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Abstract 

Underground hydrogen storage in salt caverns is among the most mature geological storage options, 

yet the behaviour of potash-salt lithologies under hydrogen exposure remains entirely 

uncharacterised. This study presents a multi-technique characterisation, performed on selected 

representative samples, of Messinian halite and kainite-bearing evaporites from the Realmonte mine 

(Sicily) subjected to static hydrogen exposure (10 MPa H2, 120 h) and to cyclic loading under constant 

hydrogen pressure (0.789 MPa) with confining stress cycled between 3.8 and 19.2 MPa, at room 

temperature. Samples were analysed before and after H2 exposure using X-ray powder diffraction, 

whole-rock and trace-element geochemistry, optical and scanning electron microscopy, laboratory 

and synchrotron micro-CT, mercury intrusion porosimetry and PHREEQC thermodynamic 

modelling. No mineralogical reactions or neoformation of phases were detected in either halite or 

kainite, but localised microstructural reorganisation, including dissolution-reprecipitation of halite 

and kainite, brine migration, and pore-size redistribution, is observed in post-exposure samples. These 

results extend to a hydrated sulphate-chloride double salt the geochemical-stability evidence 

previously documented for Zechstein, Lotsberg, and Eocene halites. Micro-CT three-dimensional 

imaging reveals that pore architecture is governed by mineralogical heterogeneity: pure halite hosts 

a connected grain-boundary fracture network (φ_CT = 2.13%) and the kainite-halite assemblage hosts 

a nanometre-scale grain-boundary pore system (φ_CT = 0.106%; MIP modal diameter 5.5 nm). Post-

exposure MIP data show systematic pore-size redistribution driven by brine migration and grain-
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boundary rearrangement without significant changes in bulk porosity. Cyclic hydrogen injection tests 

on an impure halite-kainite sample yield permeabilities of K = 3.48 x 10-21 m2 (seasonal cycling) and 

K = 2.46 x 10-20 m2 (monthly cycling) within or slightly above the range reported for intact rock salt 

and three to four orders of magnitude below tightness thresholds proposed for gas-storage caverns. 

These results provide the first experimental evidence that hydrogen acts as a physical stress agent 

rather than a chemical reactant, suggesting a similar behaviour to pure halite evaporites. 

 

1. Introduction 

The large-scale deployment of hydrogen as an energy vector requires subsurface storage systems 

capable of buffering the intermittency of renewable electricity generation. Among the geological 

options under consideration, salt caverns are the most technically mature (TRL 7-8), with over five 

decades of operational experience at facilities in Texas (Clemens Dome, Moss Bluff, Spindletop) and 

Teesside, UK (Crotogino et al., 2018; Tarkowski, 2019). A new generation of projects, Bad Lauchstädt 

(Germany), HyStock (Netherlands), HyPSTER (France), ACES Delta (Utah), are now advancing 

toward green-hydrogen commissioning (Tackie-Otoo and Haq, 2024). Rock salt offers exceptionally 

low matrix permeability (10-²³ to 10-²¹ m²), self-healing of microfractures through viscoplastic creep, 

low cushion-gas requirements and rapid cycling capacity (Bérest and Brouard, 2003; Heinemann et 

al., 2021). 

Recent experimental work consistently demonstrates that halite is geochemically inert under 

hydrogen exposure. Fatah et al. (2024), Kovács et al. (2025) and Emmel et al. (2025) exposed halite 

± anhydrite to H2 at pressures of 10-250 bar and temperatures of 60-75 °C without detecting 

mineralogical alteration, while Yuan et al. (2025a, b) confirmed that non-reductive dissolution 

dominates in impure salt with predicted H2 loss below 0.1 % over two years. Nassan et al. (2025) 

measured H2 permeability of rock salt at approximately 10⁻²³ m², confirming near-impermeable 

behaviour. On the transport side, AbuAisha and Billiotte (2021) provided a comprehensive analysis 

of hydrogen migration mechanisms in saturated rock salt (viscous flow, diffusion and dissolution) 

demonstrating that cumulative H2 losses by diffusion are negligible even under conservative 

assumptions. On the geomechanical side, Grgic et al. (2022) showed that competing viscoplastic and 

microcracking mechanisms effectively prevent net permeability evolution under cyclic loading, and 

Wang et al. (2022) tracked progressive pore damage during fatigue tests using NMR. However, these 

studies focus almost exclusively on halite-dominated lithologies, despite the fact that many evaporite 

successions contain significant proportions of potash-bearing salts. In natural evaporite sequences, 

halite commonly occurs interbedded with potassium-magnesium evaporites such as carnallite, sylvite, 

polyhalite and kieserite, particularly within the upper stages of marine evaporitic cycles.     

K-Mg salts (carnallite, sylvite, polyhalite, kieserite and kainite), which occur as interbeds or discrete 

layers in many evaporitic successions worldwide, including the Permian Zechstein of the North Sea 

and East Yorkshire (e.g. Fordon Evaporite at Aldborough and Atwick, Kemp et al., 2016; Pichat et 

al., 2025;), the Devonian Prairie Evaporite of western Canada (Wardlaw, 1968), the Permian Salado 

Formation of the Delaware Basin (Lowenstein, 1988), the Cretaceous Maha Sarakham Formation of 

Thailand and Laos (El Tabakh et al., 1999), the Aptian evaporites of the South Atlantic (Szatmari et 

al., 2021), and the Ediacaran-Cambrian Hormuz Formation of Iran (Talbot et al., 2009), differ 

fundamentally from halite in crystal structure, hydration state, solubility and mechanical behaviour, 
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suggesting that their response to hydrogen exposure cannot be assumed to follow the same 

geochemical and transport behavior observed in halite. Martin-Clave et al. (2021) demonstrated that 

high second-phase content (up to 55%, predominantly anhydrite and polyhalite) weakens rock salt 

and generates new porosity around accessory mineral crystals under cyclic loading; Luangthip et al. 

(2017) showed that compressive strength decreases exponentially with increasing carnallite content. 

A particularly notable gap concerns kainite (KMg(SO₄)Cl·2.75H₂O), a hydrated potassium-

magnesium sulphate-chloride double salt that occurs in late-stage evaporitic assemblages and in 

potash-bearing salt sequences. Unlike halite, kainite possesses a monoclinic crystal structure and 

incorporates structural water, giving it markedly different thermal stability and dehydration behaviour 

(Borisov et al., 2022) precluding extrapolation from halite. The only mention of kainite in a H2 context 

is the prediction by Emmel et al. (2025) that it may precipitate from polyhalite dissolution, but no 

experimental verification of its response to H2 exposure has been attempted. 

The Realmonte salt mine (Agrigento, Sicily) exposes the Messinian evaporitic sequence of the 

Caltanissetta Basin, comprising about 300 m of folded halite-dominated layers, including nearly pure 

and pure halite intervals (>99%) alternating with kainite-bearing layers up to 18 m thick, accompanied 

by accessory anhydrite, carnallite, leonite and polyhalite (Decima and Wezel, 1971; Lugli et al., 1999; 

Butler et al., 2014; Yoshimura et al., 2016). Speranza et al. (2019) characterised the petrophysical 

properties of Realmonte halite but explicitly excluded kainite layers. The co-occurrence of halite-

dominated and volumetrically significant kainite interbeds within a single, well-exposed mine section 

makes Realmonte an ideal natural laboratory for evaluating mixed evaporitic lithologies under 

hydrogen exposure. The present study adopts a comparative design focusing on two evaporitic end-

members, in which halite-dominated samples serve as the reference and kainite-bearing samples 

represent the compositionally complex, previously untested counterpart. Halite geochemical inertness 

to hydrogen has now been demonstrated across Zechstein, Lotsberg and Eocene formations (Fatah et 

al., 2024; Kovács et al., 2025; Emmel et al., 2025; Yuan et al., 2025), and its pore-network and 

transport properties under storage conditions are increasingly well constrained. By contrast, no 

equivalent dataset exists for the Messinian evaporitic units, and specifically data for kainite or for any 

other K-Mg salt are absent from the literature. Framing the halite samples as a well-documented 

baseline against which the kainite-bearing assemblage can be evaluated allows the study to isolate 

specific effects of mineralogical heterogeneity on pore architecture, geochemical stability and 

transport behaviour. 

Therefore, three specific knowledge gaps motivate the present study: (i) no experimental data exist 

on the geochemical interaction between molecular hydrogen and kainite-bearing evaporites; (ii) the 

pore architecture and transport properties of kainite-halite assemblages have never been characterised 

at any scale by imaging or porosimetric techniques; and (iii) the permeability response of Messinian 

heterogeneous potash-salt formations to cyclic pressure loading has not been attempted. This study 

provides the first experimental dataset on a kainite-halite sample under H₂ exposure, comparing its 

response to that of halite-dominated samples from the same Messinian succession. The aim is to 

identify whether first-order differences exist in geochemical stability and pore-network response, 

while quantifying pore-network architecture and its modification upon hydrogen exposure and 

measuring permeability under cyclic injection conditions. The comparison is designed to flag 

mineralogically driven contrasts and to provide the first integrated baseline for kainite-bearing 

evaporites, against which future studies can characterise variability across the lithology.  
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2. Materials and Methods 

The samples are from the Messinian salt succession at Realmonte which is characterised by 

pronounced lithological heterogeneity arising from variations in depositional environment, brine 

chemistry, and syn- to post-sedimentary processes. Typical sequences comprise intercalated halite, 

sulphates and potassium-magnesium salts arranged in complex cyclic patterns (Decima and Wezel, 

1971; Schreiber and Hsü, 1980; Lugli et al., 1999; Roveri et al., 2008). Accessory phases, including 

anhydrite (CaSO4), celestine (SrSO4), polyhalite (K2Ca2Mg(SO4)4·2(H2O)), clay minerals. In specific 

horizons, carnallite (KMgCl3·6(H2O)) and leonite (K2Mg(SO4)2·4(H2O)), may occur as irregular 

lenses, microscopic aggregates or dispersed inclusions, resulting in substantial mineralogical 

variability even within a single stratigraphic level (Lugli et al., 2002; Schreiber and Lugli, 2019). The 

sampling strategy was designed to achieve representative lithological coverage of the mine's 

accessible extent, both vertically (from approximately -55 to -200 m relative to sea level) and laterally 

across four mine galleries at different stratigraphic levels (Fig. 1). In each gallery, at each sampling 

station, multiple cores were collected from the different salt compositions present at that location, to 

capture local compositional variability. This approach generated an inventory from which the subset 

analysed in this study was selected, focusing on halite-dominated and kainite-bearing end-members. 

The mine is excavated entirely within the upper portion of the Messinian salt succession, specifically 

within Unit C (halite-dominated) and the uppermost part of Unit B (containing the kainite-bearing 

horizons), as defined by Yoshimura et al. (2016) and Lugli et al. (1999). Sampling within Unit C 

targeted nearly pure halite and was then extended to the kainite mining area at approximately -170 

m, where the kainite lens at the top of Unit B was sampled both within the kainite-dominated 

composition and at the halite-kainite transition zone (Fig. 1). 

From this inventory, sixteen evaporitic cores were selected for the present study, comprising eleven 

halite-dominated cores (RS series: RS1, RS2, RS3, RS4, RS10, RS12, RS13, RS14, RS15, RS17, 

RS18; see Table 1 for the analytical matrix), of which seven have NaCl content ≥ 95 wt%, a 

compositional threshold conventionally adopted in operational and geomechanical assessments of 

rock salt suitability for underground gas storage (Caglayan et al., 2020; Cyran, 2021), including two 

(RS10, RS14) that reach pure-halite composition (>99 wt% NaCl), and five kainite-bearing rocks (KS 

series: KS1, KS2, KS3, KS4, KS5). Most cores were extracted directly from the mine walls using a 

portable drill cooled by water, coring device equipped with a 25 mm diameter drill bit; saturated NaCl 

brine (~26%) collected from the mine workings was employed as cutting fluid to minimise 

mechanical damage and fracture propagation. Sample KS5, intended for the high-pressure hydrogen 

injection test, was cored at 35 mm diameter from a block collected in the mine and subsequently 

shaped into a cylinder of 35 mm × 40 mm. Following extraction, cores were surface-dried with 

absorbent paper in the mine and placed in sample bags together with silica gel desiccant sachets. Once 

outside the mine, the desiccant sachets were replaced with fresh ones and left in contact with the cores 

for approximately 24 hours to remove residual moisture. The cores were then wrapped in a double 

layer of plastic film and an outer layer of aluminium foil, after which the desiccant was removed and 

samples were stored in sealed laboratory bags at approximately 18 °C, consistent with in situ mine 

conditions, to prevent thermal fluctuations and potential phase changes prior to laboratory analysis. 

Powder sub-samples were obtained by cutting each core along a central cross-section, providing 

statistically representative material while preserving the remaining core length for subsequent thin-

section preparation and batch experiments. 
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The samples underwent a comprehensive analytical workflow (Fig. 2; Table 1) consisting of four 

main stages: (i) sample preparation (25 mm-diameter cores, a single 35 mm-diameter core for the 

injection test, bulk-rock powders and thin sections); (ii) preliminary characterisation of halite and 

kainite lithologies; (iii) exposure to hydrogen through cyclic high-pressure injection and static batch 

tests; and (iv) post-exposure analyses to assess any changes occurred. Pre- and post-exposure 

characterisation was carried out through a holistic approach combining the geochemistry of bulk solid 

phase with chemical and minero- petrographical investigations, porosity analyses, advanced X-ray 

imaging techniques, supplemented by PHREEQC thermodynamic modelling. Table 1 summarises 

sample labels and the analytical techniques applied to each. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Simplified vertical section of the Realmonte mine halite-kainite succession showing sampling locations and depths (-55 

to -200 m a.s.l.). RS = rock salt series; KS = kainite series (KS2-KS3-KS5). The simplified vertical section deformation is not 

considered. Dashed lines represent depth, not stratigraphic interval. 

Fig. 2. Experimental and analytical workflow. Stage I: sample preparation; Stage II: pre-exposure characterisation; Stage III: 

hydrogen exposure (cyclic injection + static batch); Stage IV: post-exposure characterisation. 
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2.1. High-pressure hydrogen exposure 

 

Two complementary experiments were conducted to assess the response of the Realmonte evaporites 

to hydrogen under storage-relevant conditions: (a) a cyclic high-pressure injection test simulating 

dynamic cavern operation, and (b) a static batch test isolating intrinsic gas-rock chemical reactivity 

under prolonged exposure. 

2.1a. Cyclic hydrogen injection test. A dynamic hydrogen injection experiment was conducted at 

the Grant Institute, University of Edinburgh, using a custom-built vertical high-pressure flow cell 

(volume 1000 ml; Edlmann et al., 2016). The apparatus comprises a Hassler-type pressure vessel with 

a rubber sleeve isolating the specimen from the oil phase delivering a radial confining pressure, top 

and bottom steel pistons serving as end-caps, pressure sensors for continuous monitoring of both the 

differential hydrogen pressure across the sample and the confining pressures, with hydrogen flow 

delivered through a regulated high-pressure hydrogen cylinder as gas supply. Sample KS5 (35 mm 

diameter × 40 mm height; A = 9.621 × 10⁻⁴ m², V = 3.85 × 10⁻⁵ m³) was positioned between the two 

pistons with its lateral surface wrapped in insulating tape and aluminium foil to ensure gas tightness, 

while the upper and lower faces remained exposed to hydrogen flow (Fig. 3a-e). Confining pressures 

were derived from geostatic conditions estimated from the 3D geological model of the Realmonte 

site and conservatively reduced by 20%. The cycling protocols were designed to apply the pressure 

Table 1. Analytical techniques applied to each sample collected. Batch and cyclic injection samples are listed separately. OM = optical 

microscopy; SEM-EDS = scanning electron microscopy with energy-dispersive spectroscopy; XRPD = X-ray powder diffraction; 

Geochem. = bulk geochemistry (ICP-OES, INAA, ICP-MS, XRF); µCT = micro-computed tomography; MIP = mercury intrusion 

porosimetry. Mineral proportions for each sample are reported in Table 3. 
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variation to the confining stress (P1/P2) rather than to the hydrogen pressure, in order to reproduce the 

stress regime experienced by the cavern walls during real storage operations: injection raises the 

internal cavern pressure and increases the radial stress on the walls, while withdrawal lowers it, 

generating a cyclic stress field on the wall rock. Hydrogen pressure was maintained at a low constant 

value (~ 0.789 MPa, well within the ideal-gas regime, Z ~ 1.00) throughout the test, in order to (i) 

probe gas penetration through the matrix under conditions in which non-ideal compressibility 

corrections to permeability and diffusivity are negligible, and (ii) establish a conservative baseline 

for a mineralogically complex, previously uncharacterised kainite-halite assemblage, allowing 

detection of even minor changes in transport behaviour before higher-pressure testing in future 

studies. 

Three protocols were applied in sequence: 

(i) Seasonal-cycle simulation: 1 cycle of 4 hours, comprising 2 h loading at P_confining = 19.2 MPa 

followed by 2 h unloading to 3.8 MPa. Hydrogen pressure P_H₂ ~7.89 bar; upstream-downstream 

pressure difference ΔP = 0.22 bar; T~ 20 °C. 

(ii) Monthly-cycle simulation: 12 cycles of 34 minutes each, comprising 17 min at 19 MPa under 

hydrogen injection and 17 min at 3.8 MPa without injection. Same P_H₂ and ΔP as above (Fig. 3g). 

(iii) Constant-pressure baseline: 2 h at steady-state pressure, providing a reference measurement for 

subsequent permeability estimation. 

Hydrogen was maintained at approximately 7.89 bar during all loading phases; no gas was injected 

during unloading. Temperature was at approximately 20 °C throughout (Fig. 3f). No relaxation phases 

were included between cycles, resulting in higher mechanical and chemical stresses than those 

expected in operational caverns and thus providing a conservative assessment of system behaviour. 

Permeability estimation. Apparent permeability was derived from the transient downstream 

pressure decay using a pulse-decay approach. (Edlmann et al., 2016), since the theoretical volumetric 

flow rate Q is of the order of 10⁻¹³-10⁻¹² m³/s (≤0.2 picolitres/s), well below the detection limit of 

conventional flow meters. The Darcy law for compressible gas flow was applied: 

where Q is the estimated volumetric flow (m³ s⁻¹), μ the dynamic viscosity of hydrogen at 20 °C (8.80 

× 10⁻⁶ Pa·s), L the sample height (0.040 m), A the cross-sectional area (9.621 × 10⁻⁴ m²), and ΔP the 

upstream–downstream pressure difference (0.22 bar = 2.2 × 10⁴ Pa). Apparent permeability values 

were subsequently corrected for gas slippage effects using the Klinkenberg correction to obtain 

intrinsic permeability K_∞, following established protocols for low-permeability evaporitic rocks 

(Grgic et al., 2022; Nassan et al., 2025).  
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2.1b. Static batch test. Static batch test. A complementary static experiment was conducted at the 

SaRAH Lab, Department of Chemical, Materials and Production Engineering, University of Naples 

Federico II, using a 1 L stainless steel autoclave. The reactor was sealed and flushed with nitrogen to 

displace atmospheric gases (O2, CO2 and water vapour) from the vessel, ensuring that the samples 

were exposed to a hydrogen-only atmosphere. The autoclave was subsequently pressurised with ultra-

high-purity hydrogen (99.999%) to 10 MPa using a gas-feeding system that controlled purge and 

outflow conditions to remain below the lower flammability limit (LFL). The temperature was 

maintained at approximately 20 °C for a total duration of 120 hours (five days). Neither brine nor 

confining pressure was applied; the static configuration minimises mechanically induced effects and 

isolates intrinsic gas-rock reactivity from pressure- and flow-induced processes, simulating prolonged 

Fig. 3. Cyclic hydrogen injection test. (a) High-pressure autoclave apparatus at the Grant Institute, University of Edinburgh; (b) sample KS5 

positioned inside the liner between two steel pistons; (c–e) sample preparation and dimensions (35 mm × 40 mm); (f) monitoring of physical 

parameters: confining pressure (P_max, P_min), hydrogen pressure (P_H₂) and temperature (T) during the three test protocols (seasonal 

cycle, monthly cycles, constant-pressure baseline); (g) injection test design. 

G 
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gas exposure at the cavern wall under static conditions. The two halite-dominated cores (RS3, RS4; 

25 mm diameter) and the kainite-bearing core (KS5; 35 mm diameter, previously subjected to the 

cyclic injection test), all designated 'batch' in Table 1, were positioned within the vessel with 

approximately 5 cm spacing to prevent physical contact (Fig. 4). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

The static configuration was specifically designed to isolate intrinsic gas-rock reactivity from 

pressure- or flow-induced effects, by removing confining stress and bulk fluid flow from the 

experimental variables. Although operational caverns are de-brined after solution mining, a residual 

sump brine, typically 10³-10⁴ m³, remains at the cavern base and contacts a fraction of the cavern wall 

(Crotogino et al., 2018); under operational conditions, both unsaturated and brine-saturated wall-rock 

domains coexist. The present batch experiment represents the chemistry of the unsaturated wall-rock 

fraction; the chemistry of brine-saturated domains is addressed indirectly through the PHREEQC 

modelling of halite-kainite-brine-H2 systems (Section 2.5). 

 

2.2. Mineralogical-petrographic and textural characterisation 

Mineralogical, petrographic and textural analyses were performed on pre- and post-exposure samples 

to document baseline conditions and to detect any hydrogen-induced changes. The analytical 

programme combined optical microscopy (OM), scanning electron microscopy with energy-

dispersive spectroscopy (SEM-EDS) and X-ray powder diffraction (XRPD).  

All thin-section preparations followed protocols adapted for soluble evaporitic minerals, as described 

below. Petrographic thin section analysis and SEM-EDS observations are used primarily to constrain 

textural relationships and pore-hosting phases rather than to define bulk mineralogical composition. 

 

 

 

Fig. 4. Static batch test apparatus (University of Naples Federico II). The 1 L stainless 

steel autoclave was charged with H₂ at 10 MPa and 20 °C for 120 h. Samples were spaced 

~5 cm apart within the reactor vessel. 
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2.2.1. Optical microscopy 

 

Thin-section petrography was performed using a Zeiss Axio Imager A1m polarised-light microscope 

and a Zeiss Axio Zoom V16 stereomicroscope at the Centro Musei delle Scienze Naturali e Fisiche, 

University of Naples Federico II. Images were acquired with a Zeiss AxioCam ICc5 camera and 

processed using AxioVision SE64 (v. 4.9.1), equipped with the AutoMeasure, Extended Focus and Z-

Stack modules. Observations were carried out in both plane-polarised and cross-polarised transmitted 

light. Two preparation protocols were used for thin-section preparation, depending on the sample 

type. For the 25 mm-diameter pre-exposure cores (RS and KS series), thin sections approximately 

150-200 µm thick were prepared by an external laboratory from hand specimens collected in the 

mine. A low-speed saw with white mineral oil was used as lubricant to minimise frictional heating 

and mechanically induced deformation. Both faces were coated with glass coverslips to prevent 

alteration of the hygroscopic salt minerals. For the post-exposure batch samples, sections 

approximately 10 mm thick were cut directly from the 25 mm-diameter cores, and both surfaces were 

ground and polished dry using progressive abrasive papers (1000, 2500 and 4000 grit) to a final 

thickness of < 0.5 mm. Both surfaces were re-polished with 4000-grit paper prior to each observation 

session. These preparations were used for both optical microscopy and SEM-EDS analysis. The 

samples examined included halite-dominated samples (RS1, RS3, RS10 and RS14 as pure halite, ≥99 

wt% NaCl; RS4 as nearly pure halite, 97.15 wt% NaCl; and RS18), kainite-bearing rocks (KS2, KS3, 

KS5) and post-exposure batch samples (KS5_batch, RS3_batch, RS4_batch). Pre-exposure thin 

sections are presented in Supplementary Material S7.1 (Figs. S6-S15); post-exposure thin sections 

are in S7.2 (Figs. S20-S22). 

 

2.2.2. Scanning electron microscopy with energy-dispersive spectroscopy (SEM-EDS) 

Detailed chemical and morphological investigations were conducted on a subset of samples (RS1, 

RS4, RS10, RS14, KS5) selected based on the optical microscopy results. Analyses were performed 

at DiSTAR facilities, using a Zeiss Merlin VP Compact field-emission SEM equipped with an Oxford 

Instruments X-Max 50 EDS detector and a charge compensation system. For quantitative mineral 

chemistry, polished sections were coated with graphite using a sputter coater. In both cases, 

preparation and analysis were completed within the same day to avoid atmospheric alteration of the 

hygroscopic salt surfaces. Quantitative EDS data are reported in Supplementary Material S9 (Table 

S3). 

 

2.2.3. X-ray powder diffraction 

X-ray powder diffraction (XRPD) measurements were performed using a Rigaku RINT2500 

laboratory diffractometer (18 kW), equipped with a rotating copper anode. The instrument operates 

in Debye-Scherrer transmission geometry and is fitted with an asymmetric Johansson Ge (111) 

monochromator and a silicon strip detector (D/TeX Ultra). Each sample was gently ground, and the 

resulting powder was used to fill a 0.5 mm Lindemann glass capillary, mounted along the 

diffractometer axis and continuously rotated during data acquisition. All X-ray diffraction patterns 

were collected at 50 kV and 200 mA (10 kW). Data were acquired over an angular range of 5-120° 

(2θ), with a step size of 0.02° (2θ) and a scanning speed of 5° min⁻¹. Qualitative phase identification 
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and semi-qualitative analysis were performed using the QUALX 2.0 software (Altomare et al., 2015), 

which utilizes the freely available POW_COD database. 

The samples analysed included halite-dominated samples (RS1, RS10, RS14: pure halite; RS4: nearly 

pure halite), kainite-bearing rock (KS5) and post-exposure batch samples (RS3-batch, RS4-batch, 

KS5-batch). Pre-exposure diffractograms are presented in Supplementary Material S8.1 (Figs. S23-

S27); post-exposure diffractograms in S8.2 (Figs. S28-S30). 

 

2.3. Geochemical characterisation of bulk rock 

 

Major- and trace-element compositions were determined on a broad set of samples to characterise the 

compositional variability of the deposit. All geochemical analyses were performed on bulk-rock 

powders obtained by total dissolution; soluble and insoluble fractions were not analysed separately. 

Halite-dominated samples (RS1, RS3, RS10, RS14: pure halite; RS4, RS12, RS15: nearly pure 

halite), kainite-bearing rock (KS5) and post-exposure batch samples (RS3-batch, RS4-batch, KS5-

batch) were analysed using the following techniques: 

(i) Bulk chemistry: inductively coupled plasma optical emission spectrometry (FUS-ICP-OES) for 

major elements; instrumental neutron activation analysis (INAA) for Cl; ICP-MS after lithium borate 

fusion for rare earth elements (REEs). All bulk analyses were performed at Activation Laboratories 

(Ontario, Canada). 

(ii) Total carbon and sulphur: combustion analysis using a LECO CS844 analyser. 

(iii) X-ray fluorescence (XRF): sequential wavelength-dispersive spectrometry (PANalytical Axios, 

DISTAR facilities) was used to confirm compositional variability. Analytical uncertainty is 1-2% for 

major elements and 5-10% for trace elements.  

 

2.4. Porosity and pore-structure analysis 

 

The pore architecture of the Realmonte evaporites was characterised using two complementary 

techniques: mercury intrusion porosimetry (MIP) and X-ray micro-computed tomography (µCT). 

MIP provides quantitative pore-throat size distributions and total connected porosity, while µCT 

enables three-dimensional visualisation of pore morphology and spatial connectivity. The integration 

of both methods allows multi-scale reconstruction of pore networks from nanometre-scale throats 

(MIP) to micrometre-scale voids and fractures (µCT). 

 

2.4.1. Mercury intrusion porosimetry (MIP) 

MIP analyses were carried out at DISTAR using Thermo Finnigan Pascal 140/440 high-pressure 

mercury intrusion porosimetry instruments (together covering up to 400 MPa). Each core was 

fragmented into 1-3 cm chips and vacuum-dried at 40 °C for 24 hours prior to analysis. Measurements 

covered a pore-diameter range from 4 nm to 100 µm, spanning the mesopore to macropore range 

sensu IUPAC (Thommes et al., 2015). Calculation of pore diameter was performed applying the 

Washburn equation and assuming cylindrical pores shape, a surface tension of 0.48 N/m, a mercury 

contact angle of 140°. 

The total connected porosity (φ_Hg) reported in this study corresponds to the cumulative volume of 

mercury injected up to the maximum applied pressure, normalised by the sample bulk volume. The 
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full sample set comprised halite-dominated samples, kainite-bearing rock (KS5) and post-exposure 

batch samples. 

 

2.4.2. X ray-CT & Synchrotron imaging and processing 

Two samples were selected for X-ray micro-computed tomography (µCT) analysis. Sample RS1 is a 

natural, unaltered, nearly pure halite core representative of the dominant lithology in the Realmonte 

succession. RS1 was selected as the reference halite sample for µCT analysis because its voxel size 

(30.98 µm) allows the most meaningful comparison with the MIP microporosity window among the 

available scans. Sample KS5_batch is the only specimen in the present study subjected to cyclic 

hydrogen injection and withdrawal prior to imaging, and its inclusion therefore provides a direct basis 

for assessing whether H2 cycling induces measurable structural modification in evaporitic rock. 

Additionally, KS5_batch was scanned at a synchrotron source, yielding a finer effective resolution 

relative to sample size than the laboratory-scanned core. µCT is used here to visualise the three-

dimensional pore network rather than to quantify total porosity, which is determined by mercury 

intrusion porosimetry. 

RS1 (25.4 mm diameter) was scanned on a laboratory Zeiss Xradia 520 Versa system (160 kV, 10 W, 

HE3 filter, 2× binning, 2401 projections at 1 s exposure per projection) using a three-section stitch 

protocol to cover the full core length. The reconstructed volume consists of 16-bit unsigned integer 

TIFF stacks (grey-value range 0-65535). A subset of 318 consecutive slices was extracted from the 

reconstructed volume, avoiding stitch boundaries where reconstruction artefacts concentrate. 

KS5_batch (35 mm diameter) was scanned at Diamond Light Source (DLS, UK) on beamline I13-2, 

yielding a reconstructed volume of 5003 voxels at an isotropic voxel size of 22.0 µm, corresponding 

to a cubic field of view of 11 × 11 × 11 mm (~1.33 cm3). The synchrotron source provided near-

monochromatic beam conditions and a high contrast-to-noise ratio. Acquisition parameters for both 

samples are summarised in Table 2. 

 

  

 

 

 

 

 

 

 

 

 

 

 

Table 2. Micro-CT acquisition parameters for samples RS1 and KS5_batch. DLS = Diamond Light Source. 
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All image processing and segmentation were carried out in Avizo 2024.1 (Thermo Fisher Scientific). 

Each volume was pre-processed with an edge-preserving anisotropic diffusion filter to suppress 

acquisition noise while retaining phase-boundary sharpness. A binary sample mask was constructed 

for each dataset by arithmetic operations on the greyscale volume to restrict subsequent measurements 

to the physical core, excluding the surrounding air annulus and setting all external voxels to zero. 

 

Segmentation principle and thresholding criteria  

 

Phase segmentation was performed using the Interactive Thresholding module in Avizo, which 

assigns voxels to discrete phase labels based on user-defined grey-value (GV) intervals derived from 

the attenuation histogram. The approach relies on the fact that mineral and fluid phases exhibit 

characteristic X-ray attenuation ranges that translate into distinct GV populations within the 

reconstructed volume. Lower-density phases (air, brine) correspond to lower GV values, whereas 

denser phases (halite, anhydrite) occupy higher ranges. 

For sample RS1, the histogram of the masked volume shows a multimodal distribution with four 

populations (Supplementary Material S5, Fig. S4a): (i) background and air-filled porosity (GV~0), 

(ii) an intermediate population representing brine-filled pores and partial-volume voxels at pore-

matrix interfaces (GV~21000), (iii) the halite matrix (GV~39000), and (iv) anhydrite and dense 

accessory phases (GV~64000). Pore space was segmented using a threshold range of 18000-28000 

GV, selected to isolate the intermediate-attenuation population between the background minimum 

(GV~11000) and the halite peak. At the current voxel resolution, air- and brine-filled pores cannot be 

separated by grey-value thresholding alone (see Supplementary Material S5). 

For sample KS5_batch, the histogram differs because kainite and halite form a single composite 

matrix peak due to their similar densities (ρ_kainite = 2.13 g cm⁻³; ρ_halite = 2.16 g cm⁻³). Pore 

segmentation was therefore adapted to the specific histogram morphology. Segmentation thresholds 

and phase-assignment criteria are summarised in Table S1. 

The voxel size of the datasets (30.98 µm for RS1; 22.0 µm for KS5_batch) defines the lower detection 

limit for resolvable pore features. Pores smaller than ~2-3 voxels (62-93 µm for RS1; 44-66 µm for 

KS5_batch) are affected by partial-volume effects, producing intermediate GV values. To reduce 

noise-related artefacts, only connected components ≥8 voxels were retained, corresponding to 

minimum resolvable volumes of ~2.38 × 10⁵ µm³ (RS1) and ~8.53 × 10⁴ µm³ (KS5_batch). Smaller 

objects were discarded as they cannot be reliably distinguished from reconstruction noise or ring 

artefacts. 

For visualisation purposes, an additional filter was applied to RS1 by removing objects smaller than 

100 voxels (~2.97 × 10⁶ µm³) from the rendering label field (Fig. 6d). This step was applied only for 

figure generation; quantitative analyses were performed on the unfiltered segmented volumes (≥8 

voxels). 

Pore objects were separated using watershed-based connected-component labelling and characterised 

through standard shape descriptors (equivalent spherical diameter, anisotropy, elongation, flatness). 

Porosity was calculated as the ratio between segmented pore volume and masked sample volume. For 

RS1, Avizo-derived porosity was cross-validated through a Python-based analysis of the exported 

label field (agreement within 0.013 percentage points; Supplementary Material S5). For KS5_batch, 

estimates were further validated by stereological point counting on 30 cross-sections and by three-

dimensional connected-component analysis on a representative sub-volume. 
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µCT-derived porosity reflects only pores and fractures larger than the voxel size and therefore 

represents a lower-bound estimate of total porosity. Sub-resolution pore populations are captured by 

mercury intrusion porosimetry (MIP), and the integration of the two datasets is discussed in Section 

4. 

 

2.5. Geochemical modelling (PHREEQC) 

 

Thermodynamic equilibrium modelling was performed using PHREEQC v.3.8.6 (Parkhurst and 

Appelo, 2013) to assess the stability of halite-kainite mineral assemblages in the presence of hydrogen 

and brine under conditions representative of subsurface storage caverns (Laban, 2020). Three 

scenarios were considered: (i) halite in contact with H2 and saturated NaCl brine; (ii) a mixed halite 

kainite system exposed to H2 and saturated brine; and (iii) a one-month dynamic evolution simulating 

halite in contact with undersaturated brine. The modelling was designed to complement the laboratory 

experiments by evaluating mineral stability under conditions (90 °C, 8.9 MPa) more representative 

of operational cavern depths than the laboratory batch test (20 °C, 10 MPa), thereby extending the 

experimental constraints to a broader range of storage-relevant scenarios. 

All simulations were run using both the phreeqc.dat and pitzer.dat thermodynamic databases. The 

outputs provided quantitative constraints on mineral saturation indices, redox processes, hydrogen-

brine interactions and precipitation-dissolution trends. Model input parameters and results are 

detailed in Supplementary Material S10 (Tables S5-S6). 

 

 

3. Results 

3.1. Pre-exposure characterisation 

3.1.1. Petrographic and textural features 

Halite-bearing samples (RS series).  

Optical microscopy reveals a holocrystalline texture dominated by halite macrocrystals with euhedral, 

sub-euhedral and anhedral habits, occasionally elongated (Fig. 5a). Smaller euhedral crystals forming 

acicular radial aggregates with vivid interference colours (yellow to blue and pink) are identified as 

anhydrite.  

Interstitial fluids are present at halite grain boundaries, appearing as dark-coloured, consistent with 

concentrated hypersaline brines trapped along grain boundaries. Organic compounds have been 

widely documented in Messinian halite fluid inclusions and crystal lattices, both at Realmonte (Isaji 

et al., 2019) and in the Crotone Basin (Cipriani et al., 2026), suggesting that organically enriched 

brines were a common feature of Messinian evaporite environments (Fig. 5b). Fluid inclusions are 

widespread, ranging from cubic to irregular elongated morphologies, and include two-phase (liquid-

gas), solid-liquid and occasional three-phase types. Both primary and secondary inclusions occur with 

variable abundance. Clay material is frequently observed at halite crystal margins, often associated 

with sulphate minerals. 
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Kainite-bearing samples (KS series).  

Samples KS2, KS3 and KS5 differ markedly from the RS series in both texture and mineralogy. They 

are dominated by equidimensional macro- and microcrystals of euhedral to sub-euhedral habit (Fig. 

5c). Optical properties indicate kainite (KMg(SO₄)Cl·3H₂O) as the main phase, arranged in 

alternating layers of macrocrystals (~400 µm) and microcrystal aggregates (~80 µm). Halite, the 

second most abundant phase, occurs as anhedral infill between kainite grains or as layers in contact 

with kainite, reflecting late-stage intergranular precipitation. Accessory phases comprise small, 

elongated, low-interference crystals, likely carnallite and/or leonite, found within both kainite and 

halite. 

Interstitial fluids occur along kainite grain boundaries, with dark colouration consistent with the 

organically enriched brines described above. Fluid inclusions in kainite are sub-circular to irregular, 

often solid-liquid biphasic (Fig. 5a-b); in halite, inclusions are cubic or elongated, predominantly 

liquid-gas biphasic. Primary and secondary inclusions are present in both phases. Optical microscopy 

of sample KS3 (Supplementary Material S7.1, Figs. 16-19) confirms that these textural features are 

not unique to KS5 but are shared across the KS series. KS2 exhibits the same layered arrangement of 

macro- and microcrystalline kainite domains, with anhedral halite as intergranular infill and dark 

interstitial fluids at grain boundaries. Visual estimation of the mineral proportions from cross-

polarised images indicates approximately 60-70% kainite and 20-25% halite, broadly consistent with 

the XRPD-derived composition of KS5 (65.2% kainite, 28.8% halite). This compositional 

consistency and the fact that all KS cores were collected from the same horizon, supports the 

interpretation that KS5 is representative of the kainite-bearing composition at Realmonte. While KS5 

provides a representative example of the kainite-bearing lithology based on petrographic, 

compositional and porosimetric consistency across the KS series, the limited number of dynamic 

injection tests means that variability in the mechanical and petrophysical response within the KS 

series remains an important uncertainty that should be addressed in future experimental campaigns. 

Pre-exposure thin-section images are presented in Supplementary Material S7.1 (Figs. S6-S15). 
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3.1.2. Chemical and mineralogical composition 

Quantitative SEM-EDS analyses on thin sections of RS1, RS4, RS10, RS14 and KS5 confirmed 

marked mineralogical variability (Table S3). Calcium sulphate was detected as an accessory phase in 

RS1, RS10 and RS14 and celestine was identified in RS1 and RS10, typically in association with 

calcium sulphate in BSE images. RS14 also contains clay minerals and quartz intergrown with 

calcium sulphate. In KS5, leonite and polyhalite were detected.  

Bulk geochemical data, combined with crystal-chemical and stoichiometric calculations, allowed 

estimation of the abundance of accessory mineral phases in each sample (Table 3). As regard the RS 

series, halite content ranges from 97.15 (RS4) to 99.92% (RS10). The most common accessory phases 

are anhydrite (0.13-0.63%), calcite (0.09-0.16%) and dolomite (up to 0.4% in RS4). The most 

frequent mineral association is calcite + anhydrite + halite, identified in RS1 and RS3. A clay fraction 

is invariably present, albeit in variable proportions. 

Qualitative XRPD results for the RS powders are reported in Supplementary Material S8.1 (Figs. 

S23-S27). Semi-quantitative determination based on the same dataset revealed appreciable amounts 

of anhydrite in RS1 (3.8%), while all other samples (RS4, RS10, and RS14) are predominantly 

composed of pure halite. 

Fig 5 Thin-section images under plane-polarised light (PPL) showing textural features of the studied samples. (a) 

RS4: halite macrocrystals with interstitial fluids (green arrows) and fluid inclusions (blue arrows). (b) RS4: 

interstitial fluids and fluid inclusions hosted within halite. (c) KS2: interstitial fluids (green arrows) between kainite 

crystals and within anhedral halite (red arrows). (d) KS2: interstitial fluid and fluid inclusions within kainite 

crystals. 
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For sample KS5, bulk geochemical data indicate a composition of 65.8% kainite, 18.1% halite, 12.2% 

carnallite, and 1.0% dolomite. XRPD results are broadly consistent, yielding 65.2% kainite, 28.8% 

halite, 3.8% carnallite, and 2.2% leonite. These proportions are consistent with the optical microscopy 

observations, which identify kainite as the dominant phase with halite occurring as anhedral 

intergranular infill and accessory carnallite and leonite forming small, elongated crystals distributed 

within both mineral hosts. The observed discrepancy in halite and carnallite proportions between the 

two analytical methods reflects the different sampling volumes, analytical sensitivities and the 

inherent textural heterogeneity of the kainite-halite assemblage. The bulk geochemical estimate is 

adopted as the reference for quantitative phase proportions, given its integration over a larger sample 

volume, while XRPD provides the primary mineralogical phase identification.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

3.1.3. µCT pore structure and three-dimensional characterisation 

Three-dimensional reconstruction of the segmented µCT volume for sample RS1 reveals a fracture-

dominated pore architecture controlled by halite grain-boundary geometry. The µCT-derived porosity 

(φ_CT) is 2.13%. The pore population is overwhelmingly dominated by a single connected 

component that accounts for 78.8% of the total segmented pore volume, corresponding to a pervasive 

three-dimensional network of sub-planar fractures aligned along halite grain boundaries (Fig. 6a-b). 

The remaining 1 989 objects (≥ 8 voxels) are small and isolated, with a median equivalent spherical 

diameter of 151 µm. Shape descriptors confirm the fracture-dominated character of the pore space: 

the mean anisotropy is 0.86, the mean flatness 0.33, and 82% of resolved objects exhibit anisotropy 

values exceeding 0.7. Of all labelled objects, 9.2% are in contact with the volume boundary, 

suggesting possible connectivity with the sample boundary. Sparse high-attenuation domains occur 

along crystal margins and correspond to anhydrite (3.8% by XRPD), visible in 3D renderings as 

discontinuous clusters at grain boundaries. 

Table 3. Mineral phase abundances (wt%) estimated from bulk geochemical data (crystal-chemical recalculation) and semi-quantitative 

XRPD analysis (QUALX 2.0 software). Dol = dolomite; Cal = calcite; Anh = anhydrite; Cls = celestine; Hl = halite; Phy = polyhalite; 

Kn = kainite; Crn = carnallite; Leo = leonite. '–' = not detected. 
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The fidelity of the pore segmentation was verified by overlaying the segmented 3D pore network onto 

the original greyscale ortho slices at multiple positions along the vertical axis (Fig. 6d; Supplementary 

Material S6, Fig. S5). Blue segmented objects correspond consistently to dark, low-attenuation 

features in the greyscale data, confirming that the thresholding range captures real microstructural 

features rather than reconstruction noise. The filtered subvolume rendering reveals discrete, tabular 

to lamellar fracture bodies with lateral extents of several hundred micrometres, geometrically 

consistent with intergranular fractures along halite crystal contacts. 
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Figure 6. Three-dimensional µCT reconstruction of sample RS1. (a) Oblique view of the volume rendering showing the halite matrix (grey) and 

segmented porosity (blue) concentrated along grain boundaries. (b) Top view of the same volume, highlighting the sub-planar fracture geometry 

aligned along halite crystal contacts. (c) Halite matrix rendered semi-transparent to expose the full 3D pore network. (d) Representative subvolume 

extracted from the volume-filtered label field and overlain on ortho slice 79; blue features are discrete fracture bodies, dark features in the greyscale 

background correspond to low-attenuation domains outside the Interactive Thresholding range. (e) Complete segmented pore network with halite 

matrix removed, showing the pervasive grain-boundary fracture system dominated by a single connected component accounting for 78.8% of the 

total segmented pore volume. Blue phase represents total CT-derived porosity, including both air-filled and brine-filled pore space. 
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3.1.4. Pre-exposure mercury intrusion porosity (MIP) 

Pre-exposure MIP measurements on halite- and kainite-rich samples reveal generally low total 

intrusion porosity values (φ_Hg, cumulative volume injected up to 400 MPa), ranging from 1.18% 

(RS17) to 4.76% (RS13), with a dataset mean of 2.31% (Table 4), consistent with literature data for 

compact evaporitic lithologies (Brouard et al., 2001; Kolano et al., 2024) and confirming the 

inherently low pore connectivity expected for Messinian halite. Additional halite cores (RS2, RS12, 

RS15, RS17), for which only MIP data were acquired, are included in the pre-exposure dataset to 

extend the porosity baseline across the full stratigraphic range of the mine (Table 4; Figs. 7-8); their 

pore-size distributions are used in the classification below but are not discussed individually in the 

absence of supporting mineralogical or geochemical data and are not employed in cause-effect 

correlations with hydrogen exposure (post-batch analyses are reported only for cores with full 

mineralogical and petrographic characterisation: RS3, RS4 and KS5). Total porosity (Ø), modal pore 

diameter and total pore surface area (TPS) were derived from the intrusion curve, integrated up to the 

maximum applied pressure (400 MPa). The kainite-bearing samples (KS1-KS5) yield total porosities 

in the range 1.07-1.48% (mean 1.27 ± 0.17%), systematically lower than the RS-series mean and 

comparable to the most compact halite core in the dataset (RS17, 1.18%). Two distinct pore 

architectures are recognised: KS1 and KS3 are macropore-dominated, with modal diameters of 10.3 

and 12.8 µm respectively, whereas KS2, KS4 and KS5 are sub-porosity-dominated, with modal 

diameters of 3.8, 6.9 and 5.5 nm. KS3 exhibits the highest total pore surface area of the KS dataset 

(2.45 m²/g), indicating a well-developed internal surface despite low bulk porosity.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. Summary of pre-exposure MIP results. Ø = total porosity (%); Modal D = modal pore diameter (µm); TPS = total pore 

surface area (m² g⁻¹). Pore class: macro (>8 µm), micro (1–8 µm), sub (<1 µm) (Chen et al., 2018). 
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Pore-size distributions (PSDs; Figs. 7-8) permit classification of pore types into three domains (Chen 

et al., 2018): (i) sub-porosity (D < 1 µm), dominant in RS2, RS4, RS10, RS12, RS14, RS17, KS2, 

KS4 and KS5, with modal diameters of 0.004-0.011 µm; (ii) microporosity (1-8 µm), characterising 

RS13, with modal diameters of 4.5-5.8 µm; and (iii) macroporosity (D > 8 µm), present in RS1, RS3, 

RS15, RS18, KS1 and KS3. Total pore surface areas span 0.64 m²/g to 3.58 m²/g (RS13), consistent 

with the predominance of sub-micrometric pores, whose high surface-to-volume ratio 

disproportionately controls TPS even at low total porosity. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Pore-size distribution (dV/d(log D) vs. pore diameter) of all pre-exposure halite-dominated samples (RS series) 

measured by MIP. The x-axis is plotted on a logarithmic scale with inverted direction (coarser pores on the left). Coloured 

background fields delineate the three pore-size domains of Chen et al. (2018). Dashed vertical lines mark class boundaries 

at D = 1 µm and D = 8 µm. Note the multimodal character of the dataset, reflecting inherent textural heterogeneity of the 

Messinian evaporitic succession. 
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The highest pre-exposure porosities, RS13 (4.76%), RS4 (4.66%), RS1 (3.99%), RS3 (3.11%) and 

RS18 (3.06%), are associated with macropore-, micropore- or sub-porosity-dominated distributions 

and likely reflect localised micro-fracturing or enhanced pore connectivity related to depositional or 

early diagenetic processes. In RS4, the combination of high total porosity with a sub-porosity-

dominated throat distribution (modal D = 0.004-0.011 µm, §3.1.4) indicates abundant fine, well-

connected throats rather than macroscopic fracture features. In contrast, compact samples such as 

KS4 (1.07%), RS17 (1.18%) and KS5 (1.22%) exhibit narrow PSD peaks dominated by sub-porosity, 

indicative of a structurally closed, poorly interconnected pore network. These baseline differences in 

pore architecture are critical for interpreting the heterogeneous response of individual samples to 

subsequent hydrogen exposure. 

 

3.2. Hydrogen exposure tests 

3.2.1. Cyclic H₂ injection (sample KS5) 

Sample KS5 was subjected to two cyclic H₂ pressure regimes at the University of Edinburgh: a 

seasonal cycle (2 h loading + 2 h unloading, 1 cycle) and a monthly cycle (17 min loading + 17 min 

unloading, 12 cycles), both at a mean H2 injection pressure (P1) of 7.89 bar. For both regimes, the 

final internal pressure (P2) averaged 7.67 bar, yielding a consistent upstream-downstream pressure 

Fig. 8. Pore-size distribution of kainite-bearing pre-exposure samples (KS series). Layout and pore-class 

boundaries as in Fig. 7. KS5, the kainite-bearing sample subjected to hydrogen experiments, is 

characterised by a sub-porosity-dominated distribution (modal D~0.005 µm) and low total intrusion 

volume, consistent with the compact crystalline framework of kainite-halite intergrowths. 
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drop ΔP~0.22 bar per cycle (Figs. 9-10). This reproducible pressure differential provides clear 

evidence of limited but measurable gas penetration through the rock matrix. 

Permeability. Gas permeability was derived from the transient pressure-decay response using 

Darcy’s law. The theoretical volumetric flow rate Q is of the order of 10⁻¹³-10⁻¹² m³/s (≤0.2 

picolitres/s), well below the detection limit of conventional flow meters; permeability was therefore 

calculated from the temporal pressure evolution rather than from direct flow measurement. Results 

are summarised in Table 5. 

 

  

 

 

 

 

At the mean test pressure of 0.789 MPa, the Klinkenberg correction factor (1 + b/P) was estimated at 

1.063 using a Klinkenberg coefficient b ~ 0.05 MPa, consistent with empirical correlations for low-

permeability rocks of comparable permeability range and with Klinkenberg-effect observations 

reported for tight rock salt (Tanikawa & Shimamoto, 2009). Gas-slippage effects therefore account 

for less than 7% of the apparent permeability; apparent and intrinsic values are effectively equivalent. 

Both permeability values fall 3-4 orders of magnitude below published tightness thresholds for gas 

storage caprocks (K ≤ 10⁻¹⁷ m², Li et al., 2021; K ≤ 10⁻¹⁹ m², Nassan et al., 2025), confirming the 

extremely low gas transmissivity of the kainite-halite matrix. 

The monthly-cycle permeability (K = 2.46 × 10⁻²⁰ m²) exceeds the seasonal value (K = 3.48 × 10⁻²¹ 

m²) by approximately one order of magnitude. This discrepancy likely reflects a rate-dependent 

mechanical response of the rock, such as transient grain-boundary dilation or incomplete viscoplastic 

closure, under higher-frequency cycling, rather than a steady-state increase in intrinsic permeability. 

The effect is consistent with the known time-dependent rheology of rock salt and suggests that 

permeability estimates from short-duration cycles may represent upper bounds on the true matrix 

permeability. The effect represents a rate-dependent mechanical response rather than a stable 

permeability increase, and its implications for cyclic storage operations are discussed in Section 4. 

 

 

 

 

 

 

 

 

 

Table 5. Apparent and intrinsic (Klinkenberg-corrected) H₂ permeability of sample KS5 derived from cyclic injection tests. µ_{H₂} 

(20 °C) = 8.80 × 10⁻⁶ Pa·s. 
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Effective diffusivity. The effective H₂ hydraulic diffusivity (D_eff) was estimated from the 

Klinkenberg-corrected permeability using the standard pressure-pulse-decay relation for tight porous 

media (D_eff = K · P_mean / (μ · φ · τ); Hsieh et al., 1981; Cui et al., 2009), with φ_MIP = 1.22% 

and a tortuosity τ = 2-5 (typical range for compact salt rock). Results are presented in Table 6.  

  

 

 

 

 

 

Fig. 9. Pressure-time record for the seasonal H₂ injection cycle (2 h loading + 2 h unloading) on sample 

KS5. P₁ = upstream injection pressure; P₂ = downstream equilibrium pressure. The consistent ΔP~ 0.22 bar 

indicates limited gas penetration through the kainite-halite matrix. 

 

Fig. 10. Pressure-time record for the monthly H₂ injection cycles (12 cycles of 17 min loading + 17 min unloading) on sample KS5. 

The reproducible pressure response across successive cycles confirms that permeability remains stable under repeated loading. 

Table 6. Effective H2 hydraulic diffusivity estimates for sample KS5, derived from Klinkenberg-corrected permeability via the 

pressure-pulse-decay relation (Hsieh et al., 1981; Cui et al., 2009). Literature values for comparison." 
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At τ = 3 (intermediate estimate), D_eff derived from K_seasonal is 8.5 × 10⁻⁹ m²/s, consistent with 

published values for micro-fractured halite (Strauch et al., 2023) and approximately one order of 

magnitude above data for pure halite cores from China (Song et al., 2024). The higher diffusivity 

relative to pure halite is consistent with the mineralogical complexity of KS5 (65.2% kainite, 28.8% 

halite, 3.8% carnallite, 2.2% leonite), which introduces a more developed grain-boundary network 

and sub-nanometre pore connectivity. 

Under the Edinburgh test conditions (P_mean = 0.789 MPa), the Knudsen number is Kn ≈ 4.1 for the 

KS5 modal pores (~5 nm) and Kn~0.002 for macropores (≥10 µm). The pore system therefore 

operates under a bimodal transport regime: transition Knudsen-viscous flow in sub-nanometre pores, 

and purely viscous (Darcian) flow in macropores. Both mechanisms coexist in parallel across the 

pore-size distribution, and the effective diffusivity reflects their combined contribution. 

Following the cyclic injection test, sample KS5 was transferred to the static batch reactor for 

prolonged H₂ exposure under elevated pressure and temperature conditions, making it the only 

specimen in the dataset subjected to both dynamic and static hydrogen exposure. Post-exposure 

characterisation of this sample (hereafter KS5_batch) is reported alongside the other batch-reacted 

samples. 

 

3.2.2. Static batch reaction 

 

Three halite-dominated samples and the kainite-bearing sample KS5 were subjected to the static batch 

H₂ exposure protocol (10 MPa, 20 °C, 120 h) to evaluate potential mineralogical, geochemical and 

microstructural modifications induced by prolonged contact with hydrogen and brine. Post-exposure 

characterisation comprised MIP analysis on all seven batch-reacted samples, XRPD and SEM-EDS 

on selected specimens to assess mineral stability, and synchrotron µCT on sample KS5_batch to 

evaluate three-dimensional pore-structure evolution. Brine chemistry before and after the experiment 

was analysed for major cations and anions. Results are presented in the following subsections. 

 

3.3 Post-batch petrographic and microstructural evolution 

Post-treatment samples exhibit textural modifications relative to the pre-batch material, including 

changes in grain-boundary definition and fluid-inclusion distribution. Halite crystals exhibit blurred 

or indistinct boundaries, suggesting partial dissolution and reprecipitation, and fluid inclusions 

display increased connectivity (Fig. 11b). Indeed, although the samples retain a holocrystalline 

texture, halite crystals are subhedral and, in most cases, anhedral, locally, halite also forms 

cryptocrystalline aggregates (Fig. 11a) which are frequently associated with a clay phase or sulfate 

phases. The sulfates present, mostly anhydrite with subordinate amounts of polyhalite and kainite, 

appear locally reorganized, forming aggregates of elongated acicular or prismatic crystals along the 

boundaries or within domains of reprecipitated halite. Clay minerals are more widely dispersed along 

crystal contacts, suggesting partial mobilization during the cycles. Fluid inclusions and interstitial 

fluids also exhibit substantial textural differences compared to pre-batch samples. As shown in Figs. 

11b and 11d, these fluids are no longer confined to interstitial spaces but also penetrate crystal 

interiors, forming complex networks of irregularly shaped inclusions. Fluid inclusions are generally 

large, consistently irregular in shape, and display cubic morphologies. These observations indicate 

localised microstructural reorganisation relative to the pre-batch samples, consistent with the pore-

network modifications identified by µCT imaging and mercury intrusion porosimetry. 
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3.3.1 Kainite-bearing sample KS5 

Sample KS5_batch, like the other batch samples, does not show mineralogical differences compared 

to its pre-batch counterpart, but it exhibits distinctive textural features. Kainite remains the dominant 

phase. The overall texture is comparable to that of the pre-batch sample, with alternating layers of 

large and small crystals; however, crystal size varies significantly (max~308 µm; min~100 µm). This 

narrowing of the crystal-size range relative to the pre-exposure sample (83-402 µm) is attributed to 

natural intra-sample variability and possible recrystallisation effects rather than to a systematic 

hydrogen-induced modification. 

Kainite crystals exhibit blurred or indistinct boundaries, consistent with localised dissolution-

reprecipitation textures. Moreover, the abundance of microcrystals decreases, and traces of 

recrystallization are visible in the larger kainite crystals (Figs. 11c). Halite continues to be the most 

abundant secondary mineral. Clay material is consistently present, particularly at the halite-kainite 

interfaces (Fig. 11d). As in the other samples, the most significant differences concern the texture of 

fluid inclusions and interstitial fluids. Interstitial fluids are concentrated at the interfaces between 

kainite and halite, extending along irregular, chaotic planes within the kainite crystals (Figs. 11c, 11d), 

forming extensive subcircular to irregular bodies. Fluid inclusions in halite are also present, mainly 

concentrated along crystal boundaries, where they typically exhibit cubic, though occasionally 

irregular, morphologies. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11 Post-exposure thin-section micrographs (transmitted light). (a) RS4_batch sample: halite crystals of variable 

size display partially resorbed margins. (b) RS3_batch: highly saline interstitial fluids extending from grain 

boundaries into crystal interiors and extend fluid inclusion in halite. (c) KS5_batch: Kainite crystals of variable size; 

smaller crystals are less abundant and display partially resorbed margins. (d) KS5_batch: Highly saline interstitial 

fluids extending from grain boundaries into crystal interiors. 
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3.3.2 Chemical and mineralogical composition (SEM-EDS, XRPD, post injection test) 

Quantitative chemical analyzes for major, minor and trace elements confirm the mineralogical 

composition observed in the pre-batch samples, while revealing significant variability in the 

proportions of individual mineral phases at the quantitative level.  

The clay fraction is always present. For sample KS5 batch, quantitative chemical analyses indicate 

0.720% dolomite, 33.84% halite, 50.56% kainite, and 12.37% carnallite. Semi-quantitative X-ray 

powder diffraction analyses show that the RS_batch samples (RS3, RS4) are monomineralic, 

consisting of 100% halite, whereas KS5_batch is composed of 76.8% kainite and 23.2% halite. The 

discrepancy between analytical methods reflects the inherent compositional heterogeneity of the 

layered kainite-halite assemblage, combined with differences in sampling volume and analytical 

sensitivity. In particular, minor phases such as carnallite and leonite occur as spatially heterogeneous 

intergranular domains that may be over- or under-represented depending on the analytical technique 

and scale of measurement, rather than indicating hydrogen-induced mineralogical change. 

 

3.3.3 Post-exposure µCT analysis of sample KS5_batch 

Following cyclic hydrogen injection and withdrawal, sample KS5_batch was imaged by synchrotron 

µCT. The µCT-derived porosity of KS5_batch is substantially lower than that of RS1. Direct voxel 

counting in Avizo yields φ_CT = 0.057%; independent stereological point-counting returns a higher 

estimate of 0.106 ± 0.032% (95% CI), adopted as the reference value because it better captures partial-

volume voxels at pore margins. Of the 15 683 labelled objects, 933 exceed eight voxels, with a median 

equivalent diameter of 70 µm, a mean anisotropy of 0.85 (88% exceeding 0.7) and a mean flatness of 

0.41, indicating thin, planar, fracture-like features (Table 7). 

The spatial distribution of porosity along the vertical sample axis is markedly heterogeneous and 

defines three distinct zones (Fig. 12a). The uppermost portion (approximately the first 2.6 mm) 

concentrates the majority of fracture-like objects, with a mean porosity of 0.24%. The central portion 

is largely intact (φ~0.07%), and the lowermost portion is the most consolidated (φ~0.03%). The 

dominant structural feature is a single fracture at Z~271, with an equivalent diameter of 

approximately 440 µm and an aspect ratio of 14.3. Critically, no pore object traverses the sample 

continuously along the main flow axis, confirming the absence of a through-going axial pathway. The 

median diameter corresponds to ~3.2 voxels at the 22.0 µm voxel size and therefore lies just above 

the partial-volume resolution limit identified in §2.4.2; the volumetric distribution is, however, 

dominated by larger features, in particular the 440 µm transgranular fracture at Z ~ 271 (~20 voxels), 

which are fully resolved. 

Volumetric rendering of the segmented phases further reveals the crystalline fabric of the kainite-

halite matrix. Grain-boundary discontinuities are visible as dark linear features on the reconstructed 

surface, delineating euhedral to sub-euhedral crystal domains of variable attenuation (Fig. 12b). A 

dense accessory phase occupies approximately 1.3% of the sample volume and occurs preferentially 

along grain boundaries. 
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Table 7. Summary of µCT-derived pore-structure parameters for samples RS1 (pre-exposure) and KS5_batch (post-exposure). 

Objects filtered to ≥ 8 voxels. 

Fig.12. Three-dimensional µCT renderings of sample KS5_batch acquired at synchrotron after static H₂ exposure (10 MPa, 20 °C, 120 

h; voxel size 22 µm). (a) Segmented porosity (cyan) within the bounding box; pore objects align along a sub-vertical discontinuity 

traversing the core. (b) Volume rendering with density-mapped colour scale: halite (white-grey), kainite-carnallite matrix (orange to 

dark red-brown); a prominent fracture crosscuts the core (arrow). (c) Orthoslice with porosity overlay confirming pore localisation along 

the fracture trace. (d) Alternative view highlighting the halite-kainite contacts and the textural heterogeneity of the polyphase matrix. 

φ_µCT = 0.106%; combined with the sub-µCT MIP contribution (§3.3.6), the total porosity estimate is approximately 1.26%, of which 

the µCT-resolved component represents ~8%. 
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3.3.4 Porosity evolution after hydrogen exposure: pre- vs. post-batch MIP 

Post-batch MIP analyses were performed on three samples (RS3, RS4 and KS5) following the static 

hydrogen batch experiment (10 MPa, 20°C, 120 h). Comparative parameters are summarised in Table 

8 and illustrated in Figs. 13-15, with the pre- vs. post-batch PSD shown in Fig. 13. 

The dataset indicates a heterogeneous but internally coherent pattern of microstructural 

reorganisation. Three behavioural groups are identified on the basis of the combined evolution of Ø 

and TPS. 

 

  

 

 

 

 

   

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group A: Pore refinement (RS3) 

 

RS3 shows a decrease in Ø (3.11% → 1.85%; ΔØ = -1.26%) (Figs. 13-14), coupled with an increase 

in TPS (1.205 → 1.974 m²/g; +64%) and a reduction in modal pore diameter (~0.047 → ~0.026 μm). 

This combination, lower pore volume but higher surface area, indicates pore subdivision: larger pores 

are partially infilled or collapse, while finer pores develop at crystal contacts. The pre-batch PSD was 

Table 8. Pre- vs. post-batch MIP comparison. Ø = total porosity; TPS = total pore surface area. Pore class shift: redistribution 

among sub (<1 μm), micro (1-8 μm) and macroporosity (>8 μm) domains.  

Fig. 13. Sample-by-sample comparison of pre-batch (solid blue line) and post-batch (dashed orange line) pore size distributions 

for RS samples with batch counterparts. RS3 displays pore refinement (Group C: modal shift to finer diameters). RS4 is subject to 

intra-core variability caveats (Group D). 
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macropore-dominated (modal D = 19.11 μm), making the sample particularly sensitive to pore 

reorganisation during brine redistribution. 

 

Group B: Intra-core variability (RS4) 

 

RS4 exhibits a decrease in Ø from 4.66% (pre-batch aliquot) to 2.93% post-batch (ΔØ = -1.73%), 

accompanied by a moderate TPS reduction (2.327 → 1.859 m²/g; -20%) and a shift in modal pore 

diameter toward sub-porosity. However, pre- and post-batch analyses were conducted on different 

core portions, and the observed ΔØ likely reflects natural heterogeneity rather than a hydrogen-

induced effect. This is consistent with µCT observations showing isolated sub-circular pores (60-200 

μm) and partially sealed microfractures within an otherwise homogeneous halite matrix. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group C: Quasi-stable response (KS5) 

The kainite-bearing sample KS5 shows the smallest absolute variation in total porosity (1.22% → 

1.27%; ΔØ = +0.05%) and a significant TPS decrease (1.906 → 1.234 m²/g; ΔTPS = -35%). PSD 

analysis indicates a reduction in macro- and microporosity and a concurrent increase in sub-porosity 

(Fig. 15). This redistribution of porosity toward finer pore classes (<1 μm), at near-constant total 

porosity, is consistent with recrystallisation at kainite grain boundaries under static hydrogen pressure 

and with the development of sub-micrometric pores at crystal defects, in line with observations by 

Du et al. (2023) for halite under confinement. MIP-derived bulk-density values are not used in this 

Fig.14. Pore size distribution of post-batch halite-dominated samples after static hydrogen exposure (10 MPa, 20°C, 120 h). 

Comparison with Fig. 13 reveals a general attenuation of individual PSD peaks, indicative of pore network homogenization.  
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comparison: as they are obtained from the mercury-envelope volume of the individual fragment 

analysed, they are sensitive to fragment geometry and loaded mass and do not provide a reliable 

measure of pre- versus post-exposure densification. It should also be noted that KS5 was subjected 

to a dynamic injection test, so its response reflects combined chemical and mechanical effects; direct 

comparison with RS samples is therefore limited. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.5 Geochemical modelling (PHREEQC) 

 

Thermodynamic equilibrium and kinetic simulations were performed using PHREEQC v.3.8.6 

(Parkhurst and Appelo, 2013) to assess the stability of halite-kainite mineral assemblages in the 

presence of hydrogen and brine under conditions representative of subsurface storage caverns (90 °C, 

8.9 MPa). These differ from the laboratory conditions (20 °C, 10 MPa) and were selected to reflect 

deeper subsurface environments. Input parameters and full outputs are provided in Supplementary 

Material S10. 

 

Halite-brine-H₂ static system 

 

A simplified equilibrium model including halite (NaCl), hydrogen gas and saturated brine shows that 

halite remains stable (SI = -0.0044), confirming brine saturation. No dissolution or precipitation 

Fig.15 Post-batch PSD of sample KS5_batch (kainite-bearing; 10 MPa H₂, 20 °C, 120 h). The distribution is strongly 

dominated by sub-porosity (D < 1 µm), with a modal pore-throat diameter of approximately 5.5 nm and secondary peaks 

in the 0.02-0.05 µm range. A subordinate macroporosity component (D > 8 µm) is present but volumetrically minor. 

Background shading indicates the three pore-size domains after Chen et al. (2018). Total post-batch porosity is 1.27%, 

virtually unchanged from the pre-exposure value (1.22%). 



32 

 

occurs. Hydrogen solubility is negligible (2.07 × 10⁻⁷ mol/kgw), with mildly reducing conditions (Eh 

= -0.371 V) and stable pH (6.3). No redox reactions or secondary mineral formation are observed. 

Overall, the system shows no significant geochemical evolution under static conditions. 

 

Halite-kainite-brine-H₂ static system 

 

Including kainite (KMgClSO₄·2.75H₂O) does not significantly alter system behaviour. Halite and 

kainite remain near equilibrium (SI = 0.00 and –0.014), hydrogen solubility remains extremely low 

(1.42 × 10⁻⁷ mol/kgw), and redox and pH conditions are unchanged. Minor kainite dissolution 

releases Mg²⁺ and SO₄²⁻, but no secondary minerals form. The system remains chemically stable. 

 

Time-dependent evolution over one month 

 

Kinetic modelling over 2.6 × 10⁶ s confirms negligible mineral dissolution and stable fluid 

composition. Major ion concentrations remain constant, no new phases precipitate, and aqueous 

hydrogen remains unchanged (~1.40 × 10⁻⁷ mol/kgw). pH and Eh are stable, indicating no redox 

evolution (Supplementary Material S10, Table S5). 

Overall, the simulations demonstrate that, over a one-month time frame, no detectable mineralogical 

or geochemical evolution occurs under the modelled storage conditions, and hydrogen remains 

geochemically inert in contact with both halite and kainite assemblages. 

 

3.3.6 Multi-scale pore characterisation: µCT, MIP and mineralogical integration 

 

µCT and MIP provide complementary views of the pore system. µCT resolves pores and fractures 

above the voxel size (22-31 µm), whereas MIP captures the connected pore-throat distribution down 

to ~4 nm but lacks spatial resolution. Integrating both datasets with petrographic and mineralogical 

observations allows a more complete characterisation of porosity and connectivity. 

RS1 (pure halite). MIP yields a total connected porosity of 3.986% (Table 4), with a modal pore-

throat diameter of 13.8 µm and a median of 0.068 µm. The µCT-derived porosity is 2.13%. The two 

techniques probe complementary aspects of the pore network across overlapping but distinct size 

domains: at the RS1 voxel size of 30.98 µm, µCT reliably resolves features above ~93 µm (3 voxels, 

accounting for partial-volume effects), whereas MIP records throats from ~4 nm up to ~300 µm. The 

MIP cumulative pore-size distribution shows that only 0.246% out of 3.986% total porosity is 

associated with throats ≥ 93 µm, meaning that 3.74% of the porosity is associated with throats finer 

than the µCT resolution. A more rigorous estimate of total porosity is therefore obtained by combining 

the µCT-visible porosity with the sub-µCT MIP contribution: φ_total ~ φ_µCT + φ_MIP (D < 93 µm) 

~ 2.13% + 3.74% = 5.87%. This represents a lower-bound estimate of total porosity, as it does not 

account for disconnected porosity below the µCT resolution (inaccessible to mercury); the 

construction of the additive scheme, combining φ_µCT with the strictly sub-µCT MIP fraction (D < 

93 µm), excludes by definition any overlap in the throat-size domain between the two techniques. 

The relative weight of the two terms captures the dual architecture of RS1: a µCT-resolved fracture 

network at grain boundaries (78.8% of segmented pore volume; mean anisotropy 0.86) coexists with 

a finer, MIP-accessible throat system dominated by sub-micrometre features (median throat diameter 

0.068 µm). Thin-section observations confirm abundant fluid inclusions and intergranular brine along 

halite grain boundaries, consistent with the unresolved nano-scale fraction. Anhydrite (3.8% by 
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XRPD), observed as acicular aggregates, shows no clear spatial correlation with the pore network 

and appears mechanically passive (Supplementary Material S5, Fig. S4). 

KS5_batch (kainite-halite). MIP yields a total connected porosity of 1.22%, with a modal pore-throat 

diameter of 5.5 nm and dominance of sub-micrometre throats (58%). The µCT-derived porosity 

(0.106%) is an order of magnitude smaller. At the 22.0 µm voxel size, µCT resolves features above 

~66 µm (3 voxels); the MIP cumulative distribution shows that only 0.064% of porosity is associated 

with throats ≥ 66 µm, meaning that more than 94% of connected porosity resides below the µCT 

resolution limit. Combining the µCT-visible porosity with the sub-µCT MIP contribution yields a 

total porosity estimate of φ_total ~ φ_µCT + φ_MIP(D < 66 µm) ~ 0.106% + 1.15% = 1.26%, with 

the µCT-resolved component representing only ~8% of total porosity. The pore system is therefore 

dominated by grain-boundary films and crystal defects at the nanometre scale, with localised µCT-

visible features corresponding to fracture-like discontinuities within mechanically weaker zones. 

Petrography confirms a layered kainite-halite fabric with intergranular brine and complex mineral 

interfaces (including carnallite and leonite). This mineralogical heterogeneity promotes a finer and 

more complex pore network compared to halite-dominated samples. 

Post-exposure MIP data show negligible change in total porosity (1.22% → 1.27%), but a decrease 

in median pore size (1.71 → 0.57 µm) and TPS (-35%). These trends indicate selective closure of 

intermediate pores (1-8 µm) with preservation of fine-scale porosity below µCT resolution. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

4. Discussion 

4.1. Mineralogical and microstructural controls on pore architecture 

The multi-scale characterisation demonstrates a strong mineralogical control in the Realmonte 

evaporites, particularly within the halite-kainite layering. This control is evident across the entire 

analytical range, from micro-CT imaging to the nanometre-scale pore throats resolved by MIP.  

In the pure halite sample (RS1), micro-CT imaging shows that 78.8% of the segmented pore volume 

occurs within a single connected fracture network aligned along grain boundaries (Fig. 6). The pore 

population is dominated by highly anisotropic planar objects, consistent with sub-planar fractures 

propagating along halite contacts. As detailed in §3.3.6, the two techniques resolve complementary 

domains of the pore network: µCT captures the connected fracture system above its resolution limit, 

while MIP additionally accesses the sub-resolution throat population dominated by submicrometre 

Table 9.  MIP-derived porosity parameters before and after H₂ exposure. Since RS1 was not subjected to batch reaction, RS3_batch, a 

compositionally equivalent halite-dominated sample, is used as proxy for post-exposure comparison. TPS = total pore surface area. 
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features. The combined estimate shows that the µCT-resolved fracture network accounts for only a 

third of the total porosity, the remaining two-thirds residing in the unresolved grain-boundary domain 

documented petrographically. This dual partitioning is fundamental for the transport interpretation: 

while the connected fracture network defines the µCT-visible pathways, the sub-resolution throat 

system controls the effective gas transport regime (see §4.3). Petrography shows two-phase fluid 

inclusions and intergranular brine along grain boundaries, indicating that the fracture network is 

sustained by residual fluids at crystal contacts, consistent with brine-assisted deformation in halite 

(e.g. Urai et al., 1986; Desbois et al., 2012). 

The kainite-bearing sample KS5_batch exhibits a fundamentally different pore architecture. As 

detailed in §3.3.6, the combined µCT + MIP analysis yields a total porosity estimate of approximately 

1.26%, of which the µCT-resolved component represents only ~8%. More than 94% of the connected 

porosity resides below the µCT resolution limit, with throats dominated by sub-micrometre features 

(modal diameter 5.5 nm). Micro-CT reveals vertical heterogeneity, with porosity decreasing from 

0.24% in the upper portion of the sample to 0.03% at its base. The decrease in the µCT-resolved 

fraction (φ_µCT/φ_total ~ 0.08 in KS5 versus 0.36 in RS1) reflects a systematic shift toward finer, 

grain-boundary-controlled pore systems with increasing mineralogical complexity. Petrographic data 

indicate microstructural modification at the crystal scale. In pre-exposure samples, kainite crystals 

range from 83 to 402 µm, whereas post-exposure crystals range from 100 to 308 µm. This narrowing 

of the crystal-size distribution is consistent with recrystallisation driven by pressure-solution 

processes and brine redistribution during pressurised hydrogen exposure conditions. 

 

4.2. Geochemical stability of halite and kainite under hydrogen exposure 

Mineralogical, geochemical and thermodynamic evidence indicates that neither halite nor kainite 

undergoes measurable reactions with molecular hydrogen under the experimental conditions tested 

(10 MPa H2, 120 h, ambient temperature), within the resolution of the applied methods. XRPD 

patterns of post-batch samples are indistinguishable from those of the original material, ICP-OES 

elemental balances show only minor variations attributable to natural heterogeneity, and no 

dissolution-precipitation of new phases is observed. PHREEQC simulations confirm that hydrogen 

remains essentially inert in the highly saline brines characteristic of the Realmonte evaporites: halite 

and kainite saturation indices remain near equilibrium and redox conditions are only minimally 

affected by dissolved H₂. 

These results align with previous studies. No mineralogical alteration has been reported in halite or 

anhydrite exposed to hydrogen at elevated pressure and temperature (Fatah et al., 2024), only minor 

recrystallisation in rock salt (Kovács et al., 2025), and no abiotic redox reactions in Zechstein halite 

(Emmel et al., 2025). Hydrogen loss in impure salts is also predicted to be minimal over long 

timescales (Yuan et al., 2025a, b). While no mineralogical or chemical reactions are detected, 

petrographic and porosimetric data indicate localised dissolution-reprecipitation processes mediated 

by brine redistribution, suggesting that hydrogen exposure may indirectly influence microstructural 

evolution through fluid mobilisation rather than direct mineral-gas reactions. 

This study extends those findings to kainite-bearing systems. Kainite, a hydrated sulphate-chloride 

double salt with a monoclinic structure, differs fundamentally from halite and cannot be assumed to 

behave similarly. Here, it remains stable under hydrogen exposure, with no evidence of dissolution, 

dehydration or phase transformation. This fills a key gap in the experimental database. 

This stability has direct implications for storage: chemically inert wall rock minimises both gas 

contamination and mechanical weakening. Although kainite remained geochemically stable in the 
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intact rock matrix under the tested conditions, its behaviour during the solution-mining phase 

warrants consideration. Kainite dissolution during cavern creation would release Mg²⁺, SO₄²⁻ and K⁺ 

into the sump brine, providing substrates for potential microbial sulphate reduction even in the 

absence of discrete sulphate interbeds (Hemme and van Berk, 2018; Dopffel et al., 2021; Minougou 

et al., 2024). In the intact wall rock, however, the common-ion effect (Cl⁻ shared between halite and 

kainite) and the low permeability of the interlocking kainite-halite matrix effectively suppress kainite 

dissolution, consistent with the near-equilibrium saturation index returned by PHREEQC modelling 

(SI = -0.014). The geochemical consequences of sulphate supply from kainite for long-term gas purity 

were not addressed in the present abiotic experiments and require investigation under biotic 

conditions. Diffusive transport modelling of H2S generation at the gas-brine interface (Minougou et 

al., 2024) suggests that microbial sulphate reduction can become significant over operational time 

scales when sulphate availability and microbial activity coincide, an important consideration for 

kainite-bearing storage formations. 

 

4.3. Pore network reorganisation and permeability behaviour under hydrogen cycling 

Pre- and post-batch MIP data shows that exposure under pressurised hydrogen conditions modifies 

the pore size distribution, while leaving bulk porosity largely unchanged. Petrography suggests a 

mechanism consistent with brine redistribution. Under pressure, interstitial brines migrate along grain 

boundaries and into crystals, consistent with local dissolution. During pressure release, 

supersaturation leads to halite reprecipitation, often as cryptocrystalline aggregates that partially 

obscure original grain boundaries. This dissolution-reprecipitation cycle redistributes pore space and 

provides a plausible explanation for the observed pore network evolution. The absence of any 

mineralogical or geochemical difference between pre- and post-exposure samples, documented by 

XRPD, ICP-OES and SEM-EDS, indicates that the observed microstructural reorganisation is 

primarily driven by pressure-mediated brine redistribution rather than by chemical interactions 

specific to molecular hydrogen. Hydrogen itself does not cause mineral reactions under the tested 

conditions; the injection pressure mobilises interstitial fluids and triggers localised dissolution-

reprecipitation, with cycling enhancing the effect through transient grain-boundary dilation and 

viscoplastic recovery. 

In the kainite-bearing sample KS5, the response differs markedly. Bulk porosity remains nearly 

constant (1.22-1.27%), and the modal pore diameter remains ~5 nm, but the median pore diameter 

decreases from 1.71 µm to 0.57 µm. Total pore surface area decreases by 35% (1.91 → 1.23 m² g⁻¹). 

These changes indicate selective closure of intermediate-sized pores (1-8 µm) accompanied by 

preservation of the finest grain-boundary porosity. Mechanically, this behaviour reflects creep-driven 

reorganisation of the grain-boundary network under confining pressure, consistent with the well-

known self-healing capacity of rock salt. 

Hydrogen injection experiments provide direct constraints on permeability. Under seasonal cycling 

conditions permeability is K = 3.48 × 10⁻²¹ m², increasing to K = 2.46 × 10⁻²⁰ m² during rapid monthly 

cycling. Both values fall within or slightly above the range reported for intact rock salt and remain 

several orders of magnitude below the permeability threshold proposed to limit hydrogen losses 

below 1%. The ~7-fold increase during rapid cycling reflects the balance between transient damage 

(grain-boundary dilation) and viscoplastic healing. Short loading intervals temporarily enhance 

permeability, but creep rapidly restores sealing capacity. The presence of kainite may locally increase 

stress concentrations, explaining slightly higher permeability relative to halite-dominated samples 
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(RS-series) without compromising overall sealing behaviour. The absence of a through-going 

pathway at the µCT scale indicates that flow is controlled by sub-resolution grain-boundary networks, 

consistent with the low but measurable permeability derived from pressure-decay analysis. 

4.4. Implications for underground hydrogen storage in heterogeneous Messinian formations 

The combined datasets, from micro-CT imaging, MIP analysis, batch reaction experiments, 

thermodynamic modelling and cyclic injection provide a consistent assessment of the Realmonte 

evaporites as hydrogen storage hosts. 

First, both halite and kainite remain geochemically stable under hydrogen exposure. No mineral-gas 

reactions are detected, within the resolution of the applied methods under reservoir conditions, and 

thermodynamic modelling suggests that this stability may persist across a range of conditions. This 

is particularly significant for kainite, given its hydrated sulphate-chloride structure.  

Second, permeability measurements on the kainite-bearing lithology (3.48 × 10⁻²¹ to 2.46 × 10⁻²⁰ m²) 

indicate sealing properties comparable to those of halite-dominated rock salt reported in the literature 

even under cyclic loading conditions representative of hydrogen storage operations. Synchrotron 

micro-CT imaging of the post-injection KS5 sample further confirms that hydrogen-induced 

microstructural modifications remain spatially confined and do not generate connected pathways. 

Third, kainite-bearing evaporites are characterised by low porosity (<1.5%) and low total pore surface 

area, indicating a compact, poorly connected pore system. These properties suggests that KS5 is 

representative of the lithology rather than anomalously tight. Demonstrating stability, low 

permeability and nanometre-scale porosity without macroscopic connectivity extends the range of 

evaporite formations suitable for hydrogen storage. Halite-dominated samples provide the reference 

framework against which the kainite-bearing system can be evaluated. 

Several limitations remain. Experiments were abiotic and do not address microbial sulphate reduction 

(cf. §4.2); systematic biotic experiments under realistic temperature and salinity conditions are a 

priority for future studies. The cyclic hydrogen injection test was performed on a single representative 

kainite-bearing sample (KS5). Although no evidence of geochemical reactivity was observed, further 

tests on additional samples are required to robustly constrain the variability of the kainite-bearing 

lithology in the mine. X-ray CT cannot resolve the nanometre-scale porosity controlling transport in 

kainite-bearing samples; higher-resolution techniques (e.g. cryo-FIB-SEM) are required. Finally, 

long-term creep behaviour under cyclic loading at in situ temperatures remains to be quantified. 

Despite the above limitations the integration of mineralogical, petrophysical and experimental 

datasets provides a consistent framework for evaluating the behaviour of kainite-bearing evaporites 

under hydrogen exposure. As observed on other impure halite samples (Fatah et al. 2024, Kovács et 

al. 2025 and Emmel et al. 2025) across all analyses, no measurable mineral-gas reactions are detected 

within the resolution of the applied methods, indicating geochemical stability of both halite and 

kainite under the tested abiotic conditions. However, microstructural and porosimetric data reveal 

localised pore-network reorganisation consistent with brine redistribution and dissolution-

reprecipitation processes at grain boundaries. These observations indicate that system behaviour is 

governed primarily by fluid-mediated processes under pressure, rather than by direct hydrogen-

mineral interactions. The combined µCT and MIP datasets further demonstrate that pore connectivity 

is dominated by sub-resolution grain-boundary networks, reconciling the absence of through-going 

pathways at the imaging scale with the low but measurable permeability observed during cyclic 

injection tests. Taken together, these results provide the first experimental evidence supporting the 

suitability of heterogeneous Messinian evaporites, including kainite-bearing units, as potential host 
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formations for underground hydrogen storage, while highlighting the importance of multi-technique 

characterisation in resolving their transport behaviour. 

 

 

5. Conclusions 

This study presents the first integrated, multi-scale characterisation of Messinian evaporites from the 

Realmonte Mine (Sicily) in the context of underground hydrogen storage. By combining µCT 

imaging, mercury intrusion porosimetry, X-ray powder diffraction, petrography, whole-rock and 

trace-element geochemistry, batch experiments under H₂ pressure, PHREEQC modelling, and cyclic 

injection tests, it systematically evaluates the mineralogical, geochemical, microstructural and 

petrophysical behaviour of a heterogeneous halite-kainite succession.  

The main conclusions are: 

•  Halite and kainite exhibit geochemical stability under the tested abiotic hydrogen exposure 

conditions. Batch experiments (10 MPa H₂, 120 h) show no mineralogical alteration, no 

secondary phase formation, and no significant changes in bulk composition. PHREEQC 

modelling indicates that both minerals remain near equilibrium across realistic brine 

compositions and hydrogen pressures, with negligible redox effects. These results are 

consistent with previous studies on rock salt and extend them to kainite, for which no prior H₂ 

interaction data existed. 

•  Exposure under pressurised hydrogen conditions induces physical reorganisation of the pore 

network rather than chemical transformation. Post-batch MIP data show systematic shifts in 

pore-size distributions. In RS3, the pre-batch pore-size distribution was macropore-dominated 

(modal D = 19.1 µm) and shifts post-batch toward sub-porosity (modal D ~0.026 µm), with a 

concurrent reduction in total porosity (3.11% → 1.85%), indicating redistribution toward finer 

pore throats. In KS5_batch, intermediate pores (1-8 µm) close selectively while nanometre-

scale porosity is preserved; total pore surface area decreases by 35% (1.91 → 1.23 m² g⁻¹), 

consistent with creep-driven reorganisation of the grain-boundary network.  

Petrography confirms that these changes result from pressure-driven brine redistribution and 

recrystallisation, not from H2- mineral reactions. 

•  The kainite-halite assemblage maintains very low permeability under cyclic hydrogen 

injection. Permeability values of 3.48 × 10⁻²¹ m² (seasonal cycling) and 2.46 × 10⁻²⁰ m² 

(monthly cycling) fall within or slightly above the range for intact rock salt and remain several 

orders of magnitude below thresholds for significant gas loss. The ~7-fold increase under 

rapid cycling reflects transient grain-boundary dilation during frequent pressure changes, 

followed by viscoplastic healing. Synchrotron µCT confirms that microstructural 

modifications remain localised and do not generate connected flow pathways. 

•  Heterogeneous Messinian evaporites, including kainite-bearing units, provide a viable host 

lithology for underground hydrogen storage. This study provides the first experimental 

constraints on kainite in a storage context, addressing a major gap in the literature. Despite its 

distinct mineralogy, kainite does not appear to introduce substantially different behaviour 

relative to halite: it remains chemically stable, hosts a tight nanometre-scale pore system, and 

does not develop macroscopic connectivity under hydrogen cycling. Given that the Realmonte 

Messinian succession contains kainite interbeds up to 18 m thick, these results provide the 
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first experimental evidence that heterogeneous Messinian evaporites, including kainite-

bearing units, can be considered as potential host formations for underground hydrogen 

storage. 
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Supplementary Materials 

This document provides supplementary data, figures and tables supporting the main text. Sections are 

numbered S1- S10 and cross-referenced from the corresponding main-text sections. 
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S1. Micro-CT segmentation parameters 

Table S1 summarises the grey-value thresholds and phase-assignment criteria adopted for each of the 

two micro-CT volumes. Because mineralogical composition and histogram morphology differ among 

samples, segmentation schemes were tailored individually. For RS1, a single pore-threshold range 

captures the air and brine phases against a uniform halite matrix. For KS5_batch, the pore-threshold 

upper limit was defined statistically as µ-3σ of the matrix grey-value distribution (28500 GV), 

corresponding to the lower 0.15th percentile of the matrix population, thereby minimising false-

positive pore assignments from partial-volume effects at grain boundaries. 

Parameter RS1 (lab µCT) KS5_batch (synchrotron) 

Source / Instrument Zeiss Xradia 520 Versa DLS beamline I13-2 

Voxel size (µm) 30.98 22.0 

Bit depth 16-bit unsigned 16-bit unsigned 

Total GV range 0-65528 0-65528 

Segmentation thresholds 

Pore segmentation range (GV) 18000-28000 < 28500 

   Histogram peak: pores/brine GV ~ 21 000 No discrete peak (unimodal 

matrix) 

   Threshold selection criterion Valley between background and 

halite peaks; iterative visual 

assessment on ortho slice 

overlays 

µ − 3σ of matrix GV distribution 

(0.15th percentile) 

Background + air (GV) 0~11000 Included in pore range (< 28500) 

Brine + partial-volume (GV) ~11000-18000 Included in pore range (< 28500) 

Matrix (GV) Halite: ~35000-55000 Kainite: ~28500-45000 Halite: 

~4500-60000 

   Histogram peak: matrix GV ~ 39000 (halite) Single composite peak (kainite + 

halite; ρ ~ 2.13-2.16 g cm⁻³) 

Dense accessory phases (GV) Anhydrite: ~55000-65528 Carnallite/anhydrite: > 60000 

   Histogram peak: dense phases GV ~ 64000 Minor shoulder at GV > 60000 

Object size thresholds 

Minimum object size retained 8 voxels (~ 2.38 × 10⁵ µm³) 8 voxels (~ 8.53 × 10⁴ µm³) 

Visualisation filter (figures only) 100 voxels (~ 2.97 × 10⁶ µm³) — 

φ_CT 2.13% 0.057% (Avizo) / 0.106% 

(stereological) 

  

 

 

 

 

 

 

 

 

 

 

Table S1. Grey-value segmentation thresholds for micro-CT volumes. GV = grey value (16-bit unsigned). PVE = partial-volume 

effect. — = not applicable. For RS1, the pore segmentation range (18 000-28 000 GV) captures both air-filled and brine-filled 

porosity indiscriminately; the grey-value histogram exhibits no resolvable minimum separating the two fluid populations (see Fig. 

S4). For KS5_batch, the pore-threshold upper limit (28 500 GV) was defined statistically as µ − 3σ of the matrix grey-value 

distribution, corresponding to the lower 0.15th percentile, minimising false-positive pore assignments from partial-volume effects 

at grain boundaries. The kainite and halite matrix phases form a single composite histogram peak owing to their near-identical 

densities (ρ_kainite = 2.13 g cm⁻³; ρ_halite = 2.16 g cm⁻³). The visualisation filter (100 voxels) applied to RS1 was used exclusively 

for publication figures; all quantitative measurements were derived from the unfiltered segmentation (≥ 8 voxels). 
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S2. Label Analysis shape-descriptor statistics 

 

Table S2 presents the full shape-descriptor statistics from the Avizo Label Analysis for each sample, 

filtered to objects of eight or more voxels. Anisotropy, elongation and flatness are computed from the 

eigenvalues of the inertia tensor of each labelled object. 

 

 

Descriptor RS1 (n = 1,989) KS5-B (n = 933) 

Mean equiv. diameter (µm) 187.7 81.2 

Median equiv. diameter (µm) 151.3 70.2 

Mean anisotropy 0.855 0.849 

Mean elongation 0.372 — 

Mean flatness 0.326 0.410 

High-anisotropy objects (>0.7) 82.0% 88.3% 

Largest object (% pore vol.) 78.8% 8.2% 

Border-touching objects 9.2% 5.7% 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S2. Shape-descriptor statistics (objects ≥ 8 voxels). Referenced in Section 3 (Results). 
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S3. CT-MIP scale-bridging analysis 

The ratio φ_CT/φ_MIP quantifies the fraction of total connected porosity resolved by micro-CT 

imaging. For RS1, the ratio is 0.53, indicating that approximately half of the pore volume consists of 

openings wider than 31 µm. For KS5-B, the ratio drops to 0.09, confirming that more than 90% of 

the pore volume in the kainite-halite assemblage is sub-resolution, even at synchrotron resolution (22 

µm). These ratios underscore the complementarity of the two techniques and demonstrate that 

reliance on micro-CT alone would severely underestimate the total pore volume of these evaporitic 

lithologies. 

Figure S1 illustrates the detection ranges of the two characterisation techniques employed in this 

study and locates the modal pore diameters and CT-derived porosity values of each sample within 

these ranges. Figure S2 presents the detailed MIP cumulative porosity curve, pore-size distribution 

and CT-detectability partition for sample RS1. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Porosity detection ranges of the three characterisation techniques employed in this study. Horizontal bars indicate 

the pore-diameter window accessible to each method: mercury intrusion porosimetry (MIP, 3 nm – 300 µm), laboratory micro-

CT (voxel size 31–34 µm) and synchrotron micro-CT (voxel size 22 µm). Symbols mark the modal MIP pore diameter and 

CT-derived median equivalent diameter for each sample. The φ_CT/φ_MIP ratios (0.53, 0.50, 0.09) quantify the fraction of 

total porosity resolved by CT imaging. The shaded area denotes the overlap zone where both MIP and CT provide 

complementary constraints. Referenced in Section 4.1 (Discussion). 
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S4. Synchrotron micro-CT acquisition and phase segmentation (KS5) 
 

Sample KS5_batch was imaged at the Diamond Light Source (UK) on beamline I13-2, using a 

parallel monochromatic beam at 105 kV, 172 µA, with a 0.5 mm Cu filter and 3 142 projections over 

180° rotation. The reconstructed volume comprises 499 slices of 500 × 500 pixels at a voxel size of 

22 µm (field of view 11.0 × 11.0 × 11.0 mm). The acquisition quality was assessed as excellent 

(SNR=16:1, no beam hardening detected, slice-to-slice consistency σ mean) = 5.3 GV, <0.1%). 

Phase segmentation was performed on the 16-bit grey-value histogram. The dominant peak 

corresponds to the kainite + halite matrix (density 2.13-2.16 g cm⁻³), which forms a single composite 

population owing to the near-identical densities of the two mineral phases. Pores and fractures were 

segmented at GV < 28500, a threshold defined statistically as µ − 3σ of the matrix grey-value 

distribution (see Table S1). A minor dense phase (GV > 60000) was attributed to anhydrite and 

silicate inclusions. The resulting CT-derived porosity is 0.057% (Avizo label analysis, 933 objects ≥ 

8 voxels), validated independently by stereological point-counting on 30 distributed cross-sections 

(φ=0.106%) and by three-dimensional connected-component analysis on a representative sub-volume 

(φ=0.069%) (see Section 3.3.3 for interpretation). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. MIP analysis and CT detectability assessment for sample RS1. Left: cumulative porosity curve (φ_MIP = 3.99%). 

Centre: pore-size distribution (dV/dlogD) with modal pore diameter at 13.79 µm; the CT voxel size (30.98 µm, red dashed 

line) separates the CT-detectable (pink shading) from the sub-voxel fraction. Right: porosity partition showing that 78.4% of 

the MIP-measured pore volume resides below CT resolution. Referenced in Section 3 (Results). 

Figure S3a. Synchrotron micro-CT greyscale slices (047, 089, 109/499) and mineral phase overlay of sample KS5_batch. 

Acquisition: Diamond Light Source, 105 kV, 22 µm voxel, 499 slices. Phase segmentation: cyan = pores/fractures (<30000 

GV), orange = dense phase (>40500 GV), white = kainite-halite matrix. 
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S5. Grey-value distribution and fluid-phase discrimination limitations in sample RS1 

The grey-value distribution of the RS1 masked volume was examined in detail to evaluate whether 

air-filled and brine-filled pore populations could be discriminated on the basis of X-ray attenuation 

contrast. The full histogram (Fig. S4a) displays four identifiable populations corresponding to 

background and air (GV~ 0), an intermediate-density pore and brine population (GV~21000), the 

halite matrix (GV~39000), and anhydrite plus dense accessory phases (GV~64000). The pore 

segmentation was performed using an Interactive Thresholding range of 18000-28000 GV, selected 

to capture the full intermediate-attenuation population between the background and the halite peak 

(Saxena et al., 2019a-b; Reedy et al., 2022). 

Inspection of the 5000-35000 GV range (Fig. S4b) reveals a continuous distribution with no 

resolvable local minimum between the air-filled pore tail and the brine-filled pore shoulder. This 

absence of bimodal separation reflects three compounding effects: (i) partial-volume averaging, 

whereby voxels at pore-matrix interfaces contain sub-voxel mixtures of solid, air and brine producing 

intermediate grey values; (ii) the presence of thin brine films at grain boundaries (Urai et al., 1986; 

Desbois et al., 2012) that occupy a fraction of the voxel volume without forming discrete resolvable 

peaks; and (iii) the limited attenuation contrast between air and NaCl-saturated brine at the 

polychromatic X-ray energies of the Zeiss Xradia 520 Versa source. Differential imaging approaches 

Figure S3b. Porosity detail maps (segmented at <30000 GV) for three representative slices, showing the spatial distribution and 

progressive decrease of CT-visible porosity with depth (0.476% → 0.375%). The GV statistics bar chart confirms consistent 

mean grey values (~37000 GV) across slices. 

Figure S3c. 16-bit CT intensity distribution by mineral phase for sample KS5_batch (3 slices combined, 750000 pixels). The 

dominant peak at ~36800 GV corresponds to the kainite + halite + leonite matrix. The pore tail (<30000 GV) accounts for 0.44% 

of the volume. Density calibration markers are indicated along the x-axis. Referenced in Section 3 (Results). 
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using high-salinity contrast brines (e.g. Lin et al., 2016) or higher-resolution synchrotron imaging 

would be required to achieve a quantitative fluid-phase separation. Consequently, the CT-derived 

porosity (φ_CT = 2.13%) reported for RS1 represents total porosity, encompassing both air-filled and 

brine-filled pore space, and should be interpreted accordingly when compared with MIP-derived 

values (see Section 4.1). 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S4 Grey-value histogram of sample RS1 (masked volume, 318 slices, voxel size 30.98 µm). Vertical axis in logarithmic scale. 

(a) Full histogram (0-65528 GV) showing four principal populations: background and air-filled pores (GV~0), pores and brine 

(GV~21000), halite matrix (GV~39000), and anhydrite plus dense accessory phases (GV~64000). The pink-shaded area marks the 

Interactive Thresholding (IT) segmentation range (18000-28000 GV) applied for pore-space extraction. (b) Detail of the 5000-35000 

GV range, showing the continuous, monotonically varying distribution between the air-filled pore population and the halite matrix 

peak. No discrete local minimum separates the air-filled and brine-filled pore populations, precluding fluid-phase discrimination by 

single-scan grey-value thresholding at the current voxel resolution. 
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S6. Spatial distribution of segmented porosity in sample RS1 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. Spatial distribution of segmented porosity across the full RS1 µCT volume (318 slices; voxel size 30.98 µm). 

Each panel shows the complete 3D segmented pore network (blue; unfiltered, all objects ≥ 8 voxels) intersected by a single 

ortho slice (greyscale) at different positions along the vertical (Z) axis: (a) slice 23, (b) slice 77, (c) slice 270, (d) slice 293, 

(e) slice 307. The greyscale background displays the original reconstructed attenuation data, where dark features correspond 

to low-density domains (pores, fractures and grain-boundary fluids). The spatial correspondence between blue segmented 

objects and dark features in the ortho slices confirms the fidelity of the Interactive Thresholding segmentation (IT range 

18000-28000 GV). Porosity is heterogeneously distributed: sub-planar fractures concentrated along grain boundaries are 

more prominent in the upper and lower portions of the sample, while the central region exhibits comparatively fewer CT-

resolvable features. Blue phase represents total CT-derived porosity (air-filled + brine-filled pore space). 
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S7. Supplementary petrography 

S7.1. Pre-exposure thin sections 

Figures S6-S15 present transmitted-light and SEM-BSE micrographs of samples not illustrated in the main 

text, documenting the full range of textural and mineralogical features observed in the Realmonte evaporite 

suite prior to hydrogen exposure. These include: euhedral anhydrite inclusions (RS4, RS14), fibro-radiated 

sulphate aggregates (RS14), two- and three-phase fluid inclusions (RS10), clay-hosted anhydrite growth 

(RS14), carnallite and/or leonite within kainite (KS5), fluid inclusions in halite (KS3), clay fraction associated 

with carnallite (KS5), and celestine microcrystals in anhydrite (BSE images). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figs S6-S9. S6: RS4, elongated euhedral minerals, crossed polars. S7: RS14, fibro-radiated sulphate aggregate. S8: 

RS10, two- and three-phase fluid inclusions. S9: RS14, clay material with anhydrite growth. Referenced in Section 3 

(Results). 
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Figs S10-S13. S10: KS3, general texture. S11: KS5, carnallite/leonite within kainite. S12: KS3, fluid inclusions in 

halite. S13: KS5, clay fraction with carnallite. Referenced in Section 3 (Results). 

 

Figs S14-S15. S14. Sample RS1. BSE image showing euhedral to subeuhedral anhydrite crystals (dark grey) with celestine 

microcrystals (light gray). S15. Sample RS10. BSE image showing a euhedral anhydrite crystal (dark grey) with celestine 

microcrystals (light gray). Referenced in Section 3 (Results). 
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Figs. S16-S19. S16: KS3, cluster of euhedral to sub-euhedral kainite macrocrystals (~300-500 µm) displaying vivid 

first- and second-order interference colours characteristic of the monoclinic kainite structure (Borisov et al., 2022). 

Isotropic (black) intergranular domains correspond to anhedral halite infill. S17:KS2, overview showing the 

characteristic layered texture with a macrocrystalline kainite domain (left; crystals ~300-400 µm with vivid interference 

colours) transitioning into a fine-grained microcrystalline domain (right; aggregates ~60-100 µm). Halite occupies 

intergranular positions as isotropic (black) anhedral infill. Visual estimation of the mineral proportions indicates 

approximately 60-70% kainite and 20-25% halite by area, broadly consistent with the XRPD-derived composition of 

KS5 (65.2% kainite, 28.8% halite). S18: KS3, detail of kainite macrocrystals exhibiting complex twinning. Crystal sizes 

reach ~500 µm. Dark interstitial material at grain boundaries could be consistent with organically enriched hypersaline 

brine. S19: KS2, overview of the macrocrystalline domain showing elongated, sub-euhedral to euhedral kainite crystals 

(~200–400 µm) with a preferred orientation, separated by isotropic halite and dark intergranular fluids.  
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S7.2. Post-exposure thin sections 

Figures S20-S22 present micrographs of samples after hydrogen exposure (10 MPa, 120 h). No new mineral 

phases were observed. Textural features include calcium sulphate fibrated aggregates, macro- and 

microcrystals with equidimensional to anhedral habit (KS5), and persistent clay material at halite-kainite 

boundaries. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures S20-S22. Transmitted-light micrographs of post-exposure samples. S20: calcium sulphate fibrated aggregate, 

S21: KS5, equidimensional to anhedral microcrystals. S22: clay material at halite-kainite boundaries. Referenced in 

Section 3 (Results). 
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S8. XRPD diffractograms 

 

S8.1. Pre-exposure diffractograms 

Figures S23-S27 present the X-ray powder diffraction patterns of all samples prior to hydrogen 

exposure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

S23 

S24 

S25 
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S8.2. Post-exposure diffractograms 

Figures S28-S30 present the XRPD patterns of all samples after hydrogen exposure. No new peaks 

appeared and all pre-existing phases were retained, confirming the mineralogical stability of both 

halite and kainite under hydrogen at storage-relevant pressures. 

 

  

 

 

 

 

 

 

 

 

 

S26 

S27 

Figures S23-S27. Qualitative and semi-quantitative results by QUALX2.0 software. Vertical tick marks indicate the 2θ positions 

of the experimental peaks (black). The reference peak positions of the phases identified by qualitative analysis are shown below, 

each phase on a separate line. Details are provided in Section 2 (Materials and Methods) and Section 3 (Results). S23: RS1 (NaCl: 

96.2%, CaSO4: 3.8%). S24: RS4 (halite 100%). S25: RS10 (halite 100%). S26: RS14 (halite 100%). S27: KS5 (kainite: 65.2%, 

halite: 28.8%, leonite: 5.9%). 

 

S28 
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S29 

S30 

Figures S28-S30. XRPD patterns of post-exposure samples. Phase identification is consistent with the pre-exposure patterns. Details 

are provided in Section 3 (Results). S28: RS3_batch. S29: RS4_batch.  NaCl. 100%. S30: KS5_batch (kainite: 76.8%, halite: 23.2%). 
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S9. SEM-EDS quantitative mineral chemistry 

 

Table S3 reports the electron microprobe (SEM-EDS) analyses of individual mineral phases 

identified in the Realmonte samples. Structural formulae are calculated on the basis of the appropriate 

number of oxygens for each mineral species. These data confirm the stoichiometric purity of 

anhydrite (CaSO₄), celestine (SrSO₄), polyhalite (K₂Ca₂Mg(SO₄)₄·2H₂O), kainite 

(KMg(SO₄)Cl·3H₂O. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S3. SEM-EDS oxide weight percentages and structural formulae for mineral phases in Realmonte samples. 

Referenced in Section 3. 
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S10. PHREEQC thermodynamic modelling 

 

Table S5 summarises the input parameters for the PHREEQC equilibrium simulations (static and 

time-dependent) used to assess the thermodynamic stability of halite and kainite under hydrogen-

saturated brine conditions representative of a salt cavern environment. Table S6 reports the output 

equilibrium concentrations and saturation indices for relevant mineral phases. 

 

Tables S4-S5. PHREEQC thermodynamic modelling parameters and outputs. S5: input 

parameters (temperature, pressure, brine composition, gas phase). S6: equilibrium output 

values for static and time-dependent simulations. Referenced in Section 3 (Results) and 

Section 4.2 (Discussion). 


