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ABSTRACT

Formation porosity is a key factor that exerts substantial control upon reserve estimates, and ultimately may
affect the development viability of unconventional resources. Microporosity studies have largely focused on
siliciclastic mudstones, with limited examples that assess porosity type and distribution in organic-rich calcar-
eous mudstone successions. In this work, a comprehensive porosity characterization study was performed on the
organic-rich carbonate-dominated Hanifa Formation of the Jafurah Basin, which is the largest unconventional
basin in Saudi Arabia. An extensive experimental program, involving petrographical description, SEM analysis,
mineralogical analysis using XRD and QEMSCAN, and geochemistry analysis was employed in order to char-
acterize the samples and analyze the geological origins of the microporosity. The main constituent minerals in
this study are calcite (87 wt%) and anhydrite (9 wt%), as well as <1 wt% quartz, illite, pyrite, and dolomite.
Total organic carbon reaches up to 5.46 wt %, yielding 5.09 mg HC/g rock (S2), while the free hydrocarbon
content (S1) is 5.36 mg/g rock. Type II kerogens characterize the rock samples, and the thermal maturity index is
1.28. The microporosity in Hanifa Formation can be classified into three groups, including framework, solid
bitumen, and intraparticle pores. Framework porosity is observed as the main type of microporosity, with solid
bitumen representing a subordinate component of the overall porosity. Sheltered pores are also encountered
associated with coccoliths tests deposited within the pelagic sediments. Higher degrees of thermal maturity of
these sedimentary rocks increase the storage space for the generated hydrocarbon hosted in the solid bitumen.
This study introduces an under-explored category of unconventional resources, nominally those that have a
carbonate content >85%. Fundamentally, the findings of this study demonstrate that the Hanifa Formation in the
Jafurah Basin has the potential for gas exploration and recovery.

1. Introduction

considered as one of the major aspects in development of oil and gas in
tight reservoirs (e.g., shale, tight carbonate rocks, tight sandstones, and

Due to the depletion of conventional oil and gas reservoir resources,
unconventional reservoirs are becoming increasingly important in the
field of hydrocarbon exploration and development (Radwan et al., 2022;
Sohail et al., 2022). Unconventional reservoir characterization is
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coals). The pore structure or network in unconventional reservoirs is a
fundamental component of understanding the capacity and potential of
unconventional resources across different lithologies (Liu et al., 2017;
Yan et al., 2017; Gao et al., 2020; Elsayed, 2022; Boutaleb et al., 2022)
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and has attracted many researchers worldwide (Mehmani and
Prodanovi¢, 2014; Mayo et al., 2015; Ge et al., 2016; Ma et al., 2017;
Sanaei et al., 2019; Zhang et al., 2022).

Three Late Jurassic formations (Tuwaiq Mountain, Hanifa and
Jubaila) have been long recognized as the main source rocks for the
supergiant Ghawar Oilfield (Cole et al., 1994). Recent analysis of source
rocks within these formations has raised the possibility for a new fron-
tier of unconventional shale gas exploration and development, partic-
ularly from the Tuwaiq Mountain and Hanifa formations in the Jafurah
Basin (Fig. 1A and B), which is the most significant and recent explo-
ration and production area in the Eastern Saudi Arabia (Hakami et al.,
2016; Eltom et al., 2021; Weijermars et al., 2021). This study focuses on
the Hanifa Formation, where previous research has highlighted the
characterization of the depositional environments (e.g., Arkell et al.,
1952; Ginsburg, 1956; Powers et al., 1966; Powers, 1968; Gischler et al.,
2013; Al Ibrahim et al., 2017), diagenetic processes (e.g., Okla, 1983,
1986; Moshrif, 1984; Syahputra et al., 2022), and paleontology
(Hughes, 2004, 2009; Hughes et al., 2008; and El-Sorogy and
Al-Kahtany, 2015; Elzain et al., 2020). Porosity characterization is a key
factor in unconventional tight play exploration within organic-rich rocks
as the pore spaces are the location of hydrocarbon generation and
storage. Unconventional oil and gas are stored in both inter-granular
and intra-granular porosity, natural fractures, as well as being adsor-
bed and dissolved in kerogen and grain matrix surfaces (Curtis, 2002).
Fundamentally, the microstructure of unconventional reservoirs con-
trols the gas storage potential and flow properties through the porous
network (Curtis et al., 2012; Liu and Ostadhassan, 2017).

Detailed petrographical analysis is an effective tool in the compari-
son of tight gas/oil formations across the world, with micro-porosity
studies largely focused on the silica and clay-rich shale plays,
including the Barnett Shale of the Fort Worth Basin (Loucks et al., 2009),
the Woodford Shale of the Arkoma Basin (Slatt and O’Brien, 2011), and
the Marcellus, Mahantango and Utica shales of the Appalachian Basin
(Slatt and O’Brien, 2011; Song and Carr, 2020). These shale plays are
considered as key case examples for all worldwide potential shale gas
and other tight-reservoir resources (e.g., Davies et al., 1991; Dorsch,
1995; Dewhurst et al., 1999; Reed and Loucks, 2007; Ruppel and Loucks,
2008; Loucks et al., 2009; Nelson, 2009; Slatt and O’Brien, 2011).
In-comparison, there are only a handful of studies that investigate the
pore architecture in organic-rich carbonate and calcareous mudstones,
such as those on the Eagle Ford and Niobrara formations (e.g., Loucks
et al., 2012; Loucks and Rowe, 2014; Michaels and Budd, 2014).

Unconventional reservoirs, and in-particular those parts comprising
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mudstones, show strong textural and mineralogical heterogeneity at a
range of different scales. Thus, a multi-scale characterization approach
(e.g., like in Abouelresh, 2015; Yu et al., 2019; Arif et al., 2021) provides
a representative and uniquely informative perspective of sample prop-
erties. Whilst analytical experimental methods for studying the pore
morphology are available such as: Mercury Injection Porosimetry (MIP;
Josh et al., 2012), Nuclear Magnetic Resonance (NMR; Sigal and Odu-
sina, 2011), and Gas Adsorption (Huang et al., 2018), conventional
imaging methods that directly observe the pore structures (such as
Scanning Electron Microscope (SEM)-based petrography) retain
considerable value for pore type and morphology identification, and
characterization in unconventional plays (O'Brien et al., 2016). SEM
analysis provides integrative information on the pore size, distribution,
and connectivity at the micro to nano scale (e.g., Loucks et al., 2009;
Curtis et al., 2012; Loucks et al., 2012; Milliken et al., 2013, 2014).

The main objective of this work is to provide a descriptive petro-
logical characterization of the microporosity architecture in the organic-
rich Hanifa Formation from Jafurah Basin, Saudi Arabia. This study
describes and interprets the results of an extensive experimental pro-
gram, involving petrographical description, SEM analysis, XRD analysis,
QEMSCAN analysis, and geochemistry. It reveals the main constituent
mineral types, free hydrocarbon content (S1), total organic carbon
fraction (S2), kerogen type, and the thermal maturity index. Micropo-
rosity in the Hanifa Formation is classified into different groups to better
evaluate the pore origins and associated surrounding mineralogy.

Through this analysis, this study answers the following key
questions:

i. How was the microporosity developed and preserved in Hanifa
Formation?
ii. How did the primary microporosity evolve with changes in
thermal maturity?
iii. To what extent is there unconventional hydrocarbon potential in
the Hanifa Formation?

The results of this study improve the overall geological under-
standing of the Hanifa Formation and provide important insights into
the petrographical and microporosity characteristics of carbonate
mudstone facies within the formation. Through this, the study provides
a key case example for the microporosity character and resource po-
tential within carbonate mudstone shale plays in-general.
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Fig. 1. (A) Generalized geological map of the Arabian Peninsula. (B) Regional-scale map, showing the Jafurah Basin located to the east of Ghawar Oil Field (modified
after Hakami et al., 2016). (C) Generalized stratigraphy of the Middle to Upper Jurassic in the study area (modified after Sharland et al., 2001).
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2. Geological setting

The Jafurah Basin is located within the central Arabian Intra-shelf
basin in the eastern part of Saudi Arabia and is dominant by Jurassic
sediments of varying depositional settings (Fig. 1A and B; Hakami et al.,
2016). The rise and fall of eustatically-controlled relative sea level
during the Jurassic resulted in the deposition and preservation of varied
lithologies (Fig. 1C; Al-Husseini, 1997). As part of the Jurassic succes-
sion, the Oxfordian-aged Hanifa Formation mainly consists of marine
carbonates deposited in the Arabian intrashelf during the marine
transgression on the south-western side of the Neo-Tethys Ocean
(Al-Husseini, 1997; Sharland et al., 2001). The Jurassic carbonate suc-
cession in Eastern Saudi Arabia was deposited on a platform, developed
during a major transgression on the western margin of the Neo-Tethys
Ocean (Murris, 1980; Al-Husseini, 1997; Hughes et al., 2008; Hakami
etal., 2016). Stratigraphically, the Upper Jurassic sediments are divided
into four formations, including (from base to top): the Hanifa, Jubaila,
Arab and Hith formations (Fig. 1C). The Hanifa Formation overlies the
Middle to Upper Jurassic Tuwaiq Mountain Formation.

The Hanifa Formation was deposited in a restricted marine envi-
ronment, within an intra-shelf basin (Sharland et al., 2001). Typical
lithofacies of the Hanifa Formation include ‘laminated dark and light
mudstones’, ‘brown bioturbated pack to wackestone’, and ‘palmate
anhydrite’ (Al-Ibrahim et al., 2017). The laminated dark and light
mudstones are composed of darker intervals that have more mud and
organic matter, and lighter intervals composed of sparite. The brown
bioturbated packstones to wackestones contain grey to brown grains and
are characterized by moderate to low bioturbation. The ‘palmate
anhydrite’ is located at the top of the formation, where palmate struc-
tures exist within white to light grey anhydrite (Al-Ibrahim et al., 2017).
This vertical lithological variation within the Hanifa Formation is
thought to be largely controlled by relative sea level fluctuations
(Hakami et al., 2016). The thickness of the Hanifa Formation in the
Jafurah sub-basin ranges between 15 and 61 m (as reported by Hakami
and Inan, 2016). The total organic carbon (TOC) of the Hanifa Forma-
tion reaches up to 14.3% (Cantrell et al., 2014).

3. Data and methodlogy

This study uses a combination of petrographical and geochemical
analysis to better-understand the sedimentary deposits of the Hanifa
Formation. Samples were analyzed using optical microscopy and scan-
ning electron microscope (SEM) techniques, which were combined with
X-ray diffraction (XRD) analysis, and organic geochemistry. The studied
samples were further split and pulverized for petrographical analysis,
rock-eval pyrolysis, quantitative evaluation of minerals by SEM (using
QEMSCAN), backscattered electron microscope analysis (BSE), and
additional SEM analysis.

3.1. Petrographical analysis

The core was sub-sampled into aliquots of millimeter-size fragments
from 5 cm (1.9685-in.), which were collected from a depth interval
between 1,2871 and 13,221 ft. Twenty representative rock samples were
collected from Hanifa Formation for detailed petrographical modal
analysis. Twenty thin sections were made to study the lithofacies char-
acteristics, and to identify the rock components under polarizing mi-
croscope. The samples were treated with hydrochloric acid to remove
carbonate minerals.

Descriptions of lithology, color, composition, and sedimentary
structures were made. This paper applies the Dunham carbonate clas-
sification scheme (Dunham, 1962), in which carbonate sediments that
are mud-supported and contain <10% grains are named mudstones,
whereas those sedimentary rock types with >10% grains are classified as
wackestone. Thin sections were observed using a polarizing Zeiss mi-
croscope (‘Axio Scope Al’).
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Mineralogy and petrology were analyzed, including the quantitative
analyses by XRD and qualitative observations of core and thin sections.
The XRD analysis was performed using an ‘XPert-Multipurpose
Diffractometer’ (Philips Corporation), comprising a copper butt, kV pipe
pressure, a conduit flow of 40 mA, and a scanning speed of (20) = 2°/
min. As guided from preliminary optical microscope analysis of the
studied facies, 12 representative thin sections were selected for mapping
and mineralogical composition quantification using QEMSCAN® (Pirrie
et al., 2004). Digital image analysis was applied in this work to quan-
titatively measure (using the ‘Huang threshold’; Huang and Wang,
1995) the pore size, distribution, and pore characteristics (Huang and
Wang, 1995; Camp, 2013; Pommer and Milliken, 2015). The thin sec-
tions were coated with carbon using a ‘Q150T Quorum EMS 150R ES’
and loaded into the ‘QEMSCAN’ instrument for analysis. This instrument
is an automated system composed of a ‘Quanta 650 FEG’ SEM (made by
‘Thermo Fisher Scientific’), two Energy Dispersive X-ray (EDX) spec-
troscopy detectors (made by ‘XFlash’ and ‘Bruker Inc.’), and an exten-
sive mineral database. This advanced petrographical technique has been
used previously to analyze unconventional reservoirs (e.g., Tang et al.,
2016; Kane et al., 2017; Hussain et al., 2021). The operation was carried
out using an X-Ray beam produced by an accelerating voltage of 15 kV,
and a sample current of 10 nA (£0.05). The ‘field-scan’ mode was
selected with a covered area of 1 cm? and a point spacing of 5 pm. The
data was acquired by ‘iMeasure’ and processed by the ‘iDiscover’ soft-
ware. Preprocessors, such as field stitches, granulators, and boundary
phase processors were applied. QEMSCAN analysis was conducted at the
‘Center for Integrative Petroleum Research’, King Fahd University of
Petroleum & Minerals, Dhahran, Saudi Arabia. The ‘Image J software’,
which was used in this study, is an open-source program created for the
processing of porous media images (Schneider et al., 2012). SEM images
are processed by the threshold tool to separate the observed pores from
the matrix, thereby facilitating the calculation of pore area.

To identify the size, morphology and type of the micro-porosity, the
investigated samples were scanned at a high-resolution (100 pm) using
the in-house ‘JEOL JSM 5900° SEM, which was operated with an
accelerating voltage between 25 and 30 kV. The SEM analysis was
carried out on six representative samples to examine and characterize
the variety of diagenetic textures, mineral alterations, particle mor-
phologies, and pore geometries. The fractured rock chips were coated
with 2-3 mm of gold to stimulate the emission of secondary electrons,
and to avoid the surface electron charging of the rock sample. The
samples were studied using back scattered electron (BSE), as well as
secondary electron (SE) imaging modes.

3.2. Geochemical analysis

The TOC was measured using a source rock analyzer (‘LECO CS-
200’), with an accuracy of 0.5%. Rock-Eval pyrolysis was performed
using a ‘Rock-Eval 6’ analyzer to determine the level of free hydrocar-
bons (S1, mg HC/g rock), hydrocarbon generation from kerogen (S2, mg
HC/g rock), and temperature of maximum S2 yield (Tpay). Based on the
TOC, S2, and S3 content, the hydrogen index (HI = [S2]/TOC mg HC/g
TOC) and the oxygen index (OI = S3/TOC mg HC/g TOC) were calcu-
lated to characterize the likely origin of observed organic matter (OM).

The Tpax value is a standardized parameter, calculated from the
temperature at which the S2 peak reaches its maximum. HI and Tpax
were plotted against each other to classify kerogen types. The HI vs.
oxygen index (OI), and ‘HI vs. Tpax” plots were used for the unconven-
tional resources assessment (Behar et al., 2001).

4. Results
4.1. Petrographical analysis and depositional setting

4.1.1. Description
Petrographical analysis of the studied samples showed that the
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lithofacies are composed of thinly-bedded (1-2 cm), laminated, light to
dark black carbonate mudstones and wackestones. The matrix consists
of coccoliths, peloids, siliceous sponge spicules, and some scattered thin-
shelled bivalves (Fig. 2A and B). Coccoliths are micro-scale (<10 pm)
calcite plates produced by phytoplankton of the marine algal group
(McClelland et al., 2017). Although a large proportion of coccoliths were
encountered broken, some samples retained their original structure. No
visible porosity was observed in the thin section petrography. However,
backscattered electron microscope (BSE) analysis showed the interpar-
ticle porosity is mainly filled with bitumen (Fig. 2C). Well-developed
micro crystals of anhydrite were observed in this lithofacies (Fig. 2A
and B). The XRD analysis indicates that calcite in the most dominant
mineral in these samples (up to 87 wt%), while anhydrite accounts for
9.1 wt% on average (Table 1). Other minerals include quartz, illite,
pyrite, and dolomite, which collectively form low proportions (3.9 wt%)
of the total volume of the rock (Fig. 3A).

Thin section and SEM investigations show the existence of fram-
boidal pyrite, partial pore-filling micrite microcrystals, and well-
developed dolomite rhombohedral crystals (Fig. 2). The mineral distri-
bution map acquired by QEMSCAN analysis (Fig. 3B) illustrates the
dominance of calcite (83%) and anhydrite (c. 9%), with minor occur-
rences (<1%) of quartz, pyrite, and dolomite. The mineral composition
is consistent with the results of the XRD analysis, which validates the
accuracy of the petrological analysis. QEMSCAN-imaged porosity rea-
ches up to 3% and is predominantly interparticle (Fig. 3B).

4.1.2. Interpretation

Based on the preserved laminations, organic richness, abundance of
mud-grade material, and high planktonic content, the studied lithofacies
is interpreted as representing a lower slope to basinal environmental
setting. Evidence of active transport and deposition, such as the presence
of starved ripples, erosional surfaces, and basal intraclast layers have
also been reported (Al-Ibrahim et al., 2017). The occurrence of pyrite
indicates a direct precipitation from oversaturated solution under redox
condition during the deposition of Hanifa Formation (Taylor and Mac-
quaker, 2000). However, although the middle to late Jurassic times was
overall characterized by eustatic sea-level rise, some portions of Hanifa
Formation reflect intervals of sea-level fall with basin restriction that
resulted in deposition of anhydrite (Sarg, 1988). If the bulk of the
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Table 1
XRD bulk mineralogy result of the studied sample.

Mineral Name Bulk XRD %

Calcite 87
Anhydrite 9.1
Quartz 1.6
Pyrite 1.2
Dolomite 0.6
Illite 0.5

deposition did indeed occur on a lower slope to basinal setting, the
presence of anhydrite may indicate periods of extreme sea level change.

However, a low energy marginal marine setting presents an equally
possible alternative interpretation of the depositional environment for
the Hanifa Formation. These settings can accumulate deposits formed by
coccolith tests and sponge spicules, particularly if these bioclasts were
sorted along and across bar systems by longshore processes. A marginal
marine setting also explains the presence of observed anhydrite and to
some extent pyrite, which may have formed during periods of episodic
drying and/or restricted waters, respectively. The deposition and pre-
cipitation of these minerals in marginal marine settings is often intrin-
sically related to changes in relative sea level through time.

4.2. Geochemistry

The bulk organic geochemical data, TOC content, and Rock-Eval
results of the analyzed samples are provide in Table 2. These calcareous
mudstone samples contain 5.46 wt % TOC, yield 5.09 (mg HC/g rock)
(S2), and display a free hydrocarbon content (S1) of 5.36 (mg HC/g
rock).

The kerogen type and petroleum potential of the investigated sam-
ples were evaluated using ‘HI vs. OI' and ‘HI vs. Tpax diagrams (after
Espitalié et al., 1977; Fig. 4 A, B). From this analysis, the studied samples
were found to be type II kerogens. Based on measured Tpax values of
469 °C, the in-place hydrocarbons belong to the condensate to wet gas
maturity window. The production index (PI) is often referred to as the
maturity level of the organic content; the samples in this study have a PI
of 0.51 referring to the early gas window, which provides evidence for
the high potential of the Hanifa Formation to form at least condensate or

ND V\’“ ag I
3 000 x

Fig. 2. Petrographical analysis of the organic-rich Hanifa Formation. (A) The groundmass is composed of micrite, with scattered coccoliths (shiny fragments), solid
bitumen (black areas), and sponge spicules with bitumen-filled cores. (B) Thin section photomicrograph, showing the diagenetic crystallized anhydrite. (C) Back-
scattered image showing the main components of the studied rock; micrite microcrystals, coccolith tests, framboidal pyrite and solid bitumen that fill interpar-

ticle porosity.
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Table 2
Total organic carbon and programmed pyrolysis data.
TOC S1 S2 S3 Tmax Calc. HI o1 PI
(Wt%) mg HC/g mg HC/g rock mg CO 2/g rock) °0) %Ro (mg HC/g (mg CO 2/g
rock TOC) TOC)
5.46 5.36 5.09 0.42 469 1.28 93 7 0.51
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microcrystals.

gas-prone source rocks. The thermal maturity index R, was calculated
from Tpax using the following empirical formula (sensu Jarvie et al.,
2001):

Calculated % VR, =0.0180 * T 7.16

Accordingly, the thermal maturity index of the studied samples is
1.28. A solid bitumen specimen was solid-like at room temperature, with
a measured density of 1.03 g/cm®, and an API gravity value of 6
(Fig. 4C). Asphaltene, resins, and aromatics represented 90% of the
downhole bitumen sample.

4.3. Microporosity

Various types of pores in Hanifa Formation were identified using
SEM analysis, including: (1) within framework components, herein
referred to as ‘framework pores’, (2) organic-hosted pores, herein
referred to as ‘solid bitumen pores’, and (3) inside grain pores, herein
referred to as ‘intragranular pores’ (Fig. 5). Fracture porosity (or macro-
porosity) is present within the Hanifa Formation samples, however it’s
contribution to the total porosity is considered either low or negligible.
Based on the resolution of the obtained images, pores <1 pm in diameter
are considered as ‘nanopores’, whilst those that measure >1 pm are
categorized as ‘micropores’ (Loucks et al., 2012).
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Fig. 5. SEM photomicrograph showing an overview of the main pore types. (A)

ture porosity.

4.3.1. Framework pores

Framework pores include all types of primary pores that are identi-
fied by the authigenic components (skeletal and microfossil debris), and
are formed during depositional processes (Schieber et al., 2016). This
term is analogous to ‘matrix pores’ (sensu Rine et al., 2013), ‘interpar-
ticle pores’ as originally defined by Choquette and Pray (1970), and
more-recently assigned to unconventional mudstones by Loucks et al.
(2012). The framework pores, which include the pores between micrite
microcrystals and inside the coccolith aggregates, are only occasionally
observed in the studied samples (Fig. 5A).

Framework porosity associated with micrite reaches up to 5.5% on
average, and when present it is largely filled with solid bitumen
(Fig. 2C). In some cases, framework porosity developed due to the
accumulation of coccoliths tests (Fig. 6D). The framework pores are
commonly slot-like (tabular), ranging in size from 0.1 to 0.5 pm across,
and up to 50-500 pm2 in area (Fig. 6 C, F). The intra-micrite-
microcrystal pores range between ~0.1 and 0.5 pm in diameter and
up to 2 pm in length. Fracture porosity was observed within the rock
matrix, which is generally <5 pm in width (Fig. 6G-I).

4.3.2. Solid bitumen pores

Solid bitumen forms as the insoluble remains from organic matter
after oil and gas generation and migration into, and through available
porous and permeable material (Reed et al., 2012). It mainly fills the
interparticle porosity and embayments within euhedral micrite micro-
crystals and pyrite framboids, which is in contrast with primary organic
matter particles or kerogen that retain their original morphologies
(Hunt, 1996; Bernard et al., 2012; Loucks and Reed, 2014; Cardott et al.,
2015; Mastalerz et al., 2018).

The existence of solid bitumen in the samples was observed during
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the petrographical analysis (Fig. 3C). In the SEM images, the solid-
bitumen-filled pore morphology is ‘sponge-like’, with pore radii as
much as ~1.0 pm, forming round to oval irregular shapes, with rela-
tively well-defined boundaries, which demonstrates a high level of
connectivity (Fig. 7A and D). The solid-bitumen-filled pore areas range
between 200 nm and 500 nm and the pore radii ranged between 0.2 and
0.3 pm (Fig. 7B, C, 7E and 7F). These quantitative data obtained from
SEM analysis illustrates the difference between solid bitumen and
framework porosity.

4.3.3. Intraparticle pores

Intraparticle pores form within a wide variety of particle types,
including within the framework grains, in fossil tests, or within fram-
boidal pyrite minerals. Typical intraparticle pores were observed within
fully open and broken coccolith tests (Fig. 8A and B), as well as in core
channels of sponge spicules (Fig. 8C). Partial dissolution of the coccolith
tests likely resulted in the formation of ~2-10 pm wide intraparticle
pores (Fig. 8D). Additionally, diagenetic cementation provides some
intraparticle porosity between authigenic micrite crystals, especially
those that are lined with organic material (Fig. 8E). Framboidal pyrite
also exists in the studied samples, commonly co-existing with OM, and
developing additional intraparticle porosity (Fig. 8F).

Sheltered porosity includes all spaces created due to the structure of
the most abundant pelagic tests (in this case coccoliths; Harbaugh,
1967). Additionally, porosity is developed due to the random accumu-
lation process and resultant poor-sorting of coccolith tests. In most cases,
the sheltered porosity forms conical shapes (Fig. 6D), and therefore
belongs to the standard intraparticle pore category (sensu Slatt et al.,
2013). Complete coccoliths tests (Fig. 8A and B) show that bitumen
filled these pore spaces likely early in the burial history, preserving the
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this article.)

original porosity (to some extent) before significant compaction
occurred. It is also possible that sheltered porosity is reduced by
diagenetic micrite cementation, however the dissolution of coccoliths
plates through diagenesis also has the potential to positively-contribute
to overall porosity.

5. Discussion
5.1. Microporosity characterization in carbonate versus clastic mudstones

Research into unconventional reservoirs, particularly their micro-
scopic pore-space, represents a key part of the workflow for resource
evaluation, exploration, and development of tight gas and oil resources
(e.g., Chalmers et al., 2012; Jiao et al., 2014; Ma and Holditch, 2015; Ge
etal., 2016; Rahner et al., 2018; Goral et al., 2019; (Radwan et al., 2021)
Radwan et al., 2021). The pore system in tight reservoirs is influenced by
the interaction of mineralogical composition, diagenesis, and organic
matter maturation, which also controls the mechanical properties. Micro
and nanopores form the key seepage channels during gas development
and provide the gas accumulation space within tight unconventional

reservoirs (Yang et al., 2019). The developed pores in unconventional
reservoirs include organic-matter pores, diagenetic fractures,
inter-crystal pores (authigenic or related to recrystallization) of matrix
minerals, micro-fractures, and residual pores (Yang et al., 2019). The
quartz, clay, and calcite content play a significant role in the pore system
development in tight unconventional resources.

One of the main issues when examining carbonate reservoirs is the
context of how they are being used; whether they are targeted as a
conventional hydrocarbon reservoir or form a key stratigraphic unit in
unconventional hydrocarbon exploration plays. The porosity in con-
ventional carbonate reservoirs is mainly controlled by pre-existing
porosity established by original depositional environments, or later by
early diagenesis (Choquette and Pray, 1970). By contrast, in uncon-
ventional organic-rich carbonate reservoirs, preserved organic matter is
the major contributor to pore network development (Lu et al., 2015; Ko
et al., 2017). Ultimately, their intended use dictates how the storage
space of the carbonate reservoirs is evaluated. This is of particular
importance when characterizing and discussing the reservoir potential
of the Hanifa Formation, which contains >85% calcite.
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5.2. Pore type distribution and controls in the Hanifa Formation

The pore size forms one of the key descriptors when characterizing
pore architecture (Beth and Grammer, 2016). Standard classification of
pore types in carbonate mudstones has been proposed in seminal works
based on the pore size, spatial relationship of pores with respect to the
hosted textures, pore geometry, and diagenesis (Archie, 1952; Dunham,
1962; Folk, 1962; Choquette and Pray, 1970; Lucia, 1983, 1995; Rou-
querol et al., 1994; Loucks et al., 2012; Fournier et al., 2018; Fang et al.,
2021). In this study, ‘carbonate mudstone’ is used in relation to
calcareous mudstone. However, it is important to highlight that no
distinction between calcareous and siliciclastic mudstone is provided in
the Dunham classification scheme, which is based on textural observa-
tions. Therefore, in-theory the method of describing the microporosity
applies both to calcareous and siliciclastic mudstones. The use of these
classification schemes relies upon the application of a range of tech-
niques used to study porosity, which is somewhat limited by the reso-
lution and quality of those datasets.

A key observation of this study is that pore types in Hanifa Formation
vary between framework porosity that accounts for c. 25% of the
measured pore areas, and intraparticle porosity that contributes c. 15%.
The organic-hosted porosity forms a significant component of overall
porosity within the Hanifa Formation, with up to 60% of the measured
pore areas. The general absence of primary porosity is due to either the
fine-grained nature of the studied lithologies (mudstones to wacke-
stones), or to the widespread filling of solid bitumen. Sheltered pores are
commonly associated with coccolith tests due to their morphological
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structure and random aggradational patterns from pelagic fall-out-type
sedimentation (Figs. 6D and 9A). Due to the abundance of coccoliths in
the Hanifa Formation (Hughes et al., 2008; El-Sorogy et al., 2018),
shelter type often accounts for a considerable proportion of porosity in
these reservoirs/target intervals.

In this study, the diagenetic micrite crystals showed a range of micro-
textures, ranging between rounded to sub-rounded, anhedral to sub-
hedral crystals, with smooth faces and partially coalescent contacts
(Fig. 9A). Recrystallization of sparite crystals on fracture boundaries (as
shown in Fig. 6H and I) may negatively affect the permeability of the
reservoir rock. The co-existence of framboidal pyrite and organic matter
is very common in the organic-rich rocks (Fig. 9A). Moreover, as pyrite
is a brittle mineral, it can act to increase the brittleness of organic-rich
rock and hence increase the impact of hydraulic fractures for produc-
tion purposes. This has the potential to promote hydrocarbon generation
ability of the associated organic matter and consequently increases the
number of organic-hosted pores (Ma et al., 2017).

Both intraparticle and interparticle organic micropores are the most
essential parameter to evaluate the hydrocarbon potential of the Hanifa
Formation, especially because both types strongly reflect the size, shape,
and thermal maturation history of the organic content. Solid bitumen
refers to the insoluble remains of kerogen after oil and gas generation
(Hunt, 1996) and therefore is an indicator for past hydrocarbon gener-
ation and/or migration. The identification of solid bitumen in these
samples was made, largely based on its irregular morphology and dis-
tribution, which is shaped by the intergranular primary porosity and is
unlike the kerogen that has distinctive grain boundaries (Mastalerz

Micro-rhombic
1 Polyhedral

Scaleno-
Rhomboedral

Fig. 9. BSE photomicrographs. (A) A BSE photomicrograph showing the digenetic framboidal pyrite and subhedral micrite crystals developed on the authigenic
components. (B) BSE photomicrograph showing the framework porosity filled with solid bitumen. (C) BSE photomicrograph showing the micrite coalescent, as well
as the subhedral crystals, reflecting the variation in diagenetic effects. (D) Classification scheme of micrite crystals (Deville De Periere et al., 2011).
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et al., 2018). Also, the engulfing of solid bitumen to some authigenic
components (coccoliths, sponge spicules and others) indicates the sec-
ondary migration of bitumen.

5.3. Unconventional hydrocarbon potential within the Hanifa Formation

The Hanifa Formation is considered as the main source rock for oil
production in the supergiant Ghawar Field and is within both the oil and
gas window. The existence of solid bitumen as the pore-filling material
in the studied samples is therefore important to explore in the context of
unconventional reservoir potential (Hakami and Inan, 2016). Solid
bitumen is characterized by a distinctive pore shape, sponge-like mor-
phologies (Loucks et al., 2012), and fenestra (Choquette and Pray,
1970). Image analysis shows that a single area of solid bitumen with a
diameter of 1-5 pm could contain hundreds of sponge-like pores
(Fig. 7D). Fenestra structures are commonly observed in many uncon-
ventional reservoirs and are typically formed due to the escape of both
oil and gas after generation (Schieber, 2013). Sponge-like pores are an
important component of the pore system in the Hanifa Formation and in
other parts of the world have proved to contribute to the permeability in
some shale gas plays (e.g., the Barnett Shale in the US (Jarvie et al.,
2007). The simple association between more-numerable pores filled
with bitumen and the associated increase in surface area for gas
adsorption, will result in high gas in place estimates (GIP). This type of
porosity presents an ideal mode for gas adsorption due to the high
exposed surface areas of bitumen, and the equally high connectivity
between micropores (Klaver et al., 2015).

Therefore, the findings of this study are important in terms of un-
derstanding type and distribution of pore systems in Hanifa Formation,
which are the essential requirements for gas in place estimates, and
ultimately evaluation of both conventional hydrocarbon plays and un-
conventional hydrocarbon reservoir potential. The results of this study
also inform the hydraulic fracture propagation methodologies during
future potential production.

6. Conclusion

The Hanifa Formation represents one of the most important uncon-
ventional targets within the Jafurah Basin, in the eastern province of
Saudi Arabia. Microporosity and petrological analysis of the Hanifa
Formation was conducted in this study, which found that the formation
consists mainly of laminated organic-rich mudstones and wackestones,
with TOC values up to 14.3%. The main minerals in the studies samples
include calcite (87 wt%), anhydrite (9 wt%), as well as <1 wt% quartz,
illite, pyrite, and dolomite. Through this analysis, three pore types have
been identified in the Hanifa Formation, including framework pores,
solid bitumen pores, and intraparticle pores. A significant proportion of
porosity is observed associated with the organic content. Sheltered pores
are commonly associated with coccolith tests, which is the dominant
pelagic sediment in Hanifa Formation. Solid bitumen, characterized by
sponge-like pore morphologies, formed due to escaping of both oil and
gas after generation. Sponge-like pores are an important component of
pore system in the Hanifa Formation. The classification and interpre-
tation of the microporosity in this study provides important insights into
the petrographical understanding of organic-rich calcareous mudstone,
in general.
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