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We performed laboratory experiments using customized equipment to measure the breakthrough pressure of
hydrogen on plugs retrieved from a clay-rich caprock, named Argille del Santerno Formation. This formation
overlies several Italian depleted gas reservoirs currently utilized for natural gas storage but under consideration
for conversion into hydrogen storages. After characterizing the caprock (grain size and mineralogy), a set of 9
preserved and fresh plugs was subject to step-by-step tests to measure the breakthrough pressure of hydrogen. To

the best of the authors’ knowledge, these are the first reported experiments of breakthrough pressure mea-
surements with hydrogen on plugs obtained from a real caprock. The obtained values range from 25 to 80 bars
and compare well to previously reported values for nitrogen and methane, measured on the same caprock under
the same testing conditions. Results confirm that hydrogen can be safely stored in the depleted gas reservoirs,
even under deltapressure conditions.

1. Introduction

Hydrogen is a key enabler of the global energy transition, offering a
sustainable pathway to decarbonize energy systems and reduce reliance
on fossil fuels, thereby helping to curb global warming [1-3]. As a
versatile energy carrier, hydrogen supports the integration of renewable
energy by enabling long-term energy storage and addressing the vari-
ability of solar and wind power [4]. As hydrogen gains prominence as an
energy carrier, the need for large-scale, efficient, and safe storage so-
lutions becomes increasingly critical [1,5], and Underground Hydrogen
Storage (UHS) is key to managing supply and demand fluctuations and
enabling hydrogen integration into energy grids and industrial appli-
cations [3,6,7].

Like natural gas, hydrogen can be stored in geological formations
such as salt caverns, depleted oil and gas reservoirs, and aquifers. Ad-
vancements in underground hydrogen storage draw heavily on decades
of experience with natural gas storage, leveraging established technol-
ogies and infrastructure. However, hydrogen properties are unique
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[8-11], and additional aspects need to be investigated when hydrogen
rather than natural gas is injected underground. One of the most sig-
nificant issues is related to the bio-geochemical reactions. Deep
geological formations can host microorganisms (in particular, hydro-
genotrophic methanogens, acetogenic bacteria, and sulphate-reducing
bacteria) that could cause hydrogen consumption, biocorrosion, and
pore-clogging due to biofilm formation and biomass accumulation,
formation water acidification, and safety risks due to the production of
H,S. Thus, extensive experimental investigations and modeling studies
are undertaken to verify the existence and potential proliferation of
microorganisms in porous media when storing hydrogen underground
[12-19]. Another critical aspect is the confinement ability of the caprock
overlying the reservoir. Typically, caprocks are fine-grained, low--
permeability sedimentary formations with poor transport capacity,
which is well proven by their ability to retain hydrocarbons over
geological timescales [20]. However, hydrogen molecules are smaller
than methane molecules (the molecular diameter of Hj is 0.24 nm, while
that of CH4 is 0.68 nm); thus, concerns about hydrogen diffusion
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through the water phase saturating the caprock are also being addressed
[21-23]. Additionally, hydrogen is characterized by a volumetric den-
sity that is 8 times less than methane [12,24], requiring higher operating
pressures to match the same storage capacity and working gas granted
by a natural gas storage. If the maximum operating pressure is designed
to exceed the original formation pressure (deltapressure conditions),
additional investigations are needed to confirm that gas leakage through
the caprock would not occur [20,24,25]. Capillary forces are responsible
for preventing hydrocarbons from migrating across the caprock due to
their buoyancy. The threshold capillary pressure characterizes the
ability of a porous medium saturated with a wetting phase (water) to
prevent the penetration of a non-wetting phase (injected fluid). If the
pressure of the injected gas exceeds the threshold capillary pressure of
the brine saturating the caprock, water displacement takes place and
slow Darcy flow of the non-wetting gas is triggered [26,27]. The
breakthrough pressure identifies the pressure at which a continuous
flow of the non-wetting phase is established across the caprock, and
leakage occurs.

Direct measurement of breakthrough pressure is made by injecting
gas into a brine-saturated caprock sample and reproducing the drainage
phenomenon under storage conditions. A detailed summary of the
different laboratory tests adopted to measure breakthrough pressure is
reported in Ref. [28]. In the scientific literature, reported experiments
were performed using nitrogen, methane and CO2 as the non-wetting
displacing fluid [27,29-33]. Very recently, breakthrough pressures for
hydrogen were measured for tight sandstone samples [33]. Correlations
between the breakthrough pressure and caprock petrophysical proper-
ties like permeability, porosity, and resistivity are also proposed [34].
However, there is a complete lack of experimental data on hydrogen
breakthrough pressure values for undisturbed clay-rich caprocks, which
typically overlie hydrocarbon reservoirs. Some researchers attempted to
fill this gap by modeling the monophasic flow of hydrogen and the
multiphase flow of hydrogen and brine in low-permeability formations
using experimental data on contact angle and interfacial tension (IFT)
for Hy-water systems in various mineralogical environments [5,35-43].

In our paper, we present and discuss laboratory step-by-step exper-
iments conducted to measure the breakthrough pressure of hydrogen on
plugs retrieved from the ultra-low permeability, clay-rich caprock
named Argille del Santerno Formation [44], which overlies several
Italian depleted gas reservoirs currently utilized for natural gas storage
but under consideration for conversion into hydrogen storages. We
investigated the rock mineralogical composition and the brine salinity
because they influence interfacial tension and wettability, which in turn
dictate the capillary behavior. The experimental results offer a valuable
insight into the ability of the caprock to confine hydrogen underground
and contribute to proving that the risk of hydrogen migration through
the caprock is not more enhanced than for nitrogen or methane, even at
a maximum storage pressure above the original reservoir pressure.

2. Concepts and definitions

The capillary mechanism is one of the main phenomena that explains
the hydrodynamic sealing of a caprock. The caprock sealing capacity is
determined by the forces acting at the interface between the wetting
phase (brine), which saturates the caprock, and the non-wetting phase
(originally present or injected gas) in the reservoir. The natural capillary
retention pressure, Pc, that prevents the non-wetting phase from
entering the low-permeable porous medium is defined as the pressure
differential between the in-situ pressure of the gas phase (P,,) and the
in-situ pressure of the water phase (P,) above the gas at the gas-water
interface [26,45]. Based on the Young Laplace equation (eq. (1)) [46]
describing the multiphasic flow of two immiscible fluids in a single
capillary tube, the P is driven by the interfacial tension (IFT), o, be-
tween the gas and the brine and by the contact angle, 6, formed by the
denser fluid phase (water or brine) when adhering to the solid phase (the
rock), and is inversely proportional to the equivalent pore radius, r:
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Gas flow can occur only if the pressure of the gas phase exceeds the
Pc, which explains the ability of a sealing rock to prevent the intrusion
and flow of the injected gas.

Hildenbrand et al., 2002 [47] described the stages of the capillary
gas breakthrough process in a brine-saturated porous medium. Once the
non-wetting phase overcomes the minimum displacement pressure that
corresponds to the largest interconnected pore throats and
micro-fissures in the medium, it begins to intrude into the porous me-
dium. At this point, the injected gas prioritizes flow paths along the
largest interconnected pores that offer the least resistance to intrusion
and expels the wetting brine. As the pressure increases, flow is forced in
smaller pores and additional flow paths are opened. The breakthrough of
the non-wetting phase occurs when a continuous non-wetting phase
forms along a series of interconnected pore channels, enabling slow
Darcy flow through the medium [27,47].

In a slow displacement, pore filling is controlled by the local capil-
lary pressures [46]. Fig. 1 illustrates a non-wetting phase advancing
from one pore to another through subsequent pore throats of different
radii. Initially, the differential pressure across the system is lower than
the equivalent capillary pressure at pore throat rl, preventing the gas
from flowing from pore 1 toward adjacent pore 2. When the threshold
pressure is exceeded by a progressive increase in the differential pres-
sure, the gas straddles the throat. Then the non-wetting gas phase con-
tinues a slow gas flow across the pore, displacing the brine, until it
reaches a pore throat with a smaller radius, r2, necessitating a higher
threshold pressure. A further increase in the gas pressure is then needed
for the gas to go beyond the pore throat and reach pore 3. Thus, during
primary drainage in a complex interconnected pore space, fluid
displacement is restricted by narrow sections within the pores, i.e.,
capillary pressure increases in stages as each narrow “throat” region is
gradually filled.

In the technical literature, various definitions exist to denote the
characteristic gas pressures describing the capillary sealing efficiency,
depending on the stage of fluid displacement or the specific experi-
mental method used [28,47]. In this paper, we refer to the entry pressure
as the pressure at which the gas (i.e. the non-wetting phase) first begins
to enter the largest pores and to displace the brine (e.g., the wetting
phase) [47,48] and to the threshold pressure [26,34], or breakthrough
pressure [45], as the pressure at which the gas forms a continuous phase
within the porous medium, allowing it to flow. Breakthrough pressure
serves as a macroscopic indicator of the sealing capacity of a caprock
formation [49].

Solid

Solid

Fig. 1. Illustration of the non-wetting gas phase advancing from one pore to
another by overcoming the local capillary pressure (from Blunt, 2017 [46]).
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2.1. H, interfacial tension and contact angle

As previously recalled (eq. (1)), the interfacial tension (IFT) between
the fluids and the contact angle play a critical role in determining the
capillary magnitude and thus the caprock effectiveness in confining the
gas injected in the underlying reservoir, and several studies have high-
lighted the need to reassess caprock integrity when repurposing
depleted hydrocarbon reservoirs for gas storage. However, studies to
determine hydrogen-water/brine IFT and contact angle, and their sen-
sitivities to variables such as pressure, temperature, salinity, and salt
species, mineralogy in H-brine systems, are relatively scarce, and re-
sults are not always fully aligned. This is primarily due to the challenges
associated with conducting these experiments under storage conditions,
namely at high pressures and temperatures [36]. The pioneering
experimental work of Slowinski et al. (1957) [50] and Massoudi & King
(1974) [51] reported a larger IFT between pure water and hydrogen
than with methane or nitrogen at ambient temperature and showed that
the IFT of a water-hydrogen system decreases only slightly with
increasing pressure. Other investigations confirmed that the IFT of
Ho-brine/water systems is poorly sensitive to pressure, while it varies
appreciably with increasing temperature; furthermore, it increases with
increasing brine salinity [5,36,38,39,52-55]. Conversely, recent mea-
surements of IFTs between hydrogen, methane, or nitrogen and brine
have shown that the IFT between water and hydrogen is lower than
those of methane and nitrogen [33,41].

The work of Yekeen et al. (2022) [56], who calculated the IFT be-
tween hydrogen and clay minerals (namely kaolinite, illite and mont-
morillonite) under storage conditions and reported no variations with
increasing pressure, suggests that the interactions between hydrogen
and clay minerals are quite low; thus, the caprock is expected to remain
water-wet during underground hydrogen storage. Furthermore, the
contact angle, which depends on the tested substrate, indicates that clay
and shale substrates have a strong affinity to water. Their results are in
agreement with Al-Yaseri et al. (2021) [52], who obtained contact an-
gles always lower than 40° for kaolinite, illite and montmorillonite
under storage conditions (temperature of 333 K and pressures of 5, 10,
15, and 20 MPa) very similar to those of the Italian storages. According
to Hosseini et al. (2022b) [5], in carbonate rocks, the contact angle in-
creases with increasing pressure, implying a decrease in wettability, but
the opposite occurs with increasing temperature. The experimental re-
sults of Al-Mukainah et al. (2022) [36] showed that in shales, the contact
angle values also slightly decreased when pressure increased.
Conversely, experimental results by Esfandyari (2022) [57] show that
the contact angle slightly increases with increasing temperatures for all
rock types.

Furthermore, the experimental work done by Hosseini et al. (2022a)
[38] and Janjua et al. (2024b) [58] indicates that in calcite-rich for-
mations, both the hydrogen-brine IFT and the contact angle (although
slightly) increase with increasing brine molarity under representative
storage conditions.

2.2. Experimental assessment of breakthrough pressure

Over the last 70 years, various laboratory techniques, which are
generally categorized into direct and indirect methods, have been
developed and adopted to quantify threshold pressures [28]. The most
common indirect method is Mercury Injection Porosimetry (MIP) [28,
31,47]. This approach is widely used because it doesn't require core
plugs and can be performed on cuttings. However, MIP has several
limitations [59], the main one being the lack of data to convert the
mercury-based threshold pressure into a gas-based threshold pressure.
Furthermore, it cannot be performed on caprock samples under in situ
conditions. As a result, it consistently underestimates breakthrough
pressure values [27,60,61].

The direct measurements of the threshold pressures involve the
displacement of the wetting phase by a non-wetting phase by injecting
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gas into brine- or water-saturated plugs obtained from the caprock to be
investigated. Ideally, a gas with the same composition as the one to be
stored is to be used. The measurements are performed under reservoir
thermodynamic and stress conditions.

The step-by-step method was introduced by Thomas et al. (1968)
[34] to estimate the breakthrough pressure, and it is the standard direct
approach for gas breakthrough experiments. Its main drawback is the
need to apply small pressure increments to avoid the overestimation of
breakthrough pressure and the extended time required for pressure
stabilization at each step.

Less time-consuming procedures were also developed, namely the
residual capillary approach [47] to estimate the residual capillary
pressure at the end of the test, which is interpreted as a capillary pres-
sure recorded at the end point of the imbibition curve (Fig. 2), and the
dynamic threshold pressure approach [60] to determine the entry
pressure. However, while these values can provide an idea of the ex-
pected caprock sealing potential, they are not representative of the true
sealing efficiency of the caprock, as they underestimate the in-situ
breakthrough pressure, as can be observed from Fig. 2.

The residual threshold pressure approach provides a conservative
value, which is estimated to be 20% to 50% of the breakthrough pres-
sure [53,62,63]. In the dynamic method, entry pressure is influenced by
the local heterogeneity of the sample [60] and requires prior knowledge
of the expected entry pressure. If the applied pressure gradient is not
sufficiently close to this value, achieving capillary equilibrium becomes
highly time-consuming, particularly for ultra-tight samples, necessi-
tating precise pressure control and continuous monitoring.

3. Breakthrough pressure experimental setup

We have developed a custom-made experimental setup to perform
step-by-step experiments and estimate the breakthrough pressure to
hydrogen. The test also provides the entry pressure. The customized
threshold pressure setup, shown in Fig. 3, consists of a high-pressure
core holder fitted with a thick rubber sleeve to confine the rock plug.
Upstream, a high-precision injection syringe pump, capable of handling
both gases and liquids, can operate either in a pressure control or in a
flow rate control mode. The wetted parts of the system are made in
Hastelloy, ensuring safe operation with hydrogen. Downstream, a back-
pressure regulator (BPR) controls the outlet pressure. A manual hy-
draulic pump is used to apply the confining pressure within the core
holder. The instrument offers operational pressure ranges from 0 to 700
bars.

T
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Fig. 2. Capillary pressure values during drainage and subsequent imbibi-
tion [28].
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Data acquisition and control system E

Fig. 3. Schematic of the threshold pressure experimental setup. A: Core holder system, B: Upstream system: Syringe injection pump, and C: Downstream system:

collection tank + balance + digital camera.

Three pressure transducers monitor the inlet pressure, outlet pres-
sure, and pressure difference across the core holder. Pressure measure-
ment accuracy is +1 psi, while the achievable flow rates range from
0.05 ml/min (8 x 1079 m3/s) to 94 ml/min (1.6 x 10~° m®/s). The core
holder can accommodate standard plugs with a 1.5” (38.1 mm) diameter
and varying lengths.

The system outlet feeds into a tank filled with transparent ISOPAR oil
through a vertical 5-cm long transparent capillary tube with a 1/16 inch
diameter OD (1.53 mm), which is observed with a digital camera. This
allows the visual differentiation between leaked-off fluids, brine or gas,
based on their different buoyancies in oil. The tank is set on top of a
sensitive balance to record any mass variation observed due to brine
production. The entire apparatus is connected to a computer acquisition
system that monitors and records key parameters, including pump in-
jection pressure and injection flow rate, pressures at the inlet and outlet
of the core holder, and the differential pressure across the plug.

4. Materials and testing

Three cores were drilled from the “Argille del Santerno” geological
formation in the western Po Plain, Northern Italy. The caprock “Argille
del Santerno” formed during a tectonic episode that affected the entire
Apennine fold-and-thrust belt. This event caused rapid subsidence in the
foreland areas, leading to a marine transgression and the extensive
deposition of marine clays across large portions of the foreland. The
Argille del Santerno formation has been the object of numerous inves-
tigation surveys, often related to hydrocarbon reservoir targets and
conversion of depleted reservoirs into natural gas storage. The formation
is a good-quality, continuous shale, without faults or fractures [64].

Although belonging to the same formation, the caprock cores were
identified as Caprock 1 and Caprock 2 because they were retrieved from
two different locations, approximately 40 km apart.

For Caprock 1, two cores were collected from nearby wells, Well A
and Well B, intersecting the “Argille del Santerno” formation from an
interval at a depth of approximately 1257-1264 m TVD ss and 1396-
1398 m TVD ss, respectively. Both cores were enclosed in aluminum

liners, sealed by plastic end caps, and stabilized with gypsum in the
annular space to prevent any alteration of the rock during transport and
storage. The cores were delivered to the lab for plug preparation.

For Caprock 2, plugs were obtained from a single core collected at
Well D, at a depth of 1285-1287 m TVD ss, were encapsulated in rubber
sheaths and aluminum to maintain their original brine saturation, and
delivered to the lab ready to be tested.

While natural fractures were not to be expected, X-Ray Computed
Tomography was performed on both the cores and plugs to detect micro-
fissures and cracks potentially induced by drilling, core extraction from
the core-holder, or partial drying of the samples.

4.1. X-Ray Computed Tomography

Before opening the cores from wells A and B, X-Ray Computed To-
mography (CT) was performed to evaluate the quality and integrity of
the cores. The resulting CT scan images were analyzed to identify the
most homogeneous sections for plug sampling, focusing on the orien-
tation of laminations and the presence of microfractures that could
affect the sampling process and test results.

4.2. Plug sampling process

The “Argille del Santerno” caprock contains a high percentage of soft
clays that are easily broken by mechanical stress. Conventional coring
tools are problematic because the rapid rotation of the coring tool
generates heat, which can alter the clay and compromise the structure of
the porous material. Thus, water is generally used to cool both the
machine and the point of contact with the rock. However, low-salinity
water can cause the clay to swell, further disrupting the porous struc-
ture. Additionally, the rapid application of a uniaxial load on the sample
can lead to tensile failure at its base. Therefore, a dry process, typically
used for loose soils, was adopted to minimize rock alterations and ten-
sions on the core. The Soil Die Cutter, shown in Fig. 4, provides a less
aggressive approach to plug retrieval. The Soil Die system presses a
hollow cylindrical die-cutter into the core to extract a plug. It cuts
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Fig. 4. A) isolated core segment placed inside a Soil Die Cutter. B-C-D) downward manual pressing of the cutting die through the core while carving the surrounding
material away from the plug from the core.
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through the core by lowering a cutting die step by step, 1 to 2 cm each
step, to penetrate the core, and the core is carved manually around the
cutting die as the tool advances.

The collected plugs, approximately 1.5" in diameter and 3” in length
(except for 2 shorter ones), were sealed inside a sheath and placed inside
a thermostatic (6 °C) humid chamber to preserve their original
saturation.

4.3. X-Ray Computed Tomography on plugs

X-ray Computed Tomography (CT) was performed to evaluate the
quality of the plugs obtained from Well D. The resulting CT scan images
were analyzed to identify the best plugs, focusing on the presence of
microfractures that could affect the test results.

An example of the CT scan images is shown in Fig. 5.

4.4. Tested caprock plugs

In total, a set of 9 plugs from all the cores (Wells A, B and D) was
available for subsequent testing (see Table 1).

4.5. Caprock particle size analysis

The particle size analyses were performed using the by-product from
plug sampling from the two cores from Wells A and B and the core from
Well D. Thus, we made 3 particle size analyses.

Based on the standard practice for the classification of soils for en-
gineering purposes: Unified Soil Classification System (USCS) — ASTM
D2487-10 [65], initially, we separated the coarse from the fine-grain
material using the 75-um sieve. For the coarser fraction, sieve analysis
— ASTM D6913-04 [66] was performed, mechanically separating parti-
cles by passing them through a series of finer sieves to determine the
gradation of sand. Fine particles were analyzed using a hydrometer test —
ASTM D7928-17 [67], which involves treating the material with sodium
hexametaphosphate for 12-16 h to prevent coagulation. The sample was
then suspended in distilled water, and sedimentation rates were
measured with a hydrometer to determine the proportions of silt and
clay.

The obtained results, summarized in Table 2, show that the caprock
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Table 1
Caprock plugs.
Caprock Well  Sample Depth (m TVD Length Diameter
D ss) (cm) (cm)
Caprock A Al 1257.55 7.64 3.82
1 A A2 1260.33 7.66 3.79
A A3 1263.10 7.67 3.73
B Bl 1396.50 7.60 3.80
Caprock D D1 1285.53 7.68 3.74
2 D D2 1285.62 7.72 3.74
D D3 1285.94 5.72 3.74
D D4 1285.94 3.71 3.75
D D5 1286.10 8.12 3.76
Table 2

Particle size composition.

Caprock Well  Clay content (% Silt content (% Sand content (%

weight) weight) weight)
Caprock A 64 35 <1%
1
Caprock B 64 35 <1%
1
Caprock D 50 -55 44 - 49 <1%
2

is dominated by clay-size and silt-size particles, with a negligible
quantity of sand particles (less than 1%). Caprock1 consistently exhibits
approximately 64% of clay and 35% of silt by weight (the same results
were obtained for the rock coming from the two nearby wells). Caprock2
contains comparable percentages of silt and clay. In both cases, due to
their high clay and silt content, the samples are classified as mudrocks
[68].

4.6. Caprock X-ray diffraction (mineralogical composition)

The mineral composition of the caprocks was assessed using X-Ray
diffraction on material obtained from the cores from wells A, B and D.
Mineral classes were identified based on their main weight percentages
obtained via Rietveld refinement analysis [69]. To enhance the

Fig. 5. Longitudinal and cross-sectional CT images of plug D5.
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compositional representativeness and statistics, three samples were
selected from each core to provide a robust characterization of the local
mineralogy. Detailed procedures for X-Ray diffraction and performed
analyses are documented in Chiodoni et al. (2024) [70]. Results are
reported in Table 3.

The mineralogical analysis of the caprock revealed a consistent
compositional profile across equivalent intervals. Variations observed
between specimens are attributed to natural rock heterogeneity. Quan-
titative results indicate that the caprock samples are predominantly
composed of carbonate minerals, primarily calcite and dolomite. Sam-
ples from Well A exhibit a more calcareous composition than samples
from Well B. In contrast, Caprock 2 (Well D) contains less calcite and a
higher proportion of dolomite. Quartz is the dominant tectosilicate,
while illite is the most prevalent clay mineral.

4.7. Brine hydro-chemical analyses

The brines collected from the reservoirs below Caprock 1 and
Caprock 2 were subject to a hydro-chemical analysis to evaluate their
composition. Three descents of fluids were collected at Well A and Well
D and analyzed independently. The obtained average salinities are
provided in Table 4.

4.8. Step-by-Step threshold pressure tests with nitrogen

Results from step-by-step tests performed with nitrogen on plugs
obtained from cores adjacent to Well A (Caprock 1) and Well D (Caprock
2) were made available as a reference by Snam-Stogit. Before testing, the
unpreserved plugs had been re-saturated with high-salinity brine with
110126 ppm of NaCl. The breakthrough pressure values for nitrogen are
summarized in Table 5.

Threshold pressure values below 20 bars are likely not representa-
tive. Such low values are probably due to the presence of microfractures,
potentially induced during coring operations and/or plug preparation,
or due to low water content resulting from poor preservation or re-
saturation. Thus, representative breakthrough pressures to nitrogen
(N3) range from 20 to 35 bars for Caprock 1 and from 30 to 45 bars for
Caprock 2.

4.9. Step-by-Step threshold pressure tests with hydrogen

To measure breakthrough pressure with hydrogen, we adopted the
step-by-step method. The method involves increasing the pressure
gradient across the plug in steps by injecting gas and allowing a stabi-
lization period at each step while monitoring downstream fluid leak-off,
i.e., the gas and/or brine production or lack thereof. The process

Table 3
Mineralogical content obtained from the Rietveld analyses.
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Table 4
Brine salinities obtained from hydro-chemical analysis performed on samples
taken from the reservoirs overlayed by Caprock 1 and Caprock 2, respectively.

Salinity NaCl (ppm) CaCl, (ppm)
Reservoir 1 56'896 11'782
Reservoir 2 53’560 23'701
Table 5
Experimental breakthrough pressure values for nitrogen.
Caprock Sample ID Injected gas Depth (m TVD ss) Breakthrough
Pressure (bars)

Caprock 1 P1 Ny 1257.98 15

P2 N 1261.32 10

P3 Ny 1261.82 20

P4 Ny 1265.26 15

PS5 N, 1270.14 15

P6 Ny 1271.92 35
Caprock 2 M1 Ny 1284.56 40

M2 Ny 1286.33 45

M3 Ny 1286.42 10

M4 Ny 1287.53 45

M5 Ny 1287.73 35

M6 N, 1287.74 35

M7 Ny 1289.91 40

continues until the first bubble of injected gas is observed downstream,
indicating gas breakthrough. This breakthrough implies that the non-
wetting gas phase has formed a continuous phase across the sample,
displacing the brine and allowing gas to flow under Darcy conditions.

Each preserved plug was placed inside the core holder between two
end-sample seats. These seats were designed with evenly spaced geo-
metric lines to ensure a uniform distribution of gas pressure across the
faces of the samples during testing.

The testing conditions were chosen so as to be consistent with the
step-by-step tests conducted with nitrogen (Table 5) and to compare the
confinement efficiency of the investigated caprock to hydrogen relative
to nitrogen. Thus, the temperature was maintained at ambient temper-
ature (20 °C) and all the tests were performed without the application of
a back-pressure.

In our tests, the confining pressure was increased incrementally until
90 bars were reached to replicate in-situ stress conditions and prevent
lateral gas leakage. The inlet pressure was increased incrementally and
held steady at each step using the pressure control mode of the syringe
pump, while the outlet pressure remained constant. At each pressure
increment, both the upstream pump volume and the outlet flow were
closely monitored. The upstream pump volume must remain stable

Minerals Composition (weight %)
Caprock 1 Caprock 2
Well A Well B Well D
Tectosilicates Quartz 24.0 - 25.4 16.2-17.9 14.4-199
Plagioclase (albite. anorthite) 7.2-9.1 5.7-6.5 5.1-8.0
K-feldspar 9.3-9.7 7.6-8.2 6.2-7.3
Group content 41.0 - 43.9 309 -33.2 28.2-32.3
Carbonates Calcite 32.5-33.8 40.3 - 48.1 26.8 - 30.0
Dolomite 7.4-8.1 3.7-6.7 17.5 - 20.8
Siderite 0 0 0.5-0.7
Group content 40.4 - 41.9 47.0 - 54.0 46.9 - 48.5
Phyllosilicates (Clay minerals) Illite 6.3-10.9 7.5-15.0 11.3 - 20.7
Chlorite 3.5-38 2.2-32 29-44
Kaolinite 26-31 3.7-46 23-36
Group content 12.9-17.3 14.5-21.9 18.6 - 24.4
Other minerals Pyrite 0 0-0.3 0.3-0.4
Halite 11-24 0 0.1-0.3
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under constant pressure. The syringe pump tracks the gas volume by the
piston position, and when the inlet pressure is adjusted, the piston
compresses the gas accordingly. Under stable temperature conditions,
this volume remains unchanged. However, as gas approaches the
displacement pressure, the pump volume may exhibit a minuscule
decrease, suggesting the initiation of gas penetration into the plug. The
entry pressure was recorded after the first droplet of brine was produced
and verified by the digital camera recording. Breakthrough was
confirmed when continuous gas flow was observed downstream,
marking the end of the test.

Due to the low permeability of the formation under investigation, the
tests were very long. Typically, it took weeks to complete each test, as
each pressure increment required from one to several days for the up-
stream pump volume to stabilize and show negligible or null variations,
indicating that the capillary pressure equilibrium had been reached
within the plug.

A key factor in accurately estimating the threshold pressure was the
selection of the correct delta pressure increment. If the pressure incre-
ment is too large, there is a risk of overestimating the breakthrough
pressure. Conversely, if the increment is too small, the testing process
can become excessively lengthy for a single measurement. Therefore, a
compromise must be made between sufficient stabilization time and
selecting appropriate pressure increments to ensure that the break-
through pressure is representative [27,28,60,71]. In our experimental
protocol, we set the pressure gradient increments at 5 bars with pro-
gressively longer stability periods. Every 3 pressure steps, i.e., 15 bars
with no fluid activity detected downstream, an additional day was
added to ensure that pressure equilibrium was reached within the pore
system. Upon detecting brine downstream, we waited an additional 24 h
after the brine leak-off ceased before applying the next pressure incre-
ment. When the injected gas was detected downstream, the test was
terminated, and the last recorded pressure gradient (AP) was taken as
the breakthrough pressure.

In Fig. 6, the experiment recordings (pressure difference across the
plug and brine production) are shown for one of the tested plugs (plug
A3).

Nine Step-by-Step tests were conducted to determine breakthrough
pressure. In the first test, we used methane to have a reference result
consistent with the gas currently stored in the depleted reservoirs. Due
to the risks associated with the use of methane in laboratory experi-
ments, nitrogen is typically used as its proxy in standard practice
because of its comparable threshold pressure values [26,29]. In the
subsequent 8 tests, we used hydrogen. Two tests were repeated, still
using hydrogen, on re-saturated plugs, as the first attempts were not
successful, likely due to poor saturation.

Initially, as the injection pressure increased incrementally, no flow
was observed downstream. Trapped air appeared sporadically with
brine flow, caused by depressurization during core retrieval. When gas
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Fig. 6. Differential pressure, DP, profile and brine production recorded during
the Step-by-Step test for plug A3.
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started penetrating the plug, there was evidence that the pressure
gradient had exceeded the capillary pressure corresponding to the
largest effective pore radius at the inlet of the plug and that gas had
started to displace the wetting brine. This stage marked the initiation of
the drainage process. At this step, brine leak-off may be detected
downstream. As the inlet pressure was further increased, periodic brine
production was detected, proving that the drainage phenomenon was
ongoing. The differential pressure at which the injected gas showed
continuous flow through the plug was taken as the breakthrough
pressure.

4.10. Permeability measurements

After the breakthrough was achieved and the injected hydrogen flew
continuously through the plug, we assessed the permeability to
hydrogen. Since effective permeabilities depend on saturations, we kept
flowing gas for 48 h at a higher-pressure gradient than the one applied
when gas breakthrough occurred (breakthrough pressure plus 10 bars).
This ensured additional brine displacement. When no more brine was
detected under further hydrogen flow, constant saturation was assumed
and permeability was measured.

The permeability to hydrogen at residual water saturation was
calculated using the Darcy equation (eq. (2)) for compressible fluids:

2uQLP,

Ao m) @

where p is the dynamic viscosity of the injected gas at the testing
(ambient) temperature, Q is the upstream gas flow rate recorded
through the volumetric variation within the pump at each pressure
gradient, A is the cross-sectional area of the plug, L is the length of the
plug, and P1 and P2 represent the inlet and outlet pressures, respec-
tively.

5. Results and Discussion
5.1. Breakthrough pressure test results

The obtained entry pressure and breakthrough pressure values, with
the testing conditions applied to each plug, are summarized in Table 6.

As introduced in section 4.9, tests were performed at ambient tem-
perature (20 °C) and without application of a back-pressure to enable a
direct comparison between hydrogen and nitrogen breakthrough pres-
sures. Based on the literature review (see section 2.1), a temperature
increase for calcite-rich clays will likely positively affect the capillary
sealing capacity of the caprock, while a pressure increase will adversely
affect the threshold pressure. However, even if a slight reduction in the
breakthrough pressure measured with laboratory experiments might
occur under storage conditions, the caprock is expected to remain water-
wet, as confirmed by experiments on clays under similar pressure and
temperature conditions [52]. Thus, the obtained results are deemed to
be representative despite the lack of back-pressure and the reduced
temperature relative to in situ conditions.

Brine detection downstream occurred at pressures 5 to 10 bars lower
than the breakthrough pressure for hydrogen and 15 bars lower than the
breakthrough pressure for methane. Busch et al. (2013) [72] noted that
in small-scale laboratory experiments, it can be difficult to distinguish
between entry and breakthrough pressures if the plugs are homogeneous
and permeability is not extremely low. Our experiments clearly show
this distinction, probably because the plugs are slightly heterogeneous
and their permeability is very low. Furthermore, the use of increasingly
longer time steps, with the longest recorded at seven days, allowed
sufficient time for capillary equilibrium to establish. Consequently, the
onset of brine downstream corresponding to the entry pressure could be
detected. However, due to the limited brine production at water
breakthrough, which was below the sensitivity threshold of the balance,
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Table 6
Results of the step-by-step tests.
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Caprock Well Plug Injected gas Confining Pressure (bars) Entry pressure (bars) Threshold pressure (bars) Test duration (days)

Caprock 1 A Al Ny 90 - - <1
A A1 resaturated Hy 90 20 25 13
A A2 CHy4 920 15 30 11
A A3 H, 90 30 35 13
B B1 H, 90 - - 12
B B1 resaturated Hy 90 70 75 44

Caprock 2 D D1 Hy 90 65 70 38
D D2 H, 90 60 70 37
D D3 H, 90 40 40 15
D D4 H, 90 >80 >80 55
D D5 H, 90 - - <1

quantitative measurements were not feasible and the assessment of
brine onset was based on visual inspection of the digital camera footage,
when the first droplet of brine was captured on the camera continuously
recording the outlet tubing, which has a short length, small diameter
and is transparent to minimize uncertainty in the detection (see section
3).

The breakthrough pressure measurements for Caprock 1 range from
25 to 35 bars, independent of the injected gas. Caprock 2 exhibits a
wider range of hydrogen breakthrough pressure from 40 bars to values
higher than 80 bars. For the test on plug D4, no activity was detected
downstream, even when the differential pressure reached 80 bars.

In the case of plug D3, for which the onset of brine and hydrogen
breakthrough were recorded within minutes when 40 bars were reached
and the produced brine was negligible, and in the case of plugs Al and
D5, for which hydrogen flow was detected as soon as a differential
pressure (5 bars) was applied, it is likely that the plugs were not fully
saturated. As for plug B1, the hydrogen breakthrough occurred at 35
bars without any water production; this implies that the plug was dry
but with very low permeability. Based on the literature, there is a strong
correlation between threshold pressure and water content, and break-
through pressure increases exponentially with water saturation [73,74].
It was inferred that, despite the efforts to preserve the cores after dril-
ling, the plugs were poorly saturated. This might have happened because
the cores of Caprock 1 were drilled 5 years before testing. Conversely,
the period between drilling of the core from Caprock 2 and lab testing
was a few weeks; thus, clay saturation was not expected to be altered,
and we inferred that early breakthrough might be due to the presence of
microfractures that went undetected during plug inspection with
CT-scan.

To verify whether the results on plugs A1 and B1 were affected by
poor saturation, as we had hypothesized, we decided to re-saturate them
and run the step-by-step test again. The plugs were saturated with
synthetic brine mimicking the salinity of the formation water
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Fig. 7. Step-by-Step test with hydrogen for plug Bl before and after
re-saturation.

(previously measured with the hydro-chemical analyses). Under the
same testing conditions outlined in par. 4.9, the brine was injected into
the plugs by increasing the pressure in steps while monitoring the
downstream activity. Brine pressure was increased by 5 bars at the time,
after no volume variation of the pump was monitored for at least 12 h.
When brine was detected downstream, an additional 48 h of brine
flooding were conducted to ensure the saturation of the plugs.

The step-by-step tests on the re-saturated plugs, conducted under the
same conditions as the previous experiments, revealed a brine onset at
20 bars for plug Al and 70 bars for plug B1. Hydrogen breakthrough
occurred at 25 bars and 75 bars, respectively. These results confirmed
that the failure observed in the original tests was due to dried-out con-
ditions, which affected the sealing capacity of the plugs (see Fig. 7). The
results are also shown in Table 6.

Recent literature addressed the impact of cyclic pore-pressure vari-
ations or cyclic loading and unloading on the sealing performance of
clays and shales [75-77]. While these works do not directly correlate
with our study because of the adopted experimental methodology [77]
and the experimental focus on the rock mechanical deformation and
integrity [75,76], they stimulate interest in investigating whether the
storage cycles have any effects on threshold pressure.

5.1.1. Impact of caprock mineralogical composition

Fig. 8 shows the measured hydrogen breakthrough pressure as a
function of the caprock composition (range of weight percentage for
each mineral group). Even if data is limited, this analysis reveals weak
correlations between hydrogen breakthrough pressure and carbonate
content (Fig. 8A), clay minerals content (Fig. 8B) and tectosilicate
content (Fig. 8C), respectively: higher breakthrough pressure values
correspond to slightly higher carbonate and clay minerals content and to
lower tectosilicate content; these qualitative correlations are in line with
the results provided by Zhou et al. (2022) [78], who also inferred a
direct correlation between methane breakthrough pressures and car-
bonate content, particularly calcite, while dolomite appeared to have
little to no effect.

Only a few studies that determined the IFTs between hydrogen and
rock minerals can be found in the literature. The reported values seem to
indicate some variability based on mineral composition. Esfandyari
etal. (2023) [79] determined interfacial tensions between hydrogen and
minerals in the presence of distilled water at 10 bars and at 20 °C, in the
following order: dolomite 94 mN/m > quartz 82 mN/m > calcite 76 mN.
Similar values have been calculated for calcite (90 mN/m at 25 °C and
50 bars) by Hosseini et al. (2023) [80] and for aged quartz (90 mN/m at
50 °C and 100 bar) by Pan et al. (2021) [81]. Based on the work by
Hosseini et al. (2022b) [82], comparable IFTs (75 mN/m at 50 bars and
25 °C) were obtained between hydrogen and three shales characterized
by various mineralogical compositions (Shale A: 61% carbonates, 28%
clay minerals; Shale B: 31% tectosilicates, 62% clay group minerals; and
Shale C: 25% tectosilicates, 55% clay group minerals). Similarly, Yekeen
et al. (2022) [56] estimated the IFT between hydrogen and illite,
kaolinite and montmorillonite to be approximately 70 mN/m at 60 °C
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Hydrogen-brine contact angles, measured for different minerals at
different pressures and temperatures, are available in Esfandyari et al.
(2022) [57]. They found that the contact angle values decrease with
increasing pressure and temperature, but the variations due to pressure
change were higher than those due to the temperature change. The
experiments on the shales reported in Hosseini et al. (2022b) [83] show
that all the shale substrates have a strong affinity to water, with all the
measured contact angles being lower than 30° under the same condi-
tions. Therefore, the systems are strongly water wet.

5.1.2. Impact of salinity

Fig. 9 displays the hydrogen breakthrough pressures as a function of
the brine salinity for the preserved plugs from caprock 1 and caprock 2,
and the re-saturated plugs Al and B1. As previously reported, the for-
mation brines of both caprocks exhibit comparable NaCl concentrations
but different CaCly concentrations (Table 4). Qualitatively, the data
seem to confirm a direct correlation between the measured hydrogen
breakthrough pressure and the CaCl; concentration in the brine, except
for plugs B1 and D3, which do not align with the general trend. Our
results are consistent with previously published studies, where trends
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indicate a linear increase in the Hs-brine interfacial tension with
increasing salinity and bivalent cation content, namely CaCl, [38,41,57,
84].

5.2. Permeability measurements

The permeability tests to obtain the effective permeability to gas, kg,
at residual water content were performed on plugs A2, A3 and D3, which
were the most suited based on the relatively low threshold pressure
values that were measured. Plugs Bl and D5 were deemed inadequate
because they were likely dry and fractured, respectively. The remaining
plugs were too tight to permit sufficient gas flow for permeability
calculation, requiring several days to observe any volumetric variation
at the pump level.

Hydrogen was injected into the three selected plugs under increasing
pressure gradients ranging from 40 to 70 bars. The resulting flow rates
(approximately 2 1072 m3/s) were below the sensitivity threshold of
the pump (2 x 107! m3/s). Consequently, flow rates were determined
based on volumetric variations recorded at the pump every 5 min.

The calculated permeability values are reported in Table 7. The
caprock plugs exhibited ultra-low permeability, and no correlation with
the measured breakthrough pressures is possible.

Experimental work on an intact sample of Marcellus shale subject to
cyclic pore-pressure variations showed a progressive volumetric
swelling of the shale matrix, with an observed 12% porosity increase
after eight cycles and an estimated 19% porosity increase after 30 cycles
[85]. Although the study is very interesting because it attempts to assess
the effects induced on caprocks by the cyclic pressure variations in the
underlying reservoir, it is noted that the experiment was performed on
an unconstrained shale sample. Thus the porosity variations are over-
estimated because the experimental conditions are not representative of
in-situ conditions, where pressure variations only apply at the interface
between the caprock and the reservoir. Furthermore, the Ajibona and
Pandey [85] expect that permeability, estimated according to the
Kozeny-Carman relation, might increase by 70% due to such porosity
increase. However, the Kozeny-Carman relation is not suited to estimate
permeability in the case of anisotropic rocks, heterogeneous pore dis-
tribution, multiphase flow and presence of capillary effects, which is
exactly the case of clay-rich rocks.

5.3. Nitrogen vs hydrogen breakthrough pressure

Fig. 10 illustrates the comparison of breakthrough pressures
measured for hydrogen, methane, and nitrogen under the same testing
conditions (20 °C and no back-pressure). The breakthrough pressures of
the tested plugs are plotted as a function of the sampling depth. No
dependency emerged between the type of injected gas and the measured
breakthrough pressure, as for caprock 1 hydrogen exhibited break-
through pressures in the range of 25-70 bar, methane 30 bar, and ni-
trogen between 20 and 35 bar while for Caprock 2 hydrogen
breakthrough pressures range from 40 bar to values exceeding 80 bar
and nitrogen breakthrough pressures range from 35 to 45 bar. Differ-
ences in the measured breakthrough pressure values are believed to
depend on local variations of the rock mineral composition, because all
the plugs are made of undisturbed rock and exhibit small heterogene-
ities, as highlighted by the mineralogic analyses, even if they were taken
from the same Argille del Santerno caprock formation at approximately
the same depth. This could also explain the peak values of 70 bars or

Table 7
Calculated permeability values.

Caprock Plug ID Injected gas Permeability (nD)
Caprock 1 A2 CHy4 <1

A3 Hy <15
Caprock 2 D3 H, <1.6

11
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more for some of the measured hydrogen breakthrough pressure values.

In the literature, some attempts have been made to correlate the
breakthrough pressure with the gas-brine IFTs. According to the most
recent literature, at ambient conditions, the IFT between distilled water
and hydrogen is reported as 70,91 mN/m [41], while those with nitro-
gen and methane IFTs are provided by Yan et al. (2001) [86] and Ren
et al. (2000) [87] and equal to 71,43 mN/m and 72,96 mN/m, respec-
tively. Li et al. (2025) [33] report that, at ambient conditions, the
average interfacial tensions between the brine (total salinity 74'000
ppm) and Hy, No, CH4 are 71,57 + 0,28 mN/m, 72,11 + 0,31 mN/m and
72,03 + 0,53 mN/m, respectively; their experimental breakthrough
pressures for tight sandstones, with hydrogen breakthrough pressure
being lower than that of methane and nitrogen, slightly reflect the
corresponding IFTs values. However, opposite results were reported by
Slowinski et al. (1957) [49] and Massoudi & King (1974) [50] for
hydrogen-water/brine IFT. Most importantly, hydrogen-quartz IFT is
larger than the hydrogen-clay IFT, and hydrogen-clay IFT appears to be
larger than those of natural gas and carbon dioxide, suggesting that a
brine-saturated clay-rich caprock formation should offer more effective
capillary sealing to hydrogen than to other fluids [56,81]. Furthermore,
the contact angle, which significantly contributes to capillary retention,
appears to be smaller for clays [52] than for quartz [88] or very similar
[57] under high-pressure conditions. Therefore, the correlation between
brine-gas IFT and breakthrough pressure might have a limited validity,
and the results obtained from testing sandstones rather than clay-rich
caprocks might be misleading in assessing the sealing efficiency of a
real caprock.

6. Conclusions

We conducted a set of 9 step-by-step experiments to measure the
threshold pressure to hydrogen on plugs retrieved from the caprock
named “Argille del Santerno Formation”, which is a clay-rich formation
with ultra-low-permeability overlying several Italian depleted gas res-
ervoirs currently utilized for natural gas storage but under consideration
for conversion into hydrogen storages. To the best of the authors’
knowledge, these are the first reported experiments of breakthrough
pressure measurements with hydrogen on plugs obtained from a real
caprock. The step-by-step experiments were performed with a confine-
ment pressure of 90 bar and at ambient temperature (20 °C) for the sake
of consistency with previous breakthrough pressure experiments per-
formed with nitrogen on plugs collected from the same caprock, so as to
ensure a meaningful comparison between the breakthrough pressure
values obtained for nitrogen and for hydrogen. One test with methane
was also performed under the same conditions for comparison.

The experimental results showed that the values of breakthrough
pressure to hydrogen, nitrogen and methane are comparable, with no
evidence that the caprock sealing capacity decreases when hydrogen is
the displacing gas. The mineralogical analyses showed some heteroge-
neity of the caprock from which the plugs were sampled, namely some
variability in the calcite, clay minerals, and tectosilicate content;
consistently with the literature, higher threshold pressure values
correlate to larger carbonate and clay content. Hydrochemical analyses
on the formation waters sampled from the reservoirs below the caprock
were also performed; the results seem to confirm that breakthrough
pressures increase for increasing CaCl, content.

Based on the scientific literature, the hydrogen-brine interfacial
tensions slightly decrease when the pressure increases, while it is un-
certain whether the contact angle will slightly increase or decrease, as
opposite trends have been experimentally observed for shales. Similarly,
the gas-liquid interfacial tensions are expected to decrease when the
temperature increases, while contact angles are reported to slightly in-
crease but also to decrease in some calcite-rich rocks and clayey rocks.
When the thermodynamic conditions change from laboratory conditions
to typical conditions of the Italian storages, with the maximum reservoir
pressure ranging from 150 to 180 bars and temperatures ranging from
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45 °C to 50 °C, the pressure increase will adversely affect the capillary
sealing capacity of the caprock, but the negative impact of the pressure
increase might be partly offset by the temperature increase, especially in
consideration of the caprock calcite content. Thus, even if a slight
variation, likely a reduction, in the breakthrough pressure measured
with laboratory experiments might occur under storage conditions, the
caprock is expected to remain water-wet, as confirmed by experiments
on clays under similar pressure and temperature conditions [52], and its
sealing efficiency not compromised by hydrogen storage.

This work contributes to proving that the risk of hydrogen migration
is not more enhanced than for nitrogen or methane for the clay-rich
caprock Argille del Santerno, overlying most of the Italian depleted
gas reservoirs under consideration for hydrogen storage; thus, under-
ground hydrogen storage can be regarded as a feasible option to
implement the energy transition.

Future work will be directed at investigating the impact of temper-
ature on threshold pressure by testing additional caprock plugs under
reservoir temperature conditions. Furthermore, it would be interesting
to assess whether repeated reservoir pressure variation during storage
cycles might affect the threshold pressure; however, the experimental
procedure will have to be carefully conceived to achieve results truly
representative of the real caprock behavior.
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