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Abstract: Underground hydrogen storage (UHS) is considered to solve the intermittency problem of
renewable energy. A geological assessment indicated that the B unit of the Salina Group in Southern
Ontario, Canada, is the most promising for UHS because it is the thickest and most regionally
extensive salt rock deposit. However, the comprehensive geological knowledge of potential sites and
overall salt volume for UHS remains undiscovered. This paper collected 1112 wells’ logging data to
assess the geologic potential for UHS in Lambton County. The geological characteristic analysis of
the B unit was conducted using high-frequency stratigraphic sequences and logging interpretation.
The internal lithologies and thicknesses of the B unit were interpreted from 426 available wells. The
storage capacity of the salt caverns was calculated from simplified cylinder models. The results
indicate that the B unit can be subdivided into three high-frequency sequences, denoted as the SQ1,
SQ2, and SQ3 subunits. SQ1 corresponds to salt–limestone, SQ2 corresponds to bedded salt rocks,
and SQ3 corresponds to massive salt rocks. Well sections and thickness maps indicate that the study
area can be divided into two sub-areas along the Wilikesport, Oil Spring, and Watford line. To the
northwest, unit B was thicker and deeper in terms of paleo-water depth, and to the southeast, less
of the B unit was deposited on the paleo-highs. The main thicknesses in SQ1, SQ2, and SQ3 range
from 20 to 30 m, 25 to 35 m, and 30 to 40 m, respectively. In conclusion, the best subunit for UHS is
SQ3, with a secondary target being SQ2. The main factor impacting cavern storage capacity for the
SQ2 subunit is high mud content, while for SQ3, it is the meters-thick anhydrite developed towards
the base of the unit. The available underground storage volume of the salt caverns in the B unit is
9.10 × 106 m3. At the standard state, the working gas volume is 557.80 × 106 m3. The favorable area for
UHS is the western part surrounded by Wallaceburg, Oil Spring, and Watford. The thickness distribution
of the B unit is the combined result of paleo-topography, sea-level changes, and tectonic movement in
Lambton. The geological storage capacity of the salt caverns exhibits significant potential.

Keywords: renewable energy; energy storage; underground hydrogen storage; salt caverns

1. Introduction

An effective means to reduce carbon dioxide emissions altering the global climate is
the use of environmentally friendly renewable energy sources [1]. However, wind and
solar energy, among these sources, are intermittent and dependent on seasonal and weather
conditions. Addressing this intermittency is crucial [2]. The key to addressing this challenge
is energy storage, with various storage technologies currently being developed and refined.
Based on the forms of energy storage, six storage systems can be categorized: thermal
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energy storage, mechanical energy storage, chemical energy storage, electrochemical energy
storage, electrical energy storage, and other types of energy storage systems. Among these,
chemical energy storage systems are particularly well suited for long-term storage [3]. The
energy is stored within the chemical bonds between the atoms and molecules of the energy
carrier, and subsequently released during chemical reactions. Hydrogen energy storage, a
form of chemical energy storage, offers a promising solution to address the intermittency
issue of renewable energy. Hydrogen, a green energy carrier, can be directly generated from
water and produces electricity without carbon emission. Research on production, storage,
transportation, and utilization of hydrogen is ongoing [4–13]. Hydrogen molecules readily
react with the storage medium, imposing stringent requirements on hydrogen storage
materials. However, rocks exhibit lower reactivity with hydrogen and can serve effectively
as a storage medium [14,15]. Among storage strategies, underground hydrogen storage
(UHS) offers the advantages of safety, economic viability, large capacity, and small surface
footprint over above-ground hydrogen storage [8,16,17].

Depleted oil and gas reservoirs, aquifers, and salt caverns have been considered can-
didates for geologic UHS, with salt caverns being ideal due to their chemical inertness
and excellent sealing performance [8,16]. Currently, there are four high-purity hydrogen
storage sites and one medium-purity site operational worldwide (Figure 1a,b). Specifically,
shallowly buried salt caverns are located in the UK and Texas, USA [8]. In Europe, geo-
logical assessments of salt caverns are widely conducted, and potential sites have been
identified (Figure 1a). Germany benefits from favorable geological conditions for imple-
menting hydrogen storage in salt caverns, and significant research has been conducted
on UHS [13,17–20]. Three trap types identified from a structural geological model are
targeted as potential hydrogen storage sites in the North German Basin [13]. In Poland,
detailed assessments of hydrogen storage potential have been conducted in both bedded
salt formations and salt domes, resulting in more accurate forecasts of rock salt deposit
capacity for hydrogen storage [21,22]. Indeed, various potential salt cavern sites worldwide
have been documented, including in Southern Ontario, Canada [8] (Figure 1c). The purity
of salt rock, along with the form and thickness of deposit units, are critical geological factors
influencing the potential for UHS in bedded salt rock formations in Canada [23]. Geological
assessment is a crucial step towards the commercialization of UHS, necessitating analysis
of the depth, deposit unit types, structure, and lithology or purity of salt rocks.

Ontario possesses abundant energy resources and has been exporting energy for
decades. Southern Ontario primarily hosts significant renewable energy sources like solar
and wind energy. In 2022, these renewable energy systems generated 52.38 × 103 GJ of
energy [24]. The distribution of wind farms in Ontario coincides geographically with the
underground salt rock units and depleted gas reservoirs, particularly in Lambton County
for salt caverns. Excess renewable energy in the form of electricity can be used to generate
hydrogen, which is then stored underground for use during peak hours. Geological
hydrogen storage mitigates the intermittency of renewable energy, contributing to the
achievement of net zero carbon emissions. Beyond energy consumption, hydrogen can
also be utilized for medical, industrial, and other purposes [25–27]. Significant hydrogen
storage capacity not only meets energy demands but also supports applications across
various sectors, advancing the hydrogen economy. UHS will drive the development of a
comprehensive hydrogen economy focused on hydrogen utilization (Figure 2).

Geological assessments of Lambton have identified the B and A2 unit successions
containing salt rock, developed in the shallow evaporite Salina Group (Table 1) [28].
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Table 1. The lithology of the thickness of each unit in Ontario (modified from [29,30]).

The A2 unit consists of salt rocks that contain carbonate rocks, which are not suitable
for long-term storage [31], while the B unit consists of salt rocks with an average thickness of
90 m and an average depth of around 400 m below the surface; the B unit has been considered
the most promising option for UHS. However, due to the lack of geological characterization of
the internal subunits and lateral variations in the thickness of the B unit in Lambton, there is a
knowledge gap regarding the overall salt volume and its spatial variation for UHS.

Figure 1. The distribution of salt deposits and salt rock hydrogen storage sites in the world (modified
from [8,32,33]). (a) The salt deposit distribution in Europe [32]. (b) The salt deposit distribution in
Texas, USA [8]. (c) The salt deposit distribution in Southern Ontario, Canada [33].
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Figure 2. The comprehensive hydrogen economy concept model of UHS.

To address this knowledge gap, this study collected data from 1112 wells and inter-
preted 426 wells in Lambton to document the internal subunits, lithologies, form, and
thickness of the B unit of the Salina Group in Southern Ontario. The geological storage
potential of the salt cavern was quantitatively assessed in Lambton, promoting the com-
mercialization of UHS. In the rest of this paper, three internal high-frequency sequences are
identified based on the characteristics of logging curves and the concept of high-frequency
sequence stratigraphy. The form and thickness distributions of three high-frequency se-
quence subunits are presented to highlight favorable areas for UHS. The volumes of storage
space within hydrogen gas are also assessed.

2. Geological Setting

Lambton is situated within the tectonically stable interior of the North American Cra-
ton on the southeastern margin of the bowl-shaped Paleozoic Michigan Basin in Southern
Ontario, Canada (Figure 3) [34]. The depositional environment of the Michigan Basin
changed due to the horizontal and vertical loading being affected by the far-field tectonics
associated with the Taconic and Acadian orogenies during the Paleozoic [35]. In the Upper
Silurian, the Michigan Basin became a restricted marine basin that experienced extreme
sea-level oscillations, leading to hypersaline conditions and the formation of the Salina
Group [34]. During the Silurian Period, the Michigan Basin covered what are now parts of
Michigan, Wisconsin, and Ontario.

The Salina Group hosts one of the most extensive and well-known salt deposits in the
world [34], formed by multiple marine transgressive events [36]. This succession consists of
up to 420 m of evaporitic carbonates, shales, and evaporites, in Sarnia, Southern Ontario, and
is up to 750 m thick in the center of the Michigan Basin [29]. The Salina Group is informally
subdivided and named from A- to G-lettered units, with each subunit distinguished by lithol-
ogy corresponding to the 3rd- or 4th-order sequence boundaries [34]. The lithologies of these
evaporite units are influenced by the evolution of eustasy, with carbonate deposited during
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the sea-level rising period and evaporite deposited during the sea-level falling period [34,37].
The detailed lithology and the thickness of each unit are listed in Table 1.

Figure 3. Locations in and lithostratigraphy of Lambton, Southern Ontario.

Unit A contains two evaporite cycles, “A-1” and ”A-2”, and three carbonate interbeds,
“A-0”, “A-1”, and ”A-2”. Unit B is an evaporite unit widely distributed in the basin, except
for the southern margin. It can be subdivided into several fine cycles, with its thickness
ranging from 145 m in the basin center to less than 15 m at the margins, affected by pinching
out and changing to anhydrite in the lower halite member [38]. The B unit mainly occurs in
the basin center to the north of the margin, at subsurface depths between 275 m and 825 m
in Ontario. Salt rock and shale are two main lithologies. Shale resulted from sea-level rises,
while salt rock formed during sea-level falls [39].

3. Methods

Data were collected from 1112 wells, and included drawings and logs. Internal high-
frequency sequence subunit subdivision and lithology interpretation were conducted on
426 wells using Resform software. The thicknesses of three high-frequency sequence sub-
units within the B unit were mapped to identify potentially favorable areas for UHS.
Additionally, paleo-water depth maps were constructed to investigate the spatial hetero-
geneity of these subunits. Finally, the storage capacity of salt caverns was calculated based
on 426 wells with confirmed lithology and thickness.

3.1. Lithology and Stratigraphy

The lithology identification of internal units in this paper adopts the evaporite ge-
ological log analysis method of the Kansas Geological Survey, USA (Figure 4) [40]. The
highly distinctive petrophysical properties of shale and evaporite make them easy to rec-
ognize on a standard log suite. Shale shows high natural radiation and porosity readings
in logging data, while evaporite exhibits the opposite characteristics. Hydrogen storage-
capable salt caverns can exclusively originate from halite within evaporite formations that
is water-soluble. The types of the salt rock vary and are related to the sequence units [41].
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Figure 4. The log corresponding to marine evaporites modified from [40].

The sequence subdivision of unit B refers to high-frequency sequence stratigraphy
methods based on well logging data [41]. The high-frequency sequence boundaries corre-
spond to flooding surfaces, which highlight the cyclic sedimentary units of evaporites and
are generally identified using gamma ray (GR) logging data (Figure 5). The trend of GR
curves also reflects the variation in shale content (insoluble content). The high-frequency
stratigraphy model was applied to the B unit to study vertical lithological and horizontal
succession changes.

Figure 5. The log corresponding to evaporite sequence surfaces in the sequence stratigraphic model
modified from [41]. TST: transgressive system tract, HST: high stand system tract, LST: low stand
system tract, SB: shelf beak, MFS: maximum flooding surface, TS: transgression surface, FS: flooding
surface. MRS: maximum regressive surface.
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3.2. Storage Capacity of Salt Cavern

Due to the lack of spatial constraints from seismic data, the strata model based on
wells is rough and has low accuracy. To conduct a reliable assessment, it is assumed that
all 426 wells are available for forming caverns. Hydrogen storage-capable salt caverns are
manufactured and require water-soluble halite within evaporite formations. The geometry
of the caverns can be approximated as a cylinder. Thus, the calculation of the storage space
of the cavern is guided by the simplified concept of the cylinder model [22]. The storage
volume of the cylinder follows as (1):

Vcyli = π∗rsalt
2 ∗ Hsalt (1)

where Vcyli is the underground storage volume of the salt cavern, π is pi as 3.14, rsalt is the
radius of the salt rock cavern, and Hsalt is the height of the cavern.

The cylinder model necessitates that the salt rock thickness exceeds 30 m, with mini-
mum salt thicknesses of the roof and floor of 20 and 10 m, respectively [42,43]. The height
is determined by subtracting 30 from the salt rock succession. The radius is taken as half of
the height to ensure the stability of the cavern and maximize storage capacity [30]. Con-
sidering economic conditions, the thickness requirement for the cavern succession should
substantially exceed 30 m.

A perfect cylinder cannot form in solution-mined caverns, especially in salt rock
successions containing shale, which affects the development of the caverns, resulting in a
rough cylinder. Shape correction factors should be applied to the cavern volume estimates,
with a factor of 0.7 being acceptable in volume calculation [43]. Additionally, the insoluble
content in evaporative rocks reduces the volumes of caverns. The average 15% insoluble
content is acceptable. The corrected cavern storage volume is as shown in Equation (2):

Vcav = Vcyli ∗ fshape ∗ (1 − pinso) (2)

where Vcav is the underground volume of the salt cavern, fshape is the shape correction factor
as 0.7, and pinso is the average insoluble content of the salt rock as 15%.

3.3. The Volume of Compressed Gas

Pressure and temperature are two parameters involved in calculating the underground
total compressed gas storage volume. The internal pressure of the cavern is equal to the
lithostatic pressure at the middle of the cavern. The average density of the succession above
the salt cavern is estimated as 2.3 g/cm3, and the approximate calculation of storage cavern
pressure is based on Equation (3):

Plithostatic = ρ ∗ g ∗ (Dsalt + Hsalt/2) (3)

where Plithostatic is the lithostatic pressure, ρ is the average density of the overlying succes-
sion, Dsalt is the depth of the salt cavern, Hsalt is the height of the salt cavern, and g is the
gravity acceleration (9.8 m/s2).

The temperature is estimated according to Equation (4):

Tm = T0 + Tgrad ∗ (Dsalt + Hsalt/2) (4)

where T0 is the surface temperature, Tgrad is the gradient of the temperature with depth,
Dsalt is the depth of the salt cavern, and Hsalt is the height of the salt cavern. The Michigan
Basin geothermal gradient of 25 ◦C/km was taken.

The total stored gas consists of energy storage gas and cushion gas. Cushion gas is
permanently stored to maintain the geomechanical stability of the cavern [44]. The energy
storage gas is the hydrogen gas, but not all of it can be decompressed. Only working gas
can be used for injection and decompression. This is calculated based on the minimum and
maximum operating pressures for a salt cavern, which are 30% and 80% of the lithostatic
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pressure, respectively [42,45]. The underground hydrogen working gas pressure is shown
as Equations (5) and (6):

Pminworking = Plithostatic ∗ 30% (5)

Pmaxworking = Plithostatic ∗ 80% (6)

where Pminworking is the minimum underground hydrogen working gas pressure and
Pmaxworking is the maximum underground hydrogen working gas pressure.

Then, underground storage volume is converted into the standard state volume
according to Equation (7):

Vg = Vcav ∗
((

Pmaxworking − Pminworking

)
/Pg

)
∗
(
Tg/Tm

)
(7)

where Vg is the ground storage volume at the standard state, Vcav is the underground
storage volume of the salt cavern, Pg is the standard state of pressure as 101.3 kPa, and Tg
is the standard state temperature as 0 ◦C. Pworking is the underground salt cavern pressure.
Tm is the estimated temperature of the salt cavern.

4. Subdivision of Salt Unit in Lambton County
4.1. Basic Geological Settings in Lambton County

The burial depth of the B unit ranges from 160 to 480 m in Lambton, Southern On-
tario (Figure 6a). The thicker salt rock is predominantly distributed in the western areas
surrounding Watford, Oil Spring, and Wilikesport (Figure 6b), typically at depths below
250 m, with significant variations in thickness.

Figure 6. The geological characteristics of the B unit in Lambton, Southern Ontario. (a) Structural
map of the B unit; (b) thickness map of the B unit.
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4.2. The Subunits of the B Unit

Variations in GR and porosity logs (CNL) within the B unit reveal two well-defined se-
quence boundaries, dividing the B unit into three high-frequency sequence subunits, denoted
as SQ1, SQ2, and SQ3 (Figure 7). SQ1 corresponds to salt–limestone in the upper B unit,
exhibiting high GR and CNL (Figure 8). SQ2 corresponds to dark bedded salt rocks of the
middle B unit. SQ3 consists of massive salt rocks with low GR and CNL. The B unit overlies
an anhydrite layer several meters thick, distributed mainly around Wyoming and Brigden.
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4.3. The Distribution of Three Subunits

The thickness distribution of SQ1 mirrors that of the B unit, with the thicker sections
in the northwest and thinner sections in the southeast (Figure 9a). SQ2 is widespread across
the study area except for regions in Petrolia, Brigden, Dresden, and Bothwell (Figure 9b).
The distribution of SQ3 is similar to that of SQ2, with thick sections found in the areas of
Sarnia, Wyoming, Oil Spring, and Dresden (Figure 9c).

Figure 9. The succession thickness map of the three subunits in the B unit. (a) SQ1; (b) SQ2; (c) SQ3.

The spatial form and the thickness of the three subunits indicate the B unit is the
combined result of paleogeography, sea-level changes, and tectonic movements. Based on
the well log data, simplified paleo-water depth maps of SQ2 and SQ3 were constructed
(Figure 10). Paleo-water depth increases northwestward towards the center of the Michigan
Basin and deceases southeast towards the axis of the Algonquin Arch, consistent with the
regional basin architecture.

Figure 10. The paleogeomorphy maps showing estimated paleo-water depths during the deposition
of SQ2 and SQ3. (a) SQ2; (b) SQ3.
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From the cross-sections, the form and thickness of SQ3 are affected by paleogeography
or tectonic deformation. SQ3 salt layers are thinner at paleo-highs, around wells T01103
and T006569 in the east–west-running cross-section (Figure 11) and T004120 and T002697
in the north–south-running cross-section (Figure 12). In contrast, SQ2’s form and thickness
appear relatively consistent across the area, except for wells T003516 and T00945, which
show a thickening trend towards the south (Figure 13). SQ1 thins towards the basin margin,
particularly in the south and southeast (Figures 9a, 11, 13 and 14).
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Overall, the study area can be divided into two sub-areas along the Wilikesport, Oil
Spring, and Watford line. To the northwest, unit B was thicker and deeper in terms of paleo-
water depth, while to the southeast, less of the B unit was deposited on the paleo-highs. Three
depositional regions can be identified: one in northern Wyoming, another in a belt around
Petrolia, Brigden, and Oil Spring, and a third to the west of Brigden in SQ2 and SQ3.

4.4. The Potential of Salt Rocks for Energy Storage

The main thicknesses in SQ1, SQ2, and SQ3 range from 20 to 30 m, 25 to 35 m, and
30 to 40 m, respectively (Figure 15a). SQ1 should be excluded from storage calculations
due to its lithology and thickness being economically unviable for cavern development.
Therefore, SQ2 and SQ are integrated as a composite unit to represent the B unit for the
calculation of storage space. The underground storage volume of salt caverns in the B unit is
9.10 × 106 m3 (Figure 15b). At the standard state, the working gas volume is 557.80 × 106 m3

(Figure 15c). The geological storage capacity of salt caverns exhibits significant potential.

Figure 15. The potential of salt rocks for energy storage. (a) The thicknesses of the three subunits;
(b) the volume of salt caverns in SQ2 and SQ3; (c) the working gas volume at the standard state in
SQ2 and SQ3.



Mining 2024, 4 542

5. Discussion

1. The influence of impurity evaporation
An operating cycle in a salt cavern involves injecting, storing, and withdrawing

gas. These processes cause fluctuations in pressure and temperature. During an injec-
tion/withdrawal cycle, the storage pressure can reach approximately twice the pre-injection
pressure, while the temperature can rise by approximately 38 ◦C [45,46]. These working
cycles induce various geomechanical changes, with cavern stability being of the utmost
importance. Changes in the working regime can enhance cavern stability, such as by
increasing the injection/withdrawal rate and frequency [47,48]. Indeed, the stability of
caverns depends on the operating pressure [48,49].

Obviously, cavern pressure affects the surrounding rock to varying extents, primarily
because of mechanical property differences caused by rock heterogeneity. Compression
tests indicate that the mechanical strength decreases as the impurity content in salt rocks
increases, and the brittleness dramatically increases with higher impurity levels [50]. In
the B unit, mechanical strength diminishes as the insoluble content rises from SQ3 to SQ1.
Mechanical properties in mixed lithotypes depend on the proportion of each end member,
with properties nearing those of the dominant end member [51]. The elastic module of
halite is smaller than that of anhydrite in bedded salt deposits [51]. This adversely impacts
the cavern floor in regions where anhydrite is developed. However, numerical modeling
results show a plastic zone developing at the waistline and top of the cavern after 30 years,
despite the initial pressure meeting all requirements [48]. The occurrence of plastic zones
is likely linked to the fatigue characteristics of the rock, with anhydrite exhibiting higher
fatigue strength than halite. Additionally, cracks are another crucial factor that should be
considered. Salt rocks containing medium or thicker interlayers show a greater probability
of the formation of micro-cracks [52]. Furthermore, a few cracks and fractures appear
between the gypsum sheets after hydrogen treatment [53]. It is evident that variations in
mechanical properties caused by rock heterogeneity will impact the stability of the cavern.

In unit B, there is a noticeable decrease in homogeneity from SQ3 to SQ1. This change
indicates shifts in rock types and physical properties, impacting the safety of underground gas
storage in the salt beds. SQ3 consists of pure halite, with low shale content and porosity, and
thicker massive salt beds, making it the best subunit for UHS. The secondary subunit is SQ2.

2. The influence of the paleogeography
High confining pressure enhances the mechanical strength of salt rock [54,55]. Varia-

tions in confining pressure arise from depth differences within the same subunit. It appears
that paleo-water depth correlates with the thickness of the B unit; deeper water corresponds
to thicker deposits. This suggests that paleogeography has influenced preferred areas for
underground hydrogen storage (UHS). The influence of paleogeography decreases from
SQ3 to SQ1. Additionally, paleogeographically controlled differential deposition has led to
an uneven distribution of rock thickness. Significant density differences between mudstone
and halite create localized variations in the stress field, which, in turn, affect the mechanical
performance of salt caverns in depositional areas compared to other regions.

3. The prospecting of geological storage
Thickness maps of the B unit indicate that the favorable area for UHS is around the areas

of Wallaceburg, Oil Spring, and Watford in the west (Figure 9b,c). These areas also have high
population densities, making them suitable for primary hydrogen resource development.
Furthermore, the storage capacity of salt caverns is likely larger than the assessed result due
to all wells not being considered. Moreover, the development of three depositional regions
and the evolution of in situ stress vary [56]. A more accurate assessment would involve
conducting mechanical parameter tests to model the structure of the B unit.

Even if it is not yet time to advance the hydrogen economy system, the substantial
subsurface space of the B unit serves various purposes beyond hydrogen storage, such as
compressed air storage. Given that hydrogen storage requires high sealing properties of
the cap rocks, SQ1 is an ideal candidate for storing other gases, including carbon dioxide.
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Underground spaces are increasingly becoming significant emerging resources for energy
storage in the transition to a low-carbon economy, necessitating comprehensive assessment.

6. Conclusions

1. Vertically, the B unit of the Salina Group can be subdivided into three high-frequency
sequence subunits based on variations in lithology and the logging data. The well log corre-
sponding to SQ1 suggests it is an interbedded salt–limestone sequence. Then, SQ2 corresponds
to bedded salt with several thin shale layers, and SQ3 corresponds to massive salt rocks.

2. Spatially, the study area can be divided into two sub-areas along the Wilikesport,
Oil Spring, and Watford line based on salt thickness and well log characteristics. To the
northwest, unit B is thicker and deeper in terms of paleo-water depth, and to the southeast,
less of the B unit is deposited on the paleo-highs. The distribution of the B unit and
the thickness are controlled jointly by paleogeography, sea-level changes, and tectonic
movement in the study area.

3. Lithology (the impurity content of salt rocks) and thickness are two geological factors
that influence salt cavern assessment. The best subunit for UHS is SQ3 and the secondary
option is SQ2. The lithology and thickness of SQ1 are not favorable for hydrogen storage. The
storage capacity of SQ2 is affected by its high mud content, while for SQ3, several meters of
anhydrite have developed towards the base of the unit. The favorable area for UHS is the
western part of the study area, west of Wallaceburg, Oil Spring, and Watford.

4. The available underground storage volume of the salt caverns in the B unit is
9.10 × 106 m3. At the standard state, the working gas volume is 557.80 × 106 m3. The
underground storage space of the B unit serves a variety of purposes beyond hydrogen
storage. The geological storage capacity of the salt caverns exhibits significant potential. A
more accurate assessment would involve conducting mechanical parameter tests to model
the structure of the B unit.
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