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Abstract  

In the analysis and modelling of hydrocarbon reservoirs, understanding initial fluid saturation is critical. The original oil in 

place (STOIIP) in a field is determined by the initial water saturation (Swi) distribution, which has an impact on dynamic 

modelling and reserve estimation. The primary reservoir in the Jubilee Field, one of the most productive sites in the Deep 

Tano contract area, is Turonian sandstone. Early water breakthroughs, among other factors, contributed to a decrease in 

production predictions in the field. To account for this issue, a detailed estimation of water saturation in a pore facies 

framework for the Turonian sandstone reservoir was performed. Through detailed petrographic analysis of the studied 

interval, the reservoir facies and types of pores in the Turonian reservoir system were defined. To assess the pore geometry, 

the reservoir rocks were classified using various rock typing indices. To determine accurate water saturation, saturation 

height modeling was performed using capillary pressure data and the Leverett J-Function. In general, diagenetic changes 

such as quartz overgrowth and calcite cementation reduce the primary reservoir potential of the Turonian reservoir. Capillary 

pressure data from each pore facies defined by the Flow zone indicator (FZI) method, were averaged to model initial water 

saturation, and saturation prediction was performed above the free water leg using the J-Function. Attempts to determine 

accurate water saturation values, particularly in transition zones, have met with limited success; however, this research’s 

findings can be used to model water saturation using capillary pressure data with a high degree of certainty. 

Keywords: Rock typing, Saturation Height, Jubilee Field, Flow zone Indicator 

1 Introduction 

In petrophysical assessments of petroleum 

reservoirs, the determination of initial water (Swi) 

and hydrocarbon (1-Swi) saturations is important 

(Cannon 2015; Tiab et al. 2015; Ranjbar-Karami et 

al. 2021). Initial hydrocarbon saturation is used by 

reservoir modelers to simulate the reservoir's 

history and future behavior, which helps them 

create an effective development strategy (Esther et 

al. 2015). Each well's water saturation is typically 

determined using a combination of log data on 

resistivity, porosity, water resistivity, and shale 

volume (Tiab et al. 2015; Ranjbar-Karami et al. 

2021). Limited log-derived water saturations, on 

the other hand, are unsuitable for modelling, 

particularly in reservoirs with a lengthy history of 

production and a dense transition zone. The widely 

used and recognized technique for preliminary 

saturation modelling is based on capillary pressure 

(Pc) measurements and special core analysis 

(SCAL) (Sohrabi et al. 2007; Kumar et al. 2011). 

The distribution of fluids above the free water leg 

(FWL) in a reservoir is controlled by capillary 

pressure working against gravity force. At any 

point above the FWL, water saturation can be 

computed when capillary pressure data are 

provided (Tiab et al. 2015). This type of 

modelingis termed saturation height modelling. 

The distribution of water saturation in three 

dimensions and the vertical profile in the 

subsurface will be impacted by alterations in 

lithofacies, storage, and flow capacities, and pore 
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Fig. 1 Location map of the study area showing the wells used for the studies 

 

 

Fig. 2 Paleogeological setting during the tectonic phase of the breakup of Africa and South America (Rüpke et 

al., 2010). a) Early Cretaceous 125Ma, continental rifting and transform faulting initiation, b) Aptian 110 Ma, 

rapidly forming isolated rift basins, c) Latest Albian 100 Ma, final contact between Africa and America, and d) 

Upper Cretaceous, fully developed oceanic basin in the central and south Atlantic. 
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properties (pore types, sizes, shapes, pore, and 

geometries) (Aliakbardoust and Rahimpour-Bonab, 

2013). 

Numerous mathematical formulas have been 

developed and used to describe changes in Sw as a 

function of height and reservoir properties over the 

years. To combine all capillary pressure and 

saturation curves into a single curve, Leverett 

(1941) developed the J-Leverett function. Aufricht 

et al. (1957) were the first to correlate Pc and Sw 

data from core measurements with porosity and 

permeability data. By correlating porosity to 

hydrocarbon bulk volume, Heseldin et al. (1974) 

improved on the Aufricht et al. 1957 model. New 

saturation functions based on height and 

permeability (Johnson, 1987; Sondena, 1992), 

height and porosity (Cuddy et al. 1993), or simply 

height, were gradually introduced (Skelt and 

Harrison, 1995). Recently, researchers have 

concentrated on the use of various saturation 

functions based on frameworks such as lithofacies 

and rock typing of reservoir intervals based on 

various indices (Kamalyar et al. 2013; Omeke et al. 

2014; Lian et al. 2016; Kundu et al. 2017). 

As a result, the purpose of this paper is to create a 

model for estimating the initial water saturation in 

the Turonian reservoir in the Jubilee Field. First, a 

thorough petrographic analysis of thin sections 

from the Turonian reservoir unit identified ten 

sandstone facies, pore types, and dominant 

diagenetic events. The reservoir rocks were then 

divided into groups based on the various indices to 

assess reservoir quality and pore geometry. We 

used pore types as a framework to extract fitting 

parameters and their relationships with porosity in 

core plugs because pore system properties control 

fluid saturation and reservoir rock quality. The 

extracted equation was then used to model 

saturation height, and its constants were altered in 

response to porosity in core samples. The proposed 

dynamic depositional model will provide new 

insights into the Field's paleogeographic evolution, 

as well as a thorough analysis of the reservoir 

architecture to aid in evaluating flow behaviors 

within the reservoir. 

2 Geological and Stratigraphy Setting  

The basin formed as a result of continental rifting 

during the Mesozoic Era, and by the end of the 

Jurassic Period, this had progressed into a pull-

apart basin (Atta-Peters et al., 2013; Fig. 2a). The 

successive extension and subsidence of the rift 

system thinned the continental crust and created 

space for lithic fill into the basin as the South 

Atlantic Ocean opened up and deepened (Bempong 

et al., 2021). Wrench tectonics, on the other hand, 

modifies the Cretaceous basin through a large-scale 

transform fault related to sagging and fracture 

(Rüpke et al., 2010; Fig. 2b). The Aptian period 

saw the beginning of the basin's lithic fill, with 

significant clastic transported into the basin via 

fluvial supply form the river Tano and Ankroba 

(Bempong et al., 2021). 

The appraisal wells drilled at the end of 2008 

confirmed a combined turbidite channel and fan 

sand average gross interval of approximately 250 

m, with net pay intervals ranging from 20 to 100 m 

TVD (Sills and Agyapong 2012). The Jubilee 

depositional system's internal architecture reveals a 

diverse proportion of sand bodies with varying 

geometries and degrees of interconnection. The 

best way to classify sand body complexity in this 

field is to identify clusters of sand bodies with 

facies similarities defined by their geometries, 

interconnections, and net sand distribution (Anon. 

2017). The similarities in the sand bodies reflect 

contrasting deposition sub-environments within the 

overall fan system. Jubilee Field's hydrocarbon 

source rock appears to be the same for all oils and 

is most likely Cenomanian-Turonian in age. 

3 Materials, Methods Used  

The data for this study came from the Jubilee Field 

reservoir interval. The dataset for this study 

contains 506 core plugs and thin sections for 

petrographic analysis. Routine core analysis 

(RCAL) parameters such as porosity, permeability, 

and grain density were calculated using three (3) 

wells’ (W1, W2, and W3) core plug samples. This 

information was used to determine the type and 

quality of reservoir rock. Saturation modelling was 

performed using capillary pressure data for primary 

drainage mercury injection from 25 core plug 

samples from two (2) wells (W2 and W3). All 

samples are measured at overburden pressure for 

relevant porosity and permeability of helium 

(adjusted for the Klinkenberg effect). For wells, a 

comprehensive collection of conventional wireline 

logs was provided, including logs of spectral 

gamma rays, density, neutrons, acoustics, and 

resistivity. This study classified reservoir rocks into 

distinct pore types by combining petrographic 
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research and Winland's (1972) R35 rock typing 

system (equation 3.1). The detected rock types 

were discovered to be a good predictor of reservoir 

quality using the flow zone indicator (equation 3.2 

to 3.5) and the pore geometry index. The following 

equations were used to define rock quality in 

sandstone samples: 

35 0.732 0.588log 0.864logLogR k = + −

     (3.1) 

z

RQI
FZI =


    (3.2) 

0.0314* /RQI k= 
  (3.4) 

/
1

e
z

e

NPI


 =
−

   (3.5) 

Where R35 and FZI are measured in microns, while 

permeability (k) and porosity (Ø) are measured in 

mD and percent, respectively. 

Finally, the parameter fitting approach was applied 

to model water saturation using capillary pressure 

curves of defined rock types. 

4 Results and Discussions 

4.1 Petrography 

For Jubilee Field, a complete collection of core 

analysis data, which include bulk densities, Phi, 

and permeability (k) were available for use. From 

the three wells mentioned, 506 plugs were chosen 

at random for the prospective zones of the 

Turonian reservoir. From core and petrographic 

analysis, ten sandstone rock types (Fig. 3) were 

identified for the Turonian reservoir unit: 1) 

Conglomerate (Cgl); 2) Bioturbated sandstone 

(Sb); 3) Pebbly sandstone (Sc); 4) Dewatered 

sandstone (Sd); 5) Fine-grained sandstone (Sf); 6) 

Weakly-stratified sandstone (Sm); 7) Planar-

stratified sandstone (Sp); 8) Structureless sandstone 

(Ss); 9) Cross stratified sandstone (Sx), and 10) 

Ripple cross-laminated sandstone (Sxr). The 

identified seventeen lithofacies were grouped into 

six facies associations depicting deep marine, 

bioturbated shallow marine, paludal crevasse splay, 

and overbank sheet sand. Crevasse splays 

overspilling from the main channel system may 

have deposited the layering of sheet sandstones. 

The discovered layered sheet sandstones show 

evidence of high energy flows and possession of 

carbonaceous matter of likely coastal origin. Levee, 

crevasse splay, overbank sheet, and bank collapse 

sediments are commonly identified as channel 

system marginal facies where the unstable 

slopes/levees most likely formed the thick 

deformed mudstone sections. During relative 

highstand conditions, blankets of hemipelagic 

mudstones were formed and can be seen to form 

intercalation with the sandstones. 

4.2 Rock typing 

For geoscientists and engineers, it has always been 

difficult to type rocks in hydrocarbon-bearing 

intervals (Ranjbar-Karami et al. 2021). Many 

researchers have developed alternative methods for 

reservoir rock typing because there is no universal 

approach (Pittman 1992; Lucia et al. 2001; Rezaee 

et al. 2006; Mirzaei-Paiaman et al. 2018). 

Furthermore, data limitations, as well as the 

heterogeneous nature of carbonate and some 

sandstone reservoirs in every hydrocarbon field, 

make it more difficult to implement these standard 

methods (Al-Jawad et al. 2020). Carbonate 

reservoir rock types are more difficult to identify 

due to their formation process and susceptibility to 

diagenesis than sandstone reservoir rock types 

(Ranjbar-Karami et al. 2021). Diagenetic processes 

like deposition, cementation, dissolution and 

fracturing have an impact on pore structure in 

sandstone rocks, increasing complexity and 

heterogeneity of pore networks. 

The mark of the investigated formation's 

sedimentary environment and diagenetic processes 

has resulted in a wide range of pore types and 

significant differences in petrophysical properties. 

The Lorenz plots and cross-plots of porosity 

against permeability for core samples are shown in 

Figure 4. As shown in Fig. 4b, the Lorenz 

coefficients, which are an index of reservoir 

heterogeneity, are equal to 0.74 for the core plugs. 

This index can range from 0 in a homogeneous 

reservoir to 1 in a heterogeneous reservoir (Tiab et 

al. 2015; Mirzaei-Paiaman et al. 2019; Ranjbar-

Karami et al. 2021). 

The FZI and R35 Winland rock typing methods 

were used to define petrophysical rock types in the 

samples. To eliminate erroneous values, the data 

were subjected to a cut-off to define non-reservoir 
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Fig. 3 Photomicrographs of depositional facies of the Jubilee Turonian Formation in the study area with; (a) 

Photomicrograph of burrowed sandstone sample;(b) pebbly sandstone sample; (c) fine-grained sandstone 

sample; (d) planar stratified sandstone sample; (e) structureless sandstone sample; and (f) ripple-cross laminated 

sandstone sample 
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intervals with extremely low porosity (3 %) and 

permeability (0.01 mD) (Tiab et al. 2015; Ranjbar-

Karami et al. 2021). To improve the estimation of 

pore throat diameters, an additional pore throat size 

was added to the R35 and k plot (R35 = 0.10, 1, 5, 

and 20 m) (Fig. 5b). According to this plot, the 

rock types investigated are distinguished by pore 

sizes ranging from nano to mega (0.01 R35 100 m, 

Fig. 5b). The plot allowed the analyzed samples to 

be divided into seven (7) HFUs based on the 

diameters of their pore throats, with the best 

reservoir quality, HFU-7, represented by the 

samples Sc, Sm, Sx, Sd, and Cgl, and the worst 

one, HFU-1, represented by the poor to tight Sb 

and Ss samples (Fig. 5a). 

Following the classification developed by Nabawy 

et al. (2018) and Radwan et al. (2021), the Sc, Sm, 

Sx, Sd, and Cgl are summed up into HFU 5 and 

HFU 7 (R35 > 5 m) (Fig. 5). HFU 4 and HFU 5 

denote samples from poor to fair quality reservoirs, 

respectively (Fig. 5a). On the other hand, the Sb, 

Sf, Sp, Sxr, and Ss FZI values were reduced to less 

than 1.0 m for the tight reservoir quality of HFU-1 

and HFU-4 (Fig. 5a) due to the predominance of 

the micro intercrystalline pores (micro pores, R35 < 

1 m, Fig. 6). This might be explained by the rock 

types' inclusion of authigenic minerals and quartz 

overgrowth (Fig. 6). To evaluate the reservoir 

quality of the investigated reservoir sequence, the 

RQI was plotted against the FZI, as shown in Fig. 

5a. HFU 1 and HFU 2 samples are largely tight, 

however, HFU 3 and HFU 4 samples show fair to 

bad RQI and FZI values, indicating fair to poor 

reservoir quality (Radwan et al. 2021). Between 

these two categories is the HFU 5 group, which is 

referred to be an excellent to fair reservoir 

sequence (Fig. 5a). On this ranking classification 

plot, the HFU 6 and 7 denote a good to excellent 

reservoir quality which is predominate with the Sb 

and Cgl samples. 

4.3 Saturation Height Modelling (SHF) 

All Pc curves in this study are corrected for the 

closure effect, wettability, and interfacial tension. 

Because laboratory and reservoir fluid systems 

differ in wettability and surface tension, laboratory-

derived Pc data was converted into reservoir Pc 

data (Lian et al. 2016; Kundu et al. 2017). Using 

contact angles and interfacial tensions, equation 

(4.1) was used to convert from laboratory to oil-

brine reservoir conditions, the capillary pressure at 

corresponding mercury saturation. In addition, 

using Equation (4.2), the capillary pressure at a 

specific water saturation was converted into height 

above FWL. 

( ) ( ) Re Re

Re

*cos
*

*cos

s s
c cs Lab

Lab Lab

P P
 

 
=

 (4.1) 

where Pc,   and are capillary pressure in psi, 

interfacial tension in mN/m, and contact angle in 

dynes/cm at reservoir and laboratory conditions, 

respectively.  

( )
( )

Re

( )*0.433

c s
w

w h

P
H S

 
=

−
  (4.2) 

where w  and h  are densities of brine and gas, 

respectively. 

The J-function was then used to introduce rock 

properties. The J-function was used in the analysis 

because it accounts for variations in rock types. In 

the absence of additional data, the derived J-

function can be used to represent other reservoirs 

of similar rock types. Leveret's J-function 

(Leverett, 1941) is denoted by: 

( )*cos

cP K
J

  
=

   (4.3) 

where K is permeability (md),   interfacial 

tension between the fluids in dynes/cm,   is the 

contact angle relating wettability and rock-fluid 

interaction in degrees and 


 is porosity.  

The Leverett J-function, which assumes that the 

porous medium can be represented as a network of 

non-connected capillaries, normalizes all curves to 

approximate a simple curve (Leverett, 1941). The 

J-function correlation becomes less effective as the 

capillary bundle assumption deviates from reality 

(Ranjbar-Karami et al. 2021). Despite not being 

unique, when rocks are classified as rock types, the 

correlation appears to work better (Ranjbar- 

Karami et al. 2021). In the case of a group of 

samples with similar pore size distributions, the J-

values are then used as the independent variable in 

the least square regression analysis. To obtain the 

best correlation, a power law equation (equation 

4.4) is commonly used (Harrison and Jing, 2001).
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Fig. 5 (a) Quality control (QC) of the predicted water saturation using J-Function against measured water 

saturation. (b) Plotting the reservoir quality index (RQI) versus the flow zone indicator values (FZI) as a tool for 

ranking the reservoir quality 

( )
b

J a Sw=
    (4.4) 

To ensure faster solution convergence, it is usually 

better to start with a core model when creating a 

good model. J values were estimated for the rock 

types using core porosity, permeability, and 

pseudo-pressure data. Figures 7–10 show the 

results of the SHF modeling described. In Figs. 7 

and 8, the pore throat and HFU condition capillary 

pressure plot and height above free water level 

against water saturation show a clear identification 

of the nanopore throat sample. Following that, 

water saturation values were obtained using 

nonlinear regression (power law) from plots of 

water saturation values from various rock types 

versus corresponding J function values (Fig. 9). 

According to Fig. 10, both SHF are good matches 

to the log data, with the error between SHF derived 

saturation and core saturation being very small in 

both cases. The J-function profiles of the various 

rock types are distinct with the following Sw 

equation (Fig. 10): 

0.5120.5814*wS J −=
   (4.5) 

To obtain a representative water saturation equation 

for the reservoir unit, a composite Sw equation 

(equation 4.6) was generated based on the 

distribution of rock types (HFU 1 to 7) within the 

reservoir. 

0.512

0.5814

0.2166( )

cos
w oil

Sw
H K 

  

=
 −
 
   (4.6)

a b 

a 
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Fig. 6 The main diagenetic features of the Jubilee Turonian Formation that influence reservoir quality. (a) 

Patches of localized authigenic kaolinite (kao) and quartz overgrowth (qo) present in burrowed sandstone; (b) 

authigenic chlorite (cl) linings, illite (I), and quartz overgrowth (qo) present in pebbly sandstone sample; (c) 

Patches of localized authigenic kaolinite (kao) and chlorite (cl) growth present in fine-grained sandstone 

samples; and (d) quartz overgrowth (qo) and authigenic chlorite present in the planar stratified sandstone sample 

The master saturation equation Sw was then 

obtained by substituting equation (10) into the Sw 

equations from the pore and HFU conditioned rock 

types (Fig. 7 and 8) (water saturation from pseudo 

capillary pressure curves). 

5 Conclusions 

This research combined a variety of data, such as 

thin sections and routine and special core analysis 

results, to classify reservoir intervals in the Jubilee 

Turonian reservoir according to rock type and 

model the initial water saturation in a pore facies 

framework. Following facies studies, diagenesis, 

reservoir properties, and mercury injection 

capillary pressure assessments, the following 

conclusions were reached. 

Ten sandstone facies were identified in the Jubilee 

reservoir unit based on petrographic studies of the 

core and thin sections. Syntaxial quartz 

overgrowths, kaolinite, and chlorite were the main 

authigenic phases visible in all sandstone samples 

in terms of diagenetic offset of the sandstone 

facies. In samples containing detrital clays, ferroan 

calcite, or abundant chlorite, syntaxial quartz 

overgrowths appear to be volumetrically reduced. 

Because of these authigenic minerals, the reservoir 

potential in these samples was reduced. In 

moderate reservoir quality samples, minor 

percentages of Sa, Sb, Sf, and Sm are found. High-

quality reservoir sandstones appear to be 

dominated by facies types Sc, Sp, Ss, Sd, and Cgl. 

a b 

c 
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Fig. 7 Capillary pressure plot against water saturation to examine the irreducible water saturation 

 

Fig. 8 Capillary pressure plot height above free water against water saturation to examine the irreducible water 

saturation 
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Fig. 10 Quality control (QC) of the predicted water saturation using J-Function against measured water 

saturation. 
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The majority of the sandstone samples have good 

reservoir quality, with permeabilities greater than 

100 mD on average. 

Petrophysical rock types were defined using 

primary drainage capillary pressure data and 

various rock typing indices. Seven types of 

petrophysical rocks were identified based on the 

pore size distribution and capillary pressure curves. 

The FZI method is the most effective way to divide 

data into discrete groups, each representing a 

distinct pore geometry and capillary pressure curve 

(pore facies). The discovered pore facies laid the 

groundwork for successful water saturation 

modeling of the Jubilee Turonian reservoir unit. 
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