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Abstract

Carbon Capture and Storage (CCS) is a promising approach that has been increasingly utilized for reducing atmospheric
carbon dioxide (CO,) levels. The long-term security of CO, sequestration in saline aquifers depends on the integrity of
overlying sealing units, while the transmissive properties of multi-barrier sealing systems remain to be further elabo-
rated. This study investigates the permeability of claystones and compares them with other low-permeability lithologies
(evaporites, tight sandstones, and tight limestones, 1x 1077 —1x 102! m2 at 30 MPa) as well as casing cements (1 x 10~ !¢
—1x1072> m? at 30 MPa) under CO, storage conditions. Permeability was measured using helium gas and, for selected
samples, with CO,. The stress-sensitivity of Klinkenberg-corrected permeability was assessed under confining pressures
of 10-30 MPa, and pressure sensitivity coefficients (y-values) were determined. Time-dependent effects were evaluated
by maintaining samples at 30 MPa (approximately 2 km depth of effective pressure) confining pressure for 5-8 days.
Results indicate that claystones reduce permeability by approximately one order of magnitude after 3—5 days, while casing
cements decrease permeability by two orders of magnitude in 3 days. These findings highlight the necessity of allowing
caprock samples to equilibrate under targeted effective stresses for at least three days to obtain reliable permeability mea-
surements. Furthermore, our measured permeability varies distinctly across lithotypes (shales, evaporites, tight sandstones,
and tight limestones), spanning 2 to 6 orders of magnitude at low confining stresses, necessitating the site- and lithotype-
specific assessment of sealing unit permeability.
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Introduction

While global CO, emissions are increasing, the installa-
tion of wind- and hydropower, as well as photovoltaics and
geothermal, among others, leads to decreasing CO, emis-
sions in 23 countries, including the European Union and the
United States of America (Friedlingstein et al. 2023, 2025).
However, according to IPCC (2023), the climate target is not
achievable without using carbon capture and storage (CCS),
especially for hard-to-abate emissions (e.g. concrete manu-
facturing) (Hilgers and Schilling 2024). Therefore, studying
the possibilities of CCS has become an important research
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topic over the past decades (Abraham-A et al. 2024; Alcalde
et al. 2018; Atef et al. 2025; Budinis et al. 2018; Chadwick
et al. 2008).

For the geological CO, storage reservoir system in saline
aquifers, a cap rock is important to avoid leakage. Perme-
ability is a critical property in reservoir geology and in the
assessment of the capacity of sealing rocks (Zhao et al.
2024). To determine the gas permeability, particularly for
low-permeability systems, the Klinkenberg correction has to
be used due to the gas-slippage effect (Klinkenberg 1941).
Although caprock properties have been extensively studied
over the past decades, sedimentary rocks, like claystones,
exhibit lateral heterogeneity in their mineralogical and pet-
rophysical properties (Chandler et al., 1989; Schmidt et al.,
2020). As a result, site-specific analysis of caprocks remains
essential to assess the multi-barrier complex, while applica-
tions of this technique in depleted hydrocarbon reservoirs,
with proven cap rock integrity may not strictly necessitate
these analyses. Permeability within a single rock type can
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exhibit considerable variation due to different pore-size dis-
tribution, grain-size distributions, clay mineral content and
general mineral assemblage (Carcione et al. 2019; Ecay et
al. 2020). Yang et al. (2017) demonstrated that, within the
same formation, porosity can range between 1.5 and 7.3%,
while permeability may vary by up to 4 orders of magnitude
in tight gas reservoirs. Such variability is not limited to res-
ervoir rocks, it can also occur in potential caprocks (Febbo
et al. 2025). Shales are often considered suitable caprocks
due to their inherently low permeability (Neuzil 2019).
However, variations in silt and clay contents can still lead to
heterogeneity in both permeability and porosity (Molenaar
etal. 2007).

Several studies report reduced permeability under
increasing confining pressure, due to pore collapse or micro-
fracture closing in case of silt- and sandstones (Alam et al.
2014; Chen et al. 2002; Kozhevnikov et al. 2021; Wong et
al. 2013). They often omit the duration for which samples
were subjected to confining stresses prior to permeability
measurements. Other studies show that permeability at the
same confining stress can change over time due to defor-
mation, dissolution, and creep (Bandara et al. 2021; Chen
et al. 2022; Zhu et al. 2024). However, these studies focus
on fracture permeability only, assuming the rock matrix is
impermeable. Therefore, in this study, we focus on the over-
all permeability change over time to close this gap in the
application to potential cap rocks for CCS in Germany.

David et al. (1994) derived an equation to calculate the
pressure-permeability sensitivity (y -value) of rocks. y -val-
ues were used to explore links between the pressure sensi-
tivity, time-dependent permeability, and different lithotypes.
To prevent permeability changes during injection, it is
essential to understand the rate of permeability variation
over time and pressure change in relation to lithology.
These stress hysteresis measurements can highlight if the
permeability follows different paths during the loading and
unloading cycles, and prevent formation damage caused by
fluid injection and cyclic loading. This method also allows
to correct for uplift induced fractures (Teklu et al. 2016).

In this study, we focus on the characterization of low-
permeable rocks, including typical sealing lithologies such
as claystones and evaporites, but also assess tight sand-
stones, limestones, and casing-casing cement. These mate-
rials are key to both stratigraphic trapping and capillary
trapping mechanisms (Massarweh and Abushaikha 2024).
We selected individual claystones and evaporites (ranging
from intraformational caprocks interbedded with reservoir
rocks to extra-formational cap rocks) and compared them
to other low-permeability rocks, including three tight sand-
stone samples, and one tight limestone sample. The tight
limestone was chosen as it is already acting as a sealing
lithology toward rising mine water levels in a former coal
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mining area (Olmez et al. 2024; Quandt et al. 2022) and may
be a potential barrier lithology in other parts of the North
German Basin. The tight sandstones were chosen to assess
the potential reservoir lithology capped by intraformational
shales (Greve et al. 2024b) and highlight mineralogical and
granulometric influences on stress-dependent permeability.
Casing cement is an important barrier required to prevent
CO, leakage; therefore, we study and compare them here in
relation to natural cap rocks (Gan et al. 2025). The result-
ing data support informed, data-driven discussions on CO,
storage in Germany and offer insights applicable to similar
studies worldwide. In particular, the observed effects of pro-
longed exposure to elevated confining pressure (30 MPa)
on permeability provide valuable guidance. This work also
demonstrates how lithological heterogeneity, even among
different claystones and in low-permeability rocks from
Germany, affects petrophysical properties, emphasizing the
need for site-specific assessments.

Geological background and samples

The measured samples belong to Upper Carboniferous,
Upper Permian, Lower Triassic and Upper Cretaceous sedi-
mentary and evaporite sequences deposited in Northwest
Germany (Fig. 1).

The Upper Carboniferous clastic sediment samples origi-
nate from the foreland basin of the Variscan orogen, North-
west Germany, which was deformed after the Westphalian
(Drozdzewski 1993). These sediments are deposited on the
coastal plain and in a deltaic environment (Fig. 1) (Greve
et al. 2023; Muller and Steingrobe 1991). The samples are
from two different boreholes, Frenzer Staffel-1 ( UC 4,
UC_5 and UC 6, Fig. 2) and Haidberg-1 (UC_2, Fig. 2).
The Frenzer Staffel-1 borehole is located in the southwestern
part of the basin, in the Inde Syncline, while the Haidberg-1
well is located in the Ruhr Basin (Greve et al. 2024a). Based
on the coal seams in the cores of well Frenzer Staffel-1, tight
sandstones belong to the Westphalian A and B (Wrede and
Zeller 1991), while the black shale samples of well Haid-
berg-1 belong to the Westphalian B Horst Formation (Fm.).
The Upper Carboniferous shales are intraformational seals
to the intercalated, mostly fractured, tight sandstone sam-
ples. The total thickness of Westphalian A and B can reach
up to 2000 m in the Ruhr Basin (Doornenbal and Stevenson
2010). The UC 2, UC_5, and UC_6 samples are from the
core material, while UC 4 is from an outcrop.

The Upper Permian Zechstein evaporitic sequence
(Fig. 1), deposited in closed lagoons after multiple trans-
gressional cycles in the North German Basin (Meschede
2018), acts as a major cap rock lithology in Northern
Europe (Strozyk et al., 2017). In the Zechstein, seven
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Fig. 1 Simplified stratigraphic column of the measured samples. UC — Upper Carboniferous, Z — Zechstein, BS — Buntsandstein, Cr — Upper

Cretaceous

transgressional cycles can be distinguished, where the con-
tents of anhydrites, carbonates, and salts vary (Menning et
al. 2011). The carbonates can be found mostly on the rims
of these lagoons, while the anhydrites are present in the
center (Meschede 2018). The Zechstein evaporites are act-
ing as effective seals to underlying natural gas reservoirs in
the Southern Permian Basin, highlighting their capacity as
seals. The thickness of the Zechstein may vary between 200
and 1800 m in Northern Germany (Doornenbal and Steven-
son 2010). In this study, five samples (BS 1, BS 2, UC 2,
Z 2, and Z 3, Fig. 2) were retrieved from core material
from Northwestern Germany.

The Lower Triassic Buntsandstein in northern Germany
can be subdivided into three general groups based on (Boigk
1959): (1) the fine-grained, oolitic Lower Buntsandstein; (2)

the fine- to coarse-grained Middle Buntsandstein contain-
ing shales; and (3) the pelitic Upper Buntsandstein inter-
bedded by evaporites. The Middle Buntsandstein comprises
the Volpriehausen and Hardegsen formations, both show-
ing an upwards-fining cyclicity, that starts with medium-, or
coarse-grained sandstone and ends with pelitic sediments,
deposited in fluvial-lacustrine environments (Fig. 1) (Filom-
ena and Stollhofen 2011; Geluk and Rdhling 1997; Szurlies
2004). These cycles can be correlated with drier and wet-
ter periods caused by Milankovitch cycles (Szurlies 2004).
The maximum thickness of the Middle Buntsandstein may
reach 2500 m in Northern Germany (Doornenbal and Ste-
venson 2010). Here, two samples from the intraformational
red shales of the Middle Buntsandstein (BS 1 and BS 2)
are studied. The samples are from the upper part of these
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Fig. 2 Plate of the used plug samples. (a) Buntsandstein, Cretaceous
carbonate and casing cement samples, (b) Upper Carboniferous and
Zechstein samples. (¢) All of the samples from above. The fracture
in the sample UC 2 developed during the measurements. The red

cycles and are retrieved from core material from Northwest-
ern Germany.

Upper Cretaceous (Campanian) carbonates were depos-
ited in the Central Miinsterland Cretaceous Basin, North-
western Germany (Olmez et al. 2024). The Miinsterland
Basin is represented as the southern marginal trough of the
inverted Lower Saxony Basin (Voigt et al. 2021). These
shallow marine basin sediments are deposited on the shelf-
margin to slope environment (Olmez et al. 2024), reaching
a total thickness of 2000 m (Scheck-Wenderoth et al. 2008).
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arrows indicating the macrofractures in the sample. In case of CC 1 it
was already a preexisting fracture, while at UC_2 it developed during
measurement

The studied samples belong to the Upper Campanian Bec-
kum Member (Ahlen Fm.), which is built up by alternat-
ing limestone-marly shale sequences and has a thickness of
25 m (Fig. 1) (Giers 1958).

The CC _1 casing cement was provided by Technical Petro-
physics (AGW-TP) at KIT and is a pure cement with a water-
cement (w/c-ratio) ratio of 0.44 and is classified as a Class G
well cement. The other casing cement samples (CC 2, CC 3
and CC 4, Fig. 2) were provided by the Institute of Concrete
Structures and Building Materials (IMB) at KIT, and contain
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20 m% dry polymer (Bruckschldgl et al. 2026). The polymer in
CC 2 is Styrene-acrylic ester (SAE), in CC 3 is Styrene-Buta-
diene (SB), and in CC 4 is Ethylene-Vinyl Acetate (EVA).
These samples were also made from Class G cement, having a
w/c-ratio of 0.44. CC 1 has shown a macroscopic crack, while
CC 2 and CC _3 cracked due to drying (1-5 um crack) and in
CC _4 no cracks were detected during optical inspection.

Materials and methods

Five different lithologies, among them two different clay-
stones, and two different types of casing cement, provid-
ing a total of 13 cylindrical plug samples with a 1-inch
(~2.54 cm) diameter, were used for this study. The rock
samples are from boreholes as well as from outcrops (Sup-
plementary materials 1). Although the lengths of the sam-
ples vary, according to (Heap 2019), samples with a 25 mm
diameter and with small pore sizes, as in our samples, the
permeability measurements will not be affected by the
length of the sample. The natural rock samples were dried
in a vacuum oven at 40 °C for four days, the CC 2, CC 3,
and CC_4 dried in a climate room at 20 °C and 65% relative
humidity (Bruckschlogl et al. 2026).

Porosity

Porosity was determined using a semi-automated helium
pycnometer, AccuPyc II 1340 by micromeritics (Greve et
al. 2024a). Based on the measured solid volume and deter-
mined bulk cylinder volume, the porosity can be calculated.
The porosity results are given in percentage (%) and the
accuracy is specified as 0.045% of the porosity value.

Fig. 3 Flow-through measure-
ment setup for gas perme-
ability measurements. HPLC

gas outlet =

Mercury intrusion capillary pressure (MICP) measure-
ments were carried out for 3 samples showing deviating gra-
dients during Klinkenberg-correction using a micrometrics
AutoPore IV 9520 (pore throat size: 360—-0.003 um). This
method allows the calculation of the pore throat size distri-
bution within the sample (Knopp et al. 2022).

Gas permeability

No universal measurement standards have been developed
for ultra-low gas permeability measurements (Sander et
al. 2017). Darcy’s law and the Klinkenberg effect are the
most widely used applications to interpret low permeabil-
ity measurements (Sander et al. 2017). The permeability
values were measured using the steady-state flow-through
method in an isostatic flow cell (Becker et al. 2019), using
single-phase gas flow with helium and CO, as permeants.
A high-performance liquid chromatography (HPLC) pump
was used to generate hydrostatic confining pressure using
water on the cylindrical plug sample encased in a heat-
shrinking sleeve (Fig. 3). The studied plugs were measured
at 10, 20, and 30 MPa confining pressures, respectively.
The apparent permeability values were Klinkenberg-
corrected (Klinkenberg 1941). For the Klinkenberg cor-
rection, the samples were measured with different inlet
pressures at each confining pressure, ranging between 2.5
and 4.7 MPa. The apparent permeability was measured at
least with 3 different inlet pressures, up to 10 times. To
calculate the gas permeability, the following equation was
used;

b
K,=K -
(+ ) (1)

atmospheric pressure

stands for high pressure liquid
chromatography

confining pressure

pump

Bubble flow meter

gas inlet = pore pressure

He/
CO2
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where K, is the apparent permeability, K is the intrinsic
permeability, b is the slippage factor, and p is the mean of
the inlet and outlet pressures. To calculate the value of the
measurement errors, the standard deviation of a series of
measurements was determined. Based on the value of stan-
dard deviation, the standard error was calculated, which is
1.5% of the given permeability measurements. The stan-
dard error was calculated based on several measurements of
anhydrite samples at 10 MPa confining pressure. The stan-
dard deviation of the measured Klinkenberg-corrected data
was calculated, then the standard deviation was divided by
the square root of the number of measurements.

Stress-dependent permeability

Stress sensitivity describes permeability changes as a func-
tion of confining stress changes (MPa™!), allowing to evalu-
ate how sample compaction affects permeability (David et
al. 1994). To assess the stress sensitivity of the studied sam-
ples, we derived the y-value based on the exponential law
(Eq. 2) (David et al. 1994) for permeability measurements
with varying confining stresses.

K =K exp[—7 (Pe — Po)] (2)

where K is the permeability under the effective confining
pressure P, K, is the permeability at reference effective
pressure Py, and vy is a constant. A higher y-value means a
higher compaction-induced permeability reduction. The
exponential law was mostly studied for samples with poros-
ity between 14 and 35% (David et al. 1994; Dong et al.
2010), but in our case, all the samples are below this range.

Additionally, stress hysteresis measurements were per-
formed with four loading-unloading cycles to determine the
irreversible permeability changes in a sample. In the load-
ing half-cycles permeability was measured at 10 MPa, then
20 MPa and finally at 30 MPa confining pressure within one
day. Afterwards, the sample was left at 30 MPa confining
pressure overnight and the next day the permeability was
measured at 30 MPa, then at 20 MPa and finally at 10 MPa
confining pressures for the unloading half-cycle. Over the
following night the sample stayed under 10 MPa confining
pressure. These cycles were repeated four times.

Time-dependent permeability

To assess time effects under elevated confining stresses
(30 MPa), we conducted time-series measurements and
compared the results across lithologies. Four samples
(BS 2, UC 2, Z 3, CC 2) were measured once daily for
five to eight days at constant confining pressure of 30 MPa
to quantify time-dependent permeability variation.
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Gas type effects on permeability measurements

Three samples (BS 1, CC 3, Z 2) were measured using
carbon dioxide and helium as permeants to assess the influ-
ence of gases with different molecular sizes on permeability.
With both gases the permeability was measured at differ-
ent confining stresses and inlet pressures (2.5+£0.2 MPa,
3.5+0.2 MPa, and 4.5+£0.2 MPa).

Results

Porosity and permeability (at 30 MPa confining
stress)

The porosity of the measured samples ranges between 1
and 14%. Klinkenberg-corrected permeability at 30 MPa
confining stress of the studied samples ranges from 10~ !¢
to 102 m? (Fig. 4, Supplementary materials). The studied
samples do not show a positive correlation between the two
properties (Fig. 4), but a clear positive trend can be recog-
nized among the silty sandstone samples, however the clay-
stone samples show variability. The same rock types within
the same lithology show some differences in porosity and
permeability values (e.g., BS 1and BS 2, UC 4,UC 5 and
UC 6,Z 2 and Z 3). The black and red claystones cover
a permeability range of two orders of magnitude (102! —
107! m?), tight sandstones cover three orders of magnitude
(102! =10~ '8 m?), anhydrite covers one order of magnitude
(1078 —107'7 m?), and casing cement samples of different
composition cover six orders of magnitude (1072 —107'¢
m?). Individual tight silty sandstones (UC 4) even have
lower permeability values than a shale sample (UC_2) from
the same formation.

Pore size distribution and mercury porosity

Based on the MICP measurements, the median pore throat
radius of sample BS 1 is 5.22 nm, of UC 2 is 3.97 nm,
and of Z 2 is 14.98 nm. Pore throat radii are thus mostly
smaller than 10 nm. Sample Z 2 generally shows a larger
pore radius than BS 1 and UC_2, but this sample contains
druses (Fig. 2). According to Bruckschlogl et al. (2026)
the pore size distribution of the casing cement samples
(CC_2, CC_3, and CC_4) is mainly smaller than 100 nm

(Fig. 5).
Stress-dependent permeability
With increasing confining stresses, permeability decreases,

except for sample Cr 1, which shows a slight increase
(Fig. 6a). Where the permeability decreased at increasing
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confining stresses, the decrease is less than one order of
magnitude, except for samples CC_1and CC 3, which show
a larger decrease, in the case of CC_1 from 4.45x 10713
m? to 1.05x10 '® m?, and CC 3 from 6.8x10%° m? to
2.69x107%m? CC 2,CC 3,and CC_4 show ductile defor-
mation with the sample deforming into the gas flow chan-
nels of the end plug (Fig. 2). Although BS 1 and BS 2 are
both red claystone samples from the same formation, they
show a different decreasing trend, which is also reflected by
the y-values. For BS_ 1 it is 0.009 MPa™!, while for BS 2
is 0.104 MPa™!. Furthermore, the initial permeability val-
ues were plotted regarding stress dependency (Fig. 6b), but
for CC_4 only apparent permeability could be measured at
10 MPa confining pressure.

Pore size radius (nm)

A general trend can be discovered, samples from the
same lithology with lower permeability have always higher
y-values (Figs. 4 and 6b). For samples, where the perme-
ability only slightly changes with confining pressure (e.g.
UC 5, UC_6, Z 3) the fitted exponential curve for y-values
have very low R2.

The calculated pressure sensitivity of the permeabil-
ity (y-values) varies between 0.001 and 0.2 MPa™!. We
observed, that samples BS 1,BS 2, Cr 1,UC 5and UC 6
have y-values lower than 0.02 MPa !, while Z 3 is only
slightly above 0.02 MPa~! (Fig. 6b, Supplementary materi-
als). The y-value ranges differ between the different lithot-
ypes (Fig. 7). However, the claystone, silty sandstones, and
the single limestone have very similar medians (0.01-0.02
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Fig.6 (a) Klinkenberg-corrected a)
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MPa !). The anhydrite samples have a slightly higher
median at 0.03 MPa !. The highest variability among the
sealing rocks is shown by claystone samples.

Time-dependent permeability

Permeability variations under elevated confining pressure of
30 MPa cover up to eight days (Fig. 8). No change can be
observed over time in the permeability of silty sandstones
(UC_5, UC _6) and one of the anhydrite samples (Z 3).
BS 2 (red claystone) shows a rapid decrease between the
first and second day, then it decreases at a slower rate until
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it stabilizes on the fourth day. The permeability of UC 2
(black claystone) decreases at the same rate until the third
day, then it increases and stabilizes. Z_2 (anhydrite) shows
an abrupt decrease in its permeability, after the first day and
third day. Sample CC 2 (casing cement) initially shows
a permeability decrease by 3 orders of magnitude in the
first three days, but from the fourth day, the permeabil-
ity increases again (Fig. 8a). Cr_1 (limestone) follows a
decreasing trend (2 orders of magnitude) until the third day,
then the permeability starts to vary. Furthermore, samples
CC 2, Cr_1, UC 2, and Z 2, which experience 30 MPa
confining pressure for more than 5 days, occasionally show
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an increase in permeability (Fig. 8a). CC_2 and Cr_1 show
a notable increase after the third day, while in the case of
UC 2 and Z 2 only a slight increase can be seen. We tried
to determine whether there is a correlation between the y—
values and the time required to achieve stable permeabil-
ity values at 30 MPa confining pressure. Samples, having
lower y-values (UC_5, UC 6, and Z_2), needed less time to
achieve stable permeability values (1 day) at 30 MPa con-
fining pressure, than the other samples with higher y-values
(Fig. 8). Samples with y-values above 0.025 MPa™! required
more than one day until measurements were reproducible
(Fig. 8b).

Stress hysteresis

Stress hysteresis measurements were performed for clay-
stone sample BS_1 (y=0.009 MPa !). The initial decrease
in permeability during increasing confining stresses (1st
loading) is the highest (4.810x 107! to 7.526 x 1072° m?),
and during subsequent loading and unloading cycles, per-
meability values at 10 and 20 MPa are always much lower
than in the first loading cycle (max. 1.235x10~! m?, Fig.
9). The loading values in the first and third cycles are higher
than the unloading values (Fig. 9). The last unloading cycle
also shows higher permeability values than the previous
two cycles (Fig. 9). After the first loading cycle, the end
members at 10 and 30 MPa confining pressures are gener-
ally comparable, but the path during loading and unloading
is always different. A large discrepancy is shown in the third
(blue) and fourth (yellow) cycles. The permeability was the
lowest during the third cycle, afterwards it returned to the
values of cycle 1 and 2.

The calculated y-value changes between the loading and
unloading cycles, where during the unloading stages the

y-values are higher than during the loading stages, except
for the first cycle. However, it is important to mention, that
y-values for the third and fourth cycle are not trustable val-
ues due to their low R2.

Effect of gas type on permeability measurements

As the samples (BS 1 and Z 2) used for the assessment of
the influence of the type of permeant on permeability mea-
surements show median pore-throat sizes<6 nm (Fig. 5),
this section only compares apparent permeabilites, because
no slip-flow occurs in these samples due to their pore throat
size. The apparent permeability was measured with the
same inlet pressures for He and CO,, therefore it is possible
to compare the apparent permeability values. The measured
values at each confining pressure and for different inlet pres-
sures can be seen in Table 1 for both gases separately. The
CO, permeability of BS 1 is one order of magnitude lower
than the He-permeability (Table 1). Similarly, in the case of
sample CC 3 the CO,-permeability could not be measured
at all, as no gas flow could be initiated, while He-permeabil-
ity could still be measured (Table 1).

Discussion
Porosity-permeability correlation

An overall correlation between porosity and permeability
cannot be determined for this database containing multiple
rock types (Fig. 4), while the UC samples by themselves
may imply a positive correlation for a subset of samples.
This is in agreement with assessments of Bernabé et al.
(2003), who stated that nano-porous rock types do not
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Fig. 8 (a) Permeability mea- a)
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Fig. 9 Loading (solid lines) and 10-18
unl(.)ading (da'shed lines) stages 1 I loading 1, y=0.009
during four different cycles .
(pink, green, blue and yellow), -1 - unloading 1, y=0.005
the arrow shows, if the confining —:E loading 2, y=0.005
pressure decreases or increases. S : -
The error is represented by the £ unlogdlng 2, y=0.006
shaded background show 5% _:E loading 3, y=0.4
error. Stress hysteresis mea- _I_ unloading 3, y=0.007
surements show that the initial .
permeabilities of the first loading “‘E Ioadlng 4, y=0.004
cycle cannot be matched after the = unloading 4, y=0.005
first loading cycle. The calculated 2
}'—Values for each stage are shown = 10-19 .
in the legend ©

()

=
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(O]
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10 15

20 25 30

Confining Pressure (MPa)

Table 1 Measured permeability values at different confining pressures with different gases. The first column shows the confining pressure (MPa),
the second the gas inlet pressure (MPa) the third and fourth the He-, and CO,- permeability of BS 1 respectively, the fifth and sixth columns the
He-, and CO, permeability of Z_2, and the last two columns shows the He-, and CO, permeability of CC_3

Confining pressure (MPa) Inlet pressure (MPa) BS 1 Z2 CC 3

Ky (m”) Keoa (m?) Ky (m?) Keoz (m?) K (m?) Kcon (m?)
10 4.5+£0.2 3,61E-19 4,51E-20 1,01E-18 8,3E-19 7,5E-20 No flow
20 4.5+0.2 3,15E-19 2,49E-20 5,32E-19 2,6E-19 3,2E-20 No flow
30 4.5+0.2 3,13E-19 1,43E-20 3,97E-19 1,4E-19 5,8E-21 No flow

follow a positive correlation, as well as with the measure-
ments of Febbo et al. (2025), since the first order of control
on permeability is the pore-throat size and not the porosity,
especially in nanoporous rocks (Xiao et al. 2017). This lack
of correlation cannot be explained by the fractured samples,
because the given permeability was recorded on the first day
on an undisturbed sample.

The highest variability in porosity-permeability can be
seen among the casing-cement samples having different
compositions. CC 1 has the highest permeability, but the
lowest porosity. The high permeability is due to a macro-
scopic fracture (red arrow, Fig. 2). On the other hand, the
other casing cement samples contain polymer, which might
reduce the gas permeability (Tsvigu et al. 2015) and poros-
ity. Styrene-butadiene (SB) has good water resistance and
fair gas permeability (Wen et al. 2020), while styrene-acrylic
ester (SAE) has really good water resistance and can reduce
the permeability (Dou et al. 2019). Ethylene vinyl acetate

(EVA) has a high permeability to water vapor and gases, but
is low permeability to oil and gas (Cooper 2013). However,
this does not align with our results, where the cements con-
taining this type of polymer were either impermeable or at
the lower measurement limit. Therefore, based on our mea-
surements, the styrene-butadiene (SB) and ethylene vinyl
acetate (EVA) polymers might be the best for casing cement
based on the limited number of samples.

Stress-dependent permeability

Permeability decreases with increasing confining stresses
(Fig. 6) due to mechanical compaction, but different sam-
ples show different stress sensitivities. This can be linked to
lithology and was also reported in previous studies (Chen
et al. 2002; Ingebritsen and Manning 1999; Kozhevnikov
et al. 2021). David et al. (1994) calculated the pressure sen-
sitivity of permeability (y-values) documented a relation
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between the sensitivity coefficients and lithology. Accord-
ing to David et al. (1994), porous and permeable clastic
rocks have y<0.02 MPa ! as the upper boundary, with a
pressure sensitivity coefficient y of 0.02 MPa ™! as the lower
boundary for tight rocks. The general correlation between
different lithotypes can be established again (Fig. 4), with
anhydrites and casing cements showing higher y-values
than claystones, tight sandstones and carbonates. In David
et al. (1994) the y -values of sandstones with high poros-
ity lie in the range between 0.0066 and 0.012, and accord-
ing to Yale and Nur (1984), tight sandstones range between
0.038 and 0.063. Samples BS 1, UC 5 and UC 6 fall in
the range measured by David et al. (1994), while having
slightly higher porosity than the reference samples, but still
classifying as low-porous rock types. All other shale and
sandstone samples fall into the range derived by Yale and
Nur (1984), except for sample BS 2. According to Kilmer
et al. (1987) and Monsees et al. (2020), the pressure sensi-
tivity coefficient tends to increase with increasing depth and
decreasing permeability. The difference in y-value between
sample BS 1 and BS_2 can be explained by different initial
depths and the slight difference in permeability. This applies
not only to the red claystone samples, but also to the anhy-
drite, and sandstone samples, where the samples with lower
permeability came from greater depth.

In low porosity rocks (®<5%), hydrostatic compaction
is nonlinear and reversible. Therefore, the general assump-
tion might not be applicable to some of these samples, e.g.
anhydrite, black shale, one casing cement and one of the
sandstones (David et al. 1994). The much lower y-value
of CC_4 compared to the other cement samples might be
explained by the different types of polymer since EVA-poly-
mer is not as sensitive to different strain rates (Ercan and
Korkmaz 2021).

Jones (1980) observed that the cubic root of the perme-
ability is linear to the logarithm of the confining pressure.
Our results correspond to this equation; however, sample
Cr_1 shows an increasing trend (Fig. 6a). The reason for
that might be the general harder carbonate minerals (dolo-
mite, calcite) than clay minerals, which cannot easily deform
in a ductile manner (Guglielmi 2025). Hence, microcracks
might have been developed during confining stress expo-
sure in the sample, causing a permeability increase in the
sample with increasing confining pressure, as Zhang et al.
(2020) detected as well.

Time-dependent permeability
To understand the effect of permeability changes with
time, which may be of importance during injection and the

associated pressure increase, time dependent permeability
measurements were carried out (Teklu et al. 2016). Eight

@ Springer

samples were studied that experienced a confining pressure
of 30 MPa for a week. They show a great variance in per-
meability over time until reproducible permeability values
were achieved. In our measurements, helium was used as
a permeant. The cause of the time-dependent permeabil-
ity change is most likely compaction, mechanical creep or
in case of permeability increase, cracking (Bandara et al.
2021; Chen et al. 2022; Zhu et al. 2024). The permeabil-
ity of anhydrite samples decreases and stabilizes after 2—3
days, while the permeability of the red claystone converges
after 4 days (Fig. 8). The black shale (UC_2) shows a sharp
increase on the fifth day. This might be caused by the crack-
ing of the sample as it was retrieved from the measurement
setup containing an opened-up fracture (Fig. 2). Variation
can be seen in the Cr_1 sample, where, in addition to the
microcracks, calcisphere might have an influence on per-
meability. This carbonate sample contains 30% calcispheres
and it does not show optical porosity, but the intragranu-
lar microporosity might be still high (Olmez et al. 2024).
This intragranular porosity might have compacted due to
the elevated confining pressure, and afterwards the higher
pore pressure caused again an increase in permeability. As
the casing cement also shows increased permeability after
3 days, microfracturing due to continuous drying of the
sample is likely, however only drying could increase per-
meability, due to particle shrinkage (He et al. 2017a, b).
According to Chen et al. (2012) and Zhang et al. (2022) the
gas permeability of cement increases with decreasing water
saturation, which would be an alternative to explain perme-
ability increase in cement samples, as our measurements
were performed with dry gases. In addition, UC_5, UC_6,
and Z 3 samples did not show a remarkable change in the
permeability over time. This agrees with the higher initial
permeability values. Based on this observation, we are able
to conclude that there is a correlation between the y-value
and time (Fig. 8b), which is needed to achieve constant per-
meability values. Generally, samples having lower y—values
should take less time to achieve reproducible measurements
(Fig. 8b). These observations support the assumption, that
the rate of permeability change is influenced by the lithol-
ogy and their respective ranges of stress sensitivity. A simi-
lar phenomenon was observed by Zhu et al. (2024), who
stated that the rapid decline stage lasts up to 4-5 days. How-
ever, their samples were exposed to 10 MPa confining pres-
sure, which may cause a longer rapid decline stage.

Hysteresis

For the stress hysteresis measurements, four loading-
unloading cycles were carried out in 8 days. During the last
cycle (day 8), the permeability increased during the unload-
ing stage but with irreversible reduction in comparison to
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Table 2 Mean free path of CO, and Helium at 4.5 MPa pressure
Pressure (MPa) CO, (nm) Helium (nm)
4.5 1.9 3.0

the initial value (Fig. 9). According to Chen et al.( 2018),
the permeability increase happens during the unload-
ing period when the volumetric strain becomes negative,
therefore instead of volumetric compression, volumetric
expansion takes place. The expansion during unloading
stage can lead to the growth of microfractures which are
affecting permeability. This does not occur in the earlier
unloading stages because viscoelastic deformation is time-
dependent, and the initial compaction change is minimal
during the early phases. Consequently, the strain release is
insufficient to induce microfracture propagation, and there-
fore, the y-values became higher. A similar phenomenon
was observed by Zhang et al. (2020). The 3rd loading stage
(Fig. 9, solid blue line) has higher permeability values at
20 and 30 MPa confining pressure than at 10 MPa. This
is related to the gas flow, that has not reached steady-state
conditions. The loading-unloading stages also affected the
y-values, which on the first loading day is the highest, 0.009
MPa" !, then it stabilizes at around 0.005 MPa ™. In the first
cycle, the y-value is higher during the loading stage than
during the unloading stage, as the sample was previously
unconfined, a reason why typically stress dependency per-
meability measurements should be performed during the
stress-release path.

Gas-dependent permeability

Although permeability should not depend on the type of
permeant gas (Civan 2010; Civan et al. 2011), CO, perme-
ability was lower than helium permeability in both, BS 1
and Z 2 cases (Table 1) and in the casing cement the CO,-
permeability was not even measurable (lower than 10~22
m?). Pore throat size measurements using MICP confirm
the small pore throat sizes of the studied samples (Fig. 5),
implying that Knudsen flow, rather than slip flow is occur-
ring in the samples (Busch et al. 2017). This is supported by
the calculated Knudsen numbers, that can be derived by the
mean free path of the given gas (Table 2) and by the median
pore throat size (Knudsen 1909; Orlander et al. 2021). The
Knudsen numbers vary between 0.1 and 1 for BS 1 and
Z 2, that suggest no slip flow, but Knudsen (transition) flow
takes place (Knudsen 1909; Orlander et al. 2021). There-
fore, Klinkenberg-correction is not applicable. Comparing
just the apparent permeabilities however, highlight that at
the same mean pressures, permeability of every rock toward
CO, is lower than toward helium (Table 1).

This is in agreement with measurements by Genster-
blum et al. (2014) and Tang et al. (2005) who measured

Table 3 Comparison of permeability measured with different gases in
previous studies. The first column displays the study, the second the
lithology of the samples, the third the permeant and the fourth shows
which gas had the highest permeability in each study

Publication  Lithology Permeant gases ~ Comparison of
gas permeability
This study  Anhydrite Carbon dioxide =~ He>>CO,
Casing cement  (CO,)
Red shale Helium (He)
Tangetal. Porousmedia  Carbon dioxide =~ He>>H,>>N,
(2005) not defined (COy) >>CO,
Helium (He)
Hydrogen (H,)
Nitrogen (N,)
Sinha et al. Intact shale Argon (Ar) He>>Ar>CH,
(2013) Helium (He)
Methane (CH,)
Genster- subbituminous  Argon (Ar) He>>Ar > N,
blumetal. coal Carbon dioxide > CH,>> CO,
(2014) (COy)
Helium (He)
Methane
Nitrogen (N,)
Ghaniza- Scandinavian Argon (Ar) He>>Ar>CH,
deh et al. Alum Shale Helium (He)
(2014a, b) Methane (CH,)
Ghaniza- Posidonia Shale Argon (Ar) He>>Ar>CH,
deh et al. Helium (He)
(2014a, b) Methane (CH,)

permeability with different gases, including argon, meth-
ane, and CO, (Table 3). Gensterblum et al. (2014) found that
permeability measured with helium is always higher than
argon-, methane-, and nitrogen-permeability, while CO,-
permeability is always the lowest (Table 3). Gensterblum et
al. (2014) and He et al. (2017a, b) relate these differences to
molecule sizes of helium and CO,. Based on Breck’s kinetic
diameters (Breck 1974), CO, molecules are larger (3.3 A)
than helium atoms (2.6 A). A similar phenomenon was
observed by Ghanizadeh et al. (2014a, b), although they did
not use CO, as a permeant, but argon (3.4 A) and methane
(3.8 A). In their measurement methane-permeability was
always the lowest compared to other gases, which might be
due to its highest kinematic diameter. However, based on
the kinematic diameter, methane (3.8 A) should have lower
permeability than CO, (3.3 A), but the opposite has be seen
by Gensterblum et al. (2014). Based on the mean free paths
of helium and carbon-dioxide, helium has longer mean free
paths than carbon-dioxide, meaning the apparent He-perme-
ability should be higher than of CO,.

Furthermore, according to Ottiger et al. (2008), CO,
adsorbs better on coal than methane, and Gensterblum et
al. (2014) measured the gas-permeability on subbituminous
coal. Therefore, the gas permeability also depends on the
sorption of the gas as well (Jin and Firoozabadi 2013, 2014),
especially, if the studied samples contain organic material.
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The BS samples contain predominantly hematite stained clay
minerals forming the sample’s matrix (Figure S3, in supple-
mentary materials). The clay minerals are chiefly composed
of illite, based on characteristic interference colors. The cat-
ion exchange in clay minerals can increase the sorption of
CO, (Jin and Firoozabadi 2013). Adsorption on illite can
happen, but compared to montmorillonite, the amount of
adsorbed CO, is much less (Jeon et al. 2014). Furthermore,
Sinha et al. (2013) explains the much higher helium perme-
ability with sorption as well, since helium is a non-sorbing
gas, while CO, is a sorbing gas. However, sorption in anhy-
drite can happen only if the samples contain brine (Hangx
et al. 2010; Isah et al. 2024). Since the samples were dry,
sorption in anhydrite likely did not play an important role.
This observation might simplify the permeability studies for
CO,-reservoir caprocks and implies that previously derived
permeability measurements using non-CO, gases represent
maximum permeabilities for possible sealing lithologies, as
lower permeability values can be expected for CO, than for
He. If a lithology is considered to be sealing in respect to
helium it will also be considered sealing in respect to CO,,
given that no reactions are resulting from the lowered pH.

The casing cement samples might have contained some
residual moisture, where the CO, could dissolve. Under
the experimental pressure conditions, reactions might have
happened between the solution and the portlandite, which
leads to a reduction in permeability of the cement (Gan et al.
2025; Wang et al. 2020). However, this effect is interpreted
as minimal, as continuous drying of casing cement samples
likely leads to microfracturing and increases in permeability
in casing cement samples using dry gases.

Sealing integrity

Insufficient sealing-integrity can lead to leakage, which is
commonly due to too thin or too permeable caprocks (Bruno
et al. 2014; Evans 2009). Purely based on our permeabil-
ity measurements, the samples UC 5 (sandstone) and Z 3
(anhydrite) would not be considered as suitable caprocks,
since the recommended permeability of a caprock should
be lower than 10 '® m? (Chadwick et al. 2008; Falus et al.
2026). Although some of the rock samples (UC 2, UC 6,
and Cr_1) show an increase or shifting trend in their perme-
ability over time, the permeability still stays below 10~ '8 m?
at 30 MPa confining stress, therefore, they are still suitable as
possible seals. However, it is important to notice, that among
the same rock formations there could be several orders of
magnitude differences in the permeability values, therefore,
defining suitable seals based only on the lithology, is not
advisable. However, taking into account the artificial fractur-
ing, sample UC_2 might be risky to use as a caprock due to
the possible fracture development caused by stress change.
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Casing cement provides an important barrier to prevent
leakage. As Fig. 8 shows, under dry conditions and con-
stant loading the casing cement shows a constant increase
in permeability. Therefore, to avoid any leakage along the
borehole, it is important to keep the cement water-saturated.

The permeability measurements were carried out at room
temperature, where CO, is still in its gaseous phase, and no
geochemical reactions were studied. However, He-permea-
bility already gives a good indication, which rocktypes are
impermeable enough to use as caprocks, since CO,-perme-
ability is always lower than He-permeability. Helium mea-
surements could be preferred over CO, measurements, due
to their safety, since helium is an inert noble gas and non-
flammable. However, it is important to notice, that due to
the dry CO, gas no chemical reactions happen. When inject-
ing CO, into brine, processes of precipitation and dissolu-
tion have to be considered (Luquot and Gouze 2009). This
especially affects the carbonate rocks and grains, where CO,
can easily dissolve the minerals, likely increasing the per-
meability (Luquot and Gouze 2009). In addition, faults and
fractures play an important role on sealing integrity (Bruno
et al. 2014; Evans 2009).

Conclusions

All samples have porosities below 14% and permeability
in the range of 1x 1076 — 1 x 1072 m? at 30 MPa confin-
ing pressure. Permeability response to changing confining
stress varies by lithology. The calculated mean y-values for
claystone, tight silty sandstones, and carbonate are below
0.02 MPa !, while casing cement and anhydrite have
greater mean values than 0.02 MPa™!. Claystones show the
large variation in their y-values compared to other sealing
lithologies. Permeability, depth, and y-values are corre-
lated, lower permeability corresponds to higher y-values.
Stress-dependent permeability also relates to equilibration
time. Samples with y<0.02 MPa ™! stabilize immediately,
while those with y>0.02 MPa ! require more than 3 days.
Hysteresis measurements indicate permeability does not
fully recover after pressure cycling, with y-values higher
during unloading stages than loading stages, likely due to
microcrack development. Measured CO,-permeabilities
are consistently lower than He-permeabilities, reflecting
gas-dependent effects from gas sorption and mostly from
kinematic diameters. This gas-dependency is independent
of lithology, implying that helium-based measurements
represent maximum permeability, while actual permeabil-
ity to CO, is always lower, due to the length of mean free
path. This study indicates, that due to the heterogeneity of
lithologies, site-specific assessment is required to define
caprocks.
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