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Abstract: Steady-state pyroxene dissolution rates in aqueous solutions have been measured at temperatures from 25 to 374 �C at a pressure of
23 MPa and at neutral pH. The pyroxene is hedenbergitic clinopyroxene, of composition Na0.04Ca0.95Mg0.3Fe2þ

0.64Fe3þ
0.06Al0.04Si1.97O6. All

experiments were performed at conditions far from equilibrium in Ti-alloy mixed-flow reactors. In most runs, the reactive
solutions were undersaturated with respect to pyroxene and secondary minerals were rarely found at the reacted surface. The
dissolution is non-stoichiometric in most cases, while the different chemical elements of the pyroxene are released at different
rates. Stoichiometric steady-state dissolution was obtained in neutral solution at 100 �C.

The release rates of the different elements vary with temperature and solution chemistry. The dissolution rates (rSi) in neutral pH
conditions increase with temperature from 25 to 300 �C, reach a maximum at 300 �C, and then decrease with continued temperature
increase. At a given temperature, the rates decrease significantly with increasing pH of the reactive fluid and are also affected by the
activities of Ca, Mg, Fe in the solution. At neutral pH, the dependence of the pyroxene dissolution rates on activities of Ca, Mg, Fe and
Hþ in the fluid can be expressed by the relation:

log rþðT ; aiÞ ¼ log ðA� Ea=ð2:303RTÞ þ a log ðaHþÞZi=aMi
ZiþÞ

where rþ is the far-from-equilibrium dissolution rate, R the gas constant, T the absolute temperature, Zi valence of metal Mi and ai

represents the activity of the subscript aqueous species. Ea equals 22.667 kJ/mole/K and A ¼ 2.011 � 10�7 mole/cm2/s; a is the
empirical reaction rate order, which can be derived from the experimental results.

At temperatures below 300 �C, the exchange reactions 2Hþ$Mi
2þ, where Mi

2þ refers to divalent cations Mg2þ, Fe2þ or Ca2þ,
dominate in the dissolution. The following evolution of the dissolution with temperature is proposed: at 300 �C, the tetrahedral Si–O
bonds break after the Mi

2þ–O bonds in adjacent octahedral positions have been removed by proton exchange reaction, whereas, above
300 �C, the breaking of the octahedral Mi

2þ–O bonds occurs after adjacent tetrahedral Si–O bonds have been broken.

Key-words: dissolution, kinetics, high temperature, hedenbergite, clinopyroxene, rate, critical state, mineral surface.

1. Introduction

The present study of pyroxene dissolution rates at high tem-
peratures up to 374 �C is motivated by two important reasons.

The first reason is that pyroxene is a typical multi-oxide
silicate mineral. The dissolution of a multi-oxide mineral
in water requires the breaking of more than one type of
metal–oxygen bond. When such minerals dissolve, the
nature of the metal–oxygen bond may affect the rate at
which the metal is released to the aqueous solution. It
appears necessary to improve our understanding of the

mechanism of dissolution of pyroxene or pyroxenoid
minerals as a function of temperature above 300 �C.
Moreover, the variation of the release rates of the different
metals with temperature is not easy to interpret, particu-
larly at high temperatures. Some experiments of mineral
dissolution are performed at temperatures higher than
300 �C; water then is close to the critical state, its proper-
ties strongly vary and this affects the reaction behaviour
(Levelt Sengers, 2000).

The second reason is that reactions between pyroxene
and aqueous solutions at high temperatures play an
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important role in a large number of hydrothermal and
metamorphic processes. Pyroxene is an important mineral
in many igneous and metamorphic rocks and is common in
many types of ore deposits. The dissolution rates of pyr-
oxene at high temperatures govern the water-rock interac-
tions at depth, for instance at mid-ocean ridges or in
gabbros of the oceanic crust.

The desire to quantify these processes has led to a series
of high-temperatures dissolution experiments on silicate
minerals, but only few studies have been carried out on
multi-oxide silicates above 300 �C (Lasaga, 1981; Aagaard
& Helgeson, 1982; Murphy & Helgeson, 1987, 1989;
Alekseyev et al., 1993, 1997; Oelkers, 2001). Concerning
the dissolution mechanism of pyroxene, several studies
have reported dissolution rates above 100 �C (e.g.,
Knauss et al., 1993; Oelkers & Schott, 2001; Dixit &
Carroll, 2007).

The present experiments on the dissolution of pyroxene
in aqueous solutions at neutral pH and temperatures up to
374 �C will provide new information on the controlling
factors of the high-temperature dissolution of a multi-
oxide mineral. Another objective of the present work is
to compare the results bearing on Fe-rich clinopyroxene
with those obtained for more Mg-rich clinopyroxene. It
happens that, at temperatures below 300 �C, Fe-O bonds do
break faster than Si-O bonds, as do Mg-O bonds (Guy,
2003; Nourtier-Mazauric et al., 2005).

2. Research background and problems

2.1. Within a multi-oxide silicate structure, each type
of metal-oxygen bond breaks at a distinct rate

There are relatively large differences between the rates at
which the various metal-oxygen bonds of a multi-oxide
silicate mineral break, when the mineral dissolves in an
aqueous solution. As a result, the dissolution is often not
stoichiometric, and the ratios between the various dissol-
ving metal species differ from their stoichiometric propor-
tions in the mineral (Hellmann et al., 1989; Welch &
Ullman, 1993, 1996; Stillings & Brantley, 1995; Stillings
et al., 1995, 1996; Chen & Brantley, 1998; Oelkers &
Schott, 1999, 2001; Oelkers, 2001; Zhang et al., 2000,
2002; Dixit & Carroll, 2007). As pyroxene dissolves in
water, a given cation Mi (Mi ¼ Si, Al, Na, Ca, Mg,...) is
removed from the surface layers and released to the solu-
tion. If the rates at which the various metal–oxygen bonds
break are variable, a so-called ‘‘leached layer’’, relatively
depleted in some metals, enriched in other, will form upon
the mineral surface.

For multi-oxide silicate minerals such as pyroxene and
feldspar, univalent and divalent cations are released first,
followed by aluminium, then by silica. Previous studies on
the dissolution of silicate minerals at temperatures below 300
�C indicate the development of a silica-enriched layer on the
mineral surface (for forsterite, Pokrovsky & Schott, 2000;
Oelkers, 2001; for diopside, Schott et al., 1981; Schott &

Berner, 1985; Petit et al., 1987; Peck et al., 1988; Dixit &
Carroll, 2007; for hornblende, Frogner & Schweda, 1998; for
smectite, Hofmann et al., 2004; Metz et al., 2005; for actino-
lite, Zhang et al., 2007a and b; for albite, Hellmann et al.,
1989; Oelkers et al., 1994; Zhang et al., 2002; for talc, Saldi
et al., 2007; for muscovite, Oelkers et al., 2008). These
studies indicate that dissolution proceeds by the sequential
removal of metals from the mineral structure; the order of the
removal of each metal is dictated by the relative rates of
breaking of each metal–oxygen bond.

A variety of evidence suggests that octahedral Mi–O bonds
break more rapidly than tetrahedral Si–O bonds. In the pyr-
oxene structure (e.g. enstatite), which consists of chains of
silica tetrahedra linked together by magnesium in octahedral
position, the Mg–O bonds apparently break more rapidly than
the Si–O bonds (Oelkers & Schott, 2001).

The dissolution rate of a multi-oxide silicate mineral
may be calculated independently from the release of each
of the different major elements that occupy tetrahedral and
octahedral sites. When these calculations yield the same
dissolution rate for each metal, the dissolution can be
considered as stoichiometric. Non-stoichiometric dissolu-
tion may be explained by the following mechanisms: (1)
precipitation of a new phase (e.g. a secondary mineral) at
the surface, and (2) dissolution of the secondary mineral;
(3) preferential dissolution of one or more components
(elements) and formation of a leached layer enriched in
the other components; (4) chemical zonation of the dis-
solved mineral or presence of non-homogeneous defects or
impurities (Petrovic, 1976; Schott & Petit, 1987; Brantley
& Chen, 1995; Bauer & Berger, 1998; Sutheimer et al.,
1999; Brandt et al., 2003; Kohler et al., 2003; Sato et al.,
2003; Hofmann et al., 2004; Metz et al., 2005; Zhu et al.,
2006, 2010; Saldi et al., 2007; Oelkers et al., 2008; Zhu
and Lu, 2009). By definition, steady-state kinetics is
obtained in flow-through reactors when dissolution rates
are time independent, i.e. when the concentrations of
metals in the effluent solution do not change with elapsed
time.

2.2. Far-from-equilibrium dissolution rate

Within the context of Transition State Theory, surface-
reaction-controlled dissolution rates can be considered
to be

r ¼ rþð1� expð�Gr=sRTÞÞ (1)

where DGr is the free energy change for the overall dissolu-
tion reaction (Aagaard & Helgeson, 1977, 1982; Lasaga,
1981; Helgeson et al., 1984; Oelkers, 2001), and where s is
Temkin’s average stoichiometric number, i.e. the ratio of the
rate of destruction of the activated or precursor complex to
the overall rate, where r and rþ designate the overall and
forward dissolution rate, respectively; R designates the gas
constant, and T represents the absolute temperature.

The dissolution rates in the present study were measured
at far-from-equilibrium conditions, i.e. with DGr ,,sRT;
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they thus correspond to factor rþ of relation (1). They can
be used to assess the effect of aqueous solution composi-
tion on forward dissolution rates, independently from the
DGr effects.

Within the framework of the Transition State Theory, rþ
is proportional to the concentration of the rate controlling
‘‘precursor complex’’, in accord with Wieland et al.
(1988):

rþ ¼ kþs½P��: (2)

where kþ refers to a rate constant, s stands for the mineral/
fluid interfacial surface area and [P�] designates the con-
centration of the precursor complex, which itself is propor-
tional to the concentration of the activated complex. The
variation of rþwith aqueous composition, therefore, can be
deduced from mass action law applied to the reaction
forming the precursor complex from the original mineral
(cf. Oelkers, 2001).

The identity of the rate-controlling precursor complex
P�, and its change with the aqueous solution composition,
depend on the dissolution mechanism considered. For
multi-oxide minerals, the dissolution mechanisms are con-
sidered to consist of sequential breaking of distinct metal
oxygen bonds via metal-proton exchange reactions
(Gautier et al., 1994; Oelkers et al., 1994; Oelkers &
Schott, 1999, 2001; Oelkers, 2001; Harouiya & Oelkers,
2004; Carroll & Knauss, 2005; Chaı̈rat et al., 2007; Dixit &
Carroll, 2007; Saldi et al., 2007).

As emphasized above, the precursor complex for multi-
oxide mineral dissolution consists of the partially liberated
metals near the mineral surface. Assuming the 1 to i-th
metal needs to be removed to create the rate-controlling
precursor complex, and all of the metal-proton exchange
reactions are thermodynamically independent, the mole
fraction of the precursor complex (Xp) is given by
Gautier et al. (1994) and Oelkers, (2001) as

Xp ¼
Yi
^

i¼1
Ki

aZi

Hþ

a
M

Ziþ
i

 !ni,
1þ Ki

aZi

Hþ

aM
ziþ
i

 !ni !" #
(3)

where ai refers to the activity of the subscript aqueous
species i, Ki is the equilibrium constant of the proton/
metal Mi exchange reaction, Zi is the valence of metal
Mi; ni denotes a stoichiometric coefficient, which equals
the number of partially detached Si tetrahedral structures
formed by the removal of each Mi.

2.3. Controlling factor on dissolution stoichiometry

If a multi-oxide silicate dissolution process is nearly stoi-
chiometric, one can determine its rate law. Usually, in a
first approximation (see Discussion section), the dissolu-
tion rates of multi-oxide silicate minerals at far from equi-
librium conditions can be described using (Oelkers, 2001;
Saldi et al., 2007)

�r ¼ k ðaHþÞZi=aMZiþ
i

h ia
(4)

where k is the rate constant and a is the order with respect
to the hydrogen ion activity vs. the activity of dissolved
speciesMZiþ

i , such as Ca, Mg, Fe, Al, Si, etc. in the aqueous
solution (Oelkers, 2001). The minus prefix refers to dis-
solution reaction.

This study provides experiments of multi-oxide silicate
mineral dissolution in water at high temperatures. A series
of experiments of pyroxene dissolution in water, using a flow-
through experimental reactor (Mixed flow reactor), in an
open-system configuration at temperatures up to 374 �C and
at 23 MPa, were performed. These experiments suggest that
hydration of Si-O-Si bond and Mi

Ziþ – Zi Hþ exchange reac-
tion at T , 300 �C are different from those at T . 300 �C. The
dissolution rates and dissolution stoichiometry are affected by
temperature, particularly above 300 �C.

3. Experimental approach

3.1. Preparation

Hedenbergitic clinopyroxene was collected on Elba Island,
Rio Marina skarns (Jiang C.J., 1993, the report contains
many additional references). Pure minerals were identified
and selected under microscope. Mineral grains were
cleaned ultrasonically in acetone to remove fine particles,
rinsed with distilled water, and dried at 70–80 �C. We used
specific size fraction for experiments: 20–40 mesh frac-
tion. Surface areas of representative samples were mea-
sured with a single point BET method, using Ar-He as the
absorbed gas. For the 20–40 mesh fraction, the surface area
is 1.978 m2/g for fresh pyroxene, 0.5584 m2/g after reac-
tion with water. The total mass of mineral placed in the
mixed flow reactor is 5 g. Chemical analysis of pyroxene
(Tables 1 and 2) indicates that its composition is near
Hed70Di30, with minor amounts of Mn, Al, Na, K and Ti.
The stoichiometric ratios of metals to Si in the pyroxene

Table 1. Chemical composition of pyroxene.

SiO2 TiO2 Al2O3 Fe2O3 FeO MgO CaO Na2O K2O H2Oþ P2O5 MnO CO2 �

48.86 0.01 1.44 1.89 18.61 5.02 21.70 0.53 0.06 0.90 0.01 0.71 0.29 100.03

The pyroxene listed in Table 1 is analyzed by ICP-MS analysis, except for H2O and CO2. Relative standard deviation is 3–5 %.
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are given in Table 2. The empirical formula of the pyrox-
ene is (Ca0.95Na0.04Al0.01)Mg0.3Fe0.7(Si1.97Al0.03)�¼2O6,
when normalized to six oxygens.

3.2. Methods

A continuously stirred tank reactor (CSTR) was used to
carry out the dissolution experiments in aqueous solutions,
at temperatures from 25 �C to 374 �C and 23 MPa. The
experimental method has been reported before (Dove &
Crerar, 1990; Zhang et al., 1990; Zhang et al., 2000, 2002;
Dove, 1999). The CSTR system, as reported in Zhang et al.
(1990), consists of a titanium alloy pressure vessel (V ¼
196 ml), a liquid pump and a back pressure regulator.

In each run, the flow rate, the input solution parameters
(e.g. pH) and the temperature were held constant for sev-
eral hours, until steady-state conditions were reached.
Before sampling the output solution, i.e. before measuring
dissolution rates, the output solution was analyzed using
ICP-MS at regular time interval (1 hour) at fixed condi-
tions. Thus we know how much time is required for the
attainment of ‘steady’ state, corresponding to the different
flow rates, and when the concentrations of Mi are stable.
We have tested the attainment of the steady-state dissolu-
tion, when the average resident time is changed from 54 to
230 min (flow rate: 3.66 to 0.85 ml/min) (see Table 3). For
measuring steady-state dissolution rates, sampling the out-
put solution began after attainment of steady state of the
mineral-water system, which was also checked by record-
ing the conductivity of the output solution and analyzing
the composition of effluent fluids with time (for more
details, see Zhang et al. (2006) and Appendix 1).

Experiments under steady-state conditions were conducted
at temperatures of 20 �C, 100 �C, 200 �C, 260 �C, 300 �C, 350
�C and 374 �C, all under 23 MPa pressure, and at flow rates
varying between 0.8 ml/min and 3.65 ml/min. In these experi-
ments, temperature and pressure are usually maintained con-
stant and the flow rate is changed. The mass flow rate of the
inlet fluids was obtained by measuring the mass of outlet fluid
for a given time interval (i.e., mass/Dt). At the start of a new
run, the CSTR was conditioned by flowing water at room
temperature for 1–2 days in order to eliminate any high energy
surface (Petrovich, 1981; Chou & Wollast, 1984; Dove &
Crerar, 1990; Zhang et al., 1990; Nagy & Lasaga, 1992;
Knauss et al., 1993; Nagy, 1995). When the flow rate is
changed, the system needs at least one hour to reach a new
steady state again (for the used stirred flow reactor with
high stirring rates). For a given series of experiments, the
temperatures and the flow rates were systematically changed.

Samples of effluent fluids were taken at constant values of
flow rate, temperature and pressure, for a fixed surface area of
mineral sample in the vessel.

The composition of the input solution is changed between
the runs. The output solutions are analyzed using ICP-OES
(IRIS) and ICP-MS (Excell TZA), for all dissolved metal
species. The compositions of the inlet solutions are listed in
Table 3. Analytical limit (Detection limit, DL) is 10 ppb (ICP-
MS) or 0.01 ppb (ICP-OES), and relative standard deviation
(RSD) is 5 %.

The pH of the outlet solution is measured at 25 �C within a
few hours after sampling, using a HANNA HI4212 pH meter.
The electrode is calibrated with HANNA buffer solution
standards at pH 4.01, 6.86 and 10.0 with an average error
less than �0.01 pH units; pH values at elevated temperature
are calculated, using the HCh program (Shvarov, 1989), based
on the pH measured at 25 �C, and the bulk molar concentra-
tions of aqueous Si, Mg, Ca, Fe (minor concentrations of Na,
K, Al are included). The relative error on pH is estimated at
about 5 %.

In this flow-through experimental reactor, the dissolu-
tion rate of the mineral (in mol/min/m2 or mol/s/cm2) is
calculated from the relation:

Rate ¼ ðCi � C0Þu
niA

: (5)

where Ci is the total output concentration (mol/L) of species
i, C0 its initial concentration, A is the total reactive surface
area of the mineral (m2), and u ¼ V/t is the flow velocity
(ml/min), where t is the average fluid residence time (min)
and V the volume of the pressure vessel (ml), i.e. the liquid
volume in the vessel; ui refers to the stoichiometric number
of moles of the ith element in one mole of pyroxene.

Equation (5) is valid for mineral dissolution rates in the
case of a flow-through experiment and is similar to equa-
tions reported in other flow-through experiments (Dove &
Crerar, 1990, Zhang et al., 1990; 1992; Dove, 1999).

4. Experimental results

In general, the pyroxene dissolution can be described by
the following overall reaction:

CaðMg; FeÞðSiÞ2O6ðsÞ þ 2H2Oþ 4Hþ

¼ Ca2þ þ ðMg;FeÞ2þ þ 2H4SiO4ðaqÞ (6a)

In the present case, the overall reaction is:

Ca0:95Na0:04Al0:01ð ÞMg0:3Fe0:7 Si1:97Al0:03ð Þ�¼2O6ðsÞ
þ 2H2Oþ 4Hþ

¼ ðCa2þ0:95;Naþ0:04;Al3þ0:01Þ þ 0:3Mg2þ þ 0:7Fe2þ

þ 2H4ðSi;AlÞO4ðaqÞ

(6b)

Table 2. Stoichiometric ratios (Ni) in pyroxene.

Ca/Si Mg/Si Al/Si Fe/Si Na/Si

0.4754 0.15397 0.014438 0.34609 0.020962
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Table 3. Measured compositions of effluent fluids for steady-state pyroxene dissolution (P ¼ 23 MPa, mass put in vessel ¼ 5 g,
SA ¼ 1.878 m2/g, V ¼ 196 ml.

A. Pyroxene in HCl-H2O at 25�C

Group u Aver t T m(Si) m(Na) m(Mg) m(Al) m(K) m(Ca) m(Fe)

Sequence A ml/min min pH �C �10�5 �10�5 �10�5 �10�5 �10�5 �10�5 �10�5

P1-1 1 0.87 225.14 6.75 25 10.229* 458.043 0.463 0.034 2.849 1.202 1.270
P1-2 0.88 221.72 6.7 25 2.969 390.013 0.698 0.728 1.199 1.654 1.137
P1-3 0.85 229.35 6.68 25 2.579 294.387 0.658 0.021 0.725 1.348 0.864
P1-4 2 1.17 168.24 6.62 25 2.150 205.835 1.544 0.016 0.727 3.188 0.725
P1-5 1.18 166.48 6.57 25 2.248 199.113 1.679 0.040 0.824 3.555 0.751
P1-6 1.12 175.77 6.5 25 2.250 199.774 1.835 0.018 1.288 3.998 0.741
P1-7 3 1.45 135.62 6.43 25 4.125 126.965 0.850 0.010 1.059 2.235 0.397
P1-8 1.49 131.89 6.38 25 18.996* 128.826 0.807 0.029 0.844 2.123 0.422
P1-9 1.48 132.41 6.33 25 1.164 117.822 0.670 0.115 0.952 1.812 0.348
P1-10 4 1.77 110.74 6.23 25 1.920 78.204 0.420 0.005 1.465 1.231 0.234
P1-11 1.74 112.38 6.23 25 0.889 76.574 0.450 0.006 1.296 1.276 0.244
P1-12 1.74 112.72 6.22 25 1.761 92.483 0.501 1.213 1.198 1.443 0.273
P1-13 5 2.05 95.80 6.15 25 0.954 67.113 0.308 0.005 1.062 1.080 0.192
P1-14 1.99 98.60 6.15 25 3.262 65.474 0.322 6.974 1.082 1.016 0.744
P1-15 2.03 96.48 6.12 25 0.839 69.957 0.332 0.201 3.021 1.074 0.224
P1-16 6 0.89 219.59 6.12 25 0.998 99.013 0.405 0.010 3.300 1.322 0.186
P1-17 0.89 221.38 6.1 25 1.116 96.617 0.361 0.005 2.562 1.249 0.196
P1-18 0.90 218.49 6.1 25 1.349 94.557 0.387 0.005 0.804 1.288 0.193
P1-19 7 1.17 168.12 6.15 25 1.414 85.883 0.333 0.004 0.740 1.329 0.201
P1-20 1.15 170.07 6.18 25 2.066 71.817 0.285 0.002 1.049 1.121 0.125
P1-21 1.18 166.47 6.09 25 5.493 84.504 0.328 0.006 0.997 1.386 0.186
P1-22 8 1.47 133.20 6.18 25 1.383 60.048 0.255 0.173 0.457 1.301 0.158
P1-23 1.49 131.93 6.2 25 1.570 60.409 0.254 0.005 1.104 1.370 0.171
P1-24 1.48 132.56 6.18 25 1.572 71.470 0.312 0.005 2.690 1.645 0.163
P1-25 9 1.76 111.36 6.2 25 2.321 59.148 0.280 0.005 0.843 1.679 0.115
P1-26 1.71 114.80 6.19 25 15.611* 57.830 0.259 0.009 9.674 1.701 0.156
P1-27 1.74 112.41 6.25 25 1.500 60.039 0.261 0.006 0.605 1.770 0.160
P1-28 10 2.04 96.27 6.26 25 2.871 54.383 0.291 1.298 0.521 1.845 0.238
P1-29 2.04 96.02 6.36 25 3.052 56.130 0.246 0.003 5.644 2.005 0.130
P1-30 2.05 95.68 6.35 25 1.573 53.796 0.245 0.005 4.521 2.089 0.116
P1-31 11 0.97 203.02 6.24 25 1.620 53.713 0.434 0.007 0.926 3.063 0.036
P1-32 0.79 248.82 6.2 25 1.624 53.213 0.475 2.971 1.322 3.248 0.359
P1-33 1.00 196.11 6.08 25 1.643 53.096 0.449 0.006 1.078 3.220 0.033
P1-34 12 1.16 168.91 5.98 25 3.499 55.174 0.606 0.009 0.848 6.358 0.064
P1-35 1.16 169.58 5.67 25 3.303 54.061 0.685 1.011 1.015 7.190 0.030
P1-36 1.17 168.11 5.35 25 3.550 51.283 0.603 0.017 2.095 7.338 0.016

B. Pyroxene in HCl-H2O at 260�C

group u Aver t T m(Si) m(Na) m(mg) m(Al) m(K) m(Ca) m(Fe)

sequence B ml/min min pH �C �10�5 �10�5 �10�5 �10�5 �10�5 �10�5 �10�5

P1-76 1 1.75 111.83 3.85 260 90.596 6.061 9.846 0.240 3.241 41.345 11.523
P1-77 1.86 105.44 3.91 260 91.118 5.870 9.746 0.240 2.238 40.960 7.284
P1-78 1.79 109.57 3.95 260 88.436 5.461 9.146 0.185 3.067 41.110 4.473
P1-79 2 2.37 82.71 4.62 260 63.843 3.069 3.268 0.058 10.951 25.833 0.233
P1-80 2.19 89.46 4.72 260 55.007 2.930 2.553 0.784 1.716 21.255 0.223
P1-81 2.51 78.13 4.85 260 62.893 2.990 2.834 3.400 1.880 24.815 0.228
P1-82 3 2.80 70.04 5.48 260 43.904 2.008 0.660 0.047 6.454 14.095 0.041
P1-83 2.98 65.82 5.46 260 43.079 2.371 0.616 0.054 1.768 13.123 0.084
P1-84 3.08 63.69 5.64 260 39.975 1.596 0.530 0.124 1.287 12.533 0.073
P1-85 4 3.06 64.06 6 260 26.586 0.790 0.093 0.056 0.856 5.810 0.052
P1-86 3.25 60.30 5.97 260 24.039 1.094 0.096 0.023 1.301 5.285 0.024
P1-87 3.59 54.64 5.86 260 26.250 0.753 0.092 0.019 0.920 5.388 0.019
P1-88 5 2.12 92.51 6.19 260 23.218 2.329 0.049 0.354 0.805 4.328 0.059
P1-89 1.98 99.13 6.14 260 24.393 3.380 0.048 0.019 1.472 4.643 0.020
P1-90 1.59 123.15 5.81 260 24.332 3.820 0.048 0.011 1.447 4.335 0.015
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4.1. Dissolution rates of pyroxene in pure water

While maintaining pure water input, the temperatures were
varied from 25 to 374 �C, then steady-state dissolution
rates of pyroxene were measured as a function of tempera-
ture and flow rate. The steady state outlet solutions were
analysed after the experiments of pyroxene dissolution and
the concentrations of all dissolving aqueous species in the
solution was obtained (Table 3).

Reaction rates were calculated from the measured che-
mical composition of aqueous aliquots based on equation

(5), corresponding to the reaction for each element released
from the mineral surface. See Table 4.

The speciation of aqueous metals in the effluent solutions
and the reaction equilibrium of Eq(6) were calculated from the
chemical composition of the outlet solution using HCh soft-
ware (Shvarov, 1989) and SUPCRT92 (Johnson et al., 1992).
Based on reaction (6b), the Gibbs free energy change for the
Di30Hed70 – H2O reaction at elevated temperatures is calcu-
lated from

�Gr ¼ RT lnðQ=KÞ (7)

Table 3. Continued.

B. Pyroxene in HCl-H2O at 260�C

group u Aver t T m(Si) m(Na) m(mg) m(Al) m(K) m(Ca) m(Fe)

sequence B ml/min min pH �C �10�5 �10�5 �10�5 �10�5 �10�5 �10�5 �10�5

P1-91 6 2.12 92.64 6.5 260 21.857 8.761 0.037 0.020 0.594 4.205 0.008
P1-92 2.08 94.20 6.48 260 22.918 9.548 0.045 0.149 0.887 4.420 0.019
P1-93 2.40 81.67 6.44 260 21.575 9.617 0.047 0.013 0.955 4.198 0.009
P1-94 7 2.58 75.99 6.53 260 19.411 12.639 0.044 0.018 0.709 4.258 0.010
P1-95 2.62 74.76 6.53 260 19.900 12.787 0.073 3.603 0.609 4.240 0.500
P1-96 3.02 64.97 6.5 260 18.332 12.583 0.037 0.017 0.641 4.165 0.008
P1-97 8 2.93 66.91 6.55 260 17.411 14.204 0.054 0.046 0.551 4.330 0.009
P1-98 2.98 65.76 6.51 260 16.793 14.883 0.036 0.172 0.906 4.368 0.023
P1-99 3.30 59.31 6.4 260 16.954 14.783 0.039 0.015 0.964 4.420 0.005

C. Pyroxene in H2O at temperatures from 100 to 374 �C

group u Aver t T m(Si) m(Na) m(mg) m(Al) m(K) m(Ca) m(Fe)

sequence C ml/min min pH �C �10�5 �10�5 �10�5 �10�5 �10�5 �10�5 �10�5

P1-136 3.61 54.35 4.85 100 28.879 6.261 4.400 0.154 4.164 10.188 1.715
P1-137 2.87 68.37 4.9 100 28.139 6.222 4.329 0.145 4.179 9.793 1.605
P1-138 2.82 69.47 5.08 100 27.386 5.970 4.221 0.019 4.144 10.098 1.001
P1-139 3.50 55.99 5.48 100 18.804 3.044 2.256 0.008 5.128 5.628 0.780
P1-140 3.35 58.55 5.32 100 20.825 3.367 2.436 0.077 5.392 5.925 0.793
P1-141 3.37 58.19 5.51 100 17.907 2.719 2.218 0.009 5.072 5.658 0.926
P1-142 3.05 64.21 5.31 200 76.214 1.637 0.463 0.068 5.846 8.340 1.211
P1-143 2.80 69.89 5.39 200 75.500 1.597 0.457 0.147 4.085 8.325 0.934
P1-144 3.23 60.60 5.27 200 73.357 1.567 0.368 0.058 5.231 8.125 0.901
P1-145 3.36 58.39 5.31 200 58.250 1.342 0.315 0.400 4.577 8.573 0.773
P1-146 3.59 54.55 5.43 200 55.857 1.302 0.421 0.053 4.479 9.285 0.692
P1-147 2.92 67.21 5.22 200 51.464 0.969 0.272 0.090 3.459 8.108 0.721
P1-148 3.48 56.29 4.78 300 97.286 1.845 0.167 0.108 8.113 3.575 0.772
P1-149 2.34 83.82 4.93 300 91.143 2.008 0.446 0.909 5.595 4.860 0.682
P1-150 2.50 78.36 4.81 300 90.964 1.669 0.162 0.093 6.254 3.300 0.649
P1-151 3.61 54.23 4.84 300 64.857 1.306 0.183 0.074 4.015 2.525 0.636
P1-152 3.39 57.80 4.86 300 60.500 1.186 0.203 0.072 3.285 2.668 0.614
P1-153 3.42 57.33 4.89 300 58.286 1.133 0.129 0.072 3.410 2.292 0.512
P1-154 2.92 67.10 5.06 350 47.214 1.387 0.106 0.060 3.200 1.148 0.485
P1-155 2.91 67.38 5.24 350 45.036 1.133 0.121 0.050 5.387 1.122 0.583
P1-156 2.87 68.23 5.38 350 48.607 1.649 0.310 0.021 2.381 1.916 0.458
P1-157 3.29 59.62 5.19 350 43.250 1.233 0.088 0.034 3.485 0.751 0.388
P1-158 3.41 57.41 5.07 350 43.571 2.418 0.094 0.043 5.182 0.961 0.408
P1-159 3.40 57.58 5.21 350 43.429 1.200 0.082 0.043 1.943 0.811 0.406
P1-160 2.80 70.08 5.2 374 39.321 1.256 0.088 0.033 1.794 0.474 0.357
P1-161 2.92 67.14 5.43 374 39.429 8.191 0.242 0.001 2.534 0.744 0.302
P1-162 2.91 67.37 6.66 374 44.714 24.900 7.504 0.004 4.887 15.445 0.346
P1-163 3.66 53.60 5.46 374 36.179 1.378 0.089 0.028 2.921 0.635 0.425
P1-164 3.32 58.98 5.28 374 34.093 0.997 0.087 0.011 1.850 0.535 0.352
P1-165 2.73 71.71 5.34 374 36.857 1.010 0.129 0.001 3.336 0.556 0.245

Note: *only reference data due to analytical error.
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Table 4. Measured steady-state pyroxene dissolution rate.

A. Pyroxene in HCl-H2O at 25�C

log r(Si) (m/cm2/s) log r(Na) log r(Mg) log r(Al) log r(K) log r(Ca) log r(Fe) log(Q/K) DGr(kcal/m)

P1-1 �10.75 �9.09 �12.09 �13.23 �11.30 �11.68 �11.65 31.48 76.82
P1-2 �11.28 �9.16 �11.90 �11.89 �11.67 �11.53 �11.69 30.03 73.28
P1-3 �11.35 �9.29 �11.94 �13.44 �11.90 �11.63 �11.83 29.26 71.39
P1-4 �11.30 �9.32 �11.44 �13.42 �11.77 �11.13 �11.77 29.37 71.67
P1-5 �11.27 �9.33 �11.40 �13.03 �11.71 �11.07 �11.75 29.35 71.61
P1-6 �11.30 �9.35 �11.38 �13.40 �11.54 �11.05 �11.78 29.35 71.61
P1-7 �10.92 �9.43 �11.61 �13.52 �11.51 �11.19 �11.94 28.46 69.43
P1-8 �10.24 �9.41 �11.62 �13.06 �11.60 �11.20 �11.90 29.47 71.91
P1-9 �11.46 �9.45 �11.70 �12.47 �11.55 �11.27 �11.98 26.63 64.97
P1-10 �11.16 �9.55 �11.82 �13.78 �11.28 �11.36 �12.08 26.13 63.75
P1-11 �11.50 �9.57 �11.80 �13.64 �11.34 �11.35 �12.07 25.46 62.12
P1-12 �11.21 �9.49 �11.76 �11.37 �11.38 �11.30 �12.02 26.21 63.95
P1-13 �11.40 �9.56 �11.90 �13.67 �11.36 �11.35 �12.10 24.72 60.31
P1-14 �10.88 �9.58 �11.89 �10.55 �11.36 �11.39 �11.53 26.36 64.33
P1-15 �11.46 �9.54 �11.87 �12.08 �10.91 �11.36 �12.04 25.05 61.13
P1-16 �11.75 �9.75 �12.14 �13.76 �11.23 �11.62 �12.47 25.49 62.20
P1-17 �11.70 �9.76 �12.19 �14.04 �11.34 �11.65 �12.45 25.34 61.82
P1-18 �11.61 �9.77 �12.16 �14.01 �11.84 �11.63 �12.46 25.02 61.06
P1-19 �11.48 �9.69 �12.11 �14.03 �11.76 �11.51 �12.33 25.15 61.37
P1-20 �11.32 �9.78 �12.18 �14.29 �11.61 �11.58 �12.54 25.33 61.80
P1-21 �10.88 �9.70 �12.11 �13.85 �11.63 �11.48 �12.36 26.19 63.91
P1-22 �11.39 �9.75 �12.12 �12.29 �11.87 �11.41 �12.33 24.66 60.17
P1-23 �11.33 �9.74 �12.12 �13.83 �11.48 �11.39 �12.29 25.29 61.71
P1-24 �11.33 �9.67 �12.03 �13.87 �11.10 �11.31 �12.31 25.82 63.00
P1-25 �11.08 �9.68 �12.00 �13.74 �11.52 �11.22 �12.39 25.46 62.13
P1-26 �10.27 �9.70 �12.05 �13.53 �10.48 �11.23 �12.27 28.23 68.88
P1-27 �11.28 �9.68 �12.04 �13.67 �11.67 �11.21 �12.25 25.28 61.68
P1-28 �10.93 �9.65 �11.92 �11.27 �11.67 �11.12 �12.01 26.02 63.48
P1-29 �10.90 �9.64 �11.99 �13.95 �10.63 �11.08 �12.27 27.22 66.41
P1-30 �11.19 �9.65 �11.99 �13.69 �10.73 �11.06 �12.32 26.45 64.54
P1-31 �11.50 �9.98 �12.07 �13.87 �11.74 �11.22 �13.15 25.26 61.63
P1-32 �11.59 �10.07 �12.12 �11.33 �11.68 �11.29 �12.24 26.31 64.20
P1-33 �11.48 �9.97 �12.04 �13.93 �11.66 �11.19 �13.17 24.69 60.25
P1-34 �11.09 �9.89 �11.85 �13.69 �11.70 �10.83 �12.83 25.57 62.38
P1-35 �11.11 �9.90 �11.80 �11.63 �11.63 �10.78 �13.15 24.13 58.87
P1-36 �11.08 �9.92 �11.85 �13.39 �11.31 �10.76 �13.44 22.87 55.80

B. Pyroxene in HCl–H2O at 260�C

log r(Si)
(m/cm2/s) log r(Na) log r(Mg) log r(Al) log r(K) log r(Ca) log r(Fe) log(Q/K) DGr/1000

P1-76 �9.49 �10.67 �10.46 �12.07 �10.94 �9.84 �10.39 �19.47 �47.51
P1-77 �9.47 �10.66 �10.44 �12.05 �11.08 �9.81 �10.56 �19.61 �47.84
P1-78 �9.50 �10.71 �10.48 �12.18 �10.96 �9.83 �10.79 �19.61 �47.84
P1-79 �9.52 �10.83 �10.81 �12.56 �10.28 �9.91 �11.95 �18.84 �45.97
P1-80 �9.61 �10.89 �10.95 �11.46 �11.12 �10.03 �12.01 �19.60 �47.84
P1-81 �9.50 �10.82 �10.84 �10.76 �11.02 �9.90 �11.94 �18.80 �45.87
P1-82 �9.61 �10.95 �11.43 �12.57 �10.44 �10.10 �12.63 �17.85 �43.55
P1-83 �9.59 �10.85 �11.43 �12.49 �10.97 �10.10 �12.30 �18.19 �44.38
P1-84 �9.61 �11.00 �11.48 �12.11 �11.10 �10.11 �12.34 �17.99 �43.89
P1-85 �9.78 �11.31 �12.24 �12.46 �11.28 �10.45 �12.49 �18.62 �45.43
P1-86 �9.80 �11.14 �12.20 �12.82 �11.07 �10.46 �12.81 �18.88 �46.06
P1-87 �9.72 �11.26 �12.18 �12.86 �11.18 �10.41 �12.86 �19.65 �47.95
P1-88 �10.00 �11.00 �12.68 �11.82 �11.46 �10.73 �12.60 �17.89 �43.66
P1-89 �10.01 �10.87 �12.72 �13.12 �11.23 �10.73 �13.11 �18.08 �44.11
P1-90 �10.11 �10.91 �12.81 �13.47 �11.33 �10.86 �13.33 �19.52 �47.62
P1-91 �10.03 �10.43 �12.81 �13.06 �11.60 �10.75 �13.46 �17.26 �42.11
P1-92 �10.02 �10.40 �12.72 �12.20 �11.43 �10.73 �13.10 �16.61 �40.52
P1-93 �9.98 �10.33 �12.64 �13.19 �11.34 �10.69 �13.38 �17.13 �41.79
P1-94 �10.00 �10.18 �12.65 �13.04 �11.43 �10.65 �13.29 �16.84 �41.09
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with

Q ¼
a2H4ðAl; SiÞO4

a0:95
Ca2þ

a0:30
Mg2þ

a0:01
Al3þ

a0:7
Fe2þ

a0:04
Naþ1

a4
Hþ

a2H2O

(8)

where K is the equilibrium constant of the reaction, Q the
ion activity product and ai the activity of aqueous species i.
See Table 4.

The calculation of K does not take into account minor
elements (Na, K, Mn, Ti, Fe, Al) that make about 5 % of the
total cation number in the pyroxene formula.

The speciation calculations indicate that Ca2þ, Mg2þ,
Fe2þ, H4SiO4, AlðOHÞ�4 and OH- are the dominant aqu-
eous species under equilibrium conditions at high tempera-
tures (100–374 �C). The speciation calculations predict

that the outlet solutions are undersaturated with respect to
all possible secondary phases, which suggests there should
be no secondary mineral forming on the pyroxene surface,
or, there should be no precipitation of secondary minerals
during pyroxene dissolution (Appendix 2, Table A).

The pyroxene surface was analyzed by SEM before and
after the dissolution experiments (Table 5). Secondary
mineral were rarely observed on the pyroxene surface
after reaction with pure water. Figure 1a shows the colum-
nar shape of the pyroxene grains and their smooth fresh
surfaces. After reaction with pure water, the mineral sur-
faces show etch edges and a few secondary minerals,
10–100 nm in diameter, of Fe-oxide composition, covering
less than 1 % of the surface.

The SEM analysis of pyroxene before and after a dis-
solution experiment (at 374 �C) indicates the

Table 4. Continued.

B. Pyroxene in HCl–H2O at 260�C

log r(Si) (m/cm2/s) log r(Na) log r(Mg) log r(Al) log r(K) log r(Ca) log r(Fe) log(Q/K) DGr(kcal/m)

P1-95 �9.98 �10.17 �12.41 �10.72 �11.49 �10.65 �11.58 �14.95 �36.48
P1-96 �9.95 �10.12 �12.65 �12.98 �11.41 �10.60 �13.34 �17.25 �42.10
P1-97 �9.99 �10.08 �12.50 �12.57 �11.49 �10.59 �13.27 �16.84 �41.10
P1-98 �10.00 �10.05 �12.67 �11.99 �11.26 �10.58 �12.87 �16.58 �40.46
P1-99 �9.95 �10.01 �12.58 �12.99 �11.19 �10.53 �13.52 �17.64 �43.03

C. Pyroxene in H2O at temperatures from 100 to 374�C

log r(Si)
sequence (m/cm2/s) log r(Na) log r(Mg) log r(Al) log r(K) log r(Ca) log r(Fe) log(Q/K) DGr/1000

P1-136 �9.68 �10.34 �10.49 �11.95 �10.52 �10.13 �10.90 �53.71 �91.73
P1-137 �9.79 �10.44 �10.60 �12.08 �10.62 �10.25 �11.03 �53.79 �91.86
P1-138 �9.81 �10.47 �10.62 �12.97 �10.63 �10.24 �11.24 �54.04 �92.28
P1-139 �9.88 �10.67 �10.80 �13.25 �10.44 �10.40 �11.26 �55.20 �94.26
P1-140 �9.85 �10.64 �10.78 �12.28 �10.44 �10.40 �11.27 �54.98 �93.89
P1-141 �9.91 �10.73 �10.82 �13.21 �10.46 �10.42 �11.20 �55.22 �94.31
P1-142 �9.33 �11.00 �11.55 �12.38 �10.44 �10.29 �11.13 �53.95 �116.82
P1-143 �9.37 �11.04 �11.59 �12.08 �10.64 �10.33 �11.28 �54.24 �117.46
P1-144 �9.32 �10.99 �11.62 �12.42 �10.47 �10.28 �11.23 �54.29 �117.56
P1-145 �9.40 �11.04 �11.67 �11.57 �10.51 �10.24 �11.28 �54.73 �118.50
P1-146 �9.39 �11.03 �11.52 �12.42 �10.49 �10.17 �11.30 �54.67 �118.39
P1-147 �9.52 �11.24 �12.8 �12.28 �10.69 �10.32 �11.37 �55.22 �119.56
P1-148 �9.17 �10.89 �11.93 �12.12 �10.24 �10.60 �11.27 �51.79 �135.86
P1-149 �9.37 �11.02 �11.68 �11.37 �10.58 �10.64 �11.49 �51.47 �135.01
P1-150 �9.34 �11.07 �12.09 �12.33 �10.50 �10.78 �11.48 �52.13 �136.75
P1-151 �9.33 �11.02 �11.87 �12.27 �10.53 �10.73 �11.33 �52.80 �138.49
P1-152 �9.38 �11.09 �11.86 �12.31 �10.65 �10.74 �11.38 �52.93 �138.85
P1-153 �9.40 �11.11 �12.05 �12.30 �10.63 �10.80 �11.45 �53.31 �139.84
P1-154 �9.56 �11.09 �12.20 �12.45 �10.72 �11.17 �11.54
P1-155 �9.58 �11.18 �12.15 �12.53 �10.50 �11.18 �11.47
P1-156 �9.55 �11.02 �11.75 �12.91 �10.86 �10.95 �11.58
P1-157 �9.54 �11.09 �12.23 �12.65 �10.64 �11.30 �11.59
P1-158 �9.52 �10.78 �12.19 �12.53 �10.45 �11.18 �11.55
P1-159 �9.53 �11.08 �12.25 �12.53 �10.87 �11.25 �11.56
P1-160 �9.65 �11.15 �12.30 �12.73 �10.99 �11.57 �11.70
P1-161 �9.63 �10.32 �11.85 �14.28 �10.83 �11.36 �11.75
P1-162 �9.58 �9.84 �10.36 �13.65 �10.54 �10.04 �11.69
P1-163 �9.57 �10.99 �12.18 �12.68 �10.67 �11.33 �11.50
P1-164 �9.64 �11.17 �12.23 �13.15 �10.91 �11.45 �11.63
P1-165 �9.69 �11.25 �12.15 �14.26 �10.74 �11.51 �11.87
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compositional changes in atom numbers (Table 5): oxygen
was added by 3.86 %, Mg was reduced by 0.07 %, Al
reduced by 0.15 %; Si reduced by 2.02 %, Ca reduced by
1.34 %, Fe reduced by 0.45 %, Na added by 0.06 %. This
indicates that a leached layer depleted mainly in Si and Ca
occurs at the mineral surface.

4.2. Stoichiometry of pyroxene dissolution

Steady-state dissolution rates of pyroxene were measured
as a function of average residence time (flow rate) and
temperatures. Basically, dissolution rates are not depen-
dent on the sample history, or the rates did not change with
the elapsed time. See Appendix 1.

The general variations of the release rates of Ca, Mg, Fe,
Si with temperature are shown in Fig. 2. For a given
element, the release rate first increases with temperature,
reaches a maximum at Tmax, and then decreases with
continued temperature increase. For Si, the maximal rate
is observed at Tmax ¼ 300 �C; rCa and rAl are maximal at
260 �C (Tmax), rMg and rFe at 100 �C(Tmax), rNa is maximal
at 25 �C.

In Fig. 2a dashed lines show the scattered data of the
release rates of each metal Mi, caused by varying flow rates
at each temperature. Reaction stoichiometry was examined
by comparing release ratios of molar concentrations of
Dmi/DmSi in the effluent solution with the stoichiometric
numbers of moles of these elements in the pyroxene. Dmi

stands for the difference between the inlet and outlet fluid
concentration of the subscripted metal i, mMi, such as Mg,
Ca, Fe etc. When dissolution is stoichiometric, Dmi/DmSi

in the effluent solution (or rMi/rSi) is the same as the
stoichiometric number in solid.

The stoichiometric ratios Mi/Si in the pyroxene are
shown as horizontal dashed lines in Fig. 3a; Mi/Si is the
ratio between molar concentrations of i and the molar
concentration of Si in the solid (mi/mSi ratio in solid, i.e.,
stoichiometric number) (Tables 1 and 2).

Reaction stoichiometry was also examined by compar-
ing rMi/rSi, the ratio of the release rate of metal Mi to that of
Si, with the stoichiometric ratios Mi/Si in the pyroxene.
When dissolution is stoichiometric, Dmi/DmSi in the efflu-
ent solution (or rMi/rSi) is the same as the stoichiometric
number in solid. In brief, Fig. 3a, b indicate that Ca, Mg,

Fig. 1. Scanning electron micrographs of pyroxene surface before and after reaction with water; a, fresh; b after reaction with water.

Table 5. EDAX ZAF Quantification of pyroxene reacted with water.

Fresh pyroxene After reaction with water (to 374 �C) Nanoparticles on surface*

Surface analysis
Average of 3 samples

Surface analysis
Average of 3 samples

Point analysis
Average of 2 samples

Element Wt % At % Wt % At % At % change Wt % At %

O 36.087 55.31 39.82 59.16 3.86 28.35 55.435
Na 0.43 0.46 0.50 0.52 0.06
Mg 3.37 3.4 3.42 3.33 �0.07 1.9 2.445
Al 0.757 0.68 0.6 0.53 �0.15 0.545 0.635
Si 25.84 22.57 24.27 20.59 �2.02 5.965 6.645
K 0.15 0.09 0.10 0.07 �0.02 0 0
Ca 16.32 9.99 14.50 8.65 �1.34 3.715 2.895
Fe 17.06 7.49 16.36 7.047 �0.45 52.45 29.39
Other 0.42 0.11 0.42 0.185
100 100 100 100 100 99.91 *99.91

Wt% refers to weight percentage, At% is atomic numbers, At % change is compared with fresh mineral.
*Mainly iron oxide with aluminosilicate contribution because particle size is very small (10–500 nm) and background composition was
involved. Other metal: Mo, or P, Ga from vessel erosions.
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Fe, Al dissolve faster than Si in the temperature range from
25 to 100 �C because Dmi/DmSi ratios for Ca, Mg, Fe are
higher than the stoichiometric numbers. As temperature
increases from 200 to 374 �C, Si dissolves more easily than
other elements. Figure 3 shows that Dmi/DmSi ratios in the
effluent solutions vary with respect to temperature.

Ca, Mg and Fe are released easier than Si in water at
25 �C. Na is released easier in water in the temperature
range from 25 to 100 �C than Si. As temperature increases
from 100 to 374 �C, the release rate of Si increases faster
than other element rates (Fig. 3b).

If the relative release rates were related to the experi-
ment time length, then the DMi/DSi in the effluent solution
would be changing with time, and not constant. Our experi-
ments demonstrate that: the DMi/DSi in the effluent solu-
tion at a constant temperature is almost constant after
attainment of a steady state, as we changed flow rate and
also made the experiment time be longer. Figure 4a, b, c
indicate that DMi/DSi ratios in the effluent solution for Ca,

Mg, Fe, are almost constant when changing flow rates. In
some cases, the DMi/DSi ratios in the effluent solution vary
slightly with flow rates, e.g., at 260 �C. When changing the
flow rates at each temperature, experiments would spend
2–3 days. These experiments demonstrate that measure-
ments of dissolution rates are at steady state. The DMi/DSi
ratios in the effluent solution for Ca, Mg, Fe, . . . at 20 �C or
at 260 �C are different from the stoichiometric number Ni

(in mineral). Thus, we calculated the average values for
Dmi/DmSi ratios at each temperature, (Fig. 3b). DmMi/DmSi

ratios in solution are compared to the stoichiometric num-
ber Mi/Si in the solid (Ni); i.e., the ratio between Ca (or
Mg . . . ) concentration and Si concentration at steady-state
is divided by the stoichiometric number of moles of these
elements in the solid; if the balance is 1, it is stoichiometric
dissolution, see Fig. 3b (Oelkers & Schott, 2001; Dixit &
Carroll, 2007).

Pyroxene dissolution is non-stoichiometric in pure water
at most temperatures, but it becomes nearly stoichiometric

Fig. 3. (a) Release ratios Dmi/DmSi as a function of temperature for pyroxene (Di30Hed70) dissolving in water. (b) Release ratios (Dmi/DmSi)sol

vs. stoichiometric number Ni in mineral as a function of temperature. Here, the (Dmi/DmSi)sol are the average values for each temperature. We
can obtain the approximate constant value corresponding to temperature, and obtain the average values (Fig. 4). The circle allows one to
compare our data with those by Dixit & Carroll (2007) for the release ratio of diopside dissolution at 120, 150 and 175 �C.

Fig. 2. Release rates vs. temperature for pyroxene dissolution in water at 23 MPa. The rates are given for Si, Mg, Fe, Ca, Na, K, Al. Because of
overlapping data, two diagrams are provided for easier reading (Si, Na and K points are absent in Fig. 2b). The vertical alignments refer to the
flow rate changed at each temperature.
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at 100 �C (Fig. 3a, b and Fig. 4b). Results indicate that the
DmMg/DmSi (or release rate ratios rMg/rSi) are close to
stoichiometric (�0.154 in solid) at 100 �C. The DmMg/
DmSi and DmCa/DmSi are higher than stoichiometric num-
bers at 25 �C. DmMg/DmSi and DmCa/DmSi are lower than
stoichiometric number at temperatures from 200 �C to 374
�C. DmFe/DmSi at temperatures from 100 �C to 374 �C are
lower than their stoichiometric numbers.

Dissolutions are incongruent at 20 �C, 200 �C, 300 �C,
350 �C and 374 �C (Fig. 3b). We compare our data with
those from Dixit & Carroll (2007) who reported the dis-
solution rates of diopside at temperatures from 120 to 175
�C (Fig. 3b). Our sample of hedenbergite-diopside solid
solution is different from diopside but Ca and Mg dissolu-
tion is stoichiometric at 100 �C, which is close to the results
for diopside at 120 �C (Dixit & Carroll, 2007).

4.3. Effect of solution chemistry on dissolution rates

Plotting the dissolution rates (rSi) in neutral aqueous solu-
tion against DGr (Fig. 5) indicates that the dissolution
experiments were conducted at conditions far from equili-
brium. Far-from-equilibrium mineral dissolution rates

have been traditionally interpreted to be a function of pH,
but independent of the aqueous concentrations of the
metals present in the mineral itself (e.g. Knauss &

Fig. 4. Release ratios Dmi/DmSi as a function of flow rate for pyroxene (Di30Hed70) dissolution in water. a) At 25 �C. The horizontal lines
show the Dmi/DmSi ratios in solution for Mg, Ca, Al and Na; they are higher than the stoichiometric numbers in solid Ni. These Dmi/DmSi

ratios are stable and do not vary with flow rates. Thus the average Dmi/DmSi values can be obtained. (b) At 100 �C. The horizontal lines show
the Dmi/DmSi ratios in solution for Mg, Ca, Al, Fe and Na. The ratios Mg, Ca are close to the stoichiometric numbers in solid Ni. The Dmi/
DmSi ratios for Al and Fe are lower than for Ni, but are higher for Na (NNa). These ratios do not vary with flow rates. (c) At 260 �C, the
horizontal lines show the Dmi/DmSi ratios in solution for Mg, Ca, Fe are lower than the Ni stoichiometric ratios of the solid. Those Dmi/DmSi

ratios are stable and do not strongly vary with flow rates.

Fig. 5. The steady-state dissolution rates of pyroxene as a function of
DGr at 260 �C. The error bars surrounding the symbols correspond to
a 4 % uncertainty of the DGr data.
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Wolery, 1986, 1989; Murphy & Helgeson, 1987, 1989;
Oelkers & Schott, 2001; Zhang et al., 2002). The pyroxene
steady-state dissolution rates in neutral aqueous solutions
measured at temperatures from 25 to 374 �C in the present
study are illustrated as a function of pH in Fig. 6.
Dissolution rates (release rates of Si, rSi) increase with
decreasing pH, and vary weakly, at near constant pH,
when the concentrations of Mg, Ca and Fe in the reactive
fluid are changing (Fig. 7).

It can be seen that pyroxene dissolution rates (rSi) mea-
sured at 100 �C at pH range from 4.5 to 5 vary slightly with
molar concentrations of aqueous Mg, Ca and Fe (Fig. 7).
The dissolution rates (rSi) do not change with molar con-
centration of aqueous species Mg, Ca and Fe at 25 �C at pH
from 6.5 to 6.8. Similarly, the dissolution rates at 200 �C at
pH from 4.9 to 5.5 are independent of aqueous Mg, Ca and
Fe (Fig. 7). The same phenomenon also happens at 260 �C
at pH from 6.2 to 6.5.

These observations are consistent with Eq. (4) and with
pyroxene dissolution at neutral pH as controlled by the
destruction of a precursor complex formed by Mi-proton
exchange reactions (Mi refers to Mg, Ca and Fe). Thus,
logarithms of pyroxene dissolution rates, measured during
experiments with a constant inlet aqueous solution, appear
to vary systematically with the pH of outlet fluids and
logarithms of the molar concentrations of aqueous Mg,
Ca and Fe (Figs. 6 and 7).

In Eq. (4), order a refers to the exponent of rate in �r ¼
((aHþ)

Zi/aMi

Ziþ) a. The solid line through the data in the
plot: log(r) vs. log((aHþ)2/aMg2þ) at 100 �C has a slope of
0.165, this is the exponent value (Fig. 8). The close corre-
spondence between the line and the symbols are consistent
with rSi a ((aHþ)

2/aMg2þ). The determination coefficient
(R2) for the best fit of the data with slope 0.165 is 0.89,
and k ¼ 10�9.8 (referring Eq. (4, 9)). Calculation of the
reaction order from the slope of the line in Fig. 8 yields the

a value of 0.154 and 0.16, corresponding to log(r) vs. log
((aHþ)

2/aFe2þ) and log(r) vs. log((aHþ)
2/aCa2þ) respectively,

at 100 �C. Regression calculations performed using Eq. (4)
suggest that the a value for dissolution in water at 100 �C
are almost identical, corresponding to Mg, Ca and Fe,
plotted in Fig. 8. The slope, correlation coefficient and k
values are listed in Table 6. The regression curves through
the data are consistent with

r ¼ kða2þH =aMg2þÞ0:165;
r ¼ kða2þH =aFe2þÞ0:154;
r ¼ kða2þH =aCa2þÞ0:16

(9)

According to Eq (4) the exponent values refer to experi-
mental ni. As mentioned above, the stoichiometric number
of Mg atoms in pyroxene, normalized to the formation of
one Si (or one precursor complex), nMg is 0.154.
Experiment at 100 �C provides data with a slope corre-
sponding to log r vs. log ((a Hþ)

2/aMg2þ) of 0.165, close to
the stoichiometric number nMg. In addition, the exponent
values for Mg, Ca and Fe, referring to the rate �r ¼
((aHþ)

zi/aMi
ziþ)a, are almost similar, which proves that

stoichiometric dissolution of pyroxene in pure water
occurs at 100 �C.

These observations are consistent with the concept that
dissolution rates are controlled by the destruction of par-
tially detached Si tetrahedra formed by the exchange of
two protons for one Mg (or Fe, or Ca) near the pyroxene
surface.

4.4. Temperature effects on dissolution rates

Temperature dependence on dissolution rates can be illu-
strated in Fig. 9 by using Arrhenius relationship as follows:

Rate constant ¼ A expð�Ea=RTÞ (10a)

where A is a pre-exponential factor (mol/m2/s), nearly
independent on temperature, Ea refers to the activation
energy (kJ/mol), R stands for the gas constant, T (K)
denotes the absolute temperature. Note that some scientists
applied EA, apparent activation energy, instead of Ea, see
Eq. (10a) (Brady & Walther, 1992; Casey et al., 1993;
Oelkers & Schott, 1999). Measured dissolution rates are
depicted as a function of reciprocal temperature in Fig. 9.
Taking account of the definition of the apparent activation
energy, EA given by

EA ¼ �Rð@ ln r=@ð1=TÞÞpH; (10b)

the slope in Fig. 9 is equal to –EA/R. The straight line
depicted in this figure corresponds to the apparent activa-
tion energy of 22.667 kJ/mol, which is deduced from the
kinetic experiment of pyroxene dissolution in pure water at
temperatures of 25–300 �C.

Fig. 6. Variation of the logarithm of steady-state pyroxene dissolu-
tion rates (release rates of Si) at temperatures from 25 �C to 374 �C in
neutral solutions as a function of pH. The symbols correspond to
experimental data reported in Table 3.
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All experiments are performed in far from equili-
brium conditions, where the contribution of the reverse
reaction is negligible; so regression of experimental
data was performed with a combination of Eq.(4) and
(10), as:

�rþ ¼ A expð�EA=RTÞððaHþÞzi=aMiZiþÞ
a (11)

Therefore, it is possible to consider all the data together
and to perform a multiple linear regression so as to deter-
mine the EA, a and A using the following relationship
derived from Eq. (12):

log rþ ¼ log A� EA=ð2:303RTÞ
þ a logððaHþÞzi=aMiZiþÞ (12)

According to the stoichiometry of pyroxene dissolution in
water at 100 �C, we can do a theoretical calculation accord-
ing to Eq.(12). At 100 �C, the a values for (aHþ)

2/aMg2þ,
(aHþ)

2/aCa2þ and (aHþ)
2/aFe2þ are nearly the same, and equal

to 0.165 (0.16–0.165), close to the stoichiometric number
nMg. The a values at 100 �C are listed in Table 6, and the
pre-exponential factor A was calculated as equal to 2.011
� 10�7 m cm�2 s�1 at 100 �C.

At high temperatures, from 300 to 374 �C, the activation
energy will have an opposite sign (Fig. 9). This indicates
that reaction rates will decrease with increasing tempera-
ture at temperatures . 300 �C and 23 MPa. A previous
study reported that the dissolution rate of carbonate miner-
als decreases with increasing temperature, as derived from
the effect of the enthalpy value of the protonation reaction
at the mineral surface (e.g., the case of magnesite, Schott
et al., 2009).

5. Discussion

5.1. Stoichiometric dissolution of pyroxene

Experiments indicate that stoichiometric dissolution of
pyroxene occurs in pure water at 100 �C.

Fig. 7. Variation of the logarithm of steady-state pyroxene dissolution rates at temperatures from 25 �C to 374 �C in neutral solutions with the
logarithm molar concentrations of aqueous Mg, Ca and Fe. Release rates of Si change with molar concentrations of aqueous Mg, Ca and Fe at
25 �C and pH ¼ 4.9 to 5.5. Release rates of Si do not change with molar concentrations of aqueous Mg, Ca and Fe at 25 �C and pH¼ 6.5 to
6.8, at 200 �C and pH¼ 4.9 to 5.5 and at 260 �C and pH¼ 4.8 to 6.5. The symbols correspond to experimental data reported in Table 3. a) log
r(Si) vs. log m(aqueous Mg); b) log r(Si) vs. log m(aqueous Ca) and c) log r(Si) vs. log m(aqueous Fe), respectively. The linear curve (for
100 �C) represents a least squares fit of the data; the equation and coefficient of determination (R2) of this curve are given in the figure.
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At neutral conditions, pyroxene dissolution rates
observed at 100 �C are consistent with �r ¼ k ((aHþ)

2/
aMi2þ)0.165. Experiments demonstrate that hydrogen-ion
activity affects the proton-metal exchange on mineral
surface.

Some insight into the origin of these behaviours may be
gained from the consideration of the dissolution mechan-
ism of other silicate minerals. A mineral which contains
octahedral Mi in addition to tetrahedral Si in its structure
(Devidal et al., 1997; Cama et al., 2000; Harouiya &
Oelkers, 2004; Saldi et al., 2007) has its dissolution rate
controlled by precursor complexes formed by Mi for pro-
ton exchange reaction only at acid pH. At basic pH the
dissolution rate of the mineral becomes dependent on aqu-
eous Si concentration in addition to aqueous Mi concentra-
tion. This difference may stem from differences in
breaking rates for octahedral Mi–O bonds vs. tetrahedral
Si–O bonds.

Our observations combined with the previous studies
suggest that the pyroxene dissolution is initiated by the
relatively rapid removal of Mg atoms at edge positions via
Mg–H exchange reaction. This can be expressed as (e.g.
Oelkers & Schott, 2001)

>Mgþ 2Hþ ¼ Mg2þ þ 2 >H (13)

where .Mg designates an Mg atom in the pyroxene struc-
ture. This exchange reaction partially liberates Si–O tetra-
hedra, which are subsequently released to solution during
mineral dissolution. In agreement with transition-state the-
ory, far-from-equilibrium dissolution rates will therefore
be proportional to the concentrations of partially detached

Fig. 9. Arrhenius plots illustrating the variation of measured steady-
state pyroxene dissolution rates in water with temperature: variation
of the logarithm of the rates for experiments performed at tempera-
ture from 25 to 374 �C depicted as a function of reciprocal
temperature.

Fig. 8. Variation of the logarithm of steady-state pyroxene dissolution rates in water at 100 �C with the corresponding logarithm of a2
Hþ/aMi2þ.

The symbols of open squares, open triangles and open diamonds refer to 2Hþ ¼Mg2þ, 2Hþ ¼ Ca2þ and 2Hþ ¼ Fe2þ exchange reactions on
mineral surface and correspond to experimental data reported in Tables 3 and 4. Error bars correspond to a � 0.2 log unit estimated
uncertainty of these data. The linear curve represents a fit of the data measured at pH� 7; the equation slope and correlation coefficient (R2)
of determination of this curve are given in the figure.

Table 6. Calculations of the parameters slope a deduced from r(Si)
¼ k ((aHþ)

Zi/(a
M

Ziþ
i

))a corresponding to pyroxene dissolution in water
shown in Fig. 8.

100�C slope a R2 intercept

log r vs. log((aH
þ)2/aMg2þ) 0.165 0.89 �9.87

log r vs. log((aH
þ)2/aCa2þ) 0.16 0.89 �9.9

log r vs. log((aH
þ)3/aFe2þ) 0.154 0.86 �9.8
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Si tetrahedra. The concentrations of the partially detached
Si tetrahedra can be estimated from mass action law for
reaction (13) which, when combined with Eq. (3), yields
(for detail see Oelkers, 2001):

rþ ¼ kþ

a2
Hþ

aMg2þ

� �ni

1þ K
a2
Hþ

aMg2þ

� �ni (14)

where ni denotes a stoichiometric coefficient, equal to the
number of partially detached Si tetrahedra formed by the
removal of each Mg, and K designates the equilibrium
constant for reaction (6b). When there is still substantial
Mg remaining at the pyroxene edge surface, or K((aHþ)2/
(aMi2þ))ni ,,1, Eq. (14) can be reduced to Eq. (4). See
Oelkers (2001).

Experiments indicate that the pyroxene dissolution rates
at 100 �C are controlled by the detachment of partially
liberated silica tetrahedra at mineral surface, as permitted
by the exchange at mineral edges of Mg2þ (Fe, Ca) for two
protons.

5.2. Effect of the variations of water properties on
reaction rates within the critical state region

As mentioned above, dissolution rates (release rate of Si)
of pyroxene increase with temperature from 25 to 300 �C
and then decrease. The release rates of the other elements
show similar trends, reaching a maximal value at various
temperatures: at 260 �C for Ca and Al, at 100 �C for Mg
and Fe, at 25 �C for Na.

Silica has lower release rates than the other elements at
low temperatures, at T , 300 �C, higher rates at tempera-
tures 	300 �C (Fig. 6). The variation of DmMi/DmSi with
temperature is particularly different between the data
obtained at T . 300 �C and those at T , 300 �C. We
have already observed this phenomenon in previous sili-
cate dissolution experiments (Zhang et al., 2000, 2002;
Zhang et al., 2004): when albite dissolves in water, the
release rate of Si increases with temperature from 25 to
300 �C, reaches a maximum at 300 �C, then decreases from
300 �C to 400 �C, and the release ratios DNa/DSi and DAl/
DSi are higher than the stoichiometric numbers at T , 300
�C, and lower than those at T	 300 �C. The same phenom-
ena were found in experiments on actinolite dissolution in
water (Zhang et al., 2004), where the release rate of Si
increases with temperature from 25 to 300 �C, reaches a
maximum at 300 �C, then decreases. Release rates of most
metals (Mg, Fe, Ca, Na, Al) from actinolite are almost
higher than release rate of Si at T , 300 �C, and lower
than the release rate of Si at T 	 300 �C.

This behaviour is related to a change of composition of
the leached layer due to variation of temperature. The
surface layer is possibly depleted in silica and relatively
enriched in other metals at high temperature, whereas at
low temperature other metals are preferentially leached out
from mineral surface, see Table 5.

Water properties control mineral dissolution processes,
and vary strongly at temperatures above 300 �C (Johnson
& Norton, 1991; Shaw et al., 1991). Increasing the tem-
perature from 300 �C to 400 �C, at a constant pressure of 23
MPa, induces a strong decrease of the water density, from
0.73 to 0.4 g/ml, and of the dielectric constant, from 20.4 to
2.73. It is conceivable that such strong variations in water
properties within the region from a sub-critical to the
critical state will affect the dissolution rates of multi-
oxide minerals (Fig. 10). Within and near the critical
region, the rapid decrease of the dielectric constant and
of water density results in the destruction of the hydrogen
bond network of the water molecules, which may affect the
rates of ionic reactions and the hydration of the silicate
framework (Driesner et al., 1998; Zhang & Hu, 2004).

It is generally considered that the Al–O and Si–O brid-
ging bonds exhibit weak ionic and polar (covalent) proper-
ties. The Ca–O and Mg–O bridging bonds have relatively
ionic bond properties. For pyroxene, certain metal oxygen
bonds (e.g. Mg–Obr Ca–Obr) are broken faster than others
in water at 25 and 100 �C. As temperature rises (to sub-
critical state of water), water density and dielectric con-
stant decrease and the hydrogen bond network of the water
molecules is destroyed, thus water becomes gradually cap-
able of dissolving polar-bonded substances (e.g. breaking
the Si–O bond) whereas breaking the Ca–O, Mg–O, Fe–O
bonds becomes increasingly difficult (Jonhson & Norton,
1991; Shaw et al., 1991; Zhang et al., 2002).

Therefore, upon crossing the critical region of water,
both the ionic and hydration reactions are weakening.
However, owing to differences in polarizability among
the different bridging bonds (Ca–Obr, Mg–Obr, Fe–Obr,
Al–Obr and Si–Obr), the Si–Obr bond becomes more easily
broken and hydrated than at temperatures below 300 �C.

Fig. 10. Dielectric constant and density (g/ml) of water as a function
of temperature at 23 MPa; comparison of release rates of Si for
pyroxene in water: rSi. 300 �C is an interesting limit for temperature.
Below 300 �C, water properties vary slowly. Above 300 �C water
properties show strong fluctuations. & refers to water dielectric
constant, from 2.7 (400 �C) to 78.2 (25 �C); ^ stands for water
density (g/ml) from 0.4 (400 �C to 1 (25 �C) ~ accounts for release
rates of Si of pyroxene (mol s�1cm�2�10�9).
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Thus, the release rate of Si is faster than that of other
elements at T 	 300 �C, and the leached layer on mineral
surface becomes Si-depleted and enriched in other metals.

At temperature above 300 �C, the breaking of octahedral
Mi

2þ–O bonds will occur after the adjoining tetrahedral Si
has been removed from the pyroxene structure due to
hydration of Si–O–Si. The rates to break octahedral
Mi

2þ–O bonds are slower than those for tetrahedral Si–O
bond under the conditions from sub-critical state to the
critical state of water. The pyroxene dissolution at tem-
peratures .300 �C is different from that at temperatures
,300 �C, as caused by the variation of water properties
within the critical region.

Thus, the decrease of dielectric constant and density of
water will affect the reactions between water molecules
and Mi–O, Si–O–Si bonds, ionic exchange and hydrations
at mineral surface, resulting in a dramatic change of the
equilibrium constant for the reaction forming the activa-
tion complex. These results are depicted in Figs. 9 and 10,
and indicate that release rates of Si decrease with increas-
ing temperature at temperature higher than 300 �C.

6. Conclusion

Kinetic experiments demonstrate that pyroxene dissolution
rates in pure water vary with temperature in the range from
20 �C to 374 �C, 23 MPa. The experimental results show
that Mg dissolves faster than Si at temperatures 
 100 �C,
Fe and Ca dissolve faster than Si at 25 �C. At temperatures
	 200 �C, particularly above 300 �C, Si dissolves faster
than the other elements. Maximum release rates of Si in
pure water occur at 300 �C.

The experiments indicate that the release ratios, Dmi/
DmSi (i ¼ Mg, Ca, Fe) in aqueous solutions vary with
temperature. Stoichiometric dissolution of pyroxene in
water occurs at 100 �C. Results indicate that pyroxene
dissolution rates are pH dependent. As usual, far from
equilibrium dissolution rates of pyroxene do not vary
strongly with molar concentrations of dissolved Mg, Fe
and Ca in the output solution.

The rates in water can be described as Eq. (11):

�rþ ¼ A:exp �EA=RTð Þ � ððaHþÞZi=ðaMiÞZiþÞ0:165;
where EA¼�22.667 kJ/mol (pH¼ 4.8–6.9, from 25 �C to
300 �C), A¼ 2.011 10�7 m cm�2 s�1. The slope a¼ 0.165
corresponding to log r vs. log((aHþ)

Zi/(aMi
Ziþ)a and is close

to the stoichiometric number of Mg, 0.154.
The dissolution of pyroxene requires the breaking of

more than one metal–oxygen bond type. Certain metal–-
oxygen bonds are broken faster than Si-Obr in water at
25 �C and 100 �C. It is likely that some metals (e.g. Ca,
Mg, Fe,) within the structure can be removed far before the
multi-oxide structure is destroyed by dissolution (e.g. at T
, 300 �C). Experiments of pyroxene dissolution in water
demonstrate that the hydrolysis of Si–O–Si bond and Mi-H
exchange reaction at temperatures , 300 �C are different

from the reactions at temperatures 	 300 �C and 23 MPa.
Because of differences in polarizability among the Ca–Obr,
Mg–Obr, Al–Obr and Si–Obr bonds, the relatively ionic
Mi–O bond more easily breaks than Si–Obr at low tempera-
tures (e.g. T ¼ 25 �C to 100 �C). But the Si–Obr bond is
faster hydrated at temperatures 	 300 �C, as caused by
strong variation of water properties: decrease of water
density and dielectric constant within the near-critical
region. Thus, the rates to break octahedral Mi

2þ (Ca, Mg,
Fe)–O bonds are slower than that to break tetrahedral Si–O
bond at temperature above 300 �C.
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Appendix 1. Steady state dissolutions and
stoichiometry

Previous studies suggest that steady-state dissolution is
defined as a constant concentration of dissolved metals in
the output solution over time. When the system eventually
reaches steady state, constant concentrations of the aqu-
eous species and constant reaction rates are expected
(Cama et al., 2000; Dixit & Carroll, 2007). Some investi-
gators suggest that steady-state kinetics is defined when
dissolution rates are time independent and dissolution is
stoichiometric (e.g., Oelkers & Schott, 2001). These stu-
dies do not discuss incongruent dissolution.

Our reactor was heated to the desired temperature and
pressure and the input solution was driven through the
reactor at a constant flow rate until the outlet solution
attained a steady state concentration (e.g., Ca, Mg and
Si). Steady state outlet concentrations were obtained after
an elapsed time ranging from 2 hours to 2 days, depending
on the flow rate and stirred rates (using stirred flow reac-
tor). Thus, this study defined steady state: the concentra-
tions of dissolved metals in output solutions did not change
with elapsed time.

Reaction stoichiometry was examined by comparing
release ratios of molar concentrations of Dmi/DmSi in the
effluent solution with the stoichiometric numbers of moles
of these elements in the pyroxene. Dmi stands for the
difference between the inlet and outlet fluid concentration
of the subscripted metal i, such as Mg, Ca, Fe etc. Dmi ¼
mi (outlet) – mi, 0 (inlet)

When dissolution is stoichiometric, Dmi/DmSi in the
effluent solution (or rMi/rSi) is the same as the stoichio-
metric number of moles of these elements in the mineral,
Ni. Experiments for pyroxene in water indicate that the
release rates for each metal, e.g., Ca, Mg, Al, Na, and Si,

vary with temperature (Fig. 2). Simultaneously, molar
concentration ratios Dmi/DmSi for Ca/Si, Mg/Si, Fe/Si,
Al/Si in solutions vary with temperature (Fig. 3). In most
cases, Dmi/DmSi ratios for Mi/Si in solutions are different
from the stoichiometric number of moles of these elements
in the solid, Ni.

We waited sufficient time for pyroxene-water reaction
to reach a steady state at a fixed condition; then con-
centrations of most Mi are constant. At that time, ratios
Dmi/DmSi are constant. We changed flow rates (0.8ml/
min to 3.6 ml/min) in a long period of time. Results
indicate that molar concentration ratios Dmi/DmSi for
Ca/Si, Mg/Si, Fe/Si, Al/Si in solution are almost con-
stant with varying flow rates, and the experiments were
performed during more than 2 days. See Fig. 4. The
Dmi/DmSi ratios are time independent. We can measure
the steady state release rates for each dissolved metal at
different temperatures. But the steady state dissolution
rates at 25 �C, 200 �C, 300 �C, 374 �C are not stoichio-
metric. Pyroxene dissolution is near stoichiometric only
at 100 �C (Fig. 3). Previous studies reported steady state
dissolution rates for albite in water at temperatures from
20 to 400 �C, but albite dissolution is stoichiometric
only at 300 �C (see Hellmann et al., 1989; Zhang
et al., 2002).

Appendix 2

Based on the composition of the measured molar concen-
trations of dissolved metals in the effluent solutions, one
can assess the speciation of the dissolved metals in the
solution under experimental conditions by using HCh
(Shvarov, 1989).

Table A. Calculation example for speciation of effluent solution based on measured composition of the effluent fluids as pyroxene reacted
with HCl-H2O at pH 3.85 to 4.6.

H2O 0 9.999383E-01* 1.00000* 9.999400E-01* 1.00000* 9.999581E-01* 1.00000*
Hþ 1 1.408538E-04 0.92215 1.346840E-04 0.92322 5.849378E-05 0.93757
OH� 2 7.757544E-08 0.91598 8.092524E-08 0.91723 1.802555E-07 0.93366
H3SiO4

� 3 1.118603E-08 0.91718 1.141016E-08 0.91839 1.820306E-08 0.93441
H4SiO4 4 9.083410E-04 0.99994 8.881531E-04 0.99994 6.358204E-04 0.99996
O2 5 3.739384E-04 0.99994 4.491034E-04 0.99994 4.306798E-04 0.99996
H2 6 1.199229E-22 0.99994 1.094281E-22 0.99994 1.117431E-22 0.99996
Cl� 7 1.273117E-03 0.91537 1.223834E-03 0.91664 7.707642E-04 0.93328
HCl 8 3.727548E-06 0.99994 3.434997E-06 0.99994 9.714593E-07 0.99996
Naþ 9 6.046304E-05 0.91658 5.038856E-05 0.91781 3.024845E-05 0.93404
NaOH 10 8.291278E-11 0.99994 7.227592E-11 0.99994 1.001119E-10 0.99996
NaCl 11 9.369275E-08 0.99994 7.526295E-08 0.99994 2.948299E-08 0.99996
Kþ 12 3.016948E-05 0.91537 3.017332E-05 0.91664 1.006978E-04 0.93328
KOH 13 1.974027E-11 0.99994 2.065172E-11 0.99994 1.591034E-10 0.99996
KCl 14 1.089061E-07 0.99994 1.049926E-07 0.99994 2.287600E-07 0.99996
Mg2þ 15 9.420640E-05 0.71969 8.761657E-05 0.72313 3.184988E-05 0.77040
MgOHþ 16 3.373851E-08 0.91718 3.289147E-08 0.91839 2.838642E-08 0.93441
MgClþ 17 4.669305E-06 0.91718 4.194815E-06 0.91839 1.023855E-06 0.93441
MgCl2 18 1.174307E-11 0.99994 1.016873E-11 0.99994 1.619243E-12 0.99996
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Table A. Continued.

Ca2
þ 19 4.067431E-04 0.71285 4.051023E-04 0.71647 2.561808E-04 0.76582

CaOHþ 20 8.404196E-08 0.91718 8.776340E-08 0.91839 1.322008E-07 0.93441
CaClþ 21 9.849411E-06 0.91718 9.478304E-06 0.91839 4.037845E-06 0.93441
CaCl2 22 1.561776E-07 0.99994 1.448651E-07 0.99994 4.026264E-08 0.99996
Feþþ 23 2.826459E-10 0.71285 9.661216E-11 0.71647 1.037220E-12 0.76582
FeOHþ 24 1.207558E-11 0.91718 4.327829E-12 0.91839 1.106746E-13 0.93441
Fe(OH)2 25 2.707272E-14 0.99994 1.014882E-14 0.99994 5.987071E-16 0.99996
FeðOHÞ�3 26 1.453219E-19 0.91718 5.683191E-20 0.91839 7.471451E-21 0.93441
FeClþ 27 6.284546E-12 0.91718 2.075578E-12 0.91839 1.501119E-14 0.93441
FeCl2 28 6.069098E-15 0.99994 1.932030E-15 0.99994 9.116110E-18 0.99996
Fe3þ 29 1.203433E-14 0.45905 4.094322E-15 0.46454 1.754659E-17 0.54290
FeOH2þ 30 3.468345E-09 0.70751 1.240796E-09 0.71125 1.314763E-11 0.76227
Fe OHð Þþ2 31 2.517858E-05 0.91718 9.446705E-06 0.91839 2.390650E-07 0.93441
Fe(OH)3 32 9.088315E-05 0.99994 3.566597E-05 0.99994 2.082145E-06 0.99996
Fe(OH)4

� 33 1.720338E-09 0.91718 7.043071E-10 0.91839 9.162895E-11 0.93441
FeCl2þ 34 7.550655E-14 0.70751 2.489236E-14 0.71125 7.459527E-17 0.76227

I 0.002 I 0.002 I 0.001
pH 3.886 pH 3.905 pH 4.261
Eh 0.609 Eh 0.609 Eh 0.571

372 R. Zhang, X. Zhang, B. Guy, S. Hu, D. De Ligny, J. Moutte

Downloaded from https://pubs.geoscienceworld.org/eurjmin/article-pdf/25/3/353/3977060/353_ejm25_3_353_372_zhang_gsw.pdf
by guest
on 17 December 2018




