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Abstract The kinetics of (Mg, Fe)SiO3 pyroxene layer

growth within silicate thin films with total thickness <1 lm

was studied experimentally at 0.1 MPa total pressure,

controlled fO2 and temperatures from 1,000 to 1,300�C.

The starting samples were produced by pulsed laser

deposition. Layer thickness before and after the experi-

ments and layer composition as well as microstructures,

grain size and shape of the interfaces were determined by

Rutherford back scattering and transmission electron

microscopy assisted by focused ion beam milling. Due to

the miniaturization of the starting samples and the use of

high resolution analytical methods the experimentally

accessible temperature range for rim growth experiments

was extended by about 300�C towards lower temperatures.

The thickness of the layers at a given temperature increases

proprotional to the square root of time, indicating a diffu-

sion-controlled growth mechanism. The temperature

dependence of rim growth yields an apparent activation

energy of 426 ± 34 kJ/mol. The small grain size in the

orthopyroxene rims implies a significant contribution of

grain boundary diffusion to the bulk diffusion properties of

the polycrystalline rims. Based on microstructural obser-

vations diffusion scenarios are discussed for which the

SiO2 component behaves immobile relative to the MgO

component. Volume diffusion data for Mg in orthopyro-

xene from the literature indicate that the measured diffu-

sivity is probably controlled by the mobility of oxygen.

The observed reaction rates are consistent with earlier

results from dry high-temperature experiments on ortho-

pyroxene rim growth. Compared to high pressure experi-

ments at 1,000�C and low water fugacities, reaction rates

are 3–4 orders of magnitude smaller. This observation is

taken as direct evidence for a strong effect of small

amounts of water on diffusion in silicate polycrystals. In

particular SiO2 changes from an immobile component at

dry conditions to an extremely mobile component even at

very low water fugacities.

Introduction

Diffusive mobility of chemical components controls the

rates of many rock-forming processes, either affecting the

mineralogical composition of rocks, or the mineral’s

compositions, or the rock’s fabric, or all of them con-

currently. In polycrystalline materials, like rocks, diffu-

sion occurs simultaneously in the grain’s interiors

(volume diffusion) and along grain boundaries (grain and

phase boundary diffusion). The efficiency of the respec-

tive paths depends both on the ratio of volume to grain

boundary diffusion coefficients as well as grain size

(Joesten 1991), but also on the partitioning between the
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grain boundary and the crystal volume (Dohmen and

Chakraborty 2003). A number of studies used the growth

of polycrystalline reaction rims between two incompatible

reactants to experimentally quantify the diffusivity of the

respective rate-controlling components (Schmalzried

1978; Brady 1983; Fisler and Mackwell 1994; Fisler

et al. 1997; Yund 1997; Liu et al. 1997; Milke et al.

2001; Watson and Price 2001; Milke and Heinrich 2002;

Milke and Wirth 2003; Abart et al. 2004). They generally

found that rim thickness increases with the square root of

time in accordance with a diffusion-controlled growth

process.

A general problem of the rim growth method is the

detection of small growth rates. Using conventional tech-

niques, rim growth has to amount to a few lm in rim

thickness to be clearly detectable. These limitations in

spatial resolution generally require experiments at very

high temperatures—often outside the temperature range

typically present in the Earth’s crust—to derive diffusivity

data on a feasible laboratory time scale. This problem can

be solved by the miniaturization of the setup combined

with high resolution analytical methods. In silicate thin

films the entire reactant and product layer sequence is

condensed to a few hundred nanometers. Using pulsed la-

ser deposition (PLD) complex oxide or silicate thin films

tens to thousands of nm thick can be produced with per-

fectly controlled stoichiometry and flat layer geometry

(Dohmen et al. 2002a). Olivine thin films doped with 29Si

and 18O prepared with the same setup as used in this study

were successfully used to improve Si and O diffusion data

in single crystal olivine (Dohmen et al. 2002b).

In this paper, we present rim growth experiments

according to the reaction olivine + quartz = orthopyro-

xene:

ðMg; FeÞ2SiO4 þ SiO2 ¼ 2ðMg; FeÞSiO3; ð1Þ

where both olivine and orthopyroxene compositions were

dominated by the Mg endmembers. Rim growth was per-

formed in olivine (Ol)-orthopyroxene (Opx) double layers

on quartz (Qtz) substrates with a total layer thickness

below 1 lm. For analysing rim growth on the sub-micron

scale a concert of highly resolving methods were applied.

Surface topography was controlled using optical micros-

copy, white light interference microscopy, and scanning

electron microscopy (SEM). Layer thickness and chemical

composition were determined by Rutherford backscattering

(RBS). The preparation of electron transparent foils verti-

cal to the sample surface was performed by the Focused

Ion Beam (FIB) method (Wirth 2004). Investigation of

layer microtextures and confirmation of rim thickness

was done by transmission electron microscopy (TEM).

Secondary Ion Mass Spectrometry (SIMS) and numerical

modelling of the isotope profiles across the layers will be

published elsewhere.

The use of thin film samples yields manifold advantages

over conventional rim growth experiments. Synthetic thin

films can be tailored, thus offering flexibility in chemical

composition and providing the ideal topology for SIMS and

RBS depth scanning. Under these ideal conditions very

small growth rates can be accurately measured. The

experimentally accessible temperature range is thus ex-

tended by several hundred degrees to lower temperatures.

Thereby the temperature range of diffusion-controlled

reactions in the Earth’s crust is entered, even for absolutely

dry conditions. Here, we apply the advantages of the thin

film method to close the gap between dry high-temperature

Opx rim growth experiments (far >1,000�C) and experi-

ments at more or less hydrous conditions at moderate

temperature ( £ 1,000�C). In recent years several experi-

mental studies focused on the diffusion-controlled growth

of Opx reaction rims between forsterite-rich Ol and Qtz.

Fisler et al. (1997) performed dry experiments at 0.1 MPa

total pressure in the temperature range from 1,350 to

1,450�C and attributed their results to silicon grain

boundary diffusion. Yund (1997) complemented their high-

temperature data with piston–cylinder experiments at 250–

1,500 MPa and 900–1,100�C and water-contents, which

varied between vacuum dried and 5 wt% water added. At

1,000�C, bulk diffusivities scatter around 10–16 m2 s–1 and

a definite decision for the rate-limiting component could

not be drawn. From the ‘driest’ to the ‘wettest’ experiment,

bulk diffusivity increases by a factor of five. The data of

Milke et al. (2001) with samples sealed ‘as is’ and reacted

at 1 GPa and 1,000�C well agree with the fit in Yund’s

(1997) data-set. The latter authors suggested that MgO is

the rate-controlling component in the high-P experiments

considering volume changes of the interface reactions and

isotope profiles across the orthopyroxene rims. Abart et al.

(2004) re-examined the isotope profiles and added micro-

structural evidence to point out that, in contrast to the

previous interpretation, SiO2 was more mobile than MgO.

If Fisler et al.’s (1997) high-T data were extrapolated to

1,000�C irrespective of the actually rate-controlling com-

ponent, the diffusivity were three orders of magnitude

lower than in the high-P experiments of Yund (1997) and

Milke et al. (2001). This unsatisfying discrepancy between

the data-sets provided the motivation for dry thin film

experiments down to 1,000�C to allow comparison with the

high-pressure data without any temperature extrapolation.

The results of our investigation provide new insight in the

diffusive mobility of major chemical species in polycrys-

talline silicate aggregates at dry conditions. They highlight

the importance of extremely small portions of water for

transport phenomena in polycrystalline silicate aggregates

and rocks.
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Experimental methods

Sample preparation for reaction rim experiments

Two types of Quartz single crystals (Qtz1 and Qtz2) were

used for our experiments. The first single crystal Qtz1 was

cut into 2 mm thick slices perpendicular to the optical axes

and polished with diamond powder. The second set of

quartz samples were from a commercial supplier

(Steeg&Reuter, Bad Homburg, Germany), which were

0.7 mm thick polished slices oriented along the [001] axis.

The polished quartz samples were deposited with amor-

phous thin films with compositions of olivine near

(Fe0.1Mg0.9)2SiO4 and orthopyroxene near (Fe0.1Mg0.9)-

SiO3 by Pulsed Laser Deposition as described in detail by

Dohmen et al. (2002a). Some of the samples were depos-

ited at hot conditions to crystallize films directly during

deposition. The quartz samples were placed on a quartz

glass plate sitting on SiC heater in a high-vaccuum

chamber. The temperature of the system (deposition area

on the quartz plate) was measured with a pyrometer (Typ

PS28, Keller HCW GmbH, Ibbenbüren-Laggenbeck, Ger-

many) or a NiCr–Ni thermocouple and calibrated with

melting points of Al and Zn. On the basis of a sequence of

heating experiments with different crucibles and samples

we have estimated the temperature to be precise within

±10�C.

Table 1 lists the set of samples prepared for the reaction

rim experiments along with the ablation conditions to

produce the films. The thin films listed in Table 1 were

produced using either a 248 nm or a 193 nm laser beam

and slightly varying laser fluences (i.e. energy per surface

area). The targets were dense pressed pellets of olivine

(SynOldot1) and pyroxene (SynOpx4), which were syn-

thesized by mixing the oxides SiO2, Fe2O3 and MgO and

heating in gas mixing furnaces at 1,300–1,400�C for ~48 h

under an oxygen fugacity of 10–9 bar. The olivine pellet

was synthesized with isotopically enriched SiO2 (50%
29SiO2 + 50% Si18O2). The oxygen fugacity in the furnace

was set by a flowing gas mix of CO and CO2 in the re-

quired proportions. Preanneals of the thin film coated

crystals served to crystallize the films. The preanneals as

well as the reaction rim experiments were carried out in the

same furnaces as the synthesis of the pellets.

We have varied the thin film structure and composition to

reach a well-defined and optimized setup for the reaction

rim experiments. The whole set of deposited quartz starting

samples can be subdivided into four different groups:

(Setup 1) Deposition of amorphous olivine layers (samples

QzOl3–QzOl9) and subsequent pre-anneal at 900�C and

fO2 = 10–14 bar for about 4 days. (Setup 2) Deposition of

amorphous pyroxene and/or olivine layers (samples

QzOl14–QzOl17 and QzOl18-20) without subsequent pre-

anneal. (Setup 3) Pre-annealed pyroxene layer + pre-an-

nealed olivine layer (samples QzOl24–QzOl30); pre-an-

neals performed in two steps at 1,200�C and fO2 =

10–10 bar for 160 min after deposition of the pyroxene film

and 900�C and fO2 = 10–15 bar for 20 h after deposition

of the olivine layer. (Setup 4) Hot deposited pyroxene +

olivine layer (samples QzOl47–QzOl49 + Qz2Ol21–

Qz2Ol24); produced at ~850�C without subsequent

pre-anneal.

Thin film characterization

The characterization of the samples after preanneal or

reaction anneal was carried out in three steps. Surfaces

were characterized with optical microscopy, white light

Table 1 Deposition conditions and thin film properties of starting samples for Opx layer growth experiments

Set up Samples Deposition conditions Thin film properties

Target Time (s) k( (nm) T (�C) Film compound dRBS (nm) dFIB (nm) Comments

Setup 1 QzOl3–9 Fo90Fa10 2,520 248 a Fe0.25Mg1.85Si0.97O4 710

Setup 2 QzOl14–17 En90Fs10 720 193 a Fe0.10Mg0.9Si1.05O3 265 260

QzOl14–17 Fo90Fa10 900 193 a Fe0.23Mg1.77Si1.0O4 520 520

QzOl18–20 Fo90Fa10 1,260 193 a Fe0.23Mg1.77Si1.0O4 745

Setup 3 QzOl24–30 En90Fs10 300 248 a Fe0.10Mg0.9Si1.0O3 170 150

QzOl24–30 Fo90Fa10 1,200 248 a Fe0.25Mg1.75Si1.0O4 510 560

Setup 4 Qz2Ol21–24 En90Fs10 300 193 850 Fe0.14Mg0.86Si1.0O3 70 Zoned opx?

Qz2Ol21–24 Fo90Fa10 1,200 193 850 Fe0.14Mg1.85Si1.0O4 210 Zoned olivine

QzOl46–53 En90Fs10 300 193 850 Fe0.13Mg0.7Si1.16O3 70

QzOl47–53 Fo90Fa10 1,200 193 850 NM 210

Laser fluence varied between 5 and 10 J/cm2

NM Not measured
a Room temperature
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interference microscopy (ATOS, Darmstadt, Germany)

and/or scanning electron microscopy (LEO 1530 Gemini

FESEM, Carl Zeiss AG, Germany) at the Institut für

Geologie, Mineralogie und Geophysik, Ruhr-Universität

Bochum. White light (phase shift) interference microscopy

were carried out with a machine which operates in Linnick

mode and provides a quantitative measure of the topogra-

phy on the nm-scale, whereas SEM provides a higher

resolution on the lateral scale and makes smaller structures

visible, like individual grains on the nm-scale. The second

step of investigation was the chemical analysis of the thin

films with Rutherford-backscattering (see below) and depth

profiling with secondary ion mass spectrometry (SIMS).

The SIMS results and their interpretation will be published

in a second paper. The last part of the sample analysis

procedure was the cutting of foils for transmission electron

microscopy (TEM) using the focused ion beam technique

(FIB) which is essential to observe the structure of the films

in a cross section.

Rutherford backscattering (RBS)

From analysis with Rutherford backscattering spectroscopy

(RBS) the stoichiometry and thickness of thin films can be

extracted (e.g. Jaoul et al. 1991; Dohmen et al. 2002a). The

RBS measurements were carried out at the Dynamitron

Tandem Accelerator facility of the Ruhr-Universität

Bochum. Here, a beam of alpha particles with 2 MeV is

used in combination with a silicon particle detector at a

backscattering angle of 170�. The beam of the alpha par-

ticles with a current of 20 nA was collimated to a diameter

of 0.5 mm. To avoid charging of the samples a thin coating

with Ag at the edge of the sample was deposited with a

liquid suspension.

The spectra were simulated using the software RBX

(Kotai 1994). As input for the simulation in addition to the

measurement conditions we have varied the stoichiometry

and thickness of the films to obtain best possible matches to

the observed spectra. The density was taken to be the

nominal value for a crystal of the given composition.

The resolution of the spectra is relatively poor, because

there is substantial overlap in signals from the substrate and

the films. Moreover, recrystallization of the layers during

pre-anneal and Opx-layer formation leads to a significant

irregularity of the interfaces, up to ±100 nm (see below).

Because of the large beam diameter the RBS analysis

averages out the detailed chemical pattern. Nevertheless,

the method was adequate to clearly identify the film

thickness and chemistry of the starting samples and to give

an idea about the reacted layer thickness. To consider the

lower effective energy (depth) resolution, we used a large

straggling factor between 5 and 10 for the simulations. This

straggling effect is originally the broadening of the energy

distribution of the alpha particles with increasing depth due

to interaction with the outer electrons in the target.

Transmission electron microscopy

TEM foils were vertically extracted from the sample sur-

face using the focused ion beam (FIB) method (Overwijk

et al. 1993; Roberts et al. 2001). With FIB the preparation

of electron transparent specimens—which is a cumbersome

task using conventional ion thinning—becomes a routine

technique that provides superior results in several respects.

Milling occurs by a beam of gallium ions accelerated to

30 keV. The method allows the cutting of about 15 lm

long foils with a uniform thickness of about 100 nm per-

pendicular to the reaction interface including the thin film

and the topmost few lm of the quartz substrate. The ori-

ginal sample surface including the thin film forms one edge

of the TEM foils. The uniform thickness of the TEM foils

without any preferential thinning at the margins ensures

constant electron transparency over the entire samples. Due

to the vertical cutting the occurrence of beam damage or

other artifacts in the sample surface are minimized. The

vertical cutting also ensures that any deviations due to

oblique cross sections are avoided in the layer thickness

measurements. The thin film samples for this study were

prepared with the FEI FIB200 instrument at the GeoFor-

schungsZentrum (GFZ) Potsdam. For more technical

details the reader is referred to Wirth (2004).

TEM investigations were carried out with a Philips

CM200 TEM at GFZ-Potsdam equipped with a LaB6 fila-

ment and an energy-dispersive X-ray (EDX) analyzer with

an ultrathin window. EDX profile measurements across the

layer and substrate sequences were used to check the

homogeneity of layer chemistry. Crystallographic infor-

mation was obtained from electron diffraction patterns.

Results

Starting samples

Grain sizes

During pre-annealing of initially amorphous films both

olivine and orthopyroxene crystallized to a characteristic

grain size and texture. The pre-anneals of the Opx layers at

1,200�C (Setup 3) lead to fairly homogeneous grain sizes in

each specimen in the 100–200 nm range (Fig. 1a). Initially

amorphous olivine layers with Fo90 composition annealed

at 900�C crystallize within several hours to a dense poly-

crystalline matrix with grain sizes ranging roughly from 50

to 200 nm (Dohmen et al. 2002a). We observed the same

behavior for Setup 1 samples (only Ol layer) as well as
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Setup 3 samples (Fig. 1a, Ol layer on top of pre-annealed

Opx-layer). The Opx crystallized at 1,200�C was not

effected in any visible way by the following anneal at

900�C (Setup 3). In all these samples the crystal diameters

of Opx are approximately equal to the respective layer

thickness. It must be emphasized that on the bright field

TEM photos crystal sizes may easily be underestimated

because many grain boundaries do not show up and the real

grain size becomes only visible by orientation contrasts on

dark field images. The orthopyroxene crystals assume a

palisade-like shape preferred texture with grain boundaries

oriented almost perpendicular to the Opx–Qz reaction

front. Other than Opx, Ol assumes a polygonal fabric

without any preferred grain orientation or elongation.

In thin films produced by hot deposition (~850�C, Setup

4) of first Opx and then Ol on top, both phases crystallized

instantaneously from the plasma. Most Opx crystals only

measure 10–20 nm, but high-resolution TEM (HRTEM)

images also indicated the presence of structurally coherent

areas with about 100 nm diameter. Crystal sizes in the Ol

layer measure mostly 20–50 nm.

Chemical composition and thickness

In Table 1, the chemical composition of the layers as

measured by RBS and the thickness of the layers as mea-

sured by RBS and TEM are listed in comparison. The

resolution of the RBS spectra is relatively poor for the

investigated samples with two layers of several hundred

nm thickness. In particular, the measurement of the Mg and

O contents in the layers has a relatively large error, because

the cross section of the backscattering is proportional to the

square of the number of protons in the atom. However,

there are very significant features in the spectrum, caused

for example from the compositional jumps of Si between

the layers and the Qtz substrate, from which a very good

estimate of the layer thickness can be drawn (Fig. 2). From

the best fits it is evident that the Ol- and Opx-layers are in

general slightly enriched in Fe compared to the nominal

composition of the targets used for ablation. A small

deviation from an ideal Ol- or Opx-stoichiometry cannot be

excluded from the RBS analysis, but any small excess of

either SiO2 or (Fe, Mg)O would not significantly influence

the process as long as the majority of the crystals in the

film are Opx or Ol. In fact, the TEM images show a rather

homogeneous film with respect to phase assemblage.

Chemical compositions of the films are also homogeneous,

except for those films that were heated during deposition,

as identified for sample Qz2Ol24. Here, a slight zoning in

Fe in the range of a few mol% can be observed, a corre-

sponding zoning for Mg might be present, but cannot be

resolved by RBS. The reason could be exchange processes

between the Ol- and Opx-layer or partitioning between

crystallized and still amorphous regions in the film during

deposition.

Interfaces

After deposition, the layer interfaces are very smooth

depending on the polishing quality of the quartz substrate

and the evenness of the pyroxene layer surface. For in-

stance, quantitative measurement of the surface topography

of sample QzOl29 using interference microscopy gives an

average roughness of about 2–3 nm (calculated by the

software ATOS Mark III V3.7.1.5). The irregularity of the

Fig. 1 a Bright field TEM image of a FIB section through a layered

olivine–orthopyroxene thin film on quartz. This sample (QzOl-29)

shows the initial state after layer deposition and pre-anneals according

to Setup 3. Annealing temperature for the Opx layer was 1,200�C.

The Opx layer crystallized during the pre-anneal, but no Opx rim

growth did occur so far. Typical crystal sizes in the Opx layer are

150–200 nm. Single crystals are not always discernable on bright

field images, but only on series of dark field images. The bright and

dark coating on top of the olivine layer are carbon and platinum,

respectively, applied for FIB preparation. b Section through a layered

Opx–Ol thin film couple on Qtz (QzOl2–24) prepared by hot

deposition of both layers at ~850�C (Setup 4). Crystal sizes in the Opx

layer are often only 10–20 nm, but crystallographically coherent areas

with more than 100 nm diameter occur as well
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Ol–Opx interface of the same sample seems to be slightly

larger, of the order of 10 nm, according to the bright field

TEM image of a cross section of this sample (Fig. 1a).

To summarize, irrespective of the detailed experimental

procedure used to produce the diffusion couples, the sam-

ples are chemically and geometrically well defined and

therefore suitable as starting samples for layer growth

experiments. The different layers are in direct physical

contact and are separated by real interphase boundaries

without any visible porosity that could be a potential bar-

rier for element transport.

Microstructural observations of reacted samples

Grain size evolution

Figure 3 displays a bright field TEM image of an Ol–Opx

layer sample after an Opx growth experiment. Initially

amorphous Opx–Ol double layers (QzOl 15 and 16) crys-

tallized during 15 min annealing at 1,100�C to grain sizes

of approximately 10–50 nm. The crystallization rate seems

to be fast enough in this case to avoid any chemical mixing

between the two layers. After 300 min the grains measured

50–100 nm, well below the thickness of the Opx layer.

These observations contrast with the fast Opx crystal

growth during the pre-anneals at 1,200�C (cf. Fig. 1a). In

all experiments using samples pre-annealed at 1,200�C it is

obvious that Opx crystal sizes and textures after the

experiments do not significantly differ from the pre-an-

nealed starting samples (cf. Fig. 4). It is thus concluded

that after initial grain growth a stable grain boundary

configuration is attained that persists during the experi-

ments.

Unlike Opx the pre-annealed olivine grains coarsen

significantly from an average diameter of about 50 nm to

about 200 nm after the reaction anneal (e.g., Figs. 4, 5a).

This coarsening does not significantly increase surface

roughness (Fig. 5b), whereas the Opx/Ol interface seems to

become increasingly irregular (Fig. 4).

In hot-deposited samples fast grain growth of Opx and

Ol occured in the first minutes of experiments at 1,200�C

or higher, leading to crystal sizes and textures identical to

the pre-annealed specimens (for Opx), independently of

run temperature and duration, thus suggesting that the
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Fig. 2 Example of a RBS depth

scan fitted with the software

RBX to obtain chemical

composition and thickness of

individual layers (sample QzOl-

29, prepared by Setup 3). a The

spectrum with its best fit. The

four vertical lines indicate the

characteristic energy of a-

particles back-scattered at a

given element (here Fe, Si, Mg

and O), which is located at the

surface of the sample. b Here

the contribution of the

individual layers to the bulk

spectrum is illustrated. The bulk

simulated spectrum shown in

(a) is simply the sum of the

individual contributions. For the

Opx-layer and the Qtz substrate

the contribution of each element

is also indicated by the element

symbol. The small sketch in the

upper right of the figure

illustrates schematically the

sequence of the layers. This

specific sample has been

deposited in addition with a

very thin graphite film for the

investigation with SEM
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final crystal diameters are controlled by layer thickness.

The time needed until the final grain size is reached

remains unknown, because a mature texture did already

form in the shortest experiments during 10 min run time.

In thin layers with individual crystals in the range of tens

of nanometers minimization of interface energies is pos-

sibly attained by rotating crystals to low-energy mutual

orientations (Harris et al. 1998; Moldovan et al. 2001).

Small grains therefore might form clusters that assist in

the recrystallization to an equilibrium structure made up

of larger grains. Similar processes may contribute to the

fast crystallization of the initially small crystals to the

coherent palisade-like crystals extending over the entire

Opx layer widths.

Once formed, texture and grain size remain almost

unchanged except for the increase in thickness of the Opx

layers. However, as Opx proceeds to grow the interface

roughness of both the Opx–Qtz and Opx–Ol layers increase

notably. Locally, pyroxene bulges into the quartz substrate

leading to protrusions up to 300 nm, whereas in other areas

the interface remains smooth on the 10–20 nm scale

(Fig. 6).

Polysynthetic twinning of enstatite

TEM investigation reveals that the pyroxene consists of

twinned lamellar intergrowths of orthoenstatite and cli-

noenstatite (for convenience we use Opx as a summary

term in the entire paper). Such microstructures are ex-

plained by formation of orthoenstatite plates due to (100)

twinning of clinoenstatite on the unit cell scale and

stacking ortho- and clinoenstatite lamellae in two twin

orientations (Buseck et al. 1980). Alternating ortho- and

clinoenstatite lamellae have a thickness below 100 Å as

can be discerned from dark field images (Fig. 7a). Fre-

quent irregularities in fringe contrasts and spacings are

indicative of high stacking disorder. Such lamellar

microstructures are present in the quenched pyroxenes

over the entire temperature range of this study. They are

consistent with pyroxene microstructures formed upon

Fig. 3 Bright field TEM image of an initially amorphous two-layer

sample with Opx–Ol stoichiometry on Qtz after a rim growth

experiment at 1,100�C for 15 min (QzOl–15). The Opx and Ol layers

crystallized without chemical mixing. Crystal sizes in the Opx layer

are predominantly in the 10–50 nm range

Fig. 4 Bright field TEM

images of a starting sample

(Setup 3) and three experiments

of a time series at 1,200�C. The

scale bar applies for all four

images. Black outlines on both

sides of the Opx layer

accentuate the evolution of layer

thickness and interface

morphology. The Opx layer

thickness increases with run

duration. Variations in Opx

layer thickness and

perturbations in the initially

even interfaces evolve in the

course of rim growth
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instantaneous transformation from the high-temperature

polymorph protoenstatite to metastable clinoenstatite and

stable orthoenstatite during quenching (Buseck et al.

1980). Although stability relations and transition temper-

atures between the enstatite polymorphs are debatable

(Jackson et al. 2004 and references therein), these obser-

vations indicate that all pyroxenes were protoenstatite

during the reaction anneals. Consequently, the transition

from protoenstatite to the low-temperature modifications

must occur below 1,000�C. The grain boundary structure

and hence diffusion properties in protoenstatite potentially

differ from those in orthoenstatite. However, since the

displacive proto- to orthoenstatite transition essentially

involves just a slight rotation of SiO4-tetrahedra in the

chains, its effect on grain boundary diffusivity is probably

of minor importance.

Fig. 5 a SEM image of the olivine layer surface of an annealed

sample (QzOl–24). b Interference microscopy image of the same

sample. The grey scale indicates the topography. Along the black
solid line a height profile is shown on the right side of the image

Fig. 6 An extreme case of interface roughness at the Opx–Qtz

growth front from sample QzOl–27 (1,200�C for 360 h). In the thick

parts the Opx layer apparently has used up the Ol source layer.

Reasons for this locally aberrant behaviour are unknown. Arrows
point to strain contrast in quartz. The brighter circle below the centre

of the image is not a structure in the sample, but a hole in the carbon

film on which the studied sample is placed in the TEM

Fig. 7 a HRTEM image of an Opx crystal at the Opx–Qtz interface

viewed approximately along the b-axis. The white and black stripes

are clinopyroxene (cell width ~9 Å in a-direction) or orthopyroxene

(cell width ~18 Å in a-direction) lamellae, both of them in two twin

orientations. b TEM bright field image of an Ol–Opx thin film on Qtz

substrate (QzOl–30; 1,005�C; 4,200 min). Quartz shows pronounced

strain contrast. All lobes are emerging from strain contrast centres in

the Opx–Qtz interface
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Elastic deformation of quartz

After the Opx layer has increased in width during the

anneals, chains of strain contrast centers are present in

quartz along the Opx reaction front (Fig. 7b). The strained

areas show up on TEM bright field images as bent contrasts

typically reaching about 200 nm, but in places up to 2 lm

into the Qtz substrate crystal. Their appearance is equiva-

lent to strain contrasts observed in quartz in areas where

local volume increase was induced due to beam damage

(Martin et al. 1996) or to diffusion-controlled crystal

growth (Milke and Wirth 2003). The most pronounced

examples emerge where Opx protrudes into the Qtz sur-

face, but small strain halos also occur in regions where the

interface roughness after reaction does not exceed the

original morphology of the Qtz surface (cf. Figs. 6, 7b).

Strikingly, strain contrasts are present in all samples that

have undergone growth of the Opx layer whereas they are

completely absent in the pre-annealed starting samples.

Reaction-induced stress at the Opx–Qtz interface might

have profound implications on local reactions. If purely

diffusion controlled, a planar growth front under isobaric

conditions should move in a straight way preserving its

smoothness. However, if local stress occured, this would

locally add a mechanical contribution to the chemical

potentials of the diffusing components and thereby change

the driving force for diffusion across the reaction rim. In

the case of the reaction Ol + Qtz fi Opx the reaction

volume is negative and DG of the reaction as well as the

chemical potential gradients for the diffusing components

increase with pressure. Any local growth-induced stress

should therefore locally increase diffusion rates resulting in

a positive feed back for any protrusion that starts to form at

the Opx–Qtz growth front. It is thus expected that small

undulations initially present at the Opx–Qtz interface tend

to build up, leading to increased irregularity of the growth

fronts as layer thickness increases (cf. Fig. 4). In the con-

text of our experiments the positive feed back between

reaction-induced stress and growth rates sets a limit for rim

growth to be feasibly treated as planar layer growth.

Generally, the increasing deviations from planar rim

geometry indicate that reaction-induced stress significantly

contributes to the driving force of diffusion-controlled so-

lid media reactions. Reaction-induced stress may lead to

inhomogeneity and anisotropy during diffusion-controlled

rim growth.

Reaction rates

Our investigations clearly show that the olivine film and

the quartz crystal are continuously consumed to form

orthopyroxene. Ideally, if the reaction is transport con-

trolled the geometry of the system should not change its

character—a uniform layer should grow in a uniform way.

However, the time series at 1,200�C (Fig. 4a–d) shows that

the interphase boundaries became more irregular with time.

Above, we have already discussed that phenomena on the

nano-scale, like grain-scale stress fields, are an important

parameter influencing the reaction rate. Therefore, the

system deviates from the ideal case. Irrespective of these

growing irregularities the bulk amount of Opx increases

with time, which can be shown by assigning the Opx-rim

an average thickness. The total reaction progress is then

equivalent to the difference between the final and the initial

Opx-rim thickness: DxOpx ¼ dOpx � d
�
Opx: For the determi-

nation of the average rim thickness, we measured the rim

thickness of the Opx- and Ol-layer at up to 50 different

positions on TEM images and calculated the arithmetic

average (Table 2). Regions in the TEM image where strong

stresses are visible and correspondingly anomalously thick

Opx-layers (e.g. sample QzOl27; Fig. 7) occur were not

considered for this analysis. The parabolic dependence of

ðDxOpxÞ versus time of the experiment, Dt; observed for the

time series at 1,200�C, is characteristic for a diffusion-

controlled mechanism of the bulk reaction (Fig. 8). The

slope, k, is defined in the following as the reaction rate

constant. In comparison we show a linear fit to the data,

which would be indicative for an interface-controlled

reaction, where dissolution or precipitation of a chemical

species is the rate determining step. However, intermediate

reaction types are possible as well. The kinetics of such a

combined mechanism may still result in a parabolic rate

law (Lasaga 1986). We calculated a reaction rate constant

for all experiments (Table 2) from DxOpx

� �2
=Dt assuming

that the parabolic rate law is valid at all temperatures even

when we have only one experiment at a given temperature

and the validity was not explicitly tested (Fig. 9). These

data show an Arrhenean behavior over the entire investi-

gated temperature regime between 1,000 and 1,300�C and

yield an apparent activation energy of 416 ± 34 kJ/mol,

which is within the error limits the same activation energy

as observed by Fisler et al (1997). This linear dependence

supports the assumption of the parabolic rate law at other

temperatures than 1,200�C. The extrapolation of our data to

higher temperatures give very similar reaction rates,

slightly smaller by a factor of 2 than those of Fisler et al.

(1997). Both data sets in combination show that under

completely dry conditions and one atmosphere the rate-

determining step for the formation of Opx does not change

over the entire temperature range between 1,000 and

1,450�C. This is an important conclusion, because on the

one hand it shows that our nano-scale approach gives

consistent results compared to a micro-scale approach at

similar conditions. On the other hand, a combined mech-

anism can be excluded because in this case one could ex-

pect a change in the temperature dependence at some point,
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since diffusion and interface processes are expected to have

different activation energies.

Most importantly, compared to the high pressure data at

1,000�C (Yund 1997; Milke et al. 2001) the present low-

pressure data are almost four orders of magnitude smaller.

A reasonable explanation for this phenomenon is given

below after a detailed discussion of possible mechanisms.

Interpretation

Rate-controlling reaction step

The overall reaction olivine + quartz = orthopyroxene can

be split in two half-reactions at the opposite sides of the

Opx layer (Milke et al. 2001; Abart et al. 2004):

1 foþ t SiO2 ¼ ð1þ tÞ enþ ð1� tÞ MgO, ð2Þ

ð1� tÞ MgOþ 1 qtz ¼ ð1� tÞ enþ t SiO2, ð3Þ

where 0 £ m £ 1. In the extreme case of m = 1 there

would be exclusively diffusion of SiO2, and Opx growth

would be restricted to the Ol–Opx interface. In the case of

m = 0 there would only be diffusion of MgO, and Opx

growth would occur at identical rates at both the Ol–Opx

and the Qtz–Opx interfaces. In the P, T range of our

experiments, the volume change of partial reaction (2) in

the latter situation is negative (–28%), whereas that of

partial reaction (3) is markedly positive (+38%). In the

particular case of m = 0.28, DV of reaction (3) would be zero

and the replacement of Qtz by Opx could occur stress-free.

In reactions under high confining pressure, rim forming

reactions tend to minimize reaction-induced stress by

constant volume replacement of the source phase of the

most immobile component (Abart et al. 2004). In this case,

Table 2 Run conditions, average rim thicknesses (dOpx, dOl), and reaction rate constants, k, of Opx rim growth experiments

ID T (�C) time (min) log (fO2) (bar) dOl (nm) dOpx (nm) DxOpx (lm) log k (lm2/h)

QzOl15 1,100 300 –11 420 ± 30 360 ± 20 0.10 –2.70

QzOl16 1,100 15 –11 500 ± 10 300 ± 10 0.03 –2.44

QzOl19 1,248 198 –10 500 ± 50 400 ± 50 0.40 –1.32

QzOl24 1,200 160 –10 440 ± 100 390 ± 50 0.25 –1.63

QzOl25 1,200 30 –10 550 ± 100 170 ± 30 0.08 –1.89

QzOl26 1,154 1,354 –10 360 ± 80 410 ± 100 0.41 –2.13

QzOl27 1,200 360 –10 300 ± 100 400 ± 100 0.40 –1.57

QzOl30 1,005 4,200 –10 390 ± 30 230 ± 40 0.13 –3.62

Qz2Ol21 1,196 10 –10 170 ± 20 180 ± 20 0.08 –1.42

Qz2Ol22 1,093 1,425 –10 30 ± 20 200 ± 30 0.30 –2.42

Qz2Ol23 1,250 30 –10 30 ± 20 450 ± 100 0.35 –0.61

QzOl47 1,046 3,910 –10 210 ± 40 140 ± 40 0.15 –3.46

QzOl48 1,305 10 –10 50 ± 30 320 ± 30 0.30 –2.21
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Fig. 8 Increase in the square of the Opx rim thickness, ðDxOpxÞ2;
versus time of the experiment, Dt: The temperature series yield

straight lines in the ðDxOpxÞ2 vs. Dt plot. Their slope is the reaction

rate constant, k. In comparison a fit is shown assuming a linear

dependence of DxOpx on t (in this plot a parabolic time dependence)
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Fig. 9 Logarithm of rim growth rate (as reaction rate constant, k) as a

function of reciprocal temperature. The slope yields an activation

energy of 416 ± 34 kJ/mol. Data from other Opx rim growth studies

(Fisler et al. 1997; Yund 1997; Milke et al. 2001) with Fo90 olivine as

starting material are shown for comparison. The error bars for each

data point are calculated from the standard deviations of each

individual rim measurement (Table 2 )
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the initially present Opx layer would stay fixed with respect

to an external reference frame. In contrast, under low

confining pressure, as is the case in our thin film experi-

ments, volume restrictions are eased. Volume changes, for

example, a positive reaction volume at the Qtz–Opx

interface, could simply shift away the initial Opx layer with

respect to an external reference frame. Therefore, within

stoichiometrical limits there are no volume restrictions for

Opx growth at either side of the original Opx layer. Several

scenarios could comply with the observed scenario. If MgO

were much more mobile than SiO2, Opx would form at

equal rates at both the Qtz–Opx and Ol–Opx interfaces and

the total rim growth rates would reflect MgO diffusivity. If

the diffusive mobility of MgO and SiO2 were in the same

order of magnitude, significant growth at undefined rates

would occur on both sides of the initial Opx layer and rim

growth rates would be a function of both MgO and SiO2

diffusivity. In case, local reaction-induced stress at the

Qtz–Opx interface would inhibit the progress of reaction

(2), any stress-releasing mechanism could control the

overall layer growth rates. One possible stress-releasing

mechanism would be SiO2 diffusion towards the Ol–Opx

interface in which case SiO2 diffusion through the Opx

layer would become rate-controlling. In the absence of any

textural interfaces within the Opx layer there are no univ-

ocal criteria to differentiate between these scenarios simply

by (electron) optical means.

The strain contrasts at the Qtz–Opx interface help to

reduce the range of feasible scenarios. They resemble the

strain contrasts observed by Martin et al. (1996) around

amorphisized areas in quartz and by Milke and Wirth

(2003) at propagating wollastonite reaction fronts around

quartz grains, who both ascribed them to the compressive

stress associated with the local reactions.

Apparently, any growth-induced stress component nor-

mal to the Qtz–Opx interface could simply be released by

lifting the initial Opx layer. In contrast, a sideward stress

component could not be dissipated this way. Effective

exertion of reaction-induced stress on the Qtz surface thus

would require some morphology of the Qtz–Opx interface,

where the initial interface roughness of the starting samples

possibly might suffice. The prominent strain in Qtz espe-

cially around Opx protrusions in the reaction front (cf.

Fig. 7) supports this argument. The most striking obser-

vation, however, is the frequent presence of strain contrasts

in reacted samples where orthopyroxene growth had oc-

cured at the Opx–Qtz interface and on the other hand its

complete absence in the pre-annealed (at 1,200�C) and hot-

deposited (at 850�C) starting samples, although during pre-

annealing or hot layer deposition they had undergone

heating and quenching treatment similar or identical to the

reacted samples (cf. Figs. 1a, b, 4). It can therefore be

excluded that the observed intracrystalline strain is the

result of thermomechanical stress due to quenching. This

conclusion is further backed by the presence of strain

contrasts in reacted samples in regions with relatively flat

interface morphology where the interface roughness after

reaction is practically equal to the starting samples. The

presence of strain contrast in Qtz in such flat interface

regions after growth of the Opx layer indicates that the

origin of the strain contrast centers is independent from the

interface morphology, but is related to the growth history

of the Opx rim. Thus, this general discrepancy between

reacted and non-reacted layers provides evidence that the

observed strain contrast requires the existence of growth

fronts and therefore bears witness of reaction-induced

stress. It follows from this reasoning that reaction (2) in-

deed induced a positive volume change, thus indicating

that m £ 0.39. Consequently, MgO must be more mobile

than SiO2. The discussion of the rate-limiting diffusing

component therefore can be restricted to scenarios with

SiO2 being rather immobile.

Extraction of diffusion coefficients from reaction rates

In the preceding section the relative net mobility of MgO

and SiO2 through Opx reaction rims has been discussed on

the basis of microscopic observation and theoretical con-

sideration, from which MgO has been identified as the

more mobile component. In principle, the flux of all ions

Fe2+ (Fe3+), Mg2+, Si4+ and O2– in the reaction system has

to be treated explicitly, but these fluxes are coupled by

electrostatic interactions and the constraint of phase sta-

bility of Opx. The net mobility of MgO is the combination

of the individual mobilities of Mg2+ + O2–, which gener-

ally do not have to obey a one to one relation. Only in the

limiting case of almost immobile Si, as proposed here, the

bulk fluxes of O2– and Fe2+ + Mg2+ are equal to conserve

the phase stability of Opx (e.g. Fisler et al. 1997). The

framework of irreversible thermodynamics has been used

by Fisler and Mackwell (1994) to derive equations for the

relation between the rim thickness and the bulk diffusion

coefficients of the various ions in the rim for the reaction 2

FeO + SiO2 = Fe2SiO4. Fisler et al. (1997) followed this

approach for the reaction Ol + Qtz = Opx and derived the

following equations for the two cases considered here

assuming that Si is approximately immobile and a steady-

state flux in the rim has been attained:

Si� Fe, Mg� O: DxOpx

� �2 ¼ �4 DMe

DGOpx

R � T Dt; ð4Þ

Si� O� Fe, Mg: DxOpx

� �2 ¼ �12 DO

DGOpx

R � T Dt: ð5Þ

From these equations one can calculate the bulk diffusion

coefficients in the rim for the less mobile of O and Fe, Mg.
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The term DGOpx is the driving force for the chemical flux,

that is identical to the DG of the Opx forming reaction

investigated (Reaction 1). The bulk diffusion coefficient of

an ion i, Di; depends on both the mean grain boundary

diffusion coefficient, D
GB

i ; and the volume diffusion

coefficient, DV
i ; as follows (e.g., see Joesten 1991):

Di ¼ D
GB

i

pd
2d
þ 1� pd

2d

� �
DV

i ; ð6Þ

where effects of tortuosity have been neglected because of

the palisade like Opx grains. The grain boundary and the

volume diffusion coefficients are weighted by the ratio of

grain size of pyroxene, d, and the grain boundary width, d.

Considering the small crystal size in the Opx thin films of

about 200 nm and assuming a mean effective grain

boundary width of 2 nm in accordance with many previous

workers (Kaur et al. 1995, p. 147f.), the weighing factor d/d

amounts to 1%. An additional assumption for Eq. 6 is that

the partitioning of the diffusing species between the grain

boundary and the volume is equal. A fractionation of the

species between these two media can be considered by a

segregation coefficient, K (e.g., see Herzig and Mishin

1998) which is incorporated into the weighing factor: K pd
2d :

Discussion

Mg diffusion versus O diffusion

Bulk diffusion coefficients of either Mg or O in pyroxene

rims calculated using Eq. 4 yield effectively the same

activation energy as the reaction rates (416 ± 34 kJ/mol,

Fig. 10), because the temperature dependence of the factor

DG/RT in Eq. 4 is almost negligible within the investigated

temperature regime (varies between 0.550 and 0.545, cal-

culated using the data of Berman 1988). From Eq. 6, it can

be directly seen that measured volume diffusion coeffi-

cients constitute a lower limit for the bulk diffusion coef-

ficient of the polycrystalline Opx rims. For this reason Mg

volume diffusion and intracrystalline FeMg interdiffusion

coefficients from the literature have been added to Fig. 10.

Extrapolation of the literature data from Schwandt et al.

(1998) and the FeMg interdiffusion data of Ganguly and

Tazzoli (1994) determined for single crystals to higher

temperatures predict slightly larger bulk diffusion coeffi-

cients even without considering contribution of grain

boundary diffusion. Notably FeMg interdiffusion in Opx

single crystals determined from naturally formed zonations

at an estimated peak temperature of 1,130�C by Klügel

(2001) plot close to our data. Intuitively, this accordance

between diffusion coefficients in single and polycrystalline

Opx would not be expected. For the given Opx texture in

our experiments, if the grain boundary diffusion coeffi-

cient, D
GB

i ; for the rate determining species would exceed

the volume diffusion coefficient, DV
i by about two orders of

magnitude, both volume and grain boundary diffusion

could in equal measure contribute to bulk diffusion. If

Di,GB > 100 Di,Vol, as is the case for forsterite with

DMg,GB � 1,000 DMg,Vol (Chakraborty et al. 1994; Farver

et al. 1994) and many other oxide and silicate phases

(Joesten 1991), bulk diffusion in the polycrystalline Opx

rims should be significantly faster than in Opx single

crystals. Thus, diffusion of Mg as the rate determining step

for diffusion of the mobile component MgO can be almost

ruled out, since even Mg volume diffusion coefficients are

larger than or at least approximately the same as that ob-

tained from the reaction rates of Opx rims. To overcome

this complication, one might consider that the extrapolation

of the single crystal diffusion data (Ganguly and Tazzoli

1994; Schwandt et al. 1998) over several 100�C is prone to

large uncertainty and might exaggerate cation volume

diffusion coefficients. However, in this case the activation

energy for grain boundary diffusion would consequently

have to be higher than for intracrystalline diffusion, which

seems improbable. For several diffusion scenarios in (Mg,

Fe)-silicates the situation DSi � DO � DFe;Mg is well

established (e.g. compilation of data in Dimanov and

Sautter 2000), however, for isostatic grain boundary dif-

fusion the situation is undecided, and at least in the pres-

ence of traces of water under high pressure may be quite

different (Abart et al. 2004).

Based on the above arguments, O diffusion is the only

candidate left as the rate limiting species. Whether grain

boundary diffusion dominates or volume diffusion of

oxygen significantly contributes to the bulk diffusion

coefficient cannot be decided by the present results, but

isotopic profiles across the rims give a further constraint for

this discussion. A detailed report on the isotopic profiles

and their simulation is in preparation (Dohmen et al., in
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Fig. 10 Arrhenius plot of bulk Mg diffusion data in dry protopyrox-

ene aggregates calculated from the reaction rim experiments of Fisler

et al. (1997) and this study using Eq. 4 in comparison with volume

diffusion data for Mg and Fe–Mg in Opx single crystals
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preparation), but as a short communication at this point it

has to be noted that in accordance with our interpretations

Si isotopes seem to be rather immobile compared to the

oxygen isotopes. The oxygen isotopes are distributed

across the complete newly formed rim suggesting that

diffusion of oxygen is efficient through the volume of the

Opx crystals. Another indicator that volume diffusion of

oxygen might contribute or even dominate the bulk diffu-

sion through the Opx rim is the high activation energy of

more than 400 kJ/mol, which has not been reproduced so

far by any direct measurement of grain boundary diffusion

coefficients in silicates.

Finally, we conclude that under dry conditions Opx rim

growth rates are limited by diffusive transport of (Fe,

Mg)O, whereby oxygen is most probably the rate-control-

ling species. It must be stated, however, that the bulk dif-

fusion of Fe, Mg is probably not orders of magnitude larger

than bulk diffusion of O. It cannot be excluded that Mg

grain boundary diffusion also contributes significantly to

the effective grain boundary diffusion coefficient control-

ling Opx layer growth. Moreover, given the uncertainty in

the extrapolation of Mg volume diffusion it cannot by any

means ruled out that both crystal interiors and grain

boundaries provide efficient pathways and provide signif-

icant contributions to Opx growth.

High-pressure versus low-pressure experiments

The thin film experiments permit a direct comparison of

diffusivity under ‘‘really dry’’ conditions at 0.1 MPa and

‘‘traces of water’’ conditions at high pressure. Experiments

at 700–1,400 MPa by Yund (1997) and Milke et al. (2001)

yield at 1,000�C Dbulk around 10–16 m2 s–1, about three or

four orders of magnitude faster than in the dry thin film

experiments. In the high-P experiments there was only an

increase by a factor 5 in reaction rates from samples vac-

uum-dried at 250�C to samples with 5 wt% water added

(Yund 1997). However, this temperature was not really

suitable to dehydrate the silicate samples (Dimanov et al.

1999). Moreover, at 1,000�C the Pt tubes used in these

experiments must be considered open for the diffusion of

hydrogen (Truckenbrodt et al. 1997) or even water (Truc-

kenbrodt and Johannes 1999). Therefore, hydrogen-related

defects in Opx or, even more importantly in the Opx grain

boundaries could have formed due to diffusion into the

capsules under run conditions. The pressure media imme-

diately surrounding the capsules used by Yund (1997) and

Milke et al. (2001) were graphite, pyrophyllite and fluorite,

all of which are open for hydrogen diffusion. In all

experiments pyrophyllite was part of the pressure assem-

blies. Therefore, the water fugacities in the capsules were

at least in part controlled by the water-bearing pressure

media during the experiments.

At present no data on oxygen or cation diffusion in Opx

polycrystals exist at either dry or hydrous conditions.

Apparently the unconstrained but low water fugacities in

the high-P experiments were sufficient to enhance the bulk

diffusivity in the polycrystalline Opx rims by 3–4 orders of

magnitude compared to the dry conditions in the thin film

experiments. Especially, the diffusion of the Si species

might be enhanced in polycrystals in the presence of traces

of water. Abart et al. (2004) presented microstructural and

isotope evidence that Opx rims between Ol and Qtz with

traces of water in high-P experiments occurs by constant

volume replacement at the Opx–Ol interface. This situation

requires that SiO2 is more mobile than MgO (m ‡ 0.39 in

Eqs. 2, 3). Thus, not only is bulk diffusivity enhanced in

the presence of traces of water at high pressure, but in

particular the effective diffusivity of the SiO2 component,

such that SiO2 turns from an immobile to a mobile com-

ponent. Identical observations were made for the growth of

wollastonite rims between quartz and calcite in either dry

CO2 in hydrothermal experiments (100 MPa; 850–950�C)

or in piston–cylinder experiments (1 GPa; 1,000–1,100�C),

where SiO2 was less mobile than CaO in the former set of

experiments, but more mobile in the latter (Milke and

Heinrich 2002).

One may speculate by which means water enhances the

mobility of ions in polycrystalline Opx. Water dissolved in

the grain boundaries may alter the geometry of partially

ordered grain boundary structures and thereby enhance

both grain boundary diffusion coefficients and effective

grain boundary widths. The presence of hydrolysed silicon

bonds is a well established concept to explain, for example,

the water weakening effect on ductile behaviour of silicates

(e.g. Griggs 1967; Tullis and Yund 1989; Brodholt and

Refson 2000). Strong changes of the effective mobility of

chemical species due to an altered physical nature of the

grain boundary (e.g. dry system versus wet system) have

long been predicted (Rubie 1986; Dohmen and Chakr-

aborty 2003), which view is supported by many studies on

diffusion controlled creep of silicates (e.g. Dimanov et al.

1999, 2000; Rybacki and Dresen 2000).

The difference in water fugacity between the ‘‘wet’’

high-P experiments and the dry 0.1 MPa experiments

could have far reaching implications for petrogenetic pro-

cesses in the crust and mantle, because it may mimic the

difference between in situ ‘‘wet’’ and ‘‘dry’’ rocks. Even

in the absence of a free grain boundary fluid, OH-bearing

minerals should buffer fH2O at a level near the ‘‘traces of

water’’ experiments, whereas extremely low fH2O should

only be prevalent in the absence of hydrous phases (Kohn

1999). In nature, oxygen isotope resetting among meta-

morphic minerals depends critically on fH2O in nominally

dry rocks (Kohn 1999). The drastic effect of small fH2O

differences to cation mobility in polycrystalline aggregates
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implies that traces of water may also control the efficiency

of processes depending on cation diffusion in the lower

crust and the mantle. This is an obvious fact for experi-

mental studies on diffusion creep under dry and slightly

water-bearing conditions (e.g. Mei and Kohlstedt 2000;

Hier-Majumder et al. 2005; Rybacki et al. 2006), but so far

remained obscure in direct measurements of grain bound-

ary diffusion in geomaterials or diffusion-controlled rim

growth.

Nominally anhydrous minerals from mantle xenoliths

like olivine and orthopyroxene contain water in a range

from a few up to more than 1,000 wt-ppm (e.g. Ingrin and

Skogby 2000; Rauch and Keppler 2002; Mosenfelder et al.

2006). Moreover, metasomatized mantle regions contain

OH-bearing minerals like amphibole or phlogopite. Thus,

mantle rocks span a range in water saturation close to the

range from really dry experiments to those in the presence

of traces of water. Consequently it is inferred that processes

occurring at grain boundaries in mantle rocks may also

respond vigorously to subtle changes in fH2O.
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