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Abstract
As shale is the caprock over many reservoirs targeted for  CO2 storage, shale permeability to  CO2 has become an important 
concern. Measurements of this permeability need to be performed under in-situ conditions, with realistic temperatures, 
confining pressures and fluid pressures, and the effects of variables such as pressure, temperature, and shale moisture content 
need to be thoroughly addressed. Furthermore, the exposure of wet shale to dry CO2 can lead to, for example, dehydration 
and two-phase flow, that in turn affect permeability. This paper reports shale permeability measurements performed on two 
shale core plugs from Svalbard, under in-situ pressure and temperature conditions relevant for  CO2 storage, using argon, 
 CO2, and water as the permeate, and using both transient pulse and constant flow techniques. Permeability was found to be 
dependent mainly on effective confining pressure and on shale moisture content. The following was observed: (1) perme-
ability decreased with increasing effective confining pressure; (2) permeability to water was lower than permeability to Ar 
or  CO2; (3) shale moisture content had a strong inhibiting effect on the flow of Ar and  CO2; (4) when a high  CO2-flow was 
applied to a shale sample containing a hydrous pore fluid, a breakthrough effect occurred; and (5) in the presence of pore 
water, compaction creep can occur, causing a permanent decrease in permeability.
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1 Introduction

Argillaceous rocks, such as shale, are an important com-
ponent in a wide range of geo-engineering systems. In 
petroleum systems, shale can be a source rock, reservoir 
rock, seal, or all simultaneously. In geological carbon cap-
ture and storage (CCS), shale is a common caprock over 
targeted reservoirs. In nuclear waste disposal, argillaceous 
rocks have been considered as hosts for geological disposal 
facilities (e.g., Delage et al. 2010). The importance of shale 
as a caprock or seal is related to its low porosity, very low 
permeability, and its ability to deform in a ductile manner, 
effectively relaxing high stresses. However, the exact role 
played by shales in sub-surface fluid flow systems remains 
enigmatic. While their low permeability is supposed to 
effectively eliminate any fluid flow across shaley layers, evi-
dence for cross-layer (vertical) fluid communication between 

reservoirs separated by thick shale layers has been reported 
(e.g., Huq et al. 2017). Furthermore, hydrocarbons generated 
within shales during the maturation of organic matter can 
successfully be expelled into surrounding rocks. A proper 
assessment of the (long-term) environmental safety of  CO2 
and nuclear waste storage as well as successful hydrocarbon 
production, therefore, requires a good understanding of fluid 
flow processes through shales.

Accordingly, in recent years, renewed focus has been 
directed at performing permeability and fluid flow measure-
ments on shales (e.g., Hildenbrand et al. 2002, 2004; Dong 
et al. 2010; Chalmers et al. 2012; Chalmers and Bustin 2012; 
Skurtveit et al. 2012; Ghanizadeh et al. 2014, 2015; Heller 
et al. 2014; Gutierrez et al. 2015; Zhang et al. 2015, 2016a; 
Van Noort and Yarushina 2016; Makhnenko et al. 2017; Tian 
et al. 2017). Despite these efforts, the mechanism or mecha-
nisms by which fluid flows through low-permeable shales 
under effective confinement remains an unresolved issue, 
especially when dealing with the flow of one fluid, such 
as  CO2 or Ar, through a shale containing another, hydrous 
(wetting) pore fluid. Furthermore, shale permeability shows 
a strong dependence on current effective confinement, and 
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may also depend on stress history. Accurate measurements 
of mechanical properties of shale have shown that, even at 
low pressures, shales deform not only elastically and plas-
tically, but also by time-dependent viscous deformation 
(Chang and Zoback 2009; Brantut et al. 2013; Sone and 
Zoback 2014; Räss et al. 2017). In turn, this deformation 
influences permeability (e.g., Chhatre et al. 2014; Gutierrez 
et al. 2015).

In addition to pores, planar features such as (micro)frac-
tures may play an important role in (macroscopic) fluid flow 
processes through low-porosity/low-permeability rocks such 
as shale. However, the exact role of such fractures remains 
unclear. While some studies report flow through fractures as 
the main transport mechanism (e.g., Gutierrez et al. 2000), 
this is much more expected in dried laboratory samples or 
a freshly stimulated unconventional reservoir rather than in 
clay-rich water-saturated shales present at greater depths. 
Furthermore, shale permeability and the active fluid flow 
mechanism may also depend on the fluid type used (e.g., 
Ghanizadeh et al. 2014; Van Noort and Yarushina 2016), for 
example, due to differences in surface tension between dif-
ferent fluids (Rozhko 2016), and water adsorption at mineral 
surfaces (Ghanizadeh et al. 2014). Shale wettability con-
trols the capillary entry pressure and the flow path geometry 
within partially saturated rock (e.g., Borysenko et al. 2009), 
and in turn, both the average pore size and the pore-size dis-
tribution may influence shale permeability (Tian et al. 2017). 
Ilton et al. (2012) and Schaef et al. (2012) hypothesize that 
the dehydration of swelling clays due to exposure to dry 
supercritical  CO2 can result in an increase in permeability. 
In contrast, Busch et al. (2016) expect such effects to be 
negligible, as dehydration will be limited to the shale volume 
directly around the wellbores through which  CO2 is injected. 
It could, however, be expected that this zone expands as long 
as  CO2 injection continues, with the expansion rate depend-
ent on (layer parallel) shale permeability. Furthermore, as 
wells are one of the main leakage risks, drying and shrink-
age around these wells could be particularly problematic for 
maintaining well integrity. The dissolution and precipitation 
of reactive minerals may potentially cause changes in perme-
ability (Armitage et al. 2013), though Bateman et al. (2013) 
reported no significant effects for the Utsira shale. Finally, 
shale permeability may also be affected by fines migration 
(Borchardt et al. 1984), causing clogging or re-opening of 
pore throats.

Recent experimental studies on  CO2 injection into wet 
shales and other clay-rich materials reported the formation 
of localized fluid flow pathways (Harrington et al. 2012; 
Skurtveit et al. 2012; Wiseall et al. 2015). These narrow 
pathways were accompanied by dilation, and they were tran-
sient and closed again once the pore pressure dropped as a 
result of flow. It was hypothesized that these breakthrough 
events that were induced during injection were related to 

changes in pore wetting and/or effective confinement result-
ing from increases in fluid pressure. However, the exact 
mechanisms by which these events occur are not yet fully 
understood.

Theoretical studies predict that time-dependent deforma-
tion of shales, combined with their pressure-sensitive per-
meability, may lead to fluid flow focusing effects that do not 
require pre-existing fractures (Räss et al. 2014; Yarushina 
and Podladchikov 2015; Yarushina et al. 2015), causing 
the formation of thin channels which, in shales, have diam-
eters on the order of µm to mm. Such micro-channels can 
cut through shaley layers that are otherwise assumed to be 
impermeable flow barriers. Therefore, properly understand-
ing the flow of fluids through shale, as well as the possi-
ble interactions between shale and fluid that may influence 
this flow, such as mechanical effects (Yarushina and Pod-
ladchikov 2015), chemical reactions (Credoz et al. 2009; 
Alemu et al. 2011), and swelling or shrinkage of clay min-
erals (Ilton et al. 2012; Schaef et al. 2012; De Jong et al. 
2014), especially under conditions relevant for the storage 
of  CO2, is of great importance. This requires the accurate 
experimental quantification of shale permeability and vis-
coelastoplasticity under stress, and the incorporation of such 
measurements into numerical models of fluid flow coupled 
with geomechanics.

With this in mind, we investigated the effects of varying 
permeating fluid, effective confining pressure, and transient 
creep on matrix and fracture permeability of early Creta-
ceous shale samples. We performed 180 transient pulse 
permeability measurements and 12 constant flow perme-
ability measurements on two core plugs from the Rurikfjel-
let formation in Svalbard. Permeability measurements were 
conducted using water, liquid, and supercritical  CO2, and 
argon (Ar) as pore fluids, at effective pressures ranging from 
1.4 to 37.4 MPa. One of the shale core plugs studied split 
between measurements, and further measurements were per-
formed on the fractured plug, allowing us to compare the 
permeability of a fractured sample to that of the same sam-
ple when unfractured. Our measurements provide insights 
into the permeability of the Rurikfjellet shale, and into the 
role of water and confining pressure in controlling the flow 
of  CO2 and other fluids through shales. In this paper, we will 
discuss our measurements and their implications.

2  Method

2.1  Samples

In this work, we used two core plugs, drilled from a single 
core, at the same horizon and less than 3 cm apart to ensure 
that there were no significant differences in mineralogy or 
microstructure between the two samples. The core used was 
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retrieved on 23 June 2012 from borehole DH7A at the Long-
yearbyen  CO2 well park in Adventdalen, on Svalbard’s main 
island Spitsbergen on the northwestern margin of the Bar-
ents Sea Shelf (Braathen et al. 2012; Huq et al. 2017). This 
specific core section originated from the Rurikfjellet forma-
tion, and was retrieved from a depth of 375.25 to 375.47 m. 
XRD analyses showed that the main mineral phases pre-
sent in our sample are quartz (~ 55–60%), illite with minor 
interlayered smectite (20–25%), and chlorite (~ 10%). Minor 
phases identified are kaolinite, plagioclase. Some larger 
(mm-sized) grains of pyrite were observed in the samples 
optically. The selected shale was homogeneously gray in 
color, with a very fine (sub-mm scale), parallel bedding. 
There was no clear compositional variation across the bed-
ding, with no visible differences between individual layers. 
Both plugs used in this study were drilled dry while keeping 
the shale under physical compression to prevent fracturing. 
The plugs were drilled parallel to the bedding direction, and 
had a diameter of 25 mm and a thickness of 10 mm.

Several series of measurements were performed on 
each sample, with conditions (temperature, pressure, and/
or fluid used) changing between individual measurement 
series. After the first series of measurements performed 

on Sample 1, this plug split parallel to its bedding during 
a jacket replacement. The fractured sample was carefully 
reinserted into the apparatus, and further measurements were 
performed on it in that state.

2.2  Apparatus and Method

All measurements reported here were carried out in a pur-
pose-built permeability apparatus. After measurements on 
Sample 1 were completed, the apparatus was partly rebuilt, 
mainly to improve ease of use; apparatus performance was 
not otherwise affected. Schematic drawings of the original 
and modified apparatus are presented in Fig. 1. With our 
apparatus, transient pulse as well as constant flow-type per-
meability measurements can be performed interchangeably. 
Whereas the up- and downstream volumes in the configura-
tion used for transient pulse measurements in the original 
apparatus were quite different (4.84 and 12.71 ml, respec-
tively), in the current configuration, these volumes are near-
identical (5.04 and 5.67 ml).

When preparing the shale sample plug for measurements, 
it was first sandwiched between two hastelloy porous frits 
(to act as flow and pressure distributors), and in turn placed 

Fig. 1  Permeability apparatus, 
a as it was used during the 
measurements on Sample 1 and 
b upgraded version used for all 
later measurements
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between two hastelloy pistons with grooved top surfaces and 
a central bore. Next, this assembly was jacketed in heat-
shrink FEP, which was further sealed with steel wire tour-
niquets over grooves in the piston walls. The sample–pis-
ton–jacket assembly was then built into the apparatus. The 
confining pressure and pore fluid pressure were subsequently 
applied in alternating steps (using water as the confining 
medium), ensuring that the maximum effective confining 
pressure ( Peff = Pc − Pf ) always stayed below the value at 
which measurements were to be made.

When the pore fluid was replaced between measurement 
series, the confining pressure and pore fluid were released 
in alternating steps. Once the pore fluid pressure was fully 
released, the pore fluid system was repeatedly vacuumized 
and flooded with the replacing fluid, to ensure purity. Next, 
the confining and pore pressures were raised once more in 
alternating steps. Most measurements on Sample 1 were per-
formed using demineralized water. Before the  CO2 meas-
urements on Sample 1, this sample was repeatedly flushed 
with supercritical  CO2, and then air-dried (inside its jacket 
assembly but outside the apparatus) in an attempt to remove 
its pore water. Initial measurements on Sample 2 were 
performed using Ar and  CO2. The fifth series of measure-
ments was performed using distilled water. After this series, 
when this water was replaced with  CO2, the sample was 
vacuumized and flooded with  CO2 repeatedly, and was also 
flushed with  CO2 from the upstream side twice to remove as 
much water as possible while keeping the sample contained 
in the vessel. Demineralized or distilled water was used here, 
because the original pore fluid composition was not known, 
and only minor amounts of swelling clays were present in 
our samples.

Once the sample had stabilized under its confinement, 
transient pulse permeability measurements were performed 
by starting the data logger (typically logging at 1 Hz), clos-
ing the up- and downstream valves, raising the pump pres-
sure to achieve the desired pulse pressure, and then briefly 
opening the upstream valve to apply the pressure pulse 
(either ~ 0.2 or ~ 0.5 MPa). By logging both the up- and 
downstream pressure, the decay of the pressure pulse was 
recorded. The permeability was subsequently calculated 
from this pulse decay.

Constant flow permeability measurements were per-
formed by applying a constant volumetric flow into the 
sample via the ISCO pump. The induced flow through the 
sample was then measured directly using a Bronkhorst M13 
CORI-FLOW mass flow meter placed downstream, while 
the downstream pressure was controlled by an Equilibar 
Zero Flow back-pressure regulator, designed to operate 
with very low flowrates. Changing from transient pulse to 
constant flow measurements did not require any changes to 
our apparatus or depressurization of the sample. To initiate 
a constant flow measurement, first data logging was started. 

Next, the flowmeter was calibrated at zero flow and the cor-
rect downstream pressure by closing the valves on either side 
of the flowmeter. Once the flowmeter zero point was cali-
brated correctly, these valves were opened again, the valve 
connecting the downstream system to the pump was closed, 
and the desired flow rate was set on the ISCO pump, starting 
the measurement. Typically, a measurement would run until 
a constant mass flow, and up- and downstream pressure were 
reached, so that the pressure difference at that flowrate could 
be used to calculate sample permeability.

2.3  Data Treatment

Except when permeabilities were high, so that pressure 
changes were rapid, all up- and downstream pressure data 
sets were first smoothed using a variable moving average 
routine to reduce noise. Typically, this smoothing was done 
over a pressure change of 5 kPa (1.0% or 2.5% of the applied 
pressure pulse). Next, volumetric flow rates through the sam-
ple ( Q ) were calculated from the measured pressure and tem-
perature data, based on fluid densities obtained using the 
FLUIDCAL software (Wagner 2014). From these flowrates, 
the permeability ( k ) was then calculated using Darcy’s law:

where � is the dynamic viscosity (also obtained using the 
FLUIDCAL software of Wagner 2014), l  is the sample 
length, and A is the sample surface area through which flow 
takes place. PU and PD are the up- and downstream pres-
sures, respectively. Using this equation, permeabilities were 
calculated for each data point over a set change in pressure 
around that data point to smoothen out noise effects in the 
data. Typically, this pressure step was 10 or 20 kPa—4–5% 
of the total pressure differential pulse applied to the sam-
ple. Using a sufficiently small pressure step over which to 
treat our data, a near-constant flow over each increment was 
ensured. Any measurements in which a leakage on the sys-
tem was suspected were disregarded. Note that this approach 
neglects compressive storage effects in the sample. However, 
considering the relatively small pressure step used and small 
pore volume compared to our system volume, these effects 
could be considered negligible.

Constant flow permeabilities were calculated from the 
measured mass flowrates, and up- and downstream pres-
sures, also using Darcy’s law. First, the measured mass 
flowrates were corrected for any remaining zero-point off-
set of the flowmeter. Next, the permeability was calculated 
for the averaged measured (i.e., downstream) flowrate and 
up- and downstream pressures over the segment of data, 
where stable flow was achieved.

(1)− k =
Q�l

A(PU − PD)
,
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3  Results

3.1  Permeability Measurements

Figure 2 gives an example of the raw pressure data measured 
during a transient pulse test. We have performed five series 
of measurements on Sample 1, using a transient pulse tech-
nique (see Table 1; Fig. 3). This sample was initially intact 
but split along its bedding after the first series of measure-
ments. Series 1–4 were performed using water as the pore 
fluid, while series 5 was performed using supercritical  CO2. 
Series 1 and 2 were performed at room temperature (RT), 
at a pore fluid pressure of 2.5 MPa. The other series were 
performed at 40 °C. Series 3 and the first measurements in 
series 4 were performed at a pore fluid pressure of 5.0 MPa. 
The later measurements in series 4 and series 5 were per-
formed at a pore fluid pressure of 7.5 MPa. During each 
individual series of measurements, the sample was kept 
under pressure. However, between series, the sample was 
de-pressurized, either to replace the jacket or because of 
leakages of the confinement vessel. During a jacket replace-
ment after the first series of measurements, the sample split 
along its bedding (parallel to the sample axis). Thus, series 
2–5 were performed on a fractured sample.

All transient pulse permeabilities measured on Sample 2 
are given in Table 2 and Fig. 4. Six series of measurements 
were performed, 1 and 2 at room temperature, using Ar and 
 CO2, respectively, then 3 to 6 at 40 °C, using, respectively, 
 CO2, Ar, water, and  CO2. Constant flow measurements were 

performed during series 1 (Ar), 2  (CO2), and 6  (CO2). Con-
stant flow permeabilities measured using argon (series 1) are 
given in Table 3. Note that during two of the last three of 
these measurements, the upstream pressure did not stabilize 
but kept decreasing slowly, while the downstream flowrate 
was stable, suggesting that the (apparent) permeability of 
the sample was increasing gradually. The permeabilities 
reported for these two measurements were calculated over a 
relatively stable portion of the pressure data, and should be 
considered high approximations. During constant flow tests 
using  CO2 (series 2 and 6), before a stable steady state could 
be achieved, sudden rapid flowthrough the sample occurred, 
causing the pressure differential across the sample to drop. 
An example of such a breakthrough event is shown in Fig. 5. 
As the figure shows, the upstream fluid pressure increased 
continuously with ongoing flow into the system, while 
initially, no flow was measured at the downstream side. 
Then, after about 30 min, minor flow was observed at the 
downstream side, while the upstream pressure continued to 
increase. After about 1 h, the maximum pore fluid pressure 
set on the pump was reached, and the upstream fluid pressure 
was kept constant by the pump, though with the maximum 
flowrate not exceeding that set previously. During this time, 
flow measured at the downstream side started to increase 
rapidly. This rapid increase in flow caused a strong drop in 
the upstream pressure to a value that was only slightly higher 
than the downstream pressure over a period of 25 min. A 
subsequent increase in pump flowrate caused only a very 
minor bump in upstream pressure, and a near-immediate 
increase in downstream flowrate.

Fig. 2  Graph showing pressure 
vs. time as measured during a 
typical transient pulse measure-
ment. The measurement shown 
is 20160706 225CO240C3 
(permeability 8.9 × 10−18  m2)
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Transient pulse measurements carried out after flow 
measurements that resulted in an increase in permeabil-
ity showed that the shale sample permeabilities quickly 
recovered to near-original values, but did remain slightly 

elevated. Elevated permeabilities (relative to pre-break-
through values) were still observed in transient pulse 
measurements carried out several days after the flow 
measurement.

Table 1  All permeabilities ( k ) 
measured on Sample 1, and the 
conditions [background pore 
pressure (Ppore), pulse pressure 
step (Ppulse), effective confining 
pressure (Peff) and temperature 
(T)] under which measurements 
were performed

These measurements were previously reported in Van Noort and Yarushina (2016). All pressures are given 
in MPa

Measurement no. Notes Ppore Ppulse Peff T (°C) k  (m2)

1-40272501 Intact core, permeate water 2.5 0.2 1.4 RT 6.6 × 10−18

1-80272501 2.5 0.2 5.4 RT 7.9 × 10−19

1-80272502 2.5 0.2 5.4 RT 8.6 × 10−19

1-80272503 2.5 0.2 5.4 RT 9.3 × 10−19

1-80272504 2.5 0.2 5.4 RT 8.5 × 10−19

1-100272501 2.5 0.2 7.4 RT 3.9 × 10−19

1-100272502 2.5 0.2 7.4 RT 3.9 × 10−19

1-100272503 2.5 0.2 7.4 RT 3.7 × 10−19

1-1502725b03 2.5 0.2 12.4 RT 1.5 × 10−19

1-1502725b04 2.5 0.2 12.4 RT 1.5 × 10−19

1-1502725b05 2.5 0.2 12.4 RT 1.6 × 10−19

1-1002725b02 2.5 0.2 7.4 RT 9.9 × 10−20

1-802725c01 2.5 0.2 5.4 RT 1.1 × 10−19

1-502725c04 2.5 0.2 2.4 RT 9.5 × 10−20

1-502725c05 2.5 0.2 2.4 RT 9.2 × 10−20

1-1002725d01 2.5 0.2 7.4 RT 6.1 × 10−20

1-1002725d02 2.5 0.2 7.4 RT 6.3 × 10−20

1-1502725d01 2.5 0.2 12.4 RT 4.5 × 10−20

1-1502725d02 2.5 0.2 12.4 RT 4.6 × 10−20

1-2002725a01 2.5 0.2 17.4 RT 2.7 × 10−20

1-2002725b02 2.5 0.2 17.4 RT 2.5 × 10−20

1-2002725b03 2.5 0.2 17.4 RT 2.4 × 10−20

2-502725x01 Fractured core, permeate water 2.5 0.2 2.4 RT 1.9 × 10−19

2-502725x02 2.5 0.2 2.4 RT 1.9 × 10−19

2-502725x03 2.5 0.2 2.4 RT 1.7 × 10−19

2-2002725x01 2.5 0.2 17.4 RT 8.0 × 10−21

2-2002725x02 2.5 0.2 17.4 RT 5.9 × 10−21

2-4002725a01 2.5 0.2 37.4 RT 2.0 × 10−21

3-1255250x02 Fractured core, permeate water 5 0.2 7.4 40 1.9 × 10−21

3-12552c50x05 5 0.2 7.4 40 9.6 × 10−22

3-1255250x06 5 0.2 7.4 40 2.2 × 10−21

3-2255250 01 5 0.2 17.4 40 1.2 × 10−21

3-2255250 02 5 0.2 17.4 40 1.1 × 10−21

4-2255250 e03 Fractured core, permeate water 5 0.2 17.4 40 3.6 × 10−21

4-2255250 e04 5 0.2 17.4 40 3.6 × 10−21

4-2255250 e05 5 0.2 17.4 40 3.8 × 10−21

4-2255250 e06 5 0.2 17.4 40 3.2 × 10−21

4-2255250 e07 5 0.2 17.4 40 3.4 × 10−21

4-2507775a01 7.5 0.2 17.4 40 3.8 × 10−21

4-2507775a02 7.5 0.2 17.4 40 4.0 × 10−21

5-2507775CO202 Fractured core, permeate  scCO2 7.5 0.2 17.4 40 1.6 × 10−20

5-2507775CO203 7.5 0.2 17.4 40 3.2 × 10−21

5-2507775CO204 7.5 0.2 17.4 40 1.4 × 10−21
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In addition to pressure-dependent changes in perme-
ability, time-dependent changes at constant pressure were 
also observed for some measurement series. Figure 6 shows 
time-dependent permeability changes at various confining 
pressures measured on Sample 1 (series 1) and Sample 2 
(series 5). The main observations per measurement series 
are summarized in Table 4.

3.2  Klinkenberg Effect

In tight porous media, gas permeabilities can appear sig-
nificantly higher than liquid permeabilities due to slip flow 
along pore walls, also known as the Klinkenberg effect 
(Klinkenberg 1941). The magnitude of this Klinkenberg 
effect is dependent on the mean pore radius ( r ), and on the 
mean free path of the gas molecules ( � ). The latter in turn 
depends on the molecular diameter of the gas, and on tem-
perature and pressure. The following equation was derived 
by Klinkenberg for the apparent gas permeability ( kg):

In this equation, c is a constant with a value slightly 
smaller than 1, while kl is the liquid (absolute) permeabil-
ity. Following the approach used by Faulkner and Rutter 
(2000), we can calculate the ratio kg∕kl . For argon (which 
has a molecular radius similar to that of  CO2), this suggests 
that for an assumed mean pore radius of 12 nm (cf. Faulkner 
and Rutter 2000; Katsube et al. 1991), the apparent gas per-
meability would be less than 1.3 times higher than the liquid 
permeability. For a very small mean pore radius (1 nm—
Sakhaee-Pour and Bryant 2011), kg∕kl ≈ 4.

(2)kg = kl

(

1 +
4c�

r

)

.

However, we can directly address the Klinkenberg effect 
in our samples by comparing our measurements made using 
 CO2 at room temperature (liquid) and at 40 °C (supercriti-
cal). Comparing these measurements, we observe a ~ 1.2 × 
increase in permeability for supercritical  CO2 relative to liq-
uid  CO2. The magnitude of this difference is equivalent to 
the Klinkenberg effect for a mean pore radius of ~ 15 nm. In 
the following discussions, this small difference (comparable 
in magnitude to the difference between individual measure-
ments) has been neglected.

3.3  Effect of Temperature

On both samples, permeability measurements were per-
formed at room temperature (approximately 25 °C) and at 
40 °C. The water permeability of shale recorded for Sample 
1 did not show any changes that could clearly be ascribed to 
temperature effects, while for Sample 2, as discussed above, 
a direct comparison of the  CO2 permeability at room temper-
ature and at 40 °C showed a minor increase in permeability 
with temperature. This effect most likely resulted from the 
 CO2-phase change from liquid to supercritical, suggesting 
that, at least in this limited temperature range, there was no 
direct effect of temperature for either sample.

3.4  Effect of Confinement

In all measurement series on both samples, we observed a 
decrease in permeability with increasing effective confin-
ing pressure. In the first series of measurements on Sample 
1 (using water, at room temperature—see the blue line in 
Fig. 3 and all data in Fig. 6a), the permeability decreased by 

Fig. 3  All permeability values 
measured on Sample 1, plotted 
against the effective confin-
ing pressure as (see also Van 
Noort and Yarushina 2016). The 
core split after the first series 
of measurements (between S1 
and S2). The fourth measure-
ment series (S4) was performed 
with two different pore fluid 
pressures (4a at 5.0 and 4b at 
7.5 MPa)
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Table 2  All permeabilities ( k ) 
measured on Sample 2, and the 
conditions [background pore 
pressure (Ppore), pulse pressure 
step (Ppulse), effective confining 
pressure (Peff) and temperature 
(T)] under which measurements 
were performed

Measurement no. Notes Ppore Ppulse Peff T (°C) k  (m2)

20160427 4 5 Permeate argon 7.5 0.2 4.9 RT 8.5 × 10−17

20160427 6 7 8 7.5 0.5 4.75 RT 8.3 × 10−17

20160429 1 2 5 7.5 0.2 7.4 RT 3.2 × 10−17

20160429 3 4 6 7.5 0.5 7.25 RT 2.4 × 10−17

20160510 1 2 5 7.5 0.2 7.4 RT 5.0 × 10−18

20160510 3 4 6 7.5 0.5 7.25 RT 7.0 × 10−18

20160520 1 7.5 0.2 9.9 RT 9.8 × 10−19

20160520 2 7.5 0.2 9.9 RT 1.2 × 10−18

20160520 4 7.5 0.5 9.75 RT 2.0 × 10−18

20160520 5 7.5 0.5 9.75 RT 2.0 × 10−18

20160520 8 7.5 0.5 9.75 RT 1.2 × 10−18

20160520 9 7.5 0.5 9.75 RT 2.1 × 10−18

20160525 1 7.5 0.2 14.9 RT 2.1 × 10−19

20160525 2 7.5 0.2 14.9 RT 4.9 × 10−19

20160602 3 7.5 0.5 14.75 RT 3.2 × 10−19

20160602 4 7.5 0.5 14.75 RT 4.7 × 10−19

20160602 5 7.5 0.2 14.9 RT 2.1 × 10−19

20160602 6 7.5 1 14.5 RT 1.0 × 10−18

20160602 7 7.5 0.5 14.75 RT 5.9 × 10−19

20160602 8 7.5 0.2 14.9 RT 2.1 × 10−19

20160602 9 7.5 0.5 14.75 RT 7.4 × 10−19

20160606 10 7.5 0.5 14.75 RT 4.7 × 10−19

20160606 11 7.5 0.5 14.75 RT 6.2 × 10−19

20160615 1b 7.5 0.5 7.25 RT 6.1 × 10−18

20160615 2b 7.5 0.5 7.25 RT 6.6 × 10−18

20160615 3b 7.5 0.2 7.4 RT 7.0 × 10−18

20160615 4b 7.5 0.2 7.4 RT 6.1 × 10−18

20160615 5b 7.5 0.5 7.25 RT 6.6 × 10−18

20160615 6b 7.5 0.2 7.4 RT 6.3 × 10−18

20160616 7b 7.5 0.5 7.25 RT 1.1 × 10−17

20160616 8b 7.5 0.5 7.25 RT 1.1 × 10−17

20160617 CO201 Permeate  CO2 7.5 0.5 4.75 RT 3.5 × 10−17

20160617 CO201 7.5 0.5 4.75 RT 3.5 × 10−17

20160617 CO203 7.5 0.2 4.9 RT 3.5 × 10−17

20160617 CO204 7.5 0.2 4.9 RT 3.3 × 10−17

20160617 CO205 7.5 0.5 4.75 RT 3.5 × 10−17

20160617 CO201 7.5 0.5 7.25 RT 2.0 × 10−17

20160617 CO202 7.5 0.5 7.25 RT 1.9 × 10−17

20160620 CO203 7.5 0.5 7.25 RT 1.2 × 10−17

20160620 CO204 7.5 0.5 7.25 RT 1.1 × 10−17

20160620 CO205 7.5 0.2 7.4 RT 1.2 × 10−17

20160620  CO206a 7.5 0.5 7.25 RT 1.1 × 10−17

20160620  CO207b 7.5 0.5 7.25 RT 3.3 × 10−16

20160620  CO208b 7.5 0.5 7.25 RT 1.1 × 10−16

20160621  CO209b 7.5 0.5 7.25 RT 3.3 × 10−17

20160621  CO210b 7.5 0.5 7.25 RT 3.1 × 10−17

20160621  CO211b 7.5 0.5 7.25 RT 3.1 × 10−17

20160622  CO201b 7.5 0.5 14.75 RT 1.8 × 10−17

20160622  CO202b 7.5 0.5 14.75 RT 1.8 × 10−17

20160622  CO203b 7.5 0.5 14.75 RT 1.7 × 10−17

20160623  CO204b 7.5 0.5 14.75 RT 1.5 × 10−17
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Table 2  (continued) Measurement no. Notes Ppore Ppulse Peff T (°C) k  (m2)

20160627 CO2b1 7.5 0.5 7.25 RT 1.2 × 10−17

20160627 CO2b2 7.5 0.5 7.25 RT 1.5 × 10−17

20160627 CO2b3 7.5 0.5 7.25 RT 1.3 × 10−17

20160627 CO2b4 7.5 0.5 7.25 RT 1.5 × 10−17

20160627 CO2b5 7.5 0.5 7.25 RT 1.4 × 10−17

20160627 225CO2b1 7.5 0.5 14.75 RT 7.4 × 10−18

20160628 225CO2b2 7.5 0.5 14.75 RT 7.4 × 10−18

20160701 225CO2b6 7.5 0.5 14.75 RT 7.1 × 10−18

20160704 225CO2b7 7.5 0.5 14.75 RT 8.1 × 10−18

20160704 225CO2b8 7.5 0.5 14.75 RT 7.6 × 10−18

20160704 225CO2b9 7.5 0.5 14.75 RT 8.4 × 10−18

20160704 225CO2b6 7.5 0.5 7.25 RT 1.3 × 10−17

20160704 146CO240C1 Permeate  CO2 7.5 0.5 6.85 40 1.2 × 10−17

20160705 150CO240C2 7.5 0.5 7.25 40 1.5 × 10−17

20160705 150CO240C3 7.5 0.5 7.25 40 1.5 × 10−17

20160705 150CO240C4 7.5 0.5 7.25 40 1.4 × 10−17

20160705 150CO240C5 7.5 0.5 7.25 40 1.4 × 10−17

20160705 225CO240C1 7.5 0.5 14.75 40 8.7 × 10−18

20160705 225CO240C2 7.5 0.5 14.75 40 8.7 × 10−18

20160706 225CO240C3 7.5 0.5 14.75 40 8.9 × 10−18

20160706 225CO240C4 7.5 0.5 14.75 40 1.1 × 10−17

20160712 150CO240Cb1 7.5 0.5 7.25 40 1.9 × 10−17

20160713 150CO240Cb2 7.5 0.5 7.25 40 1.9 × 10−17

20160713 150CO240Cb3 7.5 0.5 7.25 40 1.9 × 10−17

20160713 150CO240Cb4 7.5 0.5 7.25 40 1.8 × 10−17

20160714 150CO240Cb5 7.5 0.5 7.25 40 2.0 × 10−17

20160718 125Ar40C03 Permeate argon 7.5 0.5 4.75 40 8.7 × 10−17

20160719 150Ar40C03 7.5 0.5 7.25 40 5.0 × 10−17

20160720 150Ar40C06 7.5 0.5 7.25 40 6.1 × 10−17

20160721 150Ar40C07 7.5 0.5 7.25 40 5.1 × 10−17

20160725 150Ar40C08 7.5 0.5 7.25 40 5.5 × 10−17

20160725 150Ar40C09 7.5 0.5 7.25 40 4.8 × 10−17

20160725 150Ar40C10 7.5 0.5 7.25 40 4.4 × 10−17

20160725 225Ar40C01 7.5 0.5 14.75 40 2.3 × 10−17

20160726 225Ar40C02 7.5 0.5 14.75 40 2.3 × 10−17

20160726 225Ar40C03 7.5 0.5 14.75 40 2.4 × 10−17

20160727 225Ar40C03 7.5 0.5 14.75 40 2.3 × 10−17

20160727 225Ar40C03 7.5 0.5 14.75 40 2.3 × 10−17

20160728 150Ar40Cb02 7.5 0.5 7.25 40 3.7 × 10−17

20160728 150Ar40Cb03 7.5 0.5 7.25 40 3.2 × 10−17

20160729 150Ar40Cb04 7.5 0.5 7.25 40 3.6 × 10−17

20160729 150Ar40Cb05 7.5 0.5 7.25 40 3.5 × 10−17

20160801 125H2O40C01 Permeate water 7.5 0.5 4.75 40 2.2 × 10−19

20160801 125H2O40C02 7.5 0.5 4.75 40 2.3 × 10−19

20160801 125H2O40C03 7.5 0.5 4.75 40 2.3 × 10−19

20160801 150H2O40C01 7.5 0.5 7.25 40 1.8 × 10−19

20160802 150H2O40C02 7.5 0.5 7.25 40 1.8 × 10−19

20160802 150H2O40C03 7.5 0.5 7.25 40 1.8 × 10−19

20160802 150H2O40C04 7.5 0.5 7.25 40 1.8 × 10−19

20160803 150H2O40C05 7.5 0.5 7.25 40 1.7 × 10−19

20160803 150H2O40C06 7.5 0.5 7.25 40 1.7 × 10−19
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almost 2.5 orders of magnitude for an increase in Peff from 
1.4 to 17.4 MPa. In addition, when unloading from 12.4 to 
2.4 MPa, the permeability decreased further, suggesting that 
the change in permeability was not only permanent, but also 
had a time-dependent component (i.e., creep). During series 
2, after the sample had fractured, the sample permeability 
decreased by almost 2 orders of magnitude for an increase in 
Peff from 2.4 to 37.4 MPa. Combining these two series, we 
observed a decrease in permeability in excess of 3.5 orders 
of magnitude for an increase in Peff from 1.4 to 37.4 MPa. 
At Peff = 17.4 MPa, the permeability of the split sample 
was lower than measured on the intact sample in series 1, 

suggesting that the fracture through the sample had become 
sealed due to (time-dependent) compaction and that other 
microfractures in the sample had also sealed further (see also 
Van Noort and Yarushina 2016). However, at very low con-
fining pressure (2.4 MPa), the permeability was higher than 
the last-measured value before fracturing, indicating that at 
this confining pressure, fracture flow may have resulted in 
an average sample permeability that was enhanced, though 
by less than 1 order of magnitude. When the sample was 
later removed from the holder (for another jacket replace-
ment), the two halves adhered to one another, but did come 
loose easily. Finally, the  CO2-permeability measured on this 

Table 2  (continued) Measurement no. Notes Ppore Ppulse Peff T (°C) k  (m2)

20160804 225H2O40C01 7.5 0.5 14.75 40 7.2 × 10−20

20160804 225H2O40C02 7.5 0.5 14.75 40 7.0 × 10−20

20160805 225H2O40C03 7.5 0.5 14.75 40 6.8 × 10−20

20160805 225H2O40C04 7.5 0.5 14.75 40 6.8 × 10−20

20160808 225H2O40C05 7.5 0.5 14.75 40 5.3 × 10−20

20160810 225H2O40C06 7.5 0.5 14.75 40 4.6 × 10−20

20160810 225H2O40C07 7.5 0.5 14.75 40 4.6 × 10−20

20160816 225H2O40C08 7.5 0.5 14.75 40 3.9 × 10−20

20160817 225H2O40C10 7.5 0.5 14.75 40 3.9 × 10−20

20160817 225H2O40C11 7.5 0.5 14.75 40 3.4 × 10−20

20160818 150H2O40Cb01 7.5 0.5 7.25 40 3.8 × 10−20

20160818 150H2O40Cb02 7.5 0.5 7.25 40 3.7 × 10−20

20160819 150H2O40Cb03 7.5 0.5 7.25 40 3.8 × 10−20

20160824 150H2O40Cb04 7.5 0.5 7.25 40 3.6 × 10−20

20160826 125CO240Cx01 Permeate  CO2 7.5 0.5 4.75 40 2.0 × 10−19

20160829 125CO240Cx02 7.5 0.5 4.75 40 3.8 × 10−19

20160831 125CO240Cx03 7.5 0.5 4.75 40 3.8 × 10−19

20160901  125CO240Cx04a 7.5 0.5 4.75 40 3.8 × 10−19

20160901  145CO240Cy01b 7.5 0.5 4.75 40 6.2 × 10−17

20160902  125CO240Cy02b 7.5 0.5 4.75 40 1.0 × 10−18

20160912  150CO240Cy01b 7.5 0.5 7.25 40 6.6 × 10−19

20161013  150CO240Cy02b 7.5 0.5 7.25 40 4.5 × 10−19

20161013  150CO240Cy03a,b 7.5 0.5 7.25 40 4.4 × 10−19

20161013  150CO240Cz01b 7.5 0.5 7.25 40 1.7 × 10−16

20161013  150CO240Cz02b 7.5 0.5 7.25 40 2.1 × 10−16

20161013  150CO240Cz03b 7.5 0.5 7.25 40 1.9 × 10−16

20161017  150CO240Cz04b 7.5 0.5 7.25 40 1.4 × 10−18

20161017  150CO240Cz05b 7.5 0.5 7.25 40 1.4 × 10−18

20161025  150CO240Cz06b 7.5 0.5 7.25 40 1.2 × 10−18

20161025  150CO240Cz07b 7.5 0.5 7.25 40 1.2 × 10−18

20161028 150CO240Cz08 7.5 0.5 7.25 40 1.3 × 10−18

20161028 150CO240Cz09 7.5 0.5 7.25 40 1.3 × 10−18

20161031 150CO240Cz10 7.5 0.5 7.25 40 1.3 × 10−18

20161031 150CO240Cz11 7.5 0.5 7.25 40 1.3 × 10−18

All pressures are given in MPa
a The last measurement before one or more constant flow tests were performed
b Measurements influenced by previously performed constant flow tests
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sample during series 5 showed a decrease by more than an 
order of magnitude over 26 days at constant pressure.

In the first series of measurements on Sample 2 (using 
Ar, at room temperature, see Fig. 4b), the permeability 
decreased by roughly 2.5 orders of magnitude when Peff 
was increased from 4.9 to 14.9 MPa. Subsequently, during 
unloading from 14.8 to 7.3, the permeability increased by 
roughly an order of magnitude, back to similar values as 
observed during the loading stage. In the second series of 

measurements  (CO2, RT), for the same increase in confin-
ing pressure, however, the permeability decreased by less 
than a factor 5, and similar smaller effects were subsequently 
observed in measurement series 3 and 4  (CO2 or Ar, 40 °C).

Furthermore, during the first series of measurements on 
Sample 2 (Ar, RT), at Peff = 7.5 MPa, we observed a time-
dependent effect, with a decrease in permeability by almost 
a factor 5 after a period of 11 days (unfortunately no perme-
ability measurements were performed during these 11 days). 

Fig. 4  All permeability values measured on Sample 2, plotted against the effective confining pressure. a All series of measurements combined; b 
series 1; c series 2–4; d series 5; e series 6
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A smaller time-dependent decrease in permeability was also 
observed during measurement series 5 (water, 40 °C), where 
the permeability decreased by about a factor 2 over 13 days 
at Peff = 15.0 MPa (see Fig. 6b). During the other series of 
measurements on Sample 2, time-dependent effects were not 

observed, except for the decreases in permeability observed 
after  CO2-flowthrough tests in which a breakthrough had 
occurred.

Finally, the decrease in permeability with increasing 
effective confining pressure observed in most measurement 

Table 3  Constant flow 
permeability ( k ) measurements

Confining pressure (Pconf) upstream pressure (Pup), downstream pressure (Pdown), and differential pressure 
(Pd) are all given in MPa

Pconf Pup Pdown Pd T  (°C) Flow (ml/min) k  (m2) Notes

20160510a 16.3 7.36 7.17 0.19 26 0.2 8.2 × 10−18

20160510b 16.4 7.53 7.18 0.35 27 0.5 1.1 × 10−17

20160510c 16.5 7.83 7.19 0.64 27 1.0 1.3 × 10−17

20160510d 16.6 7.34 7.18 0.16 27 0.2 9.7 × 10−18

20160520a 18.6 7.2 6.95 0.25 25 0.2 6.1 × 10−18

20160520b 18.6 7.53 6.95 0.57 25 0.5 7.2 × 10−18

20160520c 18.7 7.17 6.95 0.21 25 0.2 7.2 × 10−18

20160602a 23.9 8.21 7.53 0.68 31 0.2 2.4 × 10−18

20160602b 23.9 7.81 7.5 0.31 31 0.1 2.5 × 10−18

20160606a 24.3 9.3 8.07 1.24 29 0.2 1.6 × 10−18 Pup not stable
20160616a 15 7.89 7.63 0.26 24 0.2 5.2 × 10−18

20160616b 15 8.049 7.62 0.43 24 0.5 9.2 × 10−18 Pup not stable

Fig. 5  Breakthrough of  CO2 during a flow-through permeability 
measurement. The upstream pressure increased up to a differential 
pressure of about 5.4 MPa and then remained stable at 5.3 MPa for 
about 3.2 min (due to reaching the pressure limit set on the pump), 
after which the differential pressure rapidly dropped to nearly zero. 
When the flowrate was increased (at roughly the 127  min mark), a 

small increase in upstream (and hence differential) pressure  was 
observed, which quickly dissipated. Note that the injection rate 
decreased some time before the breakthrough, because the upstream 
pressure reached the pressure limit set on the pump. The total confin-
ing pressure during this measurement was 15 MPa
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series on Sample 2 was mainly reversible, as permeabili-
ties returned to approximately their original values when 
the confining pressure was released. However, the time-
dependent permeability decrease observed during the first 
series (at a confining pressure of 7.5 MPa) was not recov-
ered. Furthermore, as for Sample 1, when water was used as 
the permeate, the permeability remained constant when the 
confining pressure was released. This suggests that pressure- 
and time-dependent permeability decreases in the presence 
of water were permanent, while permeability changes on 
relatively dry samples were mainly reversible in nature.

Based on the available data, the pressure dependence of 
shale permeability to Ar,  CO2, and water, and at 40 °C can 

be quantified for Sample 2, assuming an exponential cor-
relation of the form:

Here, k0 is the permeability at a reference effective pres-
sure ( P0 = 0 ), and � is a constant. For these substances, 
and an effective pressure ranging from 4.75 to 14.9 MPa, 
the values found for k0 and � are given in Table 5. Note 
that for Ar and  CO2, since these permeabilities returned to 
original values when the pressure was decreased, we used 
all data, not distinguishing between loading and unloading. 
As with water, a time-dependent permeability change was 

(3)k ∼ k0 exp(− � (Peff − P0)).

Fig. 6  Time-dependent perme-
ability changes. a Sample 1 
series 1. Different symbols indi-
cate different effective confining 
pressures. b Sample 2 series 5 
(effective confining pressure 
14.75 MPa)
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also observed at the highest effective pressure, we have 
only used measurements taken during the loading stage.

Similar exponential correlations between shale perme-
ability and effective confining pressure were derived by 
Dong et al. (2010), Zhang et al. (2015, 2016a), and Al 
Ismail and Zoback (2016). The values derived here for � 
compare well to the values reported by Dong et al. (2010) 
for the loading stage (0.017–0.043) on shale that had not 
been pre-compacted, but are higher than their values for 
the unloading stage (0.005–0.019). Zhang et al. (2015, 
2016a) reported values for � in the range 0.049–0.123; 
i.e., somewhat higher than reported here. Al Ismail and 
Zoback (2016) reported values for � ranging from 0.049 
to 0.132 (for layer-parallel flow) and 0.006 to 0.078 (for 
layer-perpendicular flow), measured on different litholo-
gies. Furthermore, the values for k0 obtained here fit in 
the range of values reported by Dong et al. (2010), but 
are somewhat higher than those reported by Al Ismail and 
Zoback (2016). However, as noted by (for example) Chal-
mers et al. (2012) and Ghanizadeh et al. (2014), mineral-
ogy is an important factor controlling permeability and 

the confining pressure dependence of shale permeability, 
which may explain the observed differences.

3.5  Effects of Water and Breakthroughs

The initial measurements performed on Sample 1 yielded 
 CO2 permeabilities that were comparable to its water perme-
abilities. The subsequent measurements on Sample 2, how-
ever, indicated that the quantity of water present in the pore 
network had a pronounced impact on sample permeability. 
The most pronounced effect was that the permeability of 
Sample 2 measured using water as the permeate was 2.0–2.5 
orders of magnitude lower than the permeability measured 
using (dry)  CO2 or Ar. Furthermore, in the presence of water 
(Sample 1 and measurements series 5 and 6 on Sample 2), 
decreases in permeability with increasing confining pressure 
and with time appeared permanent, whereas without water 
permeabilities recovered to initial values when the confining 
pressure was released (i.e., changes were elastic).

An additional effect of the presence of water in the pore 
network is observed when comparing the first series of 
measurements performed on Sample 2 (RT, Ar) to the fol-
lowing series of measurements on the same sample. Prior 
to the first measurements, the shale samples had been stored 
under moist conditions. Therefore, when the first series of 
measurements (Ar) was performed, the shale pore network 
contained an unknown quantity of hydrous pore fluid. Dur-
ing this first series, a strong decrease in permeability with 
increasing confining pressure was observed, as well as a 
time-dependent decrease in permeability at a constant effec-
tive confining pressure of 7.5 MPa. Subsequent series of 
measurements, using  CO2 or Ar, at RT or 40 °C, showed a 
much less pronounced decrease in permeability with increas-
ing confining pressure, resulting in higher permeabilities 

Table 4  Overview of the measurement series performed, with the main observations per series

Series # Fluid Pf (MPa) T (°C) Notable observations

Sample 1 1 Water 2.5 RT Strong decrease in permeability with increasing pressure; not recovered during unload-
ing; time-dependent permeability change

2 Water 2.5 RT Fractured sample; further decrease in permeability with increasing pressure
3 Water 5.0 40 –
4a Water 5.0 40 –
4b Water 7.5 40 –
5 CO2 7.5 40 Apparent  CO2-permeabilities measured similar to water permeabilities

Sample 2 1 Ar 7.5 RT Relatively strong decrease in permeability with increasing confining pressure. Rela-
tively low permeability (at higher confining pressure)

2 CO2 7.5 RT CO2-breakthroughs observed in constant flow experiments
3 CO2 7.5 40 –
4 Ar 7.5 40 Ar permeability higher than  CO2-permeability (however, see Sect. 4.3)
5 Water 7.5 40 Time-dependent permeability change. Permeability not recovered during unloading
6 CO2 7.5 40 Relatively low permeability;  CO2-breakthroughs observed in constant flow experiments

Table 5  Values for k
0
 [permeability at reference pressure ( P

0
= 0)], 

and constant � for argon,  CO2, and water and effective pressures rang-
ing from 4.75 to 14.9 MPa

Substance k
0
  (m2) �  (MPa−1)

Argon 9.3 × 10−17 0.042
CO2 2.8 × 10−17 0.032
Water 4.1 × 10−19 0.051
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than measured before at higher confining pressures. The 
main differences between this first series and later series of 
measurements are that during the first measurement series 
micro-damage due to sample treatment was still present in 
the sample, and the sample contained a larger amount of 
water in the pore network as water was increasingly dis-
placed or removed by the dry Ar and dry  CO2. While seal-
ing of the micro-damage could explain a stronger confining 
pressure dependence of permeability, it does not explain the 
lower permeabilities measured during the first measurement 
series. However, the subsequent removal of hydrous pore 
fluid from the pore network during permeate changes can 
explain this observation.

During the last series of measurements, performed on 
Sample 2 and using  CO2 after a series of measurements had 
been performed using water, an initial permeability was 
observed that was similar to the (relatively low) water per-
meabilities at the same Peff , just as had been observed for 
the  CO2 permeability of Sample 1. This could indicate that 
saturating our shale samples with water and confining them 
had caused a permanent permeability change. However, dur-
ing subsequent flow-through measurements on Sample 2, 
sudden increases in permeability were observed, leading to 
breakthroughs of  CO2. Once flow was stopped, the perme-
ability increases induced during such breakthroughs largely 
disappeared quickly, over a timespan of minutes, but some-
what elevated permeabilities were still measured in transient 
pulse tests days afterwards. The same breakthrough events 
were also observed during flow-through tests performed 
using  CO2 at room temperature (during measurement series 
2), but such sudden breakthroughs were not observed when 
using Ar (measurement series 1).

4  Discussion

4.1  Presence of Water

The results presented above show that the presence of water, 
either as the permeating fluid or as a residual phase trapped 
in the pore network, can have significant impacts on the per-
meability of a shale rock and its dependence on stress and 
loading history, even during the flow of other fluids. There 
are two main mechanisms through which the presence of 
hydrous fluids may have caused the observed permeabil-
ity effects. First, water may affect the microstructure of the 
shale itself, by enhancing plastic deformation and/or creep, 
and inducing the swelling of clays. Second, the presence 
of water in the pore network may affect the accessibility of 
this pore network to other fluids through surface adsorption 
and/or capillary effects, for example, leading to a pore-size-
dependent capillary entry pressure that has to be overcome 
for a non-wetting fluid to enter pores filled with a wetting 

fluid (e.g., Skurtveit et al. 2012; Rozhko 2016 and references 
therein). We will now discuss how our observations can be 
explained by these effects.

During the first series of measurements on Sample 2, 
using Ar, we observed a stronger dependence of perme-
ability on confining pressure, and lower permeabilities at 
higher confining pressure, compared to later series using 
Ar or  CO2. The initial strong decrease in permeability 
observed at lower confining pressures likely resulted 
from sealing of damage induced during sample prepara-
tion. However, this cannot explain the lower permeabilities 
measured during this first series at higher confining pres-
sures compared to subsequent measurements using Ar or 
 CO2. During the first series of measurements on Sample 
2, this sample was moist as it had been stored under moist 
conditions. After the first series, the replacement of Ar 
with  CO2, and subsequently the replacement of  CO2 with 
argon again, likely resulted in the removal of part of this 
pore water, resulting in a drier sample. This could suggest 
that increased compaction in the moist sample resulted in 
a stronger dependence of permeability on confining pres-
sure. However, while the measurements performed with 
water as the permeate (Sample 2, series 5) give lower per-
meabilities, the permeability/stress-correlation coefficient 
is comparable to that of the assumed-dry measurements. 
If the shale was indeed mechanically weakened by the 
presence of water, then a significantly stronger decrease 
in permeability with increasing confining pressure would 
have been expected in these measurements as well. Thus, 
water did not directly enhance pressure-dependent (elas-
toplastic) deformation of the sample. Instead, the lower 
permeabilities measured at higher confining pressure must 
be ascribed to an inhibition of flow due to the presence of 
a hydrous pore fluid blocking transport pathways such as 
pore throats and narrow fractures. As the confining pres-
sure was elevated, the squeezing of the pore network, both 
decreasing its volume and reducing pore (throat) width, 
would then have resulted in an increase in the fraction of 
the pore volume filled with water. As this water blocks 
the flow of non-wetting fluids, this enhances the inhib-
iting effect that a small amount of water present in the 
pore network can have on flow, resulting in a lower effec-
tive permeability. After the first series of measurements 
reported here, this free water had mostly been removed 
from the pore network, thus reducing the effect of water on 
the stress dependence of apparent permeability. The lower 
 CO2 permeabilities measured on Sample 2 in measure-
ment series 6 compared to the earlier measurements using 
 CO2 or Ar can then be ascribed to a significantly higher 
sample water content following the water-permeability 
measurements performed during series 5. The relatively 
low  CO2 permeabilities measured on Sample 1 were also 
measured after permeability measurements using water, 
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and are likewise explained by the sample’s relatively high 
water content as a result of its prior saturation. Similarly, 
Ghanizadeh et al. (2014) reported that the gas permeability 
of a “as-received” shale, containing less than 2% wt. mois-
ture, was up to two times lower than the permeability of 
the same shale dried, which they ascribed to the inhibition 
of gas flow by water adsorbed at pore throats.

When considering the permeability measured using 
water as the permeate, one possible explanation for the 
lower permeability compared to values measured using 
Ar or  CO2 is the swelling of smectite in the shale in the 
presence of water (cf. Ilton et al. 2012; Schaef et al. 2012; 
De Jong et al. 2014). However, since the sample contained 
only minor smectite (as an interlayer phase with illite), it 
is not likely that swelling had a significant effect. Instead, 
one possible explanation for the lower permeability to 
water is the inhibition of flow through narrow throats due 
to the presence of structured water films on mineral sur-
faces. Ghanizadeh et al. (2014) reported a shale perme-
ability to water that was up to three orders of magnitude 
lower than the permeability of the same shale to gas (Ar 
or  CH4), which they ascribed to either structured water 
films that inhibited the flow of pore water, or enhanced 
compaction in the presence of water. An alternative expla-
nation for the lower permeability to water than to  CO2 or 
Ar can be found in the model of Rozhko (2016), which 
suggests that relative permeabilities of crack-like pores 
may be influenced not only by pore fluid pressure, but also 
by surface tension and rock wettability, resulting in a lower 
permeability for wetting fluids, such as water, relative to 
non-wetting fluids, such as  CO2. Based on the data avail-
able, it is not possible to distinguish whether structured 
water films or fluid-dependent pore shape effects were the 
main flow inhibiting mechanism in our samples.

In addition, during the measurement series using water 
as the permeate (on both samples), the permeability did not 
increase when the confining pressure decreased. This may 
be explained by the formation of adsorbed water films on 
mineral surfaces and the short range attractive forces (van 
der Waals forces—cf. Vigil et al. 1994) between mineral 
surfaces at very small separation in the presence of water. 
When the confining pressure is increased, mineral surfaces 
are brought closer together due to elastic compaction, and 
when the spacing between the surfaces becomes sufficiently 
small, these surfaces become attracted to one another (Vigil 
et al. 1994). Subsequently, when the confining pressure is 
decreased, the attractive forces between the surfaces may 
overcome the elastic relaxation of the shale microstruc-
ture, keeping the surfaces adhered to each other, connected 
through a thin adsorbed water film, and as a result, the flow 
inhibition caused by pore closure at higher pressures is 
maintained at lower pressure.

Finally, during the first series (Ar, but moist) and fifth 
series (water) of permeability measurements on Sample 
2, time-dependent changes in permeability were observed 
(see Fig. 6b) that were not recovered upon unloading. These 
changes are ascribed to compaction creep, which is enabled 
when sufficient water is present (cf. Sone and Zoback 2014).

4.2  CO2 Breakthrough Events

The presence of water may likewise explain the 
 CO2-breakthrough events observed during constant flow 
measurements on Sample 2, during series 2 and 6 (Fig. 5, 
see also Sect. 3.1). When water is present, this results in a 
capillary entry pressure as  CO2 (a non-wetting fluid) needs 
to displace water (a wetting fluid) to enter the narrow pore 
network. The breakthrough effects observed here, however, 
cannot be fully explained by a simple, single capillary entry 
pressure, as some flow was already observed on the down-
stream side of our sample before breakthrough took place. 
One possible explanation for this effect, then, is a bimodal 
pore-size distribution (e.g., see Zhang et al. 2016b). As the 
capillary entry pressure is dependent on the pore aperture 
(e.g., Rozhko 2016), a bimodal pore-size distribution can 
result in two different entry pressures. Initial flow through 
the sample started when the entry pressure for one part of 
the pore network was overcome, as also occurred during 
the pulse measurements. At the higher upstream pressures 
occurring during the constant flow measurements, the higher 
entry pressure for narrower pore throats and microfractures 
was also overcome, removing the inhibition to flow to a 
larger part of the pore network, and leading to the observed 
sudden increases in permeability (see also Hildenbrand et al. 
2002, 2004). After flow has been halted, during subsequent 
recovery or when the confining pressure is increased, water 
migrated from larger pores (to where it had been displaced) 
back into narrower pore throats and microcracks, driven by 
surface energy effects (capillary forces), causing the perme-
ability to decrease again.

An alternative mechanism is presented by, for example, 
Skurtveit et al. (2012), who combined measurements of 
the breakthrough pressure of  CO2 in wet shales with in-
situ measurements of sample deformation. They observed 
sample dilatation before a breakthrough event, and, based 
on post-experiment CT scanning, interpreted this as the 
opening of a (pre-existing) fracture creating a single path-
way for fluid flow. Considering that in our experiments, the 
confining pressure was always at least 2 MPa higher than 
the fluid pressure, actual hydrofracturing (which requires a 
pore fluid pressure in excess of the confining pressure) was 
not likely to occur (see also Hildenbrand et al. 2002, 2004). 
However, increases in pore fluid pressure may result in dila-
tation through elastic relaxation as the effective confining 
pressure decreases. As suggested by the model of Rozhko 
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(2016), injection of a non-wetting fluid (e.g.,  CO2) into a 
pore network containing a wetting fluid (e.g., water) may 
result in pore deformation and dilatation induced by capil-
lary effects. This can then result in a sudden sharp enhance-
ment of permeability. Based on the results obtained here, 
it is not possible to determine whether in our experiments, 
permeability enhancement was localized (for example, 
along a single vertical fracture) or pervasive throughout the 
pore–crack network.

After each breakthrough, a semi-permanent increase 
in permeability was observed. Once flow is stopped, the 
permeability initially recovers very rapidly, decreasing by 
up to half an order of magnitude in only minutes, but then 
remains elevated by about half an order of magnitude rela-
tive to the pre-breakthrough permeability. As the pore fluid 
pressure already decreased during, and as a result of, the 
breakthrough, any (elastic) compaction already took place 
at that time, and therefore, this recovery cannot be explained 
by fluid migration into the pore throats caused by elastic 
compaction (squeezing) of the pore network. A more likely 
explanation then is that the flow of water from larger pores 
into pore throats was driven by surface energy or capillary 
effects. Likewise, if the breakthroughs observed were caused 
by a dilatation of the pore network due to changes in the 
stress state, it would be expected that as soon as the injec-
tion pressure drops (due to enhanced flowthrough the sam-
ple), compaction results in a decrease in permeability (cf. 
Skurtveit et al. 2012), leading to a new build-up of injection 
pressure. Since this was not observed, this suggests that the 
breakthrough effect is related to capillary or surface energy 
effects rather than to dilation of the pore–fracture network 
resulting from changes in pore fluid pressure.

During most constant flow measurements using Ar, a 
stable PUP was achieved, and no change in permeability 
was observed, except during two of the Ar measurements, 
where the upstream pressure decreased gradually at constant 
flow, implying that the permeability was slowly increasing. 
However, a sudden breakthrough as seen in the  CO2 meas-
urements was not observed in the Ar measurements per-
formed. This suggests that Ar was less successful at displac-
ing water than  CO2. This could be related to differences in 
the water–argon and water–CO2 surface tensions, but further 
measurements are required to confirm this observation and 
investigate it in more detail.

There is an interesting similarity between the break-
through effect observed here, and the solitary porosity waves 
(e.g., Revil 2002; Cai and Bercovici 2013; Räss et al. 2014; 
Yarushina et al. 2015), which arise as a result to an obstruc-
tion to fluid flow, and may be formed in elastic, viscous, 
or viscoplastic rocks with non-linear pressure-dependent 
permeability. Such porosity waves lead to a (temporary) 
enhancement of permeability induced by local changes in 
fluid pressure (and thus effective confining pressure). They 

represent elongated cylindrical channels with size strongly 
dependent on the viscosity and permeability of the rock as 
well as fluid viscosity, though their shape may also be con-
trolled by rock anisotropy. They have self-sealing proper-
ties, and the channel is formed largely due to dilatation of 
existing pores, so that after propagation of the channel, there 
would be no sign of a fracture. A proper understanding of 
these breakthrough effects and porosity waves is required to 
properly assess the integrity of any  CO2-storage reservoir 
over which shale forms the caprock.

4.3  Argon and  CO2 Permeabilities

We have already discussed the permeabilities measured 
using  CO2 at room temperature (series 2), and at 40 °C 
(series 3), and explained the ~ 1.2 times higher permeabil-
ity at 40 °C in terms of the Klinkenberg effect. The perme-
abilities measured at 40 °C using Ar are about half an order 
of magnitude higher than the  CO2 permeabilities. This dif-
ference was most likely caused by a decrease in the sample 
moisture content, induced during pore fluid replacements 
(see also Ghanizadeh et al. 2014). Alternatively,  CO2 may 
adsorb on clay surfaces, potentially causing this clay to swell 
(Ilton et al. 2012; Schaef et al. 2012; De Jong et al. 2014), 
causing a reduction in permeability (cf. Pini et al. 2009). A 
similar effect was reported by Al Ismail et al. (2014), who 
reported a 10% decrease in layer-parallel shale permeabil-
ity and a much larger, ~ 1 order of magnitude reduction in 
layer-perpendicular permeability, ascribed to  CO2 adsorp-
tion. However, since in our samples, the content of phases 
that may swell (smectite, organics) was minor, this is less 
likely to have been significant.

4.4  Comparison of Samples 1 and 2

Based on the measurements on Sample 1, in Van Noort and 
Yarushina (2016), we reported the following observations:

• Shale permeability decreased with increasing effective 
confining pressure.

• Permeability did not recover during subsequent unload-
ing, suggesting permanent deformation.

• Permeability change also had a time-dependent compo-
nent, interpreted as a result of compaction creep.

• At elevated confining pressure (17.4 MPa), a bedding-
parallel fracture through our sample no longer influenced 
permeability, and even gained minor cohesion.

• No significant difference between water- and 
 CO2-permeability was observed.

Here, these observations will be addressed in view of our 
additional results.
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All our measurements support the observation that shale 
permeability decreases with increasing confining pressure, 
as has also been reported in the literature (e.g., Dong et al. 
2010; Chalmers et al. 2012; Ghanizadeh et al. 2014; Hel-
ler et al. 2014; Zhang et al. 2015, 2016a). However, while 
this decrease appeared to be permanent when water was the 
pore fluid, with  CO2 or Ar as the pore fluid the permeability 
increases again when the confining pressure is released. As 
discussed above, the apparently permanent decrease in per-
meability with increasing confining pressure when water is 
the pore fluid may have resulted from water film formation 
on mineral surfaces, and attraction forces between mineral 
surfaces in the presence of water. When other fluids are the 
pore fluid, such effects do not occur, and thus, permeabili-
ties return to (near-)original values when the pressure is 
released. Dong et al. (2010) report only a partial recovery of 
the permeability when the stress on a silty shale is released. 
However, they did not perform a second pressure cycle to 
distinguish between the effects related to the sealing of dam-
age to the sample induced during sample preparation, and 
actual elastic pressure effects on a sample in which damage 
had been sealed.

Time-dependent permeability changes were observed on 
both samples when using water as the permeate, and during 
the first series of measurements on Sample 2 (using Ar as 
a permeate, but with some moisture present in the sample). 
The time-dependent effect observed on Sample 2 when using 
Ar may in part have been related to sealing of the (micro-)
damage induced in the shale during sample preparation. 
However, most likely all observed time-dependent perme-
ability changes resulted from creep compaction enabled in 
the presence of water (cf. Sone and Zoback 2014).

While no significant difference between the water and 
the  CO2 permeability was observed on Sample 1, on Sam-
ple 2, we observed a difference of up to 2.8 orders of mag-
nitude between its water permeability, and its Ar or  CO2 
permeability. This is in agreement with the observations 
of Ghanizadeh et al. (2014). Furthermore, in accordance 
with Ghanizadeh et al. (2014), the moisture content of the 
shale samples measured here strongly impacted its perme-
ability to other fluids (Ar,  CO2, etc.). This strong control of 
water content on permeability indicates that it is important 
to measure shale permeabilities containing realistic, in-situ 
moisture contents. Furthermore, it suggests that the desic-
cation of samples before measurements can potentially have 
a significant impact on stress-dependent shale permeability. 
The low  CO2-permeability measured on Sample 1, compa-
rable to its water permeability, was most likely the result of a 
high sample water content, since measurements using water 
as the permeate were performed first.

Finally, based on the above discussions, as the per-
meability of a shale is strongly influenced by its water 
content, the most direct comparison of the permeabilities 

of Samples 1 and 2 can be obtained by comparing the 
measurements made on each sample using water as the 
permeate. In doing so, it should be remembered that for 
water measurements the permeability does not recover 
upon unloading. Figure 7 shows the first series of meas-
urements on Sample 1 and the water-permeability meas-
urements performed on Sample 2 (series 5). The lower 
permeability of Sample 2 at low confining pressure is due 
to the fact that the sample had already been compacted 
previously. Hence, any microcracks and similar damage 
resulting from sample preparation had already been sealed. 
At somewhat higher confining pressure, where the effects 
of micro-damage can be neglected, the Peff-dependent 
permeability of Sample 2 overlaps with that of Sample 
1, indicating good agreement in permeabilities between 
these two samples.

5  Conclusions and Implications

Based on 180 transient pulse permeability measurement 
and 12 constant flow measurements, on two shale core 
plugs from the same lithology, using Ar,  CO2 or water, we 
report the following observations:

• Shale permeability decreases with increasing effective 
confining pressure.

• Shale has a lower permeability to water than to other 
fluids (Ar and  CO2), most likely due to the inhibition 
of flow by structured water layers on mineral surfaces, 
or due to surface tension effects (e.g., Rozhko 2016). 
A potential effect of clay swelling was not likely in our 
samples, but cannot be excluded.

• Small quantities of water present in the pore network, 
localized at pore throats and narrow fractures, will 
inhibit the flow of other fluids (such as Ar or  CO2), 
leading to a lower (apparent) permeability.

• If a sufficient, constant flow of  CO2 is applied to a 
sample containing a hydrous pore fluid, the resulting 
increase in injection pressure leads to a breakthrough 
once a pore-size-dependent capillary entry pressure is 
overcome. Possible mechanisms leading to this break-
through are the displacement of water or dilation, and 
further work would be required to determine which 
mechanism, if not both, was active. After such a break-
through, once the  CO2 flow is stopped, the elevated per-
meability mostly recovers to lower values in minutes, 
but some permeability enhancement may remain.

• When water is the pore fluid, the decrease in perme-
ability when the confining pressure is elevated is not 
recovered when the confining pressure is released. A 
possible cause for this may be attractive forces between 
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mineral surfaces that have been brought close together 
under the high confining pressure.

• Under confinement and in the presence of sufficient 
water, compaction creep can occur, causing a further, 
permanent decrease in permeability.

Our results suggest that shale permeability can be 
influenced by pressure-dependent and time-dependent 
deformation. This implies that for the long-term safety of 
 CO2 storage, shale caprocks need to be characterized thor-
oughly with respect to their deformation properties and 
the impact of caprock deformation on shale permeability.

Based on our observations, we further conclude that the 
water content of a shale caprock is of key importance in 
controlling its permeability to other fluids, such as  CO2, 
and thus its integrity as a seal during long-term exposure. 
The exact mechanisms by which water may affect perme-
ability, in particular its roles in inhibiting flow and during 
breakthrough events, have not been fully determined. This 
is important, since our results suggest that, independently 
of swelling clay content, drying may strongly impact the 
effective permeability of shale to  CO2 (and other fluids). 
While such drying is unlikely to have a strong effect on the 

integrity of sufficiently thick layers of unfractured shale, 
the flow of dry  CO2 along leakage pathways such as well-
bores or fractures could induce drying, and contribute to 
shale permeability along these pathways. When charac-
terizing shale as a caprock, the effects of water content 
should be thoroughly considered.

One potential direction for future work towards address-
ing the above issues may be through measurements con-
ducted on analogue samples with well-controlled mineral 
composition and water content. The strong pressure depend-
ence of shale permeability, the effect of pore water content, 
and shale’s non-linear rheology have significant conse-
quences for hydraulic fracturing of unconventional reser-
voirs as well as for understanding the role of shales as a seal 
in sub-surface waste storage (Yarushina et al. 2013).
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Fig. 7  Comparison of the first series of permeability values measured 
on Sample 1 (RT) and the fifth series of permeability values meas-
ured on Sample 2 (40  °C), both using water as permeate. The per-
meabilities are plotted against the effective confining pressure. The 
relatively high permeability at low confining pressure measured on 

Sample 1 (relative to those measured on Sample 2) are ascribed to 
micro-damage of the sample induced during sample preparation, that 
was no longer present in Sample 2 as this sample had already been 
confined prior to the measurements shown
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