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Abstract We experimentally investigate the effect of
water on intergranular mass transport. The growth of
enstatite single rims between forsterite and quartz and
forsterite-enstatite double rims between periclase and
quartz was performed at 1,000°C and 1.5 GPa for incre-
mental water—solid fractions ranging from 0 to 5 wt%. A
kinetics analysis based on time series ranging from 8 min
to 18 h at 1 wt% H,O demonstrates that the growth of both
the single and double rims is controlled by the transport of
the chemical components in the intergranular medium.
Inert platinum markers reveal that MgO is always the most
mobile component, and the only one, except at the highest
water fractions (>~ 2 wt%) where some mobility of SiO,
is observed. Modelling yields that, in all of the rims from
both the single and double rims, there is an increase by
about six orders of magnitude between diffusivities in dry
grain boundaries and in intergranular media with 5 wt%
H,O of the bulk, therefore confirming that water/rock ratio
is a parameter as important as temperature regarding
reaction kinetics. The transition from dry to water-saturated
conditions appears virtually instantaneous, occurring
between 500 and 1,000 wt. ppm water—solid fraction. It
corresponds to a jump of four to five orders of magnitude in
diffusivities, in line with the gap between ‘dry’ and ‘wet’

Communicated by J. Hoefs.

E. Gardés (D<)

CIMAP, CEA-CNRS-ENSICAEN-UCBN, Bd Henri Becquerel,
14070 Caen Cedex 5, France

e-mail: gardes @gfz-potsdam.de

E. Gardés - B. Wunder - K. Marquardt - W. Heinrich
Deutsches GeoForschungsZentrum, Section 3.3,
Telegrafenberg, 14473 Potsdam, Germany

enstatite single rim growth rates from various previous
experimental investigations. At higher water—solid frac-
tions, distinct increase in the diffusivities demonstrates the
existence of two different intergranular transport mecha-
nisms competing at water-saturated conditions. The first
mechanism is diffusion in hydrous-saturated grain bound-
aries (HGBs), which dominates as long as pores are iso-
lated. We estimate the Arrhenius law for MgO diffusion in
enstatite HGBs to be 5HGBD¥§§) = SugeDoe E/RT  with
E =185+ 20 kJ/mol and JugeDo = 107"+7%%% m3ss,
where dygp is the effective width of the HGBs. The second
mechanism is diffusion through fluid-filled channels, which
dominates when pores are interconnected. A new descrip-
tion of the effect of water on intergranular mass transport is
proposed.

Keywords Grain boundary diffusion - Intergranular
transport - Water—rock fraction - Rim growth - Reaction
corona - Metasomatism - Metamorphism

Introduction

Intergranular diffusion plays a key role in a variety of
geological processes such as reactions between minerals,
element or isotope transport and fractionation, electrical
conductivity, creep and many others (see Dohmen and
Milke 2010 for a review). There is general agreement that
the presence of water, or rather hydrous fluid, drastically
promotes element transport along grain boundaries. For
example, the grain boundary diffusivity of aluminium in
‘hydrous fluid-saturated’ rocks is enhanced by seven orders
of magnitude compared to ‘nearly anhydrous’ rocks
(Carlson 2010), and Gasc et al. (2011) reported the same
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range of variations for the electrical conductivity in poly-
crystalline brucite from ‘dry’ to ‘wet’ conditions. Based on
a consensus from literature, Farver and Yund (1995) pro-
posed that intergranular diffusion can be classified into
three categories, depending on water activity in the inter-
granular medium: ‘water-absent’, ‘water-unsaturated’ and
‘water-saturated’ regimes (see also Rubie 1986; Carlson
2010). However, the physico-chemical nature of the
intergranular medium corresponding to these regimes
remains unclear, and the transitional steps from one to
another are not well specified so far. This partly results
from the lack of detailed studies over the full range of
water—rock fractions in a given system.

Performing rim growth experiments in model systems is
one of the methods of choice to work out mechanisms and
kinetics of grain boundary diffusion. Reactions between
incompatible minerals require transport of chemical com-
ponents between reaction interfaces to occur, and this
generally takes place in the intergranular medium of
polycrystalline products. In the geological context, the
most studied reaction is the growth of polycrystalline sin-
gle rims of enstatite between forsterite and quartz, which
was investigated over a wide range of temperatures and for
various pressures (Yund 1997; Fisler et al. 1997; Milke
et al. 2001, 2007, 2009; Abart et al. 2004; Gardés et al.
2011; Gardés and Heinrich 2011; see also Dohmen and
Milke 2010). The growth rates of enstatite fall into two
groups, following distinct Arrhenius lines separated by a
gap of about four orders of magnitude at 1,000°C (Fig. 1).
In interpreting the results of previous experimental set-ups,
Dohmen and Milke (2010) concluded that the experiments
of the group with the lower growth rates were performed
under ‘dry’ conditions, whereas those of higher rates were
performed under ‘wet’ conditions. However, a strict defi-
nition of ‘wet’ versus ‘dry’ is missing. The crucial point is
that the amount of water is not well controlled in the ‘wet’
experiments since they were performed combining, among
others, pre-drying of starting materials or not, various
amounts of added water and different pressure media from
which water may diffuse through the capsules (Truckenb-
rodt and Johannes 1999). Well aware of these shortcom-
ings, Milke et al. (2009) and Dohmen and Milke (2010)
simply suggested that the two groups of rim growth rates
are due to a sharp transition between two mechanisms of
intergranular transport as a function of water activity. In
that, ‘dry’ systems are probably better assigned as to
‘water-absent’, but a conclusive classification of the ‘wet’
systems is precluded. It is clear that further investigations
with controlled and quantified water—solid fractions are
required.

The aim of this study is to investigate the mechanisms and
kinetics of intergranular transport as a function of water—
rock fraction using rim growth experiments in the MgO-
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Fig. 1 Rates of enstatite rim growth between forsterite and quartz
according to literature data as indicated (log (Ax)*/t versus T, where
Ax is the thickness of the enstatite rim). Growth rates are divided into
two groups separated by a gap of several orders of magnitude,
depending on whether the experiments were performed in ‘dry’ or
‘wet’ set-ups

Si0; system. Our previous studies on the growth of reaction
rims under dry conditions where controlling mechanisms are
understood will serve at as starting point (Gardés et al. 2011;
Gardés and Heinrich 2011). These experiments investigated
dry growth of polycrystalline enstatite single rims and for-
sterite-enstatite double rims between single crystals of for-
sterite and quartz, and periclase and quartz, respectively. In
the present study, we use a similar experimental approach
only modified by using powder mixtures of the reactants and
adding distinct amounts of water. We report results on the
growth of enstatite single rims and enstatite-forsterite dou-
ble rims at water—solid fractions ranging from 0 to 5 wt% at
conditions of 1,000°C and 1.5 GPa and various run dura-
tions. The data are compared with those from dry set-up,
intergranular diffusivities as a function of water fraction are
calculated, transport mechanisms are inferred and a new
description of the effect of water on intergranular mass
transport is proposed.

Experimental and analytical methods

Single crystals of synthetic periclase (provided by CRYS-
TEC, Berlin) and synthetic forsterite (provided by Institut
fiir Kristallziichtung, Berlin) were crushed in an agate
mortar with ethanol, sieved, dried and calcined at 1,000°C
for several hours. Periclase and forsterite powders were
sputtered three times with Pt for a few seconds using a
conventional sputter coater in order to mark the initial
interfaces between the reactants. Between each sputtering
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cycle, the powders were stirred to increase and homogenize
the Pt coverage. Fragments of forsterite (>200 pm) and
periclase (>100 pum) were mixed with a synthetic quartz
powder (~1 pm grain size; provided by CHEMPUR) in
weight proportions of about 1:2:7. Various amounts of
brucite serving as source of water were added to the
reactant mixture. Brucite was hydrothermally synthesized
in a cold-seal pressure vessel at 600°C and 0.4 GPa for
2 days in gold capsules, using MgO powder and excess
water as starting materials. X-ray powder diffraction
including Rietveld refinement confirmed the formation of
brucite (~95 wt%) along with traces of periclase (~5
wt%).

Pt-capsules, 3 mm in diameter, were filled with brucite
and subsequently with the powder mixture before cold-
sealing. By this, brucite is separated from the reactant
mixture at the bottom of the capsule (Fig. 2). Charges were
typically 20 mg in weight. The amount of added brucite
was calculated in order to obtain the desired proportion of
water, which ranged from ~0.05 to 5 wt% relative to a
brucite-free sample, and weighed using a Sartorius Super-
micro S4 ultramicro balance.

We used the same piston-cylinder apparatus and pres-
sure medium as described in Gardés et al. (2011). This
assembly prevents water uptake or loss during the run. The
pressure cell consisted of talc—Pyrex glass outer sleeves
with a graphite furnace and crushable alumina as inner
pressure medium. Experiments were performed at 1,000°C
and 1.5 GPa, with varying water fraction and run duration.
Temperature was controlled using a linear heating ramp of
30 min up to 1,000°C, followed by a plateau and a final
quenching step where temperature dropped below 200°C in

PC43: 1.1 wt. % H,0 /15 min

+=- —formerBre.

Pt-capsule 500 pm
Fig. 2 BSE overview of a sample with ~1 wt% H,O after 15 min at
1,000°C and 1.5 GPa (PC43). Periclase and forsterite fragments in the
quartz matrix are clearly discernible. Note the initial location of
brucite (Brc) at the bottom of the capsule, now reacted to
periclase + water and clearly distinguishable from periclase frag-
ments in the quartz matrix

less than 10 s. Pressurization and depressurization were
applied before and after the heating cycle. At 1.5 GPa,
brucite forms periclase + water at about 900°C (Schramke
et al. 1982), thus releasing water about 3 min before the
plateau temperature is attained.

After the runs, the capsules were slightly abraded on two
parallel sides to expose a small portion of the charge. They
were embedded in epoxy under vacuum to fill porosity and
again abraded until sufficient fragments of periclase and
forsterite appeared on the surfaces (Fig. 2). They were then
polished down to 0.3 pm using diamond pastes and
mechanical-chemically polished with colloidal silica
before being cleaned with ethanol and coated with carbon
for electron beam analysis.

Rim thicknesses and corresponding grain sizes were
measured from backscattered electron (BSE) images
obtained with an electron microprobe Jeol Hyperprobe
JXA-8500F equipped with a field emission gun (FEG-
EMP), operated at an acceleration voltage of 15 down to
6 kV. Ion-thinned foils cut across the reaction zones were
produced using a focused Ga ion beam instrument FEI
FIB200TEM (Wirth 2004) and investigated in a transmis-
sion electron microscope (TEM) FEI Tecnai G2 F20
X-Twin. Rim thicknesses and grain sizes are reported as
apparent on sections. Apparent grain widths were measured
in direction parallel to the interfaces of the reactants.
Forsterite grain widths in the double rim were measured at
the vicinity of the periclase-forsterite interface. In case of
the enstatite single rim, the position of the Pt-markers is
defined as the distance between the markers and the middle
of the rim, counted positive towards quartz. In case of the
double rim, it is defined as the distance between the
markers and the periclase-forsterite interface.

Results

All experiments were performed at 1,000°C and 1.5 GPa
(Figs. 3, 4). Table 1 summarizes the experimental condi-
tions, apparent layer thicknesses (Ax), apparent grain
widths (a), positions of the platinum markers (dp,), along
with calculated intergranular diffusivities (see ‘Discus-
sion’), for the enstatite single rim between forsterite and
quartz, and the forsterite-enstatite double rim between
periclase and quartz.

General features

Forsterite and quartz produced single rims of enstatite
according to

Mg,SiO4 + SiO; — 2 MgSiO,

with the spatial sequence (Fig. 3)
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Fig. 3 STEM (a, d) and BSE PC38: 1 wt.% H,0/4 h

(b, ¢) images of enstatite single
rims grown between forsterite Qtz
and quartz with various water
fractions. Axg, is the rim
thickness, ag, the apparent grain
width measured parallel to the
reaction interfaces and dp the
distance of the Pt-markers from
the centre of the rim (c). Pt-
markers, initially sitting at the
interface of the reactants, are
statistically distributed around
the centre of the rims (a, ¢, d),
except in runs with the highest
water fractions (>2 wt% H,O)
where they are shifted towards
quartz (b)

Fig. 4 BSE (a—c) and STEM
(d) images of forsterite-enstatite
double rims grown between
periclase and quartz with
various water fractions. Axg,
and Axg, are the respective rim
thicknesses, ag, and ag, the
apparent grain widths measured
parallel to the reaction
interfaces (in case of forsterite
grains at the vicinity of the
periclase-forsterite interface)
and dp, the distance of the Pt-
markers from the periclase-
forsterite interface (a). Pt-
markers, initially sitting at the
interface of the reactants, are
found at or close to the Qtz
periclase-forsterite interface.
The periclase fragments are
completely consumed in run
PC39 with 5 wt% added H,O
(b). Apparent thicknesses in this
sample are therefore not
representative of the

Per + Qtz — Fo + En reaction

Fo|En|Qtz.

En

(d) PC47: 1 wt.% H,0/8 min
Qtz

Per|Fo|En|Qtz.

Periclase and quartz produced double rims of forsterite and ~ The products of both reactions appear chemically homo-

enstatite according to

MgO + vSiO; — (1 — v) Mg,SiO4 + (2v — 1)MgSiO;

with the spatial sequence (Fig. 4)

@ Springer

geneous. EMP and ATEM analysis shows neither impuri-
ties nor chemical gradients within each of the rims.

Both single and double rims are polycrystalline. Ensta-
tite grains in the single rim and forsterite grains in the
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double rim are texturally equilibrated (Figs. 3, 4). The size
of forsterite grains systematically decreases from the
periclase-forsterite interface towards the forsterite-enstatite
interface (Fig. 4). By contrast, enstatite grains in the double
rim are elongated normal to the reaction interfaces, thus

Rim thickness vs. time
(with ~1 wt. %H,0)

5 8 min 15 min 1h 4 h 18h

(a) Enstatite (single rim)

log Ax (m)
&
(]
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-4 " " T
(c) Forsterite (double rim)
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25 3 35 4 45 5
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Fig. 5 Time evolution of the thickness (Ax) of the single and double
rims grown with 1 wt% added H,O. Rim growth, it is neither linear
nor parabolic, but slower
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forming a palisade microstructure. Some of these grains
form needles penetrating quartz grains (Fig. 4a—c).

In most of the samples, open pores are present in the
quartz matrix as well as in both the single and double rims.
Voids commonly occur at the interfaces of adjacent phases,
particularly at the periclase-forsterite interface in the dou-
ble rim and at the enstatite-quartz interface in both the

Grain width vs. time
(with ~1 wt. %H0)

8 min 15 min 1h 4h 18h
(a) Enstatite (single rim)
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Fig. 6 Time evolution of the grain width (@) in the single and double
rims grown with 1 wt% added H,O
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single and double rims. These voids probably result from
differential dilatation during cooling and depressurization,
but may alternatively denote regions with a high density of
originally fluid-filled pores.

Most of the platinum markers are distributed around the
centre of the single rim and at, or close to, the periclase-
forsterite interface in the double rim.

In a given sample, the thickness of both the single and
double rim may vary from one crystal fragment to another
and even around the same fragment (Figs. 3, 4). These
variations are probably due to sectioning effects because the
inclination between the rims and the surface of the section is
not determined. Variations may also result from local
departures in growth or nucleation rate, as indicated by
abrupt thickness changes commonly observed around
fragments. Variations in rim thickness are randomly dis-
tributed, and there is no systematic gradient across the
samples from the bottom to the top. This demonstrates rapid
release and homogeneous distribution of water from brucite
across the capsule. Despite these fluctuations, in the double
rim, the forsterite rim is always thicker than the enstatite rim
and the latter is always thinner than the single enstatite rim.

Evolution with time

Five experiments were performed at run durations of 8§,
15 min, 1,4 and 18 husing a constant water—solid fraction of
1 wt% (Table 1). Rim thicknesses continuously increase
with time (Fig. 5). From 8 min to 18 h, the enstatite single
rim increases from 1.4 £ 0.1 to 7.5 £ 0.5 pm, the enstatite
rim in the double rim from 0.97 £ 0.15t0 6.4 + 0.7 pm and
the forsterite rim in the double rim from 6.5 + 0.3 to
38.4 £+ 1.5 pm. Least squares refinement of the data with
power laws of the form Ax o " yields m = 0.39 £ 0.17 for
the enstatite single rim, m = 0.39 4 0.11 for enstatite in the
double rim and m = 0.37 £ 0.06 for forsterite in the double
rim (Fig. 5). It is evident that rim growth does not follow a
parabolic power law, i.e., Ax oc 3. Rims grow slower.

Forsterite and enstatite grains continuously coarsen with
time (Fig. 6). From 8 min to 18 h, grain width increases
from 0.95 £ 0.13 to 2.5 £ 0.7 um in the enstatite single
rim, from 0.41 £ 0.05 to 1.4 £ 0.2 um for enstatite grains
in the double rim and from 2.4 £ 0.4 to 12.0 + 3.3 pm for
forsterite grains in the double rim. Least squares refinement
of the data with power laws of the form a" ot yields
n = 4.1 £ 2.1 for the enstatite single rim, n = 4.2 £+ 1.1
for enstatite in the double rim and n = 3.1 & 0.7 for for-
sterite in the double rim (Fig. 6).

Despite significant scattering, the Pt-markers in average
are located in the centre of the enstatite single rim and, in
the double rim, a few pum away from the periclase-forsterite
interface (Table 1). No major evolution in porosity with
time was detected.

Rim thickness vs. water fraction
(4 hruns)

0.1 02 0.5 1 2 5

(a) Enstatite (single rim)

-5t

log Ax (m)

AXoe (q) H20)0.54¢0.20

(b) Enstatite (double rim)
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Axox(Oy0)0-88019 |

_55 . . . .
-15 -1 -0.5 0 0.5 1

log Oh0 (wt. %)

Fig. 7 Thickness (Ax) of the single and double rims after 4 h runs as
a function of water fraction. They are constant in the range from 0.1
to 0.5 wt% H,O and increase in the range from 0.5 to 5 wt% H,O

Evolution with increasing water—solid fraction
Eight experiments were performed at a run duration of 4 h

with various water—solid fractions (¢y,o) ranging from 0O
to 5 wt% (Table 1).
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Grain width vs. water fraction
(4 h runs)
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Fig. 8 Grain width (a) in the single and double rims after 4 h runs as
a function of water fraction. It is constant in the range from 0.1 to 0.5
wt% H,0O and increases in the range from 0.5 to 5 wt% H,0

No reaction is detected in the dry sample (PC37) and in
that with the smallest water fraction of ~0.05 wt% H,O
(PC45). By contrast, the reactions are most advanced in the
sample with the highest water fraction of 5 wt% H,O
(PC39). Here, the periclase is completely consumed

@ Springer

(Fig. 4b). Once periclase is no longer available, forsterite
cannot be produced further according to the reaction
Per + Qtz —» Fo + En. Instead, it is only consumed
according to the reaction Fo 4+ Qtz — En, similar to the
enstatite single rim. Rim thicknesses are therefore irrele-
vant, and no data are reported for sample PC39.

As a general trend, the kinetics of the reactions increases
with increasing water—solid fraction. However, it is striking
that in both the single and double rims, the thickness of the
rims is constant in the range from 0.1 to 0.5 wt% H,O
(Fig. 7). Only at higher water contents, namely from 0.5 to 5
wt% H,0, rim thicknesses increase with increasing amounts
of water. In this range, least squares refinement of the data
with power laws of the form Ax o« (¢y,o)" (Fig. 7) yields
m = 0.54 £ 0.20 for enstatite single rim, m = 1.37 + 1.00
for enstatite in the double rim and m = 0.88 & 0.19 for
forsterite in the double rim. Extrapolation of the two latter
laws yields that the double rim mustexceed 100 pm at 5 wt%
H,O or, in other words, that periclase fragments with widths
up to 200 pm were completely consumed. This is precisely
what is observed in sample PC39.

Coarsening of the grains in all of the rims displays a
very similar behaviour. Grain widths are constant from 0.1
to 0.5 wt% and increase by about half an order of magni-
tude with increasing water fractions from 0.5 to 5 wt%
(Fig. 8). In the latter range, least squares refinement of the
data with power laws of the form a o (¢y,0)" yields
m = 0.59 £ 0.24 for the enstatite single rim, m = 0.43 £
0.65 for enstatite in the double rim and m = 0.74 £ 0.18
for forsterite in the double rim (Fig. 8).

The Pt-markers again remain in the centre of the
enstatite single rim and closely adjacent to the periclase-
forsterite interface in the double rim with the exception of
sample PC39 (5 wt% H,0) where they appear to be shifted
from the centre of the single rim towards the quartz-
enstatite interface (Table 1). This is also the case at 2 wt%
H,O but to a lesser extent.

The number and size of pores and voids in the entire
samples and particularly in the reaction rims also increases
with water fraction (Figs. 3, 4). The increase in porosity is
further indicated indirectly by the increasing number of
grains that were pulled out from the surface during
polishing.

Discussion
Analysis of reaction kinetics
The results of Gardés et al. (2011) on growth of enstatite

single rims and forsterite-enstatite double rims performed in
a dry experimental set-up display many similarities with the
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outcome of the experiments presented here. (1) The reac-
tions can proceed independently via the coupled diffusion of
Mg** and 0%~ or coupled diffusion of Si*' and 2 O*~,
resulting in the net transport of MgO and SiO, components,
respectively. Gardés et al. (2011) demonstrated that MgO is
the only mobile—and therefore controlling—component
based on the fact that the Pt-markers are located in the centre
of the single rim and at the periclase-forsterite interface in
the double rim. Mass balance considerations predict that if
some mobility of SiO, would have occurred, the position of
the markers would have been shifted to some extent towards
the enstatite-quartz interface in both the single and double
rims. (2) The growth of all of the rims is not parabolic but
slower, demonstrating that it is controlled by the inter-
granular transport of MgO. Grain coarsening continuously
reduces the volume fraction of the intergranular medium,
i.e., diffusion pathways, thus generating a decrease in the
bulk diffusivities. Gardés and Heinrich (2011) modelled
these results assuming that MgO is the only mobile com-
ponent and that its transport is intergranular only, taking
into account the reduction in the intergranular volume
fraction associated with grain coarsening. They showed that
rim growth then must obey Ax o< #{!=1/7)/2 where n is the
exponent of the power law for grain coarsening (a" o ?).
The model was validated since this evolution is precisely
that experimentally observed.

In the present case, the location of the Pt-markers shows
some scattering but they are still distributed around the
centre of the single rim and close to the periclase-forsterite
interface in the double rim. This indicates that the reactions
are also mainly controlled by diffusional transport of MgO in
the water-bearing system. The predominance of MgO
mobility is corroborated by the decrease in forsterite grain
size across the forsterite rim from the periclase-forsterite
interface to the forsterite-enstatite interface (Fig. 4). This
indicates that new forsterite grains indeed form at the for-
sterite-enstatite interface and, while coarsening, are subse-
quently shifted towards the periclase-forsterite interface by
the new generations of grains. Thus, growth of forsterite
occurs at the expense of enstatite and this requires MgO to
diffuse to the forsterite-enstatite interface: enstatite
(MgSiO3) + MgOmobiley — forsterite  (Mg,SiO4). At 5
wt% H,0 and to a small extent also at 2 wt% H,O, the slight
shift of the markers from the centre of the enstatite single rim
towards the enstatite-quartz interface indicates that in these
cases, SiO, was also somewhat mobile and contributed
moderately to the overall reaction (Figs. 3, 4; Table 1).

Rim growth with time at 1 wt% H,O in both the single
and double rims is also not parabolic but slower, as
observed by Gardés et al. (2011) in the dry system. A
power law results that has the form Ax ocf” with
m = 0.39 £ 0.17 for the enstatite single rim, 0.39 + 0.11

for enstatite in the double rim and 0.37 £ 0.06 for forste-
rite in the double rim. This is in perfect agreement with the
model of Gardés and Heinrich (2011, see above) since the
(1 — 1/n)/2 values are 0.38 & 0.06 for the enstatite single
rim, 0.38 & 0.03 for enstatite in the double rim and
0.34 £ 0.04 for forsterite in the double rim, according to
the n values of the grain coarsening laws derived above.
We therefore conclude that growth of the rims in the water-
bearing system is controlled by the transport of MgO in the
intergranular medium. The contribution of SiO; is certainly
negligible up to 1 wt% H,0O and becomes noticeable only
above 2 wt% H,0.

Quantification of intergranular transport enhancement
versus water—solid fraction

Growth of enstatite single rims and forsterite-enstatite
double rims in the presence of water displays many simi-
larities with that in dry set-up to safely apply the model of
Gardés and Heinrich (2011) for extracting intergranular
diffusivities. Additional mobility of SiO, detected in the
samples containing 2 and 5 wt% H,O is minor and
neglected for the sake of clarity here. In grain boundary
diffusion models, an important parameter is the effective
grain boundary width 9, that is, the width of the disturbed
region across the grain boundary where diffusion is facil-
itated relative to grain interiors. It is often estimated to be
1 nm (e.g. Joesten 1991). Recent TEM investigations
suggest values up to 10 nm for the effective grain boundary
width, where 1 nm corresponds rather to the structural
grain boundary width (Marquardt et al. 2011). It is not
possible to assign a definite value here due to possible
presence of intergranular fluid films with different widths
as a function of water fraction. Therefore, in the following,
we consider 6ig, the effective width of the intergranular
medium, as a variable. Consequently, we do not report
intergranular diffusivities Dj, but their product with
effective intergranular medium widths 6;,D;,. These are
obtained from Eqgs. 22, 20b and 20a along with Eqgs. 18, 15
and 5 of Gardés and Heinrich (2011)

1—n RT (Axgn)?

UEn
2nnt A,Ggp E t (1)
for enstatite in the single rim,

En ~En __
SEpE =

En ~En 1—n RT QEnAxFO (AXEH)Z
0, D = ———agp
¢ ¢ nm AVGEH QFoAxEn t (2)
for enstatite in the double rim,

2

5?01)?0 _ 1—n RT . 1 + QFoAxEn (AXFO)
€ & nrw Ar(;Fo 2£zEnA-xFo t (3)
for forsterite in the double rim,
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Fig. 9 MgO intergranular diffusivities—reported as their product
with the effective width of the intergranular medium (diDis)—
calculated for the various run durations. Calculations were performed
according to Egs. 1-3 derived from the model of Gardés and Heinrich
(2011). The invariability of the d;,D;,s demonstrates the validity of
the model, especially the fact that the growth of the rims is controlled
by the diffusion of MgO in the intergranular medium only

where R is the gas constant, Q,, and Qr, the molar volumes of
enstatite and forsterite (3.13 x 107° and 4.38 x 107> m%/
mol, respectively; Gottschalk 1997), A,Gg, and A,Gg, the
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Gibbs energies of the reactions Mg,SiO, + SiO, — 2
MgSiO; and MgO + MgSiO3; — Mg,SiO, at 1,000°C and
1.5 GPa (—10.5 and —24.8 kJ/mol, respectively; Gottschalk
1997). n is the exponent of the power law for grain coarsening
and was determined for the time series at 1 wt% H,O only. For
simplification, we assume it is identical for all other water
fractions. We take an average value for n for both enstatite and
forsterite coarsening in the double rim because 7 is supposed
to be identical for both rims in the model of Gardés and
Heinrich (2011). Hence, for all water fractions, we calculate
the §;,Dj,s with n = 4.1 for enstatite grain coarsening in the
single rim and n = 3.7 for both enstatite and forsterite grain
coarsening in the double rim. These approximations do not
introduce a significant error since Eqs. 1-3 are rather insen-
sitive to n. Indeed, even when n would vary from 2 to 6,
(1 — n)/n varies from —0.5 to —0.83 only. Results are
reported in Table 1 and in Figs. 9 and 10.

The invariability of the d;,D;s at 1 wt% H,O as a function
of run durations confirms the appropriateness of the model
(Fig. 9). The transport is intergranular and the observed
growth, slower than parabolic growth as in case of volume
diffusion, is due to the reduction in the volume fraction of the
intergranular medium resulting from grain coarsening.

The evolution of the 0;,D;,s with water fraction is
similar to that of rim thickness and grain coarsening. They
are independent on water fraction in the 0.1-0.5 wt%
range, with average values being 10~222°*%% m3/5 for
enstatite in the single rim, 1072238%0-24 1n3/5 for enstatite
in the double rim and 10 2°>*%-3% ;35 for forsterite in the
double rim (Fig. 10).

The 6;,D;es increase strongly as a function of water
fraction above 0.5 wt%. They reach 107206**%12 35 for
enstatite in the single rim at 5 wt% H,0, 10720-88%0-14 13/
for enstatite in the double rim at 2 wt% H,O and
1071899017 13/ for forsterite in the double rim at 2 wt%
H,O0, i.e., about two orders of magnitude higher compared
to the 0.1-0.5 wt% range (Table 1). Least squares refine-
ment of the data in this range with power laws of the form
digDig  (¢p,0)" yields p = 1.66 £ 0.53 for the enstatite
single rim, p = 2.68 £ 1.96 for enstatite in the double rim
and p = 2.46 + 0.24 for forsterite in the double rim
(Fig. 10).

No 9;,D;,s are reported for 0 and 0.05 wt% H,O since no
rims were detected in these samples. This, however,
demonstrates a sharp jump in reaction kinetics from 0.05 to
0.1 wt% H,O. Extrapolating the Arrhenius laws of Gardés
and Heinrich (2011) for the dry set-up down to 1,000°C
yields 6;oD;gs of 1072%2* m?/s in the single enstatite rim,
1072** m%s for enstatite in the double rim and
107252 m3/s for forsterite in the double rim, i.e., about
four to five orders of magnitude less than derived for the
0.1-0.5 wt% H,0 range.
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Fig. 10 MgO intergranular diffusivities—reported as their product
with the effective width of the intergranular medium (d;,D;,)—as a
function of water fraction. Calculations were performed according to
Egs. 1-3 derived from the model of Gardés and Heinrich (2011). The
0igDies are constant in the 0.1-0.5 wt% H,O range and increase
strongly in the 0.5-5 wt% H,O range. This is interpreted as resulting
from the existence of two competing diffusion mechanisms in water-
saturated conditions, i.e., diffusion in hydrous-saturated grain bound-
aries and diffusion in interconnected fluid-filled porosity
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Fig. 11 Ratio (forsterite/enstatite) of MgO intergranular diffusivities
in the double rim as a function of water fraction. The overall
difference of about two orders of magnitude between forsterite and
enstatite demonstrates that, even if water-saturated, the intergranular
diffusivity of MgO is strongly dependent on the adjacent phases

Taking the data of Gardés and Heinrich (2011) into
account, the entire increase in J;,Di,s from 0 to 5 wt%
water—solid fraction covers about six orders of magnitude
in each of the three rims. Remarkably, the increase attains
four to five orders of magnitude already at 0.1 wt% H,O.
Carlson (2010) observed an increase of seven orders of
magnitude in Al intergranular diffusivities from nearly
anhydrous to fluid-saturated conditions. Such variations
definitely confirm that water/rock ratio is a parameter at
least as important as temperature regarding the kinetics of
mineral reactions. Consequently, it is impossible to assign
a unique value for the intergranular diffusivity of a given
chemical component as it may drastically vary as a func-
tion of the water—rock fraction. Moreover, as they may
have different dependences on water-rock fraction, the
relative intergranular diffusivities between the chemical
components themselves may vary as well (e.g. Joachim
et al. 2012).

The 6;,D;,s in the forsterite rim are higher by about two
orders of magnitude compared to that in enstatite in both
the single and double rims, in both the 0.1-0.5 and 0.5-2
wt% H,O range (Fig. 11). This demonstrates that, even in a
water-saturated rock, the intergranular diffusivity of a
chemical component is strongly dependent on the adjacent
phases. Particularly, when modelling reaction coronas,
assuming identical mobilities in the various single or
multiphase rims may introduce major errors. The ratio of
the 0;,D;es in the double rim is slightly decreasing as a
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function of water fraction but this may not be significant
given the large error bars (Fig. 11). In the dry set-up, the
0igDig in the forsterite rim is only about one order of
magnitude higher compared to that in enstatite at 1,000°C
(Gardés et al. 2011; Fig. 11). Hence, the introduction of
water may also provoke significant variations in the ratio of
the d;,Dios of a given component between multilayered
rims.

Mass transport mechanisms versus water—solid fraction

In samples PC37 and PC45 (H,O-free and with 0.05 wt%
H,0), no reaction rims were detected. This suggests that
grain boundaries in the sample with 0.05 wt% H,0O were
also free of water or hydrous species. This gains some
plausibility because Kronenberg and Wolf (1990) have
shown that crustal quartz under hydrous conditions may
accommodate water by 0.05-0.8 wt% in the form of sub-
microscopic fluid inclusions (see also Johnson 2006, and
references therein). If so, it is probable that this small
amount of water was mainly incorporated into quartz
during the fast sintering of the quartz matrix in our
experiments and therefore absent in the intergranular
medium. Hence, a range from zero to very low water—rock
fractions may exist where transport still occurs in dry grain
boundaries. The ‘dry’ group of the previous enstatite rim
growth experiments (Fig. 1) typically falls in that category.

The invariability of the d;,D;es in the 0.1-0.5 wt% H,0
range (Fig. 10) indicates that no continuous film of water
along grain boundaries is present. One would otherwise
expect an increase in the film width with increasing water
fraction from 0.1 to 0.5 wt% H,O resulting in increasing
0igDigs, which is not observed. Moreover, the derived
values of the §;,D;gs, for instance 10~2*2°*0% m3/5 in the
enstatite single rim, are much too low to be consistent with
a film of free water. Tentatively, assuming a very small
film thickness of 5 nm would yield the diffusivity of
10~"* m?s. This is still six to seven orders of magnitude
lower than ionic diffusivities in water (~ 107821077 m2/s,
Oelkers and Helgeson 1988). Finally, because SiO, is
highly soluble in water at our experimental conditions
(Manning 1994), its immobility in experiments with low
water contents definitely confirms that there is no thick film
of water along grain boundaries. This interpretation is in
line with the work of Watson and Brenan (1987) who
demonstrated that most geological fluids do not exist as
films along grain boundaries. It follows that water or
related species are bonded in the grain boundaries and this
is most likely to occur via hydroxylation. Studies of sili-
cate—water interfaces indicate that surface silica groups are
hydroxylated, thus forming silanol groups (e.g. Fenter et al.
2000; Schlegel et al. 2002; Adeagbo et al. 2008; see also
Heinemann et al. 2001). It was also suggested that water is
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adsorbed on silicate surfaces via hydrogen bridges between
the silanol groups and oxygen of water molecules (e.g.
Schlegel et al. 2002). Therefore, in addition to hydroxyl
groups, the presence of a layer of bonded water molecules
at the interface of the grains cannot be excluded. For that
reason, we do not refer to these grain boundaries simply as
hydroxylated but more generally to ‘hydrous’ grain
boundaries. The large enhancement of the diffusivity in
such ‘hydrous’ compared to dry grain boundaries might
result from the weaker hydrogen bonds that reduce the
activation energy (e.g. Beach 1982). Once saturated with
water-related species, the structure of these grain bound-
aries does not change and any additional free water is
expelled into isolated pores (see Watson and Brenan 1987),
hence explaining the invariability of the 0;,D;es in the
0.1-0.5 wt% H,O range. Tentatively, assuming an effective
width of 5 nm, MgO diffusivities in hydrous-saturated
grain boundaries (HGBs) result in 10~'*° m?/s for enstatite
in the single rim, 10~'** m%s for enstatite in the double
rim and 10" m?/s for forsterite in the double rim. This is
definitely slower than diffusivities in free water. Convert-
ing the data of the 0.1-0.5 wt% H,O range for the enstatite
single rim growth into ‘rim growth rates’ (Ax)*/t—which is
not rigorous here since the growth is not parabolic—yields
an average value of 107'>* m?%/s. This perfectly coincides
with the growth rates derived at 1,000°C from the ‘wet’
group of previous enstatite rim growth experiments
(Fig. 1). We therefore suggest that the water fractions in all
these experiments were in about the 0.1-0.5 wt% H,O
range, and that intergranular transport occurred mainly via
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Fig. 12 Comparison of MgO diffusion in dry and hydrous-saturated
enstatite grain boundaries. The activation energy of diffusion in
hydrous-saturated grain boundaries was estimated according to
previous ‘wet’ enstatite rim growth experiments (see Fig. 1). It is
about two times lower than the activation energy in dry grain
boundaries
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HGBs as defined above. They lie in a relatively narrow
range because the transport properties of these grain
boundaries are independent on water fraction. Taking all
growth rates for enstatite of the ‘wet’ group from the lit-
erature (Fig. 1) and using a linear least squares refinement
yields the apparent activation energy of 185 4 20 kJ/mol.
Assuming this energy as the activation energy of diffu-
sion—as it should be if the growth was parabolic—and
using 1072%%° m*/s at 1,000°C from our experiments, the
Arrhenius law for MgO diffusion in enstatite HGBs is
SuceDNes = ducsDoe /R with E = 185 + 20 kJ/mol
and dygeDo = 10747299 ms, or Dy = 107 64£09 m2/g
if oygp is tentatively assumed to be 5 nm (Fig. 12). This
activation energy is about two times lower than that in dry
grain boundaries, i.e., 417 kJ/mol (Gardés and Heinrich
2011).

The transition between diffusion in dry grain boundaries
and hydrous-saturated grain boundaries (HGBs) is very
sharp and occurs between 0.05 and 0.1 wt% water—solid
fraction in our experiments. The transition is strikingly
drastic because it corresponds to a gain in diffusivity of
four to five orders of magnitude (Fig. 10). This explains the
absence of intermediate values and the magnitude of the
gap between the growth rates of the ‘dry’ and ‘wet’
enstatite rim growth experiments (Fig. 1). In their review
of these experiments, Dohmen and Milke (2010) indeed
suggested the transition between the two regimes to be very
sharp, but the threshold at which it actually occurs, i.e.,
500-1,000 wt. ppm, is much higher than the 10-100 wt
ppm Milke et al. (2009) previously estimated.

The increase in the ;,Dj,s at higher water—solid frac-
tions demonstrates the existence of an additional regime
(Fig. 10). Once the grain boundaries are saturated with
H,O-related species, the excess water is expelled to pores.
As long as pores are isolated at grain corners, their con-
tribution as pathways for mass transport is insignificant.
However, once they become interconnected, fast pathways
for short-circuit diffusion in HGBs are provided. Because
SiO, dissolves in the fluid-filled pores (Manning 1994),
minor mobility of SiO, detected at 2 wt% H,O and mod-
erate mobility at 5 wt% H,O clearly evidences transport of
chemical components in interconnected fluid-filled porosity
in this regime. This is consistent with the fact that longer-
scaled interconnectivity increases with water—rock fraction
and that interconnected fluid-filled porosity in rock-form-
ing minerals forms a network of channels along grain edges
(Watson and Brenan 1987). This regime starts to predom-
inate at 0.5 wt% added H,O (Fig. 10), which is in very
good agreement with the experiments of Watson (1991) on
olivine aggregates where a strong dependence of Fe
intergranular diffusivity on water—solid fraction was also
observed from 0.5 wt% H,O onwards. Our calculated

0igDig value for the enstatite single rim grown with 5 wt%
H,0 is 1072%-62%0-12 i3/, Assuming a §;, of 10 nm, which
represents the mean diameter of the channels in this
regime, yields a diffusivity of about 10~'* m?s. This
value, which is lower if larger diameters are assumed, is
still five orders of magnitude lower than ionic diffusion in
water (~10_8—1O_7 mz/s, Oelkers and Helgeson 1988).
Hence, diffusion in interconnected fluid-filled porosity is
much slower than in bulk water as already inferred by
Farver and Yund (1995) and Carlson (2010). Indeed, the
strong dependence of the fluids’ transport properties on the
properties of adjacent solids is corroborated by the differ-
ence in the J;,D;,s between the forsterite and the enstatite
rims, spanning about two orders of magnitude (Fig. 11). In
this regime, the d;,D;,s are proportional to (Py,o)” with p
being about 2 in all the rims (Fig. 10). If porosity is seen as
a network of channels with diameter d;,, then ¢y, should
be proportional to 5?g. It follows that the J;,Dj,s are pro-
e
reasoning, although very rough, would suggest that the
increase in the §;,D;zs above 0.5 wt% H,O stems not only
from the increase in porosity but also from an increase in
diffusivity. This is reasonable since, with channels
expanding, one would expect surface effects to be lowered
and the diffusivity to converge to that in bulk water.

portional to §;,, or that the D;.s are proportional to 513g- This

The effect of water on intergranular mass transport
revisited

In his seminal analysis, Rubie (1986) proposed a discrim-
ination of the effect of water on intergranular diffusion into
three categories based on water activity, subsequently
reviewed by Farver and Yund (1995) and Carlson (2010).
The description of Farver and Yund (1995) is summarized
in the following.

(1) “Water-absent’: the intergranular medium is free of
water and hydrous species. Diffusion occurs in dry grain
boundaries. (2) ‘Water-unsaturated’: water or hydrous
species are structurally incorporated or bonded in the grain
boundaries. The grain boundary diffusion coefficient may
vary as a function of their concentration. No free fluid
phase is present. (3) ‘Water-saturated’: grain boundaries
are saturated with H>O or hydrous species and a free fluid
phase is present. Rubie (1986) proposed that this fluid was
present as thick film along grain boundaries. Farver and
Yund (1995) subsequently argued that water more likely
was distributed in channels along grain edges according to
the experimental work of Watson and Brenan (1987).

Our observations on the effect of water on the intergran-
ular transport of chemical components are not completely
described by these categories. (1) ‘Water-unsaturated’
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Fig. 13 Proposed classification of intergranular mass transport as a
function of water—rock fraction. (1) Diffusion in anhydrous grain
boundaries, which holds as long as water can be accommodated in the
volume of the minerals. (2) Diffusion in hydrous-undersaturated grain
boundaries, which is a transition regime that is most likely rarely
observed as occurring in a very narrow range in our systems. (3)
Diffusion in hydrous-saturated grain boundaries, which is the first
regime occurring at water-saturated conditions and corresponds to a
jump of several orders of magnitude in reaction kinetics. (4) Diffusion
in interconnected fluid-filled porosity, where there is a continuous
enhancement of mass transport due to the concomitant increases in
porosity, interconnectivity and diffusivity with water—rock fraction

conditions were not observed, neither by us, nor in previous
investigations of enstatite rim growth. The transition from
dry to hydrous-saturated grain boundaries is very sharp,
occurring between 0.05 and 0.1 wt% water—solid fraction in
our experiments, probably because only a very small water
fraction is required to saturate grain boundaries with
H,O-related species. For that reason, the ‘water-unsaturated’
regime with gradually increasing diffusivities is probably
virtually non-existent in many systems. (2) Two transport
mechanisms compete in water-saturated conditions. These
are diffusion along hydrous-saturated grain boundaries,
which dominates as long as fluid-filled pores remain isolated,
and diffusion through fluid-filled channels, which dominates
when pores are interconnected because of the higher diffu-
sivities in aqueous fluid. In this latter regime, there is a
continuous enhancement of mass transport because diffu-
sivity as well as porosity and interconnectivity increase with
water fraction. In other words, transport properties in poly-
crystalline materials are dependent on the water/rock ratio
even at water-saturated conditions, contrary to what this
terminology would suggest. The classification of Carlson
(2010) is also divided into three categories, basically similar
to those of Farver and Yund (1995): ‘nearly anhydrous’,
‘hydrous-but-fluid-undersaturated” and ‘fluid-saturated’
systems. Actually, Carlson (2010) pointed out that trans-
port in water-saturated rocks where pores are isolated
must be distinguished from that where pores do form an
interconnected network. In fact, this division directly cor-
responds to our two different regimes at water-saturated
conditions. Carlson (2010) associated the former case to
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‘hydrous-but-fluid-undersaturated’ systems, which is justi-
fied from a physical point of view but is not reasonable in
terms of thermodynamics. Hence, the description of inter-
granular mass transport as a function of water activity is
insufficient.

We propose a new description based on the macroscopic
and the microscopic nature of the intergranular medium
(Fig. 13). Due to the fact that two regimes compete at
water-saturated conditions, it comprises four categories
sorted by increasing transport kinetics, which are presented
in the following.

1. Diffusion in anhydrous grain boundaries: there is no
water or hydrous species in the intergranular medium.
Diffusion occurs along dry grain boundaries. This
regime holds as long as water can be accommodated in
the crystal structure of the minerals, either as dissolved
hydrous species or as molecules in inclusions. In that
case, mass transport, and processes controlled by mass
transport, can be considered as dry even if the water—
rock fraction departs from zero.

2. Diffusion in hydrous-undersaturated grain boundaries:
the surface sites which can accommodate H,O-related
species, as hydroxyl groups, are partly occupied. This
transitional regime, where diffusivities are expected to
vary as a function of water—rock fraction, is likely to
be rarely observed as only a minute fraction of water is
required to saturate grain boundaries. How much water
is required for this remains an open question and also
may differ from one system to the other.

3. Diffusion in hydrous-saturated grain boundaries: the
surface of the grain boundaries are saturated with H,O-
related species and excess free water is expelled to
isolated pores. Diffusivity in these grain boundaries is
much higher than in dry grain boundaries and is
independent on water—rock fraction. This is the first
regime occurring in water-saturated conditions. Its
extent, in term of water—rock fraction, depends on the
ability of pores to interconnect. It may not exist in
systems where pores always form an interconnected
network. This additional regime comprises the main
distinction between our analysis and those of the
previous works.

4. Diffusion in interconnected fluid-filled porosity: this
regime occurs at the highest water—-rock fractions.
Mass transport occurs in interconnected pores filled
with aqueous fluid, most likely distributed as channels
along grain edges. The transport properties of the fluid
differ from but tend towards those of bulk water as
channels expand. Therefore, there is a continuous
enhancement of mass transport as a function of water
fraction in rocks, even when fluid-saturated. Conse-
quently, at a given higher water fraction, it might well
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be that reactions would not be transport-controlled
anymore but taken over by the dissolution and
precipitation processes at reaction interfaces.

Conclusion

Experimental investigation and modelling of the growth of
enstatite single rims and forsterite-enstatite double rims
with incremental water—solid fractions brings new insights
into the effect of water on intergranular mass transport. The
increase in diffusivities by six orders of magnitude between
dry grain boundaries and intergranular media of samples
containing 5 wt% H,O confirms that water—rock fraction is
a parameter at least as important as temperature with
respect to mass transport-controlled processes. The diffu-
sivities extracted from the forsterite and the enstatite rims
differs by two orders of magnitude. This demonstrates that,
even in a water-saturated rock, intergranular mass transport
may be strongly dependent on the adjacent solid-phase
framework and implies, in case of reaction coronas, that the
diffusivity of a given chemical component may differ from
one rim to the other.

The evolution of intergranular transport properties as a
function of water—solid fraction is better described by cate-
gories based on the explicit macroscopic and/or microscopic
nature of the intergranular medium rather than by water
activity. We propose a classification where intergranular
mass transport is divided in four regimes, sorted by
increasing kinetics: (1) diffusion in anhydrous grain
boundaries, (2) diffusion in hydrous-undersaturated grain
boundaries, (3) diffusion in hydrous-saturated grain
boundaries and (4) diffusion in interconnected fluid-filled
porosity.

Regime (1) holds as long as water can be accommodated in
the volume of the minerals. Diffusivities in hydrous-saturated
grain boundaries (regime 3) are independent on water—solid
fraction and much higher than those in dry grain boundaries
(regime 1), i.e., four to five orders of magnitude in our sys-
tems. We estimate the Arrhenius law for MgO diffusion in
enstatite HGBs to be 5HGBD?{A§§) = SnugeDoe E/RT with E =
185 =+ 20 kJ/mol and dpggDo = 1077 m¥/s. No inter-
mediate diffusivities were detected. Thus, the transition
regime (2) may be irrelevant as virtually instantaneous.
Regimes (3) and (4) correspond to competing mechanisms,
but both in water-saturated condition. Regime (3) dominates
as long as excess water is distributed into isolated pores. It is
replaced by regime (4) when pores form an interconnected
network of channels. In this regime, the transport properties of
the fluid differ from but tend towards those of bulk water as
porosity increases, provoking a continuous enhancement of
mass transport as a function of water—rock fraction.
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