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Abstract We extended a previous study on the influence
of Mg solute impurity on diffusion creep in calcite to
include deformation under a broader range of stress con-
ditions and over a wider range of Mg contents. Synthetic
marbles were produced by hot isostatic pressing (HIP)
mixtures of calcite and dolomite powders for different
intervals (2-30 h) at 850°C and 300 MPa confining pres-
sure. The HIP treatment resulted in high-magnesian calcite
aggregates with Mg content ranging from 0.5 to 17 mol%.
Both back-scattered electron images and chemical analysis
suggested that the dolomite phase was completely dis-
solved, and that Mg distribution was homogeneous
throughout the samples at the scale of about two micro-
meters. The grain size after HIP varied from 8 to 31 um,
increased with time at temperature, and decreased with
increasing Mg content (>3.0 mol%). Grain size and time
were consistent with a normal grain growth equation, with
exponents from 2.4 to 4.7, for samples containing 0.5-
17.0 mol% Mg, respectively. We deformed samples after
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HIP at the same confining pressure with differential stres-
ses between 20 and 200 MPa using either constant strain
rate or stepping intervals of loading at constant stresses in a
Paterson gas-medium deformation apparatus. The defor-
mation tests took place at between 700 and 800°C and at
strain rates between 10~® and 107 s™'. After deformation
to strains of about 25%, a bimodal distribution of large
protoblasts and small recrystallized neoblasts coexisted in
some samples loaded at higher stresses. The deformation
data indicated a transition in mechanism from diffusion
creep to dislocation creep. At stresses below 40 MPa, the
strength was directly proportional to grain size and
decreased with increasing Mg content due to the reductions
in grain size. At about 40 MPa, the sensitivity of log strain
rate to log stress, (n), became greater than 1 and eventually
exceeded 3 for stresses above 80 MPa. At a given strain
rate and temperature, the stress at which that transition
occurred was larger for samples with higher Mg content
and smaller grain size. At given strain rates, constant
temperature, and fixed grain size, the strength of calcite in
the dislocation creep regime increased with solute content,
while the strength in the diffusion creep regime was
independent of Mg content. The results suggest that
chemical composition will be an important element to
consider when solid substitution can occur during natural
deformation.

Keywords Rheology - Carbonates - Constitutive laws -
Solute strengthening - Normal grain growth
Introduction

In many orogenic belts, carbonate formations accumulate
large strains along localized shear zones that involve
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deformation by non-cataclastic processes (Bestmann et al.
2000; Burkhard 1990, 1993; Busch and Vanderpluijm
1995; Carter 1992; Heitzmann 1987; Herwegh and Kunze
2002; Molli et al. 2000; Molli and Heilbronner 1999;
Pfiffner 1982; Schenk et al. 2005; Vanderpluijm 1991; Yin
1996). Owing to the extreme localization, the deformation
of these marble sequences must play a key role in the
overall energy budget of orogenic events.

Despite extensive field and laboratory investigations
(Covey-Crump 1998, 2001; de Bresser and Spiers 1993; de
Bresser et al. 2001; Goetze and Kohlstedt 1977; Griggs and
Miller 1951; Heard 1963; Heard and Raleigh 1972; Renner
et al. 2002; Rutter 1972, 1999; Spiers 1979; Walker et al.
1990), many questions remain concerning the exact rheo-
logy appropriate to describe natural deformation of
carbonates (de Bresser et al. 2002). Various studies have
focused on mechanical behavior at large strains (Barnhoorn
et al. 2004; Pieri et al. 2001; Rybacki et al. 2003), the
influence of porosity and pore fluids on deformation (de
Bresser et al. 2005; Heard 1960; Rutter 1972, 1984; Siddiqi
et al. 1997; Xiao and Evans 2003; Zhu et al. 1999), and the
effect of solid second phases on strength (Bruhn et al.
1999; Dresen et al. 1998; Jordan 1987; Olgaard and Evans
1986; Renner et al. 2007; Rybacki et al. 2003; Walker et al.
1990).

In this study, we investigated the strength of high-
magnesium calcite of varying Mg contents. We preformed
deformation experiments using both creep and constant
displacement rate loading at temperatures between 700
and 800°C, in a conventional triaxial machine at a con-
fining pressure of 300 MPa and at strain rates between
107% and 107 s™'. The conditions of these experiments
are similar to those previously reported by Herwegh et al.
(2003), but the current data were collected over an
increased range of differential stresses—up to 200 MPa
and over a slightly wider range of chemical compositions.
About 80 creep experiments were performed on 17 dif-
ferent synthetic calcite samples with Mg contents ranging
from 0.5 to 17.0 mol%. Previous work suggested that
deformation under these conditions of stress, temperature,
and pressure occurs by a combination of diffusion creep
and dislocation creep (Herwegh et al. 2003; Walker et al.
1990). The contribution to deformation by dislocation
motion becomes much larger as the differential load
increases. We do not attempt to provide a complete
rheological description of deformation by all dislocation
mechanisms (see discussion by Davis et al. 2005; de
Bresser 2002; Renner and Evans 2002), but instead we
focus on the relative effect of the impurity content on
strength during dislocation deformation and on the
conditions at which the transition between diffusion creep
and dislocation creep occurs. In order to separate the
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contributions of diffusion and dislocation creep mecha-
nisms, a composite flow law was fit to the data using a
non-linear inversion technique. We also performed addi-
tional grain-growth experiments under hydrostatic loading
to investigate further the effect of solute impurities on
growth kinetics.

Solid solutes and physical properties

Minerals often contain impurities that substitute in
varying amounts for the usual ion expected from the
chemical formula (Nesse 2000; Wenk and Bulakh 2004).
In such cases, the impurity ions are solutes, dissolved
into the crystal lattice, and when the impurities take the
place of one of the stoichiometric ions, the mineral can
be regarded as a substitutional solid solution. For
example, natural carbonates often contain varying
amounts of divalent impurity cations, for example, Fe,
Mg, Mn, and Sr, which substitute for Ca (Essene 1983;
Mackenzie et al. 1983). The physical properties of
ceramics and semiconductors, including grain-boundary
mobility, diffusion coefficients, electrical conductivity,
and strength are known to be very strongly affected by
solid solutes (e.g., Chiang et al. 1997; Liicke and Stiiwe
1971), and similar effects may be evident in mineral
solid solutions (Bai et al. 1995; Hiraga et al. 2007;
Hitchings et al. 1989; Hobbs 1984; Kohlstedt 2006). For
example, the solution of Fe in forsterite increases the
creep rate under anhydrous conditions by factors of as
much as 1,400 times (Zhao et al. 2008).

Some studies intimate that the physical properties of
carbonates will also be strongly affected by solid solutes.
Natural carbonate rocks tested in the laboratory are often
stronger than synthetic ones, which likely contain fewer
impurities (Heard and Raleigh 1972; Renner et al. 2002;
Rutter 1974; Schmid 1977; Schmid et al. 1980; Walker
et al. 1990). Freund and co-workers (Freund et al. 2001;
2004; Wang et al. 1996) have suggested that trace
amounts of dissolved Mn (10-670 ppm) decrease the
strength of calcite during both dislocation and diffusion
creep, although the effect in the former regime may be
small. Larger amounts of dissolved Mg do not directly
affect the flow strength of the calcite aggregates in the
diffusion creep regime (Herwegh et al. 2003), but, in
those experiments, high Mg content correlated with
smaller grain size, and this, in turn, is expected to reduce
the aggregate strength during Coble creep. Mn and Mg
solutes also have opposite effects on normal grain growth
of calcite. The addition of Mn (less than 670 ppm)
increases growth rates (Freund et al. 2001), but the
addition of Mg (>7 mol%) decreases boundary mobility
(Herwegh et al. 2003).
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Rheological descriptions of diffusion and dislocation
creep

Here we are interested in the effect of solute impurities on
the creep behavior of calcium carbonate rocks. For defor-
mation by non-cataclastic (crystal-plastic) processes,
forward predictions of the strength of naturally deformed
rocks can be made using constitutive laws calibrated by
laboratory experiments, provided that appropriate thermo-
dynamic conditions are simulated and controlled, and that
the deformation mechanisms that operate in the experi-
ments are also relevant to the geological processes
(Kohlstedt et al. 1995; Paterson 1976, 2001; Ranalli and
Murphy 1987). For a general framework of constitutive
laws, see Frost (1982). The deformation mechanisms
involved are probably, in general, sensitive to strain rate
and temperature and have variously been termed crystal
plasticity; ductile, viscous, plastic deformation; or creep.
To emphasize the effect of prolonged loading, we use the
generic term, creep deformation, to refer to all rate-
dependent deformation occurring by motion of any crystal
defect.

Three classes of equations are commonly used to rep-
resent steady-state creep of rocks. At high temperatures,
small grain sizes, and/or low stresses, rocks may deform by
diffusion creep:

PO N G ¢ ) (1)
diff diffo d‘f P RT

where r is usually nearly equal to 1, s may be 1-3, Qg is
the activation enthalpy for self-diffusion of the slowest
constituent of the mineral along the fastest available path,
and égifro is a factor that may be weakly dependent on
temperature or more strongly dependent on details of the
point defect chemistry.

As temperatures decrease, or grain size and stresses
increase, the creep deformation will be dominated by dis-
location motion. The most common constitutive equation
used to describe dislocation creep in rocks at elevated
temperature and slow strain rates is the power-law equation:

Epwr = Epwro0" €XP (— O Wr) (2)

RT

where &ywro 18 a pre-exponential factor, perhaps containing
a dependence on chemical fugacity; ¢ is the differential
stress; n is the stress exponent of strain rate; RT is the
standard Boltzmann term, with gas constant, R, and abso-
lute temperature, T; Qpwr is the activation enthalpy for
creep.

At low-temperatures, high stresses or fast strain rates (as
defined by Frost 1982), creep deformation may be limited
either by cross-slip (de Bresser and Spiers 1993) or dislo-
cation glide (Renner and Evans 2002). The latter authors

used an empirical equation for the power-law breakdown
region of the form:

. o 0
Eplb = Aplb0” €Xp (0_> exp <— —RE?) (3)
»

where Ay, is a material constant, Oy, is the activation energy
for dislocation creep, and ¢, = (Zpo +Kd*’”ﬁ) (Tn—T)is

the resistance to glide, which is composed of an intrinsic
Peierls stress and a grain-size dependent back stress. T,
denotes the melting temperature (Renner et al. 2002). Sev-
eral other formulations for stress-activated deformation
might also be used (Renner and Evans 2002), and we do not
regard this formulation as definitive. In this study, we use (3)
as an empirical fit to data in the dislocation creep regime, but
suggest caution in using this creep law to extrapolate to
natural conditions.

In the discussion below we identify these regimes as
diffusion creep, high-temperature dislocation creep, and
low-temperature dislocation creep, respectively. The low-
temperature creep equation is sometimes called plastic, but,
in fact, all three equations can be said to be creep equations
because they each predict a non-zero inelastic strain rate
under prolonged load. Some caution in using the equations
is appropriate, however. Diffusion creep of carbonates at
high temperatures seems to be described well by Eq. (1),
but the high-temperature dislocation creep equation (2)
does not accurately represent the mechanical behavior over
a significant range of conditions (see reviews by de Bresser
2002; Walker et al. 1990). For example, n values found by
fitting data to (2) are usually between 3 and 9, but these
values increase with increasing stress and are not constant
even over small intervals in stress. Eq. (3) is successful in
fitting most of the experimental data for several calcite
rocks, but it is largely empirical. In fact, none of the current
constitutive models are capable of adequately explaining
all the details of the mechanical behavior for dislocation
creep of carbonate rocks. Further work is needed to for-
mulate a set of robust constitutive equations, which are
firmly based on observable microstructure variables and
fundamental microphysics. Because of this uncertainty, in
the following discussion, we may often simply refer to
deformation by dislocation motion, as dislocation creep,
without making a distinction between high and low tem-
perature regimes.

Methodology of experiments
Sample preparation and apparatus

Samples were prepared from mixtures of reagent-grade
calcite powder (5 pm grain size, Mallinckrodt Inc.) and
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ground natural dolomite powder (Microdol Super from
Alberto Luisoni Mineralstoffe; 2 pm grain sizes). The hot
isostatic pressing (HIP) technique was described in detail
previously (Herwegh et al. 2003; Renner et al. 2002).
Powders were mixed in proportions to produce marbles
with magnesium solute contents (after HIP) of 0.5, 3.0 to
17.0 mol% (Fig. 1). The different Mg-calcites will be
referred to as Mgcc, —20, —40,...,—80, where the numbers
indicate the temperature at which the solid-solution is at
saturation (e.g., Mgcc-20 has 0.5 mol% Mg dissolved in
the calcite lattice; calcite with that composition is saturated
with Mg at 200°C). After mixing, powders were dried in an
oven at 110°C and cold-pressed into thin-walled (0.3 mm)
iron shells using a uniaxial stress of about 100 MPa. The
cold-pressed aggregates, whose initial porosity was about
25%, were dried overnight and then loaded into an iron
jacket along with Al,O5 and ZrO, pistons (Fig. 2).

HIP

To fabricate the synthetic marbles, the sample assembly
was pressurized to about 225 MPa and then heated to
850°C at a rate of 15°C/min in an internally heated Pate-
rson apparatus (Paterson 1990). The HIP step lasted from
2 to 30 h at 850°C and 300 MPa confining pressure. To
monitor densification, we applied an axial stress of less
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CaCo, x MgCO3 CaMg(CO;),

Fig. 1 Calcite—dolomite solid-solution system; after Anovitz and
Essene (1987). Symbols indicate the molar concentration of Mg in
calcite for the various samples and the temperature at which each
composition would saturated in Mg. The labeling is the same as in
Herwegh et al. (2003). Two new composition Mgcc-20 and Mgcc-40
have been added in this study. All samples were produced using HIP
at 850°C; all solid solutions used in this study should be stable for
deformation at 800°C. The most-concentrated solid solutions (Mgcc-
80) may have undergone exsolution during deformation at 700—
800°C; but the remainder should have been stable at all conditions
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Fig. 2 Schematic cross-section of the sample assembly for the grain
growth and deformation experiments. See Renner et al. (2002) for a
complete description of the apparatus and of the accuracy of the
measurements

than 3 MPa (<0.2 KN) and measured changes in sample
length during heat-up, pressurization, and the isothermal
HIP. The temperature was monitored by three Pt-Pt/Rh
thermocouples inserted in the furnace and by an additional
chromel-alumel thermocouple reaching the top of the
sample through a bore in the ceramic pistons. The tem-
perature at the top of the sample varied by less than £5°C
throughout the experiments. Before the experiments, we
calibrated the furnace to guarantee a flat thermal profile
along the sample (spatial temperature variations are esti-
mated to be <£2°C).

During the initial portion of the HIP, Mg-calcite is
formed from the mixture of calcite and dolomite powders
by a complex combination of densification, grain-boundary
diffusion, volume diffusion, and chemically induced grain-
boundary migration (see Herwegh et al. 2003). During this
short transition period, a dense compact aggregate of high-
magnesian calcite is formed with an average grain size that
is smaller than the original powder sizes. Additional heat-
treatment under isostatic stress (longer HIP time) resulted
in normal grain growth. By interrupting the HIP process at
very short times, we ascertained that normal grain growth
was underway after 1,000 s and that the average grain size
of the aggregate was about 5 pum. Ten additional HIP
experiments of durations up to 18 h were conducted to
investigate normal grain growth rates.
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Chemical analyses of the mixtures after HIP treatments
were done in electron microprobe (JEOL JXA-733) with
spatial resolution of ~2 pm through X-ray emission
spectrometry. At the scale of the probe dimensions,
(~2 um), the aggregates were spatially homogeneous. The
microprobe results provide quantitative checks on the Mg
content of the synthetic marbles. The microprobe mea-
surements also indicate the presence of trace impurities of
Fe, Mn, and Sr. These three cations are present in amounts
much less than 0.1%; i.e., concentrations that are too small
to be measured very accurately in the microprobe. Because
these impurities are probably contained within the natural
dolomite powder, their concentrations in the aggregates are
likely to co-vary with the Mg content.

Deformation tests

We performed deformation tests on other samples imme-
diately after the HIP step by reducing the temperature at
15°C/min to the run temperature (800, 750, or 700°C) and
then allowing the thermal profile to equilibrate for about
20 min. The confining pressure was adjusted to 300 MPa,
if necessary, and maintained at that value throughout the
experiment. Displacement of the axial loading piston is
quantified using a linear variable differential transformer
(LVDT), which can detect a minimum displacement
increment of 0.3 pm, i.e., a minimum detectable strain
increment of 1.5 x 107>, The load is measured internally
with uncertainty of 20 N (i.e., about 0.3 MPa in axial
stress). The strength of the metal shell (iron) at the
experimental conditions was taken into account using a
correction procedure from Renner et al. (2002); more
details of the apparatus can also be found there.

Deformation tests were done either with constant strain
rate or constant stress (Table 1). Strain rates varied from
~107% to 1073 s_l; and the total inelastic strain of the
sample was about 20% or less for most tests. When sub-
sequent examination indicated that the sample had
barreled, the mechanical data were discarded to prevent
artifacts induced by inhomogeneous deformation. The
duration of a deformation test was usually less than 1 h.
After deformation, samples were unloaded first and quen-
ched immediately after unloading by reducing the
confining pressure and turning off the furnace simulta-
neously. The temperature in the sample drops from 700 to
300°C in less than one minute. Recovery experiments in
heavily deformed calcite single crystals indicate that dis-
location densities are reduced by less than 20% over a
period of 2 h at 600°C (Liu and Evans 1997). Thus, the
dislocation microstructure is probably affected very little
by the quench procedure.

At the end of each hydrostatic or triaxial experiment, a
polished thin section was made to measure the grain size.

Micrographs were recorded from optical observations
made in reflected polarized light, and a tracing of the grain
boundaries in the sample was made by hand, using
Imagepro software and some manual adjustment. Using the
software, the area of each grain was calculated, and the
grain size recorded as the diameter of a circle with
equivalent area. In each sample at least 300 grains were
measured. To compare with previous grain growth studies
that used mean intercept length (e.g., Covey-Crump 1997;
Schmid 1977; Tullis and Yund 1982), we also calculated
the mean intercept length (D,p) using equation Dpp =
TA, /Zp (Underwood 1970, p. 42), where A, is the mean
area of grains in the 2D image and L, is their mean
perimeter length. The sample porosity after the experiment
was calculated using either a geometric method, i.e.,
weighing a sample with known dimensions, or by calcu-
lating the area fraction of porosity from an SEM image.
Dislocation structures of HIPed and deformed samples
were studied using a transmission electron microscope
(TEM) operating at 200 kV.

Results

Microstructures formed under hydrostatic
and conventional triaxial loading

After the initial period of reaction and mixing, normal
grain growth occurs. Figure 3a—c shows photomicrographs
of Mgcc-20, Mgce-60, and Mgcc-80 after HIP for 2 h at
850°C and 300 MPa. Grain boundaries are slightly curved;
triple junctions have angles of approximately 120°. The
grain sizes appear to be approximately in lognormal dis-
tribution (Fig. 4). The grain size after HIP increases with
longer hot-pressing time and lower bulk impurity content
(Mg content > 3.0 mol%, Fig. 5), consistent with earlier
observations (Herwegh et al. 2003). The total porosity of
samples after HIP is usually between 0.5 and 1%, and does
not systematically correlate with Mg content. During
deformation, both grain growth and grain refinement occur
(Figs. 3d—f, 4). The magnesium content in Figs. 3d—f var-
ies in the same order as in Figs. 3a—c. The grain sizes of
different samples range from 8 to 31 um.

We did not perform detailed quantitative analysis of the
dislocation structure of these samples, but cursory inspec-
tion does not indicate an obvious variation of the
dislocation morphology with variations in magnesium
content. Bright field TEM micrographs of a deformed
sample (Mgcc-20) show free dislocations, microtwins, and
dislocation networks (Fig. 6). Free dislocations of various
orientations (Fig. 6a) indicate the activation of multiple
slip systems. Cell structures and sub-grain boundaries
(Fig. 6b) probably indicated that recovery processes, such
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Table 1 Conditions and results of the deformation experiments

Run no. T (°C) Stress (MPa) Strain rate (s71) Strain (%) Grain sizes® Porosityb Description
C814 794 22 creep 12 x 107° 0.8 16.0 + 3.1 1.5% (2.4%)  Mgee-60, HIP-2 h
44 53 x 107° 1.7
65 2.1 x 1073 26
86 92 x 107° 4.1
691 93 1.0 x 1073 4.7
126 6.7 x 107 8.1
104¢ 32 x 107 8.9
774 9.1 x 107° 8.8
644 8.0 x 107° 8.5
39¢ 25 x 107° 8.9
C817 Mgcc-70, HIP-2 h, load-cell signal unstable
C818 795 15 creep 92 x 107° 1.1 6.7 £ 0.9 0.5% Mgce-70, HIP-2 h
40 24 %x107° 2.5
82 1.1 x 107* 43
694 15 1.7 x 107° 6.8
38 37 x 107° 73
82 14 x 107° 8.3
120 4.1 x 107° 9.6
173 34 x 107* 14.1
C819 Mgcc-80, HIP-0.5 h, jacket leak
€820 801 19 creep 48 x 107° 25 70+ 1.6 0.7% (2.7%)  Mgcc-80, HIP-2 h
48 1.3 x 107 4.8
81 35 x 107* 8.5
111 13 x 1072 15.7
697 22 1.1 x 107° 17.8
35 2.1 x 1073 18.5
59 43 x 1073 19.6
83 7.5 x 107 20.8
129 20 x 107* 243
C826 799 49 creep 1.0 x 107° 0.7 17.7 & 3.0 (0.7%) Mgcce-60, HIP-20 h
66 2.1 x 107° 1.0
91 62 x 107° 15
108 1.9 x 107° 2.1
124 5.6 x 107° 3.1
140 1.7 x 107 5.0
1514 37 x 107* 8.1
161¢ 1.3 x 1073 19.6
C827 982 55 creep 23 x 107° 5.7 117 £ 1.7 0.5% (4.9%)  Mgce-60, HIP-2 h
125 1.5 x 107 10.1
139¢ 9.1 x 107* 33.3
C855 Mgcc-60, HIP-20 min, jacket leak
C856 695 86 7.6 x 107° 1.0 87+ 1.6 (3.3%) Mgce-70, HIP-2 h
108 3.6 x 107° 32
131 15 x 107 75
139 46 x 107 16.3
994 22 x 107* 20.2
126¢ 74 x 1074 27.5
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Table 1 continued

Run no. T (°C) Stress (MPa) Strain rate (sfl) Strain (%) Grain sizes® Porosityb Description
C857 801 104 5.3 x 1074 49 85+£20 0.5% (3.3%) Mgcc-80, HIP-6 h, weakening
100 1.1 x 1073 17.4
72 7.0 x 107* 21.9
C859 800 67 12 x 107 +16.8 13.1 £ 3.0 (1.8%) Mgce-65, HIP-2 h
52 8.5 x 107° —-15.5
59 1.1 x 107 +19.3
57 1.0 x 107 -5.9
C869 807 85 1.1 x 107* 3.8 12 0.5% Mgce-80, HIP-18 h
96 2.1 x 107* 7.4 weakening
756 97 1.0 x 107 10.5
695 73 14 x 107° 12.3
97 2.1 x 1073 13.3
805 79 1.8 x 107* 16.8
100° 33 x 107 219
C870 800 76 24 x 107 46 9 Mgce-60, HIP-2 h
85 63 x 107* 9.9
751 89 24 x 107* 13.0
98 35 x 1074 16.8
694 164 32 x 107* 20.8
C880° 804 132 82 x 107* 5.0 7 0.5% Mgce-60, HIP-2 h
115 10.0
101 20.0
904 43.34
C883° 797 193 8.5 x 107* 5.0 7 0.5% Mgce-80, HIP-30 h
176 10.0
143 20.0
127¢ 31.8
C900 792 124 7.8 x 107* 6.6 17 0.5% Mgcc-60, HIP-4 h
745 159 8.1 x 107 113
695 208 8.5 x 107* 15.8
743 179 93 x 107* 20.6
C942 785 65 49 x 107 7.0 25 Mgce-40, HIP-2 h
52 1.3 x 107 10.8
38 3.9 x 1073 15.8
61 42 x 107 21.4
35 42 x 1073 242
€948 800 42 3.1 x 107* 44 27 3.8% Mgce-20, HIP-2 h
38 12 x 107 8.1
30 35 x 107 10.8
46 34 x 107* 15.5
31 3.8 x 107° 18.6
C1038° 800 143 8.9 x 107* 5.0 22 0.5% Mgce-60
151 10.0 HIP-18 h
128 14.7

% Average intercept length of deformed samples
° Quench density calculated using the geometric method or from SEM images (in parenthesis)
¢ Constant strain rate tests, flow stresses are given at different strains

9 Data discarded due to sample barreling or strain weakening
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Undeformed

Deformed

Fig. 3 Optical micrographs in cross-polarized light for undeformed
(a—) and deformed (d-f) samples with Mg concentration of
0.5 mol% (a, d), 7.0 mol% (b, e), and 17.0 mol% (c, f). All were
prepared using a HIP step of 2 h. Undeformed (a—c) samples contain
isometric grains with straight or gently curved boundaries. The
deformed samples (d—f) shown here were deformed under multiple

o
o
F -9

Bl number-weighted

o
w

3 area-weighted

N =301 1
d=13/16 ym (number/area)

frequency
o
(28]

o
=
.

10 20 30 40 50 60
grain size (pm)

o

Fig. 4 Grain size distributions of samples with 7.0 mol% Mg after
HIP for 2 h at 850°C (a) and after deformation (b, ~9% strain).
Black bars and gray bars represent number-weighted and area-
weighted grain size distributions, respectively. The average grain
sizes are indicated. In each sample, at least 300 grains were measured;

as climb, were operating. Our starting material has rela-
tively low dislocation densities, well below 1 x 103 m_z,
but those increased during deformation to greater than
2 x 10" m™2. Such densities are comparable to those in
natural calcite rocks deformed in the laboratory (de Bresser
1996; Goetze and Kohlstedt 1977; Schmid et al. 1980).
Microtwins (Fig. 6d, <1 pm thick) are infrequently
observed; these are usually observed in natural calcite that
deformed at less than 150°C (Burkhard 1993).
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stress conditions, at relatively high stresses. They contain small
recrystallized neoblasts, along with larger grains that have undulate
boundaries. See Fig. 4 for grain size distribution analysis. Scale bar
for all micrographs shown in (b). Note that the magnesium content in
Fig. 3d—f (samples C948, C814, and C820) varies in the same order as
in Fig. 3a—

by

o
w

N = 506 1
d=8/27 ym (number/area)

frequency
o
(3%

01

0 10 20 30 40 50 60
grain size (pm)

the grain dimension is determined by calculating the diameter of a
circle with an area equivalent to that particular grain. Note that the
deformed sample contains a large number of small grains but also a
few large grains that covers a considerable area fraction

Creep of high-magnesium calcite

If the duration of the test is short compared to the time
necessary for the grain size to evolve, then the test can be
regarded as occurring at a fixed grain size. Additionally the
same creep conditions can be revisited at the beginning and
end of the test (as described immediately below). For
samples with Mg content of 0.5-17.0 mol%, grain sizes in
the range of 20 and 12 um could be produced by varying
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Fig. 5 Evolution of grain size for samples of different compositions
as a function of the duration of the HIP step (at 850°C). All samples
were loaded under isostatic stresses only and held for different times
at constant temperature. Slower grain growth rates correlate with
higher magnesium content

the HIP time intervals from 2 to 30 h. The strength of Mg-
calcites determined from these constant strain rate tests
(~3.1-8.5 x 10~* s" at 800°C and 300 MPa) indicated
that the strength of calcite increases with magnesium
content (Fig. 7a). The strain rates are high and all these
samples are deformed in dislocation creep regime.
Typical differential stress (¢, — 03) versus strain rate
data are shown in Fig. 7b. Both the grain size and the
magnesium content affect the strength. At low strain rates,
the strength of Mg-calcite correlates with grain size, rather

Fig. 6 Transmission electron
microscope (TEM) micrographs
of a sample (C942) deformed in
dislocation creep regime. Scale
bars in each micrograph are

1 pm. In general, the samples
show widely spaced sub-grain
networks (a—c) that interact with
each other (b) and with
dislocations within the interior
of the subgrains. Dislocations of
various orientations indicate slip
on several systems. The free
dislocation density is relatively
low (¢). A few microtwins (d),
with widths of about 30—

100 nm, are infrequently
observed

than Mg content; and n values are nearly unity (Fig. 7b),
consistent with previously published results. At higher
strain rates, the flow strength of calcite strongly depends on
the Mg content, although the data for the high Mg-calcites
show more scatter. In general, n values increase with stress,
but decrease with increasing Mg content at higher stresses
used in these experiments.

Magnesium solute could affect the mechanical behavior
of calcite in at least three ways: first, the elastic modulus of
calcite increases with increasing Mg content (Zhang and
Reeder 1999); second, the strength of calcite in the diffu-
sion creep regime is indirectly affected by the suppression
of grain growth (Herwegh et al. 2003); and third, Mg
solutes may interact with dislocations as individual obsta-
cles or solute clouds. The first two effects and the effect of
temperature can be eliminated by normalizing the strength
by the appropriate shear modulus (G) and by multiplying
strain rate by exp(Qq;i/RT) x d’, where Qg;sr and s are the
activation energy and grain size sensitivity factor in the
diffusion creep regime (Herwegh et al. 2003) and d is the
grain size.

Three distinctive regimes of mechanical behavior may be
identified in Figs. 7c: First, at low stresses, /G < ~ 10_3,
the strength is directly proportional to the cube of the grain
size and the stress exponent of strain rate, n, is about 1,
behavior that we interpret to indicate Coble creep. The
normalized strain rate, énormal = &exp(Qgir/RT)d>, is a
linear function of normalized stress, 0,ormal = (61 — 03)/G,
and shows less scatter than the raw data because the effect
of grain size has been removed. The difference in normal-
ized strength at a fixed normalized strain rate is small and
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Fig. 7 a Constant displacement rate tests on different Mg-calcites at
800°C and 300 MPa. The strain rates are high and all these samples
deformed in dislocation creep regime. Strain weakening is obvious in
some of the tests at high differential stress (>100 MPa). Grain sizes at
the starting of the deformation are estimated from the grain growth
data and shown as indicated. b Mechanical data from stress-stepping
and creep tests after HIP for 2 h at 850°C and deformation at 800°C
(gray symbols) and 700°C (black symbols). The crossed error bars
represent the absolute uncertainty of the data points. The data are
scattered because both grain size and Mg content varies. There are,
however, systematic trends. Notice that the stress sensitivity of strain
rate (n) increases with differential stress, and that the transition from
diffusion creep to dislocation creep (identified by the change in slope)

does not vary systematically with Mg content. Second, at
intermediate stresses (normalized stress ~ 1072 -2 x 10_3),
n varies from about 1 to greater than 3, a region we interpret
as transitional between diffusion creep and dislocation
creep. Third, at high stresses (normalized strength > 2 x
107%), n is greater than 3; the normalized strengths vary
directly with Mg content; and we suppose that deformation
occurs by dislocation creep. At a fixed temperature and
strain rate, the transition between the region of linear stress/
strain rate behavior and the highly non-linear region occurs
at higher stresses and larger grain sizes for calcite with
higher Mg concentration (Fig. 11).

To study the effect of loading history (accumulated
strain and elapsed time) on the strength of Mg-calcite, we
revisited the initial deformation conditions on samples
subjected to multiple strain rate steps. The small effect of
the accumulated strain on the strength of low Mg-calcite is

@ Springer

is shifted to higher stress for samples with higher Mg content (i.e.,
700°C). ¢ Normalized strain rate versus normalized stress. When the
differential stress is normalized by the shear modulus adjusted to
reflect changes in the elastic modulus owing to different composi-
tions, and strain rate is normalized by grain size and a kinetic term
appropriate for diffusion creeps, much of the scatter seen in (b) is
removed. The normalization of the strain rate removes the effect of
grain size which is systematically smaller in the high Mg calcites.
Notice that the low Mg-calcite aggregates are weaker in the
dislocation creep region. The strength of calcite increases with Mg
content in dislocation creep regime, but not in the diffusion creep
regime

consistent with previous studies on pure synthetic calcite
(Renner et al. 2002). By contrast, high Mg-calcite tends to
exhibit increased strain rates after deformation in the
intermediate- to high-stress regime (Table 1). In one test
(C859), the sample was shortened in compression, exten-
ded at different conditions, and then shortened under the
initial conditions. It was weaker than the unstrained sample
by about 29% after the intermediate cycle in tension. In
fact, most samples became weaker at low stress conditions
when subjected to intermediate deformation at higher
stresses (Fig. 8). Revisiting lower stresses after deforma-
tion in the intermediate- to high-stress regime affected
the strength of high Mg-calcite more than that of low
Mg-calcite (e.g., step 5 for sample Mgcc-70). Also, notice
that there is also strain weakening in high Mg-calcites
(Mgcc-60 and Mgcc-80) over a strain interval of about
20%. Optical micrographs of some of these samples, i.e.,
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Fig. 8 Data reproducibility is shown by creep step tests. Numbers
indicate the order in which the tests were conducted. The sample with
the highest magnesium content indicates a strength that changed when
the initial stress was revisited

deformed at higher stress levels, show many fine recrys-
tallized grains (Fig. 3e, f).

Discussion

Both the grain-growth kinetics and the strength of calcite
during dislocation creep are strongly affected by the
addition of solutes from the dolomite. Interestingly, the
diffusion creep strength does not seem to be affected,
provided that comparisons are done at similar grain size
(Herwegh et al. 2003). Within the dislocation creep regime,
absolute values of strength at a given strain rate correlated
directly with the Mg solute content, and, we argue below
that the transition from diffusion creep to dislocation creep
occurred at larger grain sizes when the Mg content was
elevated. In some cases, the relation between stress and
strain rate changed when lower stresses were revisited
during the stress-step experiment. This result suggests an
evolution of some mechanically important state variable,
probably grain size. One possibility for this change is an
increased contribution of diffusion creep within the popu-
lation of small recrystallized grains formed during
deformation at higher stresses. But, other explanations are
also tenable. For example, there might be changes of the
fine-scale impurity distribution. It is known that submi-
cron-scale chemical modulations exist in dolomite and
high-magnesium calcite (e.g., Wenk et al. 1983). Weak-
ening could also occur, if, during the experiment, the
dislocation structure or mobility evolved in ways that were
not directly proportional to the applied stress, for example
owing to release of an impurity cloud around dislocations.
Further study is needed to determine the exact cause. In the

remainder of this paper, we exclude any strength data that
may have exhibited such changes and concentrate only on
data taken during constant loading conditions, or when
stresses were monotonically increased.

An additional caveat should be recognized. The dolo-
mite used in this study comes from a natural mineral
source, and contains some traces of Fe, Mn, Al, and Sr.
Chemical compositions of minerals were determined by
wavelength dispersive spectrometry with a JEOL JXA-733
electron microprobe. The microprobe measurements of
those impurity concentrations (<0.1%) are semi-quantita-
tive and the concentrations do not appear to vary from one
aggregate to another. But, because the impurities are con-
tained within the dolomite, it is most likely that all the
impurities actually co-vary with the Mg content. Without
considerable additional work, we cannot definitively
implicate one or another cation as the cause of the
strengthening. However, it is universally true that defor-
mation tests indicate that all dolomites are stronger than
calcites under the same conditions (Davis et al. 2005); and
thus, as a first approximation, it seems the simplest inter-
pretation to assume that Mg is indeed the source of
strengthening. Still, one should remember that other ions
contained within the dolomite at the trace level might have
an influence on strength.

Effect of Mg on grain growth of calcite

Grain-growth rates can be influenced by many factors,
including pores, fluids, solute impurities, and second pha-
ses (Atkinson 1988; Drury and Urai 1990; Evans et al.
2001; Urai et al. 1986; Yan et al. 1977). In metals and
ceramics, solid solutes may either increase grain growth
rates, as happens with segregation of Al to boundaries in
tetragonal zirconia stabilized by yttria (Chokshi et al.
2003), or they may exert solute drag on the boundary, as
occurs with the addition of magnesia to alumina (Bae and
Baik 1994; also see reviews by Powers and Glaeser 1998;
Rollett 2004; and Yan et al. 1977).

For calcite rocks, grain growth in Solnhofen limestone is
slow compared to synthetic marbles, whether doped with
Mg or not (Fig. 9a) (Evans et al. 2001; Olgaard and Evans
1988; Schmid 1977; Tullis and Yund 1982). Previous
studies suggest that the reduced grain-growth rate of
Solnhofen limestone can be attributed to the influence
of second phases, solute impurities, and the reactions of
accessory minerals. In general, synthetic marbles with added
water have higher grain-growth rates than samples with the
same porosity, but no added water (Covey-Crump 1997;
Olgaard and Evans 1988). Samples with lower porosity
grow faster than those with many pores (Covey-Crump
1997; Olgaard and Evans 1988), and samples grow more
slowly with increasing melt fraction (Renner et al. 2002).
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Fig. 9 a Grain growth data compiled for pure synthetic calcite from
Olgaard and Evans 1988 (OES88, line 1), Covey-Crump 1997 (CO97,
line 2); for Solnhofen limestone from Olgaard and Evans 1988, and
Schmid 1977 (line 3), Tullis and Yund 1982 (TY82, line 4); and for

Grain growth is often represented by an equation of the
form:

&’ —dby = k(t—1,) (4)

where k is a kinetic parameter, d and d, are the average
grain sizes at time, ¢ and ¢, respectively. The exponent p is
determined by the mechanisms operating during grain
growth (Atkinson 1988; Brook 1976; Evans et al. 2001).
Since our samples undergo a chemical reaction at the initial
stage (Herwegh et al. 2003), we chose d, and 7, to be 5 pm
and 1,000 s (see above) and invert for p and k. Best-fit
values for p vary from 2.4 to 4.7 for different Mg-calcites
(Table 2). Such exponents are compatible with solute-drag
(p = 3) (Evans et al. 2001; Yan et al. 1977) or pore-drag
(p = 2-4) (Covey-Crump 1997; Spears and Evans 1982).
Our HIPed samples have porosities of less than 1%; the
porosity does not appear to correlate with Mg content.
Some pore shapes do suggest boundary drag, however, so
both solute-drag and pore-drag controlled mechanisms may
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synthetic Mg-calcite (symbols with solid lines; this study). Details of
grain growth kinetics are compiled in Table 2. b Grain boundary
mobility (m?/s)/(J/m?) as a function of inverse temperature (1/7) for
different calcite rocks

be active in controlling the overall grain growth rate of Mg-
calcite.

In agreement with earlier results (Herwegh et al. 2003),
our data clearly indicate that grain-boundary mobility is
inversely related to the Mg content (Fig. 9b). Here, we
have calculated mobility using
yol,d o

27y o’
where grain-boundary energy, y, is taken as 0.1 J/mol
(Janczuk et al. 1983). Notice, however, that the addition of
other solid solutes might have different effects on boundary
mobility. For example, Freund et al. (2001) found the
grain-growth rate of synthetic calcite made from powders
ground from a single crystal containing elevated levels of
Mn were faster than those made from crystals with less Mn.
At present, the reason for this difference is not clear. Both
Mn and Mg have ionic radii smaller than Ca, so the effect
is not simply due to a change of sign of the misfit elastic

Table 2 Some laboratory determination of grain growth parameters in calcite aggregates

T (°C) P (MPa) k (um"/s) n 0 (kJ/mol) to (), do (Lm) Reference
Solnhofen 800 300 0.02-0.2 >7 190 0, 6.1 Schmid et al. (1977a)
900 300 0.08-0.4 4.8 190
800 1,500 0.05-0.5 5.1 200 0, 6.1 Tullis and Yund
900 1,500 0.8-1.0 3.0 200 (1982)
800 300 0.03-0.13 52 0, 6.1 Olgaard and Evans (1988)
900 300 0.1
Syn. cc 800 300 2.4-2.8 2.6 = 0.1 180 £+ 50 0,7 Olgaard and Evans (1988)
706 185 0.15 2 232 1,000; 12 Covey-Crump (1997)
Mgcc-20 850 300 0.17 2.4 1,000; 5 This study
Mgcc-40 850 300 0.43 2.7 1,000; 5 This study
Mgcce-60 850 300 0.15 2.9 1,000; 5 This study
Mgcce-80 850 300 1.73 4.7 1,000; 5 This study
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strain of the solute. Unlike Mg, Mn may be an aliovalent
substitution and might thus affect the concentration of
some point defect. Additionally, the bulk level of impurity
in the two studies differs by an order of magnitude: i.e.,
<0.1 mol% Mn, versus up to 17 mol% Mg. Although our
samples do not show chemical inhomogeneity at the level
of electron microprobe observations, finer scale modula-
tions of chemistry may be present in high Mg-calcite
(Reeder 1983; Wenk et al. 1983). Tetard et al. (1999) found
increased grain-growth rates in calcite doped with <1 wt%
LiPO,, but lower rates at higher concentrations (>2 wt%);
they posited that solute was segregated into grain bound-
aries at high solute concentrations. However, it should be
noted that lithium and calcium carbonates form a eutectic
system at temperatures above 650°C, especially if the
system contains water.

Using the elastic distortion model (Blundy and Wood
1994), we can estimate the amount of solute segregated
into grain boundaries owing to elastic misfit of the solute
to be about five times the concentration in the bulk
material. The mobility predicted by such solute models
(Blundy and Wood 1994; Blundy and Wood 2003; Hiraga
et al. 2004) is

D, x Q

M=—"""__
20kT (CyeV/RT)”

where D, is the lattice diffusion coefficient of the solute, Q
is the unit cell volume, J is the grain boundary thickness,
C; is the concentration of solute at grain boundaries, and U
is the energy associated with the partitioning of the solute
into the grain boundary. In this case, boundary mobility
should be reduced by about one order of magnitude when
high Mg-calcite (17.0 mol%) is compared to low Mg-
calcite (0.5 mol%). However, the mobility predicted by
this relation is much slower than that determined from the
grain growth data [2 x 107'° =3 x 107" versus 2 x
107" =7 x 107" (m%s)/(J/m?)]. Other factors might
also influence boundary mobility. For example, if pore
drag is important in grain coarsening, then surface diffu-
sion, rather than grain-boundary diffusion might limit
growth. Thus, although it is clear that boundary mobility is
adversely affected by additions in Mg solute, it is difficult
to be definite about the exact cause of the reduction.

Composite flow law

The conditions of the experiments span a transition in
mechanical behavior, which we interpret to involve a
transition from diffusion creep to dislocation creep. In the
transitional regime, both mechanisms may be active
under a given set of loading conditions. To separate the
effect of solutes on the individual mechanisms, we used a
nonlinear generalized inversion method (Sotin and Poirier

1984) to fit the experimental data to Eq. (5); Egs. (1) and
(3) are used to describe diffusion and dislocation creep,
respectively.

A number of different schemes can be used to compute
the total strain rate of a material deforming by two
mechanisms. For example, if there are two separate frac-
tions within the aggregate, each of which are deforming
exclusively by either diffusion or dislocation creep, the
total strain rate can be estimated as the volume weighted
sum (Ter Heege et al. 2004):

Erot = Vdistédisl T Vdifréditt (5)

where &g is given either by Eq. (2) or Eq. (3), and &gigris
given by Eq. (1); vgis and vgier are the volume fractions
deforming by a particular mechanism. Alternatively, one
might postulate that all grains are the same size and
capable of deforming by both mechanisms, in which case
vaiss = Vairr = 1 and the total deformation rate is simply the
sum of the two creep laws. The estimate gained from this
model is equivalent to a Sachs model where all grains in
the aggregate are loaded under the same stress and can
deform by either or both mechanisms.

In the following data inversions, we assume all grains are
the average grain size and that all grains deform at rates set
by Egs. (1) and (3). In order to minimize the number of
variables in the inversions, some other informed choices of
the materials parameters had to be made. The activation
energy for diffusion creep has been estimated as
200 +£ 30 kJ/mol (Herwegh et al. 2003), and 210 kJ/mol
for Solnhofen limestone (Schmid 1977). In these fits, we
used a constant value of 212 kJ/mol for Qgisr, Which we
derive at a differential stress of ~20 MPa and temperatures
of 700-800°C using equation Qgir = —RO In &/0(1/T)|,.
This value is higher than Hewrwegh at al.’s number but
within the error limits, +30 kJ. If we fix Qg to be
200 kJ/mol, the quality of fit changes only slightly.

The melting temperature T,,, of calcite is reduced by the
addition of Mg impurity (Byrnes and Wyllie 1981; Irving
and Wyllie 1975). Variables in the dislocation creep law
(3), which are essentially an empirical fit to many data sets,
are not well known. We assumed that the grain size
exponent m, in the expression used for the Peierl stress in
Eq. (3) is either 0.5 or 1. Fortunately, the results of the
inversion vary only slightly when different values for m,
are used (Table 3). In general, within experimental uncer-
tainties and sample-to-sample variations, the data can be fit
well by the unconstrained inversion (Table 3 and Fig. 10).
Figure 10 shows the best fits of the composite flow law to
both Mg-calcite and synthetic calcite. The experimental
data of Mn—calcite (Freund et al. 2004; Wang et al. 1996)
are also plotted for comparison. Other constitutive laws for
dislocation creep can also be used to fit the data, e.g., the
power law [Eq. (2) and Table 3] or a stress activated law
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Table 3 Fitting the data using hybrid flow law

N m, InAp, (MPa™2 57"

Tp0 (MPa™'kK™")

Ink (MPa pm™ kK~") Qpib (kJ mol™") R,

Solnhofen 32 0.5 6.1 £0.5 199 £ 11.0 47 £0.2 205 + 24 1.005 £ 0.102
1* 59 £0.6 29.7 £ 9.5 51 £02 205 + 14 1.005 £ 0.098
Syn. cc 82 1 43 +£05 235+ 1.5 2.8 £0.7 191 + 24 1.015 £ 0.128
Mgcc-20 5 0.5 44 + 1.1 8 5 201 £ 10 1.003 £ 0.107
1 1.7 £ 1.2 8 5 201 £ 10 1.002 £ 0.021
Mgce-40 5 0.5 35+ 1.1 8 5 201 £ 10 1.001 £ 0.044
Mgce-60 54 0.5 32+ 0.6 412 + 4.2 4.1 +£02 201 £ 15 1.025 £ 0.160
—-33+£1.1 8 5 180 £ 10 1.043 £ 0.175
1 —-2.0+£0.7 30.7 £ 53 0.6 £43 197 £ 20 1.028 £ 0.152
Mgcc-70 42 0.5 —-21+£13 355+ 11.2 20+£09 196 + 20 1.018 £ 0.157
1 —-12+£09 45.1 £ 6.3 0.7 £ 1.1 198 + 22 1.007 £ 0.057
Mgcc-80 43 0.5 2.0 £ 0.6 12.0 £ 11.7 7.8 £0.3 181 £ 12 1.027 + 0.213
—4.6 +£1.2 8 5 202 £ 10 0.984 + 0.036
1 2.1 £0.6 119 £ 11.7 93 +£03 182 £ 15 1.026 £ 0.211
N Inépyo (MPa 2 s7") n Opwr (kI mol™) N,
Solnhofen 32 2.6 £ 0.6 34 +£0.1 209 + 4 1.014 £ 0.158
Syn. cc 82 —-0.8 £ 0.5 43 £0.1 196 + 16 1.017 £ 0.140
Mgce-20 —-0.7+£22 39+£0.6 201 £ 5 1.011 £ 0.097
Mgcc-40 —-04+£19 3.6 £05 201 £ 5 1.009 + 0.082
Mgcc-60 54 —125+13 5.6 £0.3 202 + 18 1.032 £+ 0.154
Mgcce-70 42 -96+£ 1.7 50+04 200 £ 20 1.018 £ 0.119
Mgcc-80 43 0.1 £0.8 2.6 £ 0.1 188 £ 15 1.015 £ 0.183
? We use 1,327 and 1,241°C as melting temperatures (7},,) for Mgcc-20 and Mgce-80, respectively (Byrnes and Wyllie 1981; Irving and Wyllie
1975)
300G 7 / 7 ' - (~200 kJ/mol, see Table 3). Rather than inverting for
_‘:‘mgggig:;g ol p// Mgon20 ;// // the activation energigs, they may also be calculated
10°] 57 et 1oum o woecho L o using Qgiss = —RO In £/0(1/T)|,. At a differential stregs
’i’i}:;;‘f?ﬁ rﬂ@éﬁf o ‘, Mgcc{w of .~ 90 MPa e.lnd temperatures of 700-800°C, the acti-
Q/ (™ /’ / vation energies are 300+ 74, 203 £64 and
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,
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strain rate (s

stress (MPa)

Fig. 10 Strength data and the curves fit using composite flow law
(Egs. (1), (3), and (5)). Parameters used see Table 3. The experi-
mental data of Mn-calcite (Freund et al. 2004) and synthetic calcite
(Renner et al. 2002) are also plotted for comparison

for cross slip. The relative effect of Mg concentration on
the strength is similar for all the flow laws.

The apparent activation energies for dislocation creep
from the inversion vary slightly for different Mg-calcites
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145 £ 60 klJ/mol for Mgcc-60, Mgcc-70, and Mgcc-80,
respectively; these values might be biased because grain
sizes, and, therefore, strength evolve with different rates
during the experiments. For example, the activation
energy will be underestimated if it is determined from
tests on samples where the initial grain size is system-
atically smaller at lower temperatures. Since dynamic
recrystallization is prominent in Mgcc-80 (Fig. 3f) after
deformation, its activation energy is likely to be under-
estimated using this method. Our derived values (Qpp)
are comparable to the activation energies for dislocation
recovery kinetics of calcite single crystals (184 + 22 kJ/
mol, Liu and Evans 1997), and for dislocation creep of
various calcite aggregates; e.g., about 200 kJ/mol for
pure crystal aggregates (Renner et al. 2002), but are
smaller than that for determined for dislocation creep of
single crystals, 350 kJ/mol (de Bresser and Spiers 1993;
Rutter 1974).
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Effect of Mg on creep strength of high-magnesian
calcite

Comparing our results with previous studies, we find that
the strengths of synthetic aggregates (Renner et al. 2002),
Solnhofen limestone (Schmid 1976, 1977), and Mg-calcite
(this study) are nearly the same when grain sizes are less
than 10 pm (Fig. 11). At a given strain rate and tempera-
ture, the strength varies inversely with the average grain
size cubed, suggesting a Coble creep mechanism. For
coarser-grained carbonates, dislocation creep dominates
and the relation between grain size and strength is similar
to a Hall-Petch relation. Increasing the magnesium content
increases both the creep strength and the grain size at
which the transition between the two deformation regimes
occurs. In addition, we note that, in the high stress regime,
both Yule marble (Heard 1963; Heard and Raleigh 1972)
and Carrara marble (Covey-Crump 1997; de Bresser et al.
2001; Rutter 1995; Schmid et al. 1980) are stronger than
the synthetic aggregates and single crystals.

To understand the strengthening behavior of calcite with
Mg solute, we first notice that dolomite is much stronger
than the high-magnesian calcite (Davis et al. 2003). There
are several possible reasons for such strengthening,
including larger elastic constants, solid-solution hardening,

100 S D EE——
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o
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£ 10 ] I8l creep A Solnhofen
g’ O syn. (RES02) |
o % syn. (FWDO04)[
= O Carrara I
@ v Yule
m  Mgce-20
¢ Mgcc-40
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<4 Mgce-70
® Mgce-80
1 T T T T
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Grain Size (um)

Fig. 11 Flow strength versus grain size for deformation of Mg-
calcite (solid symbols) and previous studies on calcite aggregates
(open symbols) at strain rate of 3 x 107> s™'. When grain size is
small, flow strength is approximately proportional to the grain size
with grain size sensitivity factor (m = 3). References: Solnhofen
limestone (Schmid 1976, 1977); synthetic marbles (syn., Renner et al.
2002 (RES02); Freund et al. 2004 (FWD04)); Carrara marble (Covey-
Crump 1997 (147 pm); de Bresser 2002 (200 pm); Rutter 1995
(130 um); Schmid et al. 1980 (150 pum)); Yule marble (Heard 1963;
Heard and Raleigh 1972); and single crystals (de Bresser and Spiers
1993). The dashed line represents the best fit of the hybrid law to the
data for Solnhofen limestone (Parameters see Table 3)

and precipitation hardening. The elastic modulus of calcite
does increase with Mg concentration (Zhang and Reeder
1999), but only by ~ 16%, whereas, we observe increases
in flow strength in the magnesian calcites of about 500%
(Fig. 12). This solute hardening is very intriguing because
of the possibility of complex interactions between solute
cations and anions that might significantly alter the activity
on different slip systems (Poirier, 1985). Solid solutes
might affect the strength by affecting dislocation climb if
the solutes affect point defect concentrations, or by
decreasing dislocation mobility owing to impurity drag. It
is also possible that the addition of magnesium solute
introduces precipitates or sub-microscopic regions of cat-
ion order (Reeder 2000; Wenk et al. 1991), and that these
structures act as impediments (discrete obstacles) to dis-
location motion.

Solid-solute hardening, either by impurity drag or dis-
crete obstacles, seems most probable. It is common for
metal alloys and ceramics (Duong et al. 1993; Duong et al.
1994; Mohamed and Langdon 1975) to exhibit solute-
hardening behavior during glide-controlled dislocation
creep. Defects, including dislocations and grain bound-
aries, may generate solute atmospheres which retard
dislocation glide (Cottrell and Jaswon 1949). The actual
retarding force depends on the details of the concentration
profiles, diffusivities, and activation energies, but in gen-
eral, the strain rate is inversely proportional to the impurity
concentration. At a fixed strain rate of 107> s~ ' and 800°C,
the strength of calcite monotonically increases with Mg
concentration (Fig. 12) and is proportional to the cube root
of the solute concentration Cy,. However, if we predict the
strength of the Mg-calcite using the solute-drag model of
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Fig. 12 Correlation between flow strength and Mg-content. At a
temperature of 800°C and strain rate of 10> s, the samples deform
in dislocation creep regime. The flow strength of calcite increases
with Mg concentration. Dashed line shows the flow strength as a
function of the solute concentration (Cs) to the 1/3 power
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Kitabjian et al. (1999), then the predicted strength is an
order of magnitude greater than that observed. The obstacle
mechanisms is also possible: natural high-magnesian cal-
cite is known to exhibit nano-meter scale modulations in
cation chemistry (Wenk et al. 1991), such modulations may
be present in the synthetic samples, too.

In contrast to the results for Mg doping, a previous study
(Freund et al. 2004) indicated that Mn solute seemed to
decrease the diffusion creep strength. The reason for this
difference between the two solutes is not clear, but Mn
solute is multivalent and could affect charge neutrality
conditions, and thus, the defect concentrations.

Natural applications

Natural carbonate rocks show variations in strength that
may arise from differences in grain size, accessory min-
erals, porosity, or chemical impurities. These variations are
of great concern when extrapolating flow laws into natural
conditions or reconstructing paleo-deformation conditions
from the interpretation of microstructures. For example,
non-soluble, solid second phases can suppress grain growth
by boundary pinning and change the overall strength of
material (Evans et al. 2001; Knipe 1980; Olgaard and
Evans 1988; Tullis and Yund 1982). If solid solution is
possible, dissolved impurities could also affect grain-
growth kinetics and creep behavior (Freund et al. 2001,
2004; Herwegh et al. 2003; Tetard et al. 1999). Mg is one,
among several, possible cation solutes in calcite rocks, e.g.,
Mn, Fe, Sr; and these solutes may affect the creep behav-
ior, as briefly demonstrated by de Bresser (1991). The
experiments clearly indicate that Mg doping increases
strength in the dislocation creep regime; and the transition
from diffusion to dislocation creep at a fixed strain rate also
occurs at a larger grain size as well. In at least some natural
carbonates, the effects of magnesium content may be evi-
dent in the microstructure. We extrapolate the flow law of
Mg-calcite to geological strain rates (107'%s™') and
compare this with pure calcite (Fig. 13). Naturally
deformed carbonates also show evidence of chemical
influences on strength. For example, Fig. 14 shows a por-
phyroblasts of high-magnesian calcite grains from
echinoderm fossils that are much less deformed than sur-
rounding carbonate matrix with lower Mg content. It seems
clear that solute impurities will affect the strength of car-
bonates and that field interpretations will need to take this
effect into account.

Summary

Previous results (Herwegh et al. 2003) indicated that dif-
fusion creep in high-magnesian calcite was not sensitive to
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Fig. 13 Curves of stress versus grain size extrapolated to a strain rate
of 107"%s7! at temperatures from 300 to 500°C. Mg-calcite and
calcite are represented by the dashed lines and solid lines, respec-
tively. High-magnesian calcite is much stronger compared with pure
calcite in the dislocation creep regime; the transition from diffusion to
dislocation moves to much higher stress

Fig. 14 Optical micrograph of carbonate mylonite from the Urgonian
of the Morcles Nappe (Andreas), which contains echinoderms. These
echinoderm fragments (center and lower left) consist of Mg-calcite
and are stronger and thus less deformed than the surrounding fine-
grained and completely recrystallized calcite matrix

the Mg content, but that grain growth was reduced by the
addition of that solute. The results of this study corroborate
those in the earlier work. Additional analyses indicate
that the grain-growth rate of calcite is suppressed
by >3.0 mol% Mg solute; and the grain growth exponent,
p, ranges from 2.4 to 4.7 for different Mg-calcites. There
are several mechanisms that might be active in controlling
the overall grain growth rate, including solute-drag or pore-
drag. No direct measurements of grain-boundary chemistry
were made here, but solute segregation, if it occurs, is
likely to reduce the grain-boundary mobility and would
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explain the reduced grain growth rate. Nano-scale modu-
lations in cation chemistry within the crystals might also be
responsible. Reduction in grain size and suppression of
grain-growth rate of Mg on calcite rocks might also be
important for strain localization. Thus, variations in dolo-
mite content within layered carbonate sediments might
drastically affect calcite grain size during metamorphic
process.

Although these experiments show that there is no
obvious effect of Mg content on the strength of calcite in
the diffusion creep regime (¢ < 40 MPa) at temperature of
700-800°C, the transition between diffusion to dislocation
creep regimes occurs at higher stresses for samples with
higher Mg content and smaller grain size. In addition, the
additional data collected here and the non-linear inversion
of these data indicate that the Mg solute strengthens calcite
in the dislocation creep regime, possibly as a result of local
lattice distortions or owing to interactions between dislo-
cations and solute ions/nanometer-scale domains of
ordered cations. Our data suggest that, for a fixed tem-
perature, strain rate, and grain size, the strength of calcite
deforming by dislocation creep will depend on the cube
root of the Mg concentration. Such chemical influences
should be taken into account in field situations.

TEM observations indicate that dislocation recovery
processes occur under the conditions of these experiments,
and it is plausible that both dislocation climb and glide play
important roles in controlling the overall strength of Mg-
calcite in the dislocation creep regime.
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