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Ab stract. When mod el ling the im pact of the hydrogeochemical pro cesses of CO2 se ques tra tion on the con tact
zone of a sa line sand stone aqui fer and a claystone caprock in the Up per Silesian Coal Ba sin, small de creases in
po ros ity were noted, vis i ble mainly in the aqui fer rocks. They were due to the deg ra da tion of kaolinite, al bite and
mus co vite, and the recrystallization of K-feld spar and quartz. The po ros ity of the caprock re mained al most
un changed, which was to the ad van tage of the in teg rity of the re pos i tory. In ma jor parts of the aqui fer and caprock
zone, the min eral trap ping of CO2 has ben e fi cial ef fects, but at the in ter face of the aqui fer and the in su lat ing layer,
in the basal part of the caprock, a re lease of car bon di ox ide may oc cur tem po rarily, as so ci ated with the dis so lu tion
of cal cite.
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IN TRO DUC TION

Long-term, geo log i cal stor age of CO2 re quires re li abil -
ity and in teg rity of the caprocks, iso lat ing the re pos i tory, to
pre vent any es cape of the gas. From this point of view, lab o -
ra tory ex per i ments and mod el ling stud ies, which yield in -
sight into the spec i fic ity of gas–wa ter–rock in ter ac tions
within the aqui fer–caprock con tact zones, are of spe cial im -
por tance.

The tex tural evo lu tion of caprocks and changes to their
in teg rity still merit fur ther study. How ever pre vi ous work
(John son et al., 2004; Gaus et al., 2005; Xu et al., 2005;
Credoz et al., 2009; Bildstein et al., 2010) per mits deeper
un der stand ing of these is sues. One of the first batch ex per i -
ments, per formed by Kaszuba et al. (2005), dealt with aqui -
fer and aquitard as one sys tem, in which the gas–wa ter–rock 
in ter ac tions in the aqui fer in flu enced the pore-wa ter com po -
si tion at the con tact with the caprock. Their ob ser va tions
proved the pos si ble re ac tiv ity of caprock shales. The CO2

in jec tion caused an ini tial pH de crease. The re ac tion later
was in creased, which was in ter preted as a con se quence of
the trap ping of dis solved CO2 in the min eral phases.

The Sleipner in jec tion site was stud ied by Gaus et al.
(2005), who sim u lated the im pact of CO2 on a clayey cap-
rock. Ac cord ing to their re search, only a few me ters of the
caprock will be al tered in thou sands of years, ow ing to the
low, ef fec tive dif fu sion of CO2. This ef fect is en hanced by
the pre cip i ta tion of sec ond ary chal ce dony, kaolinite and
cal cite, which are prod ucts of CO2-caprock in ter ac tion.

Bildstein et al. (2010) used var i ous, re ac tive trans port
mod el ling codes to con duct nu mer i cal sim u la tions of cap-
rock be hav ior af ter the CO2 in jec tion. Sig nif i cant po ros ity
changes in the car bon ate-rich caprock, lim ited to the aqui -
fer-caprock in ter face zone, were ob served. It was also
found that the open ing of frac tures, mainly filled with cal -
cite, cre ates pos si ble mi gra tion paths of CO2 into the cap-
rock.

A mod ern set of tech niques was em ployed by Navar -
re-Sitchler et al. (2011) to ex am ine the evo lu tion of pore
spaces,, forced by CO2 in jec tion. Their meth ods en able ob -
tain ing quan ti ta tive in for ma tion, and in clude 3-D pore re -
con struc tions and small-an gle neu tron scat ter ing (SANS).

Also the ef fects of co-in jec tion of CO2 with H2S and
SO2 im pu ri ties, typ i cal for the flue gas from con ven tional
power gen er a tion, were stud ied by Xu et al. (2007) and
Xiao et al. (2009). Their re sults prove the dif fer ent be hav ior 
of res er voir rocks, con nected to strong acidic en vi ron ments, 
but the re sponse of the caprock still needs ad di tional re -
search.

An ex ten sive re view of the pub lished ex per i men tal
works, mod el ling and field ob ser va tions of CO2–brine–
caprock in ter ac tions was pre sented by Liu et al. (2012),
who re ported that geo chem i cal mod el ling, based on ther mo -
dy nam ics and ki net ics, must be em ployed to ex trap o late
short-term lab o ra tory ex per i ment re sults to the as sess ment
of the long-term ef fects of stor age. With this aim in mind,



the mod el ling of batch ex per i ments that yielded min er al og i -
cal anal y sis, as well as so lu tion chem is try, will be re quired.

Eval u a tion of min eral trap ping mech a nisms and as sess -
ment of stor age ca pac ity of the aqui fer and caprocks of the
Up per Silesian Coal Ba sin (USCB), based on hydroche-
mical mod el ling and ex per i men tal tests of rock–wa ter–gas

in ter ac tions, was done also by Labus and Bujok (2011).
Two stages of mod el ling en abled pre dic tion of the im me di -
ate changes in the aqui fer and in su lat ing rocks, im pacted by
the on set of CO2 in jec tion, and the as sess ment of the
long-term ef fects of se ques tra tion. In the sand stone aqui fers 
an a lyzed, the min er als, able to trap CO2, are dawsonite and
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Fig. 1. Dêbowiec For ma tion in west ern part of Up per Silesian Coal Ba sin (USCB) (af ter Labus, 2005; mod i fied)



do lo mite, while sid er ite and cal cite de grade. The phases, ca -
pa ble of min eral trap ping of CO2 in the cap rocks, are
dawsonite, do lo mite, and sid er ite. Min eral trap ping ca pac ity 
for the sand stone aqui fers is rel a tively low at 1.2 to 1.9 kg
CO2/m3, with the ex cep tion of the Up per Silesian Sand -
stone Se ries, at over 6.6 kg CO2/m3. The sol u bil ity trap ping
ca pac ity does not ex ceed 4.07 kg CO2/m3.

The pur pose of this study was to de ter mine the be hav ior 
of the aqui fer rock of the Dêbowiec For ma tion (Mio cene)
and the in su lat ing rocks, in con di tions of CO2 in jec tion into
the geo log i cal me dia, aim ing to the gas stor age. Mod el ling
was per formed for the wa ter–rock–gas sys tem, and the re -
sults en abled the eval u a tion of changes in po ros ity and per -
me abil ity of the rocks. These pa ram e ters are cru cial for the
injectivity and also for the safety of CO2 geo log i cal stor age. 
The se ques tra tion ca pac ity of aqui fer and caprocks also was 
as sessed, as sum ing that the con tact zone of the in su lat ing
layer with the col lec tor can be re garded as the zone of CO2

trap ping.

GEO LOG I CAL SET TING

The area be longs to the SW part of the Up per Silesian
Coal Ba sin (Fig. 1). The main hydrostructures of the area
are the multi-aqui fer for ma tions that are Qua ter nary, Ter -
tiary, and Car bon if er ous in age. The last two of these might
be cosidered for car bon di ox ide se ques tra tion. The Ter tiary
sed i ments of the Dêbowiec Con glom er ates (Lower Bade-
nian) fill deep de pres sions at the top of the Carboniferous
strata, reach ing depths of 700 m b.s.l. in the north ern part
and up to 1100 m b.s.l. in the south ern part, re spec tively.
These sed i ments are coarse sand stones, con glom er ates and
brec cias that form an aqui fer up to 268 m thick. Stag nant
wa ters, mainly of the Cl-Na type and with an av er age TDS
of 35g/l are typ i cal for this struc ture (Labus, 2005). The in -

su lat ing layer (caprock) is com posed of mudstones and
claystones of the Skawina For ma tion (Lower Badenian) and 
is 500–1100 m thick. Pres sure, CO2 fugacity and tem per a -
ture, rel e vant to the depths of mod elled en vi ron ments, are
pre sented in Ta ble 1 and Fig. 2.

METH ODS

In mod el ling the re ac tions and trans port in con di tions
of CO2 in jec tion and stor age, the Petrasim soft ware was
used, based on the TOUGHREACT sim u la tor  (Xu et al.,
2006). The TOUGH2 pack age with the ECO2N mod ule
was ap plied  (Pruess, 2004; Spycher and Pruess, 2005). Pa -
ram e ters of pore wa ters  (Ta ble 1) for the pur pose of mod el -
ling were col lected dur ing pre vi ous re search pro jects (e.g,
Labus, 2007; Labus et al. 2010; Labus and Bujok, 2011).
The chem i cal com po si tion of wa ters for ki netic trans port
mod els was based on the wa ter-rock equi lib ria mod el ling,
by means of the Geo chem ist’s Work bench 8 pack age
(Bethke, 2008). Pore wa ters of Cl-Na type were char ac ter -
ized by min er al iza tion be tween 34.3 and 52.8 g/dm3 and
with a pH of 6.81 to 7.37. 

The com po si tion of min eral as sem blages was de ter -
mined by means of mi cros copy. Petrographic, planimetric
anal y sis of thin sec tions was con ducted us ing Axioscope
Zeiss Mi cro scope. SEM anal y ses were per formed, with the
use of BS 340 Tesla mi cro scope and JSM 630 mi cro scope
with EDS Ox ford (20 kV). Ad di tional XRD anal y sis was
per formed on an HZG-4 X-ray diffractometer. For de ter min -
ing the porosimetric prop er ties of the ex am ined rocks, the
Mercury In tru sion Porosimetry (Autopore 9220 Microme-
ritics In jec tion Porosimeter) was used. Spe cific sur face ar eas
were cal cu lated, as sum ing spher i cal grains of dif fer ent di am -
e ters for the sand stones and fine-grained rocks (Ta ble 2).

The mod el ling was per formed, as sum ing a hy dro static
re gime of for ma tion pres sure. Tem per a ture val ues were es -
ti mated on the ba sis of di rect mea sure ments and ar chi val
data (e.g. Karwasiecka, 2001). The rate pa ram e ters of wa -
ter-min eral in ter ac tion ki net ics (con stants for mod eled re ac -
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Ta ble 1

Com po si tion of pore wa ters in caprock and aqui fer,
used in com puter sim u la tion

Parameter Unit Caprock Aquifer

Porosity 0.05 0.13

fCO2 MPa 4.7 4.7

T °C 30 30

Na+ mg/kg 19890 12270

K+ mg/kg 22.48 5.9

Ca2+ mg/kg 3078 964

Mg2+ mg/kg 128.1 105.2

HCO3- mg/kg 110 38.1

Cl- mg/kg 24860 20910

SO4
2- mg/kg 4710 5.88

SiO2(aq) mg/kg 5.44 8.86

Al3+ mg/kg 0.002 0.004

Fe2+ mg/kg 41.78 0.7

pH - 6.81 7.37

TDS mg/kg 52848 34311

Fig. 2. One-di men sional model of aqui fer-caprock con tact
zone in con di tions of CO2 se ques tra tion



tions) were taken from the lit er a ture (Palandri and Kharaka,
2004) (Ta ble. 3).

Rel a tive per me abil ity of the rock ma trix was cal cu lated
on the ba sis of the van Genuchten (1980) model for the liq -
uid phase, and the Corey (1954) model for the gas phase.
Cap il lary pres sure was cal cu lated on the ba sis of the van
Genuchten (1980) model.

Mod el ling was per formed in two stages, ac cord ing to
the meth od ol ogy pre sented by Labus and Bujok (2011). The 
first stage was aimed at sim u lat ing the im me di ate changes in 
the aqui fer and in su lat ing rocks, af fected by the be gin ning
of CO2 in jec tion, last ing for 30 years (a po ten tial life time of
a sin gle CCS in stal la tion); the sec ond en abled as sess ment of 
the long-term ef fects of se ques tra tion (20,000 years). The
qual ity and prog ress of the re ac tions were mon i tored and
their ef fects on for ma tion po ros ity and se ques tra tion ca pac -
ity, in form of min eral, re sid ual and the free phase of car bon
di ox ide, were cal cu lated. The qual i ta tive cal i bra tion of nu -
mer i cal mod els (in clud ing the pre cip i ta tion of sec ond ary
min er als and the cor rec tion of ki netic pa ram e ters), de scrib -
ing the ini tial stage of in jec tion, was based on the re sults of
the ex per i men tal stud ies.

A model for the ver ti cal mi gra tion of CO 2 and its im -
pact on the aqui fer–caprock con tact zone was achieved by
us ing a one-di men sional scheme (Fig. 2). Ac cord ing to the

model, car bon di ox ide is in jected into the aqui fer in a depth
range of –750 to –850 m be low the sur face. From this level,
it can mi grate into the layer of caprock, which is 100 m thick.
The model rep re sented only the aqui fer-caprock con tact
zone, which was sim u lated by means of 21 lin early ar ranged
cells. The first cell cor re sponded to the up per part of the aqui -
fer (roof of the for ma tion), which is 10 m thick. The next 20
cells, each 0.5 m long, cor re spond to the caprock layer.

RE SULTS AND DIS CUS SION

The mod el ling re sults re vealed that af ter the in jec tion of 
CO2, which led to a pres sure in crease in the aqui fer to the
level of 12 MPa, and to a gas-sat u ra tion of 70% of the pore
space, a dis tinct dif fer ence (thresh old) of pres sures was ob -
served be tween the aqui fer and the caprock (Fig. 3). This
dif fer ence dis ap peared with time and de creased from about
4.5 MPa to about 0.3 MPa, af ter 20 000 years (20 ka). This
phe nom e non was re lated rather to an in crease of pres sures
in the caprock level from 7.5 MPa to 11.4 MPa, than to the
pres sure de cline in the aqui fer from 12.0 MPa to 11.7 MPa,
over the an a lyzed time of 20 ka.

Within the aqui fer, the gas sat u ra tion dropped in the time 
mod elled from an ini tial value of 0.7 to about 0.65, while in
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Ta ble 2

Rock ma trix pa ram e ters ap plied in mod el ling

Mineral
Molar

volume
[cm3/mol]

Molecular 
weight
[g/mol]

Specific surface
areas of mineral
grains [cm2/g]

Mineralogical
composition

[%vol]

Caprock Aquifer Caprock Aquifer

Quartz 22.69 60.08 226.56 2.27 28 75

K-feldspar 108.87 278.33 - 7.11 - 8

Muscovite 140.71 398.31 21.96 105.98 10 5

Albite 100.25 262.22 - 6.95 - 2

Kaolinite 99.52 258.16 1156.49 115.49 30 7

Illite 138.94 383.90 1085.75 1085.75 15 3

Calcite 36.93 100.09 221.41 - 12 -

Gypsum 74.69 172.17 260.29 - 5 -

Ta ble 3

Ki netic rate pa ram e ters at 25°C

Kinetic rate at 25°C
k25

[mol/m2s-1]

Activation energy
EA

[J mol-1]

Kinetic rate at 30°C
k30

[mol/m2s-1]

Quartz 1.02·e-14 87.6 1.83·e-14

K-feldspar 3.89·e-13 38.0 5.01·e-13

Muscovite 2.82·e-14 22.0 3.26·e-14

Albite 9.12·e-13 69.8 1.45·e-12

Kaolinite 1.00·e-13 22.2 1.16·e-13

Illite 8.91·e-16 14.0 9.78·e-16

Calcite 1.55·e-06 23.5 1.81·e-06

Gypsum 1.62·e-03 - 1.63·e-03

data from Palandri and Kharaka, 2004; ex cept for sid er ite (data from
Steefel, 2001) and re cal cu lated val ues for 30°C

Fig. 3. Pres sure in ver ti cal dis tance from in jec tion point, af ter: A – 1 year and B – 20000 years of stor age (black line in di cates in ter face
be tween aqui fer (left hand side) and caprock (right hand side)



the caprock it in creased from 0.05 to 0.3–0.4. Changes in pH
had a ten dency to rise more sharply in the aqui fer than in the
pore wa ters of over ly ing caprock (Fig. 4). On the ba sis of the 
mi cro scopic ob ser va tions and XRD anal y ses, it was de ter -
mined that the rock-form ing, pri mary min er als of the aqui -
fer are quartz, feld spars and clay min er als. In the caprock
as sem blage, the dom i nant phases were clay min er als and
quartz; cal cite and gyp sum were sig nif i cant in terms of rock
ma trix re ac tiv ity.

The quan ti ties of min er als, pre cip i tat ing or dis solv ing,
as a re sult of the re ac tion mod elled, were var ied (Figs 5, 7).
Dis so lu tion of cal cite, about 40 mol per 1 m3 of the for-
mation, was ob served only in the lower part of the layer of
cap- rock, at the con tact with the aqui fer rocks. In the re main -
ing part of the pro file, the pre cip i ta tion of CaCO3 is no tice -
able, as up to 15 mol/m3 of the for ma tion (Fig. 5A). A consi-
derable amount of dawsonite, in terms of CO2 se ques tra tion
to about 140 mol/m3, was pre cip i tated only in the aqui fer
rock (Fig. 5B).

The fol low ing phe nom ena (Fig. 5D–G) had the great est 
im por tance to the min er al og i cal and tex tural changes within 
the aqui fer, dur ing the 20 ka of stor age: deg ra da tion of: kao-
linite (82 mol/m3), al bite (10 mol/m3) and mus co vite (8 mol/
m3), and the recrystallization of: K-feld spar r (60 mol/m3),
and quartz (5 mol/m3). The trans for ma tions, in volv ing illite
(Fig. 5H) and py rite, played a lesser role.

In the case of the caprock, the trans for ma tions in min er -
al og i cal com po si tion and struc ture of the rocks over 20 ka
af ter in jec tion were con trolled by the fol low ing pro cesses
(Figs 5C, H, E, 6): the for ma tion of kaolinite (62 mol/m3),
and to a lesser ex tent, illite (1.1 mol/m3), and the de com po -
si tion of mus co vite (44 mol/m3), and gyp sum. The dis so lu -
tion of quartz (0.2 mol/m3) played a mi nor role (Fig. 5G).

A de crease in po ros ity of about 0.4% (3% rel a tive) to
the value of 12.6%, re sult ing from a pos i tive bal ance of the
vol ume of sec ond ary min er als, rel a tive to the orig i nal com -
po si tion of the rocks, was vis i ble only in the aqui fer com -
plex (Fig. 7), while in the caprock zone the po ros ity was
con stant dur ing the time pe riod an a lyzed.

Af ter a sim u lated 20 ka of stor age, the fi nal pore space
was as sumed to be filled with CO2 gas and pore wa ter of
known (mod elled) chem i cal com po si tion. The max i mum val -
ues of car bon se ques tra tion in the dis solved phase CO2(aq)

were cal cu lated on the ba sis of a mass frac tion xCO2(aq) in

pore wa ter (Fig. 8A), for a given po ros ity and wa ter sat u ra -
tion of the pore space. The amount of re sid ual CO2, con -
tained in the pores, was cal cu lated on the ba sis of gas sat u -
ra tion of the pore space and the known gas den sity (Fig.
8B). Min eral trap ping ca pac ity, the amount of CO2 blocked
in min eral phases, was as sessed, tak ing into ac count the uni -
tary vol ume of mod elled rock (UVR), equal to 0.01 m3 and
the pri mary po ros ity (be fore stor age), equal to np,. The vol -
ume of the rock ma trix in 1m3 of for ma tion, mea sured in
UVR units amounted to 100(1–np). Ow ing to the mod elled
re ac tions, cer tain quan ti ties of car bon ate min er als dis solved 
or pre cip i tated per each UVR. On this ba sis, the CO2 bal -
ance was cal cu lated. The val ues of CO2 se ques tra tion in dis -
solved, gas and min eral phases af ter 20,000 years of stor age 
are pre sented in Ta ble 4.

The amounts of CO2,trapped in the dis solved and re sid -
ual phases, are the high est in the aqui fer (7.2 kg CO2/m3

and 69.8 kg CO2/m3 re spec tively). This should be at trib uted 
partly to a con sid er able pore space vol ume, when com pared
to the cap rock, and the higher gas pres sures and sub se -
quently higher gas den si ties. Fur ther more, greater amounts
of re sid ual gas in the aqui fer were re lated to the el e vated
pres sure (in com par i son to the superjacent cap rock), which
in turn was re spon si ble for the higher den sity of the CO2.

Min eral-trap ping ca pac ity for the Dêbowiec For ma tion, 
based on the re sults of the mod el ling, was as sessed at a level 
of 6 kg CO2/m3, while in the up per part of the caprock for -
ma tion it was only 0.5 kg CO2/m3. On the other hand, for
the lower part of the caprock (superjacent to the aqui fer), a
neg a tive value of trap ping ca pac ity 1.2 kg CO2/m3 was cal -
cu lated. This means that the pro cess of dis so lu tion of pri -
mary car bon ate min er als oc curs in this zone.
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Fig. 4. Val ues of pH in ver ti cal dis tance from in jec tion point, af ter A – 1 year, B – 20,000 years of stor age (ex pla na tions as in Fig. 2)

Ta ble 4

Av er age val ues of CO2 se ques tered in dis solved, re sid ual
and min eral phase af ter 20 ka of stor age

Zone
Dissolved phase Residual phase Mineral phases

(kg/m3)

aquifer 7.19 69.8 6.0

caprock - lower part 2.55 20.49 –1.2

caprock - upper part 2.53 17.27 0.5

neg a tive value means dis so lu tion of pri mary car bon ate min er als
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Fig. 5. Changes in amounts of min er als (mol/m3 rock) in ver ti cal dis tance from in jec tion point af ter 20,000 years. A – cal cite; B –
dawsonite; C – kaolinite; D – al bite; E – mus co vite; F – K-feld spar; G – quartz; H – illite (ex pla na tions as in Fig. 2)



In the aqui fer an a lyzed, the only min eral ca pa ble of
trap ping CO2 is dawsonite, which is a sec ond ary min eral in
this for ma tion. In the case of the caprock, where pri mary
cal cite is pres ent, the dis so lu tion of this min eral is in the
lower zone, whereas at the up per zone of the cap rock, cal -
cite pre cip i ta tion ef fi ciently blocks CO2.

When ob serv ing the ef fects of min er al og i cal changes in 
the rocks an a lyzed, it should be noted that the pro cesses, oc -
cur ring in the con tact zone be tween the aqui fer and in su lat -
ing lay ers, were dif fer ent from those that were op er at ing in
other parts of them (e.g., Figs 5, 8). This can be ex plained
by a high gas sat u ra tion in the roof of the aqui fer, and the
for ma tion of a front of pore flu ids, mi grat ing out ward from
the cen ter of the con tact (in ter face) zone, be tween the aqui -
fer and the caprock. As a re sult of the phe nom ena de scribed
from the con tact zone, the pro cess of CO2 desequestration,
as so ci ated with the dis so lu tion of car bon ate min er als, was
op er at ing in the lower part of caprock (Fig. 9).

CON CLU SIONS

When mod el ling the im pact of CO2 stor age on the aqui -
fer and caprock con tact zone, it was noted that small de -
creases in po ros ity, re sult ing from a pos i tive bal ance of the

sec ond ary min er als vol ume, were vis i ble mainly in the aqui -
fer rocks. Po ros ity re mained al most con stant in the caprock,
which is ad van ta geous for the seal ing prop er ties of the re -
pos i tory.

It also was ob served that the min er al og i cal changes,
vis i ble in the con tact zone, were dif fer ent from those that
oc curred in the re main ing parts. This can be ex plained by
the high gas sat u ra tion in the aqui fer roof, on the other hand, 
by the for ma tion of a front of pore flu ids mi grat ing out -
wards from the cen ter of the con tact zone of both rock
types. These mech a nisms caused the tem po rary re lease of
CO2 at the base of the in su lat ing layer, as so ci ated with the
dis so lu tion of car bon ate min er als.

The prac ti cal ap pli ca tion for the re sults of this study are 
as sess ment of the amounts of car bon di ox ide, trapped by
dis so lu tion and in min eral phases, and also eval u a tion of the 
petro-struc tural con se quences of CO2 in jec tion into sa line
aqui fers of the Up per Silesian Coal Ba sin. This al lows the
es ti ma tion of the suit abil ity of the for ma tions for CO2 stor -
age.
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Fig. 6. Changes in amounts of gyp sum (mol/m3 rock) in ver ti -
cal dis tance from in jec tion point af ter 20,000 years (ex pla na tions
as in Fig. 2)

Fig. 7. Val ues of po ros ity in ver ti cal dis tance from in jec tion
point af ter 20,000 years (ex pla na tions as in Fig. 2)

Fig. 8. Mass frac tion of CO2(aq) – A, and den sity of CO2 (kg/m3) – B in ver ti cal dis tance from in jec tion point af ter 20,000 years (ex pla -
na tions as in the Fig. 2)



This work was sup ported by Pol ish Min is try of Sci ence and
Higher Ed u ca tion (grant N N525 363137).

REF ER ENCES

Bethke, C. M., 2008. Geo chem i cal and Biogeochemical Re ac tion
Mod el ing. Cam bridge Uni ver sity Press, Cam bridge, 543 pp.

Bildstein, O., Kervéva, C., Lagnea, V., Delaplac, P., Crédo, A.,
Audigan, P., Perfetti, E., Jacquemet, N. & Jullien, M., 2010.
In te gra tive mod el ing of caprock in teg rity in the con text of
CO2 stor age: evo lu tion of trans port and geo chem i cal prop er -
ties and im pact on per for mance and safety as sess ment. Oil &
Gas Sci ence and Tech nol ogy – Re vue de IFP, 65: 485–502.

Corey, A. T., 1954. The in ter re la tions be tween gas and oil rel a tive
permeabilities. Pro duc ers Monthly, 19: 38–41.

Credoz, A., Bildstein, O., Jullien, M., Raynal, J., Pétronin, J. C.,
Lillo, M., Pozo, C. & Geniaut, G., 2009. Ex per i men tal and
mod el ing study of geo chem i cal re ac tiv ity be tween clayey
caprocks and CO2 in geo log i cal stor age con di tions. En ergy
Procedia, 1: 3445–3452.

Gaus, I., Azaroual, M. & Czernichowski-Lauriol, I., 2005. Re ac -
tive trans port mod el ling of the im pact of CO2 in jec tion on the
clayey cap rock at Sleipner (North Sea). Chem i cal Ge ol ogy,
217: 319–337.

John son, J. W., Nitao, J. J. & Knauss, K. G., 2004. Re ac tive trans -
port mod el ing of CO2 stor age in sa line aqui fers to elu ci date
fun da men tal pro cesses, trap ping mech a nisms, and se ques tra -
tion par ti tion ing. In: Baines, S. J. & Worden, R. H. (eds),
Geo logic Stor age of Car bon Di ox ide. Geo log i cal So ci ety,
Spe cial Pub li ca tion, 233: 107–128.

Karwasiecka, M., 2001. The geo ther mal field of the Up per Silesian
Coal Ba sin. Technika Poszukiwañ Geologicznych, Geosynop-
tyka i Geotermia. 40: 41–49. [In Pol ish, Eng lish Sum mary].

Kaszuba, J. P., Janecky, D. R. & Snow, M. G., 2005. Ex per i men tal 
eval u a tion of mixed fluid re ac tions be tween super criti cal
carbon di ox ide and NaCl brine: rel e vance to the in teg rity of a
geo logic car bon re pos i tory. Chem i cal Ge ol ogy, 217: 277–293.

Labus, K., 2005. Or i gin of ground wa ter min er al iza tion in coarse-
grained Lower Badenian aqui fer in the Czech part of the Up -
per Silesian Coal Ba sin. Geo log i cal Quar terly, 49: 75–82.

Labus, K., 2007. Iden ti fi ca tion of the pro cesses con trol ling the
ground wa ter chem i cal com po si tion un der mine drain age con -
di tions within the south-west ern part of the Up per Silesian
Coal Ba sin. Zeszyty Naukowe Politechniki Œl¹skiej, 1769:
1–247. [In Pol ish, Eng lish sum mary].

Labus, K. & Bujok, P., 2011. CO2 min eral se ques tra tion mech a -
nisms and ca pac ity of sa line aqui fers of the Up per Silesian

Coal Ba sin (Cen tral Eu rope) – Mod el ing and ex per i men tal
ver i fi ca tion. En ergy, 36: 4974–4982.

Labus, K., Tarkowski, R. & Wdowin, M., 2010. As sess ment of
CO2 se ques tra tion ca pac ity based on hydrogeochemical
model of wa ter-rock-gas in ter ac tions in the po ten tial stor age
site within the Be³chatów area (Po land). Min eral Re sources
Man age ment, 36: 69–84.

Liu, F., Lu, P., Grif fith, C., Hedges, S. W., Soong, Y., Hellevang,
H. & Zhu, C., 2012. CO2–brine–caprock in ter ac tion: Re ac tiv -
ity ex per i ments on Eau Claire shale and a re view of rel e vant
lit er a ture. In ter na tional Jour nal of Greeonhouse Gas Con -
trol, 7: 153–167.

Navar re-Sitchler, A., Muouzakis, K., Heath, J., Dewers, T., Rother,
G., Wang, X, Kaszuba, J. & McCray, J., 2011. Changes to po -
ros ity and pore struc ture of mudstones re sult ing from re ac tion
with CO2 and brine. Min er al og i cal Mag a zine, 75: 1527.

Palandri, J. L. & Kharaka, Y. K., 2004. A com pi la tion of rate pa -
ram e ters of wa ter-min eral in ter ac tion ki net ics for ap pli ca tion
to geo chem i cal mod el ing. US Geo log i cal Sur vey. Open File
Re port, 2004-1068: 1–64.

Pruess, K., 2004. The TOUGH Codes – A fam ily of sim u la tion
tools for multiphase flow and trans port pro cesses in per me -
able me dia. Vadose Zone Jour nal, 3: 738–746.

Spycher, N. & Pruess, K., 2005. CO2-H2O mix tures in the geo log -
i cal se ques tra tion of CO2: II. Par ti tion ing in chlo ride brines at
12–100°C and up to 600 bar. Geochimica et Cosmochimica
Acta, 69: 3309–3320.

Steefel, C. I., 2001. Crunch. Law rence Livermore Na tional Lab o -
ra tory, Livermore, Cal i for nia, 76 pp.

 van Genuchten, M. T., 1980. A closed-form equa tion for pre dict -
ing the hy drau lic con duc tiv ity of un sat u rated soils. Soil Sci -
ence So ci ety of Amer ica Jour nal, 44: 892–898.

Xiao, Y., Xu, T. & Pruess, K., 2009. The ef fects of gas–fluid-rock
in ter ac tions on CO2 in jec tion and stor age: in sights from re ac -
tive trans port mod el ing. En ergy Procedia, 1: 1783–1790.

Xu, T., Apps, J. A. & Pruess, K., 2005. Min eral se ques tra tion of
car bon di ox ide in a sand stone–shale sys tem. Chem i cal Ge ol -
ogy, 217: 295–318.

Xu, T., Apps J. A. Pruess, K. & Yamamoto, H., 2007. Nu mer i cal
mod el ing of in jec tion and min eral trap ping of CO2 with H2S
and SO2 in a sand stone for ma tion. Chem i cal Ge ol ogy, 242:
319–346.

Xu, T., Sonnenthal, E. L., Spycher, N. & Pruess, K., 2006.
TOURGHREACT: A sim u la tion pro gram for non-iso ther mal
multiphase re ac tive geo chem i cal trans port in vari ably sat u rated 
geo logic me dia. Com puter & Geosciences, 32: 145–165.

262 K. LABUS

Fig. 9. Amounts of CO2 trapped in min eral phases (kg/m3 rock) in ver ti cal dis tance from in jec tion point af ter: A – 1 year and B –
20,000 years of stor age (ex pla na tions as in Fig. 2)


