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� Total porosity measurement for gas shales without using crushed rock is presented.
� The method uses a modified saturation – immersion technique with deionized water.
� Porosity values are reproducible within a low average absolute uncertainty.
� Swelling in gas shales during saturation with deionized water is not significant.
� Solvent extraction pretreatment can remove solid organic matter.
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Over the past decade interest in shale properties has increased due to the commercial success of gas shale
plays. Despite their commercial importance, porosity measurement from gas shale samples is still chal-
lenging due to their extremely low permeability and complex pore structure. This leads to a significant
uncertainty in the economic assessment of these plays. The current energy industry standard technique
for measuring porosity in gas shales is based on methodology developed by the Gas Research Institute
(GRI) that involves crushing a rock and aggressive pretreatment. The objective of this study is to develop
an alternative method of measuring total porosity in gas shales. A porosity measurement using a liquid
saturation and immersion technique with deionized water was adopted and modified for such applica-
tions. The water immersion porosimetry (WIP) technique was used to measure total porosity of shale
samples from an Eastern Europe Silurian gas shale play and the Haynesville Shale from East Texas,
USA. The samples were characterized for whole rock quantitative mineral and elemental composition,
along with cation exchange capacity (CEC) and organic matter. The results from the WIP measurements
are compared with other standard techniques including the GRI method and mercury intrusion porosi-
metry (MIP). An assessment of the advantages, potential errors, pitfalls and reproducibility of this method
are also presented.

The experimental results indicate that WIP provides (i) highly reproducible porosity, grain density, and
bulk density measurements for gas shales, (ii) the average absolute experimental uncertainty is �0:22
porosity unit (p.u.), compared to the reported uncertainty level of 0.5 p.u. for GRI measurements, (iii)
standard MIP techniques systematically underestimate the porosity and grain density compared to
WIP, because mercury cannot access the entire pore structure in shales, and (iv) grain density values
obtained by the GRI method in samples with high organic matter content are higher compared to WIP
measurements, probably because of dissolution of solid organic matter during solvent extraction
pretreatment.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Porosity is the most fundamental hydrocarbon reservoir prop-
erty, which has both scientific and economic implications. Porosity
control or influence physical properties including geo-mechanical
behavior and fluid transport. Accurate porosity measurements
are also important for resource evaluation and reserve calculations.
The commercial success of gas shale and liquid rich shale plays has
stimulated interest in gaining more understanding of their physical
properties. Shale reservoirs are typically rich in organic matter,
often with more than 2 wt.% total organic carbon (TOC), and have
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lower porosity (1–10 porosity units1) compared to conventional
reservoirs. Porosity measurement uncertainty that is acceptable for
high porosity conventional reservoirs (>15 p.u.) is inadequate for
evaluating shale reservoirs because of the low total porosity.

1.1. Porosity in organic-rich shales

Porosity is defined as the percentage of the pore or void volume
of the porous sample over the bulk volume. A pore is the part of rock
occupied by fluids. This definition is complicated in shales because
of the presence of clay minerals and the variability of organic matter
(OM). Exchangeable cations associated with expandable clay miner-
als have strongly bound shells of water molecules where the quan-
tity varies depending on the water activity of the system. Thus, total
porosity is the water content having molecular interaction with clay
minerals, plus the free fluid (water, gaseous and liquid hydrocar-
bons) in the relatively larger open pore and capillary spaces.

Organic matter (OM) in these shale formations is a mixture of
different organic compounds that have different rheological
properties. Bitumen is often classified as being soluble in organic
solvents, whereas kerogen is the insoluble organic component.
However, this classification does not indicate whether they are
solid or fluid. Bitumen can have both solid [2] or plastic character-
istics depending on the pressure and temperature conditions. In
this study, fluid and solid organic compounds are operationally
defined based on the S1 and S2 components in RockEval pyro-
grams, respectively. Thus, compounds that produce a peak in the
S2 region of RockEval, which is thermally stable above 300 �C,
should be considered as a part of the solid matrix of the rock.

1.2. Challenges with previous porosity measurement techniques for
shales

Direct porosity measurement in shales is complicated because
of the fine grained texture, extremely low permeability, high OM
content and the strong interaction with water molecules. The cur-
rent energy industry standard porosity measurement protocol for
gas shales is based on a helium pycnometry technique developed
by the Gas Research Institute (GRI) [3–5]. The GRI method mea-
sures bulk density by mercury immersion using Archimedes’ Prin-
ciple on a large (�300 g) block of intact untreated core material.
The sample is then crushed, followed by solvent extraction with
hot toluene by the Dean Stark method, and then dried in an oven
at 110 �C to remove pore fluids. Grain volume of the pretreated
crushed material is measured by helium pycnometry and Boyle’s
law. Because of the nanodarcy permeability of these formations,
crushing is used to accelerate the extraction of the formation fluids
and to facilitate helium intrusion in the pore space during the grain
volume measurement [3]. Pore volume is calculated using the dif-
ference between bulk volume and grain volume.

Significant discrepancies exist in porosity and grain density
values of comparable samples measured by different commercial
laboratories using the GRI method [6–9]. There are significant po-
tential sources of errors in the GRI procedure (see GRI workflow
chart in Appendix A):

1. The crushing procedure is not standardized. Inconsistent crush-
ing and sample handling procedures can introduce a sampling
bias including altering the native saturation.

2. Clay bearing rocks have high micro- and meso-porosity2 and
cation exchange capacity (CEC) making them sensitive to variable
1 Porosity unit: ‘‘A unit equal to the percentage of pore space in a unit volume of
rock. It is abbreviated to p.u. and lies between 0 and 100’’ [1]

2 Pore-size classification following the International Union of Pure and Applied
Chemistry (IUPAC): (i) Micropore: pore-size <2 nm; (ii) mesopore: pore-size 2–
50 nm; (iii) macropore: pore-size >50 nm.
hydration states depending on the relative humidity (RH) of the
measurement environment. Exposure to ambient humidity dur-
ing crushing and sample handling prior to helium pycnometric
measurement may alter the native saturation and can signifi-
cantly affect the measured grain density and produce high uncer-
tainty in porosity calculations.

3. The solvent extraction pretreatment may potentially remove
some of the solid organic matter which may artificially increase
the porosity.

Mercury intrusion porosimetry (MIP) is a widely accepted meth-
od to measure porosity and pore size distribution for conventional
reservoir rocks like sandstones and limestones. MIP in shales, how-
ever, significantly underestimates porosity [10–13] because of
incomplete mercury intrusion into fine pore system, compression
of the rock framework, and the potential for opening closed pores
under the high pressures used (up to 414 MPa). In crushed shales,
the pore volume measured using MIP increases with a decreasing
mean particle size of the crushed samples [12]. The increase in
the measured pore volume is related to better pore accessibility
in the smaller crushed particle size, but there also may be addi-
tional creation of pore space during the crushing process [12].

1.3. Objective of this study

The purpose of this study was to develop an alternative total
porosity measurement method for gas shales. A liquid saturation
and immersion technique was optimized and deionized water
was used for both the saturating and the immersing fluid. A sys-
tematic study of the technique, including evaluating the reproduc-
ibility and experimental uncertainty, was conducted on two sets of
shale samples, an Eastern European Silurian gas shale formation
and the Haynesville Formation of East Texas, USA. The results were
compared and discussed with those measured using the GRI and
MIP techniques on samples from the same core depth.

2. Porosity measurement by the liquid saturation and
immersion technique

The saturation and immersion technique determines porosity by
saturating a sample with a liquid of known density, and calculating
the pore volume from the weight difference between the fully sat-
urated and dry states. The total volume of the sample is determined
by immersing it in the fluid using Archimedes’ Principle. Thus, bulk
density, grain density, and porosity are determined from the same
experimental sample. This technique has been recommended as a
standard porosity measurement by the American Petroleum Insti-
tute (API) [14], the American Society for Testing and Materials
[15,16], and the International Society for Rock Mechanics [17].
The method has been employed in analysis of a wide variety of rock
types including low porosity granites [18–20], cations attached to
the highoil sands and sandstones [21,22], dolomites and limestones
[23], and shales [24–32]. The two most important experimental de-
tails that needs to be considered are the choice of saturating and
immersing fluid, and the pretreatment conditions.

2.1. Choice of saturating and immersing fluids

Previous studies used different saturating and immersing fluids
that include acetylene tetrachloride [21]; deionized (DI) water
[18–20,23,24,28–31,33], light hydrocarbon [25,27], kerosene
[26,32] and other petroleum products and paraffin [34,35]. The
API Recommended Practices 40 document [14] suggests using
brine, light refined oil, or a high-boiling point solvent as a saturat-
ing and immersion fluid. An ideal saturating fluid should have the
following properties:



Fig. 1. Comparison of RockEval II tabulated data and S2 pyrograms between a
representative natural shale and an aliquot sample after Dean Stark extraction.
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� low surface tension and a high wetting tendency,
� low viscosity,
� a high vapor pressure and slow evaporation rate,
� low reactivity with the porous material,
� stable composition and density,
� be non-hazardous and have safe handling properties.

The driving forces to saturate porous media are the pressure
gradient and the surface tension of the liquid. The coefficient of
penetration [34] for a wetting liquid into a capillary system,
assuming a zero contact angle, is defined by the following relation:

z ¼ c
2g

ð1Þ

where c is the surface tension of the fluid in dyne/cm, g is the dy-
namic viscosity of the fluid in poise (dyne s/cm2), and z is the coef-
ficient of penetration in cm/s. Higher penetration coefficients of DI
water compared to other commonly used fluids means there is fas-
ter penetration into the micropores and capillaries (Table 1).

The polar nature of water molecules has a strong affinity for
exchangeable cations attached to the high surface area of clay min-
erals. Thus, saturating the pore system with water is ideal because
it will penetrate small pores and capillaries associated with clay
mineral aggregates. Using DI water as opposed to brines [14] for
shales is justified because the goal is to measure total porosity
including free and clay bound water (CBW). Saturation with any
brine solution can also cause complicating cation exchange reac-
tions. Using a potassium-rich brine would change the natural cat-
ion composition and affect the CBW content due to significantly
lower K hydration enthalpy compared to Ca and Na (for example,
Sato et al. [36]). The properties of DI water (i.e. density) are stable
and it is easier to obtain a standardized DI water than a consistent
KCl brine solution. Because water is used as both the saturating
and immersing fluid, this procedure can thus be referred to as
the water immersion porosimetry (WIP) technique. A possible
drawback of using water as the saturating fluid is the potential
swelling of the bulk rock due to clay mineral expandability, osmo-
tic swelling or simple mechanical expansion during the saturation
process. Experiments were designed to test bulk rock swelling and
its possible effect on the porosity measurements and will be dis-
cussed later.

2.2. Pretreatment conditions

All porosity measurement techniques involve removal of natu-
rally occurring formation fluids, before saturating the pore system
with a measurable quantity of external fluid. Solvent extraction
using a Soxhlet or Dean Stark apparatus, or distillation by heating
or a combination of both are used to remove formation fluids,
including water and hydrocarbons. The abundance of chemically
heterogeneous OM in organic rich gas shale formations must be
considered in the choice of the pretreatment techniques. Solvent
Table 1
Penetration coefficient [34] of commonly used saturating fluid for liquid-saturat

Liquid Surface tension
(dyne s/cm)

Dynamic vi
(centipoise)

Acetelyene tetrachloride 31.1 1.610
DI water 72.7 1.002
Kerosene 27.5 1.233

Light hydrocarbon
n-Hexane 18.5 0.312
Octane 21.6 0.541
Decane 23.8 0.912
Isopar V 27.0 18.005
extraction and distillation by heating remove different compo-
nents of the residual oil and organic matter [37–39]. Heating at
200 �C removes volatile hydrocarbons in the C5–C25 composition
range [40], whereas solvent extraction removes the volatile hydro-
carbons and the ‘‘heavy-end’’ C10–C40+ components, including
non-volatile asphaltenes and high molecular weight polar nitro-
gen, sulfur, and oxygen (NSO) compounds [41]. Comparisons be-
tween RockEval pyrograms of natural and toluene treated (using
the Dean Stark technique) aliquouts from the same shale sample
indicate that there is a significant loss of the S2 component
(Fig. 1). The difference in the S2 pyrogram patterns at temperatures
<400 �C after Dean Stark indicates that a part of solid organic
matter is dissolved in the solvent extraction process. Therefore,
pretreatment using distillation by heating method was opted over
the solvent extraction techniques.

The heating temperature for pretreatment must be high enough
to remove volatile hydrocarbons and adsorbed water hydrating
clay minerals, but not so high as to alter the solid organic and
inorganic framework. Luffel et al. [5], and Luffel and Guidry [4]
suggested a pretreatment temperature of 110 �C in their GRI meth-
odology, which is similar to the API recommendation [14], but not
all clay-bound water can be removed by heating at 110 �C.
Smectite and mixed-layered illite–smectite clay structures are
capable of retaining significant amount of electrostatic bound
water as strongly held exchange cation hydration spheres in excess
of 200 �C [42–44]. Heating at 200 �C is selected, based on the
ion and immersion techniques, assuming the contact angle to be zero.

scosity Penetration coeffiecient
(cm/s)

Vapor pressure
(mmHg)

965.6 72.37
3630.9 17.55
1115.2 2.21

2964.7 121.41
1998.1 10.43
1305.5 0.96

75.0 <0.08



Fig. 2. TGA curve (black) for a representative shale sample from the Haynesville
Formation using a heating protocol as shown by the temperature curve (grey). Total
weight loss from start to 200 �C and weight loss from 110 to 200 �C are shown.
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recommendation of Środoń and McCarty [43], as it removes the
majority of clay bound water without altering the clay mineral
structure by dehyrdoxylation. Luffel and Guidry [3], in their origi-
nal GRI report, also suggested preheating at 204 �C. Thermogravi-
metrimetric (TGA) measurements on an illitic shale from the
Haynesville Formation suggest significant dehydration mass loss
of about 0.14% happens between 110 �C and 200 �C (Fig. 2). Consis-
tent RockEval II S2 and S3 values between untreated and 200 �C
preheated aliquots of several organic rich shale samples with var-
iable OM maturation level proves that preheating at 200 �C does
not alter the solid OM in the rock (Fig. 3).

3. Methods and materials

3.1. Sample characterization

A sub-sample from each core depth was ground to <425 lm
(<40 mesh) powder, homogenized, and divided to obtain mineral-
ogically and chemically representative homogeneous splits [45],
which are then used for the various analyses. Quantitative mineral
concentrations were obtained by X-ray diffraction (QXRD) analysis
of randomly oriented powders spiked with 10% by weight ZnO, and
Fig. 3. Comparison of RockEval II (a) S2 and (b) S3 parameters measured before and
the proprietary Chevron computer program Quanta [46,47]. In this
method, all dioctahedral Al-rich 2:1 clay minerals [illite, dioctahe-
dral smectite, muscovite, mixed-layered illite–smectite] are quan-
tified together as the illite + smectite group (I + S) clay mineral
[46].

The CEC was measured by the Co-hexamine technique follow-
ing Bardon et al. [48]. The measured CEC value was used to
quantify the smectite-equivalent component (%S) in the bulk rock
I + S mineral group, following the method suggested by Środoń
[49]. Total organic carbon (TOC) content and organic matter
(OM) characterization (type and thermal maturity) were obtained
commercially by Weatherford Laboratories, Houston, TX, using
Leco TOC and the RockEval II methodology. OM content (wt.%)
was calculated from TOC based on the assumption that typical car-
bon concentration in OM in sedimentary rocks is 83% [50].

3.2. Materials

Fifty six samples from two different gas shale plays were ana-
lyzed for total porosity using the WIP technique. The samples were
taken from unpreserved core and do not represent the hydration
state and saturation under reservoir conditions.

Sample Set 1 (SS1) consisted of 22 samples from two wells
drilled in a Silurian gas shale play in Eastern Europe. The sam-
ples are composed mostly of I + S (32–49 wt.%), quartz + feld-
spar (30–52 wt.%), with up to 20 wt.% of carbonate minerals
(calcite and dolomite). No sulfates or halides have been
detected with XRD. The I + S clay species contains <5% expand-
able smectite layers. The TOC content ranges from 1.0 to
6.0 wt.%. The lack of any peak in the RockEval S2 pyrograms
from the samples indicate that the OM in sample set is ther-
mally very mature with no pyrolysable OM (Fig. 4a).
Sample Set 2 (SS2) consisted of 34 samples from a well drilled
in the Jurassic Haynesville Shale gas play in East Texas, USA. The
samples are composed mostly of I + S clay (21–60 wt.%),
quartz + feldspar (13–34 wt.%), with variable amount of carbon-
ate minerals (up to 59 wt.%; calcite, ankerite and excess-Ca
dolomite with minor amounts of siderite). No sulfates or halides
have been detected with XRD. The I + S clay species contains
from <5% up to 9% expandable smectite layers. The TOC ranges
from 0.5 to 6.3 wt.%. The RockEval II measurements indicate
that the OM is thermally mature but, not as mature as SS1.
The highly variable RockEval S2 pyrogram patterns for these
after preheating at 200 �C on thirty organic rich shale samples from Baltic Basin.



Fig. 4. RockEval II S2 pyrograms of different representative samples from the (a) Eastern European Silurian Shale (SS1) and (b) Haynesville Shale (SS2). The lack of any peak in
S2 for SS1 samples suggest extremely mature OM with no pyrolysable kerogen. The presence of low temperature peak in SS2 indicates mature organic matter with high
percentage of solid bitumen.
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samples (Fig. 4b) suggest the OM is heterogeneous and has a
significant amount of solid bitumen, indicated by dominant
relatively low temperature S2 peaks between 350 and 450 �C
[51].

3.3. WIP measurement and calculations

The experimental procedure (Fig. 5) and the parameters (e.g.
sample size and mass, pretreatment time, saturating pressure
and duration, etc.) reported here are the optimum values obtained
from this study, and will be referred to as ‘‘adopted protocol’’.
However, the parameters can be varied depending upon the
requirements. The samples were preheated in a vacuum oven at
200 �C overnight (12–16 h) in order to remove all pore fluids. The
dry weight of the sample (DryWtAir) was measured after heating
it at 200 �C for 15 min in a moisture analyzer (Mettler Toledo
HB43TM, readability 0.1 mg). Prior to saturation, the samples were
degassed under vacuum of less than 1.33 Pa (10 lmHg) overnight
inside the saturator and then they were saturated with DI water
under 13.7 MPa (2000 psi) pressure for 24 h. The water saturated
sample weight in air (SatWtAir) and the submerged weight of
Fig. 5. Flow chart summarizing the analytical procedure steps followed in the WIP
technique.
saturated sample in DI water (SatWtSub) were measured in a
conventional jolly balance set-up (Mettler Toledo XSTM, readability
0.01 mg).

The water-saturated bulk density (qB) of the sample is calcu-
lated using Eq. (2).

qB ¼
SatWtAir

SatWtAir � SatWtSub
� qH2O � qair

� �� �
þ qair ð2Þ

where qH2O is the density of water at the measurement temperature
T �C and qair is the air density (0.0012 g/cm3). qH2O is calculated
using Eq. (3), obtained by fitting a second order polynomial to the
published water density data [52].

qH2O ¼ �0:0000053 T2 þ 0:0000081 T þ 1:0001627 ð3Þ

where T is temperature of the water during measurement. The
anhydrous grain density (qG) is determined from the completely
dehydrated sample weight in air and the completely saturated sam-
ple submerged in water:

qG ¼
DryWtAir

DryWtAir � SatWtSub
� qH2O � qair

� �� �
þ qair ð4Þ

The porosity (/WIP) of any sample measured by WIP is deter-
mined by the relationship:

/WIP ¼
qB � qGð Þ
ðqH2O � qGÞ

� 100 ð5Þ

The porosity measured by WIP is the total water accessible
porosity, including water adsorbed on clay surfaces, which in-
cludes the interlayer space in the expandable clay minerals and
external surfaces of crystallites in non-expandable clay species
(i.e. clay-bound water).

The weight measurements of the saturated samples in the jolly
balance (SatWtAir and SatWtSub) were repeated at least five times
for each study sample to evaluate the experimental uncertainties.
The dry weight (DryWtAir) was measured only once for each sam-
ple, however, based on repeated measurements of standard
weights, a conservative uncertainty of 0.005 g was used for the
dry weights. These uncertainties were carried through in the sub-
sequent calculations using the law of propagating of uncertainty
[53] to obtain the expanded uncertainty in the total porosity
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measurements. The reported uncertainty defines the interval hav-
ing a level of confidence of 95.45% (±2r or standard deviation
interval from the mean). Detailed descriptions of the WIP proce-
dure are presented in Appendix B.
3.4. Reproducibility test

A test was performed on samples from SS1 with different chip
sizes and saturating conditions to find the optimum parameters
and to evaluate the reproducibility of the technique (see summary
in Table 2). In Test 1 and Test 2, different sub-samples within a
core-depth interval of 5 cm were used, however, the sample (chip)
sizes were changed. Test 3 was repeated on exactly the same rock
chips that were used in Test 2.

The last step of the WIP measurement is weighing the saturated
rock chips submerged in water and in air. The saturated weight in
air measurement requires removal of surface water. Prolonged
exposure to room conditions and aggressive brushing could create
the potential for operator bias in the measured weights. A test was
designed to determine the sensitivity of the measurements to
operator bias. Five samples were randomly selected and measured
using WIP in a blind test by three separate operators.
3.5. Swelling test

Saturating these clay rich lithologies with DI water may poten-
tially induce swelling and affect the bulk density measurements. A
test was done to compare the bulk volumes of a different set of
samples from the same formations before and after saturation with
DI water. The bulk volume of the 42 irregular shaped chip samples
from the Eastern European Silurian shales were measured using
the Archimedes method. Seventeen cylindrical mini-plug core
samples (diameter approximately 1 cm) were cut from the Hay-
nesville conventional core. The bulk volume of these mini-plug
samples were obtained both by caliper measurements and the
Archimedes method. The samples were saturated using the same
protocol as in the WIP technique.
3.6. Other porosity measurements

Depending on sample availability, WIP results were compared
with other commonly used mudrock measurements, including
the GRI and MIP techniques. The measurements were done on
depth-equivalent samples, however the sample masses were dif-
ferent for the different procedures. Porosity by the GRI technique
was done by a commercial vendor using �300 g of sample repre-
senting core-depth interval of about �15 cm, in contrast to the
Table 2
Test conditions for the reproducibility test.

Test # Total
sample
mass (g)

Samples & chips description Vacuum sy

Adopted protocol �10–11 Samples from a depth interval
Individual Chip size: �5.0 g

High vacu

Test 1 �4.5–5.5 Different sample from same
sampling interval Individual Chip
size: �0.5 g

Low vacuu

Test 2 �5–6 Different sample from same
sampling interval Individual Chip
size: �2.5 g

Low vacuu

Test 3 �5–6 Exactly same samples re-
measured after Test 2

High vacu
spot samples of about 10 g (within a maximum 5 cm interval) used
for WIP and MIP.

MIP experiments were made using a Micromeritics AutoPore IV
9500™ porosimeter. A 3–5 g sample was kept in an oven at 110 �C
overnight and then degassed at less than 6.6 Pa (50 lmHg) evacu-
ation pressure for at least 30 min in the instrument. The samples
were not crushed but small chips were used. Pore volumes are
measured by intruded mercury volume at discrete pressure steps
up to 413.7 MPa (60000 psi). Every pressure point was equilibrated
below 0.001 lL/g/s intrusion rate. A conformance correction was
done following the Bailey method as described in Comisky et al.
[12].
4. Results

4.1. Reproducibility test

Despite significant differences in some of the experimental con-
ditions, bulk density and grain density measurements performed
on the SS1 samples using three different protocols are indistin-
guishable within the uncertainty interval (Fig. 6). Porosity calcula-
tions from these data using Eq. (5) are also highly consistent with a
0.41 p.u. average difference in the maximum and minimum mea-
sured porosity. The difference between the measured porosity
can be accounted by the measurement uncertainties and the mean
porosity values are reproducible within range of experimental
uncertainty with a few exceptions. Sample 11 shows a maximum
difference of 0.85 p.u., and Sample 16 shows a difference of
2.03 p.u. A repeated measure ANOVA test on the WIP data indicates
that there is no significant difference between the different tests
(see statistical test results in Appendix C, Table C.1).

Comparison between Test 2 and Test 3 (repeated measurements
on same exact samples) shows consistently higher porosity values
are obtained in the Test 3 samples, which were subjected to dehy-
dration and saturation for the second time (Fig. 7a). This difference
in porosity between Test 2 and Test 3 ranges from �0.07 to
0.83 p.u. with a mean of 0.47 p.u. The grain density values do not
change (Fig. 7b), but there is systematic decrease in the bulk den-
sity values of the Test 3 samples compared to Test 2 (Fig. 7c). This
is supported by the paired t-test results (see statistical test results
in Appendix C, Table C.2) on these samples where bulk density val-
ues differ significantly, while the grain density variation is not sig-
nificant. The differences observed in the WIP values may be due to
micro fractures or swelling from repeated sample saturation and
dehydration, because this would not affect the grain density, but
would decrease the bulk density of the samples.

The results of the reproducibility test for the operator bias indi-
cate there is no discernible trend in the data that can be attributed
stem used Saturation
system used

Operator Additional comments

um Pressure
saturator,
2000 psi

3 DryWtAir measured after oven drying

m No pressure,
Bench top

1 and 2 DryWtAir measured by dring the
saturated samples after jolly balance
measurement

m Pressure
saturator,
2000 psi

3 DryWtAir measured by dring the
saturated samples after jolly balance
measurement

um Pressure
saturator,
2000 psi

3 Samples kept in water saturated for
2 weeks before analysis



Fig. 6. Measured bulk density, grain density and porosity values for the 22 test samples from SS1 using the adopted WIP protocol, Test 1 and Test 2. The errors bars indicate
expanded measurement uncertainty with 95.45% confidence interval range.

U. Kuila et al. / Fuel 117 (2014) 1115–1129 1121
to a specific operator (Fig. 8). The average difference in WIP poros-
ity measurements is 0.21 p.u. and the largest disparity is 0.5 p.u.
for two samples (Sample 1 and Sample 4). However, in all the sam-
ples the propagated uncertainties are large enough to account for
the difference in the measured WIP porosity values.

4.2. Swelling test

The bulk volume of fifty nine samples, measured by two
independent methods (caliper measurements and Archimedes’
volume), are consistent before and after saturation with DI water
(Fig. 9a). The bulk volumes of both pre- and post-saturated
Haynesville mini-plug samples measured by calipers are consistent
with that obtained by Archimedes method, validating the accuracy
of the measurements (Fig. 9b). The average volume change
observed after saturation is 0.92% (±2.29%, sample size n = 59).
The maximum increase in bulk volume due to saturation is
3.91%, which translates into a 0.04 p.u. bias in measured porosity.
Therefore, the effect of potential swelling of rock during saturation
with DI water falls well within the measurement uncertainty of the
measured porosity values.

4.3. WIP data of the sample sets

The bulk density values from SS1 range from 2.446 to 2.734 g/
cm3. Note that the measured bulk density is with full DI water sat-
uration and does not represent the formation in-situ bulk density.
The grain density values of SS1 range from 2.540 to 2.797. The total
porosity calculated from SS1 ranges from 3.08 to 6.16 p.u. In sam-
ples with low OM content, the total porosity increases with
increasing clay content (Fig. 10a). The samples with the higher
OM content have the higher total porosity (Fig. 10a and b). The to-
tal porosity is inversely correlated with total carbonate mineral
content (Fig. 10c).

The bulk density values in SS2 range from 2.432 to 2.727 g/cm3.
The grain density values range from 2.527 to 2.845 g/cm3. The total
porosity values range from 3.45 to 12.68 p.u. There is an inverse
correlation between the total porosity and carbonate mineral con-
tent (Fig. 11a and c). Total clay content shows in general a positive
correlation with the WIP porosity, however, the high clay content
samples with low carbonate content show a constant range of
WIP values (Fig. 11a). OM content does not show any correlation
with WIP porosity in the Haynesville samples (Fig. 11b).

4.4. Comparison of WIP with GRI and MIP measurements

To compare with other methodologies, porosity was obtained
commercially by the GRI technique for nine SS1 samples, and 24
SS2 samples. The total porosity and grain density values obtained
for SS1 by the WIP method are consistently higher than those for
the comparable GRI samples except for one high OM content sam-
ple (Fig. 12a and b). Two distinct trends can be identified in the SS2
data. In general, samples with lower OM content have slightly
higher WIP porosity values compared to GRI porosity, while sam-
ples with high OM have higher GRI porosity values (Fig. 13a). A
similar trend is found in the grain density values (Fig. 13b).
Samples with low OM content have nearly the same grain density
values obtained by both methods, but the samples with highest
OM have distinctly higher grain density values from the GRI
technique.



Fig. 7. Comparison of measured (a) porosity (b) grain density and (c) bulk density on exact same samples between Test 2 and Test 3. Repeated measurement on the same
samples for the second time (Test 3) gives higher porosity values compared to that measured for the first time (Test 2). The 1:1 comparison line is marked in the plots.

Fig. 8. Measured WIP data of five randomly selected samples by three different
operators.
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Porosity values using the MIP technique were obtained for the
22 samples in SS1, and from 13 samples from SS2. Comparison of
measured porosity and grain density data shows that MIP porosity
and grain density values are consistently lower relative to that
measured by for all samples (Fig. 14a and b). The difference in
porosity values ranges from a minimum of 2.7 p.u. to a maximum
of 4.9 p.u. for SS1 and from 2.4 p.u. to 7.1 p.u. for SS2.
5. Discussion

5.1. Precision and accuracy of the WIP technique

Reproducibility tests demonstrate that the WIP technique is
precise and reproducible. Optimization of the experimental
methodology reduces the absolute experimental uncertainty
(95.45% confidence interval or ±2r interval from the mean) to be
±0.2–0.3 p.u. with an average of ±0.22 p.u. (Fig. 6). The operator
bias in the porosity measurement is within the experimental
uncertainty (Fig. 8). The reported standard error for GRI porosity
measurements range from 0.5 p.u. [5,6,8] to �1.5 p.u. [7,9]. At least
a part of the error is due to the lack of standardized operating pro-
cedures for GRI measurements among commercial laboratories.

The accuracy of the WIP technique depends on the complete
saturation of the samples. The high penetration coefficient of DI
water (Table 1) makes it the best choice of saturating fluid to
achieve complete saturation, assuming that water is the wetting
phase with a zero contact angle. There is concern that water may
not completely penetrate the OM hosted pore system. Passey
et al. [8] speculated that the organic pore may be hydrocarbon
wet, while Schimmelmann et al. [54], Siskin et al. [55] and citations
within, reported that at low temperatures hydrogen in water



Fig. 9. (a) Comparison of bulk volume measured on the samples before and after saturation with DI water. The bulk volume of the European Silurian Shale were measured by
Archimedes principle by immersing in DI water and the Haynesville mini-plug samples were measured by calipering the diameter and height. (b) Comparison of caliper
measurements and Archimedes volume on pre-0 and post-saturated Haynesville mini-plug samples.

Fig. 10. Compositional controls on total porosity of shales from the Eastern European Silurian gas shale formation (SS1). (a) Total porosity as a function of total clay content
(wt.%). The samples are color-coded by their OM content (wt.%). The dotted line indicate general trend and not a linear fit. (b) Total porosity as function of OM content (wt.%),
samples color coded by their total clay content. (c) Total porosity as a function of total carbonate content (wt.%).
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Fig. 11. Compositional controls on total porosity of shales from the Haynesville Formation (SS2). (a) Total porosity as a function of total clay content (wt.%). The samples are
color-coded by their total carbonate content (wt.%). (b) Total porosity as function of OM content (wt.%), samples color coded by their total carbonate content. (c) Total porosity
as a function of total carbonate content (wt.%).
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molecules exchange with organic hydrogen, most of which is
bound to NSO–functional groups in OM. In the WIP procedure,
the samples are pretreated to remove liquid hydrocarbon prior to
saturation with water. Water can enter into the OM pores without
displacing a fluid that might have more affinity for the environ-
ment; this is not the issue of displacement but entering free space.
Water adsorption studies on synthetic carbon based materials
provides information that can be applied to water adsorption
behavior of natural OM. Significant water adsorption by capillary
condensation was reported for several types of activated nanopor-
ous carbons [56–59] and carbon nanotubes [60]. The capillary
condensation of water occurs from the hydrogen bonding of water
molecules with polar oxygen-containing groups on the carbon
materials to form clusters which grow in size until there is full con-
densation of water in the pore space [57,61–63]. Because of the
abundant polar oxygenated functional groups in OM at all levels
of maturity, along with its open and porous structure, there is no
reason to expect that water would not fill its pore system. Recent
molecular simulation studies of water in kerogen pores suggested
pore filling by capillary condensation occurs in pores as small as
1.2 nm [64]. In the present study, no decrease in porosity was ob-
served with increasing OM content in either sample set. Instead,
the positive correlation between OM content and WIP porosity
was observed for SS1 samples (Fig. 10a and b). These observations
suggest that water can access the OM hosted porosity.

No significant amount of swelling was observed in the studied
shale samples. Gas shale formations generally have high thermal
maturity and advanced diagenesis with all detrital smectite trans-
formed to illite with minimal expandable layers (e.g. [65]). This,
along with a high level of compaction and cementation, minimizes
the swelling of these formations.

5.2. Comparison between WIP and other porosity measurements

To assess the accuracy of the WIP method, the results were
compared with those obtained by other measurement techniques
(GRI and MIP). Comparison between WIP and MIP results indicate
that MIP systematically underestimates the porosity and grain
density of the samples studied. In most gas shales, the complete
pore system cannot be accessed by mercury during the MIP mea-
surements [13]. MIP measurements done on plugs and rock chips
suggest incomplete mercury intrusion [12,13]. Application of MIP
on crushed powder tends to give systematically higher porosity
than that measured on plugs and chips [12].

Comparison of GRI and WIP porosity measured on samples for
same core depth shows that WIP porosity has higher values than



Fig. 12. Comparison of (a) measured total porosity and (b) measured grain density of the samples from SS1 by the WIP and GRI techniques. The 1:1 comparison line is marked
by dotted line in the plots.

Fig. 13. Comparison of (a) measured total porosity and (b) measured grain density of the samples from SS2 by the WIP and GRI techniques. The 1:1 comparison line is marked
by dotted line in the plots..

Fig. 14. Comparison of (a) measured total porosity and (b) measured grain density of the samples from SSS1 (circles) and SS2 (triangles) by the WIP and MIP techniques. The
1:1 comparison line is marked by dotted line in the plots.
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GRI porosity for low organic content rocks (<3.0 wt.%), but an
opposite trend exists in high organic content samples. The WIP
grain density values for low OM content rocks from SS1 are higher
than GRI grain density values by�0.05 g/cm3 (Fig. 12b). This differ-
ence is probably due to the uncertainty in GRI measurements from
an unknown quantity of water molecules which may not be
removed or were adsorbed before injection of the helium measure-
ment gas. In SS2, there is a good match between WIP and GRI grain
density values for low organic content samples. However, in the
high OM samples there is systematically higher grain density val-
ues from the GRI technique. The probable reason is the solvent
extraction treatment used in the GRI procedure removes a portion
of solid OM that is a part of the rock matrix (Fig. 1). This increases
porosity and skews the high OM content containing samples to
higher grain density values. Based on the proportion of S2 recorded
in the natural sample and the samples after Dean Stark procedure
(Fig. 1), the solid OM fraction removed could account for �0.5 p.u.
excess porosity, assuming an OM density is estimated at 1.1 g/cm3.

Another possible cause is the selective removal of the lighter,
lower density, and fine grained material during the crushing of
samples and subsequent sieving in the GRI procedure, which
may create a bias toward the higher density components. The
OM in the gas shale lithologies may tend to be ground into smaller
grains during the crushing stage which are discarded during
sieving.

5.3. Advantages of WIP technique

Significant advantages of the WIP method include: (i) all re-
quired measurements are conducted on the same portions of sam-
ple, (ii) no crushing is required and there is no preferential removal
of material by sieving, and (iii) only 10–15 g of material is needed.
Moreover, gravimetric measurements are more direct and precise
compared to volumetric measurement techniques such as helium
pycnometry. Gas based volumetric measurement are prone to
leaks and temperature fluctuations in the system and generally
requires frequent calibration of the reference volume. The water
activity (or RH) environment during the saturation (100% water
activity) and dehydration (0% water activity) weight measure-
ments are well controlled in the WIP methodology. Repeated mea-
surements are obtained to quantify and report the experimental
uncertainty of every porosity measurement. The WIP experimental
procedure is simple and quick to implement, which makes it appli-
cable for routine core measurements. The measured grain density,
bulk density and porosity are precise and reproducible with the
experimental uncertainty. The average absolute experimental
uncertainty is ±0.22 p.u.

5.4. Limitation of WIP technique

WIP technique will overestimate the grain density and porosity
in samples which contains a significant amount of water soluble
naturally occurring minerals such as halite, which could dissolve
during saturation. However, most gas shales generally have low
halite content, which can be quantified from the chlorine content
available from chemical analysis. The samples used in this study
have a maximum chlorine content of 0.17 wt.% (mean 0.08 wt.%),
which is equal to 0.37 vol.% of halite assuming 2.80 g/cm3 whole
rock grain density. In the studied samples the maximum possible
bias in the porosity measurement is about 0.37 p.u., however, the
actual value will be much lower and within the limit of experimen-
tal uncertainty. This method is not recommended for smectite rich
shales or those with high illite–smectite expandability.

Creation of microcracks during sample handling is a possibility
which would result in higher than actual porosity, but this would
not affect the grain density. The bias in the porosity is within limits
of the experimental uncertainty (Test 2 and Test 3, Fig. 7). Signifi-
cant quantities of gypsum and other hydrated sulfates would result
in higher mass loss after dehydration at 200 �C due to crystalline
water loss.

6. Conclusions

A modified methodology using a DI water saturation and
immersion technique was adapted to measure total porosity in
gas shales. The results suggest that:

1. Measured porosity, grain density, and bulk density obtained by
the WIP technique are precise and reproducible.

2. The average absolute experimental uncertainty in the WIP
porosity measurement using the adopted protocol is ±0.22 p.u.
This is lower compared to the reported uncertainty level of
±0.5 p.u. in porosity measurement by the industry adopted
GRI technique.

3. Potential limitations include possible incomplete saturation,
water soluble mineral dissolution, crystalline water removal
from hydrated sulfates, and sample swelling. The possible influ-
ence of these factors on the measured total porosity of the sam-
ples is not significant.

4. Comparison of results from WIP and MIP measurements indi-
cates that MIP systematically underestimate the porosity and
grain density, because the significant fine scale pore volume
in these gas shales cannot be accessed by mercury.

5. The Dean Stark pretreatment in the GRI method can dissolve a
fraction of the solid organic matter, create porosity artefacts
and increase the grain density compared to WIP.

Acknowledgements

We would like to thank members of OCLASSH consortium at
Colorado School of Mines and Chevron ETC for financially support-
ing this project. We thank Prince Ezebuiro, Kymberli Correll, Farrell
Garner and Sheven Poole for their help in collecting the data for the
analysis.
Appendix A. Flow chart of GRI technique

Fig. A.1.
Appendix B. Water immersion porosity measurement –
Adopted protocol

The following steps were followed during the WIP procedure.

STEP 1 – Sample preparation. The samples were prepared by
cutting two to three rectangular shaped chips from core mate-
rial of �3–5 g each and a total sample weight of �10 g. The
chips were cut using a diamond blade to smooth out irregular-
ities which would hold surface water outside the pore system.
The samples were then heated in a vacuum oven at 200 �C over-
night (12–16 h) in order to remove all volatile components
(water and hydrocarbons).
STEP 2 – Dry sample measurement. The dry weight (DryWtAir)
was measured in a moisture analyzer (Mettler Toledo HB43TM

readability 0.1 mg) by heating the sample at 200 �C for 15 min
and the dry weight recorded at the end of the heating cycle.
Use of a moisture analyzer and measuring the dry weight at
the 200 �C condition prevents re-adsorption of moisture from
the air during the dry weight measurement. The weight of the
sample was monitored at every 5 min during the heating cycle.



Fig.
step
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STEP 3 – Saturating the samples. After the dry weight measure-
ment, the samples were saturated under pressure in a Vinci
Manual pressure saturatorTM. The pressure saturation chamber
was connected to an ultra-high vacuum pump to evacuate the
air in the sample prior to the introduction of water to ensure
maximum possible saturation. The samples were kept in vac-
uum of less than 1.33 Pa (10 lmHg) overnight. Following evac-
uation, DI water was introduced into the sample chamber of the
pressure saturator and a pressure of 13.7 MPa (2000 psi) was
applied. The samples were kept under this pressure for 24 h.
STEP 4 – Water saturated sample measurement. The samples
were taken out of the pressure saturator and transferred in a
water filled beaker to avoid exposure to air. The chip portions
were analyzed for bulk density using a conventional high–
precision jolly balance set up with a Mettler Toledo XSTM
A.1. Flow chart summarizing the analytical procedure steps followed in the GRI techniq
are also highlighted.
instrument that has a readability of 0.01 mg. The saturated
samples were weighed five times while submerged in a beaker
of DI water (SatWtSub). The immersion DI water is mixed with
a drop of surfactant, provided by the jolly balance instrument
manufacturer, per 100 mL of water to relieve the surface ten-
sion of water effecting the submerged weight measurement.
The temperature of the immersion water was recorded. The
saturated samples were then weighed at least five times in
air (Sat.Wt.Air). The surface of the chips was gently blotted with
a small fine bristle paint brush on weigh paper to remove sur-
face water so there was no sheen left and care was taken to
minimize the exposure in air to minimize loss of water by
evaporation. The samples were placed back in DI water filled
beaker in between the weighing to minimize prolonged expo-
sure in air.
ue (modified from [3–5]) . The potential pitfalls associated with each analytical



Table C.1
Results of repeated-measure ANOVA test comparing porosity values for the same samples under different test condition (AP: Adopted protocol, Test 1 and Test 2, Table 2).
Samples SS1-11 and SS1-21 are excluded because of missing data, SS-16 omitted as outlier. Mauchly0s Test of Sphericity indicated that the assumption of sphericity had not been
violated, v2(2) = 1.133, p = 0.568, and, therefore, repeated-measure ANOVA with sphericity assumption was used. There was no significant effect of different test condition
(Table 2) on the measured porosity, F(2,36) = 1.560, p-value = 0.224. Type III SS = Type III sum of squares.; df = degrees of freedom; Noncent. Param. = Noncentrality parameter;
Obs. Power = Observed Power.

Descriptive statistics Mean SD N

WIP_AP 4.6737 1.0225 19
WIP_Test1 4.7163 1.0441 19
WIP_Test2 4.8058 1.0417 19

Mauchly’s Test of Sphericity Mauchly’s W Approx. Chi-Square df Sig. Epsilon

Greenhouse - Geisser Huynh - Feldt Lower-bound

0.936 1.133 2 0.568 0.939 1 0.5

Tests of within-subjects effects Type III SS df Mean square F-statistics P- Value Partial eta squared Noncent. Param. Obs. Power

Test conditions Sphericity assumed 0.173 2 0.086 1.56 0.224 0.08 3.12 0.309
Error (Test) Sphericity assumed 1.993 36 0.055

Table C.2
Results of the paired-samples t-test conducted to compare the bulk density (BD), grain density (GD) and porosity (WIP) values of the samples under test condition Test 2 and Test
3 (Table 2). Samples SS1-6 and SS1-21 are excluded because of missing data. df = degrees of freedom, Sig. = significance.

Paired samples statistics Mean Sample size Std. dev. Std. error mean

Pair 1 BD_Test2 2.6203 20 0.0831 0.0186
BD_Test3 2.6129 20 0.0825 0.0185

Pair 2 GD_Test2 2.7041 20 0.0723 0.0162
GD_Test3 2.7046 20 0.0700 0.0157

Pair 3 WIP_Test2 4.9500 20 1.2577 0.2812
WIP_Test3 5.4145 20 1.3532 0.3026

Paired Sample test Paired Differences Mean Std. dev. Std. error mean 95% C.I. of the diff. t df p-Value

Lower Upper

Pair 1 BD_Test2–BD_Test3 0.0075 0.0060 0.0013 0.0047 0.0103 5.557 19 0

Pair 2 GD_Test2–GD_Test3 �0.0005 0.0038 0.0008 �0.0022 0.0013 �0.596 19 0.558

Pair 3 WIP_Test2–WIP_Test3 �0.4645 0.2520 0.0564 �0.5825 �0.3465 �8.242 19 0
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Appendix C. Statistical test results

Tables C.1 and C.2
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