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 Salt precipitation during CO2 injection into saline aquifers is a critical process that controls 
injectivity and long-term storage security. When brine evaporates into the injected CO2 phase, 
halite and other salts crystallize in pore constrictions, producing severe permeability reduction 
that is disproportionate to the corresponding porosity loss. Pore-scale observations have revealed 
that corner films and thin water layers act as preferential nucleation sites, leading to localized 
oversaturation and the initiation of precipitation. Coreflooding experiments confirm that salt deposition 
is not uniform but develops as irregular fronts near the injection face, governed by injection rate, 
CO2 phase state, and rock heterogeneity.

Numerical modeling approaches, including continuum reactive transport simulators (e.g., 
TOUGH2, CMG-GEM), geochemical codes (e.g., PHREEQC), and pore-network frameworks, 
reproduce many of these dynamics and demonstrate the self-reinforcing feedback between salt growth 
and injectivity decline. Nevertheless, major challenges persist: thin-film transport is often neglected, 
multi-ion brine chemistry is oversimplified, and upscaling from laboratory to reservoir remains uncertain.

This review synthesizes experimental and modeling evidence across scales. The results show 
that salt precipitation is nonlinear, localized, and strongly dependent on operational parameters. 
Future research should focus on integrating high-resolution imaging with reactive transport models 
and on developing mitigation strategies to ensure reliable long-term CO2 storage.

KEYWORDS: CO2 injection, saline aquifers, salt precipitation, injectivity impairment, pore-
scale processes, coreflooding, reactive transport modeling.
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Осаждение солей при закачке CO2 в солёные водоносные горизонты является критиче-
ским процессом, определяющим инжективность и долгосрочную надёжность хранения. При 
испарении рассола в закачиваемую CO2-фазу галогенид натрия и другие соли кристаллизу-
ются в поровых сужениях, вызывая серьёзное снижение проницаемости, которое несораз-
мерно соответствующей потере пористости. Поровые наблюдения показали, что угловые 
плёнки и тонкие слои воды служат предпочтительными зонами зародышеобразования, что 
приводит к локальному пересыщению и инициации осаждения. Эксперименты по фильтра-
ции через керны подтверждают, что отложения солей распределяются неравномерно, а 
формируются в виде иррегулярных фронтов у зоны закачки, зависящих от скорости закач-
ки, фазового состояния CO2 и неоднородности породы.
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Численные подходы к моделированию, включая континуальные реакционно-транспорт-

ные симуляторы (например, TOUGH2, CMG-GEM), геохимические коды (например, PHREEQC) 
и поросетевые модели, воспроизводят многие из этих динамик и демонстрируют самоу-
скоряющуюся обратную связь между ростом солей и снижением инжективности. Тем не 
менее сохраняются серьёзные проблемы: транспорт в тонких плёнках часто игнориру-
ется, многокомпонентная химия рассолов чрезмерно упрощается, а масштабирование от 
лаборатории к пласту остаётся неопределённым.

Настоящий обзор обобщает экспериментальные и модельные данные на разных мас-
штабах. Результаты показывают, что осаждение солей является нелинейным, локализо-
ванным и сильно зависящим от эксплуатационных параметров. Дальнейшие исследования 
должны быть сосредоточены на интеграции высокоразрешающей визуализации с реакци-
онно-транспортным моделированием и разработке стратегий смягчения для обеспечения 
надёжного долгосрочного хранения CO2.

КЛЮЧЕВЫЕ СЛОВА: закачка CO2, солёные водоносные горизонты, осаждение солей, 
потеря инжективности, поровые процессы, фильтрация через керны, реакционно-транс-
портное моделирование.
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Тұздардың тұнуы тұзды суқоймаларға CO2 айдау кезінде инжективтілікті және ұзақ мерзімді 
сақтау сенімділігін анықтайтын маңызды процесс болып табылады. Тұзды судың айдалған 
CO2 фазасына булануы кезінде натрий хлориді және басқа тұздар поралардың тар жерлерін-
де кристалданып, кеуектіліктің сәйкес төмендеуіне қарағанда әлдеқайда айқын өткізгіштік 
төмендеуін туындатады. Микродеңгейдегі бақылаулар бұрыштық қабықшалар мен жұқа су 
қабаттары тұздардың кристалдануы басталатын аймақтар болатынын көрсетті, бұл жер-
гілікті аса қанығуға және тұз түзілуінің басталуына әкеледі. Ядро үлгілеріндегі тәжірибелер 
тұздардың біркелкі шөгінді түзбейтінін, ал айдау аймағында жылдамдыққа, CO2 фазалық күйіне 
және жыныс гетерогенділігіне байланысты ретсіз фронттар түрінде дамитынын дәлелдейді.

Сандық модельдеу әдістері, соның ішінде континуалды реактивті-тасымалдау симу-
ляторлары (мысалы, TOUGH2, CMG-GEM), геохимиялық кодтар (мысалы, PHREEQC) және 
торлы модельдер осы құбылыстардың көбін қайталайды және тұздардың өсуі мен инжек-
тивтіліктің төмендеуі арасындағы өзін-өзі күшейтетін кері байланысты көрсетеді. Деген-
мен маңызды мәселелер сақталуда: жұқа қабықшалардағы тасымалдау жиі ескерілмейді, 
көпкомпонентті тұзды су химиясы шамадан тыс жеңілдетіледі және зертханадан кеніш 
ауқымына дейін масштабтау әлі де белгісіз болып отыр.

Бұл шолу әртүрлі масштабтағы эксперименттік және модельдік деректерді біріктіреді. 
Нәтижелер тұз тұнуының бейсызықты, локалданған және технологиялық параметрлерге 
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қатты тәуелді екенін көрсетеді. Болашақ зерттеулер жоғары айқындықтағы бейнелеуді 
реактивті-тасымалдау модельдерімен біріктіруге және CO2 ұзақ мерзімді сенімді сақталуын 
қамтамасыз ететін алдын алу стратегияларын әзірлеуге бағытталуы тиіс.

ТҮЙІН СӨЗДЕР: CO2 айдау, тұзды суқоймалар, тұздардың тұнуы, инжективтіліктің 
төмендеуі, микродеңгейлік процестер, ядролық сүзу, реактивті-тасымалдау модельдеуі.

ntroduction. The accumulation of carbon dioxide (CO2) in the atmosphere has 
been recognized as one of the most critical drivers of anthropogenic climate 
change. Since the industrial revolution, the continuous growth of greenhouse 

gas emissions has led to an unprecedented increase in global average temperature, the 
intensification of extreme weather events, and profound impacts on ecosystems and socio-
economic systems worldwide [1]. As a result, the development of effective technologies 
for capturing and storing CO2 is considered a vital component of international climate 
mitigation strategies. 

Among the available options, geological storage of CO2 in deep saline aquifers has 
attracted particular attention due to its vast storage capacity and global availability. These 
formations, characterized by high salinity brines and adequate depth, offer favorable 
conditions for storing CO2 in a supercritical state, ensuring both high density and long-
term stability [2]. When injected at depths greater than 800 meters, CO2 exceeds its critical 
pressure (7.38 MPa) and temperature (31.1 ºC), acquiring properties of both liquid and 
gas, such as high density and low viscosity. This increases the efficiency of storage but 
also introduces several operational challenges that must be carefully addressed. 

One of the most significant challenges is the phenomenon of salt precipitation, 
which occurs when injected carbon dioxide interacts with brine-filled porous media. 
The injection of dry or undersaturated CO2 causes evaporation of water into the injected 
phase, concentrating dissolved salts in the residual brine. As the salinity rises and reaches 
supersaturation, halite and other salts begin to nucleate and crystallize within the pore space 
[3]. This process is particularly pronounced in the near-wellbore region, where evaporation 
rates are highest. The growth of salt deposits within pore throats reduces porosity and 
permeability, progressively impairing well injectivity and limiting the efficiency of storage 
operations. 

Extensive experimental and modeling studies have confirmed that salt precipitation is 
not a simple bulk process but is governed by complex pore-scale mechanisms. Microfluidic 
experiments and imaging investigations have demonstrated the critical role of capillary-
driven brine redistribution, thin film flow, and wettability conditions in sustaining local 
pathways for salt nucleation [4]. For instance, under water-wet conditions, brine tends to 
remain in pore corners, providing continuous liquid films that serve as conduits for ion 
transport toward evaporation fronts. As a result, salt deposition tends to localize in these 
regions, forming dense, aggregated structures that block fluid pathways. Conversely, in 
mixed- or intermediate-wet systems, films are less stable, and precipitation can occur in 
a more dispersed manner, altering the morphology and distribution of crystals. 

At larger scales, the complexity increases further due to geological heterogeneity. 
Variations in porosity and permeability, coupled with the presence of fractures and fine-
grained layers, create non-uniform flow patterns that amplify the irregularity of salt 
deposition. 

I
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Coreflooding experiments have demonstrated that permeability losses of several orders 

of magnitude may occur in the near-wellbore zone when salt precipitation is extensive 
[3,4]. Imaging methods such as χ-ray computed tomography (CT) and scanning electron 
microscopy (SEM) have provided direct evidence of salt clusters bridging pore throats 
and forming crystalline plugs that obstruct flow pathways. 

Despite the progress achieved, significant uncertainties remain in predicting the extent 
and dynamics of salt precipitation under field conditions. Equilibrium thermodynamic 
models, though widely used, often overestimate the amount of salt deposition, as they 
neglect transient processes and local transport limitations. More recent kinetic approaches 
highlight the importance of evaporation rates, nucleation dynamics, and capillary effects, 
but scaling these insights from the pore and core levels to the reservoir remains a major 
challenge. Furthermore, the efficiency of proposed mitigation strategies - such as water-
alternating-gas injection, pre-saturation of CO2 with water, or chemical treatments to 
modify wettability-has not been fully validated in heterogeneous reservoir settings. 

In these conditions, a systematic review of the mechanisms and multiscale investigations 
of salt precipitation during CO2 injection is essential. The purpose of this work is to integrate 
current understanding from experimental studies, imaging techniques, and modeling 
approaches to provide a comprehensive perspective on how salt precipitation develops across 
scales. By analyzing the interplay between pore-scale processes, core-scale experiments, 
and reservoir-scale models, this article seeks to identify the key controlling factors, highlight 
the limitations of existing approaches, and outline directions for future research to ensure 
the safe and efficient implementation of carbon dioxide geological storage.

Materials and methods
This review integrates findings from experimental studies, imaging investigations, 

and modeling approaches that address salt precipitation during CO2 injection in saline 
aquifers. The literature was systematically analyzed with a focus on pore-, core-, and 
modeling-based research.

Experimental data considered in this study include coreflooding tests performed on 
sandstone and carbonate samples under reservoir pressure and temperature conditions, 
as well as microfluidic “lab-on-chip” experiments designed to visualize pore-scale 
processes. Imaging techniques such as high-resolution χ-ray computed tomography (CT) 
and scanning electron microscopy (SEM) were reviewed to assess dynamic salt growth 
and the morphology of crystalline deposits.

On the modeling side, both equilibrium-based and kinetic frameworks were examined, 
including pore-network simulations, continuum-scale Darcy models, and reactive transport 
codes (e.g., TOUGH2, PHREEQC, CMG-GEM). Comparative analysis was applied to 
evaluate the strengths and limitations of each approach, with emphasis on their capacity 
to reproduce injectivity loss observed in laboratory and field settings.

By combining insights from these diverse methods, this review aims to establish a 
coherent multiscale understanding of the mechanisms and impacts of salt precipitation 
in CO2 storage systems.
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Results and discussions
Fundamentals of salt precipitation under CO2 injection. Salt precipitation during 

CO2 injection is mainly induced by brine dry-out when water evaporates into the injected 
CO2 phase. This process becomes particularly significant under supercritical conditions, 
where CO2 possesses high density and enhanced solubility capacity, leading to rapid wa-
ter removal and local supersaturation zones [5,6]. The onset of crystallization can be ex-
pressed through the saturation ratio:

where C​ is the equilibrium solubility at given pressure-temperature conditions. When S 
> 1, the system becomes supersaturated, and nucleation of crystals is thermodynamically 
favorable [7].

Two distinct precipitation modes have been identified: deposition within pore bod-
ies and clogging of pore throats. In pore bodies, where larger brine volumes are retained, 
salts nucleate and grow into polycrystalline aggregates occupying substantial pore space. 
In pore throats, however, even a small degree of precipitation can bridge the flow path-
way, leading to rapid loss of connectivity. This distinction is schematically illustrated in 
Figure 1, which emphasizes the hydraulic consequences of throat blockage compared to 
pore-body filling.

The impact of precipitation on fluid flow is strongly nonlinear. The porosity–perme-
ability relationship can be described by a Kozeny–Carman-type power law:

Figure 1 – Schematic illustration of salt precipitation in porous media, showing crystallization in pore 
bodies (left) and pore throats (right) (Wetzel et. al., 2020)
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Figure 2 – The four main CO2 trapping mechanisms

Where k and ϕ are the current permeability and porosity, k0 and ϕ0 are the initial 
values, and the exponent n may reach values of 4–5 under severe salt clogging [8]. This 
formulation highlights why small reductions in porosity due to salt deposition can translate 
into orders-of-magnitude decreases in permeability.

Trapping mechanisms of CO2 in saline formations. The long-term security of CO2 
storage in deep saline aquifers is governed by a combination of physical and geochemi-
cal trapping processes that act over different timescales. Shortly after injection, buoyant 
CO2 tends to migrate upwards until it encounters impermeable cap rocks or stratigraphic 
closures, where it becomes confined; this structural or stratigraphic trapping provides the 
most immediate and large-scale containment of the injected plume (Figure 2) [9].

As the plume continues to migrate through the porous medium, part of the CO2 
is immobilized within pore spaces by capillary forces. Once the gas phase becomes 
disconnected into isolated ganglia and bubbles, it can no longer be mobilized by buoyancy, 
a phenomenon referred to as residual trapping (Figure 2b). This mechanism has been 
confirmed in numerous pore-scale studies and is particularly effective at limiting plume 
migration in heterogeneous reservoirs [10].

Simultaneously, injected CO2 dissolves progressively into the formation brine, 
reducing the mobility of the plume and enhancing storage security through solubility 
trapping (Figure 2c). The dissolution process not only eliminates the buoyant free phase 
but can also increase brine density, generating a stabilizing convective flow that further 
distributes dissolved CO2 into the reservoir [11].

On longer geological timescales, dissolved CO2 reacts with host-rock minerals to 
form stable carbonate phases such as calcite, siderite, or dolomite. This mineral trapping 
pathway (Figure 2d) represents the most permanent form of sequestration. Although relatively 
slow, often requiring hundreds to thousands of years, mineral trapping ensures irreversible 
immobilization of CO2 and contributes to the long-term stability of storage sites [12].

Pore-scale observations and mechanisms. Pore-scale investigations have become 
indispensable for understanding the onset and progression of salt precipitation during 
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CO2 injection. Unlike bulk thermodynamic approaches, which treat precipitation as a 
spatially uniform process, direct visualization reveals that crystallization is governed by 
highly localized transport pathways, geometric constraints, and interfacial dynamics [13].

As illustrated in Figure 3, a combination of experimental and imaging techniques 
highlights the heterogeneity of pore-scale processes. The microfluidic setup (Figure 3a) 
demonstrates that even after CO2 invasion, significant amounts of brine remain trapped 
within the pore network. This trapped water defines potential sites for localized evapora-
tion and ion concentration. Fluorescence imaging (Figure 3b) emphasizes the persistence 
of brine films along pore walls, which are invisible in bulk measurements but crucial for 
sustaining mass transfer. These films act as “silent reservoirs” of water that delay complete 
dry-out, while simultaneously becoming focal points of supersaturation and nucleation.

Numerical reconstructions (Figure 3c–d) quantify the uneven distribution of saturation 
and solute transport across the pore space. Instead of a smooth drying front, simulations 
reveal patchy zones where local evaporation is accelerated, producing gradients in salinity 
that initiate precipitation long before the average system reaches oversaturation. The 
resulting salt deposits are not evenly spread but concentrated in regions of low mobility 
and high confinement. This insight explains why conventional models systematically 
underestimate the speed and severity of injectivity impairment.

The SEM image (Figure 3e) provides a direct link between pore-scale dynamics and 
hydraulic consequences. Salt crystals bridge pore throats, forming effective blockages 

Figure 3 – Multimodal visualization of pore-scale salt precipitation combining microfluidics, 
fluorescence, numerical modeling, and SEM imaging (adapted from Akindipe et al., 2021; He et al., 2019).
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despite occupying only a minor fraction of total pore volume. This “choke-point effect” 
accounts for the strong nonlinearity between porosity reduction and permeability loss: 
permeability declines sharply once critical flow pathways are obstructed, even if most 
pore bodies remain open [15].

These multimodal observations collectively challenge the assumption that porosity 
changes alone can predict injectivity decline. Instead, they indicate that the geometry of 
precipitation is more critical than its volume. The persistence of thin brine films, their 
spatial distribution, and the wettability of the solid surface determine whether precipitation 
remains harmlessly confined to pore bodies or evolves into throat-blocking aggregates [14]. 
Importantly, water-wet conditions, which favor stable corner films, paradoxically increase 
the risk of permeability collapse by enabling continuous salt growth along pore walls.

From a broader perspective, pore-scale evidence demonstrates that salt precipitation is 
fundamentally a transport-limited phenomenon. The system’s behavior cannot be reduced 
to solubility curves but must incorporate the kinetics of evaporation, diffusion, and thin-
film stability. Microfluidics excels in providing dynamic, high-resolution visualization of 
nucleation and growth, but its two-dimensionality limits representation of connectivity. 
Conversely, micro-CT captures three-dimensional salt distribution and connectivity, 
though often at lower temporal resolution. Combining these methods therefore offers a 
more complete picture, linking fast dynamic observations with volumetric quantification.

Corner flow. This phenomena refers to the movement and retention of thin water 
films along the edges and corners of pore spaces after bulk displacement by CO2. These 
films form stable capillary pathways that sustain brine presence and ion transport, making 
them the primary sites for local supersaturation and salt nucleation. Pore-scale studies in 
recent years have highlighted the importance of corner flow in governing salt precipitation 
during CO2 injection into brine-saturated porous media. Microfluidic experiments by 
Kim et al. (2013) first visualized how thin water films retained in pore corners become 
preferential nucleation sites for crystallization under dry carbon dioxide flow. This 
finding was supported by Andrew et al. (2014), who employed synchrotron micro-CT 
to demonstrate that water persists in pore corners even after apparent full displacement, 
thereby maintaining capillary pathways for ion transport.

Numerical and visual studies by Wan et al. (2014) confirmed that these thin films 
are highly stable, resistant to displacement, and play a decisive role in sustaining local-
ized brine during CO2 injection. As water evaporates from these films, ionic concentra-
tion rises sharply, initiating crystallization at pore throats and junctions. Lu et al. (2020) 
further showed that pore geometry and wettability strongly influence this process, with 
water-wet systems favoring continuous films and rapid throat blockage, while interme-
diate-wet conditions lead to more dispersed crystallization patterns.

The theoretical significance of corner flow has been underlined by Hassanizadeh 
et al. (2017), whose model incorporated liquid retention in corners into the kinetics of 
evaporation, CO2 diffusion, and salt nucleation. Their work demonstrated that neglecting 
such films in pore-network models leads to systematic underestimation of precipitation 
rates and permeability impairment. Recent contributions by Lee et al. (2022) confirmed 
experimentally that under controlled humidity and temperature, salt crystals consistently 
originate from corner films and gradually propagate into flow channels.
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This evidence is further supported by core-scale imaging. El-Maghraby and Blunt 

(2013) demonstrated that salt deposition in sandstone cores was concentrated in low-mo-
bility zones corresponding to corner-retained brine. Similarly, Tokunaga et al. (2013) ob-
served that up to 20-30% of pore space remained occupied by corner water, which both 
prevented complete dry-out and served as a reservoir for ion transport and precipitation.

As shown in Figure 4a-f, microfluidic time-lapse visualization captures the dynamics 
of salt precipitation at the pore scale. At the start of the process, brine is trapped at the CO2-
brine interface and along pore corners (a). In the early stages, isolated large crystals appear 
in trapped brine regions (b), while later images reveal the aggregation of polycrystalline 
structures (c–d). These aggregates extend from liquid films and interfaces toward the 
CO2 phase, as highlighted by dashed circles in panels (b) and (d). With time, dense salt 
deposits form and propagate across pore throats (e–f), ultimately obstructing flow. This 
experiment illustrates the spatially localized yet hydraulically severe impact of corner 
flow on salt deposition.

Core-scale investigations of salt precipitation. Core-scale experiments provide the 
crucial bridge between pore-scale visualization and reservoir-scale predictions, allowing 
direct quantification of permeability decline, porosity change, and salt distribution under 
realistic thermodynamic conditions. Unlike microfluidic studies, which capture thin-film 
dynamics and localized nucleation, core flooding (Figure 5) experiments reveal the inte-
grated impact of salt precipitation within heterogeneous rock matrices.

Early systematic investigations by Giorgis et al. (2007) demonstrated that salt 
deposition during CO2 injection is primarily governed by evaporation rates and boundary 
conditions. Rapid drying near the injection face produced concentrated salt accumulation 
and severe permeability loss, whereas slower rates allowed more diffuse deposition. Miri 
and Hellevang (2016) advanced this understanding through dynamic χ-ray CT monitoring, 
showing that precipitation occurs heterogeneously in sandstone cores, often forming 
concentrated bands aligned with variations in pore structure and capillary properties.

Figure 4 – Visualization of the salt formation process on a pore scale
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Figure 5 – Example of a coreflooding experimental setup for CO2-brine systems, including heated core 
holder, pumps, and μCT scanner boundary (Akindipe et.al, 2021).

Figure 6 – Visual evidence of salt deposition in sandstone cores after CO2 injection at different flow 
rates (Peysson et.al, 2014)

A significant contribution was provided by Peysson, André and Azaroual (2014), 
who investigated Vosges sandstone saturated with brine at 90-120 °C and 50 bar under 
both gaseous and supercritical CO2. Flow rates ranged from 0.5 to 5 ml/min, and results 
showed a strong dependence of precipitation dynamics on injection conditions. One ex-
ample of their work demonstated the difference in salt deposition at the inlet of the core 
can be seen in Figure 6.

Furthermore, supercritical CO2 promoted rapid dry-out, causing permeability losses 
exceeding 70% within 26 hours, while porosity decreased by less than 5%. In contrast, 
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gaseous carbon dioxide produced slower and more spatially distributed precipitation. 
These findings underline that both phase state and injection rate critically govern the 
severity and spatial extent of salt accumulation [24].

Comparable experiments by Muller (2009) and Guyant et al. (2015) confirmed that 
permeability reduction is highly nonlinear relative to salt mass fraction: injectivity losses 
above 50% were observed at salt saturations below 5%, consistent with the throat-blocking 
mechanism identified in pore-scale studies. 

More recent work by Nooraiepour et al. (2018) employed high-resolution CT imaging 
to capture the development of a migrating “salt front,” originating at the injection face 
and propagating into the core. The propagation rate slowed progressively as salt buildup 
reduced permeability, highlighting a feedback loop between flow impairment and localized 
deposition. Similarly, Ott et al. (2021) confirmed that salt precipitation in sandstones under 
supercritical CO2 is strongly localized, with CT scans showing preferential accumulation 
in low-mobility zones near the inlet.

Modeling approaches of salt precipitation. Modeling efforts play a central role in 
bridging pore- and core-scale findings with reservoir-scale predictions of CO2 storage. 
Among the first comprehensive studies, Pruess (2009) employed the multiphase simulator 
TOUGH2, extending it to CO2–brine systems with evaporation-driven salt deposition. His 
results showed that precipitation is concentrated in near-wellbore dry-out zones, where 
permeability losses occur nonlinearly with injection rate. This confirmed that injectivity 
decline is governed more by localized throat clogging than by uniform porosity loss.

Building on this, Peysson et al. (2014) combined laboratory data with continuum-scale 
simulations, explicitly comparing gaseous and supercritical CO2. Their results demon-
strated that scCO2 accelerates drying and promotes rapid near-inlet salt accumulation, 
reducing permeability by more than 70%, whereas gaseous CO2 produced slower and 
more distributed precipitation patterns.

Reactive transport modeling has since been increasingly coupled with experimental 
data. Nooraiepour et al. (2018) integrated CT scans with simulations to reproduce hetero-
geneous salt fronts propagating through cores. Similarly, Ott et al. (2021)  demonstrat-
ed that localized precipitation in low-mobility zones could be captured only by models 
accounting for spatial heterogeneity. These approaches underline the need for spatially 
resolved simulations beyond bulk formulations.

General-purpose geochemical codes have also been widely applied. PHREEQC is 
commonly used to resolve ion-specific equilibria and reaction kinetics, providing detailed 
insights into brine composition and salt speciation. However, its computational demand 
and lack of fully coupled multiphase flow limit its use for field-scale predictions. Com-
mercial reservoir simulators, such as CMG-GEM and ECLIPSE, integrate salt precipi-
tation modules into compositional and thermal frameworks, making them valuable for 
operational injectivity forecasts, though they often simplify film-flow physics.

Broader perspectives extend beyond halite systems. Parvin et al. (2020) developed 
a continuum model applied to CO2 injection at industrial scales (up to 10 Mt/year, 500 
MPa), predicting porosity reductions of 5-16%. Safari & Jamialahmadi (2013) introduced 
hybrid optimization algorithms for sulfate scaling, achieving high predictive accuracy 
(1–9% deviation). Other works, such as Natividad-Marin et al. (2023) and Mejri et al. 
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(2019) addressed struvite and gypsum precipitation under environmental and hydrolog-
ical conditions, highlighting the generality of precipitation challenges across systems. 
A comparative overview of representative modeling efforts is summarized in Table 1.

Conclusion. CO2 injection into saline aquifers is one of the most widely considered 
strategies for large-scale carbon storage. Yet its efficiency is strongly limited by salt 
precipitation in the near-wellbore region. As brine evaporates into the injected CO2, halite 
and other salts crystallize in pore constrictions, causing injectivity losses. Even minimal 
deposition can block critical throats, leading to permeability reduction far beyond the 
corresponding change in porosity.

Experiments across scales reveal that this phenomenon is highly nonlinear. Pore-
scale observations show that thin films and corner geometries act as nucleation sites, 
initiating localized oversaturation. Coreflooding confirms that salt does not accumulate 
uniformly but progresses as irregular fronts, controlled by injection rate, CO2 phase state, 
and rock heterogeneity. Such findings highlight the dynamic, transport-limited nature of 
precipitation rather than a purely equilibrium process.

Modeling efforts, ranging from continuum simulators to pore-network and 
geochemical codes, reproduce many of these behaviors and demonstrate that injectivity 
decline is predominantly near-wellbore and self-reinforcing. Yet gaps remain: thin-film 
dynamics are often neglected, multi-ion brine systems oversimplified, and upscaling from 
laboratory to reservoir is still uncertain.

Table 1 – Comparative overview of modeling approaches for salt precipitation

Study Application 
scale Methods Key Findings Limitations

Parvin et al. (2020)
CO2 saline 
aquifers, 
reservoir

Continuum 
reactive transport

5–15% porosity 
loss; self-enhancing 
precipitation at high 
rates (10 Mt/y, 500 MPa)

Focus on halite; 
simplified 
heterogeneity

Pruess (2009)
CO2 saline 
aquifers, near-
wellbore

TOUGH2 
multiphase 
reactive transport

Predicted dry-out zone; 
nonlinear injectivity 
decline with rate

Limited pore-scale 
physics

Safari & Jamialahmadi 
(2013)

Oilfields, 
reservoir

Mathematical 
+ optimization 
(PSO/PS)

Permeability loss up to 
90%; validation error 
1–9%

Sulfates only; 
case-specific

Peysson et al. (2014)
Core-to-
reservoir, CO2 
flooding

Continuum + lab 
calibration

Gas vs sc CO2: rapid 
dry-out in scCO2 70% 
permeability loss

Assumes simple 
brine chemistry

Nooraiepour et al. (2018) Core-scale 
sandstone

Reactive transport 
+ CT validation

Salt front propagation; 
heterogeneous 
deposition

Short-term focus

Ott et al. (2021) Core-to-field 
sandstone

Reactive transport 
+ CT

Localized precipitation 
in low-mobility zones

Limited mineral 
diversity

Natividad-Marin et al. 
(2023)

Wastewater, 
process-scale

Thermodynamic 
vs kinetic

Nucleation predictions 
differ by 10 orders; 
growth rates up to 105

High uncertainty, 
limited 
transferability
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Taken together, existing research makes it clear that salt precipitation represents 

a decisive factor for the success of geological CO2 storage. It is both localized and 
disproportionate in its hydraulic impact and therefore cannot be ignored in predicting 
storage performance. The challenge for the coming years lies in reconciling pore-
scale physics with reservoir-scale forecasts and in developing strategies that minimize 
injectivity loss. Without such progress, the reliability of CO2 storage as a climate mitigation 
technology will remain constrained by the very salts it displaces. 
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