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Abstract 

We present a database and a graphical analysis of published experimental results for dissolution rates of olivine, quartz, 
plagioclase, clinopyroxene, orthopyroxene, spinel, and garnet in basaltic and andesitic melts covering a range of experimen- 
tal temperatures (1 IOO-1500°C) and pressures (10s Pa-3.0 GPa). The published datasets of Donaldson (1985, 1990) and 
Brearley and Scarfe (1986) are the most complete. Experimental dissolution rates from all datasets are recalculated and 
normalized to a constant oxygen basis to allow for direct comparison of dissolution rates between different minerals. 
Dissolution rates (u) range from 5 . lo-” oxygen equivalent moles (0.e.m.) cm-* s -’ for olivine in a basaltic melt to 
1.3. 10-j 0.e.m. cm-’ s- ’ for garnet in a basaltic melt. Values of lnv are Arrhenian for the experiments examined and 
activation energies range from 118 to 1800 kJ/o.e.m. for quartz and clinopyroxene, respectively. 

The relationship between calculated A/RT for the dissolution reactions, where A is the thermodynamic potential 
affinity, and values of u is linear for olivine, plagioclase, and quartz. We interpret this as strong evidence in support of using 
calculated A as a predictor of u for, at least, superliquidus melt conditions. 

1. Introduction 

Numerous workers have published experimental 
results for mineral dissolution in silicate melts (Co- 
oper and Kingery, 1964; Kutolin and Agafonov, 
1978; Scarfe et al., 1980; Kuo, 1982; Donaldson, 
1985; Kuo and Kirkpatrick, 1985a; Thomber and 
Huebner, 1985; Brearley and Scarfe, 1986; Zhang et 
al., 1989; Donaldson, 1990); however, few system- 
atic comparisons of the available data exist (Kuo and 
Kirkpatrick, 1985b; Brearley and Scarfe, 1986; Ed- 
wards and Russell, 1994). Furthermore, none of the 
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published dissolution studies have produced a quanti- 
tative predictive model for mineral dissolution rates 
in silicate melts. 

The purpose of this paper is to evaluate and 
compare the published experimental data for silicate 
mineral dissolution in naturally occurring silicate 
melt compositions and to explore the possibility of 
using calculated affinities (A) for dissolution reac- 
tions to predict dissolution rates. We present an 
analysis of five datasets of experimental measure- 
ments for silicate mineral dissolution in natural sili- 
cate melts as a function of melt composition, mineral 
composition, T and P. We summarize the published 
data, evaluate the consistency of experiments con- 
ducted by different workers, and explore the relation- 
ships between experimentally determined values of v 
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and melt composition, mineral composition, T, and 
P. Finally, we investigate the possibility of using 
calculated values of A to predict experimentally 
determined values of V. 

2. Methodology 

Our current compilation of published mineral dis- 
solution experiments includes data for olivine (N = 
1201, plagioclase (N = Sl>, quartz (N = 371, spine1 
(N = 24), clinopyroxene (N = 251, orthopyroxene 
(N= 18), and g amet (N = 10). Table 1 summarizes 
the database which includes experiments using natu- 
ral melt compositions ranging from basalt to rhyolite 
(Table 2). Excluded from the current database are 
results from workers who report dissolution rates but 
do not report the data for individual experiments 
(e.g., Kutolin and Agafonov, 1978) or experiments 
using synthetic melt compositions (e.g., Kuo, 1982). 

2.1. Evaluation of the datasets 

Complete characterization of the experimental 
conditions and results is important for evaluating the 

Multiple experiments at each T and P condition 
are also important as they serve as checks on the 
internal consistency of the experiments. In theory 
values of v can be calculated on the basis of one 
experiment; however, such values of u do not allow 
any estimation of uncertainty, nor do they allow for 
assessment of time-dependent vs. time-independent 
behavior. 

Table 1 
Summary of silicate mineral dissolution experiments using both natural and synthetic melts (italicized references are used in this work) 

internal consistency of the experiments and is critical 
for subsequent analysis and modeling. The experi- 
mental parameters that need to be reported include: 
(1) temperature (T); (2) pressure (P); (3) time 
elapsed between the start and finish of the dissolu- 
tion experiment (t); (4) initial size and shape of the 
starting material; (5) final size of the starting mate- 
rial; (6) initial mineral and melt compositions; and 
(7) estimates of measurement errors. The datasets 
that best meet the above criteria and therefore form 
the basis for this analysis are Donaldson (1985, 
19901, Thornber and Huebner (1985), Brearley and 
Scarfe (19861, and Zhang et al. (1989). Results are 
considered to be internally consistent if all the exper- 
iments at the same T and P produce dissolution 
rates that are within analytical error of each other 
and vary smoothly and continuously with time. 

Minerals Number of 
experiments 

Researchers 

Olivine 144 

Orthopyroxene 41 

Clinopyroxene 89 

Spine1 25 

Garnet 17 

Quartz 73 

Alkali feldspar 21 

Plagioclase 81 

Zircon, apatite, rutile 3 1 

Kutolin and Agafonov (1978) a; Scarfe et al. (1980) a; 
Kuo (1982) b; Marvin and Walker (1985) b; Thornber and Huebner (1985); 
Donaldson (1985); Brearley and Scarfe (1986); 
Zhang et al. (1989), Donaldson (1990) 

Kutolin and Agafonov (1978) a; Scarfe et al. (1980) a; 
Kuo ( 1982) b; Brearley and Scarfe f 1986) 

Kutolin and Agafonov ( 1978) a ; Scarfe et al. ( 1980) a; 
Kuo (1982) b; Brearley and Scarfe (1986); Zhang et al. (1989) 

Scarfe et al. (1980) a; Brenrley and Scarfe (1986); Zhang et al. (1989) 

Kutolin and Agafonov (1978) ‘; Scarfe et al. (1980) a; Brearley and Scarfe (1986) 

Watson (1982) a; Kuo (1982) b; Donaldson (1985); Zhang et al. (1989) 

Watson (I 982) a; Tsuchiyama (1985) b 

Marvin and Walker (1985) a; Donaldson (1985); Tsuchiyama (1985) b 

Harrison and Watson (1983, 1984); Zhang et al. (1989) 

a Initial sample geometries not reported. 
b Experiments used synthetic melt compositions. 
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2.2. Derivation of mineral dissolution rates 0.04 

Experimental data are reported as changes in di- 
mensions (e.g., radius for spheres) for a given time 
at one value of T and P. Isothermal dissolution rates 
(v) for each mineral are calculated by linear regres- 
sion assuming an y-intercept of zero; v is equal to 
the slope. Fig. 1 illustrates the technique used to 
calculate v at each T using dissolution data for 
olivine (Foss,,) at 1250°C (Donaldson, 1985). The 
total change in radius of a mineral during each 
experiment is plotted vs. the time of the experiment. 
A total of 16 experiments are plotted; only the solid 
circles are used for the regression because of uncer- 
tainties in the final radius for four of the experiments 
(open circles). The best-fit line for these experiments 
passes within the estimated measurement uncertain- 
ties for all of data points used in the regression. 

Y 
3 
2 0.02 

._ 
8J s 
8 0.01 

-Y - 7.261913-7. x * 3.2~8 
N= 12 

I?= 0.9895 

I I I 0.00 _I 

0 20000 40000 60000 
Time (s) 

2.3. Normalization of experimental data 

Direct comparison of experimental mineral disso- 
lution data which derives from different experimen- 
tal configurations and involves different minerals 
requires a normalization scheme for two reasons. 
First, the measured experimental values of v are 
dependent on the initial shape of the crystal. For 
instance, a change in radius of 0.05 cm for a quartz 

Fig. 1. Experimental data from Donaldson (1985) for olivine 
(Foss,) at 1250°C plotted as tune (s) vs. change in radius (cm). 
Data are fit by linear regression to a line with a zero y-intercept; 
the slope of the fitted line is Y. Experiments in which the entire 
crystal dissolved (open symbols) were not used in the regression. 

sphere is not necessarily equal to a shortening of a 
quartz parallelepiped by 0.05 cm in each dimension 
(Fig. 2). Secondly, a normalization scheme is re- 
quired to facilitate direct comparison of measured 

Table 2 
Compositions of melts used in mineral dissolution experiments 

Oxides (wt%) Thomber and Huebner Thomber and Huebner Donaldson Donaldson Donaldson Brearley and Scarfe Zhang et al. 
(1985) (1985) (1985; 1990) (1990) (1990) (1986) (1989) 

Type basalt Si-enriched basalt basalt andesite rhyolite basalt andesite 

SiO, 45.09 52.32 51.91 57.7 75.1 48.6 56.5 
TiO, 2.86 2.55 1.16 1.1 0.2 2.20 1.24 
*‘A 17.18 16.29 15.85 14.3 14.3 15.6 18.0 

CrA 
FeA 
Fe0 
MnO 

MgD 
CaO 
Na,O 

W’ 
p205 
H@ 

na 
na 

9.44 
0.02 

10.67 
12.00 

1.60 
0.17 

na 
na 

na 
na 

8.38 
0.01 
9.09 
9.59 
0.67 
0.19 

na 
na 

0.06 na 
1.65 na 
8.27 8.8 
0.15 0.2 
7.01 6.4 
8.66 7.6 
3.03 2.6 
0.75 0.7 
0.17 na 
0.86 na 

na na 
na 3.13 
0.9 8.53 
0.1 0.16 
0.2 6.30 
0.6 9.85 
3.9 3.50 
4.5 1.21 

na 0.5 1 
na 0.02 

na 
na 

6.71 
0.13 
3.% 
7.73 
3.75 
1.7 
0.38 

na 

Total 99.03 99.09 99.53 99.4 99.8 99.6 1 100.1 

na = not available. 
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spherical geometry 

1 volume =%tr3 
3 I 

, surface area = 4 n r 2 

cylindrical geometry 

rectangular parallelepiped 
geometry volume = abc 

surface area = 2(ab + bc + ac) i 

Fig. 2. Mensuration formulas and volume derivatives for geome- 
tries of samples used in experiments. 

values of v between minerals that are conventionally 
modeled with different oxygen numbers (e.g., SiO, 
vs. Mg,SiO,). 

We use a normalization procedure slightly modi- 
fied from a method described by Wood and Walther 
(1983) and Walther and Wood (1984). All regressed 
v values are converted from units of cm SC’ to 
oxygen equivalent moles (0.e.m.) cm-* s- ’ using 
the procedure outlined below. 

(1) We calculate values of v (cm s- ’ ) by linear 
regression of isothermal experimental measurements 
of dr/dt (e.g., Fig. 1). 

(2) We normalize values of v (e.g., Walther and 
Wood, 1984) using: 

dm 1 dVdr 
v=-=--- 

dt s dr dt (1) 

where dm/dt is the normalized dissolution rate (cm 
SC’ ), S is the surface area of the dissolving crystal 
(cm2), dV/dr is the change in volume with respect 
to change in radius (cm3 cm- ‘), and d r/d t is the 
measured change in radius over the duration of the 
experiment (cm s- ’ >. Because different initial min- 
eral geometries have been used by different workers, 

the dV/dr term and the S term have slightly differ- 
ent formulations depending on starting material ge- 
ometry (Fig. 2). For spherical geometries (Donald- 
son, 1985, 1990; Brearley and Scarfe, 1986), the 
surface area and the volume derivative with respect 
to changing radius are equal and thus cancel. Zhang 
et al. (1989) used a cylindrical geometry where only 
the upper and lower surfaces of the cylinder are 
exposed to the melt, so the volume derivative with 
respect to changing thickness and the exposed sur- 
face area are equal and also cancel. Thomber and 
Huebner (1985) used rectangular parallelepiped ge- 
ometries but only reported changes in one of the 
three dimensions. For their dataset we assume that 
changes in all three dimensions are equal, which 
reduces the combined volume derivative and surface 
area terms to a constant (0.5). In summary, dm/dt 
= dr/dt for spherical or cylindrical geometries and 
d m/d t = 0.5 d r/d t for rectangular parallelepiped 
geometries. 

(3) We divide the values of v by the molar 
volume (V) to convert to units of mol cmm2 s-l. 
Molar volume properties are calculated at experi- 
mental T and P conditions using the thermodynamic 
database and methodology of Betman (1988) and 
assuming no excess volume of mixing. 

(4) Lastly, we multiply the values of v by the 
number of oxygens in the mineral formula to get 
0.e.m. cme2 s-‘. 

3. Results 

3.1. Donaldson (1985, 1990) 

Donaldson (1985, 1990) used the same experi- 
mental methodology and range of conditions to in- 
vestigate several different mineral dissolution reac- 
tions (Table 3). Donaldson (1985) gives results of 
110 dissolution experiments involving quartz norma- 
tive tholeitic basalt melt (Table 2) and five different 
mineral compositions (Table 3). Donaldson (1990) 
ran 26 experiments using three different melt compo- 
sitions (Table 3) to dissolve spheres of olivine 
(Fo 91.5). For both datasets, changes in radius for a 
given time interval (dr/dt) were determined by 
measuring initial and final radii of the spheres. Re- 
ported measurement errors are f0.0035 cm. 
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The Donaldson (1985, 1990) datasets are the easi- 
est to evaluate for internal consistency because, on 
average, five experiments were conducted at each set 
of experimental T and P conditions. The reported 
values of v differ slightly from those reported in 
Table 3 because he does not constrain the regression 
to pass through the origin. However, this is a neces- 
sary constraint because at t = 0 the change in radius 
must also be zero. 

3.2. Brearley and Sca$e (1986) 

Brearley and Scarfe (1986) used an alkali basalt 
melt (Table 2) as a solvent for dissolving olivine, 
clinopyroxene, orthopyroxene, spinel, and garnet over 
a range of T (1250-1500°C) and P (0.5-3.0 GPa) 
conditions (Table 4). They used spherical mineral 

Table 3 
Summary of dissolution rates at 10’ Pa extracted from experimen- 
tal data of Donaldson (1985, 1990) 

Mineral T dr/dr 
(N,umber of 

R2 

experiments) 

(“C) (lo-’ cm s- ‘1 

Quartz 1122 0.1072 2 
1143 0.2947 5 
1210 9.636 4 
1250 13.57 11 
1300 22.26 5 

Plagioclase (An,,) 1150 0.2976 1 
1210 24.41 4 
1250 38.38 4 
1300 65.62 5 

Plagioclase (An,,,) 1210 13.18 5 
1250 29.80 5 
1300 56.57 5 

Olivine (Foss,,) 12 10 0.7645 3 
1250 7.262 12 
1300 17.40 2 

Olivine (Fo,,,,) 1210 2.202 5 
1250 8.411 10 
1300 27.54 4 

a 1300 27.02 6 
a 1300 19.08 b 5 
= 1300 0.2504 ’ 9 

a Donaldson ( 1990). 
b Experiments with time > 5 hr were not used. 
’ Experiments with time > 110 hr were not used. 

0.972 
0.884 
0.991 
0.993 
0.995 

;a993 
0.996 
0.983 

0.923 
0.994 
0.989 

0.912 
0.990 
0.999 

0.887 
0.910 
0.997 
0.990 
0.975 
0.972 

Table 4 
Summary of dissolution rates extracted from experimental data of 
Brearley and Scarfe ( 1986) 

Mineral T P dr/dr N R2 
(“0 (GPa) (lo-’ cm s- ‘) 

Olivine (Foss,,) 1250 0.5 1.852 3 0.778 
1300 0.5 8.489 3 0.967 
1300 1.2 6.349 3 0.946 
1350 1.2 11.05 3 0.999 
1400 1.2 33.73 13 0.955 
1450 3.0 53.89 5 0.991 
1500 3.0 286.7 2 0.958 

Clinopyroxene 1250 0.5 15.87 3 0.974 
1300 0.5 48.41 3 0.994 
1300 1.2 1.587 3 0.857 
1350 1.2 14.44 2 0.994 
1400 1.2 63.0 4 0.933 
1450 3.0 9.474 4 0.865 
1500 3.0 195.0 2 0.991 

Orthopyroxene 1250 0.5 11.11 3 0.944 
1300 0.5 22.75 3 0.995 
1300 1.2 5.820 3 0.960 
1350 1.2 21.11 2 0.976 
1400 1.2 27.78 2 1 
1450 3.0 44.20 3 0.981 
1500 3.0 113.3 2 0.997 

Spine1 1250 0.5 1.058 3 0.762 
1300 0.5 4.099 3 0.937 
1300 1.2 0.7508 4 0.338 
1350 1.2 1.058 3 0.762 
1400 1.2 2.889 4 0.751 
1450 3.0 6.053 4 0.964 
1500 3.0 55.74 3 0.998 

Garnet 1300 1.2 290.5 3 0.900 
1400 1.2 1317.0 1 - 
1450 3.0 52.28 4 0.982 
1500 3.0 398.3 2 1.000 

geometries and reported initial and final radii for 
each experiment. Measurement errors are estimated 
at +O.OOl cm for most experiments but are as large 
as 0.003 cm (10% of the initial diameter of the 
crystals). They also conducted multiple experiments 
for each set of isothermal and isobaric conditions 
save one garnet experiment (Table 4). 

3.3. Thornber and Huebner (198.5) 

Thomber and Huebner (1985) studied olivine dis- 
solution in melts of two different compositions (Ta- 
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Table 5 
Summary of dissolution rates at 10’ Pa extracted from experimen- 
tal data of Thomber and Huebner (1985) 

Mineral dh/dt N R2 
(lo-’ cm s- ‘) 

Olivine (Fo,,) 1263 0.0579 1 - 
1265 a 0.1 196 3 0.999 
1280 0.934 1 - 
1285 1.452 2 0.970 
1297 1.90 I - 
1315 5.741 2 0.992 
1326 5.35 1 - 
1330 5.9s 1 2 0.986 
1450 171.0 1 - 

Cb) 1240 0.284 1 - 

:4 b 1270 1284 2.05 2.42 1 1 - - 
(b) 1315 9.72 1 - 

a Includes one experiment at 1266°C. 
b Silica-enriched melt composition. 

Table 6 
Summary of dissolution rates extracted from experimental data of 
Zhang et al. (1989) 

Mineral T P dh/dr N R2 
(“C) (GPa) (lo-’ cm s- ‘) 

Olivine a 1270 0.55 0.9727 1 - 
1285 0.55 4.796 1 - 
1290 0.55 2.688 2 0.976 
1365 1.3 30.90 I - 
1375 1.5 57.22 1 - 
1400 0.55 27.92 1 - 

Olivine (Fo ,,,u) 1305 0.55 3.059 2 0.543 

Clinopyroxene 1305 1.05 10.40 2 0.87 I 
1365 1.3 30.93 1 - 
1375 2.15 79.78 1 - 

Spine1 1385 1.3 7.865 1 - 

a Olivine composition varies between Foss and Fo,,. 

Table I 
Activation energies &J/oxygen equivalent moles) implied by fits to data shown in Figs. 3 and 4 

Reference 

Donaldson ( 1985) 

Mineral 

quartz 

(PcPaj 

1o-4 

Activation energy 
(kJ/o.e.m) 

180 

Brearley and Scarfe ( 1986) 

plagioclase (An,,,) 1o-4 310 
plagioclase (An,, J 1om4 210 
olivine (Fo,, s) 1om4 550 
olivine (Foss,,) 1om4 650 

olivine 0.5 610 
1.2 360 
3.0 850 

clinopyroxene 0.5 440 
1.2 810 
3.0 1540 

orthopyroxene 0.5 280 
1.2 340 
3.0 480 

spine1 0.5 540 
1.2 290 
3.0 1130 

garnet 1.2 330 
3.0 1030 

Zhang et al. (1989) 

Thornber and Huebner (1985) 

olivine a 0.55- 1.5 590 
clinopyroxene a 1.05-2.15 1800 

olivine 1o-4 870 
olivine b 10-4 920 

a In andesitic melt. 
b In Si-enriched basaltic melt. 
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ble 2): lunar basalt #77115 and a silica-enriched 
variant of #77115 (Sil-77115). The experimental 
conditions and results are given in Table 5. They 

‘W-3 
1500 1400 1300 1200 

h 

L 

k -16 

report a total of 25 isothermal, superliquidus dissolu- 
tion experiments including 18 on the basalt and 
another 7 using the silica-enriched melt. All of their 
experiments use olivine (Fo,,) cut into crystallo- 
graphically oriented rectangular parallelepipeds. 
Changes in thickness with time (dh/dt) were deter- 
mined by measuring the thickness perpendicular to 
the largest surface area of the mineral plates before 
and after the experiments. Reported measurement 
errors are *0.0002 cm. The internal consistency of 
this dataset is not well-constrained because of the 
lack of repeated isothermal, isobaric experiments. 

0.56 0.60 0.64 0.68 

3b 

_ Olivine (105 Pa) 
Thorn& & Huebner (1985) 

-24 I I I 
0.56 0.60 0.64 0.68 

v 0.50.55 GPa 

:. 
\-- r + 1.2-M GPa 

\‘--.. A 3.0 Gh 

-. . . 

0.56 0.60 0.64 0.68 
1000/r(K) 

3.4. Zhang et al. (1989) 

Zhang et al. (1989) used an andesitic melt (Table 
2) to dissolve crystals of forsterite (N = 31, diopside 
(N = 41, quartz (N = l), spine1 (N = l), rutile (IV = 
11, as well as natural San Carlos olivine (N= 10) 
over a range of T (1215-1400°C) and P (0.5-2.3.0 
GPa) (Table 6). The starting crystals were cut and 
ground into cylinders to the exact diameter of the 
experimental charge, thereby isolating melt reser- 
voirs on either side of the mineral. This dataset is 
similar to that of Thomber and Huebner (1985) in 
that few isothermal, isobaric experiments were re- 
peated (3 out of 11) making it difficult to assess the 
internal consistency of the experiments. 

3.5. Comparison of reported data for olivine 

The experimental dataset for olivine is by far the 
largest and serves to illustrate the effects of mineral 
stability, T, and P on values of V. Fig. 3a presents 
the datasets of Donaldson (1985, 1990) plotted as 
lnu (0.e.m. cm-* s- ‘) vs. 1000/T (K). The data, 
represented by solid circles (Foss,,) and open circles 

Fig. 3. Normalized experimentally- measured values of Y (oxygen 
equivalent moles (0.e.m.) cm-a s- ‘1 for olivine are plotted as 
lnv vs. lOOO/ T (K) for: (a) 10’ Pa data from Donaldson (1985) 

(Foss., = tilled circles) and Donaldson (1990) (Fo,,,, = open cir- 
cles); (b) lo5 Pa data from Thomber and Huebner (1985) for Fo,, 
(high Al basalt = filled diamonds, Si-enriched high Al basalt = 
open diamonds) shown against fits (dashed lines) to Donaldson 
(1985, 1990) data; (c) high P data (0.5-3.0 GPa) from Brearley 
and Scarfe (1986) and Zhang et al. (1989) compared to fits on IO5 
Pa experiments (dashed lines). 
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WC) 
1500 1400 1300 1200 1100 

u 
v 

-I 

0.56 0.60 0.64 0.68 0.72 

( 1.2 4b 

t ’ I I I ’ I I I’ 
0.56 0.60 0.64 0.68 0.72 

4C 

0.56 0.60 0.64 0.68 0.72 
1000/T(K) 

(F% .5 1, demonstrate the small differences in values 
of I, for slightly different olivine compositions dis- 
solving in the same melt composition at the same 
values of T and P. These two datasets strongly 
support an Arrhenian relationship between u and T. 
Activation energies (EA ) are calculated from the 
slope of the best-fit line to the data divided by the 
gas constant and are reported in Table 7. Uncertain- 
ties in values of lnu which arise from variances in 
the isothermal experimental data (e.g., Fig. 1) are 
generally smaller than the symbol size in Figs. 3 and 
4. A more complete treatment and discussion of error 
propagation is given in Appendix A. 

Fig. 3b gives a summary of all the P = 10’ Pa 
data for olivine dissolution in basaltic melts and 
consists of data from Donaldson (1985, 1990) (dashed 
lines) and Thomber and Huebner (1985) (solid lines 
and symbols). For both sets of polythermal experi- 
ments the data are Arrhenian. The olivine used by 
Thomber and Huebner (1985) dissolves at slower 
rates than those of Donaldson (1985, 1990), and the 
values of u are higher in the silica-enriched melt. 
Calculated values of EA for the Thornber and Hueb- 
ner (1985) data are - 300 kJ/o.e.m. higher than 
those for the Donaldson data (Table 7). 

Fig. 3c shows data of the Brearley and Scarfe 
(1986) and Zhang et al. (1989) datasets for values of 
P ranging from 0.5 to 3.0 GPa. The values of lnv 
fall in a narrow band between the two sets of 10’ Pa 
data from Donaldson (1985, 1990) and Thomber and 
Huebner (1985). The 0.5, 1.2, and 3.0 GPa experi- 
ments define trends with slopes subparallel to the 
lo5 Pa experiments and have calculated values of 
EA intermediate between the bounding sets of 10’ Pa 
experiments (Table 7). 

Fig. 4. Diagram summarizing Inv (measured) vs. 1000/T (K) 
relationships for: (a) 10’ Pa data from Donaldson (1985) for 
quartz and plagioclase (An,, s and An,,,,); (b) higher P (0.5-3.0 
GPa) data from Brearley and Scarfe (1986) for spinel, clinopyrox- 
ene, orthopyroxene and garnet (numbers by symbols denote values 
of P in GPa); and (c) all data in this database. The fits shown in 
(a) are based on superliquidus data only. The mineral abbrevia- 
tions are: Grt = garnet, Cpx = clinopyroxene, Opx = 
orthopyroxene, Spl = spinel, Qrz = quartz, Fo = forsterite, An = 
anorthite. 
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3.4. Comparison between all reported mineral disso- 
lution data 

The datasets available for other minerals are fewer 
in number than the dataset for olivine. Fig. 4a illus- 
trates the Arrhenian behavior of quartz and plagio- 
clase dissolution in basaltic melts at superliquidus 
temperatures and P = 10’ Pa (Donaldson, 1985). 
The Arrhenian behavior of lnv is disrupted for 
quartz and one composition of plagioclase (An,,) 
below the liquidus T for the melt. For quartz, the 
break corresponds with crystallization of pigeonite 
around quartz during the experiment (Donaldson, 
1985). Quartz has a smaller value of v than either 
composition of plagioclase and has a lower calcu- 
lated EA than found for all other minerals in this 
study (Table 7). 

Fig. 4b illustrates the absolute differences in val- 
ues of v for spinel, clinopyroxene, orthopyroxene, 
and garnet dissolving in a basaltic melt (Brearley and 
Scarfe, 1986). The values of lnv are Arrhenian and 
are given in Table 7. For all four minerals the 
calculated values of EA increase between 0.5 to 3.0 
GPa. Relative dissolution rates (v) over the range of 
P (0.5-3.0 GPa) increase from spinel, to orthopyrox- 
ene = clinopyroxene to garnet. 

The lnv vs. 1000/T relationships for the entire 
group of minerals included in this compilation are 
presented in Fig. 4c. Over the range of values of T 
investigated, plagioclase and garnet have the highest 
values of u while spine1 and olivine have the lowest. 
The values of EA are lowest for quartz, plagioclase, 
and garnet and highest for clinopyroxene and spine1 
(Table 7). 

4. Discussion 

4.1. Physicochemical controls on mineral dissolution 

The data presented above allow us to evaluate the 
effects of time, T, P, and mineral composition on 
the calculated values of v. As has been noted by 
previous workers (Donaldson, 1985; Thomber and 
Huebner, 1985; Brearley and Scarfe, 19861, the 
isothermal datasets have constant dissolution rates 
with respect to time (e.g., dv/dt = constant). Disso- 
lution rates that are time-independent imply that the 

1000 

Fig. 5. Time (years) vs. T (“C) for complete dissolution of 1 cm 
diameter spheres of olivine (Foss,, and Fo,,,,), plagioclase (Ans,,, 
and An,,,,), and quartz in a basaltic melt of constant composition 
at P = 10’ Pa. 

mechanism controlling the process is also time-inde- 
pendent. Some workers have suggested that an inter- 
facial mechanism is important in determining the 
rates of mineral dissolution (Wood and Walther, 
1983; Thomber and Huebner, 19851, which would be 
a time-independent mechanism (Wood and Walther, 
1983). Other workers have hypothesized that a time- 
dependent mechanism, such as diffusion of reactants 
to and from the mineral surface, is rate limiting 
(Cooper and Kingery, 1964; Kuo and Kirkpatrick, 
1985a; Zhang et al., 1989). The data analyzed in this 
work do not support diffusion nor any other time-de- 
pendent mechanism as the rate-limiting step for min- 
eral dissolution in basaltic silicate melts. 

The values of v systematically increase as a 
function of T for all of the minerals studied herein. 
Figs. 3 and 4 clearly establish the Arrhenius relation- 
ship between v and l/T (K); the strong Arrhenian 
behavior suggests the possibility of predicting values 
of v as a function of T. Fig. 5 illustrates the 
importance of accurate and predictable dissolution 
rates for understanding the process of assimilation by 
silicate melts. Fig. 5 is a plot of years vs. T (“Cl and 
maps the length of time required to completely dis- 
solve a 1 cm diameter sphere of quartz, olivine, or 
plagioclase in a basaltic melt of constant composi- 
tion at temperatures between 900” and 1450°C. Inter- 
vals of 1 min, 1 hr, and 1 day are marked for 
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reference by heavy lines. Below 1300°C olivine 

(Fo*s., ) takes the most time to dissolve. For exam- 
ple, at 12OO”C, plagioclase (An,,) would be com- 
pletely dissolved in < 1 day and quartz would last 
- 3 days, whereas olivine (Foss,,) would take > 1 
month to totally dissolve. However, above 1300°C 
quartz and plagioclase dissolve more slowly than 
either olivine composition. 

For a xenolith comprising any combination of 
these minerals, the rate at which the minerals dis- 
solve varies with temperature and is different for 
each of the minerals. The implications for the dy- 
namics of chemical contamination of host melts based 
on non-uniform, T-dependent dissolution rates are 
very important. 

The influence of P on the values of v is not easy 
to evaluate with this database. For olivine (Fig. 3c), 
the high-pressure experiments of Brearley and Scarfe 
(1986) have values intermediate between the 10” Pa 
experiments of Donaldson (1985) and Thomber and 
Huebner (1985). However, based on differences for 
calculated values of EA for clinopyroxene at 0.5 and 
3.0 GPa (443 and 1535 kJ/o.e.m., respectively), 
increasing pressure appears to be an important vari- 
able controlling v for some minerals. 

4.2. Thermodynamic controls on mineral dissolution 

Several workers have observed that relative rates 
of mineral dissolution for different mineral species 
are dependent on the relative thermodynamic stabili- 
ties of the minerals in the host melt (Kutolin and 
Agafonov, 1978; Scarfe et al., 1980; Kuo and Kirk- 
patrick, 1985a; Thomber and Huebner, 1985; Brear- 
ley and Scarfe, 1986). Brearley and Scarfe (1986) 
stated that “a significant factor in determining the 
mobility of species in the melt during a dissolution 

Fig. 6. Relationships leading to predictive models for mineral 
dissolution in silicate melts illustrated with the IO5 Pa experi- 
ments of Donaldson (1985): (a) lnv vs. lOOO/ T (K) for olivine, 
quartz, and plagioclase; (b) calculated A vs. T PC) for olivine, 
quartz and plagioclase at superliquidus conditions; (c) v. 10e7 vs. 
calculated A/RT. Values of A are calculated using the MELTS 
software of Ghiorso and Sack (1995) and normalized to kJ/o.e.m. 
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process is the stability of the mineral” (p.1177). The 
thermodynamic potential that best represents the de- 
gree of disequilibrium between a crystal and a melt 
or the stability of that phase at a specific P and T is 
the affinity ( A) (Prigogine, 1967; Lasaga, 198 la; 
Aagaard and Helgeson, 1982; Ghiorso, 1987; Zhang 
et al., 1989). Values of A for a reaction are defined 
at constant T and P to be equal to the chemical 
potential of the reactant(s) minus the chemical poten- 
tial of the product(s) (Prigogine, 1967). At equilib- 
rium A is zero. Earlier workers were unable to 
quantify the ‘relative’ stabilities of the different min- 
erals (Brearley and Scarfe, 1986) because they lacked 
a comprehensive thermodynamic database for min- 
eral-melt equilibria. The new thermodynamic melt 
parameterization of Ghiorso and Sack (1995) pro- 
vides a method for obtaining quantitative estimates 
of the thermodynamic properties of silicate melts and 
thereby allows us to calculate values of A for reac- 
tions between minerals and silicate melts. 

Following the lead of workers investigating min- 
eral dissolution in aqueous systems (e.g.. Nagy et al., 
1991), we have attempted to relate the dissolution 
rates presented above to the thermodynamic driving 
force for the dissolution reactions (Fig. 6). We have 
already shown that values of I, for the mineral 
dissolution experiments from Donaldson (1985) obey 
the Arrhenius relationship (Fig. 6a). We have calcu- 
lated values of A for these mineral dissolution reac- 
tions using the melt composition, T and P of the 
experiments as input parameters for the MELTS soft- 
ware package (Ghiorso and Sack, 1995). Fig. 6b 
demonstrates the relationship between calculated A 
(normalized to 0.e.m.) and T (“Cl. The methodology 
for calculating the values of A is explained in 
Appendix B. The experimentally derived values of Y 
show a linear relationship to calculated A/RT (K) 
(Fig. 6~). For values of A/RT < 1, irreversible ther- 
modynamics predicts this linear relationship (Aagaard 
and Helgeson, 1982; Lasaga, 1981a,b). However, as 
discussed by Prigogine (1967, p.60), even where 
values of A for the net reaction (as opposed to the 
elementary reactions) are much greater than unity, 
the linear phenomenological relationship between 
A/RT and v can still hold. Indeed, for the limited 
data presented in Fig. 6c, it appears that for these 
minerals in basaltic silicate melts the linear relation- 
ship holds. 

5. Conclusions 

Clearly, the study of mineral dissolution kinetics 
in silicate melts is still in its infancy. One observa- 
tion from this study is that overall there is a paucity 
of data on the rates of dissolution for silicate miner- 
als in natural silicate melt compositions. The pub- 
lished datasets are of variable quality, due mainly to 
incomplete descriptions of experimental conditions. 
In particular, information on sample geometries, 
measured sample dimensions and repeated isother- 
mal experiments of different time-scales are critical. 
Notwithstanding the paucity of data, we can draw 
some important preliminary conclusions from this 
analysis. Mineral dissolution rates are Arrhenian for 
superliquidus conditions and for some minerals may 
be dependent on P as well. Preliminary calculations 
suggest that experimentally derived values of v may 
have a systematic relationship to calculated values of 
A. We are currently working to include other datasets 
in our database and further explore the predictive 
potential of calculated A for assessing mineral disso- 
lution in silicate melts. 

Acknowledgements 

Financial support for this research was funded in 
part by NSERC Research Grant OGP0820, an 
NSERC CRD Grant with Canamera Geological Ltd., 
and a University Graduate Fellowship from the Uni- 
versity of British Columbia (to BRE). We are in- 
debted to K.A. Felknor-Edwards for help with 
database editing. We thank J. Nicholls, G. Dipple, 
and K.J. Kirkpatrick for helpful discussions on ther- 
modynamic modelling, data normalization and sup- 
plying unpublished data, respectively. Reviews by 
two anonymous reviewers, K. Arden and especially 
L. Stillings substantially improved the manuscript. 
All remaining inconsistencies are the responsibilities 
of the authors. (SB) 

Appendix A. Error propagation 

Least squares regression of the experimental data 
yields a slope (m) and an uncertainty on the slope 
(a,) that reflects how well the data fit a linear 
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model. This uncertainty can be propagated through 
subsequent calculational procedures used to compute 
v. For example, to convert the nominal dissolution 
rate (v * ) and its associated uncertainty ( aYe > to the 
appropriate normalized dissolution rate (v) and its 
associated uncertainty (a,,) given 

V=f(V*) (A-1) 
requires propagation of a;. through the following 
equation: 

a,= /m (A-2) 

For all rates reported in Tables 3-6 with values of 
R2 > 0.9, the propagated errors are equal to or smaller 
than the symbol sizes in Figs. 3, 4, and 6a. 

Appendix B. Calculation of chemical affinities 

By definition, the affinity (A) for a reaction is 
equal to: 

A = -&pi (B-1) 

where oi is the stoichiometric reaction coefficient 
and pi is the chemical potential of each of the 
components involved in the reaction (Prigogine, 
1967). Thus, the value of A for the reaction Si02(ot,) 

+ SiO2(nIe,,, can be calculated using: 

A = - [ aqtz( CL&. + RT ln ‘sio,,,,,) 

+ (ySiO,,liq( Pu”,iO,.liq + RT ln uSiOl.iiq)] CBe2) 

where asio, represents the activity of SO, in quartz 
or the melt phase. The values of A for a given 
reaction are calculated using standard state thermo- 
dynamic properties for solids from Berman (1988) 
and the corresponding melt properties from Ghiorso 
and Sack (1995). Alternatively, the MELTS software 
(available from http://msgmac.geology. 
washington.edu/MeltsWWW/Melts.html) provides 
values of A for a limited set of mineral compositions 
at specified values of T, P and melt composition. 
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