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Abstract 

The fundamental properties of salt have long been exploited in the search for 

hydrocarbons, as they influence many of the hydrocarbon play elements. This industrial 

application has driven the pursuit of salt tectonic knowledge over the last century and led 

to major conceptual advances in the field. However, the current need, and social-political 

demand, to decarbonize suggests that the applicability of salt tectonic knowledge will 

expand to other aspects of the subsurface that are relevant to the energy transition. The 







not limited to: i) widespread use of carbon capture from industrial processes and 

subsequent sequestration within the subsurface; ii) upscaling of hydrogen production and 

usage requiring upscaling of subsurface hydrogen storage; and iii) wider use of 

geothermal energy (e.g. Ringrose and Meckel., 2019; Stephenson et al., 2019; Hashemi 

et al., 2021; Shuster et al., 2021; Tester et al., 2021; Crotogino, 2022; Lankof et al., 2022; 

Muhammed et al., 2022).  

Critically, the properties of salt that make it such a valuable element in oil and gas 

exploration are also important to these energy transition technologies. For example, an 

understanding of salt properties and behaviour is critical for seasonal and/or strategic 

subsurface storage with high efficiency of recoverability (e.g. hydrogen, hydrocarbons 

and compressed air), and long-term sequestration where recoverability is not desired 

(CO2 storage and waste disposal). Storage may be within the salt itself (e.g. salt caverns 

and intra-salt repositories for hydrogen or hydrocarbons) or within the sediments around 

the salt in traps generated by salt tectonics. Furthermore, understanding the thermal 

properties of salt and how the geometry of salt bodies may focus heat flow is important 

given that salt basins may be particularly prospective for geothermal energy (e.g. Tester 

et al., 2007; Moeck, 2014; Daniilidis and Herber, 2017; Raymond et al., 2022). In light of 

this, we explore the role salt tectonics can play in the energy transition. We specifically 

address the fundamental concepts and driving forces for aspects salt may influence in 

the energy transition including: storage inside salt domes, CO2 storage in salt basins, and 

geothermal exploration. For each of these fields we outline our perspective on the key 

salt-related technical challenges, potential future research directions, and technical 

approaches needed. Overall, we find that if salt is to be fully exploited and to play a 



significant role in the energy transition, there will be strong future demand for salt tectonic 

research,  albeit, with a shift in focus. 

 

2. Storage in Salt Caverns 

2.1. Salt Caverns Overview and Potential Future Demand  

2.1.1 Salt Caverns Basics 

Salt caverns are man-made voids in the subsurface created by the process of solution 

mining from domal or bedded salt deposits. In this process, low salinity water is pumped 

down a borehole that penetrates the salt, the water dissolves the salt, and the resulting 

brine is pumped to the surface, leaving a cavern (Fig. 3a). Salt caverns are typically 

developed at between 400 and 2000 m depth, with caverns in domal salt commonly 300-

500 m tall, 50-100 m in diameter, and with a volume of 500,000 m3 (e.g. Crotogino, 2016; 

Warren, 2016; Michalski, 2017; Muhammed et al, 2022). Caverns dissolved into bedded 

salts typically have lower heights and are smaller than those in domal salt (e.g. 100,000-

300,000 m3; Plaat, 2009; Matos et al., 2019), with heights restricted by the thickness of 

the soluble halite-rich units within lithologically heterogeneous bedded salt sequences 

(Foh et al., 1979; Bruno and Dusseault, 2002; Han et al., 2006) (Fig. 3b).  

Caverns created by salt dissolution have commonly been created as an incidental 

byproduct of solution mining, where the salt content of the extracted brine is recovered 

by surface evaporation.  Solution caverns have also been created intentionally for storage 

of hazardous waste, hydrocarbons, compressed air, or hydrogen (e.g. Wassman, 1983; 

Dusseault and Davidson, 1999; Gillhaus and Horvath, 2008; Warren, 2016 and 2017). 
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hydrogen, and a vast upscaling of subsurface storage availability (e.g. Hashemi et al., 

2021; Shuster et al., 2021;  Crotogino, 2022; Lankof et al., 2022; Muhammed et al., 2022).  

Potential sites proposed for large-scale hydrogen storage in the subsurface include 

salt caverns, depleted reservoirs, saline aquifers, or hard-rock lined caverns (e.g. Lord et 

al., 2014; Bunger et al., 2016; Tarkowski, 2019; Zivar et al., 2021; Crotogino, 2022; 

Muhammed et al., 2022). Of these, salt caverns are currently the only proven option, with 

caverns in three salt domes in the Texas Gulf Coast, and in the bedded salt at Teeside in 

the UK, proving salt caverns can safely store hydrogen for decades (e.g. Stone, 2009; 

Panfilov, 2016; Crotogino et al., 2018; Tarkowski, 2019). However, hydrogen storage in 

these facilities is mainly strategic to guarantee feed stock for refineries and fertiliser 

production, necessitating  low frequency (monthly ? seasonal ?) injection and withdrawal 

cycles. Hydrogen storage, for the purposes of abating renewable energy intermittency for 

example, may require higher frequency  injection and withdrawal cycles (aka. several 

cycles per year) and even though this is theoretically feasible there is limited operational 

data to inform us about the effects that these high rates of hydrogen injection and 

withdrawal cycles might have on the integrity of salt caverns and associated subsurface 

infrastructure. 

 Despite these data limitations, it is estimated that salt caverns might be ideal for 

hydrogen storage as: i) up to 10 cycles of injection and withdrawal per year might be 

possible at fast injection and withdrawal rates, meaning the approach is ideal for short- 

and medium-term storage (e.g. Tarkowski, 2019); ii) cavern shape and size can be 

customised, and can be stable for significant periods of time (Lord et al., 2014; Crotogino, 

2022) iii) hydrogen loss by leakage is estimated to be minimal, due to the sealing nature 



of evaporites (low permeability to gas) even though this might be variable depending on 

specific characteristics of the salt formation (Crotogino et al., 2010; Lord et al., 2014; 

Warren, 2017; Matos et al., 2019); iv) the injection rate of hydrogen into salt caverns is 

not strongly dependent of complex multiphase flow phenomena (Wallace et al., 2021); v) 

salt is typically inert to hydrogen (although impurities in salt may not be and this aspect 

needs further research) and conversion of any water to brine reduces potential for 

bacterial activity (e.g. Bunger et al., 2016; Wallace et al., 2021; Crotogino, 2022); and vi) 

the proportion of cushion gas required is moderate compared to reservoir storage (Bunger 

et al., 2016). One of the main drawbacks to salt cavern storage is finding an economic 

and ecologically-friendly way to utilise or dispose of the brines extracted during leaching 

(e.g. Crotogino, 2022). Suggestions for brine uses include salt (NaCl) mining, geothermal 

and hydrocarbon operations along with lithium extraction, with the latter being intriguing 

given the demand for electric vehicle batteries (Kukla et al., 2019). 

Although the technology needed for storage of hydrogen in salt caverns is proven 

at a small scale, implementation as the basis for energy transition will require vast 

upscaling. One estimate suggests that ~700 million metric tonnes of hydrogen could be 

used globally in 2050 if strong climate policies are enforced to limit global warming to 1.5° 

(BloombergNEF, 2020). To store  20% of this annual hydrogen demand would require 

14,000 salt caverns to be developed, at a cost of $637 billion (BloombergNEF, 2020; 

ENTSOG, GIE and Hydrogen Europe, 2021). We now outline how salt tectonic research 

will be required for the safe and optimised development of salt caverns in a range of salt 

settings globally. 

 



2.2. Role of Salt Tectonics in Large-Scale Development of Salt Cavern Hydrogen 

Storage 

2.2.1 Overview of Heterogeneity in Salt Diapirs 

Salt diapirs are rarely homogeneous bodies of halite, more typically they are 

heterogeneous bodies that may contain a range of evaporite minerals, other lithologies, 

internal structures, fluids and gases, colors, textures, that are influenced by the original 

paleoenvironment and complex internal salt flow patterns (e.g. Kupfer, 1976; Hofrichter, 

1980; Talbot and Jackson, 1987; Jackson and Talbot, 1989; Kupfer, 1990; Koyi, 2001; 

Chemia et al., 2009; Looff et al., 2010a and b; Van Gent et al., 2011; Jackson et al., 2015; 

Rowan et al., 2019) (Fig. 4). We divide intra-diapir heterogeneities into two main types: 

depositional heterogeneities, those that developed as the evaporite sequence was 

deposited (halite, anhydrite, bittern salts, carbonates, clastics, ashes, and lavas) (column 

1 on Table 1), and remaining non-depositional heterogeneities that are atypical of the salt 

mass (columns 2-4 on Table 1). Many of the intra-diapir heterogeneities in Table 1 have 

previously been classified as anomalous salt, a term widely used in the salt mining and 

solution mining communities and which has no genetic connotation (e.g. Kupfer, 1976, 

1990; Neal and Magorian, 1997; Looff et al., 2010a and b; Looff, 2017; Warren, 2017). 

However, we prefer not to use this terminology in this paper, for two reasons. First, many 

features termed anomalous salt are not actually composed of salt (e.g. igneous rocks, 

entrained country rock, encased minibasins, sutures etc). Second, the term anomalous 

salt was defined based on observations of US Gulf Coast salt diapirs, with the most 

prevalent usage of the term in the literature also referring this setting (e.g. Kupfer, 1976, 

1990; Kupfer et al., 1998; Looff et al., 2010a and b; Looff, 2017). This can cause problems 



as features (particularly evaporite lithologies) that are anomalous on the US Gulf Coast 

may be perfectly normal inside salt domes in other basins. We therefore refrain from using 

anomalous salt and instead use our subdivision of intra-salt heterogeneities (Table 1).





anhydrite which may form contaminants such as H2S that also pose a significant safety 

issue (e.g. Panfilov, 2016; Portarapillo and Di Benedetto, 2021). 

 

2.2.2 The Origin, Nature and Distribution of Heterogeneities in Salt Diapirs 

We now present an overview of the state of knowledge regarding the origin and 

distribution of different types of heterogeneities in salt diapirs outlined in Table 1.  

 

2.2.2.1 Depositional Heterogeneities 

A salt sequence accumulates through precipitation of salts from seawater, and a variety 

of evaporite lithologies are expected to develop (e.g. Usiglio, 1849). In sequence of 

precipitation, and in order of increasing solubility, these are most commonly carbonates, 

gypsum, halite, and bittern salts (potash), although the exact salts that precipitate are 

determined by local controls (e.g. Borchert and Muir, 1964; Kirkland and Evans, 1973; 

Schreiber, 1988; Warren, 2006; Babel and Schreiber, 2014; Jackson and Hudec, 2017). 

The salts, as well as any deposited clastics, develop compositional layering in an 

evaporite sequence that can contain weak (halite and bittern salts) and strong layers 

(anhydrites, carbonates, and clastics) and a range of viscosities (e.g. Rowan et al., 2019; 

Pichat, 2022) (Fig. 6). Some evaporite sequences, such as the Louann salt in the Gulf of 

Mexico, are almost entirely halite and thus contain minimal depositional compositional 

layering (e.g. Salvador, 1991; Rowan et al., 2019). For example, it is believed that 

onshore US Gulf Coast salt stocks are composed of ~92-99% halite and containing only 

minor anhydrite and sylvite (e.g. Lorenz et al., 1980; Kupfer, 1989, 1990). In contrast, 

many evaporite sequences are more heavily layered and compositionally heterogeneous, 









(Thompson and Looff, 2021), however, these techniques are computational intensive, 

costly and time consuming. Ideally, new 3-D seismic surveys, both onshore and offshore, 

will be designed in the future with acquisition parameters to target shallow intra-salt 

features. Alternatively,  vintage seismic could be revisited using unconventional 

reprocessing methods such as machine learning and artificial intelligence algorithms to 

try to improve intra-salt imaging but this is still an area where more fundamental research 

is needed. In addition, wider use of a fuller range of geophysical tools including but not 

limited to magnetotelluric, electromagnetic, borehole-based electrical resistivity 

tomography, radar and petrophysical tools such as triple-combo wireline logs and high-

resolution image logs will likely play an important role in the characterization of intra-salt 

architectures (Thomson and Looff, 2021, 2022). 

 

2.2.2.2 Non-depositional Heterogeneities 

In this work, non-depositional heterogeneities comprise structures, inclusions, textures, 

and colours that are atypical of the salt mass, and that do not relate to the initial deposition 

of the salt sequence (e.g., modified from Kupfer, 1976, 1990; Looff et al., 2010a and b; 

Looff, 2017; Warren, 2017) (Table 1; Fig. 9). In broad terms, non-depositional 

heterogeneities are associated with lithologic impurities, shearing within the salt, fluid 

entry into the salt, or some combination of all (e.g. Looff et al., 2010a and b; Looff, 2017; 

Warren, 2017; Cyran, 2020). Furthermore, degradation of salt quality at or near non-

depositional heterogeneities can allow fluids to leak into the diapir and is a major source 

of short- and long-term problems associated with man-made salt caverns (Warren, 2016, 









applied to mine and well bore samples will help constrain the origin, composition, and 

potentially the age, of fluids and gases in salt domes, and how these relate to the 

distribution and nature of non-depositional heterogeneities (e.g. Knauth et al., 1980). 

 

2.3. Salt Caverns: Research Outlook 

Salt bodies have been used for several decades as repositories of a variety of 

fluids from hydrocarbons and hydrogen to waste disposal. Today, a pressing urgency 

associated with the need for rapid decarbonization of our energy systems clearly points 

to salt formations as a subsurface resource that will play an important role to develop a 

viable hydrogen economy. We can think of salt caverns storing hydrogen as subsurface 

mega-batteries that will play a crucial role as part of the new hydrogen ecosystem. The 

salt mining industry has accumulated decades of operational knowledge that coupled with 

modern salt tectonic concepts can help accelerate our capacity to predict intra-salt 

heterogeneities and better plan for the placing, design, construction and operation of salt 

caverns. Even though hydrogen storage is currently ongoing in some salt formations, 

research is still needed to fully understand the full complexity of salt body architecture 

and composition and their potential to interact with hydrogen. 

 

3. Salt-Related CO2 Storage in Salt Basins 

3.1. Principles of CO2 Storage and Relevance in Salt Basins  

Anthropogenic CO2 emissions are currently ~35 gigatons (Gt) per year (IPCC, 2021).   

In order to limit climate change to 1.5°C, net emission needs to be reduced to zero (IPCC, 

2022). While there is as yet no consensus on how this will be achieved, it is clear that it 







Van Gent, 2018; Singh et al., 2021; Ulfah et al., 2022). What is considered migration loss 

in petroleum is ultra-secure storage from the perspective of CO2 storage. The same 

factors that hinder petroleum recovery serve to enhance storage security.  

Deliberately seeking migration loss by injecting CO2 downdip is a viable strategy 

that opens large volumes of the subsurface for CO2 storage, not just the volumes within 

closure (e.g. Ulfah et al, 2022) (Fig. 12). Without restriction to buoyant traps, all of the 

storage window is potentially available for CO2 injection and sequestration.  That said, 

the details of the injection and confining intervals are critical to predicting the spread of 

the plume and de-risking containment. Ideally, injection would create a compact plume, 

offering cost-effective leasing and monitoring. Similarly, an ideal site would have low 

structural relief and a large aquifer connection, such that pressure would dissipate quickly 

post-injection and leave the CO2 effectively immobile with minimal column height beneath 

a robust confining zone.   

It is possible for some depleted oil and gas fields to be repurposed for CO2 storage 

(e.g. Le Gallo et al., 2002; Agartan et al., 2018). However, suitable fields may not be 

available where storage is needed. Depleted fields have the advantage that the geological 

components of a CO2 storage play (reservoir, trap, seal) are proven, subsurface control 

data already exist, and some existing infrastructure may be repurposable. However, 

existing wells within a depleted field constitute a potential risk to long-term storage, by 

leakage through faulty cement plugs to surface or to shallow aquifers. Depending on the 

number and condition of existing wells, the costs of review and remediation may far 

outweigh the advantages of historical reservoir performance data and potentially re-

usable infrastructure.  



Given this background, why are salt basins and salt tectonic research of  value? 

The key here is that the economics of CO2 storage are marginal, and most of the cost is 

in the capture and transport (Global CCS Institute, 2021). Minimising transport distance 

is highly desirable. Prime CO2 storage sites must thus be close to major industrial CO2 

emissions areas, and where high quality data, infrastructure, proven reservoirs and seals 

(as constrained from prior hydrocarbon exploration activity), willing regulators, and public 

acceptance exist. Given these requirements, two of the most suitable basins for large 

scale CO2 storage worldwide are the northwestern Gulf of Mexico and the North Sea, 

both of which are current focal points for CO2 storage evaluation and development (e.g. 

Global CCS Institute, 2021). Critically, the geology of these settings is strongly influenced 

by salt - the Louann Salt in the US Gulf of Mexico, and the Zechstein Supergroup in the 

North Sea (e.g. Fig. 10). As petroleum geoscientists working these basins have already 

discovered, accurate predictions of reservoir architecture and potential seal risks depend 

on understanding the interactions of mobile salt with the depositional systems and 

subsequent structural deformation. This knowledge provides a sound basis which can 

now be applied to understand CO2 storage sites in salt basins. As experience with CO2 

storage grows, other relationships may be discovered (e.g. Roelofse et al., 2019; Zhang 

et al., 2022) and as deployment grows and the CO2 storage industry spreads (or transport 

costs fall), other salt basins may also become attractive storage targets. 

A question relevant to the role of salt tectonics in CO2 storage is: could CO2 be 

stored widely in solution caverns at a large-scale as is proposed for H2 storage? The 

simple answer here is no, for several reasons. First, the volumes of CO2 that need to be 

sequestered to mitigate climate change are orders of magnitude greater than the total 





3.2 Key Technical Challenges to CO2 Storage in Porous Reservoirs in Salt Basins: 

Developing CO2 Storage Plays 

Fully exploiting the CO2 storage potential in salt basins such as the Gulf of Mexico and 

North Sea will require a deeper understanding of the interactions between salt tectonics 

and CO2 storage plays. There is a wealth of existing research on the influence salt has 

on the structural, stratigraphic and sedimentary evolution of basins. Many of the existing 

interpretation methods, data analyses, maps, and modelling approaches can be applied, 

adapted and developed further to meet the challenges associated with developing and 

monitoring CO2 storage sites in salt basins. A key starting point will be to reframe the 

existing knowledge of how salt tectonics influences petroleum systems, and, where 

feasible, apply those to CO2 storage systems. Play-Based Exploration is a widely used 

approach in the petroleum industry (e.g. Fraser, 2010; Hawie et al., 2016; Lockhart et al., 

2018) and is now being adapted for CO2 storage (Bump et al., 2021). We now present 

our view of the key technical challenges to be addressed within a play element framework 

as all petroleum play elements, with the exception of source rock quality, are applicable 

to CO2 storage, providing proxies for injectivity, capacity, and containment potential (e.g. 

Bump et al., 2021).  

 

3.2.1. Salt Tectonic Influence on Reservoir  

CO2 storage reservoirs must balance multiple requirements. On one hand, the need for 

injection at industrial rates favours thick, clean sands with well-connected pore space and 

large pressure compartments.  On the other hand, CO2 storage efficiency is closely 

related to sweep efficiency, and storage improves with the addition of reservoir 



heterogeneity, due to the development of microtraps along the migration pathway (e.g. 

Krishnamurthy et al., 2017; Trevisan et al., 2017). Reservoir heterogeneity, in the form of 

layered reservoir sequences with sharp permeability contrasts, can also contribute to 

confinement of CO2 and displaced brines (Lindeberg, 1997; Oldenburg, 2008; Nordbotten 

et al., 2009; Sharma et al., 2017). Identifying prospective CO2 storage reservoirs requires 

an understanding of reservoir deposition, which, in salt basins can be strongly controlled 

by salt tectonics (e.g. Hodgson et al., 1992; Rowan and Weimer, 1998; Winker and Booth, 

2000; Mayall et al., 2010; Oluboyo et al., 2014; Doughty-Jones et al., 2017; Jackson et 

al., 2020; Howlett et al., 2021). Salt movement influences topography, the nature and 

distribution of depositional systems, and thus the distribution of facies and 

heterogeneities. Importantly, the distribution and quality of sands and depositional 

elements in different salt tectonic settings such as salt withdrawal synclines, isolated 

minibasins, expulsion rollovers, peripheral synclines around turtle structures, salt-

detached ramp syncline basins, will vary throughout salt tectonic evolution and new 

research will be undertaken on the often complex relationship between sedimentary 

processes (sediment flux, deposition, erosion) and salt movement (uplift and subsidence 

patterns through time), with CO2 storage in mind. In each salt tectonic setting, it will be 

important to constrain how the interactions have contributed to the reservoir architecture 

and heterogeneity, and thus the available pressure space for CO2 (i.e. the connected 

reservoir volume available for dissipation of injection pressure). Research questions can 

be framed in the context of salt withdrawal synclines, a likely early focus for CO2 storage, 

in part because they are located away from the more oil and gas prone structural highs 

(e.g. Fig. 12). A number of questions may be explored in such settings. First, how do 



depositional elements vary in salt-withdrawal synclines in different depositional 

environments, and how does salt movement influence this variability? As an example, 

shallow marine and deepwater systems respond differently to the presence of structural 

topography. A diapir crest in some shallow water settings may have very good, highly 

connected reservoirs across it, and between withdrawal synclines, as a result of wave 

action winnowing sediment over the elevated area. In deepwater however, where sand is 

carried in sediment gravity flows, those flows will travel preferentially in the topographic 

lows, leaving the salt diapir crest often devoid of sand.  

Second, how can palaeo-topography be reconstructed in salt withdrawal basins? 

The evolution of palaeo-topography in a salt withdrawal basin is a function of the balance 

between subsidence and uplift and sediment flux to, and through, the basin (e.g. Prather 

et al., 2012; Christie et al, 2021). Successfully reconstructing palaeo-topography requires 

an understanding of where the salt has moved in three dimensions through time. In the 

case of minibasins, recent studies have shown how minibasins exhibit complex 

subsidence and rotation histories as a result of, amongst others: tectonic shortening, 

interactions with base-salt relief, translation down salt-detached slopes, and mechanical 

interactions with other minibasins (e.g. Fernandez et al., 2020; Jackson et al., 2020; Duffy 

et al. 2021). Such processes will have significant implications and thus should be 

constrained when reconstructing minibasin palaeo-topography. In general, reconstructing 

palaeo-topography is required to address exactly where reservoirs are deposited so as 

to: i) quantify and predict the larger connected pore volume in salt withdrawal synclines, 

so that pressure dissipation and injection capacity can be accurately predicted; and ii) 



predict permeability architecture in salt-withdrawal synclines, which impact migrations of 

CO2 and displaced brines.  

Third, where are stratal pinchouts located in salt withdrawal synclines? Where 

stratal dips are present, as in salt withdrawal synclines, significant CO2 migration is 

possible, depending on the volume injected and the permeability architecture of the 

injection zone (e.g. Fig. 12). It may not be necessary to know the precise migration path, 

but it is important to assure that there will be no material impact (e.g., contamination of 

fresh water aquifers or producing hydrocarbon fields).  Structural and stratigraphic traps 

up-dip of the injection point can be part of that assurance. Stratal pinchouts are common 

features in salt withdrawal settings, particularly in deepwater, and thus future work should 

aim to develop tectono-stratigraphic models that advance our understanding of  their 

distribution in different salt withdrawal settings in space and through time, and hence 

predict their influence on CO2 storage. 

Overall, the focus of most recent literature on reservoir development in salt basins 

has been on deepwater clastic systems, driven by deepwater hydrocarbon exploration 

(e.g. Mayall et al., 2010; Giles and Rowan, 2012; Oluboyo et al., 2014; Cumberpatch et 

al., 2021). However, the economics of CO2 storage favours short CO2 transport distances, 

shifting the focus to present-day shallow water and onshore areas, where the reservoir 

targets for CO2 storage may be shallow marine and continental rather than deep water 

deposits. Returning research attention to the influence of salt tectonic processes on 

reservoir development in these environments with the addition of modern seismic and 

well data, analysis and concepts, will yield new insight that may prove important for CO2 

storage.  The same is true for carbonate reservoir systems, where the best reservoir 









Ultimately, a goal will be to reimagine petroleum play concepts and develop a range of 

new CO2 storage play concepts. We envisage a systematic analysis of how common CO2 

play risk elements in salt basins vary in different salt basins (e.g. simple vs layered 

evaporite sequences); and how the development of salt tectonic structures, including 

turtles, megaflaps, salt withdrawal minibasins, salt sheets, welds, sutures, faults, 

halokinetic sequences, etcetera, impact CO2 migration, container size and integrity. 

Ultimately, updated and targeted structural-stratigraphic models of salt movement 

through time in different settings will allow us to quantify risk (Figs. 12-14).  

An example of a salt-related CO2 storage play concept is one developed for salt 

withdrawal syncline settings (Ulfah et al., 2022) (Fig. 12). In petroleum systems, 

conventional, producible accumulations are found in buoyant traps, often located on 

structural highs. Clearly those same traps could work for CO2 storage, but the goal of 

sequestration opens the door to other trapping mechanisms (dissolution, pore throat 

trapping, and local capillary trapping) and potentially injecting into synclines, seeking 

high-injectivity sands at the well location and migration loss as CO2 moves up-dip (e.g., 

Ulfah et al., 2022). Petroleum exploration has catalogued a wide variety of salt-related 

plays and offers a valuable analog for CO2 storage. However CO2 storage differs from 

petroleum production, with different goals, boundary conditions and timescale and 

therefore different requirements for success.  The era of CO2 storage is only just 

beginning and new play concepts are inevitable.  As ever though, accurate geologic 

prediction in salt basins will require understanding the salt and its influence on 

depositional systems and structural styles. 

 



4. Potential for Geothermal Energy in Salt Basins 

4.1. Fundamental Principles in Geothermal Energy 

Exploration for geothermal energy has traditionally focused at or near plate tectonic 

margins (e.g. California, Pacific Ring of Fire, Iceland), above intra-plate thermal hotspots 

(e.g. Hawaii), or in intra-continental settings (e.g. East African Rift) (Moeck, 2014; 

Daniilidis and Herber, 2017). These are high-enthalpy, convection-dominated geothermal 

systems where heat is efficiently transported upwards by circulating fluids that migrate 

along permeable pathways (Moeck, 2014). In contrast, less attention has focused on 

sedimentary basins located away from plate margins, where neither asthenospheric 

anomalies or significant crustal extension occur. In these low-to-medium enthalpy 

settings, geothermal plays are controlled by conductive processes (e.g. Moeck, 2014; 

Sheck-Wenderoth et al, 2014; Daniilidis and Herber, 2017; Raymond et al., 2022). 

The high costs associated with drilling and completion (e.g. Barbier, 2002; 

Johnston et al., 2011; Beckers et al., 2014) have proven a barrier to the exploitation of 

conduction-dominated geothermal energy. The low-to-medium enthalpy nature means 

deeper drilling is typically required to economically exploit resources than in tectonically-

active systems. However, the social-political demand for renewable energy, plus 

technological advancements in three key areas has stimulated interest in exploiting 

geothermal resources from low-to-medium enthalpy settings (e.g. Tester et al, 2007; 

Moeck, 2014). First, advancements in drilling technology such as directional drilling, and 

a general trend towards more efficient drilling processes may reduce the costs associated 

with drilling significant distances. Second, Enhanced or Engineered Geothermal Systems 

(EGS) have been developed whereby fluid injection and hydraulic fracturing is used to 















to regional geology and evaporite stratigraphy, will enhance understanding of the internal 

composition and kinematics of the salt structures, which may then be related to 

temperature distributions constrained from borehole bottom hole temperatures or heat 

flow measurements. Second,  geomechanical modelling, coupled with detailed structural 

maps, will be required to predict the likely distribution and nature of faults, fractures, and 

in-situ stresses around salt bodies, and to reduce the risk of induced seismicity during 

well completion. Third, the derived maps and observations can then be integrated into 

numerical geothermal models to determine the degree of impact on temperature 

distributions. Allied to these approaches, there is need for fundamental research 

examining the thermal conductivities of different evaporite minerals under in situ 

conditions and ascertaining  implications for geothermal exploration (e.g. Peterson and 

Lerche, 1996; Yang et al., 2020; Raymond et al., 2022).    

 

5. Summary and Conclusions 

We have outlined the importance of salt tectonics to a range of energy transition 

technologies and have highlighted some of the key technical challenges to their 

successful development at scale in salt basins. Any salt basin may potentially offer a 

combination of: i) storage sites inside the salt (e.g. hydrogen and compressed air in salt 

caverns); ii) storage sites in the porous media surrounding the salt (CO2 storage, storage 

of waste brines); and iii) natural resources in the salt and surrounding sediments 

(geothermal energy, oil and gas, lithium potential) that are also likely to be required for 

exploitation, to varying degrees, throughout the energy transition (Fig. 18). These occur 

at a range of depths, with storage caverns between 400-2000 m, CO2 storage between 



~800 m and the top of overpressure, and hydrocarbons and geothermal resources at a 

range of depths (Fig. 18). Effectively exploiting these resources will require a deeper 

understanding of the composition, geometry, and evolution of salt structures and their 

surrounding sediments, as well as placing the areas of interest into basinal context (Fig. 

18). We see potential for problem solving by reframing and applying knowledge and data 

gained from many decades of petroleum exploration and mining in salt basins to energy 

transition issues. 

When seeking to exploit the natural resources in salt basins and deploy energy 

transition technologies it is essential to consider the following core points. First, each salt 

basin is unique, they will vary according to factors including the tectonic boundary 

conditions, and the nature and thickness of the original evaporite stratigraphy. Second, 

salt diapirs are not simply cylindrical masses of homogeneous halite. In nature, diapirs 

are highly heterogeneous bodies that exhibit a wide range of internal compositions, 

geometries, behaviours (e.g. Fig. 18). Likewise, the stratal geometries observed in the 

sediments that surround salt diapirs are also highly variable (e.g. Fig. 22). Ultimately, 

each salt basin and each salt structure will have its own risk profile for the deployment of 

the different energy transition technologies based on its geological character. Salt tectonic 

understanding will help optimise design, reduce geotechnical risk, and improve efficiency 

for energy transition technologies. 

Importantly, more than one energy transition technology may be viable for 

exploitation at a given salt diapir or within a salt basin, and thus there may be competition 

for resources (Fig. 18). It is important that subsurface and at-surface resources are 

utilised sustainably (e.g. Griffioen et al., 2014).  As such, determining which resource is 



preferentially exploited in a given setting will require careful consideration of social, 

economic, and environmental implications at a range of scales (e.g. Griffioen et al., 2014). 

In addition, where multiple technologies exploit resources in close proximity to one 

another, there are also likely to be synergies between the industries that should be 

explored (e.g. sharing data, infrastructure and knowledge). 

Overall, we emphasise that this overview is by no means an all-encompassing 

view. We hope this work will elicit conversation and insights from those with different 

perspectives on salt-related themes, particularly: geomechanics, rheology, 

microstructure, geochemistry, bedded salt geology, nuclear waste disposal, and the use 

of solution mining brines in lithium extraction processes (see also Kukla et al., 2019). 

Much research remains to be done.  
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7. Figure Captions 

Figure 1: Salt structures and their influence on petroleum system elements (Hudec and Jackson, 

2017). 

 



Figure 2: Projections of global emissions to 2050 and the projected role of varying technologies 

in reducing global emissions from Stated Policies Scenario down to Sustainable Development 

Scenario (National Petroleum Council Report, 2019; data from International Energy Agency, 

World Energy Outlook, 2019). 

 

Figure 3: a) Examples of the solution mining process that creates salt caverns and influence on 

cavern geometry: (i) a broadly cylindrical cavern tends to develop when direct brine circulation is 

used. Low salinity water is injected through the tubing string deep into the cavern and brine is 

withdrawn through the annular space between the final casing and the tubing string; and (ii) a 

wide-topped cavern develops if reverse circulation is used. Low salinity water enters the cavity 

through the annulus near the cavern top and brine is withdrawn through the tubing string. in both 

direct and reverse circulation, a fluid blanket protects the cavern roof. b) Schematic (not to scale) 

sketches showing geotechnically favourable and less favourable settings for solution cavern 

development (after Gillhaus, 2010; Warren, 2016). Not to scale.  

 

Figure 4: Cross-sections through natural salt diapirs showing heterogeneous nature. a) range of 

lithologies and flamelike folds in a German salt diapir (after Richter-Bernburg, 1970; Hofrichter, 

1980; Jackson and Hudec, 2017). b) (i) Section through a time-migrated seismic cross-section 

across Liam diapir in the Santos Basin showing marked variations of seismic reflectivity within the 

salt sequence, the development of complex folding and flaps, and the intrusion of older salts into 

younger salt as a sheet. (ii) Physical model showing similar relationships as in (i) (Dooley et al., 

2015). 

 

Figure 5: Reasons why understanding origin and distribution of shear zones in salt diapirs is 

important. a) impacts of complex salt flow and shearing during drilling (modified from Looff et al., 

2010a); b) preferential placement of salt caverns away from shear zones and intra-salt complexity 





https://www.sciencedirect.com/topics/earth-and-planetary-sciences/gulf-of-mexico


Figure 12:  Example of salt-influenced CO2 storage play concept in salt withdrawal synclines that 

may have high suitability for containment. CO2 is injected at high rates into porous sands 

deposited near the syncline axis. In concept, connection to a large aquifer allows dissipation of 

injection pressure and therefore enables long-term injection.  CO2 migrates laterally (green 

plume), driven by injection pressure and buoyancy. As it migrates, CO2 is arrested by capillary 

trapping, dissolution and baffling associated with any stratigraphic heterogeneities.  The process 

is similar to migration loss in hydrocarbons and may be sufficient to arrest the entire plume, 

depending on injected volumes and stratigraphic architecture (see Ulfah et. al 2022). 

 

Figure 13: Example of a salt-influenced CO2 storage play concept that may pose a containment 

risk. Steeply-dipping strata on the right flank of the diapir is likely to be structurally and 

stratigraphically complicated and may be overpressured as a result of the connection to deeper 

aquifers (centroid effect). Low effective stress would make it not viable for injection and geologic 

complexity would render it unattractive to an operation that can choose where to inject. 

 

Figure 14: Example of a salt-influenced CO2 storage play concept that may pose a containment 

risk. Sands encased in shales within a turtle anticline geometry may be highly prospective for oil 

and gas, yet for CO2 storage the pressurised sands may restrict CO2 injection into the crest, and 

there may be difficulty in accessing pore space down-dip of the anticline crest. 

 

Figure 15: a) Effect (schematic) of a 1-km-thick salt body in a shale interval on the geothermal 

gradient. The presence of the salt layer cools rocks below the salt and elevates the temperatures 

of rocks overlying the salt (modified and approximated after Mello et al. 1995). b) Thermal 

conductivity of rock salt compared to other lithologies (after Warren, 2016; 2017). 
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Depositional 
Heterogeneities  

Non -depositional Heterogeneities  

Depositional 
Heterogeneities  

Post -depositional 
Compositional 

Changes  

Post depositional 
Physical Alteration  

Anthropogenic 
Heterogeneities  

Evaporite intervals  
�” evaporative 

carbonate  
�” gypsum/anhyd

rite  
�” halite  
�” bittern salts  

 
Non-evaporite 
intervals  

�” sand 
�” shale 
�” biogenic 

carbonate  
 
Syn-depositional 
igneous:  

�” lavas 
�” ashes 

Inclusions:  
�” igneous 

intrusions  
�” entrained 

country rock 
(sutures, 
stoped sub -
salt blocks, 
encased 
minibasins)  
 

Chemical alteration:  
�” solution 

residue (e.g. 
caprocks) 

�” products of 
other 
chemical 
reactions (e.g. 
sulphate 
reduction by 
hydrocarbons)  

 
Natural fluids:  

�” brines  
�” hydrocarbons  

Deformation:  
�” faults  
�” shear zones  
�” fractures  
�” joints  

 
Recrystallization 
(poikiloblastic? - 
course grains, friable)  
 
Mylonitization 
(smaller grai ns) 
 

Excavations and 
mines  
 
Boreholes  
 
Existing solution 
caverns 
 
In-situ waste and 
storage:  

�” chemical 
waste 

�” radioactive 
waste 

�” munitions  
�” preserved 

valuable 
objects  

 
Migrated 
anthropogenic fluids:  

�” brines  
�” hydrocarbons  
�” dissolved 

hazardous 
waste 

Table 1: Classification of heterogeneities within salt bodies that may present challenges to 
engineering in salt.  
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Figure 1: Petroleum system elements around salt structures (Hudec and 
Jackson, 2017) 
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Figure 2: Projections of global emissions to 2050 and the projected role of varying 
technologies in reducing global emissions from Stated Policies Scenario down to 
Sustainable Development Scenario (National Petroleum Council Report, 2019; data 
from International Energy Agency, World Energy Outlook, 2019).
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Figure 3: a) Examples of the solution mining process that creates salt caverns and in�uence on 
cavern geometry: (i) a broadly cylindrical cavern tends to develop when direct brine circulation i
s used. Low salinity water is injected through the tubing string deep into the cavern and brine is 
withdrawn through the annular space between the �nal casing and the tubing string; and (ii) a 
wide-topped cavern develops if reverse circulation is used. Low salinity water enters the cavity t
hrough the annulus near the cavern top and brine is withdrawn through the tubing string. in both 
direct and reverse circulation, a �uid blanket protects the cavern roof. b) Schematic (not to scale) s
ketches showing geotechnically favourable and less favourable settings for solution cavern 
development (after Gillhaus, 2010; Warren, 2016). Figure is not to scale. 
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Figure 3 b) Schematic (not to scale) sketches showing geotechnically favourable and less favourable 
settings for solution cavern development (after Gillhaus, 2010; Warren, 2016). Figure is not to scale. 






































