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Chemical diffusivity of boron in melts of haplogranitic composition
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Abstract—Chemical diffusivities of B in synthetic melts of haplogranitic composition have been measured
by the diffusion couple technique at 1 atm between 1200-1600°C. The compositional profiles were
measured by ion microprobe and modelled using the Boltzmann-Matano formalism to retrieve com-
positionally dependent interdiffusion coefficients.

At the experimental conditions, B,O; is found to exchange primarily with SiO, and the interdiffusion
coefficient increases with increasing replacement of Si by B in the melt. No isotopic fractionation of
boron was observed in the diffusion zone at the experimental conditions. The compositional dependence
of diffusivity increases with decreasing temperature. The activation energy of diffusion {~70 kcal) is
similar to that for viscous flow in melts of the same composition and is relatively insensitive to B content
between 1-10 wi% B,0O; in the melt. However, the addition of the initial 1 wi% B,0O, to a haplogranitic
melt appears to dramatically lower the activation energy for these processes from ~ 100 kCal to ~70
kCal. Thus, common geochemical concentrations of B may affect petrogenesis of granitic rocks by their
influence on these transport properties. Some implications of these results for crystal growth and dissolution
in B-bearing melts and boron isotopic variation of granitic melts have been discussed. If diffusion is the
rate-limiting process, boron isotopic heterogeneity may be maintained in granitic melts at magmatic
temperatures on time scales of millions of years on a millimeter scale. The influence of small amounts
of B on transport properties may also contribute toward resolution of an enigma regarding emplacement
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mechanisms of peraluminous granites.

INTRODUCTION

THE GEOCHEMICAL SIGNIFICANCE of B has been receiving
increasing attention in recent years. It has been shown that
the B content of late-stage fluids during the evolution of
granite-pegmatite systems may be as high as 5-10 wt% (LON-
DON, 1986a). A body of experimental data now exists on
some equilibrium properties of B-bearing melts of geological
relevance. For example, experiments have shown that the
addition of B lowers both the solidus and liquidus temper-
atures of water-saturated granitic melts (CHORLTON and
MARTIN, 1978; PICHAVANT, 1981, 1987), shifts the com-
position of minimum melting in the haplogranite system to
more albite-rich compositions (PICHAVANT, 1987), and in-
creases the solubility of water in melts in the haplogranitic
system (HOLTZ et al., 1993). The influence of B on the dif-
ferentiation trends of granite-pegmatite systems has been in-
vestigated by LONDON and coworkers (LONDON, 1987; LON-
DON et al., 1988, 1989).

Boron also plays a role in the evolution of geological sys-
tems via its influence on transport processes. In particular,
because of strong partitioning of B into the fluid phase under
many geological conditions, B and its isotopes are used as
indicators of fluid-rock interaction and to test for open-system
behavior. As an example, VAN BERGEN ({1980) considers
metasedimentary grandidierite to be produced by reaction
between Al minerals and B from a melt. Several examples
of production of B-rich minerals by reaction between granitic
melts and metasediments are illustrated by MANNING and
PICHAVANT (1983). The formation of tourmaline-rich gem
pockets in miarolitic pegmatites has been shown to be con-
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trolled by the availability of B (LONDON, 1986b). In order
to quantitatively understand such reaction systems and the
time scales on which they occur, it is necessary to have data
on diffusivities and other transport properties in B-bearing
granitic melts. We have begun studying the effect of B on
several physical properties in the haplogranite system
(DINGWELL et al., 1992; KNOCHE et al., 1993; HOLTZ et al,,
1993). Here, we present experimental determination of in-
terdiffusion coeflicients in B-bearing haplogranite systems and
discuss the possible geological implications of the data.

EXPERIMENTAL METHOD

Diffusion coefficients were measured in this study using the dif-
fusion couple technique, in which a set of synthetic glasses were used
as starting endmembers. The glasses were prepared by melting spec-
ified amounts of Na,CO;, K,CO;, ALO;, SiO,, and H;BO;. The
starting compositions were chosen such that the dehydrated, decar-
bonated equivalents represent 5 and 10 wi% additions of B,O; to a
haplogranite composition (designated HPGS8) near the 1 kbar (pH,0)
pseudo-ternary minimum composition in the system Si0,-NaAlISi;Og-
KAISi;04-H,0. The HPGS glass is that of HOLTZ et al. (1993).

The B-bearing glasses were prepared by fusing the corresponding
powder mixes directly for several hours at 1600°C in a 75 cm?® thin-
walled Pt crucible in a MoSi; box furnace. The products of this fusion
were bubble-rich. To eliminate the bubbles and ensure homogeneity
and full reaction, the crucibles were transferred to a second MoSi,
box furnace equipped with a concentric cylinder viscometer. The
samples were fused again at 1600°C and stirred at 20, 50, or 100
rpm using a PtgoRhyg spindle for several hours. The clear, transparent,
bubble-free products of this process were allowed to cool slowly to
less than 400°C in the furnace and then removed to cool to room
temperature. Cylinders (8 mm diameter) of the glass were cored
from the crucible using diamond drill bits and were sawn into disks
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2 mm in thickness. Further details regarding the preparation methods
may be found in DINGWELL et al. (1992). The disks were polished
on both ends to a final grit size of 0.25 um using diamond polishing
compounds.

Samples of the glasses were analysed by solution-based ICP-AES,
electron and ion microprobes. The results of the analyses are presented
in Table 1. The compositions measured by the different methods
agree well with each other. No inhomogeneity was observed in mul-
tiple spot analyses in the electron and ion microprobes. The details
of the analytical methods in the ion microprobe are discussed below.

For the diffusion experiments, two doubly polished glass cylinders
were placed inside thick-walled Pt capsules, which were sealed to
cylindrical form at the base and had Pt lids welded at the top. The
sealing of the bottom of the capsule, as well as polishing of the bottom
surface of the glass disk, was found necessary to prevent the formation
of bubbles from trapped air and consequent disruption of the diffusion
interface. During the diffusion experiment, this assembly was sus-
pended vertically in a MoSi, furnace by a Pt wire.

The duration of the runs were selected to be short enough that the
concentrations at the ends of the couple were not affected by diffusion
and long enough that the concentration profiles could be measured
in the ion microprobe without distortion due to spatial averaging.
Temperatures were monitored by a Pt-Rh (TYPE S) thermocouple
whose junction was adjacent to the capsule wall. These temperatures
have been determined to be the same as those recorded by a ther-
mocouple whose junction was inside the capsule. Desired run tem-
peratures were attained within a minute of inserting the samples in
the furnace. In all cases, temperatures were controlled to within a
degree of the desired run temperature for the entire run duration.
The runs were quenched by vertically retracting the samples from
the furnace. Temperatures dropped to about 400°C within 10 s, to
200°C within 1 min, and to 100°C within 2 min of quenching the
run, as monitored by an internal thermocouple in a similar assembly.
The uncertainty in run durations due to these heating up and cooling
times are negligible even for the shortest runs and are not dealt with
any further. Independence of retrieved diffusivities on run duration
supports this assertion. The run products were mounted in epoxy
and sectioned perpendicular to the interface, polished down to 0.25
um and prepared for analysis in the ion-/electron microprobe. The
run conditions at which experiments were performed in this study,
along with the starting endmember compositions, are given in Table
2. Although an explicit time series of diffusion couple experiments
was not performed on these melts, we believe diffusion to have been
the dominant mechanism of mass transport in these experiments
because of (1) the regularity in the shape of the concentration profiles
and their reproducibility in parallel traverses, and (2) the reproduc-
ibility of diffusion data obtained from two experiments performed
at slightly different times (albeit not different enough to test the con-
stancy of YDt). Moreover, time series experiments, as well as two
dimensional maps of intensity of X-ray fluorescence from different
elements on diffusion couples with similar melts and experimental
design (S. Chakraborty et al., unpubl. data), showed diffusion to be
the dominant mechanism of mass transport.

Table 1

Chemical analyses of starting glasses

$i0, 77.90 75.18 71.07(4)
19.10 78.68 78.22
ALO, 11.89 11.79 11.6(1)
12.07 12.33 1217
Na,O 453 4.66 4230
460 4.88 466
K0 417 392 3.955(7)
423 4.10 435
B,0, - 435 8.92(9)
Total 98.48 99.90 99.78
100.00 100.00 100.0

The analyses are by methods described in Pichavant (1987) performed at CRPG-CNRS
Nancy. The numbers in the second row in each column are the proportion of oxides other
than B,0, normalized to 100%. The numbers in parentheses describe the spread in data due to
analytical inties for each 3

P

Table 2

Summary of run conditions

Run # Temp (C) Time End members of diffusion
(hours) couple

HPGBD-1 1400 4.0 HPG8 - HPGB10
HPGBD-2 1300 99.0 HPGS - HPGB10
HPGBD-3 1400 3.25 HPG8 - HPGB5
HPGBD-4 1200 23.15 HPGS8 - HPGBS
HPGBD-5 1600 2.1 HPGS - HPGBS
HPGBD-6 1500 3.0 HPGS8 - HPGBS

ANALYTICAL TECHNIQUE

The primary analytical instrument used in this study was a Cameca
Ims-3f ion microprobe at CRPG-Nancy. Some Si profiles were mea-
sured using a Cameca SX-50 electron microprobe at Bayreuth.

In the ion microprobe, the quenched glasses from the diffusion
couple experiments were analysed for B, Na, K, Al, and Si. Samples
were sputtered with a 10kV O~ primary beam of 0.1 nA intensity
and ~2 um diameter. Positive secondary ions were analysed at
~1000 mass resolution and 60 + 10 V energy filtering. The counts
were converted to concentrations by comparison with a set of natural
and synthetic Si-rich glasses. The B content of the glasses used as
standards varied from 10 ppm to several wt%. The concentration
profiles were obtained by analysing at 5 um steps in an automated
mode. The lengths of the diffusion profiles were 150-500 um. Cal-
culations (after GANGULY et al., 1988) show that there would be no
distortion of the concentration profile due to spatial averaging effect
for these profile lengths and beam conditions (2 um diameter; 5 um
step size). Traverses along parallel directions yield identical profiles,
suggesting that there was no major physical disturbance of the interface
while the glass was molten during the diffusion experiment. Thermal
expansivity data obtained on the same glass samples (KNOCHE et al.,
1993) across the glass transition temperature indicates that the max-
imum correction in the length of the profile due to contraction on
quenching would be on the order of 2.0% for these melts. This would
imply that the diffusivities retrieved from concentration profiles
measured on the glass are likely to be lower than the true diffusivities
by approximately 4%.

CONCENTRATION PROFILES

The concentration profiles measured by the ion microprobe
show several interesting features. First, all runs in this study
show the presence of significant concentration gradients for
B and Si, only minor gradients for Al, and none for K and
Na (Fig. 1a) after the diffusion anneal. For all further dis-
cussion, the elemental concentrations are recast as oxides
(B,0O; and Si0,) and concentration profiles and fluxes of an
element will refer to those for the corresponding oxide unless
otherwise specified. If the concentrations of B,O; and SiO,
are normalized to their initial difference (i.e., are forced to
vary between 0 and | from one end of the couple to the
other), it is found that the diffusive loss/gain of B,O; at any
spatial coordinate along the diffusion zone is almost.exactly
balanced by the gain/loss of SiO, (Fig. 1b). A measure of
the amount of B,O; lost or gained from one side of any plane
parallel to the interface is given by the area under the con-
centration-distance profile, assuming there is no concentra-
tion gradient parallel to the interface. The assumption is con-
sistent with the observation of identical profiles on traverses
along parallel directions. Such calculations show that the flux
of B,O; at any point is almost completely compensated by
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Fi1G. 1. (a) Compositional profiles measured for run #HPGBD1
in the ion microprobe. The vertical scale, in wt%, is the same in all
the subplots. The elements on the vertical axes refer to the corre-
sponding oxide concentrations. Only B,O; and SiO, show significant
concentration gradients in the diffusion zone; Al,O; shows only a
minor change in concentration. (b) Compositional profiles of B,O;
(solid symbols) and SiO, (open symbols) with the concentrations
normalized to the difference in their own concentrations across the
diffusion couple. Solid line is calculated by adding these B,O; and
SiO, concentrations at each point along the profile. The concentra-
tions are seen to add up to approximately 1.0 along the entire diffusion
Zone.

a counterflux of SiO,. A plot of the diffusion path (Fig. 2)
illustrates that the diffusion in these experiments involved
primarily an exchange of B,O; for 8i0,, Al,O; participating

only to a minor extent in this process. These observations

suggest that under the run conditions, B in the melt exchanges
primarily with Si and not with AL

Secondly, the shapes of the profiles are strongly asymmetric
for the lower temperature runs and become progressively
more symmetric at higher temperatures. This would imply
decreasing concentration dependence of diffusivity with in-
creasing temperature, as is found to be the case in a more
quantitative treatment of the profiles in the next section.

THEORETICAL MODEL AND RETRIEVAL OF
DIFFUSION COEFFICIENTS

The observations above suggest that despite the presence
of five oxide components in the melt, the diffusive exchange

in the present set of experiments involved primarily B,0O,
and 8i0,. The concentration profiles may therefore be treated
as being the product of a binary exchange and may be mod-
elled as such to a very good approximation. Diffusion coef-
ficients as a function of composition may be retrieved from
a binary diffusion couple experiment using the well-known
Boltzmann-Matano formalism (MATANO, 1933). According
to this,

D(C’)=~—l—g—/—\’ “ XdC (N

2t dC Jex =0y ’

where D(C") is the B,0:-Si0; exchange diffusivity at the
composition (', ¢ is the duration of the diffusion anneal, and
X is the spatial coordinate normal to and centered at the
Matano interface. The Matano interface is defined by

J: XdC =0, 2)

when the composition variable C is normalized to vary be-
tween 0 and 1 between the ends of the diffusion couple. This
is achieved by defining variables of the form

C(i) — G

C:
Cn_Cm

(3)
for both B,O; and Si0,, where G and C, refer to the un-
disturbed compositions at the two terminal ends of the dif-
fusion couple, respectively, and C(i) is the concentration at
any given point.

The definition of Matano interface in Eqn. 2 implies the
following:

H C(X =0)
f XdC — f (-X)dC = 0. (4)
0

C (X =0)

To locate the Matano interface for the experimental profiles,
the term on the left-hand size of Eqn. 4 was computed for
all points in the diffusion zone, resulting in a distribution
[say, I(X)] of differences in area as a function of distance.
The value of X corresponding to the minimum in 7(.X) was
determined to be the location of the Matano interface. Then,
Eqn. 1 was used with standard numerical procedures to cal-
culate derivatives and integrals to obtain diffusivities as func-
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F1G. 2. Change of B,O; concentration plotted against the corre-
sponding change of Al,0; concentration (both in wt%). Note that
the scale on the vertical and the horizontal axes are the same.
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tions of composition. The normal procedure of Boltzmann-
Matano analysis would involve fitting a smooth curve through
the data points before computation of areas and slopes for
the calculation of diffusivities. However, (1) the density of
points in our profiles were high enough, and (2) the quality
of analyses were good enough to ensure smoothness that the
analyses on a traverse themselves could be treated as a dig-
itized profile without further smoothing by curve fitting. This
allows us to reduce one source of error in the Boltzmann-
Matano analysis. Thus, the errors in the calculation of dif-
fusivity should arise primarily from the errors in the mea-
surement of composition. Propagating this error through Eqn.
1 results in

! 2
( XdC)
0 dX 1Y?
O'ZD = a'czieriv ————4._!2—_ + Uiznleg(gzv 2—[) s (5)
where
2A 2
azcﬁv = 20? _—'—_] s 6
¢ [(CH. — Coa)? ©)
and
ol
Uizntcg = ? Z (Xn + Xn+l)2- (7)

Oc» Ogeriv, ANd G are the standard deviations on the mea-
sured concentrations, the calculated derivatives, and integral,
respectively. The standard deviation on the measurement of
concentration is higher for low B contents. Taking the range
of standard deviation of 0.1-5% (high B contents to low B
contents) for the measurement of the B concentration, we
obtain an uncertainty of ~ 10-45% in the retrieved diffusiv-
ities using Eqns. 5-7. This analysis propagates the analytical
uncertainties through the process of numerical calculations
to estimate the errors. There are additional uncertainties as-
sociated with the numerical techniques themselves, which
for the current purposes are likely to be relatively small. An
estimate of the total uncertainty may be obtained by checking
the reproducibility of the data. Such a comparison between
results from runs HPGBD-1 and HPGBD-3 shows estimated
errors are approximately 20% at SiO,/(B,0; + SiO,) = 0.95
and 26% at Si0,/(B,0, + Si0,) = 0.975, which is consistent
with the formal error analysis, indicating that most of the
errors do indeed arise from the measurement of concentra-
tion.

RESULTS AND DISCUSSION

Before discussing the diffusion data and their implications,
it is perhaps useful to clarify the distinction between the
quantities being measured and those being modelled. The
analytical measurements performed on the glasses are sen-
sitive to total elemental (or isotopic, in the case of the ion
microprobe ) concentrations, irrespective of their valence state
(e.g., the measurements do not distinguish between boron
present as elemental B or B**). Because of our knowledge
of the nature of bonding in these materials, we interpret these
abundances to be those of specific valence states of the con-
cerned elements and express the analyses conveniently in

terms of oxides so that we obtain ‘“actual components”
(GIBBS, 1928; THOMPSON, 1959) or “building units” (a con-
cept originally developed to describe vacancies in ionic crys-
tals; (see e.g., KROGER, 1974). The convenience referred to
above results from the fact that now we have a set of com-
ponents that can be independently added or subtracted from
the system. In other words, the constraint of charge balance
is now built into the definition of these components and so
we do not have to explicitly impose these constraints when
dealing with problems of mass flux. It is also necessary to
have such components that are free to move in order to be
able to even define a diffusion potential (e.g., ONSAGER,
1945), without which a thermodynamic description of fluxes
and forces is not possible. The important point to note from
this is that the amount of oxygen incorporated in these de-
scriptions in terms of oxide components is inferred to be that
required to maintain overall charge neutrality: it is not directly
measured. Thus, while we gain in terms of operational con-
venience in dealing with fluxes and forces (diffusion poten-
tial ), we may lose in terms of insight into microscopic mech-
anisms. This, of course, is the benefit of the thermodynamic
method, as long as the formulation is consistent it is valid
irrespective of the microscopic mechanism(s) of the diffusion
process.

Specifically in terms of the diffusion process studied in this
work, the above discussion implies the following. The con-
centration or flux of B,O; (as an example, the statements
below hold for any other oxide component as well) at any
spatial coordinate or time is directly related to the charge
compensated concentration or flux of the concerned cation
(B** in this case) but not necessarily to that of oxygen; the
oxygen of these oxide components may simply be charge
balancing entities. The evidence for the flux of O, is only
indirect and inferred. A real chemical analysis of the amount
of O, in the melt may reveal the presence of excess or deficient
O,. The excess may be in the form of dissolved molecular
O,, for example. Similarly, a possibility for compensation of
deficit formal charge (which is what we have) would be
through the occurrence of partially ionic bonds and varying
polarizability of the different atoms (in fact, the Si~O bonding
is known to be only partially ionic). Note that such excesses
or deficits need be present only on the order of parts per
million or less in order to influence a random walk process
such as diffusion; the analogous role of vacancies in crystalline
materials is proof of that. This is of central importance in
inferring diffusion mechanisms from macroscopic, phenom-
enological treatments of diffusion flux. While we have directly
measured cation fluxes, we have artificially imposed a mech-
anism, that of charge balance by flux of O,, to treat it. In
reality, the diffusive mechanism may involve any complex
mode of charge compensation: motion of oxygen anions,
motion of oxygen anions coupled with homogeneous reac-
tions between anionic oxygen and dissolved molecular O,,
distortion of the valence shells of oxygen anions, and coupled
motion of cations in opposing directions are some possibil-
ities; any combination of these various processes are also
possible. Thus, in discussing the diffusion data, it is best to
treat the O, that goes into building the oxide components as
a fictive charge compensating entity. In a rigorous sense then,
we recognize the fact that the diffusion coefficients obtained
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Table 3

Run # Temp wt%Si0y/ D(cm®/s)

C) (B,0,+8i0,)

HPGBD-1 1400 0.950 1.78E-10
0.962 1.47E-10
0.975 1.33E-10

HPGBD-2 1300 0.904 1.86E-10
0.906 1.41E-10
0.908 1.28E-10
0.924 1.24E-10
0.928 1.22E-10
0.930 9.94E-11
0.933 9.16E-11
0.945 7.39E-11
0.961 6.59E-11
0.963 6.02E-11
0.968 3.47E-11
0.975 291E-11
0.980 3.20E-11
0.988 2.52E-11
0.991 2.34E-11
0.997 2.88E-11

HPGBD-3 1400 0.948 1.43E-10
0.951 1.43E-10
0.956 1.42E-10
0.961 1.33E-10
0.967 1.16E-10
0.975 9.88E-11
0.983 8.83E-11
0.989 8.21E-11

in this work give us directly the rate of net charge compensated
exchange of cations, independent of the underlying mecha-
nism. Any observations regarding the mobility of O, are only
inferred and, therefore, less certain. Thus, the microscopic
mechanisms underlying the exchange of unequally charged
cations (which has to involve some charge compensating role
of anions in the absence of coupling with fluxes of other
cations) may not necessarily be uniquely constrained from
the current data set. In as much as oxygen is the only anion
available, it may be stated with a fair degree of certainty that
the exchanging component is ( B,05-Si0;) = B,0Si™!. Note
that the choice of component over species is intentional; this
states the fact that the exchange of two B** and one O~ for
one Si** is the net effect of the diffusion process, even though
the actual mechanism may involve any number of species
and intermediate steps.

Composition and Temperature Dependence of Diffusivity

Diffusivities as a function of composition and temperature
are given in Table 3. It is clear from the data that the diffusivity
increases with increasing replacement of SiO, by B,0; in the
melt. Note that the diffusivities could not be determined for

Run # Temp wt%SiO,/ D(cm?/s)
(°C) (B,0,+Si0,)
0.997 6.09-11
0.999 5.83e-11
HPGBD-4 1200 0.947 1.42E-11
0.951 1.22E-11
0.955 1.21E-11
0.961 1.10E-11
0.966 9.40E-12
0.978 7.89E-12
0.988 6.34E-12
0.995 4.83E-12
0.998 4.33E-12
HPGBD-5 1600 0.951 2.37E-9
0.955 2.69E-9
0.957 2.52E-9
0.961 2.29E-9
0.963 2.57E-9
0.967 2.53E-9
0.971 3.01E-9
0.972 1.78E-9
0.976 1.86E-9
0.980 2.00E-9
0.985 1.31E-9
0.992 1.24E-9
0.995 1.77E-9
0.999 2.08E-9
HPGBD-6 1500 0.955 5.68E-10
0.962 3.66E-10
0.970 3.01E-10
0.980 3.07E-10

the extreme terminal compositions on either end of a couple
because it is difficult to accurately determine the small slopes
in the concentration profiles at these points. Figure 3 illus-
trates the increase of diffusivity with decreasing SiO, in the
melt. It is seen that the compositional dependence is similar
within the resolution of the experimental data up to 1400°C
but decreases with increasing temperature beyond that. At
1600°C, the diffusivity is practically independent of com-
position over the range of composition investigated.

Figure 4 illustrates (e.g., ELPHICK et al., 1985) that this
composition dependence causes the asymmetry in the mea-
sured diffusion profiles with the help of two profiles calculated
using retrieved diffusivities. The profiles were calculated using
the solution for diffusion in semi-infinite media (CRANK,
1975), the experimental run times and a constant diffusivity
corresponding to a composition at a particular point along
the measured profile. It is shown that the calculated profile
using the diffusivity retrieved for a SiO,-rich composition fits
the data at the SiO,-rich end quite well, but the diffusivity
used is too slow to fit the B,Os-rich end. Similarly, the dif-
fusivity retrieved for a B,Os-rich composition is too fast to
fit the data at the SiO,-rich end.
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The temperature dependence of diffusivity is illustrated in
Fig. 5 in a conventional Arrhenius plot for a selected com-
position {approximately 3 wt% B,O,). The activation energies
(Q) and preexponential factors (1) in

D =Dy exp(}—é—%) (8)
obtained by a linear fit to the data in Fig. 5 are given in Table
4, along with those for another composition. It is found that
unlike diffusivity, the activation energy remains practically
unchanged with increasing B content of the melt over the
compositional range accessible to measurement.
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calculated Matano interface.
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FIG. 5. Arrhenius plot of logarithm of diffusivity against inverse
temperature in kelvins. The diffusivities are for a melt with 3 wt%
added B,0,, which is a median B,O; content for the melts studied
in this work. The uncertainty of each data point is approximately
the size of the symbols.

Tracer Diffusivity of Boron

The diffusivity measured in this study is strictly the ex-
change diffusivity of B and Si, represented as B,O; and SiO,,
which should be some compositionally weighted sum of the
B, Si, and O, tracer diffusivities at the same compositions,
assuming that the thermodynamic mixing between B,O and
Si0O; in these melts at the high temperatures of the experi-
ments is not too far from ideal. Several models ( mathemat-
ically, simply different weighting schemes) for relating such
interdiffusion coeflicients to tracer diffusivities are available
{for example, DARKEN, 1948; HARTLEY and CRANK, 1949;
COOPER, 1965; LASAGA, 1979). Irrespective of the choice of
the model, it is seen that as the concentration of one com-
ponent diminishes, the interdiffusion coefficient in the system
approaches the tracer diffusivity of that component. De-
pending on the choice of the model, different physical jus-
tifications for this may be provided. In the current system,
the diffusivities obtained at the most B,O;-poor compositions
should therefore be similar to B tracer diffusion coefficients
in melts of the same composition. The B tracer diffusivity is
expected to be faster than, but perhaps within a log unit, of
the Si tracer diffusivity at the same composition at the high
temperatures of these experiments (DINGWELL, 1990). The
tracer diffusivity of Si in a melt may be related to the viscosity
of the melt by the Eyring equation { GLASSTONE et al., 1941)
and calculations for a wide variety of melts using reasonable
estimates of jump distances (see, for example, SHIMIZU and
KUSHIRO, 1984; DINGWELL, 1990) show the relationship to
be a useful approximation. The jump distances used in these
studies are the diameter of the oxygen ion (2.8 nm). Smaller
Jump distances are extremely unlikely for tetrahedrally co-
ordinated cations; larger jump distances will not invalidate
the conclusions that follow. Diffusivities calculated using the
Eyring equation and viscosity data from DINGWELL et al.
(1992) are slower than those measured in this study at all
conditions where comparison is possible. The difference be-
tween the measured ( ~ B tracer) and calculated ( ~Si tracer)
diffusivities range from a factor of 4 o an order of magnitude,
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Table 4

Activation energy and pre-exponential factors as functions of
composition in haplogranite - B,0; melts

Composition Activation energy,  Pre-exponential factor Regression
[Si0,/(B,0,+5i0,)] Q (cal) D,, cm¥/sec coefficient, r*
0.97 68,958+4.87 0.1368("*,, ,) 0.99

0.99 76,383+5.2 0.8943(**,,) 0.99

which is consistent with expectations following the line of
reasoning outlined above. We emphasize that the above cal-
culation of B tracer diffusivity is only approximate in that
the thermodynamic mixing between B,O; and SiO, com-
ponents in the meit is unlikely to be strictly ideal.

Relation between Boron Diffusivity and Viscosity

As the diffusive exchange of B,O; and SiO, is likely to be
rate-limited by the breaking of the Si-O bonds, which also
controls viscosity, it should be interesting to compare mea-
sured activation energies of viscous flow (DINGWELL et al.,
1992) with those for diffusion measured in this work. In this
connection, it is important to note that the viscosities were
only measured at discrete points along the composition axis
(the endmember compositions of diffusion couples). On the
other hand, diffusivities could be measured continuously at
intermediate compositions, except at the endmember com-
positions. Therefore, it is not possible to compare activation
energies for the two processes at exactly the same composi-
tions.

We have plotted the activation energies for the two pro-
cesses as a function of composition in Fig. 6. The plot brings
out two very interesting features. Firstly, the activation energy
for the two processes are similar (not same) over the range
of 1-10% added B,O; along the haplogranite-B,0, join. The
activation energies for viscosity (1¢ = +2 Kcal) are perhaps
always somewhat higher than those for diffusivity (16 = +5
Kcal). This suggests that the rate-controlling microscopic
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FIG. 6. Activation energy for viscous flow (from DINGWELL et al.,
1992) and diffusivity (this work) plotted against wt% added B,O; to
a haplogranitic melt. Also shown for comparison is the activation
energy for B tracer diffusion in a rhyolitic melt measured by BAKER
(1991). See text for more details.

mechanism (the major energy barrier) for viscous flow is
probably the same as that for the diffusive exchange B,Os-
SiO; in these melts. Note that this allows for differences in
the mechanisms of the two processes in detail, as indeed there
must be for two different processes such as diffusion and
viscous flow: viscous flow is a relative motion of adjacent
portions of a liquid; diffusion is a relative motion of its dif-
ferent constituents (ONSAGER, 1945). Thus, for viscous flow,
for example, a contribution to the overall activation energy
in addition to that due to the rupture of Si-O bonds could
be from the energy required to form the new volume into
which the flow unit will move (GLASSTONE et al., 1941). The
plot further shows that this rate-controlling mechanism does
not change significantly enough to affect the energy barriers
to viscous and diffusive flow beyond experimental resolution
over this concentration (1-10 wt% added B,O;) and tem-
perature range. Even the activation energy for viscous flow
for the natural Macusanite composition (DINGWELL et al.,
1992) is identical within error of measurement to these ac-
tivation energies. This allows activation energies for viscosity
and the diffusion process studied here to be approximately
interchangeable and complement each other. This is partic-
ularly useful for compositions in which the activation energy
for one of the processes cannot be, or has not been, measured.

Within this context, the second important observation is
that the activation energy of viscous flow measured for HPG8
(0 wt% B,O; added) is much higher than all the other acti-
vation energies, including the activation energy for diffusion
n a melt with 1 wt% B,0; added to it. Given the similarity
of activation energies at the other compositions, it seems rea-
sonable to conclude that the addition of the initial (less than
1 wt%) B,O; to the melt causes a dramatic decrease in the
activation energy for both diffusion and viscous flow for these
melts. Further addition of B,O; seems to affect diffusivity
(this study) and viscosity (DINGWELL et al., 1992) but not
the activation energy for these processes over the composi-
tional and temperature range investigated.

This observation is of geochemical significance because
the B,O; content of most natural granitic melts is likely to
be less than 1 wt%. Such low concentrations are unlikely to
significantly affect equilibrium behavior, but the large effect
of small amounts of B on the transport properties could have
a marked influence on the geological evolution of granitic
systems. Some of the possibilities have been discussed below.
For applications to natural systems, it is important to note
that the viscosity measurements extend from 1600°C down
to 638°C (DINGWELL et al., 1992) and the behavior is Ar-
rhenian over this temperature range. If the approximate
equivalence of activation energies for the two processes hold
over this range of temperatures, then this gives us reasonable
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confidence for extrapolation of the diffusivity data to lower
temperatures as well.

Given the significance of the proposed approximate equiv-
alence of activation energies for interdiffusion of B,0;-SiO,
and viscous flow, an experimental test of the predictions
would be particularly useful. Such an opportunity is afforded
by the recent measurements of B tracer diffusivity in a natural
rhyolitic obsidian glass (LCO) by BAKER (1992). The com-
position of the glass is very similar to the synthetic HPG-8
composition used in this work as the B-free endmember of
the diffusion couples. Therefore, the diffusivities in the two
glasses should be directly comparable. Because of the different
experimental technique used, BAKER (1992) could directly
measure the tracer diffusivity of B in the B-free melt (e.g.,
HPG-8 of this work), which was not possible in this study
because of the problem with obtaining diffusion data at ter-
minal compositions, as discussed above. Recall from the dis-
cussion in the previous section that at these B-free compo-
sitions the tracer diffusivity of B should be almost the same
as the exchange diffusivity of B,0;-SiO,.

Because of the approximate equivalence of activation
energies of viscosity and diffusivity discussed above, one
would predict from the viscosity data that the activation en-
ergy for B,0O;-Si0, exchange diffusion in the B-free compo-
sition should be close to 100 Kcal. The measured activation
energy for B tracer diffusion by BAKER (1992) is 95.6 Kcal,
in excellent agreement with expectation based on the pre-
ceding arguments. Thus, the outcome of this comparison of
prediction with experimental data is in complete agreement
with our preceding discussion that the addition of the initial
1 wt% B,O; causes dramatic decrease of activation energies
for diffusivity and (by inference) viscosity.

Isotopic versus Elemental Homogenization Rates

Similar to other stable isotope systems, isotopic fraction-
ations between the two B isotopes, '°B and !'B decrease with
temperature. However, nonzero fractionations are still ob-
served at magmatic temperatures; a value of 2.6% has been
found between tourmaline and aqueous vapor at 750°C
(PALMER et al., 1992). This fractionation is supposed to result
from the preferred incorporation of B in trigonal coordination
(B™) rather than B in tetrahedral coordination (B'Y) in tour-
maline, B™ being enriched in !'B relative to B', with an
isotopic fractionation of ==23%. at 25°C (KAKIHANA et al.,
1977). B™ and B!V are present in silicate melts in relative
proportions depending on several parameters such as bulk
composition, B content, or pressure; B is usually the more
abundant in silica-rich melts (PICHAVANT, 198 1; GEISINGER
etal., 1988 ). During chemical diffusion of B in melts, isotopic
fractionations can be envisaged because of possible differences
in diffusivities between B™ and B'Y. Though the present set
of experiments were not designed with this objective, such
isotopic variations were not found, and the "B/ !°B ratios of
charges are constant within *1.5%o across the diffusion zone
(Fig. 7). This implies either (1) at the high temperatures of
the experiments the isotopic fractionations between B™ and
B are <1.5%o, or (2) there was no strong change of coor-
dination of B across the diffusion zone, or (3) isotopic ratios
equilibrate faster than elemental concentration gradients. We
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FIG. 7. The isotopic ratio B'! /B vs, distance across the diffusion
zone in one of the diffusion couple experiments (HPGBD?2). The
isotopic ratio shows no fractionation along the diffusion zone (the
interface is approximately at the middle of the distance scale). The
larger error bars to the right are a consequence of higher analytical
uncertainties with decreasing B contents.

conclude from this that at least for the HPG8-B,0O; system,
the diffusivities obtained in this study may be used to calculate
the homogenization rates of specific isotopes as well as ele-
ments (sum of all isotopes) in the presence of a concentration
gradient. There have been some suggestions recently in the
literature that in the presence of an elemental concentration
gradient, the diffusion coefficient for the homogenization of
gradients in isotope ratios may be different from those of the
elemental concentration gradients (LESHER, 1990; VAN DER
LAAN et al., 1990). We would like to emphasize, however,
that the flux equations governing the homogenization of iso-
topic ratios are different from those governing the homoge-
nization of elements or isotopes. This would lead to different
rates of homogenization of isotopic ratios, depending on the
boundary conditions of the problem, even if the diffusivities
controlling the process are the same as those for elemental
and isotopic homogenization. An example of this may be
found in CYGAN and LASAGA ( 1985) for the case of diffusion
in a semi-infinite medium with a constant surface compo-
sition. They give the equation describing the evolution of
concentration gradients (their Eqn. 1, taken from CRANK,
1975), which is different from the equation for the evolution
of isotopic ratios (their Eqn. 7) during the same process.

GEOLOGICAL APPLICATIONS
Crystal Growth and Dissolution Rates in Melts

Diffusion in melts has been shown to affect geological pro-
cesses such as rates of crystal growth and dissolution and the
rate and extent of mixing of magmas of dissimilar compo-
sitions (e.g., WATSON, 1982; HARRISON and WATSON, 1983,
1984; ZHANG et al., 1989; BAKER, 1990, 1991). Assuming
that the relationships found in this study hold for chemically
more complex natural melts (which includes those containing
water) and at lower temperatures relevant to granite-peg-
matite petrogenesis, some possible implications of the results
for geological systems are discussed below.

The simplest forms of growth rate theory indicate that
crystal growth rates from a melt for diffusion-controlled
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growth would be proportional to the square root of the dif-
fusivity of the rate controlling species in the melt (see KIRK-
PATRICK, 1975, for a review ). In more complicated theories
of crystal growth (e.g., LASAGA, 1982; GHIORSO, 1987), al-
though the proportionality is lost, the dependence of crystal
growth rates on the square root of diffusivity is retained. It
is likely that the diffusion-controlled growth rates of many
silicates would be rate-limited by the rate of transport of Si
in the melt (e.g., WATSON, 1982). In such cases, the increase
of diffusivity of Si in the presence of small amounts of B will
enhance the growth rates and promote the formation of
coarse-grained rocks. Note that the small amount of B nec-
essary to cause this is very unlikely to significantly affect lig-
uidus phase relations; this is observed experimentally (MAN-
NING and PICHAVANT, 1983) and expected theoretically. The
theoretical expectation stems from the fact that the ther-
modynamic mixing properties of B would have to be un-
realistic for very small amounts of B to have activities large
enough to affect phase relations significantly. Thus, the
amount of undercooling, unlike diffusivity, would not be af-
fected by the presence of this amount of B. At constant tem-
perature (below the liquidus), in the absence of a buffer for
B activity (e.g., tourmaline in a two mica granite), the amount
of B in the residual melt would increase with progressive
crystallization, leading to a further enhancement of diffusivity
and hence crystal growth rates. Cooling during crystallization
would add complexity to this crystallization pattern. Such a
role of B has been envisaged to have contributed toward the
formation of rare metal ore units in the Tanco pegmatite,
Manitoba (LONDON, 1986a).

The instability of a crystal face dissolving in a melt is di-
rectly proportional to the diffusivity of the rate-limiting species
in the melt according to some theories (e.g., CAHN, 1967).
The coupling of the chemical diffusivity of B to that of Si
would imply a relatively slow diffusion rate (compared to
say, alkalies) and a correspondingly increased kinetic stability
of borosilicate crystals like tourmaline in granitic melts at
high temperatures.

It is of particular concern how the presence of water may
affect the conclusions above because almost all granitic sys-
tems contain water, and it is known to have a strong influence
on both transport and equilibrium properties of silicate melts.
Increasing water greatly reduces viscosity (e.g., SHAW, 1963)
and enhances diffusivity (e.g., BAKER, 1991)in granitic melts.
These effects are qualitatively in the same direction as those
due to B. Quantitatively, a comparison of results from the
above studies on the effect of water with those from this study
and DINGWELL et al. (1992) for the effect of B show that the
effect of addition of 1 mol of H,O is much stronger than that
due to 1 mol of B,O;. This leads to the possibility of another
interesting role of B in influencing transport properties. It
has been shown that addition of B increases the solubility of
water in granitic melts (HOLTZ et al., 1993). If there is suf-
ficient B present in a natural melt to cause this (see comments
regarding effect of B on phase relations above), the effect of
B on transport properties would be greatly enhanced. This
is because, in addition to the direct effects of B on transport
properties, there would be an indirect influence resulting from
the incorporation of additional water in the melt in the pres-
ence of B. This coupled role of B and water has the potential

to cause large nonlinear enhancement of transport properties
of granitic melts; quantitative evaluation of such a role
through direct experiments in the future would be of interest.

Boron Isotope Variation in Melts

The processes that control the B isotope composition of
granitic melts, reported as §''B values, are still largely un-
constrained. In granitic magmas, B is present either as dis-
solved B with solubilities of several wt% B,O; (PICHAVANT,
1981) or as a constituent of tourmaline crystals present in
the melt. Tourmaline crystals contain ~10 wt% B,0O3; and
are, in most cases, the only significant B-bearing mineral.
The tourmaline crystals are either relic minerals formed dur-
ing metamorphism of B-rich source rocks at around 300°C
(REYNOLDS, 1965) and preserved in the melts because of
their high thermal stability or magmatic minerals which have
been shown to crystallise from peraluminous granitic melts
at 500-700°C at 1 kbar. Thus, variations of §!'B values of
the melt are likely to be due to (1) variations of the §''B of
the source rock, inherited directly in relic minerals and/or
associated isotopic fractionations during melting and (2)
possible isotopic distillation of the melt during tourmaline
crystallization, if a significant B isotope fractionation between
tourmaline and melt exists. Whether tourmaline crystals, en-
claves, and inclusions in granitic melts retain the 3!'B values
inherited from the source rocks during partial melting or
acquire them during their residence in the melt depends on
the diffusivity of B in these phases and granitic melts, in the
presence of a concentration gradient. If the present results
can be extrapolated to lower temperatures and natural granitic
compositions, then B isotopic heterogeneity in a granitic melt
at 700°C can be maintained at the millimeter scale for time
scales on the order of millions of years, provided that no
physical mixing is added to diffusion. This is consistent with
the observation of §''B variations of 2-3%. between different
magmatic tourmaline crystals from the same thin section in
the Manaslu and Gangotri Himalayan leucogranites
(CHAUSSIDON et al., 1991). This range of !'B values is
smaller but similar to that found in the High Himalaya Crys-
talline (HHC), the formation believed to be the source of
the Manaslu Granite (FRANCE-LEFORT, 1988). Duration of
magma segregation and transport is estimated to be less than
5 Ma (DENIEL et al., 1987, COPELAND et al., 1990), which,
according to the present diffusion data, would allow mainte-
nance of isotopic heterogeneity between different batches of
melt.

Effect of Boron on Transport Properties and Implications
for Granite Emplacement

A key problem that often arises in the study of peralu-
minous granites is associated with the mechanism of melt
extraction and emplacement. The viscosities of the melts in-
ferred from field observations are often inconsistent with cal-
culated viscosities of these melts using standard algorithms
(e.g., SHAW, 1972), the calculated viscosities being much too
high. Specific examples of this problem are provided by the
High Himalayan leucogranites, like the Manaslu or the Gan-
gotri-Badrinath plutons. In a study of the Gangotri pluton,



1750 S. Chakraborty, D. B. Dingwell, and M. Chaussidon

SCAILLET et al. (1990) argued that the laccolith-like shape,
emplacement at shallow levels well removed from inferred
source regions, low amounts of restite material, and low per-
centage of partial melting deduced from geochemical studies
are all consistent with a low-viscosity melt that was very ef-
ficiently segregated from the source region. Field evidence
such as penetrative magmatic layering and progressive de-
tachment of xenoliths of host rocks observed at the edges of
the granite without any major disturbance of the foliation
also argue for the emplacement of a relatively fluid melt. On
the other hand, they also state that the inferred viscosities
for these melts based on models are much too high to be
consistent with such emplacement mechanisms and go on
to speculate the potential role of B or F in reducing the vis-
cosities. Other mechanisms such as reduction of melt vis-
cosities resulting from fluxing of the source regions by volatiles
have also been considered. Note also that in a recent publi-
cation, CLEMENS and MAWER (1992) argue that alternate
interpretations of some of these structural and geochemical
features are possible that do not require particularly fluid
melts.

However, in the context of this study, it is interesting to
note that all of these granites have primary magmatic tour-
maline indicating that the melts were saturated in B. Present
whole-rock B contents of these granites are high (e.g., 0.2
wt% for Gangotri; M. PICHAVANT, pers. commun.), and this
is likely to be a minimum because of the tendency of B to
strongly partition into fugitive late-stage fluid phases. The
likely role of very small ( <1 wt%) amounts of B in affecting
transport properties as inferred in this work, especially in the
presence of water, makes it necessary to take this effect into
consideration in calculation of viscosities of these granitic
melts. Even if this does not account quantitatively for the
discrepancy between the calculated viscosities and those in-
ferred from field observations, it would certainly contribute
towards it.
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