
Contrib Mineral Petrol (1989) 102:492-513 
Contributions to 
Mineralogy and 
Petrology 
�9 Springer-Verlag 1989 

Diffusive crystal dissolution 
Youxue Zhang*, David Walker, and Charles E. Lesher 
Lamont-Doherty Geological Observatory and Department of Geological Sciences of Columbia University, Palisades, 
New York, NY 10964, USA 

Abstract. Crystal dissolution may include three component 
processes: interface reaction, diffusion and complications 
due to convection. We report here a theoretical and experi- 
mental study of crystal dissolution in silicate melt without 
convection. A reaction-diffusion equation is developed and 
numerically solved. The results show that during non-con- 
vective crystal dissolution in silicate melt, the interface melt 
composition reaches a constant or stationary "saturation" 
composition in less than a second, hence interface reaction 
is not the rate-determining step and crystal dissolution in 
silicate melt is usually diffusion-controlled. Crystal dissolu- 
tion experiments (designed to suppress convection) show 
that the concentration profiles of all components propagate 
into the melt according to the square root of run duration, 
and that the dissolution distance is also proportional to 
the square root of run duration. Thus our experiments con- 
firm that the dissolution is diffusion controlled, which is 
consistent with our numerical calculations. For some princi- 
pal equilibrium-determining components, concentration 
profiles conform approximately to the analytical solution 
of the diffusion equation with a constant effective binary 
diffusion coefficient. Diffusive dissolution rates (which are 
inversely proportional to square root of time) can thus be 
predicted from the phase equilibria and the effective binary 
diffusion coefficients. To predict steady-state convective dis- 
solution rates, the thickness of the boundary layer must 
be known. If the convective compositional boundary layer 
thickness around a dissolving crystal aggregate or near the 
wall of a magma chamber during convection is about 2 cm 
or larger, then convective dissolution would rarely result 
in any significant alteration of original melt. Our dissolution 
experiments also illustrate the complexity of the diffusion 
process. Uphill diffusion is common, especially during oliv- 
ine dissolution into andesitic melt where a majority of the 
components show the effect of diffusion up their own con- 
centration gradients. Uphill diffusion has implications to 
the understanding of crystal zoning, and suggests caution 
is required in applying least squares mass balance analysis 
to magmatic rocks affected by processes involving diffusion. 
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Introduction 

An understanding of the processes by which crystals dis- 
solve is necessary for the study of many geological processes, 
such as the partial melting of mantle and crustal rocks, 
and the subsequent contamination of these magmas once 
they leave their source region. Previous studies of crystal 
dissolution encompass both theoretical and experimental 
approaches. Kirkpatrick (1975), Dowty (1980), and Kirkpa- 
trick (198l) reviewed the theoretical background of crystal 
growth, much of which can also be applied to crystal disso- 
lution. Two processes, reaction at the crystal-melt interface 
and diffusion in the melt (or in the crystal), happen simulta- 
neously during non-convective crystal dissolution. The dis- 
solution rate (or the growth rate) may be controlled by 
either interface reaction or diffusion. If the reaction at the 
crystal-melt interface is slow compared to diffusion in the 
melt (or crystal), or no diffusion is necessary, the process 
is controlled by the rate of interface reaction; otherwise, 
if diffusion in the melt (or the crystal) is necessary and is 
slow compared to the attachment and detachment of atoms 
at the interface, the process is controlled by diffusion. The 
coupling of interface reaction and diffusion makes it very 
difficult to analytically treat even the non-convective crystal 
dissolution (or growth) problem. Lasaga (1982) was the first 
to consider the coupling of interface reaction and diffusion 
through a crystal growth equation in which the growth rate 
(or interface reaction rate) was related to time or interface 
concentration. (Prior to Lasaga 1982, analytical treatment 
of crystal dissolution either assumed constant growth rate 
or used a Stephan approach, i.e., t -  t/2 dependence of growth 
rate.) Lasaga obtained a solution for the interface composi- 
tion in the form of an integral equation by using a Laplace 
transform with respect to x (instead of t as in the usual 
approach). The solution can be applied to any system if 
the growth rate can be written as a function of melt compo- 
sition. 

Experimental studies of crystal dissolution have been 
conducted by Watson (1982a); Tsuchiyama and Takahashi 
(1983); Harrison and Watson (1983, 1984); Donaldson 
(1985); Kuo and Kirkpatrick (1985); Marvin and Walker 
(1985); Tsuchiyama (1985a, b); Brearley and Scarfe (1986). 
Among them, Tsuchiyama and Takahashi (1983), Marvin 
and Walker (1985) and Tsuchiyama (1985a, b) examined 
the kinetics of partial melting at the mutual boundary of 



two crystals or of crystal dissolution into finite melt reser- 
voirs. These studies differ significantly from what we will 
report in this paper and will not be discussed further. Wat- 
son (1982a) determined experimental dissolution rates of 
quartz, feldspar, and a synthetic granite in basaltic melt. 
He noted uphill diffusion and addressed its significance in 
the selective contamination of mantle-derived magmas. 
Donaldson (1985) determined the dissolution rates of oliv- 
ine, plagioclase and quartz in basaltic melt. Kuo and Kirk- 
patrick (1985) studied the dissolution rate of forsterite, diop- 
side, enstatite, and quartz in the system D i - F o - - S i O  2 at 
1 atmosphere. They all found that the dissolution rate was 
time-independent (explained by free convection in the exper- 
imental charge) and independent of crystallographic orien- 
tation. Harrison and Watson (1983, 1984) investigated the 
kinetics of zircon and apatite dissolution in felsic melt. 
Brearley and Scarfe (1986) studied dissolution of natural 
olivine, pyroxene, spinel, and garnet in a natural alkali ba- 
saltic melt and found concentration profiles to be time-inde- 
pendent and concluded also that the dissolution rate was 
time-independent. They also tried to obtain diffusivities 
from their steady-state concentration profiles and found 
that the diffusivities thus obtained depend not only on tem- 
perature and pressure, but also on the dissolution rate. 

All the above experimental studies, with the exception 
of Harrison and Watson (1983, 1984), have examined crystal 
dissolution where convection operated in the melt. Convec- 
tion leads to the constant dissolution rates and to the devel- 
opment of steady-state concentration profiles, as obtained 
by Watson (1982a), Kuo and Kirkpatrick (1985) and Brear- 
ley and Scarfe (1986). These dissolution rates can be applied 
to natural systems only if the convection regimes in natural 
and experimental systems are similar. 

We report in this paper studies of crystal dissolution 
which address non-convective crystal dissolution. We first 
evaluate the relative importance of interface reaction 
through numerical solution of the reaction-diffusion equa- 
tion. We then examine the diffusive aspect of crystal dissolu- 
tion both by analytical solution to the diffusion equation 
and by experiments designed to suppress convection. Final- 
ly we apply our results by extrapolation to natural magmat- 
ic systems, where convection is usually present and compli- 
cates dissolution. 

Interface reaction 

Two processes occur simultaneously during non-convective 
crystal dissolution into a melt of different composition. In- 
terface reaction, the attachment and detachment of atoms 
at the crystal-melt interface, determines the intrinsic maxi- 
mum dissolution rate. Meanwhile, diffusion, the transport 
of mass to and from the interface, determines whether this 
maximum rate can be attained. Because diffusion rates influ- 
ence interface composition which, in turn, determines the 
degree of saturation at the interface and thus the interface 
reaction rate, the two processes are coupled and it is their 
interplay that controls dissolution. It is important, therefore, 
to ascertain the conditions under which one or the other 
of these two processes controls the dissolution rate. 

In order to examine the relative roles of reaction at 
the crystal-melt interface and diffusion in the melt, a reac- 
tion-diffusion equation is developed which treats both inter- 
face reaction and diffusion in the melt simultaneously. The 
equation is then solved numerically to evaluate the relative 
importance of interface reaction and diffusion for magmatic 
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conditions. This approach differs from that of Lasaga (1982) 
in that we relate the reaction rate to diffusion through the 
degree of saturation at the interface so that we can deter- 
mine the relative roles of interface reaction and diffusion 
in a general way. However, mathematically, our numerical 
solution can be viewed as a special case of Lasaga's master 
solution. 

The strategy to develop a reaction-diffusion equation 
is as follows: First the interface reaction rate equation is 
expressed in terms of the degree of saturation at the inter- 
face. Then the degree of saturation of the melt (including 
interface melt) is shown to satisfy a diffusion equation if 
deviation from equilibrium is not great. 

The interface reaction rate for continuous dissolution 
can be expressed as (e.g., Kirkpatrick 1981): 

V~ = f ao v e -  AG"/RT ( e -  AGc/RT - -  1) (1) 

where V~ is the crystal dissolution rate, AGa and v are the 
activation energy and vibrational frequency of the activated 
transition complex, AGe is the difference in partial molar 
free energies of the dissolving species between liquid and 
crystalline states, f is the fraction of sites available, ao is 
the distance between subsequent layers of the crystal, R 
is the gas constant and T is the temperature in Kelvin. 
Notice this equation is different from the equation for crys- 
tal growth by a negative sign. The crystal dissolution rate 
V~ in (1) refers to the rate at which a fixed point in the 
crystal moves relative to the crystal-melt interface. However, 
when discussing diffusion in the melt it is important to es- 
tablish the rate at which the interface moves relative to 
the melt (or a fixed point in the melt). This rate is hereafter 
referred as the melt growth rate. To dissolve a crystal layer 
of some thickness, a thicker layer of melt will be produced 
if the crystal is denser than the melt. As such, the melt 
growth rate exceeds than the crystal dissolution rate. Specif- 
ically the melt growth rate differs from the crystal dissolu- 
tion rate by a constant equal to the ratio of crystal density 
over melt density. Multiplying both sides of (1) by this den- 
sity ratio transforms the crystal dissolution rate into the 
melt growth rate (denoted as V). 

The degree of saturation (denoted as w) is defined as: 

w = e ~/RT (2) 

where the exponential term is analogous to chemical affinity 
of reaction (Denbigh 1966). w is a function of melt composi- 
tion which varies with distance away from the interface. 
It may also refer to the degree of metastable saturation 
(possible metastable saturation will be discussed later). For 
simplicity, "saturation" or "equilibrium" (with quotation 
marks) is used in this sense to include the case for metastable 
equilibrium. Now by defining: 

V~ (T) = hfao  v e -  ~,/RT (3) 

where h is the ratio of the crystal density over melt density, 
and by substituting (2) and (3) into (1), we can write: 

1 1 

where w0 is the degree of "saturation" at the interface. V~ 
in (4) is a function of temperature but is assumed to be 
independent of Wo. At a fixed temperature w can be written 
as a function of the concentrations of the participating com- 
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ponents:  

w = f ( C i ,  C2 . . . . .  C,) (5) 

which can be linearly approximated near the "equilibrium" 
state by: 

w ~ 1 + ki(C i -- C e) = k i C - A (6) 
i = 1  i 

The superscript "e"  indicates the concentration at "equilib- 
r ium" and A and k~'s are constants at fixed temperature. 
At  constant temperature we have: 

~w ~ ~C~ 
g t ~ kl (7) 

i=l Ot 

The diffusion equation for component  i during planar disso- 
lution in an interface-fixed reference frame can be written 
asl 

Ci 0 (Di c~ Ci'~ _ V c~ Ci 
~t - O x  \ c~x } c~x (8) 

where x is the distance in the melt away from the interface, 
D~ is the diffusivity of component  i, and V is the melt growth 
rate. Combining (7) and (8) gives: 

~w ~ / -~3w\  Ow 
c~t = ~xx ~D ~ x  ) - -  V-ffxx (9) 

where 

~ D i ~ Ci kl 
3x  

/ 3_  i -  1 ( 1 0 )  

i k i ~ C i 
~x ~=~ 

/~ in (10) is a weighted average of D~ in (8) and can be 
regarded as an effective binary diffusion coefficient (EBDC). 
Using EBDC is a simplified approach in describing multi- 
component  diffusion by treating all other components in 
the system as one "componen t"  and hence reducing the 
system to effective binary or pseudobinary (Cooper 1968; 
Hofmann 1980) when complete diffusion data are not avail- 
able. 

The complete reaction-diffusion equation sought in this 
section consists of the following set of equations: Eq. (9), 
where V is defined by (4), with the following initial and 
boundary conditions~ : 

1 The reaction-diffusion equation at variable temperature which 
is a function of time can be written as: 

3w c3 / _ O w \  c~w & ~k i 3A 
- D - -  - - V - - +  ~ Ci - -  x > 0 ,  t>0  

cgt c~x~ cgx) ,gx ~=~ ~t ,~t 

where V is given by (4) and initial and boundary condition at 
x=0  are the same as (ll). The boundary condition at x=  oo is: 

w,==o~ =(i~1 k, Cil~= | 

where C~I~=~ is a constant; but k/s and A are not. This reaction- 
diffusion equation can be solved numerically given temperature 
as a function of time and V, A, and k~'s as a function of temperature 
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Fig. 1 a, b. Evolution of the degree of saturation at the interface 
and the dissolution rate. a degree of saturation at the interface 
vs dimensionless time; b dissolution rate vs time. Fig. 1 b is essential- 

the same as a but it shows how V]~  reaches a constant. The ly 
constant a is calculated from Eq. (3) by replacing C with w. The 
constant is used to scale the vertical variable so that it approaches 
1 as time increases 

initial condition: wlt=o=W~ x > 0  ( l l a )  

boundary condition at x = oo- w [x = oo = w~ t > 0 (11 b) 

boundary condition at x = 0: 

S aw - V ( w l x = o - w 3 = O  t > 0  (11c) 
~X x=o 

where woo is the initial degree of "saturat ion" of the melt, 
and w, is the degree of "saturat ion" of a melt whose compo- 
sition is the same as that of the crystal (see Table 1 for 
the calculation). Condition (1 lb)  requires that the melt res- 
ervoir is "infinite" compared to the diffusion distance. 

The reaction-diffusion equation can be made dimension- 
less by replacing x and t with V, x/D and V 2 t/D respectively. 
Assuming I1, a n d / )  are constant, it can be solved numeri- 
cally given values for w~ and woo using either Lasaga's (1982) 
method or an algorithm to solve a differential equation. 
Results of the numerical calculations are shown in Fig. 1, 
which plots the evolution of the degree of "saturat ion" at 

the interface and the scaled dissolution rate V l / ~ / a  as 
a function of dimensionless time ~(= V, 2 t/D). Because the 
relative precision of electron microprobe analyses is usually 
no better than 1% for most of the major oxide components 
of a glass sample, for all practical purposes, the interface 
composition can be regarded at "saturat ion" when w Jx-0 

exceeds 0.99 (see Fig. 1 a). Likewise, when V ] / ~ / a  exceeds 
0.99, (i.e. V~a] /D/ t )  the dissolution rate can be regarded 
as inversely proportional  to the square root  of time, imply- 
ing that crystal dissolution is totally diffusion-controlled 
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Table 1. Parameter Ws a of some minerals at different temperatures 

T (o C) 1200 1300 1400 1500 Liquidus 
(o c) 

OL(FO90) 4.3 3.0 2.2 1.6 1770 
DIOP 2.4 1.5 m b m 1391 
PL(AN60) 1.9 1.4 m m 1333 

a Calculated ws is from the 1 atm basaltic melt saturation surface 
and the composition of a melt whose composition is the same 
as the crystal. (w~ at higher pressure is higher.) For example, w~ 
for olivine is calculated from: 

K~ g~ (MgO ~ + 0.3 FeO ~ 
w~ 66.67 

where MgO ~ and FeO ~ are MgO and FeO cation mole percent 
in olivine and K Mg~ is the simple partition coefficient of MgO be- 
tween olivine and melt. The effect of SiO2 on w has been ignored. 
Calculations used experimental data summarized in Weaver and 
Langmuir (in press) 
b m means the crystal melts at the temperature 

(Fig. i b). The period before Vl/~/a reaches 0.99 is hereaf- 
ter called the initiation period and the time at which this 
is satisfied is defined as the critical time. From the dimen- 
sionless critical time (denoted as z*) inferred from Fig. 1 b 
we can calculate the real critical time (denoted as t*) in 
seconds if Va and /5 are known. Further, from Fig. 1 b it 
is seen that the critical time depends on ws but is insensitive 
to woo (although the diagram shows only the cases where 
w| our result shows that the critical time at woo 
=0.9999 is similar to that at w| As ws decreases, 
the initiation period increases. Consider the case for ws_> 1.5 
(see Table 1 for values of ws for basaltic melts), the dissolu- 
tion is totally diffusion controlled at z >_ 200. For  a V, of 
0.034 cm/s appropriate for diopside (calculated from data 
of diopside dissolution in its own melt at 1393 ~ 1412 ~ C, 
Kuo and Kirkpatrick 1985), and 15 between 10 .9  and 
10 .6  cm2/s at magmatic temperatures (Hofmann 1980), the 
real critical time t*, corresponding to z* =200, is 0.0002 
to 0.2 s. Hence the real critical time, representing the 
amount  of time necessary for dissolution to become effec- 
tively diffusion controlled, is a trivial time interval at either 
laboratory or natural conditions. If  the values of V, for 
other crystals are comparable in magnitude to that of diop- 
side (certainly this warrants more investigation), it may be 
generally concluded that the interface composition reaches 
a constant or stationary "saturat ion" composition in less 
than a second and that dissolution thereafter will be essen- 
tially diffusion controlled. Only when Va is very small (less 
than one hundredth that for diopside), or ws is very close 
to 1 (i.e., at a temperature near the liquidus of the dissolving 
crystal), or D is 104 times greater, will the initiation period 
be long enough to be important  and measurable. This anal- 
ysis demonstrates that the common assumption that the 
interface melt is near "saturat ion" during dissolution is val- 
id under most circumstances. Therefore the driving force 
for crystal dissolution is the very small undersaturation 
which usually is not  directly measurable. This is because 
the parameter V, is very large (i.e., the dissolution rate of 
a crystal into its own melt is very large) and the diffusivity 
is very small. If a crystal dissolves into its own melt, heat 
conduction and interface reaction happen simultaneously. 
Replacing chemical diffusivity by the thermal diffusivity tr 

which is about 0.01 cruZ/s, it can be estimated that the criti- 
cal time for the dissolution to be controlled by heat conduc- 
tion is about 30 min. The characteristic thermal diffusion 
distance during this time is ~ 4 cm. Therefore if the experi- 
mental duration is shorter than 30 min or if the charge 
is smaller than 4 cm along the direction of heat conduction, 
dissolution is not controlled by heat conduction. 

There are two important  assumptions we have made 
in deriving the reaction-diffusion equation and in producing 
our numerical results. The first is the linear dependence 
of the degree of saturation on melt composition, Eq. (6), 
and the second is the treatment of diffusion in the melt 
as effectively binary although I5 is for a multicomponent 
species. To take a more rigorous approach, detailed infor- 
mation about the saturation surfaces and the diffusion coef- 
ficient matrices would be required, which is not available 
at present. One would think that the assumption of 15 being 
approximately constant is not valid because included in 15 
are some components that may diffuse uphill. This question 
will be addressed later using experimental results (Fig. 15) 
and it will be shown that w can be approximately described 
by effective binary diffusion. We believe that additional con- 
straints on non-linearity and cross-term diffusion will not 
change our qualitative conclusion that crystal dissolution 
rate is diffusion controlled under realistic laboratory and 
natural time scales for dissolution. Experimental results pre- 
sented in later sections confirm that diffusion is the control- 
ling mechanism for moderately superheated dissolution 
when convection is suppressed. 

The mass transport rate during convective dissolution 
is usually faster than during diffusive dissolution. Interface 
reaction might become the rate-limiting step if vigorous 
convection leads to a very thin boundary layer. However, 
this would occur only when the characteristic diffusion dis- 

tance (DI/Dt*) is reduced to 0.5 ~t or less since D ~  g (where 
t* is the critical time) is about 0.5 g. The development of 
such a thin boundary layer would require very vigorous 
convection difficult to achieve in either laboratory or natu- 
ral settings. Thus interface reaction is usually not the rate- 
determining step during convective dissolution as well. 

Analytical solution to diffusive crystal dissolution 

Having established that non-convective crystal dissolution 
is diffusion controlled, it is now instructive to obtain analyti- 
cal solutions for diffusive crystal dissolution. In an interface- 
fixed reference frame, binary diffusion in melt adjacent to 
a dissolving crystal can be written as: 

~C~t -~x3 (D ~?~xx)- V~?C~x x > 0 ,  t > 0  (12a) 

where V=ar andhence L=2a]/~ (12b) 

with the initial condition: C]t= o = Coo, x > 0 (12c) 

and the boundary conditions: 

at x =  oe: Clx_~=C~, t > 0  (12d) 

a t x = 0 :  D OC -V(Clx:o-Cs)=O, t > 0  (12e) 
~X x=O 

where C is the concentration of a given component,  Coo 
is the initial concentration, C~ is the concentration in the 
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crystal, D is the binary diffusion coefficient, V is the melt 
growth rate and L is the melt growth distance. Equa- 
tion (12a) can be transformed to an ordinary differential 
equation using the Boltzmann transformation (Crank 1975), 

i.e. replacing both x and t by a single variable q(=x/2l// t) ,  
which is possible because V is inversely proportional  to 

the square root of t. Therefore concentration versus x/~tt 
should be time-independent, implying that concentration 
profiles propagate into melt according to the square root  
of time regardless of the compositional dependence of the 
diffusion coefficient. The solution of (12) for constant D is: 

C - C o  e r f c ( _ ~ _ a l / e r f c ( _ a  ) (13) 
Co-C~o \2l/Dt I /  

where Co is concentration at the interface (assumed to 
achieve a stationary concentration in less than one second 
as established in the previous section), and the parameter 
a satisfies: 

~/~ae ~2 e r f c ( -  a) = b (14a) 

where 

b = Co - C~ (14b) 
C,-Co 

The relationship between a and b is plotted in Fig. 2. 
In a multi-component system the binary diffusion coeffi- 

cient D can be replaced by an effective binary diffusion coef- 
ficient (EBDC) for any component  which can be approxi- 
mately characterized by effective binary diffusion, yielding 
relations analogous to Eq. (12) through (14). However, the 
diffusional behavior of some components,  for instance, the 
alkalies during quartz and feldspar dissolution into basaltic 
melt (Watson 1982a), cannot be described by effective bina- 
ry diffusion with constant EBDC's.  In such cases the above 
solutions are not applicable. The diffusion equation for such 
a component  includes non-negligible cross terms due to the 
effects of other components.  However, because of the inverse 
relationship of melt growth rate to the square root  of time, 
it can be shown that the diffusion equation for such a com- 

ponent can also be parameterized by tl=x/2l~t (even if 
every element in the diffusion coefficient matrix depends 

on concentration), and therefore, the concentration profile 
should still propagate into melt according to square root  
of time 2. 

Relations (12) and (14) permit us to predict diffusive 
dissolution rates if we know initial melt and crystal compo- 
sition, the interface melt composition and the diffusion coef- 
ficient. In particular, we can qualitatively predict the relative 
diffusive dissolution rates for various minerals if we assume 
EBDC's  do not vary significantly during the dissolution 
process. Because the dissolution rate is proportional to a 
and a varies positively with b (Fig. 2), crystal dissolution 
rates increase with b. Therefore, increasing ICs-Co[  or de- 
creasing ] C o -  Co ] will decrease the dissolution rate. if  the 
compositional "difference" between the mineral and the in- 
terface melt is larger at similar Co, b will be smaller, thus 
the dissolution rate will be smaller. For  this reason, a pure 
forsterite is expected to dissolve more slowly in a basaltic 
melt than Fo90 or Fo70. (Intuitively, during pure forsterite 
dissolution it is more difficult to transport the excess MgO 
away from the interface and hence the dissolution rate is 
slower.) Comparisons between pyroxene and olivine disso- 
lution rates are more difficult because there are significant 
differences in the interface compositions at the same temper- 
ature (i.e. a difference in the numerator  of b). However, py- 
roxene compositions are much closer to basaltic composi- 
tions than olivine; thus the denominator terms often domi- 
nate the b parameter. As such the dissolution rates of pyrox- 
enes in basaltic melt are often greater than those of olivines 
except at temperatures close to the pyroxene saturation 
temperature where Co-Co becomes very small and con- 
trols the value of b. Therefore, at low pressures and at mod- 
erate undersaturation, mineral dissolution rates will follow 
the following order: 

Opx, cpx, plag > olivines, spinels 
> accessory minerals (apatite, zircon, etc.) 

(15a) 
In cases involving solid solutions: 

intermediate members > pure end members (15 b) 

At first glance these predictions for dissolution rates may 
seem counterintuitive. One might suppose that the driving 
forces for crystal dispersal would be dependent on the chem- 
ical differences between melt and crystals, but our analytical 
results highlight the importance of solubility in modifying 
this expectation. Thus zircon is slow to dissolve in silicate 
melts because of its low solubility as shown by Harrison 
and Watson (1983). 

Experimental procedures and analytical methods 

Experiments to examine dissolution of crystals (San Carlos olivine, 
synthetic pure forsterite, diopside, spinel, quartz and rutile) in a 
natural andesite melt were performed under controlled laboratory 

2 If the diffusion coefficient matrix for a multi-component system 
is constant, the solution to Eq. (12) can be applied to each "eigen" 
vector in composition space (Cooper 1974) with D being replaced 
by an eigen value of the diffusion coefficient matrix. Therefore the 
concentration of any component i in the melt is a combination 
of the solution for the "eigen" vectors, namely: 

" L x - - g  Ci=Ci~+ ~ u i~er fc (X- -~ l /er fc (~ l  
~:1 X2l/Ajt] 2~/)~jt/ 

Therefore the concentration profile for component i propagates 
into melt according to square root of time 
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Table 2. Starting compositions 

LML L ML  u Olivc Fors Diop Sp Qtz Rt  
DCP a Probe Probe Probe Probe Probe Probe Probe 

SiO 2 56.1 56.5 40-41 42.7 55.2 0.02 99.92 0.1 
TiO2 1.18 1.24 0 0 0.0l 0.01 0 99.2 
A120 ~ 17.7 18.0 0.03 0 0.37 71.2 0.03 0.5 
FeO 7.03 6.71 8-11 0.3 0.65 0.82 0.01 0.2 
MgO 3.93 3.96 48 51 56.8 17.63 27.5 0 0.05 
MnO 0.127 0.13 0.15 0 0.08 0.1 0 0 
CaO 7.51 7.73 0.1 0 25.57 0 0 0 
N a 2 0  3.86 3.75 0 0 0.23 0 0 0 
K20  1.70 1.7 0 0 0 0 0 0 
P205 0.39 0.38 0 0 0 0 0.01 0 
Sum 99.5 100.1 - 99.8 99.74 99.65 99.97 100.1 

a Unpublished Lamont  data for natural  rock powder (LML 30-1) by DC plasma analysis 
b Electron microprobe analysis on glass prepared from rock powders 
c San Carlos olivine composition is variable, Fo88-91 

2mm 

3cm 

ALUMINA ~]]]]] CRYSTAL 

ROCK POWDER ~ PYREX GLASS 

GRAPHITE 

Fig. 3. Sketch of the experimental configuration within a 1/2" piston 
cylinder pressure vessel 

conditions. The compositions of starting materials are listed in 
Table 2. 

Dissolution experiments 

All experiments were run at 5-23 kb in a piston-cylinder apparatus 
to insure good crystal-melt contact and to prevent melt vesicula- 
tion. Figure 3 depicts our experimental geometry, which insures 
that  diffusion is one-dimensional, that  at least one side is convec- 
tion-free due to gravitational stability, and that  a negligible amount  
of melt exchanges between the two sides of the crystal due to the 
tight fit of the crystal wafer in the capsule. A natural  andesite 
rock powder was fused twice at 1300 ~ C and 1 bar  Q F M  for ~ 2  h 
to produce glass starting material. Crystal grains were sawed into 
wafers 20(~1000 g thick (no attention was paid to crystallographic 
orientation). The wafers were then ground into cylindrical disks 
2 mm in diameter which fit tightly into graphite capsules 9.5 or 
6.5 mm long. Capsule length was dictated by run duration to insure 
that  the melt reservoir was effectively infinite compared to the de- 
veloping diffusion profiles. When possible, a shorter capsule was 
used to minimize temperature differences within the experimental 

charge. The disks were horizontally oriented and packed with vitre- 
ous rock powder (to be remelted during the experiment) on one 
side or both sides. The capsules were enclosed in alumina sleeves 
and then encased in a 3 cm long graphite heater of ~0.64 cm inner 
diameter. Pyrex glass served both  as the pressure medium and to 
insulate the furnace from the carbide core. 

Table 3 lists the run conditions for our crystal dissolution ex- 
periments. Run pressures reported in Table 3 are nominal pressures 
with "pis ton-out"  procedure initially over-pressurized to ~ 15 kb 
for 5 kb runs and by ~ 5 kb for runs at higher pressures. Run 
temperatures were monitored and controlled by a Pt -Ptg0Rhl0 
thermocouple input to a Eurotherm 984 control system. Tempera- 
ture fluctuations in the charge during a run were usually _+0.5 ~ C 
once the stable running temperature was reached, which usually 
took ~ 30 s. The temperature difference from center to bot tom of 
the charge inside the capsule was calibrated by measuring interface 
melt composition of olivines at center and bot tom of the charge 
and using olivine saturation " thermometer"  (Roeder and Emslie 
1970; Langmuir  and Hanson 1981). This difference is ~25  ~ C for 
the 9.5 mm capsule at run temperature of 1400 ~ C, equivalent to 
a temperature gradient of ~ 8 ~ C/mm. 

Each charge was quenched to below the solidus of the melt 
in 1 ~ 2 s by shutting off power to the piston-cylinder apparatus. 
After extraction the charge was mounted in an epoxy disc, ground 
to reveal the widest axial section, and polished for examination. 

Analytical methods 

Major element concentrations in the quenched melt and crystal 
were analyzed using an automated C A M E C A  electron microprobe 
at Lamont-Doherty Geological Observatory. The analytical condi- 
tions were similar to those of Sack et al. (1987) except that  we 
used a single beam current of 25 nA. When especially good NazO 
analyses were desired, we either used a 5 nA beam current for 
Na, similar to Sack et al. (1987), or rastered the beam. 

One charge was analyzed for trace elements by secondary ion 
mass spectrometry carried out with the IMS 3f microprobe at MIT. 
Analytical procedures were similar to those of Lesher (1986) follow- 
ing those set forth in Shimizu and Hart  (1982). One exceptionally 
good Na20  profile (for @ 212, Fig. 7) was analyzed this way. 

Experimental results 

F i g u r e  4 p re sen t s  two  p h o t o m i c r o g r a p h s  of  a n  in te r face  be-  
tween  San  C a r l o s  o l iv ine  a n d  glass (44= 212) v iewed  in re- 
f lected light.  T h e  in te r face  is nond i f fuse  a n d  s t ra igh t .  In  
th ree  d i m e n s i o n a l  view, the  in te r face  m u s t  t h u s  be  a l m o s t  
perfect ly  p l ana r .  Because  a b o u t  50 p of the  c rys ta l  h a v e  
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Table 3. Run summary 

Run @ T 1 P T 2 Cryst Pos Xi X I A X  t (sec) MgO 

212 1290 5.5 1285 OL Mid 726 _+ 10 631+2 48 ___5 18000 11.3 
216 1290 5.5 1250 OL Mid 838 _+2 818-+10 10 _+5 900 10.05 
219 1270 5.5 1250 OL Bot 802 -+17 725_+8 79 +19 81220 10.05 
222 1285 5.5 1302 OL Bot 510 -+4 470-+20 40 -+20 8340 12.15 
223 1305 10.5 - DI Bot 638 _+20 598-+5 40 ___20 4190 8.1 
225 1305 10.5 - DI Bot 648 ___8 622_+7 26 -+11 890 8.0 
226 1305 5.5 1285 FO Bot 373 _ + 2 3  345-t-12 28 __+26 895 11.15 
227 1305 5.5 1300 FO Bot 456 _+9 431 -+ 5 25 -+ 10 8995 12 
228 1315 5 1300 OL Mid 401 + 13 390-+3 11 -+ 13 2400 12.1 
228 " " 1300 FO Mid 495 -+ 13 475_+ 5 20 -+ 14 a 12.1 
229 1215 5 1185 OL Bot 584c-+25 608_+15 --24c-+29 3600 7.25 
231 1365 13 OL Bot 301 _+ 10 246_+6 55b-+ 12 1 780 13.2 
231 1385 ~ -- SP Mid 273 __+ 10 245-+ 5 14 _+ 6 a 5.95 
231 1365 " - DI Top 1024 _ + 3 3  882-+10 142b-+ 34 a 10.8 
234 1300 5 - QT Top 597 -+13 603-+5 -- 6 -+14 3600 1.5 
235 1350 5 1350 OL Top 267 -+25 250-1-5 17 +25 1 100 14.5 
236 1375 15 OL Top 260 -+ 10 157___ 10 103b-+ 14 1 800 16.0 
236 " a - RT Bot 398 +8  350_+20 48 -+22 a 4.6 
239 1400 5.5 1420 OL Mid 438 +10 170+70 134 +35 4800 19.0 
242 1375 21.5 - DI Top 428 -+13 372-+10 56 -+16 1810 7.7 

Note: All the runs used LML 30-1, an andesite rock powder, as starting composition for melt. 
T1 (~ C): measured thermocouple temperature with the following two corrections, rounded to the nearest 5 ~ C. One correction is based 
on the distance of thermocouple junction to the cap of graphite capsule. This correction, however, must be viewed as approximate 
because the thermocouple junction itself is ~ 1 mm in diameter and the temperature gradient in that part of the furnace is estimated 
at 50 ~ C/ram. The second correction is based on the distance of the crystal-melt interface to the center of the capsule (when the capsule 
is centered in the heater). The temperature gradient inside the capsule is ~ 8 ~ C/mm at 1400 ~ C 
P: measured pressure in kbar 
T2 (~ C): temperature calculated from 1 atm olivine saturation surface and interface melt composition assuming interface melt is at 
saturation. The calculation is only done for 5 kb runs because at this pressure the oversaturation correction (~  17 ~ C, see discussion) 
and the pressure correction (3 ~ 6 ~ C/kb: 3~176 C from Bender et al. 1978; 5~  on average using data from Ford et al. 1983) almost 
cancel one another out. At higher pressures, the pressure correction may introduce considerable error. These calculated temperatures 
may not reflect actual temperatures in the experimental charges as closely as they do relative temperature differences among the different 
r u n s  

Cryst: Crystal used in experiments, where OL = San Carlos olivine, FO = synthetic pure forsterite, DI = diopside, SP = spinel, Q T=  quartz, 
R T= futile 
Pos: crystal position in experimental charge, where Mid = Middle and Bot = Bottom 
X,: initial thickness of the crystal wafer in microns 
XI:  directly measured final thickness of the crystal wafer 
AX: dissolution distance which is the difference between X~ and X f  (If the crystal wafer is surrounded by melt on both sides, A X  
is half the difference) 
t: run duration 
MgO: MgO wt% of the interface melt, which indicates the difference of the in situ temperature during dissolution of the same mineral 
a the same as the above column; 

- cannot be determined 
b There is a small melt reservoir on the other side of the crystal wafer into which part of the crystal has been dissolved. The real 
A X  for one side should be smaller 
c There might be a misreading of the micrometer by 1 grid unit, resulting in a smaller initial thickness by 25 g 

dissolved,  the sharpness  of  the interface at the 1 tx scale 
is r emarkab l e  ind ica t ing  tha t  the d isso lu t ion  process  is very 
uniform.  Because  the interfaces are  sharp  in the charges  
we will be discussing, the d is tance  f rom the interface is well  
defined except  in the presence  of  cracks. 

M a n y  exper imenta l  charges  c racked  subpara l le l  to the 
crys ta l -mel t  interfaces dur ing  quench  and  decompress ion .  
The  cracks  are  often in the glass ad jacent  to the interface. 
W h e n  measu r ing  concen t r a t i on  profiles, it is difficult to esti- 
ma te  the real  d is tance  across a crack. In  these cases, a 
n u m b e r  of  profi les were  measu red  where  the same crack  
was encoun te red  at different dis tances  f rom the interface. 
These  profi les were then  c o m b i n e d  into  one  compos i t e  p ro-  
file, pe rmi t t ing  us to define d is tance  across the c rack  m o r e  
accurately.  

Q u e n c h  magne t i t e  crystals of  less t han  2 IX in d imens ion  

are present  in mos t  charges.  They  show g o o d  oc tahedra l  
m o r p h o l o g y  and  are d is t r ibuted  t h r o u g h o u t  the glassy par t  
of the charge.  In  some  of the ol ivine d issolu t ion  charges 
magne t i t e  crystals are  more  concen t ra t ed  near  the ol ivine-  
mel t  interface, possibly due  to the high F e O  concen t ra t ions  
there. 

Dissolution rates 

The  a m o u n t  of  a crystal  wafer  dissolved dur ing  an experi-  
men t  was es t imated  by two methods .  The  first was a direct  
m e a s u r e m e n t  of  the thickness of  the crystal  wafer  before 
and  after the run. Because  of  the var iabi l i ty  in the thickness  
of  a wafer  and uncer ta int ies  in measu r ing  this thickness  
accurately,  the errors  f rom direct  m e a s u r e m e n t  are usual ly  
5 ~t-30 g which  is relat ively large c o m p a r e d  to the dissolu- 



Fig. 4a, b. Photomicrographs of an experimental charge (#  212). 
a whole view of the charge. San Carlos olivine is at the center 
of the charge. About 3 x 4 ram. b a blow up of the interface. Notice 
the interface is sharp and straight. The width is about 300 g 

tion distance in a given experiment (10 g-100 ~t). The other 
method for estimating dissolution distances was by mass 
balance. The excess crystal mass in the glass (melt) was 
determined from the concentrat ion profile. The mass bal- 
ance equat ion is: 

~ ( ~ C - C ~ ) d x = ~ L ~ C ~ - L C ~  (16, 

where C and p are concentrat ion and density, respectively. 
The integrat ion is performed over distance x from 0 to infin- 
ity. The subscripts "oo"  and "s" have the same meaning 
as those in Eq. (14). Ls is the crystal dissolution distance 
and L is the glass (melt) growth distance. As we discussed 
earlier, L differs from Ls by the ratio of the crystal density 
over glass (melt) density. Because the concentrat ion and 
distance we measure are those in the glass at room tempera-  
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Table 4. Dissolution distances 

Run # L (meas) L (MB) L (calc) 

212(OL) 48 _+5 51 ___2 48_+5 
216(OL) 10 ___2 7.6+0.4 8_+1 
219(OL) 77 +19 72 -+4 65_+7 
222(OL) 40 _+20 45 _+2 47_+5 
223(DI) 40 -+20 40 _+2 38_+4 
225(DI) 26 +_11 18 -+1 17_+2 
226(FO) 26 -+26 10 -+1 12-+2 
227(FO) 25 _+10 36 _+2 38-+4 
228(OL) 11 +13 26 -+2 25_+3 
228(FO) 20 +14 24 -I-2 23-1-3 
229(OL) - 2 4  -+29 7 -+1 7-+1 
231 (OL) 55a-+ 12 34 +7 32-+10 
231(SP) 14 -+11 10 _+0.5 9-+0.7 
231(DI) 142"_+ 34 79 -+2 74_+5 
234(QT) 18 +14 15 +3 18-+4 
235(OL) 24 +25 25 -+2 26-+4 
236(OL) 103 a_+14 60 -+3 ~70 
236(RT) 48 -+22 22 +_2 21-+2 
239(OL) 134 _+35 120 _+5 110_+10 
242(DI) 56 +16 47 +4 48_+4 

Note: Run # : Included in parenthesis is the crystal for which the 
dissolution distance is measured and near which the profile is con- 
sidered, where OL= San Carlos olivine, FO = synthetic pure forster- 
ite, DI = diopside0 SP = spinel, Q T= quartz, R T= rutile; L (meas): 
directly measured dissolution distance in microns; L (MB): dissolu- 
tion distance calculated from mass balance; L (calc): dissolution 
distance calculated from L=2a(Dt)l/Z/h 
Density used in the calculation: andesitic glass 2.7; olivine and 
diopside 3.3; spinel 3.58; quartz 2.65; rutile 4.25 
a The real measured distance should be smaller than that because 
of a small melt reservoir on the other side which absorbs some 
crystal thickness 

ture (Pgl . . . .  t . . . .  temperature >pmelt at r u n  t e m p e r a t u r e ) ,  the density 
in (16) should also be the glass density at room temperature  
which is not  available. We therefore estimate P/P~o from 
the melt density relat ionship (Nelson and Carmichael  1979) 
at run temperature  which may not  apply  exactly. The left 
hand side of (16) can also be calculated by assuming p/p~ 
= 1 and the maximum error of that  term can thus be esti- 
mated. Fo r  " n o r m a l "  (i.e. monotonic)  profiles, the relative 
error  in this term is usually less than 5%. However,  for 
those profiles which contain minima or maxima, C - C o o  
may change from positive to negative and the integral in 
(16) can be viewed as the summat ion  of two terms, one 
positive and one negative. The summat ion  results in a small 
value for the integral;  therefore the relative error  is large. 
Once the left hand side integral  term is determined, L, can 
be est imated with only small uncertainties if Coo is small 
compared  to Cs, and L can be est imated if C~ is small com- 
pared to C a .  All these taken into account, the relative error  
in estimating L or L~ from " n o r m a l "  profiles is about  5o/0 - 
10%, which is better  than our direct measurement.  Table 4 
lists the dissolution distance est imated by the two methods.  
These estimates agree very well when the relative error  in 
direct measurement  is small. 

Crystal  dissolution distance determined from " n o r m a l "  
concentrat ion profiles is plot ted against  the square root  of 
run dura t ion  for San Carlos olivine, synthetic pure forster- 
ite, and diopside in Fig. 5. The linear dependence of the 

dissolution distance upon ] / t  demonstra tes  that  the dissolu- 
t ion is diffusion controlled, that  convection in the experi- 
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Fig. 5. Dissolution distance vs square root of run duration. In pa- 
rentheses is calculated temperature (~ C), column 4 in Table 3 
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mental charges is suppressed, and that the interface reaction 
kinetics are not the rate-determining step during crystal dis- 
solution experiments longer than 15 min, consistent with 
our numerical calculations. From Fig. 5, the dissolution rate 
(which is inversely proportional to time) of diopside at 
~1300~  is greater than that of San Carlos olivine 
( ~  Fo90) which, in turn, is slightly greater than that of for- 
sterite at the same temperature. The relative dissolution 
rates for diopside, olivine, and spinel can also be compared 
in experiment ~ 231 ( ~  1375 ~ C and 13 kb). The dissolution 
rate of diopside is greater than that of olivine, which, in 
turn, is greater than that of spinel. Finally, the dissolution 
rate of San Carlos olivine is found to be greater than that 
of rutile from experiment 4~ 236. All these relations are con- 
sistent with our earlier conclusions based upon theoretical 
considerations (Eq. 15). 

Concentration profiles 

Two or more profiles perpendicular to an interface were 
analyzed in each experimental charge. If a crystal wafer 
has melt on both sides, profiles on both sides of the crystal 
were measured. Figure 6 includes a schematic diagram of 
such profiling in one charge (#e 212), along with an example 
for MgO. Figure 6 shows that the experimental charge is 
horizontally homogeneous: that is, concentration along a 
line parallel to the interface is constant within error; and 
that concentration profiles in the melt adjacent to the crystal 
are symmetric about the crystal. Other experimental charges 
show similar horizontal homogeneity and symmetry (if both 
sides are surrounded by melt). Melt on the upper side of 
olivine crystal (Fig. 6) is gravitationally stable, therefore it 
does not convect. The symmetry of melt composition about 
the dissolving olivine suggests that during olivine dissolu- 
tion into andesitic melt, even the gravitationally unstable 
side is free of convection. No zonation was detected in the 
remaining part of the crystals by electron microprobe analy- 
sis after the dissolution experiments. 

A few of the charges did show horizontal heterogeneity 
and/or non-symmetry about the crystal. In these charges, 
bits of graphite were commonly found intruding melt caused 
by mechanical deformation during the run. If the problem 
was not severe, we usually characterized the profile in the 
middle of the charge or away from the visual disturbance, 
otherwise the run was classified as unsuccessful and not 
examined further. 

An interesting, but disturbing, feature of Fig. 6b is that 
the compositional profile for MgO bends as it approaches 
the interface. It occurs in other charges for MgO and in 
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x I F)  
Fig. 6a, b. A detailed MgO concentration profile in the glass of 
Run :~ 212 (T= 1285 ~ C, P=5.5 kb). a the distribution of the ana- 
lyzed points. Dashed lines are traverses; a dot is an analyzed single 
point above the olivine crystal and a cross is a point below the 
olivine crystal, b the concentration profiles of all the analyzed 
points, including the traverses (dashed lines in a) 

plots of other elements as well, but is most clearly seen 
for MgO versus distance in olivine dissolution experiments. 
MgO concentration first increases gradually as the interface 
is approached, but then decreases suddenly within about 
10 g of the interface. The decrease is not caused by second- 
ary fluorescence within the olivine crystal during micro- 
probe analysis as this would increase (rather than decrease) 
the MgO concentration. This feature is believed to be a 
consequence of crystal overgrowths upon the wafer during 
quench. We have shown numerically that after an initiation 
period of less than 1 s, the interface melt is essentially at 
saturation with respect to the crystal; therefore, a decrease 
in temperature during quench will result in oversaturation 
with respect to, and hence crystallization of, the crystal that 
was previously dissolving. Therefore, overgrowths on the 
crystal will always occur during quench but the amount 
of growth will depend on the quenching rate, interface reac- 
tion rate, the diffusivities and the temperature from which 
the charge is quenched. (One of the reasons that we chose 
to use andesitic melt was that the quench effect was small.) 
MgO is strongly depleted near the interface by olivine over- 
growth and is easily observed. By mass balance, a one 
micron overgrowth of olivine (Fo80) will deplete the glass 
(melt) within 10 p by an average of 3.5% MgO. Therefore, 
the depletion in Fig. 6b can be explained by 0.1 g-0.2 la 
of olivine overgrowth, which is too small a zone to be mea- 
sured by electron microprobe. 

Quench growth complicates the study of zonation pro- 
files in the glass adjacent to a crystal, especially in crystal 
growth experiments because continuous growth and quench 
profiles are superimposed and additive. The two differ in 
that the quench profile is shorter. Crystal dissolution experi- 
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Fig. 7. a Major element concentration (wt%) profiles for olivine dissolution into andesitic melt ( #  212, T = 1285 ~ C; P = 5.5 kb) vs x/2]~t 
(in Ix/l/s) in melt where x is distance from crystal-melt interface. Na20  is analyzed by ion microprobe at MIT. b Trace element concentration 
(ppm) profiles for # 212. Trace elements are analyzed at MIT. Sr, Y and Zr are repeated in two analyses and they are compared 
in the diagram with date of analysis in parenthesis. Rb and Ce are given in relative concentration where concentration far away is 
defined to be 1 

ments have profiles which are opposing so that the quench 
phase growth profile is more easily separable from the disso- 
lution profile. But care should be taken in trying to distin- 
guish them. 

Because the bend near the interface is not part of the 
diffusion profile produced during dissolution experiments, 
we exclude it from subsequent analysis. The term interface 
composition refers to the melt composition at the interface 
during dissolution, and is calculated by extrapolation using 
either a polynomial or visual fit of the diffusion profile not 
affected by quench. 

Figures 7-13 are plots of concentration vs normalized 
distance ( x / 2 ~ )  in the glass adjacent to dissolving crystals 
of San Carlos olivine, synthetic forsterite, diopside, spinel, 
quartz and rutile in an andesitic melt. Figures 8-10 include 
two or more experimental runs of varying duration at the 
same temperature and pressure. Using normalized distance 
is a means of comparing profiles produced from differing 
r u n  d u r a t i o n  if t he  p rocess  is s t r ic t ly  di f fus ion con t ro l l ed .  
The profiles are identical within error on such plots when 
the interface compositions are the same (interface composi- 
tions can be used as an internal calibration of run tempera- 
ture) except for slightly larger uncertainties in the FeO pro- 
files caused by quench magnetites. 

It should be noted that many components do not show 
the expected monotonic concentration profiles but contain 
"anomalous" minima or maxima (uphill diffusion) in the 
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profiles. Concentrat ion profiles for these components  on 
plots using normalized distance are also independent  of run 
duration, which again demonstrates diffusion control. 
Therefore all the concentrat ion profiles in Figs. 8-10 dem- 
onstrate that convection in the melt is not operative and 
that interface reaction is unimportant .  

Uphill diffusion and compositional path 
The observed diffusion behavior of major components  dur- 
ing diffusive dissolution of various minerals in andesitic melt 
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Table 5. Diffusion behavior of major components during different 
mineral dissolution 

Oliv Diop Spinel Quartz Rutile 

SiO 2 N N N N 
TiO 2 UHD(L) N UHD(L) N N 
A1203 N N N N UHD(M) a 
FeO UHD(L) UHD(L) U H D ( L ) N  UHD(L) 
MgO N N N N UHD(L) 
CaO UHD(L) N UHD(L) N UHD(L) 
Na20 UHD(M) UHD(M) - UHD(M) 
K20 UHD(M) UHD(M) UHD(M) UHD(M) UHD(M) 
Refrun@ 212, 226 223, 242 231 234 236 

Note: N: Normal diffusion profiles; UHD(L): Uphill diffusion to- 
ward less polymerized melt; UHD(M): uphill diffusion toward 
more polymerized melt; - -  cannot be determined; a weak uphill 
diffusion toward higher SiO 2 and lower TiO2, similar to the alkalies 

is summarized in Table 5. A surprising observation from 
this table is the widespread occurrence of "anomalous" dif- 
fusion. 

During San Carlos olivine and synthetic forsterite disso- 
lution in andesitic melt, only MgO, A1203, Cr, and SiO2 
show the expected monotonic diffusion profiles (Figs. 74) .  
The profiles of alkalies show maxima and those of other 
major (CaO, FeO, TiO2) and trace components (V, Sc, Sr, 
Zr, Y and Ce) show minima. For example, the CaO profiles 
for the San Carlos olivine and synthetic forsterite dissolu- 
tion and the FeO profiles for forsterite dissolution have 
prominent minima in the middle of the profiles. The concen- 
trations of both CaO and FeO increase toward the interface 

even though the concentrations of these components are 
low in the dissolving crystals. Barring "anomalous" diffu- 
sion, one would expect concentrations to decrease ap- 
proaching the interface. The anomalous diffusion profiles 
of these components are indicative of uphill diffusion, i.e. 
diffusion up their own concentration gradients. The alkalies 
diffuse uphill toward more polymerized melt (away from 
the olivine-melt interface) while all other components diffuse 
uphill toward less polymerized melt. 

During diopside dissolution in andesitic melt (Fig. 10), 
SiO2 contents are almost constant. MgO, CaO, A120 3 and 
TiO2 show "normal"  diffusion profiles. FeO diffuses uphill 
toward the less polymerized melt and the alkalies diffuse 
uphill toward the more polymerized melt. 

During spinel dissolution in andesitic melt (Fig. 11), only 
SiOz, A1203, and MgO show normal diffusion profiles. 
TiO2, FeO and CaO diffuse uphill toward less polymerized 
melt. The alkalies diffuse uphill toward more polymerized 
melt. 

During quartz dissolution in andesitic melt (Fig. 12) only 
K 2 0  among all the major components shows strong uphill 
diffusion toward the more polymerized melt. The Na20 pro- 
file is surprisingly short. 

During rutile dissolution in andesitic melt (Fig. 13), only 
SiO 2 and TiO 2 behave normally. All other major compo- 
nents diffuse uphill. Among them, FeO, MgO and CaO dif- 
fuse uphill towards less polymerized melt, and the alkalies 
and A1203 diffuse uphill towards more polymerized melt. 

Summarizing the above information, we have the follow- 
ing: 

(1) During diffusive dissolution of a mineral, the diffu- 
sion of various components can be divided into three 
groups. One is a principal equilibrium-determining compo- 
nent for the dissolving crystal which does not necessarily 
have to be a major element in silicate melts (such as Zr 
during zircon dissolution). Another group is the non-partici- 
pating components, which are only trace constituents of 
the dissolving mineral. The third group involves the partici- 
pating but not equilibrium-determining components (such 
as Si during zircon dissolution). A principal equilibrium- 
determining component (if there is one) for mineral satura- 
tion is expected to behave "normally" and can be approxi- 
mately characterized as effectively binary. Such components 
are essential constituents of the dissolving mineral and play 
the most important role in the saturation of the dissolving 
mineral. They are: MgO during olivine (Fo # > 50) dissolu- 
tion; MgO and CaO during diopside dissolution; A120 3 
during spinel dissolution; SiO2 during quartz dissolution 
and TiO2 during futile dissolution. The participating and 
non-participating elements which include some major ele- 
ments as well as trace elements can show either "normal"  
or uphill diffusion. 

(2) SiO 2 usually shows normal diffusion profiles. 
(3) If uphill diffusion occurs, the alkalies diffuse uphill 

toward more polymerized melt, while MgO, CaO, Sr, TiO2, 
FeO, MnO (by inference to FeO), V, Sc, Y, and Ce diffuse 
uphill toward less polymerized melt. The uphill diffusion 
of alkalies toward more polymerized melt is consistent with 
the reports of Sato (1974), Watson (1982a) and Fisk (1986). 
FeO enrichment near olivine-melt interface (less polymer- 
ized melt) has been noted by Donaldson (1985). However, 
the result of CaO which diffuses uphill toward a melt of 
lower SiO2 during olivine and spinel dissolution differs from 
the experimental results of Fisk (1986) who found CaO to 
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be enriched in the higher SiO2 and lower AlzO 3 melt formed 
during the interaction of basaltic melt with a harzburgite. 
We do not know how to reconcile this difference although 
we note that Fisk's data showed some scatter and that he 
did not measure the full concentration profile. Uphill diffu- 
sion of other components, including MgO, TiO2, Sr, V, Sc, 
Y, and Ce, has not been reported previously, although in 
theory every component can be made to diffuse up its own 
concentration gradient (Anderson 1981). 

We can conclude from the uphill diffusion behavior of 
these components that the alkalies partition strongly into 
more polymerized melt, while most other elements, includ- 
ing MgO, CaO, Sr, TiOz, FeO, MnO (by inference to FeO), 
Sc, V, and Ce partition preferentially into a less polymerized 
melt. These results are consistent with two-liquid partition- 
ing studies (Watson 1976; Ryerson and Hess 1978) and Sor- 
et diffusion studies (Lesher 1986). Therefore the diffusion 
behaviors of non-participating components can be qualita- 
tively predicted using results from two-liquid partitioning 
or Soret diffusion studies. However, to quantitatively pre- 
dict their diffusion behavior (such as their interface concen- 
tration, where the maxima or minima would occur and what 
the maxima or minima are), we must await the solution 
of the full diffusion matrix, including the cross-term coeffi- 
cients. 

Because of the uphill diffusion of certain components 
and differences in diffusion rates, the melt concentration 
profiles produced during dissolution are not simple mix- 
tures of initial melts and crystals. In other words, the melt 
composition does not follow a linear path in composition 
space between the initial melt and crystal. This non-linearity 
is evident upon examination of our concentration profiles 
in Figs. 7-13. It can also be studied using other kinds of 
diagrams. For example, Fig. 14 is the ol-di-silica ternary 
projection after Walker et al. (1979). On such a diagram, 
the minerals being dissolved are conveniently located at 
the apices, and the compositional effect of adding a mineral 
is easily seen. The melt composition path during olivine 
dissolution shown in Fig. 14 is curved and the point of 
strongest curvature corresponds to the minimum for the 
CaO profile (Fig. 7a). The melt composition first moves 
from the initial melt toward a mixture of olivine and silica, 
and near the interface it moves toward a mixture of olivine 
and diopside instead of towards a pure olivine composition. 
Therefore, the melt composition seems to be produced by 
the addition of more than one mineral even though only 
one mineral is dissolving. During diopside dissolution, the 
melt composition path is much less curved and moves 
roughly towards the diopside apex (Fig. 14). This apparent 
linearity results from the fact that only one major compo- 
nent, FeO, shows strong uphill diffusion and this one com- 
ponent is grouped together with MgO in calculating the 
diagram. Thus the non-linearity does not show up strongly 
in this particular view of composition space. The melt com- 
position path during quartz dissolution is slightly curved 
but moves roughly toward the silica apex. 

Since many components may diffuse uphill, one may 
conclude that the degree of saturation of the melt, w as 
defined in (2) and described by (9), could not be described 
by effective binary diffusion. That is, the effective binary 
diffusion coefficient defined by (10) would not be approxi- 
mately constant. However, one should recall that w is most- 
ly determined by the principal equilibrium-determining 
component, while only affected in a minor way by those 
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F i g .  14 .  OL-DI-SILICA triangular plot of composition paths calcu- 
lated by the Walker et al. (1979) formula during dissolution of oliv- 
ine, diopside and quartz 
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components which show uphill diffusion. In other words, 
k, for the principal equilibrium-determining component is 
much greater than k~ for other components in Eq. (6). Fig- 
ure 15 plots w (see Table 1 for calculation) versus x/2]//t 
for experiment 4~ 212. It can be seen that w behaves approxi- 
mately "normally", similar to the diffusion profile of MgO. 
The/ )  as defined in (10) can be found from the profile in Fig. 15 
and determined to be 4.8 x 10 - s  cm2/s, similar to the EBDC 
of MgO (5.3 x 10- s cm2/s, see later discussion on EBDC). 

D i s c u s s i o n  a n d  a p p l i c a t i o n s  

Extraction of EBDC's 

Diffusion-controlled dissolution experiments provide a 
powerful tool for studying the diffusion process. Because 
the crystal-melt interface is well-defined, distance from the 
interface can be determined on the electron microprobe to 
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a precision of 1 g. The concentration profiles presented in 
Figs. 8-10 (which plot concentration profiles for two or 
more runs) show negligible inter-run error using normalized 

distance x/2]/tt, demonstrating good analytical precision 
and experimental reproducibility. It is common practice to 
calculate an effective binary diffusion coefficient (EBDC) 
for single components in multi-component systems al- 
though its applicability is limited. This calculation can be 
done in a straightforward way using data from diffusive 
dissolution experiments for any component that does not 
show uphill diffusion, either by fitting a non-linear least 
squares curve using Eq. (13) to the concentration profile 
and thus obtaining one EBDC for each profile, or by using 
Boltzmann-Matano analysis (Shewmon 1963) to obtain the 
EBDC as a function of concentration. Equation (13) fits 
"normal"  profiles fairly well but not exactly. For example, 
as shown by Fig. 16, when MgO diffusion profiles are fit 
by (13), there are small, but systematic deviations in the 
data arrays above and below the best fit curves in the higher 
SiO2 and lower SiO2 portions of the MgO concentration 
profiles. Thus the inherent error in the fit arises more from 
systematic problems in describing the array by (13) than 
from scatter in experimental data. If one tries to ascribe 
these systematic problems to the compositional dependence 
of the EBDC of MgO (i.e., Boltzmann-Matano analysis) 
a higher MgO EBDC is extracted for higher SiO2 melts 
(i.e., more polymerized melt) - a result which appears in- 
trinsically unreasonable because experimental evidence 
shows that the diffusivities decrease as the degree of poly- 
merization of the melt increases (Hofmann 1980; Watson 
1982a; Lesher and Walker 1986a). Thus, even relatively 
well-behaved components such as MgO appear to hint in 
their diffusivities at the complex interdependence of the 
chemical and diffusion potentials of all the components 
upon one another's gradients - which is manifested so em- 
phatically in the uphill diffusion phenomenon. (Therefore 
Boltzmann-Matano analysis is not applicable because the 
EBDC's, in principle, are not only functions of concentra- 
tions of all components, but also functions of the concentra- 
tion gradients of other components due to cross term diffu- 
sion effects.) Nevertheless these errors are small for MgO 
(total variation of EBDC in a complete profile using Boltz- 
mann-Matano analysis is about a factor of 2, and average 
EBDC's between different runs agree within 40%; see 
Fig. 17) and instructive comparative information can be ob- 
tained from EBDC's calculated by Eq. (13). However for 
components which do show uphill diffusion, neither effective 
binary diffusion with constant EBDC nor Boltzmann-Ma- 
tano analysis adequately describes their diffusion behaviors. 
The EBDC's would change from positive to negative using 
Boltzmann-Matano analysis, which is physically unreason- 
able. To describe the uphill diffusion phenomenon, multi- 
component chemical diffusion must be considered. In princi- 
ple, this problem is tractable and methods of analysis are 
available (e.g., Ghiorso 1987). However, in practice, the 
problem for natural silicate melts (e.g., andesitic liquid) is 
complicated because at least eight components (SiO2, TiO2, 
A12Oa, FeO, MgO, CaO, Na20, K20) must be considered 
and thus the diffusion coefficient matrix contains 49 ele- 
ments. An attempt to invert for these coefficients showed 
that, although many cross-coefficients were non-zero, they 
were poorly constrained by the data. In view of the limita- 
tions of the present data set we feel it premature to present 
the results of this analysis here. Additional work is under- 
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way to acquire the experimental data needed for more thor- 
ough treatment of multicomponent diffusion in andesite liq- 
uid. The results of this more complete treatment will be 
presented in a subsequent report. However, even with this 
accomplished, EBDC's still give practical and useful con- 
straints on diffusion distances and dissolution rates in mag- 
matic liquids. Such information has direct applicability to 
a wide range of immediately relevant petrologic problems. 
We discuss some of these applications in subsequent sec- 
tions. 

EBDC's obtained from our diffusive crystal dissolution 
experiments using (13) are listed in Table 6. Uncertainties 
for EBDC's depend on the analytical error, whether or not 
the component is well described by effective binary diffusion, 
how large a portion of the profile in terms of normalized 
distance is affected by the quench crystal growth, and if 
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Table 6. EBDC 

Run 4~ DMgO DAI203 Dsio2 Dc~o 

212(OL) a 5.3 3.3 2.0 - 
216(OL) 4.3 1.4 2.5 - 
219(OL) 3.0 1.6 1.0 - 
222(OL) 6.6 4.2 2.3 - 
223(DI) 4.4 2.5 8.6 
225(DI) 5.1 3.8 - 9.5 
226(FO) 6.0 2.6 1.7 - 
227(FO) 7.1 3.0 2.6 - 
228(OL) 8.5 4.0 2.2 - 
228(FO) 9.4 4.7 2.6 
229(OL) 1.8 1.1 0.57 - 
231 (OL) 11.4 8.5 3.6 - 
231(se) 8.5 3.8 2.5 - 
231(DI) 10 7.3 - 22 
234(QT) 0.2 0.42 0.28 0.21 
235(OL) 12 7.0 5.0 
236(OL) 24 16 12 
236(RT) b - - 5.5 
239(OL) 20 12 9.4 - 
242(DI) 18 10 - 26 

Note: The EBDC's are for oxide components in ~t2/s. Run # : In- 
cluded in parenthesis is the crystal for which the dissolution dis- 
tance is measured and near which the profile is considered. Relative 
errors (at 1 a level) from the curve fitting are small, usually less 
than 10%. However, a more realistic measure of errors comes from 
inter-run comparisons and can be estimated from Fig. 17 
- -  the EBDC cannot be calculated because of uphill diffusion 
or because the concentration is almost constant; a Cr diffusion 
coefficient is 3.6 g2/s; b TiOz diffusion coefficient is 8.2 g2/s 

convection is present. Such uncertainties are difficult to esti- 
mate. Nevertheless, based on data scatter in various plots 
and on other considerations, the relative error for EBDC's 
is estimated at _+ 30%. 

Dissolution of different minerals not only modifies the 
chemical composit ion of the original melt, but  also sets up 
different compositional gradients. Therefore EBDC's are ex- 
pected to correlate somewhat with the minerals being dis- 
solved. The question is to what extent the EBDC's change 
with different minerals and whether it is appropriate to use 
EBDC's extracted from diffusive dissolution experiments of 
one mineral to predict the diffusive dissolution of another 
mineral or, in general, to estimate the diffusion in similar 
melts but different compositional gradients. Table 7 lists 
3 groups of EBDC data for comparison. In  each group tem- 
perature and pressure are similar but  the minerals being 
dissolved are different. With the notable exception of the 
olivine-quartz group at 1300 ~ C and 5 kb, the EBDC's for 
different minerals agree with one another within a factor 
of 2-3, which is only slightly larger than the uncertainties 
of our EBDC data. The olivine-quartz group is an extreme 
case in that the SiO2 content  in the melt changes from 
52% at the olivine-melt interface to more than 70% at the 
quartz-melt interface. Diffusivities are expected to change 
by more than a factor of 10 in that SiO2 concentrat ion 
range (Watson 1982 a; Lesher and Walker 1986 a). Therefore 
the change in the EBDC can be attr ibuted to a change 
in chemical composition. For  the other two groups, the 
change in SiO2 content is much less drastic and that change 
is often balanced by another potential  network-forming 
component  (high SiO2 by low A1203 for diopside, low SiO2 
by high A1203 for spinel, and low SiO2 by high TiO2 for 

Table 7. Dependence of EBDC on the minerals being dissolved 

Mineral Dsio2 OAl2O 3 DMg O Deao Ref Run 4~ 

Andesitic melt at T ~  1300 ~ C and P ~5  kb 

Oliv 2.3 4.2 6.6 - 222 
Quartz 0.28 0.42 0.20 0.21 234 

Andesitic melt at T g  1375 ~ C and P ~  13 kb 

Oliv 3.6 8.5 11 - 231 
Diop - 7.3 10 22 231 
Spinel 2.5 3.8 8.5 - 231 

Andesitic melt at T ~  1375 ~ C and P~  15 kb 

Oliv 12 16 24 - 236 
Rutile 5.5 - - 236 

Note: Unit for EBDC is •2/S 
Although the nominal temperatures for # 231 and # 236 are simi- 
lar, the difference in the interface MgO concentrations near olivine 
crystals suggests that temperature for =~ 236 is ~ 40 ~ C higher than 
for # 231 

rutile). These results suggest that EBDC's depend more on 
chemical compositions than an compositional gradients for 
the principal equilibrium-determining components  or for 
the components  which behave normally. 

The EBDC's of MgO, A1203, and SiO 2 during San Car- 
los olivine and synthetic pure forsterite dissolution at 5 kb 
are plotted in Fig. 17 on an Arrhenius diagram to show 
the temperature dependence of the EBDC's. The best-fit 
lines on such a plot for the three components  are parallel, 
implying that the activation energies of the three compo- 
nents are similar, ~ 55 Kcal/mol, which compares favorably 
with the results of Lesher and Walker (1986b). The scatter 
on this diagram can be used to gain some estimate of the 
magnitude of the relative errors on EBDC's. Figure 18a 
through 18c are summary plots of EBDC's extracted from 
all our experiments. The plots indicate little, if any, pressure 
dependence of EBDC's for MgO, A1203 and SiO2 in ande- 
sitic melt at 1300 ~ 1400 ~ C. 

The EBDC's obtained from this study can be compared 
with EBDC's obtained in previous studies, although diffusi- 
vities in some of these previous works were not extracted 
correctly and cannot  be directly compared (see later discus- 
sion). Considering differences in run conditions and melt 
compositions, the SiO2 diffusivity during quartz dissolu- 
t ion into andesitic melt determined in this study (2.8 
x 10 -9 cmZ/s at 1300 ~ C and 5.5 kb) agrees well with that 

for quartz dissolution into basaltic melt (0.9 x 10 -9 cm2/s 
at 1300 ~ C and 1 atm for the stirred runs) determined by 
Watson (1982a), and that extracted from rhyolite-dacite in- 
terdiffusion couples (1 • 10 -9 cm2/s at 1300 ~ C and 5 kb) 
by Baker (1988). Baker's (1988) results are comparable to 
these for quartz dissolution because the interface melt com- 
position in these latter experiments is rhyolitic. Dsio2 (8 
x 10-s  cmZ/s) obtained from Soret diffusion study (Lesher 

and Walker 1986a) for Mt. Hood andesite at 1475 ~ C (aver- 
age temperature) and 10 kb agrees within a factor of 2 with 
that extrapolated from this study (1.7 • 10- v cm2/s) for oliv- 
ine dissolution into andesitic melt at 1475~ C and 5 kb). 
The limited data seem to suggest that the EBDC's obtained 
from diffusive crystal dissolution are not  only internally 
consistent, but also comparable with those obtained by 
other methods at similar conditions. Therefore we can apply 
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Fig. 18. EBDC (cm2/s) of SiO2, AlzO 3 and MgO for all experiments. 
The temperature is the calculated temperature (4th column of Ta- 
ble 3) for ~ 5 kb runs with olivine crystal and the nominal tempera- 
ture (2nd column of Table 3) for all other runs 

EBDC's  extracted from diffusive dissolution studies to other 
general diffusion problems of systems of similar composi- 
tions. 

Caveat on extracting EBDC's 

There is considerable confusion in the literature over ex- 
tracting EBDC's  from dissolution experiments. Some au- 
thors (Brearley and Scarfe 1986, and Kuo and Kirkpatrick 
1983) have tried to extract EBDC's  from steady-state diffu- 
sion profiles during crystal dissolution in which they recog- 
nized that the steady-state was caused by free convection. 
The following equation was used to extract EBDC's:  

C~ = 1 + { 1 - k ~  e-"X/D (17) 
Ci 

where the subscript l refers to the liquid and i refers to 
the initial liquid, k is the distribution coefficient between 
crystal and melt, and u is assumed to be the steady-state 
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dissolution rate. There are several difficulties with the appli- 
cation of (17) to crystal dissolution data. The first is that 
(17) represents the solution for steady-state, non-convective, 
constant-rate crystal growth where u should be the constant 
crystal growth rate. When the same equation is used for 
crystal dissolution, u must be taken as the negative of disso- 
lution rate. As such Eq. (17) does not approach a constant 
value when the concentration profile does at large x; there- 
fore (17) is not  an appropriate solution for describing 
steady-state diffusive dissolution. This conclusion reflects 
the impossibility of developing a steady state during strictly 
diffusive dissolution except in the trivial case of constant 
Cz. This impossibility is a fundamentally different character- 
istic of the dissolution as opposed to the crystallization pro- 
cess. In crystallization, a steady state can be reached eventu- 
ally through the operation of interface equilibrium as the 
crystal forms. The crystal "finds" the appropriate solute 
level (unless saturation effects intervene), which is the same 
as the melt far away (Albarede and Bottinga 1972; Lasaga 
1981). Diffusion and interface motion respond by partition- 
ing the solute between crystal and melt, to produce a steady 
state. However in dissolution, the arbitrary choice of dis- 
equilibrium crystal composition insures that no steady state 
will develop. The applicability of (17) is limited at best. 

Experimentally, however, steady states are observed to 
form during crystal dissolution when free convection is pos- 
sible in addition to diffusion. The difficulty with applying 
(17) in such situations is that u can no longer be directly 
associated with the rate of change of crystal size measure- 
ments. The u which makes (17) a viable description of diffu- 
sive-advective dissolution data must be positive. Because 
the dissolution rate alone used in (17) is negative, it cannot 
be u. However, the advection rate associated with free con- 
vection can be positive and larger than the dissolution rate. 
Adding the rates of dissolution and advection, the right 
side of (17) can converge to a constant value at large x 
and describe a steady state. But the u of interest - an amal- 
gam of the dissolution and advection rates - is no longer 
physically measurable. What  is measurable is the slope of 
the plot of l og [ (C , -C , ) / (Co-Cz) ]  versus x. This slope will 
be - u / D  where u is the composite of diffusion and advection 
rates. But until u can be calculated from its component  
rates (only the dissolution rate being directly measurable), 
D cannot be properly extracted from the data by (17). Using 
the measured dissolution rate instead of u will probably 
give values of  D that are too small (of the wrong sign), 
because 

Dissolution rate + Advection rate 
true D = 

(u/D) 
Dissolution rate 

> observed slope <0.  (18) 

D/u has the dimensions of length and can be regarded as 
a scale thickness for the diffusive boundary layer between 
the dissolving crystal and the homogeneous, well stirred, 
distant liquid. Low chemical diffusivity can keep the chemi- 
cal boundary layer profile (D/u) adjacent to a dissolving 
crystal thin, but so can advection by increasing u. Equa- 
tion (18) shows that apparent EBDC's  extracted from obser- 
vations of the dissolution rate and the boundary layer thick- 
ness (D/u) using Eq. (17) will be unrealistically low. 

For  a particular liquid composition, the diffusivity of 
a given component  at fixed P, T should be constant. Brear- 
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ley and Scarfe (1986) noted the nonconstancy of their 
EBDC's in a particular alkali basalt at one P, T: "The 
apparent diffusivities positively correlate with the dissolu- 
tion rate, which suggests that the stability of the mineral 
is an important factor to consider when deriving diffusion 
coefficients from these experiments." (Brearley and Scarfe 
1986, in the abstract). Part of this problematic observation 
can probably be traced to the questionable application of 
Eq. (17). The EBDC's were probably extracted by multiply- 
ing the value D/u gained from analysis of the data using 
(17) by the dissolution rate. Because D/u varied little in 
their experiments, their EBDC's were forced to correlate 
with the dissolution rates. In our strictly diffusion-con- 
trolled experiments (where we do not use [173 in the analy- 
sis), we see quite subdued variations of EBDC's at one P, 
T compared to those of up to a factor of 36 found with 
inappropriate use of (17) in advection-diffusion of spinel 
and diopside dissolution experiments. Of course, we cannot 
confirm that this large variation in EBDC's is an artifact 
of the calculation process, because it is not possible to accur- 
ately extract the EBDC's from advection-diffusion experi- 
ments by (17). 

We do not wish to imply that there should be no varia- 
tion in the EBDC's at one P, T. It is reasonable to expect 
EBDC variations to correlate with dissolution rate, because 
the dissolution rates are controlled to some extent by the 
diffusivities. In fact, we do see nontrivial variations in the 
EBDC's at one P, T in our data. The question is how does 
this happen in, for instance, a single andesite melt? The 
EBDC variations in our experiments arise because the melt 
through which the MgO, for example, diffuses is not of 
identical composition during the dissolution of each of the 
different minerals, even though the melt at some distance 
is the same in each case. Furthermore the concentration 
gradients adjacent to the crystals during the dissolution of 
different crystals are variable. The variations of EBDC's 
have nothing directly to do with the mineral stabilities or 
interface reaction kinetics (for example, the slow dissolution 
rates of zircon and apatite in silicate melts are due to their 
solubilities, the diffusivities will not be proportionally re- 
duced by the slow dissolution rates). Melt EBDC's do not 
depend on mineral properties but on those of the liquid. 
The apparent dependence of EBDC on the mineral being 
dissolved is indirect, due to controls on the chemistry of 
the melt adjacent to the crystal. 

Convective dissolution rate 

The following approximate method may be utilized for ana- 
lyzing dissolution and diffusion in a convective regime as 
steady-state is reached. The diffusion in such a convective 
regime can be characterized as occurring across a steady- 
state boundary layer which, in turn, is characterized by a 
boundary layer thickness (6). Although this boundary layer 
thickness does not vary with time (definition of steady-state), 
it may vary from place to place due to convection patterns. 
In this case, the average is used to characterize the boundary 
layer. Because the motion of melt relative to the crystal 
decreases gradually to zero at the interface, the only mecha- 
nism of mass transport at the interface is diffusion (Lasaga 
1981). Therefore Eq. (12e) is always applicable at the inter- 
face. According to the definition of 6: 

fi = (C 0o -- Co)/(O C/O x)x = 0 (19) 

Combining (19) and (12e), we have 

V -  D Co - Coo = b D (20) 
6 C~-C0 6 

Parameter b in (20) is defined in (14b). The above equation 
is similar to Eq. (13) of Kuo and Kirkpatrick (1985), and 
it applies also to diffusive dissolution if 6 is viewed as the 
time-dependent diffusion layer thickness. The convective 
dissolution rate is therefore a function of initial melt and 
crystal compositions, interface melt composition, the 
EBDC, and the boundary layer thickness. Applying (20) 
we can estimate the diffusivities of a component or dissolu- 
tion rate of a crystal in a given natural or laboratory system, 
for instance, in the results of Brearley and Scarfe (1986). 
D can be calculated with known 6 (calculated from concen- 
tration profiles) and V. The D thus calculated differs from 
that of Brearley and Scarfe (1986) by a factor of 1/b which 
is likely to be greater than 1 for their experiments, and 
to be different for different minerals. With known D, V, and 
6, even the advection rate ( u - V )  can be estimated using 
(17). This kind of exercise may not provide accurate EBDC's 
and advection rates, however, because boundary layer 
thicknesses vary and concentration profiles are likely to be 
nonsymmetric (for the spherical case) or horizontally heter- 
ogeneous (for the one-dimensional case). From Eq. (17) the 
convective dissolution rate is proportional to the parameter 
b rather than the parameter a of diffusive dissolution. But 
this does not affect our discussion about relative dissolution 
rates from an earlier section because b is positively correlat- 
ed to a, as long as the boundary layer thickness during 
the dissolution of different minerals is similar. Kuo and 
Kirkpatrick (1985) observed higher dissolution rates for 
diopside than those for forsterite, which is consistent with 
our conclusion. Brearley and Scarfe (1986) observed that 
cpx dissolves faster than olivine at low pressure and spinel 
dissolves slower than olivine and pyroxenes. They also 
found that at higher pressures where cpx is the liquidus 
phase, cpx dissolves slower than olivine when experimental 
temperature is only slightly higher than the liquidus, and 
faster than olivine when experimental temperature is signifi- 
cantly higher than the liquidus temperature. These results 
are all consistent with our predictions if the full Eq. (20) 
is used because at temperatures close to the liquidus, the 
interface melt near cpx is similar to the initial melt composi- 
tion, which results in a lower dissolution rate for the liqui- 
dus phase (cpx). 

Estimate of  interface composition 
and predictability of the dissolution rates 

Diffusive dissolution distances can be calculated by (12b) 
from the EBDC of a well-behaved component and the pa- 
rameter a which depends on the initial crystal and melt 
compositions and the interface melt compositions. Dissolu- 
tion distances thus obtained are compared with observed 
dissolution distances (or those calculated from mass bal- 
ance) in Table 4. The good agreement between them illus- 
trates the applicability of the formula. Convective dissolu- 
tion rates given by (20) depend also on the EBDC, initial 
melt and crystal compositions and interface melt composi- 
tions, as well as the boundary layer thicknesses. Therefore, 
the interface compositions are important parameters in esti- 
mating diffusive and convective dissolution rates. 
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Fig. 19. A sketch phase diagram and Gibbs free energy vs composi- 
tion for a binary solid solution system showing metastable equilib- 
rium. Starting crystal and melt compositions are S~ and L~. Equilib- 
rium crystal and melt compositions are Se and Le. Possible interface 
melt composition is between the equilibrium composition Le and 
the metastable saturation composition L I 

We have shown that the degree of "saturation" at the 
interface is essentially 1 after an initiation period of less 
than a second. One would expect, then, that the interface 
composition could be predicted from phase equilibria. This 
is indeed the case for rutile (which is a pure stoichiometric 
mineral) dissolution where the interface TiO2 concentration 
of 20.8% (from second order polynomial fitting of TiO2 
profile of 41: 236, Fig. 19) agrees very well with the predicted 
21.2% using the data of Ryerson and Watson (1987). How- 
ever, the Fe- -Mg exchange coefficient KD calculated from 
measured compositions of olivine and the interface melt 
is about 0.2 during San Carlos olivine dissolution and about 
0.01 during dissolution of synthetic pure forsterite. Because 
equilibrium KD's are about 0.3 +0.03 (Roeder and Emslie 
1970), the initial crystal is not in equilibrium with the inter- 
face melt for olivine dissolution. This discrepancy can be 
explained by two possibilities. One is that true local equilib- 
rium may have been achieved between interface crystal and 
interface melt compositions. Microprobe analysis may not 
have sufficient resolution to reveal this interface crystal 
layer, which the slowness of diffusion in a crystal insures 
will be very thin (furthermore, quench overgrowth compli- 
cates the resolution of the thin interface layer). A second 
possibility, granting the compositional quasi-immutability 
of the crystal on the dissolution time scale, is that the crystal 
cannot be in stable equilibrium with the melt given the 
arbitrary choice of the dissolving crystal (which is a solid 
solution). For example, consider the F a - F o  binary system 
shown in Fig. 19. The dissolving crystal, Si, can never be 
in equilibrium with the melt at To or any other lower tem- 
perature. The equilibrium crystal will be Se. (The run tem- 
perature is chosen to be lower than the solidus of the crystal 
in order to avoid internal decomposition.) The free energy 
surface for liquid and solid solutions are shown schemati- 
cally in upper diagram of Fig. 19. Because G for crystal 
S~ is fixed at To due to the lack of compositional exchange, 
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juxtaposition of Si and melt at To will lead to accommoda- 
tion of their coexistence via a metastable equilibrium 3, as 
suggested by the dashed-dot curve on the G - x  diagram. 
Therefore, in this case the interface composition approaches 
the metastable equilibrium melt L I rather than the equilibri- 
um melt L e at To. The metastable melt Ly has a higher 
liquidus, or higher MgO, than the stable equilibrium melt 
L e. Nevertheless, we expect KD<0.3 in this case because 
the starting crystal composition Si is even farther from the 
equilibrium crystal Se than the metastable melt L s is from 
the stable equilibrium melt Le (Fig. 19). (Note that this kind 
of metastable equilibrium situation will not happen if the 
dissolving mineral is a pure stoichiometric mineral, such 
as rutile, quartz, or zircon.) 

To choose between the case of true local equilibrium 
or metastable equilibrium, an experiment (#  222) was run 
in which an olivine crystal was centered in the graphite 
heater with about 50 g of rock powder on one side and 
an "infinite" reservoir on the other side. The melt on the 
thin side should approach the equilibrium composition (as- 
suming the small liquid mass becomes easily saturated) and 
can be compared to the interface melt on the "infinite" 
reservoir side. The interface melt on the "infinite" side was 
found to have higher MgO and FeO and thus had a higher 
saturation temperature by about 17 ~ C. That is, the interface 
melt was oversaturated with respect to the equilibrium melt 
at To, as predicted for metastable equilibrium. (The higher 
FeO is due to uphill diffusion.) Therefore, the interface melt 
composition is not at equilibrium saturation but rather at 
a metastable saturation. However, our experiment cannot 
distinguish whether the interface melt composition is pre- 
cisely at Ly or at some other metastable composition be- 
tween L e and Ly. The metastability of the interface melt 
suggests that crystal-melt interface equilibrium is not estab- 
lished instantaneously as the melt and crystal come into 
contact. It also makes precise prediction of interface melt 
composition impossible, even if phase equilibria are known, 
though the error due to this may be small. 

The second impediment to predicting the interface melt 
composition is the complicated diffusion behavior of a mul- 
ti-component system. The composition of the melt does not 
move along linear paths between initial melt and crystal 
compositions in composition space as dissolution proceeds 
(Fig. 14). If it did, interface compositions could be predicted 
from known phase diagrams as the intersection of the 
straight line composition path and the liquidus surface of 
the melt in composition-temperature space, ignoring the 
small oversaturation. This point is illustrated by the ternary 
system A b -  A n - D i  in Fig. 20 (ignoring any non-ternary 
behavior). During anorthite dissolution in an initial melt 
A at 1300 ~ C, the interface melt composition after the initia- 
tion period should be B (or a little oversaturated with re- 
spect to B) if the composition paths were linear. Unfortu- 
nately this is not the case. The possible interface melt com- 
position may be somewhere within region C because Na 
diffuses away from the low-Si interface. Therefore, even if 
phase equilibria are known, and even if the interface melt 
composition is near saturation (ignoring the small oversa- 
turation), the interface composition still cannot be evaluated 

3 We call it metastable equilibrium because it represents a local 
minimum of the Gibbs free energy at the interface. Because the 
only component that can be exchanged in this case is Si, only 
the chemical potential for this component in the two phases needs 
to be equal at this metastable equilibrium 
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Fig. 21. Calculated dissolution rate vs diffusion coefficient during 
convective dissolution for a range of boundary layer thicknesses 

in a multi-component system without knowing the diffusion 
coefficient matrix. 

Therefore, we conclude that the interface melt composi- 
tion need not be in stable equilibrium with the initial crystal 
composition (even in a binary system), nor is it predictable 
for all the components in a multi-component system. Hav- 
ing belabored all this, is it still possible to approximate 
the stationary interface melt concentrations of some compo- 
nents so that dissolution rate can be estimated? (After all, 
our mathematical analysis in previous sections demon- 
strated that a stationary composition should be reached 
quickly and the interface melt concentration of only one 
component is enough to estimate the dissolution rate.) The 
answer is yes because there is usually one component that 
plays a determining role in the stability of a crystalline phase 
in a multi-component system. Such a component may have 
small opportunity for compositional variation because iso- 
pleths for this component usually approximate liquidus iso- 
therms in composition space. For instance, An and Di satu- 
ration isotherms are nearly An and Di isopleths respectively 
in Fig. 20. Thus An interface concentration during An disso- 
lution at 1300 ~ C can be roughly estimated to be at 30-36%. 
Another example is MgO interface concentration during 
dissolution of olivine. Following Roeder and Emslie (1970) 
and Langmuir and Hanson (1981), olivine saturation in ba- 
saltic melt can be described as: 

Kd Mg~ (MgO + KD FeO) = 66.67 

where MgO and FeO are in cation mole percent, Ko is 
almost constant (0.3) and K~ g~ is a function of temperature 
and pressure. Other components have little effect upon oliv- 
ine saturation. Therefore given the temperature (and pres- 
sure), the whole term inside the brackets can be evaluated 
as 66.67/Kd Mg~ FeO does not affect olivine saturation as 
much as MgO does. 1% FeO is equivalent to only 0.3 
mole% MgO (0.17 wt%) in determining the saturation of 
olivine. Therefore, with FeO poorly estimated (from initial 
melt and crystal compositions) we can still estimate interface 
MgO with reasonable precision. At 1300 ~ C, if interface FeO 
is about 6~9 mole% (or 8 12 wt%), interface MgO will be 
15.8-16.7 mole% (or 11.5 12.2 wt%). Interface MgO con- 
centration during olivine dissolution can be better estimated 

than interface anorthite concentration during pure anorth- 
ite dissolution. In general, the more important the compo- 
nent is in determining the saturation surface of the dissolv- 
ing crystal, the better the estimate of the interface concentra- 
tion for the component (for example, TiO2 concentration 
at the interface can be estimated fairly well during rutile 
dissolution). Therefore we can estimate the dissolution rate 
and dissolution distance during diffusive crystal dissolution 
using (12b) and phase saturation data. Data on the satura- 
tion surfaces of many crystalline phases at different pres- 
sures are needed not only for the understanding of crystalli- 
zation sequences (equilibrium processes), but also for pre- 
dicting dissolution rates (kinetic processes). 

Convective dissolution and magma contamination 

During convective dissolution, the least determined parame- 
ter involved in estimating dissolution rates by (20) is the 
boundary layer thickness 5, which is not only difficult to 
determine but may also vary considerably from place to 
place near the same dissolution interface. Using 5 as a pa- 
rameter, the dissolution rate V can be plotted against bD 
(Fig. 21). The thickness must be determined independently 
in order to estimate the convective dissolution rate. Better 
understanding of the convection regime about a dissolving 
crystal (or aggregate in the case of xenolith digestion) or 
at the reactive margins of a magma chamber is required. 
Clark et al. (1987) estimated a typical compositional bound- 
ary layer thickness of 20 cm adjacent to the wall of a magma 
chamber. If so, for D =  10-7-10 -8 cm2/s for basaltic melt 
and b=0.1-0.3, the dissolution rate in a magma chamber 
digesting crustal rocks is 0.0015 to 0.05 cm/year. These esti- 
mates are much lower than experimentally determined con- 
vective dissolution rates (Kuo and Kirkpatrick 1983 ; Brear- 
ley and Scarfe 1986) due to a thicker boundary layer. Disso- 
lution of 10 m of crustal rocks requires 20000-700000 years. 
Such low dissolution rates would rarely produce significant 
contamination of magmas with mass diffusivities less than 
10- v cmZ/s. Mass diffusivities for komatiitic melts are likely 
to be 100 times greater due to higher temperature and lower 
silica content of these magmas. Moreover, boundary layer 
thicknesses adjacent to conduit walls or surface channels 



would be 100 times smaller due to vigorous convection ac- 
companying turbulent flow. These two factors will make 
dissolution rates ten thousand times faster for these mag- _> 
mas. For example, the erosion of a decimeter deep channel .a 
in the continental crust by a continuous komatiite flow O 0.10 
would take 0.02-0.7 years. However, this erosion rate is 
much lower than the thermal erosion rate of 7 m/day sug- 0.00 
gested by Huppert and Spark (1985) who considered the 0.2o 
melting (instead of dissolution) of the wall rock controlled 
by heat transfer. ~ 0.10 

Because a continuous heat supply is necessary for a mag- O 
ma body to remain a liquid at its boundaries (so that it 0.00 
can dissolve wall rocks or xenoliths), the most likely situa- -0.10 
tions for rock dissolution are for xenoliths engulfed by the 0.20 
magma and in conduits through which the magma is as- 
cending. The contamination ratio (ratio of the volume of x 0.10 
the dissolved wall rock or xenolith to the melt parcel) can 
be written in the following general form: 0.00 

A* Vt/U -O.lO 
where A is the total surface area of the wall rock or xenoliths o.2o 
in contact with the melt, V is the dissolution rate, t is the 

O 0.10 
time scale for dissolution and U is the total volume of the ,~ 
melt. Large xenoliths are not efficient in contaminating the .a 13,. 0.00 
melt both because they do not remain in the magma for 
long, unless neutrally buoyant, and because of the small -0.10 
A/U ratio. Using an analysis similar to that of Walker and 
Kiefer (1985), xenolith digestion through crystal dissolution 
only is not an effective process for contaminating magma, 
except in the stagnant local region near a xenolith. Diges- 
tion of many small (e.g. centimeter size or smaller) xenoliths 
will be a more effective contamination mechanism if a physi- 
cal mechanism of xenotlith comminution and dispersal 
operates (such as melting of the xenolith at grain boundaries 
if its temperature can be raised high enough). Such a process 
is limited only by the thermal budget of the magma body. 

Interpretation of least squares analysis 

The common occurrence of uphill diffusion during diffusive 
crystal dissolution suggests that the mineral proportions 
discovered by least squares analyses of complementary liq- 
uid fractions may be misleading if diffusion is involved in 
melt genesis. The melt gains extra components of composi- 
tional variability through diffusive separation, in addition 
to the linear mixing of the actual mineral into the melt. 
For example, we have tried to reproduce the melt composi- 
tional variation in olivine dissolution run # 212 (initial melt 
is andesitic) by seeking linear combinations of common 
minerals with the initial melt (Fig. 22). Nontrivial amounts 
of clinopyroxene, orthopyroxene, and plagioclase in addi- 
tion to olivine are required to reproduce the melt composi- 
tional variations which are generated by diffusive olivine 
dissolution alone. An almost constant cpx to olivine ratio 
of about 1-2 would be required. The abundances of some 
trace elements in the melt (#  212), such as high Sc, V, Y 
(due to uphill diffusion) and high Cr (due to high Cr in 
olivine), are also mysteriously consistent with, or apparently 
require, an addition of high-Ca pyroxene. Of course, in this 
case we know that other minerals are not physically in- 
volved, but diffusion kinetics is. Uphill diffusion can occur 
during crystal growth as well as during crystal dissolution, 
although the two processes do not strictly mirror one an- 
other. One way in which they differ is that crystal composi- 
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Fig. 22. Hypothetical fraction of oliv, cpx, opx, plag necessary to 
reproduce melt composition in the diffusion boundary layer pro- 
duced by olivine dissolution alone (# 212), plotted against x/2~tt 

~t/~s). Composition of the minerals used in the least (in squares 
analysis: Mg # 80 for marie minerals and An85 for plagioclase. 
If Mg # 90 is used, the least squares fit is much less satisfactory 
(especially for FeO) and even higher ratios of other minerals to 
olivine are found 

tion responds to the melt composition during crystal 
growth, but not during crystal dissolution. Thus, the exact 
characteristics of the uphill diffusion effects during residual 
melt petrogenesis accompanying crystal growth are difficult 
to predict from our dissolution experiments, which simply 
highlight the need to be aware of such complications. When 
examining compositional variations in natural glasses, one 
does not know which minerals are involved in the fractiona- 
tion. Those are usually what one seeks to discover by least 
squares analyses. If diffusion kinetics are involved, then a 
least squares analysis may not give either realistic mineral 
assemblages or the right mineral proportions involved in 
melt genesis. For example, the residual melt (glass) sampled 
in an oceanic gabbro may not be simply related to bulk 
magma composition by least squares analysis of removing 
crystallizing minerals. 

The observed diffusion profiles also have ramifications 
for the study of crystal zonation and for cumulate rocks. 
Most importantly, the bulk magma composition may not 
be inferred from the zoned crystal or crystal assemblage 
without a full understanding of the diffusion behavior in 
a multi-component silicate melt system, if diffusion played 
some role in the processes. 

Conclusions 

We studied two of the three basic component parts of the 
dissolution process: reaction at the crystal-melt interface 
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and diffusion into the melt. The role of interface react ion 
has been evaluated numerical ly and has been found to be 
relatively un impor tan t  in control l ing crystal dissolution 
rates in silicate melts. Interface kinetics are impor tan t  only 
when dissolution temperatures  are close to the liquidus of 
the dissolving crystal, during which it is difficult for the 
interface composi t ion  to reach the s ta t ionary " sa tu ra t ion"  
composi t ion.  In  most  cases crystal dissolution is diffusion- 
control led when there is no convection; and is control led 
by diffusion across the bounda ry  layer when there is convec- 
tion. We have also shown experimental ly that  the concen- 
t ra t ion profiles of the chemical components  during crystal 
dissolution propagate  into the melt according to, and the 
dissolution distance increases with, the square root  of run 
durat ion.  This documents  control  by diffusion. Diffusive dis- 
solut ion can be mathemat ica l ly  analyzed and diffusive dis- 
solut ion rates can be est imated using sa tura t ion  condit ions 
and the EBDC of a principal  equi l ibr ium-determining com- 
ponent.  

Our  dissolution results can be appl ied by ext rapola t ion  
to natura l  magmat ic  systems if convection and other possi- 
ble complicat ions (e.g., more  complex geometry) can be ade- 
quately addressed. Convective dissolution rates can be pre- 
dicted if we know the bounda ry  layer thickness, as well 
as the EBDC, the initial melt and crystal composit ions,  
and the interface melt composit ions.  It is found that  dissolu- 
t ion alone may  not  be sufficient to alter magma  composi-  
tions except during the percolat ion of melt through wall 
rocks, if convective composi t ional  bounda ry  layer thickness 
a round  ascending magma  is 20 cm or greater. Wal l - rock  
dissolution is likely to be subordinate  to melting during 
the crustal contamina t ion  of a mantle-derived magma.  

Our  experiments also provide a method  for s tudy of 
the complicated diffusion process. Our  da ta  show that  uphill  
diffusion is the rule ra ther  than the exception, especially 
during olivine dissolution. Therefore, caution is necessary 
in model l ing trace element zonat ion in phenocrysts,  and 
in interpret ing least squares mass balance analysis, because 
diffusion may  be involved. Solut ion of the full diffusion ma- 
trix of natura l  silicate melts is required to r igorously model  
these processes in detail, but  much quali tat ive insight into 
chemical diffusion in magmas  is provided by direct s tudy 
of mineral  dissolution and t reatment  of experimental  da ta  
as presented here. 
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