl + {(1- Vshale) . DN, ma+ Vshae . DN, shde} ..occvevenneee, Eqg. 3.3

Where:

@: rock porosity

@N: measured neutron porosity

@N.fI: neutron response of the fluid

@N, ma: neutron response of the matrix

@N, shale: neutron response of the shale

Vshale: the shale content

The recorded neutron porosity for Jeribe Formation in the studied wells are
listed in the appendix B and shown in the figure 3.5.

The neutron porosity showed its highest values at the upper part of the
formation (between depths about 529 to 545m) in the well Hr-50. Porosities
more than 25% are common in the mentioned interval. The recorded neutron

porosity appeared to be generally higher in the well Hr-50 than the other two
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studied wells of Hr-49 and Hr-51. Jeribe Formation in the latest two wells
showed very similar neutron porosity values especialy in the lower part of the
formation which was around 15%. Noticeable increase in the neutron porosity
exists in the lower most part of the formation near its contact with Dhiban
Formation. Porosities of more than 30% recorded in this part of the formation in
the well Hr-50.
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3.3 Typesof Shale Distribution in Reservoirs

Evaluation of the formations containing clay minerals (shaly formations) is
not an easy task because clay minerals have an impact on all well logging
measurements. Therefore, reservoir properties such as porosity and water
saturation have to be corrected from the effect of shale (Bassiouni, 1994).

The amount of the shale and its physical properties are both affecting the log
readings along with the way by which the shale is distributing in the formation
(Schlumberger, 1989).

There are three common types of clay distribution in the formations as
identified by log analysts, namely; dispersed, structural, and laminated (Glover,
2008) (Fig. 3.6).

"Dispersed shale is present throughout the pore space, and reduces the original
porosity without affecting the grain space. Structural shale is part of the
framework structure, so that the original porosity is not altered. Laminated shale
appears as discrete interspersed layers of shale in otherwise clean formation,
with the shale reducing the volume of both matrix and porosity" (Ellis and
Singer, 2008).

The three mentioned types of shale distribution can occur at the same time in
the same formation (Schlumberger, 1989) with being the dispersed type of
greatest interest (even if it occurs a small volume concentrations) for
hydrocarbon reservoir evaluation (Ellis and Singer, 2008).

Through the technique of Scanning Electron Microscope, several types of
dispersed shale have been identified; pore filling, pore lining, and pore bridging.
The photomicrographs of the mentioned three types are shown in figure 3.7
(Ellisand Singer, 2008).
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Figure 3.6: Clay distribution typesin reservoirs (after Glover, 2008).
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Figure 3.7: Porefilling, porelining, and pore bridging of Dispersed clay typein
sandstonereservoir rocks (after Ellisand Singer, 2008).
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Darling (2005) clarifies the way by which @D and @N may be predicted in a
shaly formation in the three shale distribution types as follows:

Let the shale porosity be denoted by @sh, and the clean sand porosity be
denoted by @csa. The hydrogen index (HI) of the shale is denoted by Hish and
of water as Hlw, assuming that the shale and quartz have a similar matrix density

and that the formation is water bearing;

Laminae:
@n=Vlam* (Hlsh+ @sh*HIw) + (1-VIam)* @csa* Hlw .......... Eq.3.4
@d=VIam* @sh + (1-Vlam)* @CSa.........ccoveriiiieiiiiiannann Eq.3.5

Where Vlam is the volume fraction of laminated shale.

Disper sed:
@n =HIsh*Vsh+HIW* @d .........coviiiiiiii Eq.3.6
Bd=BcsaVah *(1- Dsh) ..o Eq.3.7

Where Vsh is the volume fraction of shale.

Structural:
@n = @csa* Hiw+Vsh* Gsh*HIw +Vsh*HIsh ..................... Eq.3.8
Dd= BCSatV N ™ DN, .. e, Eq.3.9

The three mentioned types of shale distribution are graphically presented
through the relationship between @D and @N which is known as Thomas and
Stieber’ s method for determining shale distribution types (Fig. 3.8).

Through application of the Thomas and Stieber’s method on the calculated
@D and @N for Jeribe Formation in the studied wells (Fig. 3.9), dispersed shale
appeared to be the main type by which the existed shale in the formation has
distributed.
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Figure 3.8: Thomas-Stieber plot for discriminating disper sed/laminated shale.

It's important to mention that if the studied Jeribe reservoir in Hamrin
Field was containing gas (as it expected especialy in the wells Hr-49 and Hr-
51), this will not affect the readings of the Density and Neutron log tools in a
manner that will change the result of the application of the @D and @GN on
Thomas-Stieber plot. Thisis true because the existence of the gas in the reservoir
will result in overestimation of the calculated @D and underestimation of the
@N. Accordingly, any correction for removing the effect of the gas on the @D
and @N will lead to decrease the values of the first one and increase the values of
the second one but they will remain within the field of dispersed shale
distribution types on the Thomas-Stieber plot.
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Figure 3.9: Shaledistribution type for the studied Jeribe Formation in the wells of Hr-49,
Hr-50, and Hr-51 using Thomas-Stieber plot.
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3.4 Correction of Porosity from Shale | mpact

The porosity log tools have different responses to shale content due to the
different characteristics of shales, therefore the presence of shale in any reservoir
will complicate the interpretation of the calculated porosities (Bassiouni, 1994).

Whenever shale is present in a formation, all the porosity tools (Sonic,
Density, and Neutron) will record too high porosity values and thisis true for all
common types of reservoirs (sandstone, limestone, and dolomite reservoirs)
(Asguith and Gibson, 1982).

For example, clays and shales present a problem for all Neutron porosity
interpretations because of the hydroxyls associated with the clay minera
structure. The large apparent porosity values are due primarily to the hydrogen
concentration associated with the shale matrix (Ellis and Singer, 2008).

The presence of shale or clay in the reservoir will distort the measurement of
true effective porosity. To correct for shaliness, it is necessary to estimate the
fractional shale volume from other logs (Khan, 1989).

In chapter two of this study, the shale volume in Jeribe Formation has been
determined through gamma ray log, whereas type of the distribution for the
existed shales determined through the calculated @D and The readings of @N
using Thomas-Stieber plot and appeared to be of dispersed shale distribution
type.

Accordingly, al the calculated porosity values using Sonic, Density and
Neutron logs in this study were corrected from the effect of shale using
appropriate equation for each type of porosity and as shown below:

a. For correcting Sonic porosity

_ Atlog—Atma

Atsh—Atma
=———— —Vsh X ——
Q)Scorr Atfl-Atma Atfl-Atma

Where:

.... EQ.3.10, from Dresser Atlas (1979)
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@Scorr: sonic porosity corrected for shale

Atlog: interval transit time of formation

Atma: interval transit time of formation’s matrix

Atfl: interval transit time of fluid (189usec/ft for fresh mud and 185usec/ft for
salt mud)

Atsh: interval transit time of adjacent shale

b. For correcting Density porosity

_ pma-pb pma—psh
Docorr = prepmpyi Vsh X omapfl Eq.3.11, from Dresser Atlas (1979)

Where:
@Dcorr: density log derived porosity corrected for shale

pma: matrix density of formation
pb: bulk density of formation
psh: bulk density of adjacent shale

pfl: fluid density (1.0 gm/cm? for fresh mud and 1.1 gm/cm?® for salt mud)

Vsh: volume of shale

c. For correcting Neutron porosity

Oneor= ON — Vsh X @Nsh.................... Eq.3.12, from Dewan (1983)

Where:

@Ncorr: neutron log derived porosity corrected for shale
@N: neutron log derived porosity uncorrected for shale
@Nsh: neutron porosity for adjacent shale

Vsh: volume of shale
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The corrected porosity values using the mentioned equations above are listed
in the appendix B and shown along with calculated volume of shale and the
uncorrected porosity values (for comparison purposes) in the figures 3.10-3.12 .

As mentioned by Asquith and Gibson (1982), the existence of the shale in any
reservoir causes overestimating for the calculated porosities using common
porosity tools of Sonic, Density, and Neutron. So, it's expected that the corrected
porosities from the effect of shale will show a decrease in the porosity values
proportionally to the calculated shale volume in each depth. Accordingly, the
corrected porosity values of IS, @D, and @N showed the highest decrease in the
middle part of Jeribe Formation where the highest values of shale content were
measured in the three studied wells (Figs. 3.10-3.12). The reduction in the
porosity values in this part of the formation exceeds 25% in some depth
intervals.

No effective changes in the porosity values (after correction) can be observed
in the upper and lower parts of the formation which is mainly due to no existence
of appreciable shale content in those parts.

It is worth to mentioning that in some intervals the @scorr shows unusua high
porosities (>45%) especially in the upper part of the formation in the wells Hr-49
and Hr-51. Such a case may be a good sign to the probability of the existence of

low density hydrocarbons (gas) in those intervals.

3.5 Combination of Neutron-Density Porosity L ogs

To avoid errors in the measured porosity values from porosity logs (even after
correction from shale effect), combination of at least two porosity logs is done.
The common combination is between Density and Neutron porosity logs by
which the different responses of these two porosity tools for the different
reservoir properties such as lithology and gas effect can be solved.
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In most cases like in limestone lithology, porosity can be read directly from
the neutron log. For other lithologies, it should be used by taking the average of
porosity calculates from density and neutron logs to avoid the lithologic effects
(Rider and Kennedy, 2011).

The used equation for calculating the Neutron-Density porosity combination for

Jeribe Formation in this study is as follows:

Ncorr+@Dcorr

ON-D = T TSROSO Eq.3.13

Where:

@N-D: neutron-density porosity corrected for shale

@Ncorr: neutron porosity corrected for shale

@Dcorr density porosity corrected for shale

The calculated corrected @N-D values for Jeribe Formation in the studied
wells are listed in appendix B and plotted as curved line in the figure 3.13 along
with the shale volume and incorrected @N-D curves.

This calculated corrected @N-D values will be used mainly for the purpose of
evaluating and characterizing Jeribe Formation in this study. On the other hand,
the standard proposed by North (1985) for evaluating porosities (Table 3.2) will
depend on for describing the porosities of Jeribe Formation qualitatively.
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Table 3.2: Description of porosity qualitatively as proposed by North (1985).

Porosity (%) Qualitative Description
0-5 Negligible
5-15 Poor
15-20 Good
20-30 Very Good
>30 Excellent

3.6 Detecting Existence of Gas Using Por osity L ogs

"Whenever pores are filled with gas rather than oil or water, the reported
neutron porosity is less than the actual formation porosity. This occurs because
there is alower concentration of hydrogen in gas than in oil or water. This lower
concentration is not accounted for by the processing software of the logging tool,
and thus is interpreted as low porosity. A decrease in neutron porosity by the
presence of gasis called gas effect” (Asquith and Krygowski, 2004).

Liquid hydrocarbons have hydrogen indexes close to that of water. Gas,
however, usually has a considerably lower hydrogen concentration that varies
with temperature and pressure. Therefore, when gas is present near enough to
the borehole to be within the tool’ s zone of investigation, a neutron log reads too
low porosity. This characteristic allows the neutron log to be used with other
porosity logs to detect gas zones and identify gas/liquid contacts (Rider, 2002).

On the other hand, porosity values derived from density logging tool in zones
containing gas are mostly overestimated and that due to the low concentration of
electrons in gas if compared to liquid oil or water. Therefore, a neutron and
density log combination provides a more accurate porosity and a vaue of
minimum gas saturation (Rider, 2002). Hilchie (1978; in Asquith and Gibson,
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1982) suggests using gas density of 0.7g/cmfor fluid density in the density
porosity formula if gas density is unknown. As gas in the pores causes the
density porosity to be too high (gas has a lower density than oil or water) and
causes the neutron porosity to be too low (there is a lower concentration of
hydrogen atoms in gas than in oil or water) (Asquith and Krygowski, 2004),
therefore using the technique of plotting the two curves of @D and @N on the
same track will show separation between the two curves in gas bearing zones and
become closer to each other in oil bearing zones, whereas the two curves show
nearly no separation in water bearing zones. Figure 3.14 is the plot of @D and
@N (after correction from shale effect) for Jeribe Formation in the studied wells.

According to Kulyk and Bondarenko (2016) the reliable identification of the
gas reservoirs needs to be the difference between the @D and @N (AD) greater
than the total error of porosity determination with the neutron and density
logging tool. They estimated the absolute total error of difference A in practice
to be less than about + 3%.

Depending on above, Jeribe reservoir looks to be containing mainly gas rather
than oil or water in the two wells of Hr-49 and Hr-51 of Hamrin Oil Field and
that in contrast to the well Hr-50 in which Jeribe Formation seems to be
containing oil as appears from the nature of the overlay between the two curves
of @D and @N.

As mentioned in chapter two, the matrix identification (MID) plot can be
relied on for detecting gas in pores in addition to the main use of this plot for
lithology determination.

As with the M-N plot, the matrix-identification plot requires data from
neutron, density, and sonic logs (Asquith and Krygowski, 2004).

Thefirst step in constructing a matrix identification plot is to determine values
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for the apparent matrix parameters, apparent matrix density (pma)a and apparent
matrix travel time (Atma)a. These values are calculated from neutron (@N),
density (pb) and sonic (At) data using the following equations (Western Atlas,
1995).

pb—@NDx*pfl
(pma)a= P@T ............................ E.q.3.14
At—@SN * Atfl
(Atma)a = : f_@SN : cerieenenn..E.0.3.15
Where:

(pma)a = apparent grain density in g/cm? or Kg/ms.

(Atma)a = apparent matrix interval transit time in psec/ft or psec/m.

pb = bulk density from the log

pfl = density of fluid

At = interval transit time from the log

Atfl = interval transit time of fluid

@ND = neutron-density porosity (uncorrected @N and @D used)

@sN = sonic-neutron porosity (uncorrected @S and @N used)

The calculate (pma)a and (Atma)a values are listed in the appendix A.

In this technique as shown in figure 3.15, the observed lithology has no great
difference with the previously identified lithology for Jeribe Formation in the
three studied wells using the two techniques of N-D and M-N (chapter two). The
same dolomite lithology domination was confirmed for Jeribe Formation in Hr-
50 well with limestone and dolomitic limestone for the other two studied wells.

Characteristic gas effect also can be seen in the wells of Hr-49 and Hr-51 were
the sample points show great distortion toward the gas effect field of the
crossplot (even out of the common used values of the crossplot’s axis). As seen

in the overlay curves of neutron and density (Fig.3.14) the well Hr-50 showed no
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indications of gas accumulation in Jeribe Formation, this fact can be noticed also
in the MID crossplot of this well when no significant distortion of the sample

points toward the gas effect field occurred.

3.7 Secondary Porosity Detection from Log Data

Generally, intergranular pore spaces in any rock are known as primary
porosity, whereas porosities created after deposition or after burial, e.g. vugs or
fractures in carbonates are known as secondary porosity (Schlumberger, 1989).

The formula for calculating sonic porosity can be used to determine porosity
in consolidated sandstone and carbonates with intergranular porosity or
intercrystalline porosity (sucrosic dolomites). However, when sonic porosities of
carbonates with vuggy or fracture porosity are calculated by Whille formula,
porosity values are too low. This happens because of the sonic log only record
matrix porosity rather than secondary porosity (Asguith and Gibson, 1982),
therefore the porosity derived from the sonic log will tend to be too low by an
amount approaching the secondary porosity.

Thus, if the total porosity (@t) of a formation exhibiting primary and
secondary porosity is available (from a neutron and/or density log, for example)
the amount of secondary porosity (2) representing fractures or vugs can be
estimated through the following formula:

D2 = DBt = DS oo Eq.3.16

Where:

@2: secondary porosity

@t: total porosity (from neutron and density logs)

@s. primary porosity (from sonic log)

On the other hand, the interval transit time (At) of aformation is increased due

to the presence of hydrocarbons (i.e.,, hydrocarbon effect). If the effect of
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hydrocarbons is not corrected, the sonic-derived porosity is too high (Asquith
and Krygowski, 2004). Hilchie (1978, in Asquith and Gibson, 1982) suggests the
following empirical corrections for gas effect:

D= DS 0.7 (GAS) v, Eq.3.17

Where:

@: Corrected porosity

@s. Sonic porosity

To get best results about the percentage of the existing secondary porositiesin
Jeribe Formation in Hamrin Oil Field, firstly equation 3.17 applied for correcting
the sonic porosity from the impact of gas (only for the wells Hr-49 and Hr-51 in
which existence of gas was previously been proved) then the equation 3.16 has
been applied for the three studied wells to show how far secondary porosity
contributed in the total porosity of Jeribe reservoir. Figure 3.16 shows the
reduction in the calculated sonic porosity after removing the effect of gas for the
mentioned two wells of Hr-49 and Hr-51, whereas figure 3.17 shows the
calculated secondary porosity as curves for the three studied wells. Appendix B
contains the values of the calculated secondary porosity.

By looking at the figure 3.17 it is clear that secondary porosity contributed in
enhancing the porosity of Jeribe Formation in different rates either verticaly in
the same well or laterally in the different wells. Jeribe in the well Hr-50 seems
to be affected by secondary porosity more than the other two wells. The entire of
the formation in this well showed secondary porosity rate which sometimes
exceeded 7%. The least affecting by secondary porosity was Jeribe Formation in
the well Hr-51in which less than 4% contribution in the total porosity and that
mostly in the lower part of the formation. The middle and upper part of Jeribein
thiswell showed nearly no affecting by or any other secondary porosity type.

The contribution of secondary porosity in the total porosity of Jeribe
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Formation in the well Hr-49 looked different from the other two wells.
Variations in the secondary porosity values was obvious within the different
depth intervals with being the few meters at the top of the formation of the
highest calculated secondary porosity (more than 10% as average). Less than 6%
secondary porosity was the common feature of Jeribe Formation in this well with
being some intervals of no secondary porosity at all as appearsin the figure 3.17.

The cases of vugs or fractures are of substantialy different responses
regarding their display values as secondary porosity.

Different types of fractures also show different results in their contributing to
the total porosity. The most important classification of fractures in reservoirs
which related to fracture porosity is what known as macrofractures and
microfractures (Van Golf-Racht, 1982).

“Macrofractures are extended fractures with wide openings which develop
through varies layers; while microfractures (or fissures) are fractures with
narrow openings and limited extent, often limited to a single layer” (Van Golf-
Racht, 1982).

The maximum fracture porosity (4Jf) with relation to the total porosity(&t)
can be expected to be less than 0.1 of the @t when @t is less than 10%, and Jf
expected to be less than 0.4 of the @t when @t is greater than 10%(Van Golf-
Racht, 1982). Depending on such assumption the detected secondary porosity in
the Jeribe Formation should be not only from fractures but most likely from vugs

and fractures.

79



Chapter Three....... Determination of Porosity, Permeability, and Reservoir Units

Hr-4% '.E Sonic Imcorrected Hr-51 ._E Senic Imearrecred
Depth E 1y (o) & Depth E I (%e) i
(m} | 2 | | m) |2
420 -
LI L 480 —
430
490 —
s % 1 L
5004 . e
2 [ § r
[ ™t v - | . |
s S EEN R0 N
-"n_q"[l ._.!- J:-. ;- L
510 — - -
460 — L I
820 — T
[ | { 1
e _._‘..I 1

Figure 3.16: Incorrected and Corrected Sonic porosity from gas effect for the studied
Jeribe Formation in the wells Hr-49 and Hr-51.
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Figure 3.17: Secondary porosity plot for the studied Jeribe Formation in the studied
wells of Hr-49, Hr-50 and Hr-51.
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3.8 Permeability

"Permeability is a measure of the ease with which a formation permits a fluid
to flow through it. To be permeable, a rock must have interconnected porosity
(pores, vugs, capillaries, fissures, or fractures). Greater porosity usualy
corresponds to greater permeability, but this is not always the case. Pore size,
shape, and continuity, as well as the amount of porosity, influence formation
permeability "(Schlumberger, 1989).

Permeability can be estimated indirectly using wireline logging and pressure
transient methods, or directly with core analysis techniques. Indirect methods
often prove to be unreliable; however, integration of methods at all scales yields
the best estimate of reservoir permeability. Formation testers, Sonic (Stoneley-
wave velocity), and nuclear (geochemical) logging tools are commonly used to
estimate permeability of reservoirs (Al-Saddique et al, 2000).

Deriving permeability in carbonates and correlating it with porosity mostly
result in problems and that due to the complex pore structure and diversity of
carbonates (Schon, 2015). According to Lucia (2007), reservoir properties are
controlled by two basic pore networks:

1. Interparticle pore network (intergranular and intercrystalline porosity).

2. Vuggy pore network (leached particles, fractures, and irregular
cavities). The effect of vugs on reservoir properties is strongly
controlled by the type of interconnection as if they are separate vugs or
touching vugs.

Usually permeability is estimated based either on simple logarithmic
regressions evaluating permeability from log derived porosity or on empirical
correlations which relate permeability to various log responses (Chandra, 2008).

Most reliable permeability estimation can be obtained from core samples

tested under reservoir condition in the laboratories (although such kind of testing
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is not fully out of limitations and problems). As not all parts of a reservoir may
contain cores for permeability testing, therefore, other types of data will depend
on for the permeability estimation.

Several authors have attempted to detect permeability values from log data as
it is of low cost and sufficient accuracy (Abed, 2014). Conventional logs which
usually depend on in detecting permeable zones (qualitatively) include SP log
and Caliper log. As no SPislogging done for the studied three wells, Caliper log
data recorded for Jeribe Formation was followed to detect under-gauge zones
resulted from creation of mudcake opposite the permeable intervals. Figure 3.18
shows the caliper log curve compared to the 8.5inch bit size used in drilling the
logged interval. Jeribe Formation in the wells Hr-49 and Hr-51 shows nearly a
continuous creation of mud cake along the formation reflecting permeable nature
of the zone. The same formation in the well Hr-50 did not show same condition
of mudcake creation but mostly on-gauge or over-gauge zones were recorded by
the caliper log.

Being the studied Jeribe Formation in the wells Hr-49, Hr-50, and Hr-51, of
no available core test data (porosity and permeability), therefore permeability
values from core testing for Jeribe Formation in the well Hr-2 has been
depended on in formulating the relationship between the permeability values and
the log responses in Hr-2 firstly and the other studied three wells secondly.

Multiple Linear Regressions as the more accurate procedure used for
predicting permeability values from the available log data. The multilinear
regression method is an extension from the regresson analysis which
Incorporates independent values, to predict a dependent value (Mohaghehet et al,
1997). In such a case, predicted permeability values from the log data consider as
dependent values, whereas the well log data themselves are the independent

values.
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In this study, the gamma ray, sonic, neutron, and density log data are utilized
as independent values to predict the dependent permeability values. By applying
this regression method, expectation is that the dependent permeability will
negatively relate to independent gamma ray and density log values and positively
with sonic and neutron porosity values (Tagavi, 2005).

Equation 3.18 is the best representative for the relationship between the
permeability measured from the core test and the permeability predicted from the
log data for Jeribe Formation in the well Hr-2.

Log K =211.0461+ (-0.016569* GR) + (0.59611* At) + (0.097265* @N) +

(-97.5214% ph)...oeeee e E.q.3.18

Where:

K: permeability.

GR: gamma Ray.

At: interval Transit Time.

@N: neutron Porosity.

pb: bulk Density.

Figure 3.19 shows graphically the rate of matching between the permeability
values measured from core testing for Jeribe Formation in the well Hr-2 (depth
interval between 491 and 540m) and the cal culated permeability values using the
eguation 3.18 depending on the available log data for the same depth interval.

Being confident with the results obtained for permeability from the log datain
the well Hr-2, the same equation of 3.18 has been applied on the log data of
Jeribe Formation in the studied wells of Hr-49, Hr-50, and Hr-51(the calcul ated
permeability values are listed in the appendix B, and shown as plot in the figure
3.20). The qualification description of permeability proposed by North (1985)
(Table 3.3) is used for describing and evaluating the calculated permeability for
the studied formation.
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Figure 3.18: Caliper log plot for the studied Jeribe Formation in the wells Hr-49, Hr-50

and Hr-51 with indication to the used bit sizein each well.
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Table 3.3: Qualitative description of permeability as proposed by North (1985).

Qualitative description K- value (md)
Poor to Fair 1.0-15
Moderate 15-50
Good 50-250
Very Good 250-1000
Excellent >1000

As appears in the figure 3.20, the upper 25m of Jeribe Formation in the well
Hr-49 owns as average more than 30md permeability, whereas the remaining
lower part showed relatively lower permeability (less than 20md as average)
including intervals of impermeable or poor zones.

The other two wells of Hr-50 and Hr-51 showed large similarity in the
permeability for Jeribe Formation. The upper part of the formation (about 20m
thickness) in those two wells showed continuous moderate permeability ranged
between 15 and 30md (being relatively higher in the well Hr-51).

The middle part of the formation till the last Smeters showed an obvious
fluctuation in the permeability values reflecting noticeable heterogeneity in the
reservoir properties of Jeribe Formation. Impermeable, poor, and moderate
permeability zones with variable thicknesses can be observed in this part of the
formation in the mentioned two wells.

The few meters at the lower most part of the Jeribe Formation showed
moderate permeability in the studied three wells.

As agenera note, no zones of higher than moderate permeability recorded for
Jeribe Formation in this study.
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Figure 3.19: The measured permeability from core test analysis (red line) and the
per meability values measured from log data (blue line) for the studied Jeribe Formation
in thewell Hr-2.

3.9 Reservoir Units

In order to distinguish between the horizons of different reservoir capacity and
hence subdividing Jeribe Formation in the studied wells to different reservoir
units, three main rock properties depended on which are shaleness, porosity, and
permeability. Such a subdivision shows only variation in the storage capacity of
the units (depending on the shaleness and porosity) and preliminarily their
production capacity (depending on the shaleness and permeability) regardless the
type of the fluid content.
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Figure 3.20: Plots of the calculated per meability from the log data for the studied Jeribe
88

Formation in thewellsHr-49, Hr-50, and Hr-51.
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The figures 3.21, 3.22, and 3.23 show the division of the Jeribe Formation to
reservoir units on the bases of the mentioned parameters in the studied three
wells. Tables 3.4, 3.5, and 3.6 summarize the minimum, maximum, and average
values of the mentioned three parameters for the distinguished reservoir units of
the studied Jeribe Formation in the studied wells Hr-49, Hr-50, and Hr-51
respectively. The tables also show the depth interval of each unit within the
studied wells.

It's important to mention that Jeribe Formation in the studied wells did not
show distinguishable lateral variations in its lithological properties, so the same
reservoir units observed in the three studied wells. This also means that even no
diagenetic processes affected the formation laterally in such a different way
leading to changing the reservoir properties of the formation in each well from

the other. Below is description and evaluation of each reservoir unit.

3.9.1 Reservoir Unit 1 (RU-1)

This unit represents the lower most part of Jeribe Formation (about 5m
thickness) with about 11% average shaleness and good porosity. Moderate
permeability is obvious feature of this reservoir unit which looks to be partly
resulting from vugging or fracturing (especialy in the well Hr-49). This unit is
composes mainly of limestone and dolomitic limestone in the two wells of Hr-49

and Hr-51whereas composes of dolostone in the well Hr-50.

3.9.2 Reservoir Unit 2 (RU-2)

This unit is about 16 m thick in the wells Hr-49 and Hr-51and about 10m thick
in the well Hr-50. This unit is characterized by the lowest average shale content
among all the distinguished reservoir unit of Jeribe Formation in this study.

Average porosity of this unit in the wells Hr-49 and Hr-51 is about 11%
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(moderate porosity) with fair permeability (about average 9.0md) whereas, this
unit owns about 16% average porosity (good porosity) with about 5.0md average
permeability (poor permeability) in the well Hr-50. Lithologically, this unit

composes mainly of limestone and dolomitic limestone.

3.9.3 Reservoir Unit 3 (RU-3)

This unit has about 18m thickness in the wells Hr-49 and Hr-51 with a
relatively higher thickness (about 24m) in the well Hr-50. Depending mainly on
the variation in the shale content, this unit has been subdivided to two subunits
(RU-3A and RU-3B). The lower RU-3A subunit is of the lower average shae
content (between 14 and 23%) with porosities ranging in average between 10%
and 18% (being highest in the well Hr-50) and fair permeability in the wells Hr-
50 and Hr-51and moderate average permeability in the well Hr-49 (about 29
md). The lithology of this subunit is mainly limestone and dolomitic limestonein
the two wells of Hr-49 and Hr-51whereas composes of dolostone with anhydrite
nodulesin the well Hr-50.

The reservoir subunit RU-3B is characterized by the highest shale content
among the distinguished reservoir units with an average shal eness exceeded 40%
in the wells Hr-49 and Hr-50. The average porosity in this subunit ranged
between about 11 and 16% with an average moderate permeability ranged
between 22 and 27md in the wells Hr-50 and Hr-51, whereas higher average
permeability recorded for this subunit in the well Hr-49 reached to about 40md.
Vugging and fracturing expected to be the man reason in enhancing the
permeability in this shaly reservoir subunit which is mainly composed of
argillaceous limestone in Hr-49 and Hr-51 wells whereas argillaceous dolostone

is the main lithology composing this subunit in the well Hr-50.
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3.9.2 Reservoir Unit 4 (RU-4)

This unit represents the uppermost 10m of Jeribe Formation in the studied
wells which is composed mainly of slightly argillaceous limestone and limestone
in the wells Hr-49 and Hr-51.The same unit showed dlightly argillaceous
dolostone and dolostone lithology in the well Hr-50.

Two subunits are distinguished from this reservoir unit namely RU-4A and
RU-4B. The subunit RU-4A is characterized by relatively low shale content
(average shaleness ranging between about 7% and 18%) and good average
porosity (between about 16% and 20%) coupled with moderate average
permeability (between about 18 and 47md).

The uppermost 2m of Jeribe Formation is represented by the subunit RU-4B
and is characterized by relatively high average shale content (between about 20%
and 34%) and poor to moderate average porosity (between about 4% and 11%).
Poor to fair permeability is the obvious feature of this subunit with an average
permeability of lessthan 12md.

As a general note and regardless of hydrocarbon saturations, RU-1 and
RU-4A are of the best reservoir properties within Jeribe Formation in the studied
wells, whereas the subunit RU-3B is of the least reservoir property.

Figure 3.24 shows alateral correlation between the identified reservoir unitsin
Jeribe Formation as appears in each wells. The most obvious different in the
greater thickness of RU-3A in the well Hr-50 in comparison with the other two
wells, and in the lower thickness of the RU-2 in the same well in comparison
with the other two wells of Hr-49 and Hr-51.
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Figure 3.21: Subdivision of the Jeribe Formation to reservoir units on the bases of the

, permeability, and shale volume for well Hr-49.
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Table 3.4: Minimum, maximum, and average values of shale content, porosity, and
permeability for the distinguished reservoir units of Jeribe Formation in the well Hr-49.

Reservo Ir?t?err)tlgl Statistic | Vsh | Porosity | Permeability Main
ir Units (m) S (%) (%) (md) Lithology
Min |1315| 371 4.71
RU-4B 421-419 Max [59.06| 8.51 17.75 Limestone
Average | 34.42| 7.11 11.21
Min 1.00 9.23 15.39 Slightly
RU-4A 428-421 Max |22.60| 2245 69.30 Argillaceous
Average | 7.68 | 16.36 47.09 limestone
Min 3.75 0.00 20.11 Argillaceous
RU-3B 438-428 Max |9955| 18.95 62.60 Limestone
Average [ 40.40| 1154 39.82
Min 3.66 0.00 7.18 Limestone,
RU-3A | 445.5-438 Max |72.88| 15.08 47.74 Calcareous
Average | 23.10| 10.59 29.21 dolostone
Min 0.00 4.67 0.00 Limestone,
RU-2 [461.5-4455| Max |34.81| 16.25 27.95 Dolomitic
Average | 6.41 | 11.46 9.09 limestone
Min 5.43 7.94 0.60 Limestone,
RU-1 |466.5-461.5| Max |25.77| 24.59 47.89 Dolomitic
Average | 11.07| 18.78 31.49 limestone

Table 3.5: Minimum, maximum, and average values of shale content, porosity, and
permeability for the distinguished reservoir units of Jeribe Formation in the well Hr-50.

: Depth " : o
Reservoir istic | V Por Per meabili N
Eﬁenritg Int(iglal Stat:t ¢ (0/?3 ()((;:)S)'ty e (rﬁ?jt)) ty Main Lithology
Min 281 6.08 0.00
RU-4B 527-525 Max |37.88| 17.75 18.97 Dolostone
Average | 20.33| 11.28 5.54
Min 281 | 11.87 0.00 Slghtly
RU-4A | 535.5-527 Max |46.51| 2742 39.84 Argillaceous
Average | 18.60 | 20.14 18.85 dolostone
Min 19.60| 0.5 12.30 Argillaceous
RU-3B | 545-535.5 Max |99.57| 2577 38.62 dolostone
Average | 41.55| 16.58 22.55
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Min 2.63 | 1047 0.00 Dolostone,
RU-3A 559-545 Max |33.36| 26.16 28.44 Limestone with
Average | 14.24| 18.03 11.87 Anhydrite nodules
Min 0.00 5.13 0.00 Limestone,
RU-2 569.5-559 Max |33.74| 23.70 22.10 Dolomitic
Average | 6.69 | 16.03 4.93 limestone
Min 0.17 2.74 0.00
RU-1 576-569.5 Max |65.65| 33.28 42.77 Dolostone
Average | 11.17| 23.68 24.74

Table 3.6: Minimum, maximum, and average values of shale content, porosity, and
per meability for the distinguished reservoir units of Jeribe Formation in thewell Hr-51.

Reservoir Ir?t?err)t/gl Statistics Vsh | Porosity | Permeability Main
Units (m) (%) (%) (md) Lithology
Min 0.43 0.00 0.00
RU-4B | 478.5-476.5 Max 3424 7.79 19.47 Limestone
Average | 21.47| 4.98 7.96
Min 2.07 7.79 12.66 Slightly
RU-4A 486-478.5 Max 2846 | 22.15 62.90 Argillaceous
Average |10.62| 16.98 40.67 limestone
Min 1066| 0.08 8.78 Argillaceous
RU-3B 495-486 Max 99.55| 17.40 54.38 Limestone
Average | 3541 | 11.35 27.20
Min 5.02 4.17 0.00 Limestone,
RU-3A 504.5-495 Max 60.52| 16.46 36.31 Calcareous
Average | 17.68| 9.65 13.70 dolostone.
Min 0.00 2.47 0.00 Limestone,
RU-2 520.5-504.5 Max 27.78 | 18.24 30.40 Dolomitic
Average | 859 | 11.14 9.10 limestone
Min 3.17 5.47 0.00 Limestone,
RU-1 525.5-520.5 Max 28.61| 22.02 42.38 Dolomitic
Average | 9.86 | 15.86 22.11 limestone
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CHAPTER FOUR

Satur ations and Reservoir Char acterization

4.1 Preface

One of the main goals of reservoir characterization is determining the
initial water saturation within the studied formation as it has an enormous
impact on the calculation and production of origina hydrocarbon in place.
Electrical logs are considered as essential tools for determining water
saturation because they can provide economically and continuously
information about resistivity (reciprocal of conductivity) of the penetrated
formation.

The conductivity of any reservoir rock is the result of the presence of
water or a combination of water and hydrocarbons in the pore space as a
continuous phase. The actual conductivity will depend on the conductivity of
the water in the pores and the quantity of water present. Lithology of the rock
matrix, its clay content, and its texture (grain size and the distribution of
pores, clay, and conductive minerals) also affects conductivity, but to a lesser
extent. It's important to mention that conductivity of a reservoir bed will
depend strongly on temperature (Ellis and Singer, 2008).

Accordingly, and in order to best evaluate a reservoir, attention should be
paid to all of the petrophysical properties of the reservoir which affect
calculation of water or hydrocarbon saturation. Non-pay zones within any
reservoir bed should be identified to avoid mistakes in calculating reserves or

production capacity of the reservair.

98



Chapter Four.........ccccccveveevnenee. Saturations and Reservoir Characterization

4.2 Resistivity Logs

Resistivity measurement is generally used to estimate the amount of
hydrocarbon present in the well depending on resistivity of the formation
water (Rw), the amount of water and pore structure geometry. The electric
currents are forced to flow in the formation either by direct contact from
electrodes, or by induction. The formation resistivity is measured by
measuring the currents and voltages produced.

Through resistivity logging we need to know resistivity rather than
resistance because resistance is a function not only of the resistivity measured,
but also of the geometry of the body of material on which the measurement is
being made. The geometry of the body is not of prime interest to the well
logger. The measurement that characterizes the rock, as far as fluid content is
concerned, is the resistivity and not the resistance (Bateman, 1985).

In this study, the available resistivity log data were resistivity vaues
derived from Microspherically Focused Log (MSFL) , Shallow Laterolog
(LLS), and Deep Laterolog (LLD) which their values represented resistivity
of flushed zone (Rx0), resistivity of transition zone (Ri), and resistivity of
uninvaded zone (R, true resistivity) respectively.

Appendix A contains the recorded values of resistivity for Jeribe Formation
in the studied wells, whereas figure 4.1 shows the plots of the mentioned
resistivity values.

The feature of the separation between the three resistivity curves most of
the time gives an idea about the expected fluid type within the reservoir pore
spaces (with giving attention to the type of the drilling mud).

As the used drilling mud for the three studied wells was of fresh water
base, a relatively high resistivity values were expected to be seen along the
studied section of Jeribe Formation. Accordingly, non-separated curve

intervals were considered to be of most interest and most likely to be intervals
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containing hydrocarbons. Among the non-separated curve intervals, the zones
of low resistivity values are the most interest because those zones are most the
time porous intervals (low matrix content and hens low resistivity).

The deflection of the three resistivity curves in the three studied wells are
quite correlatable especialy deflection of the two curves of Ri and Rt.
Separation of the Rxo curve from the other two curves in some intervals
(especidly in the wells Hr-49 and Hr-50) in a different way in each well is
mainly due to the effect of borehole wall condition and the nature of the
mudcake (Rxo resistivity value represents a very shalow investigation depth
of the reservoir from the borehole wall). Variations in water saturations or
high ratio of residual hydrocarbons should also be expected to be a reason
causing such separation of the Rxo curve.

Non-separation or low separation is the common feature of the three
resistivity curves especially in the well Hr-51 as seen in figure 4.1.
Accordingly, hydrocarbons with different saturations are expected to be
existing in Jeribe Formation in the studied wells.

4.3 Water Saturation (Sw)

Water saturation as defined by Asquith and Gibson (1982) “is the
percentage of pore volume in a rock which is occupied by formation water".
Sw is the symbol used for expressing water saturation which is measured in
percent or fraction.

Calculating water saturation is very important as it helps in determining
hydrocarbon saturation of a reservoir and that by subtracting water saturation
from the value 1.0 which is equal to 100% water saturation.

Resistivity logging tools with different radial depth of investigation
capacity are used to evaluate water saturation in the uninvaded zone (virgin
zone with no effect of mud filtrate) and water saturation in the invaded zone

(flushed zone where mud filtrate replaces the reservoir movable fluids).
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Archie equation (Eg.4.1) is the most popular equation used for calculating
water saturation from log data.

n [F+xRw
Sw = / RE it E.g4.1
Where:

Sw: Water saturation in the uninvaded zone (in fraction)

F: Formation resistivity factor

Rw: Formation water resistivity (in Q.m)

Rt: Trueresistivity (in Q.m)

n: Saturation exponent (its value ranges from 1.8 to 2.5 but mostly equal to
the value 2.0 which is also the value used in this study)

Formation resistivity factor (F) as suggested by Archie (1942 in Asquith
and Gibson, 1982) can be related to porosity by the following equation:

a
R A —— Eq. 4.2

Where:
F. Formation resistivity factor
a Tortuosity factor (complexity of the paths and is equal to the value 1.0 for
carbonates, the case of this study)
@ Porosity
m: Cementation factor

On the other hand, water saturation in the flushed zone (Sxo) also similarly
can be calculated using Eg.4.3 in which formation water resistivity (Rw)
replaced by mud filtrate resistivity (Rmf) and true resistivity (Rt) replaced by
resistivity of the flushed zone (Rx0).

n [FxRmf
Sxo0 = / TR Eqg.4.3
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Where:

Sxo: Water saturation in the flushed zone (in fraction)
F: Formation resistivity factor.

Rmf: Resistivity of mud filtrate (in Q.m)

Rxo0 : Resistivity of the flushed zone (in Q.m)

As appears from the equations of water saturation calculation (Eg.4.1&
Eq.4.3), more than one factor should be determined for water saturation to be
precisely calculated. Formation water saturation (Rw) and Cementation factor
(m) are the two critical factors that should be determined following certain

procedures as will described in the following sections.

4.3.1 Calculation of Formation Water Resistivity (Rw)

Formation water or so called "connate water" is the water held by capillary
pressure in the pores of the reservoir rock which serves to inhibit the
transmission of hydrocarbons. This water takes up space both in the pores and
in the throats between pores. As a consequence, it may block or reduce the
ability of hydrocarbons to move through the rock (Asquith and Gibson, 1982).

Formation water resistivity (Rw) can be found from the readings of the SP
log, water catalogs, produced water sample, or water saturation equation in a
100% water bearing reservoir (Schlumberger, 1989).

One of the methods for determining the value of Rw (which isalso used in
this study) is through the readings of Spontaneous Potential log (SP) by
following a known procedure explained by Asquith and Gibson (1982),
Bateman (1985), Asquith and Krygowski (2004), Schon (2015), and others.

As no runs of SP log done in the studied wells of Hr-49, Hr-50, and Hr-51,
therefore data of SP log for Jeribe Formation in the well Hr-2 (Fig. 4.2) has
been used for determining the value of the Rw. Although fresh mud is used in

drilling thiswell no intense deflection can be seen in the curve of the SP log.
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Such a case may be due to low permeability of the zone or existence of
hydrocarbons.

Table 4.1 shows the values of the factors and parameters used for
calculating the value of the Rw in the Hr-2 well which appeared to be 0.05

Q.m.

Table 4.1: Calculated Rw and other parameters for the studied Jeribe Formation in
thewell Hr-2.

Parameter Value
SP reading -12millivolt
Depth of SP reading 513m
Rmf@ Ts (83°F) 0.547 Q.m
Rmf@ Tf (103°F) 0.42 Q.m
BHT 108°F
Rw 0.050m

4.3.2 Deter mining the value of the Cementation Factor (m)

Cementation factor (m) reflects the nature of grain size, grain size
distribution, and the complexity of the paths between pores known generally
as tortuosity which in turn depends mainly on type of lithology and the
diagenesis activity. The higher the value for tortuosity, the higher the m value.

The values of cementation factor range from about 1.3 to as high as 3.0.
The values of m most commonly applied to log interpretation problems range
from 1.8 to 2.2 (Asquith, and Krygowski, 2004).

The common known methods for determining the value of cementation
factor for any reservoir are either through special core analysis or through

using Pickett crossplot.
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Figure 4.2: The Data SP log for the Jeribe Formation in the well Hr-2.
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In this study the second method was used in which the calculated values of
porosity (D) plotted against their readings of true resistivity (Rt) on a log-
log paper with paying attention to the value of Rw which represents the value
of resistivity in no matrix case (100% porosity). According to this method the
line connecting between the points of lowest resistivity in each porosity case
starting from the Rw value is plotted in which the slope of this line will
represent the value of the cementation factor (Figs. 4.3-4.5).

The calculated values of cementation factor for Jeribe Formation in the
three studied wells Hr-49, Hr-50, and Hr-51 are 1.81, 1.78, and 1.80

Saturations and Reservoir Characterization

respectively as appears from the figures 4.3 to 4.5.
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Figure 4.3: Cementation factor (m) from Pickett crossplot for Jeribe Formation, well

Hr-49.
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4.4 Calculation of Water and Hydrocarbon Saturations in the studied
wells

As values for al the requested factors become available for applying
Archie's equation, water saturations for Jeribe Formation in the studied wells
have been calculated and listed in the appendix C and plotted as curve line
with regard to the porosity value in the figure 4.6(the blue field). As appears
from the values and from the figure, the upper part of the Jeribe Formation
contains lower percent of water saturation than the lower part (as was
expected). It's also noticed that water saturation in the well Hr-51 is relatively
higher than the other two studied wells especially in the lower part of Jeribe
Formation. It has been noticed also that narrow zones (less than one meter) of
full water saturation exist in more than one depth interval in the studied wells
(depth 443m in Hr-49, depth 537m in Hr-50, and depths 488, 508, and 518m
in the well Hr-51).

Hydrocarbon saturations for Jeribe Formation also have been simply
calculated by subtracting the value of water saturation in each depth from the
value 1.0. Residual hydrocarbon saturations also calculated through the
following equation:

Rhs = 1.0 —SXO0...ccooiiieeeeeeeeeceee e Eq.4.4
Where:
Rhs: Residual hydrocarbon saturation
Sxo: Water saturation in the flushed zone

The vaues of hydrocarbon saturations and residual hydrocarbon
saturations are listed in the appendix C and shown in the figure 4.6 as red +
green field and red field respectively.
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The most noticeable feature of the hydrocarbon saturations in the figure 4.6
Is that Jeribe Formation in the well Hr-51 contains the least residual
hydrocarbon saturations, whereas most of the existed hydrocarbons within the
formation in the well Hr-50 are residual hydrocarbons. Such a condition may
be related mainly to the nature of the reservoired hydrocarbons in the well Hr-
50 which is expected to be mostly oil, whereas the hydrocarbon type in the
other two wells is expected to be mostly gas especialy in the well Hr-51
(Chapter Three).

4.5 Quick Look Methods

Quick Look Methods (QLM) "are helpful to the geologist because they
provide flags, or indicators, that point to possible hydrocarbon zones requiring
investigation" (Asquith and Krygowski, 2004).

Most quick look methods are widely used by log analysts for wellsite
evaluations and they can be applied without any specia equipment and
produce quite acceptable results. Their great appea lies in their simplicity
and subtlety and their analysis refers to a number of techniques for plotting
log data in a reasonably effortless and ssimple way that reveals either the
formation content or the formation lithology (Bateman, 1985).

The main three branches of quick look analysis include compatible
overlays of curves, crossplots of selected curve readings, and simple
algorithms for calculators.

In this study, and depending on the available log data, a logarithmic
Movable QOil Plot (MOP) is used as a quick look method to detect existence of
movable oil and to trace the ratio of residual to movable hydrocarbons. This
technique need that two overlays be made, one to indicate Sw and a second to
indicate Sxo.

The production of a MOP proceeds in two stages. First, the formation

factor (F) curve is normalized to true resistivity of the uninvaded zone (Rt) in
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a wet zone and the resulting wet resistivity (Ro) curve traced onto the
resistivity log. Second, the F curve is normalized to the resistivity of the
flushed zone (Rxo) trace in a wet zone, and the resulting Rxoo curve (Rxoo =
Rxo in arock 100% saturated with afluid of resistivity Rmf) is traced onto the
resistivity log.

Figure 4.7 shows the way that the three curves of Ro, Rxoo, and Rt are
overlay. As a quick look analysis, water bearing zones should show non-
separation of the three mentioned curves, whereas hydrocarbon bearing zones
should show separation between the curves with being Rt curve of the highest
value.

Asseenin figure 4.7, there is a clear separation between the Ro and the Rt
curves in al of the reservoir units of Jeribe Formation in the three studied
wells indicating to being Jeribe a hydrocarbon bearing formation (except the
previously mentioned water bearing narrow horizons). High residual
hydrocarbon saturation intervals can be detected when a clear separation
between the three curves can be observed (as the case of RU-4 in the three
studied wells, and RU-1 with RU-3A in the wells Hr-49 and Hr-50). Zones of
high movable hydrocarbon saturation shows clear separation between Ro and
Rt curves with no separation between Rxoo and Rt curves or even being Rxoo
of higher resistivity value than Rt (as the case of RU-1, RU-2, and RU-3A in
the well Hr-51.

According to this technique, the space between the Ro and Rt curves is
representative of the hydrocarbon filled pore spaces (moveable plus residua
hydrocarbons). The detail about the ratio between residual and movable
hydrocarbons can be detected from the wideness of the spaces between the
three curves (residual between Ro and Rxoo curves, movable between Rxoo
and Rt curves). So, such a presentation helps in identifying the most

productive intervals within the studied reservoirs.
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Figure 4.7: Ro, Rxoo, and Rt curvesas QLM (Movable Oil Plot) for Jeribe Formation
in thethree studied wells of Hr-49, Hr-50, and Hr-51.
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4.6 Bulk Volume Water (BVW) calculation
Bulk Volume Water is the product of the reservoirs water saturation and its

porosity as shown in equation 4.5.

Where:

BVW: Bulk Volume Water

Sw: Water Saturation of uninvaded zone
@: Porosity

When values of BVW at different depths of a reservoir appear to be
constant or very close to constant that means the reservoir is homogeneous
and it's at irreducible water saturation (Swirr) condition (Asquith and Gibson,
1982). Any reservoir at irreducible water saturation produces water free
hydrocarbons, whereas reservoirs not at irreducible water saturation
commonly show wide variations in the values of BVW.

As the amount of water hold by capillary pressure in a reservoir will
increase with decreasing grain size, therefore the BVW values also increase
with decreasing grain size (Asquith and Krygowski, 2004). The relationship
of BVW values to decreasing grain size and lithology is shown in the table
4.2,

In this study, Buckles plot is used to find out which of the identified
reservoir units of Jeribe Formation are in irreducible water saturation
condition and which are not. Buckles plot according to Asquith and
Krygowski (2004) is a graph of porosity versus water saturation suggested by
Buckles in 1965. Points of equal BVW form hyperbolic curves across this
plot. If BVW is plotted using data from a formation at irreducible water
saturation, the points fall along a single hyperbolic curve. If the data come
from reservoirs with higher percentages of produced water, the points are

more scattered.

113



Chapter Four.........ccccccveveevnenee. Saturations and Reservoir Characterization

Table 4.2: BVW as a function of grain size and lithology (comparative table),(after
Asquith and Krygowski, 2004).

Lithology Grain Sizein Millimeters BVW
Clastic
Coarse 1.0t0 0.5 0.02 to 0.025
Medium 0.5t00.25 0.025t0 0.035
Fine 0.251t0 0.125 0.035to0 0.05
Very Fine 0.125to 0.062 0.05t0 0.07
Silt < 0.0625 0.07t0 0.09
Carbonate
Vuggy 0.005 t0 0.015
Vuggy and Intercrystalline 0.015 t0 0.025
(intergranular) ' '
Intercrystalline 0.025t0 0.04
Chalky 0.05

The calculated BVW for the identified reservoir units of Jeribe Formation
in the studied wells are listed in appendix C and their Buckles plot are shown
in the figures 4.8 - 4.10.

As a rule of thumb, reservoirs in irreducible water saturation condition
show decreasing in water saturation as porosity increases, otherwise
production of water in different rates become expectable.

By observing figures 4.8 to 4.10, different cases of relationship between
porosity and water saturation values can be seen reflecting variable values of
BVW.

RU-1 showed nearly constant distribution of BVW vaues mostly around
0.06 hyperbolic line in the three studied wells, whereas RU-2 showed much
scattered points around 0.04 and 0.06 BVW hyperbolic lines in the wells Hr-
49 and Hr-50 with much more scattering points reaching till the hyperbolic
line of 0.08 value in the well Hr-51.
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Most of the BVW points related to the reservoir subunit RU-3A
concentrated around the hyperbolic line value 0.04 especialy in the well Hr-
51, whereas the points additionally scattered toward the line 0.02 in the well
Hr-49 and toward the line value 0.06 in the well Hr-50. The reservoir subunit
RU-3B showed a little bit different condition than RU-3A by concentrating of
the BVW points mostly around the hyperbolic line of 0.04 especialy in the
well Hr-49 with scattering points toward the hyperbolic line of 0.06 aso in
the wells Hr-50 and Hr-51.

Finally, the points of BVW related to the reservoir unit RU-4 generally
showed concentrating around the hyperbolic line value 0.02 especially the
subunit RU-4B with scattering towards the 0.04 value BVW hyperbolic line
in the subunit RU-4A particularly in the wells Hr-50 and Hr-51.

As a general conclusion, the reservoir units of Jeribe Formation in the
studied wells can produce hydrocarbons with different rates of water. The less
expected produced water is in the reservoir unit RU-1 and the reservoir
subunit RU-4B, and the highest expected water production is in the reservoir
subunit RU-3A, the remained reservoir units and subunits are expected to
produce hydrocarbons with different rates in between depending on the
porosity and saturation of each interval.

On the other hand, and according to the relationship between BVW values
and the expected types of porosity as a function of grain size and lithology
(table 4.2), the existence of vuggy porosities are much more expected to be
seen in the reservoir unit RU-4 (upper part of Jeribe Formation) and much
more chalky porosities in the lower part of the formation (RU-1) with being

the middle part of mostly intercrystalline.
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4.7 Moveability of Hydrocar bons

According to Asquith and Krygowski (2004);"Water saturation of the
flushed zone (Sxo) can be used as an indicator of hydrocarbon moveability.
For example, if the value of Sxo is much larger than Sw, then hydrocarbonsin
the flushed zone have probably been moved or flushed out of the zone nearest
the borehole by the invading drilling fluids (Rmf)".

What is known as the ratio method is an identification of the hydrocarbons
from the difference between water saturations in the flushed zone (Sxo) and
the uninvaded zone (Sw). When the equation of Sw calculation (Eq. 4.1) is
divided by the equation of Sxo calculation (Eq. 4.3), the following equation is

results:
S Rxo
w _ Rt
g T RmE e Eq. 4.6
Rw

If the ratio Sw/Sxo (known as Moveable Hydrocarbon Index, MHI) is equal
to or greater than 1.0, then hydrocarbons were not moved during invasion
(regardless of whether or not a formation contains hydrocarbons). Whenever
the ratio Sw/Sxo is less than 0.7 for sandstones or less than 0.6 for carbonates,
moveable hydrocarbons are indicated (Schlumberger, 1972).

MHI values have been calculated for the identified reservoir units of Jeribe
Formation in the studied wells and listed in the appendix C Plotting the MHI
values as curve linesis shown in the figure 4.11.

As the studied Jeribe Formation is composed of carbonate lithology, the 0.6
value is used as cutoff value to separate the zones containing moveable
hydrocarbons from non-moveable hydrocarbon zones (or zones with no

hydrocarbon content).
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Figure 4.8: Bucklesplot for the values of BVW for thereservoir unitsand subunits of
Jeribe Formation in the well Hr-49.
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Figure 4.9: Bucklesplot for the values of BVW for thereservoir units and subunits of
Jeribe Formation in the well Hr-50.

118



Bl o %
S, Wamar Raamicn 5
i 1 1

Sy, Walr
' "

L

T, Womee Saiuratine '
. F
B Woss: Somuration "L
; . ]

O Pemanitp

I, Waier Saurarizae %

" f . 1
P Waer Bepariar %

! 1 [

Figure 4.10: Bucklesplot for the values of BVW for the reservoir units and subunits
of Jeribe Formation in the well Hr-51.
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The following points can be observed from the plot of MHI in the figure
4.11:

1. Almost the whole parts of Jeribe Formation in the well Hr-51 contain
moveable hydrocarbons.

2. Theinterval of Jeribe Formation representing the reservoir unit RU-4
and the reservoir subunit RU-3B in the three studied wells are
composed of zones containing moveable hydrocarbons.

3. Most parts of the reservoir subunit RU-3A in the two wells of Hr-49
and Hr-51 contains moveable hydrocarbons, whereas the same
subunit in the well Hr-50 mostly represents an interval of non-
moveable hydrocarbon content.

4. The reservoir unit RU-2 contains a lot of zones with non-moveable
hydrocarbons in the two wells of Hr-49 and Hr-50.

5. Most pats of the reservoir unit RU-1 contain moveable
hydrocarbons in the two wells of Hr-49 and Hr-50 except the lower
most part of unit near the contact of the Jeribe Formation with
Dhiban Formation which contains no moveable hydrocarbons even
in the well Hr-51.
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Figure4.11: The plot of Movable Hydrocarbon Index for the studied Jeribe
Formation in the wells Hr-49, Hr-50 and Hr-51.
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4.8 Rock Fabricsfrom Porosity - Permeability relationship

Lucia (1999) distinguished three classes of carbonate rock fabrics on the
basis of the relationship between porosity and permeability (on a log-log
paper) and as afunction of the pore throat size (Fig. 4.12).

Class 1 on Lucias graph represents three rock fabrics which are: (1)
grainstones, (2) dolomitized grainstones, and (3) large crystalline dolostones,
which may be dolograinstones, graindominated dolopackstones or mud-
dominated dol ostones.

Class 2 represents three rock fabrics which are: (1) grain-dominated
packstones, (2) fine to medium crystalline grain-dominated dolopackstones,
and (3) medium crystalline mud dominated dol ostones.

Finally, the field of class 3 represents two types of rock fabrics which are:
(1) mud-dominated fabrics (mud-dominated packstone, wackestone, and
mudstone) and (2) fine crystalline mud-dominated dol ostones.

Lucia (1999) mentioned that although the eight rock fabrics are divided
into three clear petrophysical classes but actually in nature there is no sharp
boundary between the rock fabrics.

As a genera note on Lucias graph, grain dominated fabrics (Class 1) are
those which own higher permeability for a certain value of porosity if
compared to the more mud dominated fabrics (class 3)with the same porosity
value.

The application of the porosity - permeability relationship mentioned above
using the data of this study is shown in the figures 4.13 - 4.15.

The following are the main notes about the above porosity - permeability
crossplots regarding the rock fabric type of each reservoir unit of Jeribe
Formation in the studied wells:

1. The rock fabric types and pore throat sizes of the reservoir units of
Jeribe Formation in the two wells of Hr-49 and Hr-51 are almost
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similar to each other and that in contrast to the well Hr-50 which the
reservoir units showed kind of variations in comparison with the
other two wells.

2. Some reservoir units show homogeneity in the class type and throat
size (ex. RU-1 in the wells Hr-49 and Hr-50, RU-4B in the well Hr-
50), whereas other reservoir units show more heterogeneity in rock
fabrics and pore throat sizes (ex. RU-2 in the wells Hr-49 and Hr-51,
RU4A in the well Hr-50).

3. Rock fabric class 3 which is expected to be more mud dominated has
been seen only in the reservoir units of Jeribe Formation in the well
Hr-50.

4. The pore throat sizes of the Jeribe Formation in the studied wells
ranged mostly between 1.0 and 2.0 microns with being 2.0 micron
much more dominated. Pore throat sizes of 0.5 micron recorded
rarely in some reservoir units like RU-2 in the well Hr-49.

5. The reservoir unit RU-3B showed points locating out of the three
classified rock fabric types (before class 1). Such a condition is
mostly due to the effect of fracturing or existence of vugs which
causes high permeability in alow porosity zone.

6. Except the reservoir units RU-1 and RU-2 in the well Hr-50, the
dominated rock fabric of Jeribe Formation is expected to be mostly
grain dominated packstone or dolopackstone. Mud dominated
packstone or wackstone are mostly expected to be seen in the RU-1
and RU-2 in the well Hr-50.
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Figure 4.12: Comparison of petrophysical-class fields and pore-throat sizes versus
inter particle porosity and per meability (after Lucia, 1999).

Similarly, and from the relationship between porosity and permeability, an
attempt done for detecting the type of the flow in Jeribe Formation as either
flow occurs due to permeability from fractures, fractures and matrix , or
mainly matrix (with taking porosity and storage capacity in consideration).
The idea of such crossplot is mainly based on the technique of R35 proposed
by Winland in the year 1972 who combined data from routine core analysis
with capillary pressure data and developed an empirical relationship between
porosity, air permeability, and the pore throat size equivalent to a mercury
non-wetting phase of 35% (R35) (Rivaset al., 2014).
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Figure 4.15: Porosity-permeability cross plot shows the pore throat size and
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As no measured porosity and permeability from core samples are available

for Jeribe Formation in this study, so the calculated porosity and permeability
from the log data used to apply this technique.
The crossplot as shown in the figure 4.16 combines between the values of
porosity and permeability with existence of contour lines representing iso K/@
ratios (Humbolt, 2006) in addition to exhibiting the expected pore throat sizes
in microns.

Regarding storage capacity of rocks, the accuracy of the evaluation of
fracture porosity (&f) is of very limited importance, since it is generally
negligible when compared with the matrix porosity. But from the point of
view of storage capacity, especialy in relation to the transient flow problem,
the accuracy of ©f may play an important role. It is important to evaluate the
@f value only when @t is very small (Gt < 5%) (Van Golf-Racht, 1982).

From figure 4.16, it is clear that the fluid flow from Jeribe Formation in the
studied wells are mainly due to permeability provided by pores within the
matrix with contribution from the existed fractures. The figure also shows that
the least contribution of fractures in providing the permeability is in the well
Hr-50.

It is important to mention that as not all the sample points are clustering
around one single K/@ contour line, that means the system is not completely
homogeneous but definitely heterogeneity as a result of either depositional
environment or due to the later processes of diagenesis have affected the
reservoir property of the formation. However, Jeribe Formation in the well
Hr-51 shows the least heterogeneity in comparison with the other two studied

wells.
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Figure 4.16: Porosity-permeability cross plot showing the type of flow and pore
throat sizesfor Jeribe Formation in wells Hr-49, Hr-50 and Hr-51.
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4.9 Flow Zone Indicators (FZI)

Flow Zone Indicator (FZI) as defined by Amaefule et al. (1993) "is a
unique parameter that incorporates the geological attributes of texture and
mineralogy in the discrimination of distinct pore geometrical facies (hydraulic
units)". This means that FZI is an indicator to the grain shape and size with
the sorting of the grains and tortuosity of the paths between them.

The technique of FZI was initially proposed by Amaefule et al. (1993) to
better identify the porosity and permeability correlation for a given rock type.
They designed the approach as a unique parameter that varies inversely with
tortuosity, shape factor and grain surface area, which are the critical factors
determining the flow in the rock (Teh and Willhite, 2011). Accordingly, the
FZI value discriminates the pore geometry of faciesinto flow zones, in which
a high FZI value indicates that the rock exhibits coarse, well-sorted grains and
lower shape factor. In the same manner, a low FZI value represents a rock
constituent of fine and poorly sorted grained.

The value of FZI for any interval depends mainly on the measured
Reservoir Quality Index (RQI) and the Normalized Porosity Index (z) which
both can be obtained from the effective porosity and permeability of the
interval as shown in the equations Eq.4.7 - Eq.4.9.

RQI =0.0314\/k/De ..cccvvviiiiiiiiii i, E.q.4.7
0
Dz = [T ot E.q.4.8
FZI=RQI/ @z e, E.q.4.9
Where:

RQI: Reservoir Quality Index

K: Permeability in md

@z: Normalized Porosity Index
Je. Effective porosity in fraction

@: Porosity in fraction
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FZI: Flow Zone Indicator in um

The calculated values of RQI, @z, and FZI for the Jeribe Formation in the
studied wells are listed in the appendix C.

Figure 4.17 is a histogram showing the values of FZI for the sample points
of Jeribe Formation in the three studied wells. By such a presentation it is
easier to preliminarily separate the FZI values as groups. Four groups of FZI
are considered of values <0.15, 0.15-0.25, 0.25- 0.50, and >0.50 for Jeribe
Formation in the well Hr-49, and <0.06, 0.06-0.10, 0.10- 0.2, and >0.2 in the
well Hr-50, whereas values of <0.15, 0.15-0.20, 0.20- 0.40, and >0.40 are
considered for Jeribe Formation in the well Hr-51.

Normal probability analysis (S shape curve) is another helpful technique
for recognizing the different groups of FZI values which in turn are
representing different HFUs. Figure 4.18 shows the distribution and
arrangement of the calculated FZI values for Jeribe Formation in the three
studied wells. The slope by which a group of FZI values are arranging is
distinguishing it from the neighboring groups. As can be seen in the figure
4.18 four groups of FZI with distinguished ranges can be identified in each of
the studied wells which are of the same range values as mentioned above.

On the other hand through plotting the values of RQI against @z on alog -
log paper (Fig.4.19) the points which are representing FZI values are
distributed as groups with different unit slope. Each group of points with
distinctive unit slope represents a unique Hydraulic Flow Unit (HFU).

A hydraulic flow unit represents a volume of the total reservoir rock within
which the fluid flow is affected by specific geological and petrophysical
properties, and each HFU is internally consistent and predictably different
from properties of other rock volumes (Thomas, 2002).

Table 4.3 summarizes the range values of the distinguished FZI groups for
Jeribe Formation in the studied wells and the average value of each FZI group
with the name of the HFU representing the FZI groups.
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A comparison between the calculated MHI and FZI values for Jeribe
Formation is drawn as curves in the figure 4.20. Being the two values
representatives for moveability of the fluids, therefore zones with high FZI
values are expected to have low MHI values (lower than 0.6) and vice versa
Such a relationship is clearly observed in the studied wells especially for the
reservoir unit RU-2 which contains a lot of horizons with non-moveable
hydrocarbons especially in the two wells of Hr-49 and Hr-50.

By a simple comparison between the average values of the identified HFU
units one can conclude that the HU-4 in the well Hr-50 (RU-3B) has the
highest potentiality of fluid production than the other identified hydraulic

units.
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Figure4.17: Histogram of FZI valuesfor the sample points of Jeribe Formation in the
three studied wells of Hr-49, Hr-50, and Hr-51.
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Figure 4.18: Normal probability analysis for the calculated Flow Zone Indicator
valuesfor Jeribe Formation in each of thewells of Hr-49, Hr-50, and Hr-51.
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Table 4.3: Calculated FZI and the hydraulic unit typesfor the studied wells.

wells FZI Range Average FZI Hydraulic Units
0.00-0.15 0.042 HU-1
0.15-0.25 0.201 HU-2
H-49 ™ 4.25.0.50 0.380 HU-3
0.50-1.78 1.190 HU-4
0.00-0.06 0.0079 HU-1
0.06-0.10 0.0885 HU-2
H-50 1 10-0.20 0.14 HU-3
0.20-10.00 5.00 HU-4
0.00-0.15 0.06 HU-1
0.15-0.20 0.18 HU-2
H-S1 ™ 0.20:0.40 0.28 HU-3
0.40-1.01 0.60 HU-4

4.10 Net to Gross Reservoir and Pay Ratios

As most of the reservoirs (especially the carbonate reservoirs) are not
homogeneous either vertically or laterally, therefore not al the intervals
within the reservoir are expected to have the required properties of potential
reservoir. The layers which have no porosity or limited permeability are
generaly defined as 'non-reservoir' intervals. The thickness of productive
(net) reservoir rock within the total (gross) reservoir thickness is termed the
net-to-gross or N/G ratio (Jahn et al., 2003). The calculated N/G ratio for any
formation may ranges between 1.0 (100% reservoir) and 0.0 (non-reservoir).

According to Dikkers (1985); net productive thickness is the thickness of
those intervals in which porosity and permeability are known (or supposed) to
be high enough for the interval in order to produce oil or gas, whereas net oil-
bearing thickness includes those intervals in which oil is present in such
saturation, the interval may be expected to produce ail, if penetrated by a
properly completed well.

To discriminate between reservoir and non-reservoir rock each sample

point had to meet a shale, porosity, and permeability cutoffs.

136




¥ S uﬂr.ﬂhh. Hh.“.m.-n" uu..m. =¥ .I.-n"wruulu.m".n..hh.....uln.".m i H.E — - | u.ﬂh...uu. —— |..u.1F...|"|."w_.+H...|.n .m...u........u.u. =%
1

==
q..n“._“..“n“... 1=r—t=+-FI =

I .

i

i

1

m q—“m. EEREE EE

E 5
.__._

-
-L .|-..._.-. % O S s i (— — =

F =T =T .. y = = T === == = ...-........ ==
... — .__.. — — — e
= EEmE ! I} } ] I L ] e } ] ! 2 - ]
4ty I._ -+ 1 1 5 3 ¢ ! R ¢ 3+ 1 1 >+ 1 s 41 4 RR1 L 0 o Bt 1o B Bo 0., LEER ] Ao B 1. A4
= | | - | 41 A4 i, B - | S S I . | S SPH PR sl .P & -
ol P - | |
- . i ] 1l
- B ' + = 1=t

Dept
{m)
480 <"
4040 = |-
S0 —
510
220 —

—h

T
B EL

1:=--_;; T

1
-

W ITEI

e

Tj
TR
|
|

441
1

Saturations and Reservoir Characterization

]

5

Hr-50
Depth
(i

Chapter Four.........cccccceeveevnenee.

137

Figure 4.20: Comparison between the calculated MHI and FZI for the reservoir units

of Jeribe Formation in the studied wells of Hr-49, Hr-50, and Hr-51.
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What is meant by cutoff is a value of a certain reservoir property which
represents a limit for distinguishing between reservoir and non-reservoir
horizons. Cutoff value may represents a maximum requested value for a
certain reservoir property (such as shale content and water saturation) in
which higher values of any sample point will lead to consider it as non-
reservoir sample point. On the other hand, some cutoff values of other
reservoir properties (such as porosity and permeability) represent a minimum
requested value to consider any sample point as areservoir, and points of less
than that cutoff will be considered as non-reservoir points.

In this study, and in order to distinguish between reservoir and non-
reservoir intervals of Jeribe Formation in the studied wells, three cutoffs have
been selected representing shale content, permeability, and porosity.

The value of 35% has been selected as the shale content (Vsh) cutoff value
in this study and that due to considering this value as a limit for distinguishing
between shaly and shale intervals (chapter two).

According to Schlumberger (1989); the range of permeabilities of
producing formations is extremely wide-from less than 0.1md to over
10,000md. The lower limit of permeability for a commercial well depends on
several factors: thickness of pay, whether production is oil or gas,
hydrocarbon viscosity, formation pressure, water saturation, value (price) of
the oil or gas, well depth, etc. In this study, permeability cutoff of 1.0md
selected to be the minimum requested value of permeability for Jeribe
Formation in the well Hr-50 which believed to be containing oil, whereas
0.1md used as permeability cutoff value for Jeribe Formation in the other two
wells of Hr-49 and Hr-51 which believed to be containing gas rather than oil.
Selecting those two values is on the base of literature reviews (Peters, 2001;
Law et al., 2001; Tiab and Donaldson, 2004; Darling, 2005; and Parnell et al.,
2010)
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Using porosity versus permeability crossplot for the data obtained from the
core analysisin the well Hr-2 (Figs. 4.21 & 4.22), two porosity cutoff values
have been determined for the two cases of oil bearing reservoir (using 1.0md
permeability cutoff, Fig.4.21) and gas bearing reservoir (using 0.1md
permeability cutoff, Fig. 4.22).

Accordingly, 14.8% and 2.95% values were the two porosity cutoff values
which are determined to be used for calculating N/G reservoir ratio in the il
bearing (Hr-50 well) and gas bearing reservoirs ( Hr-49 & Hr-51 wells)
respectively.

The above used three cutoffs of shale content, porosity, and permeability
can only be used for distinguishing reservoir from non-reservoir intervals
without determining the payable zones (zones containing acceptable
hydrocarbon saturations). To determine payable zones, additional cutoff of
water saturation has been used whose values have been determined from the
relationship between porosity and water saturations (Figs. 4.23 - 4.25) with
paying attention to the both cases of oil and gas bearing reservoirs as
mentioned above. The values of 58.50%, 35%, and 73% decided to be used as
water saturation cutoffs for the wells Hr-49, Hr-50, and Hr-51 respectively.

For determining actual producible horizons within the previously
determined payable zones (using water saturation cutoffs), an attempt was
done to take benefit from the measured MHI using 0.6 value as a cutoff to
distinguish horizons of movable hydrocarbons from horizons which maybe of
high hydrocarbon saturation but without movement ability (horizons of high
residual hydrocarbon saturation).

The measured gross, net reservoir, net pay, and net production thicknesses
with the calculated N/G reservoir, N/G pay, and N/G production ratios for the
identified reservoir units of Jeribe Formation in the studied wells are listed in
thetables 4.4 - 4.6.
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The following are a few notes about the values and statistics within the
mentioned three tables:

1. Jeribe in the well Hr-51 has the highest N/G ratio of reservair, pay,
and production (79.83%, 79.33%, and 78.68% respectively) and the
lowest in the well Hr-50 (58.93%, 54.31%, and 25.98%
respectively).

2. RU-4A isthe best production reservoir unit in Jeribe Formation with
N/G production ratios of 85.71%, 52.94%, and 100% in the wells
Hr-49, Hr-50, and Hr-51 respectively.

3. The highest production thickness among the reservoir units of Jeribe
Formation observed in the RU-2 of the well Hr-51 (11.25m).

4. The highest production thickness of Jeribe Formation among the
three studied wells exists in the well Hr-51 (37.00m) and the lowest
in the well Hr-50 (13.25m).
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Figure 4.21: Porosity cutoff measurement for the case of oil bearing reservoir using
por osity ver sus per meability crossplot for the core data from Hr-2 well.
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Table 4.4: Calculated N/G reservoir and pay ratios for the studied Jeribe Formation
in thewell Hr-49.

Net
Gross Net Net
E . Reservoir | thick- | reservoir pay production NE . NG N/G.
ormation . : thick- : Reservoir Pay Production
Units ness thickness thickness o %) (%)
m | m | m) ST ;
(m)
4B 1.50 0.75 0.75 0.50 50.00 | 50.00 33.33
4A 7.00 7.00 7.00 6.00 100.00 | 100.00| 85.71
Jeribe 3B 10.00 | 3.50 3.50 3.25 35.00 | 35.00 | 32.50
3A 7.50 6.00 6.00 3.25 80.00 | 80.00 | 43.33
2 16.00 | 11.50 |10.50 5.00 71.88 | 65.63 31.25
1 5.00 5.00 4.50 2.25 100.00 | 90.00 | 45.00
Total 47.00 | 33.75 |3225| 20.25 72.81 | 70.10 | 45.18
Table 4.5: Calculated N/G reservoir and pay ratios for the studied Jeribe Formation
in the well Hr-50.
Net
Gross Net Net
F : Reservoir | thick- | reservoir pay production e . NI N/G.
ormation Units ness | thickness thick- thickness Reservoir Pay | Production
%) (%) (%)
m || (m) (
4B 2.00 0.50 0.50 0.25 25,00 | 2500, 1250
4A 8.50 6.50 6.50 4.50 7647 | 7647 | 5294
Jeribe 3B 9.50 4,75 3.75 2.25 50.00 | 3947 | 23.68
3A 1400| 9.25 9.25 2.50 66.07 | 66.07| 17.85
2 1050 | 5.00 4.00 1.50 4762 |38.10| 14.28
1 6.50 5.75 5.25 2.25 88.46 |80.77/| 34.61
Total 51.00| 31.75 |29.25| 13.25 5893 |54.31| 25.98
Table 4.6: Calculated N/G reservoir and pay ratios for the studied Jeribe Formation
in thewell Hr-51.
Gross Net Net pay Net
F , Reservoir | thick- | reservoir | thick- | production e . NME N/G.
ormation Ui B I — B R - Reservoir Pay Production
%) (%) (%)
m) | (m) (m) (m) (
4B 2.00 1.50 1.50 1.50 75.00 | 75.00 75.00
4A 7.50 | 7.50 7.50 7.50 100.00 | 100.00 | 100.00
Jeribe 3B 9.00 5.50 5.50 5.50 61.00 | 61.00 61.00
3A 9.50 6.50 6.50 6.25 68.00 | 68.00 65.78
2 16.00| 12.00 | 11.50 11.25 75.00 | 72.00 70.31
1 5.00 5.00 5.00 5.00 100.00 | 100.00 | 100.00
Total 49.00| 38.00 | 37.50 37.00 79.83 | 79.33 78.68
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As Jeribe Formation in the studied three wells includes non-reservoir
intervals and hence non-pay or non production intervals, therefore figures
4.26- 4.28 have been drawn to show the depth intervals of the mentioned non-
producible zones of Jeribe reservoir in each well. Such information is vital for

perforation processes and production assessments.
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CHAPTER FIVE

Conclusions and Recommendations

5.1 Conclusions

From the results the present study the following conclusions can be made:

1.

Jeribe Formation in the studied wells of Hamrin Oil Field has a
thickness around 50m with alithology which varies from limestone,
dolomitic limestone dominant as in the wells Hr-49 and Hr-51 to
dolostone dominant asin the well Hr-50.

The lithology of Jeribe Formation contains variable ratios of shale
which exceeds 35% in some intervals especialy in the middle part of
the formation. The existed shale is of dispersed distribution type
which generally has a negative effect on the porosity and
permeability of the reservoirs.

The porosity of Jeribe Formation in the well Hr-50 is relatively
higher than the other two studied wells (more than 15% porosity as
an average in the well Hr-50). The upper part and the lowermost part
of the formation are of higher porosity than the middle and the lower
part. The lowest porosity values (less than 5%) exist within the
middle part where the highest shale content exists.

Jeribe Formation in the two wells of Hr-49 and Hr-51 is mainly
contains gas, whereas oil is the reservoired hydrocarbon within the
formation in the well Hr-50.

Jeribe Formation in the well Hr-50 owns secondary porosity (mostly
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vugs) more than the other two wells in which exceed 7% in some
intervals. The least affecting by secondary porosity isin the well Hr-
51 in which generally less than 4% contribution to the total porosity
is recorded in the lower part of the formation with being most of the
middle and upper part of the formation in this well of no secondary
porosity.

6. Jeribe Formation in the studied wells contains no intervals of higher
than moderate permeability (15-50md). The upper part of the
formation in the well Hr-49 (the upper 25m) owns as average more
than 30md permeability, whereas the lower part isrelatively of lower
permeability (less than 20md as average) including intervals of
impermeable or poor zones. Jeribe Formation in the other two wells
of Hr-50 and Hr-51 is generaly of large similarity in the
permeability with being the upper part of the formation (about 20m
thickness) of continuous moderate permeability ranging between 15
and 30md (being relatively higher in the well Hr-51). The middle
part of the formation till the last lower Smeters in the two wells of
Hr-50 and Hr-51 is of an obvious fluctuate permeability values
reflecting noticeable heterogeneity in the reservoir properties of
Jeribe Formation. Impermeable, poor, and moderate permeability
zones with variable thicknesses aso exist in this part of the
formation in the mentioned later two wells.

7. Depending on the variability in shaleness, porosity, and permeability
values, Jeribe Formation in the studied wells can be divided into four
reservoir units (with different reservoir potentialities). The reservoir
subunit RU-4A at the upper part of the formation is of highest
reservoir potentiality among the identified reservoir units, whereas
RU-4B is of the least reservoir potentiality.
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8. Water saturation in Jeribe Formation in the well Hr-51 is relatively
higher than the other two studied wells (especially the lower part of
the formation). The formation also contains narrow zones of full
water saturation.

9. Jaribe Formation in the well Hr-51 contains the least residual
hydrocarbon saturations, whereas most of the existing hydrocarbons
within the formation in the well Hr-50 are residual hydrocarbons.
Such a condition is interpreted as a consequence of the nature of the
reservoird hydrocarbons (gas in the wells Hr-49 and Hr-51, oil in the
well Hr-50).

10.Jeribe Formation in the studied wells can produce hydrocarbons
associated with different volumes of water. The less produced water
IS in the reservoir unit RU-1 and the reservoir subunit RU-4B, and
the highest water production is in the reservoir subunit RU-3A. The
produced hydrocarbons from the remained reservoir units and
subunits will accompanied by in between volumes of water
depending on the porosity and saturation of each interval.

11.Almost the whole parts of Jeribe Formation in the well Hr-51 contain
moveable hydrocarbons, whereas the formation in the other two
studied wells contains a lot of horizons with non-moveable
hydrocarbons especially in the middle and lower part of the
formation.

12.Jeribe Formation in the studied wells composes mainly of grain
dominated packstone or dolopackstone except the reservoir units
RU-1 and RU-2 in the well Hr-50 which are mostly mud dominated
packstone or wackstone.

13.The pore throat sizes between the grains of the Jeribe Formation in
the studied wells ranges mostly between 1.0 and 2.0 microns with
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being 2.0 micron much more dominated. Pore throat sizes of 0.5
micron exist rarely in some reservoir units of the formation like RU-
2 in the well Hr-49.

14.The fluid flow from Jeribe Formation is mainly due to permeability
capacity created from connected pores within the matrix and from
microfractures.

15.Jeribe Formation characterizes by four Flow Zone Indicators
representing four unique hydraulic flow units.

16.The highest N/G ratio of reservoir, pay, and production for Jeribe
Formation exist in the well Hr-51 (79.83%, 79.33%, and 78.68%
respectively) and the lowest in the well Hr-50 (58.93%, 54.31%, and
25.98% respectively).

17.The well Hr-51 contains the highest production thickness of Jeribe
Formation among the three studied wells which is equal to 37m,
whereas the well Hr-50 contains the lowest which is equal to
13.25m.

5.2 Recommendations
For better evaluating Jeribe Formation in the studied Hamrin Oil Field, the
following suggestions are highly recommended:

1. Full package data always results in better evaluating reservoirs,
therefore much more rock samples (core and cuttings with condensed
depth intervals) associated with data of core analysis and well tests
for Jeribe will definitely improve the evaluation process of the
formation.

2. Applying techniques of reservoir evaluation on Jeribe Formation in
those wells which penetrated the true thickness of the formation and
best covering the whole structure of the field.
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3. Comparing the results of the log analysis between the log data from
the old wells with the log data from the newly drilled wells and that
for following the changes in the reservoir dynamic properties which

occurred to Jeribe Formation due to periods of production.
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Appendix A

Well Log Data-Well, Hr-49.

Depth | GR | At | pb |MSEL| LLS | LLD
m | &Py | @ty | @eo | @m) | @m) | @my | M| N | emaaj(Atma)a
41950 | 5000 | 6145 | 243 | 88.97 | 102.78 | 9649 | 0.89| 065 | 262 | 49.62
42000 | 58.63 | 5512 | 2.35 | 5131 | 48.17 | 46.89 | 0.99 | 0.64 | 2.63 | 4155
42100 | 1824 | 84.05 | 248 | 754.44 | 5367 | 67.86 | 0.71 | 063 | 265 | 6351
42200 | 357 | 79.83 | 2.31 | 25.15 | 2138 | 3843 | 0.83 | 058 | 2.71 | 46.94
423.00 | 2529 | 112.87 | 2.22 | 26.07 | 2958 | 4360 | 062 | 0.68| 258 | 78.24
424.00 | 19.41 | 12618 | 2.26 | 36.73 | 24.92 | 3947 | 050 | 0.71| 255 | 94.78
42500 | 32.35 | 118.23 | 2.23 | 4519 | 11340 | 156.91 | 057 | 0.74| 251 | 88.99
426,00 | 34.71 | 104.24 | 2.25 | 13458 | 237.57 | 356,52 | 0.68 | 0.76 | 249 | 79.78
427.00 | 32.94 | 8594 | 242 | 2215 | 29.03 | 35.09 | 0.73| 062 | 2.66 | 60.72
42800 | 59.02 | 75.98 | 2.42 | 20.82 | 3354 | 36.04 | 0.80 | 0.62| 267 | 53.78
429.00 | 5941 | 8220 | 2.34 | 28.25 | 3293 | 41.63 | 0.79| 066 | 260 | 59.32
43000 | 2961 | 7923 | 2.33 | 2467 | 35.71 | 60.80 | 0.82 | 0.67 | 2.60 | 57.30
43100 | 4333 | 8363 | 231 | 1423 | 1515 | 2511 | 080 062| 267 | 5338
43200 | 5510 | 82.00 | 2.36 | 2422 | 13.72 | 2511 | 0.79| 0.64 | 264 | 56.86
433.00 | 59.80 | 95.02 | 2.31 | 2253 | 1422 | 29.27 | 072|067 | 2.60 | 66.66
434.00 | 76.67 | 10354 | 2.31 | 26.98 | 10.00 | 20.58 | 0.65 | 0.63| 264 | 69.83
43500 | 53.14 | 9051 | 2.26 | 1335 | 367 | 603 |078]065| 262 | 59.05
436.00 | 54.71 | 88.97 | 2.14 | 28.73 | 1134 | 2021 | 087]0.72| 253 | 58.48
437.00 | 6431 | 114.83 | 224 | 1310 | 913 | 14.73 | 060 | 061 | 268 | 7253
438.00 | 32.04 | 109.85 | 2.39 | 261.83 | 3115 | 4550 | 0.57 | 0.66| 260 | 8247
439.00 | 54.71 | 75.65 | 2.35 | 179.23 | 46.32 | 5303 | 084|069 | 257 | 58.04
44000 | 47.06 | 83.02 | 2.33 | 5254 | 43.87 | 5447 | 0.80 | 0.68| 258 | 6123
441.00 | 30.02 | 78.61 | 2.36 | 8248 | 2530 | 24.40 | 081|062 | 2.66 | 5327
41200 | 36.86 | 76.02 | 2.33 | 38219 | 36.95 | 35.96 | 0.85 ] 0.60 | 257 | 57.59
42300 | 43.73 | 7631 | 2.32 | 6521 | 3057 | 37.28 | 0.85 | 0.67 | 260 | 54.90
444,00 | 43.73 | 8454 | 2.34 | 13662 | 27.92 | 32.26 | 0.78 | 0.67 | 2.60 | 61.24
44500 | 59.22 | 7956 | 250 | 118.24 | 21.30 | 24.39 | 073|058 | 272 | 55.88
446,00 | 27.06 | 68.25 | 259 | 10050 | 1911 | 25.28 | 0.76 | 055 | 2.77 | 48.62
447.00 | 2255 | 6365 | 252 | 1941 | 998 | 1217 | 083|056 | 2.75 | 4478
418.00 | 27.06 | 8012 | 2.43 | 27.41 | 17.77 | 2351 | 0.76 | 0.60 | 268 | 5565
42900 | 23.73 | 8481 | 245 | 31.37 | 1471 | 17.93 | 072|057 | 2.74 | 5549
45000 | 14.71 | 6642 | 2.62 | 730.75 | 23.72 | 2945 | 0.76 | 056 | 2.74 | 5131
451.00 | 29.61 | 56.74 255 | 704.74 | 13.55 17.29 | 0.85 | 0.57 2.73 43.97
45200 | 26.27 | 7359 | 2.45 | 26122 | 8.48 | 1.1l |0.80]059| 271 | 50.43
453.00 | 2647 | 7215 | 248 | 2917 | 1015 | 1284 | 079|056 | 2.74 | 47.91
454.00 | 3549 | 75.88 | 2.47 | 39.99 | 6.76 | 803 |0.77]056| 2.75 | 49.68
45500 | 24.71 | 7147 | 247 | 28.90 | 13.06 | 16.67 | 0.80 | 058 | 2.71 | 49.97
456,00 | 19.41 | 76.26 | 2.47 | 23426 | 12.37 | 1652 | 0.77 | 057 | 2.73 | 50.96
457.00 | 27.65 | 74.53 2.54 39.97 11.41 1564 | 0.74 | 0.54 2.77 49.93
458.00 | 21.76 | 6342 | 2.68 | 35.22 | 1237 | 1681 | 0.75| 053 | 2.80 | 47.49
459.00 | 22.16 | 60.92 | 2.65 | 27.36 | 400 | 612 | 078|051 282 | 42.73
460.00 | 27.45 | 6561 | 257 | 2455 | 544 | 817 |0.78|052| 281 | 43.10
461.00 | 52.35 | 7011 | 253 | 2389 | 6.94 | 1014 | 078|053 | 2.79 | 45.77
46200 | 2922 | 73.46 | 2.44 | 29589 | 7.33 | 1051 | 0.80 | 058 | 2.72 | 49.17
463.00 | 3020 | 78.92 | 230 | 29.92 | 9.43 | 1281 |085]064| 264 | 5192
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464.00 | 30.00 | 8667 | 223 | 19.75 | 732 | 1129 083 | 064] 263 | 5322
465.00 | 36.86 | 8533 | 2.26 | 1649 | 559 | 7.73 |082|058| 2.72 | 47.35
466.00 | 42.35 | 87.04 | 2.45 | 14.80 | 488 | 549 | 0.70| 052| 282 | 5048
466.50 | 29.61 | 73.92 | 262 | 29566 | 442 | 529 |0.71|054| 2.78 | 5208
Well Log Data-Well, Hr-50.

Depth | GR | at | pb | MSFL | LLS | LLD

™ | @P) | @) | @eo) | @m) | @m) | @my | M | N | pmaal(Atmaa
525.00 | 30.46 | 57.11 | 2.70 | 356.87 | 268.09 | 21511 | 0.78 | 055 | 2.85 | 4540
526.00 | 52.23 | 7421 | 251 | 208.38 | 86.04 | 65.80 | 0.76 | 0.50 | 2.94 | 39.84
527.00 | 20.58 | 63.67 | 2.65 | 238.92 | 126.19 | 122.35 | 0.76 | 0.52 | 289 | 43.62
528.00 | 23.61 | 69.05 | 2.47 | 261.73 | 9171 | 9397 | 0.81]| 052 | 290 | 37.64
529.00 | 66.76 | 77.60 | 232 | 176.83 | 9955 | 10481 | 0.85| 053 | 288 | 36.17
530.00 | 50.83 | 78.99 | 2.32 | 133.29 | 53.06 | 47.92 | 0.84]| 053 | 288 | 37.53
531.00 | 50.03 | 61.70 | 252 | 302.85 | 117.31| 92.27 | 0.84| 052 | 289 | 36.60
53200 | 44.30 | 7343 | 236 | 7573 | 46.28 | 4537 | 0.85]| 0.53| 288 | 36.00
533.00 | 27.66 | 75.03 | 249 | 6253 | 2752 | 2826 | 0.77 | 050 | 2.93 | 40.19
534.00 | 29.48 | 7533 | 242 | 2629 | 1578 | 17.77 | 0.80| 051 | 2.92 | 38.00
53500 | 53.67 | 73.84 | 249 | 5866 | 16.36 | 1843 | 0.77| 049| 295 | 38.26
536.00 | 58.51 | 73.64 | 2.43 | 39.27 | 13.76 | 16.08 | 0.80]| 0.48| 2.96 | 33.78
537.00 | 66,58 | 73.85 | 246 | 27.27 | 1086 | 1402 | 0.79| 051 | 291 | 39.03
538.00 | 8453 | 7504 | 243 | 747 | 720 | 983 | 0.80]|051| 292 | 37.70
539.00 | 49.05 | 72.26 | 249 | 2018 | 7.07 | 898 | 079|050 293 | 37.93
540.00 | 58.93 | 76.24 | 241 | 18.76 | 1056 | 14.81 | 0.80| 0.51| 2.92 | 37.80
541.00 | 59.34 | 7346 | 245 | 4586 | 13.89 | 19.20 | 0.80 | 0.52| 2.90 | 39.09
542,00 | 48.65 | 80.62 | 2.39 | 121.67 | 833 | 12.23 | 0.78]| 050 | 293 | 39.19
54300 | 63.17 | 79.93 | 230 | 17.08 | 12.00 | 1441 | 0.84| 053 | 288 | 37.27
544,00 | 70.23 | 78.84 | 2.29 | 20.37 | 10.00 | 10.87 | 0.85] 050 | 2.93 | 32.36
54500 | 40.60 | 78.05 | 2.39 | 126.19 | 19.82 | 2055 | 0.80 | 0.52| 2.89 | 40.19
546.00 | 45.04 | 67.11 | 252 | 18508 | 3042 | 32.10 | 0.80 | 0.55 | 2.85 | 42.64
547.00 | 49.68 | 77.06 | 2.39 | 2653 | 1607 | 15.79 | 0.81| 049 294 | 3514
548.00 | 33.75 | 71.79 | 250 | 314.10 | 2422 | 23.78 | 0.78 | 053 | 2.87 | 43.17
549.00 | 45.45 | 72.20 | 247 | 4148 | 17.93 | 1622 | 0.79| 050 | 2.94 | 36.70
550.00 | 35.98 | 76.37 | 241 | 9599 | 17.60 | 1522 | 0.80]| 0.52| 290 | 38.87
551,00 | 19.25 | 58.38 | 2.67 | 460.69 | 66.05 | 69.59 | 0.78 | 053 | 2.88 | 42.24
550,00 | 51.91 | 66.44 | 258 | 14207 | 21.71 | 2151 | 0.78]| 050 | 2.93 | 38.54
55300 | 26.71 | 62.37 | 254 | 10612 | 2444 | 2511 | 0.82| 051 | 291 | 36.67
554.00 | 34.18 | 76.09 | 2.38 | 3856 | 1859 | 1761 | 0.82]| 050 | 294 | 34.71
55500 | 41.64 | 63.66 | 256 | 88.42 | 3457 | 3422 | 0.80| 051 | 291 | 37.01
556.00 | 46.48 | 67.05 | 250 | 101.39 | 16.36 | 14.95 | 0.81]| 0.53| 2.88 | 39.29
557.00 | 4931 | 7848 | 237 | 688 | 7.75 | 7.15 | 080|051 | 292 | 37.47
558.00 | 28.75 | 70.14 | 250 | 420.54 | 11.16 | 10.97 | 0.79]| 052 | 2.89 | 40.66
559.00 | 44.48 | 7451 | 244 | 1291 | 7.75 | 7.98 | 080|054 | 287 | 42.09
560.00 | 29.36 | 66.76 | 2.45 | 59.74 | 13.80 | 1365 | 0.84]| 049 | 295 | 3166
561.00 | 1384 | 71.14 | 250 | 19549 | 964 | 992 |0.78|052| 290 | 40.77
56200 | 17.27 | 65.38 | 252 | 9599 | 12.00 | 1201 | 0.81]| 050 293 | 3583
563.00 | 14.25 | 61.80 | 259 | 257.00 | 1592 | 1579 | 0.80 | 0.52| 2.89 | 39.50
564.00 | 25.14 | 7045 | 251 | 1037 | 938 | 890 |0.78]|049| 295 | 37.01
565.00 | 24.54 | 66.98 | 2.66 | 37352 | 6.76 | 659 | 0.73| 051 | 292 | 43.73
566.00 | 19.70 | 59.13 | 2.60 | 234.60 | 9.30 | 9.40 | 0.77| 054 | 287 | 44.64
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567.00 | 1950 | 65.00 | 2.66 | 688.12 | 11.16 | 1039 [0.75] 051 292 | 4262
568.00 | 25.96 | 62.41 | 2.68 | 2000 | 589 | 7.28 | 0.75]| 051| 292 | 4179
569.00 | 4350 | 67.29 | 260 | 9.73 | 500 | 641 |0.76]|048| 298 | 36.73
570.00 | 4834 | 77.63 | 251 | 13.76 | 523 | 6.77 | 0.74]|049| 295 | 4132
571.00 | 30.80 | 92.44 | 235 | 1682 | 370 | 462 |0.71|049| 295 | 4383
57200 | 3161 | 77.34 | 233 | 17.28 | 367 | 446 |084]|053| 288 | 36.93
57300 | 31.21 | 79.73 | 228 | 818 | 424 | 492 |085]|052| 290 | 3431
574.00 | 34.04 | 74.16 | 237 | 2018 | 548 | 570 | 0.84]|051| 291 | 3539
57500 | 24.97 | 75.66 | 241 | 3821 | 1000 | 10.11 | 0.80 | 0.50 | 2.94 | 35.72
576.00 | 10.26 | 5826 | 2.82 | 1115.74 | 26.78 | 22.31 | 0.72 | 052 | 290 | 46.93
WEell Log Data-Well, Hr-51.

Depth | GR | At | pb |MSFL| LLS | LLD

m) | @am) | s | @eg | @m) | @m) | @m | M | N |bmaa)amaa
476.50 | 11.95 | 63.08 | 2.76 | 190.18 | 391.09 | 20244 | 0.71| 055 ] 2.76 | 5361
477.00 | 52.25 | 74.18 | 251 | 2152 | 60.00 | 77.54 | 0.76 | 0.60 | 2.69 | 54.93
478.00 | 47.32 | 77.23 | 256 | 14.38 | 3340 | 4011 | 0.72| 057] 2.73 | 56.00
479.00 | 36.40 | 11505 | 2.34 | 815 | 12.80 | 20.37 | 0.55 | 0.63| 264 | 8L14
480.00 | 24.65 | 11662 | 2.24 | 2755 | 17.92 | 29.65 | 058 | 068 | 258 | 82.72
481.00 | 21.99 | 111.12 | 2.5 | 13.62 | 2253 | 47.29 | 0.62 | 0.69| 256 | 79.04
482.00 | 34.83 | 103.46 | 2.37 | 1696 | 17.27 | 32.20 | 0.63| 060| 2.68 | 69.14
48300 | 3382 | 9521 | 2.35 | 17.27 | 1548 | 2656 | 0.70 | 0.61| 2.68 | 62.33
484.00 | 29.51 | 9383 | 243 | 854 | 9.97 | 14.38 | 067|057] 2.73 | 6110
48500 | 39.24 | 8892 | 2.38 | 14.65 | 12.09 | 20.00 | 0.73| 0.61| 268 | 59.16
486.00 | 56.83 | 81.94 | 240 | 1113 | 1548 | 23.37 | 0.76 | 059 | 2.70 | 5443
487.00 | 4343 | 89.71 | 2.40 | 1005 | 12.80 | 21.13 | 0.71| 059 | 2.70 | 59.00
488.00 | 38.70 | 75.95 | 252 | 13.37 | 1144 | 2152 | 0.74 | 056 2.75 | 5200
489.00 | 79.23 | 79.29 | 2.46 | 894 | 6.14 | 11.23 | 0.75| 0.55| 2.76 | 49.83
490.00 | 54.87 | 81.26 | 244 | 9.18 | 550 | 10.93 | 0.75| 056 | 2.75 | 5117
491.00 | 7349 | 8361 | 242 | 877 | 655 | 12.77 | 0.74| 054 | 2.77 | 50.35
492.00 | 5286 | 87.64 | 247 | 565 | 358 | 555 |069]056] 275 | 57.11
493.00 | 41.94 | 102.87 | 2.04 | 1412 | 17.92 | 29.92 | 0.70| 0.71| 254 | 73.59
494.00 | 43.62 | 90.30 | 2.38 | 1362 | 16.96 | 22.74 | 0.72| 061] 267 | 6120
495.00 | 57.49 | 87.15 | 2.37 | 10.73 | 17.12 | 20.00 | 0.75| 0.60 | 2.68 | 57.05
496.00 | 45.32 | 80.18 | 2.37 | 1405 | 57.84 | 49.06 | 0.80 | 0.66 | 261 | 5848
497.00 | 39.36 | 73.79 | 2.53 | 3528 | 4559 | 45.18 | 0.75| 0.60 | 2.68 | 56.30
498.00 | 57.98 | 81.06 | 2.36 | 13.13 | 19.28 | 27.81 | 0.80 | 0.66 | 261 | 5863
499.00 | 27.84 | 7536 | 253 | 16.05 | 1465 | 15662 | 0.74| 0.55| 2.76 | 5129
500.00 | 28.28 | 7556 | 256 | 4518 | 19.82 | 2152 | 0.73| 054 | 2.77 | 5142
50100 | 30.37 | 7261 | 262 | 147.17 | 20.94 | 2584 | 0.72| 054 | 2.78 | 5190
502.00 | 35.36 | 79.10 | 2.40 | 13.13 | 1635 | 1635 | 0.79| 059 | 2.71 | 5L15
503.00 | 40.14 | 74.77 | 2.44 | 1200 | 910 | 9.88 |0.79]|059| 2.71 | 50.69
504.00 | 26.94 | 6564 | 2.65 | 3L04 | 20.00 | 2402 | 0.75 | 054 2.78 | 49.00
505.00 | 38.33 | 7517 | 252 | 16.65 | 1054 | 13.49 | 0.75]| 0.56 | 2.75 | 5167
506.00 | 18.94 | 7242 | 254 | 1265 | 10.73 | 1313 | 0.76 | 054 | 2.78 | 48.38
507.00 | 24.13 | 73.89 | 249 | 13.99 | 1412 | 1591 | 0.77 | 055 | 2.77 | 47.53
508.00 | 16.92 | 6859 | 2.61 | 22.32 | 1465 | 17.92 | 0.75| 053 | 2.79 | 47.87
509.00 | 14.47 | 6348 | 2.75 | 138.04 | 1576 | 19.11 | 0.72| 052 | 281 | 49.03
510.00 | 2338 | 7143 | 2.65 | 7407 | 7.72 | 1035 | 0.71| 052 | 281 | 50.19
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511.00 | 30.02 | 83.03 | 2.37 7.86 4.84 6.73 [0.77]1058| 271 52.37
512.00 | 28.19 | 77.92 | 2.42 9.02 3.68 535 [0.78] 056 | 2.75 48.56
513.00 |1 3648 | 76.54 | 250 | 14.65 | 4.88 758 [0.75]053| 2.79 48.14
514.00 | 39.60 | 76.35 [ 250 | 8.85 4.30 597 |0.75]055| 276 50.28
515.00 | 2558 | 72.22 | 247 | 14.92 | 8.77 1220 10.80 | 056 | 274 47.32
516.00 | 39.86 | 71.83 | 250 | 15.76 | 894 | 11.76 | 0.78 | 0.56 | 2.75 48.04
517.00| 37.00 | 66.72 | 2.64 | 1452 | 5.11 724 [0.75]053| 280 47.81
518.00 | 26.07 | 73.99 [ 252 | 9.44 4.58 535 |0.76]|055| 276 49.58
519.00 | 29.20 | 72.42 | 2.66 9.35 4.38 581 [0.70]052| 280 51.35
520.00 | 29.85| 7281 | 256 | 10.35 | 6.43 894 (075|054 | 278 48.82
521.00 ] 36.69 | 80.18 | 242 | 11.76 | 4.88 6.79 [0.77]1058| 271 52.82
522.00 | 2143 | 8283 | 233 | 11.34 | 5.97 830 |080]|061| 268 52.48
523.00 | 35.92 | 8253 | 2.37 7.44 5.07 643 | 078|056 | 274 49.29
524.00 | 36.15 | 76.54 | 2.45 9.97 6.67 7.72 1078|056 | 275 48.70
525.00 |1 22.33 | 75.17 | 251 | 1277 | 6.67 6.67 [0.75]053| 280 47.20
52550 | 19.25 | 64.36 | 2.71 | 108.80 | 7.58 6.08 | 0.73]052| 281 47.67
Appendix B
Well log derived Porosity, Permeability, and Shale volume-well Hr-49.
Depth [Vsh| @s | @sco| ON [@ONco| OD [@Dco|N-Dco| OF |K-log
m W] | W [ ]| @ [ % | @ [ % | %) [ (md
41950 27 | 9.79 | -1.07 | 718 | 252 |16.16| 9.74 6.13 | 6.88 | 9.76
420.00| 43 | 532 [-11.62]13.08| 582 [20.99| 1098 | 840 |16.53| 14.23
42100 1 |25.78]| 25.26 | 6.96 | 6.74 |13.23| 1293 | 9.83 | 0.00 | 19.28
422.00| 8 |22.79] 1948 [ 2351 | 22.09 | 23.33| 21.37 | 21.73 | 8.09 | 34.88
42300| 5 |46.16| 44.36 | 16.38 | 15.60 | 28.38 | 27.32 | 21.46 | 0.00 | 62.48
424,00 2 |5557| 54.87 [ 11.09| 10.78 | 26.38 | 25.96 | 18.37 | 0.00 | 66.70
425.00( 9 |49.95| 4642 | 853 | 7.01 | 27.85| 25.76 | 16.38 | 0.00 | 63.82
426.00| 11 |40.06| 3583 | 474 | 293 |26.82| 24.31 | 13.62 | 0.00 | 53.33
42700 9 |27.12| 2342 | 1221 | 10.62 | 17.10 | 1491 | 12.77 | 0.00 | 26.99
428.00 | 44 |20.07| 2.80 [12.77| 536 |17.10| 6.89 6.13 | 417 | 20.11
429.00| 45 | 2447 | 6.86 | 1082 | 327 |21.39| 1098 | 7.13 | 2.32 | 30.77
430.00| 7 |2237] 1957 [1093| 9.73 |21.94| 20.28 | 15.01 | 1.31 | 31.03
431.00 [ 19 | 2548 18.03 | 19.12| 15.93 | 23.13| 18.73 | 17.33 | 4.71 | 36.02
432.00| 36 | 24.33| 10.14 | 13.72| 7.64 | 2058 1219 [ 9.92 | 2.82 | 29.80
433.00 | 45 | 3354 | 1559 | 1283 | 514 | 2341 12.80 | 897 [ 0.00 | 41.95
434.00 | 100 | 39.56| 0.18 [ 16.96| 0.07 | 23.19| 0.00 0.00 | 0.00 | 45.90
435.00| 32 |30.35| 17.52 | 18.07 | 12.57 | 26.07 | 18.49 | 1553 | 3.27 | 44.54
436.00 | 35 | 29.26| 15.35 | 17.46| 11.50 | 33.08 | 24.86 | 18.18 | 7.43 | 55.18
437.00 | 56 | 47.55| 25.24 | 25.10 | 15.53 | 27.65| 14.46 | 15.00 | 0.00 | 61.77
438.00| 9 |44.02| 4032 | 7.38 | 580 |[1853| 16.34 | 11.07 | 0.00 | 43.17
439.00| 35 |19.84| 593 | 7.05 | 109 |21.14| 1292 | 7.00 | 2.85 | 26.31
440.00 | 23 | 25.05| 1581 [ 9.06 | 5.10 |22.12| 16.65 | 10.87 | 0.00 | 32.86
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441.00| 14 |1 2193 | 16.23 | 1541 | 12.97 | 2055 17.18 | 15.07 | 3.71 | 28.50
442.00| 12 | 20.10| 1517 | 7.95 | 5.83 [22.29( 19.37 | 12.60 | 1.98 | 29.20
44300 19 | 20.30| 12.67 | 11.63| 836 |22.56( 18.05 [ 13.20 | 4.33 | 29.96
44400 ( 19 | 26.12| 1850 | 10.35| 7.08 |21.37| 16.86 | 11.97 | 0.00 | 32.76
44500 44 |1 22.60| 5.16 | 1297 | 549 |1241| 2.10 380 | 0.18 | 14.44
44600 6 1460 1241 | 13.36| 1242 | 7.25 | 5.96 9.19 | 0.50 | 0.30
447.00| 3 |11.35] 10.09 | 14.81 | 14.27 | 11.17| 1042 | 1235 | 528 | 4.34
448.00| 6 |23.00| 20.81 | 13.70| 12.76 | 16.38 [ 15.08 | 13.92 | 0.00 | 22.63
449.00| 4 |126.32| 2483 | 17.60 | 16.96 | 14.97 | 14.09 [ 1553 | 0.00 | 23.54
45000 O 1331 1331 | 863 | 863 | 5.14 | 514 6.89 | 0.00 | 0.00
451.00| 7 | 646 | 3.66 |11.14]| 994 | 911 | 7.45 8.70 | 6.13 | 0.00
45200 5 |]18.38| 16.37 | 15.04 | 14.18 | 15.30| 14.11 | 14.15 | 2.69 | 17.09
45300| 5 |17.36| 1530 | 17.00| 16.11 | 13.73 [ 1251 [ 1431 | 3.60 | 13.80
454.00| 11 | 20.00| 1553 | 17.61| 15.69 | 14.17 | 11.52 | 13.61 | 2.74 | 16.56
455.00| 4 |16.88( 15.20 [ 14.05] 13.33 [ 13.90| 12.90 | 13.11 | 247 | 13.43
456.00| 2 |20.27| 19.56 | 16.39 | 16.09 | 14.06 | 13.64 | 1487 | 1.17 | 16.91
457.00| 6 |19.05| 16.72 | 16.34 | 15.34 | 10.10| 8.72 [ 12.03 | 0.33 | 9.07
45800 3 |11.19( 10.07 | 11.32] 10.85 [ 1.90 | 1.24 6.05 | 0.00 | 0.00
459.00| 3 | 942 | 824 |1545| 1494 | 3.75 | 3.05 9.00 | 3.23 | 0.00
460.00| 6 |12.74| 1046 |18.13| 17.15 | 793 | 659 | 11.87 | 455 [ 0.32
461.00| 31 | 1592 3.61 |[18.07| 12.79 | 1043 | 3.15 7.97 | 545 | 6.33
463.00| 7 2215 19.20 | 17.24| 15.98 | 23.85| 22.11 | 19.04 | 5.60 | 34.63
464.00| 7 |27.63| 24.73 | 21.64 | 20.40 | 28.30 | 26.59 | 2349 | 6.18 | 47.12
465.00 [ 12 | 26.68 | 21.75 | 26.94 | 24.82 | 26.13 | 23.22 | 24.02 | 8.80 | 43.01
466.00 | 18 | 28.03| 21.01 | 25.05| 22.03 | 15.06 | 10.90 | 16.47 | 1.76 | 25.32
466.50 | 7 |18.62[ 1582 | 13.29 [ 12.09 [ 545 | 3.79 7.94 | 0.00 [ 0.60

WEell log derived Porosity,

Permeability, and Shale volume -well Hr-50.

Depth [Vsh| @s |Osco| DN [@Nco| OD (@D co|N-Dco| OF | K-log

m (W] @ [ % [ 1 @ | % | % | O [ [ (md)
525.00| 8 |[57.11| 759 | 6.95 [ 482 [ 920 | 7.34 6.08 | 0.00| 0.00
526.00 | 25 | 74.21 | 15.66 | 24.98 | 18.38 | 19.22 | 1348 | 15.93 | 0.27 | 11.37
527.00| 4 |[63.67|13.09|13.72| 12.78 [ 11.78 | 10.96 | 11.87 [ 0.00| 0.00
528.00| 5 [69.05]16.51]|2395| 22.68 | 21.16 | 20.06 | 21.37 | 4.86| 12.72
529.00 | 45 | 77.60 | 13.60 | 30.78 | 18.87 [ 29.68 | 19.31 | 19.09 | 5.49| 32.27
530.00 | 23 | 78.99| 19.27 | 30.35| 24.15 | 29.68 | 24.28 | 24.22 | 494 | 33.87
531.00 | 23 |61.70| 7.57 | 2043 | 14.45 | 18.73 | 1352 | 13.99 | 6.42| 2.68
532.00| 17 | 73.43 | 16.76 | 28.36 | 23.74 [ 27.41 | 23.40 | 23.57 | 6.81 | 26.49
533.00| 7 |[75.03[20.22|25.15| 23.40 [ 20.51| 1898 | 21.19 | 0.97 | 15.10
534.00| 8 |75.33]20.23|27.57| 25,57 | 23.85| 22.12 | 23.84 | 3.62 | 21.56
535.00 | 27 | 73.84| 15.06 | 26.36 | 19.34 | 20.13 | 14.02 | 16.68 | 1.62 | 12.88
536.00 | 33 | 73.64 [ 13.63 | 30.65 | 22.06 [ 23.31 | 15.84 | 18.95 |5.32| 18.74
537.00 | 45 | 73.85| 11.09 | 25,57 | 13.74 | 22.02 | 11.72 | 12.73 | 1.64 | 15.56
538.00 | 87 [75.04| 2.72 [ 27.69| 4.72 |23.63| 3.65 418 |1.47|18.05
539.00 | 22 | 72.26 | 15.04 | 25.69 | 19.96 [ 20.56 | 15.57 | 17.77 | 2.73| 12.85
540.00 | 33 | 76.24 | 15.29 | 28.35| 19.61 | 24.38 | 16.78 | 18.20 | 2.91| 22.01
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541.00 | 34 | 73.46 | 13.26 | 25.26 | 16.38 [ 22.44 | 14.71 | 1555 | 2.29| 16.49
542.00 | 21 [80.62 | 20.87 | 29.80 [ 24.17 [ 2551 | 20.62 | 22.39 | 1.53| 27.29
543.00 | 39 [79.9316.49 | 31.19 | 20.83 {3042 | 2141 | 21.12 | 4.63| 35.26
544.00 | 51 [ 78.84 | 13.06 | 35.06 [ 21.46 [ 31.07 | 19.23 | 20.35 | 7.29| 35.73
545.00 | 14 [ 78.05[ 20.59 | 27.13 | 23.31 [ 2540 | 22.08 | 22.70 | 2.11| 25.61
546.00 | 18 | 67.11) 12.30 | 17.21 | 12.46 | 18.77 | 14.63 | 1354 | 1.24 | 5.87
547.00 | 22 | 77.06 | 18.20 | 31.43 [ 25.53 [ 25.78 | 20.65 | 23.09 |4.89| 25.77
548.00| 10 [ 71.79(17.28119.81( 17.19 [ 19.80| 1752 | 17.35 [ 0.07 | 11.17
549.00 | 18 [ 72.29 [ 15.78 | 26.95 [ 22.10 {21.20| 16.97 | 1954 |3.75] 1431
550.00 | 11 [ 76.37 | 20.13 | 27.37 | 24.39 [ 2481 | 22.21 | 23.30 | 3.17| 23.70
551.00| 3 [58.38| 9.56 | 11.77 | 10.96 [ 1068 | 9.98 | 10.47 [0.91| 0.00
552.00 | 25 |66.44) 10.40 | 21.32 | 14.82 | 15.75( 10.09 | 1245 | 2.06 | 0.07
553.00| 6 [62.37|11.62]20.78| 19.14 [ 1753 | 1611 | 1762 |6.01| 1.72
554.00 | 10 [ 76.09 | 20.18 | 31.24 [ 28.55 [ 26.10 | 23.76 | 26.16 | 5.98 | 26.32
555.00 [ 15 | 63.66 | 10.53 | 20.23 | 16.20 | 16.34 | 12.83 | 14.52 [ 3.98 | 0.00
556.00 | 19 | 6/7.05) 11.98 | 20.89 | 15.80 | 19.84 [ 1541 | 1561 | 3.63| 8.08
557.00 | 22 | 78.48 | 19.26 | 30.09 [ 24.29 [ 26.47 | 21.43 | 22.86 | 3.60| 27.77
558.00| 7 |70.14)16.74)21.44 | 1954 | 19.73| 18.08 | 18.81 | 2.07 | 10.38
559.00 | 18 [ 7451|1749 |22.83| 18.20 [ 23.24| 19.21 | 18.70 | 1.21| 18.98
560.00 | 7 [66.76 | 14.35| 28.63 [ 26.65 [ 22.37 | 20.65 | 23.65 [ 9.30| 13.86
561.00( 1 |71.14|18.73|21.98| 21.66 | 19.68 | 19.40 | 20.53 | 1.80 | 11.33
562.00| 2 [65.38| 1452|2355 22.93 [ 1849 | 17.95 | 20.44 | 592 | 5.79
563.00| 1 [61.80(1228|17.26( 16.90 [ 1509 | 14.78 | 15.84 [ 3.56| 0.00
564.00| 5 |70.45)17.33)2548| 24.04 | 19.08( 17.83 | 20.93 | 3.60 | 9.88
565.00| 5 [66.98| 15.00 | 15.87 | 14.49 [ 10.99| 9.80 | 12.15 [0.00| 0.00
566.00 [ 3 [59.13[10.04| 933 | 848 | 9.75 | 9.01 8.75 [0.00] 0.00
567.00( 3 |65.00|14.09| 15.80| 1497 | 11.21| 1048 | 12.73 [ 0.00 [ 0.00
568.00| 6 [6241|11.73|15.02( 1347 [10.13| 8.79 | 11.13 [0.00| 0.00
569.00 | 17 [67.29 | 12.70 | 23.78 | 19.37 [ 14.33| 1049 | 14.93 [ 2.23| 0.00
570.00| 21 | 77.63) 18.88 | 25.72| 20.17 | 19.08 | 14.25 | 17.21 | 0.00 | 13.38
571.00| 8 [92.4431.84|33.34( 31.16 [ 27.65| 25.75 | 28.45 | 0.00 | 39.20
57200 9 |77.34)21.36]29.89| 27.59 | 28.99 | 26.99 | 27.29 | 5.93| 32.29
57300 8 |79.73|23.05|33.82| 31.58 | 31.53| 29.58 | 30.58 | 7.53 | 38.73
574.00 | 10 | 74.16 | 18.87 | 29.40 | 26.74 | 26.67 | 24.35 | 25.55 | 6.67 | 26.05
575.00| 5 [75.66[20.93|30.01 | 2859 [ 2452 | 23.28 | 2593 |5.01| 23.34
576,00 O [58.26)10.11) 581 [ 577 | 279 [ 2.75 4.26 [0.00( 0.00

Well log derived Porosity, Permeability, and Shale volume -well Hr-51.

Depth [Vsh| @s |@sco| DN [@Nco| ID (@D co|N-Dco| OF | K-log

m 1O | @[O0 | O [ % | O [ (%) || (mnd)
47650 O |10.95]|10.85| 3.05 | 296 | 0.00 | 0.00 0.00 | 0.00| 0.00
477.00| 31 |18.80(11.84] 992 | 3.73 | 11.53| 6.98 536 |0.00]| 9.70
478.00| 24 | 20.95| 1548|1097 | 6.10 | 892 | 5.35 572 |0.00]| 7.48
479.00 | 13 | 47.70| 44.68 | 15.18 | 12.49 | 21.42 | 19.45 | 15.97 | 0.00 | 51.67
480.00( 6 |48.81|47.53|14.98| 13.84 | 27.39 | 26.55 | 20.20 | 0.00 | 62.90
481.00| 4 |44.92(43.93|13.42| 12,55 | 27.02| 26.38 | 19.46 | 0.00 | 58.92
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482.00| 12 | 39.50| 36.76 | 17.75| 15.32 | 20.13 | 18.34 | 16.83 | 0.00 | 42.91
483.00 | 11 |33.67(31.10]18.24| 15.96 | 21.33 | 19.65 [ 17.80 | 0.00 | 40.07
484.00| 9 |32.70|30.78)18.48| 16.78 | 16.61 | 15.36 [ 16.07 | 0.00 | 31.53
485.00 | 16 | 29.22 | 25.66 | 16.62 | 13.44 | 19.44 | 17.11 | 15.28 | 0.00 | 32.84
486.00 | 38 | 24.29|15.68)16.61| 895 |17.86| 12.24 [ 10.60 | 0.00 | 25.32
487.00 [ 20 | 29.78 | 25.29 | 17.47 | 13.48 | 18.27 | 15.35 | 14.41 [ 0.00 [ 31.30
488.00| 15 | 20.05|16.59 | 14.92| 11.84 | 11.20| 894 | 10.39 | 0.00 | 11.22
489.00 | 100 | 22.41 | 0.10 | 19.93| 0.09 | 14.63| 0.08 0.08 [0.01]17.13
490.00| 35 | 23.80|15.93)19.86 | 12.86 | 15.59 | 10.46 [ 11.66 | 0.51 [ 21.55
491.00| 79 | 2547 | 7.82 | 2252 | 6.82 |16.85| 5.34 6.08 | 0.61]| 24.16
492.00| 32 |28.32|21.15)17.98| 11.61 | 14.07| 9.39 [ 10.50 | 0.00 | 22.72
493.00 18 | 39.09|34.95| 11.65| 7.97 |27.71] 25.01 | 16.49 [ 0.00 | 54.38
494.00| 20 | 30.26 | 25.73 | 15.43 | 11.40 | 19.37 | 16.41 | 13.91 | 0.00 | 33.33
495.00| 40 | 27.97(19.10]17.65| 9.77 |20.14| 14.36 [ 12.06 | 0.00 | 32.31
496.00 | 22 | 23.04 | 18.09 [ 10.20| 5.80 [19.96| 16.73 | 11.26 | 0.00 | 27.65
497.00( 16 | 18.52| 1493 | 7.84 | 465 | 1052 8.18 6.42 |0.00| 8.10

498.00 | 40 | 23.66 | 14.60 | 10.75| 2.68 | 20.66 | 14.75 [ 8.72 | 0.00 | 28.85
499.00( 8 ]19.63| 1795|1533 13.83 | 1045| 9.35 | 11.59 [0.00 | 9.99

500.00| 8 |19.7718.03|15.32| 13.77 [ 893 | 7.79 | 10.78 | 0.00| 7.57

501.00| 9 [17.69| 15.65[ 1252 10.71 | 512 | 3.79 7.25 [0.00] 0.00

502.00 [ 13 | 22.27 | 19.44 | 18.28 | 15.76 | 18.40 | 16.55 | 16.15 | 2.54 | 25.54
503.00 | 17 [19.22 | 1547 | 15.60 | 12.27 [ 1567 | 13.23 | 12.75 | 1.92| 18.00
504.00| 7 [1276(11.19[11.01| 9.62 | 3.22 | 2.20 591 |0.00]| 0.00

505.00| 15 [19.50) 16.11)14.72| 11.71 | 10.88 | 8.68 | 10.19 | 0.00 | 10.23
506.00| 3 [1755|16.87|16.63| 16.03 [ 9.97 | 953 | 12.78 [ 097 | 7.80

507.00| 5 [1859(17.37|18.67( 1758 [ 12.86| 12.06 | 14.82 | 2.66 | 13.57
50800 2 1484 | 1434|1451 | 1407 | 5.85 | 5.52 9.80 | 0.00| 0.00

509.00| 1 [11.23])1094] 942 | 9.16 | -238 | -257 | 3.30 | 0.00| 0.00

510.00| 5 [16.86( 15.72 [ 13.75| 12.74 | 354 | 2.79 7.76 |[0.00] 0.00

511.00| 9 |25.05)23.07]19.82| 18.05 | 19.72 | 18.42 | 18.24 | 2.09 | 30.40
512.00| 8 [21.44(19.71]20.37| 18.83 [ 1681 | 1568 | 17.26 | 3.46| 22.61
513.00 | 14 | 20.47) 174411986 17.17 | 12.21 | 10.23 | 13.70 | 1.49| 13.82
51400 16 | 20.33 | 16.69 | 17.25| 14.01 | 12.44| 10.07 | 12.04 [ 0.36 | 13.73
515.00| 6 [17.41(16.01|17.74| 1650 [ 14.31| 1340 | 14.95 [ 3.74| 14.86
516.00 | 16 | 17.13|13.44|16.62| 13.33 [1219| 9.78 | 11.55 | 2.15| 10.54
517.00 | 14 |13.52] 10.39 | 13.26 | 1048 | 408 | 2.04 6.26 | 0.00| 0.00

518.00| 7 [18.66(17.20|16.35| 15.05 [ 11.08 | 10.13 | 12.59 | 0.55| 10.38
519.00| 8 |17.55)15.68)13.06( 11.40 | 298 [ 1.76 6.58 | 0.00| 0.00

52000 9 1783|1587 | 1640| 1465 | 889 | 762 | 11.14 [0.00| 5.93

521.00 | 14 [23.04 | 19.97 | 17.13 | 14.40 [ 16.92| 1492 | 14.66 | 0.68 | 23.57
522.00| 4 [24.91[23.99 1954 18.72 [ 2241 | 21.81 | 20.26 | 3.47 | 34.98
523.00 | 13 | 24.71) 21.77) 2288 | 20.27 | 19.87 | 17.95 | 19.11 | 3.87| 30.47
524.00 | 13 [ 20.47 | 17.49|19.22 | 1657 [ 15.15| 13.21 | 14.89 | 2.64 | 18.66
525.00| 5 [19.50) 18.47]19.95| 19.04 | 1145 10.78 | 1491 | 1.98 | 12.15
52550 3 1185|1114 | 11.77| 11.14 | 0.27 | 0.00 547 |0.00| 0.00
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Appendix C

Well log derived saturation, well Hr-49.

Depth | Sw Sxo | ROS | MOS | BVW | BVH | MHI [ FZI [ Ro | Rxoo
(m_1 ) | (%) | (%) | (%)
41950 | 28.10 | 74.61 [ 2539] 46,51 | 0.02 [ 0.04 [ 0.38 | 0.61| 7.62 | 49.52
420.00 [ 30.35 | 73.95 | 26.05| 43.61 | 0.03 | 0.06 | 0.41 [ 0.45| 4.32 | 28.06
421.00| 21.89 | 16.74 | 83.26| 0.00 | 0.02 | 0.08 | 1.00 [ 0.40| 3.25 | 21.14
422.00 [ 14.25 | 4491 | 55.09 | 30.66 | 0.03 | 0.19 | 0.32 [ 0.14| 0.78 | 5.07
423.00| 13.53 | 44.61 [5539] 31.08 | 0.03 [ 0.19 [ 0.30 | 0.20| 0.80 | 5.19
424.00 | 16.35 | 43.22 | 56.78 | 26.87 | 0.03 | 0.15 ) 0.38 | 0.27| 1.06 [ 6.86
425.00| 9.09 | 43.20 [56.80| 34.10 | 0.01 | 0.15 [ 0.21 [0.32] 1.30 | 8.43
426.00| 7.12 | 2956 | 70.44| 2243 | 0.01 | 0.13 | 0.24 | 0.39| 1.81 | 11.76
427.00| 24.07 | 77.24 | 22.76| 53.17 | 0.03 [ 0.10 { 0.31 | 0.31| 2.03 | 13.21
428.00 [ 45.98 | 100.00| 0.00 | 54.02 | 0.03 | 0.03 | 0.36 [ 0.87 | 7.62 | 49.54
429.00 | 37.34 | 100.00 | 0.00 | 62.66 | 0.03 [ 0.04 [ 0.32 | 0.85]| 5.80 | 37.73
430.00 | 1581 | 63.27 | 36.73| 4746 | 0.02 | 0.13 | 0.25 | 0.26| 1.52 [ 9.88
431.00| 21.61 | 73.20 [ 26.80| 51.59 | 0.04 | 0.14 | 0.30 | 0.22| 117 | 7.62
432.00| 35.72 | 92.72 | 7.28 | 57.00 | 0.04 | 0.06 | 0.39 [ 0.49| 3.20 | 20.82
433.00 | 36.22 | 100.00 [ 0.00 | 63.78 | 0.03 [ 0.06 [ 0.34 | 0.69| 3.84 | 24.95
434.00 | 100.00 | 100.00 | 0.00 | 100.00 | 0.03 | 0.00 | 0.45 | 0.00 | 20.00 | 200.00
435.00 | 48.65 | 83.40 [ 16.60| 34.75 | 0.08 [ 0.08 | 0.58 | 0.29| 143 | 9.28
436.00 | 23.07 | 49.34 | 50.66 | 26.26 | 0.04 | 0.14 | 047 [0.25] 1.08 | 6.99
437.00 | 32.13 | 86.85 | 13.15| 54.73 | 0.05 [ 0.10 | 0.37 | 0.36| 1.52 | 9.88
438.00 [ 24.03 | 2554 | 7/446( 151 | 0.03 | 0.08 | 0.94 [ 0.50 | 2.63 | 1/.08
439.00 | 33.61 | 46.61 |53.39| 13.00 | 0.02 | 0.05 | 0.72 [ 0.81 | 5.99 | 38.94
440.00 [ 22.32 | 57.93 | 42.07| 35.61 | 0.02 | 0.08 | 0.39 [ 045 2.71 | 17.63
441.00| 24.85 | 3447 (6553 961 | 004 [ 0.11 | 0.72 [0.24] 1.51 | 9.80
442,00 [ 24.05 | 1881 | 81.19( 0.00 | 0.03 | 0.10 | 1.00 [ 0.33 | 2.08 | 13.52
443.00 | 22.66 | 43.67 | 56.33]| 21.01 | 0.03 | 0.10 | 0.52 [0.31]| 1.91 | 12.44
444.00 [ 26.61 | 32.96 | 67.04| 6.36 | 0.03 | 0.09 | 0.81 [0.38| 2.28 | 14.84
445.00 | 85.99 [ 100.00 | 0.00 | 14.01 | 0.03 | 0.01 | 0.86 | 1.55| 18.03 | 117.19
446.00 | 38.12 | 48.74 | 51.26| 10.62 | 0.04 | 0.06 | 0.78 | 0.06 | 3.67 [ 23.87
447.00| 4211 | 85.69 (1431 | 4358 | 0.05 [ 0.07 [ 0.49 | 0.13| 2.16 | 14.03
448.00 [ 27.20 | 64.22 | 35.78 | 37.02 | 0.04 | 0.10 | 0.42 [0.25| 1.74 | 11.30
449.00 | 28.23 | 54.41 (4559 ] 26.18 | 0.04 [ 0.11 [ 0.52 [0.21] 143 | 9.29
450.00 [ 45.77 | 2343 | 76,57 0.00 | 0.03 | 0.04 | 1.00 [ 0.00 | 6.17 | 40.10
451.00 | 48.42 | 19.34 | 80.66| 0.00 [ 0.04 | 0.04 | 1.00 | 0.00 | 4.05 | 26.36
452.00 [ 39.00 | 20.51 | 79.49( 0.00 | 0.06 | 0.09 | 1.00 [ 0.21 | 1.69 | 10.98
453.00| 35.90 | 60.72 [ 39.28| 24.82 | 0.05 [ 0.09 [ 0.59 | 0.18| 1.65 | 10.75
454.00 | 4752 | 54.28 | 45.72| 6.76 | 0.06 | 0.07 | 0.88 [ 0.22| 1.81 [ 11.78
455.00 | 34.09 [ 66.00 | 34.00| 31.91 [ 0.04 | 0.09 | 0.52 | 0.21 | 1.94 | 12.59
456.00 [ 30.59 | 20.71 | 7/9.29( 0.00 | 0.05 | 0.10 | 1.00 [ 0.19| 1.55 | 10.04
457.00 | 38.02 | 60.64 | 39.36| 22.62 | 0.05 | 0.07 | 0.63 [0.20| 2.26 | 14.70
458.00 [ 68.14 | 100.00 | 0.00 | 31.86 | 0.04 | 0.02 | 0.57 [ 0.00| 7.81 | 50.73
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459.00 | 78.98 [ 95.24 | 4.76 | 16.26 | 0.07 | 0.02 | 0.83 | 0.00 | 3.82 | 24.81
460.00 | 53.28 | 78.35 | 21.65| 25.07 | 0.06 | 0.06 | 0.68 | 0.04 | 2.32 | 15.07
461.00 | 68.40 | 100.00 [ 0.00 [ 31.60 | 0.05 | 0.03 | 0.60 | 0.32 | 4.74 | 30.83
462.00 | 38.54 | 18.52 | 81.48| 0.00 | 0.06 | 0.09 | 1.00 [0.20 | 1.56 | 10.15
463.00 | 27.79 | 46.37 |53.63| 1858 | 0.05 | 0.14 | 0.60 | 0.18 | 0.99 [ 6.43
464.00 | 24.50 | 47.23 | 52.77| 22.73 | 0.06 | 0.18 | 0.52 [ 0.14| 0.68 | 4.41
465.00 | 29.03 | 50.67 [49.33| 21.64 | 0.07 | 0.17 | 0.57 | 0.13| 0.65 | 4.23
466.00 | 48.41 | 75.14 [ 24.86| 26.74 | 0.08 | 0.08 | 0.64 [0.20| 1.29 | 8.35
466.50 | 95.01 [ 32.40 [67.60| 0.00 [ 0.08 [ 0.00 | 1.00 | 0.10 | 4.78 | 31.04
Well log derived saturation -well Hr-50.

Depth | Sw Sxo | ROS |MOS|BVW [BVH [ MHI | FZI | Ro | Rxoo
(m) | (%) | (%) | (%) | (%)

525.00 | 18.95 | 38.35 | 61.65|19.41| 0.01 | 0.05 | 0.49 | 0.00 | 7.72 | 52.50
526.00 | 14.39 | 21.10 [78.90| 6.71 | 0.02 | 0.14 | 0.68 | 0.14 | 1.36 | 9.28
527.00 | 13.76 | 25.67 | 74.33|11.92 | 0.02 | 0.10 | 0.54 | 0.00 | 2.32 | 15.75
528.00 | 9.25 | 14.45 [85.55| 5.20 | 0.02 | 0.19 | 0.64 | 0.09 | 0.80 | 5.47
529.00 | 9.69 | 19.46 [80.54| 9.77 | 0.02 | 0.17 | 0.50 | 0.17 | 0.99 | 6.70
530.00 | 11.58 | 18.10 [81.90| 6.52 | 0.03 | 0.21 | 0.64 | 0.12 | 0.64 | 4.37
531.00 | 13.67 | 19.68 [80.32| 6.01 | 0.02 | 0.12 | 0.69 | 0.08 | 1.72 | 11.73
532.00 | 12.19 | 24.60 |75.40 | 12.41| 0.03 | 0.21 | 0.50 | 0.11 | 0.67 | 4.58
533.00 | 17.00 | 29.80 |70.20 | 12.80| 0.04 | 0.18 | 0.57 | 0.10 | 0.82 | 5.55
534.00 | 19.28 | 41.32 |58.68 |22.04| 0.05 | 0.19 | 0.47 | 0.10 | 0.66 | 4.49
535.00 | 26.10 | 38.15 |61.85|12.05| 0.04 | 0.12 | 0.68 | 0.14 | 1.26 | 8.54
536.00 | 24.92 | 41.58 |58.42 | 16.66 | 0.05 | 0.14 | 0.60 | 0.13 | 1.00 | 6.79
537.00 | 38.16 | 71.37 |28.63 [33.20| 0.05 | 0.08 | 0.53 | 0.24 | 2.04 | 13.89
538.00 | 100.00 | 100.00 | 0.00 | 0.00 | 0.04 | 0.00 | 0.33 | 10.00 | 15.14 | 102.92
539.00 | 35.34 | 61.46 |38.54|26.12| 0.06 | 0.11 | 0.57 | 0.12 | 1.12 | 7.62
540.00 | 26.93 | 62.38 [37.62|35.46| 0.05 | 0.13 | 0.43 | 0.16 | 1.07 | 7.30
541.00 | 27.19 | 45.97 [54.03|18.79| 0.04 | 0.11 | 0.59 | 0.18 | 1.43 | 9.69
542,00 | 24.58 | 20.32 [79.68 | 0.00 | 0.06 | 0.17 | 1.00 | 0.12 | 0.74 | 5.03
543.00 | 23.87 | 56.84 |43.16|32.97| 0.05 | 0.16 | 0.42 | 0.15 | 0.82 | 5.58
544.00 | 28.43 | 54.16 |45.84|25.73| 0.06 | 0.15 | 0.52 | 0.16 | 0.88 | 5.97
545.00 | 18.74 | 19.72 [80.28 | 0.98 | 0.04 | 0.18 | 0.95 | 0.11 | 0.72 | 4.91
546.00 | 23.86 | 25.91 |74.09| 2.05 | 0.03 | 0.10 | 0.92 | 0.13 | 1.83 | 12.43
547.00 | 21.05 | 42.33 |57.67 [21.29| 0.05 | 0.18 | 0.50 | 0.11 | 0.70 | 4.76
548.00 | 22.18 | 15.91 | 84.09 | 0.00 | 0.04 | 0.14 | 1.00 | 0.12 | 1.17 | 7.95
549.00 | 24.14 | 39.36 |60.64 | 15.22 | 0.05 | 0.15 | 0.61 | 0.11 | 0.95 | 6.43
550.00 | 21.26 | 22.08 [77.92| 0.82 | 0.05 | 0.18 | 0.96 | 0.10 | 0.69 | 4.68
551.00 | 20.43 | 20.71 [79.29 | 0.28 | 0.02 | 0.08 | 0.99 | 0.00 | 2.91 | 19.75
552.00 | 31.43 | 31.89 [68.11| 0.46 | 0.04 | 0.09 | 0.99 | 0.02 | 2.13 | 14.45
553.00 | 21.29 | 27.00 [73.00| 5.71 | 0.04 | 0.14 | 0.79 | 0.05 | 1.14 | 7.74
554.00 | 17.82 | 31.39 |68.61|13.58| 0.05 | 0.21 | 0.57 | 0.09 | 0.56 | 3.80
555.00 | 21.71 | 35.22 |64.78 |13.51| 0.03 | 0.11 | 0.62 | 0.00 | 1.61 | 10.97
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556.00 | 30.78 | 30.82 |69.18 | 0.04 | 0.05 | 0.11 | 1.00 | 0.12 | 1.42 | 9.63
557.00 | 31.56 | 83.89 |16.11|52.34| 0.07 | 0.16 | 0.38 | 0.12 | 0.71 | 4.84
558.00 | 30.37 | 12.79 [87.21| 0.00 | 0.06 | 0.13 | 1.00 | 0.10 | 1.01 | 6.88
559.00 | 35.80 | 73.39 |26.61|37.58| 0.07 | 0.12 | 0.49 | 0.14 | 1.02 | 6.95
560.00 | 22.16 | 27.61 |72.39| 5.46 | 0.05 | 0.18 | 0.80 | 0.08 | 0.67 | 4.56
561.00 | 29.52 | 17.34 [82.66 | 0.00 | 0.06 | 0.14 | 1.00 | 0.09 | 0.86 | 5.88
562.00 | 26.93 | 24.84 | 75.16 | 0.00 | 0.06 | 0.15 | 1.00 | 0.07 | 0.87 | 5.92
563.00 | 29.55 | 19.10 [80.90 | 0.00 | 0.05 | 0.11 | 1.00 | 0.00 | 1.38 | 9.37
564.00 | 30.63 | 73.97 |26.03|43.34| 0.06 | 0.15 | 0.41 | 0.08 | 0.83 | 5.68
565.00 | 58.08 | 20.12 |79.88 | 0.00 | 0.07 | 0.05 | 1.00 | 0.00 | 2.22 | 15.12
566.00 | 65.37 | 34.12 | 65.88 | 0.00 | 0.06 | 0.03 | 1.00 | 0.00 | 4.02 | 27.31
567.00 | 44.36 | 14.21 [85.79 | 0.00 | 0.06 | 0.07 | 1.00 | 0.00 | 2.04 | 13.90
568.00 | 59.76 | 94.04 | 5.96 |34.28 | 0.07 | 0.04 | 0.64 | 0.00 | 2.60 | 17.69
569.00 | 48.91 |100.00 | 0.00 |51.09 | 0.07 | 0.08 | 0.47 | 0.00 | 1.53 | 10.43
570.00 | 41.87 | 76.60 |23.40|34.72| 0.07 | 0.10 | 0.55 | 0.13 | 1.19 | 8.07
571.00 | 32.24 | 44.07 |55.93|11.83| 0.09 | 0.19 | 0.73 | 0.09 | 0.48 | 3.27
572.00 | 34.09 | 45.13 |54.87 |11.04| 0.09 | 0.18 | 0.76 | 0.09 | 0.52 | 3.52
573.00 | 29.27 | 59.21 [40.79|29.94| 0.09 | 0.22 | 0.49 | 0.08 | 0.42 | 2.87
574.00 | 32.00 | 44.32 |55.68|12.33| 0.08 | 0.17 | 0.72 | 0.09 | 0.58 | 3.97
575.00 | 23.70 | 31.78 [68.22 | 8.08 | 0.06 | 0.20 | 0.75 | 0.09 | 0.57 | 3.86
576.00 | 81.07 | 29.89 |70.11| 0.00 | 0.03 | 0.01 | 1.00 | 0.00 | 14.66 | 99.69
Well log derived saturation, well Hr-51.

Depth | Sw | Sxo | ROS |[MOS|BVW |BVH |MHI |FZl | Ro | Rxoo
(m) | (%) | (%) | (%) | (%)

476.50 | 100.00 | 100.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.27 | 0.00 | 12.00 | 150.00
477.00 | 35.38 | 100.00 | 0.00 [ 0.65 | 0.02 | 0.03 [ 0.18 [ 0.75] 9.70 | 87.33
478.00 | 46.36 | 100.00 [ 0.00 [ 0.54 | 0.03 | 0.03 [ 0.20 | 0.59 | 8.62 | 77.57
479.00 | 25.82 | 100.00 | 0.00 [ 0.74 | 0.04 | 0.12 [ 0.21 [0.30| 1.36 | 12.23
480.00 | 17.33 | 53.92 | 46.08 | 0.37 [ 0.03 | 0.17 | 0.32 | 0.22| 0.89 | 8.01
481.00| 14.19 | 80.19 | 19.81| 066 [ 0.03 | 0.17 | 0.18 | 0.23| 0.95 | 8.56
482,00 | 19.60 | 81.89 [18.11] 0.62 | 0.03 | 0.14 | 0.24 |0.25| 1.24 | 11.13
483.00 | 20.51 | 77.13 | 22.87| 057 | 0.04 | 0.14 | 0.27 | 0.22] 1.12 | 10.05
484.00 [ 30.56 | 100.00 [ 0.00 [ 0.69 | 0.05 [ 0.11 | 0.26 | 0.23 | 1.34 | 12.09
485.00 | 27.12 | 96.12 | 3.88 [ 0.69 | 0.04 | 0.11 [ 0.29 [0.26| 1.47 | 13.24
486.00 [ 34.87 | 100.00 [ 0.00 [ 0.65 | 0.04 [ 0.07 | 0.23 | 041 | 2.84 | 25.58
487.00 | 27.81 [ 100.00| 0.00 [ 0.72 | 0.04 | 0.10 | 0.23 | 0.27| 1.63 | 14.70
488.00 | 36.98 | 100.00 | 0.00 | 0.63 | 0.04 | 0.07 | 0.26 | 0.28 | 2.94 | 26.49
489.00 | 100.00 | 100.00 | 0.00 | 0.00 [ 0.03 | 0.00 | 0.30 | 0.00 | 2000 | 1960
490.00 [ 46.79 | 100.00 | 0.00 [ 0.53 | 0.05 [ 0.06 | 0.31 | 0.32 | 2.39 | 21.53
491.00 | 77.78 [100.00 | 0.00 [ 0.22 | 0.05 | 0.01 [ 0.28 [ 0.97 | 7.73 | 69.54
492.00 [ 72.13 | 100.00 | 0.00 [ 0.28 | 0.08 [ 0.03 [ 0.34 | 0.39 | 2.89 | 25.99
493.00 [ 20.70 | 91.39 | 861 [ 0.71 | 003 | 0.13 | 023 |0.29] 1.28 | 1154
494.00 | 27.69 |100.00| 0.00 | 0.72 | 0.04 | 0.10 | 0.26 | 0.30| 1.74 | 15.68
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495.00 [ 33.55 [ 100.00| 0.00 [ 0.66 | 0.04 | 0.08 [ 0.24 [ 0.37 | 2.25 | 20.26
496.00 | 22.78 | 100.00 | 0.00 | 0.77 | 0.03 | 0.09 | 0.18 [ 0.39 | 2.55 | 22.92
497.00 | 39.40 | 100.00| 0.00 | 0.61 | 0.03 | 0.04 | 0.29 [0.51 | 7.01 | 63.12
498.00 | 38.11 | 100.00 | 0.00 | 0.62 | 0.03 [ 0.05 | 0.23 | 0.60| 4.04 | 36.36
499.00 | 39.36 | 100.00| 0.00 | 0.61 | 0.05 | 0.07 | 0.34 [0.22| 242 | 21.77
500.00 | 35.78 | 7491 | 25.09| 0.39 | 0.04 | 0.07 | 048 | 0.22| 2.76 | 24.80
501.00 | 46.67 | 59.32 | 40.68| 0.13 | 0.03 | 0.04 | 0.80 | 0.00| 5.63 [ 50.66
502.00 | 28.53 | 96.58 | 3.42 | 068 | 0.05 | 0.12 | 0.30 | 0.20| 1.33 | 11.98
503.00 | 45.41 | 100.00| 0.00 | 0.55 | 0.06 | 0.07 | 0.37 | 0.26 | 2.04 | 18.34
504.00 | 58.21 | 100.00| 0.00 | 0.42 | 0.03 | 0.02 | 0.38 [ 0.00 | 8.14 | 73.25
505.00 | 47.53 | 100.00| 0.00 | 0.52 | 0.05 | 0.05 | 0.37 | 0.28 | 3.05 | 27.43
506.00 [ 39.32 | 100.00| 0.00 [ 0.61 | 0.05 | 0.08 [ 0.33 [ 0.1/ | 2.03 | 18.27
507.00 | 31.25 | 100.00| 0.00 | 0.69 | 0.05 | 0.10 | 0.31 | 0.17| 1.55 [ 13.98
508.00 | 42.75 | 100.00| 0.00 [ 0.57 | 0.04 | 0.06 | 0.37 | 0.00 [ 3.27 | 29.47
509.00 | 100.00 | 100.00 | 0.00 | 0.00 | 0.04 | 0.00 | 0.90 | 0.00 | 23.25 | 209.23
510.00 | 69.35 | 78.61 | 21.39| 0.09 | 0.05 | 0.02 | 0.89 [ 0.00 | 4.98 | 44.78
511.00 | 39.87 | 100.00 | 0.00 [ 0.60 | 0.07 | 0.11 | 0.36 | 0.18 | 1.07 | 9.63
512.00 [ 46.99 | 100.00| 0.00 [ 0.53 | 0.08 | 0.09 [ 043 [0.17| 1.18 | 10.64
513.00 | 48.61 | 100.00| 0.00 | 0.51 | 0.07 | 0.07 | 0.46 | 0.20] 1.79 | 16.11
514.00 | 61.48 | 100.00| 0.00 [ 0.39 | 0.07 | 0.05 | 041 | 0.24 | 2.26 | 20.32
51500 | 3542 | 9713 | 287 | 0.62 | 0.05 | 0.10 | 0.37 | 0.18] 1.53 | 13.77
516.00 | 45.48 | 100.00| 0.00 | 0.55 | 0.05 | 0.06 | 0.39 [ 0.23| 2.43 | 21.89
517.00 | 100.00 | 100.00 | 0.00 | 0.00 | 0.06 | 0.00 | 0.47 | 0.00 | 7.33 | 65.98
518.00 [ 62.39 | 100.00 | 0.00 [ 0.38 | 0.08 | 0.05 [ 0.44 [ 0.20 [ 2.08 | 18.75
519.00 | 100.00 | 100.00 | 0.00 | 0.00 | 0.07 | 0.00 | 0.42 | 0.00 | 6.70 | 60.31
520.00 | 53.94 | 100.00| 0.00 | 0.46 | 0.06 | 0.05 | 0.36 | 0.18 | 2.60 | 23.40
521.00 | 48.31 | 100.00| 0.00 | 0.52 | 0.07 | 0.08 | 0.44 | 0.23| 1.58 | 14.26
522.00 | 32.65 | 84.75 | 15.25| 0.52 | 0.07 | 0.14 | 0.39 [ 0.16| 0.89 | 7.97
523.00 | 39.11 | 100.00| 0.00 { 0.61 | 0.07 | 0.12 | 0.36 | 0.17 | 0.98 | 8.85
524.00 [ 44.68 | 100.00 | 0.00 [ 0.55 | 0.07 | 0.08 [ 0.38 [ 0.20 | 1.54 | 13.87
525.00 | 48.01 | 100.00| 0.00 | 0.52 | 0.07 | 0.08 | 0.46 | 0.16| 1.54 | 13.83
525.50 | 100.00 | 88.87 | 11.13| 0.00 | 0.07 | 0.00 | 1.00 | 0.00 | 9.34 | 84.05
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