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a b s t r a c t 

Geological carbon sequestration in saline aquifers is one of the most promising strategies to help mitigate emis- 

sions of CO 2 to the atmosphere. Significant challenges in ensuring the security of the sequestration process rest in 

the evolution and expansion of the CO 2 plume in the subsurface. The ability to track the movement of the injected 

CO 2 poses another challenge. Critical questions related to the integrity of the sequestration operations in saline 

aquifers relate to plume characteristics that can we monitor using well-based variables. We addressed this and 

related questions using an integrated modeling framework through a numerical investigation of carbon seques- 

tration in saline aquifers during long-term and post-injection periods. This modeling paradigm incorporates the 

effect of structural, geological, and petrophysical characteristics. That way, we can account for critical physic- 

ochemical processes, rock-fluid interactions, and lithology dependencies. The well fluid variables investigated 

include fluid composition, pH, fluid density, and ion activity. We learned that fluid property analytics and diag- 

nostics can be powerful tools to estimate the movement of CO 2 and its storage in different trapping mechanisms. 

These analytics can help optimize operational aspects and simplify reservoir-scale models while still reflecting 

the complex nature of the CO 2 interactions underground and offering insights into plume evolution. 
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. Introduction 

Carbon sequestration in saline aquifers holds great potential in mit-

gating greenhouse gas emissions to the atmosphere. Successful imple-

entation of CO 2 storage projects requires management strategies that

rack the displacement of the injected CO 2 in the subsurface within tech-

ical and economic limits. Numerical simulation and monitoring, ver-

fication, and accounting tools (MVA) are necessary to predict storage

apacity and assess the long-term risk arising from fault activation or

ellbore leakage. In other words, plume monitoring (CO 2 -plume mi-

ration tracking), assurance monitoring (assessment of leakage risk),

nd validation of modeling tools are essential components of storage

roject management to improve the operational success of a carbon

equestration project. MVA activities associated with CO 2 sequestra-

ion differ from site characterization, including plume tracking, leak

etection, caprock integrity, and long-term post-injection monitoring

 Plasynski et al., 2011 ). Many physical, chemical, and biological pa-

ameters are measured based on techniques practiced in waste disposal,
Abbreviations: CCS, Carbon capture and storage; DoE, Design of Experiments; GMS

bject based modeling; SIS, Sequential indicator simulation; TDS, Total dissolved sol
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roundwater management, and oil and gas production ( Benson et al.,

005 ; Gogri et al., 2018 ; Phan et al., 2018 ). 

Although our focus is on subsurface carbon sequestration, some lat-

st review articles paint optimistic pictures about other ways of re-

aining carbon. For example, Nayank et al. (2022) discussed biomass

nd enhanced soil carbon methods for carbon retention. Similarly,

uckingham et al. (2022) explored various solid CO 2 adsorbents. They

bserved that although alkali earth metal oxides and ceramics offer good

romise, new adsorbents must be developed for higher thermal stability

t intermediate to elevated temperatures. Carbon capture and storage,

r CCS, presents many operational challenges. They include salt clog-

ing during supercritical CO 2 injection ( Berntsen et al., 2019 ; Miri and

ellevang, 2016 ; Norouzi et al., 2021 ), caprock integrity in chalk for-

ations ( Bonto et al., 2021 ), and thermal stress on wellbore integrity

 Roy et al., 2018 ), among others. 

Let us point out that CCS is active in the USA and other countries.

n the US, as of November 2019, Beck (2020) reported that 10 CCS

ctive facilities sequestered 25 Mt per annum. Globally, among the 27
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w  
perating CCS facilities in 2021, about 36.6 Mt of CO 2 can be stored

nnually, as reported by Global CCS Institute (2021) . Given that the

lobal aim is to reach the net-zero CO 2 emission target by 2050, in-

epth probing of the CCS technology becomes imperative. In this regard,

wo populous countries are taking specific steps as articulated in review

rticles by Shaw and Mukherjee (2022) and Bokka et al. (2022) for India,

nd Li et al. (2021) and Jiang et al., 2020 for China. Overall, Ringrose

2020) provides insights into CO 2 underground storage projects. To that

nd, Martin-Roberts et al. (2021) , while providing a holistic picture of

he status of CCS projects worldwide, showed that a gap exists between

hat was promised and delivered in actual field settings. 

CO 2 monitoring techniques can be categorized into deep-focused

nd shallow-focused measurements. Shallow-focused tools enable mon-

toring to study CO 2 concentration in the atmosphere, ocean, or sur-

ace by directly measuring site leakage. Examples of shallow-focused

echniques include sampling soil and surface gas flux, as shown in

eaubien et al. (2013) , Fessenden et al. (2010) , and Jones et al. (2011) .

n contrast, deep-focused techniques are used mainly for plume mon-

toring but can also apply to assurance monitoring ( Hannis, 2013 ;

enkins et al., 2015 ). These latest techniques involve geophysical mon-

toring, well-based monitoring, and geochemical monitoring. 

Geophysical monitoring takes advantage of the high imaging po-

ential of seismic techniques to detect changes caused by CO 2 in the

ompressional wave velocity and attenuation, facilitating fluid migra-

ion mapping. The most common tools are time-lapse seismic moni-

oring (4D seismic), vertical seismic profiling, and cross-well imaging

 Chadwick et al., 2009 ; Hovorka et al., 2006 ; Karstens et al., 2017 ).

n the other hand, well-based monitoring techniques include perma-

ently deployed downhole sensors and specific time-lapse downhole sur-

eys such as wireline logging ( Freifeld et al., 2009 ; Würdemann et al.,

010 ; Xue et al., 2006 ). Permanent downhole sensors are critical for

ressure and temperature monitoring, widely recognized as essential

or maintaining operational integrity and leak detection ( Park et al.,

013 ; Sun et al., 2016 ). This step is prevalent in oil and gas well op-

rations. Specifically, Rocha-Valadez et al. (2014) demonstrated how

nalytical modeling could reveal the degree of leakage with the mon-

tored annular-casing pressure data, both in production wells and in a

O 2 - sequestered well. Gholami et al. (2021) also articulate a leak de-

ection strategy. 

Well-based monitoring can accompany geochemical tracking to eval-

ate the changes in fluid properties and account for the impact of these

hanges on the safe storage of CO 2 in saline aquifers. Collecting fluid

amples from observation wells is the most common approach to inves-

igate variations in brine and gas composition, the presence of tracers,

nd pH measurements ( Benson and Cole, 2008 ; Freifeld et al., 2009 ;

annis, 2013 ; Roberts et al., 2017 ). Of these, pH is the most impor-

ant diagnostic indicator of the brine-CO 2 interaction. Specific down-

ole fluid geochemical methods have been developed to assess CO 2 

torage sites, including the gas membrane sensor (GMS) and the U-tube

uid sampling system used, for example, at Ketzin and the Frio pilot

ites ( Freifeld et al., 2005 ; Martens et al., 2015 ). The GMS separates the

ases dissolved in the fluid and pushes them to the surface to measure

issolved CO 2 concentrations downhole. The U-Tube system allows the

perator to bring a sample to the surface while maintaining subsurface

onditions, thereby avoiding degassing, among others, and then mea-

ures these parameters at the surface but under pressure. These param-

ters include density, pH, alkalinity, and gas composition. 

One of the main areas of interest concerning the monitoring and sim-

lation of CO 2 injection and storage in saline aquifers is understanding

he CO 2 -brine-rock interaction ( Jayasekara et al., 2020 ). When massive

mounts of CO 2 get injected underground, the chemical equilibrium of

he system is disturbed. As a result, chemical reactions occur between

he CO 2 and aquifer fluid and the fluid and the rock minerals. These

eactions depend on the rock mineralogy, brine composition, aquifer

emperature, and pressure. Moreover, these interactions are responsi-

le for the changes in the aquifer fluid properties, such as pH and den-
2 
ity, and the immobilization of the injected CO 2 via different trapping

echanisms, such as solubility and mineral trapping ( Black et al., 2015 ;

e Silva et al., 2015 ). Solubility trapping consists of the CO 2 retention

n the aqueous phase as a function of the CO 2 solubility in the brine.

ineral trapping relates to the precipitation of carbonate minerals, such

s calcite or dolomite, which can permanently immobilize the injected

O 2 . 

Several geochemical monitoring strategies have analyzed injection

nd post-injection fluid samples in the pilot and commercial CO 2 se-

uestration projects worldwide to determine the fluid chemistry and iso-

ope composition changes. For instance, in the Weyburn field in Canada

 Emberley et al., 2004 ), tracking pH, salinity, and isotopic data allowed

nvestigation of the dissolution of carbonate minerals that promoted sol-

bility trapping of CO 2 and provided estimates of the storing capacity of

issolved CO 2 per liter of brine. In addition to monitoring tools, changes

n pressure and geochemical data, such as pH or total dissolved solids

TDS), based on synthetic data generated for aquifers of interest have

een used as indicators of CO 2 and brine leakage to help define appro-

riate spatial and time scales for injection and post-injection operations

 Trainor-Guitton et al., 2016 ). Furthermore, geochemical simulations

f dissolution and precipitation reactions based on reactive transport

odels have been implemented to evaluate caprock integrity and assess

ineral trapping ( Amin et al., 2014 ; Xu et al., 2004 ). 

The data obtained from monitoring and verification lend themselves

o inputs and constraints for numerical modeling schemes to evaluate

n injection site’s behavior and performance. Based on the informa-

ion collected, robust numerical approaches aim to facilitate subsur-

ace risk assessment associated with commercial-scale carbon seques-

ration. This information includes seismic surveys, wireline logging,

uid samples, and other data combined with 3D representations of the

quifers that consider fundamental geological and petrophysical proper-

ies ( Dai et al., 2014 ; Savioli et al., 2017 ; Vo Thanh et al., 2019 ). Besides

isk assessment, another critical aspect of the models is the sensitivity

nd uncertainty characterization to incorporate uncertain parameters’

mpact and distributions on evaluating the site’s capacity and CO 2 stor-

ge by various mechanisms. Relevant variables include geological spa-

ial variability, petrophysical properties, multiphase displacement be-

avior, and geomechanical parameters. Also, operational constraints, as

iscussed by Cao et al. (2020) ; Deng et al. (2012) ; Lengler et al. (2010) ;

arkarfarshi et al. (2014) ; and Zapata et al. (2020) become relevant. 

In this study, we employed an integrated workflow to monitor the

volution of CO 2 in the supercritical and aqueous phases during a car-

on sequestration operation in a saline aquifer. We framed our investi-

ation metrics around selected geochemical parameters, including fluid

omposition, pH, fluid density, and effective concentration of carbonate

pecies in the aqueous phase. Although downhole monitoring of pres-

ure and temperature data and their analyses provide the efficacy of

he injection process, we constrained our focus on learning the plume

ynamics for brevity in this article. So, we confined our investigation

o the plume characteristics and evolution by tracking variations in the

uid properties and accounting for the CO 2 -brine-rock interaction. We

ollowed a modular methodology in an integrated modeling framework.

he modules include: 

1. Static modeling that consists of the construction of 3D stratigraphic,

lithological, and petrophysical models. 

2. Dynamic simulation of CO 2 injection physicochemical processes,

rock-fluid interactions, and lithology dependencies. 

3. Sensitivity and uncertainty analysis to determine the relative influ-

ence of selected parameters on the CO 2 plume characteristics and

the storage of CO 2 through different trapping mechanisms; and 

4. Analyses of "monitorable" fluid properties and the studies of the

CO 2 plume evolution for both near-wellbore and the overall plume

regions. 

The following section describes the integrated modeling frame-

ork and the experimental design considered in this investigation. A
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Fig. 1. CO 2 storage and transport model workflow helped study the evolution of CO 2 plume and aquifer properties during CO 2 injection into saline aquifers. 
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ore detailed description of the methodologies employed appears in

apata (2020) and Zapata et al. (2020) . Subsequent sections will present

iscussions on the vital monitoring questions examined. 

. Modeling methodology 

.1. Integrated modeling framework 

This study applied an integrated modeling framework to investi-

ate well-based monitoring options for carbon sequestration in saline

quifers. The methodology has six main components. Integrated mod-

ling typically starts with static modeling components. We constructed

hree-dimensional (3D) models to represent the aquifer formations by

ncorporating structural, lithological, and petrophysical properties. The

ext element is the parametrization of the fluids (brine and CO 2 )

nd fluid-rock (CO 2 -brine-rock) interactions accounting for changes in

uid composition, temperature, pressure, and other corresponding ther-

ophysical properties. Subsequently, relevant transport physics, fluid

hase equilibria, and trapping mechanisms governing the displacement

nd storage of CO 2 in the subsurface get incorporated. After all the mod-

ling inputs, the numerical simulation of the reservoir dynamics starts

ith the model initialization and design of experiments. 

Design of experiments (DoE) typically involves sensitivity and un-

ertainty characterization of the response variables of interest due to

ariability in static and dynamic modeling parameterization and un-

ertain variables. In other words, several scenarios helped assess the

ffects of various parameters on the simulation response variables, in-

luding geological, petrophysical, and injection variables. The last leg

f the integrated methodology involves post-simulation analytics. Here,

e investigate various well-based variables that one can monitor to de-

ipher the spatial and temporal characteristics of the CO 2 plumes in

aline aquifers. Fig. 1 shows a schematic representation of the workflow

mployed. A comprehensive description of the workflow development

ollows. 

In this manuscript, for the integrated modeling workflow for CO 2 

torage and transport in saline aquifers, we followed the schematic

utlined in Zapata et al., 2020 . In gist, for the structural framework
3 
f realistic subsurface geological formations, the 3D grid representing

he saline aquifer’s static geological models contains 75,200 grid cells

40 × 40 × 47 cells), with an areal extent of 3 km × 3 km and thickness

arying from 120 to 280 m with an average of 203 m. The lateral di-

ensions for the grid cells in - and -directions are 75 m, and the average

hickness is 4.4 m. The structure is divided into four zones, as shown in

ig. 2 a. The storage formation is in Zone 4, the lowermost zone. Zone

 acts as the caprock. Zone 2 represents another suitable layer for CO 2 

njection, and Zone 3 serves as a flow baffle and barrier to separate the

rimary formation of the study. The layering of each zone is assigned to

apture the heterogeneity of the local geological features at this scale,

ith 47 layers distributed as 2, 22, 1, and 22 layers in each zone, re-

pectively. 

After the structural framework, 3D models are developed using

ithology (facies) and lithology-constrained petrophysical properties

epresenting the aquifer formations. We generated 3D facies models ac-

ounting for three main facies that are commonly present in fluvial de-

osits in saline aquifers and adjacent formations, namely sand, shaly

and, and shale, using sequential indicator simulation (SIS) and object-

ased modeling (OBM), as discussed by Deutsch and Journel (1998) .

he SIS technique helped generate the facies conditional probability dis-

ribution for Zones 1, 2, and 3. In contrast, the OBM approach helped

etermine the facies distribution of Zone 4 and capture the central ge-

logical bodies, such as sandstone channels, that are characteristic of

he depositional environment. We used conditional two-point geostatis-

ical (sequential Gaussian simulation) for petrophysical properties, such

s porosity and permeability ( Deutsch and Journel, 1998 ). The base-

ase porosity model distribution ranges between 3 and 28 %, with an

verage of 9%, and the corresponding permeability model values are

etween 0.01 and 40 mD, with an average of 3.02 mD. 

Next, we focused on the fluids and rock-fluid interaction character-

zation. A multicomponent fluid model using five components becomes

he focal point of this study. These five components are H 2 O, CO 2 ,

aCl, CaCl 2 , and CaCO 3 , co-existing in three phases. The supercritical or

ree-phase implies CO 2 -rich (gas-like viscosities and liquid densities), an

queous phase (H 2 O-rich, with the presence of CO 2 and dissolved salts),

nd solid components (salts and calcite). The supercritical CO 2 and solid
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Fig. 2. CO 2 plume average radial extension with CO 2 injected for all case scenarios based on (a) CO 2 in the aqueous phase; (b) CO 2 in the supercritical phase; (c) pH 

change, the role of initial composition is highlighted for cases with initial calcite (blue) and without initial calcite (yellow); (d) changes in solid saturation related 

to dissolution. The blue lines represent the radial extension for individual cases, and the orange lines represent the average radial extension and CO 2 injection total 

among all cases studied. 
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omponents (NaCl, CaCl 2 , and CaCO 3 ) interact with water and exist in

he aqueous phase. For the CO 2 -brine interaction, the chemical reactions

ithin the aqueous phase modeled in our simulations include dissoci-

ting CO 2 into bicarbonate and carbonate ions (HCO 3 
− and CO 3 

− 2 ). In

omparison, the reactions between the solid components and the aque-

us phase considered are the dissolution and precipitation of sodium

hloride (NaCl), calcium chloride (CaCl 2 ), and calcite (CaCO 2 ). 

For a detailed discussion of the study’s thermophysical properties

nd fluid-phase equilibria models, refer to Zapata et al. (2020) . We

sed the Spycher and Pruess (2005) model for the mutual solubilities

o describe interactions of species between the supercritical CO 2 and

he aqueous phase, based on the model formulated for a CO 2 – H 2 O

ystem. Their model considers corrected activity coefficients to include

he effect of dissolved salts in the aqueous phase. Aqueous species in

he brine play a role in CO 2 storage by affecting the CO 2 solubility and

avoring or hindering reactions with the rock resulting in the precip-

tation or dissolution of additional minerals. The solubility of CO 2 in

rine is a function of pressure, temperature, salinity, and brine compo-

ition. CO 2 solubility decreases with increasing temperature and salin-

ty and increases with increasing pressure ( Duan and Sun, 2003 ). The

queous phase density modeling (including H 2 O, CO 2 , and salts) fol-

owed the modified-Ezrokhi’s method to include the effect of dissolved

O 2 and salts ( Zaytsev and Aseyev, 1992 ). The density is determined

or the CO 2 in the supercritical phase based on the modified-Redlich-

wong equation-of-state, including a modified attraction parameter for

emperature dependency ( Spycher, Pruess, and Ennis-King, 2003 ). The

iscosity was calculated as a function of temperature and density using

he Vesovic et al. (1990) and Fenghour et al. (1998) methods. 
4 
An essential aspect of CO 2 dynamics involves the relevant transport

hysics considered. Besides advection and buoyancy-driven flow, molec-

lar diffusion of CO 2 and other ions present in the fluid plays a vital role

n the transport of CO 2 in the subsurface, given that diffusive processes

an have an impact on the reaction rates between CO 2 and other com-

onents at the pore level ( Steefel, 2008 ). It is necessary to determine the

iffusion coefficients of the system components in aqueous and super-

ritical (CO 2 ) phases to characterize the CO 2 transport due to compo-

ent concentration gradients. The diffusion coefficients implemented in

his study account for the diffusion of water and CO 2 in both phases. We

alculated the diffusion coefficients for water and CO 2 in the aqueous

hase using the correlation derived with the Speedy–Angell power-law

pproach by Lu et al. (2013) . The model does not consider the ion dif-

usion of other components in the aqueous phase, given their negligible

iffusion rates compared to water and CO 2 . On the other hand, the diffu-

ion coefficients in the supercritical phase were calculated based on the

hapman-Enskog theory for gases ( Hirschfelder et al., 1949 ). Only H 2 O

nd CO 2 coefficients are calculated, given that the other components

salts and calcite) are not present in this phase. 

We study four main trapping mechanisms for CO 2 : structural and

tratigraphic trapping, residual trapping, solubility trapping, and min-

ral trapping. To determine the amount of CO 2 structurally trapped,

e tracked the supercritical CO 2 flow rate in each grid cell within the

odel. If this flow rate is less than a threshold value, we consider the

O 2 virtually trapped. We computed the amount of CO 2 stored in resid-

al trapping from the endpoint saturations (the critical free-phase satu-

ation) of the saturation functions that determine the relative perme-

bility and capillary pressure profiles. The amount of CO dissolved
2 
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Table 1 

Reservoir parameters for the base-case model. 

Parameters Values 

Reservoir temperature, °C 71 

Reservoir depth, m 3,650 

Initial reservoir pressure, MPa 40 

Aquifer brine saturation 1 

Initial supercritical CO 2 saturation 0 

Average permeability, mD 3.02 

Average porosity, % 9 

Facies fraction Sand (32%), Fine sand (25%), Shale (43%) 

Table 2 

Fluid parameters for the base-case model. 

Parameters Mole fractions 

Initial aquifer composition H 2 O 0.96 

CO 2 0 

NaCl 0.025 

CaCl 2 0.007 

CaCO 3 0.008 

Diffusion coefficients in aqueous phase, m 

2 /d H 2 O; CO 2 5.0 × 10 − 4 ; 3.9 × 10 − 4 

Diffusion coefficients in supercritical phase, 

m 

2 /d 

H 2 O; CO 2 3.0 × 10 − 3 ; 6.1 × 10 − 3 
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s governed by its solubility in the aqueous phase and is affected by

ressure, temperature, and the aqueous phase composition. Here, we

alculated the amount of CO 2 dissolved based on the phase splitting

odel by Spycher and Pruess (2005) described previously. Lastly, the

ontribution of mineral trapping, the slowest and the most permanent

orm of trapping gets included in this study. Underestimation of the

ineral trapping may occur given the time frame (100 years of injec-

ion and 200 years post-injection periods) and the simplified chemical

ystem adopted in our simulations. 

Now, let us delve into the numerical simulation and the experimental

esign used in this study. We used the multicomponent carbon-storage

odule of the commercial ECLIPSE 1 industry-reference reservoir simu-

ator ( Schlumberger, 2020 ) to model the dynamics of CO 2 injection into

aline aquifers. 

.2. Design of experiments 

We performed DoE to investigate the dynamics under various subsur-

ace and operational conditions for a carbon-sequestration well in saline

quifers to examine well-based monitoring and address our questions

ritically. The previous section discussed constructing the base-case geo-

ogical, petrophysical model, fluid, and rock-fluid characterizations. The

ain reservoir parameters for the base case include an average poros-

ty of 9% and permeability of 3.02 mD, with a facies distribution of

and (32%), fine sand (25%), and shale (43%). The caprock and the

affle zone comprise shale (90 and 75%, respectively), and the remain-

ng facies are fine sand. The pressure and temperature gradients for the

ase-case brine were 10.9 kPa/m and 0.019 °C/m, respectively. 

Additional reservoir parameters and relevant fluid properties, such

s initial fluid composition and diffusion coefficients for the liquid and

upercritical phases, appear in Tables 1 and 2 . Furthermore, to capture

he capillary effects on the transport and trapping of CO 2 and the dis-

lacement behavior of the various phases, we implemented multiple rel-

tive permeabilities and capillary pressure curves for each facies present

n the model. The saturation function endpoints for the facies of inter-

st, including sandstone, shaly sand, and shale, appear in Table S1 in

he supplementary file. 

We used a single vertical injection well completed in the 3635 − 3665

 interval in the geological model’s lower zone for all the scenarios in-
1 Mark of Schlumberger 

d  

fi  

e  

5 
estigated. In the base-case model, CO 2 in the gaseous phase (at the

urface condition) is injected for 100 years at a surface target rate of

,375 t/yr and a limiting bottomhole injection pressure of 55 MPa, with

dditional 200 years of post-injection for a total of 300 years of simula-

ion. 

For the DoE, we considered uncertain variables encompassing ge-

logical characterization, such as the distribution of geological bodies

nd facies, and petrophysical parameterization, such as porosity, per-

eability, permeability anisotropy of the aquifer and the caprock. Op-

rational constraints include injection rates, bottomhole pressures, and

quifer fluid composition. Table 3 lists all the uncertain variables and

heir ranges of variation. 

Some of the uncertain parameters are in tabular or grouped format.

hese include the initial fluid composition comprising a set of compo-

ent mole fractions, the fluid-mobility reduction due to solid adsorption

n rock surfaces, and the saturation tables. The effect of the fluid com-

osition was studied via nine unique sets, as shown in Table S2 (supple-

entary material). Three sets of fluid-mobility reduction due to solid ad-

orption on rock surfaces were used (shown in Table S3). Similarly, mul-

iple saturation tables with relative permeability and capillary-pressure

haracteristics aided in representing various rock facies included in the

nalysis. 

As for the sampling in the DoE, we implemented two sampling de-

igns. The first one uses extreme values (the minimums and the max-

mums) in the well-known Plackett-Burman design ( Plackett and Bur-

an, 1946 ). In contrast, the other sampling design is a space-filling

atin-hypercube design ( McKay et al., 2000 ). We formulated 500 case

cenarios, 21 from the Plackett-Burman design and 479 with Latin-

ypercube samples. 

We defined two regions based on the radial distance from the in-

ection well to facilitate the analysis of the plume evolution and aquifer

roperties near and away from the wellbore. The wellbore region, region

, comprises the well up to 150 m. We deliberately avoided local-grid

efinement in models because our investigation focuses on the dynamics

way from the well than those in the wellbore region. 

. Well ‐based monitoring: key questions 

As mentioned, this study addresses critical questions relating to pas-

ive well-based monitoring for carbon sequestration in saline aquifers.

hese questions are: (1) Which plume characteristics can we monitor

sing well-based variables? (2) Can any well variables provide insights

nto the temporal evolution of the plumes? (3) How representative are

he near-wellbore fluid properties of the plume average properties? (4)

ow sensitive are the well variables to different plume dynamics met-

ics? In the following, we present detailed analytics to address these

uestions. 

.1. Which plume characteristics can be monitored? 

One would want to determine several plume characteristics for

roper carbon sequestration operations. However, it is not practical to

xamine and monitor all the parameters and variables related to the CO 2 

lumes given the finite resources, inadequate knowledge of the aquifer

rchitecture, and limited access to data and measurements. In this study,

e focused on the following plume characteristics: 

• The radial (lateral) extent of the plumes 
• The vertical spread of the plumes 
• The temporal evolution of the plumes 

We first explored if we could ascertain the spatial characteristics of

he CO 2 plumes using well-based monitoring. To this end, we investi-

ated several spatial characteristics of CO 2 plumes. We follow the plume

efinitions described by Zapata et al. (2020) . The CO 2 plumes are de-

ned based on CO 2 dissolved in the aqueous phase, pH change, pres-

nce of CO in a supercritical state, and solid-phase saturation changes
2 
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Table 3 

Variables and their range used for uncertainty and sensitivity analysis. 

Minimum Base Maximum 

Percentage of sand channels 11 14 17 

Percentage of shaly sand bodies 15 18 20 

Major direction of continuity in porosity variogram (sand facies), m 700 1,000 1,500 

Minor direction of continuity in permeability variogram (shale facies), m 1,800 2,500 3,000 

Porosity multiplier 0.5 1 2 

Permeability in X-direction multiplier 0.1 1 10 

Permeability vertical anisotropy 0.01 0.1 1 

Permeability horizontal anisotropy 0.25 1 4 

Caprock vertical permeability multiplier 0.01 0.1 1 

Baffle vertical permeability multiplier 0.01 0.1 1 

Initial reservoir pressure multiplier 0.83 1 1.17 

Injection rate, t/dd 30 65 100 

Maximum bottomhole pressure, MPa 51 55 60 

Rock compressibility, 1/MPa 6 × 10 − 5 1.2 × 10 − 4 2.4 × 10 − 4 

Water and supercritical CO 2 phase saturation tables per rock facies 1 2 3 

Fluid-mobility reduction due to solid adsorption (tables) 1 2 3 

Initial composition (tables) 1 5 9 
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ue to dissolution or precipitation. Fig. 2 shows the plumes’ average

adial extent (lateral extent) profiles against CO 2 injected. For brevity,

e exclude the explanations of the observed plume-geometry metrics

nd the calculation in this manuscript. Interested readers may refer to

ur previous manuscript ( Zapata et al., 2020 ). The radial dimension of

he plumes based on CO 2 dissolved in the aqueous phase ( Fig. 2 a) is

ypically more extensive than those for plumes based on other metrics

100 to 700 m). Aqueous CO 2 spreads laterally into the reservoir due to

dvective and diffusive flows in the aqueous phase, as supported by the

quifer’s connectivity. 

In contrast, the plume’s shortest radial extent can be observed based

n CO 2 in the supercritical phase ( Fig. 2 b) with up to 400 m into the

eservoir. Due to buoyancy and gravitational forces, the supercritical

O 2 travels more vertically than propagates laterally. The poor petro-

hysical characteristics, namely, low porosity and low permeability of

he aquifer models, also contributed to the limited lateral propagation

f the supercritical CO 2 . 

Additionally, the multiphase effect may impede the reach of the su-

ercritical free phase. In other words, supercritical free-phase CO 2 can

nly become mobile once the critical saturation exceeds. As the CO 2 gets

njected, the supercritical free phase accumulates near the wellbore and

isplaces the aqueous phase. This step, in turn, is responsible for the

hift in radial extension observed in both the CO 2 dissolved ( Fig. 2 a)

nd the pH changes ( Fig. 2 c) measured in the aqueous phase. Because

he aqueous phase already exists in the aquifers in the mobile state, the

nitial movement of the aqueous phase does not get throttled by the

ultiphase effect. This phenomenon manifests in the linearity relation-

hip (in the log-log scale) between the radial extent and the amount of

njected CO 2 , which develops at a much earlier stage for plumes based

n CO 2 dissolved and pH changes. A similar linearity relationship for

he supercritical free phase develops later. 

The radial extent of the plume regions where pH changes occur due

o CO 2 injection ranges from 100 to 500 m. Some cases exhibit addi-

ional growth, up to 900 m, even after the injection stops ( Fig. 2 c). The

H changes are related to the presence of CO 2 in the aqueous phase

nd the buffering effects of calcite dissolution events resulting from the

cidic conditions. The latter events occurred in the region with radial

xtension presented in Fig. 2 d from 50 to 500 m into the reservoir. The

uctuations observed in each scenario profile are due to variations in the

ccurrence of the reactions. Dissolution and precipitation can co-occur

t different parts of the reservoir. A more satisfactory grid resolution

an help mitigate the observed variations. 

We also studied plume growth with depth. Fig. 3 presents the plume’s

adial extent of depth profiles for all cases at two contrasting times: af-

er 100 years (when injection ceases) and 200 years from the end of

he injection period. We present only the profiles of the plumes defined
 a  

6 
ased on CO 2 dissolved in the aqueous phase. Each curve (some not

iscernable) represents a scenario from the design of experiments; they

re colored by the total CO 2 injected. The dimensions and shapes of

he observed plume fronts depend on the fluid properties and compo-

ition, the aquifer’s petrophysical and chemical characteristics, and the

O 2 -brine-rock interactions. We highlight the CO 2 transport character-

stics in the aqueous phase in Figure 3 . The plume fronts for the CO 2 in

he aqueous phase tend to progress more laterally (below the injection

epth) for both times. One can attribute this behavior to the structural

onnectivity architecture of the aquifer and convective mixing resulting

rom the brine density increment due to CO 2 diffusion. In this context,

assanzadeh et al., 2005 also observed convective flux and highlighted

he role of convective instability in CO 2 solubility. 

An important observation from the radial extent profiles is the lin-

arity of the radial extent profiles and cumulative injected CO 2 in the

og-log scale. This reality implies that the injected CO 2 can determine

he plumes’ average radial extent with some margin of error. In addi-

ion, the prominence of lateral growth compared to vertical growth for

ll the cases studied highlights the role of structural connectivity and

dvective transport in plume evolution. 

.2. Which fluid properties provide insights into temporal plume evolution? 

A natural question arises: Which properties would be good to moni-

or and use in inferring the characteristics of the CO 2 plumes? Complex-

ties occur due to the dynamic nature of the processes involved and the

ariation in the fluid properties. The aqueous phase properties evolve

ith CO 2 injection and time due to interactions between the fluids and

ocks. The chemical characteristics of the brine can enhance (or impair)

he CO 2 dissolution and its reaction with other species present in the

queous phase, resulting in more (or less) solubility and mineral trap-

ing of CO 2 . In this study, we considered pH, pH changes (relative to

nitial pH), aqueous phase density, and species activity in the aqueous

hase would be appropriate to deduce information on the CO 2 plumes.

esides, suitable sensors can monitor these properties within the injec-

ion well. Note that this manuscript does not address the intricacies of

he sensing techniques and current capabilities. At this stage, we pre-

ume it is possible to sense and monitor these properties in the downhole

ondition. We critically examine these "monitorable" variables following

hat assumption. 

We first explored how these variables are related to each other. Fig. 4

hows the pair-wise cross-plots amongst these variables investigated af-

er 300 years for all the scenarios. The cumulative CO 2 injection colors

he cross-plots. We observed various interesting signatures among the

uid properties. The pH cross-plots revealed two different clusters that

ppear depending on the presence or absence of aqueous calcite in the
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Fig. 3. Depth profiles of plume radial extension 

for all cases (a) after 100 years and (b) after 300 

years. The red line indicates the injection depth. 

Here, plumes are defined based on CO 2 dissolved 

in the aqueous phase. 

Fig. 4. Pair-wise cross-plots amongst the monitorable fluid properties for all the scenarios after 300 years (that is, 200 years after the injection stoppage). The fluid 

properties are averaged over the plume based on the plume defined by the CO 2 in the aqueous phase. Each data point represents a scenario from the design of 

experiments and is colored by the total CO 2 injected. The top row presents the cross-plots of the pH change with the CO 2 aqueous speciation components activity 

( 𝐶 𝑂 2( 𝑎𝑞 ) , 𝐻𝐶𝑂 

−1 
3 and 𝐶𝑂 

−2 
3 ). The subsequent row of subplots represents the cross-plots against brine density for the aqueous speciation components. 
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nitial aquifer fluid composition. Initial calcite in the aquifer fluid leads

o fundamental (alkaline) pH values compared to acidic values in the

bsence of calcites in the initial composition. A positive correlation be-

ween the pH change and the activities of aqueous CO 2 and HCO 3 
− 1 

merges, emphasizing the influence of pH behavior in the speciation of

O 2 inside the aquifer brine. The initial fluid composition is also a pri-

ary factor determining the brine density, which increases with salinity.

Calcite’s initial presence in the brine is evident in its density behavior

nd relationship with the CO 2 solubility. We noted a positive correlation

etween density and the activity of CO 3 
− 2 , which is mainly related to

he initial composition. Here, CO 

− 2 activity positively correlates with
3 

7 
rine density, but only when the calcite is initially present in the aque-

us phase. The carbonate ion activity depends on calcite dissolution and

s related to an increment in Ca + 2 activity; given the sizeable molecular

eight of Ca + 2 , the high CO 3 
− 2 activity relates to high-density brine. In

ontrast, CO 2 and HCO 3 
− 1 species activities negatively correlate with

he brine density. As expected, CO 2 will have higher activity in the rar-

fied aqueous phase than in the denser phase. Besides, the speciation of

O 2 into HCO 3 
− 1 is positively correlated, and their activities increase

ith continued CO 2 injection. 

The cross-plots in Fig. 4 also reveal the redundancy or complemen-

ary nature of the relationships amongst the monitorable variables. To
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Fig. 5. Fluid properties evolution with time for all case scenarios (a) pH, (b) pH change, (c) brine density, (d) aqueous CO 2 with time, (e) aqueous HCO3 with time − , 
and (f) aqueous CO3 − 2 with time. 
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hat end, we found that all these variables carry additional information

ther than the HCO 3 
− 1 and CO 2 activities pair. This pair has a strong

ositive correlation. In other words, knowledge of HCO 3 
− 1 activities

ay not add value to the study if we already know about CO 2 activities.

We now explore the temporal behavior of the fluid properties. We

valuated their time evolution, considering the role of the initial calcite

resence in the aquifer fluid. 

Fig. 5 shows each property —average pH, pH change, brine density,

nd the activity of aqueous CO 2 , HCO 3 
− 1 , and CO 3 

− 2 —as a function of

ime for all the cases studied. The pH decreases with time as a function

f the CO 2 injected. Again, we identify two clusters marked by the ini-

ial presence of calcite in the aqueous phase ( Fig. 5 a). The initial calcite

ontent affects the pH changes around the injection well and into the

eservoir. Similar evidence of pH behavior associated with calcite pH

uffering has appeared in reactive transport simulations of carbonated

quifers ( Lagneau et al., 2005 ). The effect of the original composition

isappears when we analyze the pH change ( Fig. 5 b). In this case, more

onsiderable changes in pH occurs, especially during the injection phase.

 negative pH change appears initially; the initial readjustment of min-

rals can explain the solid phase, increasing the pH. A decreasing pH

ollows this step due to CO 2 injection that dissolves into the aqueous

hase. 

As for brine density, strong dependence on the initial calcite con-

ent becomes obvious. The brine density profiles show minor change

ith time ( Fig. 5 c). The CO 2 and HCO 3 
− 1 activities increase with time

ecause of increased injected CO 2 ( Fig. 5 d and Figure 5 e) and reveal

imilar trends. Both are stoichiometrically interrelated, as shown in Eq.
8 
 in Zapata et al. (2020) . However, the activity of CO 3 
− 2 is not only de-

endent on the CO 2 injected but also affected by the calcite dissolution

nd the initial fluid composition. The characteristic trends of different

nitial compositions are apparent in Fig. 5 f. Overall, the activity of this

on decreases with time. 

Furthermore, the equilibrium of the components in the aqueous

hase from CO 2 speciation is highly dependent on the pH, as Fig. 5 dis-

lays. The dominant species from CO 2 dissolution at lower pH is the

queous CO 2 . This observation explains the higher activities, given that

he chemical system exhibits a trend of pH decline. 

We noted that pH and pH change carry helpful information on the

lume dynamics from the previous discussion. Fig. 6 explores the varia-

ion in the aqueous phase pH and pH change and their relationship with

he spatial plume characteristics, the radial extent, and the aspect ratio.

n Fig. 6 , each datum point represents the average pH change within the

O 2 plume at the end of 300 years for a given case from the DoE run con-

ucted. Note that we examined the 100-year CO 2 injection and 200-year

ost-injection periods. The plume radial extent has a strong semblance

n pH change and aspect ratio but is reciprocally based on Figs. 6 a and

 b. Insignificant changes in pH correlate well with higher plume aspect

atios and low total CO 2 injected, which means shorter plumes in the

ertical direction exhibit less relative pH change. In other words, more

xtensive plumes in the horizontal direction experience more significant

hanges in pH. 

We also explored the relationship of brine density with plume prop-

rties. In this case, the plume dimensions, such as radial extension and

spect ratio, do not exhibit noticeable correlations with the aquifer brine
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Fig. 6. Aquifer fluid pH behavior for all case scenarios after 100-year injection and 200-year post-injection periods: (a) pH with plume radial extension and total 

CO 2 injected; (b) pH change with plume aspect ratio and total CO 2 injected. 

Fig. 7. Carbonate species relation with plume 

dimensions. Plume radial extension with (a) 

aqueous CO 2 and (b) HCO3 − 1 activities, and 

plume aspect ratio with (c) aqueous CO 2 and 

(d) HCO3 − 1 activities. 
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ensity. Brine density variations were related to the initial brine com-

osition but not the plume evolution. Larger densities coincide with a

igher content of dissolved solids, such as NaCl, CaCl 2 , and CaCO 3 . The

rine density does not exhibit a direct influence on the plume size. How-

ver, the distribution of CO 2 in distinct trapping mechanisms, such as

olubility trapping, is correlated with the brine density, influencing the

lume extension indirectly. 
9 
Can we use the activities of carbonate ions (aqueous CO 2 , HCO 3 
− 1 ,

nd CO 3 
− 2 ) to understand the CO 2 plumes? Fig. 7 attempts to address

his question. More significant CO 2 and HCO 3 
− 1 activities are associ-

ted with lower aspect ratios, as shown in Figs. 7 c and 7 d. Therefore,

s Figs. 7 a and 7 b display, they relate to laterally deeper plumes (more

ignificant radial extension) into the formation and higher calcite con-

ent. 
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Fig. 8. pH gradient evolution for both the Plume region and Region 1 (near the well) for selected cases (a) case 113 and (b) case 386. The red line indicates the 

injection depth. On the right a cross-sectional image of the simulated plume after 300 years. 
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On the other hand, the CO 3 
− 2 activity does not show any evident

orrelation with the plume aspect ratio or radial extension, as the initial

uid composition influences it, particularly by the calcite content. This

ignature suggests that the initial composition of the brine has a role

n how the aqueous species interact. The plume growth relates to the

ctivity of aqueous CO 2 and HCO 3 
− 1 . However, other interactions of

O 3 
− 2 with calcite and calcium ions will affect the movement of these

ons. 

To recap, evaluating the selected fluid properties’ interactions and

elationships with the CO 2 plume dimensions confirms that not all the

uid properties carry similar information content. The initial calcite

resence in the aqueous phase determines the relationships for many

f these variable pairs. The pH changes can be more informative about

he speciation and activities of CO 2 and HCO 3 
− 1 in the aqueous phase

nd can correlate with the plume aspect ratio and radial extension. In

ontrast, the brine density and CO 3 
− 2 activity (not shown in the above

gure due to brevity) do not significantly affect the plume dimensions,

iven that the original brine composition influences them. As expected,

he amount of CO 2 injected plays a relevant role in the brine properties

ariation. 

.3. How representative are near ‐well properties of the average plume 

roperties? 

One of the main challenges in determining aquifer dynamics is the

ack of information and proper characterization of the rocks and fluids

nd their subsurface interactions. We discussed which plume charac-

eristics and which properties we could monitor above. The reach of

ownhole monitoring sensors can only be a few meters into the reser-

oirs from the wellbore. Then, a natural question arises: How represen-

ative are the near-well properties of the plume average properties? We

urn our attention to this problem here. 
10 
We used two regions for this analysis, namely region-1 and the plume

egion. Region-1 represents the near-well region (within 150 m from the

ell), and the plume region encompasses the aquifer volume of CO 2 in

he aqueous phase. Note that the radial extension of the plume region

aries, as shown previously in Fig. 3 . We computed the average varia-

ion with depth and time of the properties of interest within these two

egions. The selected properties included are pH, brine density, and var-

ous carbonate species’ activity for brevity. 

First, we examined the variations in pH in region-1 and the plume

egion. Fig. 8 shows the depth profiles of average pH over time for se-

ected cases in both regions. Table 4 summarizes petrophysical proper-

ies and fluid and operational parameters for these cases. On the right in

ig. 8 , we included cross-sectional views showing the plume shape at the

nd of 300 years. In general, the near-well pH depth profiles can only

apture the average plume profiles above the injection depth in most

ases. However, below the injection depth, this resemblance disappears

n most cases. More significant pH drops can occur at depths where the

lume grows farther away from the well into the aquifer (cases with

ore considerable radial extension, such as case 386). 

The reservoir connectivity architecture plays a substantial role in

he displacement front below the injection depth, as the CO 2 plume

ropagates more laterally into the formation. At the same time, some

ransverse (vertical) displacement occurs because as CO 2 dissolves into

ater, the brine becomes denser and generates a downward flow. There-

ore, the downward flow induces a higher pH reduction below the in-

ection depth. The other observation is that the plume-average profiles

re somewhat subdued compared to those in the near-well region. This

eality occurs due to the most active dynamics that unfold near the well.

he brine’s initial composition also affects the pH’s initial depth profiles.

n important observation is that the temporal change in the depth pro-

le of the pH provides information about the broader trends inside the

lume region, as Fig. 8 displays. 
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Table 4 

Petrophysical, fluid and operational parameters for cases 113 and 386. 

Property Case 113 Case 386 

Average porosity, fraction 0.18 0.07 

Average permeability in X-direction, mD 24.7 17.3 

Average permeability in the seal formation, mD 1.6 × 10 − 2 6.1 × 10 − 3 

Permeability vertical anisotropy 0.16 0.25 

Permeability horizontal anisotropy 2.66 2.5 

Rock compressibility, 1/bar 6.7 × 10 − 5 8.4 × 10 − 5 

Reservoir pressure, MPa 42.8 43.6 

Bottom hole pressure, MPa 56.5 55.8 

Average injection rate, t/y 2484 3986 

CO 2 diffusion coefficient in supercritical phase 6.5 × 10 − 3 6.9 × 10 − 3 

H 2 O diffusion coefficient in supercritical phase 3.2 × 10 − 3 3.4 × 10 − 3 

CO 2 liquid diffusion coefficient, m 

2 /d 4.5 × 10 − 4 3.9 × 10 − 4 

H 2 O liquid diffusion coefficient, m 

2 /d 5.7 × 10 − 4 4.9 × 10 − 4 

Maximum capillary pressure in shale, MPa 5.0 4.5 

Maximum capillary pressure in shaly sand, MPa 2.2 2.5 

Maximum capillary pressure in sand, MPa 0.8 0.8 

Residual CO 2 saturation for shale 0.271 0.328 

Residual CO 2 saturation for shaly sand 0.196 0.138 

Residual CO 2 saturation for sand 0.02 0.02 

Irreducible water saturation for shale 0.36 0.32 

Irreducible water saturation for shaly sand 0.15 0.15 

Irreducible water saturation for sand 0.08 0.08 

CO 2 rel. permeability at residual water saturation for shale 0.65 0.6 

CO 2 rel. permeability at residual water saturation for shaly sand 0.75 0.8 

CO 2 rel. permeability at residual water saturation for sand 0.95 0.95 

Water rel. permeability at residual CO 2 saturation for shale 0.5 0.6 

Water rel. permeability at residual CO 2 saturation for shaly sand 0.3 0.25 

Water rel. permeability at residual CO 2 saturation for sand 0.63 0.63 

Salinity, kppm 186.0 166.3 

Supercritical phase density, kg/m 

3 822 867 

Initial CaCO 3 mole fraction 0 0.019 

Initial pH 6.1 8.1 

Fig. 9. Cross-plots between the average pH of the entire plume and Region-1 

(near-well) for all case scenarios over time. 
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Next, we investigated how the near-well and plume average pH val-

es are correlated. Fig. 9 presents cross-plots of the average pH for the

ntire plume and Region 1 (near-well) for all times and scenarios inves-

igated (from the DoE). Each data point in Fig. 9 represents the corre-

ponding near-well and plume average pH values for a given case at a

iven time step. For brevity, we only present the plume defined by CO 2 

issolved in the aqueous phase. As expected, early-time near-well and

lume-average pH correlate well because the plume initially remains
11 
onfined to the near-well region. As time progresses, the plume-average

H values deviate from the near-well pH values and become slightly

ore prominent. 

Another signature observed in some cases is an initial increment in

H (as indicated by the orange arrows in Figure 10 ), followed by a re-

uction of pH characterized by the two different slopes previously men-

ioned. This behavior is apparent irrespective of the initial calcite con-

ent, which we can explain by the initial interaction of other salts and

ons in the aqueous phase with the injected CO 2 . This interaction results

rom the initial precipitation of salts, and for cases with calcite content,

n the initial dissolution of calcite that buffers the pH. 

Similarly, we analyzed the near-well and plume average brine den-

ity and the activities of CO 2 in an aqueous phase and the carbonate ions

O3 − 2 for different cases. The brine density in this study is based on

ure water density and corrected for the presence of salts and dissolved

O 2 , allowing for a more accurate prediction of the density variations.

O 2 tends to increase the brine density. Even minor changes in density

an affect the dissolution rate of CO 2 as the instability created may in-

uce advective-diffusive mixing and enhance CO 2 dissolution. In Fig. 10 ,

e observe a modest variation in the depth profiles of brine density in

he near-well and plume average. Density increases with time as more

O 2 gets injected and dissolves into the aqueous phase, and the most

onsiderable variations occur around the injection depth and near the

ell. However, unlike the pH, the density depth profiles do not reflect

he shape of the CO 2 plumes. 

Fig. 11 presents the depth profiles of near-well and plume average

ovement of CO 2 in the aqueous phase over time for selected cases.

he CO 2 effective concentration (activity) in the plume region displays

imilar patterns as the plume shape itself, as the effective concentra-

ion of CO 2 in the aqueous phase mostly correlates to the injected CO 2 

given the initial composition of the brine considered). For example,

ases with higher injection rates, such as case 386, show higher variation

ith depth and reach higher concentrations above the injection point.

he near-well activity of CO 2 exhibits a more homogeneous growth

or all cases. Overall, there is an evident correspondence between the
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Fig. 10. Depth profiles of brine density and their tempo- 

ral evolution for the plume region and region 1 (near the 

well) for selected cases (a) 113 and (b) case 386. 

Fig. 11. Depth profiles of the aqueous CO 2 activity and their 

temporal evolution for both (a) Plume region and (b) Re- 

gion 1 (near-well). Selected case scenarios: case 113 and case 

386. 

12 
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Fig. 12. Depth profiles of the activity in the aqueous 

phase of CO3 − 2 and their temporal evolution for both (a) 

Plume-region and (b) Region 1 (near-well). Selected case 

scenarios: case 113 and case 386.3.4. How sensitive are 

plume characteristics to the well-based properties moni- 

tored? 
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epth profiles of the near-well and plume average aqueous phase CO 2 

ctivity. 

Similarly, Fig. 12 shows the depth profiles of CO 3 
− 2 activity. The

ffective concentration of the carbonate ion presents a dissimilar be-

avior in many cases due to the variations in initial calcite content that

ffect the initial presence of CO 3 
− 2 with depth. In this case, the activity

ecomes a function of both the injection of CO 2 and the brine compo-

ition. For cases with initial calcite concentration, the CO 3 
− 2 activity

ecreased with time, especially at depths where the aqueous CO 2 ac-

ivity increases due to the speciation equilibration (cases 386) and is

nfluenced by the brine pH. For cases with no initial calcite, minimal

hanges in the effective concentration of the CO 3 
− 2 ion appear (case

13). This observation could very well be due to numerical dispersions.

he difference in speciation of CO 2 in the aqueous phase for cases with

r without initial calcite content highlights the importance of account-

ng for relevant minerals to understand the CO 2 -brine interaction and

he interaction of rock and brine responsible for the precipitation or

issolution of minerals. 

The behavior of the parameters explored suggests that the pH gradi-

nt analysis and the activity of aqueous species such as dissolved CO 2 

nd HCO 3 
− 1 can provide trends that reflect the plume region’s evolu-

ion. In contrast, the depth profiles of CO 3 
− 2 activity or the variations in

rine density could not capture the plume behavior with time or depth.

So far, we have discussed which plume characteristics to monitor,

hich properties to watch, and how representative the near-well values

re to plume average values. Now, we focus on the sensitivity of plume

haracteristics of the variables that one can monitor. The DoE appeared

n Section 2 . Using DoE uncertain variables and the simulation results,
13 
e perform the sensitivity analysis for the plume characteristics of well-

ased "monitorable" variables. 

First, we explored the influence of various fluid properties, from

alinity and pH to the effective concentration of ions in the aqueous

hase, on the plume dimensions defined based on CO 2 in the supercriti-

al phase. The characteristics examined include the average height and

adial extension, as presented in the tornado charts in Fig. 13 . The first

bservation is that the relative influence of fluid properties on the plume

imensions changes during injection and post-injection periods. 

For plume height, the salinity and brine density promote the plume

eight as they hinder the solubility of CO 2 into the aqueous phase. This

ffect is also evident based on the plume height’s negative correlation

ith the effective concentration of carbonate ions and the brine pH.

nother property affecting the plume height is the CO 2 density. As ex-

ected, higher CO 2 density correlates to shorter plumes in the vertical

irection. After injection stops, the brine density and CO 2 speciation

n the plume height appear to reduce. This observation indicates the

esser dominance of convective flux and buoyancy-driven flow in the

ost-injection period. However, the prominence of compositional equi-

ibration with molecular diffusion appears in the post-injection period. 

The plume radial extension depends on the CO 2 activity in the aque-

us phase during the injection period, which correlates with the total

O 2 injected into the aquifer. Brine salinity and density contribute to

ateral plume growth positively. Once injection stops, we observe a shift

n the main parameters influencing the plume growth, with negligible

nfluence from the CO 2 activity. Salinity and salts, such as CaCl 2 (with a

ore significant atomic number), modestly promote post-injection lat-

ral growth while negatively affecting the pH. 
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Fig. 13. Relative influence of fluid properties on plume dimensions during injection and post-injection: (a) plume height and (b) plume radial extension. 
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Next, we examined the relationship of these fluid properties with the

istribution of the injected CO 2 into distinct phases and trapping mecha-

isms. Here, we considered CO 2 mobile in the free phase, CO 2 dissolved

n the aqueous phase, and residual CO 2 . To compare the amounts stored

n each mechanism, we calculated the ratio of CO 2 in those selected

rapping mechanisms for the injected CO 2 . Fig. 14 shows the tornado

lots for the chosen fluid properties’ relative contribution to the differ-

nt trapping mechanisms. Salinity and brine density play an essential

ole in all the trapping means. Higher salinity and brine density values

romote CO 2 in the free phase and are residually trapped, hindering CO 2 

olubility. This step is related to salts and calcite in the aqueous phase.

he role of brine density and the effective concentration of various car-

onate ions get reduced after injection stops for all cases investigated.

n the other hand, the brine pH affects the solubility trapping, with

egligible effects on other trapping mechanisms. 

. Discussion 

Here, we present additional considerations concerning the investi-

ation observations. We address the monitoring of fluid properties and

heir relationship with the plume evolution, including discussing the

imitations of the methodology. Table 5 presents the key questions posed

t the study’s onset and the lessons learned. The development and im-

lementation pace and success of CO 2 capture and storage technologies

epend on predicting, managing, and monitoring changes in the subsur-

ace due to the injection of CO 2 . Modeling and simulation of injection,

torage, and trapping processes are vital to understanding the behav-

or and interaction of CO 2 with the minerals and fluids that are part of

he aquifer formations. Furthermore, using available monitoring tools

o determine and track the plume behavior with time is essential to en-

ure the integrity and security of CO 2 storage projects. In this study, we

imed to extend the prediction capabilities of geochemical tools by in-
14 
estigating the evolution of fluid properties with time and how they are

elated to the plume dimensions. 

.1. On fluid properties 

We considered five fluid properties for the analysis, namely, pH,

rine density, and the activities of CO 2 , HCO 3 
− 1 , and CO 3 

− 2 . Our in-

estigations note that the initial brine composition is essential in evolv-

ng the fluid properties evaluated and their interaction with the injected

O 2 . In particular, the initial content of calcite affects the brine density,

O 2 solubility, and the solid saturation of the system. We only investi-

ated a subset of possibilities. Therefore, we recommend that the aquifer

rine composition and its relationship with different CO 2 trapping and

lume growth forms need special attention. 

.2. On near ‐well vs. plume region monitoring 

We know that the well-based sensors can only measure proper-

ies a few meters into the near-wellbore region. Consequently, explor-

ng the relationship of these near-well measurements with the prop-

rties more profound in the reservoir becomes a critical step in pre-

icting the plume evolution with time. The observations obtained in

his study indicate that the pH gradient analysis and the activity of

queous species such as dissolved CO 2 and HCO 3 
− 1 can provide trends

hat reflect the plume front evolution. In contrast, the depth profiles

f CO 3 
− 2 activity could not capture the plume behavior with time or

epth. 

.3. On plume characteristics’ sensitivity to well ‐based properties 

In this study, we investigated the impact of various well-based prop-

rties on plume characteristics. This analysis is not a static process. De-
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Fig. 14. The relative contribution of various fluid properties to the CO 2 distribution in the subsurface during injection and post-injection periods, including (a) 

dissolved CO 2 ratio, (b) residual CO 2 ratio, and (c) free-phase CO 2 ratio. 

Table 5 

Study’s main questions and relevant findings. 

Question Observations/Results 

1 Which plume characteristics can we monitor using well-based 

variables? 

The spatial characteristics of the CO 2 plumes included radial extent, vertical spread, and temporal 

evolution. The average radial extent of the plumes observed, as delineated by CO 2 dissolved in the 

aqueous phase, is typically more extensive than that for the plumes defined by supercritical CO 2 . The 

average plume lateral growth has a linear relationship with the cumulative injected CO 2 in the log-log 

scale over a broad range. Also, the lateral expansion of the dissolved CO 2 plumes does not occur 

uniformly at various depths. 

2 Can any well variables provide insights into the temporal 

evolution of the plumes? 

Evaluation of the relationship between the evolution of selected fluid properties and the CO 2 plume 

dimensions suggests that not all the fluid properties exhibit a correlation. The pH changes can be more 

informative about the plume aspect ratio and radial extension, as well as the speciation and activities of 

CO 2 and HCO 3 
− 1 in the aqueous phase. In contrast, the brine density and CO 3 

− 2 activity do not 

significantly correlate with the plume dimensions, given that the original brine composition impacts 

them. As expected, operational variables such as the amount of CO 2 injected play a relevant role in the 

brine properties variation. 

3 How representative are the near-wellbore fluid properties of 

the plume average properties? 

The behavior of the parameters explored suggests that the pH gradient analysis and the activity of 

aqueous species such as dissolved CO 2 and HCO 3 
− 1 can provide trends that reflect the plume region’s 

evolution. In contrast, the depth profiles of CO 3 
− 2 activity or the variations in brine density could not 

capture the plume behavior with time or depth. 

4 How sensitive are the well variables to different plume 

dynamics metrics? 

We explored the influence of various fluid properties on the plume dimensions, including salinity, pH, 

and carbonate speciation in the aqueous phase. The correlations observed suggest that fluid properties’ 

relative influence on the plume dimensions changes during injection and post-injection periods. The 

plume radial extension depends on the CO 2 activity in the aqueous phase during the injection period, 

which correlates with the total CO 2 injected into the aquifer. For plume height, the salinity and brine 

density promote the plume height as they hinder the solubility of CO 2 into the aqueous phase. 
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ending on the scenarios investigated, the ranges used for the parame-

ers and variables defining the aquifer system, and the physical processes

onsidered, the different fluid properties’ significance can differ. More-

ver, the influence of the parameters investigated changes with time

during injection and post-injection periods), given that the injection of

O 2 influences the fluid properties behavior. We compiled the ranges

rom published and unpublished sources. For instance, the contents for

emperature gradient are from Birkholzer et al. (2009) , the molecular

iffusion coefficients from Lu et al. (2013) , and the saturation functions

rom Dana and Skoczylas (2002) and Krevor et al. (2012) . 
15 
.4. Limitations 

The geochemical system employed is a simplified representation of

he interactions at the aqueous phase, given that chemical systems in

ature are overly complex. As a result, the fluid property variations

nd predictions become limited by an incomplete representation of the

ock-fluid and fluid-fluid reactions. Including a more detailed mineral

omposition of the rocks and adding mineral-fluid interactions repre-

enting the immobilization of CO 2 can improve the model. Further-

ore, considerations of physical and chemical processes at the pore
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cale become a requirement, including reactive transport and the ef-

ects of mechanical compaction on the pore structure. This reality im-

lies the coupling of processes at different scales. Besides monitoring

he plume evolution, surface and subsurface pressure and tempera-

ure monitoring will assist the injectivity question related to fault ac-

ivation. For instance, the modified-Hall plot can reveal the formation

arting or fault-activation pressure, as reported in a field setting in

orway ( Aschehoug and Kabir, 2013 ), when excessive fluid injection

ccurs. 

. Conclusions 

This study explored vital monitoring-related questions through a

umerical investigation of carbon sequestration in saline aquifers dur-

ng long-term and post-injection periods. The focus of the monitoring

trategies was on the inference of the spatial and temporal character-

stics of the CO 2 plumes in different forms: CO 2 dissolved in the aque-

us phase, the pH change, supercritical CO 2 , and the solid-phase sat-

ration changes due to dissolution and precipitation, as discussed in

apata et al. (2020) . The monitorable properties considered included

H, brine density, and CO 2 speciation in the aqueous phase. We ob-

erved that the average radial extent of the plumes, delineated by CO 2 

issolved in the aqueous phase, is typically more extensive than that

or the plumes defined by supercritical CO 2 . The average plume lateral

rowth has a linear relationship with the cumulative injected CO 2 in

he log-log scale over a broad range. Also, the lateral expansion of the

issolved CO 2 plumes does not occur uniformly at various depths. Be-

ow the injection point, dissolved CO 2 can extend laterally to a great

ength, driven by subsurface connectivity architecture and convective

ixing. 

Not all the fluid properties carry similar information content rele-

ant to CO 2 sequestration well monitoring. Initial calcite presence in

he aqueous phase determines the relationships between these variable

airs. The pH change can be more informative about CO 2 and HCO 3 
− 1 

ctivities. The brine density does not exhibit a direct influence on the

lume size. However, the distribution of CO 2 in distinct trapping mech-

nisms, such as solubility trapping, is correlated with the brine density,

nfluencing the plume extension indirectly. In general, the near-well pH

epth profiles can only capture the average plume profiles above the in-

ection depth in most cases. Below the injection depth, this resemblance

isappears in most cases. 

During the injection period, the salinity and brine density promotes

lume height as they hinder the solubility of CO 2 into the aqueous

hase. The brine density and CO 2 speciation appear to have dimin-

shed the plume height growth in the post-injection period. However,

rine salinity and density contribute to lateral plume growth. Once in-

ection stopped, we observed a shift in the main parameters influencing

he plume growth, with negligible influence from the CO 2 activity. This

tudy did not explore items related to the wellbore’s thermal integrity

uring CO 2 injection, salt precipitation or clogging, and wellbore leak-

ge. Our future endeavors will attempt to address these practical issues

y expanding the overall scope. 
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