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consequent technique, is affected by many factors and not considered very reliable. Shale reservoir rocks
usually have high total specific surface area (TSSA) due to high clay and total organic content (TOC) and
nano-scale pores. Resistivity values are rather low and usually not indicative of reservoir zones in high
TSSA rocks. Nitrogen adsorption and cation exchange capacity (CEC) are the common techniques to
measure TSSA. Clays and organic matter (OM) affect the measured TSSA using either technique. This

Keywords: . . . . . . .
Cation exchange capacity effect must be taken into account while calculating water saturation using conventional models. In this
Specific surface area paper we investigate the mineralogical and geochemical associations of CEC and TSSA and their effects
Organic rich shales on resistivity in shale reservoirs.

Organic matter We studied samples from oil and gas producing reservoirs such as Bakken, Haynesville, European
Thermal maturity Silurian, Niobrara, and Monterey formations. CEC was measured using Co(Ill)-hexamine>* with the

spectrophotometric technique and the equivalent TSSA (CEC-TSSA) was calculated. We also measured the
specific surface area using sub-critical Nitrogen gas adsorption technique (N2-SSA). Rock mineralogy,
organic matter properties and scanning electron microscope (SEM) images were used to further analyze
the data.

We find that CEC values are directly correlated with the clay type and content regardless of the OM
content or level of thermal maturity. Smectite and illite (when negligible smectite is present) dominate
the CEC value in shales. N2-SSA correlates with clay content, especially smectite and illite, but is less
sensitive to clay type as CEC. This correlation between N2-SSA and clay content was observed in Bakken
(no organic matter), thermally mature (gas window) Haynesville, and low TOC (<2.67 wt%) Niobrara (oil
window) samples. We also find that OM significantly affects N2-SSA in two different ways: (1) Blockage
of pores and throats by bituminous kerogen, which limits the accessibility of nitrogen to clay surfaces.
This effect was observed in thermally immature (oil window) Niobrara (TOC>2.6 wt%) and Monterey
shales. (2) Development of nano-scale OM-hosted pores with high surface area mostly for thermally
mature (gas window) shales as observed in high TOC (>1.5 wt%) Silurian shales. Correlation with N2-SSA
and CEC values revealed that the average charge density for most of the shales in this study varies be-
tween 3 and 5 e/nm? and for some high TOC Niobrara samples can be as high as 32. Relatively higher
charge density is due to underestimation of the TSSA by nitrogen adsorption technique. The correlation
between SSA/CEC and clay content/type are well studied in the literature. However the results of this
study aid in understanding how mineralogy, geological factors, organic matter content and thermal
maturity affect this correlation in mud rocks from various reservoirs.

© 2016 Published by Elsevier B.V.
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clay minerals results in underestimation of hydrocarbon volume in
hydrocarbon producing reservoirs (Waxman and Smits, 1968). To
evaluate the excess conductivity due to clay minerals, information
is required about the number of counterions on clay surfaces,
expressed as the cation exchange capacity (CEC) (Clavier et al.,
1984). It was shown that the CEC and SSA are linearly correlated
for clays (Woodruff and Revil, 2011) and shaly sands (Patchett,
1975; Revil et al., 2013). Therefore, accurate measurements of SSA
and CEC as well as an understanding of their control factors are
crucial for reliable resistivity log interpretation. The mineral or
organic matter surfaces probed depend on the technique used for
SSA measurement. For example, gas adsorption with inert gases
(such as nitrogen) measures the external specific surface area
(ESSA) (Derkowski and Bristow, 2012; Heister, 2014) whereas polar
liquid (e.g. ethylene glycol monoethyl ether or EGME) adsorption
techniques measure the total specific surface area (TSSA) (Heister,
2014; and Zhu et al., 2014).

Shales have high surface area because of high clay content
(Passey et al., 2010) and nano-scale pores that are hosted by organic
matter or minerals such as clays (Loucks et al., 2012; Milliken et al.,
2013; Kuila et al., 2014). These rocks also have various amount of
organic matter with different types and various levels of thermal
maturity. Petrophysical and textural properties of the organic
matter change as a result of maturation process (Zargari et al., 2013;
and Zargari et al., 2015). Both clays and organic matter affect the
measured CEC and surface area of shales in different ways. Clays,
when present, dominate the measured CEC and SSA of the rock.
There is a significant difference between the SSA and CEC of
different clays (Table 1). Smectite and illite clays have the highest
CEC and SSA and usually dominate the SSA of the clay rich rocks
(Ellis, 1987; and Derkowski and Bristow, 2012). The effect of organic
matter (OM), however, is more complicated than clay effect. OM
can affect the SA measurements in three different ways: (1)
Chemical interaction with the investigating fluid that is used for
SSA or CEC measurement (Chiou et al., 1993; Derkowski and
Bristow, 2012), (2) it can Limit the accessibility of the investi-
gating fluid to the surface of the minerals by blocking the pores and
throats or coating the clay surfaces themselves (Lang and
Kaupenjohann, 2003; Mikutta et al., 2004), (3) Developing nano-
scale pores as a result of thermal maturation and diagenesis of
the organic matter (Kuila et al., 2014; and Zargari et al., 2015).
Chemical interaction and developing nano-scale pores might

Table 1

Cation exchange capacity (CEC), nitrogen adsorption specific surface area (N2-SSA)
and ethylene glycol monoethyl ether total specific surface area (EGME-TSSA) for
different clay types and isolated kerogen.

Sample CEC (meq/100gr) SSA-N2 (m?/gr) TSSA-EGME (m?/gr)
Smectite? 76.1—-150""" 31.13/, 75.9’ 400—850™™

lllite 9—40° e 25X, 67.2) 57-118"™

Chlorite 1° 15K 962

Kaolinite 0.9-15%"¢" 11,521 9-62Mm

Kerogen <0.5" 5.5—300' 860—921"

4 Smectite and different types of Montmorillonite are combined.
> wiklander (1964).

¢ Thomas (1976).

d Ridge (1983).

€ Ellis (1987).

f Blum and Eberl (2004).

g Srodori (2009).

b Derkowski and Bristow (2012).
I Kuila and Prasad (2013).

i Chiou et al. (1993).

k van Olphen and Fripiat (1979).
! Cao et al. (2015).

™ Revil et al. (2013).

increase the measured CEC and SSA, whereas, the blockage of the
pore space and coating of the clay surfaces decrease the measured
SSA.

The effects of clay and OM on CEC and SSA are well studied in
soils (Chiou et al., 1993; Peinemann et al., 1999; Macek et al., 2013;
and Heister, 2014). However, the interactions between OM and
clays and their effects on the CEC and SSA in organic-rich sedi-
mentary rocks are largely unknown and more complicated due to
diagenetic changes in OM and mineral properties. Controversial
results are reported especially on the effect of OM on CEC and SSA.
Zhu et al. (2014) report positive and negative correlations between
TOC with various textures and morphologies and SSA measured by
N2 and EGME techniques for oil bearing mudrocks from eastern
China. In this study, the overestimation of TSSA with the EGME
method in presence of OM is neglected Derkowski and Bristow
(2012); Keil et al. (1994) and Mayer and Xing (2001) report an in-
crease in TSSA (measured by retention techniques) with increasing
OM content in immature and non-altered soils. A similar correla-
tion is reported for black shales from Late Cretaceous black shales of
the Deep Ivorian Basin by Kennedy and Wagner (2011) and
Kennedy et al. (2002). However, a negative correlation between
TOC and SSA was observed by Kuila et al. (2012) for oil window
Niobrara samples and by Ding et al. (2013) for muddy source rock
and oil shale from the Oligocene Shahejie Formation.

Our literature survey revealed that several factors need to be
considered during comparisons of results from different studies or
formations: (1) the technique that is used for SSA or CEC mea-
surement and their advantages and limitations, (2) TOC and level of
thermal maturity, (3) clay type and content and (4) organic matter
texture and distribution. A comprehensive study of the effect of
rock composition and organic matter on CEC and SSA for shales
considering all these factors is lacking.

In this study we present CEC and SSA data for rock samples from
different oil and gas producing shales. We cover a wide range of
clay content and type, TOC and thermal maturity and organic
matter texture to study the effect of rock composition on the
measured CEC and SSA. We also compare the SSA calculated from
CEC data and measured by nitrogen adsorption technique (N2-SSA)
and provide insights on application of these values for resistivity
log interpretation.

2. Materials

In this section we briefly describe the dominant mineralogy,
thermal maturity, organic matter type, and organic matter content
for the samples used for this study (Fig. 1). The details of each
sample set have been presented by Kuila (2013) and Saidian et al.
(2016) (Haynesville, Niobrara, and Eastern European Silurian),
Rivera et al.,, 2014 and Godinez, 2013 (Monterey), and Saidian and
Prasad, 2015 (Bakken). The key properties of kerogen and clay for
all sample sets are given in Table 2.

2.1. Bakken

Samples from Middle Bakken and Three Forks formations were
carbonate rich, mainly dolomite with moderate amount of clay and
quartzo-feldespic. The clay was mainly illite and no organic content
was present (Fig. 1a).

2.2. Haynesville

Haynesville samples were clay-rich with moderate amounts of
quartzo-feldspathic constituents and carbonate (Fig. 1b).
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Fig. 1. Mineralogy of the (a) Bakken, (b) Haynesville, (c) Niobrara and (d) Silurian (e) Monterey samples. Bakken and Monterey samples are color coded with smectite content and
Haynesville, Silurian and Niobrara are color coded with TOC. Note that Bakken samples contain no organic matter and the TOC for Monterey samples is not available.
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Table 2

Kerogen and clay properties for all sample sets. The values in bracket are average values for the property.
Sample set TOC wt% HI Tmax °C I-S wt% Sin I-S wt%
Bakken 0 NA NA 2-29 (13) 0-51(<10)
Haynesville 0.5-6.3 (2.8) 19-57 (36) Up to 542 20—-60 (40) 0-9(<5)
Silurian 1-8(2.4) <9 NA 24-50(39) 0—-20(<5)
Niobrara 0.1-5.3(2.3) 120-387(306) 417—-443(436) 3-35(16.3) 14-95(35)
Monterey 1-5° 184—-473(374)* 438" 0—40(10) 0—-32(6)

4 Data are measured for adjacent samples from the same well. TOC = Total Organic Carbon, HI = Hydrogen Index, I-S = mixed layer illite-smectite, S in I-S = % Smectite in I-S.

2.3. European Silurian

European Silurian samples (henceforth referred as Silurian)
contained up to 52 wt% quartz and up to 57 wt% clay which is
mostly illite (Fig. 1c).

2.4. Niobrara

Marl and chalk samples came from the Berthoud Field, Larimer
County, CO, USA, from both the Fort Hays limestone and the over-
lying Smoky Hill members of the Niobrara formation. Samples were
calcite-rich rocks with moderate amounts of clay, quartz and pyrite
(Fig. 1d).

2.5. Monterey

Core samples were taken from the western flank of the southern
San Joaquin Basin in California. The samples were quartz phase
porcelanites containing moderate amounts of clay and pyrite
(Fig. 1e).

3. Methods

In this section, we briefly describe the pretreatments, and
methods for Nitrogen adsorption and CEC measurement tech-
niques. Techniques such as X-Ray Diffraction (XRD), Rock Eval and
Scanning Electron Microscopy (SEM) were utilized to characterize
the mineralogy, organic content and nano-scale structure of the
samples, respectively. Table 3 lists the number of samples from
each formation that were used in different experiments.

3.1. Sub-critical nitrogen gas adsorption (N2)

The method has been described in detail elsewhere (Sing et al.,
1985) and its adaptation for mudrocks is detailed in (Kuila, 2013).
The main advantage of this technique is assessing nano-scale pores
(1.7—200 nm). However since the samples are dried prior to the
experiment, the nitrogen molecules do not penetrate the clay in-
terlayers and the external surface area (referred as N2-SSA hence-
forth) of the clays is measured.

3.2. Cation exchange capacity (CEC)

Cation Exchange Capacity was measured using the Co(IIl)-

Table 3

Number of samples from each formation that were used in different experiments.
N2-SSA stands for nitrogen adsorption specific surface area, CEC=Cation Exchange
Capacity, XRD = X-Ray Diffraction.

Experiment Bakken Haynesville Silurian Niobrara Monterey
N2-SSA 12 22 19 22 16
CEC 12 34 80 21 18
XRD 12 34 80 22 18
Rock Eval NA 34 80 22 NA

hexamine>* with the spectrophotometric technique according to

Bardon et al. (1993). The lower limit of CEC detected by this method
is normally 0.5 meq/100 gr and the standard deviation is about
1.4 meq/100 gr (Derkowski and Bristow, 2012).

4. Results

The goal of our study was to examine the sensitivity of the
surface area and CEC to mineral composition and OM. To achieve
this goal, we examined samples with a wide range of clay content
and type, kerogen content, thermal maturity and type. The samples
belonged to various oil and gas producing formations: predomi-
nantly carbonate with no organic matter (Bakken), predominantly
clay (Haynesville); mineral mixture (Silurian), and predominantly
carbonate (Niobrara), predominately quartz (Monterey). In the
following, we present CEC and N2-SA results for each formation
and investigate the main control factors.

4.1. Bakken

Cross plots of CEC and N2-SSA with mixed layer illite-smectite
for Bakken samples are shown in Fig. 2a and b, respectively. From
Fig. 2 we observe that: CEC shows a linear correlation with mixed
layer illite-smectite for low smectite content (<10% in mixed illite-
smectite layer) samples (Fig. 2a). N2-SSA shows linear correlation
with mixed layer illite-smectite with high correlation coefficient
(R? = 0.85) (Fig. 2b). Illite is the dominant clay type (Table 2); other
minerals appear uncorrelated with CEC and N2-SSA. Using
CEC = 20 meq/100 gr for pure illite (Table 1) the measured CEC for
Bakken samples with illite content of 2—29 wt% should not exceed
approximately 5.4 meq/100 gr which matches the measured data.
The linear fit shown in Fig. 2b yields N2-SSA of 33.84 m?/g for 100%
mixed layer illite-smectite which matches the ranges reported in
Table 1. Similarly, CEC of 100% mixed layer illite-smectite for low
smectite samples is 10.49 meq/100 g.

4.2. Haynesville

Cross plots of CEC and N2-SSA with mixed layer illite-smectite,
color-coded by TOC, for Haynesville samples are shown in Fig. 3a
and b, respectively. We make the following observations: Both CEC
and N2-SSA have linear correlation with mixed layer illite-smectite.
CEC shows a better correlation (R?> = 0.80) compared to N2-SSA
(R?> = 0.63). Note that the number of N2-SSA measurements is
less than CEC measurements. Although there are different clay
types in Haynesville samples, Illite is the dominant clay type
(Table 2). Abundance of Illite is mainly due to high thermal matu-
rity (gas window). Other minerals or TOC show no correlation with
CEC and N2-SSA. Assuming an approximate CEC value of 20 meq/
100 gr for pure illite (Table 1) the measured CEC for Haynesville
samples with illite content of 19—60 wt% should not exceed
approximately 12 meq/100 gr which matches the measured data.
The linear fit in Fig. 3b shows N2-SSA of 42.24 m?/gr for 100% mixed
layer illite-smectite which matches the ranges reported in Table 1.
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Both CEC and N2-SSA have linear correlation with mixed layer illite-smectite. CEC shows a better correlation (R? = 0.80) compared to N2-SSA (R? = 0.63). Note that the number of

N2-SSA measurements is less than CEC measurements.

4.3. Silurian

Saidian et al. (2016) showed that in the same Silurian samples
the TOC and clay content affect the nitrogen adsorption pore size
distribution for low and high TOC samples. We plotted the Silurian
CEC and N2-SSA data against mixed layer illite-smectite based on a
TOC cutoff of 1.5 wt% in Fig. 4 and Fig. 5. We make the following
observations: Illite is the dominant clay in Silurian samples
(Table 2) mainly due to high thermal maturity (gas window). Both
CEC and N2-SSA for low TOC samples (<1.5 wt%) show a linear
correlation with mixed layer illite-smectite content (Note that the
number of N2-SSA measurements is less than CEC measurements).
For high TOC samples, neither CEC nor N2-SSA show any correlation
with mixed layer illite-smectite. Although N2-SSA appears to have a
weak negative correlation with mixed layer illite-smectite (Fig. 5b),
we believe this correlation is a result of scatter of the data. It is
expected to have a positive correlation between N2-SSA and mixed

layer illite-smectite. The N2-SSA seems to increase by increasing
TOC in high TOC (>1.5 wt%) samples. Assuming an approximate CEC
value of 20 meq/100 gr for pure illite (Table 1) the measured CEC for
Silurian samples with illite content of 23—50 wt% should not exceed
approximately 10 meq/100 gr which matches the majority of the
measured data. Assuming an approximate N2-SSA value of 40 m?/
gr for pure illite (Table 1 and values calculated for pure illite in
Bakken and Haynesville Samples) the measured N2-SSA for Bakken
samples with illite content of 23—50 wt% should not exceed
approximately 20 m?/gr which matches the measured data.

4.4. Niobrara

Niobrara mixed layer illite-smectite contains significant amount
of smectite clay compared to other sample sets (Table 2). Smectite
clay dominates the CEC response (Table 1), when present, so we
plotted the CEC in Niobrara versus smectite content in Fig. 6a. N2-
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SSA for smectite is in the same range asillite (Table 1) so we showed
the cross plot of N2-SSA and mixed layer illite-smectite in Fig. 6b.
The following observations can be made for Fig. 6: CEC of Niobrara
samples shows a good correlation (R? = 0.91) with the smectite
content of the samples (Fig. 6a). N2-SSA is linearly correlated with
mixed layer illite-smectite content for Low TOC Chalk samples
(<2.6 wt%) with a very high correlation coefficient (R?> = 0.99)
(Fig. 6b). High TOC marl samples (>2.6 wt%) show lower N2-SSA
compared to low TOC chalk samples (<2.6 wt%) (Fig. 6b).
Assuming an approximate CEC value of 100 meq/100 gr for pure
smectite (Table 1) the measured CEC for Niobrara samples with
smectite content of zero to 11 wt% should not exceed approximately
11 meq/100 gr. Higher measured CEC for these samples (up to
14 meq/100 gr) is due to the extra CEC of the illite (38—99% of the
mixed layer illite-smectite is illite) (Fig. 6a). The linear fit in Fig. 6b
shows N2-SSA of 43 m?/gr for 100% mixed layer illite-smectite in
low TOC (<2.6 wt%) samples which matches the ranges reported in
Table 1.

4.5. Monterey

Similar to Niobrara samples, Smectite is the most abundant
clay type in Monterey samples (Table 2). We plotted CEC versus
smectite content and N2-SSA versus mixed layer illite-smectite
in Fig. 7a and b, respectively. TOC data were not available
for these samples. Based on Fig. 7 the following observations
can be made: CEC shows a linear correlation with smectite con-
tent. Whereas, N2-SSA does not show any correlation with mixed
layer illite-smectite. Assuming an approximate CEC value of
100 meq/100 gr for pure smectite (Table 1) the measured CEC for
Monterey samples with smectite content of zero to 2.88 wt%
should not exceed approximately 2.88 meq/100 gr (Fig. 7a).
Higher measured CEC for these samples (up to 14 meq/100 gr) is
due to the extra CEC of the illite (67.7—99.9% of the mixed layer
illite-smectite is illite). Assuming an approximate N2-SSA value of
40 m?/gr for pure illite (Table 1) the measured N2-SSA for Mon-
terey samples with mixed layer illite-smectite content of 0—39 wt
% should not exceed approximately 15.6 m?/gr. The measured
surface areas for Monterey samples are much lower than expected
value.

16
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5. Discussion

In this comparative study we analyze the CEC and N2-SSA dif-
ferences for each sample set honoring the mineralogical and
geochemical properties of each formation. Samples were chosen
from different formations; Middle Bakken and Three Forks
(Bakken) formations are oil producing with no organic matter,
Haynesville and Silurian formations are highly mature (gas win-
dow) with low hydrogen index (Table 2). The Niobrara and Mon-
terey samples are less mature (oil window) with high hydrogen
index (Table 2). In this section we first discuss the effect of rock
mineralogy, (especially clay content and type) and organic content
and maturity on measured CEC and N2-SSA values. Then we
compare the surface areas calculated using both techniques.

5.1. Effect of rock composition on CEC

CEC values can be estimated by taking an arithmetic average of
individual clay CEC values (Patchett, 1975; Pezard, 1990; Revil et al.,
1998; and Derkowski and Bristow, 2012). We validated the
measured CEC values in the results section for all sample sets. The
linear correlation between CEC and clays presented in Figs. 2a—7a
also confirms that CEC strongly depends on the clay type and
content. For comparison we plotted CEC data versus mixed layer
illite-smectite for all samples sets (Fig. 8). Niobrara samples show
higher CEC values compared to the rest of sample sets due to
presence of smectite in mixed layer illite-smectite clay. Monterey
samples show higher scatter compared to Niobrara samples
because of low smectite content. As shown in results section, the
CEC data for this sample set is also affected by the illite content.
Bakken and Haynesville CEC (Fig. 8) show linear correlation with
mixed layer illite-smectite for a wide range of clay content. Silurian
samples, despite being thermally mature and illite-rich, show
lower CEC values (Fig. 8). Underestimation of CEC for the Silurian
samples is explained by examining microstructural differences in
SEM images for Bakken (Fig. 9), Haynesville (Fig. 10), and Silurian
(Fig. 11) samples.

SEM images for illite-rich shales such as Bakken (Fig. 9) and
Haynesville (Fig. 10) samples show that the surface of the illite
flakes is not covered with organic matter. This has been observed
for Haynesville samples with different clay and organic matter
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Fig. 4. Cross plot of (a) CEC and (b) N2-SSA with mixed layer illite-smectite color coded with TOC for low TOC (<1.5 wt%) Silurian samples. CEC and N2-SSA for Low TOC (<1.5 wt%)
samples show a linear correlation with the mixed layer-illite smectite content which is similar to Bakken and Haynesville sample sets.
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samples do not show any correlation with mixed layer illite-smectite content or with TOC (not shown here).
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Fig. 6. Cross plot of (a) CEC and smectite content and (b) N2-SSA and mixed layer illite-smectite for Niobrara samples. CEC of Niobrara samples shows a good correlation (R? = 0.91)
with the smectite content (a). N2-SSA is linearly correlated with mixed layer illite-smectite content for Low TOC samples (<2.6 wt%) with a very high correlation coefficient
(R? = 0.99) (b). High TOC samples (>2.6 wt%) show lower N2-SSA compared to low TOC samples (<2.6 wt%) (b).

content (for more SEM images see Saidian et al., 2016). SEM images
for Silurian samples (Fig. 11) show the effect of compaction on
closure of pores. The underestimation of CEC (Fig. 7) is due to
minimum exposure of minerals, especially clays. In the following
we will discuss the effect of TOC on the exposure of the illite clay.

Based on the mineralogy of the samples (Fig. 1), CEC of the
samples (Fig. 7) and the CEC of pure clays and kerogen (Table 1), we
concluded that smectite and illite (when smectite is minimal or not
present) dominate the CEC value of the samples.

The other rock component that might affect the measured CEC
and N2-SSA is the organic matter (OM). Since retention surface area
measurement techniques were not used in this study, we focus on
other effects of organic matter: the pore and throat blockage and
development of nano-scale OM hosted pores. Derkowski and
Bristow (2012) showed that in sedimentary OM, the CEC values
lie below detection limits, regardless of thermal maturity (Table 1).
Thus, the presence of nano-scale OM-hosted pores does not

contribute to the CEC values. Also, since CEC measurements are
performed by hydrating the rock, the pore and throat blockage do
not limit the accessibility of the ions to probe the clay inter layers.
The linear correlation between smectite or illite content regardless
of TOC and thermal maturity, confirms the findings of Derkowski
and Bristow (2012). Exceptions to these observations might be
found in samples from highly compacted formations.

5.2. Effect of rock composition on N2-SSA

In contrast to CEC, N2-SSA values cannot be estimated by
arithmetic average of pure clay N2-SSA. The N2 technique evaluates
the external surface area of the clays. As shown in Table 1, the N2-
SSA values do not vary as much as CEC values do within a single
data set. Fig. 12 shows the N2-SSA data for all sample sets, plotted
against mixed layer illite-smectite clay content. In this figure,
Bakken, Haynesville and low TOC (>2.6 wt) chalk Niobrara samples
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show similar correlation with mixed layer illite-smectite content.
Monterey, high TOC Niobrara and low TOC Silurian demonstrate
underestimated N2-SSA. High TOC Silurian samples generally have
higher N2-SSA compared to low TOC Silurian samples.

The effect of clay content on N2-SSA data cannot be interpreted
without considering the effect of organic matter. Our results show
that the effect of organic matter on N2-SSA is more profound than
CEC. Bakken with no organic matter, Haynesville (gas window)
with organic matter up to 6.5 wt% and low TOC (<2.6 wt%) Niobrara
(oil window) demonstrates similar linear correlation with mixed
layer illite-smectite. Similar to Bakken and Haynesville, SEM image
for Low TOC Niobrara (Fig. 13a) shows exposure of the mixed layer
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Fig. 8. Cross plot of CEC and mixed layer illite-smectite for all sample sets. Niobrara
and Monterey data show higher CEC values compared to the rest of sample sets due to
presence of smectite in mixed layer illite-smectite clay. Bakken and Haynesville CEC
show linear correlation with mixed layer illite-smectite for a wide range of clay con-
tent. Silurian samples, despite being thermally over mature and illite-rich, show lower
CEC values compared to Bakken and Haynesville samples.

illite-smectite minerals for nitrogen adsorption measurements.
Based on the linear fit in Fig. 12, 100% mixed layer illite-smectite
N2-SSA is 35.88 m?/gr which is in the range that is reported in
the literature (Table 1). The smectite content does not affect the
correlation since both illite and smectite have similar N2-SSA
(Table 1).

Linear correlation in Fig. 12 shows that in low organic matter
samples or when the organic matter does not coat the clay surfaces
or fill up the mineral pores, regardless of the thermal maturity, the
N2-SSA is correlated with mixed layer illite-smectite content.

The underestimation of N2-SSA for Silurian, high TOC Niobrara
and Monterey samples is due to two different OM effects; blockage
by bituminous kerogen and compaction of pores. The data plotted
from Kuila et al. (2014) (Fig. 14) shows that removing organic
matter from organic rich samples with high hydrogen index (>150,
oil window) such as Niobrara and Monterey increases the N2-SSA.
This confirms the blockage of pores by bituminous kerogen in oil
window samples.

SEM image for high TOC Niobrara (Fig. 13) shows how OM blocks
or coats the clay minerals. This blockage does not affect the CEC
data (Fig. 8), but it is detrimental to N2-SSA measurements (Fig. 12).

In Silurian samples the compaction closed the pores and caused
creep of thermally mature kerogen in the pores and coating of the
clay surfaces (Fig. 11). The consistent reduction in both CEC and N2-
SSA confirms this observation. However, presence of OM-hosted
pores in high TOC Silurian samples to some extent compensated
the reduction in surface area. This justifies the higher N2-SSA for
high TOC Silurian samples (Fig. 12) and the correlation that was
observed in (Fig. 5a) for TOC and N2-SSA of these samples.

Our results show that in oil window samples pore blockage by
bituminous kerogen does not affect the CEC, but it reduces the N2-
SSA. However, developing nano-scale pores in gas window in-
creases the measured N2-SSA and has no effect (negligible effect)
on CEC values.

5.3. Correlation between CEC-TSSA and N2-SSA

The CEC values can be converted to smectite equivalent
assuming a theoretical CEC of 95—100 meq/100 gr for the smectitic
surfaces of illite-smectite and common pure smectites (Srodon,
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Fig. 9. SEM images (Backscattered Electron Images) for Bakken samples at (a) 7000 and (b) 40000 magnifications showing the illite clays distributed in the rock. Illite is the
dominant clay which is distributed in the rock matrix and is fully exposed for CEC and N2-SSA measurements. There is negligible amount of other clays such as chlorite (up to 3.4 wt
% with an average value of 1.3 wt%) in these samples. Qz = Quartz, Cal = Calcite, IIt = Illite.
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Fig.10. SEM images (Backscattered Electron Images) for (a) ion beam polished and (b) unpolished Haynesville samples. In these samples despite the presence of TOC and other clays
such as chlorite, illite is the mineral that dominates the measured CEC and N2-SSA. Both images show that the surface of the illite flakes are fully exposed and not covered with
organic matter. Qz = Quartz, Cal = Calcite, Py = Pyrite, Ilt = Illite, OM = Organic Matter.

2009). The CEC equivalent total specific surface area (CEC-TSSA) and Bristow, 2012; and Revil et al., 2013). The surface area was
was calculated from the “smectite equivalent” values assuming a also measured by N2 technique. However drying the samples at
theoretical surface area of 800 m?/g of pure smectite (Derkowski 200 °C under vacuum prior to the N2-SSA measurements
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SEM WD 4.5mm 12:41:50 SEM WD 4.7mm 11:42:13

Fig. 11. SEM images (Backscattered Electron Images) for (a) ion beam polished and (b) unpolished for high TOC (>1.5 wt%) Silurian samples. The effect of compaction on pore clusure
and creep of organic matter into pore space is observed. In high TOC Silurian samples the clay flakes are coated with organic matter and are less exposed for CEC and N2-SSA.
Qz = Quartz, IIt = Illite, OM = Organic Matter.
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Fig. 12. The N2-SSA data for all sample sets, plotted against mixed layer illite-smectite
clay content. Bakken, Haynesville and low TOC (<2.6 wt) chalk Niobrara samples show
similar correlation with mixed layer illite-smectite content. Monterey, high TOC Nio-
brara and low TOC Silurian demonstrate underestimated N2-SSA. High TOC Silurian
samples generally have higher N2-SSA compared to low TOC Silurian samples.

evaporates the adsorbed water to the clay surfaces and collapses
the clay layers. As a result the nitrogen molecules only access the
external surface of the clays (Derkowski and Bristow, 2012). This
limited accessibility of the nitrogen molecules results in an un-
derestimation of the surface area measured by N2 technique
compared to other techniques such as the CEC equivalent surface
area.

The simple conversion of CEC values to CEC-TSSA, allows for the
estimation of total specific surface area and can then be plotted to
compare to the BET specific surface area obtained from nitrogen gas
adsorption (Fig. 15). This figure shows that the specific surface area
values obtained by nitrogen gas adsorption are an underestimation.
It is recommended that BET specific surface areas obtained by ni-
trogen gas adsorption not be used as the absolute values of total
specific surface area but rather used as qualitative parameters to
compare the pore structure of various mudrocks. The shaley sand
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Fig. 14. Data plotted from Kuila et al. (2014) showing the change in N2-SSA after
organic matter removal. Low hydrogen index (HI) samples (<150), which are thermally
mature samples, show decrease in N2-SSA after OM removal. This change in surface
area is due to removal of nano-scale organic-hosted pores in thermally mature sam-
ples. High HI samples (>150) show an increase in N2-SSA after removal of organic
matter. Increase in N2-SSA is due to exposing the clay flakes that were coated by
organic matter prior to bleaching process.

data from Patchett (1975) correspond to an average surface charge
density of 1.5 e/nm?, which is equivalent to 0.24 c/m?. Woodruff
and Revil (2011) have estimated a surface charge density of
0.32 ¢/m? for shaly sands, while Srodon (2009) estimated a 0.42 ¢/
m? surface charge density for clay bearing rocks (Revil et al., 1998;
and Derkowski and Bristow, 2012). The charge density for organic
rich shales and Bakken in this study is in the 3—5 e/nm? which is
equivalent to 0.48—0.80 ¢/m? and some of the Niobrara samples
show a charge density of 32 e/nm? which is equivalent to 5.13 ¢/m>.

These charge density values are overestimated and are not
necessarily aligned with what should technically be expected from
shaly sands. This overestimation is due to low surface areas
measured with nitrogen gas adsorption. Since N2-SSA is only
external surface area, a much higher surface charge density is
needed to accommodate the CEC range measured. This is a reason

Fig. 13. SEM images (Backscattered Electron Images) for (a) low TOC (<2.6 wt% chalk) and (b) high TOC (>2.6 wt% marl) Niobrara samples. Mixed layer illite-smectire layers are
more exposed in low TOC chalk samples. The OM in marl (b) block or coat the clay surfaces and limits the accessibility of nitrogen molecules. Qz = Quartz, I-S = Mixed Layer Illite-

Smectite, Cal = Calcite, OM = Organic Matter.
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Fig. 15. N2-SSA correlation with CEC and CEC-TSSA. The charge density for organic rich
shales and Bakken in this study is in the 3—5 e/nm? range which is equivalent to
0.48—0.80 c/m? Some of the Niobrara samples show a charge density of 32 e/nm?
which is equivalent to 5.13 ¢/m?. High calculated charge densities are mainly due to
underestimated N2-SSA. The pure clay data are from Revil et al. (2013).

why nitrogen gas adsorption to characterize surface areas of clay-
rich rocks should be taken with great caution, especially when
the clay type is smectite.

The iron in the rocks in the form of pyrite can affect the rela-
tionship between CEC and SSA. The higher the iron content, the
lower the CEC and specific surface area tend to be because of the
increased molecular weight (Derkowski and Bristow, 2012). The
iron content, however, cannot explain a dramatic decrease in spe-
cific surface area without a decrease in CEC values.

6. Conclusions

The CEC and N2-SSA were measured for five different oil and gas
producing shales ranging from low maturity (oil window Niobrara
and Monterey) and high maturity (gas window Haynesville and
Silurian) as well as a non-organic rich tight oil formation (Bakken).
A wide range of TOC, clay content and type were covered in this
study. The following conclusions can be drawn based on the results
that were presented in this study:

o It is well-known that clays are the main source of CEC and SSA in
different rocks. We showed that this correlation should not be
taken for granted in unconventional samples due to the
complexity of the mineralogy, geological factors and presence of
organic matter with different maturities. The focus of this study
was to emphasize that different mud rocks depending on the

mentioned factors might show un-expected correlation be-

tween CEC/SSA and clay content.

CEC values in shales depend on the clay content and type

regardless of the TOC and the level of thermal maturity.

e N2-SSA is not as sensitive to clay type as CEC and is linearly
correlated with mixed layer illite-smectite content.

e OM has more profound effect on N2-SSA than CEC. It affects the
measured N2-SSA in two different ways: (1) Blockage of pores
and throats by bituminous kerogen, which limits the accessi-
bility of nitrogen to clay surfaces. This effect was observed in
thermally immature (oil window) samples. (2) Development of
nano-scale OM-hosted pores with high surface area mostly for
thermally mature (gas window) shales.

e The charge density for the samples of this study is over-
estimated due to underestimation of TSSA by nitrogen adsorp-
tion technique.
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