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HIGHLIGHTS

« Organic rich shales contain considerable amount of porosity in the oil window.

« Extracting the entrapped bitumen allows us to effectively access and measure porosity.
« Kerogen porosity is the dominant pore morphology in organic rich shales (ORS).

« Specific surface area and porosity are directly related to TOC in ORSs.
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systems in these rocks. Kerogen decomposition and consequent shrinkage may change the load bearing
state of the minerals and organic matter and affect pore system since early stages of maturation.
Geochemical evidence confirms that the hydrocarbon expulsion process (i.e. primary migration) is not
100% efficient. Expulsion of hydrocarbon is mainly driven by (1) pressure increase in the source rock

g?gn:x?ircdi;ch shales due to solid kerogen conversion and volume increase and (2) continued compaction of the sediment.
Kerogen Converted organic matter is partly retained in the source rock diverse framework constituents.
Bitumen Quantitative measurement of and determining producibility of the retained hydrocarbon in the source
Thermal maturity rock is to date highly debated. The source rock hydrocarbon storage capacity is controlled by pore-
Porosity hosting particles, pore system topology and rock-fluid interactions.

The presence of organic matter and clay minerals affect log responses by generally overestimating
porosity, because the low density kerogen is not accounted for, and together with low resistivity caused
by presence of clay minerals can result in erroneous saturation calculations; thus, accurate reserve esti-
mation often is challenged if the impact of low organic matter density is not explicitly addressed.

In order to understand porosity evolution and the interaction of organic byproducts (i.e. bitumen and
pyrobitumen) with rock minerals during thermal maturation, one must study source rock samples with
different maturities. For this reason, ten Bakken Shale samples with varying maturity and mineralogy
were selected in this study. Pore size distributions (PSD), specific surface areas (SSA) and geochemical
characteristics of the samples were measured in native state and after successive solvent extraction.

The PSD and SSA measured after each extraction shows recovery of the pore system with successive
cleaning. Most significant was the recovery of kerogen-hosted pores with removal of soluble, oil-like
organic material. Using successive extractions we are able to determine the evolution of organic matter
porosity through maturation which is otherwise not feasible using visual techniques or other
conventional laboratory procedures.

© 2015 Published by Elsevier Ltd.

1. Introduction
Abbreviations: TOC, total organic carbon; SEM, scanning electron microscopy;
HI, hydrogen index; SSA, specific surface area; PSD, pore-size distribution; BET, Pore size distribution (PSD), tortuosity, pore aspect ratio, and
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of the rock as well as our measurement of these properties.
Accessibility of the pore system by the displacement fluid,
wettability and surface properties of the grains are the main
controls on acquiring reliable and consistent laboratory
measurements.

In low porosity rocks with permeability in the nanoDarcy range,
porosity measurement comes with unique challenges, e.g., due to,
but not limited to, nanometer-sized pores and reactive clay miner-
als. Conventional methods to measuring porosity and PSD in fine
grained, ultra-tight rocks usually yield inconsistent values [1-3].
Defining effective porosity in ultra-tight self-sourcing reservoirs
with clay minerals and/or organic matter presents yet another
challenge. Clay porosity in conventional reservoirs is considered
as an ineffective pore system in storage and flow. Recent studies
have questioned this assumption and shown that at certain cir-
cumstances, the clay minerals could improve storage and/or flow
of hydrocarbons in ultra-tight rocks [4].

Log-derived porosity is calculated from density, neutron and/or
sonic logs. These calculations require knowledge of density, hydro-
gen index and mechanical properties of rock fragments. Kerogen
has lower density, lower elastic modulus, higher Poisson’s ratio
and higher hydrogen content than inorganic minerals [5-8].
Scarcity of accurate measurements of kerogen properties and high
contrast between physical properties of kerogen and inorganic
minerals makes conventional log interpretation techniques diffi-
cult to apply to organic rich rocks.

Pore systems in organic rich rocks matrix can be divided into
three pore types as defined by Loucks et al. [9]. Two types of pores
are associated with the inorganic minerals (as interparticle and
intraparticle mineral porosity) and the third type is associated with
the organic matter (intraparticle organic porosity). All types of
pores evolve since the time of deposition due to burial, diagenesis
and maturation. Clay minerals also undergo significant porosity
reduction due to compaction [10].

Porosity in kerogen may exist in the original particle at the time
of deposition (e.g., original cellular microstructure in plant mate-
rial or recycled thermally mature vitrinite), but more commonly,
in Type II organic matter it is generated during burial, with early
stages of porosity development due to decomposition and
catagenesis. Kerogen porosity (if preserved) is often filled with
bitumen at early stages of maturation [11,7]. Confirming existence
of intraparticle kerogen porosity using SEM image analysis tech-
niques, based on material density contrast, is very challenging
since the density of kerogen and bitumen are close. Kuila et al.
[12] studied nano-scale pore structure of source rocks by compar-
ing the PSD before and after removal of organic matter by NaOCI
treatment. They found significant reduction in abundance of
nanometer-size pores after removal of organic matter in mature
source rocks indicating storage space within the kerogen. Prasad
et al. [6] have shown that with increasing maturity, kerogen parti-
cles are sheltered in a supporting frame of stiffer minerals. It is
speculated that intraparticle organic porosity in kerogen is well
preserved if the kerogen particles are sheltered by load bearing
stiff minerals [13]. Determining the fraction of organic matter that
is sheltered by such framework of stiff detrital or diagenetic miner-
als is therefore essential.

The interaction between organic matter maturity and minerals
changes effective porosity and other geophysical properties of the
mudrocks [14]. Sorption and absorption of hydrocarbon in the
organic matter and on the surface of clay minerals also affect the
hydrocarbon storage capacity and fluid flow [15-18]. Bitumen
and other byproducts of kerogen maturation occupy clay and kero-
gen porosity in the early stages of oil generation [7,12]. Different
mechanisms through which clay minerals and organic matter
may interact are widely studied [19-23]. The interaction of clay
minerals and organic compounds is mainly governed by the

electrically charged surface of the clay minerals and the polar nat-
ure of some functional groups present in the bitumen [20]. Based
on tendency of some organic functional groups to be adsorbed at
clay exchange sites [19-23], it is possible that some organic
compounds form stronger bonds with external clay surfaces,
replacing clay bound water and consequently dehydrating the
source rock. This phenomenon may cause a dramatic increase in
resistivity by eliminating the water from interparticle clay porosity
and occupying cation exchange cites of the clays.

Previous studies on characteristics of the pore system in source
rocks provide limited information about how their pore systems
evolve. These studies are mostly focused on investigating the pore
system in samples as received with limited pre-treatments or with
limited discussion on how pretreatments affect measurements of
porosity and PSD [9,12,13,24-26]. We previously observed that
considerable amount of bitumen is generated and stored in the
source rocks in the oil window [7].

Lack or presence of bitumen in the pore system may introduce
significant discrepancy in our evaluation of porosity and pore char-
acteristics [27-30]. However, there are no sharp boundaries
between bitumen and hydrocarbons; converted kerogen (hydro-
carbons or bitumen) are by definition soluble in organic solvents.
If anything, it is the converted organic matter that can contribute
to production from source rocks. Therefore, determining the
amount of storage specified to the soluble hydrocarbons provides
an estimate of effective porosity in organic rich shales. In this
study, solvent extraction was performed to determine what
portion of the total pore space is excluded from quantification
due to oil trapped in pores and to understand the storage and flow
capacity of source rocks in the oil window.

2. Material and methods
2.1. Visual techniques

One of the most debated topics related to pore systems in
organic rich shales at the oil window is the contribution of each
pore hosting grain in total voidage and accessibility and
contribution of different pore types in hydrocarbon storage and
ultimately, production. Mineralogy, organic richness and thermal
maturity determine the types of pores, interaction between
generated hydrocarbons and minerals, and control changes in
pore-hosting particles.

Visualization techniques have been widely used for petrographi-
cal analysis. SEM imaging and thin section analyses are used to
understand pore structure, pore morphology and effect of com-
paction and diagenesis on pore systems. Due to fine-grained nature
of mudrocks and complex sub-micron sized pores, 2-D and 3-D SEM
imaging techniques have received broad attention for studying
porosity and pore structure of mudrocks [9,31-35]. High resolution
imaging and image processing techniques have led to development
of a new branch of rock physics, the so-called “Digital Rock
Physics”. However, since digital rock physics is dependent on high
resolution images, it is biased toward visible porosity. A con-
siderable portion of the pore system may remain saturated with
bitumen and will be counted as a part of solid organic matter due
to low optical and density contrast with the kerogen.

This study is focused on quantifying porosity in organic rich
rocks at different maturities with emphasis on bitumen-filled
porosity in the oil window. This porosity quantification can help
understand evolution of porosity and porosity topology in organic
rich shales as well as improve digital rock models.

In the following section, we discuss petrographic results of three
Bakken Shale samples at immature, mature (oil window) and over-
mature (gas window) states to visually and quantitatively examine
porosity evolution with increasing thermal maturity.
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2.2. Porosimetry

Conventional direct porosity measurement techniques often
result in inconsistent and inaccurate results when performed on
very tight mudrocks [36]. These methods include helium
porosimetry, mercury injection porosimetry (MICP) and immersion
techniques. Low permeability, small grain and pore sizes, and com-
plex surface properties limit accessibility to mudrock pore system.
Luffel and Guidry [37] suggested using crushed tight rock samples
for porosimetry purposes to increase material surface area. This
technique was later adopted by Gas Research Institute (GRI). The
GRI technique includes measuring bulk volume using immersion
technique, then crushing and cleaning the sample using Dean
Stark solvent extraction. Ultimately the sample is dried and the
pore volume is measured with helium pycnometry.

Kuila et al. [38] proposed water immersion porosity (WIP) tech-
nique for total porosity measurement in mudrocks. This technique,
tested on several nano-Darcy permeability samples, produced
more repeatable and reliable results than other methods. Since
WIP technique only heats the samples to 200 °C to remove the for-
mation fluid, there is a possibility that some heavy hydrocarbons
are not completely removed and therefore introduce an error in
the analysis. Another limitation of this technique is its application
in mixed wettability rocks. Deionized water saturates most of the
hydrophilic pores but high capillary pressure prevents water intru-
sion into extremely hydrophobic pores (unless through a forced
imbibition process). The deionized water may also cause swelling
of some clay minerals which results in overestimation of porosity
using this technique [12,39].

While total porosity represents total voidage in the rock, it does
not provide information about fluid flow and hydrocarbon storage
in the pore system. Quantifying pore structure and mineral surface
properties (i.e. pore size distribution, specific surface area, surface
charges and cation exchange capacity) helps us in characterizing
petrophysical properties of the rock. Different techniques are avail-
able for quantifying pore size distribution and specific surface area,
for example, mercury intrusion porosimetry (MIP) [17], NMR
analysis [40], NMR cryoporometry [41], thermoporometry [42,43]
and gas adsorption [10,44-47].

Table 1

Physical properties of organic solvents used for solvent extraction.
Solvent properties Toluene  Chloroform  MAC*' NMP
Boiling point (°C) 110.6 61 57.5 202
Solubility in water (25 °C%w/w)  0.052 0.82 - Total
Polarity (water 100) 9.9 25.9 36.1 36

4 MAC: 23 wt% methanol, 30 wt% acetone, 47 wt% chloroform.

Table 2
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Despite wide usage of MIP in conventional reservoir rocks and
its ability in capturing a wide range of pores, it is limited to mea-
suring pores with pore throat sizes larger than 3.6 nm. Gas adsorp-
tion technique on the other hand, is capable of characterizing pore
size distribution in the pores 2-200 nm in diameter. MIP and sub
critical gas adsorption techniques have been used as complimen-
tary methods for characterizing a broader range of pore sizes in
mudrocks [17,36]. Except when GRI technique is used, all these
studies have assumed that pores are accessible to the measuring
fluid. However, if some pores are occupied by hydrocarbons, poros-
ity and PSD will be dependent on their pretreatment for hydrocar-
bon removals.

2.3. Samples and solvent extraction

We studied pore size distribution, specific surface area and geo-
chemical properties of ten Bakken Shale samples after successive
solvent extraction. The selection was made from a range of
mineralogy and thermal maturity. Table 1 summarizes the physical
properties of solvents used. Utilizing a range of solvents with vary-
ing polarity and chemical structure enabled us to target a wider
range of organic compounds in a successive process, determining
the effect of each solvent and to ultimately access larger portions
of the pore system.

Aliquots were crushed and sieved with 100 meshes (149 pm).
All aliquots were extracted with toluene and then with chloroform
in a soxhlet extraction unit for 48 h each. Five samples were fur-
ther extracted using two solvents with higher polarities. First with
a mixture of methanol, acetone and chloroform (MAC) and then
with N-methyl-2-pyrrolidone (NMP). Geochemical analysis was
performed before extraction on all aliquots and after each extrac-
tion on the samples that were only extracted with toluene and
chloroform. 2-3 g of aliquots were separated for PSD, SSA and geo-
chemical analysis after each extraction step. LECO TOC method was
used for determining organic content and RockEval II for geo-
chemical characterization of the organic matter. It is worthwhile
mentioning that there are errors associated with using HI from
RockEval as a measure of maturity since these shale samples
may not have had the same initial HI. Table 2 summarizes the
properties of the samples before and after solvent extraction with
toluene and chloroform. Since mostly micropores were expected to
be recovered after extraction, subcritical nitrogen adsorption tech-
nique was used for PSD and SSA determination as suggested by
Kuila et al. [12]. The aliquots were degassed at 120 °C under vac-
uum (10 pm Hg) prior to performing nitrogen adsorption tests.

Three Bakken Shale samples were used for petrographical
analysis. Samples were selected from eastern part of the
Williston basin at immature state, central part of the basin at peak

Mineralogy, organic matter geochemical properties and pore characteristics of investigated samples before and after successive solvent extraction are shown in the order of

decreasing maturity. Silicates: quartz + feldspars, carbs: calcite + dolomite.

Sample  Mineral composition Before After toluene After chloroform After MAC After NMP
extraction extraction extraction extraction extraction
Clays Silicates Carbs Pyrite TOC  HI SSA Porosity SSA Porosity SSA Porosity SSA Porosity SSA Porosity
(Wt%) (wt%)  (wt¥) (wt%) (wt%) (mgHC/gTOC) (m?/g) (%) (m%g) (%) (m?/g) (%) (m*lg) (%) (m%g) (%)
EPU 119 25 62 10 3 12.5 6 28.8 6.3 - - - - - - - -
10694 37 55 6 2 155 102 16.2 52 51.7 7.8 49.1 7.6 - - - -
10792 28 50 17 5 7.9 126 3.8 2.3 19.9 2.6 30 3.9 2843 3.1 8.19 1.0
11005 31 57 9 3 124 131 17.3 5.1 45.9 15.0 48.8 14.7 - - - -
10479 37 48 10 5 103 234 0.8 13 0.9 1.3 1.04 1.3 137 1.3 0.5 0.8
9157 34 59 3 4 21.7 257 3 2.9 53 6.9 52.8 6.7 - - - -
10368 28 51 16 5 128 371 1 1.5 1 1.2 1.6 1.9 1.63 1.7 0.93 1.0
7219 30 65 2 3 16.1 556 13 4.1 8.3 4.6 5.7 41 - - - -
7216 43 46 5 6 17.7 633 2.6 2.1 3 2.3 5.6 3.7 7.29 4.1 5.07 53
7221 37 55 4 4 16 636 1.9 2.1 2.9 2.8 3.6 34 8.86 6.7 2.89 3.0
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Fig. 1. FIB-SEM images of Bakken Shale samples from different parts of Williston basin with a range of maturity from (a) immature (b) onset oil generation (sample 7221) and
(c) dry gas window (sample EPU 119). Equivalent vitrinite reflectance of each sample is denoted by R... Higher vitrinite reflectance indicates higher thermal maturity.
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Fig. 2. Specific surface area of the investigated samples before and after solvent
extraction. The samples are identified by their maturity index (HI). Lower HI
indicates higher maturity.

oil generation and western part of the basin at over-mature (gas
window) state where the interval is above a laccolith.

3. Results
3.1. Image analysis

Petrographical analysis of Bakken Shale shows a dramatic
alteration in the nature of pores and pore-hosting particles with
maturity. At immature state (Fig. 1a), two dominant types of pore
systems were identified: intraparticle kerogen porosity and
interparticle clay porosity. At mature state (Fig. 1b), interparticle
porosity is rare; the majority of clay porosity is filled with organic
matter while organic matter shows no visible intraparticle
porosity. At gas window (Fig. 1c), the predominant pore type is
intraparticle organic porosity.

Our observation confirms previous studies that had shown none
to very low measurable or visible porosity in the Bakken Shale at
oil window [48]. It is of great interest to understand the extent
and controlling factors of storage in the source rocks in the oil
window. Despite high resolution of available SEM imaging tech-
niques (4-7 nm), a considerable part of the pore space may remain
unresolved and it is impossible to distinguish between converted
organic matter (bitumen) and kerogen. Therefore, it is not feasible

Total Organic Carbon (TOC) (wt%)

Fig. 3. Maximum measured specific surface area of the aliquots are plotted versus
TOC. The gray scale indicates thermal maturity index (HI).
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Fig. 4. Maximum measured porosity are plotted versus TOC. The gray scale
indicates thermal maturity index (HI). The porosity increases with TOC and more
mature samples have relatively higher porosity.
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Fig. 6. Pore size distribution of five samples after extraction with Toluene, Chloroform, MAC and NMP in comparison with native state.

to quantify the pore space that is preserved in the oil window but
saturated with the bitumen using SEM imaging. However, presence
of intraparticle porosity in the kerogen and interparticle porosity in
clay minerals at immature state and in the gas window questions
vanishing of porosity in the oil window. To quantify this amount,
we utilized solvent extraction to remove the bitumen from the
pore space and sub-critical nitrogen adsorption for pore
characterization.

3.2. Pore characterization

Solvent extraction using toluene and chloroform resulted in
significant recovery of the pore space in mature Bakken Shales
samples (HI < 300). Both the specific surface area (SSA) and poros-
ity increased after solvent extraction. In some cases specific surface
area (SSA) increased from 3 to upwards of 53 m?/g and porosity
increased from 5.1% to 15% (Table 2).

SSA after solvent extraction with toluene and chloroform are
compared with native state in Fig. 2. The light gray bars in this fig-
ure represents the SSA of each sample before extraction, dark gray
bars show SSA after toluene extraction and black bars show SSA

after chloroform extraction. Higher initial and recovered surface
areas are generally observed in the samples with HI of lower than
300 (mg HC/g TOC) except the sample 10479 (HI = 234 in Fig. 2). As
mentioned before the current HI of the samples is not only a func-
tion of maximum temperature they have experienced during the
geological time, but also a function of initial kerogen types and
their fractions. Therefore, current HI might not be a perfect indica-
tor to compare the maturity levels for example between sample
10479 and other samples in the same range of maturity.

The maximum recovered SSA and porosity, after solvent extrac-
tion for the samples from oil window and without extraction for
the sample from gas window, are plotted versus TOC respectively
in Figs. 3 and 4. Mature samples show higher SSA and porosity.
The highest maturity sample did not show noticeable change in
solvent color and so the PSD and SSA were assumed to not have
changed. Porosity and SSA are correlated with TOC.

Comparing pore size distribution (PSD) curves (Fig. 5), shows
that in less mature samples the pore size distribution does not
change after toluene extraction whereas in more mature samples
most of the change occurred after toluene extraction, subsequent
chloroform extraction recovered very little additional pore space.
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Table 3
Geochemical analysis of organic matter before and after solvent extraction.

Before extraction

After toluene extraction After chloroform extraction

Sample Mineral composition
Clays (wt%) Silicates (wt%) Carbs (wt%) Pyrite (wt%) TOC (wt%) HI(mgHC/gTOC) TOC (wt%) HI(mgHC/gTOC) TOC (wt%) HI (mgHC/gTOC)
10694 37 55 6 2 15.5 102 14 88 124 97
11005 31 57 9 3 124 131 12.2 100 11.3 108
9157 34 59 3 4 21.7 257 244 226 20.6 266
7219 30 65 2 3 16.1 556 14.2 492 12.9 550
9852 37 55 5 3 19.1 581 18.8 588 25.8 420
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Fig. 7. Change of measured TOC and HI after solvent extraction as a function of clay content, initial TOC and initial HI. There is no significant trend in changes of measured

geochemical parameters due to solvent extraction.

Pore size distribution curves for different maturity rocks also
vary in shape. The dominant pores in higher maturity samples
are mainly smaller than 10 nm (Figs. 5 and 6), whereas in less
mature samples larger pores are often dominant.

The question that remains unresolved is why the SSA is so low
at the early stages of oil generation despite abundance of intra-
particle kerogen and interparticle mineral porosity at immature
state. This phenomenon might be due to limited solubility of the
heavy bitumen in the solvents used here. In order to further inves-
tigate existence of micro pores in less mature states, the successive
extraction was continued with MAC and NMP on five samples. SSA
and PSD were measured consequently after each extraction (Fig. 6).

Additional recovery of pore space was observed in immature
samples after MAC extraction while more mature samples show
minimum change in PSD curve after MAC extraction. Effect of
NMP on PSD was rather destructive except on larger pores of one
of the immature samples (#7216, HI = 633 in Fig. 6).

3.3. Geochemical analysis

RockEval analysis was conducted on five samples after solvent
extraction. Total organic content (measured using LECO TOC) and
maturity index (hydrogen index) are compared with natural state
(Table 3). In general, the results show no evident trend relatable
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to initial values of TOC, HI or mineralogy (Fig. 7). The changes in
the TOC and HI are, for the most part, within expected errors of
these measurements.

4. Discussion

Successive solvent extraction of source rocks revealed abun-
dance of otherwise undetected porosity at the oil window.
Mature samples showed higher SSA and porosity which increases
with TOC [51]. This is an indication of dominance of kerogen
hosted porosity in mature samples, consistent with findings of
Kuila et al. [12]. At early stages of maturation, chemical
decomposition of kerogen is found to produce insoluble organic
compound and become rubber-like [49,50]. Both mechanisms
may cause collapsing or filling of the kerogen hosted pores at the
oil window [12].

At higher maturity levels, most of the soluble pore-filling
hydrocarbon can be extracted using toluene. However, at lower
maturity the bitumen can be more efficiently dissolved using more
polar solvents. This phenomenon suggests a possible difference in
composition of the bitumen and/or its interaction with the pore-
hosting grains.

While chloroform and MAC improved the extraction of bitu-
men, NMP resulted in porosity reduction. Similar effect was
observed when different clay minerals (i.e. illite, smectite and
kaolinite) were exposed to NMP [52]. This behavior in organic rich
shales is due to swelling of kerogen (and maybe clays) as found by
Hruljova et al. [53]. It could also be partly due to mobilizing and
transporting the bitumen by NMP from larger pores to smaller
(potentially more oil wet) pores.

An increase in TOC or HI after solvent extraction was unex-
pected since some fraction of organic matter was removed from
the source rock. This can only be explained by absorbing of utilized
solvent in organic matter and/or adsorbing on the clay surfaces.

Presence of kerogen-hosted porosity affects petrophysical,
mechanical and flow properties of the source rocks. Porous kero-
gen has lower stiffness modulus [7] which causes softening the
rock matrix frame especially if kerogen is load bearing. Kerogen
porosity contributes in hydrocarbon storage in the source rocks,
however its significance in contributing to flow will depend on
the overall pore system morphology.

5. Conclusions

Source rocks contain considerable porosity in the oil window
which is often entirely or partially filled with bitumen. Porosity
and pore morphology measurements using available techniques
can be affected by occupancy of the pores by the bitumen.
Solvent extraction enables us to access the pore space in order to
produce a more complete image of the pore system in the
mudrocks. Utilizing organic solvents increases accessibility to the
pore system in organic rich rocks at the oil window, however very
high polarity solvents (i.e. NMP) showed a destructive effect on
pore morphology. Based on the results with various solvents on
the Bakken Shale, NMP is not recommended as a routine cleaning
solvent for pore characterization purposes because of the potential
swelling effect on kerogen.

Our SSA and PSD data confirms that there is an overwhelming
population of kerogen hosted porosity in the nanometer-scale
range (<10 nm) at the oil window. We found that the kerogen
porosity generation peaks at higher maturity samples with HI of
less than 300 (mg HC/g TOC). The total porosity and surface area
was also found to be directly related to TOC in the higher maturity
samples.

We found no particular effect of rock mineralogy, especially
clay content, on the porosity development in organic rich shales.
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