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A B S T R A C T   

The interaction between drilling fluids and oil and gas reservoir formations can result in the reduction or 
blockage of the micropore structural network, leading to a consequent decrease in permeability. Due to the 
negative economic impact of formation damage on hydrocarbon production, formulating drilling fluids with 
characteristics that minimise formation damage has been a major focus of the petroleum industry and researchers 
since the 1970s–1980s. Formation damage can significantly affect the ultimate productivity in hydrocarbon- 
bearing formations, especially in sandstone reservoirs with varying clay mineralogy such as kaolinite, smec-
tite, illite, and mixed layer (illite + smectite) clay mineralogy in the micropore structural networks. These clay 
minerals are highly unstable/reactive and often appear as pore lining, pore bridging, and pore-filling along the 
walls of the micropore structural, inevitably coming into contact with drilling fluids (both solids and filtrates) 
that have invaded the micropore structure. Existing studies on the understanding of the relationship between 
drilling fluid formulation and formation damage mechanisms have not adequately addressed the role of indi-
vidual species of clay minerals and their varying physicochemical properties during the formulation of drilling 
fluids for sandstone reservoirs with varying clay minerals. Instead, clay minerals are often treated as a whole or a 
single group. The work presented in this paper aims to examine and quantifies the impact of three drilling fluids 
(PAC-UL water-based, potassium formate, and halide drilling fluids) on productivity impairment in kaolinitic 
sandstone reservoirs and in kaolinitic and mixed-layer (illitic + smectitic) sandstone reservoirs. To achieve this, a 
high-temperature, high-pressure (HTHP) formation damage testing facility was designed and built to determine 
the initial and return permeability of selected hydrocarbon reservoirs using core samples. The formation damage 
mechanisms resulting from the interaction of the reservoir rocks with different formulations of drilling fluids are 
fully characterized using a combination of scanning electron microscopy, energy dispersive X-ray and micro- 
computed tomography. For all three drilling fluid formulations, the results showed an enhanced return perme-
ability of the kaolinitic sandstone after interaction with the specially formulated halide drilling fluid.   

1. Introduction 

Despite significant achievements made in reducing the costs of 
renewable energy technologies and embracing their use, oil and gas 
account for more than 75% of overall energy utilized especially in 
developing countries around the world (Kibria et al., 2019) and 60% of 
global energy consumption (Filimonova et al., 2020). Furthermore, 
global total energy consumption is expected to rise at a growth rate of 
1.5% per year in energy demand from 2015 to 2040 (International En-
ergy Agency, 2020). Undisrupted supply and access to oil and gas, 
contributing to the energy mix in a net-zero economy, especially in 

addressing energy poverty would help equitably provide available, 
affordable, reliable, and efficient energy services to many end-users. 

Oil and gas production involves drilling oil wells and extracting 
hydrocarbons with the aim of refining and subsequently selling the oil, 
gas, and associated refined products (Klepikov and Klepikov, 2020; Rui 
et al., 2018). It requires a significant capital investment and long lead 
times to find and extract the hydrocarbons, sometimes under chal-
lenging environmental conditions with substantial risks (Rui et al., 
2018; Epelle and Gerogiorgis, 2020). To share the involved risk, 
exploration, development and production activities are sometimes car-
ried out as joint ventures activities due to the substantial capital cost 
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(Rui et al., 2018). The natural resources of oil and gas found by major 
petroleum producing companies are their most important economic 
asset (Klepikov and Klepikov, 2020). The financial strength of the major 
petroleum producing companies lies in the total recovery factor or 
recoverability of the oil and gas reserves from the oil and gas-bearing 
formations or reservoirs (Rui et al., 2018; Epelle and Gerogiorgis, 2020). 

One major cause of low recoverability of oil and gas from producing 
formation is the process known as formation damage (Monaghan et al., 
1959; Zhao et al., 2018; Adebayo and Bageri, 2020). Formation damage 
is the process that reduces the natural inherent productivity of an oil or 
gas-producing formation or the injectivity of a water or gas injection 
well (Bennion, 2002; Fleming et al., 2020) due to blockage of the flow 
path. Formation damage is inevitable and can occur during drilling, 
completion, workover, stimulation, and production operations 
throughout the lifespan of a well (Bennion, 2002). Formation damage 
can occur due to various reasons, one of them being drilling fluids used 
during the drilling of horizontal or vertical wells, which is particularly 
prominent in barefooted sandstone reservoirs (Bennion, 2002; Masike-
wich and Bennion, 1999; Kang and Luo, 2007). 

Understanding the physics and mechanics of fluid flow in porous 
media has been of great interest to the oil and gas industry and various 
academic disciplines, including petroleum engineering and geology, as 
formation damage inhibits the flow of fluids through porous formations. 
The characterization of the formation properties that affect fluid flow in 
porous media, particularly permeability, has found important applica-
tions in predicting pore throat size and distribution and the degree of 
change in the formation properties (Aminian et al., 1998). Knowledge of 
formation properties, especially permeability, is crucial to flow predic-
tion within the interconnected pores of rocks (Muskat et al., 1937) 
because the plugging of the pores results in permeability reduction, 
known as formation damage (Aminian et al., 1998; Darley and Gray, 
2011). 

The intensity of permeability alteration or plugging of pores is 
influenced by the efficiency of drilling fluid, as an efficient drilling fluid 
will form an efficient filter cake that will minimizes drilling fluid filtrate 
invasion (Adebayo and Bageri, 2020). Drilling fluid’s filtrate invasion 
during drilling operations is the primary source of formation damage 
(Adebayo and Bageri, 2020). Once production capacity is drastically 
reduced due to formation damage, the investment in exploration be-
comes worthless (Zhao et al., 2018). Therefore, economic failure during 
the development of these oil and gas fields may occur due to well 
abandonment or shortened field life, unless the physicochemical 
changes resulting from the interaction between drilling fluids and clay 
mineralogy, which cause permeability reduction, are properly under-
stood. Shell estimated that the cost of formation damage on their 
operated assets was $1 billion per year, accounting for approximately 
3.3% of the total world crude oil production at that time (Byrne, 2010). 
The ability to accurately predict and mitigate against formation damage 
is therefore critical to the oil and gas industry. 

Due to the negative economic impact of formation damage on hy-
drocarbon production, the formulation of drilling fluids that minimise 
formation damage within the micropore structural networks was a 
major focus of the oil and gas industry and researchers in the 1970s and 
1980s and it continues to be a major focus today. Correspondingly, the 
approach for formation damage mitigation or formation damage control 
(FDM/FDC) for micropore structural networks has become an important 
countermeasure in exploring, drilling, developing, and producing hy-
drocarbon from sandstone reservoirs (Kang et al., 2014, 2019). The 
FDM/FDC approach for micropore structural networks, including the 
use of specially formulated minimally damaging drilling fluids, could 
result in optimizing the productivity index of sandstone reservoirs (S 
Siddig et al., 2020). 

Drilling fluids are mixtures of solid additives present as discontin-
uous phases spread within a liquid continuous phase (S Siddig et al., 
2020). Drilling fluids are formulated and designed to achieve different 
operational objectives (S Siddig et al., 2020; Swaco, 2008). These 

objectives include cooling the drill bits and aiding in cleaning the holes 
of drilled wells by carrying drill cuttings to the surface while main-
taining hole stability. Additionally, they prevent the invasion of for-
mation fluids into the wellbores by creating a low permeability layer 
known as the filter cake on the walls of the wellbore (Swaco, 2008; 
Hossain and Al-Majed, 2015; Bourgoyne et al., 1986). The filter cake can 
also reduce the invasion of drilling fluids into the micropore structural 
networks of the drilled formation (Hossain and Al-Majed, 2015; Bour-
goyne et al., 1986). This means that drilling fluids inevitably interact 
with these formations, including their fluids and solid clay mineralogy 
content, within the micropore structural networks. Therefore, achieving 
optimum well productivity with minimal formation damage to sand-
stone reservoirs and ensuring safe drilling and completion operations 
depends on the characteristics and composition of the drilling fluids 
(Karakosta et al., 2020) used in the FDM/FDC measure for micropore 
structural networks. 

The key to effectively implementing the FDM/FDC measure for 
micropore structural networks of sandstone reservoirs lies in designing 
and formulating drilling fluid performance. This includes the optimizing 
particle size distribution (PSD), determining particle concentration, and 
designing drilling fluid rheological properties (Abrams, 1977; Smith 
et al., 1996; Suri and Sharma, 2004; Xu et al., 2018; Longeron et al., 
2000; Jiaojiao et al., 2010; Bailey et al., 2000). Among these charac-
teristics, designing (Francis et al., 1995) optimal solids’ (PSD) is one of 
the key factors in minimising formation damage caused by the invasion 
of drilling fluids into micropore structural networks (Kang et al., 2019), 
as it is closely linked to the build-up of a thin impermeable layer called 
the filter cake on the wellbore surface (S Siddig et al., 2020; Engelhardt, 
1954). Thin filter encrust with low permeability can effectively prevent 
the invasion of drilling fluids (both particles and filtrates) into the 
micropore structural networks of oil and gas sandstone producing 
formations. 

The potential for solid invasion damaging the micropore structural 
networks by reducing the permeability of hydrocarbon-bearing forma-
tions or pay-zones and building up filter encrust build up to prevent 
formation damage have been recognised for many years (Collins and 
Thaemlitz, 2014). However, designing drilling fluids for minimal for-
mation damage in the near-wellbore area is still a major challenge due to 
different opinions regarding the use of solid-free and solid-laden reser-
voir drilling fluids (RDFs) (Fleming et al., 2020; Vickers et al., 2006). 
These opinions should be properly scrutinised because, despite the PSD 
of bridging materials used in RDFs, micro-sized solids that are below 1 
μm in size, are commonly found in reservoir rock pore networks. These 
can cause internal damage within the micropore structural networks 
through the formation of internal filter encrust near surface pores after 
interaction with the varying clay minerals. The internal filter encrust 
can be very difficult to remove and can trigger damage reaction mech-
anisms within the micropore structural networks of producing sandstone 
reservoirs (Francis et al., 1995; Doane et al., 1999). 

Zhang et al. (2020a) studied the effect of water and alkali sensitivity 
on formation damage mechanism in clay enriched Dongping Bedrock 
reservoir located in Qaidam Basin. Zhang et al. (2020a) observed that 
mechanical damage mechanisms are influenced by pore size and can 
vary from one pore to another. It was observed that small pores were 
damaged by swelling of mixed-layer illite/smectite clay mineralogy, 
while large pores suffered from the combined damage of swelling of 
smectite clay mineralogy and migration of hair-like illite (Zhang et al., 
2020a). The findings of Zhang et al. (2020a) indicate that pore throat 
size is a dominant factor in formation damage reactions associated with 
migration and swelling of clay minerals and this agrees with the findings 
of Zhao et al. (2018). 

Bennion (2002) observed that the expansion and removal of layers of 
the clays minerals could lead to a drastic reduction in permeability 
depending on the amount and location of the clay in the pore system. 
High salinity fluids, glycols, cationic polymers and amines, and other 
inhibitors are frequently used to maintain clays of this type in a 
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contracted or dehydrated state. Clay deflocculation is less understood 
but more often encountered in sandstone reservoirs than clay swelling. 
Kaolinitic clay species are an example of non-water-sensitive clay that 
can be deflocculated in specific situations, and this can be mitigated by 
preventing excessive cation exchange and sharp or extreme differences 
in pH (Bennion, 2002). 

In another study on chemical mechanisms/rock–fluid interactions, 
Wuyep et al. (2018) studied the geomechanical impact of various liquids 
and chemicals used in the petroleum industry on sand failure in oil-/-
gas-producing formations located in the Niger Delta Basin; they evalu-
ated the impact of oilfield chemicals (ATMP (AminoTri-Methylene 
Phosphonic acid) (C3H12NO9P3), glycine betaine (C5H11NO2), and 
glutaraldehyde (C5H8O2) solution) on the geomechanical strength of 
sandstone reservoir rocks from the Niger Delta using various experi-
mental techniques (mechanical tests, mineral particle size analysis, and 
analytical tests) to estimate the impact of these chemicals on the rock-
–fluid damage mechanism. Through clay mineral characterization, they 
observed a significant growth of chlorite from 6 wt% to 27 wt% and 24 
wt% after exposing the core samples to ATMP and glutaraldehyde, 
respectively, with little or no alteration of the chlorite during exposure 
to betaine. However, kaolinitic species concentration of 45 wt% in the 
pre-treatment core samples diminished to 33 wt% and 40 wt% due to 
exposure to betaine and ATMP, respectively (Wuyep et al., 2018). A 
slight growth of illitic species from 2 wt% to 4 wt% and 5 wt% after 
exposure to ATMP and glutaraldehyde, respectively, was recorded; at 
the same time, the mixed layer (illite + smectite) that moved towards 
pure smectite with 100% expansion in the pre-treatment core samples 
was altered from 47 wt% to 58 wt%, 29 wt%, and 27 wt% following 
treatment with betaine, ATMP and glutaraldehyde respectively Wuyep 
et al. (2018) concluded that chemical interactions, adsorption, dis-
solution/precipitation and ionic substitution took place between the 
oilfield chemicals and the reservoir rocks, which weakened the grain 
fabrics of the rocks and caused a release of disintegrated grains into the 
fluid streams. Wuyep et al. (2018) did not consider the varying physi-
cochemical characteristics of the individual clay species observed such 
as booklet-kaolinite, platy-kaolinite, blocky mixed layer (illite + smec-
tite) or xenomorphic mixed layer (illite + smectite). The current authors 
note that the shape and size of particles associated with varying physi-
cochemical characteristics of individual clay species may affect the 
particle-particle interaction, the strength of the formation rock and ul-
timately affect the extent of formation damage in the sandstone 
reservoir. 

Al-Yami et al. (Al-Yami et al., 2008) studied the effects of the 
interaction between various water-based drilling fluids and Unayzah-B 
sandstone reservoir containing clay on formation damage. They inves-
tigated the formation damage induced by three different drilling fluids 
(Mn3O4 drill-in fluid, KCl/CaCO3/BaSO4 drill-in fluid and potassium 
formate drill-in fluid). They observed that although potassium formate 
drill-in fluid has low solid content, KCl/Mn3O4 drill-in fluid showed the 
least formation damage compared to the other two drill-in fluids (po-
tassium formate/CaCO 3 or BaSO4/CaCO3 mud systems). They 
concluded that the poor performance of potassium formate filtrate was 
because of incompatibility with Unayzah-B formation brine, while that 
of BaSO4/CaCO3 drill-in fluid was attributed to trapped barite solids 
inside the core. The main reason for the better performance of 
KCl/Mn3O4 drill-in fluid was because of the spherical shape and small 
size of Mn3O4 particles, which allowed the particles to be removed by 
the flow of hydrocarbons. It is noted that, Al-Yami et al. (Al-Yami et al., 
2008) did not consider the impact of the interaction of the drilling fluids 
with the individual clay species on the development and evolution of 
formation damage in the Unayzah-B sandstone reservoir formation 
containing varying clay mineralogy. This interaction can cause perme-
ability impairment; however, performances were only judged based on 
compatibility and sizes of bridging materials present. In another study, 
Al-Yami et al. (Alyami et al., 2009) studied the effects of water-based 
RDFs on invading particles and mechanisms of formation damage 

reaction; they investigated the intensity of damage caused by the 
weighting materials in three different water-based RDFs (Mn3O4 RDF, 
CaCO3/barite RDF, and KCOOH RDF) used to conduct return perme-
ability tests (Alyami et al., 2009). They observed that the filtrate from 
KCOOH RDF did not cause migration of kaolinite with booklet-form 
physiochemical characteristics and environmental scanning electron 
microscopy (ESEM) and energy-dispersive spectroscopy indicated pre-
cipitation of potassium chloride within the pore structures of the 
reservoir Al-Yami et al. (Alyami et al., 2009) only considered one spe-
cies, namely booklet-kaolinite and did not consider other individual 
species of clay minerals of varying physicochemical characteristics, for 
example, platy-kaolinite, vermicular-kaolinite, and blocky-kaolinite. It 
is most often the case that kaolinite will detach from rock grain walls, 
and then migrate and flocculate or deflocculated after interaction with 
and eroded by drilling fluids. 

In a related study, Zhang et al. (2020b) studied how to prevent 
reduction in the permeability of saline–lacustrine fractured tight oil 
reservoirs during drilling operations; they observed that the reservoir 
was composed of a large amount of sensitive clay particles (with the clay 
content ranging from 5.2 to 30.8 wt% (18.15 wt% on average)); the clay 
minerals were made up of a mixed layer (illite + smectite) estimated as 
2.1 wt% illite estimated as 9.7 wt%, and chlorite, which was dispersed 
and subsequently migrated to occlude pore throats after interaction with 
drilling fluids Zhang et al. (2020b) concluded that drilling fluids should 
be optimized according to fracture developing characteristics of the 
formation, the impact of salt dissolution on rock properties, and double 
pressure-bearing ability to plug zone. Zhang et al. (2020b) stated that 
saltwater sensitivity damage is considered as the essential formation 
damage mode while drilling. This has supported the fact that increasing 
salinity can cause formation damage. Nonetheless, Zhang et al. (2020b) 
like so much of other published research did not pay attention to the 
individual clay species with varying clay mineralogy. Rather clay 
mineralogy has been treated as a group. 

The major mechanism leading to formation damage is the in-
teractions between solids and fluids in the RDFs with solids and fluids 
within the micropore structural network of the reservoirs (Francis et al., 
1995; Howard, 1995). Formation damage can be a significant factor for 
ultimately reducing productivity in hydrocarbon-bearing formations 
(Doane et al., 1999) especially in sandstone reservoirs endowed with 
varying clay mineralogy such as kaolinite, smectite, illite, mixed layer 
(illite + smectite) clay mineralogy in the micropore structural networks 
(Hughes, 1950; Todd et al., 1978; Wilson et al., 2014). These clay 
minerals are highly unstable/reactive, and for most parts, they exist as 
pore lining, pore bridging and pore-filling along the micropore struc-
tural walls inevitably coming into contact with drilling fluids (both 
solids and filtrates) that have invaded the micropore structure. The clay 
minerals with size ranging from 1 μm to 5 μm along the longest diameter 
(Zhou and Keeling, 2013) are known as ‘‘fines’’ in the petroleum in-
dustry (Hughes, 1950). The fines have significantly altered the trans-
missibility of oil and gas formation fluids after interacting with invasive 
RDFs, triggering several types of formation damage reaction mecha-
nisms and thereby posing a major formation damage challenge during 
drilling operations. 

The formation damage reaction mechanisms can occur in combina-
tion with other damage mechanisms within the micropore structural 
networks of sandstone reservoirs containing varying clay minerals, and 
the resulting formation damage can be severe. For example, clay 
swelling (a chemical formation damage reaction) coupled with fine 
migration (a mechanical formation damage reaction). Formation dam-
age reaction due to mechanical mechanism can include nearly all ele-
ments of formation damage challenges, such as fine migration, 
entrainment of external solids, discontinuous dispersion and occlusion 
of fluids, glazing and smashing, as well as perforations and widening of 
micropore structures due to small, abrasive solid materials encountered 
while drilling hydrocarbon-bearing formations. Therefore, it is 
extremely important to determine and understand the nature of the 
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formation damage reaction mechanisms likely to occur during a drilling 
operation to develop appropriate framework for the design and formu-
lation of the drilling fluid (Bishop, 1997). 

Experience has shown that the potential for formation damage is 
highly dependent on the reservoir section to be drilled. The performance 
of specially formulated drilling fluid can be assessed by testing the fluid 
on core samples that are representative of the reservoir sections to be 
drilled. This test is conducted through laboratory experiments tailored 
to a particular drilling and production programme in an oil and/or gas 
field as the best approach for FDM/FDC for micropore structural net-
works of the reservoir sections to be drilled (Bishop, 1997). Various 
laboratory techniques are used to evaluate formation damage, but the 
most widely used method is the return permeability method. The return 
permeability method involves the use of core flood experiment. It 
measures the initial oil or gas permeability of a natural core or other 
porous media, and the permeability is also measured after exposing the 
core sample to a drilling or completion fluid for a given period. Subse-
quently, the final permeability is measured, allowing for the determi-
nation of regained permeability (Vickers et al., 2006; Krueger, 1967; 
Salimi and Ghalambor, 2011). 

Core flood experiments, including determination of initial and return 
permeability, are widely accepted and used in FDM/FDC measures for 
the micropore structural network of reservoir sections to be drilled 
(Kang et al., 2014; Tang et al., 2015; Jin-Gang et al., 2013). Recently, 
much effort has been directed towards aspects of FDM/FDC measures 
concerned with the evaluation of sandstone reservoirs via 
pore-scale/microscopic techniques (Fang et al., 2016; Xu et al., 2016) 
because productivity impairment, which usually results from a combi-
nation of damage reaction mechanisms within the micropore structural 
networks, can lead to increased Non-Productive Time (NPT), well 
abandonment, shortened life of fields, high cost/rig time and risk of 
losing exploration investment. These damage reaction mechanisms are 
dynamic processes that typically start at a microscopic or pore scale and 
develop over time to mesoscopic scale, covering several centimetres or 
even metres of the formation. Therefore, a robust evaluation of forma-
tion damage in sandstone reservoirs containing varying clay mineralogy 
requires techniques that allow simultaneous investigation of the inter-
action between reservoir rock and drilling fluids at the wellbore face, 
inner wellbore face, formation face, and inner formation face at typical 
reservoir conditions. Such evaluation would reasonably demonstrate the 
impact of the interaction between the varying physicochemical char-
acteristics of the individual clay species observed in the clay mineralogy, 
such as booklet-kaolinite, platy-kaolinite, blocky mixed layer (illite +
smectite) or xenomorphic or anhedral mixed layer (illite + smectite), 
and newly formulated drilling fluids within the micropore structural 
networks because the geometry, connectivity and distribution of the 
micropore structures or pore throats are not linear. The present author is 
not aware of any existing work in the open literature that is capable of 
such simultaneous investigation of the impact of drilling fluid – reservoir 
formation on the nature and severity of formation damage. The general 
notion in the field of petroleum reservoir engineering that the micropore 
structures are simple linear spaces between mineral particles can be 
misleading (He and Stephens, 2011). The obstruction of the micropore 
structural networks due to the invasion of external solid particles and 
fluids can extend to a radius greater than 1 foot into the pay-zone of 
sandstone reservoirs with micropore structural interconnectivity 
exceeding 25 mD (Epelle and Gerogiorgis, 2020). A major parameter 
that controls the extent of micropore structural interconnectivity alter-
ation/damage reaction due to corrosion, deflocculation, and floccula-
tion of clay minerals is the geometric disposition of clay minerals inside 
the micropore structural network. 

Previous studies have considered the use of solid-free RDFs (Fleming 
et al., 2020; Howard, 1995; Downs, 1992; Gao, 2019) or RDFs laden 
with solids and optimized PSD (Abrams, 1977; Engelhardt, 1954; 
Vickers et al., 2006) as a means of FDM/FDC for micropore structural 
networks in general. These studies have treated all the different clay 

minerals present in the micropore structural network of a reservoir 
formation as single entity clay group. While the varying physicochem-
ical characteristics of individual clay species have been acknowledged in 
the literature (Zhang et al., 2020a; Alyami et al., 2009; Hayatdavoudi 
and Ghalambor, 1996), there is no existing work that explores the 
interaction of RDFs with individual clay species in the clay minerals 
found in the micropore structural networks of sandstone reservoirs. 
Specifically, researchers and industry professionals have yet to consider 
the design of drilling fluids as an improved FDM/FDC measure for 
micropore structural networks, specifically targeting (a) kaolinitic 
hydrocarbon-bearing sandstone reservoirs and (b) mixed layer (illitic +
smectitic) and kaolinitic hydrocarbon-bearing sandstone reservoirs. The 
formulation and design of drilling fluids for minimal formation damage 
in sandstone reservoirs with varying clay mineralogy is the primary 
focus of the current research work. For newly formulated drilling fluids 
to gain industry acceptance, a thorough analysis and assessment are 
necessary, not only to evaluate safety implications but also to under-
stand the impact on and interaction with the reservoir formation. 

2. Experimental equipment and procedures 

2.1. Materials 

A set of fourteen sandstone core samples from clay enriched Agbada 
sandstone reservoirs in Tertiary Niger Delta was initially characterized 
using a combination of scanning electron microscopy, energy dispersive 
X-ray and micro-computed tomography techniques to determine their 
suitability for the proposed study. Suitability, in the context of this 
study, means that these core samples indeed contain clay minerals with 
varying physicochemical characteristics. A summary of the clay miner-
alogy is provided in Table 1. 

Drilling fluids of varying formulations were designed and tested on 
sandstone reservoir core samples (Table 1) to determine their impact on 
productivity impairment. Three different types of drilling fluids were 
considered: PAC-UL water-based drilling fluid (WBDF), solids-free po-
tassium formate drilling fluid, and halide drilling fluid. 

The PAC-UL water-based drilling fluid (WBDF) was formulated for 
the purpose of benchmarking the performances of the two drilling fluids 
(potassium formate and traditional halide drilling fluid) used in the field 
and also used for the formation damage experiments. The additives used 
to design the base drilling fluid are presented in Table 2 and the particle 
size distribution of the Wyoming bentonite was determined using 
MALVERN MASTERSIZER 2000. The particle Size distribution of 

Table 1 
Characterization of Eocene to Pliocene Agbada Sandstone Reservoir based on 
spatial disposition and content of varying clay mineralogy.  

Clay mineralogy Discrete 
particle 

Pore filling Pore bridging Pore lining 

Kaolinite Sample: 5H Samples: 
8H, 6H  

Samples: 6H, 
5H 

Illite + smectite 
+ Kaolinite 

Sample: 3H  Samples: 4H, 
7H, 3H 

Samples: 4H, 
3H, 7H  

Table 2 
Components for the preparation of PAC-UL water-based drilling fluid (WBDF).  

Materials Concentration 

Deionized Water 500 ml 

Wyoming Bentonite 24 g 4.8 wt% 
PAC-UL 2.62 g 0.52 wt% 
Xanthan gum 2.1 g 0.42 wt% 
KCl 26.2 g 5.2 wt% 
NaOH 0.05 g 0.01 wt% 
Formaldehyde 1.3 ml 0.1 wt%  
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Wyoming bentonite, which was used as the weighting material, was 
analysed simultaneously with the pore throat size distribution. The 
particle size distribution of the Wyoming bentonite is in the range of D10 
= 7.856 μm and D50 = 28.455 μm and D90 = 66.615 μm, with an average 
particle surface area of 370–486 g/m2 and mass density of 15–1.8 g/ 
cm3. 

The second reservoir drilling fluid used in this study is potassium 
formate drilling fluid. The formate drilling fluids can afford different 
values of fluid densities (see Table 3) needed in the drilling of reservoir 
sections with a wide range of pore pressure without additives. Another 
aspect of the investigation in this study is connected to the use of drilling 
fluids’ designs that are solid free such as potassium formate (Table 3) as 
an alternative to the traditional halide drilling fluids that are laden with 
solids. 

The third drilling fluid used during this study is the traditional halide 
drilling fluids. The properties of conventional halide drilling fluid have 
been improved in this study. The components of the additives that have 
been used to design the varying formulations of the halide drilling fluid 
designs (A, B and C) are presented in Table 4. The mixtures used to 
formulate the halide drilling fluid designs A, B, and C contain sodium 
chloride, potassium chloride and sodium bromide, along with other 

additives. Halide drilling fluid A was formulated using mixtures of so-
dium chloride and potassium chloride, along with other additives. 
Halide drilling fluid B was formulated using mixtures of sodium bromide 
and potassium chloride, along with other additives, while halide drilling 
fluid C was formulated using mixtures of sodium chloride, potassium 
chloride, and sodium bromide with other additives (Table 4). The crude 
oil from the oil field being studied has a characteristic dark brown to 
black colour. The API specific gravity (API) and other vital properties of 
the oil from the field are shown in Table 5. 

To obtain a mineral oil with approximately the same viscosities as 
the crude oil from the two oil wells, a specialist blending of two types of 
oil (silicon-based and mineral oil) was carried out to formulate a mineral 
oil with a viscosity of 12 cP, which was then used for the formation 
damage return permeability tests. Polydimethylsiloxane having a vis-
cosity of 20 cP provided the required blend with diesel having a viscosity 
of 5 cP in a ratio of 17:83 by volume, respectively. 

2.2. Equipment 

In this study, a formation damage test rig for the return permeability 
test suitable for typical reservoir conditions was developed, designed, 
built, and commissioned. The formation damage test rig setup consists of 
four main elements: (i) the upstream system, (ii) the formation damage 
vessel/core holder, (iii) the instrumentation and data acquisition sys-
tem. A schematic process and flow diagram showing the connections 
between the components in the upstream system is provided in Fig. 1. 

The formation damage vessel designed and fabricated for the current 
study can accommodate core samples of varying lengths, ranging from 
25.4 mm to 85 mm, and is suitable for the simultaneous application of 
equal confining and axial pressure. It was built in the engineering 
workshop of the University of Aberdeen to determine the initial and 
return permeability of a chosen hydrocarbon reservoir using core sam-
ples of varying clay mineralogy and lengths. 

The XRD powder diffraction machine was used to identify the phases 
and composition of clay minerals, both in terms of bulk mineralogy and 
clay fraction, present in the core samples. The XRD analysis was carried 
out in the laboratory of X-ray Mineral Services Ltd in Colwyn Bay in the 
UK. The X-ray diffraction pattern of the varying clay mineralogy was 
determined with Philips’ X-ray diffraction Spectro goniometer equipped 
with a PW1730 generator. X-ray radiation was provided by a copper 
target (Cu-anode 2000W). A High-intensity X-ray tube operated at 40 kV 
and 20 mA. The PW1050 graphite monochromator allows the reading of 
diffraction angles to ±0.002◦. 

The SEM equipment was a handy tool in studying the detrital and 
authigenic clay mineralogy of the sandstone samples and their spatial 
disposition and structures within the pore network. The SEM analysis 
was carried out with SEM equipment in the Aberdeen Centre for Electron 
Microscopy Analysis and Characterization (ACEMAC). The subsamples 
were coated with carbon in a Q150T Turbo-Pumped Sputter Coater/ 
Carbon Coater. 

The micro-CT scanning equipment was used for 3D characterization 
of the pore throat size distribution of the sandstone reservoir core 
samples on a micro-scale, which was used for the design of bridging 
particles used in the RDF. The 3D characterization of the micro-scale 
pore throat distribution was carried out in this study through direct 
imaging of the sandstone reservoir core samples using the Nikon XTH 
225 ST micro-computerized tomographic machine located in the School 
of Engineering Fraser Noble Building, University of Aberdeen. The direct 
imaging technique has been used to characterize the distribution and 
texture of pore throats at a micro-scale in hydrocarbon-bearing sand-
stones (Bin et al., 2013; Dong and Blunt, 2009). 

2.3. Procedures 

2.3.1. Core sample preparation 
Preservation of the mineralogy and pore throat network during the 

Table 3 
Fundamental Properties of sodium, potassium, and cesium formate salts (Cabot, 
2016).  

Brines Formula Molecular 
weight (g/ 
mol) 

Solubility at 
20 ◦C/68 ◦F 

Solution 
Density 

(mol/ 
L) 

(wt 
%) 

(g/ 
cm3) 

(lb/ 
gal) 

Sodium formate NaCHOO 68.01 9.1 46.8 1.33 11.1 
Potassium 

formate 
KCHOO 84.12 14.5 75.0 1.59 13.3 

Cesium formate CsCHOO 177.92 – – 2.30 19.2 
Cesium formate 

monohydrate 
CsCHOO. 
H2O 

195.94 10.7 83.0 2.30 19.2 

Formate ion CHOO− 45.02 – – – –  

Table 4 
Components of additives used for the formulation of the improved halide drilling 
fluid designs A, B and C.  

Name of material Chemical formula/ 
concentration 
(weight %) 

Molecular 
weight (g/ 
mol) 

Included in 
the 
formulation 
(YES (Y)/ 
NO (N)) 

A B C 

Sodium chloride NaCl (5) 58.44 Y N Y 
Sodium Bromide NaBr (5) 102.89 N Y Y 
Potassium Chloride KCl (5) 74.55 Y Y Y 
Calcium Carbonate CaCO3 (5) 100.09 Y Y Y 
2-hydroxypropane- 

1,2,3-tricarboxylic 
acid 

C6H8O7 (2) 192.12 Y Y Y 

Poly (oxy-1,2- 
ethanediyl), a-butyl- 
mega-hydroxy 

C8H16O3 (2) 160.21 Y Y Y 

Propylene glycol CH3CH(OH)CH2OH 
(1) 

76.09 Y Y Y  

Table 5 
Properties of crude oil in S-4 and K-3 Oilfields.  

Specific Gravity Approximately +35 to +45◦

Flashpoint 60 ◦C. 
Viscosities 0.863 cP to 12.13 cP 
Colour Dark brown to black  
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extraction of the fluids in the core samples is a very important aspect in 
core analysis (CoÅŸkuner and Maini, 1990; Schwark et al., 1997). In this 
study, sub-samples were cleaned with toluene and chloroform/methanol 
azeotropic solvent. However, the chloroform/methanol azeotrope 
cleaning of core samples gave the best result in terms of effective 
cleaning and alteration of pore structures. Hence, chloroform/methanol 
azeotrope was selected for cleaning the core samples. The core samples 
were cleaned in a Soxhlet extractor containing a mixture of chloroform 
and methanol in a ratio of 87:13 by volume, respectively. This cleaning 
method was used by French et al. and has been documented in related 
literature (French et al., 1995). A humidity oven set up to a temperature 
of 63 ◦C with a relative humidity of 35% was used to dry the core 
samples after cleaning due to the presence of clay minerals in the core 
samples. The cleaned, dried core samples were placed in a pressure 
saturator and evacuated for 24 h. After evacuation, synthetic formation 
brine was introduced into the saturator until all the plugs were fully 
submerged in the brine, and a pressure of 2000 psi was gradually applied 
for the plugs to become brine saturated for an average time duration of 
24 h (Francis et al., 1995). 

2.3.2. X-ray powder diffraction analysis 
Two types of tests (bulk mineralogy and clay fraction) were carried 

out employing X-ray powder diffraction (XRPD) using the identification 
and quantification of polycrystalline materials. Bulk samples were wet 
ground for 12 min in ethanol using a Micronising mill and sprayed dry to 
obtain x-ray diffraction powder specimens. X-ray powder diffraction 
(XRPD) patterns were analysed between 4.5◦ and 75◦ 2θ (theta) at a step 
size of 0.013 and nominal time per step of 0.2 s (continuous scanning 
mode) using radiation from a Copper anode at 40 kV, 40 mA. 

Quantitative analysis was made by a normalized total pattern 
reference intensity ratio (RIR) method as described in (Omotoso et al., 
2006). Expanded uncertainty using a coverage factor of 2, i.e., 95% 
confidence, was given by X±0.35, where X is the concentration in wt.% 
(Hillier, 1999). The analysis was performed taking into account that for 
phases present at the trace level (<1 wt%), there may also be uncer-
tainty as to whether the phase is genuinely present in the sample since 
this is both phase and sample dependent. The clay fractions of <2 μm 
were obtained by timed sedimentation, prepared as an oriented mount 
using the filter peel transfer technique and scanned between 2◦ and 45◦

2θ in the air-dried state, after glycolation, and after heating to 300 ◦C for 
1 h. The identified clay minerals were quantified using a mineral in-
tensity factor approach based on calculated XRPD patterns. 

2.3.3. Scanning electron microscopy (SEM) analysis 
To evaluate formation damage in reservoirs with varying clay 

mineralogy, it is necessary to investigate the interaction between for-
mation rock and drilling fluids at different interfaces. Subsamples of 
approximately 1 cm were prepared for this purpose. Trims were taken 
from the samples before and after core flood tests for scanning electron 
microscopy (SEM) studies. The SEM scans were conducted at an accel-
erating voltage of 15 kV and magnifications of×500 and ×100, with an 
aperture size of 50 μm. Details of the procedure of the SEM are provided 
in (Danilatos and Robinson, 1979). 

SEM Photomicrographs were processed using ImageJ with a known 
scale determined based Horizontal Field of View (HFOV) of squares in 
nanometres per pixel. So that grain measurements can be returned in 
nanometres since ImageJ does not return measurements less than one 
unit of the scale. Therefore, grain size measurements were carried out 
for particle size (clay, silt and sand) based on Feret diameters by taking 
the average of multiple measurements along different grain axes. Feret 
diameters for grain size at 1 phi intervals were calculated by summing 
up the diameter in each class interval. Additionally, the percentage of 
Feret diameter in the class interval was determined as a measurement of 
the percentage for each grain size class. 

The grain size characteristics were compared, and sorting was 
determined by using the variation in the percentage of sand, silt and clay 
contents. 

Grain size and sorting were measured by determining the Feret di-
ameters of all grains within one phi size class. The total number of grains 
was then multiplied by the phi class size and the percentage within each 
class was determined. 

2.3.4. Micro computer tomography analysis 
The objective of the 3D analysis is to acquire the pore throat size 

distribution. The procedure followed during the analysis process in-
volves thresholding, filtering, phase segmentation, labelling and object 
separation (Hu et al., 2015). The pore throat size distribution commonly 
selected are the largest micropore structures (D90), the medium 

Fig. 1. Process, flow, and instrumentation diagram of the formation damage test rig.  
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micropore structures (D50) and a small micropore structures (D10) 
(Vickers et al., 2006). 

Micro-CT 3D images and data of a 1-inch diameter, 1-inch height 
core sample were analysed using Avizo 9.01 software to determine the 
pore throat size distribution. The images underwent denoising/ 
smoothing and image segmentation processes. Pore space and rock 
matrix were separated, and further steps involved separating pores from 
each other, computing the skeleton and distance map, applying the 
“regional maximal” function, and labelling the distance map. Separation 
zones were computed using the labelled distance map through the 
watershed operation. The separated and labelled pore space surface was 
generated, and statistics (Fig. 2a & b) were obtained using the Measure/ 
Surface Area Volume module, providing information about pore bodies 
and throats. The 3D pore space measurement of the pore throat size 
distribution of the Eocene to Pliocene Agbada sandstone reservoir was 
required to design the accurate bridging particle size distribution 
needed for the formulation of the Reservoir Drilling Fluids (RDF). The 
importance of using the pore throat size distribution data of represen-
tative cores of hydrocarbon reservoirs in the design of RDF has been 
discussed extensively (Darley and Gray, 2011; Zhang et al., 2014). 

In this study, the pore throat size distributions of the Eocene to 
Pliocene Agbada sandstone reservoir (in K-3 and S-4 oilfields) have been 
determined and is presented in Figures: (2a and 2 b). It is observed that 
there are significantly higher proportion of pores present in D95 than in 
D90 (see Fig. 2a & b); hence D95 was used to construct the bridging 
package. 

2.3.5. PAC-UL water-based drilling fluid (WBDF) 
The base drilling fluid was prepared by mixing 24 g of Wyoming 

bentonite with 500 ml of distilled water, using the Hamilton Beach 
Single Spindle Mixer. Before new additives were added into the mixture, 
the mixture was thoroughly blended for about 5 min to ensure adequate 
dispersion of the additives. An ultrasonication process in the ultrasonic 

bath at a frequency of 25 kHz and input power of 450 W for a 1-h period 
was performed to reduce the ageing time for the base drilling fluid and 
allowed the tests to be carried out on the same day (Dejtaradon et al., 
2019). 

2.3.6. Halide drilling fluids’ hot rolling dispersion test 
Hot rolling dispersion test was carried out to assess the dispersion 

tendency of the reservoir rock formation under consideration in each of 
the three halide brine formulations The dispersion test utilized sand-
stone core samples from K-3 oilfield (containing only varying kaolinite 
clay mineralogy) and S-4 oilfield (containing varying kaolinite & mixed- 
layer (illite + smectite)). The test evaluated the potential impact on and 
interaction of these kaolinitic clay mineralogy and mixed layer (illitic +
smectitic) and kaolinitic clay mineralogy with the varying formulations 
of the halide drilling fluids’ designs A, B and C (Table 4). 

The four sandstone core samples were prepared to obtain pieces of a 
specific size (1–3 mm) (Gomez et al., 2015) and weighing them. The 
dispersion test was performed by exposing known weight of the sand-
stone core samples with sized pieces (1–3 mm) to the halide drilling 
fluids (Table 4) in a conventional roller-oven cell. This provided 
long-term exposure of the sandstone core samples to the fluids under 
mild agitation conditions. Under such conditions, dispersion of the clay 
fines into the fluid occurs depending on the tendency of the clay 
mineralogy to disperse and the inhibitive properties of the drilling fluid 
(Abbas et al., 2018). The fluid and sandstone pieces were rolled together 
in a roller oven for 16 h at 150 ◦C. The fluids were allowed to cool to 
room temperature. Subsequently, the fluid was poured out over a 
20-mesh sieve, and the retained sandstone core samples were recovered, 
washed, weighed, and then dried overnight at 110 ◦C. The samples were 
then re-weighed to determine the moisture content of the sandstone core 
samples and the recovery percentage of the sandstone core sample. 
Deionized (DI) water was used as a benchmark to compare with these 
halide drilling fluid designs A, B, and C in the hot rolling dispersion test. 
The ratio between the final weight after drying and the initial weight 
before exposure to the fluid served as a measure of the recovery, while 
the difference between the weights after exposure to the fluids but prior 
to drying and after drying provided a measure of the moisture content. A 
high value of recovery indicates high-quality inhibition and low-quality 
dispersion. A total of eight hot rolling dispersion tests were performed 
(four tests each for K-3 and S-4). 

The result of the hot dispersion test is shown in Fig. 3. Therefore, 
NaCl/KCl/NaBr-RDF design (Table 4) was more effective and helped to 
control the dispersion of the reactive varying clay mineralogy. Conse-
quently, the halide drilling fluid design option C (Table 4) was selected 
as the drilling fluid candidate for formation damage study. 

Fig. 2. Pore throat size distribution of Eocene to Pliocene Agbada hydrocarbon 
sandstone reservoir- (a) S-4 (b) K-3. 

Fig. 3. Dispersion test results for S-4 and K-3.  
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The rheological properties of the drilling fluids were determined 
using OFITE viscometer model 900. The rheological properties of the 
drilling fluids used in this study are presented in Table 6. 

2.3.7. Pre-treatment analysis of core samples 
The mineralogy and pore network analysis of the formation rock 

from oil fields K-3 and S-4 is presented in Table 1. Before conducting the 
formation damage test, petrophysical properties such as permeability to 
mineral oil and porosity were determined for the core samples. To 
determine the initial permeability to mineral oil, the core samples were 
identified at the formation-end (FE) and wellbore-end (WE) and sealed 
in a thin-walled Viton sleeve using end caps. The sealed samples were 
placed in a formation damage vessel connected to upstream and 
downstream flowlines. The annulus of the core holder was filled with 
pressuring fluid, and an overburden pressure of 4236 psi (29.2 MPa) was 
applied. The vessel was heated to 107 ◦C and flooded with mineral oil 
from the formation face to the wellbore face to simulate oil production. 
The flooding lasted 24 h at a low flow rate (0.1 ml/min to 0.5 ml/min) to 
prevent fines migration, while continuously recording upstream and 
downstream pressures. (Krueger, 1967). 

The core flood test was stopped when the effluent from the wellbore 
end consisted solely of mineral oil and pressure values had stabilized, 
indicating irreducible brine saturation (Swi). The original permeability 
at irreducible brine saturation was determined using Darcy’s equation 
and the stabilized differential pressure. 

After reaching irreducible brine saturation, the core plugs were 
removed, fully immersed in mineral oil in sealed containers, and stored 
under an argon blanket at 107 ◦C in an oven. This ensured the core 
samples equilibrated with reservoir conditions before further analysis 
and formation damage experiments (French et al., 1995). 

2.3.8. Formation damage post-treatment analysis 
A post-treatment analysis became necessary to aid in visualizing 

permeability alterations within the micropore structure of the sandstone 
reservoir core sample after interaction with the reservoir drilling fluids. 

Return permeability measurement was undertaken by carrying out 
mineral oil flooding of the drilling fluid saturated core samples. The 
drilling fluid-saturated core sample was placed inside the formation 
damage vessel, and the core flooding process described in the preceding 
section was repeated, but this time mineral oil was used as flooding 
medium. The mineral oil was injected into the core sample from FE to 
WE to depict the production of oil from the reservoir after formation 
damage due to drilling fluid interaction with the formation rock had 
occurred. This involved pumping the mineral oil through the sample at a 
constant flow rate initially, followed by a series of increasing flow rates 
(Krueger, 1967); this is known as drawdown. Throughout the drawdown 
phase, the pressure across the core sample was measured, and the 
pressure response was used to describe the clean-up behaviour of the 
rock, fluids, and formation damage. Therefore, the technique favoured 
to replicate the drawdown or natural clean-up is the constant flow rate 
or constant incremental flow rates while measuring the pressure dif-
ferential along the length of the core sample (Krueger, 1967; Salimi and 
Ghalambor, 2011). The injection of mineral oil was stopped when a 
constant differential pressure was attained, and the core was subse-
quently removed from the vessel. 

3. Results and discussions 

This section presents the results of the six return permeability tests 
conducted on the kaolinitic & mixed layer (illitic and smectitic) sand-
stone reservoir and the kaolinitic sandstone reservoir using three drilling 
fluids: formate drilling fluid, improved halide drilling fluid, and water- 
based drilling fluid. The six core samples (3H, 4H, 5H, 6H, 7H & 8H) 
used were sandstone reservoir cores, with 5H, 6H, and 8H acquired from 
K-3 Oilfield, and 3H, 4H, and 7H acquired from S-4 Oilfield in Niger 
Delta. The purpose of the experiment was to assess, quantify, and 
characterize the effect of the interaction between drilling fluids of 
varying formulations and reservoir sections containing kaolinite and 
mixed layer (illite and smectite) or only kaolinite on permeability 
impairment. 

All experiments were repeated three times to ensure repeatability, 
and error bars were plotted from the average data obtained. 

3.1. Determination of core samples’ initial permeability 

The initial permeability of core samples from K-3 and S-4 oil fields 
was determined during the initial core flooding with mineral oil. The 
differential pressure (ΔP) – time response curves were established for 
the core samples: (5H, 6H, and 8H) acquired from K-3 Oilfield and (3H, 

Table 6 
Rheological properties of drilling fluids used in this study.   

Halide drilling 
fluid 

PAC-UL WBD 
fluid 

K-formate drilling 
fluid 

Plastic viscosity 
(PV) 

20 cP 15 cP 18 cP 

Gel strength 10 s 9 lb/100 ft2 10 lb/100 ft2 18 lb/100 ft2 

Gel strength 10 
min 

13 lb/100 ft2 12 lb/100 ft2 32 lb/100 ft2 

Yield point (YP) 31 lb/100 ft2 27 lb/100 ft2 19 lb/100 ft2  

Fig. 4. Differential pressure – time response curves for core samples (5H, 6H, 
8H respectively) from K-3 oil field at a flowrate of 0.5 ml/min and overburden 
pressure of 4236 psi. 

Fig. 5. Differential pressure – time response curves for core samples (3H, 4H, 
7H respectively) from S-4 oil field at a flowrate of 0.5 ml/min and overburden 
pressure of 4236 psi. 
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4H and 7H) from S-4 Oilfield, tested during the initial core flooding with 
mineral oil. Before doing the initial core flooding the optimum flow rate 
was determined as 0.5 ml/min. Since (ΔP) – time response depends on 
overburden pressure, the reservoir pressure (4236 psi) commonly 
encountered in K-3 and S-4 Oilfields was used. The three curves for each 
core from K-3 Oilfield were superimposed (Fig. 4) likewise in Fig. 5 for S- 
4 Oilfield. 

The differential pressure (ΔP) – time response graphs presented in 
Figs. 4 and 5 were obtained using sandstone cores samples from K-3 and 
S-4 oil fields. However, ΔP across the samples from the K-3 oil field was 
significantly lower than ΔP across core samples from the S-4 oil field. 
There are three distinct stages in Figs. 4 and 5. First, there was an initial 
rapid increase in the values of ΔP, and this can be attributed to the 
equilibration process between the mineral oil and clay mineralogy 
within the pore structural network. This equilibration process was 
complicated across core samples from the S-4 oil field due to the pres-
ence of kaolinitic and mixed layer (illitic + smectitic) clay mineralogy, 
which made the pore structures tortuous (Fig. 5). The second stage is 
characterized by a rapid decrease in values of ΔP, which begins at the 
peak of the equilibration process. The lowest values of ΔP attained in 
Fig. 4 indicate pore structural networks that have good interconnectivity 
compared to those in Fig. 5. Additionally, the third stage shows a stable 
ΔP was quickly and more easily attained across core samples from the K- 
3 oil field (Figs. 4 and 5), leading to variation in the values of initial 
permeability determined for both core samples from K-3 and S-4 oil 
fields. 

It’s important to note that large pores do not necessarily result in 
high permeability or transmissibility of hydrocarbon reservoirs. How-
ever, high permeability indicates strong connectivity between pores via 
pore throats, as depicted by the lower values of ΔP in Fig. 4. This 
observation is supported by the pore throat size distribution data shown 
in Fig. 2. 

3.2. Determination of formation damage return permeability 

The representative ΔP – time response graphs were established 
during the core flooding with each of the three drilling fluids using K-3 
Oilfield’s core samples (5H, 6H, 8H) and (b) S-4 Oilfield’s core samples 
(3H, 4H, 7H). Each figure has three curves, one for each of the three 
drilling fluids with the core sample label identified. The three curves on 
each Figure were superimposed, and important parameters including 
the overburden pressure (4236 psi), temperature (107 ◦C) and flowrate 
0.5 ml/min were implemented during the core flood tests. These were 
needed to show the effect of drilling fluid formulation on the response, 
because one of the main aims of the project is drilling fluid – reservoir 

rock interaction. 
The representative ΔP – time response during back production, that 

is during the core flooding with mineral oil from the formation end for 
core samples: (5H, 6H, 8H) and (3H, 4H, 7H). Each figure has three 
curves, one for each of the three drilling fluids and the core sample label 
identified. The three curves on each figure have been superimposed at 
the overburden pressure (4236 psi) temperature (107 ◦C) and flowrate 
of 0.5 ml/min. 

The representative differential pressure ΔP versus time response 
during the interaction between the three different drilling fluids with 
varying formulations (namely PAC-UL water-based drilling fluid 
(WBDF), potassium formate RDF and Halide RDF) and the K-3 core 
samples (5H, 6H, 8H) and S-4 core samples (3H, 4H, 7H) are presented 
in Figs. 6–7. The average initial permeability of core samples (5H, 6H, 
8H) from K-3 and (3H, 4H, 7H) from S-4 oil fields determined in this 
study is within the range of the values of initial permeability (750–5200 
mD) for oil fields in Agbada sandstone reservoirs of the Niger Delta Basin 
contained in published literatures (Jev et al., 1993; Poston et al., 1983; 
Obiora et al., 2016; Amigun and Odole, 2013). However, the initial 
permeability of core samples was reduced in both S-4 and K-3 Oilfields a 
result of RDF-reservoir rock interaction (Figs. 6 and 7) but there was a 
severe decline in initial permeability of core samples exposed to 
K-formate RDF compared to halide RDF (Figs. 6 and 7). 

In Fig. 6, the values of differential pressure ΔP for K-3 core samples 
(5H, 6H, 8H) are lower compared to its corresponding values in Fig. 7 for 
S-4 core samples (3H, 4H, 7H). This suggests that the drilling fluid- 
reservoir rock interaction in the K-3 oil field may have caused reduced 
alteration of micropore structure connectivity and ultimately minimal 

Fig. 6. Representative differential pressure - time response curves for K-3 core 
samples (5H, 6H, 8H) – drilling fluid interaction with core samples exposed to 
K-formate RDF showing severe decline in initial permeability lower than those 
of core samples exposed to PAC-UL WBDF at temperature of 107 ◦C and 
overburden pressure of 4236 psi and flowrate of 0.5 ml/min. 

Fig. 7. Representative differential pressure - time response curves for S-4 core 
samples (3H, 4H, 7H) – drilling fluid interaction with core samples exposed to 
Halide RDF showing initial permeability higher than those of core samples 
exposed to PAC-UL WBDF at temperature of 107 ◦C and overburden pressure of 
4236 psi and flowrate of 0.5 ml/min. 

Fig. 8. Representative differential pressure – time response during back pro-
duction for K-3 core samples (5H, 6H, 8H) at temperature of 107 ◦C and 
overburden pressure of 4236 psi and flowrate of 0.5 ml/min. 
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formation damage, in comparison to the drilling fluid interaction with S- 
4 core samples. The micro-structural spatial disposition of clay miner-
alogy for K-3 core samples (5H, 6H, 8H) are pore lining and pore filling, 
while for S-4 core samples (3H, 4H, 7H), are pore bridging (Table 1). 

The representative differential pressure – time response during back 
production, that is during core flooding with mineral oil from formation 
end (FE) for K-3 core samples (5H, 6H, 8H) and S-4 core samples (3H, 
4H, 7H) are presented in Figs. 8 and 9, respectively. In Fig. 8, the 
representative differential pressure values for K-3 core samples (5H, 6H, 
8H) are lower compared to S-4 core samples (3H, 4H, 7H), indicating a 
lower degree of damage to permeability. This difference can be attrib-
uted to the impact on the damage of permeability. S-4 core samples (3H, 

4H, 7H) exhibit a higher reduction in permeability due to a combination 
of damage mechanisms, including swelling and fine migration. In 
contrast, the dominant damage mechanism in K-3 core samples (5H, 6H, 
8H) is migration. Therefore, achieving return permeability maybe more 
easily attainable in the K-3 oil field. Return permeability was deter-
mined by calculating the ratio of the measured return permeability 
during back production to the initial permeability before formation 
damage. 

3.2.1. Relative return permeability after treatment with PAC-UL to water- 
based drilling fluid 

The plot of the relative return permeability (%) versus flow rate for 
the three core samples (5H, 6H, 8H) from K-3 Oilfield was established at 
a drawdown range of 0.1–0.5 ml/min hence, error bars have been 
included on the graphs and likewise for the three core samples (3H, 4H, 
7H) from S-4 Oilfield at the overburden pressure of 4236 psi and tem-
perature of 107 ◦C. 

The return permeability is presented in Fig. 10a for core sample 8H 
from K-3 oil field and in Fig. 10b for core sample 7H from S-4 oil field. 
Both core samples were tested with water-based drilling fluid PAC-UL. 

The result in Fig. 10a indicates that the base drilling fluid did not 
perform well. The interaction between the water-based drilling fluid and 
core sample 8H resulted in a severe decline in permeability. Core Sample 
8H showed a 62% loss in permeability, with a return permeability of 
only 38% (Fig. 10a). Any damage exceeding 30% during a formation 
damage return permeability test will affect the fluid flow properties of 
an oil well (Browne and Smith, 1994). However, the return permeability 
was not up to 50% of the original permeability of the reservoir, as 
represented by core samples 7H (Fig. 10b). The return permeability tests 
using water-base drilling fluid PAC-UL and core samples 8H and 7H 

Fig. 9. Representative differential pressure – time response during back pro-
duction for S-4 core samples (3H, 4H, 7H) at temperature of 107 ◦C and 
overburden pressure of 4236 psi and flowrate of 0.5 ml/min. 

Fig. 10. Average return permeability versus flowrate (a) for core sample 8H 
from K-3 oil field (b) for core sample 7H from S-4 oil field at overburden 
pressure of 4236 psi and temperature of 107 ◦C. 

Fig. 11. Average return permeability versus flowrate (a) for core sample 3H 
from S-4 oil field and (b) for core sample 5H fromK-3 oil field. at overburden 
pressure of 4236 psi and temperature of 107 ◦C. 
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were conducted to benchmark the performances of the potassium 
formate and halide drilling fluids in Kaolinitic and mixed layer illitic +
smectitic sandstone reservoirs. 

3.2.2. Relative return permeability after treatment with K-formate drilling 
fluid 

The S-4 core sample 3H and K-3 core sample 5H were exposed to K- 
formate drilling fluid during the core flooding experiment. The return 
permeability versus flowrate (ml/min) for S-4 core sample 3H and K-3 
core sample 5H are presented in Fig. 11a and b, respectively. 

The return permeability test for S-4 core sample 3H showed an 80% 
permeability damage. On the other hand, in the reservoir represented by 
K-3 core sample 5H (Fig. 11b), the recovery permeability value was 
29%. These low return permeability values suggest that the performance 
of K-formate drilling fluid may have induced formation damage re-
actions, possibly involving swelling of smectitic clay mineralogy and 
migration of kaolinite. A productivity impairment of up to 74% is 
considered poor performance (Bishop, 1997), and it is likely that both 
swelling and migration damage mechanisms occurred in S-4 core sample 
3H, while migration was the only formation damage mechanism in K-3 
core sample 5H. SEM will be used in subsequent subsections to deter-
mine the dominant formation damage mechanisms. 

The interaction of K-formate RDF with the rock samples (3H and 5H) 
resulted in the mobilization of colloidal clay particles within the 
micropore structural network due to an increase in the electrical double 
layer. As a result, particles were separated from pore surfaces, leading to 
a reduction in permeability. Similar results have been observed by other 
authors (Khilar and Fogler, 1987; Khilar et al., 1990; Kia et al., 1987) 
studying sandstone reservoir rocks. 

3.2.3. Relative return permeability after treatment with halide drilling fluid 
The results of the formation damage return permeability test for 

improved halide drilling fluid on S-4 core sample 4H and K-3 core 
sample 6H are presented in Fig. 12a and b, respectively. Fig. 12a in-
dicates that permeability has been severely impaired due to the inter-
action and impact of the halide drilling fluid on kaolinite along with 
mixed layer (illite + smectite) reservoir. As shown in Fig. 12a, the 
reservoir represented by S-4 core sample 4H recovered 56% of its 
original permeability. The relative performance of the halide drilling 
fluid in the two different reservoirs is illustrated in the results presented 
in Fig. 12a and b. 

The result presented in Fig. 12b indicates that halide drilling fluid 
performed well in the kaolinitic reservoir of K-3 due to low retention, 
resulting in minimum impairment of the reservoir. As shown in Fig. 12b, 
the return permeability value was 99%. 

Drilling fluid damage levels ranging from 0% to 99% permeability 
reduction have been recorded; however, permeability impairments of 
less than approximately 50% have minimal effect on reservoir produc-
tivity (Browne et al., 1995). The interaction of the halide RDF with rock 
samples (4H and 6H) resulted in a reduced effective internal surface area 
of the rock samples, which could be a possible reason for the high return 
permeability. When the reservoir rock-drilling fluid interaction involves 
only a small specific surface area of the rock in contact with the fluid, it 
leads to increased return permeability. 

A number of sandstone reservoirs contain interstitial clay mineralogy 
with varying physicochemical characteristics within their micropore 
structures. Swelling and dispersion of the clay mineralogy can be 
responsible for the impairment of the permeability (Gomez et al., 2015). 
The improved halide drilling fluid showed its best performance when 
used in a kaolinitic reservoir rock (core sample 6H). This experimental 
study highlights the importance of blending multiple salts in RDF design 
to apply the inhibitory control properties of each individual salt. As a 
result, an improved halide RDF with a robust formulation, comparable 
to commercially available RDFs and those in other related studies, was 
achieved, as shown in Fig. 13. 

3.2.4. Effects of water-based drilling fluid PAC-UL on physiochemical 
alteration of sandstone reservoir with varying clay mineralogy 

The effect of the PAC-UL Base Drilling Fluid on the physicochemical 
alteration of the clay mineralogy was first to be investigated so reference 
can be made to it for comparison when investigating the effects of the 
other RDF types. SEM images was used to assess and determine the 
formation damage mechanism(s) that helps to explain the return 
permeability response presented in the previous sections. 

Images are presented as ‘Before formation damage’ for the images 
taken after the initial core flooding with mineral oil, and ‘After back 
production’ to refer to the images taken after the back production. SEM 
images at Wellbore face and Formation face were taken and a possible 
reason for the poor performance of the PAC-UL base drilling fluid was 
further investigated with SEM-EDS analysis and the result is presented in 

Fig. 12. Average return permeability versus flowrate (a) for core sample 4H 
from S-4 oil field and (b) for core sample 6H from K-3 oil field at overburden 
pressure of 4236 psi and temperature of 107 ◦C. 

Fig. 13. Comparison of relative return permeability values from various water- 
based drilling fluids at elevated temperatures and pressures. 
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the following sub sections. 

3.2.4.1. Physicochemical alterations at wellbore end (WE) and formation 
end (FE) of core sample 8H K-3. In this subsection, the physicochemical 
alterations at the wellbore end (WE) and formation end (FE) are pre-
sented. The SEM analysis results for the WE - face (Before formation 
damage and After back production) are shown in Fig. 14 (a and b). The 
invasion of drilling fluid solids has contributed to the reduction in 
permeability (Fig. 10a). The SEM analysis results for the formation end 
(FE) (Before formation damage) and (After back production) are pre-
sented in Fig. 14 (c and d respectively), and SEM analysis results for the 
WE – 2 mm inside (After back production) and FE - 2 mm inside (After 
back production) are shown in Fig. 14 (e and f). The dominant formation 
damage mechanisms are destabilization and migration of clay minerals. 
The pore structural networks have been occluded by deflocculated and 
migrating clay minerals after interaction with constituents of water base 
drilling fluid PAC-UL (Figures: 14 - d, e, and f), resulting in the observed 
low relative return permeability in Fig. 11a. 

The invasion of drilling fluid solids is evident in the WE – face (After 
back production - Fig. 14b) and WE – 2 mm inside (After back 

Fig. 14. SEM photomicrographs of K-3 core sample 8H at depth 7526.60 ft showing (a) WE – face (Before), (b) WE - face (After), (c) FE-face (Before), (d) FE – face 
(After), (e) WE – inside (After) and (f) FE – inside (After). Sites of EDS analysis are indicated A and B. 

Fig. 15. EDS at location A of Fig. 15 showing high peaks for Silicon and 
Aluminium, which is indicative of kaolinite. Location B has similar result. 
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production – Fig. 14e). However, clay minerals and pore structures in 
the FE – face (After back production - Fig. 14d) have been corroded, 
leading to an alteration in the spatial disposition of the clay minerals. A 
similar alteration mechanism was observed in the region of the FE – 2 
mm inside (After back production – Fig. 14f). Corrosion, destabilization, 
and migration are commonly observed within pore walls containing 
kaolinite after interaction with drilling fluids (Civan, 2015; Pittman, 
1989; Denniss et al., 2007; Davis and Wood, 2004). EDS analysis at 
location A of Fig. 14 identified high silicon and aluminium element 
peaks (Fig. 15) that indicated kaolinite clay when combined with SEM 
observations. 

3.2.4.2. Physicochemical alterations at wellbore end (WE) and formation 
end (FE) of S-4 core sample 7H. The SEM analysis results for the physi-
cochemical alterations observed at wellbore end (WE) and formation 
end (FE) of S-4 core sample 7H are presented in Fig. 16. The individual 
species of clay minerals have interacted with the water-based drilling 
fluid PAC-UL differently, leading to alteration of the pore structural 
network. Consequently, different formation damage mechanisms have 
been observed. The formation damage mechanism observed at the WE – 
inside may be clay swelling of smectitic components of the mixed layer 
(illitic + smectic) clay species (Fig. 16e). Clay swelling was neither 
observed nor suspected in K-3 core sample 8H (WE – inside After) 

Fig. 16. SEM photomicrographs of S-4 core sample 7H at depth 10,908.50 ft showing (a) WE – face (Before), (b) WE - face (After), (c) FE-face (Before), (d) FE – face 
(After), (e) WE – inside (After) and (f) FE – inside (After). Sites of EDS analysis are indicated A and B. 
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(Fig. 14e). 
Similar to WE – face (After – Fig. 14b) and FE – face (After – Fig. 14d) 

in K-3 core sample 8H, corrosion and migration mechanisms were 
observed at the FE – face (After – Fig. 14d). Fig. 16b indicates that 
permeability had been severely impaired due to interaction between the 
base drilling fluid and the reservoir sandstone containing kaolinite and 
mixed layer (illite + smectite) with varying physicochemical charac-
teristics. It has been observed and reported in another study that small 
pores can be damaged by swelling of mixed-layer illite/smectite clay 
mineralogy, while large pores suffered from the combined damage of 
swelling of smectite clay mineralogy and migration of hair-like illite 
(Zhang et al., 2020a). 

EDS analysis at location B of Fig. 16 identified high silicon, 
aluminium, iron and potassium element peaks (Fig. 17a), indicating 
illite/mixed-layer clay when combined with SEM observation. On the 
other hand, EDS analysis at location A of Fig. 16 identified high silicon 
and aluminium element peaks (Fig. 17b), indicating kaolinite clay when 
combined with SEM observations. 

3.2.5. Effects of potassium formate drilling fluid on physiochemical 
alteration of sandstone reservoir with varying clay mineralogy 

The presence of certain clay mineralogy in the formation has shown 
that potassium salt inhibitory agents do not have the inhibitive effect but 
instead increases dispersion of clay minerals (Abass et al., 2006; San-
tarelli and Carminati, 1995). The inhibitory effects of potassium formate 
drilling fluid were tested using S-4 core sample 3H and K-3 core sample 
5H in the previous section. The geometric disposition of clay minerals 
inside the micropore structural network was further evaluated using 
SEM. The results of the SEM analyses for S-4 core sample 3H and K-3 
core sample 5H are presented in the following subsections. 

3.2.5.1. Physicochemical alterations at wellbore end (WE) and formation 
end (FE) of core sample 3H S-4. The SEM analysis for the magnitude of 
physicochemical alterations observed at the wellbore end (WE) and 
formation end (FE) is presented in Fig. 18. The locations A and B in 
Fig. 18 represent the EDS sites identified for mixed layer (illite +
smectite) at location B and kaolinite at location A, as presented in Fig. 19 
(a and b). 

Fines from kaolinitic and mixed layer (illite + smectite) clay 
mineralogy migrated or were redistributed by intra-pore migration to 
block the pores in the WE – face (After back production - Fig. 18b). 
Agglomeration of kaolinitic clay minerals and maybe swelling of 
smectite have been observed in the WE – inside and consequently pore 
structures have been plugged (After back production – Fig. 18e). The 

pore structures in the FE – face have been occluded by flocs of kaolinitic 
fines maybe vermicular and mixed layer (illite + smectite) maybe platy 
(After back production: Fig. 18d). On the contrary, the pore structures in 
FE inside (After back production) have been blocked due to migration of 
kaolinitic fines, maybe vermicular (Fig. 18f). The K-formate drilling 
fluid was able to permeate deeper into the micropore structure (Al-Yami 
et al., 2008). 

Thus, the interaction between the K-formate drilling fluid and the 
kaolinite and mixed-layer (illite + smectite) clay mineralogy found in 
the sandstone reservoir has impaired permeability due to unfavourable 
electrostatic interaction between K-formate drilling fluids and clay 
particles. The weakening of the attractive components of the diffuse 
double layer electric, resulting from the detached and migrated fines 
that have plugged pore throats due to the shrinking of clay particles, can 
be attributed to the unfavourable electrostatic interaction (Zhao et al., 
2018). The plugging of the main pore throats in S-4 core sample 3H and 
the subsequent damage after interaction with the K-formate drilling 
fluid can also be possibly attributed to the swelling of the mixed-layer 
(illite + smectite) clay mineralogy. 

The severity of the formation damage depends on the presence of 
smectite, and if permeating K-formate drilling fluid encounters swel-
lable clay, it depends on the size of the pore throat, which aligns with the 
findings of (Zhao et al., 2018). The K-formate drilling fluid was able to 
intercalate into the clay interlayer and replace water molecules. How-
ever, it could not effectively restrain the hydration and swelling of 
smectite clay materials because the hydrogen bond between water and 
smectite clay materials was stronger than the electrostatic interactions 
between K-formate drilling fluids and the clay surface. Hence, K-formate 
could not displace water, and the damage reaction mechanism due to ion 
adsorption of potassium ion (K+) most likely did not occur or on a 
minimal scale. This is a possible reason why EDS did not detect high 
peaks for K+ (Fig. 19). The SEM analysis showed a higher level of 
micronization after the test, decreased size number, and fewer open 
available pore throats compared to the water-based drilling fluid 
PAC-UL - S-4 core sample 7H interaction, which generated clay fines 
with a larger diameter and relatively more stability within the pore 
structures. One major reason for the poor performance of the potassium 
formate drilling fluid compared to the result of the water-based drilling 
fluid PAC-UL (Fig. 16) is the migration of fine clay particles. 

3.2.5.2. Physicochemical alterations at wellbore end (WE) and formation 
end (FE) of K-3 core sample 5H. The result of the SEM analysis for the 
magnitude of physicochemical alterations observed at the wellbore end 
(WE) and formation end (FE) for K-3 core sample 5H are presented in 

Fig. 17. EDS analysis at locations identified as A and B in Fig. 16 of sample 7H from S-4. (a) EDS at location B showing high peaks for silicon, potassium and 
aluminium, which is indicative of mixed-layer (illite + smectite) mineralogy and (b) EDS at location A showing high peaks for silicon and aluminium, which is 
indicative of kaolinite. 
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Fig. 20. The result of the EDS analysis at sites A and B of Fig. 20 are 
shown in Fig. 21. 

The features observed in the WE – inside (After) and FE – inside 
(After) for K-3 were similar to the features in WE (After) and FE (After). 
Therefore, no SEM photomicrograph was presented for the WE – inside 
(After) and FE – inside (After). The SEM photomicrographs for WE 
(Figures: 20a & 20 b) have revealed that the native pore-lining and pore- 
coating kaolinitic clay fines, with varying physicochemical properties, 

have detached and rearranged through intra-pore migration, leading to 
reduction in average return permeability as observed in Fig. 11b. The K- 
formate drilling fluid has caused corrosion, deflocculation, and migra-
tion (Figures: 20a & 20 b). Corrosion, destabilization and migration are 
commonly observed within pore walls containing kaolinite after inter-
action with drilling fluids (Civan, 2015; Pittman, 1989; Denniss et al., 
2007; Davis and Wood, 2004). 

As shown in the result presented in Fig. 20 (c & d), agglomeration 

Fig. 18. SEM photomicrographs of S-4 core sample 3H at depth 10181.25 ft showing (a) WE – face (Before), (b) WE - face (After), (c) FE-face (Before), (d) FE – face 
(After), (e) WE – inside (After) and (f) FE – inside (After). Sites of EDS analysis are indicated A and B (red dotted lines indicating the presence of kaolinite; blue dotted 
lines indicating the presence of mixed layer illite + smectite; white dotted lines indicating the presence quartz growth) mineralogy. 

M.C. Halim et al.                                                                                                                                                                                                                               



Geoenergy Science and Engineering 231 (2023) 212405

16

and intra-pore migration occurred at the FE due to the presence of 
vermicular-Kaolinitic clay fines, with diameter up to 55 μm, which are 
larger than the smallest pore throat diameters (<1 μm). Intra pore 
migration can occur where the diameter of clay fines is greater than pore 
throat diameters (Denniss et al., 2007). The EDS analysis at location A in 
Fig. 20 has identified high Silicon and Aluminium element peaks 
(Fig. 21), indicating the presence of kaolinite clay when combined with 
SEM observations. 

3.2.6. Effects of halide drilling fluid on physiochemical alteration of 
sandstone reservoir with varying clay mineralogy 

The strategy used to investigate the physicochemical alterations was 
discussed in the preceding sections for water-based drilling fluid PAC-UL 
and K-formate drilling fluid respectively. The same strategy was applied 
to investigate the physicochemical alterations caused by the improved 
halide drilling fluids, which will be discussed in the following 
subsections. 

Fig. 19. EDS analysis at locations identified as A and B in Fig. 18 of sample 3H from S-4. (a) EDS at location A showing high peaks for Silicon and Aluminium, which 
is indicative of kaolinite and (b) EDS at location B showing high peaks for Silicon, Potassium and Aluminium, which is indicative of mixed-layer (illite + smec-
tite) mineralogy. 

Fig. 20. SEM photomicrographs of K-3 core sample 5H at depth 7500.60 ft showing (a) WE – face (Before), (b) WE - face (After), (c) FE-face (Before) and (d) FE – face 
(After). Red dotted lines the presence of indicating block-like kaolinite and blue dotted lines indicating the presence of plate-like kaolinite. 
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3.2.6.1. Physicochemical alterations at wellbore end (WE) and formation 
end (FE) of core sample 4H S-4. The SEM analysis results for the physi-
cochemical alterations observed at the wellbore end (WE) and formation 
end (FE) of S-4 core sample 4H are presented in Fig. 22. Fig. 22b shows 
the presence of xenomorph or anhedral, blocky pore lining and pore 
filling particulates from the halide drilling fluid. The result of the SEM 
photomicrograph (Fig. 22b) indicates that physicochemical character-
istics of the micropore structure have been disrupted as result of 

interaction between the halide drilling fluid and the kaolinite and mixed 
layer (smectite + illite) clay mineralogy. Disruption of native spatial 
disposition of kaolinite and mixed layer (smectite + illite) clay miner-
alogy within the micropore structures can lead to migration through 
pore throat openings (Hayatdavoudi and Ghalambor, 1996; Nguyen 
et al., 2007; Lever and Dawe, 1984; Sharma and Yortsos, 1987), away 
from wellbore face. However, the stability between the micropore walls 
and clay fines from kaolinite and mixed layer (illite + smectite) clay 
mineralogy was not totally disrupted, resulting in reduced migration. 
This is attributed to chemical interactions between the applied halide 
drilling fluid phase and the native kaolinitic and mixed-layer illite +
smectite, whereas increased migration was observed in the cases of 
formate drilling fluid and water-based drilling fluid PAC-UL. Migration 
of clay minerals can occur due to the interaction between drilling fluids 
and oil and gas reservoir rocks (Wilson et al., 2014; Mody and Hale, 
1993; Khodja et al., 2010; Lal, 1999). 

The result of the SEM photomicrographs for the formation end for 
reservoir represented by core sample 4H are shown in Fig. 22d. The SEM 
photomicrograph result presented in Fig. 22d indicates the presence of 
drilling fluid solid constituents in the formation end. EDS analysis at 
location A in Fig. 22 identified high Silicon, Aluminium, Iron, and Po-
tassium element peaks, indicating the presence of illite/mixed-layer clay 
when combined with EDS observations (Fig. 23c). On the other hand, 
EDS analysis at location B of Fig. 22 identified high Silicon and 
Aluminium element peaks (Fig. 23b), indicating the presence of 
kaolinite clay when combined with SEM observations. EDS analysis at 
location C of Fig. 22 identified a high peak of calcium element, indi-
cating drilling fluid constituents when combined with SEM observations 

Fig. 21. EDS at location A showing high peaks for Silicon and Aluminium, 
which is indicative of kaolinite in K-3 core sample 5H. The EDS at location A is 
similar to location B. 

Fig. 22. SEM photomicrographs of S-4 core sample 4H at depth 10923.50 ft showing (a) WE – face (Before), (b) WE - face (After), (c) FE-face (Before) and (d) FE – 
face (After). Yellow dotted lines indicating the presence of drilling mud constituents; red dotted lines indicating the presence of mixed layer (illite + smectite); and 
blue dotted lines indicating kaolinite. 
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(Fig. 23a). 

3.2.6.2. Physicochemical alterations at wellbore end (WE) and formation 
end (FE) of K-3 core sample 6H. The results of the SEM analysis for the 
physicochemical alterations observed at the wellbore end (WE) and 
formation end (FE) after the formation damage return permeability test 
for halide drilling fluid on core sample 6H are presented in Fig. 24 (a, b, 
c, and d). 

The SEM photomicrographs results presented in Figures (24a and 
24b) indicate that pores have been lined and filled by an abundant 
amount of drilling muds constituents from the halide drilling fluid due to 
interaction between the kaolinite clay mineralogy and the halide drilling 
fluid. One critical factor in designing low-damage fluids to prevent the 
invasion of solids and filtrate into the production zone is sizing particles 

in the drilling fluid to create a surface bridge on the subterranean for-
mation face with minimal penetration of solids and filtrate (Darley and 
Gray, 2011; Zhang et al., 2014). The D10, D50, D95 used in the prepa-
ration of bridging particle distribution in the halide drilling fluid formed 
an effective filter cake that bridged the kaolinite dominated micropore 
structures with pore size distribution between 1 μm and less than 50 μm 
(Fig. 24b), and the largest particle size that can pass through this pore is 
50 μm. The filter cake can also reduce drilling fluids invasion into the 
drilled formation (Hossain and Al-Majed, 2015; Bourgoyne et al., 1986), 
as shown in Fig. 24b where the largest particle size in the halide drilling 
fluid was 66 μm. Therefore, achieving optimum well productivity with 
minimal formation damage to the reservoir and ensuring safe drilling 
and completion operations depend on the performance of drilling fluids 
(Karakosta et al., 2020). The halide drilling fluid was able to keep the 

Fig. 23. EDS analysis at locations identified as A, B and C in Fig. 22 of sample 3H from S-4. (a) EDS at location C showing high peak for calcium indicative of drilling 
fluid (b) EDS at location A showing high peaks for Silicon and Aluminium, which is indicative of kaolinite and (c) EDS at location B showing high peaks for Silicon, 
Potassium and Aluminium, which is indicative of mixed-layer (illite + smectite) mineralogy. 
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Fig. 24. SEM photomicrographs of K-3 core sample 6H at depth 7447.40 ft showing (a) WE – face (Before), (b) WE - face (After), (c) FE-face (Before) and (d) FE – face 
(After). Yellow dotted lines indicating the presence of drilling mud constituents; blue dotted lines indicating the presence plate-like kaolinite and red dotted lines 
indicating block-like kaolinite. 

Fig. 25. EDS analysis at locations identified as A and C in Fig. 24 of sample 6H from K-3. (a) EDS at location C showing high peak for calcium indicative of drilling 
fluid (b) EDS at locations A showing high peaks for Silicon and Aluminium, which is indicative of kaolinite. EDS at location A is similar to that of location B. 
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kaolinitic fines in a stable state along the pore walls, reducing the level 
of migration (Fig. 24d), and preserving the kaolinitic fines in booklet 
form as pore lining without disruption or attack (Fig. 24d). This is 
consistent with the findings of (Al-Yami et al., 2008). 

EDS analysis at location A of Fig. 24, identified high Silicon and 
Aluminium element peaks (Fig. 25b), indicating the presence of 
kaolinite clay when combined with SEM observations. The EDS analysis 
at location C of Fig. 24 identified high peak of calcium element, the 
presence of drilling fluid constituents when combined with SEM obser-
vations (Fig. 25a). 

3.2.7. Effects of reservoir drilling fluid filtration behaviour on formation 
damage reaction mechanisms 

The results of the filtration behaviour due to the interaction between 
RDFs of varying formulations and the core samples representing 
kaolinitic sandstone reservoir and mixed layer (illitic + smectitic) & 
kaolinitic sandstone reservoir are presented in Fig. 26a and b. The 
filtration test parameters were determined from experimental data 
during the filtration process for water-based drilling fluid PAC-UL using 
core samples 7H and 8H, and for halide drilling fluid using core samples 
4H and 6H. The corresponding permeability values of filter cakes (K7H, 
K8H, K4H and K6H) were determined and are presented in Fig. 26a. 

The permeability values of filter cakes K7H > K8H > K4H > K6H, as 
shown in Fig. 27a. This indicates that the filter cake of the kaolinitic 
reservoir-halide drilling fluid (RDF) system has demonstrated better 
plugging performance, fluid loss control, and minimal formation dam-
age compared to the filter cake of the kaolinitic + mixed layer (illitic +
smectitic) reservoir-halide RDF system, which has a permeability of 
8.40 × 10− 8 mD. The filter cakes from the base drilling fluid (BDF) and 

resulting systems have the highest permeability values, indicating 
increased formation damage. 

The results of the filtration loss property are presented in Fig. 26b for 
the three drilling fluids (PAC-UL BDF, K-formate RDF, and halide RDF) 
in the kaolinitic + mixed layer (illitic + smectitic) reservoir system 
(represented as 7H, 3H and 4H) and kaolinitic reservoir system (repre-
sented as 8H, 5H and 6H). The best filtration loss result is observed with 
the halide drilling fluid and the kaolinitic reservoir system, as depicted 
by 6H (Fig. 26b). 

In general, a filtration loss of 10 ml for the API standard filtration test 
at low pressure and low temperature (LPLT) conditions can be consid-
ered a low fluid loss (Færgestad and Strachan, 2014). Since HPHT 
conditions often result in greater fluid loss (due to lower fluid viscosity), 
the results obtained in this study are practically acceptable for the 
improved halide drilling fluid and kaolinitic reservoir system. Never-
theless, further investigation may be required to develop a better drilling 
fluid formulation to further reduce filtration loss in kaolinitic + mixed 
layer (smectitic + illitic) reservoir systems. 

The detailed SEM investigation carried out in this study confirms the 
quantitative results of the filtration process summarized in Figures (26a 
and 26b). Additionally, the observations from the SEM analysis of the 
filter cake from the base drilling fluid with samples 7H, which has pore 
sizes in the range of 13 μm–20 μm, and 8H, which has pore sizes in the 
range of 8 μm–15 μm (Fig. 27a and b), indicate that the filter cake was 
very porous and permeable. This finding is corroborated by the quan-
titative analysis presented in Figures (27a and 27b), and as a result, 
increased formation damage was observed. 

The SEM photomicrograph (Fig. 27c) of the filter cake for halide 
drilling fluid deposited on the kaolinitic reservoir represented by core 
sample 6H shows that it is less porous compared to the filter cake 
deposited on sample 8H. The filter cake in sample 6H, with pore sizes in 
range of 6 μm–11 μm, is less permeable compared to filter cake in sample 
8H, which has pore sizes in range of 8 μm–15 μm. There was lower fluid 
filtration loss for the filter cake deposited on sample 6H, as confirmed by 
the quantitative analysis presented in Figures (26a and 26b), and min-
imal formation damage (Fig. 12b). A similar result was observed during 
analysis of the SEM photomicrograph (Fig. 27d) of the filter cake for the 
halide drilling fluid deposited on the kaolinitic & mixed layer (illitic +
smectitic) reservoir represented by core sample 4H, which has pore sizes 
in the range of 13 μm–14 μm. The quantitative results are presented in 
Figures (26a and 26b). 

In both cases, the varying clay mineralogy reacted differently with 
polymer and bridging materials used for the designed halide drilling 
fluid. However, the rare type of filter cake formed between the halide 
drilling fluid and core sample 6H contributed significantly to the 
reduced fluid loss and minimal formation damage observed (Engelhardt, 
1954). The filter cake acted as a film and reduced surface area by 
plugging the pores. This interaction resulted in thin and less permeable 
filter cake with low porosities because the volume of filter cake formed 
per cubic centimetre of filtrate became very small (Engelhardt, 1954). 

The filter cake of the halide drilling fluid deposited on the reservoir 
represented by core sample 6H showed little or no aggregation with the 
kaolinitic pore structural arrangement (Fig. 27c), hence its better hole 
plugging performance. 

4. Conclusion 

The experimental investigation indicated that the differences in 
performance of water-based drilling fluid PAC-UL, formate and halide 
drilling fluids in sandstone reservoirs containing kaolinite and mixed- 
layer (illite + smectite) clay mineralogy resulted from the individual 
differences in clay mineralogy species that have influenced the values of 
the return permeabilities (%), which varied between 12% and 99%. 
Furthermore, there are connections between the varying values of return 
permeability and the varying degree of micropore alterations. There-
fore, all RDF can impact the microscopic alteration intensity in kaolinitic 

Fig. 26. Filtration behaviour of drilling fluids (a) Permeability data for k4H =
8.40 × 10–8 D, K6H = 3.10 × 10–8 D, K8H = 1.60 × 10–7 D and K7H = 4.90 ×
10–6 D and (b) Filtration volumes after 60 min for base drilling fluid (BDF), 
halide drilling fluid and formate drilling fluids at 4,325psi and 107 ◦C. 
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sandstone reservoirs and kaolinitic & mixed layer (smectitic + illitic) 
sandstone reservoirs. However, the improved halide RDF displayed 
better performance by lowering the microscopic alteration intensities in 
kaolinitic sandstone reservoirs and kaolinitic & mixed layer (smectitic +
illitic) reservoirs, with the lowest microscopic alteration observed in a 
kaolinitic sandstone reservoir. This study confirms that existing studies 
have not given adequate priority to the role of individual species of clay 
mineralogy and their varying physicochemical properties in the devel-
opment of formation damage in formulating drilling fluids for sandstone 
reservoir with varying clay mineralogy rather clay mineralogy is as most 
often the case treated as a whole or single group. Therefore, the impact 
of drilling fluids of varying formulations on productivity impairment of 
reservoir sections containing individual species of varying clay miner-
alogy in a micropore or mesopore structural environment has not been 
completely understood. The current study has provided a key reference 
on current practices on the principles of FDM/FDC methodology used 
for formulating drilling fluids specifically for kaolinitic sandstone res-
ervoirs and therefore, the improved halide RDF is recommended for 
kaolinitic reservoirs. 
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