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Abstract: Salt precipitation due to formation drying is a critical secondary alteration process that 
significantly impairs reservoir injectivity in the context of CO2 geological storage. In this work, salt 
precipitation during CO2 injection is reviewed primarily through various experimental studies. First, the 
experimental systems for salt precipitation studies, namely core-flooding, microfluidic-chip, static batch, 
and surface drying experimental systems, have been described to present their respective experimental 
procedures and merits, as well as corresponding applications. Subsequently, following the general 
description of the formation mechanisms of salt precipitation, the macro and micro salt distribution 
patterns at the reservoir and pore scales have been summarized. Finally, and most importantly, this study 
provides a comprehensive analysis of the controlling factors for salt precipitation, categorized into four 
different groups, according to the brine, rock, gas, and injection scenario aspects. Among all these factors, 
brine salinity, CO2 injection rate and initial reservoir properties are considered the most critical in 
determining the amount and distribution of precipitated salts and the degree of injectivity impairment. The 
effects of multi-scale reservoir heterogeneity and rock wettability on salt precipitation are attracting 
growing consideration, while the brine and gas composition studies are receiving less attention due to their 
relatively minor influences on reservoir alteration. Due to the limited specimen sizes, the ex-situ brine 
replenishment may be underestimated in core-flooding and microfluidic-chip experiments. This may result 
in a potentially significant underestimation of the volume of local salts and the potentially inaccurate 
prediction of the drying process during CO2 injection in many such experiments. 
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1 Introduction 

Carbon capture and storage (CCS) has been widely considered a promising technology for global net 
zero emissions of carbon (Alcalde et al., 2018; Budinis et al., 2018; Bui et al., 2018; IPCC, 2018; Sun et 
al., 2020). Around two hundred parties have submitted their Nationally Determined Contributions (NDC) 
to the Paris Agreement to describe their strategies for climate change mitigation (UNFCCC, 2022). More 
than forty countries include CCS technology in their national carbon neutrality plans (Sun et al., 2021). 
However, CCS development has stalled in many regions due to several main barriers, such as high 
development cost perception and potential safety issues (Leung et al., 2014; Budinis et al., 2018; Bui et 
al., 2018). 

The safety and efficiency of the CO2 geological storage (CGS) operations are essential to make CCS 
commercially and environmentally sustainable, and socially acceptable. Among the CGS chain of activity, 
finding the most suitable and potential storage site is a crucial step. A promising storage candidate must 
include a suitable emission source-geologic sink matching, sufficient storage capacity, reliable 
containment efficiency, and sustained reservoir injectivity (Miri and Hellevang, 2016; Aminu et al., 2017; 
Alcalde et al., 2021). Among these criteria, sustained reservoir injectivity ensures high injection rates of 
CO2 at acceptable injection pressures. Achieving suitable injectivity rates reduces the development costs 
of CGS by minimizing the number of injection wells and energy requirements, while also lowering leakage 
risks by preserving well and formation integrity through reduced injection pressure. A potential storage 
site generally features high injectivity when it has thick reservoirs with high initial permeability. However, 
injectivity can be reduced by a series of secondary alterations in the reservoir due to injection operations, 
including clay swelling, mineral precipitation, fines migration, and/or borehole deformation (Torsæter and 
Cerasi, 2018; Hajiabadi et al., 2021; Ngata et al., 2023). 

During CO2 storage, mineral precipitation can result from various CO2-brine or CO2-brine-rock 
interactions. Salt precipitation is of particular concern because it occurs rapidly near injection wellbores 
driven by fast precipitation kinetics. With the continuous injection of CO2, the remnant formation brines 
gradually reach oversaturation due to water evaporation into the CO2 stream. Finally, salts precipitate and 
result in pore-throat blockage and injectivity impairment. This phenomenon has been disclosed from field 
deployment projects, such as the Ketzin project in Germany (Baumann et al., 2014), the Snøhvit project 
in Norway (Grude et al., 2014), and the Boundary Dam project in Canada (Talman et al., 2020). 
Furthermore, a number of experimental and numerical simulation studies have been carried out to reveal 
the mechanisms of salt precipitation, the effects on CO2 injectivity, and the potential mitigation strategies. 
Miri and Hellevang (2016) presented a review that systematically summarizes the research outcomes 
published up to 2015. Since then, numerous subsequent studies have been published. Thus, in this 
contribution, we mainly focus on the more recent experimental studies of salt precipitation, and 
additionally refer to some numerical simulation results, with the overarching aim of providing an overview 
of the state-of-the-art on salt precipitation during CO2 storage. 
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2 Experimental methodology 

There are two widely used experimental approaches for mimicking salt precipitation during CGS, 
namely core-flooding experiments and microfluidic-chip experiments. The former enables 3D core-scale 
studies, while the latter focuses on 2D pore-scale studies. In addition, static batch experiments and surface 
drying experiments are also adopted to investigate salt precipitation processes in the context of CGS. 

2.1 Core-flooding experiment system 
The core-flooding system is the most frequently used method to investigate salt precipitation during 

CO2 injection. To review date, more than thirty peer-reviewed publications have adopted this method to 
study salt precipitation during CGS (Muller et al., 2009; Wang et al., 2009, 2010, 2019, Ott et al., 2011, 
2013, 2014, 2015, 2021, Peysson et al., 2011a, 2011b, 2014; Bacci et al., 2011; Vanorio et al., 2011; Bacci 
et al., 2013; Van Hemert et al., 2013; Roels et al., 2014, 2016; Jeddizahed and Rostami, 2016; Sokama-
Neuyam et al., 2017a, 2019, 2023; Sokama-Neuyam and Ursin, 2018; Berntsen et al., 2019; Lopez et al., 
2020; Md Yusof et al., 2020; Falcon-Suarez et al., 2020; Jayasekara et al., 2020; Akindipe et al., 2021; 
Lima et al., 2021; Akindipe et al., 2022; Abbasi et al., 2022; Mat Razali et al., 2022; Edem et al., 2022). 

The experimental preparation work mainly includes core specimen preparation with different sizes, 
lithologies, and initial physical properties, as well as synthetic brine preparation with different salinities 
and salt compositions. Generally, the initial physical properties of the core specimen, such as porosity, 
permeability, pore structure or mechanical characteristics, are measured before and/or during the core-
flooding experiment. Subsequently, the specimen is typically wrapped with aluminum foil, shrinking 
sleeve and rubber sleeve from the inside out to prevent CO2 leakage. It is then mounted into the core holder 
of the displacement apparatus, vacuumed to exhaust air gas, and saturated with synthetic brine. To avoid 
any residual air in the specimen preventing the complete saturation of brine, a potential pretreatment 
includes fully displacing the air with CO2 before applying the vacuum (Van Hemert et al., 2013; Roels et 
al., 2014, 2016, Akindipe et al., 2021, 2022). In this case, any residual gas will be replaced by CO2 and 
the potential residual CO2 can be removed through dissolution into the continuously injected brine. 
Afterward, supercritical CO2 (scCO2) is injected into the specimen at different rates to displace and 
evaporate brine under high temperature and pressure conditions, ultimately resulting in salt precipitation 
during the specimen dry-out. Some experiments have used CO2 gas at ambient temperature or low-pressure 
conditions due to limitations of the experimental apparatus (Van Hemert et al., 2013; Roels et al., 2014, 
2016; Falcon-Suarez et al., 2020), while others replaced CO2 with N2/He/air for security considerations or 
to avoid equipment corrosion by acidic fluids (Peysson et al., 2011b, 2014; Peysson, 2012; Lopez et al., 
2020; Mascle et al., 2023). 

The above experimental processes simulate general CO2 injection into saline aquifers, while some other 
experiments employed special procedures to imitate more complex CO2 injection scenarios. For instance, 
Bacci et al. (2011) conducted a multi-cycle experiment to imitate a long-term intermittent CO2 injection 
through cyclic brine saturation-CO2 displacement and evaporation. Ott et al. (2013, 2021) and Akindipe 
et al. (2022) used core specimens saturated with both oil and brine for CO2 flooding to represent CO2 
injection into oil or depleted oil reservoirs. Additionally, although some studies used CH4 to simulate salt 
precipitation in a gas storage scenario (e.g., Golghanddashti et al., 2013; Tang et al., 2023), these 
experimental results could also apply to cases of salt precipitation during CO2 injection into gas or depleted 
gas reservoirs. 
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During the entire core-flooding experiment, the distribution of brine, CO2 and salt can be determined 
using micro-CT scanning of the whole or part of the core specimen at different experiment stages, such as 
during the vacuum, brine saturation, displacement and drying stages. The use of X-ray monitoring alone 
is, however, not sufficient to de-correlating and quantifying local water saturation, salt concentration and 
qualities of salt precipitation, because X-ray contrast is sensitive to all material variations including water 
saturation and salt concentration. Therefore, Mascle et al. (2023) adopted a new in-situ monitoring 
instrument to simultaneously acquire X-ray and Neutron radiographies. This approach enables the 
quantitative separation of different phase saturations as well as brine salinity thanks to their different 
attenuation characteristics. Br, I or Cs salts were used in some experiments instead of Cl salts to improve 
the X-ray contrast between CO2 and brine or salt, helping to better distinguish different phases (Van 
Hemert et al., 2013; Ott et al., 2014, 2015, Roels et al., 2014, 2016, Akindipe et al., 2021, 2022; Mascle et 
al., 2023). To limit brine/CO2 backflow and maintain quasi-static conditions during high-resolution image 
acquisition, Akindipe et al. (2021, 2022) kept brine or CO2 injection at a very low rate during each X-ray 
scanning period. 

In addition to the monitoring of brine, CO2 and salt distributions, injected rates and pressure profiles 
can be detected through equipped flowmeters or pressure transducers to obtain real-time changes of 
permeability. Dehydration rates, including displaced water and evaporated water, can be calculated not 
only through the detection of residual water in the core specimen but also through the measurement of 
water loss. Liquid water loss can be directly collected and weighted from effluents. The gaseous water loss 
can be collected through silica-gel packs, to then calculate the evaporation rate based on the weight 
variation of the silica-gel packs (Golghanddashti et al., 2013; Jeddizahed and Rostami, 2016; Abbasi et al., 
2022). Apart from tests during the core-flooding process, valuable data can also be obtained through 
various post-flooding tests, including salt distribution, mineralogical characteristics, and core physical 
properties. These data can be obtained using X-ray diffraction (XRD), scanning electron microscopy with 
energy dispersive spectroscopy (SEM-EDS), mercury intrusion porosimetry (MIP), nuclear magnetic 
resonance (NMR), etc. Finally, based on the comprehensive analysis of the results from the experiments 
described above, the salt precipitation processes, salt distribution patterns, and the subsequent injectivity 
impairment can be determined. If the core specimens need to be used to conduct more experiments, they 
can be cleaned through core-flooding by deionized water or low salinity water and then ethanol flooding 
(Jeddizahed and Rostami, 2016). 

2.2 Microfluidic-chip experiment system 
The microfluidic-chip system is the other most commonly used method. More than ten peer-reviewed 

publications adopted this method to study salt precipitation during CGS to review date (Kim et al., 2013; 
Miri et al., 2015; Rufai and Crawshaw, 2017, 2018; Nooraiepour et al., 2018; He et al., 2019, 2022; Seo 
et al., 2019; He et al., 2024; Ho and Tsai, 2020; Hu et al., 2022; Wang et al., 2024). 

Although the microfluidic-chip experiment system generally follows a similar experimental procedure 
to the core-flooding approach, it presents significant differences across the different experimental stages, 
particularly in terms of preparation work and process monitoring methods. On the one hand, compared to 
the core-flooding system, which uses readily available natural rock samples, the microfluidic-chip system 
requires the more labor-intensive initial step of chip fabrication. A 2D chip, generally shaped as a rectangle, 
consists of a substrate plate and a cover plate, and is usually made of silicon glass. The chips are usually 
made of Poly(methyl methacrylate) (PMMA) or Polydimethylsiloxane (PDMS) due to their chemical 
resistance and mechanical stability (e.g., Kim et al., 2013; Seo et al., 2019; Ho and Tsai, 2020). The 
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substrate is etched by a laser ablation system or by a chemical etching method, such as hydrofluoric acid, 
to obtain a pore-throat network or a pore-fracture network. Then, the substrate and cover plates are bonded 
together using a thermal or chemical bonding method. In addition to 2D chips, 1D channels have also been 
used to simulate salt precipitation in a single pore or a single pore-throat configuration, such as a single 
channel (Miri et al., 2015) or a straight channel with an isolated pore (Kim et al., 2013). Moreover, 
compared to a pore-throat or fracture network created using synthetic materials, Nooraiepour et al. (2018) 
used a natural organic-rich shale sample to create a fracture network through laser scribing on the sample 
surface. They aimed to ensure a similar wettability and surface free energy between experimental 
substrates and real rocks, which may influence the nucleation and precipitation of salt crystals. 

On the other hand, unlike the core-flooding system, which uses brine with typical salt components to 
enhance the X-ray contrast between salt and CO2, the microfluidic-chip system generally uses different 
additives into synthetic brine. These include insoluble dye particles (Miri et al., 2015), potassium 
permanganate dye (Ho and Tsai, 2020), or low-concentration fluorescein (Kim et al., 2013; Rufai and 
Crawshaw, 2017, 2018). During the microfluidic-flooding experiment, the processes of water evaporation 
and salt precipitation can be observed in real-time through the transparent chips. Meanwhile, these brine 
additives enable better visualization under polarizing light or fluorescence microscopy. The microscopy 
system can capture real-time images at short time intervals to record the whole process of chip dry-out. 
Furthermore, the images can be used to extract quantitative kinetic data of evaporation and precipitation 
using image processing tools, such as ImageJ (Kim et al., 2013; Rufai and Crawshaw, 2017, 2018). 

2.3 Static batch and surface drying experiment systems 
In the context of CGS, the static batch experiment system is generally used for fluid-rock interaction 

studies (Kaszuba et al., 2013). However, several peer-reviewed publications documented the phenomenon 
of salt precipitation in their batch experiments (e.g., Bolourinejad and Herber, 2013; Rathnaweera et al., 
2016; Wang et al., 2016; Dai et al., 2022; Md Yusof et al., 2022). Some of these experiments presented 
useful evidence for the elucidation of the influencing factors of salt precipitation. For instance, Wang et al. 
(2016) and Bolourinejad and Herber (2013) discussed the effect of gas impurity during CO2 injection on 
salt precipitation. Compared to the dynamic core-flooding and microfluidic-chip experimental systems 
with continuous fluid flooding, the static batch experiment system features a closed reaction system, where 
no significant materials are introduced or removed during the reaction process. The main apparatus for the 
batch experiment is a high-temperature and high-pressure reactor that contains rock specimens (rock 
powders, disks or cores), brines, and injected CO2. A detailed description of experimental apparatuses for 
CO2-brine-rock interactions can be found in the review article by Kaszuba et al. (2013). Unlike water 
evaporation and salt precipitation, which occur very rapidly, dissolution and precipitation of major rock-
forming minerals happen at very slow rates, with the exception of carbonate minerals (Black et al., 2015; 
Holzheid, 2016). Thus, the duration of a batch experiment is relatively long, ranging from several weeks 
to years. For instance, Rathnaweera et al. (2017) carried out a static experiment to capture the initial 
dissolution of quartz and aluminosilicate minerals that lasted 1.5 years. 

Compared to the dynamic flooding and the static batch experiments, the surface drying experimental 
system can be regarded as a semi-dynamic to semi-static experiment. This approach generally follows a 
simple procedure, including core evacuation, brine saturation, and drying in an oven or by surface air 
blowing. This means that the specimen is not subjected to gas flooding during water evaporation and salt 
precipitation. However, the residual brine must have experienced capillary convection due to the fluid 
saturation difference between the drying surface and the specimen interior. To date, several studies have 
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documented salt precipitation using the drying oven experiment (e.g., Peysson et al., 2011a; Tang et al., 
2015; Bernachot et al., 2017; Zhang et al., 2020). This kind of experiment is generally used to study plants 
and soils, land-atmosphere interactions, and buildings and monuments. However, some surface drying 
experiments also presented useful clues to reveal the influencing factors of salt precipitation. For instance, 
Norouzi Rad and Shokri (2014) and Norouzi Rad et al. (2015) elucidated the effects of pore and particle 
geometry characteristics on salt precipitation. Compared to the dynamic flooding experiment that 
simulates CO2 injection and salt precipitation in the main reservoir body, the surface drying experiment 
can be used to study the salt precipitation at specific interfaces, such as the contact interface between 
reservoir and caprock, high-permeability layer and low-permeability layer, or open fracture and low-
permeable matrix. 

3 Distribution patterns of salt precipitation 

As summarized in the review article by Miri and Hellevang (2016), salt precipitation during CO2 
injection is the consequence of a series of physical processes with minor chemical processes. These 
processes mainly include two-phase displacement of brine by viscous pressure gradients imposed by 
injected CO2, evaporation of brine in contact with unsaturated CO2 stream, backflow of brine to 
evaporation front driven by capillary pressure gradient, molecular diffusion of salt solute due to 
concentration gradient, salt nucleation and growth from supersaturated brine, and salt self-enhancement 
mechanisms. Readers can refer to the previous review article for detailed descriptions of salt precipitation 
processes (Miri and Hellevang, 2016). The interplay of these mechanisms determines the macro-
distribution at the reservoir scale and the micro-distribution at the pore scale of salt precipitation and thus 
the resulting reservoir impairment. This section aims to provide a general overview of the distribution 
patterns of salt precipitation, and to improve our understanding by reviewing recently published articles. 

3.1 Macro-distribution of salt precipitation 
As proposed by Ott et al. (2015) and Miri and Hellevang (2016), the macro-distribution patterns of salt 

precipitation at the reservoir scale are controlled by three drying regimes, namely the diffusive, capillary, 
and evaporation regimes. The diffusive regime dominates under the conditions of low injection and 
evaporation rates. In this case, the capillary backflow of brine can compensate for the water loss due to 
evaporation near the injection point. Meanwhile, the salt solutes have enough time to diffuse away from 
the injection point under salt concentration differences. This results in a semi-homogeneous distribution 
of salt precipitation near the injection well. The capillary regime is active under the conditions of moderate 
injection rates and during the equilibrium between evaporation rates and capillary backflow rates. A drying 
front forms and moves away from the injection point, and then stabilizes at a position where the capillary 
backflow rate equals the evaporation rate. Therefore, a locally intensive salt precipitation belt forms near 
the drying front because there is not enough time for the homogenization of the salt solutes via diffusion. 
The evaporative regime forms at very high injection rates, above a critical limit. In this case, the 
evaporation rate is constantly greater than the capillary backflow rate, and the drying front constantly 
advances through the reservoir. This results in a homogeneous salt distribution due to the lack of sufficient 
capillary backflow of brine. 

Several experimental studies have verified the different salt distribution patterns (e.g., Ott et al., 2011, 
2015; Falcon-Suarez et al., 2020; Mascle et al., 2023). Locally intensive salt precipitation in the capillary 
regime is responsible for the reservoir injectivity impairment during CO2 injection. The continuous 
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capillary backflow of brine towards the drying front must simultaneously meet the following requirements, 
including adequate ex-situ brine sources and connected brine migration pathways. The ex-situ brines for 
local salt precipitation are not only sourced from lateral reservoirs but also adjacent low-permeability 
interlayers (Roels et al., 2016; Lopez et al., 2020). The connected brine migration pathways associated 
with capillary backflow consist of wetting films on grain surfaces, liquid bridges, and liquid pools (Miri 
et al., 2015). As pointed out by experimental studies (Ott et al., 2013, 2021; Rufai and Crawshaw, 2018; 
He et al., 2019, 2022; Akindipe et al., 2022), residual brine saturation and rock wettability are critical 
factors influencing the liquid migration pathways. Low residual brine saturation or hydrophobic 
wettability can reduce hydraulic connectivity and thus prevent brine migration. The ex-situ brine sources 
and brine migration pathways for salt precipitation are further discussed in sections 4.1 Brine aspect and 
4.2 Rock aspect. 

3.2 Micro-distribution of salt precipitation 
Two main types of salt crystal morphologies were identified in the experiments of Kim et al. (2013) and 

Miri et al. (2015), namely large bulk salt crystals and polycrystalline salt aggregates (Fig. 1). Subsequently, 
further experimental studies confirmed the previous findings of crystal characteristics (He et al., 2019, 
2022; Ho and Tsai, 2020). Large bulk salt crystals tend to form when single crystals nucleate close to the 
CO2-brine interfaces at low supersaturations. Salt crystals have enough time to grow and attain large sizes, 
especially at low evaporation rates. In contrast, micro polycrystalline aggregates tend to form at the CO2-
brine interfaces of high supersaturations. Salt crystals feature small sizes and fast nucleation and 
precipitation rates due to high evaporation rates (Fig. 1). Kim et al. (2013) and Miri et al. (2015) 
documented that large bulk crystals mainly form in the early stage of CO2 injection when sufficient brines 
are available, while micro polycrystalline aggregates mainly occur later at CO2-brine interfaces when 
brines diminish due to two-phase displacement and continuous evaporation. However, Ho and Tsai (2020) 
noted that the two salt morphologies can occur at different stages of salt precipitation, although the specific 
characteristics of each type vary slightly between stages. 

Apart from the macro-distribution of salt precipitation, the micro-distribution of salt crystals is also 
considered a direct factor controlling reservoir permeability impairment. However, there is still some 
debate regarding the micro-distribution of salt crystals. Firstly, it is controversial whether salt crystals are 
mainly distributed in small or large pore throats. Tang et al. (2015) found that salts precipitate in all pore-
throat sizes in certain experiments, although some of their experiments showed salts concentrating 
primarily in small pore throats. However, Tang et al. (2023) compared pore-throat sizes from NMR tests 
before and after drying in their later experiments, and observed that more salts precipitate in large pores. 
Zhang et al. (2020) observed that the average pore-throat size significantly decreases when comparing 
mercury intrusion curves before and after drying, and claimed that large pore throats can be divided into 
smaller ones due to salt precipitation. Ott et al. (2014) studied salt precipitation in dual-porosity systems. 
They found that salts can precipitate in the micro-pores when the flowing CO2 in the macro-pores reaches 
the interface between macro- and micro-pores. Otherwise, salt precipitation may concentrate in the macro-
pore system while the micro-pore system acts as the brine source of capillary backflow. Overall, the 
differences in the micro-distribution pattern of salt precipitation derived from various experimental studies 
could be due to the different assemblages of pore structures and injection characteristics. In a 
heterogeneous pore structure, the injected CO2 always migrates along the connected large pore-throats at 
relatively low injection pressures, and the salts tend to concentrate in the pore-throats of the preferential 
migration pathways. At higher injection pressures, the injected CO2 reaches more pore-throats with various 
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sizes, and therefore the salts could precipitate in pore-throats of a wide range of sizes. 

 

Fig. 1. Two main types of salt crystal morphologies, namely large bulk salt crystals and polycrystalline salt 
aggregates, revealed by (A-B) microfluidic-chip experiment (Kim et al., 2013; Miri et al., 2015), (C) core-
flooding experiment (Tang et al., 2023), and (D) drying oven experiment from the authors of this article. 

 
Secondly, there is an argument about whether salt crystals are able to penetrate the CO2-brine interfaces. 

Miri et al. (2015) proposed that the salt self-enhancement mechanism can promote the growth of salt 
aggregates into the gas phase. The micro-pore structures and significant hydrophilicity of salt aggregates 
result in strong capillary suction to ex-situ brine. Furthermore, the salt aggregates enhance the evaporation 
surfaces and nucleation sites. Therefore, the salt self-enhancement mechanism can lead to more salt 
precipitation at higher rates, which in turn can significantly block CO2 seepage pathways. Masoudi et al. 
(2021) implemented a pore-scale simulation of the salt self-enhancement process using an advection-
diffusion Lattice-Boltzmann model, considering both intergranular pores of reservoirs and intercrystalline 
pores of salts. In contrast, Ott et al. (2011, 2015) claimed that salt precipitation primarily occurs in the 
pore spaces that were previously occupied by residual brines. They highlighted that the benefits of brine 
evaporation on the relative permeability of CO2 are more significant than the drawbacks of salt blockage. 
Intensive salt precipitation may only reduce the effective permeability of CO2 in heterogeneous multi-
porosity systems where micro-pores provide brine for evaporation and salt precipitation in macro-pores 
(Ott et al., 2013, 2014). We believe that the absence of salt precipitation in the CO2 flow channels in some 
of the experiments may be due to the limitations of experimental samples and conditions. The small sample 
size and high sample permeability and injection rate result in salt precipitation relying only on in-situ 
residual brine, which is inconsistent with the potential backflow of peripheral brine in subsurface 
reservoirs and may underestimate the salt precipitation in real reservoirs. However, as pointed out by Ott 
et al. (2021), the salt self-enhancement mechanism to explain how salt precipitation penetrates the CO2-
brine interfaces has only been observed in microfluidic experiments, and it has not yet been proven in 
core-flooding experiments using rock samples. 
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4 Comprehensive analysis of controlling factors 

Although salt precipitation follows the same basic principles in different experiments, these experiments 
can yield inconsistent or even conflicting conclusions. This is because the complex processes of salt 
precipitation, the macro and micro distributions of salts, and their effects on reservoir physical properties 
may vary from core to core or from site to site. Therefore, this section aims to provide a critical review of 
various controlling factors on salt precipitation. These factors have been categorized into four distinct 
groups, namely the brine, rock, gas, and injection scenario aspects. 

4.1 Brine aspect 
4.1.1 Brine salinity 

Brine salinity is generally considered as the main factor controlling the process of salt precipitation 
during gas production and storage. A larger number of experiments have been conducted to elucidate the 
effects of brine salinity on water evaporation, salt precipitation, and the variation of reservoir properties, 
using the core-flooding system (Peysson et al., 2011b, 2014; Peysson, 2012; Jeddizahed and Rostami, 
2016; Sokama-Neuyam and Ursin, 2018; Sokama-Neuyam et al., 2023, 2019; Jayasekara et al., 2020; Md 
Yusof et al., 2020; Abbasi et al., 2022; Edem et al., 2022; Tang et al., 2023), the microfluidic-chip system 
(Rufai and Crawshaw, 2017, 2018; Seo et al., 2019; He et al., 2022), and the drying oven system (Peysson 
et al., 2011a; Tang et al., 2015). In addition, many numerical simulation studies have also been performed 
to verify the effects of brine salinity (Kim et al., 2012; André et al., 2014; Cui et al., 2016, 2018a; Ghafoori 
et al., 2017; Wang et al., 2017; Kumar et al., 2020; Parvin et al., 2020; Norouzi et al., 2021; Ren and Feng, 
2021; Zhao and Cheng, 2022). 

Brine salinity ranging from near zero to full saturation is used in various experiments, and determines 
the amount of salt available for precipitation per unit of brine. Higher salinity leads to increased salt 
precipitation and hence increased impairment of absolute permeability, as shown in all the aforementioned 
experimental and numerical studies, e.g., Fig. 2A. However, effective permeability is determined by both 
absolute permeability and relative permeability. Peysson (2012) carried out a series of core-flooding 
experiments using different concentrations of KCl solution. Although salt precipitation leads to a reduction 
in absolute permeability even at low salt concentrations, effective permeability improves due to the 
increase in the relative permeability of CO2. This is because water evaporation into the undersaturated CO2 
stream expands the pathways for CO2 migration. However, as the initial brine salinity increases, the 
effective permeability initially increases at the early evaporation stage, but subsequently falls significantly 
with intensive salt precipitation (Peysson, 2012). Thus, water evaporation and salt precipitation have 
opposite effects and together determine the final effective permeability variation for CO2 migration. Tang 
et al. (2023) conducted a series of core-flooding experiments to simulate the drying process during 
underground CH4 storage at the initial residual brine saturations ranging from 30% to 50%. They 
concluded that the effective porosity and permeability are higher than the initial values in all experiments 
using different brine salinities, but the improvement diminishes with increasing salinities. In other words, 
the positive effect of water evaporation outweighs the negative effect of salt precipitation in their study. 
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Fig. 2. Effect of initial brine salinity on (A) permeability alteration (the ratio of current absolute permeability 
to initial absolute permeability) and (B) evaporation rate, indicating that higher initial brine salinity results in 
greater permeability impairment and lower evaporation rate, modified from Rufai and Crawshaw (2017). 

Salinity not only determines the amount of salt precipitation, but also influences the processes of 
brine evaporation and salt crystallization. Seo et al. (2019) documented a trend in the average evaporation 
rate, which first decreases and then increases as the initial salinity rises, with the lowest rate occurring at 
the initial NaCl concentration of 5%-10%. They attributed this to the corresponding variation of the 
activity coefficient of NaCl solution, with salinity controlling brine evaporation dynamics. As the activity 
coefficient decreases, the energy required to separate the constituent molecules increases. This means that 
the diffusion of water molecules from liquid brine to gaseous CO2 is more challenging at lower water 
activities. On the other hand, Jeddizahed and Rostami (2016) documented a decreasing evaporation rate 
as the initial salinity increases from 5 g/L to 200 g/L. They explained that higher salinity leads to a higher 
viscosity difference between CO2 and brine, a lower displacement efficiency, and thus a higher amount of 
residual brine. Therefore, there is an increasing chance of brine getting in contact with CO2 and 
evaporating. However, higher salinity leads to a lower equilibrium vapor pressure and thus a lower 
evaporation rate. Ultimately, the negative effect of salinity on equilibrium vapor pressure overcomes the 
positive effect on residual brine saturation. Similarly, Abbasi et al. (2022) reported that high salinity leads 
to weaker evaporation due to the decreasing equilibrium vapor pressure according to Raoult’s law. Rufai 
and Crawshaw (2017) and Jayasekara et al. (2020) found that more salt precipitation in high salinity 
impairs evaporation rate by blocking the paths of CO2 migration and brine backflow (Fig. 2B). High 
salinity implies high viscosity and low mobility of brine, which may hinder the backflow of brine to the 
evaporation front (Rufai and Crawshaw, 2017). In contrast, Peysson et al. (2011b) found that evaporation 
rate is higher at salinities of 250 or 300 g/L than 30 g/L. They claimed that salt efflorescence forms on the 
specimen surface under the condition of high salinity brine, and the microporous structure of the 
efflorescence enhances the capillary backflow of brine from the sample interior to the evaporation surface. 
This phenomenon has been found in the surface drying cases by Sghaier and Prat (2009). Overall, the 
effect of brine salinity on evaporation rate is the coupling of several opposing factors. Positive effects 
include higher residual brine saturation and increasing brine backflow due to microporous salts. Negative 
effects include lower equilibrium vapor pressure and blockage of CO2 migration pathways. Thus, the final 
evaporation rate of brine varies from case to case due to the different combinations of the above positive 
and negative effects. Although there is still ongoing debate about the effect of salinity on evaporate rate, 
an increase in brine salinity increases the total dissolved solids per unit of brine. The effect of salinity on 
precipitation rate is controlled by the interaction between the change in evaporation rate and the increase 
in total dissolved solids (Jeddizahed and Rostami, 2016; Abbasi et al., 2022). 
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4.1.2 Brine composition 
Most studies used NaCl solution as the experimental fluid due to its simplicity and because it is the main 

component of most subsurface brines. As mentioned in the experimental methodology section, some 
experiments adopted Br/I or Cs salts instead of Cl salts to improve the X-ray contrast between CO2 and 
brine/salt (e.g., Van Hemert et al., 2013; Ott et al., 2014, 2015, Roels et al., 2014, 2016, Akindipe et al., 
2021, 2022; Mascle et al., 2023). Furthermore, several experiments used K salts rather than Na salts, as 
the former not only have higher density and X-ray attenuation, but also a lower critical salt concentration 
and are therefore easier to precipitate (Peysson, 2012; Ott et al., 2014; Peysson et al., 2014; Roels et al., 
2014, 2016; Lopez et al., 2020). In addition, many experiments used underground brines or synthetic brines 
according to the composition of real brines (e.g., Bolourinejad and Herber, 2013; Golghanddashti et al., 
2013; Tang et al., 2015, 2023; Sokama-Neuyam et al., 2019; Wang et al., 2019; Abbasi et al., 2022). 
However, there are very few studies that have addressed the issue of the effect of brine composition on 
salt precipitation during gas storage. Peysson et al. (2011a) compared the experimental results using 
different brine compositions. Their study showed that KCl solution results in a more significant 
permeability impairment of rock cores. Edem et al. (2022) carried out a series of experiments using four 
different types of brines, uniquely composed of NaCl, KCl, MgCl2, and CaCl2. Although they found 
complex relations between porosity and permeability reductions and salt types (Fig.3), they pointed out 
that aquifers with high proportions of divalent salts, especially magnesium salts, tend to undergo more 
intense salt precipitation and injectivity impairment. In addition, both experimental and numerical 
simulation studies indicated that CO2 solubility in divalent solutions is noticeably lower than that of 
monovalent solutions (Tsai et al., 2015; Messabeb et al., 2017). Therefore, there is more CO2 in the free 
phase, resulting in faster water evaporation and salt precipitation in divalent brines. To the best of our 
knowledge, the studies of gypsum or aragonite precipitation during evaporation experiments in the context 
of CO2 storage are extremely rare. This may require further studies, as aragonite and gypsum may have 
different crystallization habits to other salts, and may impair permeability stronger at lower porosity 
changes. 

 
Fig. 3. Effect of brine composition on porosity and permeability alternation, indicating that high proportions of 
magnesium salts lead to more intense salt precipitation and hence higher porosity and permeability reduction, 
data from Edem et al. (2022). 
4.1.3 Brine source 

In-situ brine saturation of reservoirs varies from 100% in aquifers to irreducible water saturation in 
hydrocarbon reservoirs. Brine saturation determines the amount of brine involved in two-phase 
displacement, water evaporation, and salt precipitation. Most studies have used fully brine-saturated cores 
or chips in their drying experiments, while a few studies have investigated the effects of initial brine 
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saturations on salt precipitation. For instance, Zhang et al. (2020) carried out a series of drying-oven 
experiments with increasing initial brine saturations. They found that porosity and permeability 
impairment increase significantly with initial brine saturation increasing from 10% to 100% (Fig. 4). Ott 
et al. (2013, 2021) compared three core-flooding experiments with different saturation conditions. The 
100% initial brine saturation scenario (≈50-60% after two-phase displacement) and the remaining brine 
saturation (≈50%) scenario, obtained by draining the fully brine-saturated core with decane, present 
significant reductions in permeability after drying by CO2 flooding. However, the residual brine saturation 
scenario (12-23%), obtained by centrifugation followed by decane drainage, features a minor change in 
effective permeability. This is because there is limited brine available for evaporation and salt precipitation 
in the last scenario, and it is mainly concentrated in small pore throats. Moreover, it is difficult to form the 
effective capillary flow of residual brine and the local enrichment of salt precipitation due to the lack of 
hydraulic connectivity. Meanwhile, the effects of brine saturation on salt precipitation have also been 
confirmed by numerical simulations (e.g., Kim et al., 2011; Wang and Liu, 2013; Cui et al., 2016, 2021). 
Cui et al. (2016, 2021) simulated CO2 geothermal exploitation in depleted gas reservoirs, and reported that 
less salt precipitation and permeability impairment occur when the injection and production wells are 
placed in the upper position of the gas reservoirs. This is because that there is lower residual brine 
saturation in the upper part of the reservoirs than in the lower part. 

 
Fig. 4. Effect of initial brine saturation (Sw) on porosity and permeability alternation, indicating that higher 
initial brine saturation leads to higher porosity and permeability reductions, data from Zhang et al. (2020). 

Apart from the in-situ brines, the ex-situ brines driven by capillary backflow are an important source of 
evaporative salt precipitation, such as the brine supply from matrix to fracture, from weak-permeable 
interlayer to reservoir, and from the interior of the reservoir. The first two scenarios result from the 
reservoir heterogeneity at different scales, and are discussed in detail in Section 4.2 the rock aspect. 
Regarding the capillary backflow due to the brine saturation gradient within the reservoir, Baumann et al. 
(2014) found that the salt saturation in the dry-out region increases from the center area to the edge area, 
based on the time-lapse radiometric pulsed neutron-gamma logging data of the injection well at the Ketzin 
CO2 storage site. They explained the salt distribution pattern as the presence of large capillary forces 
leading to the backflow of additional brine at the dry-out edges. Moreover, Grude et al. (2014) found that 
the permeability reduction of core plugs due to salt precipitation from laboratory experiments is 7% 
(horizontal core plug) and 17% (vertical core plug). However, the experimental results are not sufficient 
to explain the significant pressure build-up due to near-well plugging from field data of the Snøhvit storage 
site. As pointed out in the core-scale numerical study by Ren et al. (2018), the core sizes used in core-
flooding experiments are limited by the experimental apparatus used. Thus, the amount of brine available 
for capillary backflow is limited by the short core sizes, which may cause a significant underestimation of 



13 

 

the amount of local salt precipitation. Although several studies have used cores longer than 20 cm (e.g., 
Muller et al., 2009; Wang et al., 2009, 2010, Sokama-Neuyam et al., 2017a, 2019; Berntsen et al., 2019), 
it is still unknown whether these sizes are large enough to mimic reservoir conditions, as the effective 
backflow distance of brine is vague. 

To avoid the problem of limited brine replenishment, Berntsen et al. designed a medium-scale borehole 
physical model (20 cm × 19 cm) with an infinite source of formation water (Berntsen et al., 2019). Infinite 
brine replenishment was achieved by radial injection of brine into the vicinity of the borehole at the same 
rate as water evaporation. They explained that the overall weak salt precipitation, concentrated in the CO2 
inlet, results from the constant backflow of brine. This delays the oversaturation of brine, and requires 
more experimental time to achieve significant salt precipitation. Lopez et al. (2020) and Mascle et al. 
(2023) designed a simultaneous CO2 and brine injection experiment program. CO2 and brine were injected 
from the top and bottom inlets, respectively, while all fluids flowed out through the bottom outlet (Fig. 5). 
This allowed the simultaneous flooding of CO2 throughout the whole core sample and brine flooding at 
the bottom face of the core sample. The latter can provide a brine source for the backflow towards the 
evaporation front. The infinite brine source not only increases the amount of salt precipitation, but also 
changes the salt formation process and distribution pattern. They observed the movement and growth of 
local salt banks due to the repeated dissolution and precipitation of salts during gas draw-down to build-
up cycles. The replenishing brine dissolves the rear back of the first salt bank, and the dissolved salts move 
upwards and precipitate to form the second salt bank (Fig. 5). 

 
Fig. 5. Effect of significant brine replenishment on salt precipitation, indicating that the replenishing brine 
increases the amount of salt precipitation and leads to the movement and growth of salt banks due to salt 
dissolution and reprecipitation during a gas draw down to build up cycle, modified from Mascle et al. 
(2023). 

4.2 Rock aspect 
4.2.1 Initial porosity and permeability 

Although potential storage reservoirs generally have high initial porosity and permeability, some storage 
sites with inferior properties have to be used due to other considerations. Several experimental studies 
have investigated the effect of initial reservoir properties on salt precipitation and permeability impairment 
(e.g., Vanorio et al., 2011; Bacci et al., 2013; Golghanddashti et al., 2013; Peysson et al., 2014; Tang et al., 
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2015, 2023; Ho and Tsai, 2020; Md Yusof et al., 2020; Abbasi et al., 2022). Most studies concluded that 
low-permeability reservoirs tend to suffer more from higher permeability impairment caused by salt 
precipitation. These experimental findings are consistent with the field observations at the injection well 
of the Boundary Dam storage project (Talman et al., 2020). They found that the most extensive salt 
precipitation occurs in the least permeable reservoir interval, and the precipitated salts in the high-
permeability reservoir interval concentrate in the less permeable part of the perforated zone. Compared to 
high permeability reservoirs, low-permeability reservoirs are characterized by higher in-situ residual brine 
saturations after two-phase displacement, lower CO2 injection rates at the same injection pressure, and 
higher potential for capillary ex-suit brine transport (Peysson et al., 2014). Thus, more in-situ and ex-situ 
brine is available for local salt precipitation in low-permeability reservoirs, resulting in greater injectivity 
impairment (Fig.6; Golghanddashti et al., 2013). In addition, low permeability generally means small pore-
throat size and high pore-throat tortuosity, therefore these reservoirs are more sensitive to salt precipitation 
blockage (Tang et al., 2015). 

Some numerical simulation studies have also discussed the effect of the initial porosity and permeability 
on salt precipitation pattern and reservoir impairment through sensitivity analyses (e.g., Kim et al., 2012; 
Wang and Liu, 2013; Cui et al., 2016, 2018a; Ghafoori et al., 2017; Norouzi et al., 2021; Zhao and Cheng, 
2022). Several studies concluded that increasing the initial porosity and permeability alone plays a very 
weak role in reducing reservoir impairment, and can even promote salt precipitation in some cases (Wang 
and Liu, 2013; Cui et al., 2016; Ghafoori et al., 2017; Norouzi et al., 2021). These numerical simulation 
results are inconsistent with the above experimental results. This is mainly because only permeability and 
porosity were changed, while other parameters were kept constant during these numerical sensitive 
analyses. In other words, these studies did not consider the fact that porosity and permeability changes 
should be accompanied by changes in a series of key parameters, such as residual brine saturation, capillary 
pressure curve, and relative permeability curve. This type of inconsistency between numerical and 
experimental studies also exists in the analyses of many other controlling factors of salt precipitation. 
Therefore, the key is to find the intrinsic relationship and interaction of these factors, and then to 
incorporate them into numerical simulations. 

 
Fig. 6. Effect of initial reservoir permeability on permeability alternation caused by salt precipitation, indicating 
that lower initial permeability tends to feature higher permeability impairment, modified from Golghanddashti 
et al. (2013). 
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4.2.2 Reservoir heterogeneity 
4.2.2.1 Heterogeneous pore structure at the micro-scale 

The size, sorting and connectivity of pore throats exert significant effects on the migration and 
distribution of brine and CO2, which in turn controls salt precipitation. Several core-flooding experiments 
have been conducted to compare the drying in sandstones and carbonates (Bacci et al., 2013; Ott et al., 
2013, 2014, Akindipe et al., 2021, 2022). These two rocks have different wettability and pore structure 
characteristics. Sandstones, especially well-sorted ones, are less heterogeneous than carbonates concerning 
pore structure. Carbonates tend to feature lower permeability than sandstones for the same given porosity, 
due to their multiple pore-throat sizes and high pore-throat tortuosity. Thus, during CO2 injection, 
carbonates have higher residual brine saturation for salt precipitation and are more sensitive to reservoir 
damage (Bacci et al., 2013). Akindipe et al. (2021, 2022) pointed out that salt precipitation is faster in 
sandstones, but ends earlier. This is due to the higher evaporation rates resulting from higher CO2 flow 
velocities. Moreover, most salts occupy the corners of scCO2-filled pores in sandstones, and these pore 
corners are previously filled by residual brine (Fig. 7A). In contrast, multi-porosity carbonates suffer from 
more and longer salt precipitation. In addition to the salts located in the pore corners, many salts 
completely block pores ranging from small to large sizes (Fig. 7B), resulting in severe permeability 
impairment in carbonates. Ott et al. (2013, 2014) explained that the micro-porous volume acts as a brine 
and salt supplier to the CO2-conducting macro-porous volume in the multi-porosity carbonates. Although, 
the brine and salt transport between micro- and macro-pores is a dynamic and complex process (Ott et al., 
2014), overall, the development of heterogeneous multi-porosity leads to enhanced reservoir damage by 
salt precipitation. In the experiments of Tang et al. (2023), dual-porosity sandstones present a significant 
reduction in the size of large pores, while the small pores are largely unaffected. All these studies indicate 
that operating CO2 storage in a relatively homogeneous reservoir is favorable to avoid severe injectivity 
impairment. 

Some potential storage sites are located in fractured reservoirs, where the enhanced permeability due to 
fractures (secondary permeability) surpasses that of other pore types. Several core-flooding and micro-
chip experiments have been used to study the drying in a pore-facture system (e.g., Miri et al., 2015; 
Nooraiepour et al., 2018; Lima et al., 2021; He et al., 2023). Matrix pore throats can act as a brine source 
to provide water and salt for the evaporation and precipitation in fractures. With the gradual blockage of 
fractures, CO2 can start to invade the matrix pore throat system leading to salt precipitation there (Miri et 
al., 2015; He et al., 2023). Thus, salt precipitation can cause severe permeability damage in both fractures 
and matrix pores. For fractured caprocks, Nooraiepour et al. (2018) reported that the extensive salt 
precipitation in fractures can be considered as a fracture healing mechanism that reduces the risk of CO2 
leakage. Norouzi Rad and Shokri (2014) and Norouzi Rad et al. (2015) conducted a series of surface drying 
experiments using packed columns formed by glass beads and quartz sands of different sizes. These 
surface drying experiments indicate that the column can provide a brine source for evaporation and 
precipitation near the column surfaces, which is similar to the drying process in the fracture-matrix system. 
These studies revealed that grain angularity, size and sorting determine the morphology, size and 
connectivity of matrix pore throats, and thus control the capillary backflow of brine to the drying surface 
and the invasion of gas into matrix. In addition, a few numerical simulation studies have also found that 
the salt precipitation in fractures or on surfaces is significantly affected by the matrix properties (Nachshon 
et al., 2011; Dashtian et al., 2018; Sokama-Neuyam et al., 2020). The fractures or surfaces suffer from 
more severe blockage by salt precipitation, while the matrix has more residual brine and more 
interconnected pathways of brine backflow. 
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Fig. 7. Effect of pore-throat heterogeneity on salt distribution (color scheme: CO2=yellow; salt=white; grain= 
gray): (A) less salts in homogeneous sandstone concentrate in the corners of scCO2-filled pores and (B) more 
salts in heterogeneous carbonate block the pores ranging from small to large sizes, modified from Akindipe et 
al. (2021). 
4.2.2.2 Heterogeneous reservoir structure at the macro-scale 

The heterogeneous reservoir structure at the macro-scale also exerts significant effects on drying due to 
brine transport from low-permeability layers to high-permeability layers. Roels et al. (2016) and Lopez et 
al. (2020) manufactured layered core samples by assembling high- and low-permeability cores. This study 
aimed at mimicking the capillary contact between the high-permeability reservoir and the low-
permeability interlayer. The injected CO2 mainly invades the high-permeability reservoir, while the 
residual brine in the low-permeability interlayer can be transported into the adjacent reservoir by capillary 
force with continuous drying in the reservoir. The presence of low-permeability interlayers not only 
increases the amount of salt precipitation in the adjacent reservoirs, but also changes the salt distribution 
patterns. For instance, Lopez et al. (2020) found that a salt bank lies in diagonal to the high-permeability 
Bentheimer sandstone due to the interplay of the lateral and vertical brine supply (Fig. 8). Grude et al. 
(2014) argued that one of the reasons why experimentally obtained permeability impairments are much 
lower than filed data of the Snøhvit storage site may lie in the failure of the core-scale experiment to 
capture reservoir-scale heterogeneity. 

Compared to the limited number of experimental studies, a greater number of numerical simulation 
studies focus on the effect of heterogeneous reservoir structures on drying or on the drying at the reservoir-
caprock interface (e.g., Qi et al., 2009; Chasset et al., 2011; Kim et al., 2014; Ren et al., 2018, 2022; Zhao 
and Cheng, 2022). This is because constructing complex heterogeneous reservoir models is much easier 
with numerical methods than with experimentally. From one of these numerical modeling studies, Ren et 
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al. (2022) concluded that the dry-out effect can be significantly underestimated when a completely 
heterogeneous model is simplified to a deterministic multi-facies heterogeneous model. Apart from the 
sand-mud interbedded reservoir structure, a few numerical studies have discussed the effect of 
permeability anisotropy on drying (Guyant et al., 2015; Cui et al., 2018b). Vertical permeability is 
generally lower than horizontal permeability, especially in stratified rocks. They found that increasing the 
ratio of horizontal to vertical permeability promotes the lateral migration of CO2, which inhibits the lateral 
capillary backflow of brine and the local accumulation of salts. 

 
Fig. 8. Effect of reservoir structure with low-permeability interlayers on salt precipitation (Bright zone 
corresponds to solid salts), indicating that an additional salt bank forms in the diagonal of the high-
permeability sandstone due to the interplay of the lateral and vertical brine supply, modified from Lopez et 
al. (2020). 
4.2.3 Rock wettability 

Although most clastic saline aquifers are water-wet, hydrocarbon reservoirs available for CO2 storage 
are likely to have variable wettability. Rock wettability exerts significant effects on fluid migration and 
distribution, and hence salt precipitation. A few core-flooding and micro-chip experiments have focused 
on the wettability effects (e.g., Rufai and Crawshaw, 2018; He et al., 2019, 2022; Akindipe et al., 2022). 
He et al. (2019, 2022) obtained hydrophilic, neutral and hydrophobic micro-chips using a freshly 
fabricated micromodel, a chip cleaned after the initial drying test, and a chip processed in a furnace at high 
temperature, respectively. Rufai and Crawshaw (2018) obtained mixed wettability and oil wettability 
micro-chips by the flooding of dodecane containing dissolved silicon caulk into a water-saturated 
micromodel and a dry micromodel, respectively. In the core-flooding experiment, Akindipe et al. (2022) 
obtained hydrophobic core samples by oil displacement of water-saturated cores followed by water 
displacement to mimic an oil-depleted state. These studies led to consistent conclusions that the 
hydrophobic system exhibits a significantly different drying pattern than the hydrophilic system, including 
drying rate, salt morphology, and salt distribution. In the hydrophobic pore system, there is no connected 
liquid film due to the hydrophobic grain surfaces, which inhibits the flow of residual brine to form 
intensive local salt precipitation and leads to less and homogeneous salt precipitation. Moreover, the salts 
tend to grow into large crystals due to slow drying rate and sufficient salt diffusion within the isolated 
brine pools (Fig.9; He et al., 2019; 2022). In contrast, the hydrophilic system generally presents intense 
local salt precipitation of polycrystalline salt aggregates. In the neutral system, the precipitated salts have 
characteristics that are intermediate between those of the hydrophobic and hydrophilic systems. 
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Fig. 9. Effect of rock wettability on salt precipitation: the hydrophilic system features intensive local salt 
precipitation of polycrystalline salt aggregates, the hydrophobic system is characterized by isolated large 
salt crystals, and the precipitated salts in the neutral system have characteristics that are intermediate 
between the other two systems, modified from He et al. (2019). 

4.3 Gas aspect 
4.3.1 CO2 phase state 

In contrast to the extensive research on the effects of brine and rock characteristics on salt precipitation 
during CO2 storage, experimental studies focusing on gas properties are much scarcer. CO2 exists in a 
supercritical state at temperatures greater than 31.1°C and pressures greater than 7.38 MPa, exhibiting gas-
like viscosity and liquid-like density. To ensure commercial feasibility, a suitable storage site must meet 
the temperature and pressure conditions to maintain CO2 in a supercritical state (Bachu, 2000, 2003). Thus, 
most experiments dedicated to salt precipitation during CO2 storage have been carried out under conditions 
beyond the critical point of CO2. However, some experiments have used gaseous CO2 due to the limitations 
of experimental apparatuses (e.g., Kim et al., 2013; Van Hemert et al., 2013; Roels et al., 2014, 2016; Miri 
et al., 2015; Seo et al., 2019; Falcon-Suarez et al., 2020; Hu et al., 2022). To the best of our knowledge, 
studies addressing the effect of CO2 phase states on salt precipitation are extremely scarce. Nooraiepour 
et al. (2018) conducted a microfluidic-chip experiment using a fractured caprock sample and considering 
gaseous, liquid and supercritical states of CO2. Their study shows that CO2 phase states influence the 
magnitude, distribution and precipitation pattern of local salt precipitation (Fig. 10). Compared to liquid 
and supercritical CO2, gaseous CO2 flushes less brine out of the fracture network, resulting in higher 
residual brine saturation due to lower imposed viscous forces. Thus, a higher amount of available brine 
leads to a greater accumulation of salt precipitation in the fracture. Moreover, CO2 phase states affect the 
relationship between injection rate and salt accumulation, and flow rate exerts a more significant effect on 
scCO2 than gaseous CO2 (Nooraiepour et al., 2018). They suggested that further research is needed to 
determine the interdependence among CO2 phase state, critical injection rate, and thermodynamic 
conditions of salt precipitation during CO2 storage. 
4.3.2 Gas composition 

Some core or microfluidic-chip flooding experiments have used N2/He/air instead of CO2 in salt 
precipitation studies. This was done to avoid equipment corrosion by dissolved CO2 and thus reduce the 
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leakage risk during flooding experiments (Peysson et al., 2011b, 2014; Peysson, 2012; Rufai and 
Crawshaw, 2018; Lopez et al., 2020; Mascle et al., 2023). It is unknown whether the different gas types 
have significant effects on salt precipitation due to the lack of controlled experiments using different gases. 
Rufai and Crawshaw (2018) conducted a microfluidic-chip experiment to compare the drying in a gaseous 
CO2-brine system and an air-brine system. They found that the CO2 case makes the system more water-
wetting, which allows for a longer hydraulic connectivity to maintain a high evaporation rate stage in the 
CO2-brine system (Fig. 11A). However, Heath et al. (2014) performed a pore-scale numerical simulation 
study to compare the fluid states between the CO2-water system under CO2 sequestration conditions and 
the air-water system in the vadose zone. They found that water adsorption and capillary condensation are 
weaker in the CO2-water system than in the air-water system due to the lower surface tension and thinner 
liquid water films of the former system. Further experimental studies are required to better understand the 
effect of gas types on fluid water states and salt precipitation. 

 
Fig. 10. Effect of gas phase states on salt precipitation, indicating that using gaseous CO2 results in higher 
residual brine saturation and thus a greater accumulation of salt precipitation than using liquid and 
supercritical CO2, modified from Nooraiepour et al. (2018). 

 
Fig. 11. Effect of gas composition on salt precipitation: (A) the high evaporation rate stage in the CO2-brine 
system is longer than that of the air-brine system, modified from Rufai and Crawshaw (2018), and the existence 
of SO2 and O2 impurities in injected CO2 results in more salt precipitation, modified from Wang et al. (2016). 
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Different impurities may be present in the captured CO2, such as H2S, SO2, N2, O2, etc., depending on 
the different capture technologies and CO2 sources (Porter et al., 2015). Removing these impurities from 
the CO2 stream would increase energy consumption and operating costs. In addition, some impurity 
species are chemically reactive with capture, transport and injection facilities as well as with storage 
reservoirs (Razak et al., 2023). Thus, the potential reactions caused by reactive impurities need to be 
investigated. Several static batch experiments designed for CO2-impurity-brine-rock interactions have 
documented salt precipitation. Bolourinejad and Herber (2013) employed different gas compositions to 
react with the same brine and rock. They found that the pure CO2 scenario has a significant increase in 
permeability due to mineral dissolution, while the CO2+100 ppm H2S scenario has an almost unvaried 
permeability as halite and other mineral precipitation offsets mineral dissolution. In contrast, the 
CO2+5000 ppm H2S scenario shows a dramatic decrease in permeability. This is because the precipitation 
of pyrite and anhydrite provides more nucleation sites for halite precipitation. Wang et al. (2016) found 
the coexistence of stronger quartz dissolution and salt precipitation in the presence of SO2 and O2 
impurities (Fig. 11B). They provided an alternative explanation that the SO2 impurity enhances quartz 
dissolution and thus the formation of H4SiO4 when the brine is undersaturated with silica. This consumes 
water molecules that can interact with salt ions in highly concentrated brine, and hence increases salt 
concentrations. A numerical simulation study reported that the presence of SO2 impurity accelerates silica 
dissolution, carbonate precipitation and additional sulfate precipitation. These together lead to a reduction 
in reservoir porosity and permeability (Waldmann et al., 2016). Overall, different studies have proposed 
different mechanisms for the effect of active gas impurities on salt precipitation and pore structure changes. 
However, they all agree that the presence of active impurities complicates gas-brine-rock interactions and 
thus exacerbates mineral precipitation and pore structure degradation. 

4.4 Injection scenario aspect 
4.4.1 Injection rate 

The injection rate is one of the most critical factors controlling drying during CO2 injection. A number 
of experimental studies focus exclusively or partially on this issue (e.g., Peysson et al., 2014; Ott et al., 
2015; Jeddizahed and Rostami, 2016; Nooraiepour et al., 2018; He et al., 2019, 2022; Md Yusof et al., 
2020; Akindipe et al., 2021; Mascle et al., 2023; Sokama-Neuyam et al., 2023). Increasing injection rate 
means higher viscous force, which drives more brine out of samples and inhibits capillary back-flow of 
brine. This results in higher displacement production of mobile brine and lower vapor production of 
residual brine (Fig. 12). Meanwhile, increasing injection rate also indicates a higher evaporation rate but 
a shorter evaporation period. As discussed in Section 3.2, salt precipitation presents a semi-homogeneous 
to a heterogeneous to a homogeneous distribution pattern with the increasing injection rate due to the 
balance of capillary back-flow, water evaporation, salt precipitation, and salt diffusion (Miri and Hellevang, 
2016). Moreover, salt precipitation can form bulk large crystals at a low injection rate while micro-salt 
aggregates tend to form at a high injection rate due to fast evaporation and nucleation rates (He et al., 
2022). 

Many numerical studies have been performed to verify the effects of injection rate (e.g., Beni et al., 
2011; Kim et al., 2012, 2014; André et al., 2014; Wang and Liu, 2014; Wang et al., 2017; Ghafoori et al., 
2017; Cui et al., 2018a, 2018b; Piao et al., 2018; Parvin et al., 2020; Ren and Feng, 2021; Norouzi et al., 
2021; Zhao and Cheng, 2022). Most numerical studies agree with the experimental studies and have 
confirmed that a high injection rate reduces local salt precipitation. The effect of the injection rate is 
dynamic, and its impact is more obvious at the early stage of drying (Ren and Feng, 2021). Furthermore, 
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the increasing injection rate does not significantly change salt precipitation beyond a critical injection rate 
(Norouzi et al., 2021). 

 

Fig. 12. Effect of injection rate on brine displacement and evaporation, indicating that increasing injection rates 
result in higher displacement production, less residual brine, and thus lower vapor production, modified from 
Jeddizahed and Rostami (2016). 
4.4.2 Injection strategy 

In order to reduce salt precipitation, and thus injectivity impairment, pre-, co- or post-injection of fresh 
or low-salinity water is the common treatment apart from selecting high-quality reservoirs and high 
injection rates (Fang et al., 2014; Wang and Liu, 2014; Cui et al., 2016, 2017; Miri and Hellevang, 2016; 
Zhang et al., 2016; Seo et al., 2019; Munkejord et al., 2021). Using a microfluidic experiment, Seo et al. 
(2019) found that sequential water injection with CO2 for in-situ generation of micro-sized CO2 bubbles 
can minimize drying and accelerate CO2 dissolution. In addition, numerical studies also verified that using 
fresh or low-salinity water can reduce the amount of salt solute available for salt precipitation near 
injection wells (Cui et al., 2016; Zhang et al., 2016; Munkejord et al., 2021). However, for the pre-injection 
of water, it is still unknown whether the remaining brine in low-permeability interlayers and the brine 
replenishment from further areas can lead to salt precipitation during the subsequent injection of CO2. For 
the co- or post-injection of water scenarios, acidic water formed by CO2 dissolution can cause mineral 
dissolution and porosity increment. However, mineral precipitation and/or fines release, especially in 
carbonate-cemented rocks, will cause severe reservoir degradation. Several experimental studies have 
confirmed that fines mobilization appears to pose a greater threat to reservoir permeability, and the 
impairment increases dramatically when salt precipitation and fines mobilization occur simultaneously 
(Sokama-Neuyam et al., 2017a, 2017b; Sokama-Neuyam and Ursin, 2018; Wang et al., 2019; Md Yusof 
et al., 2020). For instance, Wang et al. (2019) determined the pore structure variations before and after 
core flooding based on the T2 distribution of nuclear magnetic resonance (NMR) test. They found that the 
pore-throat blockage is worse in the injection scenario of CO2-brine alternate flooding due to the 
coexistence of salt precipitation and fines mobilization (Fig. 13). Thus, the mitigation method for different 
storage reservoirs should be derived from a case-by-case analysis based on the comprehensive analysis of 
all geological and engineering factors, which will be discussed in the next section. 
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Fig. 13. Effects of injection scenarios on pore structure (T2 reflects pore size, and NMR signal contribution 
reflects volume contribution of specific pore size), indicating that CO2-brine alternate flooding scenario 
causes greater damage to pore structure due to the joint action of salt precipitation and fines mobilization, 
modified from Wang et al. (2019). 

4.5 Combinatorial control of various factors 
Although there are differences in how and to what extent different controlling factors affect salt 

precipitation and injectivity impairment, these factors tend to interact and determine the final outcome. 
Reservoir injectivity loss is mainly controlled by the amount and location of salt precipitation. Salt 
saturation is directly affected by brine salinity and brine source, which determine the salt content per unit 
volume and the brine volume available for evaporation and precipitation, respectively. Brine salinity is an 
intrinsic property of reservoirs, and can only be altered by injection of fresh or low-salinity water. Brine 
source includes both in-situ and ex-situ, and is the combined result of reservoir and engineering factors. 
The initial reservoir and permeability not only determine the residual brine saturation, i.e., in-situ brine 
for evaporation and precipitation, but also control the injection rate, i.e., high injection rate in high-
permeability reservoir at the same injection pressure condition. Reservoir heterogeneity at the micro- and 
macro scales affects the ex-situ brine source for continuous salt precipitation. Rock wettability controls 
not only the in-situ residual brine saturation, but more importantly the transport pathways of ex-situ brine 
to the evaporation front. For low-salinity homogeneous reservoirs, a high injection rate of supercritical 
CO2 may be sufficient to avoid extensive salt precipitation and injectivity loss. For high-salinity 
homogeneous reservoirs, a pre-flooding of fresh or low-salinity water prior to CO2 injection could be an 
effective mitigation method. However, for highly heterogeneous hydrophilic reservoirs, other injection 
scenarios should be tested and verified, such as wettability modification and periodic injection of fresh or 
low-salinity water, combined with a high injection rate of supercritical CO2. 

5 Summary and conclusions 

This paper presents a state-of-the-art review of the experimental studies on salt precipitation in the 
context of CO2 storage. Using four experimental simulation systems for salt precipitation, namely core-
flooding, microfluidic-chip, static batch, and surface drying experimental systems, the processes and 
distribution patterns of salt precipitation have been extensively investigated. Salt precipitation during CO2 
injection involves a complex interplay of various processes, including two-phase displacement of brine by 
CO2, water evaporation, capillary backflow of brine, salt solute diffusion and salt nucleation and growth. 
Three distinct drying regimes, namely the diffusive regime, capillary regime, and evaporation regime, are 
determined by the coupling of brine loss during evaporation, brine replenishment due to capillary backflow, 
and salt diffusion homogenization. The drying regimes control three general macro-distribution patterns 
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of salt precipitation at the reservoir scale: the semi-homogeneous, heterogeneous, and homogeneous 
distribution patterns. Two main types of salt crystal morphologies have been identified in many 
experimental studies, namely large buck salt crystals and polycrystalline salt aggregates. However, there 
is still some debate regarding the micro-distribution of salt crystals at the pore scale. For example, it is 
controversial whether salt crystals are mainly distributed in small or large pore throats. And the salt self-
enhancement mechanism proposed from microfluidic experiments needs to be proven using core-flooding 
experiments, to clarify if and how salt crystals can penetrate the CO2-brine interfaces. These issues need 
to be further investigated as they determine the extent and way of reservoir pore structure degradation and 
hence CO2 migration pathways. 

More importantly, this paper presents a comprehensive analysis of the controlling factors for salt 
precipitation during CO2 injection. Brine salinity, CO2 injection rate and initial reservoir properties are 
considered the most critical in determining the amount and distribution of precipitated salts and the degree 
of injectivity impairment. It is commonly acknowledged that low salinity, high injection rate and high 
reservoir permeability can mitigate salt precipitation and its negative effect on reservoir injectivity. In 
addition, a relatively homogeneous pore and reservoir structure along with a hydrophobic feature of rock 
can reduce the likelihood of significant local salt precipitation. However, the coupling effects of 
heterogeneous reservoir structure, pore structure and wettability need to be investigated using specially 
designed experimental samples. Moreover, previous studies documented that there is relatively weak salt 
precipitation at the conditions of brine dominated by the monovalent salts and CO2 in the supercritical 
phase without reactive impurities. However, experimental studies focusing on the effects of brine and gas 
compositions and CO2 phase states are relatively scarce. Finally, it is particularly important to emphasize 
that although extensive laboratory work has been conducted to investigate the mechanism, distribution 
and controlling factors of salt precipitation during CO2 injection, the most commonly used core-flooding 
and microfluidic experimental systems have a critical limitation in terms of sample size when compared 
to real reservoirs. In this case, the ex-situ brine replenishment may have been significantly underestimated, 
which could have resulted in an underestimation of the volume of local salts and a misunderstanding of 
the drying process. Therefore, the experimental systems must be improved to better mimic formation 
drying in the presence of different brine sources by using large samples or co-injecting gas and brine, as 
has been done in a few experimental studies. 
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