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ABSTRACT 

An important but poorly understood factor that affects diffusion rates is the role of speciation during diffusion of a 
multi-species component. The diffusion of such a component is complicated by the different diffusion coefficient of each 
species and the interconversion reactions among the species. These complexities can be treated by a diffusion equation that 
incorporates the diffusive fluxes of all species contributing to the concentration of the component. The effects of speciation on 
the diffusion of the component can be investigated experimentally in some simple cases by measuring concentration profiles of 
all species developed during diffusion experiments or by studying some of their other consequences. 

Experimental data on water diffusion in rhyolitic glasses indicate that although dissolved water is present as two species, 
H20 molecules and OH groups, molecular HzO is the dominant diffusing species at very low to high water concentrations. 
This explains the apparently complex behavior of water diffusion. Experimental data on oxygen diffusion in some silicates 
using tSO tracers in the form of H2180 are consistent with the idea that 180 transport is dominated by diffusion of H20 
molecules even at lower water contents (ppm or less). This explains why oxygen transport depends on the presence of water 
and generally depends on water fugacity linearly. For this mode of oxygen transport, there is a simple theoretical relationship 
between the effective total oxygen diffusion coefficient and the total water diffusion coefficient that is a function of only the 
water concentration of the silicate at low water content. This relationship appears to describe quantitatively the existing data 
over a wide range in water contents and diffusion coefficients in several phases. 

1. Introduction 

The transport  of chemical  componen t s  by 

volume diffusion in a phase is of fundamenta l  

impor tance  in some geological problems and has 

broad  appl icat ions in materials  science. M a n y  fac- 

tors that affect diffusion rates (such as tempera-  

ture, confining pressure, reference frames, and de- 

fect concentrat ions,  etc.) are relatively well under-  

stood, at least conceptual ly.  However ,  there re- 

main  some aspects of  diffusion in geological  

materials  that  are poor ly  unders tood.  In this paper,  
we discuss the diffusion of  a mult i-species (i.e., 

two or more  species) componen t  and the role of 

speciation dur ing diffusion. We first present  a 

general  analysis of  the mult i-species diffusion 

problem.  We then briefly summarize  the results of  

our recent exper imenta l  study on the diffusion of  

water  (with two measurable  species) in rhyoli t ic  

glasses. We devote  the rest of  this paper  to a 
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discussion of  the diffusion of oxygen in the pres- 

ence of  water  and the effects of  the diffusion of  

oxygen-bea t ing  hydrous  species. We will show that 

the presence of water  and its associated major  

species (hydroxyl  groups and H 2 0  molecules)  can 

result in dis t inct ive effects if oxygen is t ranspor ted  
by these species. In part icular ,  the " se l f "  diffusion 

coeff icient  of  oxygen in silicates as de termined  

based on the use of  two as a tracer during oxygen 

exchange be tween  silicates and H2180 vapor  will 

be shown to be s t rongly dependen t  on the water  

pressure or water  conten t  even at very low water  

concentrat ions .  The  funct ional  dependence  of  this 

" s e l f "  diffusion coeff ic ient  of oxygen on water  

content  will be der ived and a compar i son  made  

with existing exper imenta l  data. 

It is well known that  a chemical  c o m p o n e n t  in 

a phase can be present  as two or more  species; for 

example,  water  in silicates may be present  as H 2 0  

molecules  a n d / o r  O H  groups [1], and oxygen in 
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silicates can be classified in many ways, such as 
bridging oxygen, non-bridging oxygen, and those 
oxygen atoms that are not associated with tetra- 
hedral Si or A1. The diffusion equation for an 
N-species component can be written as follows if 
cross terms are ignored [2-5]: 

OC 0 U kj3cj 
a-)- = - ~  E D J  - ~  ' (1) 

J 

where c, and Dj refer to the concentration and 
diffusion coefficient of the j t h  species of the com- 
ponent; c( = - ~,kjcj) is the total concentration; k/ 
is the coefficient of the j t h  species to account for 
stoichiometry for the interconversion among 
species. For example, there are two species for the 
total water component, OH and H 2 0 ;  in this case 
two OH groups convert to one H 2 0  molecule and 
hence kon = 1 /2  if ku2 o = 1 for a diffusion equa- 
tion similar to the above. Interconversions among 
the species do not affect c and hence do not enter 
into (1). Equation (1) is in general nonlinear and 
can only be solved numerically given appropriate 
initial and boundary conditions and N-1  ad- 
ditional relationships among c I to c N. The sim- 
plest case is that of local equilibrium for reactions 
among the species. If the concentrations of all the 
species (c fs )  can be measured directly along a 
diffusion path, the profiles can, in principle, be 
inverted according to (1) to obtain all the diffu- 
sion coefficients (Dj of the respective species) in 
the case that the concentrations are not propor- 
tional to each other. This can be done by compar- 
ing the measured concentration profiles of the 
species with the numerical solutions of (1), or by 
employing a Boltzmann-Matano analysis [6], 
which, in principle, can be used to determine the 
concentration-dependence of the Dj's. 

If direct information on speciation is not avail- 
able, or the effects of speciation are ignored, the 
diffusion of the component is usually treated as 
follows (examples will be given below): 

ac 3 [ D ,  3C) 
0-7 = - ~  ~, ax ' (2) 

where D* is the apparent diffusion coefficient of 
the component. Comparing (1) and (2), D* can 
formally be expressed as: 

Z kjOcj/Ox 
D * =  L Dj ac/Ox (3) 

j = l  

In such cases, D* depends on all cj's even when 
all Dfs  are constant, unless all N species have 
identical diffusion coefficients, or all species con- 
centrations are proportional to one another. 

We now examine cases in which the presence of 
multiple species can be demonstrated or inferred 
to play a role in the diffusion of oxygen and water 
in silicates. 

2. Water diffusion during dehydration of rhyolitic 
glasses 

Water in amorphous silicates can be present in 
at least two forms: H 2 0  molecules and OH groups 
and between them there is assumed to exist a 
homogeneous equilibrium [1]: 

H20  + O ~ 2OH. (4) 

The equilibrium constant ( K )  for the above reac- 
tion is [1]: 

K= [OH]2/{[H20][Odry] } (5) 
where Od~ represents "anhydrous" oxygen and 
quantities in brackets represent mole fractions on 
a single oxygen basis and [Odry ] = 1 -  [H20  ] - 
[OH] [ref. 7]. These mole fractions are approxi- 
mately proportional to the concentrations (in 
m o l / cm  3) of these species. For simplicity we as- 
sume initially that the silicate can be treated as an 
ideal solution, where mole fractions equal activi- 
ties and K is independent of total water content. 
In this discussion we will ignore problems related 
to charge balance. 

The diffusion equation for water can now be 
written as [2]: 

O[water I ~ ( O[H20] O[OH] ) 
~ -  Ox DH~ ° ~ +½D°H ~ 7 ~  

(6) 

where [water] is the total mole fraction of water 
and always equals [H20 ] + [OH]/2,  and DH2 o 
and DoN are the diffusion coefficients of H 2 ° and 
OH, respectively. If local equilibrium is assumed 
and K, DH2 o and Don are known, (5) and (6) can 
be used to calculate [H:O] and [OH] profiles [3,5]. 
From (5), H 2 0  and OH are not proportional: at 
low water contents (e.g., < 0.2 wt%), OH is the 
dominant species; at higher water contents (e.g., 
> 4 wt%), H20  is the dominant species [1,7]. This 
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feature of non-propor t ional i ty  allows determina- 
tion of both DH: o and Don f rom measured H 2 0  
and OH profiles. 

We have reported an experimental study of  the 
diffusion of  water at 400-550  ° C  by dehydrat ing 
natural  rhyolitic glasses with initially known and 
uniform water contents [5], After partial dehydra-  
tion, we determined the concentra t ion profiles of  
both H 2 0  and O H  by Fourier  t ransform infrared 
spectroscopy. Based on these concentra t ion pro- 
files, we obtained a relationship between K and 
[water] by a polynomial  fit of the actual K vs. 
[water] along diffusion profiles of  all samples at a 
single temperature, to account  for deviations f rom 
ideality [7] and departure f rom local equilibrium 
at low water content.  The relationship is reason- 
ably approximated by local equilibrium at high 
temperatures and high water contents.  The con- 
centrat ion profiles were compared  with the 
numerical solution of equations (6) and (5) where 
K in (5) was from the fit. Figures la,  b compare  
calculated profiles (with different Don/Dn~ o 
ratio) to measured profiles for one sample with 0~8 
wt% initial water heated at 4 9 0 ° C  for 11.4 days. 
Figure l a  shows the best fit to the data  for 
DoH/DH2 o = 1; in this case H 2 0  and O H  diffuse 
at the same rate and the total water profile is 
linearly dependent  on an error function. It is 
evident that the fit is a poor  one, consistent with 
previous observations that total water concentra-  
tion profiles cannot  be fit with a constant  ap- 
parent  diffusion coefficient for total water (D~*ater) 
[8-14] and that Dw*ater must be a strong function 
of water concentra t ion [8-17]. The fit improves as 
Don/Dn~ o decreases and an almost perfect fit is 
obtained at DoH/DH~ o = 0 (Fig. lb).  To illustrate 
the dependence of  the difference between the 
model  calculated profiles and the measured pro- 
files in more detail, we show 1 - r 2 (where r is the 
correlation coefficient and 1 -  r 2 is propor t ional  
to the sum of the square of  residuals) of the fit for 
different values of  Don/Dn~ o in Fig. lc.  The 
min imum lies near Don/Dn2 o = 0, indicating that 
H 2 0  is the dominant  diffusing species for this 
sample. The same procedure has been followed for 
other samples and similar results were obtained 
even for a sample with 0.2 wt% initial water in 
which the H 2 0  concentra t ion is minute compared  
to that of OH. All the results show that Don is 
negligible compared  to DH2O, and that DH2 o is 

approximately  independent  of  water concentra-  
tion at 400-550  ° C  and with a range of  0.2 to 1.7 
wt% total water. Hence, we conclude that H 2 0  is 
the diffusing species and that the OH concentra-  
tion profile is generated by local reactions that 
interconvert  O H  and H20 .  Such reactions thus try 
to maintain local equil ibrium and also provide the 
diffusing species. This conclusion based on experi- 
mental  data in which the species concentrat ions 
were measured is in general accord with that of 
Doremus  [18,19] and some more  recent discus- 
sions [3,17,20-23]. 

Based on (3), D*dter is related to Don and 
DH: o in the following manner  [2]: 

3 [ H 2 O l / O x  3 [ O H l / O x  
Ow*dte, = D n : o  3 [ w a t e r ] / a x  + D°n 3 [water ] /Ox 

d [ H 2 0  ] d [ O n ]  
= Dn2°  d [water] + D°n  d [water] (7) * 

where Don can usually be ignored but  may  play a 
role at extremely low water contents,  and the = 
becomes = when there is a unique relationship 
between [H20  ] and [water]. At  low water con- 
centrat ions where O H  is the dominan t  species, 
and assuming constant  K, (7) and (5) can be 
combined  to yield: 

Dw*d,¢r = Don + 4Dn2o([H20]/K) '/2 

---- Don + 4DH2o[OH]/K 

= Don + 8DH~o[water]/K. (8) 

As indicated above, /)OH << DH20, SO that when 
[water] >> KDoH/(8DH20) , the contr ibut ion of 
Don becomes  negligible and Dwate r = 8OH20 
[wa te r ] /K  [3,18]. Therefore,  the observed strong 
(often reported in the literature as linear [13-15]) 
increase of  Dw*ater with water concentra t ion in 
silicate glasses [8 10,12-14,23] is largely due to 
the fact that  only H 2 0  molecules are mobile and 
to the dependence of  d[H20]/d[water ] on total 
water concentra t ion at low water content.  

* Note the derivatives in (7). Although we might say that the 
apparent diffusion coefficient (D*) depends on the "pro- 
portions" of the species, we actually mean the derivatives as 
in (7) in a strict sense. There was an error in equation (3) in 
[40] that used the following incorrect form (ignoring Don ) 
without a derivative: D*ater= DH2o[HzO]/[water ], which 
may cause an error of a factor of two at low water contents, 
See footnote c in Table l. 
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It is interesting to consider the self diffusion of 
water, such as the diffusion of deuterated water 
into silica glass already saturated with normal 
water [24]. In this case there is no chemical con- 
centration gradient and [H20]total , [OH]total, and 
[water] total are all constant across an isotopic dif- 
fusion profile, where the subscript " total"  means 
inclusion of both hydrogen- and deuterium-bearing 
species; e.g., [HzO]total = [ H 2 0  ] + [ O 2 0  ] + [HDO]. 
Assuming local isotopic equilibrium, and ignoring 
the isotopic fractionation between molecular water 
and hydroxyl and the difference in the diffusion 
coefficients of hydrogen- and deuterium-bearing 
species, the diffusion coefficient for the exchange 
of D and H (DD_H) can be written as (the de- 
tailed derivation is very similar to the case for 
oxygen "self" diffusion discussed later): 

D D -  H = DH:O [H20] to ta l / [water ] to ta l  

+ 0.5Dou [OH]totj[water] total, (7A) 

and is constant. Note that DD_ H is different from 
Dw*ater in (7) in that (7) contains derivatives while 
(7A) does not. At low water contents and assum- 
ing constant K, DD_ H can be expressed as: 

D o _ .  = Do H + 2DH2o([H20]/K )1/2 
= DOH + 2DH2o[OH]/K 

= Do,  + 4DFho[water]/K. (8A) 

Therefore, if H20 is the diffusing species, DD_ H 
( =  4DH2o[water]/K ) is smaller than D*ate~ (=  
8DH~o[water]/K) by a factor of 2, as pointed out 
by Doremus [18]. This expected difference be- 
tween DD_ H and D*ater is small and hence may 
be difficult to verify. Nevertheless, this example 
shows that the self diffusion coefficient might be 
smaller than the chemical diffusion coefficient of 
the same component; it is interesting to compare 
this with recent reports that suggest that the self 
diffusion rate is usually equal to or greater than 
the chemical diffusion rate [25-27]. 

Although in other systems or under other con- 
ditions, the details of water diffusion may differ 
from those we have presented here, the problem 
can be treated in a similar fashion. For example, if 
H20  is the dominant diffusing species but there is 
no interconversion between H 2 0  and OH (at low 
temperature?), or OH concentrations are low com- 
pared to that of H 2 0  , then D*ater is predicted to 
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Fig. 1. Water diffusion profiles of KS-D3 (490°C, 18.6 days) 
fitted by the two species model for different values of 
( ~ DoH/DHzo). (A) DoH/DH2 0 =1; (B) DoH/DHz O = 0; (C) 

1 - r 2 vs. DoH/DH2 o. See [5] for a full discussion. 

be independent of the total water concentration 
and equal to DH2 o based on (7). If OH is both the 
dominant diffusing species and the dominant 
chemical species, then Dw*ater will also be indepen- 
dent of total water concentrations and equal to 
Don based on (7). During hydration of alkali-rich 
silicates, H3 O+ may exchange with alkali ions and 
be a major diffusing species [e.g., 28,29], and its 
behavior could be readily incorporated into the 
above treatment. 

3. Oxygen "self" diffusion under hydrothermal 
conditions 

When 180 is introduced into a silicate (either 
melt, glass, or mineral) from an HffO-bear ing  
fluid phase (as is the case in hydrothermal oxygen 
"self" diffusion experiments in silicates [30-39]), 
water will enter the silicate as H20  and OH in 
amounts that depend on the silicate material, the 
water fugacity, the total pressure, and the temper- 
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ature. Oxygen may thus be present in the silicate 
as at least three species: H20 , OH, and those 
oxygen atoms in different sites that are present 
under completely anhydrous conditions. We will 
define these latter oxygen atoms as dry oxygen 
(Odry), which may itself include many local en- 
vironments such as bridging, nonbridging oxygen 
in silicate polymers or isolated oxygen atoms coor- 
dinating with network modifiers. In this section 
we show that if species such as H20 or OH are 
present and diffusing in the silicate, as they are 
likely to be in hydrothermal 180 diffusion experi- 
ments, they can contribute significantly to the 
total ~SO flux and lead to spurious 180 "self" 
diffusion coefficients. 

Using a speciation-dependent treatment for dif- 
fusion, we can write the equation for oxygen diffu- 
sion in silicates under hydrothermal conditions as 
follows: 

aC,~o a / aC'*o,dry aCnd~o 
at 3x k DO'dry O~X----- + DH:° O ~  

~ClsOH ) 
+DoH a-~---- (9) 

where c represents concentration (in mol /cm 3) of 
the various species. Here the total 180 concentra- 
tion is given by c,~ o ~ ClaO,dry q- CH218 O Or- ClsOH. 
Do,dry is the true self diffusion coefficient of the 
various structural oxygen atoms not associated 
with hydrogen. An analogous equation may be 
written for 160. We will ignore any small dif- 
ference in the diffusion coefficients of the differ- 
ent isotopic species. Other possible oxygen species, 
such as H3 O+, CO 2 and O2, are not considered 
here, but they could be readily incorporated in (9). 

If local isotopic equilibrium is reached, and if 
isotopic fractionation among the different oxygen 
species are small (at a few per mil level) and can 
be ignored, we have: 

Cl80'dry ~ CH2180 CI80H C180 
. . . . .  = R 00)  

CO,dry CH20 COH CO 

where R is the Oao/C o ratio in a microscopic 
volume and can be obtained from a measurement 
of *~O/~60. (If local isotopic equilibria were not 
reached, then the kinetics of isotopic exchange 
reactions would have to be considered). Substitut- 
ing (10) into (9) and assuming c o to be approxi- 

mately constant across the whole profile and CO,dry 

Co, we have: 

oR a (D O{R-[H20]} 
0~7- = ~ X  O,dry'~x- + DH20 aX 

k 

+Doll a { R  ~ [OH]} ) (11) 

where [H20 ] (-= CH2o/Co) and [OH] (-= Coil~Co) 
are mole fractions of H20 and OH on a single 
oxygen basis as defined in (5). This is an effective 
diffusion equation for the isotopic ratio 180/160. 
In general, (11) can be solved together with (6) 
and (5) in a forward calculation given the species 
diffusion coefficients, similar to the numerical 
solution of (6) and (5). 

If the profiles for [H20 ] and [OHI are much 
broader than the profile of R (i.e., the relative 
gradients in [H20 ] and [OH] are much smaller 
than the gradient in R), then 

OR 3[H201 (12) 
[H OI-a7 >> R a--Y--, 

and 

[OH]-~-  >> R a[OH]ox (13) 

Using (12) and (13), (11) can then be simplified 
to: 

DR a [( 
at ~ ~ Do,&y 4- DH2o[H20 ] 

+ Don [OH]) -~- ] . (14) 

The apparent oxygen "self" diffusion coefficient 
(D~o) for the isotopic ratio R in this case is then: 

D~o = Do,dry + DH2o[H20 ] + DOll [OH ] . (15) 

Note that in (15) the term DH2o[H20 ] appears, 
but that 4DH2o([H20]/K) 1/2 appears in (8) at 
low water contents. D* o is thus a linear function 
of the mole fractions of H20 and of OH given 
these approximations, but Dw*ater is a linear func- 
tion of [H20] 1/2. From the experimental work 
reviewed above, Don is much smaller than DH: 0 
and the effective diffusion coefficients of total 
water and total oxygen are only directly depen- 
dent on DH20 and H20 concentration. For the 
relative contributions of H20 and Odry to the 
transport of oxygen to be equal would require that 
[H20 ] = DO.dry/DH20. In the case that  
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Oo,dry/DH2 0 = 10  - 6  (a case very favorable for Od~ 
diffusion as will be clear from Fig. 2), then [H20 ] 
= 10-6; which corresponds roughly to the total 
water mole fraction of - 2 x 10 -4 (using K = 0.2), 
or - 100 ppm by weight. In other words, since in 
general Do.d;y << DH~o, it is likely that water will 
play a leading to dominant role in the effective 
oxygen diffusion, thus governing the lSO/160 ratio, 
unless the silicate is unusually water-poor. 

It is of interest to compare D~o with D~.~t~ in 
a regime where both Don and Do,d~ ~ are effec- 
tively zero. Then combining (8) and (15) for low 
water contents we have [40, but see footnote under 
eqn. (7) and footnote c in Table 1]: 

D* /D* - [ O H ] / 4 =  [water] /2 .  (16) g O /  w a t e r  

If OH were both the dominant hydrous species 
and the diffusing species for water and oxygen 
diffusion, from (8) and (15) we would have: 

D* /D* - [OH] = 2[water] (16A) E O /  w a t e r  - -  

Hence there were a factor of 4 increase in 
D,*,o/Dw*,~ if the diffusing species were OH in- 
stead of H20. 

At slightly higher water content and neglecting 
Do,dw and Don, we have the following more gen- 
eral form for * * Dzo/Dwate r based on (15) and (7): 

D*o/D*ater-~ [H20]d[water]/d[H20 ]. (17) 

If (12) and (13) are not satisfied (at very high 
water contents), then the full equation (11) must 
be used. It also requires that two diffusion equa- 
tions (11) and (6) be solved simultaneously. In this 
complicated case, (11) can be rearranged to give 
the following general form for D~o of R: 

( ~ O[H20]/Ox ) 
D* o~Do,d~y+Dn2 o [H20 ] + K  

+D°n( [°Hl+Ra[°Hl/ax)aR/a  " (18) 

As with the less general expression given in (15), 
the terms D m o [ H 2 0  ] and Don[OH] appear in the 
expression for D>~ o, Thus, if either Dn2o[H20 ] or 
Don[OH ] is much larger than Do,d~ x then the 
transport will be governed by the hydrous species. 
At high water contents and neglecting Do,d~y and 
Don, equations (18) and (7) can be combined to 

give the following relationship between D* o and 

O w * a t e r  : 

D* o ( 8 [ H 2 0 ] / a x  ) d [water] 
Dw%r [U:,O] + R aR/ax  d[H.,O] " 

(19) 

4. Comparison with previous experimental results 

The analysis presented in section 3 can now be 
applied to experimental data to infer the diffusing 
species. Oxygen "self" diffusion has been studied 
extensively using lSO tracers under "dry"  and 
"wet"  conditions in crystalline feldspars [30- 
35,41], crystalline quartz [35-37,42-44], rhyolitic 
melt [45], silica glass [40,46], potassium-lead sili- 
cate glass [47], and potassium silicate glass [48]. In 
these studies, diffusion profiles of R or total 
amounts of exchange of 180 were measured and 
apparent oxygen "self" diffusion coefficients were 
determined. There have been no simultaneous de- 
terminations of R, [H20 ], and [OH] profiles in a 
single experiment that would allow determination 
of Do,dr ~, Dmo and Don and hence the dominant 
diffusing species. However, there are observations 
that provide hints to the diffusing species. (1) 
Reported oxygen "self" diffusion coefficients 
( . Dzo ) are much higher under "wet"  conditions 
than under "dry"  conditions (see Fig. 2). (2) When 
both R and water concentration profiles have 
been measured in diffusion experiments, the pro- 
file in R due to diffusion has been found to be 
restricted to a much shorter linear dimension than 
the water concentration profile [46]. (3) It has 
been reported that D~o/D~t~ ~ *  * increases with 
water content [45]. (4) Most authors have observed 
that oxygen "self" diffusion coefficients are lin- 
early dependent on or proportional to PH2o or 
fH~o (Table 2 and references therein), at least in 
the low pressure range. (However, a few workers 
reported no dependence of D* 0 on fneo, see 
[34,37].) 

There have been numerous interpretations and 
speculations on the significance of the enhance- 
ment of oxygen diffusion rates in the presence of 
water and the apparent linear dependence of D* o 
on fu2o- However, these have often been specific 
to the matrix material studied. For example, some 
have proposed that H 2 0  w a s  the diffusing species 
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Fig. 2. Comparison of diffusion coefficients of total hydrogen, 
oxygen under hydrothermal conditions and oxygen under dry 
conditions. (A) Diffusion coefficients in feldspars. Line 1, 
oxygen diffusion in anorthite during exchange with 180-en- 
riched 02 atmosphere [41]; lines 2, 3, and 4, oxygen diffusion 
in albite, adularia, and anorthite during exchange with 180-en- 
riched H20 at fHzo=100 MPa [30]; line 5, total hydrogen 
diffusion in adularia at unknown fH20 [53]. (B) Diffusion 
coefficients in quartz (modified from fig. 12 in [65], see refer- 
ences therein). Lines 1 and 2, oxygen diffusion in quartz during 
exchange with laO-enriched 02 atmosphere; lines 3 and 4, 
oxygen diffusion in quartz during exchange with ~O-enriched 
H20 at fH20 = 100 MPa; line 5, H-D interdiffusion at fH2o = 
2.5 MPa; line 6, total hydrogen diffusion in quartz at fu2o =1 

GPa. 

d u r i n g  o x y g e n  " s e l f "  d i f fu s ion  e x p e r i m e n t s  for  

si l ica glass [18,19,40], rhyo l i t i c  m e l t  [45]~ a n d  

c rys ta l l ine  fe ldspars  [33]; o thers  h a v e  sugges ted  

that  O H  was the  d i f fus ing  species  in p o t a s s i u m  

l ead  s i l icate  glasses [47,48]; o thers  have  s p e c u l a t e d  

tha t  the  e f fec t  is due  p a r t l y  to a c o n f i n i n g  p re s su re  

e f fec t  a n d  p a r t l y  to su r f ace  r eac t i on  [49]; whi le  

still  o the r s  h a v e  i n v o k e d  roles for  fast  p r o t o n  

t r ans ien t s  [44,50], and  de fec t s  r e l a t ed  to H 2 and  

0 2 in h y d r o t h e r m a l  o x y g e n  d i f fus ion  [35,37,41,51]. 

T h e  f o l l o w i n g  s u m m a r i z e s  the  resul t s  and  obse rva -  

t ions  r e p o r t e d  by  o t h e r  worke r s  and  discusses  

t h e m  in the  f r a m e w o r k  of  o u r  t r e a t m e n t  o f  specia-  

t i o n - d e p e n d e n t  d i f fus ion .  

(1) D *  o in q u a r t z  and  fe ldspars  u n d e r  wet  

c o n d i t i o n s  is f o u n d  to be  m a n y  o rde r s  o f  magn i -  

t ude  h i g h e r  t h a n  Do,a~ ~, bu t  m a n y  o rde r s  o f  magn i -  

t ude  l ower  than  Dt*ta ~ H (see Fig.  2 and  the refer-  

ences  c i t ed  there in) .  W e  n o t e  f r o m  Fig.  2 that  D ~ o  

for  the  d ry  case  is f r o m  4 to 7 o rde r s  of  m a g n i t u d e  

sma l l e r  t h a n  w h e n  f ~ o  = 100 M P a .  T h e  p r e sence  

o f  w a t e r  c l ea r ly  p lays  a d o m i n a t i n g  role  as was 

p o i n t e d  o u t  by  p r e v i o u s  workers .  It  shou ld  also be 

n o t e d  tha t  D~*~ u is usua l ly  10 o r  m o r e  o rde r s  o f  

m a g n i t u d e  h ighe r  t h a n  Do,d~ ~ in the  s a m e  phase.  

* - * (we res t r ic t  our  If  we  a s s u m e  tha t  Dwate r - Dtoml H 
d i scuss ions  to F e - f r e e  sys tems  at l ow  fH2 in which  

H 2 is un l ike ly  to p l ay  a d o m i n a n t  role),  it is thus  

p l aus ib l e  in l ight  o f  ou r  d i scuss ion  tha t  c h e m i c a l  

d i f fu s ion  of  h y d r o u s  species  cou ld  d o m i n a t e  the 

" s e l f "  d i f fu s ion  o f  oxygen ,  even  w h e n  c o n c e n t r a -  

t ions  o f  h y d r o u s  species  are  as low as several  p p b  

(eqs. 15 to 17). T h e  o b s e r v a t i o n  that  D ~ o / D w a t e  r *  * 

in a m o r p h o u s  s i l icates  inc reases  wi th  wa te r  con-  

c e n t r a t i o n  [45] is a lso  cons i s t en t  w i th  the  n o t i o n  

tha t  o x y g e n  is ca r r i ed  by  h y d r o u s  species  based  on  

(16) to (17). 

TABLE 1 

Comparison of calculated and observed / )Eo/Dwater* * 

( D','o/Dwater) . . . .  ( D2o/Dw~ater)cal,: System T (o C) PH20 (MPa) [water] * * * * References ~ 

Quartz b 700 400 - 2 × 1 0  -5 (0.8 to 15)× 10 -6 - 1 × 1 0  5 65,36,65 
s io  2 glass 1100 0.092 0.0008 - 0.0008 0.0004 12,46,12 
SiO 2 glass 600 0.1 0.0015 0.0006 0.0008 ~ 12,40,12 
SiO 2 glass 1200 0.1 0.0008 0.00044 0.0004 " 12,40,12 
Rhyolite 850 70 0.061 0.035 0.039 45,45,45 
Rhyolite 850 70 0.035 0.050 0.021 45,45,45 

( D * o / D * a t e r )  . . . . .  are calculated from measured D* o and D*ater. (D~o/Dw*ater)cal c are calculated from eqn. (16) except for the last 
two for which eqn. (17) is used (K from [51) because of the high water content. 
a . The 1st reference is for water content, the 2nd for D:~o, and the 3rd for Dwate r- 

b Solubility and diffusion coefficient of water in quartz are controversial (see [57,65-70]). We assumed that D*~te r = Dt*ta I H although 
it has been suggested that in quartz Dt~ta I H reflects the exchange diffusion coefficient between H ÷ and alkali ions [57,65]. 

c Calculated values differ from those in [40] by a factor of two (and are in better agreement with experimental data) because there is 
an error in their eqn. (3) in [40], see footnote under eqn. (7). 
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Assuming that * * Dwater = Dtotal H, we will show 
that the values of D~o and Dwate r *  in some systems 
for which sufficient data are available are quanti- 
tatively consistent with the idea that H20  is the 
dominant diffusing species and is responsible for 
the dramatic increase of the oxygen "self" diffu- 
sion coefficient in the presence of water. In Table 
1 we list values of * * D~2o/Dwate r for various silicates 
taken from the literature and compare them with 
the theoretical ratio, calculated using either (16) or 
(17) and the measured water contents. The "mea-  
sured" ratios in column 5 are from published 
experimental data of D* o and * ( =  ). Dwater Dt*otal H 

The theoretical values in column 6 at low water 
content were calculated using the [water] reported 
from experiments. The justification for neglecting 
Do.d~y in these calculations (i.e., for using eqn. 16 
or 17) is based on the fact that Do.d~y is much 
smaller than D* o listed in Table 1 for quartz and 
silica glass ([42,43] for Do.d~ in quartz; [52] for 
Do,a~,. in silica glass). We assume, since f m o  is 
high in all cases, that this approximation holds for 
the other silicates listed in Table 1 as well. It can 
be seen that the agreement between measured and 
calculated values of D E o / D w a t e  r *  * is very good for 
all cases. The worst case is for the rhyolite with 
[water] = 0.035 where the measured value is a fac- 
tor of two greater than the calculated value. One 
silica glass shows a similar discrepancy but in this 
case the R profile and hence D~o were poorly 
determined [46]. Considering the wide range in 
D* o (from 5 × 10 -14 to  3 × 10 -9 cm2/s) and in 
[water] (from 2 × 1 0  5 to 6 × 1 0  .2 ) we consider 
the overall agreement to be remarkable and to 
support the idea that in these cases, mobility of 
water molecules dominates the apparent "self" 
diffusion of oxygen. 

(2) In silicate minerals, the R profiles devel- 
oped during oxygen exchange experiments under 
hydrothermal conditions ( f n ~ o - 1 0 0  MPa) can 
be represented by error functions [30,33-39]. 
However, in rhyolitic melts, the R profile under 
hydrothermal conditions ( f n ~ o - 7 0  MPa) has 
been stated to deviate from an error function [45]. 
These observations can be related to the fact that 
water concentrations in rhyolitic melt are much 
higher than those in silicate minerals as can be 
seen in Table 1. At low water contents, since 
apparent 1~O diffusion coefficients and hence dif- 
fusion distances are expected to be much smaller 

TABLE 2 

Systems in which linear relationships between D* o and fH20 
are observed 

System T (°C)  fH2o range (MPa) Reference 

Quartz 700 25 to 350 36 
Adularia ~ 650 0.2 to 10 33 
K20-SiO2glass b 714&786 0.00025to0.0013 48 
K 20-SiO2-PbO 652 0 to 0.0022 47 
SiO 2 glass 820 0.00008 to 0.1 40 

a Above 10 MPa, the data starts to deviate from a linear trend, 
perhaps due to non-Henrian behavior of dissolved H20 

under high fH20" 
b The original authors concluded D,~o is proportional to 

(ptt2o) 1/2 because they incorrectly ignored Do dry at these 
very low PH2o- 

than those of water based on (15) to (17), the 
concentrations of hydrous species across the whole 
Iao diffusion profile can be treated as constant 
and the same as the surface concentrations during 
hydration. Therefore the apparent 180 "self" dif- 
fusion coefficient would be approximately con- 
stant across the entire oxygen diffusion profile 
according to (15) and the shapes of 1~O diffusion 
profiles would be similar to an error function and 
not be expected to be useful for distinguishing 
diffusing species. At high water concentrations, 
1~O diffusion distance is expected to be a signifi- 
cant fraction of the water diffusion distance, so 
D{o would increase with total water concentra- 
tion via (18). Hence lSo diffusion profiles would 
be expected to show departures from simple error 
functions analogous to water diffusion profiles. 

(3) A linear relationship between D* o and 
fH20 has been observed in several systems as 
summarized in Table 2. At low fH20 ( < 0.003 
MPa), D* o has been found to be linear to fH20 
for silicate glasses [47,48]. At higher fn20, D>~o 
has been found to be proportional to f~2o for 
quartz [36] and adularia [33]. (However, Freer and 
Dennis [34] and Dennis [37] observed no depen- 
dence of apparent 1~O "self"  diffusion on fH~o in 
quartz and feldspars. The reasons for this dis- 
crepancy are not clear, and will have to be clari- 
fied by further experimentation.) Limited diffu- 
sion data in hornblende and apatite suggest D* o 

r W 2  [38,39]. These relation- is proportional to Jn2o 
ships provide hints to the diffusing species. [H20 ] 
at the silicate surface during hydrothermal diffu- 
sion experiments is expected to be proportional to 
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fH2o in the fluid (Henry's law) and [OH] is pro- 
( l / 2  portional to JH:O at low water contents in the 

ideal case. Therefore, if H20 is the dominant 
diffusing species, D~: o is expected to be propor- 
tional to fH2o (or to [water] 2 at low water con- 

. r~ /2  (or to tent) according to (15), and Dw~te r to JH20 
[water]) according to (8). If OH is the diffusing 
species, D* o is linearly related to f~/~  and Dw*~ter 
is constant. At extremely low fH~o, Do,d~y may 
play a role and we would have a linear relation- 
ship instead of a proportionality. Reported pro- 
portionalities or linear relationships between D>~ o 
and fH20 in quartz, feldspars, and some silicate 
glasses (Table 2) suggest that H20  is the diffusing 
species in these systems, with some contribution 
from Do,dry in the extremely water-poor glasses. 
The possible proportionality between D,:*. o and 
f l / 2  in hornblende and apatite is consistent with H20 

the notion that OH is the diffusing species in these 
minerals. It is perhaps not surprising that OH is 
the diffusing species in these phases because OH 
is a major structural constituent and relatively 
weakly bound to six or higher coordinated diva- 
lent cations (as opposed to OH bonded to tetra- 
hedrally coordinated A1, Si, or P cations in fully 
polymerized and nominally anhydrous minerals 
and glasses). 

(4) The reported activation energy of D~o un- 
der wet conditions is usually low (80-200 kJ /mol ,  
[30,31,34-37]) compared to the activation energy 
of Do,dry (200-300 kJ/mol ,  [41-43]). This is also 
consistent with the notion that oxygen diffusion 
under wet conditions involves some species that 
diffuses more readily than anhydrous oxygen it- 
self. Assuming H20  is the diffusing species, we 
can relate the apparent activation energy of D>~ o 
to the activation energy of DH~_o by the following: 

D ~ o  = Do,xo e E~,,/RT 

DHzo[H20 ] = DH2oKpfH~ o 

= Do,n~ o e E"e"/RTKp. o e AH/RTfH20 (20) 

where Kp ( =  1 /Henry ' s  law constant for water 
solubility) -= [HzO]/fH2o at equilibrium, E is 
activation energy for diffusion, and A H is the 
standard state enthalpy change from H20 vapor 
to dissolved H20  in the silicate [7]. Based on (20), 
the slope in D~o vs. fn~o would give DH2oK p. 
The apparent activation energy for Dx*-o at a given 

fn2o (i.e., the slope of In D~o vs. 1 /RT)  is the 
sum of EH2 o and the AH for Kp and is greater 
than EH~ o (2XH > 0 since Kp almost always de- 
crease wiih temperature), which, in turn, is greater 
than the activation energy for apparent total water 
diffusion [5]. Because the activation energy for the 
diffusion of H20  is usually low (e.g., - 1 0 3  
kJ /mol  in rhyolitic glasses [5]) and AH is not 
expected to be huge (AH is - 2 0  kJ /mol  for 
albitic and orthoclase melt [7]), the activation en- 
ergy of D~o under wet conditions should usually 
be low, whereas the activation energy of D~o 
under dry conditions should be higher, reflecting 
the energy required to break some strong oxygen 
bonds. This is consistent with observations. 

(5) It has been found that D~o at fu~o = 100 
MPa in different feldspars (albite, orthoclase, and 
anorthite) are similar [30] (Fig. 2a) but 1 to 2 
orders of magnitude higher than in quartz [36,37] 
(Fig. 2). Since Dto*ta I tt for quartz and adularia are 
similar [53, and Fig. 2], the difference is probably 
due to a higher solubility of water in general and 
molecular H20 in particular in feldspars than in 
quartz (see eqn. 15). Although no precise water 
solubility data for feldspars are available, it has 
been observed that natural feldspars contain much 
higher total water than natural quartz [54-57], 
and molecular H2O has been observed in some 
colorless natural feldspars [55,56] but never in 
colorless natural quartz (i.e., only OH absorption 
bands have been observed) by infrared spec- 
troscopy [54, and G.R. Rossman, pers. commun.]. 
These observations suggest higher water solubility 
in feldspars than in quartz. 

Based on the above discussion, we infer that 
H20 is often the diffusing species for ~O "self" 
diffusion in amorphous silicates and nominally 
anhydrous and fully polymerized crystalline sili- 
cates under hydrothermal conditions even when 
the water content is very low. Hence the diffusion 
mode for ~SO transport under these conditions is 
chemical diffusion, instead of self diffusion. Al- 
though this has been suggested previously for 
amorphous silicates [18,19,40,45] and speculated 
upon for crystalline feldspars [33], the quantitative 
aspects have not been developed previously. 
Moreover, many other hypotheses, involving roles 
for fast proton transients [44,50] or for the confin- 
ing pressure and surface reaction [49], or defects 
related to H 2 and 02 fugacity [35,37,41,51], have 
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been proposed to explain these phenomena and 
observations in fully polymerized crystalline sili- 
cates. Although the concentration of defects un- 
doubtedly plays some role, we propose that the 
major factor in controlling D~o in the presence of 
water is whether the water content in the phase is 
high enough for H20  to be the dominant diffusing 
species. We note that the simultaneous measure- 
ment of profiles of R, [ H I D  ] and [OH] would 
provide a definitive means of determining the 
diffusion coefficients of the various oxygen-bearing 
species. In the future such measurements will be 
important for understanding oxygen diffusion un- 
der hydrothermal conditions. 

We finally note that most so-called "dry"  
oxygen "self" diffusion experiments in silicates 
have been conducted by exchange with lSO 2 or 
C1802 gas [41-43,52,58]. Under these conditions, 
if the gas partial pressures were high, leading to 
relatively high dissolved contents of 02 and CO 2 
in the silicates, the 180 flux might also be partly 
carried by the chemical diffusion of 02 [52] or 
CO 2 [58]. The theoretical treatment of this prob- 
lem would be similar to that given above. In 
contrast to the quadratic relation between [OH] 
and [H20], the reaction equilibrium between CO 2 
and CO 2- yields a linear relationship between 

2 -  [CO2] and [CO 3 ]. Hence, the apparent diffusion 
coefficient of carbon is predicted to be indepen- 
dent of feD: or total carbon content and the 
diffusion profile for carbon to be similar to error 
functions i f / ) co  ~ and /)co } are constant whether 
CO 2 or CO 2- is the diffusing species, in agree- 
ment with the results of Watson [59]. Dco ~ and 
Dco ~ could not be individually resolved from 
measured CO 2 and CO 2- profiles. In order to 
resolve them, experiments would have to be con- 
ducted on different silicates with different 
CO2/CO 2- ratios [60] and utilizing knowledge of 
how/}co  2 and D(.o~- might vary with bulk com- 
position (similar to the case of NBO and BO 
discussed in the'next section). If CO 2 or CO 2- is 
the diffusing species for oxygen, the apparent dif- 
fusion coefficient of 1SO is predicted to be propor- 
tional to Dco: and fco~ (or total carbon con- 
centration). It has been observed that D~o in the 
presence of CO 2 depends on fco2 even though the 
exact relationship is not well-constrained [Z.D. 
Sharp, pers. commun.], lending some support to 
this hypothesis. 

5. Speculations on other systems 

We now speculate on the self diffusion of 
oxygen in volatile-free silicates in which there are 
three oxygen species: free oxygen ion (O2-), non- 
bridging oxygen (NBO) and bridging oxygen (BO). 
The diffusion of O 2- (such as the exchange of 
ISo2 a n d  1602-) is probably much faster than 
that of NBO, which, in turn, is probably much 
faster than that of BO since a bridging oxygen 
bond is more difficult to break. Assuming local 
isotopic equilibrium in a system in which chemical 
composition is identical across diffusion profiles 
of isotopes, we can readily derive: 

Do.dry = Do2-[O 2 ] -t- DNBo[NBO ] + DBo[BO], 

(21) 

where Do.dry is the bulk self diffusion coefficient 
of total anhydrous oxygen, and Do2 , DNB O and 
Duo are the self diffusivities of these oxygen 
species. 

Shimizu and Kushiro [61] found that at 1650 °C 
and 1.5 GPa, the oxygen self diffusion coefficient 
is 6 × 10 7 cm2/s in diopside melt, about 50 times 
higher than that in jadeite melt. Based on (21), we 
would explain the fact that the diffusion of oxygen 
in diopside melt is more rapid compared to a 
jadeite melt as due to the fact that the concentra- 
tions of NBO and O 2- are high in diopside rela- 
tive to jadeite melt. That is, although DNB O or  

DBO must depend on melt composition and struc- 
ture, this large variation in Do.dry could be due, at 
least in part, to the change in the dominant diffus- 
ing species. Assuming that in diopside melt the 
contribution of 0 2- and BO to the diffusion of 
oxygen is negligible and that [NBO]/[EO] = 2/3,  
eq. (21) would require that the diffusion coeffi- 
cient of NBO is about 1.5 times that of bulk 
oxygen in diopside melt, i.e., DNB O = 9 × 10 7 
cm2/s. By the same reasoning, DBO is at most the 
same as the bulk self diffusion coefficient of 
oxygen in jadeite melt (assuming that the jadeite 
melt used by Shimizu and Kushiro [61] contains 
no NBO) and hence is at least 80 times lower than 
DNBO- However, if NBO were present at the 1% 
level in the jadeitic melt that Shimizu and Kushiro 
[61] investigated, DBO could be even smaller. If 
valid, this line of reasoning would suggest that the 
self-diffusion coefficients of oxygen in jadeitic and 
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other nearly fully polymerized melts would de- 
pend strongly on small deviations from stoichiom- 
etry. For example, slight changes in melt composi- 
tion that result in several percent of NBO would 
increase the diffusion coefficient several times (be- 
cause DNBO>_80DBo). Therefore extreme care 
may be necessary to study diffusion in these nearly 
fully polymerized melts. Although there is a con- 
siderable data base for oxygen self diffusion in a 
variety of melt compositions [61,62, and references 
therein], the results are not consistent with each 
other and it is difficult at present to evaluate 
quantitatively how the bulk oxygen diffusion coef- 
ficient varies with melt composition. In view of 
the potentially sensitive dependence of bulk 
oxygen self diffusion coefficient on the propor- 
tions of O 2-, NBO, and BO, and the possible 
presence of minute amount of volatile species, the 
inconsistencies among different reports could re- 
flect, in part, small differences in melt composi- 
tions and experimental techniques. We also note 
that if this analysis proves to be correct, the mea- 
surement of diffusion coefficients might actually 
help to set constraints on the proportions of NBO 
in silicate melts. 

Besides the cases examined above, there are 
numerous other possible cases where speciation 
may play an important role during diffusion. For 
instance, the presence of 6.2 wt% water has been 
found to increase the diffusion of Cs in obsidian 
by 3 to 4 orders of magnitude [63], and the pres- 
ence of 3 wt% water increases diffusion coeffi- 
cients of silica in a dacite-rhyolite couple by an 
order of magnitude [64]. These dramatic increases 
may be due to changes in the speciation of Cs and 
Si in the presence of water that result in changes 
in the relative proportion of various diffusing 
species. 

6. Conclusions 

When a component  is present in a phase as two 
or more species, the diffusion coefficient of the 
component  is a function of the diffusion coeffi- 
cients and proportions of all the species. The 
diffusion of such a component  can be treated by a 
multi-species diffusion equation that can be ap- 
plied to analyze experimental data to determine or 
infer the dominant diffusing species. We further 
note that the diffusion equation which applies to 

change of isotopic composition also has a distinc- 
tive form when different species are present. This 
must be taken into account when analyzing ex- 
perimental results. We have previously shown that 
molecular H 2 0  (not OH)  is the dominant diffus- 
ing species during diffusive dehydration of natural 
rhyolitic glasses over a wide range of water con- 
centrations. In this paper  we have inferred that 
during hydrothermal oxygen "self" diffusion ex- 
periments in crystalline quartz and feldspars, 
molecular H 2 0  is the dominant  diffusing species 
and the diffusion mode is chemical diffusion. We 
conclude that in some systems, especially in the 
presence of water, it is important  to determine the 
dominant  diffusing species and to relate the ap- 
parent diffusion coefficient to the concentrations 
and diffusion coefficients of these species. An 
understanding of the role of speciation in diffu- 
sion not only offers insights to diffusive transport 
but also helps to relate the diffusion coefficients 
of seemingly unrelated components (such as the 
diffusion coefficients of ~SO and water). Since the 
presence of minute amounts of volatile compo- 
nents and sometimes the slight non-stoichiometry 
for nominally fully polymerized silicates may 
greatly enhance the diffusion of oxygen, and per- 
haps of other components  that have intrinsically 
low diffusion coefficients, stoichiometry and the 
fugacities of volatile components should be well 
controlled or monitored in diffusion experiments 
for such components.  
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