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Revision 2
Influence of grain size, water and defor mation on dolomite reaction rim formation
1
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ABSTRACT
Solid-solid mineral reaction rates are influenced by the microfabrics of reactant phases and
concurrent deformation. To investigate this interplay in carbonate systems, we performed
annealing and deformation experiments on polycrystalline and single crystal calcite and
magnesite, forming dolomite (Dol) and magnesio-calcite (Mg-Cal). At a fixed temperature of
T =750 °C and confining pressure of P =400 MPa, samples were either annealed for 29 h, or
deformed in triaxial compression or torsion for 18 h using a Paterson-type gas deformation
apparatus. At the contact interface of the starting reactants, Dol reaction rims and
polycrystalline Mg-Cal layers were formed. The widths of the layers were in the ranges 4-117
um and 30-147 um, respectively, depending on the microstructure of starting materials and
experimental conditions. Annealing experiments with polycrystalline reactants in contact with
each other resulted in a ~22-fold increase in Dol rim thickness compared to a contact between
two single crystals and a larger Mg-Cal layer width by a factor of 5 (cf. Helpa et al. 2014).
This suggests that the microstructure of magnesite controls migration of the reaction front.
For polycrystalline starting materials, axial stress accelerated Mg-Cal growth rates but not Dol

growth rates. Highly strained torsion samples showed Dol formation along grain boundaries
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in Mg-Cal as well as in the polycrystalline calcite reactant. A reduction of Dol rim thickness
between polycrystalline reactants deformed in torsion is possibly caused by concurrent grain
coarsening of polycrystalline magnesite. Dol and Mg-Cal growth kinetics between single
crystals were unaffected by the addition of ~0.3 wt% water.

The experiments demonstrate that Dol reaction kinetics strongly correlate with magnesite
reactant grain sizes, while Mg-Cal growth depends on the calcite reactant grain sizes. The
dolomite-forming mineral reaction kinetics are not significantly affected by concurrent
deformation. In contrast, deformation enhances Mg-Cal formation, especially at small calcite
grain sizes that promote efficient grain boundary diffusion.

Therefore, the fastest reactions forming Dol and Mg-Cal in nature are expected to occur in
very fine-grained reactants. Concurrent deformation may drastically enhance reaction kinetics
if grain size reduction of the reactants occurs by, for example, cataclasis or dynamic

recrystallization.

Keywords Rim growth - carbonates - diffusion - deformation - water

INTRODUCTION

In nature, metamorphic rocks often exhibit evidence of simultaneous deformation and mineral
reactions (e.g., Rubie 1983; Rutter and Brodie 1988; Newman et al. 1999 and references
therein). Evidence for the concurrent occurrence of these processes is well documented in
natural mylonites (Rubie 1983; Fitz Gerald and Stiinitz 1993; Newman et al. 1999; Tsurumi et
al. 2003). The results of laboratory experiments addressing syn-deformational reactions
suggest a correlation between mineral reactions and deformation in several mineral systems
(e.g., de Ronde et al. 2004, 2005; Holyoke and Tullis 2006; de Ronde and Stiinitz 2007). In
silicate systems, the presence of small amounts of water drastically accelerates deformation

2
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and reaction rates (e.g., Post et al. 1996; Hirth et al. 2001; Rutter and Brodie 2004; Gardés et
al. 2012; Milke et al. 2013). In contrast, the effect of water on deformation in carbonate

systems is minor (de Bresser et al. 2005).

Here, we study the calcite (CaCO3;) — magnesite (MgCOs) carbonate system, which produces

dolomite (CaMg(COs3),) following the overall reaction:
CaCO;+ MgCO3 = CaMg(COs), (D)

The partial reactions at the reactant interfaces are described by Helpa et al. (2014) (their
equations 2 and 3). Formation of dolomite is associated with a negative volume change of ~-
12% at the calcite interface and a positive volume change of =+14% at the contact with
magnesite. Between stoichiometric dolomite and pure calcite, a continuous exchange of Ca
and Mg produces magnesio-calcite (Ca;MgsCOs3) and a non-stoichiometric dolomite.
Previous experimental studies of this reaction using calcite and magnesite single crystals
under isostatic and non-isostatic conditions revealed a diffusion-controlled dolomite reaction
rim growth, which was almost unaffected by applied axial stresses up to 38 MPa, but slightly

reduced at high strain rates (Helpa et al. 2014, 2015).

In this study, annealing and deformation experiments were performed on single crystals and
polycrystalline starting materials with the goals of (1) determining the effect of
polycrystalline starting materials in the formation of dolomite in calcite-magnesite diffusion
couples under isostatic conditions as well as under axial and torsion deformation, and (2)
determining whether dolomite formation significantly depends on the presence of excess

water.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5580

MATERIALSAND EXPERIMENTAL METHODS
Starting materials

We used natural single crystals and polycrystalline calcite and magnesite for the starting
assembly. Calcite (Brazil, Minas Gerais) and magnesite (Brazil, Bahia Brumado) single
crystals were optically clear with a thombohedral habit. Chemical compositions of single
crystals were obtained by 8-10 point measurements using a field-emission electron
microprobe (JEOL JXA-8500 F HYPERPROBE) at 15 keV accelerating voltage, 5 nA beam
current, and 15 um beam diameter with a counting time of 20 s on peak. These results
indicated relatively pure single crystals with minor impurities of 0.17 wt% Ba in calcite as

well as 0.15 wt% Fe and 0.23 wt% Ca in magnesite.

Solnhofen limestone (Germany), Lorrano Bianco marble (Italy, Carrara) and magnesite from
Zimbabwe (Africa) were used as polycrystalline starting material. Average grain sizes and
porosities were determined by the line-intercept method (Underwood 1970). Mineralogical
compositions of the polycrystalline starting materials were determined by powder X-ray
diffraction (XRD) using a STOE Stadi P diffractometer with CuKa radiation (4 = 1.5405 A).
Data were collected from 5 to 125 © 26, at a counting rate of 0.01 © 20 s™'. Water contents of
the starting materials were measured using a Vario EL III element analyzer (Elementar

Analysesysteme GmbH).

Solnhofen limestone has an average grain size of 6(1) pm (1 standard deviation in parentheses
here and elsewhere) and 4% porosity. It is nearly pure CaCOs containing only minor amounts
of Mg in solid solution. The corresponding mole fractions for calcium and magnesium are
Ca/(CatMg) = Xc, = 0.994 and molar Mg/(CatMg) = Xy, = 0.006, respectively. The
measured water content ranges between 0.4 and 0.58 wt%. Carrara marble is composed of
calcite with Xc, > 0.99, a porosity of < 0.5%, a random crystallographic preferred orientation

(CPO), and an average grain size of 220(40) um (Rybacki et al. 2013). The estimated water
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content is = 0.4-0.6 wt%. Polycrystalline magnesite is fine-grained (= 4 um) with a porosity
of about 6%. Some small dolomite grains are randomly distributed in the matrix or form small
veins. The amount of dolomite in the magnesite matrix is less than 4%. XRD measurements
revealed a bulk composition of Xyg= 0.95 and Xc, = 0.05. The determined water content

ranges between 0.4-0.58 wt%.

Sample assemblies were cylinders with 7 mm diameter and 2.5-4.8 mm length composed of
various stacks of starting materials. Single crystal cylinders were cored perpendicular to the
natural cleavage planes and Solnhofen limestone cylinders were cored perpendicular to the
bedding. The end faces of the cylinders were subsequently polished to ensure a good contact
between the reactants. Solnhofen limestone contains a weak initial CPO with c-axes oriented
parallel to the bedding plane (Llana-Funez and Rutter 2014). To evaluate the effect of starting
material microstructure on reaction progress in a single run, we stacked single crystal and
polycrystalline cylinders in different combinations (Table 1). In the following we will use

abbreviations as defined in Table 1.

Experimental procedure

All experiments were performed using a Paterson-type gas deformation apparatus at a fixed
temperature of 7= 750 °C, a confining pressure of P=400 MPa and run durations of = 18 h
for triaxial compression and torsion experiments, and 29 h for static annealing experiments
(Table 1). Shorter run durations for deformation experiments were chosen because of the
relatively fast deformation of polycrystalline starting materials. Experiments were performed

following the procedure described by Helpa et al. (2015).

Three annealing experiments were performed on different reactant stacks using samples with
natural (as-is) water content. In addition, one annealing experiment was done with a modified

assembly (Ca_Mg Dia-01) to examine the role of water on mineral reaction between two
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single crystals. For this experiment, a 2.3-mm-diameter borehole was drilled in the center of
the Mgs parallel to the cylindrical axis and filled with diaspore (AIOOH). At a confining
pressure of 400 MPa, diaspore dehydrates to corundum (AlL,O3) at 7= 420 °C (Haas 1972),

releasing around 15 wt% H,O.

One triaxial compression experiment was conducted at a constant stress of ¢ = 20 MPa to
investigate the effect of coaxial stress on the rim growth behavior. After yielding, the sample
stack deformed at a bulk rate of about 1 x 10™ s to a bulk strain of 0.17 within about 0.5 h.
Subsequently, the assembly was annealed for 17.5 h to allow comparison with torsion
experiments. To evaluate the influence of high strain deformation on the reaction, two torsion
experiments were performed at a constant twist rate of ~7 x 10” s™' to maximum shear strains
at the cylinder periphery of y = 2 and 4 (Table 1). Since deformation was mainly partitioned
into the (weak) polycrystalline reactant phases, strain here refers to the length of the
corresponding starting samples. For determination of the maximum shear stress from the
measured torque, we assumed power law creep behavior with a stress exponent of 1.66 and
1.1 for Soln limestone and poly-Mgs, respectively (Schmid et al. 1977; Holyoke et al. 2014).
For experiment pCa_pMg-01 with polycrystalline starting materials, the shear stress was 1.7 £
0.4 MPa up to a shear strain of 0.6, followed by strain hardening to a maximum shear stress of
3.8 £ 0.5 MPa at y = 2. For experiment Ca pMg-02 with Cal and poly-Mgs as starting
materials the shear stress of 1.7 = 0.4 MPa was constant up to ¥ = 4. In this high strain
experiment, wrinkles on the copper jacket indicate partial deformation of the Cal (=0.5 mm

wide), associated with twins and cleavage cracks orientated parallel to natural cleavages.

Mechanical data were corrected for the strength of the copper jackets and system compliance.
The reported errors in stress result from uncertainty in the jacket strength. After experiments,

sample assemblies were cut along the cylindrical axis, embedded in epoxy and polished for
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analysis of the reaction products. In addition, tangential thin sections were prepared from

twisted samples, cut parallel to the cylindrical axis close to the outer periphery.

Analytical methods

The layer thicknesses of the reaction products and their grain sizes were analyzed using an
optical microscope (Leica DM RX) with an attached high-resolution digital camera (Leica
DFC 420). For determination of rim/layer thickness, a set of reflected-light micrographs along
the entire reaction interface was collected and phase boundaries were redrawn by hand. In
experiments with polycrystalline starting material, phase boundaries were identified
petrographically by a change in microstructure and/or grain size. The average reaction layer
thicknesses were calculated from digitized traces of the phase boundaries. Grain sizes of
reaction products were estimated by measuring the size of 50 individual grains within each

layer and subsequently averaged (Joachim et al. 2010).

Using an electron microprobe, the distributions of major elements Ca (Ka, PETJ) and Mg
(Ko, TAP) across the reaction products were investigated. Line scans of wavelength
dispersive X-ray analyses were collected at an accelerating voltage of 15 keV, a beam current
of 2 nA and a counting time of 20 s on each peak. To avoid beam damage to the carbonates, a
beam diameter of 2 um and a step size of 2 uym were used for point measurements. XRD
measurements were converted to concentrations of Ca and Mg using the Rietveld refinement
method. Crystallographic orientation relations between reactants and reaction products were
investigated by a combination of electron backscatter diffraction (EBSD, TSL DigiView) and
semi-quantitative energy dispersive spectroscopy (EDS). Operating details and evaluation

procedures are described by Helpa et al. (2014).
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RESULTS

In all experiments a coarse-grained magnesio-calcite (Mg-Cal) layer and a fine-grained
dolomite (Dol) reaction rim developed at the initial contact interface of the starting reactants.
The microstructures and thickness of reaction products strongly depend on starting material

microstructure.

Thickness of reaction product layers

Annealing experiments. The optically measured Dol rim and Mg-Cal layer thicknesses and
grain sizes from all experimental samples are summarized in Table 2. Considering the initial
content of Xc, = 0.05 in polycrystalline magnesite and Xy, = 0.006 in Solnhofen limestone,
the optically measured thicknesses of magnesite-grown Dol (Axporus) and calcite-grown Dol
(Axpor-car) represent upper limits. Correction for the pre-existing concentrations of Mg and Ca
would lower the measured thicknesses by around 5% and 0.6% for Axporigs and Axpor-cas
respectively. After annealing, the reaction layer thicknesses are considerably higher for
polycrystalline than for single crystal starting materials (Fig. 1). For example, in sample
stack-01 the entire Dol layer thickness (Axpo = Axpor.car + Axpormgs) for two polycrystalline
reactants (Axp, =~ 108 um) is nearly twice that of two single crystal reactants (Axp,~ 47 pm)
(Fig. 1). The Mg-Cal layer thickness is Axug.cw = 130 pm and Axpp.ca = 41 pm for
polycrystalline and single crystal reactant phases, respectively. Using combinations of
polycrystalline and single crystal starting materials yields remarkably different results. Poly-
Mgs in contact with Cal results in a Dol rim thickness of Axp,;= 98 pm, but a Mg-Cal layer
thickness of only Axy.c./= 52 pm i.e. half as much as measured between two polycrystalline
starting materials. The smallest Dol rim of Axp, = 5 wm was measured between Soln in

contact with a Mgs (Fig. 1).
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Experiment pCa Mg pCac-01 gives a similar result for Dol (Axp,;= 5 pm) produced between
Soln and Mgs, but a thicker Dol rim of Axp,;= 9 um when coarse-grained Carrara is used
instead of fine-grained Soln (Fig. 1). Carrara in contact with poly-Mgs (experiment
pCa pMg pCac-01) yields approximately the same Dol rim width as obtained between Soln
and poly-Mgs (108-117 pum), but a different width of Mg-Cal. In between Carrara and poly-
Mgs the Mg-Cal layer is ~65 pum thick, while it ranges between 106—147 um when Soln and
poly-Mgs are used (cf. Table 2, Fig. 1). The thicknesses of Dol and Mg-Cal for Mgs in
contact with Carrara are =9 pm and =30 pum, respectively. This is roughly comparable to the
results obtained between single crystals (Axp, = 13 pm and Axpg.ca = 32 pm, Helpa et al.
2014, Fig. 1). Excess water provided by dehydration of diaspore (experiment Ca Mg Dia-01)
yields comparable results for two single crystals in contact (Axp,;= 14 um and Axy.car = 37
um). However, between the Mgs and Cal of sample stack-01, the layers are distinctly thicker

with Axp,= 47 pm and Axpyg-ca= 41 pm.

Deformation experiments. The effect of deformation on reaction progress is shown in
Figure 2. As in the annealing experiments, the reaction layers are much thicker for poly-Mgs
compared to Mgs, but layer growth is hardly affected if Cal single crystals are used instead of
poly-Cal (Table 2). However, the reaction layer width obtained in triaxial compression leads
to thinner Dol rims when poly-Mgs is used. For direct comparison of the deformation
experiments with those of annealed samples, Dol rim and Mg-Cal layer widths were corrected
from those after actual run durations of # = 29 h to width expected for # = 18 h. Expected
values for the Dol rims were derived assuming a parabolic rim growth behavior. Since the
Mg-Cal layer initially does not grow linearly with the square root of time, growth rates
reported by Helpa et al. (2014) for a Mg-Cal layer between single crystals were used to
determine the expected layer widths. Thus, the entire Dol rim thickness between poly-Mgs

and a Cal is estimated at only ~65 um in deformed samples compared to ~77 um in annealed
9
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samples after 18 h. Mg-Cal layers have similar widths around ~43 pm. In between poly-Mgs
and fine-grained Soln the effect is more pronounced with thicknesses of ~67 pm and ~85 um
for the triaxially compressed sample compared to the annealing experiment. However, the
Mg-Cal layer is significantly larger in deformed samples with Axy.car= 69 um, compared to
the expected width of Axj.c.s= 46 um for static annealing. With two single crystal starting
reactants, no influence of deformation was observed on the reaction product growth (Helpa et
al. 2015). The same Dol rim thickness of Axp,;= 4 pm, and similar Mg-Cal layer thicknesses
of 27 and 32 pum were observed between Mgs and Soln (Fig. 2). Comparison of samples
deformed to low axial strain and to high shear strains in torsion shows that the width of Dol
rims between Soln and poly-Mgs is reduced by 30% in torsion, whereas the Mg-Cal layer is
not affected. Similarly, in torsion a reduction of Axp,; between Cal and poly-Mgs is observed,

but an increase of 23% for the Mg-Cal layer thickness occurs.

Microstructures of reaction products

Static annealing microstructures. Dol rims produced between polycrystalline starting
materials are composed of elongated grains on both sides of the initial contact interface,
oriented perpendicular to the interface (Fig. 3a, b). The initial interface is estimated from the
presence of a granular Dol layer just a few grains thick, located at the center of the Dol rim
(Fig. 3b). This microstructural boundary within Dol is comparable to the boundary between
elongated and granular Dol at the initial interface observed in annealing experiments of single
crystal starting materials (Helpa et al. 2014). Elongated Dol grains in contact with poly-Mgs
show slightly curved grain boundaries and contain isolated inclusions of magnesite.
Boundaries of Dol grains next to Mg-Cal are irregular in shape with little or no evidence of
inclusions. Large Mg-Cal grains show curved boundaries with low porosity, often associated

with Dol formation.

10
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The microstructure of Dol is quite similar for Dol between poly-Mgs and Cal reactants (Fig.
3c, d). The Mg-Cal layer contains no porosity and is composed of small numbers of large
grains with curved boundaries (Fig. 3c, d). Dol grown between two single crystals exhibits
two distinct microstructural domains (Fig. 3e, f). Elongated, palisade-shaped Dol grains
grown into magnesite are characterized by relatively straight grain boundaries, often
containing inclusions of magnesite. In the center of the rim, Dol grains are equidimensional
with slightly curved but regular grain boundaries, which are more irregular in contact with
Mg-Cal. Large Mg-Cal grains increase in size from the Dol boundary towards pure Cal with
mostly straight or gently curved grain boundaries, often forming 120° triple junctions. The
microstructures of Dol and Mg-Cal that evolved between single reactant crystals at water
saturated conditions due to dehydration of diaspore (experiment Ca_ Mg Dia-01) are similar,

albeit with more irregular grain boundaries in both Dol domains.

Microstructures of thin Dol rims between Mgs and fine-grained Soln are weakly developed;
locally the reaction rim is a layer of single dolomite grains (Fig. 3g). Mg-Cal grains next to
the Dol reaction rim are slightly coarser compared to the grain size of the Soln reactant. Dol
also formed at grain boundaries and pores within the Mg-Cal layer (Fig. 5b). Using coarse-
grained Carrara marble as starting material produced straighter or only slightly curved Dol

grain boundaries, as for those observed between two single crystals.

The average grain size of Dol (=5-6 pm) and of Mg-Cal (=20-25 pm) are independent of the
starting material except between Mgs and Carrara, where Dol grain size is distinctly smaller

(Table2).

Deformation microstructures. The microstructures of the reaction products deformed in

triaxial compression are similar to those developed in static annealing experiments.

11
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However, in torsion experiments, strain partioning into the Dol reaction rim is apparent from
the microstructure. Dol grains next to magnesite between two polycrystalline reactants are
slightly elongated, whereas calcite-grown Dol grains are more equiaxed or partially flattened
parallel to the shear plane. Grain boundaries are more often curved or irregular compared to
the grains in contact with magnesite. Similarly to the annealing experiments, Dol formed
around pores within the Mg-Cal layer (Fig. 4). Interestingly, Dol also decorates grain
boundaries in Soln up to a distance of at least 100 um from the reaction interface between the
limestone and Mg-Cal (Fig. 4). Inspection of tangential thin sections reveals a tilting of the

long axis direction of elongated Dol grains towards the direction of shear.

Dol grains next to magnesite produced between Cal and poly-Mgs are slightly elongated with
straight boundaries in the high strain region, while equiaxed Dol grains have straight or
slightly curved boundaries in the center of the Dol rim. Close to Mg-Cal and Dol phase
boundaries, grains are tilted towards the direction of shear and grain boundaries are highly
irregular.

Twisted samples contain a thin Mg-Cal layer between the copper jacket and the calcite
reactant phase, in particular along the Cal reactant, revealing a high mobility of Mg in the

highly strained portion of samples.

Textureanalysis

In static annealing experiments with two single crystals in contact, all reaction products show
at least an axiotactic (one crystallographic axis parallel) relation with respect to Cal, similar to
the results of a previous study (Helpa et al. 2014). In contrast, Dol formed in contact with
polycrystalline starting material shows no crystallographic relationship to the reactant phases.
Nevertheless, a crystallographic preferred orientation (CPO) developed, characterized by

[0001] axes forming girdles lying within the reaction interface and poles of {2110} and

12
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{1010} prismatic planes arranged (sub-) parallel to the growth direction (GD). {1014} poles

are blurred and widely distributed over the pole figures.

In deformed samples, CPO’s of the reaction products evolved independently of the starting
materials and their crystallographic orientations. The CPOs of the reaction products are
controlled by the orientation of the maximum principle stress. This was also reported by
Helpa et al. (2014). For example, torsion experiments feature [0001] axes forming oblique
girdles at around 45° to the reaction interface, with a maximum between the GD and the
center of the net. The poles of the prismatic planes are inclined to the reaction interface (shear
plane), but in a direction opposite of the [0001] axes. The Mg-Cal layer contains a CPO with
the [0001] maximum parallel to the shear direction. Other secondary maxima are spread over

the pole figures, with poles of prism and rhombohedral planes forming clusters.

Microprobe analysis

Chemical profiles across the reaction products after static annealing and high strain torsion are
shown in Figures 5 and 6. Single crystal reactants have homogenous compositions indicated
for Xc, = 1 in Cal and Xy, = 1 in Mgs. Spikes in the chemical profiles of polycrystalline
starting materials correspond to impurities and pores (Fig. 5b). Generally, a nearly
stoichiometric composition is achieved in Dol from the initial contact interface to the
magnesite reactant (Figs. 5, 6). At the interface with magnesite, Dol contains 52 mol% of an
Mg component, which is slightly higher than the expected value of X, = 0.51 for local
equilibrium with magnesite. Local deviations in the Dol concentration profiles are attributed
to isolated magnesite inclusions within poly-Mgs reactants (Figs. 5, 6). Calcite-grown Dol has
an excess of the Ca component, continuously increasing towards the Mg-Cal boundary. At the
interface to Mg-Cal, Dol has Xy, = 0.43-0.45 which is significantly lower than the local

equilibrium of Xy, = 0.48. This may be associated with the accuracy of measurements
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performed on 2D sections that can be biased by undetected variations of the microstructure in
the 3" dimension. However, a depletion of the Mg component with respect to the local
equilibrium was established in all measured concentration profiles. For the Mg-Cal layer, a
successive decrease is observed in the Mg component from the Dol boundary towards pure
calcite. Starting from a calcite single crystal, the decreasing Mg content correlates with an
increase in grain size. Small peaks in the chemical profiles are caused by pores at grain
boundaries, accompanied by some Dol formation, if Soln or Carrara marble is used as starting

material.

In the central low strain (y = 0.1) part of the twisted sample stack Ca_pMg-02, the element
distributions of Ca and Mg are comparable to those of the annealed sample (Fig. 6a). In
contrast, at intermediate (y = 1.9) and high (y = 3.4) strain conditions, constant mole fraction
values are observed on both sides adjacent to the Dol/Mg-Cal boundary (Fig. 6b, c), probably

induced by high phase boundary mobility.

DISCUSSION
Influence of chemistry and microstructure on reaction progress

Diffusion-controlled solid reaction rim growth is limited by the transport of matter from one
reaction front to the other. Two different pathways are available: volume diffusion through
the crystal lattice or diffusion along grain boundaries. Grain boundary diffusion is usually
several orders of magnitudes faster compared to volume diffusion and operates on larger
spatial scales (Dohmen and Milke 2010). Depending on grain size, a combination of these two
transport processes yield an effective diffusion rate. It is commonly assumed that diffusion of
the slowest species along its fastest path is rate-limiting and controls the overall effective
growth rate. For Dol rim growth between Cal and Mgs under isostatic conditions, counter-

diffusion of Ca and Mg was inferred to be rate-controlling (Helpa et al. 2014). Unfortunately,
14

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5580

the determined diffusion coefficients (Dcaomgo = 10" m/s?) in dolomite did not allow

discrimination between predominant volume or grain boundary diffusion at these conditions.

In this study, mass balance considerations are based on the position of the initial contact
interface, the measured reaction layer thicknesses and the measured chemical profiles (Table
2, Fig. 5, 6). Analyzes showed that the molar amount of Mg (nyg) transferred across the

initial interface is always higher than the amount of Ca (nc,), as given by the fraction viy:

— __Mmg
ng - nMg+nCa (2)

Calculated values are given in Table 2. Nevertheless, it is likely that most of the mass
transport occurs by Ca*" and Mg®" counter-diffusion, because it is the energetic most
favorable way for dolomite formation based on the similar crystal structures of carbonates.
The significant greater Mg”" transport in some experiments and the formation of Mg-Cal at
the contact between samples and the copper jacket in the torsion experiments, indicate a
second transport mechanism. This likely involved solution, reprecipitation, and mass transport
of Ca*", Mg?", and COs> (or possibly other equivalent species) in some kind of fluid. The
assumption of a second transport mechanism is supported by an increasing ratio of
Axpor-mgs/DXpoi—car With increasing temperature up t0 Axpg;—pgs/AXpor—car = 0.6 at 850°C

(Helpa et al. 2014).

Chemical profiles reveal a sharp step in the Ca/Mg distribution at the Dol-Mgs reaction front,
in good agreement with local equilibrium conditions for Mgs in contact with Dol (Fig. 5, 6).
No chemical gradients are observed in Mgs and Dol close to the interface, similar to those
present at the Dol-Mg-Cal interface. At the experimental conditions, magnesite ought to
incorporate Xc, = 0.017 of the Ca component. Thus, it is likely that chemical gradients are
present, but are too small or too local to be determined. At the Dol-Mg-Cal interface, the
composition of calcite-grown Dol is not stoichiometric, with progressive decrease in Xy

towards the Mg-Cal phase (Fig. 5, 6), which likely affects chemical exchange and interface
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migration. Furthermore, the formation of the Mg-Cal layer requires a longer diffusion
pathway of the Mg component into the calcite reactant compared to transport of the Ca
component into Mgs. This suggests a relatively fast Mg diffusion coefficient. The difference
in mobility between Mg and Ca is likely caused by the relatively large ionic radius of Ca
(0.99 A) compared to the relatively small Mg ionic radius of 0.66 A (Althoff 1977). With
respect to the unit cell volumes of V= 367.91 A® and Vmgs= 279.13 Al (Deer et al. 1992),
mobility of small Mg point defects in the Cal lattice should be higher than mobility of large
Ca point defects in Mgs. Our results demonstrate that the grain size of the magnesite starting
material has an important influence on the Dol reaction rim formation. Annealing experiments
revealed that the Dol layer is considerably thicker if fine-grained poly-Mgs is used as starting
material (Fig. 1). In addition, dolomite-dolomite grain boundaries in experiments with poly-
Mgs are oriented parallel to the diffusive fluxes, possibly promoting fast mass transport along
grain boundaries and enhanced reaction progress (Fig. 3 a-d). Moreover, Dol grown into
poly-Mgs contains isolated inclusions of magnesite within individual Dol grains. The
magnesite inclusions are smaller next to the initial interface than at the Dol-magnesite
reaction interface (Fig. 4, 5, 6). We interpret the inclusions as residual magnesite that is
progressively consumed by Dol as the reaction proceeds in time. The inclusions and the
thicker Dol rim evolving in poly-Mgs compared to Mgs suggests that reorganization of the
crystal lattice may control the complete Dol transformation. The width of the entire Dol rim is
hardly affected by the grain size of the calcite stating material (=<7 mm for Cal, 220 pm for
Carrara and 6 um for Soln). In contrast the reaction front mobility is controlled by the

diffusion of Ca along grain boundaries in magnesite.

The thickness of the Mg-Cal layer increases continuously with decreasing grain size of the
calcite reactant (Fig. 1). This suggests that formation of Mg-Cal is controlled by grain

boundary diffusion of the Mg component into calcite to form Mg-Cal.
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Counter-diffusion of Ca towards the Dol interface along grain boundaries of Cal is
significantly faster than diffusion of Ca within Cal grain interiors. This is in agreement with
results from Farver and Yund (1996) for Ca diffusion along grain boundaries and through the
crystal lattice. We expect diffusion to be rapid along interconnected pores as well, as
suggested by the presence of Dol along pores within the Mg-Cal layer in contact with Soln.
The pores are preferentially located at triple junctions and grain boundaries (Fig. 4, 5b). Pores
are more likely interconnected in the limestone with 4% porosity compared to marble with

<0.5% porosity.

Influence of deformation on reaction progress

Reaction progress involving dolomite formation and Mg-Cal layer growth is significantly
affected by deformation. Dol reaction rims between poly-Mgs in contact with Cal are 15%
thinner in triaxially compressed samples and 39% thinner in twisted samples compared to the
annealing experiment. The width of the Mg-Cal layer formed in Cal is not affected by triaxial

compression, but is about 23% larger in torsion experiments.

The effect of deformation is even more pronounced if poly-Mgs and Soln are used as
reactants. Triaxial compression leads to 21% thinner dolomite rims and torsion lowers the Dol
rim width by about 45%. In contrast, triaxial compression and torsion of starting materials
produce Mg-Cal layers, which are about 50% thicker than during static annealing.

In summary, the reaction rates of Dol formation are reduced if samples are simultaneously
annealed and deformed, irrespective of total strain. Rates of Mg-Cal formation are either
unaffected or increased.

Helpa et al. (2015) found that stresses up to 38 MPa do not alter the reaction rate of Dol and
do not significantly change the thermodynamic driving forces. These authors also observed an
enhanced rate of Mg-Cal production at high strains (>0.1), which was attributed to enhanced
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dislocation activity that provided additional diffusion pathways. Our results are consistent
with these conclusions. Deformation may also increase the mobility of grain boundaries and
grain boundary diffusion rates, leading to Dol formed along grain boundaries in Mg-Cal and

Soln in highly strained torsion samples.

For poly-Mgs starting material, the Dol rim thickness in deformed samples is thinner
compared to annealed samples. The average grain sizes of the involved polycrystalline phases
are given in Table 3, demonstrating grain growth to similar final grain sizes after 29 h of
annealing or 18 h of deformation. The faster grain growth in deformation experiments may
influence the reaction progress by reducing the grain boundary density. This would be an
important parameter if grain boundary diffusion is predominant. Assuming a grain growth law
of the form
d" —dy =Kt 3)

with dp = initial grain size, d = final grain size after time ¢, K = rate constant and n = 2-3
(Olgaard and Evans 1986, 1988; Covey-Crump 1997), the grain size of magnesite can be
back-calculated from 29 to 18 h annealing time, resulting in a size of =9.0-9.5 um. If we
further neglect the Mg-Cal formation and assume for simplicity that the effective diffusivity D
is inversely proportional to the grain size d and proportional to the square of rim thickness
(i.e., (Axpe)* ~ D ~ d”', Gardés et al. 2011), then the predicted reduction in Dol rim thickness
between annealed and triaxially deformed samples is about 7-10%, depending on the assumed

grain growth exponent n. Within error, this agrees with the observed reduction of ~14%.

I nfluence of water on reaction

In experiment Ca Mg Dia-01, dehydration of diaspore increases the water content of the
starting materials by about 0.3 wt%, if all released water is incorporated into the single crystal
reactants. Measured average thicknesses of Dol and Mg-Cal layers in this experiment are in
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good agreement with values measured between single crystals containing about 0.2 wt%
water (Helpa et al. 2014; Table 2; Fig. 1). Therefore, the presence of water appears to have
no effect on the diffusion-controlled growth kinetics of Dol and Mg-Cal, at least between 0.2
wt% and ~0.5 wt% H,O. This agrees with deformation experiments on Carrara marbles,
which are only weakly affected by the presence of water in the dislocation creep regime (de
Bresser et al. 2005). To our knowledge, the influence of water on Ca or Mg self- or grain
boundary diffusion in Cal or Dol has not been investigated. Self-diffusion experiments of C
and O in Cal at 7= 650-850 °C under dry conditions showed diffusion coefficients of similar
orders of magnitude (Anderson 1969). In the presence of water, carbon self-diffusion
coefficients remained similar, while self-diffusion of oxygen was accelerated by about 2
orders of magnitude at 750 °C (Kronenberg et al. 1984). This indicates that O-diffusion is not
rate-limiting in our experiments, since we observed no influence of water in our rim growth

experiments.

In contrast, in the silicate systems MgO-SiO, and Mg,Si04-Si0;, enhanced reaction rim
growth kinetics were observed in the presence of water. Compared to nominally dry
conditions, grain boundary diffusion was faster by a factor of 5 to 30 (Yund 1997; Gardés et
al. 2012; Milke et al. 2013). Here, only trace amounts of water (tens of ppm) are necessary to
enhance the reaction rates (Gardés et al. 2012; Milke et al. 2013). It is clear that due to the
breaking of Si-O bonds in the presence of water and the formation of silanol groups, the
silicate system is much more sensitive to the presence of water than Ca-Mg interdiffusion in

the carbonate system.

Grain size and CPO development

Independent of deformation conditions, we observed grain growth in all polycrystalline

starting materials as well as nucleation and growth of reaction products (Tables 2, 3).
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Assuming an exponent of n = 3 for the grain growth law (e.g., Olgaard and Evans 1986, eg.
3), the growth rate constant K of Soln is in the range 5-8 x 10° um?/s. The grain growth rate
for poly-Mgs is 1-2 x 107 pm?/s, indicating faster grain growth for poly-Mgs compared to
Soln (eg. 3). For comparison, Davis et al. (2011) determined grain growth rates of fine-
grained, high purity Ca-Mg carbonates at 7= 800 °C, P =300 MPa, with rate constants of K =
5 x 107" um?/s for calcite, K ~ 3 x 10™* pm?/s for magnesite and K = 5 x 10” um?/s for Dol.
The Soln rate constant is =2 orders of magnitude lower and the poly-Mgs rate constant is =2
orders of magnitude higher compared to our experiments. This may be due to differences in
the temperature of the experiments, porosity and impurity content of the starting materials.
Assessment of the results reported by Davis et al. (2011) suggests only a minor effect of
temperature differences. However, the porosity of our samples was 4% compared to 0.04%
for samples used by Davis et al. (2011). Porosity of our magnesite samples was 6% compared
to 28% in samples of Davis et al. (2011), revealing a strongly reduced growth rate at high

porosity (Olgaard and Evans 1986; Herwegh el al. 2011).

The CPO development of Dol between polycrystalline reactants during deformation is
independent of the starting materials’ CPO. In torsion experiments, C-axes of Dol form girdles
lying inclined at 45° with respect to the direction of shear. This corresponds to the direction of
minimum or maximum principle stresses. Helpa et al. (2015) reported a similar rotation of
Dol and Mg-Cal CPO’s towards the compression or rotation axes (parallel to GD) during
triaxial compression and twisting of Cal and Mgs. The CPO development results from
deformation of the reaction product. We suggest that deformation was accommodated by a
combination of diffusion creep, grain boundary sliding and dislocation activity (Delle Piane et
al. 2007, 2008; Helpa et al. 2014). However, no evidence was found for any effect of the

textural change on the reaction kinetics of Dol and Mg-Cal formation.
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Implications

Our study shows that the kinetics of Dol- and Mg-Cal-forming reactions in carbonate systems
are strongly affected by the grain size of the reactant phases. The formation of dolomite is
enhanced by small magnesite grain sizes and Mg-Cal formation is enhanced by fine-grained
calcite reactants. Similarly, growth rates of spinel forming between periclase and
polycrystalline corundum were faster compared to spinel formed between single crystals of
corundum and periclase (Keller et al. 2010). Likewise, formation of enstatite between quartz
and olivine is enhanced if reactants are polycrystalline materials rather than single crystals
(Gotze et al. 2010). Compared to the strong effect of the reactant grain size on growth rates of
reaction products, the effect of increased differential stress is insignificant.

In natural shear zones containing fine-grained ultramylonites, it is frequently found that the
rates of metamorphic reactions are enhanced compared to the undeformed and typically
coarser grained wall rocks (e.g., Kenkmann and Dresen 2002). The results suggest that high
reaction rates are deformation-induced via grain size reduction of the reactant phases by
dynamic recrystallization and/or cataclasis rather than via a stress-induced enhancement of
component diffusion within the product phase. If fluids are present within shear zones,
enhanced diffusion rates and solution-precipitation processes may further accelerate this

effect.
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Figure 1. Schematic diagram of reaction product widths in samples annealed for 29 h. Widths
of the entire dolomite reaction rim Axp, (light grey) and magnesio-calcite layer Axugcu
(intermediate grey) are given between different starting materials (top and bottom). The
dashed line represents the initial contact of starting materials. Dark grey boxes indicate
dolomite rims, where no initial contact interface could be determined. In the first column,
measured values are listed and +1 standard deviation uncertainties are given by error bars at
phase boundaries. Following columns are normalized with respect to the first column.
Measurements of the corresponding experiments are from Table 2. Asterisk (*) indicates

annealing experiment performed by Helpa et al. (2014).

Figure 2. Schematic diagram of reaction product width in samples deformed for 18 h. For
detailed information, see Figure 1.

Asterisks(*) indicate results of 1) torsion experiment by Helpa et al. (2015) and 2) annealing
experiment performed by Helpa et al. (2014). In torsion experiment of Helpa et al. (2015), a

decrease in Dol rim Mg-Cal layer thickness was observed with increasing strain.

Figure 3. Optical micrographs of Dol and Mg-Cal between different starting materials formed
during static annealing at 750 °C for 29 h in stack-01. Starting materials are a-b Soln/poly-
Mgs, c-d poly-Mgs/Cal, e-f Cal/Mgs and g Mgs/Soln. Phase boundaries are shown by solid
lines and the initial contact of the starting material is indicated by the dashed line. Dotted line
in g indicates the petrographic boundary between Mg-Cal and Soln. In the right column

corresponding close-ups of the Dol microstructures are shown. Note different scales.

Figure 4. Backscattered electron image of reaction products between polycrystalline starting
materials in twisted sample pCa_pMg-01. Grain boundaries of Soln and Mg-Cal are decorated

by dolomite as indicated by the white arrows.
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Figure 5. Backscattered electron (BSE) images and chemical profiles of reaction products
between a Cal and poly-Mgs and b poly-Mgs and Soln from experiment stack-01 (z = 29,
annealed). Values of X¢, and Xy across the reaction rim are given in red and black,
respectivley. Solid vertical lines represent phase boundaries and dashed lines indicate the
location of the initial interface between reactants. White arrows in b indicate dolomite

formation associated with pores.

Figure 6. BSE images and chemical profiles of torsion experiment Ca_pMg-02, including Cal
and poly-Mgs. Values of X¢, and X, are illustrated as in Fig. 5. Line scans were done at
different locations within the sample representing a certain shear stress/strain condition.
Shown are a the central part of the sample (t ~ 0.7 MPa; y =~ 0.1), b a location further away

from the center (r = 1 MPa; y = 1.9) and c at the edge of the sample (r = 1 MPa, y = 3.4).
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Table 1. Starting material assemblies (from top to bottom) and experimental conditions. All
experiments were performed at 750 °C temperature and 400 MPa confining pressure. ¢ is time, ¢
is bulk axial strain and & is strain rate measured in triaxial compression at constant axial stress
Omax- Tmax 18 the maximum shear stress and y is the maximum shear strain obtained in torsion

experiments at constant shear strain rate y. Uncertainties of measurements are given in

parentheses.
Experiment Starting assembly t Strain Strainrate Stress
(h) (s9) (MPa)
annealing € Opax
Stack-01 Soln/Mgs/Cal /poly-Mgs/Soln 29 - - -
pCa Mg pCac-01 Soln/Mgs/Carrara 29 - - -
Ca Mg Dia-01 Mgs/Cal 29 - - -
pCa pMg pCac-01 Soln/poly-Mgs/Carrara 29 - - -
Triaxial
Ca pMg pCa Mg- Cal/poly-Mgs/Soln/Mgs 18 0.17 1x10* 20
01 (for 0.5 h)
Torsion 14 ¥ T
pCa_pMg-01 Soln/poly-Mgs 18 2 3.1x107 3.8(5)
Ca pMg-02 Cal /poly-Mgs 18 4 6.2 %107 1.7(4)

Note: Soln = Solnhofen limestone, Mgs = magnesite single crystal, Cal = calcite single crystal,
poly-Mgs = polycrystalline magnesite, Carrara = Carrara marble.



Table 2. Measured average layer thicknesses of the entire polycrystalline dolomite layer (AXpo), dolomite formed in contact with

magnesite (AXpol-mgs), dolomite formed in contact with magnesio-calcite (AXpo-ca) and magnesio-calcite (AXug.ca). The mean grain

diameters of the dolomite and magnesio-calcite grains are represented by apol-mgs, @pol-ca, and amg.ca. One standard deviation of

measurements in parentheses. The fraction vy is the molar amount of Mg relative to Ca+Mg transferred across the initial contact

interface (see eq. 2).

Experiment interfaces t AXpol AXpol-mgs AXpol-cal AXwmg-cal Apgl-Mgs Apol-Cal Avg-cal VMg
(h) (um) (um) (1um) (um) (um) (um) (um)
annealing
Stack-01 Soln/Mgs 29 5(1) NA NA 30, NA NA NA NA
Mgs/Cal 47(11) 24(6) 23(6) 41(9) 5.0(11)  4.5(10) 24.3(134) 0.54(9)
Cal/poly-Mgs 98(7) 46(6) 51(4) 52(7) 6.9(13)  6.7(16) 28.4(117) 0.55(4)
poly-Mgs/Soln 108(8) 49(6) 59(6) 130(13) 6.3(11)  5.7(10) 20.9(94) 0.60(4)
pCa Mg pCac-01 Soln/Mgs 29 5(D) NA NA 30, NA NA NA NA
Mgs/Carrara 9(2) 5(1) 4(1) 29(8) 2.1(5) 2.3(07) 17.1(108) 0.58(10)
Ca_Mg Dia-01 Mgs/Cal 29 14(4) 9(2) 6(2) 37(10) 4.5(15)  4.2(16) 23.5(143) 0.51(10)
pCa_pMg pCac-01 Soln/poly-Mgs 29 117(7) 57(5) 59(5) 147(14) 6.6(16)  5.7(16) 21.3(84) 0.57(NA)
Poly-Mgs/Carrara 108(5) 50(5) 59(3) 65(10) 6.7(18)  5.4(20) 24.0(161) 0.56(NA)
Triaxial
Ca pMg pCa Mg- Cal/poly-Mgs 18 65(4) 33(3) 32(3) 43(5) 54(13)  5.0(13) 23.6(115) 0.53(4)
01 poly-Mgs/Soln 67(4) 32(4) 35(4) 69(9) 6.0(17)  4.9(10) 21.3(72) 0.57(4)
Soln/Mgs 4(1) NA NA 32, NA NA NA NA
Torsion
pCa pMg-01 Soln/poly-Mgs 18 47(6) 22(3) 25(4) 70(19) 6.5(22) 6.4(22) 18.4(92) 0.60(6)
Ca pMg-02 Cal/poly-Mgs 18 48(6) 22(4) 26(5) 53(9) 59(19)  6.3(19) 24.5(149) 0.60(8)

Note: The subscript a denotes thicknesses estimated by petrographically observations together with microprobe analyses. NA denotes

“Not Available”.



Table 3. Porosity and grain sizes for polycrystalline magnesite and Solnhofen limestone at

different experimental conditions.

Porosity (%) Grain size (um)

Polycrystalline magnesite

Starting material 6 4(0)

29 h annealing 6.8 11(3)

18 htriaxial compression 6.8 11(2)

18 h torsion 10.8 10(3)
Solnhofen limestone

Starting material 4 6(1)

29 h annealing 37 91)

18 h triaxial compression 37 91)

18 htorsion 31 91
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