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Up per Mio cene sand stones in the Sava De pres sion (North ern Croatia) are po ten tial tar gets for car bon di ox ide (CO2)-based
en hanced oil re cov ery (EOR) pro cesses or min eral car bon ation with res er voir brine. In gen eral, sand stone li thol ogy, even
rich with alu mi no sili cate min er als, is not the most fa vour able rock me dium for ef fi cient se ques tra tion of CO2 in min er als.
How ever, CO2 is nat u rally se ques tered in min er als when CO2 is in jected into sand stone res er voirs and sub dued to car bon -
ation. The timescale of such se ques tra tion is on the or der of 104–105 years. Up per Mio cene sand stones in the Sava De pres -
sion could in cor po rate up to 25% of alu mi no sili cate min er als (10% K-feld spars) and up to 20% dolomites and of ten lat er ally
tran si tion be tween pelitic and psam mit ic lithofacies, rich in clay min er als (15% micas). To tal vol umes are ap prox i mately 107
and 62 mil lion m3 (ap prox i mately 268 and 155 mil lion t of rocks), re spec tively for the po ten tial in jec tion res er voirs in the Ivaniæ 
Field. Oil sat u ra tion in the in jec tion in ter vals is es ti mated to be ap prox i mately 14.8 and 4.1 mil lion m3 re spec tively. Geo chem -
i cal anal o gies and min er al ogy can be used to sup port pre dic tions for the low per cent ages of in jected CO2 that may be stored
dur ing car bon ation and form sec ond ary min er als.
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INTRODUCTION

Car bon di ox ide (CO2) cap ture and stor age (CCS) plays an
in creas ingly im por tant role in re duc ing CO2 emis sions from hu -
man ac tiv i ties. It in volves sep a ra tion and com pres sion of CO2

from in dus trial and power plants, and trans por ta tion to a stor -
age site for long-term stor age. The re ac tion be tween a metal
ox ide-bear ing ma te rial and CO2 is called min eral car bon ation
and can be ex pressed by the re ac tion (Sipilä et al., 2008; Bodor
et al., 2011) given by Equa tion 1:

MO + CO2 « MCO3 + heat [1]

“In situ” min eral car bon ation is closely con nected to un der -
ground stor age of CO2 in jected into res er voirs or other fa vour -
able lithologies. Car bon ation is a re ac tion be tween rock al ka line 
min er als and CO2 that re sults in the for ma tion of car bon ates.

The re ac tion [Equa tion  1] is exo ther mic and the heat re leased
is de pend ent on the me tal lic el e ment-bear ing min eral. The ma -
jor ben e fit of CO2 se ques tra tion by min eral car bon ation is that it
is an en vi ron men tally be nign pro cess and en sures per ma nent
trap ping of CO2 in the form of car bon ate min er als. Un like other
CO2 se ques tra tion meth ods, all CO2 is fixed in min er als and re -
sults in a leak age-free se ques tra tion that does not re quire
post-stor age mon i tor ing (Bodor et al., 2011). 

The en ergy re leased (e.g., heat/enthalpy change in Equa -
tion 1) in pro cesses means that car bon ation could pro ceed
with out en ergy in put (which is why it oc curs nat u rally). How ever, 
many of the car bon ation pro cesses pre sented to date suf fer
from be ing too en ergy de mand ing and the larg est chal lenge is
to en hance the oth er wise ex tremely slow (on hu man time scale) 
car bon ation re ac tion, with out ex ces sive over all pro cess costs.
Sim ply crush ing metal ox ide-bear ing ore to par ti cle sizes of
1 mm and sus pend ing in aque ous 100% dis so lu tion can
achieve what around 2,000 years of diagenesis may achieve
(Hangx and Spi ers, 2009; Bodor et al., 2011). Sev eral el e ments 
can be car bon ated due to their abun dance and in sol u bil ity. For
ex am ple, al ka line met als such as cal cium and mag ne sium
seem to be most suit able. Al though iron shows good car bon -
ation char ac ter is tics, it is a valu able min eral re source and,
there fore, can not be con sid ered for large-scale car bon ation im -
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ple men ta tions (Hujigen and Comans, 2005). How ever, iron-ore
min ing waste should be con sid ered for min eral car bon ation.

Min er als of in ter est, re ac tion en ergy, and the quan tity re -
quired to se ques ter a unit weight of CO2 (as sum ing com plete
re ac tion of the min eral) are shown in Ta ble 1 (Pen ner et al.,
2004).

Min eral car bon ation was first men tioned as a CO2 bind ing
con cept by Seifritz (1990). Since nat u ral sil i cate min er als (such
as ol iv ine, ser pen tine, and wollastonite) and ba salt rock were
iden ti fied as the most suit able raw ma te ri als, re search on min -
eral car bon ation has ac cel er ated and di vided into sev eral dif fer -
ent CO2 bind ing ap proaches. Di rect car bon ation of the min eral
takes place in a sin gle pro cess step, while in di rect car bon ation
con sid ers ex trac tion of cal cium or mag ne sium from the min eral
and sub se quent car bon ation (Bodor et al., 2011). 

The min eral mass nec es sary to bind unit mass of CO2 as
car bon ate is in the range 1.8–3 t min eral/t CO2 for rel a tively
pure min er als. This means that for a 500 MW unit emit ting
3.4 Mt/ann of CO2, ap prox i mately 6–10 Mt of mined or sub sur -
face rock min er als would be re quired per year. The eco nom ics of
min eral car bon ation at scale are now be ing tested in a world-first
pi lot plant pro ject in New cas tle, Aus tra lia (http://mineralcarbona -
tion.com linked onto http://www.abc.net.au/news/2013-08- 23//world-
-first-pi lot-plant-will-turn-car bon-di ox ide-into-rock/4908324).

CO2 SEQUESTRATION DURING PROCESS
OF CARBONATION AND STORAGE
IN SECONDARY ROCK MINERALS

The In ter na tional En ergy Agency, Green house Gas Pro to -
col programme (IEA GHG; http://www.ghgprotocol.org/Third-
 Party-Da ta bases/IEA-GHG-Programme) pub lished a tech nol -
ogy val u a tion in 2000 that re fers to seven pro cess ing routes
and con cluded that all in volved high costs and ex ces sive en -
ergy use. Ad di tion ally, the in di rect pro cess routes gave the ben -
e fit of much faster car bon ation chem is try. Stud ies at the Los

Alamos Na tional Lab o ra tory in the USA (Lackner et al., 1997)
stated that gas-solid car bon ation at higher tem per a ture and
pres sure (500°C, 340 bars) reached 25% min eral con ver sion
af ter 2 hours with 100 mm ser pen tine par ti cles. Fur ther re -
search, for ex am ple in Fin land (Zevenhoven and Kohlmann,
2002), showed re ac tion ki net ics for the gas-solid car bon ation
case, that can be com pared with di rect aque ous pro cesses de -
vel oped by the Al bany Re search Cen tre in the USA us ing
NaHCO3 and NaCl at 150 bars and 155°C for ser pen tine
(O’Connor et al., 2005). Since 2000, the car bon ation of in dus -
trial wastes and by-prod ucts such as steel slag, waste ce ment
or con crete and ashes, which of ten con tain sig nif i cant amounts
of cal cium that can be car bon ated, has also re ceived grow ing
at ten tion. 

Dif fer ent pro cess con di tions can be ap plied, de pend ing on
the type of raw ma te rial used for the di rect car bon ation pro cess, 
with op ti mal car bon ation con di tions shown in Ta ble 2 (Gerde -
mann et al., 2007). Rea son able re ac tion times and con ver sion
ef fi cien cies are al lowed by high pres sures (the super criti cal
pres sure of CO2 at av er age at mo spheric tem per a ture is ap -
prox i mately 79 bars), but such ag gres sive pro cess con di tions
sug gest rel a tively high tech ni cal and eco nomic risk.

It is well-known that re ac tion rates are en hanced by in creas -
ing the re ac tion tem per a tures. How ever, sta bil ity of a car bon ate 
is con strained by ther mo dy namic con di tions and, there fore, the
tem per a ture can only be in creased to a cer tain level (pres sure
de pend ent). For ex am ple, MgCO3 is sta ble up to tem per a tures
of around 400°C at CO2 pres sures of 1 bar (Zevenhoven et al.,
2006). There fore, use of exo ther mic high tem per a ture car bon -
ation on enough “high fast re ac tion rates” would not work with -
out pres sur is ation. 

Sipilä et al. (2008) state that the di rect aque ous min eral-car -
bon ation route ap pears to be the most prom is ing CO2 min er ali -
sa tion al ter na tive to date, but de spite high car bon ation de grees
and ac cept able rates achieved in the pro cess, it is still too ex -
pen sive to be ap plied on a large scale. Ex pen sive pre- treat ment 
steps aimed at ac cel er at ing the re ac tion rates must be im -
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T a  b l e  1

Min er als of in ter est for min eral car bon ation (Pen ner et al., 2004)

Min eral For mula Prod ucts of com plete 
re ac tion with CO2

Min eral re quire ment 
[kg/kg CO2]

Mg ol iv ine Mg2SiO4 SiO2 + 2MgCO3 1.6

Mg ser pen tine Mg3Si2O5(OH)4 2SiO2 + 3MgCO3 + 2H2O 2.1

Wollastonite CaSiO3 CaCO3 + SiO3 2.6

Ba salt var ies MgCO3, CaCO3, FeCO3 4.9

Mag ne tite Fe3O4 Fe2O3 + FeCO3 5.3

T a  b l e  2

Pro cess con di tions for op ti mum di rect car bon ation of min er als 
(Zevenhoven et al., 2007)

Min eral Tem per a ture 
[°C]

Pres sure of CO2

[bars] Ad di tive so lu tion Car bon ation af ter 
one hour [%]

Ol iv ine 185 150 0.64M NaHCO3 1M
NaCl 49.5

Wollastonite 100 40 wa ter 81.8

Ser pen tine 155 115 0.64M NaHCO3 1M
NaCl 73.5



proved or by passed to make di rect aque ous min eral-car bon -
ation com pet i tive with other CCS tech nol o gies.

Ap pli ca tion of pre vi ous ex situ stud ies to in situ min eral se -
ques tra tion could lead to prom is ing re sults. The next log i cal
step is to ap ply these re ac tions in situ where rock depth (~1 km)
could pro vide suf fi cient heat and pres sure to drive the re ac tion,
and re ac tion time is no lon ger such a crit i cal fac tor (O’Connor et 
al., 2001).

McKelvy et al. (2006) in ves ti gated in situ car bon ation con di -
tions with re ac tion sys tems that en able con trol of a wide va ri ety
of pro cess con di tions. Hansen et al. (2005) also stud ied “in situ” 
min eral re ac tions as so ci ated with listwanite (i.e. rock type that
forms when ultra mafic rocks, mostly peri dot ites, are com pletely
car bon ated) and found that car bon ation min i mizes po ros ity loss 
and max i mizes per me abil ity. This could be achieved us ing a
CO2-en riched aque ous fluid. Yajima et al. (2006) stud ied the re -
ac tions of ser pen tin ite sub jected to CO2 pres sure of 10 bars for
8 days at 50°C. The ex per i ments re sulted in rock car bon ate ra -
tios of 1.7–10 vol.% in the form of FeCO3 with 25% mag ne sium. 
Con ver sion led to a CO2 fix a tion rate of 1.4–5.4 × 10–9 mol
CO2/cm2 per day, that ex hib ited po ten tial to se ques ter CO2 in
ser pen tin ite rock (Sipilä et al., 2008). Ta ble 3 shows the main
car bon ation routes with a brief de scrip tion and, to re ca pit u late;
var i ous pro cess routes have been de vel oped through nu mer -
ous ex per i ments. Many of the pro cess routes have been aban -
doned, but re search, es pe cially on aque ous min eral car bon -
ation, has con tin ued. 

There are also sev eral other pub lished stud ies deal ing with
CO2 se ques tra tion by min eral trap ping in sand stone for ma -
tions. For in stance, ac cord ing to Xu et al. (2004, 2008) se ques -
tra tion of CO2 in the sand stone lay ers re sults in for ma tion of
dawsonite [NaAlCO3(OH)2] and an ker ite [(CaMg0.3Fe0.7(CO3)2]. 
Sid er ite ini tially pre cip i tated, but af ter its dis so lu tion, an ker ite
forms. Re sults of nu mer i cal mod el ling of CO2 se ques tra tion in
clayey sand stone aqui fers (Xu et al., 2004) showed that min eral 
trap ping in creased se ques tra tion ca pac ity for 40,000 years, af -
ter which it de creases. Min eral trap ping stor age ca pac ity
reached an av er age value of 90 kg/m3. Nu mer i cal mod el ling of
pure CO2, or its mix ture with SO2 and H2S in jec tion, re sulted in
the cre ation of con cen tric zones of sec ond ary min er als in the
area around the in jec tion bore holes (Xu et al., 2008). The in jec -
tion of a mix ture of CO2 and SO2 formed larger zones, but with
no sig nif i cantly dif fer ent al ter na tions. The pre cip i ta tion of car -

bon ate oc curred in the pe riph eral area (pH > 5), and sig nif i cant
amounts of CO2 were se ques tered in an ker ite, dawsonite, and
sid er ite. Sec ond ary sulphates de pos ited in a zone of pH < 5,
and most of the in jected SO2 was trans formed and im mo bi lized
in alu nite, anhydrite, and py rite.

PREVIOUS RESEARCH OF CO2 STORAGE
IN THE SAVA DEPRESSION UPPER 

MIOCENE SANDSTONE RESERVOIRS

Con tin ued anal y ses of sand stone res er voirs in side the field
struc tures are war ranted for two main rea sons: 

– the hy dro car bon fields have been more thor oughly ex -
plored than ar eas among them (i.e., greater num ber of
data points); 

– the most per me able and pure sand stone lithologies in
the Cro atian part of the Pannonian Ba sin Sys tem are,
due to tec ton ics of the 2nd transpressional pe riod, up -
lifted into anticlines and sat u rated with hy dro car bons.

Re search was con ducted in the pe riod be tween 1978 and
1998 to ex am ine the pos si bil ity of ap ply ing the EOR meth ods in
the Cro atian hy dro car bon fields. Ap pli ca bil ity of the pro cess in
some oil res er voirs is de fined by: 

– sig nif i cant re duc tion in oil and in cre ment of wa ter vis cos -
ity; 

– change in oil and wa ter den sity;

– swell ing and evap o ra tion of oil; 

– in creased per me abil ity of the res er voir rocks; 

– changes in rock wet ting; 

– pos si ble oc cur rence of dis solved gas re gime (e.g.,
Seèen, 2006; Al-Jarba and Al-Anazi, 2009). 

Mis ci ble con di tions com pletely over come cap il lary forces
that re tain re sid ual oil in the pore space. Es tab lish ment of the
mis ci ble zone de pends on pres sure, tem per a ture, res er voir
rock, and crude oil com po si tion (e.g., Taber et al., 1997). Re -
sults of such lab o ra tory tests (Goriènik and Domitroviæ, 2003;
Periæ and Kovaè, 2003) in sev eral Cro atian oil fields are shown
in Ta ble 4. De tailed lab o ra tory an a lyt i cal con di tions used for
sam ples from the Ivaniæ Field are given in Fig ure 1. The first
sim u la tion curve (Fig. 1, case A) shows con tin u ous in jec tion of
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T a  b l e  3

Main car bon ation pro cess routes (mod i fied with data from Sipil¬ et al., 2008)

DIRECT INDIRECT OTHER

Sim plest ap proach,
suit able for feedstock
car bon ated in a sin gle

pro cess step or for
min er ali sa tion into

subsurface

Pro cess is di vided into two steps:

– re ac tive com po nent (Mg or Ca) are first ex tracted from the feedstock 
   (as ox ide or hy drox ide);

– it is re acted with car bon di ox ide to form the de sired car bon ates

Pro cesses that
could be

con sid ered but
are highly the o ret -

i cal and with
lacking

ex per i men tal
re sults

Gas eous CO2 and solid
min er als (dry pro cess) Aque ous Mul ti stage gas-solid Ace tic acid route Two-step

aque ous

Subsurface
brines,

ac cel er ated
weath er ing of

lime stone

Re ac tions be tween metal
ox ide and CO2.

Po ten tial of pro duc ing high
tem per a ture steam

or elec tric ity. 

Dis ad van tages are too slow,
ther mo dy namic lim i ta tions
and unviable for in dus trial

pur poses.

The most
prom is ing CO2
min er al isa tion
al ter na tive to
date. Pro cess
also pos si ble

into subsurface
rocks

Car bon ation of Mg(OH)2
faster than MgO;

pro cess di vide into
three-steps:

– MgO pro duc tion in an at -
mo spheric re ac tor,

– MgO hydration,

– car bon ation at el e vated
pres sures

Two-step car bon -
ation:

use of ace tic acid
for the ex trac tion
of cal cium from
a cal cium-rich

feedstock

Over all 
re ac tion di -
vided into

two-steps, i.e.
ex trac tion

and 
pre cip i ta tion



CO2 and an al ter na tion of CO2 and wa ter in jec tion (wa ter al ter -
nate gas, WAG) un der ini tial con di tions. The sec ond sim u la tion
curve (case B) is the re sult of a con tin u ous in jec tion of CO2 or
WAG into a par tially or com pletely wa ter-flooded res er voir. The
third sim u la tion curve (case C) re fers to a con tin u ous foam in -
jec tion or an al ter nate foam and wa ter in jec tion (wa ter al ter nate
foam – WAF). The sim u la tion model was based on one res er -
voir from the Gamma ‘‘se ries’’ with two in jec tion well lines and
pro duc ing wells in the mid dle (Periæ and Kovaè, 2003).

Re sults sin gled out the Ivaniæ oil field as one of the most
suit able for the EOR method in the res er voir, with po ros ity
21.5–23.6%, per me abil ity 14–80 x 10–15 m2, and ini tial wa ter
sat u ra tion of 28–38.5% (Periæ and Kovaè, 2003; Malviæ, 2008).
EOR would re sult in sol u bil ity of CO2, and con se quently an oil
swell ing in crease of 17%, vis cos ity re duc tion by 30% (Fig. 2),
and vol ume ex pan sion. Cal cu la tions in cluded CO2-oil min i mum 
mis ci ble pres sures, ef fi ciency of oil dis place ment us ing CO2 at
vary ing res er voir pres sure, tem per a ture, and fluid sat u ra tions.
To tal oil re cov ery would be in creased us ing al ter nat ing in jec -
tions of WAG. 

DATA AND METHODS

Data sources used for this re search can be di vided into
three groups:

–  Kloštar Field data used for re view of Neo gene geo log i -
cal evo lu tion for one typ i cal struc ture in the Sava De -
pres sion, where in jec tion and car bon ation of CO2 in the
res er voir rocks could be ap plied;

– min er al og i cal data av er aged for Up per Mio cene sand -
stones in the Sava De pres sion, which would tar get ma -
ture or de pleted hy dro car bon res er voirs for CO2 in jec -
tion;

– res er voir maps and vol ume cal cu la tions of Up per Mio -
cene res er voirs pre dicted in jec tion of CO2 in the Sava
De pres sion. Gamma 3 and Gamma 4 were shown for
the Ivaniæ Field (i.e., Up per Pannonian sand stone res er -
voirs), whereby geo log i cal evo lu tion and res er voir prop -
er ties could be eas ily cor re lated and com pared for the
ad ja cent Kloštar and Ivaniæ fields.
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T a  b l e  4

Re sults of lab o ra tory re search on the pos si bil ity of es tab lish ing mis ci ble con di tions 
for sev eral Cro atian oil fields (Seèen, 2006)

Field

Ini tial con di tions
Oil prop er ties

(with out CO2)
Prop er ties of oil sat u rated with CO2

Depth
[m]

Ini tial res. pres.

[bar]

TR

[°C]
Satur. press

[bar]
Rs

[m3/m3]

Boi

[m3/m3]

µo

[mPas]

Mis ci ble
press.

[bar]

CO2 disolves
in oil

[m3/m3]

Rock
vol ume
fac tor

Vis cos ity

[mPas]

Žutica 1895 219 111 121 79 1.31 0.63 190 110 1.140 0.42

Ivaniæ 1580 183 98 124 62 1.22 0.78 200   62 1.180 0.49

Obod 2075 300 137 172 79 1.32 0.74 272 125 1.288 0.45

Števkovica 2380 330 137 107 29 1.21 1.00 273 190 1.338 0.56

Benièanci 1890 195 123 155 71 1.26 1.42 273   28 1.080 1.05

Šandrovac   900   80   60  78 48 1.15 2.15 175        8.5 1.015 0.52

Lepavina   600   59   66 15.30  48 1.093 7.50

TR – res er voir tem per a ture, Rs – gas/oil ra tio, Boi – oil for ma tion vol ume fac tor, µo – dy namic vis cos ity

Fig. 1. Min i mal mis ci ble pres sure for CO2 
(from Goriènik and Domitroviæ, 2003; Novosel, 2009)

Fig. 2. Vis cos ity changes and vol ume in crease 
of oil sat u rated with CO2 (from Goriènik 

and Domitroviæ, 2003; Novosel, 2009)



The ap plied in ter pre ta tion meth ods in cluded part of the
palinspastic re con struc tion for the Kloštar Field as well as map -
ping of the res er voirs in the Ivaniæ Field us ing Kriging. The typ i -
cal lithological and lithostratigraphical sec tion, with sand stone
mem bers as tar gets for CO2 in jec tion and car bon iza tion, are
given for the case of the close Ivaniæ Field. The vol ume of CO2

that would be bounded in the car bon iza tion pro cess in such res -
er voirs is as sumed from the to tal pos si ble amount of in jected
CO2. The CO2 amount is es ti mated through anal ogy with a geo -
chem i cal model de scribed by Wilkinson et al. (2009), and us ing
a min er al og i cal model of Up per Mio cene sand stones in the
Sava De pres sion.

GEOLOGICAL SETTINGS AND MINERAL
COMPOSITION OF THE UPPER MIOCENE

SANDSTONES OIL RESERVOIRS IN THE SAVA
DEPRESSION

The Sava De pres sion is lo cated about 40 km south-east of
Zagreb (Fig. 3) and con sists of nu mer ous fields where hy dro -
car bons ac cu mu lated in Up per Mio cene sand stone litho stra -
tigraphic mem bers. The dis tri bu tion and ge om e try of sand stone 
bod ies were strongly in flu enced by the depositional palaeo -
environment and de po si tion from turbidites in lac us trine, mostly 
brack ish en vi ron ments (Malviæ, 2012). The en tire chrono -

stratigraphy and lithostratigraphy is valid for the en tire Cro atian
part of the Pannonian Ba sin Sys tem shown in Fig ure 4. The
most im por tant hy dro car bon res er voirs in the Ivaniæ Field, as
the planned tar gets for CO2 in jec tion, are within the Up per
Pannonian substage. They are in for mally (in the rank of bed)
called the ‘‘Gamma se ries’’ res er voirs. There are about seven
par tic u lar sand stone bod ies cre ated as sin gle depositional
events, de pos ited dur ing the Up per Pannonian in lac us trine en -
vi ron ments with con se quent ac tiv ity of turbiditic cur rents. Litho -
logically, they are fine-grained (min er al og i cally dom i nantly
quartz and mica) sand stones al ter nat ing with marls and calcitic
marls de scribed by Veliæ et al. (2011), Malviæ (2012), Novak
Zelenika (2012), and Novak Zelenika et al. (2013). 

The depositional model dur ing the Up per Mio cene, Plio -
cene, Pleis to cene, and Ho lo cene can be clearly fol lowed onto
sketches de rived from Novak Zelenika (2012). Such con cep tual 
mod els (Figs. 5–8) were re con structed based on data mostly
ob tained from struc tural maps and palaeotectonic pro files pub -
lished by Veliæ et al. (2011) for the ad ja cent Kloštar Field. How -
ever, the Ivaniæ and Kloštar fields share al most the same
depositional his tory, li thol ogy, lithostratigraphy (only the par tic u -
lar res er voirs have dif fer ent in for mal names), and struc tural de -
vel op ment. Thanks to com pre hen sive anal y ses given by Veliæ
et al. (2011), it was easy to cor re late and ex tend re sults and
con clu sions onto the Ivaniæ Struc ture. Ac cord ing to Malviæ and
Veliæ (2011) and Malviæ (2012), a 2nd transtension pre vailed
dur ing Up per Pannonian and Lower Pontian in the west ern part
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Fig. 3. The sche matic map of the Ivaniæ Field lo ca tion in the Cro atian part of the Pannonian Ba sin Sys tem and out lined 
the most of west ern part (from Novak et al., 2013)



of Sava De pres sion as well as in the whole area of the Cro atian
part of the Pannonian Ba sin Sys tem (Figs. 5 and 6). At the tran -
si tion from the Up per Pannonian to the Lower Pontian, the large 
nor mal fault ap peared, which caused up lift ing of the NE part
(Fig. 6) and an up lift ing fea ture along the en tire south west ern
mar gin of the palaeo Moslavaèka gora Mt. All macro struc tures
lo cated along that mar gin in the deeper part of the lac us trine
ba sin to day called the Sava De pres sion were in flu enced.

The main fault cre ated the deeper en vi ron ment in the Lower 
Pontian Sava Lake and prob a bly opens the pos si bil ity of con -
sid er ing two ac tive sources of ma te rial in that time. The first and 
main were the East ern Alps, a min er al og i cally and palaeo -
tectonically proven dom i nant clastic source that fed nu mer ous
and con se quent turbidite cur rents in the Up per Mio cene (e.g.,
Vrbanac et al., 2010). How ever, with a faulted and steep mar gin 

of up lifted palaeorelief along the mar gin of the Sava De pres -
sion, the Moslavaèka gora Mt. is a typ i cal ex am ple of such
macro structure where ar eas could be char ac ter ized with lo cally
ero ded ma te rial, and trans ported through small al lu vial fans.
Dur ing the Late Pontian 2nd transpression (Malviæ and Veliæ,
2011; Malviæ, 2012), which is ac tive still to day (Figs. 7 and 8),
the west ern Sava De pres sion formed and has been grad u ally
filled with de pos its (Fig. 7) and changed into real con ti nen tal en -
vi ron ments (Fig. 8) with spo rad i cally small al lu vi ums. The char -
ac ter of the dom i nantly large nor mal faults was changed into re -
ver sal char ac ter, and only smaller ones in the top re mained with 
small nor mal dis place ment. The pe riod of the 2nd trans pre ssion 
is also a pe riod when anticlines along the north west ern mar gins
of the Sava De pres sion were formed, sim i larly to the evo lu tion
of the Kloštar Struc ture (sketched in Figs. 7 and 8).
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Fig. 4. Lithostratigraphic and chronostratigraphic units, ages and lithologies 
in the Ivaniæ Field



CO2-REACTIVE MINERALS IN THE UPPER
MIOCENE SANDSTONES OF THE SAVA

DEPRESSION

Pre vi ous stud ies showed that al ka line earth met als, cal cium 
and mag ne sium, are the most suit able for min eral car bon ation.
Var i ous nat u ral and syn thetic ma te ri als (min er als), listed in Ta -
ble 5, were in ves ti gated in Sipilä et al. (2008). How ever, for min -
eral car bon ation the use of mag ne sium-based sil i cates, xMgO
× ySiO2 × zH2O, is fa voured be cause they are avail able in large
amounts world wide (Zevenhoven and Kohlmann, 2002). The
most abun dant such sil i cates are ol iv ine, (Mg,Fe)SiO4, and ser -
pen tine, Mg3Si2O5(OH)4, which are both marked in Ta ble 7. The 
chem is try of CO2 bind ing (with ex tend ing Equa tion 1) can be
sum ma rized as (Equa tions 2 and 3):

aMgO x bSiO2 x cH2O (s) => aMgO (s) +
+ bSiO2 (s) + cH2O (1st re ac tion)

[2]

MgO + CO2 => MgCO3 (2nd re ac tion) [3]

Both re ac tions are exothermal, re leas ing 64 kJ/mol in ser -
pen tin ite rock or 90 kJ/mol for pure ol iv ine or for ster ite min er -
als. Ac cord ing to Zevenhoven et al. (2012), mass flows of fuel

and car bon ated min eral for a typ i cal power plant will be of the
same or der of mag ni tude. For ex am ple, 1 kg of CO2 may re -
quire 2 kg of ser pen tine and re sult in about 30 wt.% bound
MgO for dis posal. 

The Up per Mio cene sand stone res er voirs in the Sava De -
pres sion are fine- to me dium-grained, with par ti cle di men sions 
be tween 30 and 500 mm. The sand stones are mostly well-
 sorted with no ma jor compositional vari a tions, like marls or
claystone in ter ca la tions. Min er al og i cally, the sand stones are
rel a tively uni form, and spo rad i cally in tran si tional lithofacies
that in clude var i ous amounts of car bon ate ce ments and clays.
Mostly pure sand stones con sist pre dom i nantly of quartz and
do lo mite rock frag ments with less abun dant micas, al tered
feld spars, chlorite, cherts, quartz ite, and mica-schist rock frag -
ments. Typ i cal ma jor com po nents of sand stones (Tadej et al.,
1996) are SiO2, i.e. quartz (40–50%), CaMg(CO3)2, i.e. do lo -
mite rock frag ments (15–25%), K/Na-Al2(OH)2AlSi3O10 micas
(10–15%), KAlSi3O8 K-feld spars (5–10%), and ce ment
(5–20%). Pore sizes in the sand stones are about 10–15 mm,
and rarely up to 100 mm. The ma trix is typ i cally com posed of
car bon ate-sil i cate ce ment (made of do lo mite, cal cite, seri cite
and quartz) with 5 mm-sized crys tals and some times clays par -
ti cles. 

Ta ble 6 shows the dom i nant min eral com po si tions of Up per
Mio cene sand stones in the Sava De pres sion. Gen er ally, the
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Fig. 5. Evo lu tion of the Kloštar Struc ture along south west ern mar gin 
of the Moslavaèka gora Mt. in Up per Pannonian (Novak Zelenika, 2012)



sand stones do not have large bind ing ca pac i ties for CO2 due to
lack of: al ka line earth met als (Ca and Mg) in forms of nat u ral sil -
i cate min er als (such as ol iv ine, ser pen tine, and wolla stonite)
and/or ba salt rock frag ments in side.

CO2 in sand stones will in duce alu mi no sili cate dis so lu tion
and car bon ate ce men ta tion if sil i cate min er als con tain Ca, Mg,
or Fe. How ever, in any case, it is not ob serv able on a hu man
timescale. Baines and Worden (2004) stated that even po rous
sand stones filled with large vol umes of CO2 some
8,000–100,000 years ago and char ac ter ized with abun dant re -
ac tive alu mi no sili cate min er als, show only min i mal ev i dence of
solid phase se ques tra tion. 

CALCULATION OF VOLUME AVAILABLE 
FOR CO2 TOTAL STORAGE AND MINERAL
TRANSFORMATION (CASE STUDY SAVA

DEPRESSION, IVANIÆ FIELD)

The gross vol ume could be cal cu lated based on the maps
of po ros ity and thick ness for both ana lysed ma ture res er voirs
planned for CO2 in jec tion into the Ivaniæ Field. Both res er voirs
are of Up per Pannonian age, with youn ger Gamma 3 (Figs. 9
and 10) and older Gamma 4 (Figs. 11 and 12). 

Us ing those maps and wa ter sat u ra tion data (26.4% in
Gamma 3, 26.1% in Gamma 4), the to tal po ros ity rock vol ume
was cal cu lated (Ta ble 7).

Vol umes of in jected CO2 (dis solved in wa ter and oil) could
be cal cu lated ac cord ing to the equa tion of state for real gases
[4]. Cor re spond ing mass are given in Ta ble 8.

p V z
m

M
R TR pT R´ = ´ ´ ´

CO

CO

2

2

[4]

where: pR – res er voir pres sure (Pa), VpT – vol ume at de fined pres -
sure and tem per a ture, R – ideal gas con stant [8.314 J/(mol K)], z –
com press ibil ity fac tor (for used val ues 98°C, 200 x 105 Pa it was
0.6), mCO2

– mass CO2 (kg), MCO2
– mo lar mass CO2 (kg/mol), TR –

res er voir tem per a ture [C°].

The Sava De pres sion is com posed of 45% quartz, 20% do -
lo mite, 10% mica [KAl2(OH)2AlSi3O10], 10% K-feld spar
(KAlSi3O8) with grain size 150 mm and 15% ce ment (do lo mite,
cal cite, seri cite, quartz) of 5 ppm, av er aged from Ta ble 6. All
sand stone re ac tions are kinetically as sumed (Caroll et al.,
2011) with Equa tion 5:

r kA
IAP

Ksp

± -( )1 [5]

where: r – dis so lu tion or pre cip i ta tion rate per unit time per unit area,
k – ki netic rate con stant, A – min eral sur face area, IAP – ion ac tiv ity
prod uct, Ksp – sol u bil ity con stant.

Carroll et al. (2011) showed in a model that all re ac tive
avail able sur faces in sand stone are as sumed to be ac tive.
Also, do lo mite is the source for Ca2+ and Mg2–, and part of
micas (e.g., illite) of Si4+. How ever, feld spars are gen er ally
thought to be the most abun dant source of cat ions for form ing
CO2 se ques ter ing min er als, al though many nat u ral CO2 fields
did not com pletely re act, and car bon ate for ma tion was highly
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Fig. 6. Evo lu tion of the Kloštar Struc ture along south west ern mar gin 
of the Moslavaèka gora Mt. in Lower Pontian (Novak Zelenika, 2012) 

For ex pla na tions see Fig ure 5



sen si tive to pre vail ing con di tions. Ex cept in the Werkendam,
the Dutch nat u ral an a logue for CO2 stor age se ques tered in
sid er ite and do lo mite is small (Koenen et al., 2013). Feld spars
com prised ap prox i mately 10% of ana lysed rocks, and do lo -
mite ap prox i mately 20%, which makes them po ten tially fa -
vour able sand stones for se ques tra tion. The gross vol ume of
sand stone res er voir Gamma 3 was ap prox i mately 107 mil lion
m3 and Gamma 4 was ap prox i mately 62 mil lion m3, shown in
Ta ble 7. Mul ti ply ing by av er age den sity (2500 kg/m3) re sults in 
masses of ap prox i mately 268 and ap prox i mately 155 mil lion t,
re spec tively.

DISCUSSION ON UNCERTAINTIES

CO2 se ques tra tion by min eral car bon ation is en vi ron men -
tally be nign be cause it per ma nently traps CO2 in the form of
car bon ated min er als. Un like other CO2 se ques tra tion routes, it
pro vides a leak age-free se ques tra tion with out a need for post-
 stor age sur veil lance and mon i tor ing, once the CO2 is bound
into car bon ates. Those are also exo ther mic pro cesses. Ex trap -
o la tion of some pre vi ous ex situ stud ies to in situ min eral se -
ques tra tion led to prom is ing re sults for some lo cal i ties that can
reach 1.4–5.4 × 10–9 molCO2/cm2 · day in ser pen tin ite rock. El e -
ments like al ka line earth met als, cal cium and mag ne sium, were 
proven as the most suit able for car bon ation be cause of their

abun dance and in sol u bil ity. Ol iv ine and wollastonite are the
most fa vour able min er als, while ultra mafic rocks, par tic u larly
ser pen tin ite, have proven to be suit able for the pro cess. It is
clear that sand stone lithologies are not a fa vour able rock me -
dium for min eral stor age of CO2, mostly be cause dis so lu tion of
re ac tive alu mi no sili cate or pre cip i ta tion of car bon ate min er als
are slow pro cesses on hu man time scales.

How ever, in some cases such as for dawsonite,
NaAlCO3(OH)2 (Liu et al., 2011), the min eral se ques tra tion in
sand stones can be a very ef fi cient pro cess. For ex am ple, Yu et
al. (2014) re ported min eral se ques tra tion in Up per Mio cene
sand stone res er voirs at 94–97°C in the Songliao Ba sin, China
which is very close to the tem per a ture of CO2 planned for in jec -
tion in Croatia.

Also, ce ment car bon ation is the dom i nant geo chem i cal al ter -
ation pro cess in a near-well, or in fil trated zone of deep boreholes. 
It can mask re ac tiv ity of sand stone min er als, which can be a
prob lem with in di rect, or in well, mea sure ments. The ce ment can
in crease the amount of dis solved Ca2+, which in creases Si4+ and
can re sult in smectite pre cip i ta tion both in rock and ce ment. 

Con sid er ing such mech a nism of CO2 stor age in North ern
Croatia, par tic u larly the Sava De pres sion, it is still in ex per i men -
tal stage and the o ret i cal ob ser va tion. Fu ture re search must de -
ter mine how such a pro cess can in crease the to tal vol ume of
stored CO2 by two other mech a nisms (dis solv ing in brine and
form ing gas cap).
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Fig. 7. Evo lu tion of the Kloštar Struc ture along south west ern mar gin 
of the Moslavaèka gora Mt. in Up per Pontian (Novak Zelenika, 2012)

For ex pla na tions see Fig ure 5



100 Ena Husanoviæ, Karolina Novak, Tomislav Malviæ, Kristina Novak Zelenika and Josipa Veliæ

Fig. 8. Evo lu tion of the Kloštar Struc ture along south west ern mar gin 
of the Moslavaèka gora Mt. in Plio cene and Qua ter nary (Novak Zelenika, 2012)

For ex pla na tions see Fig ures 4 and 5

T a  b l e  5

Min eral types and syn thetic min er als in ves ti gated for car bon ation in re search pa pers 
and re ports (2005–2007) (Sipilä et al., 2008)

MINERAL FORMULA/COMPOSITION SYNTHETIC MATERIAL FORMULA/COMPOSITION

Feld spar CaAl2Si2O8 cal cium sil i cate CaSiO3, Ca2SiO4

For ster ite Mg2SiO4 caus tic lime CaO

Glauconite (K, Na, Ca)1.2–2(Fe3+, Al, Fe2+, Mg)4 x
(Si7–7.6Al1–1.4O20)(OH)4 nH2O

en sta tite MgSiO3

Il men ite FeTiO3 for ster ite Mg2SiO4

Listwanite car bon ated ser pen tin ite hydromagnesite (MgCO3)4 × Mg(OH)2 × 4H2O

Mag ne tite Fe3O4 lime stone CaCO3

Ol iv ine (Mg, Fe)2SiO4 mag ne sia MgO

Opoka mainly CaCO3, SiO2, he ma tite and mus co vite magnesite MgCO3

Pyroxene CaMgSi2O6 + (Fe, Al) merwinite Ca3Mg(SiO4)2

Ser pen tine Mg3Si4O10(OH)2 nesquehonite MgCO3 × 3H2O

Talc Mg3Si4O10(OH)2 slaked lime
Ca(OH)2

(Ca,Na)2(Mg,Al)(Si,Al)3O7

Wollastonite CaSiO3
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T a  b l e  6

Typ i cal ma jor com po nents of sand stones in the Sava De pres sion
 (data from Tadej et al., 1996)

Min eral com po si tion For mula [%] Grain size [µm]

Quartz SiO2 40–50

30–500

Do lo mite CaMg(CO3)2 15–25

Micas
KAl2(OH)2AlSi3O10

10–15
NaAl2(OH)2AlSi3O10

K-feld spars KAlSi3O8 5–10

T a  b l e  7

Vol umes in res er voirs Gamma 3 and 4

Cal cu lated vol umes [m3] Gama 3 Gama 4

Vol ume of to tal res er voir rocks 107,224,438 62,132,698

Vol ume of po ros ity above oil-wa ter con tact 20,223,642 5,524,923

Vol ume of po ros ity be low oil-wa ter con tact 1,531,357 42,984

Vol ume of oil sat u rated part above con tact 14,884,600 4,082,918

Vol ume of wa ter sat u rated part above con tact 5,339,041 1,442,005

Fig. 9. The po ros ity Or di nary Kriging map,
res er voir Gamma 3, Ivaniæ Field

Fig. 10. The thick ness Or di nary Kriging map, 
res er voir Gamma 3, Ivaniæ Field



RESULTS AND CONCLUSIONS

The pri mary goal is to in ject into the Up per Mio cene de -
pleted sand stone oil res er voirs in the Ivaniæ Field. In two Up per
Pannonian res er voirs, ap prox i mately 23 mil lion and 6 mil lion t
(on 200 bars, 98°C) of CO2 could be in jected into the res er voir.
Re ac tive min er als in the sand stones in clude nu mer ous clay
min er als like an or thite, ze o lite, smectite, and oth ers. Min eral
stor age can be an ac tive pro cess in tran si tional lithofacies like
marly or clayey sand stones or siltstones, or in mar gin res er voirs 
where CO2 would be in jected. 

How ever, the es ti ma tion of vol ume kept by min eral se ques -
tra tion is im pos si ble to mea sure, even in the lab o ra tory, be -
cause chem i cal pro cesses in the subsurface re quire lon ger pe -
ri ods of time. Wilkinson et al. (2009) de scribed Fizzy ac cu mu la -
tion in the North Sea, rich in CO2, and in sublitharenite sand -
stones of the Rotliegend Group. The com po si tion could be

com pared to the Sava De pres sion sand stones in this
way: quartz 37–60% vs. 40–50%, rock frag ments 8–20%
and do lo mite 1–23% vs. do lo mite and frag ments
15–25%, micas 0% vs. 10%, K-feld spar 3–22% vs.
5–10%. The po ros ity dif fer ence is sig nif i cant and var ies
from 0–13% in Fuzzy and about 20% in the Ivaniæ Field.
How ever, the min eral com po si tions and re ac tions are
qual i ta tively sim i lar.

CO2 in the sand stone res er voir will be per ma nently
se ques tered by min eral re ac tions pro duc ing car bon ates
(in clud ing dawsonite), usu ally at the ex pense of feld -
spars, al though the role of min eral car bon ation is some -
times over es ti mated (Wilkinson et al., 2009, and ci ta tions
in side). In the Fizzy, the quan tity of se ques trated CO2 is
rel a tively small, with 0.5–30% in to tal in the dawsonite
and pos si ble do lo mite ce ments, which are more likely to
be at the lower end (Wilkinson et al., 2009). Us ing min er -

al og i cal anal o gies, depth (2,300–2,450 m vs. 1600 m), and
tem per a ture (80–85% vs. 100°C), the per cent age of to tal in -
jected CO2 that could be per ma nently stored by car bon iza tion
into ana lysed sand stones in the Sava De pres sion could be a
small per cent age of the gross vol ume, es pe cially be cause
dawsonite is not proven. The large quan ti ties of chlorite and
glauconite, if pres ent in sand stone, can fix sig nif i cant CO2 in
solid form. How ever, in the ana lysed subsurface such min er als
are missed and could be de tected only in some older, Up per
Badenian sand stones.

Fi nally, min er als com prised of quartz, do lo mite, and K-feld -
spar are fa vour able for test ing such a pro cess, es pe cially be -
cause the sand stones may be up to 25% alu mi no sili cate min er -
als (Ta ble 7). Do lo mite rock frag ments or de tri tus with abun dant 
al ka line earth met als (Ca and Mg) could take part in min eral
car bon ation in gen eral, but part of the car bon ates in the sand -
stones would prob a bly be dis solved af ter in jec tion of CO2 into
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Fig. 12. The thick ness Or di nary Kriging map, 
res er voir Gamma 4, Ivaniæ Field 

T a  b l e  8

Mass of CO2 that could be in jected in res er voirs 
Gamma 3 and 4

Mass of CO2 (tonnes, 200 bars, 98oC) 

That could be in jected into:
Gama 3 Gama 4

Vol ume of wa ter above oil-wa ter con tact, 
avail able for CO2 

266,952 72,100

Vol ume of wa ter be low oil-wa ter con tact, 
avail able for CO2 

76,568 2,149

 Vol ume of oil above oil-wa ter con tact 22,326,901 6,124,377

Mass of CO2 could be in jected (tonnes) 22,670,421 6,273,045

Fig. 11. The po ros ity Or di nary Kriging map,
res er voir Gamma 4, Ivaniæ Field



an acidic so lu tion. Po ten tial quan ti ties for CO2 stor age, per unit
vol ume rock, could be ob tained only af ter lab o ra tory tests and
mon i tor ing of sand stone res er voirs sat u rated with CO2.

Ac knowl edge ments. This work rep re sents part of Ms.
Novak’s doc toral re search and Ms. Husanoviæ’s grad u ate re -
search. They par tic i pated in a multidisciplinary geo log i cal re -
search pro ject en ti tled “De vel op ment of geomathematical
meth ods for anal y sis of Neo gene depositional en vi ron ments in
the Cro atian part of Pannonian Ba sin Sys tem” (head T. Malviæ), 

which was fi nan cially sup ported by the Uni ver sity of Zagreb in
the 2013 programme “Sup port ing of Re search ing 2”. Part of
subsurface model was per ma nently de vel oped at the pro ject
“Strati graphi cal and geomathematical re search of pe tro leum
geo log i cal sys tems in Croatia” (head J. Veliæ, no. 195-
 1951293-0237), fi nanced by the Cro atian Min is try of Sci ence,
Ed u ca tion and Sport. The au thors ac knowl edge re view ers
(A. Wójcicki and two anon y mous re view ers) and the ed i tor,
T.M. Peryt, for their valu able sug ges tions to im prove the pa per.
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