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a  b  s  t  r  a  c  t

Geological  CO2 sequestration  at pilot-plant  scale  will  be  developed  at Hontomín  (Spain).  CO2 will  be
injected  into  a limestone  reservoir  that contains  a NaCl-  and  sulfate-rich  groundwater  in equilibrium
with  calcite  and  gypsum.  The  caprock  site  is  composed  of  marl.  The  present  study  seeks  to  evaluate  the
interaction  between  the  Hontomín  marl  and  CO2-rich  sulfate  solutions  under  supercritical  CO2 conditions
(PTotal = 150  bar,  pCO2 =  61  bar and T  =  60 ◦C).

Flow-through  percolation  experiments  were  performed  using  artificially  fractured  cores  to  elucidate
(i) the  role  of  the composition  of the  injected  solutions  (S-free  and S-rich  solutions)  and  (ii) the  effect  of
the  flow  rate  (0.2, 1 and  60 mL h−1) on  fracture  permeability.  Major  dissolution  of calcite  (S-free  and  S-rich
solutions)  and  precipitation  of  gypsum  (S-rich  solution)  together  with  minor  dissolution  of the  silicate
minerals  contributed  to the  formation  of  an  altered  skeleton-like  zone  (mainly  made  up of  unreacted
clays)  along  the fracture  walls.  Dissolution  patterns  changed  from  face  dissolution  to wormhole  formation
and uniform  dissolution  with  increasing  Peclet  numbers.
In  S-free  experiments,  fracture  permeability  did  not  significantly  change  regardless  of  the  flow  rate
despite  the fact that  a large  amount  of  calcite  dissolved.  In S-rich  solution  experiments,  fracture  perme-
ability  decreased  under  slow  flow  rates  (0.2 and  1 mL  h−1) because  of  gypsum  precipitation  that  sealed  the
fracture.  At the highest  flow  rate  (60  mL  h−1),  fracture  permeability  increased  because  calcite  dissolution
predominated  over  gypsum  precipitation.
. Introduction

CO2 geological storage in deep saline aquifers has been pro-
osed as an alternative to emitting CO2 to the atmosphere (Bachu,
000; IPCC, 2005). Several industrial-scale geological CO2 storage
rograms are already underway including the Norwegian Sleip-
er project in the North Sea (Korbøl and Kaddour, 1995) and the
eyburn project in Canada (Emberley et al., 2005). Characteriza-

ion of field sites enables us to predict leakage risks and to design
afe geological storage. Suitable formations should be deeper than
00 m (Benson and Cole, 2008). Under these conditions (P > 80 bar),
equestrated CO2 will be stored as supercritical (SC) phase because
f the in situ high pressure and temperature (P > 73.8 bar and
Please cite this article in press as: Dávila, G., et al., Interaction betwe
supercritical CO2 conditions. Int. J. Greenhouse Gas Control (2015), ht

 > 31.1 ◦C). CO2 tends to float over brine (Birkholzer et al., 2009;
habora and Benson, 2009) owing to the low density of CO2 (SC), and
ubsequently comes into contact with the upper caprock. As a result

∗ Corresponding author at: Jordi Girona 18-26, Barcelona 08034, Catalonia, Spain.
E-mail address: gabgeo@cid.csic.es (G. Dávila).

ttp://dx.doi.org/10.1016/j.ijggc.2015.11.005
750-5836/© 2015 Elsevier Ltd. All rights reserved.
© 2015  Elsevier  Ltd. All  rights  reserved.

of changes during CO2 injection due to the increase in pressure
and in brine acidification, as CO2 dissolves and generates carbonic
acid, minerals dissolve and precipitate. These changes can create
or reactivate leakage pathways through abandoned and injection
wells (Celia et al., 2005; Watson and Bachu, 2008; Angeli et al.,
2009; Huerta et al., 2011; Abdoulghafour et al., 2013; Luquot et al.,
2013), preexisting faults, fractures or microcracks in the caprock
(Shukla et al., 2010), zones of high permeability (Deng et al., 2013)
or through reactivation of faults (Angeli et al., 2009; Tongwa et al.,
2013). The success of long-term CO2 storage will ultimately depend
on the caprock sealing capacity. Caprocks with low permeability
(e.g., k = 10−19 m2 for Fjerritslev Formation of the Vedsted site in
Denmark; Mbia et al., 2014) are suitable to prevent CO2 leakages.

Research into the interaction between the caprock and CO2-
rich brine through potential leakage pathways is of paramount
importance in order to evaluate caprock sealing capacity (Kaszuba
en a fractured marl caprock and CO2-rich sulfate solution under
tp://dx.doi.org/10.1016/j.ijggc.2015.11.005

et al., 2005; Noiriel et al., 2007; Andreani et al., 2008; Busch
et al., 2008; Hangx et al., 2010; Ellis et al., 2011a,b; Berrezueta
et al., 2013; Smith et al., 2013). Acidified CO2-rich brines may
react with caprock minerals that are susceptible to dissolution,

dx.doi.org/10.1016/j.ijggc.2015.11.005
dx.doi.org/10.1016/j.ijggc.2015.11.005
http://www.sciencedirect.com/science/journal/17505836
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eleasing ions into the solution that could lead to mineral precipita-
ion (Knauss et al., 1993; Brady and Carroll, 1994; Pokrovsky et al.,
009; Hellmann et al., 2010; Smith and Carroll, 2014). Mineralogi-
al changes affect porosity, pore structure, and hydrodynamic and
echanical properties of caprocks (Park et al., 2011; Vilarrasa et al.,

013), potentially changing storage capacity (Alcalde et al., 2014).
In the last decade, caprock reactivity in CO2-rich solutions has

een studied by means of batch and flow-through experiments.
atch experiments were conducted from 80 to 300 bar of pCO2 and

rom 50 to 250 ◦C for about 2 months to study the reactivity of
ifferent shales under supercritical CO2 conditions (Kaszuba et al.,
005; Kohler et al., 2009; Alemu et al., 2011; Credoz et al., 2011;
iu et al., 2012; Garrido et al., 2013), showing significant mineral
lterations and changes in pore volume owing to dissolution and
recipitation of carbonate and clay minerals, illitization of smectite
nd formation of swelling clays.

In addition, flow-through laboratory-scale experiments under
upercritical CO2 conditions have been conducted to better under-
tand how the caprock reactivity may  affect the hydraulic and
echanical properties of the rocks. In these experiments, core and

ractured core samples made up of marl, shale, limestone or evap-
rite rocks were used (Noiriel et al., 2007; Andreani et al., 2008;
ngeli et al., 2009; Berrezueta et al., 2013; Ellis et al., 2011a,b; Deng
t al., 2013; Smith et al., 2013). Other mineral alterations including
eorganization of clay minerals in the fracture and an altered layer
n the fracture surface led to variations in fracture permeability
Noiriel et al., 2007; Andreani et al., 2008).

Furthermore, a continuous exposure of the caprock allows
ormation of preferential dissolution paths, and brine circulates
hrough these localized channels, creating a degraded zone. Like-
ise, re-activation of micro cracks plays an important role in the
ow of CO2 (Angeli et al., 2009). Ellis et al. (2011a,b) observed that
he low content of clay minerals, compared with those in samples
sed by Noiriel et al. (2007), Andreani et al. (2008) and Angeli et al.
2009), prevents the formation of a continuous clay coating along
he fracture. Moreover, local heterogeneity exerts strong control
ver the location of preferential pathways at the microscale (Smith
t al., 2013). Ultimately, chemical reactions between the caprock
nd CO2-rich solution lead to a change in fracture surface rough-
ess and originate degraded zones with banding of reactive and
on-reactive minerals (Deng et al., 2013).

CIUDEN (CIUdad De la ENergía) currently runs a demonstration
ilot plant for CO2 geological storage in a deep saline aquifer in
ontomín (northern Spain). In our work, CO2 will be injected into

 limestone reservoir rock at ca. 1500 m in depth (PTotal ≈ 150 bar
nd T ≈ 60 ◦C), which contains a sulfate-rich groundwater in equi-
ibrium with calcite, dolomite and gypsum with an ionic strength of
.6 M.  The Hontomín caprock is mainly composed of marl (70 wt.%
f calcite). The aim of the present work is to study the alter-
tion of the Hontomín caprock in contact with CO2-rich solutions
nder supercritical CO2 conditions in order to assess the Hon-
omín caprock sealing capacity. Given the low permeability of the

arl (k < 10−18 m2), the CO2-rich water-caprock interaction may
ake place in preferential pathways (e.g., fractures or microcracks),
hich could lead to leakage and a decrease in sealing capacity.

he present study focuses on the effects that solution composition
nd flow rate exert on the hydrodynamic and geochemical evolu-
ion of artificially fractured cores. Solution composition was varied
y changing the concentration of sulfate and ionic strength (Na
oncentration) of the input solution. By reducing the sulfate con-
entration in equilibrium with respect to gypsum down to zero is
ossible to examine the role that gypsum precipitates have on frac-
Please cite this article in press as: Dávila, G., et al., Interaction betwe
supercritical CO2 conditions. Int. J. Greenhouse Gas Control (2015), ht

ure reactivity. The moderate change in Na concentration was  set
o account for a possible variability in the Na content in similar
esident groundwaters and how this would affect the reactivity of
he caprock. The flow rate vas varied from 0.2 to 60 mL  h−1 to cover
 PRESS
house Gas Control xxx (2015) xxx–xxx

a broad range of fluid flow caused by increasing distances from the
injection point and CO2 overpressure during injection. To this end,
and considering the experimental setups used in the studies men-
tioned above, flow-through percolation experiments were run at
PTotal = 150 bar, pCO2 = 61 bar and T = 60 ◦C, using three flow rates.

2. Materials and methods

2.1. Rock sample characterization

The marl used in this study was  an outcrop sample from the
Camino Formation provided by CIUDEN.

To characterize the mineralogical composition of the marl, X-ray
diffraction (XRD) was performed on thoroughly crushed sam-
ples using a Bruker D8 A25 Advance X-ray diffractometer �–�,
with CuK�1 radiation, Bragg-Brentano geometry, and a position
sensitive LynxEyeXE detector. The diffractograms were obtained
from 4◦ to 120◦ of 2-Theta with a step of 0.015◦ and a count-
ing time of 0.5 s and the sample in rotation. The crystalline
phase identification was  carried out by using the computer pro-
gram “EVA” (Produced by Bruker). The software TOPAS (Bruker
AXS TOPAS, general profile and structure analysis software for
powder diffraction data, V2.0, Bruker AXS, Karlsruhe, Germany,
2000) with the fundamental parameter approach was used for
Rietveld refinement. The optimized parameters were background
coefficients, zero-shift error, peak shape parameters, scale fac-
tor and cell parameters. The values of the pattern dependents,
Rwp, disagreement factor, and statistical reliability factor of Bragg,
RB, were evaluated and they indicated that fits are satisfactory.
The Rwp obtained in all these measurements were less than 20,
which indicates an accurate Rietveld refinement. Mineralogical
composition of the washed sample was determined by Rietveld
analyses with an uncertainty of 3 wt.% (Young, 1995). The XRD-
Rietveld analyses were repeated in four samples to evaluate
the sample heterogeneitiy and analytical uncertainty. The sam-
ple is composed of calcite (71.2 ± 2.9 wt.%), quartz (9.7 ± 0.4 wt.%),
illite (7.1 ± 0.3 wt.%), albite (6.5 ± 0.3 wt.%), gypsum (2.0 ± 0.1 wt.%),
clinochlore (2.8 ± 0.1 wt.%), anhydrite (0.5 ± 0.02 wt.%), and pyrite
(0.2 ± 0.01 wt.%).

X-ray fluorescence (XRF) was performed to determine the
chemical composition of the rock, calculate the compositional for-
mula of the clinochlore and compare the iron concentration of the
output solutions with the Fe content in the mineral. The sample
was prepared mixing 0.3 g of crushed sample with 5.7 g of lithium
tetraborate and 5 mg  of lithium iodide as surfactant factor. The
elemental composition was  measured using an Axios Advanced
spectrometer (PANalytical) equipped with Rh anode X-ray tube
with a maximum power 2.4 kW.  Mass balance was  calculated to
evaluate the clinochlore mineral formula from the XRD and XRF
data, yielding Mg2.9Fe2.1Si3Al2O10(OH)8 (see Appendix A).

Seven cylindrical samples were cored from the rock provided.
The samples were 9 mm in diameter and about 18 mm in length.
The marl porosity (�i) was 7% as reported by CIUDEN (“ALM-09-
008-2010”; Pujalte et al., 1998). Permeability was  tested using
the ICARE lab CSS II apparatus (Luquot et al., 2012) to evalu-
ate the initial marl permeability. The permeability of the marl
cores was lower than 10−18 m2, which is the detection limit of the
setup. As stated above, given this low permeability, the CO2-rich
water-caprock interaction may  take place in preferential path-
ways (e.g., fractures or microcracks). Therefore, the experiments
were performed using artificially fractured cores. A fracture was
en a fractured marl caprock and CO2-rich sulfate solution under
tp://dx.doi.org/10.1016/j.ijggc.2015.11.005

artificially created by sawing each core with a circular saw. The
fracture in each core was  laterally sealed using Duralco 4525 epoxy
resin (stable mechanical and chemical properties up to 690 bar,
260 ◦C and low pH) to prevent any fracture closure throughout the

dx.doi.org/10.1016/j.ijggc.2015.11.005
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Fig. 1. ESEM backscattered electron images of a representative fractured core: (a) initial sample; (b) close up of the image in (a) and (c) view of the initial core fracture
(aperture ∼10 �m). Cal = calcite; Ilt = Illite; Py = pyrite; Clc = clinochlore and Qz = quartz.

m
ultiplier

cell

pump 1

ΔP

pump 2

core
pump 3

sample 

cell

pump 1

pump 2

ΔP

sample 

mixing line core

m
ultiplier

L = 18 mm

h Flow direction

l = 9 mm

XMT
horizontal section

Thin section and 
XMT vertical section 

a) b) ICARE Lab CSS I c) ICARE Lab CSS II

 CO2 bottle CO2 bottle

F RE La
a

e
T
r
g
a
F
r
1

t
b
l
e
a
v
i
p
b
t
1
b
c
o
m

t
r

ig. 2. Schemes showing: (a) the fractured core sample laterally sealed, (b) the ICA
dded  from a liquid CO2 reservoir.

xperiments and ensure solution circulation through the fracture.
he core dimensions allowed examination of the unreacted and
eacted cores by X-ray computed microtomography (XMT) with a
ood resolution (voxel size of 7.5 �m).  XMT  images were acquired
t the ESRF (European Synchrotron Radiation Facility, Grenoble,
rance) using the ID19 beam line. The cores were mounted on a
otary stage and images were collected every 0.036◦ through a full
80◦ rotation using an exposure time of 0.25 s.

Thin sections parallel to the flow direction and perpendicular
o the fracture were produced to characterize the fracture aperture
efore and after the experiments (Figs. 1c and 2a) and the disso-

ution/precipitation features by means of environmental scanning
lectron microscopy (ESEM). The thin sections were examined with

 Hitachi H-4100FE instrument under a 15–20 kV potential in a high
acuum and using the backscattered electron detector (BSD). ESEM
mages of the thin sections before the experiment showed the mor-
hologies of the grains, minerals composing the rock (Fig. 1a and
) and the aspect of the fractures (Fig. 1c). The initial fracture aper-
ures ranged from 3 to 16 �m,  yielding fracture volumes from 0.5 to
.4 mm3 (Table 1). Image segmentation processing was  applied to
oth ESEM and XMT  images to quantify the variation in mineral
ontent using ImageJ software. This method allowed separation
f rock and voids and measurement of the pore space between
Please cite this article in press as: Dávila, G., et al., Interaction betwe
supercritical CO2 conditions. Int. J. Greenhouse Gas Control (2015), ht

ineral grains over the whole image pack.
To identify possible secondary phases, MicroRaman spec-

roscopy analysis was performed on the thin sections of the
eacted fractured cores, using a Jobin-Yvon LabRam HR 800
b CSS I experimental setup and (c) the ICARE Lab CSS II experimental setup. CO2 is

coupled with an Olympus BXFM optic microscope with a wave-
length of 532 nm.

2.2. Injected solutions

Three synthetic solutions were prepared. Two sulfate-free solu-
tions with respective ionic strength (I) of 0.3 and 0.6 M and a
sulfate-rich solution with I = 0.6 M.  The sulfate-free solutions were
prepared to be equilibrated with respect to calcite at 25 ◦C by mix-
ing analytical reagents (NaCl, CaCl2·2H2O, MgCl2·6H2O, KCl and
NaBr; Table 2) and Millipore MQ  water (18.2 M� cm). The sulfate-
rich solution was  meant to be an analog of the Hontomín reservoir
groundwater, being equilibrated with respect to calcite, dolomite
and gypsum at 25 ◦C by adding precise amounts of Na2SO4. The mix-
tures were stirred for 72 h and filtered using a 0.2 �m Nucleopore
polycarbonate membrane filter. CO2 was co-injected and mixed
together with the S-free and S-rich solutions at PTotal = 150 bar and
T = 60 ◦C. The dissolved CO2(aq) acidified the solution (Table 2), lead-
ing to undersaturation with respect to calcite. The concentration
of CO2 for both the S-free and S-rich solutions was 0.6 mol  kgw−1.
The oxygen concentration was  estimated to be 3.06 × 10−4 mol  L−1

(atmospheric O2 concentration (2.84 × 10−4 mol L−1) plus the O2
en a fractured marl caprock and CO2-rich sulfate solution under
tp://dx.doi.org/10.1016/j.ijggc.2015.11.005

content impurities of the liquid CO2 bottle). The saturation indexes
of the injected solutions were calculated using the PhreeqC v.3
code (Parkhurst and Appelo, 2013) and the PhreeqC database. Initial
solution pH was calculated by charge balance and was ≈3.2.

dx.doi.org/10.1016/j.ijggc.2015.11.005
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Table  1
Experimental conditions of the experiments.

Exp. Injected solutions Q [mL  h−1] t [h] hinitial [m]  � [s] kf-initial [m2]

1 S-free I = 0.3 0.2 43 3.2 × 10−6 10.0 8.8 × 10−13

2 S-rich I = 0.6 0.2 35 3.8 × 10−6 12.0 1.2 × 10−12

3 S-free I = 0.3 1 21 3.5 × 10−6 2.0 1.0 × 10−12

4 S-rich I = 0.6 1 70 1.6 × 10−5 10.0 2.2 × 10−11

5 S-free I = 0.6 1 23 4.1 × 10−6 a 2.0 –
6  S-free I = 0.3 60 6 1.4 × 10−5 0.1 1.7 × 10−11

7 S-rich I = 0.6 60 7 1.6 × 10−5 0.1 2.2 × 10−11

t: experimental duration.
hinitial and kf-initial: initial fracture aperture and fracture permeability, respectively.
�:  residence time.

a Permeability could not be measured. Aperture estimated from the ESEM image.

Table 2
Chemical composition and saturation indexes of the initial synthetic solutions.

Solutions S-free S-free S-rich

I [M]  0.3 0.6 0.6
P  [atm] 4 × 10−4 4 × 10−4 4 × 10−4

T [◦C] 25 25 25

Concentration (mol kgw−1)
Ca  2.1 × 10−2 4.2 × 10−2 5.1 × 10−2

Mg  1.6 × 10−2 3.2 × 10−2 3.2 × 10−2

K 5.7 × 10−3 1.1 × 10−2 1.1 × 10−2

Si 4.5 × 10−7 4.5 × 10−7 4.5 × 10−7

S 1.0 × 10−9 1.0 × 10−9 2.7 × 10−2

Na 2.0 × 10−1 3.6 × 10−1 3.9 × 10−1

Fe 7.2 × 10−9 7.2 × 10−9 7.2 × 10−9

Al 1.9 × 10−6 1.9 × 10−6 1.9 × 10−6

Cl 2.7 × 10−1 4.8 × 10−1 5.1 × 10−1

Br 5.7 × 10−3 1.1 × 10−2 1.1 × 10−2

SI (PhreeqC)
T  [◦C] 25 60 25 60 25 60
pH  (charge balance) 7.64 3.25 7.57 3.20 7.55 3.26
pCO2 [bar] 4 × 10−4 61 4 × 10−4 61 4 × 10−4 61

Mineral
Calcite 0.00 −3.60 0.00 −3.49 0.00 −3.32
Dolomite 0.05 −6.97 0.07 −6.73 −0.02 −6.51
Anhydrite −7.80 −7.61 −7.72 −7.54 −0.28 −0.08
Gypsum −7.50 −7.66 −7.43 −7.59 0.01 −0.14
Quartz −2.34 −2.80 −2.30 −2.77 −0.29 −0.76
Albite  −10.94 −20.23 −10.64 −20.26 −4.55 −14.24
Clinochlore −10.71 −55.23 −9.93 −55.07 −4.29 −49.05
Illite  −14.08 −29.95 −13.70 −30.33 −6.68 −23.58
Pyrite −122.15 −217.9 −116.57 −60.75 −101.58 −205.3

K ios et
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fl
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Kaolinite −8.32 −17.85 

eq values are from Phreeqc V.3 database except for gypsum which is from Garcia-R

The total Ca, S, Mg,  Si, Na, Al, K and Fe concentrations
f the input and output solutions were analyzed by induc-
ive coupled plasma-atomic emission spectrometry (ICP-AES)
sing a Perkin Elmer Optima 3200 RL. The detection limits for
a, S, Mg,  Si, Na, Al, K and Fe were 1.25 × 10−6, 6.24 × 10−6,
.06 × 10−6, 1.78 × 10−6, 1.30 × 10−4, 1.85 × 10−6, 1.28 × 10−5 and
.58 × 10−7 mol  L−1, respectively. The accuracy of the measure-
ents was estimated to be 3%. Concentrations of chloride and

romide were not measured. The chemical compositions of the
nput and output synthetic solutions are listed in Table 2 and Tables
1 and S2 (supplementary data), respectively.

.3. Experimental setup

Seven percolation experiments with different injected solutions
nd flow rates of 0.2, 1 and 60 mL  h−1 were conducted using a
Please cite this article in press as: Dávila, G., et al., Interaction betwe
supercritical CO2 conditions. Int. J. Greenhouse Gas Control (2015), ht

ow-through system under reservoir conditions (PTotal = 150 bar
nd T = 60 ◦C; Fig. 2b and c). The percolation experiments carried
ut with flow rates of 0.2 and 1 mL  h−1 were conducted with the
CARE Lab CSS II apparatus (see details in Luquot et al., 2012), which
−8.17 −18.36 −4.12 −14.62

 al. (2014).

allows the solution to circulate under flow rates ranging from 0.05
to 40 mL  h−1. The ICARE Lab CSS I apparatus (see details in Luquot
and Gouze, 2009), which permitted flow rates ranging between 0.6
and 180 mL  h−1, was used to conduct the experiments under the
highest flow rate (60 mL  h−1). In the two apparatuses, and for all
experiments, the sample confinement pressure was 180 bar. Exper-
imental conditions and fracture properties are shown in Table 1.

During all experiments, the pressure drop between the inlet
and the outlet of the fractured cores was continuously measured
using a differential pressure sensor Rosemount 3051. Hence, using
the measured pressure gradient (�P) in Pa m−1 and combining the
cubic law for flow (assuming that the fracture walls are represented
by two  smooth parallel plates; Huitt, 1956; Snow, 1969)

Q = −Wh3

12�
∇P (1)
en a fractured marl caprock and CO2-rich sulfate solution under
tp://dx.doi.org/10.1016/j.ijggc.2015.11.005

and Darcy’s law

Q = −Akf

�
∇P (2)

dx.doi.org/10.1016/j.ijggc.2015.11.005
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here W is the fracture width in m,  h is the hydraulic aperture in
, � is the viscosity of the fluid in Pa s, �P is the pressure gradient

n Pa m−1, A is the cross section area (A = W·h) in m2 and Q is the
olumetric flow rate in m3 s−1, fracture permeability kf (m2) was
alculated as

f = h2

12
(3)

The volume of the fractures was estimated assuming a paral-
elepiped with h, L and W dimensions.

For each experiment, approximately 2 mL  of the output solu-
ions were continuously sampled. 0.5 mL  were filtered using a
yringe with a 0.2 �m NucleporeTM polycarbonate membrane fil-
er and 0.5 mL  were not filtered. Both aliquots were immediately
cidified in 9.5 mL  of 1% HNO3 solution (pH ≈ 1). This procedure
voided precipitation of Ca and Mg  bearing carbonates during sam-
le depressurization. Output solution concentrations of Ca, S, Mg,
i, Na, Al and K were measured by ICP-AES as were the input solu-
ions. Variation in elemental concentrations between the filtered
nd non-filtered output solutions was ca. 3–5%, which practically
oincided with the analytical uncertainty (3%). Therefore, it was
ecided to use the filtered output solutions which ensured lack of
ransported microparticles throughout the experiments.

. Results and discussion

.1. Dissolution and precipitation processes

.1.1. Output concentrations
Fig. 3 shows variations in the aqueous chemistry with time in

he sulfate-free (I = 0.3 and 0.6 M)  and sulfate-rich (I = 0.6 M)  experi-
ents. �Cj accounts for the difference between the output and the

nput concentrations of element j (�Cj = Cj(out) − Cj(in)). The error
ssociated with �Cj (ε (�Cj)) was estimated using the Gaussian
rror propagation method (Barrante, 1974) from the equation

(�Cj) =
[
ε(Cj(out))

2 + ε(Cj(in))
2] 1

2 (4)

here ε (Cj(in)) and ε (Cj(out)) are the absolute errors associated with
he input and output concentrations of element j, respectively, with
n estimated uncertainty in the measured concentrations of 3%
ICP-AES). ε(�Cj) ranged from 10 to 40% for Ca and was around
% for S, Fe and Si.

In S-free experiments at ionic strength of 0.3 and 0.6 M (Exps. 3
nd 5; Table 1), similar variations in the Ca concentration, as well
s very small changes in the S, Si and Fe output concentrations
ere observed over time (Fig. 3). Slight differences in concentra-

ions can be attributed to different distributions of the primary
ron- and silicon-bearing minerals (quartz, pyrite, illite, clinochlore
nd albite) along the fractures. The results suggest that in the I
ange of 0.3–0.6, the ionic strength effect on the mineral disso-
ution rates was negligible. This is in agreement with the small
r negligible effect of ionic strength on gypsum and illite disso-
ution rates reported by Raines and Dewers (1997) and Bibi et al.
2011).

As for �Ca (Fig. 3a), the excess of the Ca concentration was
ttributed to calcite dissolution. All input solutions were strongly
ndersaturated with respect to calcite (Table S3, supplementary
ata). The calculated input pH was 3.23 ± 0.03 (Table 2). Fig. 3b
hows the �S  variation with time. Dissolution of both gypsum and
yrite was expected in the S-free solution experiments (Table 2).
owever, since the pyrite dissolution rate (ca. 10−10 mol  m−2 s−1 at
Please cite this article in press as: Dávila, G., et al., Interaction betwe
supercritical CO2 conditions. Int. J. Greenhouse Gas Control (2015), ht

H from 3 to 5 and O2 concentration of 3 × 10−4 mol  L−1; Domènech
t al., 2002) was approximately six to seven orders of magni-
ude slower than that of gypsum (10−3 mol  m−2 s−1; Palandri and
haraka, 2004), it was assumed that most of the released S was
 PRESS
house Gas Control xxx (2015) xxx–xxx 5

from dissolving gypsum. As the gypsum dissolution rate was not
affected by dissolved CO2 (Jeschke et al., 2001) or by pH, the �S
decrease was  probably caused by a decrease in the gypsum reac-
tive surface area as gypsum dissolved (Fig. 3b). In the S-rich solution
experiment the solution was in equilibrium with gypsum (Table 2).
The early negative �S  values (Fig. 3b), indicated precipitation of
a S-rich mineral. MicroRaman spectra of the reacted solid sam-
ples (Exp. 4; see Appendix B) showed that the precipitated S-rich
mineral was  gypsum, ruling out anhydrite precipitation. This obser-
vation is in accordance with precipitation of gypsum in limestone
column experiments that were run under the same P, T and pCO2
conditions (Singurindy and Berkowitz, 2005; Garcia-Rios et al.,
2014).

The �Fe and �Si concentration tended to decrease with time
in the two  experiments (S-free and S-rich solutions; Fig. 3c,d). It
was assumed that the Fe was mainly released from the clinochlore
dissolution. Although the pyrite dissolution rate is much faster
than that of clinochlore (1–6 × 10−12 mol  m−2 s−1 at pH 3.2–5;
Lowson et al., 2007), the content of pyrite was a factor of 14
smaller than that of clinochlore, resulting in a small pyrite reactive
surface area that limited its dissolution. As for the Si concen-
tration (Fig. 3d), since the injected solution was undersaturated
with respect to illite, chlinochlore, albite and quartz, dissolution of
the aluminosilicates and quartz could take place (Table 2). How-
ever, illite dissolution was unexpected or regarded as negligible
because at pH 3 the illite rate constant (3 × 10−14 mol m−2 s−1;
Köhler et al., 2003) was  two  orders of magnitude lower than those of
clinochlore (7 × 10−12 mol  m−2 s−1; Lowson et al., 2007) and albite
(8 × 10−12 mol  m−2 s−1; Chou and Wollast, 1985). Given that the
quartz dissolution rate constant (≈3 × 10−13 mol  m−2 s−1 at pH 3.2;
Bandstra et al., 2008) was  also lower than those of chlinochlore
and albite, Si was probably released from chlinochlore and albite.
Moreover, the output solution was  near equilibrium with respect
to quartz (Table S3, supplementary data), which indicates that the
quartz dissolution rate was even much slower. Accordingly, quartz,
illite and pyrite dissolutions were omitted from the mass balance
calculation shown in the following section.

�Si was about one order of magnitude lower than �Fe in all
experiments (Fig. 3c,d), yielding an aqueous Si/Fe ratio of around
0.1, which indicated a Si deficit based on the clinochlore stoi-
chiometric ratio (Si/Fe = 1.4). Moreover, since albite dissolution
would increase the aqueous Si/Fe ratio, it was  assumed that some
Si-bearing minerals could precipitate during the experiments.
Actually, precipitation of kaolinite (Ketzer et al., 2009; Luquot et al.,
2012; Yu et al., 2012) or precipitation of kaolinite and boehmite
(Tutolo et al., 2015) were observed in other experiments where
sandstone interacted with CO2-rich brines. In the present study,
the calculated SI values of the output solutions ranged from low
undersaturation to low supersaturation with respect to kaolinite
and boehmite (except Exp. 7) and showed high undersaturation
with respect to smectite and muscovite (Table S3, supplemen-
tary data). In fact, this was  not unexpected since the measured Al
concentrations were always close to the ICP-AES detection limit
(≈1.85 × 10−6 mol  L−1) probably because of precipitation of Al-
bearing phases.

Although precipitation of kaolinite in the low-porosity rock
matrix cannot be ruled out, inspection of the thin sections of the
reacted samples by ESEM and microRaman spectroscopy showed
no presence of kaolinite. Note that (see next section) the volume of
precipitated kaolinite associated with the Si deficit along the frac-
ture would be ∼1 mm3, making kaolinite detection difficult. At this
point, it should be noted that, if kaolinite precipitation would not
en a fractured marl caprock and CO2-rich sulfate solution under
tp://dx.doi.org/10.1016/j.ijggc.2015.11.005

occur, the observed Si deficit could be associated with precipita-
tion of less crystallized SiO2 (amorphous silica gel). Otherwise, the
solution remains undersaturated with respect to amorphous SiO2
(Table S3, supplementary data).

dx.doi.org/10.1016/j.ijggc.2015.11.005
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ig. 3. Variation of the increment in the output S-free and S-rich solutions concentr
.6  M; Exps. 3 and 5, respectively) and with S-rich injected solution (I = 0.6 M;  Exp. 4

Variations in the Na, K and Mg  concentrations could not be
etermined because the small differences between the large input
nd output concentrations were within analytical error.

.1.2. Influence of the flow rate
On the basis of dissolution of calcite, clinochlore and albite and

recipitation of gypsum, and on the assumption that kaolinite pre-
ipitation took place, Cj(diss) and Cj(ppt) were calculated from the
ollowing mass balance equations

j(out) = Cj(in) +
N∑
1

Cj(diss) −
M∑
1

Cj(ppt) (5)

here Cj(out) is the total concentration of element j in the output
olution, and N and M are the numbers of dissolved and precipitated
inerals, respectively. For each element, Eq. (5) is given as

S(out) = CS(in) + CS(Gp−diss) − CS(Gp−ppt) (6)

Ca(out) = CCa(in) + CCa(Cal−diss) + CCa(Gp−diss) − CCa(Gp−ppt) (7)

Fe(out) = CFe(in) + CFe(Cln−diss) (8)

Si(out) = CSi(in) + CSi(Cln−diss) + CSi(Ab−diss) − CSi(Kln−ppt) (9)

here gypsum, calcite, clinochlore, albite and kaolinite are termed
p,  Cal, Clc, Ab and Kln,  respectively, and mineral dissolution
r precipitation -diss or -ppt, respectively. In the S-free solution
xperiments, primary gypsum and anhydrite dissolved, yielding
S(Gp-ppt) = CCa(Gp-ppt) = 0 in Eqs. (6) and (7), allowing calculation of

 concentration from gypsum dissolution (CS(Gp-diss)) and hence
Ca(Gp-diss). Contrary, in the S-rich solution experiments, gypsum
nd anhydrite precipitated, yielding CS(Gp-diss) = CCa(Gp-diss) = 0 in
qs. (6) and (7), allowing us to calculate CS(Gp-ppt) and hence
Ca(Gp-ppt). Regardless of the injected solution, Fe was  released from
Please cite this article in press as: Dávila, G., et al., Interaction betwe
supercritical CO2 conditions. Int. J. Greenhouse Gas Control (2015), ht

linochlore dissolution (Eq. (8)), allowing calculation of CFe(Cln-diss)
nd stoichiometric CSi(Cln-diss). As mentioned, the measured Al con-
entrations were always close to the detection limit, preventing us
rom calculating the amount of dissolved albite and consequently
 vs. time in three experiments at 1 mL  h−1 with S-free injected solutions (I = 0.3 and
 �Ca, (b) �S, (c) �Fe and (d) �Si.

the amount of precipitated kaolinite based on aluminum concen-
tration. From Eq. (9) two  mass balance calculations were therefore
performed to estimate the concentration of dissolved albite and
precipitated kaolinite. In the first calculation, albite dissolution was
not assumed, thus Si was  only released from clinochlore dissolu-
tion (CSi(Ab-diss) = 0). In the second calculation, equal dissolution of
albite and clinochlore was  assumed (CSi(Cln-diss) = CSi(Ab-diss)), being
Si released from both minerals.

As CCa(Cal-diss) was computed, the calcite dissolution rate (RCal in
mol  s−1) was  calculated as

RCal = nCal−diss

t
(10)

where nCal-diss is the total number of moles of dissolved calcite
during the experiments

nCal−diss =
N∑
1

CCa(Cal−diss)Q�t′ (11)

where �t′ is the sampling time interval.
The effect of the flow rate on the chemical processes was firstly

investigated from the variation in aqueous chemistry as a function
of the number of equivalent water fracture volumes (Vef = t/�) that
circulated through the fracture and deduced from the RCal varia-
tion with the flow rate. Vef was defined as the ratio between the
experimental duration (t) and the residence time (�, calculated as
� = Vf-initial/Q; Table 1). Note that Vef increased by increasing Q for
the same experimental duration. Figs. 4 and 5 compare the varia-
tions in �Ca, �S,  �Fe and �Si between experiments with S-free
and S-rich injected solutions under different flow rates (0.2, 1 and
60 mL  h−1).

In the S-free experiments, Ca released from calcite dissolu-
tion was  similar in the experiments run under slow flow rates
en a fractured marl caprock and CO2-rich sulfate solution under
tp://dx.doi.org/10.1016/j.ijggc.2015.11.005

(Q = 0.2 and 1 mL h−1; Fig. 4a), but lower at 60 mL  h−1 in which
steady state was reached before the end of the experiment. Under
slow flow rate conditions, RCal increased by speeding up the flow
rate (4.4 × 10−10 mol  s−1 at 0.2 mL  h−1 and 1.6 × 10−9 mol  s−1 at

dx.doi.org/10.1016/j.ijggc.2015.11.005
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ig. 4. Variation of solution composition with number of equivalent water fracture
)]  in S-free injected solution (I = 0.3 M):  (a) �Ca, (b) �S, (c) �Fe and (d) �Si. pCO2

 mL  h−1, Table 3). At the highest flow rate (60 mL  h−1), the cal-
ite dissolution rate (9.1 × 10−8 mol  s−1; Table 3) was  one order of
Please cite this article in press as: Dávila, G., et al., Interaction betwe
supercritical CO2 conditions. Int. J. Greenhouse Gas Control (2015), ht

agnitude higher than that at 1 mL  h−1. �S  was only measured in
he experiments at 0.2 and 1 mL  h−1 (Table 3), and the increase in
he flow rate favored early gypsum dissolution (Fig. 4b).

ig. 5. Variation of solution composition with number of equivalent water fracture volum
)]  in S-rich injected solution (I = 0.6 M):  (a) �Ca, (b) �S, (c) �Fe and (d) �Si. pCO2 = 61 b
es (Vef ) under different flow rates [Q (mL h−1) = 0.2 (Exp. 1), 1 (Exp. 3) and 60 (Exp.
ar, T = 60 ◦C.

In S-rich experiments, �Ca was higher in the experiments run
under slow flow rate conditions and nearly zero at the fastest flow
en a fractured marl caprock and CO2-rich sulfate solution under
tp://dx.doi.org/10.1016/j.ijggc.2015.11.005

rate (Fig. 5a). Reproducibility of the experimental results was ver-
ified by performing the 60 mL  h−1 experiment twice. The short
residence time of the solution prevented the Ca concentration

es (Vef ) under different flow rates [Q (mL h−1) = 0.2 (Exp. 2), 1 (Exp. 4) and 60 (Exp.
ar, T = 60 ◦C. Horizontal lines indicate zero increase in concentration.

dx.doi.org/10.1016/j.ijggc.2015.11.005
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from increasing. �S was  negative in the experiments run under
slow flow rates (Fig. 5b). Likewise, at 60 mL h−1, the short resi-
dence time of the solution prevented the S concentration from
decreasing (Fig. 5b). Like in S-free solution experiments, under slow
flow rate conditions, calcite dissolution rate increased by speed-
ing up the flow rate (from 2.3 × 10−10 mol  s−1 at 0.2 mL  h−1 to
1.6 × 10−9 mol  s−1 at 1 mL  h−1, Table 3). At 60 mL  h−1, calcite disso-
lution rate (8.3 × 10−9 mol  s−1) was  about one order of magnitude
higher than that at 1 mL  h−1. Therefore, whatever the composi-
tion of the injected solution, an increase in the flow rate led to
an increase in the calcite dissolution rate, which, being related
to the degree of solution undersaturation with respect to cal-
cite, suggests that the slower flow rate experiments resulted in
a transport limiting reaction regime whereas the fast flow rate
experiments were reaction rate limiting (Table S3, supplementary
data). Nonetheless, slower calcite dissolution rates in the presence
of sulfate could be favored by the formation of gypsum coatings on
the surface of calcite grains, promoting calcite passivation (Offeddu
et al., 2014).

As for the Fe and Si concentrations, in the two types of injected
solution, an increase in flow rate resulted in a decrease in �Fe and
�Si (Figs. 4c,d and 5c,d) as residence time was  shorter, lowering the
dissolution rate of albite and clinochlore. Steady state was achieved
in the experiment under the highest flow rate.

Also, the effect of the flow rate on the chemical processes was
deduced from the variation in the volumes of dissolved and precip-
itated minerals. The volume of dissolved or precipitated mineral
(Vmin-diss and Vmin-ppt) was calculated as

Vmin = vminQ

∫ t′=t

t′=0

˛−1Cj(t
′) dt′ (12)

where vmin is the molar volume of the mineral in m3 mol−1,  ̨ is
the stoichiometric coefficient of element j in the mineral, Cj is the
concentration of the element j from dissolved or precipitated min-
eral (Cj(diss) or Cj(ppt)) in mol  m−3 and t is the total experimental
time. The molar volumes of calcite, clinochlore, gypsum, albite and
kaolinite were calculated from the respective molecular weights
and densities (Downs, 2006) to be 3.69 × 104, 2.26 × 105, 7.43 × 104,
1.00 × 105 and 9.82 × 104 mm3 mol−1, respectively.

In S-free solution experiments, the volume of dissolved calcite
(VCal-diss) increased with flow rate (Table 3) as did the volume of
dissolved gypsum (VGp-diss). Note that S concentration was not mea-
sured in the experiment at the highest flow rate (Fig. 4b). The
volumes of dissolved clinochlore (VCln-diss) and albite (VAb-diss) and
precipitated kaolinite (VKln-ppt) were almost the same under all
flow rates. In S-rich solution experiments under slow flow rate
conditions (0.2–1 mL  h−1), VCal-diss and VGp-ppt increased by speed-
ing up the flow rate (Table 3), and the VCal-diss/VGp-ppt ratio was
always greater than one (Table 3), indicating dominancy of cal-
cite dissolution over gypsum precipitation. At 60 mL  h−1, although
VCal-diss and VGp-ppt were of the same order of magnitude as those at
1 mL  h−1, VGp-ppt > VCal-diss, yielding a slightly lower VCal-diss/VGp-ppt
ratio. VGp-ppt tended to increase with the flow rate. VCln-diss, VAb-diss
and VKln-ppt were almost the same at low flow rates but slightly
lower at 60 mL  h−1.

Thus, based on the variation in the calculated volumes of
dissolved and precipitated minerals and type of solution, it was
observed that: (1) VCal-diss tended to increase with flow rate
regardless of the injected solution, except at 60 mL  h−1 in the S-rich
solution experiment; (2) VCln-diss and VAb-diss in S-rich solution were
larger than those in S-free solution at 0.2 and 1 mL h−1 experiments,
en a fractured marl caprock and CO2-rich sulfate solution under
tp://dx.doi.org/10.1016/j.ijggc.2015.11.005

but not at 60 mL  h−1 (Table 3); (3) as for VCln-diss and VAb-diss, VKln-ppt
in S-rich solution was  greater than that in S-free solution at 0.2
and 1 mL  h−1, showing an opposite trend at 60 mL  h−1. In all cases,
regardless of the solution, the final pore volume associated with

dx.doi.org/10.1016/j.ijggc.2015.11.005
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ig. 6. ESEM images of several regions of the thin sections of the cores run in S-free 

t  8 mm from the inlet, (b) gypsum precipitation (indicated by arrows) and alterati
ow:  (d) fracture clogging (Exp. 1); (e) altered zone along the fracture wall (Exp. 6) 

he reacted core (volume of the final fracture plus volume of
ores in the altered zone along the fracture wall), calculated as
f-final = Vf-initial + VCal-diss + VGp-diss + VCln-diss + VAb-diss − VGp-ppt − VKln-p
as always larger than the initial fracture volume (Vf-initial), due

o extensive calcite dissolution in all experiments, even if gypsum
recipitated in the S-rich solution experiments (Table 3 and
ig. 6). Note that inclusion of the albite dissolution in the overall
alculation barely affected the final volume associated with the
eacted fracture because the albite dissolution was small owing to
ts low content (<6%).

.2. Alteration of the rock

In the two S-free and S-rich solutions, a porous zone with a width
distance normal to fracture) up to ≈300 �m formed along the frac-
ure walls during the experiments (Fig. 6). This was the result of
ignificant calcite dissolution and, to a lesser extent, the dissolu-
ion of clinochlore and albite. The partially dissolved silicate grains
nd non-dissolved grains of quartz, pyrite and illite continued to be
isible in the altered zone (Fig. 6a–d). The initial increase in �Ca
ith time depicted in Figs. 4a and 5a indicated that calcite disso-

ution was favored by a high reactive surface area of the calcite
rains. As the calcite dissolution progressed, the calcite reactive
urface area close to the fracture diminished, leading to a �Ca
ecrease until steady state was achieved. The diffusion through the
emaining porous matrix of the altered zone limited further calcite
issolution (transport control of the reaction; see Exps. 6 and 4 in
igs. 4a and 5a).

In the experiments where the Ca concentration reached steady
tate (Exps. 6 and 4), a penetration length (x) corresponding to
he zone next to the fracture affected by calcite dissolution was
Please cite this article in press as: Dávila, G., et al., Interaction betwe
supercritical CO2 conditions. Int. J. Greenhouse Gas Control (2015), ht

alculated using

 = VCal−diss

2 l L VFCal
(13)
rich solution experiments under different flow rates. Top row: Exp. 4; (a) alteration
12 mm from the inlet and (c) gypsum precipitate at 15 mm from the inlet. Bottom
) altered zone along the fracture wall (Exp. 7).

where VCal-diss is the volume of dissolved calcite, l is the core
diameter, L is the length of the core and VFCal is the volume frac-
tion of calcite (0.66) in the fractured cores. Penetration lengths
from ESEM and XMT  images were measured and compared in the
two experiments. In the S-free solution Exp. 6 (60 mL  h−1), x was
249 �m,  which was  approximately 11% smaller than the one mea-
sured (280 �m;  Fig. 7a,b). In the S-rich solution Exp. 4 (1 mL  h−1),
x was  176 �m,  which was  approximately 1% smaller than the one
observed (180 �m;  Fig. 7c).

Apparent diffusion coefficients (Da, m2 s−1) at 60 ◦C were
obtained in the experiments where the output Ca concentration
reached steady state (Exp. 6: S-free solution and 60 mL  h−1 and Exp.
4: S-rich and 1 mL  h−1; Figs. 4a and 5a). Da values may  indicate a
possible effect of gypsum precipitation on the diffusion through
the porous matrix of the altered zone. Da values were calculated
as Da = x2/2t,  where x (m)  is the penetration length (Eq. (13)), and
t is time (s). By plotting x2 as a function of time, Da was calculated
from the slope (2Da) of the linear regression to be 2 × 10−12 (Exp. 6;
R2 = 0.999) and 1 × 10−13 m2 s−1 (Exp. 4; R2 = 0.975). One factor that
probably contributed to the larger Da in the S-free solution (Exp. 6)
was a possible increase in tortuosity due to gypsum precipitation.

The increase in porosity over the reacted zone was  esti-
mated in two ways: (1) from representative regions of the
fracture by ESEM images (�ESEM; Fig. 7a,c) and all fracture by
XMT image (�XMT; Fig. 7b) and (2) from the calculated volumes
of dissolved and precipitated minerals of the core expressed
as �VOL = ((VCal-diss + VGp-diss + VCln-diss + VAb-diss − VGp-ppt − VKln-ppt)/
Vtotal-cal) + �i where Vtotal-cal is the volume of calcite if the core
were composed of 100% calcite. In Exp. 6 (S-free solution), �ESEM,
�XMT and �VOL were 65%, 48% and 67%, respectively. The difference
between �ESEM and �XMT was attributed to the lower resolution
en a fractured marl caprock and CO2-rich sulfate solution under
tp://dx.doi.org/10.1016/j.ijggc.2015.11.005

of the XMT  images (7.5 �m pixel−1) compared with the ESEM
(1 �m pixel−1). Therefore, porosity in the reacted zone increased
from 7% to ≈65%, which was  similar to the volumetric fraction

dx.doi.org/10.1016/j.ijggc.2015.11.005
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Fig. 7. Processed images: (a) ESEM image and (b) XMT  image showing the altered zone along the fracture; the black background corresponds to pore space. (c) ESEM image
s

o
u
H
t
w
�
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aperture (m), v is the linear velocity (m s−1), and Do is the molec-

F
(
m

howing the altered zone from where the pore space volume was calculated.

f calcite in the marl (≈66%), considering that calcite grains are
niformly distributed in the rock as well as along the core fracture.
ence, the dissolution of the calcite grains played a major role in

he increase in porosity. In Exp. 4 (S-rich solution), the porosity
as only calculated from the ESEM image and volume variation.
Please cite this article in press as: Dávila, G., et al., Interaction betwe
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ESEM = �VOL ≈ 56%, which was much higher than the initial value,
ut lower than 65%. In this case, secondary gypsum contributed to

 smaller increase.

ig. 8. ESEM images of thin sections parallel to flow direction of samples run under diffe
c)  Q = 60 mL  h−1, and with S-rich injected solution (d) Q = 0.2 mL  h−1, (e) Q = 1 mL  h−1 and 

ost  altered zone, which is depicted by the arrows in Fig. 9.
3.3. Dissolution patterns

The adimensional Peclet number that correlates the diffusive
and advective characteristic time scales (Pe = h·v/Do, h is the fracture
en a fractured marl caprock and CO2-rich sulfate solution under
tp://dx.doi.org/10.1016/j.ijggc.2015.11.005

ular diffusion coefficient of the solutes) was  used to evaluate the
role of solute transport in the mineral dissolution and precipitation
processes along the fracture. The Pe values of the experiments were

rent flow rates: with S-free injected solution (a) Q = 0.2 mL  h−1, (b) Q = 1 mL  h−1 and
(f) Q = 60 mL  h−1. Note that the thin sections of (b), (c) and (f) were cut through the

dx.doi.org/10.1016/j.ijggc.2015.11.005
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Fig. 9. XMT images normal to the flow direction showing the evolution of the dissolution pathways along the core length (a) S-free (Exp. 6), (b) S-rich (Exp. 4) and (c) S-rich
(Exp.  7). The arrows indicate the altered zone where the thin sections were made (Fig. 8).

Table 4
Variation of the calculated fracture permeability and Pe number.

Exp. Q [mL  h−1] Pe hinitial [m]  kf-initial [m2] kf-final [m2] kf-final/kf-initial

1 0.2 4 3.2 × 10−6 0.9 × 10−12 0.7 × 10−12 0.7
2  0.2 4 3.8 × 10−6 1.2 × 10−12 0.04 × 10−12 0.03
3  1 21 3.5 × 10−6 1.0 × 10−12 0.8 × 10−12 0.8
4  1 21 1.6 × 10−5 22.0 × 10−12 0.2 × 10−12 0.07
6  60 1267 1.4 × 10−5 17.0 × 10−12 21.0 × 10−12 1.2

−5 −12 −12

h

c
a
a
v
i
D

s
2
e
o
c
c
f

l
p
s
e
o
1
w
r

7  60 1267 1.6 × 10

initial: initial fracture aperture.

alculated assuming that Do at 60 ◦C was 2 × 10−9 m2 s−1 (Samson
nd Marchand, 2003), fracture apertures ranged from 3 to 10 �m
nd flow rates were 0.2, 1 and 60 mL  h−1 (Table 4). The three Pe
alues obtained (4, 21 and 1267) were >1. Thus, solute transport
n the fracture was controlled by advection in all experiments (e.g.,
etwiler et al., 2000) regardless of the composition of the solutions.

Earlier studies show a certain correlation between distinct dis-
olution patterns in fractured cores and Pe numbers (Detwiler et al.,
003; Szymczak and Ladd, 2009; Elkhoury et al., 2013; Garcia-Rios
t al., 2015). Elkhoury et al. (2013) reported that at low Pe,  devel-
pment of dissolution instabilities in fractured vuggy limestone
ores led to face dissolution, intermediate Pe gave rise to large-scale
hannels, and a high Pe regime led to uniform dissolution along the
racture.

The respective ESEM and XMT  images of the thin sections paral-
el and perpendicular to the flow direction (Fig. 8), taken at different
ositions along the fracture (Fig. 9), show the geometry of the dis-
olution patterns throughout the experiments. In S-free solution
xperiments, whereas fracture dissolution took place at 0.2 mL  h−1
Please cite this article in press as: Dávila, G., et al., Interaction betwe
supercritical CO2 conditions. Int. J. Greenhouse Gas Control (2015), ht

nly near the inlet (Fig. 8a), larger dissolved region formed at
 mL  h−1 along the fracture (Fig. 8b). Therefore, face dissolution
as observed at low Pe values (4 and 21). At the highest flow

ate (60 mL  h−1) and the highest Pe (1267), dissolution occurred
22.0 × 10 84.0 × 10 3.8

all along the fracture (Fig. 8c), resulting in a wormhole that prob-
ably originated in an existing local heterogeneity in the fracture
(Figs. 8c and 9a). In S-rich solution experiments, at the lowest
Pe, face dissolution initiated near the inlet (Fig. 8d). At Pe = 21,
uniform dissolution developed in the first 16 mm of the fracture
(Figs. 8e and 9b). From this point to the outlet, combination of
wormhole and uniform dissolution occurred (Figs. 8e and 9b). For
Pe = 1267, uniform dissolution predominated all along the fracture
(Figs. 8f and 9c).

Therefore, as predicted by Elkhoury et al. (2013) and observed
by Garcia-Rios et al. (2015), a Pe increase resulted in an evolution
from face dissolution to wormhole and finally uniform dissolution.
Nonetheless, it should be pointed out that local heterogeneities
may  control the overall dissolution pattern along the fractures,
altering the predictions based on Pe.

3.4. Fracture permeability

Table 4 lists the calculated values of the initial fracture per-
en a fractured marl caprock and CO2-rich sulfate solution under
tp://dx.doi.org/10.1016/j.ijggc.2015.11.005

meability (kf-initial) of the fractures that ranged from 0.9 × 10−12

to 22 × 10−12 m2 (Eq. (3)). Variations in fracture permeability with
time are depicted in Fig. 10. In the S-free solution experiments, final
k (kf-final) was  similar to the initial one in the three experiments,

dx.doi.org/10.1016/j.ijggc.2015.11.005
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ig. 10. Variation of fracture permeability, kf , with time under different flow rates
xp.  6. In S-rich solution experiments: (d) Exp. 2; (e) Exp. 4 and (f) Exp. 7.

ielding kf-final/kf-initial ratios of 0.74, 0.81 and 1.24 at 0.2, 1 and
0 mL  h−1, respectively (Table 4 and Fig. 10a–c). A higher variation

n k was expected given the considerable increase in pore volume
Vf-initial and Vf-final; Table 3). This suggests that flow moved mainly
hrough the initial fracture, with only diffusion in the reacted rock

atrix. Under slow flow rates (Exps. 1 and 3), face dissolution
esulted in about 85% of the fracture with negligible variations in
he aperture (Fig. 8a,c), which could lead to slight changes in kf.
owever, partial blocking of flow paths caused by (moving) grains

s also a possibility, as shown in Figs. 6a,d,e and 7c. Noiriel et al.
2007) and Andreani et al. (2008) also reported minor changes in
ermeability in similar experiments with marls.

In S-rich solution experiments, Vf-final increased by a factor that
anged from 4 to 5 (Table 3). In these experiments in contrast to the
airly constant kf values obtained in the S-free experiments a dra-

atic kf decrease was measured at the low flow rate range (Table 4
nd Fig. 10d,e). This behavior was attributed to fracture sealing
aused by gypsum precipitation (VGp-ppt = 0.4 and 7.2 mm3; Table 3
nd Fig. 6a–c). Conversely, at the highest flow rate, kf increased
kf-final/kf-initial ≈ 4; Table 4 and Fig. 10f). In this experiment, gypsum
recipitation was not observed.

Therefore, the experimental results showed that under slow
ow rates, kf remained constant in S-free experiments and
ecreased in S-rich experiments, whereas kf increased in the two
olutions under fast flow rate. This difference is greater in the S-
ich solution experiments. The kf variability depended on a number
f factors: (i) effect of small differences (composition and/or struc-
ure) between different samples that influenced the reproducibility
f the results (Chen et al., 2014), (ii) passivation of gypsum or inhi-
ition of calcite dissolution in the presence of sulfate (Garcia-Rios
t al., 2014; Offeddu et al., 2015) and (iii) movement of grains and
locking of flow paths, as illustrated in Fig. 6d.

. Summary and conclusions

Flow-through percolation experiments under PTotal = 150 bar,
CO2 = 61 bar and T = 60 ◦C (supercritical CO2 conditions) with S-
ree and S-rich solutions injected at different flow rates (0.2, 1 and
Please cite this article in press as: Dávila, G., et al., Interaction betwe
supercritical CO2 conditions. Int. J. Greenhouse Gas Control (2015), ht

0 mL  h−1) were run to better understand the reactivity of the Hon-
omín marl caprock.

Calcite dissolution was the main reaction because of the acidic
haracter of the injected solutions under supercritical pCO2. Results
olution compositions. In S-free solution experiments: (a) Exp. 1; (b) Exp. 3 and (c)

based on the experimental aqueous chemistry showed that the
overall process was  not affected by changing the ionic strength
from 0.3 to 0.6 M.  In S-free solutions, dissolution of calcite, primary
gypsum, clinochlore and albite took place. In S-rich solutions in
equilibrium with gypsum, dissolution of clinochlore and albite took
place as did that of calcite, which promoted gypsum precipitation.
A Si deficit suggests that dissolution of the silicate minerals trig-
ger precipitation of Si-bearing secondary minerals (e.g., kaolinite
or amorphous Si gel).

The dissolution and precipitation reactions controlled the vari-
ations in the final pore volume associated with the reacted core.
In all experiments, an increase in the flow rate led to an increase
in the calcite dissolution rate and in the final pore volume asso-
ciated with the reacted core. In the S-rich solution, the volume of
dissolved calcite was always larger than the volume of precipitated
gypsum (except at 60 mL  h−1). The dissolution of calcite grains and,
to a lesser extent, the dissolution of clinochlore and albite, created
a high porosity zone (� ranged from 48 to 67%) along the fracture
walls. This porosity zone was composed of non-dissolved quartz,
pyrite and illite grains, precipitated gypsum (in S-rich solutions)
and Si-bearing phases (e.g., kaolinite or amorphous SiO2).

As for the dissolution patterns, in the S-free solution experiments
face dissolution occurred at slow flow rates (Pe of 4 and 21). At the
highest flow rate (Pe = 1267), wormhole formation was observed.
However, in S-rich solution experiments, face dissolution occurred
only at the slowest flow rate. At an intermediate flow rate range,
both uniform dissolution and wormhole took place. A combination
of wormhole formation and uniform dissolution dominated at the
highest flow rate. Local heterogeneities controlled mineral dissolu-
tion along the fracture, which could lead to unexpected dissolution
patterns associated with Pe values.

As for the fracture permeability, at slow flow rate (low Pe), in
S-free solution experiments, kf did not significantly change since
face dissolution did not cause fracture aperture to vary. Moreover,
detached grains along the fracture may have led to the obstruction
of the fluid flow, preventing kf from increasing. In S-rich solutions,
a marked decrease in kf was attributed to gypsum precipitation.
At fast flow rate (high Pe),  kf slightly increased with slight varia-
en a fractured marl caprock and CO2-rich sulfate solution under
tp://dx.doi.org/10.1016/j.ijggc.2015.11.005

tions in aperture in the S-free solution. The increase in kf in the
S-rich experiment was  attributed to the absence of gypsum precip-
itates. This suggests the existence of flow through the altered rock
matrix.

dx.doi.org/10.1016/j.ijggc.2015.11.005
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Nevertheless, small differences in composition and/or structure
xist between different samples. These differences exert a consid-
rable influence on the reproducibility of the experimental results,
assivation of gypsum or inhibition of calcite dissolution in the
resence of sulfate and movement of grains, and on the obstruc-
ion of flow paths. These phenomena play a central role in fracture
ermeability.

In the light of our findings, CO2-rich solutions in contact with
 fractured marl caprock favor CO2 migration pathways if (1)
roundwater has a low content of sulfate that prevents gypsum
recipitation and/or if (2) the fluid flow is fast. By contrast, seal-

ng of the fractures takes place if gypsum precipitates and the flow
ates are slow.
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ppendix A.

The chemical composition of clinochlore
MgXFeYSi3Al2O10(OH)8; X + Y = 5) and the normative compo-
ition of the marl were calculated from the chemical (XRF, wt.%
lements) and mineralogical (XRD-Rietveld analysis, wt.% miner-
ls) compositions. Although Mg  substitution for Ca in calcite can
o up to 5–7% (Goldsmith et al., 1955) and albite can incorporate
0% K replacing Na (otherwise it is anorthoclase), in the calculation

t is assumed that all Mg  and K are from clinochlore and illite,
espectively.

Ca (mol) in gypsum and anhydrite (CaGp+Anh) was obtained from
he total Ca (mol from XRF) and the Ca in calcite (mol from XRD-
ietveld).

aGp+Anh = CaXRF − CaCal−Rietveld (A1)

S (mol) in gypsum and anhydrite (SGp+Anh) was calculated using
he stoichiometry

Gp+Anh = CaGp+Anh (A2)

S and Fe (mol) in pyrite (SPy and FePy) were calculated from

Py = SXRF − SGp (A3)

ePy = SPy

2
(A4)

nd Fe and Mg  (mol) in clinochlore (FeCln and MgCln) were obtained
Please cite this article in press as: Dávila, G., et al., Interaction betwe
supercritical CO2 conditions. Int. J. Greenhouse Gas Control (2015), ht

rom

eCln = FeXRF − FePy (A5)

gCln = MgXRF (A6)
Fig. B1. The microRaman spectrum of a thin section prepared from Exp. 4 (S-rich
solution, Q = 1 mL h−1).

MgCln + FeCln = 5 (A7)

MgCln

FeCln
= Z (A8)

resulting in: Z = 1.38; X = 2.9 and Y = 2.1
(Mg2.9Fe2.1Si3Al2O10(OH)8).

Al and Si (mol) in clinochlore (AlCln and SiCln) were calculated
from the stoichiometry of the reaction:

AlCln = 2
5

(MgCln + FeCln) (A9)

SiCln = 3
2

AlCln (A10)

K (mol) in illite (KIlt) was  calculated from the ideal stoichiometry
of the mineral

KIlt = KXRF (A11)

AlIlt = 3KIlt (A12)

SiIlt = 3KIlt (A13)

Al (mol) in the albite (AlAb) was  calculated from mass balance
and the Na and Si (mol) in albite (NaAb and SiAb) were calculated
using the stoichiometry of the reaction

AlAb = AlXRF − AlCln − AlIlt (A14)

NaAb = AlAb (A15)

SiAb = 3AlAb (A16)

Finally, the amount of Si in quartz (SiQz) corresponds to

SiQz = SiXRF − SiCln − SiAb − SiIlt (A17)

Appendix B.

Fig. B1

Appendix C. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ijggc.2015.11.005.
en a fractured marl caprock and CO2-rich sulfate solution under
tp://dx.doi.org/10.1016/j.ijggc.2015.11.005
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