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Abstract  12 

Reaction rim growth experiments provide insight into mass transport phenomena, which are 13 

important for metamorphic rock-forming processes and deformation mechanisms. We 14 

investigated the formation of enstatite single rims between quartz and forsterite and of 15 

enstatite-forsterite double rims between quartz and periclase using porous polycrystalline 16 

starting materials. About 3 wt% water was added, acting as a catalyst for reactions. 17 

Experiments of mainly 4 and 23 h duration were performed in a Paterson-type deformation 18 

apparatus at 1000°C temperature, 400 MPa confining pressure and differential stresses 19 

between 0 and 46 MPa. The resulting reaction rim width varied between <1 µm and ≈ 23 µm, 20 

depending on duration and type of reaction product. At isostatic pressure conditions, our data 21 

indicate that rim growth is proportional to time, controlled by dissolution-precipitation at 22 

interfaces of interconnected fluid-filled pores. In contrast, under non-isostatic stress 23 

conditions the reaction rim thickness increases non-linearly with time, implying diffusion-24 

controlled growth. The magnitude of differential stress has no systematic influence on the 25 



reaction rate. Microstructural observations suggest that deformation-induced reduction of 26 

interconnected porosity causes this change in rate-controlling mechanism. For a natural MgO-27 

SiO2 system, the results infer that fast interface-controlled reaction in the presence of high 28 

amounts of water is easily suppressed by concurrent deformation. 29 

 30 
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 33 

Introduction 34 

 35 

Grain boundary diffusion is an efficient mass transport pathway in fine-grained geological 36 

materials allowing fast mineral reaction during metamorphism and high creep rates of 37 

deforming rocks. With respect to mineral phase equilibria and reaction kinetics, existing 38 

experiments and thermodynamic calculations commonly rely on isostatic pressure conditions. 39 

However, the in-situ state of stress is usually non-isostatic with variable magnitude of the far 40 

field differential stress, depending on the geological setting and boundary conditions. At the 41 

grain scale, differential stresses may additionally result from stress concentrations at material 42 

heterogeneities or in response to volume changes associated with mineral reactions and phase 43 

transformations. 44 

Theoretical approaches suggest that differential stresses affect the thermodynamic 45 

equilibrium conditions for minerals and the number of phases that are simultaneously present 46 

(e.g., Wheeler 2014; Vrijmoed and Podladchikov 2015; Hobbs and Ord 2016). These findings 47 

are supported by experimental investigations (Vaughan et al. 1984; Hirth and Tullis 1994; 48 

Delle Piane et al. 2009), but there is still ongoing debate if the mean or maximum principal 49 

stress determines equilibrium conditions (Richter et al. 2016). 50 



Beside phase stability, differential stresses can also affect reaction rates. For example, 51 

the driving force for reaction can be modified by contributions of the elastic and plastic strain 52 

energy to the total Gibbs free energy (e.g., Karato 2008). Stress-induced plastic deformation 53 

may change the local point defect density and induce gradients of the chemical potential, 54 

presumably enhancing intracrystalline diffusion (Brodie and Rutter 1985). In addition, stress-55 

induced line defects may lead to fast pipe diffusion along dislocation cores. If the deformation 56 

is high, grain size reduction by dynamic recrystallization or cataclasis are expected to enhance 57 

grain boundary diffusion. Furthermore, dilatant crack opening and propagation allow fluid 58 

infiltration into a dry system, which may strongly enhance reaction rates. In naturally 59 

deformed rocks enhanced metamorphic reactions via short-circuit grain boundary diffusion 60 

and grain boundary migration have been described by Keller et al. (2006, 2008) and by Terry 61 

and Heidelbach (2006), respectively. Experimental studies provide evidence for deformation-62 

enhanced metamorphic reactions, for example in the systems feldspar-olivine (de Ronde et al. 63 

2004; de Ronde and Stünitz 2007), periclase-ferropericlase (Heidelbach et al. 2009), calcite-64 

dolomite (Delle Piane et al. 2009), and for Al2O3-polymorphs (Goergen et al. 2008). In most 65 

cases, the reaction enhancement is associated with grain size reduction and grain boundary 66 

migration at high strain deformation. 67 

 Quantitative studies on mineral reaction rates in the presence of differential stress are 68 

still rare. Few experimental studies are dealing with the formation of spinel between periclase 69 

and corundum (Keller et al. 2010; Götze et al. 2010; Jeřábek et al. 2014) and with the growth 70 

of dolomite between calcite and magnesite (Helpa et al. 2015, 2016), showing a minor 71 

influence of stress on reaction progress in most cases. In this study, we examine the 72 

geologically important system MgO-SiO2, which was extensively investigated in isostatic 73 

reaction experiments in the past (Fisler et al. 1997; Yund 1997; Milke et al. 2001, 2007, 74 

2009a, 2009b; Abart et al. 2004; Gardés et al. 2011, 2012; Gardés and Heinrich 2011). At the 75 

contact between periclase (Per = MgO) and quartz (Qtz = SiO2) diffusive mass transport of 76 



the components results in the formation of forsterite (Fo = Mg2SiO4) – enstatite (En = 77 

MgSiO3) double rims, following the reaction (Gardés and Heinrich 2011): 78 

MgO + υSiO2 → (1-υ) Mg2SiO4 + (2υ-1) MgSiO3      (1) 79 

with υ = stoichiometric coefficient ranging between 0 and 1. Enstatite single rims form 80 

between forsterite and quartz reactants, described by the reaction: 81 

Mg2SiO4 + SiO2 → 2 MgSiO3          (2) 82 

Götze et al. (2010) first investigated the influence of differential stress on enstatite-83 

forsterite double rim growth between single crystal reactant phases. The results indicate that 84 

the double rim was thinner if grown under high differential stress of Δσ ≈ 24 MPa compared 85 

to rims grown at Δσ ≈ 3 MPa. In contrast, orthopyroxene single rims grown between 86 

polycrystalline reactants were slightly thicker if subjected to a differential stress of 29 MPa as 87 

compared to rims grown under hydrostatic conditions. However, the results are limited to few 88 

examined reaction couples and the experiments were performed in a uniaxial creep rig at 89 

atmospheric confinement and under dry conditions. Using a Paterson-type deformation 90 

apparatus, we focus here on the influence of non-isostatic stress on the formation of enstatite 91 

single rims and enstatite-forsterite double rims forming between hydrous polycrystalline 92 

reactants at high confining pressure and temperature. 93 

 94 

 95 

Starting materials and experimental setup 96 

 97 

The polycrystalline reactants used in our experiments were composed of quartz sandwiched 98 

between periclase and forsterite allowing to study single and double rim evolution in a single 99 

run (Table 1, Fig. 1). Each cylindrical reactant was grinded and polished to dimensions of 7 100 

mm diameter and 4 mm length. For some sample stacks the end surfaces of reactants were 101 

sputtered with platinum to unravel component mobility (Gardés et al. 2011). The total 102 



assembly length was 14 mm including alumina spacers on both ends. The stacks were 103 

wrapped into a thin Ni-foil and surrounded by a 0.8 mm thick talc cylinder (Fig. 2). The entire 104 

assembly was encapsulated in a steel cylinder by laser welding, which guaranteed gas-tight 105 

sealing and served as a solid buffer fixing oxygen fugacity at the Ni-NiO buffer (Mei and 106 

Kohlstedt 2000; Rybacki et al. 2006). Talc dehydrates above a temperature of T ≈ 750 °C at a 107 

confining pressure of P = 400 MPa (Chernosky et al. 1985), releasing ≈ 5 wt% H2O. This 108 

ensures wet conditions for the reaction experiments.  109 

The average grain size of the starting materials was determined from secondary 110 

electron (SE) and back-scattered electron (BSE) micrographs using the line intercept method 111 

(Underwood 1970). Porosity was measured by He-Pycnometry (Micromeritics AccuPyc 112 

1340), representing total connected porosity. Periclase reactants were composed of 99.7 wt% 113 

MgO with an average grain size of d = 13 ± 7 µm and a porosity of Φ = 7 %, fabricated by 114 

Rauschert Heinersdorf-Pressig GmbH (Table 1). Synthetic quartz (d = 130 ± 45 µm, Φ = 22 115 

%) was delivered by HiPer Ceramics GmbH. Forsterite aggregates (d = 48 ± 10 µm, Φ = 3 %) 116 

were produced from synthetic powders by a sequence of cold isostatic pressing and 117 

subsequent hot isostatic pressing (HiP) for 23 h at T = 1200°C and P = 400 MPa. The 118 

chemical composition of the forsterite was stoichiometric. In two tests (samples PO-10, PO-119 

11, Table 3), the relatively porous and coarse-grained quartz was replaced by fine-grained 120 

natural Arkansas Novaculite (98.2 wt% SiO2, d = 4 ± 2 µm, Φ = 4 %) with an as-is water 121 

content of 0.21 wt% (Götze et al. 2010). Simultaneously, the coarse-grained forsterite was 122 

replaced by synthetic fine-grained forsterite (d = 2 ± 1 µm, Φ = 7 %), sintered at 1500°C for 123 

12 h at the Hochschule Koblenz. Chemical analyses showed stoichiometric composition and 124 

some isolated accumulations of impurities (Ca ≈ 0.2 wt%, Al ≈ 0.08 wt%, Fe ≈ 0.24 wt% and 125 

S ≈ 0.2 wt%).  126 

All reaction experiments were performed at high temperature and pressure using a 127 

Paterson-type gas deformation apparatus. The target temperature, controlled by a Pt-128 



Pt/13%Rh thermocouple, was raised with a linear heating ramp of 20°C/min and cooled down 129 

after test termination with a rate of 2°C/min. Reported (axial) differential stresses were 130 

determined from measured forces, corrected for the strength of talc and steel cylinders and 131 

assuming constant volume deformation (Rybacki et al. 2006, 2013). Measured axial 132 

displacements were corrected for system compliance and converted to bulk axial strains with 133 

respect to the length of the entire starting material stacks. After experiments, the cylinders 134 

were cut parallel to the cylinder axis and mounted into epoxy resin. Surfaces of the mounted 135 

samples were polished with diamond paste and colloidal silica to analyse the mineral 136 

reactions at the interfaces of the starting materials.  137 

 138 

 139 

Analytical methods 140 

 141 

The average width ∆x of each enstatite-forsterite double rim (DR) and enstatite single rim 142 

(SR) was determined from BSE images by dividing the measured total reaction rim area by 143 

the entire rim length (Table 3). In addition, the grain size of the fine-grained product phases 144 

was estimated by applying the line intercept method on BSE and SE micrographs with lines 145 

oriented parallel to the reaction interface. To amplify grain boundaries, polished surfaces were 146 

etched using 35% nitric acid for 3 to 5 min (Nishihara et al. 2016). Reported grain sizes are 147 

median values (Table 3). Detailed microstructural analyses of some samples were done using 148 

a Tecnai™G2 F20 X-twin transmission electron microscope (TEM) by applying the focused 149 

ion beam (FIB) technique (FEI FIB 200 TEM) to obtain foils with dimensions of 17 × 10 × 150 

0.15 µm cut perpendicular to the reaction interface.  151 

 The chemical compositions of the reactants and the reaction rims were analyzed using 152 

electron probe micro-analyser (EPMA, JEOL JXA-8200 Superprobe and JEOL Hyperprobe 153 



JXA-8500F). Wavelength-dispersive spectroscopy (WDS) was performed at an accelerating 154 

voltage of 10-15 kV, a beam current of 15-20 nA with a fully focused beam (~50 nm). Line 155 

scans across the reaction rims were performed using a step size of 1 µm. Counting times were 156 

20 s on peak and background. As calibrant materials we used olivine (Mg2SiO4), diopside 157 

(CaMgSi2O6) and nickel (Ni). Chemical zoning in double rims was observed by energy 158 

dispersive X-ray (EDX) element mapping using the electron microprobe or a scanning 159 

electron microscope (SEM Ultra 55 Plus, Carl Zeiss SMT). Maps were measured in WDS 160 

mode with dwell times of 100-400 ms and counting times of 10 s on peak and background. 161 

These settings allowed unambiguously discriminating double rims into forsterite and enstatite 162 

sublayers, utilized to determine their individual width. 163 

 The water contents of some reactant phases before and after experiments were 164 

determined using Fourier transformed infra-red spectrometry (FTIR) with a Vertex 80 v 165 

interferometer and an attached IR-microscope (Hyperion 2000). The investigated samples 166 

were double polished to a thickness of 200-230 µm. Measurements were conducted at room 167 

temperature in transmission light mode using a Globar, a KBr beam splitter and an InSb 168 

detector. Analyses were performed with an aperture size of 130 × 130 µm and 128 scans per 169 

spectra were averaged with a resolution of 2 cm-1. After background-baseline correction and 170 

thickness normalization, the hydroxyl content was determined using the calibration given by 171 

Paterson (1982). The calculated initial intrinsic water content of synthetic periclase and quartz 172 

reactants was about 0.4 wt% (Table 1). After testing, the water contents were in the range of 173 

0.2 – 1.1 wt%, roughly comparable to the starting fraction (Table 1), and of HiPed forsterite 174 

about 0.1 wt%. Unfortunately, the width of enstatite-forsterite double rims and enstatite single 175 

rims were too small to obtain reliable FTIR spectra. The total maximum water content of the 176 

sample stack was between 3.1 and 3.4 wt% (Table 2), estimated from the sum of initial water 177 

content determined by FTIR and the theoretically released amount of water by talk 178 

dehydration. At the experimental P-T conditions, water is supercritical with a density of about 179 



0.53 gcm-3 (Wagner and Pruß 2002) and can be considered as a supercritical fluid with a more 180 

liquid-like character since the density is above the critical isochor (density of 0.32 gcm-3), 181 

which divides water into a material with more liquid-like and more gas-like properties. 182 

 183 

 184 

Results 185 

 186 

Bulk deformation behavior 187 

 188 

All reaction experiments were performed at T = 1000 °C temperature and P = 400 MPa 189 

confining pressure with run durations of 4, 8.5 or 23 h. Axial differential stresses (Δσ) were 190 

between 0 and 46 MPa. The resulting axial bulk strains ranged between 3 % and 27 % (Table 191 

2), whereby the axial bulk strain typically increased with increasing stress. Substantial 192 

deformation of the product phases was not detected. Instead, most of the deformation was 193 

partitioned into the coarse-grained porous quartz reactant, which was shortened up to about 60 194 

% (Table 2). This demonstrates that wet porous quartz is weaker than the other minerals under 195 

the applied experimental conditions. In comparison, strong forsterite showed only minor 196 

deformation. Periclase reactants revealed slightly higher strains than forsterite, but were the 197 

weakest phase in the two sample stacks with strong Novaculite used as starting material 198 

(samples PO-10, PO-11).  199 

Measured bulk strain-time curves showed non-linear behavior, which is typical for 200 

transient (primary) creep (Fig. 3a). Final nearly steady state creep rates of bulk sample stacks 201 

were in the order of   = 10-7 – 10-6 s-1 (Table 2), determined at about 90 % - 100 % of the 202 

final strain (see Fig. 3a). These creep rates are considerably higher than published steady state 203 

creep rates determined for dense wet aggregates of similar composition. For example, at our 204 



experimental P-T conditions and Δ = 50 MPa, which is slightly higher than the upper limit 205 

of our imposed differential stresses, existing flow laws for wet polycrystalline aggregates 206 

predict steady state strain rates for dislocation creep of quartz between 3 × 10-8 s-1 (Paterson 207 

and Luan 1990) and 8 × 10-8 s-1 (Rutter and Brodie 2004) and of olivine between 2 × 10-9 s-1 208 

(Mei and Kohlstedt 2000) and 3 × 10-9 s-1 (Karato and Jung 2003). The low strength of our 209 

synthetic starting materials is likely caused by their high porosity, where compaction induces 210 

pronounced primary creep. Assuming a power law relation between apparent steady state 211 

creep rate and differential stress of the form  212 

~ n             (3), 213 

where n is stress exponent, our data indicate non-linear viscous creep (n ≈ 4) at high 214 

differential stress (Δ > 10 MPa) and probably Newton-viscous creep (n ≈ 1) at low 215 

differential stress (Fig. 3b). 216 

 217 

Reaction rim composition and microstructure 218 

 219 

At the imposed P-T-t conditions, the mineral reaction between periclase and quartz formed 220 

double rims of enstatite and forsterite, with enstatite next to quartz and forsterite adjacent to 221 

periclase (Figs. 4 a-f; 5a, c). Single enstatite reaction rims formed in between quartz and 222 

forsterite reactants, (Figs. 4 g-i; 5b, d). Chemical analyses using WDS point analyses and 223 

EDX mapping reveal a homogenous composition of each sublayer in the double rims and of 224 

enstatite single rims. The average mol fractions of Mg in forsterite and enstatite rims are 28±1 225 

mol% and 20±2 mol%, respectively, close to ideal chemical composition. Only in two 226 

experiments using the contaminated fine-grained sintered forsterite, trace elements of Al, Ca, 227 

Fe, S and P were detected. These elements are preferentially incorporated into the enstatite 228 



(sub-) layer as indicated by a high density contrast in BSE images. Locally, high Ca 229 

substitution formed some solid solution of clinopyroxene. 230 

Enstatite-forsterite double layers are relatively constant in thickness along the 231 

interface. Under isostatic conditions, enstatite sublayers exhibit elongated grains growing 232 

approximately perpendicular to the interface into the quartz reactant (Fig. 4a), which are less 233 

elongated at non-zero differential stress (Fig. 4 b-f). The enstatite grains always contain one 234 

set of straight thin lamellae regardless of stress conditions, possibly caused by the displacive 235 

proto- to orthoenstatite transition below 1000 °C (Milke et al. 2007). The forsterite sublayers 236 

contain pores (Fig.4), which are at least partly inherited from the porous starting materials 237 

since they are less abundant in samples where low porous Novaculite was used as starting 238 

material (Fig. 4 b, c, Table 3). This suggests that the double rim layer is preferentially 239 

growing into the quartz reactant, which is supported by the position of platinum markers that 240 

often remain near the periclase-forsterite interface (Fig. 4c). Note, however, that the 241 

alignment of particles bulge sometimes up to ≈30-50% of the double rim width towards the 242 

forsterite-enstatite interface, partially decorating grain boundaries and pores (e.g., Fig. 4c, left 243 

white arrow). Forsterite in contact to enstatite often shows elongated grains and sometimes an 244 

increasing grain size towards the periclase reactant (Fig. 5a, c). The latter implies that 245 

forsterite nucleation occurred at the enstatite interface and coarsened during reaction progress 246 

(cf. Gardés et al. 2012; Nishihara et al. 2016). Abundant micropores occur mainly at low 247 

differential stress within the forsterite sublayer and partially form a gap between periclase and 248 

forsterite (Fig. 4a-f). A reasonable explanation is deformation of the matrix that may reduce 249 

the open pore space at high differential stress. 250 

Enstatite single rims were produced at the contact interface between forsterite and 251 

quartz. The enstatite reaction rim and interfaces also contain abundant micropores (Fig. 4 g-i), 252 

which are probably initiated by the negative reaction volume change of V ≈ -6.5%. The 253 

latter is calculated at experimental conditions using molar volumes of 3.21× 10-5 m3mol-1 for 254 



enstatite, 4.51 × 10-5 m3mol-1 for forsterite, 1.16 × 10-5 m3mol-1 for periclase, and 2.36 × 10-5 255 

m3mol-1 for quartz (calculated using the software PERPLEX by Connoly 1990, 2005 and the 256 

database of Holland and Powell 1998). The amount of pores appears to be hardly affected by 257 

the magnitude of differential stress (Fig. 4) and lower for sintered than for hipped forsterite 258 

reactants (Table 3). Platinum marker nanoparticles sputtered on interfaces in sample PO-10 259 

aligned preferentially at the forsterite reactant interface (Fig. 4), but were occasionally also 260 

located within the enstatite layer (up to  a distance of ≈ 30% of the rim width apart from the 261 

Fo-En interface). Sometimes, they appear to be associated with segregated impurities of the 262 

sintered fine-grained forsterite. Enstatite grains contain fine lamellae oriented in various 263 

directions (Fig. 5b, d). Grain boundaries of adjacent grains are usually straight or slightly 264 

curved, forming 120° equilibrium angles at triple junctions. This suggests minor deformation 265 

of the product phases, as also observed for double rims. Preservation of pores within reaction 266 

rims and occasionally precipitation of talc (Fig. 5b) indicate the presence of water. 267 

 268 

Evolution of reaction rim thickness and product grain size  269 

 270 

The width of the reaction rims is in the range of ≈ 4 to 23 µm for double rims and ≈ 1 to 5 µm 271 

for single rims, respectively (Table 3). Rim growth over time is commonly expressed by a 272 

power law relationship of the form: 273 

∆𝑥 𝑡𝑚                      (4) 274 

with ∆x = rim thickness, t = time and m = rim growth exponent (e.g., Fisher 1978). Fig. 6 275 

shows the temporal evolution of reaction rim width in double-logarithmic scale. Although 276 

based on few data, our experiments indicate faster rim growth at isostatic (Δσ = 0) than at 277 

non-isostatic conditions (Δσ > 0). For Δσ = 0 MPa (samples PO-1, 6, 9), least square fitting of 278 

the data yield a rim growth exponent of mEn-SR = 1.0 ± 0.1 for enstatite single rims, mEn-DR = 279 

1.3 ± 0.7 for enstatite sublayer and mFo-DR = 1.0 ± 0.2 for forsterite double rims (circles in Fig. 280 



6). These values are distinctly higher than obtained at high differential stress of Δσ = 33 ± 1 281 

MPa (samples PO-3, 4) with corresponding values of mEn-SR = 0.3, mEn-DR = 0.3 and mFo-DR = 282 

0.6, respectively (squares in Fig. 6). 283 

Almost all experiments at non-isostatic conditions were terminated after 4 h or 23 h 284 

duration (Table 2). In both cases, the thicknesses of enstatite single rims and of double rim 285 

sublayers vary substantially and do not change significantly with increasing stress after 4 h 286 

run duration (Fig. 7a-c) and after 23 h duration (Fig. 7d-f). A notable exception is the 287 

relatively large double rim width at 0 MPa differential stress after t = 23 h that is probably 288 

related to the very high amount of pores observed in this sample (Fig. 4a). Fast diffusion 289 

through fluid-filled pores may have accelerated rim growth in this sample compared to the 290 

remaining less porous samples, which is supported by large rim growth exponent of m ≈ 1 at 291 

Δσ = 0 MPa (Fig. 6). The influence of the starting material porosity and grain size (synthetic 292 

quartz vs Novaculite and hipped vs sintered forsterite) appears to be minor (cf. symbols with 293 

and without central dot in Fig. 7).  294 

Within error bars, no significant influence of differential stress on the grain size of the 295 

product phases is evident (Fig. 8). Between 4 h and 23 h duration, grain growth of the product 296 

phases is almost negligible (Table 3, Fig. 8), likely due to pinning caused by pores (Olgaard 297 

and Evans 1988). Therefore, we expect no major influence of grain size on the rim growth 298 

behavior. 299 

 300 

 301 

Discussion 302 

 303 

The results of our rim growth experiments on wet samples performed at T = 1000°C, P = 400 304 

MPa and Δσ = 0 – 46 MPa up to 23 h run duration reveal a complex rim evolution with no 305 

systematic influence of differential stress on rim thickness and potentially higher contribution 306 



of interface-controlled reaction on rim width at isostatic than at non-isostatic conditions. We 307 

discuss plausible rim growth processes and the effect of stress on reaction kinetics. 308 

 309 

Effect of water on reaction rim growth 310 

 311 

As shown in previous reaction studies in the MgO-SiO2 system performed under isostatic 312 

conditions, rim growth between fine-grained starting materials is mostly controlled by grain 313 

boundary diffusion, which is relatively insensitive to pressure, but highly sensitive to water 314 

content (e.g., Fisler et al. 1997; Yund 1997; Milke et al. 2001, 2007; Gardés et al. 2011, 2012; 315 

Nishihara et al. 2016). In general, the presence of only small amounts of fluids facilitates 316 

diffusion rates by enhanced solubility and enhanced diffusivity in the intergranular regions 317 

(Brady 1983; Keppler and Bolfan-Casanova 2006; Dohmen and Milke 2010). For the MgO-318 

SiO2 system, Gardés et al. (2012) specified different diffusivity regimes depending on the 319 

rock-water fraction, which are based on isostatic powder reaction experiments between 320 

crushed starting materials with grain sizes of ≈ 1 µm for quartz, >100 µm for periclase and 321 

>200 µm for forsterite. At T = 1000°C and P = 1500 MPa, the authors observed a transition 322 

from ‘dry’ to ‘wet’ behaviour with strongly enhanced intergranular diffusivity in a narrow 323 

water content range of 0.05-0.1 wt% H2O. Between 0.1-0.5 wt% H2O the reaction rim 324 

thickness of enstatite single rims and enstatite-forsterite double rims remained independent of 325 

water content. Above about 0.5 wt% H2O, single and double rim width increased again, 326 

expected to reflect fast diffusion through interconnected fluid-filled pore channels (Gardés et 327 

al. 2012). As noticed by Milke et al. (2009b, 2013, 2017), the required amount of water for 328 

the transition from a dry to a wet system is substantially lower for large sandwiched samples 329 

than for fine-grained powder sample assemblies. This is because not only the total amount of 330 

water present in a system is important for enhanced grain boundary diffusion-controlled 331 

growth, but the relation between available water and grain boundary area. Because in our 332 



experiments the total water fraction was 3.1-3.4 wt% (Table 2), we expect that the reaction 333 

rims were formed in the wet, water-fraction sensitive regime, at least under isostatic 334 

conditions.  335 

 336 

Component mobility 337 

 338 

Gardés et al. (2011, 2012) performed isostatic reaction rim growth experiments in the same 339 

system that we investigated. For double rim formation (eq. (1)) the authors suggested the 340 

following partial reactions at interfaces if MgO (coupled flux of Mg2+ and O2-) is the only 341 

mobile component: 1) Periclase decomposes at the Per-Fo interface and mobile MgO leads to 342 

continuous formation of forsterite at the Fo-En interface: Per → MgO with a reaction volume 343 

of ΔV = -100%. 2) At the Fo-En interface, the MgO flux reacts with enstatite producing 344 

forsterite according to: MgO + (1-f) En → (1-f) Fo + f MgO, where a MgO-fraction of (1-f) is 345 

used for the reaction. The associated ΔV is ≈ 40% for f = 0. 3) At the En-Qtz interface, the 346 

remaining MgO is consumed by the partial reaction forming enstatite: f MgO + f Qtz → f En, 347 

with ΔV ≈ 36% for f = 1 (see Fig. 8 in Gardés et al. 2011). Therefore, if MgO is mobile alone, 348 

a negative reaction volume is expected only at the periclase-forsterite interface, potentially 349 

producing pores if the differential stress is low so that they cannot be closed by ongoing 350 

deformation. Our microstructural observations reveal the occurrence of pores in the whole 351 

forsterite sublayer, in particular at low differential stress, which indicates that not only MgO 352 

is mobile.  353 

If instead SiO2 is the only mobile component in the system, the partial reactions can be 354 

formulated as: 1) Mobilization of SiO2 at the Qtz-En interface: 2f Qtz → 2f SiO2 with ΔV = -355 

100% for f = 1. 2) Formation of forsterite at the En-Fo interface by the partial reaction: 2(2f-356 

1) En + SiO2 → (2f-1) Fo + 2f SiO2 with ΔV = -30%. 3) Consumption of the remaining SiO2 357 

to form forsterite at the Fo-Per interface: SiO2 + 2 Per → Fo with ΔV = 94%. In this case, 358 



pore space may be generated mainly at the quartz-enstatite interface with a high negative 359 

reaction volume, but not at the forsterite-periclase interface, where ΔV = is positive. 360 

However, the quartz-enstatite interface appears to be almost free of pores, independent of 361 

differential stress (Fig. 4), which suggests that also SiO2 is not solely mobile.  362 

For enstatite single rim formation, the overall reaction (eq. (2)) can be split into two 363 

half reactions (Abart et al. 2004, Milke et al. 2001). At the Fo-En interface the partial reaction 364 

is: Fo + k SiO2 → (1+k) En + (1-k) MgO and at the En-Qtz interface: (1-k) MgO + Qtz → (1-365 

k) En + k SiO2. If we consider only MgO to be mobile (k = 0), ΔV at the Fo-En interface is -366 

29% and at the En-Qtz interface ΔV = 36%, predicting at low stress pore formation at the Fo-367 

En interface. If only SiO2 is mobile (k = 1), than ΔV = 42% at the Fo-En interface and ΔV = -368 

100% at the En-Qtz interface, suggesting high porosity at low stress at the En-Qtz interface. 369 

We observed pores located on both interfaces and to some extent also in the interior of the 370 

enstatite rim (Fig. 4), which may indicate that both components are mobile.   371 

It should be noted that the prevailing pore distribution may lead to a misinterpretation 372 

of the component mobility because part of the pores may be inherited from the preexisting 373 

porosity of the starting materials. Other diagnostic features for component mobility are related 374 

to the position of the Kirkendall plane, which marks the trace of the original contact between 375 

the reactants. This position can be marked by a discontinuous composition, microstructure or 376 

texture of reaction rims, or by initially deposited inert (Pt) markers, if they are not dragged by 377 

mobile pores, grain or phase boundaries (Gaidies et al. 2017).  378 

We did not observe a discontinuity of the microstructure or compositions of the 379 

evolved single or double rims. Concerning the position of Pt-marker, this method is not very 380 

sensitive to identify the diffusing component, at least in the presence of water (Yund 1997). In 381 

double rim formation experiments, they should be fixed at the Per-Fo interface if only MgO is 382 

mobile, at the En-Qtz interface if only SiO2 is mobile, or at both interfaces if MgO is only 383 

mobile in forsterite and SiO2 is only mobile in enstatite (Gardés et al. 2011). We observed that 384 



the inert particles are located more close to the Per-Fo interface, but also bulge in a cloudy or 385 

wavy manner up to half of the forsterite rim width towards the Fo-En interface (Fig. 4). This 386 

finding points to both components being mobile and that the Pt-markers are sometimes 387 

dragged with moving grain boundaries or pores.  388 

With respect to single rim formation, the Pt-marker should be located at the center of 389 

the enstatite rim if MgO diffusion predominates and at En-Qtz interface if only SiO2 is 390 

mobile. In case that both components are mobile, the marker should align at any position 391 

between the two end-members scenario (Gardés et al. 2011, Abart et al 2004). In our 392 

experiments, however, the Pt-marker remain in most cases close to the En-Fo interface and 393 

occasionally also occur within the enstatite rim near the interface (Fig. 4). This may indicate 394 

decomposition of forsterite, so that growth occurs at the En-Qtz interface. However, in this 395 

scenario all species constituting forsterite have to be mobilized and to diffuse in the same 396 

direction towards the quartz reactant, which appears to be unlikely. Furthermore, none of the 397 

previously conducted enstatite rim growth experiments showed this behavior (e.g., Milke et 398 

al. 2001, 2009, Gardés et al. 2011, 2012). Alternatively, the location of the Pt-marker may 399 

have failed to substantiate the position of the Kirkendall plane in sample PO-10, where we 400 

used this technique. In this particular experiment, we used natural Novaculite and synthetic 401 

forsterite as starting materials, which were both very fine-grained and contained 1-2 wt% 402 

impurities. We assume that pinning of the Pt-marker at impurities, wet pores and grain 403 

boundaries by surface tension forces results in continuous dragging of them at the forsterite-404 

enstatite interface. Therefore, the deposition of inert markers does not allow to locate the 405 

position of the Kirkendall plane and to derive the mobility of components in this experiment.  406 

Based on these considerations, we conclude that in our experiments with more than 3 407 

wt% water both MgO and SiO2 were mobile, where the latter was possibly less mobile (Abart 408 

et al. 2004, 2009). This is in accordance with rim formation tests performed by Gardés et al. 409 

(2012) under wet conditions. The authors described that SiO2 was increasingly mobile, if the 410 



assemblies contained 2 wt% H2O or more, albeit distributed on a larger grain boundary area 411 

than in our experiments because we used sample stacks instead of powder sample assemblies.  412 

 413 

Effect of differential stress on rim growth 414 

 415 

Even at isostatic pressure conditions the volume change associated with phase changes can 416 

locally affect the reaction rate, for example by adjusting the Gibbs energy for positive volume 417 

change or by creep of the reactants for negative volume change (Rubie and Thompson 1985; 418 

Kubo et al. 1998; Morris 2002). Schmid et al. (2009) showed that for orthopyroxene growth 419 

between dry quartz and olivine the rate of reaction progress depends on effective component 420 

diffusivity and the viscous creep response of the matrix, where the slower term will be rate 421 

limiting. Their model was derived for reaction rim growth in spherical geometry, which can 422 

be applied to powder reaction experiments. In our case we used sample stacks with initially 423 

planar interfaces, which, however, turned to rugged interfaces once the reaction is in progress 424 

(Figs. 4, 5), so that the analysis may still be applicable. Assuming linear viscous creep, it was 425 

concluded by Schmid et al. (2009) that creep may control the progress at the early stages of 426 

reaction. In our experiments at non-isostatic conditions, the applied differential stress allows 427 

fast readjustment of the reactants by creep of the weak quartz reactant (Table 2, Fig. 3). 428 

Therefore, any retarding creep control on reaction rate is unlikely for partial reactions where 429 

enstatite formation is involved, which is always associated with a negative volume change. 430 

From the thermodynamic point of view, the influence of differential stress on the 431 

Gibb’s free energy is small compared to the contribution of pressure and temperature on the 432 

driving force for reaction (e.g., Karato 2008; Keller et al. 2010). The contributions of elastic 433 

strain energy of an incompressible solid to the total Gibbs free energy is 434 

2( )
2

m
el

V
E

E
 

           (5) 435 



and 436 

21

2
pl mE V Gb

           (6) 437 

where E is Young’s modulus, Vm is molar volume, ρ is dislocation density, G is shear 438 

modulus and b is the Burgers vector (Jaeger et al. 2007, Humphreys and Hatherly 2004, 439 

Keller et al. 2010). For enstatite E = 184024 MPa (Gebrande 1982), G = 75700 MPa 440 

(Gebrande 1982), b = 5 × 10-10 m for slip in the system (100) [001] (Lasaga and Blum 1986; 441 

Heinisch et al. 1975) and ρ = 1 × 1013 m-2 (estimated from TEM images). For forsterite E = 442 

195993 MPa (Gebrande 1982), G = 81100 MPa (Gebrande 1982), b = 5 × 10-10 m (Lasaga 443 

and Blum 1986; Heinisch et al. 1975) and ρ = 1 × 1013 m-2 (estimated from TEM images). 444 

Inserting these values into eqns. (5) and (6), the sum of elastic and plastic strain energy 445 

imposed by a differential stress of 50 MPa is < 1% to the total driving force for enstatite 446 

single rims growth and ≤ 0.1 % for forsterite formation between enstatite and periclase. Note 447 

that eq. (5) is strictly valid only for incompressible solids with a Poisson’s ratio λ of 0.5 or 448 

under uniaxial stress conditions. For a compressible material with λ < 0.5 deformed in the 449 

elastic regime under triaxial conditions with principal stresses σ1 > σ2 = σ3, the elastic strain 450 

energy density is     2 2 2

1 3 1 3 3/ (2 ) 2 2 2el mE V E          
 

 (Jaeger et al. 2007). 451 

However, for our experimental conditions the increase of Eel compared to the incompressible 452 

case in small (<factor of 8 for λ = 0.25). Therefore, the deformation-induced change of the 453 

Gibbs energy is so small that we do not expect a modification of the growth rate at non-454 

isostatic conditions, which is in line with our observations.  455 

Differential stress may also change the rim growth rate by microstructural 456 

modifications. For example, diffusion can be enhanced by a high point defect density or by a 457 

large amount of line defects allowing fast pipe diffusion along dislocation cores. However, the 458 

product phases appear to be relatively undeformed (Fig. 5), which suggests that the impact of 459 

a stress-induced change in defect density on diffusivity is minor in our experiments. In our 460 



experiments, increasing differential stress mainly appears to reduce the connectivity of pores, 461 

in particular at interfaces where the partial reactions predict negative reaction volumes. In 462 

addition, the dihedral angle is probably decreasing and less grain boundaries are wetted. As 463 

discussed in the following, this changes the rate-controlling mechanism under isostatic and 464 

non-isostatic conditions.  465 

 The rate controlling growth mechanism can be estimated from the time-dependence of 466 

reaction rim width. For growth controlled by interface-reaction the predicted power law 467 

exponent in eq. (4) is m = 1 (Fisher 1978). For growth controlled by volume diffusion m = 0.5 468 

(parabolic behavior).  If grain boundary diffusion predominates and simultaneously grain 469 

growth occurs, the rim growth exponent m is (Gardés et al. 2011): 470 

m = 0.5(1 −
1

𝑠
)           (7)     471 

where s is the grain growth exponent in the normal grain growth law (Covey-Crump 1997): 472 

0

s sd d t 
           (8), 473 

with d0 = initial grain size. 474 

Concerning reaction progress under dry conditions, the evolution of enstatite single 475 

rims and enstatite-forsterite double rims can be regarded as a 3-stage process, initiated first by 476 

product phase nucleation, subsequently determined by interface-reaction in the early stage of 477 

rim formation, and finally controlled by diffusion processes (Abart and Petrishcheva 2011). 478 

Under wet conditions in the regime of interconnected fluid-filled pore channels, the reaction 479 

is probably not controlled by diffusion, but by interface reaction through dissolution and 480 

precipitation processes (Gardés et al. 2012), if the reaction at the surface solid/pore fluid is 481 

slow compared to transport through the fluid (e.g., Rubie 1986; Schott et al. 2009). Although 482 

based on only few experiments, our observed rim growth exponent is m ≈ 1 at Δσ = 0 MPa 483 

(Fig. 6), which indicates that rim growth rates are indeed controlled by interface reaction at 484 



isostatic conditions. It should be noticed, however, that the rates of dissolution and 485 

precipitation are rather complex (e.g., Lasaga 1984; Schott et al. 2009).  486 

In contrast, at Δσ ≈ 33 MPa, m is about 0.3 and 0.6 for enstatite and forsterite 487 

formation, respectively (Fig. 6), but based on the results of two samples (PO-3, PO-4) with 488 

two data points at different time only. Here it is possible that we sampled a gradual transition 489 

between interface-reaction and diffusion-controlled reaction progress. Based on a 490 

thermodynamic model, Abart and Petrishcheva (2011) showed that pure parabolic growth 491 

occurs only in the case of a planar reactant geometry with perfectly mobile interfaces and that 492 

for a finite interface mobility the initial stage of rim growth is always interface-reaction 493 

controlled. Since in half of our experiments only two data points at different time for a 494 

specific rim and stress condition are available, it is possible that this gradual transition was 495 

sampled, so that the fitted exponent m do not allow to discriminate between interface-reaction 496 

and diffusion-controlled reaction progress. On the other hand, Gardés et al. (2012) did not 497 

observe such a transition in their powder reaction tests in the investigated time interval (Fig. 498 

6). Moreover, considering additionally the other high stress samples (PO-2, PO-5 and PO-10), 499 

which seems to be justified because the magnitude of differential stress has only a minor 500 

influence on rim width (Fig. 7), results are quite similar values for enstatite single rims (m = 501 

0.3 ± 0.2) and  forsterite sublayers (m = 0.5 ± 0.1). The same procedure yields m = -0.2 for 502 

enstatite double rims, but with a large uncertainty of ± 0.5 related to the low rim thickness of 503 

only ≈ 1 µm (Table 3). Except for the last estimate, the magnitude of these m values are in the 504 

range of 0.3 – 0.6. For comparison, eq. (4) predicts m = 0.5 for volume diffusion and grain 505 

boundary diffusion without growth of the product grains. For any substantial grain growth eq. 506 

(5) predicts m values < 0.5. For example, the grain growth exponent for normal grain growth 507 

in isotropic pure single-phase material is s = 2, resulting in m = 0.25 and in a system 508 

containing pores or an interconnected fluid phase s = 3 (Brook 1976), which gives m = 0.375. 509 



Most often, s values are between 1 and 4 (Covey-Crump 1997), but higher values up to 20 510 

were reported for ceramics and metals (Hidas et al. 2017; Humphreys and Hatherly 2004). 511 

Based on this comparison of our measured rim growth exponent data determined at Δσ 512 

> 0 MPa with the theoretically predicted m values, we conclude that under non-isostatic 513 

conditions grain boundary diffusion controls rim growth, probably assisted by minor grain 514 

growth.  515 

 516 

Comparison with other rim growth studies 517 

 518 

Rim growth at wet, isostatic conditions 519 

 520 

Remarkably, at isostatic conditions Gardés et al. (2012) measured on powder samples 521 

containing 1 wt% H2O rim growth exponent values of m = 0.2 – 0.6 in the time span shown in 522 

Fig. 6. These values are quite similar to our data obtained at non-isostatic conditions. Taking 523 

also shorter runs of 8 min and 15 min duration into account, the authors obtained an average 524 

rim growth exponent of m ≈ 0.4 and grain growth exponents of s = 3.1-4.2.  Accordingly, the 525 

authors concluded that rim growth was controlled by grain boundary diffusion in conjunction 526 

with simultaneous grain growth. However, for experiments performed under isostatic 527 

conditions we estimated m ≈ 1, i.e. interface reaction-controlled rim growth. We expect that 528 

the difference is caused by the dissimilar assemblies used in our and Gardés et al. (2012) 529 

experiments. Interfaces between our reactants were planar, whereas the contact areas in their 530 

powder experiments were more spherical. Accordingly, the amount of available water per unit 531 

interface area, interconnected pores and fluid films was probably higher in our assemblies 532 

than in their powder tests. These effects will enhance the proportion of interface reaction-533 

controlled rim growth in the regime of interconnected fluid-filled pores. In line with our 534 

interpretation Gardés et al. (2012) suggested for assemblies with high water content and 535 



interconnected fluid-filled pores that the reaction rate is controlled by dissolution precipitation 536 

processes, but which could not be verified due to the lack of time series at high water fraction. 537 

Our results support their suggestion, but only under isostatic conditions.   538 

Another notable result is the large rim width obtained by Gardés et al. (2012) for 539 

samples containing 1 wt% H2O, which are about 6 times (at 4 h) to ≈ 2 times (at 23h) higher 540 

compared to our data at Δσ = 0 MPa (Fig. 6). This time-dependent discrepancy can be 541 

explained by the different rate-controlling mechanisms outlined above. In addition, the 542 

reaction progress is expected to be faster for the non-planar interface geometries used in the 543 

powder experiments than for our planar reaction couples (Fischer 1978; Abart et al. 2009, 544 

2011). An alternative reason for the different rim thickness can be related to pressure, which 545 

was P = 1.5 GPa in the experiments performed by Gardés et al. (2012) in a solid medium 546 

piston cylinder apparatus compared to P = 0.4 GPa in our tests applied in the gas deformation 547 

apparatus. However, the Gibbs free energy ∆𝐺𝑟 for forsterite formation is about ≈ 25 kJ/mol 548 

at 1.5 and at 0.4 GPa pressure, determined from PERPLEX (Connolly 1990, 2005), which 549 

demonstrates that the pressure effect on rim evolution is minor. For enstatite single rim 550 

formation at P = 1.5 GPa the Gibbs free energy is ∆𝐺𝑟= -10.1 kJ/mol, which is almost twice 551 

than at P = 0.4 GPa (∆𝐺𝑟= -5.2 kJ/mol). The higher energy potentially increases the grain 552 

boundary mobility and therefore the likelihood for nucleation of product grains above the 553 

critical size to be stable, but the measured effect of pressure appears to be small (Yund 1997).  554 

 555 

Rim growth at dry, non-isostatic conditions 556 

 557 

Götze et al. (2010) performed few non-isostatic enstatite single rim and enstatite-forsterite 558 

double rim growth experiments under dry conditions using a dead load creep rig at ambient 559 

confining pressure (P = 0.1 MPa). At T = 1250°C after t = 44.5 h duration, they measured an 560 

increase of orthopyroxene single rim width from ∆x = 9 µm at ∆σ ≈ 1 MPa to ∆x = 13 µm at 561 



∆σ = 24 MPa, grown between polycrystalline quartz and olivine reactants. The increase of 562 

thickness was attributed to stress-induced compensation of the negative volume change 563 

associated with the reaction. In contrast to our tests, deformation of their dry reactants was 564 

minor. Alternatively, the authors suggested that the increase of rim width at high differential 565 

stress was caused by an increase of the grain boundary density and/or by formation of fast 566 

diffusion pathways along ‘open’ grain boundaries oriented parallel to the direction of 567 

differential stress, induced by sample extension perpendicular to the axial stress direction. The 568 

latter are expected not to occur in our experiments since we did not observe a significant 569 

change in grain size of product phases (Fig. 8) and the high confining pressure of 400 MPa in 570 

our experiments will prevent ‘opening’ of grain boundaries. Götze et al. (2010) measured also 571 

enstatite-forsterite double rim growth between single crystals reactant phases at T = 1350°C, 572 

P = 0.1 MPa and t = 72 h. The authors observed a reduction of the entire double rim width 573 

from ∆x = 13 µm at ∆σ ≈ 3 MPa to ∆x = 8 µm at ∆σ = 29 MPa, associated with a reduction of 574 

the forsterite proportion from ≈ 87% to ≈ 64%. This may be caused by the positive volume 575 

change for forsterite formation and negative volume change for enstatite growth.  576 

In our wet experiments performed at high confinement, we do not see a substantial 577 

change of double rim width with increasing differential stress except for an initial reduction at 578 

Δσ = 5 MPa after 23 h duration (Table 3, Fig. 7 e, f). The latter is believed to be caused by 579 

pore redistribution as explained above. Although the results of Götze et al. (2010) are based 580 

on only few experiments, we conclude that the effect of differential stress on rim growth in 581 

the MgO-SiO2 system may be different for dry and wet assemblies, and largely depends on 582 

the used configuration and P-T conditions. Further experiments are required to unravel 583 

systematic differences if they exit.  584 

 585 

 586 

Conclusions and geological application 587 



 588 

Our experiments suggest that the reaction rim growth rates of enstatite single rims and 589 

enstatite-forsterite double rims are hardly influenced by the magnitude of differential stress up 590 

to about 46 MPa at the investigated P-T-t conditions. However, the reaction progress appears 591 

to change from interface-controlled growth at isostatic conditions to diffusion-controlled 592 

under non-isostatic conditions for our wet assemblies with planar interfaces. Deformation-593 

induced reduction of the interconnectivity of fluid-filled pores associated with low wettability 594 

is likely the main reason for this switch in rate-controlling processes that occurs already at 595 

low differential stress. This suggests that rims grown under non-isostatic conditions are 596 

thinner than formed at isostatic annealing for long time scales.  597 

Under dry conditions, however, differential stress may have an influence on the 598 

growth rate, if the reaction is coupled to a negative volume change, as indicated by the data 599 

from Götze et al. (2010). This different sensitivity to differential stress under dry and wet 600 

condition may for example explain that the formation of myrmekite during deformation of 601 

metagranites occurs preferentially at high stress sides under relatively dry conditions, but not 602 

during fluid-assisted nucleation at high strain (Menegon et al. 2006). On the other hand, other 603 

experimental data on the influence of non-isostatic stress on reaction rim growth in the 604 

systems MgO-Al2O3 and CaCO3-MgCO3 show that, with few exceptions, the stress effect is 605 

small compared to the impact of water, starting material microstructure, impurities, assembly 606 

geometry and loading history (Götze et al. 2010; Keller et al., 2010; Jeřábek et al. 2014; 607 

Helpa et al. 2015, 2016).  608 

For a hypothetical scenario of shear zone development in the deep crust, stress-609 

induced high strain deformation will lead to grain size reduction through cataclasis at low 610 

temperature or by dynamic recrystallization at high temperature. This results in enhanced 611 

reaction rates if the process is predominantly grain boundary diffusion-controlled. Inflow of 612 

water in natural shear zones will then strongly accelerate the reaction rate, as observed for 613 



example in ultramylonites (Kenkmann and Dresen 2002). The reaction progress in such a wet 614 

geological system with concurrent deformation is likely diffusion-controlled and will not turn 615 

into interface reaction-controlled regime as may be envisioned at isostatic conditions, at least 616 

for a MgO-SiO2 dominated environment. The transition may be gradual since it depends on 617 

the total strain, which is stress-induced and depends on temperature, differential stress 618 

magnitude and time.   619 
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Figure captions: 821 

 822 

Fig. 1 Schematic sketch of the starting assembly (a) and reaction-induced rim evolution (b). 823 

Enstatite (En) single rims are growing between quartz (Qtz) and forsterite (Fo) reactants. 824 

Enstatite – forsterite double layers form between periclase (Per) and quartz in contact. White 825 

dots indicate positions of platinum markers, see text for explanation. ΔX = rim width, P = 826 

confining pressure, Δσ = differential stress 827 

 828 

Fig. 2 Photograph of the sample assembly. The starting materials stack (PO) fits in a hollow 829 

talc cylinder, which provides water by dehydration at experimental conditions. Both are 830 

separated by a Ni-foil, which acts as buffer and encapsulated in a steel canister 831 

 832 

Fig. 3 Bulk deformation behavior. a Typically, strain-time curves show strain hardening 833 

behavior (sample Po8, deformed at Δσ = 5 MPa for t = 23 h).   is apparent steady state strain 834 

rate determined between 90 and 100% of total strain. b Double-logarithmic stress strain rate 835 

diagram of all non-isostatic experiments. Symbols with central dot denote fine-grained 836 

starting material (Novaculite, sintered forsterite). A slope of n > 1 indicates non-linear viscous 837 

behavior 838 

 839 

Fig. 4 Backscattered electron images of forsterite-enstatite double rims (a-f) and enstatite 840 

single rims (g-i). Experiments were performed at T = 1000°C for t = 23 h. Differential stresses 841 

and bulk axial strains are labelled. a = sample PO-9, b = PO-11, c and i = PO-10, d and g = 842 

PO-8, e and h = PO-5, f = PO-3. Differential stresses were applied perpendicular to the 843 

interfaces. In some places abundant grains are removed due to thin section preparation. Note 844 

the location of Pt-marker 845 

 846 



Fig. 5 Transmission electron micrographs of sample PO-2 (Δσ = 36 MPa, t = 4 h) (a, b) and 847 

sample PO-3 (Δσ = 32 MPa, t = 23 h) (c, d). Forsterite-enstatite double rims evolved between 848 

periclase and quartz reactants (a, c) and enstatite single rims formed at the contact of forsterite 849 

and quartz (b, d). Dashed lines represent phase boundaries. b Glass and gallium are residuals 850 

from TEM foil preparation. Differential stresses were applied perpendicular to the interfaces 851 

 852 

Fig. 6 Width ΔX of enstatite single rims (a) and of enstatite (b) - forsterite (c) sublayers in 853 

double rims versus time formed under isostatic conditions (Δσ = 0 MPa, circles) and at Δσ = 854 

33±1 MPa (squares) at T = 1000°C, P = 400 MPa. Isostatic (Δσ = 0 MPa) data from Gardés et 855 

al. (2012) obtained on powder experiments with 1wt% added water at T = 1000 °C, P = 1.5 856 

GPa (triangles). The value of m represents the best fit slope. See text for discussion 857 

 858 

Fig. 7 Thickness ΔX of enstatite single rims (a, d) and of enstatite (b, e) - forsterite (c, f) 859 

sublayers in double rims versus differential stress after t = 4 h run time (a – c) and after t = 23 860 

h (d – f). The rim width is almost unaffected by Δσ. Symbols with central dot denote fine-861 

grained starting material (Novaculite, sintered forsterite). Note different scales 862 

 863 

Fig. 8 Grain size d of enstatite single rims (a, d) and of enstatite (b, e) - forsterite (c, f) 864 

sublayers in double rims versus differential stress after t = 4 h run time (a – c) and after t = 23 865 

h (d – f). Within error bars, Δσ has no effect on grain size. Symbols with central dot denote 866 

fine-grained starting material (Novaculite, sintered forsterite) 867 



Table 1 Reactants grain size, porosity and water content  

 

Phase Abbreviation Grain size (µm)  Porosity (%) Water content* (wt%) 

    initial 

reactant 

final 

PO-2 

final 

PO-3 

final 

PO-4 

Periclase aggregate Per_xx 13±7 7 0.38 0.53 0.2 0.23 

Quartz aggregate  Qtz_xx 130±45 22 0.44 0.59 1.08 0.71 

Quartz  (Novaculite) Nov_xx 4±2 4 0.21 - - - 

Forsterite aggregate (HiPed) Fo_xx 48±10 3 - 0.13 0.14 0.1 

Forsterite aggregate (sintered) Fo-s_xx 2±1 7 - - - - 

 

PO-x = sample number 

* Determined using FTIR before (initial) and after (final) experiments 



 

Table 2 Reaction conditions and experimentally imposed strains 

 

 

All experiments were performed at 1000°C temperature and 400 MPa confining pressure 

a The total water content is calculated from dehydration of talc and the intrinsic water fraction 

b Determined at ≈ 90% of final bulk axial strain 

εxx = axial strain of component xx 

 

Sample 

 

Total water 

contenta (wt%) 

Differential stress  

(MPa) 

Time 

(h) 

Bulk axial 

strain  

Bulk strain 

rateb  (s-1) 
εPericlase εQuartz εForsterite 

PO-6 3.4 0 4 0 0 0 0 0 

PO-1 3.4 0 8.5 0 0 0 0 0 

PO-9 3.4 0 23 0 0 0 0 0 

PO-8 3.4 5 23 0.06 1.2×10-7 0.04 0.19 0.01 

PO-11 3.1 6 23 0.03 1.0×10-7 0.06 0.02 0 

PO-5 3.4 22 23 0.14 2.0×10-7 0.04 0.35 0.01 

PO-3 3.4 32 23 0.27 6.4×10-7 0.12 0.59 0.02 

PO-4 3.4 34 4 0.22 1.2×10-6 0.02 0.61 0.02 

PO-2 3.4 36 4 0.09 2.4×10-6 0.02 0.26 0.02 

PO-10 3.1 46 23 0.21 1.1×10-6 0.31 0.02 0.09 



Table 3 Reaction rim width (Δx), grain size (d) and porosity (Φ) of product phases 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rim width and porosity data are arithmetic mean values. Grain sizes are median values 

SR = single rim, DR = double rim, Fo = forsterite, En = enstatite, NA = not available 

 

Experiment and conditions Enstatite single rim Enstatite/Forsterite double rim 

Sample Interfaces Δσ 

(MPa) 

t  

(h) 

∆𝑥𝐸𝑛−𝑆𝑅 

(µm) 

𝑑𝐸𝑛−𝑆𝑅 

(µm) 

ΦEn-SR 

(%) 

∆𝑥𝐷𝑅  

(µm) 

∆𝑥𝐹𝑜−𝐷𝑅 

(µm) 

𝑑𝐹𝑜−𝐷𝑅   

(µm) 

ΦFo-DR  

(%) 

∆𝑥𝐸𝑛−𝐷𝑅 

(µm) 

𝑑𝐸𝑛−𝐷𝑅 

(µm) 

PO-6 Per_xx/Qtz_xx 0 4 - - - 3.6±0. 3 2.9±0.4 NA 1.3±1.1 0.7±0.2 NA 

Qtz_xx/Fo_xx 0.8±0.1 NA 1.1±0.9 - - - - - - 

PO-1 Per_xx/Qtz_xx 0 8.5 - - - 5.3±0.7 4.5 0.7±0.3 1.9±0.9 0.6±0.1 NA 

Qtz_xx/Fo_xx 2.0±0.4 NA 1.8±0.8 - - - - - - 

PO-9 Per_xx/Qtz_xx 0 23 - - - 22.7±0.7 16.8±0.7 2.0±0.9 3.6±0.9 5.9±0.1 0.9±0.5 

Qtz_xx/Fo_xx 4.4±0.6 0.7±0.3 4.0±0.7 - - - - - - 

PO-8 Per_xx/Qtz_xx 5 23 - - - 11.7±0.3 10.6±0.3 1.3±0.6 0.4±0.3 1.1±0.2 NA 

Qtz_xx/Fo_xx 3.7±0.2 0.7±0.3 6.8±0.2 - - - - - - 

PO-11 Per_xx/Nov_xx 6 23 - - - 7.5±3.2 7.4±3.5 0.9±0.4 0.1±0.1 1.2±0.9 NA 

Nov_xx/Fo-s_xx 0.8±0.2 NA 0.1±0.1 - - - - - - 

PO-5 Per_xx/Qtz_xx 22 23 - - - 10.9±0.6 10.5±0.6 0.9±0.3 0.7±0.2 0.6±0.2 0.5±0.2 

Qtz_xx/Fo_xx 2.6±0.2 1.2±0.4 4.0±3.8 - - - - - - 

PO-3 Per_xx/Qtz_xx 32 23 - - - 11.5±0.7 9.8±0.7 1.3±0.7 0.9±0.2 2.1±0.8 1.0±0.3 

Qtz_xx/Fo_xx 4.8±0.3 1.4±0.6 2.7±1.5 - - - - - - 

PO-4 Per_xx/Qtz_xx 34 4 - - - 4.4±0.4 3.2±0.7 0.7±0.3 1.2±1.7 1.1±0.2 NA 

Qtz_xx/Fo_xx 2.9±0.5 NA 5.1±1.8 - - - - - - 

PO-2 Per_xx/Qtz_xx 36 4 - - - 6.2±0.2 5.3 0.9±0.4 1.6±0.7 0.9 0.7±0.1 

Qtz_xx/Fo_xx 1.9±0.3 1.0±0.5 6.0±1.3 - - - - - - 

PO-10 Per_xx/Nov_xx 46 23 - - - 6.7±0.1 6.2 1.6±0.7 0.4±0.4 0.6±0.1 NA 

Nov_xx/Fo-s_xx 4.7±1.9 NA 1.0±1.8 - - - - - - 
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