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Salt precipitation during CO, injection into saline aquifers is a critical process that controls
injectivity and long-term storage security. When brine evaporates into the injected CO, 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,
CO, 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 CO, storage.

KEYWORDS: CO, injection, saline aquifers, salt precipitation, injectivity impairment, pore-
scale processes, coreflooding, reactive transport modeling.
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Ocaxdenue conel npu 3axkaqdke CO, 8 coniéHble 8000HOCHbIE 20PU3OHMbI ABISIEMCS KpUMuUYe-
CKUM MpoyeCccoM, orpedensowum UHXEeKmMUBHOCMb U 00I20CPOYHYH0 Ha0éxXHocmb XpaHeHus. [Tpu
ucnapeHuu paccona e 3akayueaemyro CO -¢hasy 2arnozeHud Hampus u Opyaue conu Kpucmarnusy-
HOMCS1 8 MOPOBbLIX CYXXEHUSIX, 8bI3bI6asi CEPbEZHOE CHUXEHUE MPOHULAeMOCmU, KOmMopoe Hecopas-
MepHO coomeemcmeyroweli nromepe nopucmocmu. lopoabie HabrrdeHuUsI nokasarnu, Ymo yarnoebie
MNEHKU U MOHKUE criou 800kl Ciyxam rpedrnoymumeribHbIMU 30HaMu 3apo0billeobpasoeaHus, 4mo
pueodUM K J10KaslbHOMY MepechILeHUI0 U UHUYUayuu ocaxoeHusi. SKcriepuMeHmaI o ¢hunbmpa-
yuu yepes KepHbl modmeepxdarom, 4mo OmsoxeHUs coneli pacrpedernsomcsi HepagHOMEPHO, a
ghopmupyromesi 8 sude UppezyrnsipHbIX (hPOHIMO8 ¥ 30HbI 3aKadKU, 3a8UCSULUX OM CKOPOCMU 3aKay-
Ku, ¢hazogozo cocmosiHusi CO, u He0OHOopodHocmu ropodsbl.
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YHucneHHble Mo0xo0b! K MOOEnUPOB8aHUI, 8KITHHasH KOHMUHYarbHbIe peakyUuOHHO-mMpaHcrnopm-
Hble cumynsamopsl (Hanpumep, TOUGH2, CMG-GEM), zeoxumuyeckue kodsl (Harpumep, PHREEQC)
u rnopocemesbie MOOeruU, 80CrPOU380OSIM MHo2ue U3 amux OUHaMUuK u deMOHCmpPUpPyom camoy-
CKOpsiroulyrocsi o0bpamHyto ces3b Mex0y POCMOM coreli U CHUXEHUeM UHXeKkmusHocmu. Tem He
MeHee coxpaHsitomcsi cepbE3Hbie nPobreMbl; MpaHCriopm 8 MOHKUX MIIEHKaxX 4acmo u2Hopupy-
emcsi, MHO20KOMITOHEHMHas XUMUST paccorios Ype3MepHo yrpoujaemcs, a MacumabupogaHue om
nabopamopuu K riacmy ocmaémcsi HeornpeoenéHHbIM.

Hacmosiwuti 063op 06obwaem skcriepuMeHmaribHble U MOOesbHblE OaHHbIe Ha PasHbIX Mac-
wmabax. Pe3ynbmambl nokasbigarom, 4mo ocaxoeHue cornel Ae1s1emcsi HeMUHEUHbIM, JT10Kanu30-
8aHHbIM U CUJIbHO 3a8ucAWUM Oom 3KCriftyamauyuoOHHbIX rapamempos. ﬂaaneawue uccredosaHusi
00/mKHbI 6bIMb cocpedomoyeHbl Ha UHMezpayuu 8bicokopaspelaroweli susyanusayuu ¢ peakyu-
OHHO-MpaHCropmMHbIM ModeruposaHuem u pa3pabomke cmpameauti cMsiz4yeHuUs Ornsi obecrevyeHus
HadéxHoao 0oreocpoqHo20 xpaHeHus CO,.

KITKOYEBBIE CJI0BA: 3akayka CO,, conéHble 6000HOCHbIE 20pU30HMbI, OCaxdeHue cored,
r1omepsi UHXeKmMuU8HOCMU, Mopoebkle NPoyecchl, hunbmpayusi YHepes KepHbI, peakyUOHHO-mMpaHc-
nopmHoe MooernuposaHue.

Co, AWAOAY XAFOAWBIHOA KEYEKTI OPTAZIA TY¥3AAPAbIH TYHY
MEXAHWU3MAEPI MEH KOINMACLUTABTbI 3EPTTEVJIEPTE LLOJTY
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Ty3dapdbiH myHybl my30si cyKotimanapra CO, aliday KesiHOe URXeKmUBMITNIKmMI xaHe y3aK Mep3imoi
cakmay ceHimOiniaiH aHbIKmalimbiH MaHbI30b! rpouecc 60osibin mabbiadbl. Ty30bi cyObiH atidarraH
CO, gpasacbiHa bynaHybl kesiHOe Hamputi xiopudi xeHe 6acka myadap ropanapdbiH map XeprepiH-
Oe KpucmarndaHblr, KeyekminikmiH calikec memeHOeyiHe KaparaHOa ardekalida alikbIH emkizailumik
mewmeHOeyiH mybiHO0amaodbl. MukpodeHzeldeai bakblriaynap 6ypbiumblK KabbiKWwanap MeH XyKa cy
kabammapsb! my30apdbiH KpucmarndaHybl bacmanamsiH atiMakmap 6ornambsiHbIH kepcemmi, 6yi xep-
einikmi aca KaHblFyFa xxeHe my3 mya3inyiHiH bacmanybiHa akenedi. 510po ynezinepiHoeai maxipubenep
my30apdbliH Gipkesiki weaiHoi my3belmiriH, an atiday atimarbiHOa xbindamobikka, CO, hasarnbik KyliHe
JKOHE XbIHbIC 2emepozeHdinieiHe balinaHbicmbl pemciz gppoHmmap mypiHoe damumsiHbiH daenndelo.

CaHobIk modernbdey adicmepi, COHbIH iWiHOe KOHMUHYyandbl peakmusmi-mackiManoay cumy-
nsmoprnapsi (Mbicansl, TOUGH2, CMG-GEM), eeoxumusinesik kodmap (Mbicansi, PHREEQC) xeHe
mopisibl MoOernb0ep ochl KybblbicmapObiH KebiH Kalimanalobl xeHe my30ap0biH 6Cyi MEH UHXEK-
mueminikmiH memeHdOeyi apacbiHOarbl 63iH-63i KywelmemiH kepi 6atnaHbicmbl kepcemedi. [JeaeH-
MeH MaHbI30bl Macesieniep cakmariyda: XyKa KabbiKwarnaparbl mackiManoay xui eckepinimeloi,
KernKoMnoHeHmmi my30bl Cy XUMUSICbl wamadaH mbic xeHindeminedi xoHe 3epmxaHadaH KeHiw
ayKbiMbiHa OeliiH Macwmabmay arni 0e 6ersieicia 6011bIN ombIp.

Bbyn wony spmypni macwmabmarbi sKcriepuMeHmmik xaHe modesnb0ik depekmepdi bipikmipedi.
Hamuxxenep my3 myHybiHbIH 6elicbi3biKkmbl, JTOKarndaHraH XaHe MexHOI02UsIbIK napamempriepae
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Kammabl mayerndi ekeHiH kepcemedi. bonawak 3epmmeyrnep xofapbl alKbiIHObIKMarbl belHeneyoi
peakmuemi-macbimanday ModesbOepimeH Gipikmipyae xeHe CO, y3ak Mep3imOi ceHiMOi cakmanybiH
Kammamachi3 ememiH andblH any cmpameausnapbiH 83iprieyae barsimmarnybl muic.

TYWAIH CO3[EP: CO, atday, my3dbl cykolmarnap, my30apObiH MyHybl, UHXeKmuUeminikmid
memeHOeyi, MUuKkpoOeHzelrik npouyecmep, sOPOrbIK Cy3y, peakmusemi-macbimManday Mooesns0eyi.

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 CO, is considered a vital component of international climate
mitigation strategies.

Among the available options, geological storage of CO, 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 CO, in a supercritical state, ensuring both high density and long-
term stability [2]. When injected at depths greater than 800 meters, CO, exceeds its critical
pressure (7.38 MPa) and temperature (31.1 °C), 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 CO, 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.

. ntroduction. The accumulation of carbon dioxide (CO,) in the atmosphere has
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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 y-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 CO, 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 CO, 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 CO, 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 y-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 CO, storage systems.
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Results and discussions

Fundamentals of salt precipitation under CO, injection. Salt precipitation during
CO, injection is mainly induced by brine dry-out when water evaporates into the injected
CO, phase. This process becomes particularly significant under supercritical conditions,
where CO, 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:

C
S=- (1
Ceq

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.

Figure 1— Schematic illustration of salt precipitation in porous media, showing crystallization in pore
bodies (left) and pore throats (right) (Wetzel et. al., 2020)

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:

k = ko (%)n, @)
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Where k and ¢ are the current permeability and porosity, £, and ¢ 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 CO, in saline formations. The long-term security of CO,
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
CO, 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].

(c) lubiiit_y" irapﬁing (d) Mineral trapping

Figure 2 - The four main CO, trapping mechanisms

As the plume continues to migrate through the porous medium, part of the CO,
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 CO, 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 CO, into the reservoir [11].

On longer geological timescales, dissolved CO, 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 CO, 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

HE®Tb U TA3 &5 2025 5 (149) 115



PA3PABOTKA

CO, 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 CO, 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.

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).

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
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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 CO,. 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 CO, 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 CO, 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, CO, 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.

G
L]

T e

J/- { Trapped brine ¥~

CO;-brine
interface

Figure 4 — Visualization of the salt formation process on a pore scale

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 CO,-
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
CO, 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 CO, 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 y-ray CT monitoring,
showing that precipitation occurs heterogeneously in sandstone cores, often forming
concentrated bands aligned with variations in pore structure and capillary properties.
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Figure 5 — Example of a coreflooding experimental setup for CO2-brine systems, including heated core
holder, pumps, and pCT scanner boundary (Akindipe et.al, 2021).
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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 CO,. 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 CO, promoted rapid dry-out, causing permeability losses
exceeding 70% within 26 hours, while porosity decreased by less than 5%. In contrast,

(A) Injection rate: 1 ml/min (B) Injection rate: 5 ml/min

e >

Figure 6 - Visual evidence of salt deposition in sandstone cores after CO, injection at different flow
rates (Peysson et.al, 2014)
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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 CO, 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 CO, storage.
Among the first comprehensive studies, Pruess (2009) employed the multiphase simulator
TOUGH?2, extending it to CO,~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 CO,. Their results demon-
strated that scCO, accelerates drying and promotes rapid near-inlet salt accumulation,
reducing permeability by more than 70%, whereas gaseous CO, 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 CO, 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.

120 HE®Tb U TA3 &40 2025 5 (149)



PA3PABOTKA

(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 7able 1.

Table 1 — Comparative overview of modeling approaches for salt precipitation

Study BEpiiestion Methods Key Findings Limitations
scale
— 0 i
CO, saline . >~15% porosity . Focus on halite;
. z Continuum loss; self-enhancing o
Parvin et al. (2020) aquifers, . o . simplified
reservoir reactive transport | precipitation at high heterogeneit
rates (10 Mt/y, 500 MPa) geneity
CO, saline TOUGH2 Predicted dry-out zone; L
2 - . S Limited pore-scale
Pruess (2009) aquifers, near- | multiphase nonlinear injectivity hysics
wellbore reactive transport | decline with rate phy
Safari & Jamialahmadi Qilfields, Mathi.ematlc.al Pe(r)rr?ealc?lllty' fo5s g iEe Sulfates only;
(2013) reservoir + optimization 90%; validation error e
(PSO/PS) 1-9%
Core-to- . Gas vs sc CO,: rapid .
2’
Peysson et al. (2014) reservoir, CO Coptmu.um rlab dry-outin scCO, 70% As.sumes swpple
. 2 calibration s 2 brine chemistry
flooding permeability loss
. Salt front propagation;
Nooraiepour et al. (2018) Gl Reactlve. trapsport heterogeneous Short-term focus
sandstone + CT validation e
deposition
Ottetal. (2021) Core-to-field Reactive transport !_ocallzed pre.apltatlon Ll'mlte'd mineral
sandstone +CT in low-mobility zones diversity
Natividad-Marin et al. Wastewater, Thermodynamic N.ucleatlon pred|ct.|ons I-.hg.h uncertainty,
(2023) process-scale vs kinetic differ by 10 orders; limited
growth rates up to 10° transferability

Conclusion. CO, 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 CO,, 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, CO, 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.
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Taken together, existing research makes it clear that salt precipitation represents

a decisive factor for the success of geological CO, 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 CO, storage as a climate mitigation
technology will remain constrained by the very salts it displaces. €3
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