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c GET, CNRS/UMR 5563, Université Paul Sabatier, 14 rue Edouard Belin, 31400 Toulouse, France

Received 11 March 2011; accepted in revised form 6 July 2011; available online 18 July 2011

Abstract

Steady-state silica release rates (rSi) from basaltic glass and crystalline basalt of similar chemical composition as well as
dunitic peridotite have been determined in far-from-equilibrium dissolution experiments at 25 �C and pH 3.6 in (a) artificial
seawater solutions under 4 bar pCO2, (b) varying ionic strength solutions, including acidified natural seawater, (c) acidified
natural seawater of varying fluoride concentrations, and (d) acidified natural seawater of varying dissolved organic carbon
concentrations. Glassy and crystalline basalts exhibit similar rSi in solutions of varying ionic strength and cation concentra-
tions. Rates of all solids are found to increase by 0.3–0.5 log units in the presence of a pCO2 of 4 bar compared to CO2 pres-
sure of the atmosphere. At atmospheric CO2 pressure, basaltic glass dissolution rates were most increased by the addition of
fluoride to solution whereas crystalline basalt rates were most enhanced by the addition of organic ligands. In contrast,
peridotite does not display any significant ligand-promoting effect, either in the presence of fluoride or organic acids. Most
significantly, Si release rates from the basalts are found to be not more than 0.6 log units slower than corresponding rates
of the peridotite at all conditions considered in this study. This difference becomes negligible in seawater suggesting that
for the purposes of in-situ mineral sequestration, CO2-charged seawater injected into basalt might be nearly as efficient as
injection into peridotite.
� 2011 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The dissolution of mafic and ultramafic rocks in the
presence of carbon dioxide is of great current interest due
to the potential for carbon dioxide storage in basaltic
and/or peridotitic rocks. This storage method involves con-
verting gaseous/supercritical CO2 into carbonate minerals
for the safe and long-term storage of CO2 (Seifritz, 1990;
Lackner et al., 1995; Lackner, 2003; Metz et al., 2005;
Oelkers and Schott, 2005). Consideration of the dissolution
rates of various silicate minerals indicates that the most effi-

cient source of the divalent cations essential for the carbon-
atization process are basalts and ultramafic rocks
(e.g., Marini, 2006; McGrail et al., 2006; Matter et al.,
2007; Kelemen and Matter, 2008; Oelkers et al., 2008a;
Andreani et al., 2009; Prigiobbe et al., 2009b; Schaef and
McGrail, 2009; Shikazono et al., 2009; Schaef et al., 2010;
Gislason et al., 2010). To limit the risk associated with
buoyancy and to facilitate host rock/CO2 reactions, it is
advantageous to dissolve this gas into an aqueous solution
prior to its injection into the subsurface. CO2 dissolution,
however, requires large water volumes (Gislason et al.,
2010) that may not be available due to insufficient ground-
water sources, low recharge rates, or inefficient water man-
agement (cf. Oelkers et al., 2011; Schwartz and Ibaraki,
2011). In such cases, mineral sequestration may only
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become a viable option for carbon storage when seawater is
used for the dissolution of CO2 before injection. Towards
the better understanding of the potential applicability of
seawater during carbon mineralization efforts, the dissolu-
tion rates of basalt and peridotite have been determined
in CO2-rich reactive fluids, including natural and artificial
seawater. The purpose of this study is to report the results
of these measurements and to use them to assess the poten-
tial of seawater to be used for carbonation purposes preced-
ing mineral sequestration.

The interaction of seawater with mafic and ultramafic
rocks is significant to a number of natural processes. For
example, hydrothermal alteration of mid-ocean ridge bas-
alts plays a large role in the global cycling of the elements
(e.g., Bischoff and Dickson, 1975; Seyfried and Bischoff,
1977, 1979, 1981; Mottl and Holland, 1978; Seyfried and
Mottl, 1982; Humphris et al., 1995; German et al., 2004;
Lowell et al., 2008). The interaction of low temperature,
acidic, CO2-rich seawater such as investigated in this study
can also lead to extensive carbonatization in natural
systems (Robins and Tysseland, 1983; Greenough and
Papezik, 1985; Veizer et al., 1989; Nakamura and Kato,
2004; Rogers et al., 2006).

2. MATERIALS AND METHODS

2.1. Rocks

The basaltic glass and crystalline basalt used in this
study, referred to as ‘G’ and ‘X’ in some figures and tables,
were collected from the Stapafell Mountain in SW Iceland.
The dissolution behaviour of these basalts has been previ-
ously studied (Oelkers and Gislason, 2001; Gislason and
Oelkers, 2003; Flaathen et al., 2010; Stockmann et al.,
2011; Gudbrandsson et al., 2011). Their chemical composi-
tions, normalized to one Si, are listed in Table 1a. The ele-
mental composition of the basaltic glass is nearly identical
to that of the crystalline basalt. In contrast to the glass,
the crystalline basalt is a heterogeneous multi-phase solid
consisting of 41 vol% labradoritic plagioclase, 34 vol% au-
gitic clinopyroxene, 16 vol% forsteritic olivine, and minor
iron oxides and interstitial glass. The mineralogical compo-
sition of this rock is summarized in Table 1b. Further de-
tails of these rocks, including their chemical composition
as determined by X-ray fluorescence spectroscopy as well
as scanning electron microscope images of their surfaces
can be found in Stockmann et al. (2011) and Gudbrandsson
et al. (2011), respectively.

The peridotite (referred to as ‘P’ in some figures and ta-
bles) is the ‘green’ variety from the Gusdal locality in the
Almklovdalen peridotite complex within the Western
Gneiss Region, southern Norway. Details on its genesis
and petrology can be found in Kostenko et al. (2002). Min-
eralogically, the peridotite is a chlorite dunite consisting of
90–95 vol% olivine and minor Mg–clinochlore. Cr–spinel
was not detected by X-ray diffraction and has therefore
not been listed as a phase in Table 1b. However, electron
microprobe analysis confirmed its presence through a char-
acteristic Cr peak.

All solids were dried at room temperature for several
days before being ground with a jaw crusher. The material
was dry sieved to obtain the 45–125 lm size fraction. This
size fraction was gravitationally settled to remove fine par-
ticles, then cleaned ultrasonically five times in deionized
water and then in acetone. The resulting powder was
oven-dried at 50 �C for several days. The BET specific
surface area of the cleaned powders was determined via 3-
point krypton adsorption using a Quantachrome Gas Sorp-
tion system. Resulting BET surface areas are listed in
Table 1a, together with corresponding specific geometric
surface areas (Ageo) that were determined by dividing the
number 6 (= number of faces of a perfect cube) by the
product of particle density and average particle diameter.

2.2. Reactive fluids

The natural seawater used in some experiments had a
normal salinity of 35.1& and was collected in acid washed
27 L polypropylene buckets at 988 m depth off the south-
west shore of Iceland (64�200N; 27�570W). This seawater
was pumped through a Barnstead� activated charcoal
pre-treatment cartridge followed inline by a 0.15 lm ColeP-
armer� carbon-block membrane cartridge to remove
organics, bacteria, and suspended material. It was subse-
quently stored at 4 �C in the dark and warmed up to room
temperature overnight prior to its use.

In addition to the experiments run in natural seawater,
further experiments were performed in artificial seawater
and other aqueous solutions. These solutions were created
by dissolving Mercke or Sigma–Aldriche chemicals in
deionized Milliporee water. All chemicals used were re-
agent grade other than the siderophore desferrioxamine B
(DFOB) which was P92.5% pure. Artificial seawater was
created to contain the solute concentrations for the ions
Na, K, Mg, Ca, chloride, sulphate, (bi)carbonate, and fluo-
ride equal to that proposed by Millero (2003). DFOB was

Table 1a
Chemical composition and surface areas of the basaltic glass (G), crystalline basalt (X), and peridotite (P) used in this study normalized to one
silicon. The composition of two other basaltic glasses considered in this study (SS, HEI) whose composition was previously reported (Wolff-
Boenisch et al., 2004b) are also provided.

Rock Chemical composition ABET (cm2/g) Ageo (cm2/g)

G Si1.000 Al0.365 Mg0.294 Ca0.263 Na0.081 K0.008 Ti0.025 P0.004 Mn0.003 Fe0.191 O3.403 5878 251
X Si1.000 Al0.329 Mg0.310 Ca0.273 Na0.061 K0.007 Ti0.025 P0.003 Mn0.003 Fe(II)0.174 Fe(III)0.019 O3.374 7030 255
P Si1.000 Al0.017 Mg1.639 Fe(II)0.120 Cr0.005 Mn0.002 O3.795 3286 232
SS Si1.000 Al0.414 Mg0.189 Ca0.228 Na0.150 K0.018 Ti0.039 P0.006 Mn0.003 Fe(II)0.174 Fe(III)0.042 O3.457 1945 255
HEI Si1.000 Al0.377 Mg0.075 Ca0.147 Na0.224 K0.040 Ti0.033 P0.013 Mn0.004 Fe(II)0.129 Fe(III)0.056 O3.238 710 272

Dissolution of basalts and peridotite in seawater 5511

https://www.researchgate.net/publication/265201913_MID-OCEAN_RIDGES_Hydrothermal_Interactions_Between_the_Lithosphere_and_Oceans?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/258303202_Magma_to_Microbe_Modeling_Hydrothermal_Processes_at_Ocean_Spreading_Centers?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/251729542_An_experimental_study_of_crystalline_basalt_dissolution_from_2_pH_11_and_temperatures_from_5_to_75_C?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/251729542_An_experimental_study_of_crystalline_basalt_dissolution_from_2_pH_11_and_temperatures_from_5_to_75_C?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/251729542_An_experimental_study_of_crystalline_basalt_dissolution_from_2_pH_11_and_temperatures_from_5_to_75_C?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/248431186_Carbonatization_of_oceanic_crust_by_the_seafloor_hydrothermal_activity_and_its_significance_as_a_CO_2_sink_in_the_Early_Archean_1?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/248431186_Carbonatization_of_oceanic_crust_by_the_seafloor_hydrothermal_activity_and_its_significance_as_a_CO_2_sink_in_the_Early_Archean_1?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/248360874_The_effect_of_aqueous_sulphate_on_basaltic_glass_dissolution_rates?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/248358561_The_geology_geochemistry_and_origin_of_ultrabasic_fenites_associated_with_the_Pollen_Carbonatite_Finnmark_Norway?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/230891331_Geochemistry_of_Precambrian_carbonates_I_Archean_hydrothermal_systems?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/229401739_CO2_metasomatism_in_a_basalt-hosted_petroleum_reservoir_Nuussuaq_West_Greenland?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/229309712_Do_carbonate_precipitates_affect_dissolution_kinetics_1_Basaltic_glass?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/229309712_Do_carbonate_precipitates_affect_dissolution_kinetics_1_Basaltic_glass?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/229309712_Do_carbonate_precipitates_affect_dissolution_kinetics_1_Basaltic_glass?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/227685430_The_mechanism_of_fluid_infiltration_in_peridotites_at_Almklovdalen_Western_Norway?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/223523299_Low_temperature_basalt_alteration_by_sea_water_an_experimental_study_at_70C_and_150C?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/223267631_Seawater-basalt_interaction_at_200C_and_500_bars_Implications_for_origin_of_sea-floor_heavy-metal_deposits_and_regulation_of_seawater_chemistry?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/223236012_Experimental_seawater-basalt_interaction_at_300_C_500_bars_chemical_exchange_secondary_mineral_formation_and_implications_for_the_transport_of_heavy_metals_1?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/222633417_Chloritization_and_carbonatization_of_Cambrian_volcanic_rocks_in_eastern_Newfoundland_and_southern_New_Brunswick_Canada?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/222633417_Chloritization_and_carbonatization_of_Cambrian_volcanic_rocks_in_eastern_Newfoundland_and_southern_New_Brunswick_Canada?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/222570244_The_mechanism_rates_and_consequences_of_basaltic_glass_dissolution_I_An_experimental_study_of_the_dissolution_rates_of_basaltic_glass_as_a_function_of_aqueous_Al_Si_and_oxalic_acid_concentration_at_25?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/222552980_Mechanism_rates_and_consequences_of_basaltic_glass_dissolution_II_An_experimental_study_of_the_dissolution_rates_of_basaltic_glass_as_a_function_of_pH_and_temperature?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/222552980_Mechanism_rates_and_consequences_of_basaltic_glass_dissolution_II_An_experimental_study_of_the_dissolution_rates_of_basaltic_glass_as_a_function_of_pH_and_temperature?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/222154030_Hydrothermal_alteration_of_basalt_by_seawater_under_seawater-dominated_conditions?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/222154030_Hydrothermal_alteration_of_basalt_by_seawater_under_seawater-dominated_conditions?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/221993599_Hydrothermal_transport_of_heavy_metals_by_seawater_The_role_of_seawaterbasalt_ratio?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==
https://www.researchgate.net/publication/221993599_Hydrothermal_transport_of_heavy_metals_by_seawater_The_role_of_seawaterbasalt_ratio?el=1_x_8&enrichId=rgreq-2036d1d50ed887f43b3ef76ae490538e-XXX&enrichSource=Y292ZXJQYWdlOzI1NjcxNTM3OTtBUzoxMDIwNTg5MDQ1MjI3NTNAMTQwMTM0NDE0NzI5Ng==


Author's personal copy

used in this study as a proxy for siderophores present in
seawater. Marine siderophores are known to be major iron
chelators (Macrellis et al., 2001; Yoshida et al., 2002) which
may serve a pivotal role in the supply of dissolved iron in
many parts of the oceans.

The Si, Ti, Na, K, Mg, Ca, Fe, Al, and Mn concentra-
tions of all inlet and outlet fluids were measured by induc-
tively coupled argon plasma using a Spectro Vision optical
emission spectrometer. Fluoride was determined using a
Cole-Parmer� fluoride specific electrode and DOC was as-
sessed via high temperature catalytic oxidation with non-
dispersive infrared detection at the Umea Marine Sciences
Centre, Sweden.

2.3. Experimental design

In total four distinct experimental series were performed
on the three rocks. Each series was designed to determine
the effects of specific fluid components on the dissolution
kinetics of these solids. Series SWC focussed on the effect
of the chemical components of seawater on dissolution
rates, series I focussed on the effect of varying ionic
strength, and series F and DOC focussed on the effects of
changing fluoride and dissolved organic carbon concentra-
tions, respectively. Table 2 provides further details about
these four different experimental series.

Two different experimental designs were used in this
study. Series SWC was performed in the presence of 4 bar
pCO2, while the pCO2 of the other three experimental series
(I, F, DOC) was fixed by atmospheric equilibrium. The
continuously elevated pCO2 in series SWC leads to a mea-
sured reactive fluid pH of 3.6 due to carbonic acid dissoci-
ation. To allow direct comparison with the results of this
series, HCl was added to the inlet fluids of the other three
experimental series to obtain a comparable pH. A sche-
matic illustration of the pressurized reactor system used
for series SWC is shown in Fig. 1. This reactor system al-
lows the continuous control and maintenance of constant
elevated CO2 pressure over the entire duration of the exper-
imental series. A high pressure liquid chromatography
pump delivered the inlet fluid into the Parr Instrumente
reactor at rates from 1 to 2 ml/min. The reactor tempera-
ture was maintained at 25 �C with a heating sleeve. The in-
let solution was mixed with CO2 from a 200 L gas cylinder
at the reactor inlet. This fluid/CO2 mixture was injected
into the bottom of the reactor via a dip tube to ensure max-
imum contact time of liquid and gas. The 300 ml reactor
was loaded with 4–5 g of powdered rock prior to the start

of each experiment. The fluid/solid suspension was stirred
constantly by a magnetic stirrer at approximately
300 rpm. To obtain maximum gas dispersion into the li-
quid, the stirrer was fitted with a special gas entrainment
impeller with gas dispersion ports located at its tips. The
CO2 was thus continuously re-circulated from the head
space above into the liquid through the impeller. The pres-
surized outlet fluid passed through a custom-made Teflon�

pH cell containing high P/T pH electrodes (Corr Instru-
ments, Texas) connected to a pH meter. From the pH elec-
trode chamber, the fluid passed through a titanium back
pressure regulator whose pressure was regulated with nitro-
gen. Samples passed through a 2 lm titanium filter when
exiting the reactor and were further filtered at the outlet
through a 0.2 lm cellulose acetate filter and acidified with
0.5% concentrated suprapure HNO3. All wet components
of the system were either made of Teflon�, PEEK (poly-
etheretherketone) or titanium since any steel alloy could
corrode at the ionic strength and pH of the reactive fluids.

The reactor was operated for 48 h before the first sample
was taken. Sample collection was timed to allow 2–3 resi-
dence times to pass between each sampling. The residence
time is defined as the reactor volume divided by the fluid
flow rate and ranged from 3 to 5 h, depending on the exper-
iment. Steady-state was assumed when four consecutive
rate determinations from Si outlet concentrations showed
a standard deviation of 60.15 log units. This usually oc-
curred within 3–4 days. Steady-state Si release rates were
obtained for each inlet fluid composition.

At the onset of the experimental series SWC, the inlet
fluid consisted of a Na, K, Mg, Ca chloride solution with
composition mimicking seawater. After reaching steady-
state, 68 lmolal of NaF was added to the original chloride
inlet fluid. On attainment of a second steady-state,
28 mmolal of MgSO4 was added and a new steady-state
reached. This was followed by the addition of 10 lmolal
of DFOB to this inlet fluid and achievement of a further
steady state. Finally, 1.75 mmolal NaHCO3 and 0.27 mmo-
lal Na2CO3 were added together to this inlet fluid. This final
inlet fluid had a composition and ionic strength nearly iden-
tical to that of typical seawater (Millero, 2003).

Experimental series I was performed in a similar man-
ner as series SWC in that an inlet fluid was pumped
through a reactor filled with powdered rock, this time,
however, without added CO2 pressure. As such, no gas cyl-
inder, back pressure regulator or pH cell was required. The
reactor system used for these experiments is illustrated in
Fig. 2 and consisted of three Parr Instrumentse titanium
reactors connected by a mixing tee joint with the incoming
fluid. In this way the dissolution kinetics of three different
materials can be simultaneously measured at same condi-
tions. At the start of this experimental series each reactor
was filled with 4–5 g of solid rock material. All reactor
components in contact with the fluid phase were either
made of Teflon�, PEEK, titanium, or Hastelloy� 276 to
avoid corrosion.

As was the case in experimental series SWC, experimen-
tal series I consisted of a set of sequential steady-state con-
ditions for inlet fluids of distinct compositions (cf. Table 2).
Beginning with a 10 mmol/kg NH4Cl inlet fluid, subsequent

Table 1b
Mineralogical composition in volume percent of the basalts and
peridotite.

Rock Mineralogical composition

G, SS, HEI 100% glass
X 41% labradorite (An65), 34% augite, 16% olivine

(Fo85), 5% iron oxides, 4% glass
P 90–95% olivine (Fo92), �5% Mg–clinochlore

(Mg/(Mg + Fe) = 95–97 mol%)
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steady-states were obtained by replacing the inlet fluid, first
with a KCl solution, then a CaCl2 solution, then a MgCl2
solution, and finally a NaCl solution. The pH of all these
inlet fluids was adjusted to pH 3.6 with HCl to imitate
the pH of the SWC series and the concentration of each
of these chloride inlet solutions was selected to correspond
to that of seawater for the given cation. After attainment of
steady-state with the NaCl inlet fluid, this fluid was re-
placed with natural seawater plus sufficient HCl to lower
its pH to 3.6.

Two additional experimental series, F and DOC, were
performed. These sets were run in the same reactors as used
for series I described above. Likewise, a series of distinct
steady-state dissolution rate measurements were obtained
in conditions of chemically varying fluids. The initial inlet
fluid for experimental series F was a natural seawater solu-
tion adjusted to pH 3.6 by adding HCl. This natural seawa-
ter already contains 67 lmolal fluoride, in close agreement
to the literature for typical seawater (Millero, 2003). After
reaching steady-state, NaF was added sequentially to this
inlet fluid to create inlet fluids containing fluoride concen-
trations of 120, 180, and 240 lmolal, respectively. Similarly,
the initial inlet fluid for experimental series DOC was also
natural seawater adjusted to pH 3.6 with HCl. Subsequent
reactive inlet fluids were composed of (1) this acidified sea-

water plus 120 lmolal DFOB, (2) this acidified seawater
plus 120 lmolal oxalic acid, and (3) this acidified seawater
plus 120 lmolal of citric acid (cf. Table 2).

3. THEORETICAL BACKGROUND

The standard state adopted in this study is that of unit
activity of pure minerals and H2O at any temperature and
pressure. For aqueous species other than H2O, the standard
state is unit activity of species in a hypothetical one molal
solution referenced to infinite dilution at any temperature
and pressure. All thermodynamic calculations reported in
this study were performed using the geochemical modelling
code PHREEQC (Parkhurst and Appelo, 1999) together
with its phreeqc.dat database.

Rates determined in the present study are based on Si re-
lease. This choice was made for several reasons. First, Si is
generally the element holding together the mineral or glass
structure; its release requires the dissolution of most miner-
als (cf. Oelkers, 2001b). Secondly, other solute choices, like
Mg, Ca, Fe, or Al, are either present in very small quanti-
ties (e.g., Al and Ca in peridotite) or released preferentially
(e.g., Mg and Fe in crystalline basalt). Furthermore, many
experiments in this study were carried out in artificial and

Table 2
Chemical composition of all inlet solutions used and Si release rates obtained in the present study. The prefixes on the reference codes
correspond to the experimental series SWC, I, F, and DOC which explore the effect on rates of seawater components, ionic strength, fluoride,
and dissolved organic carbon, respectively. The abbreviations G, X, and P designate basaltic glass, crystalline basalt, and peridotite.

Reference
code

Inlet solution compositiona Ionic strengthb

(mol/kg)
Exp.
duration (h)

pCO2

(bar)
pH
in

pH
outc

Log rSi,geo
d

G X P

SWC-Cl 469 mm NaCl, 10 mm KCl
53 mm MgCl2, 10 mm CaCl2

0.697 102 4 3.53 3.76 �8.42 �8.14 �7.65

SWC-F 68 lm NaF added 0.697 174 4 3.53 3.88 �7.95 �7.99 �7.55
SWC-SO4 28 mm MgSO4 added 0.691 270 4 3.59 3.94 �7.93 �7.98 �7.54
SWC-DFOB 10 lm DFOB added 0.691 342 4 3.59 3.94 �7.96 �8.03 �7.52
SWC-CO3 1.75 mm NaHCO3 and

0.27 mm Na2CO3 addede
0.690 438 4 4.31 4.64 �8.12 �8.29 �7.70

I-NH4 10 mm NH4Cl, HCl 0.010 96 atf 3.60 3.77 �8.85 �8.61 �8.04
I-K 22 mm KCl, HCl 0.023 169 at 3.47 3.54 �8.79 �8.50 �7.95
I-Ca 10 mm CaCl2, HCl 0.031 265 at 3.63 3.91 �8.54 �8.64 �8.03
I-Mg 53 mm MgCl2, HCl 0.160 337 at 3.56 4.20 �8.35 �8.23 �8.00
I-Na 482 mm NaCl, HCl 0.483 433 at 3.51 3.99 �8.49 �8.38 �8.10
I-SW* SWg, HCl 0.664 601 at 3.68 4.73 �8.26 �8.35 �8.05
F-67 SW, HCl, 67 lm NaF 0.668 169 at 3.57 5.14 �8.14 �8.32 �7.90
F-120 SW, HCl, 112 lm NaF 0.668 242 at 3.60 5.27 �8.16 �8.20 �7.96
F-180 SW, HCl, 166 lm NaF 0.668 338 at 3.63 5.64 �8.05 �8.15 �7.92
F-240 SW, HCl, 235 lm NaF 0.668 409 at 3.71 5.66 �7.96 �8.00 �7.75
DOC-SW SW, HCl 0.668 73 at 3.62 5.82 �8.30 �8.46 �8.13
DOC-DFOB SW, HCl, 120 lm DFOB 0.668 170 at 3.64 5.51 �8.11 �7.99 �8.05
DOC-Ox SW, HCl, 120 lm oxalic acid 0.668 241 at 3.56 5.79 �8.27 �7.95 �7.98
DOC-Cit SW, HCl, 120 lm citric acid 0.668 336 at 3.63 5.77 �8.30 �8.08 �8.10

a All molal concentrations were calculated based on the mass of chemical added, only fluoride in the ‘F’ series was analyzed.
b Determined with PHREEQC.
c Corresponds to the pH measured in the in-line cell for the ‘SWC’ experiments.
d Rates are in units of (mol/m2/s).
e Corresponds to a bicarbonate alkalinity of 2.29 mequiv.
f Atmospheric.
g Natural seawater.
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natural seawater rendering it impossible to quantify the
minute difference between inlet and outlet Ca and Mg con-
centrations required for rate determinations. Si release rates
(rSi,geo) were generated using:

rSi;geo ¼ F � CSi=ðAgeo � mÞ ð1Þ

where F is the pump flowrate, CSi stands for the concentra-
tion of Si in the outlet fluid, Ageo denotes the specific geo-
metric surface area (cf. Table 1a), and m represents the
initial mass of material in the reactor. Rates in this study
were normalized to geometric specific surface area, which
for the case of glass dissolution was found to be more con-
sistent than normalizing rates to the BET specific surface
area (Wolff-Boenisch et al., 2004b).

The dissolution of glassy basalt can be treated as a
homogeneous one-phase system consisting 100% of basaltic
glass. Back scattering images from a scanning electron

microscope confirm that while microcrystalline phases are
present, they are confined within the glass shards (Wolff-
Boenisch, 2004). Consistent with the dissolution mecha-
nisms of many aluminosilicate minerals (Oelkers et al.,
1994, 2008b; Schott and Oelkers, 1995; Devidal et al.,
1997; Oelkers and Schott, 1999; Harouiya and Oelkers,
2004; Lowson et al., 2005), including plagioclases (Oelkers
and Schott, 1998), the rate controlling step in the dissolu-
tion of basaltic glass is the breaking of partially liberated
Si–O tetrahedra formed by Al for proton exchange reac-
tions (Oelkers and Gislason, 2001; Gislason and Oelkers,
2003; Wolff-Boenisch et al., 2004a; Stockmann et al.,
2011). In accord with this mechanism, basaltic glass
forward dissolution rates (rglass) can be described using
(Oelkers and Gislason, 2001):

rglass ¼ kða3
Hþ=aAl3þÞ

n ð2Þ

Fig. 1. Experimental set-up used for experimental series SWC in the presence of 4 bar CO2 pressure. The inlet fluid was delivered to the
titanium mixed-flow reactor via a high pressure liquid chromatography (HPLC) pump while, simultaneously, gaseous CO2 entered the same
dip tube through a hose and a check valve. The outlet fluid was pumped across an inline pressurized pH cell and exited through a titanium
back pressure regulator whose pressure was controlled with nitrogen.

Fig. 2. Experimental set-up used for experimental series I, F, and DOC. The inlet fluid was delivered to the three titanium mixed-flow reactors
via a high pressure liquid chromatography (HPLC) pump and a mixing tee (‘mix’) joint. The 300 ml reactors on the left held basaltic glass and
crystalline basalt, respectively while the 100 ml reactor to the right hosted peridotite.
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where k stands for a rate constant, n represents the reaction
order equal to 1/3 and ai corresponds to the activity of the
subscripted aqueous species. The form of Eq. (2) is due to
the stoichiometry of the proton for Al exchange reaction,
which balances charge, and the reaction order n corre-
sponds to the number of partially liberated Si atoms created
by each exchange reaction. In accord with Eq. (2), any li-
gand that affects the aqueous speciation of Al will affect
basaltic glass dissolution rates.

The peridotite consists mainly of forsteritic olivine plus
minor amounts of Mg–clinochlore and traces of Cr–spinel.
Because of the much lower dissolution rate of chlorite com-
pared to forsterite at acidic conditions (Brandt et al., 2003;
Lowson et al., 2005), the dissolution behaviour of this peri-
dotite should be similar to that of pure olivine. A large
number of studies have provided forsterite dissolution rates
(e.g., Kuo and Kirkpatrick, 1985; Wogelius and Walther,
1991, 1992; Chen and Brantley, 2000; de Leeuw et al.,
2000; Pokrovsky and Schott, 2000; Rosso and Rimstidt,
2000; Oelkers, 2001a; Hänchen et al., 2006; Morris and
Wogelius, 2008; Olsen and Rimstidt, 2008; Prigiobbe
et al., 2009a,b). An equation describing far-from-equilib-
rium forsterite dissolution (rFo) under acidic conditions,
based on the assumption that the breaking of the silica-
rich/magnesium-deficient {>Si2O–H+} surface complex
controls dissolution rates, is given by (Pokrovsky and
Schott, 2000):

rFo ¼ kf> Si2O–Hþg ð3Þ

where k represents a rate constant and {>Si2O–H+} stands
for the >Si2O–H+ surface species concentration. The
{>Si2O–H+} complex is formed by exchange of two pro-
tons for a Mg atom on the forsterite surface followed by
polymerization of partially protonated SiO4 tetrahedra
and rate-controlling proton penetration into the leached
layer and its adsorption on silica dimers. According to this
rate expression pH is the most crucial factor influencing
forsterite dissolution.

Crystalline basalt is comprised of three major mineral
phases, augite, labradorite, and forsterite. Its dissolution
behaviour over the entire pH range was found to corre-
spond approximately to the sum of the dissolution rates
of each constituent normalized to its volume fraction in ac-
cord with (Gudbrandsson et al., 2011):

ri;j ¼
XN

k¼0

Aj;k

Aj
mi;krj;k

¼ Aj;plag

Aj
mi;plagrj;plag þ

Aj;ol

Aj
mi;olrj;ol þ

Aj;py

Aj
mi;pyrj;py ð4Þ

where rj,k refers to the dissolution rate of the kth mineral
(plagioclase, olivine, pyroxene) normalized to the jth sur-
face area, vi,k designates the stoichiometric number of the
ith element in the kth mineral, Aj,k symbolizes the jth spe-
cific surface area of the kth mineral and Aj is the overall sur-
face area.

Plagioclase forward dissolution rates can be described
using the same equation as Eq. (2) (Oelkers and Schott,
1998). Most pyroxene dissolution studies have focussed
principally on diopside (Knauss et al., 1993; Chen and

Brantley, 2000; Golubev et al., 2005; Dixit and Carroll,
2007; Daval et al., 2010) and much less so on augite (Siegel
and Pfannkuch, 1984). Pyroxene forward dissolution rates
decrease continuously with increasing pH and are mildly
inhibited by increasing divalent metal cation concentration.
Assuming forward pyroxene dissolution rates (rpy) are con-
trolled by the breaking of partially liberated Si–O tetrahe-
dra formed by divalent metal for proton exchange
reactions they can be described in accord with (Oelkers
and Schott, 2001):

rpy ¼ kða2
Hþ=aM2þÞn ð5Þ

where again k designates a rate constant, n stands for a
reaction order equal to 1/8, and M represents the major
divalent metal of the pyroxene. Eqs. (2)–(5) suffice to de-
scribe the dissolution behaviour of all major phases consti-
tuting the rocks dissolved in this study. They will be used
below to describe measured Si release rates as a function
of fluid chemistry.

4. RESULTS AND DISCUSSION

4.1. Experimental series SWC

Experimental series SWC was aimed at assessing the ef-
fect of various seawater components at near constant ionic
strength on rock dissolution rates at elevated CO2 partial
pressure. Fig. 3 is an example of the variation in steady-
state Si release rates over time encountered in the experi-
ments. This figure illustrates results from the basaltic glass
dissolution experiments. Individual rates were determined
at sampling intervals of approximately three residence times
and averaged to yield the rSi values shown in Fig. 4 and
listed in Table 2 for the three rock types. Crystalline and
glassy basalt dissolution kinetics exhibit similar Si release
rates whereas Si is released 0.4–0.6 log units faster from
peridotite. Given the dunitic character of the peridotite, this
observation is close to the average 0.7 log unit difference
found between forsterite and basaltic glass dissolution rates
at pH 4 reported by Wolff-Boenisch et al. (2006). The addi-
tion of 68 lmolal NaF to the initial high ionic strength
reactive fluid increases the glass rate threefold. This dissolu-
tion promoting effect of fluoride has been well established
for silicate minerals (e.g., Grandstaff, 1986; Steel et al.,
2001; Harouiya and Oelkers, 2004) and volcanic glasses
(Wolff-Boenisch et al., 2004a). In the latter case, the disso-
lution promoting effect was explained by the interaction of
fluoride with aluminium released from the glasses reducing
thus the aqueous activity of Al3+ in the fluid (see Eq. (2)).
In contrast, the Si release rates from crystalline basalt and
peridotite are only slightly increased by the addition of F
to the reactive fluid. The relatively small effect of F on rSi

of these rocks stems from the fact that their dissolution is
dominated by olivine and/or clinopyroxene at the low pH
of these experiments (cf. Gudbrandsson et al., 2011). Con-
sistent with Eqs. (3) and (4), olivine and clinopyroxene dis-
solution rates are relatively insensitive to aqueous fluoride
concentration. The Si release rates then remain close to con-
stant for all rocks, irrespective of the further, sequential

addition of 28 mmolal MgSO4 and 10 lmolal DFOB. This
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observation appears to contrast with recent reports of
increasing basaltic glass dissolution rates with increasing
aqueous sulphate concentrations at low pH (Flaathen
et al., 2010), findings of higher forsterite dissolution rates
in the presence of various organic ligands (Grandstaff,
1986; Wogelius and Walther, 1991; Hänchen et al., 2006;
Morris and Wogelius, 2008; Olsen and Rimstidt, 2008;
Krevor and Lackner, 2009), and publications of enhanced
basalt dissolution rates in the presence of aqueous organic
species (Eick et al., 1996; Oelkers and Gislason, 2001;
Hausrath et al., 2009). However, fluid speciation calcula-
tions indicate that sulphate is a weak complexing ligand
for aluminium and that in our reactive fluids the majority
of Al is complexed by fluoride (cf. Table 3). As for the addi-
tion of DFOB, its concentration is only 10 lmolal but or-
ders of magnitude higher than siderophore concentrations
reported to be present in seawater (Vraspir and Butler,
2009). The addition of 10 lmolal DFOB is probably too
low to cause a measurable effect on the dissolution rates,
especially in the presence of fluoride. This assumption is
substantiated by the fact that the afore-mentioned refer-
ences on forsterite–organic ligand interaction found that

the addition of mM range concentrations of dissolved
organics was required to substantially increase dissolution
rates. Furthermore, these studies concurred that the organic
ligand effect was considerably reduced at low pH. Another
factor is that DFOB may complex with the various aqueous
cations in solution, including Mg2+, limiting its sorption on
mineral surfaces. The final steady-state during the SWC
experimental series was obtained after adding 2 mmolal of
carbonate ions to the reactive fluid. This addition of alka-
linity increased the reactive fluid pH to 4.3. As a conse-
quence of this pH rise, the rates of all three solids
decreased. This rate decrease was expected as all the solids
are comprised of phases whose dissolution rates decrease
with increasing pH at acidic conditions (cf. Eqs. (2)–(5)).
It seems unlikely that rates decreased due to an increase
of dissolved inorganic carbon (DIC) concentration for
two reasons. First, the addition of 2 mmolal DIC is small
compared to the 114 mmolal DIC present in this fluid due
to carbon dioxide dissolution in the 4 bar pCO2 atmosphere
of the experiment (modelled after Duan et al., 2006).
Secondly, the effect of DIC on silicate mineral dissolution
rates at low pH was previously investigated for plagioclase
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Fig. 3. Steady-state silica release rates as a function of time during the dissolution of the basaltic glass during experimental series SWC. This
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(Carroll and Knauss, 2005), olivine (Hänchen et al., 2006;
Prigiobbe et al., 2009a) and forsterite, diopside, wollaston-
ite, and hornblende (Golubev et al., 2005). All these sources
concluded that DIC only affects rates indirectly by chang-
ing pH as was observed in this experimental series.

Given that the difference between Si release rates from
experiments performed under elevated CO2 pressure and
atmospheric conditions reported in the literature is rela-
tively small, the following experimental series were per-
formed at the same low pH by adding HCl to the inlet
solution rather than applying elevated CO2 pressure. By
adding HCl we effectively titrate away the natural seawater
alkalinity of the inlet fluids used during the F and DOC
experimental series. This was done to deprive the system
of its buffering capacity because the pCO2 used during car-
bon storage efforts may be an order of magnitude higher
than the 4 bar used during experimental series SWC.

Since the ionic strength of the SWC solutions corre-
sponded to that of seawater, the next set of experiments
was performed (a) to allow comparison with dissolution
rates reported in the literature in a well established back-
ground electrolytes and (b) to investigate if specific seawa-
ter cations exert an influence on the dissolution rates of
mafic and ultramafic rocks.

4.2. Experimental series I

Experimental series I was designed to illuminate the ef-
fect of ionic strength on silica release rates. Fig. 5 summa-
rizes the results from this experimental series. Similar to
experimental series SWC, basaltic glass and crystalline ba-
salt exhibit comparable rSi, while the peridotite releases Si
four times faster at ionic strengths 631 mmol/kg (see Table
2). However, Si release rates from basalt increase with
increasing ionic strength. As such, the difference between

rSi from basalt and peridotite decreases to less than a factor
two at higher ionic strength.

The observation that rSi from peridotite are independent
of ionic strength and the identity of individual dissolved
cations is in agreement with previous experimental results
on olivine dissolution reported by Pokrovsky and Schott
(2000) and Prigiobbe et al. (2009a). As the peridotite used
in this study is olivine dominated, a direct comparison
can be made between our results and forsterite dissolution
rates reported in the literature. The geometric surface area
normalized Si release rates from forsterite at pH �3.6 range
from 10�8.0 to 10�8.3 mol/m2/s (Wogelius and Walther,
1991; Pokrovsky and Schott, 2000; Rosso and Rimstidt,
2000; Hänchen et al., 2006). These values are close to those
of peridotite measured in this study, as listed in Table 2.

In contrast to peridotite, the Si release rates of basalt are
influenced by the changing fluid composition in experimen-
tal series I. As both the identity of the dissolved cations
changed and ionic strength was increased in the reactive flu-
ids it is not possible to determine directly the cause for the
changing basalt rates during this experimental series. Some
literature evidence suggests this rate variation stems from
the identity of the cation. Stockmann et al. (2011) studied
the same glass as this study and observed that dissolution
rates did not change when increasing reactive fluid ionic
strength from 10 to 90 mmolal at pH 7 and 8. Silica poly-
morph dissolution rates, however, have been shown to de-
pend on the identity of cations present in the reactive
fluids including Mg, Ca, Na, and Pb. This phenomenon
was accounted for by increased Si–O hydrolysis reactions
in the solid-solution interface due to changing cation solva-
tion properties (Dove and Crerar, 1990; Berger et al., 1994;
Dove and Nix, 1997; Icenhower and Dove, 2000). Likewise,
Kowacz and Putnis (2008) reported that mineral dissolu-
tion and precipitation rates can be modified by the

Table 3
Logarithm of the activities of the major aqueous aluminium and sulphate species in the steady-state solutions from experimental series SWC
for the basaltic glass, crystalline basalt, and peridotite.

Reference code Aqueous species

Altot Al3+ AlF2+ AlF2
+ AlF3 SO4

2� KSO4
� AlSO4

+

Basaltic glass

SWC-Cl �5.24 �6.35 – – – – – –
SWC-F �4.57 �7.37 �5.50 �4.94 �5.97 – – –
SWC-SO4 �4.53 �7.31 �5.47 �4.92 �5.98 �3.08 �4.41 �6.23
SWC-DFOB �4.54 �7.34 �5.49 �4.93 �5.97 �2.97 �4.30 �6.14
SWC-CO3 �5.46 �9.02 �6.73 �5.73 �6.34 �3.02 �4.35 �7.87

Crystalline basalt

SWC-Cl �5.67 �6.78 – – – – – –
SWC-F �5.61 �9.10 �6.84 �5.89 �6.53 – – –
SWC-SO4 �5.79 �9.35 �7.06 �6.07 �6.68 �2.76 �4.10 �7.94
SWC-DFOB �5.95 �9.49 �7.20 �6.22 �6.84 �3.48 �4.81 �8.80
SWC-CO3 �6.02 �9.64 �7.32 �6.29 �6.87 �3.10 �4.43 �8.57

Peridotite

SWC-Cl �5.89 �7.00 – – – – – –
SWC-F �5.81 �9.32 �7.05 �6.08 �6.72 – – –
SWC-SO4 �5.85 �9.38 �7.11 �6.13 �6.75 �3.63 �4.97 �8.85
SWC-DFOB �6.06 �9.63 �7.33 �6.34 �6.95 �2.85 �4.18 �8.31
SWC-CO3 �5.94 �9.56 �7.24 �6.22 �6.80 �3.18 �4.52 �8.57
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introduction of simple ionic salts (KCl, NaCl, LiCl, CsCl,
NaF, NaNO3) to solution, based on the effects of these elec-
trolytes on water structure dynamics and solute hydration.
Tole et al. (1986) found that the addition of Na lowered
nepheline dissolution rates. In contrast, other studies found
no effect of the addition of cations to solution on rates. For
example Rimstidt and Dove (1986) found no effect of Ca on
wollastonite dissolution rates. Clearly, a more systematic
approach is required to understand the effects of individual
cations on mineral and rock dissolution rates.

A comparison of basalt dissolution rates is only mean-
ingful if experiments were performed under similar experi-
mental conditions, including ionic strength, and solution
composition. Such comparisons can be made between the
crystalline basalt rates measured in experiment I-NH4 and
rates reported by Gudbrandsson et al. (2011) which were
performed on the same crystalline basalt as used in the pres-
ent study. rSi measured on crystalline basalt during experi-
ment I-NH4 at pH 3.6 is 10�8.6 mol/m2/s. This values lies
between rSi values of 10�8.4 and 10�8.9 mol/m2/s that
Gudbrandsson et al. (2011) determined at pH 3 and 4,
respectively. Correspondingly, basaltic glass dissolution

rates measured during experiment I-NH4 are 10�8.8 mol/
m2/s, consistent with a basaltic glass rate of 10�9.0 mol/
m2/s reported by Wolff-Boenisch et al. (2004b) at pH 4.

A comparison between peridotite Si release rates of
experimental series I with those of the SWC series reveals
that the presence of high CO2 partial pressure increases
rates by �0.4 log units. Some previous work suggested an
influence of CO2 on such rates. For example, Golubev
et al. (2005) found that forsterite dissolution rates are 0.2
log units higher in the presence of 1 bar pCO2 compared
to their CO2-free experiments at pH 4.1. Forsterite dissolu-
tion rates reported by Hänchen et al. (2006) at 15–180 bar
CO2 pressure and pH 3–4 are consistently 0.3 log units
higher than their CO2-free counterparts. As for the basalts,
a comparison of Si release rates from inlet solutions of sim-
ilar ionic strength, pH, and chemical composition (SW-
DFOB vs. I-SW*, cf. Table 2) shows that rates are 0.3 log
units higher in the presence of CO2. As crystalline basalt
contains 16 vol% olivine, this observation is consistent with
that of peridotite. No further attempt was made to interpret
the effect of CO2 on Si release as this effect is small, even at
substantial CO2 pressures.
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Fig. 5. Variation in steady-state Si release rates of the basaltic glass, crystalline basalt, and peridotite during experimental series I. The ionic
strength increased from left to right.
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4.3. Experimental series F

The main purpose of experimental series F was to quan-
tify the effect of increasing fluoride concentration on mafic
and ultramafic rock dissolution. In this series, steady-state
Si release rates were determined in acidified natural seawa-
ter to which NaF was sequentially added. In total, four
steady-state rates were determined at distinct aqueous fluo-
ride concentrations. The resulting rSi are listed in Table 2
and plotted in Fig. 6. Like in the SWC series, the addition
of aqueous fluoride minimally affects peridotite dissolution.
In contrast, Si release rates from basalt increase with
increasing aqueous fluoride concentration. The increase in
Si release rates from basaltic glass, however, is less than
what one might expect from the findings of Wolff-Boenisch

et al. (2004a) who reported rate increases of up to an order
of magnitude in the dissolution rates of various volcanic
glasses at similar fluoride concentrations. To investigate
these differences, rSi of the crystalline (X) and glassy basalt
(G) are compared to those of two basaltic reference glasses
in Fig. 7. The chemical compositions of these glasses are
listed in Table 1a. The crosses in this figure represent rSi

for the basaltic glass ‘SS’ and were published previously
by Wolff-Boenisch et al. (2004a) whereas the open circles
are release rates for basaltic glass ‘HEI’, which have not
been previously published. These two basalt reference
glasses were dissolved using similar mixed-flow reactor
techniques and at comparable proton and fluoride concen-
trations, yet in a much weaker background electrolyte
(10 mM NH4Cl). Fig. 7 shows considerable overlap, not
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experimental series F. The initial inlet fluid for experimental series F was a natural seawater solution containing 67 lmolal fluoride, adjusted
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dissolution experiments from the F series and I-SW* carried out in natural seawater whereas the grey symbols stand for results of basaltic glass
experiments from the SWC and I series (except for I-SW*). Also shown are rates and solid linear trend lines for the reference basaltic glasses
SS (crosses) and HEI (open circles). Data for SS was retrieved from Wolff-Boenisch et al. (2004a,b). A linear relationship of rate versus
aqueous activity ratio has been observed in the literature for volcanic glasses of varying composition and silica content and is consistent with
Eq. (2).
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only between individual basalt rates but also the projected
crystalline (X) and glassy (G) rates at higher fluoride con-

centrations where the dashed lines meet the open circle.
Only at very low fluoride activities do the glassy and
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Fig. 9. Steady-state Si release rates of the basaltic glass, crystalline basalt, and peridotite during experimental series DOC. The initial inlet
fluid for experimental series DOC was natural seawater adjusted to pH 3.6 with HCl. Subsequent reactive inlet fluids were composed of (1)
this acidified seawater plus 120 lmolal DFOB, (2) this acidified seawater plus 120 lmolal oxalic acid, and (3) this acidified seawater plus
120 lmolal of citric acid (Table 2).
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crystalline basalts of this study exhibit considerably higher
release rates than the basalt reference glasses causing the
flatter slopes (dashed lines). As suggested by the results of
experimental series I, these differences may stem from the
influence of cation identity or ionic strength on rates.

To further illuminate the mechanism responsible for the
increase of basaltic glass Si release rates with aqueous fluo-
ride concentration these rates are plotted as a function of
a3

Hþ=aAl3þ in Fig. 8. It can be seen in this figure that rates
for each reference glass and for the glass G determined in
experimental series SWC, I, and F plot as linear relation-
ships consistent with Eq. (2). Note, however, that the differ-
ent experimental series yield two distinct parallel linear
trends. The presence of seawater tends to lower constant
log ða3

Hþ=aAl3þÞ basaltic glass dissolution rates. The lower
rates in the presence of seawater hint at a ligand saturation
effect. Total ligand to aluminium concentration ratios (Ltot/
Altot) of 63 were found for the basaltic glass in experimen-
tal series SWC and I (except for I-SW*) whereas Ltot/Altot

ratios of �7 were observed for the glass in experimental ser-
ies F and I-SW* (the seawater experiments in Fig. 7). Thus,
additional ligands in solution do not increase basalt rates
proportionately to their overall concentration.

4.4. Experimental series DOC

The goal of the DOC experimental series was to estimate
the effect of selected organic acids on Si release rates. Fig. 9
summarizes the results of this experimental series. The pres-
ence of 120 lmolal of DFOB, oxalate, or citrate affects only
slightly basaltic glass and peridotite dissolution rates. Oel-
kers and Gislason (2001) found only a 0.2–0.3 log unit in-
crease in basaltic glass dissolution rates by adding
1 mmolal oxalic acid, at pH 3. This finding agrees well with
Eick et al. (1996) who found that the addition of 2 mM oxa-
lic acid solution had only little effect on synthetic lunar
basaltic glass dissolution rates at pH 3 and higher. The lack
of an effect of the addition of organic ligands on basaltic
glass dissolution rates in the present study may additionally
be related to the use of seawater as a background fluid. As
described above, in such fluids Al may be preferentially
complexed with inorganic ligands such as fluoride rather
than the added organic species. In contrast, rSi from crystal-
line basalt increase 0.4–0.5 log units by the addition of
120 lmolal of DFOB, oxalate, or citrate to seawater. The
source of the difference in dissolution behaviour exhibited
by the basaltic glass and crystalline basalt observed in this
study in response to the addition of organic ligands is prob-
ably related to the different mineralogy of these solids.
Oelkers and Schott (1998) argued that aqueous Al complex-
ation with organic ligands in solution explains the increase
of alkali feldspars dissolution rates with increasing organic
ligand concentration through Eq. (2). This process does not
influence significantly the rates of Si release from crystalline
basalts at acid pH, where such release rates are dominated
by olivine and clinopyroxene dissolution (Gudbrandsson
et al., 2011). In contrast, the observation that oxalate and
citrate enhance the dissolution rates of olivine and clinopy-
roxene (Amrhein and Suarez, 1988; Shotyk and Nesbitt,
1990, 1992; Wogelius and Walther, 1991; Welch and

Ullman, 1993, 1996; Stillings et al., 1996; Stephens and
Hering, 2004; Golubev and Pokrovsky, 2006; Hänchen
et al., 2006; Olsen and Rimstidt, 2008) has been attributed
to a sorption mechanism (cf. Furrer and Stumm, 1986;
Drever and Stillings, 1997; Ganor et al., 2009; Schott
et al., 2009 and references cited therein). As rSi of peridotite
are unaffected by the addition of organic ligands to the fluid
phase, it seems that the most likely source of organic ligand
enhancement of Si release rates from crystalline basalt is the
sorption of organic ligands to clinopyroxene.

5. CONCLUSIONS

This study explored the effects of different aqueous
components on the dissolution of basalt and peridotite
in acidified seawater. At 25 �C and pH 3.6, glassy and
crystalline basalts exhibit similar silica release rates at
varying ionic strengths and solution compositions, in ac-
cord with findings from Gudbrandsson et al. (2011). Only
in the presence of specific ligands is there a clear distinc-
tion in dissolution kinetics between these basalts. For
example, the glass is more sensitive to the presence of
aqueous fluoride than the crystalline basalt. It is reasoned
that the strong effect of aqueous fluoride on basaltic glass
dissolution rates originates from the formation of aqueous
aluminium–fluoride complexes in solution lowering the
concentration of free aluminium in the reactive fluid. In
contrast, Si release from crystalline basalt at low pH is
dominated by olivine and clinopyroxene dissolution. The
Si release rates of these minerals are less influenced by
aqueous Al3+ activity explaining the contrasting behaviour
of these two basalts. The effect of aqueous fluoride on
basaltic glass dissolution in seawater is similar to previous
glass dissolution studies performed in low ionic strength
solutions. Only at low fluoride concentration is glass dis-
solution faster in seawater than in low ionic strength solu-
tions. This observation may stem from the contribution of
other ligands present in seawater for aqueous aluminium
complexation.

Other ligands are found to have distinct effects on Si re-
lease rates. The presence of relatively low concentrations of
organic acids only enhanced Si release rates from crystalline
basalt. This increase may indicate surface complexation of
the organic ligands on clinopyroxene surfaces. Surface com-
plexation has been proposed to explain the dissolution pro-
moting effect at low pH of oxalate and citrate on diopside
(Golubev and Pokrovsky, 2006), thus it seems reasonable
that such complexation also affects the dissolution rates
of the augite present in crystalline basalts. rSi of all solids
are found to increase by 0.3–0.5 log units in the presence
of a pCO2 of 4 bar compared to atmospheric CO2 pressure.
This finding is consistent with previous studies and indi-
cates a positive, yet unappreciated effect of CO2 on silicate
dissolution at low pH.

Perhaps the most significant observation of this study is
the similarity of Si release rates of dunitic peridotite com-
pared with that of basalt; rSi from the dunitic peridotite
are found to be not more than 0.6 log units faster than cor-
responding rates of crystalline basalt or basaltic glass at all
conditions considered in this study. This observation
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suggests that for the purposes of in-situ mineral sequestra-
tion, CO2-charged seawater injected into basalt might be
nearly as efficient a carbonatization process as injection into
peridotite. Note that this conclusion probably also extends
to peridotites found in ophiolite complexes, viz. lherzolite
and harzburgite, as these peridotites also possess very low
Al2O3 content.

6. IMPLICATIONS FOR MINERAL

SEQUESTRATION OF CARBON DIOXIDE

In-situ carbonatization of CO2 faces two major chal-
lenges, (a) the need to dissolve CO2 to promote water/rock
reactions and (b) permeability reductions in the host rock
due to secondary mineral precipitation. Carbonates or
any other secondary precipitate could reduce permeability
to such an extent that injection will become impaired. Sec-
ondary mineral precipitation and solutions that become
supersaturated with respect to one or more of the phases
contained in the host rock may also slow the dissolution
of primary minerals (Cubillas et al., 2005; Daval et al.,
2011; Stockmann et al., 2011). A key to sustained carbon
injection lies in sustaining the dissolution of reservoir rocks
to preserve porosity and permeability. Reservoir rock disso-
lution is also crucial to obtain alkalinity, a prerequisite for
carbonate precipitation (Wolff-Boenisch, 2011). In the light
of the results presented above, the dissolution of CO2 into
seawater prior to or during its injection appears to be a
promising approach. There is however a trade-off because
saline solutions have lower CO2 solubilities than low ionic
strength solutions. Furthermore, it is essential to under-
stand that the findings discussed above have been based
on silica release rates while divalent metal release is essen-
tial for mineral sequestration. Unfortunately, many experi-
ments in this study were carried out in artificial and natural
seawater and therefore the information on these divalent
cation release rates is irretrievable. However, the basaltic
glass and peridotite can be viewed as homogeneous phases
that dissolve congruently. This is corroborated in Fig. 10
that illustrates the solute X/Si ratios of elements released
to the fluid divided by the solid X/Si ratios for the rocks
from experimental series I. This series is the only one where
additional concentrations for Ca and Mg besides Fe and Al
could be determined. Congruent dissolution results in a
stoichiometric ratio of one between solute and solid X/Si
ratios. As can be seen in Fig. 10, the peridotite dissolves
congruently and the vast majority of data points from the
glassy basalt are consistent with its stoichiometric dissolu-
tion. The crystalline basalt releases divalent cations, espe-
cially Mg and Fe, two to three times faster than it
releases Si. This is consistent with its dissolution being dom-
inated by olivine and augite at low pH, as reported by
Gudbrandsson et al. (2011). Taken together, the results
shown in Fig. 10 suggest that to a first approximation, stoi-
chiometric dissolution can be assumed for the glass and
peridotite rates reported in this study. That means that
per mole of rock (or Si) 0.75 and 1.76 moles of divalent cat-
ions are released from the basaltic glass and peridotite,
respectively (cf. Table 1a). Divalent metal cations tend to

be released approximately 2–3 times faster than Si from
the crystalline basalt.

Some insight into potential mechanisms that would help
increasing host-rock dissolution during mineral sequestra-
tion efforts can be attainted from this study. Results re-
ported above show that filtered seawater of normal
salinity increases rSi of basalts compared to low ionic
strength solutions to such an extent that they nearly match
those of peridotite. Addition of aqueous fluoride to this
fluid can increase the dissolution rates of glassy basalt yet
further. The efficiency of relatively low equimolar concen-
trations of organic ligands in promoting mafic and ultra-
mafic rock dissolution is minor for peridotite and basaltic
glass but may be significant for crystalline basalt. Peridotite
Si release rates only respond slightly to changes in seawater
fluid chemistry. Basaltic glass dissolution is accelerated in
the presence of fluoride whereas low concentrations of or-
ganic acids promote crystalline basalt Si release rates.

An added benefit of the addition to the fluid phase of li-
gands that can complex aqueous aluminium is that they could
reduce the potential for the precipitation of secondary alumi-
nosilicate phases that consume those divalent cations that
could otherwise be used for carbonate precipitation. Seawater
has the added advantage of high initial Ca and Mg concentra-
tions such that the availability of divalent cations may not be
the limiting or critical factor of carbonate precipitation but
rather the aqueous carbonate concentration, which is gov-
erned by the pH and pCO2. In contrast, the sulphate present
in seawater may prove problematical as it is an inefficient
Al-chelator and may interfere with the carbonatization pro-
cess through anhydrite formation. Anhydrite solubility is ret-
rograde and this mineral may, at least at higher temperatures,
scavenge considerable amounts of Ca from solution and clog
pore space. To avoid Ca-sulphates precipitation selective re-
moval of sulphate from the injection fluid may be required.
Sulphate extraction is carried out in oil production processes
where seawater is routinely injected into oilfields to maintain
pressure. The incompatibility of oil field formation waters
and untreated seawater causes formidable sulphate scaling
problems that are prevented by stripping the sulphate from
the seawater (Bader, 2006, 2007).

In summary, the use of sulphate-free seawater with added
fluoride to complex released aluminium seems to be a good
starting point for a carbonation injection fluid. Note that
natural seawater alkalinity caused the pH rise from 3.6 to
4.3 in experimental series SWC and might be considered an
additional benefit of using seawater as carbonation solution.
Nevertheless, at a modest injection pressure of pCO2 = 30 -
bar, the pH of equilibrated seawater is 3.6 (modelled using
data retrieved from Duan et al. (2006) together with PHRE-
EQC). Under these circumstances, the carbonic acid has ti-
trated away all natural alkalinity.

As for the choice of host rock, peridotite releases more
divalent cations per mole of rock when dissolved stoichio-
metrically compared to basaltic glass but this advantage is
offset by the preferential release of divalent cations from
crystalline basalt (see Gudbrandsson et al., 2011). Further-
more, the reactivities of glassy and crystalline basalt are
more readily controlled by varying fluid chemistry.
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Nevertheless, fluoride and/or organic additives to the injec-
tion fluid may increase the costs of carbon sequestration ef-
forts. Further modelling and experimental work is required
to refine these concepts and create an efficient carbonation
fluid to maximize matrix dissolution and subsequent min-
eral trapping of carbon dioxide.
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