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Kinetics and mechanism of forsterite dissolution at 25°C and pH from 1 to 12

OLEG S. PokrovskY* and JACQUES ScHOTT
Geochimie: Transferts et Mmnismes, CNRS (UMR 5563)-OMP-UnivefsRaul-Sabatier, 38 rue des Trente-Six Ponts, 31400 Toulouse, France

(Received Novembér, 1999;accepted in revised form April8, 2000)

Abstract—The forward dissolution rate of San Carlos forsteritg,fmas measured at 25°C in a mixed-flow
reactor as a function of pH (1 to 12), ionic strength (0.001 to 0.1\, (0 to 0.05 M), aqueous magnesium
(10~°to 0.05 M) and silica (10° to 0.001 M) concentrations. In Cree solutions, the rates decrease with
increasing pH at & pH = 8 with a slope close to 0.5. At & pH =< 12, the rates continue to decrease but
with a smaller slope of-0.1. Addition of silica to solution at pH above 8.8 leads to reduction of up to 5 times

in the dissolution rate. Magnesium ions have no effect on forsterite dissolution rate at pH from 3 to 6 and
10 ° < [Mg? "], < 0.04 M. Aqueous carbonate ions strongly inhibit dissolution in alkaline solutions when
aCO2~ > 10~ M. In acidic and slightly alkaline solutions, forsterite dissolution is controlled by the
decomposition of a silica-rich/magnesium-deficient protonated precursor complex. This complex is formed by
exchange of two hydrogen ions for a Mg atom on the forsterite surface followed by polymerization of partially
protonated SiQtetrahedra and rate-controlling"Hpenetration into the leached layer and its adsorption on
silica dimers. This accounts for the observed 0.5 order dependence of dissolution rate amtivity. In
alkaline solutions, dissolution is controlled by the decomposition of Mg hydrated sites in a Mg-rich layer
formed by silica preferential release. Within this conceptual model, forsterite forward rate of dissolution can
be accurately described for a wide variety of solution compositions assuming two parallel reactions occurring
at silica-rich and hydrated Mg surface sites:

R, (molicn/s) = 2.38x 10 1 {>Si,0-H"} + 1.62x 10 °{>MgOH; }

where {>i} stands for surface species concentration (mg)/rihis equation describes the weak dependence

of dissolution rates on pH in alkaline solutions and the inhibiting effect of carbonate ions and dissolved silica
when the hydration of surface Mg atoms with formation ®®MgOH; is the rate-controlling step for
dissolution. It follows that the decrease of forsterite dissolution rate with increasing carbonate concentration
at pH = 9 in natural aquatic systems results in a decrease of atmosphesicd@®umption, i.e., unlike for
feldspars, there is a negative feedback between 0 forsterite weathering rate. This should be taken into
account when modeling the effect of mafic mineral weathering opg @i@bal balance. Copyright © 2000
Elsevier Science Ltd

1. INTRODUCTION references therein) or ta®? (Wogelius and Walther, 1991;

Wogelius and Walther, 1992; Rosso and Rimstidt, 2000). In
alkaline solutions, the rate was found to increase with pH with
a slope close to 1/3, similar to that for quartz and feldspars
(Blum and Lasaga, 1988; Wogelius and Walther, 1991) which
allowed Brady and Walther (1989) to suggest that, as for quartz
and aluminosilicates, the breaking of Si-O bonds controls for-

In the first part of this work (Pokrovsky and Schott, 2000), an
approach utilizing a range of spectroscopic and of chemical
techniques has been taken for the first time to characterize the
surface chemistry of forsterite in aqueous solution as a function
of solution composition and pH. The purpose of the present
study is to apply these results for modeling forsterite dissolu-

tion kinetics in aquatic systems. Numerous studies have beentsr:?me d'ESOI_Ut'OT)' HoweV(ter:, onte rr;ay qufe?tlortw tqe Va“d'.tyt of f
devoted to the dissolution kinetics of forsterite (Luce et al., IS mechanism because the structure ot Torsterite consists o

1972 Sanemasa et al. 1972: Grandstaff. 1978 Siever andisolated silica tetrahedra linked together by magnesium octa-

Woodford, 1979; Eriksson, 1982; Sverdrup and Bierle, 1982: hedra so that no critical Si-O bond has to be broken in order to
Siegel and Pfannkuch. 1984: Schott and Berner. 1983. 1985 destroy the mineral structure (Schott and Berner, 1983, Casey
Grandstaff, 1986; Blum and Lasaga, 1988; Sverdrup, 1990; et al.,, 1993; Oelkers, 2000). Moreover, such a dissolution
Wogelius and Walther, 1991; Wogelius and Walther, 1992: mechanism is inconsistent with the strong inhibiting effect of
Westrich et al., 1993: Oelkers, 1999: Awad et al., 2000; Chen dissolved CQ at pH above 9 reported by Wogelius and
and Brantley, 2000; Oelkers, 2000; Rosso and Rimstidt, 2000). Walther (1991). The adsorption of carbonate ions can only
In these studies, it has been recognized that at 25°C and pH  0ccur on the.p.osmvgly charged Mg surface groups whlich thus
7 forsterite dissolves congruently and the rate is proportional to Nave to participate in the control of forsterite dissolution. In

eithera,,+ (Murphy and Helgeson, 1987; Sverdrup, 1990, and Order to resolve these controversies, a systematic study of
forsterite dissolution kinetics has been conducted at 25°C over

a wide variety of solution compositions. The results enable a
*Author to whom correspondence should be addressed better description of forsterite chemical weathering rates and its
(oleg@lucid.ups-tlse.fr). effect on atmospheric COmass balance.
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2. MATERIALS AND METHODS

Forsterite from San Carlos (Arizona) was used in this study. The

Fig. 1. Schematic setup of the mixed-flow reactor system.

Microscopic analysis of fresh and altered forsterite surfaces was per-
formed using a Jeol JSM840a scanning electron microscope.

Steady-state dissolution rates were obtained at distinct solution com-

chemical analysis of this sample is given in Pokrovsky and Schott Positions and pH using a mixed-flow reaction vessel immersed in a

(2000) and corresponds to the compositionMgre, 15510, (F0g,).

water bath held at a constant temperature of 25@5°C. The exper-

X-ray diffraction analysis of this material before and after experiments imental setup is depicted in Figure 1. The input fluid was stored in a
revealed neither contamination by clay minerals nor the formation of compressible polyethylene container during the experiments. It was

secondary phases. Transparent crystals5 cm in size were hand-

injected into the reaction vessel using a Gil8greristaltic pump that

picked, ground with an agate mortar and pestle, and sieved. The sizeallows flow rates ranging from 0.01 to 10 mL/min. The reactor con-

fraction between 50 and 10@m was ultrasonically cleaned using
alcohol to remove fine particles and dried overnight at 60°C. The
specific surface area of the cleaned powder was 8080 cnf/g as
determined by Kr adsorption using the multi-point B.E.T. method.

sisted of a 250 mL Azloh plastic beaker which was continuously
stirred with a floating teflon supported magnetic stirrer. Stirring was
controlled by a stirplate located directly beneath the bath. The reactive
solution left the reactor through a sm pore size Ti filter. Several
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outlet solutions were additionally filtered through a 04 acetate tively). Repeated dissolution runs performed in solutions of
g'tf“ th(j) diffefencsst in a”a_l'_Y“fC_I?' Mdg and |Si C(I’Ar‘cemfgﬂogs V|V_|efe similar composition on the same mineral powder indicate that
etected compared to pm Ti filtered samples. A combine - : :

electrode Waspinserted t’irough the reactor E:over to enable in—gitu pH QIssolutlon rates do not vary by more th&rlO% after e_lgpsed
measurements for several experiments. The fluid composition can be fimes of greater than 150 h. Moreover, forsterite specific surface

regulated by either changing the flow rate or the composition of the area decreased by less than 10% during dissolution experiments
inlet solution without dismantling the reactor and/or changing the |asting more than 200 h as confirmed by B.E.T. surface area

amount of mineral present during the experiment. Betweerd 4anof measurements. The lowest measurable rates were aboif 10

forsterite was allowed to react in fluids of prescribed input composi- . - . . L
tions. Varying the mass of reacting forsterite from 0.5 to 4.0 g did not mol/cn?/s which originated from the analytical detection limits

change the normalized dissolution rate. and lowest Mg and Si concentration in blank experiments.
Reacting fluids were comprised of deionized degassgd, Werck Steady state was typically reached after 6 to 100 h depending
reagent grade HCI, NaOH, NaHGONa,CO;,, NaCl, and MgC. In on the flow rate. For each experiment, at least 5 data points at

CO,-free experiments, fresh input solution was purged of,Q® ~ .
bubbling wet pure nitrogen for 10—12 h; this bubbling was repeated steady-state conditions were collected. An example of steady

once every two days during long-term dissolution experiment. Regular State attainment at pH 3 is shown in Figure 2 where outlet
control of alkalinity and pH in inlet solutions for C&ree experiments Mg and Si concentrations are plotted as a function of time. It
did not reveal any detectable dissolution of atmospheric, G can be seen that within the uncertainties of measurements
diffusion through polyethylene walls of the container during the course (+10%), outlet Mg and Si concentrations remain constant during

f th iments. Soluti iti dinth t stud . :
I(i)stec? ;x_r;:g@gnlsan; ; 1on compositions usedin he present SUAY areype course of the 10-30 h experiments. This demonstrates that the

All input and output solutions were analyzed for magnesium times necessary to reach mechaniedbgr fluid residence times)
(_[Mg”]}m), silica ([SiOx(aq)]ey, alkalinity ([AIK]), and pH as a func- and chemical steady-states are very close. In alkaline solutions,
tion of time. NBS buffers (pH= 4.008, 6.865, and 9.180 at 25°C) were  the time to reach the stoichiometric steady-state dissolution at

used for calibration of a combination pH-electrode (Schott @&era .
H62). Precision of pH measurement wa®.002 units. Alkalinity was the same flow rate was much longer, up to 200-300 h.

determined following a standard HCI titration procedure with an un-  For all experiments listed in Tables 1 and 2, the outlet
certainty of+1% and a detection limit of X 10~°> M. Magnesium and solutions were strongly undersaturated with respect to forster-
iron concentrations were measured by flame atomic absorptigg spec-jte, brucite, and magnesite (saturation indices are below 0.02).
troscopy with an uncertainty of 1% and a detection limit ok 110 For some experiments performed in alkaline solutions (i.e.,
and 3Xx 1077 M, respectively. Total silica concentration was deter- N 456 17 19 turati ith t to ch il
mined using the molybdate blue method with an uncertainty of 2% and 0s. 4,5, 6,17, 19), supersatura 'on_W'_ reSPeC 0 chrysotlle
a detection limit of 3x 1077 M. and talc was found. However, the stoichiometric release of Mg
Homogeneous solution equilibria as well as surface speciation were relative to Si at steady-state conditions suggests that precipita-
calculated for each solution composition using the MINTEQAZ code  tjon of these silicate phases did not occur within the duration of

and MINTEQAZ2 thermodynamic database (Allison et al., 1991). The . . _ ~
activity coefficients of free ions and charged complexes were calcu- experiments. Moreover, experiments 19-2 and 19-3 (Table 1)

lated using the Davies equation which is standard in MINTEQA2. with solution saturation indices with respect to chrysotile of 0.2
and 12, respectively, exhibited very close valuegf, thus
3. RESULTS AND DISCUSSION demonstrating the absence of secondary phase precipitation. X-ray

) ) ) diffraction analysis of the grains reacted in alkaline solutions
Results of 101 steady-state dissolution experiments per- giq not reveal any changes in mineralogical composition.

formed in CQ-free and C@-bearing solutions at pH from 1 to SEM examination of the surface of reacted grains showed
12 and ionic strength from 0.001 to 0.1 M are listed in Tables ¢ they are similar to those of the fresh powder (Fig. 3a). For
1 and 2, respectively. The data are sorted by decreasing disso-iq-reacted grains, formation of etch pits can be clearly de-
lution rate. Included in this table are reacting solid surface area, tected (Fig. 3b). For grains reacted in alkaline solutions, no
fluid flow rates, inlet fluid composition (or blank concentra-  4jieration of the surface has been observed (Fig. 3c) thus
tions), outlet fluid pH, [AIK], Mg, [SIO,(ad)len and confirming the absence of any secondary precipitation. This is
steady-state forsterite dissolution rates. o in agreement with SEM analyses of Wogelius and Walther

Steady-state dissolution ratd%,(mol/cmz/s) givenin Table  (1991) who did not detect the precipitation of any secondary
2 were computed from measured solution composition using  gjjicate minerals in solutions about a hundred times supersatu-

Rg = —q - A[SiO(aQ)]w /s rated with respect to talc and/or chrysotile.
and . . . .
3.1. Dissolution Rates as a Function of Solution
Rug = —Q - 0.56- A[M@% /s Composition
whereq (L/s) designates the fluid flow rata[SiO,(aq)l,o; and Forsterite steady-state dissolution rates measured at 25°C in

A[Mg?*],.. (Mol/L) stands for the difference between the input CO,-free solutions at ionic strengths ranging from 0.001 to 0.1
and output silica and magnesium solution concentration, respec-M are depicted as a function of pH in Figure 4. For comparison,
tively, ands (cn) refers to the total mineral surface area. The Fay, dissolution rates determined by Wogelius and Walther
surface area used to calculate the rates listed in Tables 1 and 21991) at low ionic strength (K 0.001 M, H,O/HCI/NaOH)
was that measured on the fresh (unreacted) forsterite powder. are shown in the same figure. There is a general agreement
Uncertainties on the steady-state rate constants given inbetween Wogelius and Walther's (1991) rates and those ob-
Tables 1 and 2 are 10-15% and are dominated by the uncer-tained in the present study at pH from 2 to 8. The small
tainty on BET surface area measurementsl@%) and the differences at low pH values may be associated with the influ-
standard deviation on average Mg or Si concentration at steady-ence of ionic strength whereas the differences in alkaline so-
state (-2% and=10% in acid and alkaline solutions, respec- lutions may be due to the fact that the dissolution rates reported
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Table 1. Summary of kg dissolution experiments performed at 25°C in &f@e solutions. The units d? are mol/cni/s. Background electrolyte
is NaCl. pH is adjusted by HCI/NaOH addition. N.B. not determined.

Surface Flow lonic
Exp Duration area, rate, strength, [AIK], [Mg?*], M [Mg%],M [3Si, M [ESi], M
# hrs. cm? mL/min M pH M input output input output —log Rs; —log Ryg

28-1 8 3072 3.17 0.1 1.03 N.D. 0 6.4510°4 0 3.4x107* 11.23 11.21

28-2 20 3008 1.27 0.1 1.12 N.D. 0 1.3110°3 0 7.30x 1074  11.28 11.28

28-3 26 2880 0.633 0.1 1.11 N.D. 0 2.8810°° 0 1.23x10°% 11.33 11.30

27-1 8 3200 3.12 0.1 2.13 N.D. 0 2.4910 4 0 1.24x 107* 11.70 11.65

27-2 16 3200 1.67 0.1 2.18 N.D. 0 4.3010°4 0 226X 1074  11.71 11.68

27-3 28 3200 0.644 0.1 2.21 N.D. 0 1.8710°2 0 571x 107* 11.72 11.70
13-1 39 800 0.802 0.1 2.70 N.D. 0 2.6210°* 0 1.12x 107*  11.73

13-2 42 800 0.586 0.1 2.81 N.D. 0 2.2110°* 0 1.24x 107%  11.82

13-3 70 800 0.391 0.1 2.82 N.D. 0 2.89710°* 0 1.65x 107* 11.89

13-4 30 800 0.580 0.1 2.74 N.D. 0 2.3210°“ 0 1.28x 1074 11.83

13-5 26 800 0.552 0.1 2.88 N.D. 0.00722 0.00725 0 K104  11.90

13-6 48 800 0.552 0.1 2.89 N.D. 0.0130 0.0130 0 X400 5 11.96

24-1 31 800 1.46 0.1 2.99 N.D. 0 7.4510°° 0 3.90x 107° 11.93

24-2 36 800 0.918 0.1 3.03 N.D. 0 1.6210“ 0 6.18x 10°° 11.97

12-1 25 800 0.903 0.1 3.08 N.D. 0 7.8410°° 0 4.02x 107 12.14

12-2 48 800 0.658 0.1 3.05 N.D. 0 9.4710°° 0 4.98%x 1075 12.18

12-3 66 800 0.423 0.1 3.16 N.D. 0 1.2210°* 0 6.56x 107° 12.25

12-4 75 800 0.207 0.1 3.26 N.D. 0 2.6310 0 1.12x 1074  12.34

12-5 51 800  0.407 0.1 3.05 N.D. 0 1.x710°% 0 6.57x107° 12.28

23-1 26 1600  0.980 0.001  4.15 <10°® 0 1.58x 10°° 0 9.20x 10°® 13.03 13.05

23-2 31 1600 0.970 0.001 3.60 <10°° 0 2.85X 107° 0 1.57x 107° 12.80 12.80

23-3 26 1600 0.975 0.001 3.34 <10°° 0 5.15% 107° 0 2.75X 10°° 12,55 12.54

23-4 28 1600 0.970 0.001 2.85 <10°° 0 9.23%x 10°° 0 4.96x 1075 12.30 12.29
14-1 35 800 0.746 0.1 420 <10°° 0 2.64x 10°° 0 1.33x 10°° 12.69

14-2 42 800 0.570 0.1 441 <10-5 0 2.50% 107° 0 1.35x 107° 12.80

14-3 70 800 0.387 0.1 449 <10°% 0 2.60%x 10°° 0 1.30x 1075 12.98

14-4 30 800 0.570 0.1 422 <10°° 0 2.84x 10°° 0 1.40x 107° 12.78

15-1 42 800 0.769 0.1 477 <10°° 0 1.11x 10°° 0 6.9x10°° 12.98

15-2 42 800 0.585 0.1 485 <10°° 0 1.45x 10°° 0 8.3x10°° 13.02

15-3 70 800 0.399 0.1 495 <10°° 0 1.61x 10°° 0 9.0x10°¢ 13.15

15-4 26 800 0.580 0.1 455 <10°° 0 1.44x 10°° 0 8.3x10°° 13.03

11-1 25 800 0.929 0.1 5.70 <10°° 0 3.38x 10°° 0 1.69x 10°® 13.49 13.44

11-2 48 800 0.680 0.1 6.18 <10°° 0 3.24x 10°° 0 1.80x 10°® 13.60 13.60

11-3 66 800 0.430 0.1 6.28 <10° 0 3.83x 10°° 0 2.08x10°¢ 13.72 13.73

11-4 75 800 0.213 0.1 6.13 <10°° 0 5.58% 107° 0 2.74%x10°% 13.92 13.86

11-5 51 800 0.419 0.1 561 <10° 0 3.48x 10°° 0 1.87x10°% 13.79 13.77
8-2 138 800 0.193 0.1 7.33 <10°° 0 5.65X 107° 0 2.85x 10°¢ 13.93 13.90
8-3 270 800 0.075 0.1 7.19 <10°% 0 9.20% 10°° 0 50%x10°° 14.11 14.10
8-4 111 800 0.184 0.1 7.21 <10°° 0 4.15%x 10°° 0 2.4%x10°% 14.04 14.05
8-5 96 800 0.370 0.1 7.25 <10°° 0 2.95% 10°° 0 1.7x10°° 13.88 13.90

25-1a 30 1600 0.631 0.1 6.60 <10°° 0 N.D. 0 1.63x 10°¢ 13.97 N.D.

25-1b 56 1600 0.316 0.1 6.39 <10°° 0 5.60% 10°° 0 278X 10°% 14.04 13.99

25-2 48 1600 0.315 0.1 6.37 <10° 1.38x10°* 1.41x 10°* 0 2.98x10°% 14.01 N.D.

25-3 48 1600 0.314 0.1 6.30 <10° 4.38x 10 % 4.40x10°“ 0 2.80x 10°® 14.04 N.D.

25-4 47 1600 0.315 0.1 6.29 <10° 7.55x10°* 7.56x 10°* 0 2.69%x 10°%  14.05 N.D.

25-5 45 1600 0.317 0.1 6.29 <10°° 0.00118 0.00118 0 2.7810°° 14.04 N.D.

25-6 46 1600 0.316 0.1 6.28 <10°° 0.00320 0.00320 0 2.58 10°° 14.08 N.D.

25-7 48 1600 0.317 0.1 6.32 <10°° 0.0450 0.0450 0 2.5%10°% 14.07 N.D.
7-2 138 1600 0.395 0.1 9.30 1010°* 0 1.03x 107 0 7.9%x 1077  14.49 14.63
7-3 290 1600 0.0782 0.1 7.90 1010 % 0 6.36x 10°° 0 3.30x 10°® 1457 14.59
7-4 112 1600 0.193 0.1 7.60 1x10°% 0 3.19%x 10°° 0 1.70x 10°% 14.47 14.45
7-5 45 1600 0.394 0.1 7.98 1010 % 0 1.60x 10°° 0 1.50x 10°® 14.39 14.44
1-2 91 1600 0.552 0.02  10.24 3.6610°* 0 6.0x 1077 0 N.D. 14.72
1-3 88 1600 0.184 0.02  10.08 3.2310 * 0 1.35% 10°° 0 8.4x 107 14.79 14.89
1-4 126 1600 0.074 0.02 9.58 3.6010°* 0 2.40% 10°° 0 3.77x10°% 1454 15.03
4-3 300 1600  0.107 0.1 10.76  0.00108 0 38480 ° 0 3.7x10°° 14.38 14.62
4-4 112 1600 0.206 0.1 10.90  0.00107 0 2220°° 0 1.7x10°% 14.44 14.58
5-3 230 1600 0.136 0.02 12.06  0.010 0 1:810°° 0 1.0x10°® 14.85 14.85
6-2 140 1600 0.197 0.1 10.90  0.00101 0 2:080°° 0 1.0x 10°% 14.69 14.68
6-3 180 1600 0.0773 0.1 10.78 9.8510°* 0 2.83x10°° 0 1.4x10°° 1495 14.94

18-2 120 800 0.240 0.1 11.45  0.00310 0 3.8077 35x10°7 4.8x107 15.19 15.01

18-3 162 800 0.126 0.1 11.42  0.00303 0 #4307 35x107 6.0x107 15.18 15.20

18-4 290 800 0.0733 0.1 11.46  0.00305 0 N.D. 88507 7.2x107 15.25 15.17

18-5 250 800 0.147 0.1 1150  0.00305 0 8407 35x107 6.6x107 15.02 14.98

(Continued)



Kinetics and mechanism of forsterite dissolution 3317

Table 1. (Continued)

Surface  Flow lonic

Exp Duration area, rate,  strength, [AIK], Mg, M [Mg?"], M [ESi], M [ESi], M —log —log

# hrs. cn? mL/min M pH M input output input output Rsi Rug
19-2 106 1600 0.221 0.1 10.95 0.00150 0 8050 7 0 1.1x10°® 1460 14.99
19-3 135 1600 0.111 0.1 10.85 0.00152 0 600 0 42X 10°° 14.31 15.02
19-4 123 1600 0.110 0.1 11.14 0.00151 0 8107 7.7x10* 7.7x10% N.D. 15.37
20-2 106 1600 0.202 0.0015 11.01 0.00148 0 X470 ° 0 1.27x 10°® 1457 14.54
20-3 135 1600 0.099 0.0015 11.13 0.00151 0 1m0 ° 0 1.90x 10°¢ 14.71 14.75
20-4 123 1600 0.100 0.0015 11.26 0.00150 0 %8507 8.0x 104 8.0x10* N.D. 15.50
21-2 106 1600 0.213 0.001 8.02 <1074 0 6.09% 10°© 0 3.38x10°® 14.13 14.13
21-3 135 1600 0.105 0.001 8.13 <1074 0 8.85x 10°° 0 4.30x 107 14.33 14.27
21-4 123 1600 0.102 0.001 11.02 0.0011 0 36307 9.1x1074 9.1x10% N.D. 15.67
29-2 180 1600 0.104 0.01 11.21 0.00200 0 8.00 ¢ 0 20x10°° N.D. 14.74
29-3 166 1600 0.118 0.01 11.16 0.00199 0 >2.10j66 7.0x10% 7.0x10* N.D. 14.84
22-1 58 1600 0.420 0.01 9.45 <10™* 0 1.40X 10 0 1.93x10°® N.D. 14.47
22-2 76 1600 0.215 0.01 8.65 <10“ 0 3.10x 10°© 0 2.84x10°°® N.D. 14.42
22-3 80 1600 0.212 0.01 8.89 <10* 0 228X 10°® 21x10* 213x10* N.D. 1455
22-4 72 1600 0.206  0.01 8.69 <10* 0 2.02x10°° 50x10“* 500x10* N.D. 14.62
22-5 122 1600 0.137 0.01 8.74 <10°* 0 2.10x10°® 75x10* 752x10* N.D. 14.78

by these authors were not determined at steady-state conditionshowever, is attained after a few hours and about 1 week in
as evidenced by non stoichiometric Mg release relative to Si. acidic and alkaline solutions, respectively. The rates depicted in
This is discussed in detail below. Figure 4 are generated from Mg outlet concentration, but the
The initial stage of forsterite dissolution is always nonstoi- error bars for each data point at pH 8 correspond to the
chiometric with preferential Mg release at pE8 (Fig. 5a) but differenceRs—Ry- As seen in Figure 4, the rates decrease with
preferential Si release at pkE: 10 (Fig. 5b). Only slight a slope close to 0.5 at% pH =9 and become nearly pH-
preferential release of Fe over Mg has been detected for for- independent (slope is-0.1) within the reproducibility of ex-
sterite reacted in acidic solution (not shown) which is in agree- periments at pH= 9.5. Note that unlike forsterite dissolution
ment with faster dissolution rate of fayalite over forsterite rates reported by Blum and Lasaga (1988) and Wogelius and
(Wogelius and Walther, 1992). Stoichiometric Mg/Si release, Walther (1991), the rates determined in this study do not

Table 2. Summary of kg dissolution experiments performed at 25°C in Q@h solutions. The units dR are mol/cni/s. Background electrolyte
is NaCl/NaHCQ/N&a,CO,. N.D. = non determined. *= Experiments were performed at pg& 0.5 atm.

Surface  Flow lonic
Exp Duration area, rate,  strength, [AK], [Mg*],M  [Mg*],M [3Si],M [ESi], M —log —log
# hrs. cn? mL/min M pH M input output input output Rsi Rug
26-1* 43 3200 0.375 0.012 540 N.D. 0 5.%010°° 0 253X 10°° 1331 13.26
26-2* 45 3200 0.652 0.012 5.44  N.D. 0 2.%010°° 0 9.92x 10°® 13.47 13.40
26-3* 30 3200 1.13 0.012 547  N.D. 0 1.¥610°° 0 462X 10°® 1357 13.42
26-4* 16 3200 2.48 0.012 5.44  N.D. 0 5.2910 © 0 2.62x 10°® 1347 13.42
9-2 138 800 0.192 0.1 8.38 0.01 0 34510°¢ 0 1.65x 10°¢ 14.18 14.17
9-3 264 800 0.0768 0.1 8.55 0.01 0 4:230°° 0 2.40x 10°® 14.42 14.43
9-4 111 800 0.198 0.1 8.50 0.01 0 2R610°° 0 1.12x 10 14.33 14.33
9-5 96 800 0.384 0.1 8.53 0.01 0 1.4910 © 0 85x 1077 14.17 14.18
2-3 178 1600 0.198 0.02 10.39 0.0162 0 8.00°7 0 N.D. N.D. 15.04
10-1 440 800 0.039 0.1 8.68 0.02 0 8800 ° 0 425x 10°® 1446 14.41
10-2 90 800 0.194 0.1 8.55 0.02 0 1¥610°° 0 1.0x 10°® 1440 14.40
10-3 200 800 0.0965 0.1 8.63 0.02 0 3030 ° 0 1.8x 10°® 14.44 14.47
16-1 52 800 0.502 0.1 8.46 0.05 0 X010~ 0 N.D. N.D. 14.75
16-2 69 800 0.247 0.1 8.65 0.05 0 K010~ 7 0 N.D. N.D. 14.70
16-3 164 800 0.126 0.1 8.71 0.05 0 1.2000°¢ 0 1.0x10°¢ 1460 14.76
16-4 288 800 0.0762 0.1 8.92 0.05 0 1780°° 0 1.0x 10°® 1480 14.81
16-5 240 800 0.152 0.1 8.80 0.05 0 KALo ™’ 0 3.0x10°7 15.02 14.91
3-2 170 1600 0.203 0.1 11.15 0.04 0 1:050°° 0 1.3x10°® 1457 15.10
3-3 144 1600 0.098 0.1 11.11 0.04 0 1030°° 0 2.7x10°¢ 1456 15.27
3-4 120 1600 0.196 0.1 11.10 0.04 0 %3077 0 1.1x10°® 1465 15.13
3-5 57 1600 0.486 0.1 11.12 0.04 0 X507 0 6.0x 107 1452 15.01
17-1 52 800 0.480 0.1 11.23 0.066 X507 44x10°7 0 1.7x10°® N.D. 15.35
17-2 69 800 0.236 0.1 11.25 0.066 X507 5.36x 107 0 3.0x10° N.D. 1534
17-3 164 800 0.123 0.1 1122 0.066 X507 55x10°7 0 55x 10°® N.D. 15.59
17-4 290 800 0.0617 0.1 11.22 0.066 X807 6.75x 10”7 0 9.4x10° N.D. 15.68
17-5 240 800 0.123 0.1 11.23 0.066 X507 50x10°7 0 9.0x10°® N.D. 15.72
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Fig. 2. Temporal evolution of the reactive fluid Mg and Si concen-
tration during experiment No. 24-1 (pH 3.0, | = 0.1 M NaCl)

exhibit a minimum at near neutral pH conditions. The solution
ionic strength (I) seems to have a measurable effect on the
dissolution rate at 3= pH=5; a two-fold rate increase is
observed when | increases from T0to 10 * M. Addition of

Mg (up to 0.045 M) has no significant effect on the dissolution
rate at pH 3 and 6.7 at constant ionic strength of 0.1 M as
illustrated in Figure 6. This is in agreement with recent results
of Oelkers (2000) and Rosso and Rimstidt (2000). In contrast,
addition of Si leads to a significant decrease of the dissolution (c) B
rate at pH~ 9 and 11 (Fig. 7). The effect of carbonate ions on
the forsterite dissolution rate at different pH is reported in
Table 2 and Figure 8. The loB decreases linearly with log
aCQ:~ with a slope close to 1 &tCQ2~ > 104 M.

3.2. Forsterite Dissolution Mechanism
3.2.1. Acidic solutions

It has been shown in Part | of this study (Pokrovsky and
Schott, 2000) that a silica-rich layer several unit cells thick
forms on the forsterite surfaces in acidic to weakly alkaline
solutions by the exchange of 2 hydrogen ions for a Mg atom. It
was proposed that this reaction leads to the polymerization of  Fig. 3. SEM photomicrographs showing the surface of forsterite used
isolated silica tetrahedra and allows the protons to penetrate/in this study: (a) before dissolution experiments, (b) after experiment at

adsorb further on the surface. It was postulated, in agreementPH d2’ (CI) after %E)eriméen;at pr 11. N?te the form%ﬂ"” of etch pits in
. L . . . T+ acid solutions and the absence o any secondary preCIpltatlon n
with the stoichiometry of forsterite titration, that the"H- alkaline solutions (3c). As compared to initial unreacted surface (Fig.

Mg®" exchange is followed by the adsorption of 0.5 ier 1 3a) there are always some very small adhering particles that disappear
forsterite surface site. Otherwise, the H Mg®" exchange is in acid solutions due to fast dissolution rate but persist in basic

followed by the adsorption of 1 proton on two polymerized solutions.
silica tetrahedra. According to this scheme, the rate controlling

surface complex can be formed by the following overall reac- {>4H — SiQ,} - af,.gz+
tions: Kex= & [>Mg,SiO} (1b)
>Mg,SiO,(surface)+ 4H"(aq) = >4H-SiQ,(surface)+ nH* (aq) =

>4H-SiQ,(surface)+ 2Mg**(aq) (1a) >(4 + n)H-SiO,(surface) (2a)
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Forsterite, 25°C, pCO5= 0 atm 10 (a)
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Fig. 4. Summary of forsterite steady-state dissolution rates at 25°C as
a function of pH in CQ-free solutions. The solid line represents a fit of
experimental data to Eqn.15 (see explanation in the text). The crosses
represent the results of Wogelius and Walther (1991); in their experi-
ments, ionic strength was not fixed and adjusted by addition of HCI/
NaOH.

Lo d

., _{>@+nH-sio}
s gn, - {>4H — SiO,}

(2b)

Mg/Si in outlet solution

where {>i} is the concentration of surface species,is the

activity of aqueous species, and= 0.5 (Pokrovsky and Schott,

2000). In Egns. 1 and X, andK}.are the apparent stability

constants of the exchange and adsorption reactions, respec-

tively. These constants are conventional in the way that they are

valid only at constant ionic strength of 0.1 M and the electro- - -

static term for surface reactions is equal to zero. 0 1°°E,apsed time, hf:" 300
Mechanistically, omitting for simplicity the shared oxygen

atoms in the polymerized layer, the polymerization of two silica ~ Fig. 5. The initial stage of forsterite dissolution: Mg/Si ratio in outlet

surface sites followed by adsorption of one proton on the fluid as a function of reaction time at pH 3 (a) and pH 10.9 (b).

A o - Preferential Mg release in acid solutions is consistent with formation of
bridging oxygen of this dimer (overall reaction 2a) can be a Si-rich altered layer due to an exchange reaction withIH alkaline

represented as: solutions, preferential Si release indicates the formation of a Mg-rich

. . . . layer on the surface.
> SiOH + OHSi< — > Si-0-Si< + H,0 (3a)

> Si-0-Si< + H" — > Si-OH"-Si < (3b) possible provided that Mg octahedra are removed via an ex-

. L change reaction with H. Further polymerization requires par
The forsterite surfacg shows an unreconstrut_:ted te_rmlnanon Ofticipation of adsorbed water molecules, like in amorphous
the bulk structure with the measured cell dimensions on the gjjica in order to bring together the more distant Si tetrahedra
surface similar to those of the bulk as confirmed by low energy 4 75 A Therefore, the surface layer of reacted forsterite can
electron diffraction (LEED) technique (Hochella, 1990). The ¢ seen as polymerized Si dimers connected with each other by
outermost {010} surface consists of undercoordinated Mg at- ;ommon hydrogen-bonded water molecules and linked to the
oms within a loosely packed sheet of oxygens, with Siand O'in 14 gctahedra deeper in the structure (Fig. 9a). Adsorption of
the next layer down (Hochella, 1990). In the forsterite structure, proton occurs on bridging oxygens connected to Mg atoms
the closest distance between two Si tetrahedra is 3.65 A which deeper in the structure. Within this conceptual framework, the
is comparable with Si-O-Si distance in non-protonatesor forward rate of overall dissolution reaction is controlled by

fully protonated HSi,O, dimers: 3.28 and 3.59 A, respectively decomposition of this protonated Si dimer and is given by:
(Lasaga, 1995; Gibbs et al, 1994). Thus, the polymerization of

at least each two isolated Si tetrahedra on the surfaces is Rg ~ ksi* {>Si,0-H"} 4
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Fig. 6. Forsterite steady-state dissolution rate at 25°C as a function  Fig. 8. Forsterite steady-state dissolution rates at 25°C as a function
of agueous Mg concentration in reactive fluid for pH 3 and 6.7. The of CO2™ activity in solution. The rates are based on Mg release from
lack of Mg influence on the forsterite dissolution rates is consistent the solid. The solid line represents a fit of experimental data to Eqn. 15
with K, > 107 for reaction (1). assuming K, cos = 10%7 (Eqn. 14) as described in the text. Note that

all solutions are undersaturated with respect to MgQ€&aturation
index is below 0.1).

Assuming that the exchange and adsorption reactions occur on
the surface sites initially occupied by magnesium, conservation * e al®
of these sites yields {>Si,0—-H"} =22-10°5-

2
Ayg2+
1+ Kiger a2+ ——2 )
( ads “H Kex' aﬁ+
(6)

{>Mg,SiO;} + {4H-SiO,} + {(4 + n)H-SiO} =

C=2.2-10"°mol/n?* (5)
whereK,, andK,.are the equilibrium constants of reactions 1
and 2, respectively. Equation 6 can be further combined with
Eqgn. 4 to yield the following expression for forsterite dissolu-
tion rate

Combination of Eqns. 1b—2b and 4 -5 using the assumption that
the activities of the surface sites are equal to their concentra-
tions gives

* 0.5
ads” @+

a2

Mgz+
14 Kiger ay® + 4>
( e Kex' ChE

5E-15 T T T T T Rsi = Kksi* (7)

4E-15

T

The degree to which Eqn. 7 can be used to describe the

forsterite dissolution rate at pd 8 can be assessed in Figure

4 where the curve represents a fit of experimental data to Eqn.

3E-15 ¢ y 7 assumingks; = 2.38 X 10~ mol/cn?/s, logK,, = 22, and

pH 8.9 logK},4s= 0.3. The close correspondence between experimental

data and the curve confirms that Eqgn. 7 yields an excellent

description of these data at pE 8. Equation 7 is similar to that

o used by Brantley and Stillings (1996) to describe the depen-

dence of feldspar dissolution rate on the surface concentration

1E-15¢ pH 11.2 : of protonated exchanged sites. Note, however, that unlike Na

and AP for albite, Mg does not inhibit forsterite dissolution

because the Mg-H exchange reaction is very fast lipd=

0 ! ' . ' . 10?2 Equation 7 should apply to any type of silicate whose
0 2E-4 4E-4 6E-4 8E4 1E3 dissolution is promoted by an ion-exchange reaction followed

[SiO(aq)liop M by the rate-controlling proton adsorption on exchanged sites.

Fig. 7. Forsterite steady-state dissolution rate at 25°C as a function 3.2.2. Alkaline solutions

of silica concentration at pH 9 and 11. Data are from exp. No. 19-22. . . . . .
The solid lines represent a fit of experimental data to Eqns. 10 and 11 In alkaline solutions, preferential Si removal from forsterite
assuming<g; = 9 - 10~ (Eqgn. 8) as described in the text. surfaces leads to the formation of a Mg-rich layer as shown by

2E-15

R, mol/cm?2/s
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our XPS data and column filtration experiments (Pokrovsky for MgO (Sverjensky and Sahai, 1996) which are also close to
and Schott, 2000). This suggests that, as in the case of otherthose for similar reactions in homogeneous solution as ex-
Mg-bearing minerals such as chrysotile (Bales and Morgan, pected from the analogy between surface and solution chemical
1985), magnesite (Pokrovsky and Schott, 1999), and dolomite equilibria (Schindler and Stumm, 1987). Then, the dependence

(Pokrovsky et al., 1999), the hydrous cleavage of Mg-O bonds
via hydrolysis of Mg surface sites should control forsterite
dissolution. Note that the importance of surface hydration on
forsterite dissolution rate at alkaline conditions was first rec-
ognized by Eriksson (1982).

Preferential Si release from forsterite surface in alkaline
solutions is consistent with its surface structure: isolated, SiO

of experimental dissolution rates on pH was fitted using a
different set of surface stability constants (12 and 13) by means
of the MINTEQAZ2 code and Eqgns. 10, 11, and 14. The sensi-
tivity analysis performed to elucidate the relative role of dif-
ferent species demonstrated that at pH below 12, the contribu-
tion of >MgO™ is not significant, thus only fitting oK .12

was required. As a result, the following values of parameters in

tetrahedra can be easily removed from the surface leaving Mg Eqns. 10-13 were derivell,, = 1.62X 10~ *°mol/cnt/s; log

octahedra branched together via Mg-O-Mg bonds like in bru-
cite or Mg-bearing sheet silicates. A schematic polyhedral
diagram of forsterite dissolution at these conditions is shown in
Figure 9b.

The formation of the Mg-rich layer on forsterite surface
(>Mg,SiO,) can be described by

>Mg,SiO(surface)+ 4H,0 = >Mg,(OH);(surface)

+ H,SiO)aq) Kg (8)
Metal site conservation requires
©

whereX; denotes the mole fraction of the ith surface species.
Thus, the total concentration of Mg sites on this altered Si-
deficient layer is given by

5l (K'S + [SiOy(aq)e)

whereKg,; is the equilibrium constant of reaction 8. The disso-
lution of this layer (Eqn. 11) requires the breaking of Mg-O-Mg
bonds which is promoted by hydration of the forsterite surface
with formation of >MgOH; species as it is the case for oxides
(Stumm, 1992) or carbonates (Pokrovsky and Schott, 1999).

X>MngiQx + X>Mgz(0H)§ =1

(10)

Xomgaor? =

Ruvg = Kugl >MgOH;} (1)

Kintazy = 11.5* 0.5 and logK; 13y = 12 * 2. The scatter in
experimental data did not allow determination of the values of
intrinsic stability constants with an uncertainty lower tha@.5

log units.

The inhibition of forsterite dissolution by dissolved silica in
basic solutions is illustrated in Figure 7 where the solid lines
represent a fit of experimental data to Eqn. 10 and 11 with
Ks*= (9%1) X 10~“ Increase of pCQto 0.5 atm at pH of 5.4
does not have any influence on forsterite dissolution rates as
measured in this study (Exp. No. 26 of Table 2).

Taking into account these results, the following general rate
equation can be proposed to describe forward forsterite disso-
lution at all pH conditions

0.5
Rr = Rsi+ Ryg = Ksi* Ko &

aZ
+ . 0§+ Mg2+
(1 Kad® @y Kex'aﬁﬁ
+ kug{ >MgOH;} (15)

This equation accounts for two parallel reactions occurring at
silica-rich and hydrated Mg sites, respectively. The degree to
which Eqgn. 15 can be used for describing Fo dissolution rate in
carbonate-free solutions may be assessed in Figure 4, where the
solid line depicts the rate computed with Eqn. 15. Bearing in
mind the high uncertainties of dissolution rate determinations at
pH above 9, the close correspondence between the curve and

These species are formed as a result of acid-base dissociation othe bulk of the experimental data demonstrates their consis-

neutral Mg centers exposed on the surface:

>MgOH® + H™ = >MgOH; Ky (12)

>MgO™ + H" = >MgOH®  Kjyag (13)

Their concentration can be calculated within the surface spe-

tency with Eqn. 15 and supports the hypothesis that forsterite
dissolution is controlled by two parallel reactions occurring at
Si-rich and Mg-rich sites in acid and alkaline solutions, respec-
tively. To illustrate the composition of possible surface precur-
sor complexes involved in the reaction control, a schematic
two-dimensional diagram of forsterite surface in acid and al-

ciation approach by using a constant capacitance model with akaline solutions is presented in Figure 9c.

double layer capacitance of 0.1 FiniThe conservation of
magnesium surface sites implies
X>Mg0’ + X>MgoH3 + X>MgOH2‘ = X>Mgg(0H>§ (14)

whereX>Mgz(OH)? is the total concentration of Mg surface sites

calculated from Egn. 10. Due to the large number of parameters

The control of forsterite dissolution by the hydrolysis of Mg
surface groups at pE 9 also accounts for its inhibition by
dissolved carbonate via the formation 8MgCO;~ surface
species:

>MgOH; + CO;” = >MgCO; + H,0,Kygcos (16)

used in this modeling (concentrations of 3 surface species, andThe solid line in Figure 8, where the dissolution rates in
total amount of Mg and Si surface centers), it was not possible carbonate-bearing solutions are presented, was calculated using

to derive an analytical expression for-MgOH,}. For each
solution composition, $MgOH;} was calculated using the
MINTEQAZ code (Allison et al., 1991) and Egn. 10. The initial
values of surface intrinsic stability constants for reactions (12)
(Kint12y) and (13) Kina3y) Were set to the corresponding values

Eqn. (15) with 10gK}g.cos = 2.7. This value is similar to that

of MgCQj§ (aq) ion pair formation in homogeneous solutions
reflecting again the analogy between aqueous and surface equi-
librium. Note that a similar mechanism for inhibiting forsterite
dissolution by dissolved CQOwas suggested by Wogelius and
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Fig. 9. Schematic diagrams depicting the surface structure of forsterite in acidic (a) and alkaline (b) conditions, and
precursor complexes (c) that control forsterite dissolution. Tri-dimensional olivine structures were created using Crystal
Impact software (DIAMOND—Visual Crystal Structure Information System; CRYSTAL IMPACT, POSTFACH 1251,
D-53002 Bonn) 9a. The surface layer of acid-reacted forsterite is seen as polymerized Si dimers connected with each other
by common hydrogen-bonded water molecules and linked to the Mg octahedra deeper in the structure. Protons adsorb/
penetrate on Si-O-Si bridging oxygens thus forming a surface complex controlling the overall dissolution rate. 9b.
Preferential release of isolated Sit@trahedra from the forsterite surface in alkaline solutions leads to formation of residual
Mg octahedra like in brucite. Hydrous cleavage of Mg-O-Mg bonds via formation~BigOH; surface precursor
complexes should be a rate-controlling step for these conditions.

Walther (1991) but with the adsorption of one aqueous carbon- present work, there is always preferential Si release from fresh

ate ion on two magnesium surface centers. Fo surfaces at pH= 10 with silica concentrations up to 100
times higher than those of Mg. Note also that the number of
3.3. Comparison with Previous Results data points collected in previous studies at alkaline conditions

was not enough to minimize the effect of random errors in
calculated rates: Blum and Lasaga (1988) report only one rate
Forsterite dissolution rates obtained at pH below 8 in this value at pH~ 11 and Wogelius and Walther (1991) collected
study are in fair agreement with most available data. The four values in the alkaline region which show that Mg-based
reaction order with respect toHof about 0.5 is close to the  dissolution rates actually do not depend on pH for H =
value reported by Luce et al. (1972); Blum and Lasaga (1988), 12 (see Fig. 4). It is important to note, however, that the data
Wogelius and Walther (1991), and Rosso and Rimstidt (2000). collected by Wogelius and Walther (1991) in solutions open to
However, there are some discrepancies concerning the reactiorthe atmosphere at pi+ 8 show a plateau of pH-independent
mechanism for forsterite dissolution in acid solutions. The rate dissolution rates aR ~ 10~ 4 mol/cn¥/s which is in quite
limiting step proposed in this study, decomposition of proton- reasonable agreement with the results of this study. Both stud-
ated polymerized silica tetrahedra linked to Mg atoms deeper in ies thus yield comparable forsterite weathering rates in surficial
the structure, combines the ion-exchange mechanism suggestedquatic environments open to atmospheric,CO
by Blum and Lasaga (1988) with proton adsorption on metal-  For other silicate minerals, only a few studies addressed the
oxygen (Murphy and Helgeson, 1987; Oelkers, 1999; Oelkers, effect of CQ, on mineral dissolution rates. According to
2000) or bridging Si-O-Mg bonds (Rosso and Rimstidt, 2000). Knauss et al. (1993), the removal of dissolved. G nitrogen
This dissolution mechanism is close to that proposed by Still- pubbling through solution does not appear to have any signif-
ings and Brantley (1996) for feldspar dissolution, i.e. rate jcant effect on diopside dissolution rates at®H =< 12. Brady
controlling proton adsorption on exchanged surface sites. This and Carroll (1994) did not find any effect of pPCQO3%to 1
reflects the similarity in formation of surface precursor com- atm) on augite and anorthite dissolution at pH 4, whereas Berg
plexes for all silicate minerals in acidic solutions. The relative znd Banwart (2000) reported very strong increase of anorthite
importance of ion-exchange versus proton surface adsorption gissolution rates in the presence of £OUnfortunately, in the
reactions is determined by the thermodynamic vakigsand latter study, only non-stoichiometric dissolution was reported,
Kaas for the corresponding reactions, i.e., the relative strength \yhich does not allow evaluation of the mechanism of reaction.
of the metal-oxygen bonds that have to be broken before the Brady and Gslason (1997) found no effect of pGQLO~ 3 to

3.3.1. Acidic solutions

rate-limiting hydrolysis of Si-O bonds. 1072 atm) on the basalt glass dissolution rates at pH 8. In
. . contrast, Xie (1994) observed a very strong inhibiting effect of
3.3.2. Basic solutions atmospheric CQon wollastonite dissolution rate at ¥0pH <

Only Blum and Lasaga (1988) and Wogelius and Walther 12. Genere}lly, the effect of Cp‘or most silicate mlinerals is.
(1991) investigated forsterite dissolution rates in alkaline solu- Ve'y Weak in acid to neutral solutions but may be important in
tions (pH > 8). The most striking difference between the alkaline conditions.
results of this study and those of Blum and Lasaga (1988) and The mechanism of forsterite dissolution in basic solutions
Wogelius and Walther (1991) is that an increase of the disso- Proposed in this study, implies that the rate controlling step is
lution rate with pH at pH> 8 in CO,-free solution is not the detachment of hydrolyzed surface magnesium ions. This is
observed in the present work (Fig. 4). There is no clear expla- consistent with the observation of Westrich et al. (1993) that
nation of these differences. However, it should be noted that the the dissolution rates of various end-member orthosilicates cor-
primary data of Blum and Lasaga (1988) and Wogelius and relate with the rate for water exchange from the solvent into the
Walther (1991) do not unequivocally support their claim of an hydration sphere of the corresponding cation. Thus, the hydro-
increase of forsterite dissolution rate in alkaline solutions. lysis of Me-O bonds seems to be the critical step for all
Unlike this study, none of their experiments reached stoichio- orthosilicate minerals dissolution in alkaline solutions. This is
metric dissolution (i.e., steady state). As a result, their rate also supported by the inhibiting effect of O which may
values, calculated on the basis of “initial” Si release, may be occur only by adsorption of carbonate ions orMgOH;
overestimated compared to rates determined at steady-stategroups as proposed by Wogelius and Walther (1991) and in this
stoichiometric dissolution. As was shown in the first part of this study. Such a mechanism is contradictory to that proposed by
study (Pokrovsky and Schott, 2000) and in Figure 5b of the Brady and Walther (1989) who postulated that the rupture of
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Si-O bonds via the deprotonation and hydrolysisSeBiOH® tion, together with results of XPS analysis (Pokrovsky and
surface species is the rate-controlling step for all silicate dis- Schott, 2000), is consistent with the formation of a Mg-rich
solution at alkaline conditions. Obviously, for orthosilicates, layer on the surface. The breaking of Mg-O-Mg bonds in this
unlike for feldspars and sheet silicates, breaking of Si-O bonds altered surface layer is thus the critical step for forsterite
in alkaline solutions is not necessary to dismantle the mineral dissolution at these conditions. Inhibition of dissolution rate by
structure which is comprised of isolated SiQetrahedra dissolved silica and C£) is assumed to stem from the forma-

crosslinked by chains of edge-sharing octahedra occupied bytion of Si-deficient precursor complexes containing hydrated

divalent metals.

4. APPLICATIONS

Based on the results obtained in this study and available
literature information, one may estimate the effect of ,GD
the dissolution rates of orthosilicates at neutral to alkaline pH
conditions. Unlike at pH below 9, dissolution of forsterite in
alkaline solutions is strongly inhibited by aqueous carbonate
ions. This effect becomes significants€0, values as low as
10~ M which are often met in the course of basalt or ultra-
mafic rock weathering in natural surficial environments. At pH
10, for example, in a solution in equilibrium with atmospheric
CO,, aC0O5~ = 10 *®®and3CO, = 0.14 M (!). Springs from
partially serpentinized peridotites and dunites or fresh ultra-
mafic rocks contain up to 0.024 MCO, at pHs close to 9
(Barnes and O’Neil, 1969). Glason and Arhisson (1993)
measured pHs of 8.5 to 10 in surficial waters in contact with
basaltic rocks. Moreover, pH values of 11 to 12 have been
frequently reported for ground waters in contact with ultramafic
rocks throughout the world (Nesbitt and Bricker, 1978). At
these conditions, dissolved carbonate in equilibrium with at-
mospheric CQ significantly affects forsterite dissolution rates
that can be up to 1 order of magnitude lower than those
computed without taking account of GO inhibition. It is

worth noting that a similar aqueous carbonate effect was also

reported for wollastonite by Xie (1994). This author observed
a 2 and 2.5 orders of magnitude decrease of wollastonite
dissolution rate in the presence of atmospheric, @&olutions

at pH of 10 and 12, respectively. Increase of atmosphericjpCO
would increasexCO, in solutions whose pH is buffered at
10 = 1 by basaltic and ultramafic rocks. The subsequent de-

surface Mg groups;>MgOH; . It is possible that a similar
mechanism controls the dissolution of all divalent-metal bear-
ing silicates in neutral to basic solutions. Inhibition of forsterite
dissolution rate by dissolved CCat alkaline conditions may
have important consequences that cannot be ignored when
modeling the chemical weathering of silicate minerals and its
feedback on atmospheric GOUnlike for the weathering of
aluminosilicates, increase of atmospheric J€ads to a de-
crease of ultramafic rock weathering rates in basic solutions.
Further work is necessary to check if similar negative feedback
occurs between pC{and the weathering rates of other Mg and
Ca silicates, the minerals that exert a major long term control
on the atmospheric C{budget.
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