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Abstract

In nature, carbonates often accumulate large amounts of strain in localized shear zones.
Such marble sequences play a key role in crustal deformation processes. Despite
extensive field and laboratory investigation, many questions remain concerning the
mechanical behavior of these rocks. For example, the mechanical behavior of different
limestones and marbles differ greatly, possibly owing to the presence of chemical
impurities or solid-solutes. Thus, Chapter 2 examines the effect of Mg solute, a common
impurity, on the mechanical behavior of calcite rocks. The results indicate that increasing
Mg content increases the strength of calcite rocks during dislocation creep. The
anisotropic nature of crystal slip usually entails variations in reorientation of individual
grains and heterogeneous deformation within the polycrystalline material. In Chapter 3, a
new technique including a series of sample preparation and image analysis algorithms is
developed to provide quantitative measurements of the scale of heterogeneities produced,
and to gain fundamental insight into polycrystalline plasticity. We place particular
attention on quantifying variations of strain within grain interiors and at grain boundaries,
and on recognizing the relative activities of different dip systems. The quantification of
grain-to-grain interactions during straining is relevant for the improvement and
verification of models of polycrystalline plasticity. The strain measurements obtained
from Chapter 3 are compared with predictions of grain strain and reorientation obtained
from the self-consistent viscoplastic method (Chapter 4). The results suggest that the
self-consistent model gives a good description of global texture, but does not always
predict lattice rotation and deformation within individual grains. To predict the actual
deformation of individual grains will require a quantitative consideration of the effects on
local strain of grain-boundary misorientation, local strain/stress state, grain-boundary
sliding, and deviations in grain geometry.
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Chapter 1: Background, Context, and Goals

1.1. Understanding and predicting the mechanical behavior of carbonaterocks

1.1.1 Relating laboratory measurements into natural conditions

In many orogenic belts, carbonate formations accumulate large strains along localized
shear zones that involve deformation by non-cataclastic processes. Owing to the extreme
localization, the deformation of these marble sequences must play a key role in the
overall energy budget of orogenic events. For deformation by crystal plastic processes,
forward predictions of strength can be made using constitutive laws measured in the
laboratory, provided that appropriate thermodynamic conditions are carefully controlled,
and that the same deformation mechanisms operated both in nature and the laboratory
(see reviews by Kohlstedt et al., 1995; Paterson, 2001; Ranalli and Murphy, 1987).

Given the extensive field and experimental studies of calcite rocks, we can compare
the mechanical data for various limestones and marbles. Interestingly, when the
power-law creep description is used, the parameters determined for different calcite rocks
differ greatly (see review by Renner and Evans, 2002). Many experimental tests have
been duplicated indicating that this difference does not result from experimental artifacts.
The extrapolated strain rates can vary by more than three orders of magnitude at a given
stress and temperature (Brodie and Rutter, 2000; Kohlstedt et al., 1995). The lack of a
general constitutive law is of great concern when extrapolating the flow laws to
geological conditions and reconstructing paleo-deformation conditions from

microstructural imprints. Resolving the differences among the various experimental
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studies on different aggregates can contribute to a better understanding of the dynamics

shaping the continental crust.

1.1.2 Deformation mechanism of calcite

From laboratory experiments of calcite rocks, three major regimes of plastic flow have
been delineated (Fig. 1) (Rutter, 1974; Schmid, 1977; Schmid et al., 1980; Walker et al.,
1990). There is a low-temperature plasticity or power-law breakdown regime; a regime of
higher-temperature creep where recovery, cross dip (de Bresser and Spiers, 1993), and
boundary sliding are important (Walker et al., 1990); and a highest-temperature,
low stress regime where diffusion creep and grain-boundary sliding dominate (Schmid,

1977; Schmid et al., 1980; Walker et al., 1990).

In this thesis, | use the term “creep” to refer to any situation in which inelastic strain
occurs during prolonged loading. That term can apply to deformation by any mechanism,
by any defect, whatsoever, as long as the material exhibits a non-zero inelastic
deformation rate under a prolonged load. Both the power law equation and the power-law
breakdown eguation include thermal activation terms, and in general, any mechanical
constitutive law that includes Boltzmann kinetics will exhibit creep behavior. Sometimes,
the power-law breakdown equation is called “plasticity”. But “plastic” strictly means that
there is no sensitivity of strength to strain rate, and although the sensitivity of strength to
strain rate in the power-law breakdown mechanism is reduced from the power law case, it

iS never zero.
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1.1.3 Crystallography of calcite

The primitive unit cell of calcite single crystal is trigonal (rhombohedral or ‘R’), and

the point group is R3c. Although triply degenerate, a structural hexagonal unit cell with

a=499A andc=17.06 A ismost commonly used. Planes are represented by four-digit

Miller-Bravais indices (hkil), where i=-(h+k). At temperatures lower than 0.3 T, plastic
deformation in this material is due to the glide of dislocations on crystallographic dip
planes which cause displacements in the direction of the dislocation Burgers vector.
Figure 2 shows the stereographic projection of calcite showing the most important slip
planes and directions in calcite. The intracrystalline deformation mechanism is very
important in natural deformation of marble and limestone; and the development of
crystallographic preferred orientation (CPO) and texture has been widely studied in both
laboratory and field settings. The texture developed during crystal plastic deformation
requires specification of all potential slip and twinning systems and the critical resolved
shear stress (CRSS), i.e., the shear stress on the slip plane resolved in the slip direction
necessary to produce dislocation motion. For a given uniaxial applied stress, the resolved
shear stress is related to a geometric function called the Schmid factor, S = cos9-cosp
(Azuma & Higashi 1985), where 0 is the angle between the direction of the applied force
and normal to the slip plane, and ¢ is the angle between the applied force and the dip

direction (Burgers vector).
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1.2. Methodology and laboratory experiments

1.2.1 Conventional triaxial testing apparatus

Our experimental studies were conducted in a gas-medium apparatus (Paterson
Instruments), equipped with an internal furnace and a servo-controlled pore-pressure
system (Paterson, 1990). 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 um, i.e.,, a minimum detectable strain increment of
1.5x10°. 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/copper) at the experimental
conditions was taken into account (Frost and Ashby, 1982). The absolute uncertainty in
stress owes to uncertainties in the load cell readings, sample diameter, and jacket
correction, but is low (on the order of 1 MPa). When two experiments are compared,
differences between the nominal and actual temperature of +2 K probably add the same
order of magnitude in uncertainty in strength. Most of samples were subjected to a
confining pressure of 300 MPa. Samples were deformed either at constant strain rate or
by stepping intervals of loading at constant stresses. Temperatures ranged between 400
and 850°C. When stepped loading intervals were applied, stress was successively
increased, but, occasionally, low-stress conditions were revisited.

1.2.2 Description of microscope and imaging technique

The didlocation structures introduced by the deformation were observed using a

transmission electron microscope (TEM, JEOL-200cx). TEM uses electrons as
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low wavelength "light source" to achieve much better resolution than obtained with a
standard light microscope. In Chapter 2, thin sections made from the as-deformed
samples of Mg-calcites were examined first using an optical microscope and then
ion-thinned to make TEM samples. Dislocation structures were studied and dislocation
densities were measured using the foil intercept length method (Underwood, 1970, p.170,
equation (6.10)).

Despite the lower resolution of optical microscopy, the observation of deformed
samples in reflected and transmitted light is a useful and efficient method to measure
grain shapes, grain sizes, and other microstructures. In Chapter 3, we used a Hirox
KH-7700 digital optical microscope to study the surface topography developed during the
deformation of an originally planar surface. This microscope takes images from different
focal planes and digitally merges them into a single image with an extended depth of
focus. This can be done manually by taking multiple images manually at different focal
planes and merging them, or automatically by setting upper and lower limits of focal
planes and specifying the number of images to be captured in-between. The
through-focus images provide surface elevation data. In Chapter 3, sample surfaces of
Carrara marble were marked with a grid of Au/C spots. 2D gray-scale images and a
through-focus series of micrographs of the surfaces before and after deformation were
collected in the digital microscope at a magnification of 700x, using reflected light with
crossed polarizers.

Grain orientation data is obtained from electron back-scattered diffraction (EBSD)
15



patterns using a JEOL 840 scanning electron microscope (SEM). The diffraction patterns
are used to measure crystal orientation. When the beam is scanned in a grid across a
polycrystalline sample and the crystal orientation is measured at each point, the resulting
map will reveal the constituent grain morphology, orientations, and boundaries. EBSD
data can also be used to show the preferred crystal orientations (texture) in the material.
EBSD patterns of deformed/undeformed Carrara marble samples were obtained (Chapter
4) and automatically indexed using the program Channel 5 from HKL software. This
program searches for an indexing solution: a lattice orientation, for the mineral structure
input into the program. Maps of orientation data can be processed to remove erroneous
data and provide a more complete microstructural reconstruction of the sample.
1.3. Thesisoverview

Natural carbonate rocks show variations in strength that may arise from differences in
grain size, accessory minerals, 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; Freund et
a., 2004; Herwegh et a., 2003; Tetard et al., 1999). Mg is one, anong several, possible

cation solutes in calcite rocks, e.g., Mn, Fe, Sr; and these solutes may affect the creep
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behavior, as briefly demonstrated by de Bresser (1991).

In chapter 2, we studied the influence of Mg solute impurity on grain-growth and the
high-temperature creep of calcite aggregates. Synthetic samples of Mg-calcites were
prepared from reaction-grade powders of calcite and dolomite. The hot isostatic pressing
(HIP) treatment resulted in high-magnesium 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 dissolved, and that Mg distribution was
homogeneous throughout the samples at the micron scale. Grain size and time were
related using a normal grain growth equation, with exponents from 2.5 to 4.7, for samples
containing 0.3 to 17.0 mol% Mg, respectively. 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, the stress at which that transition occurred was larger for samples with
higher Mg content and smaller grain size. For constant strain rate 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 crystal-plastic deformation of rocks in the laboratory is also often inhomogeneous
at the microstructure scale, a particular example being given by the extensive studies of

microstructures and mechanical behaviors of Carrara marble (Pieri et al., 2001b; Rutter,
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1974; Rutter, 1998; Rutter et al., 1994; Schmid et al., 1980). In this material, grains
favorably orientated for slip deformation clearly deform more than other grainsin the
harder orientations (Wenk, 2002; Wu et a., 2006). The quantification of grain-to-grain
interactions during straining is relevant for the improvement and verification of models of
polycrystalline plasticity. Such models are valuable for understanding the textures
produced during deformation of complex, polycrystalline materials with multiple phases,
i.e., rocks. One method in particular, the self-consistent model, has been widely used to
understand the texture development of materials during plastic deformation (Lebensohn
and Tome, 1993; Molinari et al., 1987; Wenk et al., 1987). The comparison of results
from such experiments and simulations will provide useful insight into the accuracy and
efficacy of the polycrystalline homogenization models and constrain our knowledge of
the physics of inelastic deformation (Chapters 3 and 4, Fig. 3).

In Chapter 3, the spatial distribution of strain heterogeneity during the plastic
deformation of Carrara marble is studied. Cylindrical samples of Carraramarble were
drilled and machined from ablock of the Lorano Bianco variety, a proposed laboratory
standard (Pieri et al., 2001a) Strain development during deformation of Carrara marble
was studied at the local microstructure scale using a high resolution surface mapping
technique. This technique uses grid markers and computerized image analysis to evaluate
local strain heterogeneity. The image processing technique gives us a high accuracy of
strain measurement. This method is based on: (1) depositing grid markers on the polished

surface of a half-cylinder of Carrara marble, (2) performing conventional triaxial
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compression tests on composite samples of two half-cylinders, (3) comparing the
positions of each grid marker in both undeformed and deformed samples, and (4)
computing micro-scale strain distributions (Fig. 3). Our results show large
heterogeneities of strain at the microstructural scale.  The minimum and maximum local
strain can vary by afactor of 3 or more from the mean imposed strains.  In general,
strain distributions within the grain interiors are more homogeneous than those in vicinity
of grain-boundaries. Deformation is clearly localized at both twin and grain boundaries,
indicating a strong influence of microstructure on the local strain distribution. The
variation of strain averaged over individual grains is less than that measured locally
within grains, indicating that grain boundaries are important in accommodating strain
incompatibility between neighboring grains.  This study also suggested that
grain-boundary sliding may be active at a temperature of ~600°C.

EBSD measurements were analyzed in Chapter 4, where we applied visco-plastic self
consistent (VPSC) techniques to model the texture development in the compression tests.
The VPSC models were used to understand the active dlip systemsin compressional tests.
In agreement with earlier studies, our results suggested a dominant activation of r<sd>
dlip system at these conditions. Individual grains were tracked before and after
deformation to study the change of crystallographic orientations due to deformation
process. The changes of orientations of individual grains measured by EBSD were
compared to results simulated by VPSC modeling. Even when three separate CRSS

models are used, only a small number of grains can be successfully predicted by the
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VPSC simulation, suggesting that models using a simple homogeneous effective medium
theory (HEM) cannot predict local microstructures effectively. Changing the CRSS of
different slip systems may change the predicted grain rotation behavior significantly, and
might improve the reliability of VPSC modeling in predicting the deformation behavior
of single crystals within polycrystals, but intragranular heterogeneities will not be

captured by this modeling.
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1.5. Figures
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Figure 1. Deformation mechanism map of calcite for constant shear strain rate of
3x10™s " with temperature contour at 100 k intervals. Figure after Schmid et al., (1980)

and Walker et al., (1990).
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Figure 3. Flow chart of the data processing procedure including (1) 3D surface

topography from 3D digital microscope, (2) grid marker position determination using
image analysis techniques, (3) strain distribution mapping from n-point strain analysis
technique, (4) grain orientation from electron back-scattered diffraction pattern, and (5)
texture analysis using visco-plastic self consistent modeling. Procedures (1-3) and (4-5)

are main topics of Chapters 3 and 4, respectively.
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Chapter 2: The effect of dissolved magnesium on creep of calcite:

Transition from diffusion creep to dislocation creep

Lili Xu
Jorg Renner
Marco Herwegh

Brian Evans

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 conditions 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 to 30
hrs) at 850°C and 300 MPa confining pressure. 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 dissolved, and that Mg distribution was homogeneous throughout the
samples at the scale of about two micrometers. The grain size after HIP varied from 8
to 31 um, increased with time at temperature, and decreased with increasing Mg content
(> 3.0mol%). Grain size and time were consistent with anormal grain growth equation,
with exponents from 2.4 to 4.7, for samples containing 0.5 to 17.0 mol% Mg,
respectively. We deformed samples after HIP at the same confining pressure with
differential stresses 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 deformation tests took place at between 700-800 °C and at strain rates between 10°®
and 10°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,
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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.

Published as:

Xu, L., Renner, J., Herwegh M., Evans B., (2008): The Effect of Dissolved Magnesium
on Creep of Calcite Il: Transition from Diffusion Creep to Dislocation Creep, DOI:
10.1007/500410-008-0338-5
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2.1. Introduction

In many orogenic belts, carbonate formations accumulate large strains along localized
shear zones that involve deformation by non-cataclastic processes (Bestmann et al., 2000;
Burkhard, 1990; Burkhard, 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;
Covey-Crump, 2001; de Bresser and Spiers, 1993; de Bresser et a., 2001; Goetze and
Kohlstedt, 1977; Griggs and Miller, 1951; Heard, 1963; Heard and Raleigh, 1972; Renner
et al., 2002; Rutter, 1972; Rutter, 1999; Spiers, 1979; Walker et a., 1990), many
questions remain concerning the exact rheology 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 a., 2001; Rybacki et
al., 2003), the influence of porosity and pore fluids on deformation (de Bresser et al.,
2005; Heard, 1960; Rutter, 1972; Rutter, 1984; Siddigi 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 a., 2003; Walker et a., 1990).

In this study, we investigated the strength of high-magnesium calcite of varying Mg
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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 confining pressure of 300 MPa and at strain rates between 10°® and
10°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 dightly wider range of chemical
compositions. About 80 creep experiments were performed on 17 different 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 contributions of diffusion and dislocation creep
mechanisms, a composite flow law was fit to the data using a non-linear inversion
technique. We also performed additional grain-growth experiments under hydrostatic

loading to investigate further the effect of solute impurities on growth kinetics.
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2.1.1 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; Lucke and Stiwe, 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 1400 times (Zhao et al., in press,
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; Freund et al., 2004; Wang et al.,

31



1996) have suggested that trace amounts of dissolved Mn (10670 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 a.,
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).

2.1.2 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 deformation 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 thermodynamic
conditions are simulated and controlled, and that the deformation mechanisms that
operate in the experiments are also relevant to the geological processes (Kohlstedt et al.,
1995; Paterson, 1976; Paterson, 2001; Ranalli and Murphy, 1987). For a generad
framework of constitutive laws, see Frost and Ashby (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
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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 represent steady-state creep of rocks.
At high temperatures, small grain sizes, and/or low stresses, rocks may deform by

diffusion creep:

:fdiff :édiﬁo%@(p(—%] 1)

where r is usually nearly equal to 1, s may be 1-3, Qi is the activation enthalpy for
self-diffusion of the slowest constituent of the mineral along the fastest available path,

and & oiS 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 dislocation 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:

. c o
Eowr = Epuro 9 eXp(_R_Fil-] 2)

where :swois a pre-exponential factor, perhaps containing a dependence on chemical

fugacity; o is the differential stress; n=01In gldIno isthe stress exponent of strain rate;
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RT is the standard Boltzmann term, with gas constant, R, and absolute temperature, T;
and Q,, =-RdIne/d(L/T) isthe activation enthalpy for creep.

At low-temperatures, high stresses or fast strain rates (as defined by Frost and Ashby;,
1982), creep deformation may be limited either by cross-dlip (de Bresser and Spiers, 1993)
or dislocation glide (Renner and Evans, 2002). The latter authors used an empirical
equation for the power-law breakdown region of the form:

;‘pm =A,0° exp[aiJ exp(—%j (3)

p

where Ay is a material constant, Qpy is the activation energy for dislocation creep,
ando, = (Zp,o +Kd ™™ )(Tm - 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). Several 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, al three

equations can be said to be creep equations because they each predict a non-zero inelastic
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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 a., 1990). For example, n values found by fitting datato (2)
are usually between 3 and 9, but these values increase with increasing stress and are not
constant even over small intervalsin 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
formulate 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 temperature

regimes.

2.2. Methodology of experiments

2.2.1 Sample preparation and apparatus

Samples were prepared from mixtures of reagent-grade calcite powder (5 um grain size,
Mallinckrodt Inc.) and ground natural dolomite powder (Microdol Super from Alberto

Luisoni Mineralstoffe; 2 um grain sizes). The hot isostatic pressing (HIP) technique
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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 in 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,0Oz and ZrO; pistons (Fig. 2).

2.2.2 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 Paterson
apparatus (Paterson, 1990). The HIP step lasted from 2 to 30 hrs at 850°C and 300 MPa
confining pressure. To monitor densification, we applied an axial stress of less 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 temperature at

the top of the sample varied less than = 5°C throughout the experiments. Before the
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experiments, we calibrated the furnace to guarantee a flat thermal profile along the
sample (spatial temperature variations are estimated 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 1000s and that the average grain
size of the aggregate was about 5 um. Ten additional HIP experiments of durations up
to 18 hours were conducted to investigate normal grain growth rates.

Chemical analyses of the mixtures after HIP treatments were done in electron
microprobe (JEOL JXA 733) with spatial resolution of ~2 micron 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 measurements 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
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with the Mg content.

2.2.3 Deformation Tests

We performed deformation tests on other samples immediately after the HIP step by
reducing the temperature at 15°C/min to the run temperature (800, 750, or 700°C) and
then alowing 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 1.5x10°. The load
is measured internally with uncertainty of 20 N (i.e., about 0.3 MPain 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 ~10°to 10° s, and the total inelastic strain of the sample was
about 20% or less for most tests. When subsequent 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
hr. After deformation, samples were unloaded first and quenched immediately after

unloading by reducing the confining pressure and turning off the furnace simultaneously.
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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 dislocation
densities are reduced by less than 20% over a period of 2 hours at 600° C (Liu and Evans,
1997). Thus, the dislocation microstructure is probably affected very little by the
guench 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 (D2p) using equation D, = 77As/L, (Underwood, 1970, p42), where
A. isthe mean area of grainsin the 2D imageand 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 calculating 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.
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2.3. Results

2.3.1 Microstructures formed under hydrostatic and conventional triaxial loading

After the initial period of reaction and mixing, normal grain growth occurs. Fig. 3
(a-c) shows photomicrographs of Mgcc-20, Mgcc-60, and Mgcc-80 after HIP for 2hrs at
850°C and 300 MPa. Grain boundaries are dlightly curved; triple junctions have angles
of approximately 120°. The grain sizes appear to be approximately in lognormal
distribution (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, Fig. 4). The
magnesium content in Figs. 3d-f varies 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 inspection 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 didocations, microtwins, and dislocation
networks (Fig. 6). Free dislocations of various orientations (Fig. 6a) indicate the
activation of multiple dip systems. Cell structures and sub-grain boundaries (Fig. 6b)

probably indicated that recovery processes, such as climb, were operating. Our starting
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material has relatively low dislocation densities, well below 1.10%m? but those
increased during deformation to greater than 2-10°m™.  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 um thick) are
infrequently observed; these are usually observed in natural calcite that deformed at less

than 150°C (Burkhard, 1993).

2.3.2 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 afixed 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 to 17.0 mol%, grain sizes in
the range of 20 and 12 um could be produced by varying the HIP time intervals from 2 to
30 hrs. The strength of Mg-calcites determined from these constant strain rate tests
(~3.1-8.5:10" 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
deformed in dislocation creep regime.

Typical differential stress (01-03) 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 than Mg content; and n values are

nearly unity (Fig. 7b), consistent with previously published results. At higher strain
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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, nvalues 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 diffusion 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 obstacles 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(Qqi#/RT)-d°, where
Quitr and s are the activation energy and grain size sensitivity factor in the diffusion creep
regime (Herwegh et al., 2003) and d isthe grain size.

Three distinctive regimes of mechanical behavior may be identified in Figs. 7c: First,
at low stresses, ofG <~10, 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, £ norma = éexp(Qdiff IRT)d?, is a linear
function of normalized stress, 6norma=(01-03)/G, and shows less scatter than the raw data
because the effect of grain size has been removed. The difference in normalized
strength at a fixed normalized strain rate is small and does not vary systematically with
Mg content. Second, at intermediate stresses (normalized stress ~10°-2-10%), n varies

from about 1 to greater than 3, a region we interpret as transitional between diffusion
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creep and dislocation creep. Third, at high stresses (normalized strength >2.10%), 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 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, extended 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 deformation 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., deformed at higher stress levels, show many
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fine recrystallized grains (Fig. 3e-f).

2.4. 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 population 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 submicron-scale chemical modulations exist in dolomite and
high-magnesium calcite (e.g., Wenk et al., 1983). Weakening 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
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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 dolomite 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-quantitative and the
concentrations do not appear to vary from one aggregate to another. But, because the
impurities are contained 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 deformation tests indicate that all dolomites are stronger than
calcites under the same conditions (Davis et a., 2005); and thus, as afirst approximation,
it seems the simplest interpretation 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.

2.4.1 Effect of Mg on Grain growth of Calcite

Grain-growth rates can be influenced by many factors, including pores, fluids, solute

impurities, and second phases (Atkinson, 1988; Drury and Urai, 1990; Evanset al., 2001;
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Urai et al., 1986; Yan et a., 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. 99) (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, 1986; Olgaard, 1989). 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).

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

dP-dp =k(t-t,) 4

where k is a kinetic parameter, d and d, are the average grain sizes at time, t and t,,
respectively. The exponent p is determined by the mechanisms operating during grain
growth (Atkinson, 1988; Brook, 1976; Evanset al., 2001). Since our samples undergo a
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chemical reaction at the initial stage (Herwegh et a., 2003), we chose dy and to to be 5
pm and 1000 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) (Evanset a., 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

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 M = %a%a%_? where grain-boundary energy, y, is taken as
0.1 Jmol (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 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
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up to 17 mol% Mg. Although our samples do not show chemical inhomogeneity at the
level of electron microprobe observations, finer scale modulations 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
boundaries at high solute concentrations. However, it should be noted that lithium and
calcium carbonates form a eutectic system at temperatures above 650°C, especialy 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 5 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,[Q , Where Ds is the lattice diffusion coefficient of the solute, Q is

T 20K T(CE ™)

the unit cell volume, d is the grain boundary thickness, Cs 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 (2:10%°-3:10" versus 2:10%-7.10%

(m?s)/(IIm?)). Other factors might also influence boundary mobility. For example, if
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pore drag is important in grain coarsening, then surface diffusion, 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.

2.4.2 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) 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 fractions 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):

Eot = Vg € gig F Vairr € 4 ©
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where £qs  isgiven either by eq. (2) or (3), and Ean i given by eq. (1); Vais and vairr 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 vgig = Vgigr=1 and the total deformation rate is ssmply the sum of the two
creep laws. The estimate gained from this model is equivalent to a Sachs model where
al 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 al 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 210kJ/mol for Solnhofen limestone (Schmid, 1977).
In these fits, we used a constant value of 212 kJmol for Qx, which we derive at a
differential stress of ~20 MPa and temperatures of 700-800 C using equation
Qs =—RO Iné/a(llT)\U . Thisvalue is higher than Hewrwegh at al.”s number but within
the error limits, +30 kJ.  If we fix Qg to be 200 kd/mol, the quality of fit changes only

slightly.

The melting temperature Tn, 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
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assumed that the grain size exponent my, in the expression used for the Peierl stress in
eq.(3) iseither 0.50r 1. Fortunately, the results of the inversion vary only slightly when
different values for m, are used (Table 3). In general, within experimental uncertainties
and sample-to-sample variations, the data can be fit well by the unconstrained inversion
(Table 3 and Fig. 10). Fig. 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 (Eqg.(2) and Table 3)
or a stress activated law 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 (~200 kJ/mol, see Table 3). Rather than inverting for the
activation energies, they may also be calculated usingQ, = —Raln:s/a(llT)\U. At a
differential stress of ~90 MPa and temperatures of 700-800 C, the activation energies are
300 + 74 kJ/mol, 203 £ 64 kJ/mol, and 145 + 60 kJmol for Mgcc-60, Mgcce-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 systematically smaller at lower temperatures. Since dynamic
recrystallization is prominent in Mgcc-80 (Fig. 3f) after deformation, its activation energy

is likely to be underestimated using this method. Our derived values (Qpn) are
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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).

2.4.3 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; Schmid, 1977), and
Mg-calcite (this study) are nearly the same when grain sizes are less than 10 um  (Fig.
11). At a given strain rate and temperature, the strength varies inversely with the
average grain size cubed, suggesting a Coble creep mechanism. For coarser-grained
carbonates, dislocation cregp 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 a., 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
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are several possible reasons for such strengthening, including larger elastic constants,
solid-solution hardening, 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 dip 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 aso possible that the
addition of magnesium solute introduces precipitates or sub-microscopic regions of
cation order (Reeder, 2000; Wenk et al., 1991), and that these structures act as
impediments (discrete obstacles) to dislocation motion.

Solid-solute hardening, either by impurity drag or discrete 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 boundaries,
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 general, the strain rate is inversely
proportional to the impurity concentration. At a fixed strain rate of 10°s* and 800°C,

the strength of calcite monotonically increases with Mg concentration (Fig. 12) and is

53



proportional to the cube root of the solute concentration Cyig.  However, if we predict the
strength of the Mg-calcite using the solute-drag model of 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 calcite 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.

2.4.4 Natural applications

Natural carbonate rocks show variations in strength that may arise from differences in
grain size, accessory minerals, 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; Freund et

al., 2004; Herwegh et a., 2003; Tetard et al., 1999). Mg is one, among several, possible
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cation solutes in calcite rocks, e.g., Mn, Fe, Sr; and these solutes may affect the creep
behavior, 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 sizeaswell. In at least some natural carbonates, the effects of magnesium content
may be evident in the microstructure. We extrapolate the flow law of Mg-calcite to
geological strain rates (10"%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 porphyroblasts of high-magnesian calcite grains from
echinoderm fossils that are much less deformed than surrounding carbonate matrix with
lower Mg content. It seems clear that solute impurities will affect the strength of

carbonates and that field interpretations will need to take this effect into account.

2.5 Summary

Previous results (Herwegh et a., 2003) indicated that diffusion creep in
high-magnesian calcite was not sensitive to 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
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measurements of grain-boundary chemistry were made here, but solute segregation, if it
occurs, is likely to reduce the grain-boundary mobility and would explain the reduced
grain growth rate. Nano-scale modulations 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
dolomite 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 (c <40 MPa) at temperature of
708 800°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 dislocations and solute
ions/nanometer-scale domains of ordered cations. Our data suggest that, for a fixed
temperature, 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
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creep regime.
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2.7 Figures and tables
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Figure 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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Figure 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.
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Undeformed

Deformed

Figure 3. Optical micrographs in cross-polarized light for undeformed (a-c) and

deformed (d-f) samples with Mg concentration of 0.5 mol% (aand d), 7.0 mol% (b and €),
and 17.0 mol% (c and f).  All were prepared using a HIP step of 2 hours.  Undeformed
(a-c) samples contain isometric grains with straight or gently curved boundaries. The
deformed samples (d-f) shown here were deformed under multiple 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 Figs.

3d-f (samples C948, C814, and C820) varies in the same order as in Figs. 3a-C.
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Figure 4. Grain size distributions of samples with 7.0 mol% Mg after HIP for 2hrs 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; the grain
dimension is determined by calculating the diameter of a circle with an area equivalent to
that particular grain.  The distribution of the undeformed HIP sample is roughly similar
to a lognormal distribution. Note that the deformed sample contains a large number of

small grains but also a few large grains that covers a considerable area fraction.
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Figure 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.
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Figure 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 dip on severa systems. The free dislocation density is
relatively low (c). A few microtwins (d), with widths of about 30-100 nm, are

infrequently observed.
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Figure 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
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creep tests after HIP for 2 hrs 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) is shifted to higher stress for samples

with higher Mg content (i.e., 700°C).
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Figure 7 (c) Normalized strain rate vs. normalized stress. When the differential stress
is normalized by the shear modulus adjusted to reflect changes in the elastic modulus
owing to different compositions, and strain rate is normalized by grain size and a kinetic
term appropriate for diffusion creeps, much of the scatter seenin 7b isremoved. 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.
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content indicates a strength that changed when the initial stress was revisited.
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Figure 9. (@) Grain growth data

UT bl 07k

compiled for pure synthetic calcite from Olgaard &

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 (TY 82,
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line 4); and for 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/T) for different calcite rocks. Mobility is

od
ot

<

estimated from normal grain growth data using equationM = %
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Figure 10. Strength data and the curves fit using composite flow law (egs. (1), (3),
and (5)). Parametersused see Table3. The experimental data of Mn-calcite (Freund et

al., 2004) and synthetic calcite (Renner et al., 2002) are also plotted for comparison.
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Figure 11. Flow strength vs. grain size for deformation of Mg-calcite (solid symbols)
and previous studies on calcite aggregates (open symbols) at strain rate of 3-10°s™,
When grain size is small, flow strength is approximately proportional to the grain size
with grain size sensitivity factor (m =3). The flow strength is inversely proportional to
the grain size for large grains (Hall-Petch relation) in most calcite aggregates.
References. Solnhofen limestone (Schmid, 1976; Schmid, 1977); synthetic marbles (syn.,
Renner et al., 2002 (RES02); Freund et a., 2004 (FWDO04)); Carrara marble
(Covey-Crump, 1997 (147 pm); de Bresser, 2002 (200 um); Rutter, 1995 (130 um);
Schmid et al., 1980 (150 um)); 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).
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Figure 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 (C) to the 1/3 power.

79



strength [MPa)
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Figure 13. Curves of stress vs. grain size extrapolated to a strain rate of 107%™ at
temperatures from 300 to 500°C. Mg-calcite and calcite are represented by the dashed
lines and solid lines, respectively. 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.
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Figure 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.
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Table 1 Conditions and results of the deformation experiments
Srain(%)

Run #

C814

C817

C818

C819
C820

C826

T (°C)

794

691

795

694

801

697

799

Sress (M Pa)

22 creep
44
65
86
93
126

104*
7%
64*
39*

15 creep

82

15

82
120
173

19 creep

81
111

59

129

49 Creep

91
108
124
140

151*
161*

Srain rate (s?)

1.2:10°
5.310°
2.1-10°
9.2'10°
1.010°
6.7:10°
3.2:10°
9.1-10°
8.0-10°
2510°

0.8
1.7
26
4.1

4.7
8.1
8.9
8.8
8.5
8.9

Grain sizes”

16.0£3.1

Magcc-70, HIP-2 hrs, |oad-cell sgnal unstable

9.2:10°°
2.4:10°
1.1-10*
1.7:10°
3.7-10°
1.410°
41-10°
3410

Mgec-80, HIP-0.5hrs, jacket lesk

4810°
1.3.10*
3510*
13103
1110°
2.1:10°
43-10°
7510°
2.0-10*
1.010°
2.1-10°
6.2:10°°
1.9-10°
5.6'10°
1.7-10*
3.7:10*
1.3-10°

82

11
25
4.3

6.8
7.3
8.3
9.6
141

25
4.8
85
15.7

17.8
18.5
19.6
20.8
24.3

0.7
1.0
15
21
31
5.0
8.1
19.6

6.74£0.9

7.0£1.6

17.7£3.0

Porosity®

1.5% (2.4%)

0.5%

0.7%
(2.7%)

(0.7%)

Description

Mgcc-60,
HIP-2 hrs

Magcc-70,
HIP-2 hrs

Mgcce-80,
HIP-2hrs

Mgcc-60,
HIP-20hrs



M gce-60, HIP-20min, jacket leak

c857 8.5+2.0 05%(33%)  Mgcc-80,

HIP-6hrs

weakening

85 1.1-10* 3.8 0.5% Mgec-80,
2.1-10* HIP-18hrs
-——- S
1.4-10°
97 2.1-10° 13.3
C870 9 Mgec-60,
HIP-2hrs

C883° 193 8510 5.0 0.5% Mgce-80,
176 10.0 HIP-30hrs
143 20.0
318
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4910
52 1310
338 3910°
61 42:10*
4.2:10°

10.8
15.8
21.4
24.2

Magcc-40,
HIP-2hrs

C1038° 800 8.9-10*
151
128

10.0

14.7

Mgcc-60

HIP-18hrs



Table 2 Some laboratory determination of grain growth parametersin calcite aggregates

T (°C) P (MPa) k (Lm"/s) n Q to (), do Reference
(kJ/moal) (um)
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 1500 0.05-0.5 5.1 200 0,6.1 Tulis& Yund,
900 1500 0.8-1.0 3.0 200 1982
800 300 0.03-0.13 5.2 0,6.1 Olgaard & Evans, 1988
900 300 01
Syn. cc 800 300 24-28 2.6£0.1 180+50 0,7 Olgaard & Evans, 1988
706 185 0.15 2 232 1000, 12 Covey-Crump, 1997
M gcc-20 850 300 0.17 24 1000, 5 This sudy
M gcc-40 850 300 0.43 2.7 1000, 5 This sudy
M gcc-60 850 300 0.15 29 1000, 5 This gudy
M gcc-80 850 300 173 47 1000, 5 This sudy
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Table 3 Fitting the data using hybrid flow law
InAp|b(M Pa‘zs'l)

Solnhofen

Syn. cc
M gce-20

M gce-40

M gce-60

Mgcc-70

M gce-80

Solnhofen
Syn. cc
M gce-20
M gcc-40
M gece-60
Mgcc-70

M gce-80

N

32

82

42

32

82

42

43

mp
0.5
l*

0.5

0.5

0.5

0.5

0.5

6.1+0.5
5.9+0.6

4.3+0.5

4.4+1.1
1.7+1.2

35+1.1

3.2+0.6
-3.3+1.1
-2.0+0.7

-2.1+1.3
-1.2+0.9

2.0+0.6
-4.6x1.2
2.1+0.6

Ing oo (MPa’s?)

2.620.6
-0.8+0.5
-0.7x2.2
-0.4+1.9
-12.5+1.3
-9.6x1.7

0.1+0.8

Zo0(MPa'kk ™)

19.9+11.0
29.7£9.5

235+15

8
8

8

41.2+4.2
8
30.7+¢5.3

35.5+11.2
45.1+6.3

12.0+11.7
8
11.9+411.7

n

34101
43+0.1
3.9+0.6
3.6+0.5
5.6+0.3
5.0+0.4

2.6+0.1

Ink(MPapm™kK ™)
4.7+0.2
5.1+0.2

2.8+0.7

5
5

5

4.1+0.2

0.6+4.3

2.0+0.9
0.7¢1.1

7.8+0.3
5
9.3+0.3

Qpur (kI mal?)

209+4
196+16

201+5

201+5
202+18
200+20

188+15

Qplh( kJ mol'l)

20524
205+14

191+24
201+10
201+10
201+10
201+15
180+10
197+20
196+20
198+22
181+12
202+10
182+15

R,
1.00% 0.102
1.005+0.098

1.015 0.128

1.008 0.107
1.002 0.021

1.00% 0.044

1.02% 0.160
1.043£0.175
1.028 0.152

1.018 0.157
1.002 0.057

1.02% 0.213
0.984 0.036
1.026 0.211

Rg

1.014 0.158
1.01% 0.140
1.011+0.097
1.002 0.082
1.032 0.154
1.018 0.119

1.01% 0.183

* We use 1327°C and 1241°C as melting temperatures (Tr,) for Mgcc-20 and Mgcec-80, respectively
(Byrnes and Wyllie 1981; Irving and Wyllie 1975).
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Chapter 3: Strain Heterogeneity during Dislocation Creep in

Carrara Marble Using a Micre Scale Strain Mapping Technique

Abstract

By combining a high resolution surface mapping technique with the split cylinder
technique, local strain heterogeneities can be quantitatively measured in deformation
experiments of Carrara marble at 400-700°C, 300 MPa confining pressure, and at strain
rates of 10 to 10 s™. This micro-scale mapping technique uses grid markers and
computerized image analysis to evaluate local strain heterogeneity at a scale of
micrometers. This method is based on: (1) depositing grid markers on the polished
surface of a half-cylinder of Carrara marble, (2) performing conventional triaxial
compression tests on composite samples of two half-cylinders, (3) comparing the
positions of each grid marker in both undeformed and deformed samples, and (4)
computing micro-scale strain distributions. In this material under these conditions, strain
heterogeneities at the scale of grains and smaller are observed to be as large as 300% of
the bulk aggregate strain. Localized deformation occurs along twins and grain boundaries,
but can also be observed as pathy strain variations in intragranular regions. Although the
amount of heterogeneity is more pronounced at scales smaller than grains, the strain
averaged over individual grains may also vary by 50% of the bulk strain. Schmid factor
analysis indicates that ¢ and r<sd> are the two most active dip systemsin the
compression test of Carrara marble at 600°C.
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3.1 Introduction:

Natural deformation of rocks is usually inhomogeneous, and often occurs over a wide
variety of spatial scales. Thus, a full understanding of tectonics and orogenic processes
will necessarily involve understanding the causes and influences of localization, material
heterogeneities, and mechanical anisotropy. It is easy to rationalize spatial heterogeneity
in deformation during cataclastic faulting and frictional sliding processes. By contrast,
dislocation mechanisms are often regarded as being non-localized. In fact, however, the
anisotropic nature of crystal slip usualy entails variations in reorientation of individual
grains and heterogeneous deformation within the polycrystalline material, even under
homogeneous and gradient-free external loadings. This mechanical anisotropy, which
tends to be exaggerated in low-symmetry minerals, may lead to large spatial
heterogeneities in strain and grain orientation.

At the thin-section scale, the quantification of grain-to-grain interactions during
straining is relevant for the improvement and verification of models of polycrystalline
plasticity. Such models are valuable for understanding the textures produced during
deformation of complex, polycrystalline materials with multiple phases, i.e., rocks. The
inverse problem is also of critical importance: insight into the production of texture is a
valuable tool in unraveling the deformation history of rocks based on their current
microstructure. One method in particular, the self-consistent model, has been widely used

to understand the texture development of materials during plastic deformation (Molinari
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et al., 1987; Wenk et al., 1987; Lebenson & Tome, 1993). These models are called
self-consistent because they compute the mechanical interaction between each grain and
an average equivalent background. Self-consistent model generally provides a good
description of the production of global textures, but they do not always predict local
aspects of the actual deformation, e.g., individual lattice rotations or grain deformation
sometimes are not completely consistent with experimental observations of the evolution
of strength or of the intensity or of the details of orientation distribution functions.

To understand the vagaries of local strain distribution, several recent studies have
focused on producing quantitative descriptions of the spatial heterogeneity of inelastic
strain and crystal orientation at microstructural scales (Biery et al., 2001; Raabe et a.,
2001; Sachtleber et al., 2002; Wu et al., 2006). Often in these metallic materials, large
strain tends to be accommodated by weak grains in preferred dip directions, but the
heterogeneity may even extend to scales smaller than the grains. Depending on the
material, loading conditions and geometry, strain can be partitioned in regions near grain
boundaries, or even, at the boundary itself. The comparison of results from such
experiments and simulations will provide useful insight into the accuracy and efficacy of
the polycrystalline homogenization models and constrain our knowledge of the physics of
inelastic deformation. The crystal-plastic deformation of rocks in the laboratory is also
often inhomogeneous at the microstructure scale, a particular example being given by the
extensive studies of microstructures and mechanical behaviors of Carrara marble (Pieri et

a., 2001; Rutter, 1974; Rutter, 1998; Rutter et al., 1994; Schmid et al., 1980). In this
89



material, grains favorably orientated for slip deformation clearly deform more than other
grains in the harder orientations (Wenk, 2002; Wu et al., 2006). Recent torsion
experiments on Carrara marble (Pieri et al., 2001) suggested that its texture continues to
evolve to a shear strain of 5 where the sample reaches a steady state condition and is
characterized by fully recrystallized grains in easy slip orientations. The texture
simulations of Carrara marble using visco-plastic self consistent (VPSC) model suggest
that recrystallization is an important process in both torsion and compression tests
(Barber et al., 2007; Lebensohn et al., 1998; Pieri et al., 2001). At lower temperatures,
faster strain rates, and higher stresses, twinning is an important deformation mechanism,
and accommodates strain in an extremely localized fashion (Turner et al., 1954; Weiss
and Turner, 1972). At higher temperatures, grain boundary sliding mechanism can be
important in accommodating strain incompatibility between neighboring grains (Schmid
et al. 1980; Rutter, 1995).

In this paper, we investigated heterogeneous deformation of Carrara marble produced
during conventional triaxial deformation tests implementing a strain mapping technique
recently developed for metals (Biery et al., 2001; Park and Schowengerdt, 1983; Wu et al.,
2006). The goals of this study are to examine the crystal-plastic processes responsible for
creep deformation of Carrara marble by plastic behavior in greater detail, to develop a
quantitative understanding of the scale of heterogeneities produced, to gain fundamental
insight into polycrystalline plasticity, and to understand the mechanisms by which strain

localizes. We place particular attention on quantifying variations in strain within grain
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interiors and at grain boundaries, and on recognizing the relative activities of different
slip systems.

The strain distribution mapping technique usually includes a series of image processing
algorithms (Biery et al., 2001; Park and Schowengerdt, 1983). By studying the change of
grid marker positions due to deformation process, 2D strain distribution map can be
derived. By using the surface mapping capability of a digital microscope, we developed a
new procedure which allows us to characterize the full, 3D strain tensor. The main steps
of our strain distribution mapping technique include: (1) acquire 2D gray-scale images of
the grain structure and superpose test grids on a flat surface on a half-cylinder, (2)
reconstruct a cylindrical sample from two half-cylinders and deform under conventional
triaxial loading at temperatures between 400-800°C, confining pressures of 300 MPa, and
strain rates of ~10°-10* s*, up to about 25% strain, (3) recover the sample, and
determine new grid marker positions using an image reorganization technique, (4)
calculate the full strain tensor at each position using the relative displacements of the grid
markers before and after deformation and an n-point averaging technique, and (5)
mapping the strain distribution at the micrometer scale. Most of the image processing
and strain mapping procedure was done in Matlab. For comparison with the strain
mapping, the grain orientation map of an interested area is acquired using the electron
back-scattered diffraction pattern. The relative activity of different dlip systems can be
inferred from the relative strain and rotation produced during the compression tests and

compared to the resolved shear stresses produced by the bulk loading on each grain.
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Considerable development of laboratory technique and data analysis methods was
necessary to implement the measurements, and this development limited the number of
experiments that could be analyzed. However, the concept and experimental design can
be considered to be proven, and the results which are available are quite interesting and

provocative.

3.2 Methodology:

3.2.1 Experimental procedure:

Our samples were constructed from blocks of Carrara marble, a coarse-grained, nearly
pure calcium carbonate rock of Liassic age quarried from the northwestern Alpi Apuane
region of the Appenines fold and thrust belt in Italy (Coli, 1989). These rocks contain
accessory phases of quartz, albite, white mica, and some opagues, in amounts that vary
spatially, but are never more than 5% of the total. The particular sample that we used
could be classed as a type A, “granoblastic” microfabric, with roughly equiaxed grains
(Molli et al., 2000). Consideration of structural field relations and geochemical
measurements suggests that rocks from this location with this fabric have probably been
exposed to metamorphic temperatures sufficient to coarsen the grains, under small or no
deviatoric stresses (Molli and Heilbronner, 1999). Although marbles with type A fabrics
are largely isotropic, there may be a weak preferred orientation inherited from earlier
deformation episodes, and some of the grain boundaries are mildly undulose. This

material is useful as a test material for these experiments, because it has been studied
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extensively by many investigators, is nearly a single mineral phase, and has large,
equi-axed grains.

The strain mapping technique relies on calculating the relative displacements of
identifiable points in the deformed and undeformed configurations. To produce a simple
configuration for the undeformed state, we constructed a grid of electro-deposited carbon
or gold spots on a flat, polished surface of a half cylinder, 20 mm in length and 5 mm in
radius (Fig. 1). We called the surface with the grid markers surface A (Fig. 1a). The
deformation sample was completed by mating a second half-cylinder (surface B) to the
first (Fig. 1b-c). In addition, we put a copper foil in between the two half cylinders to
separate them more easily after the deformation test. This copper foil has a window shape,
so that most of surfaces A and B are in contact with each other during deformation at
pressure and temperature conditions. The half-cylinders are formed from immediately
adjacent sections of the block. Because the kerf of the diamond saw used to cut the billets
for the two halves is much smaller than the grain size of the sample, the grain structure of
the two half cylinders is nearly contiguous across the reference surface. Both flat surfaces
are prepared by polishing using alumina grit on cloth laps. In the final polishing
procedure of surface A, we use colloidal silica (~0.03 microns) on automatic wheels for
several hours.

The sample cylinders are then loaded into a copper jacket, pressurized to about
220-240 MPa and heated to 400-800°C at a rate of 25°C/min in a Paterson deformation

apparatus (Paterson, 1995). The final confining pressure is kept at 300 MPa except one
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experiment at 100 MPa (CM08). Compression tests are performed at constant strain rate
of ~10° to 10* s™ to afinal strain of ~5-25%. See Table 1 for a detailed description of
the experimental conditions; detailed discussion of the conventional triaxial deformation
tests can be found in Renner et al. (2002). After the deformation test, the sample is
removed from the outer pressure jacket and then split open along the internal copper foil
to recover the deformed internal surface, which, strictly speaking, is no longer planar.

The grain microstructure intersected by the internal surface was observed in reflected
polarized light, both before and after deformation (Fig. 2 shows CM17). Before
deformation, gold or carbon markers are deposited onto surface A using a commercially
available nickel mesh grid with 2000 wires/inch. Grid markers are shown as the light
square dots (Fig. 3a, CM18 before deformation). Before deformation the markers are
squares with sides about 5 pmlong; the distance between the centers of two grid markers
is 12.64um. A few narrow twins are visible in the undeformed starting material.
Notice that some grid markers are missing in the micrograph due to imperfections of the
undeformed sample surface. We put additional scratches onto this surface in order to
identify the grid area before and after deformation.

The starting Carrara marble sample has roughly equiaxial grains (Fig. 2a) and the grain
size distribution is similar to a lognormal distribution (Fig. 2c). Grain size is analyzed
by tracing the grain boundaries in ImageJ, measuring the grain area, and computing the
diameter of a circle having equivalent area. The number-weighted mean grain size

(equivalent area) of the starting Carrara marble is ~130 um. The deformation test
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introduces thick twin bands (Fig. 2b, sample CM17). The distribution of grain size
(equivalent area) of the deformed sample shows only a slight variation from the
undeformed material.

After the grid region is located in the deformed sample, 2D gray-scale images and a
through-focus series of micrographs are collected at 700x magnification using reflected
light with crossed polarizers in a Hirox KH-7700 digital microscope. The through-focus
images provide surface elevation data (Fig. 3b). The three dimensional coordinates of
each grid marker are then identified by the analyzing 2D gray-scale images and 3D
surface data (as described below in section 2.2). The resolution of 2D images at 700x
magnification is 3.6 pixels/micron.

We identify the same grid markers in the deformed sample by looking for the same
grain near the scratched lines and then comparing the grain boundary geometry with the
undeformed sample. The change of grid marker positions owing to the deformation
process will provide us information of the strain distribution in the microstructure scale.
Of course, we can only image a single surface within the sample, and strain can be
analyzed only for a small portion of the sample.

The final step in characterization is to coat the surface with Au/Pt, polish it to generate
amore conductive surface, and use EBSD techniques to map crystallographic orientation.

Thus far, only a single polished surface (surface A) has been studied in SEM (JEOL 840).
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3.2.2 Producing the strain distribution map:

In order to get the strain distribution map, there are four procedures. image acquisition,
grid-marker location, strain-tensor calculation using an n-point strain analysis method
(P-Y F. Robin, personal communication), and strain-distribution mapping. Both 2D
gray-scale images and 3D surface data are acquired using the 3D digital microscope as
described above. The positions of the grid markers are assigned three-dimensional
coordinates and a descriptor of the gray-scale distribution in their proximity.

The center point of each individual grid-point is located using a pattern recognition
technique (Fig. 4). First we locate the grid marker positions in the two images using a
convolution algorithm, namely, by convolving the image with a kernel that contains a
reference marker (Biery, 2003). The reference marker is chosen as an average of 4 grid
markers. By convolving the kernel with the entire image, we are able to identify the
maximum of the peaks in the filtered image as the center position of the grid marker.
This convolution step is sufficient to locate all grid markers to within 1 pixel using a 2D
256-gray-scales image. Then we use the x and y coordinates of each grid point to look
up the third, z coordinate using the surface elevation data from the 3D digital microscope
(Fig. 5a). Since the grid marker is square 18 pixels on aside in the 2D gray-scale image,
we then find the surface elevation of a certain grid maker by taking the average within a
certain window size. Our data shows that the average surface elevation is not sensitive

to the window size (Fig. 5b).
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The grid-marker coordinates are then stored in alist, which is ordered so that each grid
marker in the reference image is matched to a corresponding grid marker in the distorted
image. This might seem to be atrivial problem; but it takes computational time to trace
the same grid marker in the distorted image because the sample size (10x20 mm?) is
much larger than the size of the grid marker (5 pm?). This process is done by
identifying a particular grain near the scratched lines and then comparing the grain
boundary geometry in the undeformed and deformed samples. The 3D strain tensor can
then be calculated using the grid marker positions in both undeformed and deformed
samples.

Recovering the grid markers also proved to be challenging and we have been
successful only for a few deformed samples (Table 1). For example, at high pressure
and temperatures (>600°C), the contacting surfaces of the two half cylinders tend to be
welded together, and it is hard to recover the grid markers. If surfaces A and B can be
separated successfully, some grid markers may be transferred from surface A (Fig. 6a) to
surface B (Fig. 6b). In order to get a better coverage of grid marker positions in the
deformed sample, we use a 3-point analysis to combine two surface images. After
applying a mirror reflection, we choose 3 features that are distinctive and can be observed
clearly in both surface images (e.g. color dots in Fig. 6). Then we use a least-squares
method to decide the horizontal shifts and rotation angle between the two images. This
procedure allows us to identify more grid markers in the deformed samples and thus a

more detailed deformation map.
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3.2.3 n-point strain analysis:

We calculate the local strain using an n-point strain analysis method by Robin (2007,
personal communication), which calculates local strain tensor from the displacement of
any number of grid markers (n>3) relative to each other.  Suppose we have the positions
of n grid markers at two time intervals: the position of the i grid marker X;® = [x:,yi,zi] °
at time = 0 in the undeformed sample, and X;* = [x;,yi,z] * at time 1 in the deformed
sample. There are two steps we need to calculate the strain tensor for that certain area:
(1) recalculate the positions of each point i, Xi® and X;*, with respect to their moving
centroid, C°and CY, i.e, X' =X%C° and X = X;*C%, (2) find a deformation gradient

matrix, U O

1*

X =UX".
The best-fitting coefficients of U are those that minimize the sum of the squares of the

distancesbetween X and X , i.e., minimize X2 where

x2=y 2=i(Y?T—Y?TUTj(Y?—UY?1.
=

_1 _l*
Xi = Xi

i=1

A 3-points grid analysis is sufficient to solve the problem, but we can use more
neighboring grids to get the average of larger areas. The strain tensor € can be found

from the deformation gradient tensor by

a:%(u+uT)—|
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The maximum compression stress lies in the x (or 1) direction in the x-y plane so that
€11 Will be the maximum compression strain; displacements perpendicular to the test
plane, i.e., the z direction, will giverise to strain components (gi3). We assume that
there is no volumetric strain during the plastic deformation (11 + €22 +€33=0). TheVon
Mises effective strain can then be calculated using

_ |2

3.2.4 Error analysis:

During some of tests, grid markers originally deposited on the A face of one
hemi-cylinder are transferred to the B face of the mating hemi-cylinder. In some cases, a
particular marker or a patch of them will appear on both A and B faces, in other cases, the
marker(s) are entirely missing on one face. When a patch of markers appears on the B
face and not the A face, we have used image processing to superpose the marker grids and
obtain better areal coverage. When the markers can be found on both surfaces, we can use
cross-correlation to provide information about the precision of the determination of
grid-marker position (Fig. 7). For sample CM18, the correlation coefficients of
displacement components in the x, y, z directions are 0.99956, 0.99971, and -0.51344,
respectively. The correlation coefficient is close to 1 for the in-plane components
indicating that good resolution in the 2D grid marker positions, but the correlation in

z-direction is not as good. Displacements in the z direction might be less precise for
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several reasons, including: (1) imperfection in grid marker shape, (2) errors during the
surface data acquisition, (3) de-trending process in leveling the surface, and (4)
departures from planarity of the test surface, either originally present on the polished
surface or created by compacting small mismatches in the two mating surfaces during
pressurization and deformation. Since the 2D grid marker positions can be correlated very
well, the effect of imperfections in grid marker shape are probably small, unless there are
significant and undetected variations in the profile of the marker in the z direction. The
de-trending process in leveling the surface can be improved by increasing the size of
sampling area. The error in the surface elevation probably mostly comes from the
surface data acquisition procedure from the 3D digital microscope or from departures
from planarity. Estimates of both effects suggest that the accuracy in the z direction will
be no better than £0.54 m.

The resolution of strain-mapping technique relies on the image resolution and strain
calculation algorithm. The minimum detectable strain can be defined as the ratio of
minimum detectable marker shift to original marker spacing. Since we are able to locate
the grid marker position to within 1 pixel using a pattern reorganization technique, the
minimum detectable strain can be less than 1% for our study. Suppose that we apply a
3-point strain analysis and the deformation is homogeneous within that area, the total
error in strain estimation can be the same as the minimum detectable strain. One can
average over a larger number of grid points and obtain the average strain within a larger

area. The precision of the measurement increases, but, of course, the cost is a sacrifice of
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information about the local heterogeneity. See Table 2 for detailed information of the
strain resolution.

An example of the effects of averaging is shown in Fig. 8, where four contour maps of
strain distributions were made of the same area using averages of 3 to 9 points (see Table
2). Itisclear that the strain heterogeneity decreases with increased averaging; the local
heterogeneities are lost in the 9-point analysis. The difference in the ratios of the
maximum/minimum strain values with respect to the average strain decreases from 7 to 2
from Fig. 8a to 8d; resolution is one issue, but this result probably also indicates

increasing strain heterogeneity at smaller length scales.

3.3 Results

All the deformation tests for this study were conventional triaxial compression tests
performed with confining pressures of 300 MPa and at constant temperatures between
400-800°C (Table 1). The tests were done in constant displacement-rate mode to strains
between 5% and 25%. After yielding, the marbles may either strengthen or weaken (Fig.
9), but both effects are quite mild over this strain interval. The stress vs. strain diagrams
agree well with previous tests on Carrara marble (Fig. 9¢c) (Covey-Crump, 1997; de
Bresser et al., 2001; Rutter, 1995; Schmid et al., 1980), suggesting that the effect on the

mechanical properties of putting a copper foil in between two half cylindersis small.

3.3.1 Strain mapping:

The strain mapping analysis has not been successful at temperatures above 700°C,
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because the two contacting surfaces of the half cylinders tend to weld together at higher
pressures and temperatures. Consequently, it is difficult to expose the grid markers.
Although it is possible that improved recovery techniques might remove this obstacle, at
present, detailed analyses are available only for samples CMQ9, 11, 12, and 18, and we
concentrate this discussion on those samples.

Using the grid marker positions from the image data and the n-point strain analysis
technique, we can derive the spatial distribution and heterogeneity of strain along the test
plane (Figs 8, 10-18). Notice that, in all the 2D images, the axis of maximum
shortening (and greatest compression) of the aggregate lies along the vertical direction.
Severa different visualization techniques can be used to analyze the deformation: Fig.
10a shows a 2-D displacement gradient map for sample CM 18, which was deformed at
3x10° s to 10% strain at 400°C and 300 M Pa, while Fig. 10b shows the 2D gray-scale
image of the undeformed sample, a 3D displacement-gradient map, and a 3D strain tensor
map, al of the same area. The 2D displacement-gradient map shows the direction and
magnitude of movement of the grid markers, in the original test plane, relative to a center
point. In general, the displacement-gradient map is characterized by a flow pattern from
the upper and lower planes, i.e., parallel to the direction of shortening of the aggregate, to
the periphery of the grid, parallel to the direction in which bulk sample is expanding. But,
notice that there are lots of local heterogeneities. One example can be seen in the upper
right corner, where the magnitude of displacement is larger than in the other corners.

Apparently, grains in that region accommodate more strain, probably because they are in

102



a weak crystallographic orientation. Finally, the 3D displacement-gradient map shows
both the in-plane and out-of-plane deformation, and the 3D strain map shows the
distribution of the local strain tensor (Fig. 10b).

Contour maps of the strain tensor components provide information about the
heterogeneity in local strain.  The magnitudes of the individual components of the strain
tensor are shown in Fig. 1la-b, and Fig. 1lc-d, for samples CM18 and CM11,
respectively. Those samples were deformed at 400 and 600°C to a final strain of ~10%.
In both samples, the contour maps indicate substantial heterogeneities at microstructure
scale. Even though the sample is deformed is in compression (imposed strain g1;~-0.10),
there are local areas deforming in a sense opposite to the imposed overall deformation.
Because the mechanical response of each grain depends on both its crystallographic
orientation, and the constraints due to the neighboring grains, spatial variations in
modulus, strength, and geometry can give rise to local variations in stress and inelastic
strain. For sample CM 18 (Fig. 11a-b), the variation in components of the strain tensor
follow: €11 IS ~-7%+8%, €2 iS ~2% 5%, £33 IS ~4%+10%, €12 iS ~0% 5%, €13 iS
~0%+6%, and &3 is ~0%+6%. For sample CM11 (Fig. 11lc-d), the strain tensor
components: €11 is ~-12% =+ 11%, €2, is ~8.1% =+ 13%, €33 is ~4% =+ 16%, €12 IS ~0%=+ 8%,
€13 1S ~1% 1 8%, and &3 is ~0%*+9%. The minimum and maximum strain varied by a
factor of ~6-8 compared to the imposed aggregate strain.  Such large heterogeneities of
strain also suggest substantial variations in stress at the grain scale. On average,

however, the strain components are roughly consistent with the bulk deformation.
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Notice that the average magnitude of €15 is roughly twice the average magnitude of &2
and e33, and that the shear components are smaller than the principal strain components,
both generalizations that one would expect for this geometry.

Strain is accommodated in a spatially heterogeneous fashion for both CM 18 (400°C)
and CM11 (600°C). The magnitudes of the variation of the von Mises effective strain are
also similar; and both materials seem to have concentrated deformation near the grain
boundaries (Fig. 12). While some grains carry less than 5% strain in their interiors,
some local areas have accumulated strains above 20%. The grain boundaries often
show concentrations of high strain compared with the grain interiors, and the strain
magnitudes there are often more than twice that of the imposed strain. By comparing
Fig. 12b with its optical micrograph, we also find high strain concentrations within the
middle large grain where twin/slip lines exist in NW-to-SE direction, and the strain
contour maps clearly show strain localization near both twin bands and grain boundaries.
By contrast, the strain distribution in grain interiors is usually more homogeneous. It
will be interesting to see if this anecdotal evidence can be demonstrated to occur as a
genera rule.

Strain ellipses show that the magnitude of finite strain and the direction of the principal
stretching directions. If the sample is deformed homogeneously, the theoretical finite
strain ellipse after 10% strain in compression will look like Fig. 13a, and will be the same
everywhere. The deviation of strain ellipses in Fig. 13b from Fig. 13a gives us

information of the strain heterogeneity and the local stress conditions. The principal
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stretching direction varies in local areas indicating the possible relationship between the
local stress and the microstructures. It is of interest that the grain boundaries don’t show

obviously a higher shear deformation than the grain interiors.

3.3.2 Average grain strain:

We are also interested in the average strain of individual grains, which will provide us
information about the single crystal behavior inside polycrystal. Average grain strain is
computed using 4 steps: (1) trace grain boundaries, (2) discretize individual grains, (3)
find grid markers that belong to a certain grain, and (4) average strains inside individual
grains. In Fig. 14 we show 3D strain ellipsoids, accompanied by average Von Mises
strains, superposed on the grain outline. The imaged area is the same as in Fig. 13b. For
comparison, strain ellipsoids for three strain states with the principal compression
direction lying along the X, y, and z axes. Notice that the axis of greatest compression in
the aggregate, shown in blue arrows, is rotated by 90 °© from our usual convention in both
Fig. 14a and b. The accumulated strains vary from grain to grain with variations of ~
0.1% to 8% strain in neighboring grains, still significant, but less than the local point to
point variations.

We analyzed the strain distribution maps for 6 additional images from sample CM11
and calculated the average strain of 73 grainsin total. The distribution of the magnitude
of the principal strains for 73 grains from sample CM11 is shown in Fig. 15. The

principal strain of maximum shortening (black bars) for each grain varies between -30%
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to -5%, and the median of the distribution is at -15%. The other two axes suffer tensile
deformation with magnitudes about half of that in compression direction. The strain
ellipsoid of the aggregate has an oblate shape with values shown by the dashed lines. The
distribution of the magnitude of the effective Von Mises strain for the same grains is
shown in Fig. 16. The average strain varies from ~4% to 19% and is more
homogeneous than the local strain distribution. The majority of grains are deforming in

accordance to the imposed strain (12%).

3.4 Discussion:

At temperatures above 400°C and below 700°C, confining pressures of a few hundred
MPa, and laboratory strain rates, Carrara marble deforms by dislocation creep processes
(Covey-Crump, 1998; Rutter, 1974; Schmid et al., 1980), conditions satisfied in all of our
experiments. In addition to dislocation generation, migration and annihilation, twinning
may occur, particularly at the lower part of this temperature range, and diffusion creep
will become increasingly important at higher temperatures. Recovery processes might
include grain boundary migration, dislocation cross-dip, and dislocation climb (de
Bresser, 1996; Goetze and Kohlstedt, 1977; Liu and Evans, 1997). For example, at
600 C, the 2D gray scale images indicate that there is a slight change in the average grain
size after deformation (CM 17, Fig. 2) and there are changes in the grain shapes at even
lower temperatures.

The strain mapping results indicate that the strain heterogeneity increases as the scale
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decreases, and there appears to be a strong influence of local microstructure on the strain
distribution (Figs. 11-14). Heterogeneity in both the average grain strain and the strain
within grains are observed in all the samples. The amount of heterogeneity is more

pronounced among grids within grains than among grains within polycrystal.

3.4.1 Intragranular deformation:

Both twinning and grain boundary sliding can contribute a few percent strains to the
total deformation and thus are important in interpreting the strain heterogeneities. The
strain introduced by twinning can be estimated by parameters like twin spacing, thickness
of the twin lamella, and angle of the rotation from the untwined to the twinned position
(Groshong, 1972). The contribution of twinning to the total deformation becomes less
with increasing temperature. Twins are widely observed in these samples, and these tend
to be thicker at higher temperatures. High strains are observed in the maps at twin and
grain boundaries (Fig. 12), and strain heterogeneities may exceed the mean aggregate
strains by a factor of 3 or more.

In addition, grain boundary sliding can contribute to the total deformation and the
accommodated strain can be calculated using € g,s=gv/d, where g is the geometrical factor
relating the displacement at the grain boundary to the shortening strain, v is the grain
boundary displacement, and d is the average grain size (Schmid et al., 1980). In sample
CM11, we found that some grid markers that show obvious shift along the grain

boundaries (Fig. 17b). The Von Mises strain contour map (Fig. 17c¢) also shows that
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some grain-boundary areas accommodate strains as much as 35%, about 3 times the mean
imposed strain.  This result is consistent with earlier studies. Schmid et al (1980) studied
the topographic relief at the deformed grain boundaries in split cylinders of Carrara
marble and suggested that grain boundary sliding at temperatures above 800°C might
contribute as much as 14% to the overall strain. Rutter (1995) has also suggested that the
grain boundary sliding is present at 700°C.

In addition to the strain accumulations along the boundaries, samples deformed at
600 C (CM12) also indicate patchy elements of strain with orientation changes of less
than 5° in many of the grain interiors. These small variations of crystallographic
orientation within a single grain probably indicate dislocation substructure. The
development of substructures during the dislocation creep of calcite may indicate that,
with increasing strain, recovery process is active and forming low angle boundaries
(substructure walls, misorientaion of lessthan 5°).  If the sample is deformed to a higher
strain, the subgrain rotation will produce higher angle subgrain boundaries (Bestmann
and Prior, 2003; Kruse et al., 2001; Urai et al., 1986). This supposition begs verification

by TEM observation, but unfortunately, we have not yet done that.

3.4.2 Average grain strains:

The average grain strain also varies from grain to grain, by a smaller, but till
substantial, factor of 50%. For example, the average Von Mises effective strain of

individual grains varies from 4% to 19% under applied strain of 12% (Fig 16). Some
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grains show a relatively homogeneous strain field inside the grain boundaries (Fig. 12),
which indicates that they respond as mechanical entities to the externally imposed load.
It is observed that the smallest grains present the biggest discrepancies with respect to the
imposed deformation. For example, large grains (e.g., grains #6 and 11 in Fig. 14)
deform according to the applied strain field, while small grains (grains #4 and 9) have a
large deviation from the homogenization model. The deformation of individual grain is
a combination of the activation of multiple twin/slip systems, grain-to-grain interaction,
grain boundary sliding and etc. The grains reorient and their shapes change during the
deformation process. Fig. 19 shows an example of the change of grain boundary
geometry during compression test of Carrara marble at 400° C (CM18) as well as the
abundance of dlip lines on the sample surface.

More highly strained grains are probably oriented in a direction such that one or more
easy slip systems can be activated. The crystal orientation can be identified by EBSD
study, and Schmid factor analysis can be used to gain information about the relative
strength of different slip systems, indicate which slip systems are active, and perhaps
explain the strain heterogeneities among single crystalline grains (Wu et al., 2006). In
sample CM 11, which was deformed at 3x10”° s™ to 12% strain at 600°C and 300 MPa, we
observe an obvious twinning in the grain #6 from the optical micrograph.  Schmid factor
analysis shows the possible twin/slip plane traces (Fig. 20b). The r(0514) plane trace
lies in the same direction (NW-to-SE) as that in the optical micrograph and has the largest

Schmid factor value (0.40), thus providing a nice example that the local strain behavior is
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sensitive to individual grain orientation.

In a second example, Fig. 20a shows that grain #4 accumulated more strain than its
neighboring grains, indicating that it may be orientated in a direction so that slip on a
weak dip system is favored. The Schmid factor analysis of possible sip systems from
grain orientation data showed that grain #4 has the largest Schmid factors for
r(2021) and f(2200) (LT) Slip systems. Grains #2 and 11 show the largest Schmid
factors for c<iZ_D>t dip systems. In addition, Schmid factors for r(0114) toward
a<iﬁo> slip system are generally larger than 0.4 for these 5 grains. The resolved shear
stress on different dlip systems indicated that the basal slip c<12i0>i and r<§021>i are
important slip systems during the compression deformation of Carrara marble at ~600° C.

The quantification of microstructural strain distribution during the plastic deformation
of Carrara marble clearly shows the heterogeneous strain distribution at the grain scale
even under homogeneous and gradient-free external loadings. The results provide us a
better understanding of the spatial heterogeneity in terms of strain and crystal orientation
under certain loading conditions. These are valuable information for the prediction of
texture development during the plastic deformation of polycrystalline material and it
allows us to calibrate the limitations of the homogenization models with the assumptions
of uniform stress/strain fields. The anisotropic nature of crystal slip, grain-to-grain
interaction, twinning, and grain boundary sliding are important factors and should be

taken into account in order to predict the texture development of calcite rocks. These

will be the topics in Chapter 4.
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3.5 Conclusions:

Following the demonstration of split cylinder experiments by Schmid (1980) and the

micro-strain mapping of Wu et al. (2006), we combined and extended the techniques to

enable microstrain mapping in confined, triaxial deformation tests of Carrara marble at

400-600 C, 300 MPa confining pressure, and strain rates of 10“ to 10° s™. Briefly, the

conclusions of this study are as follows:

1.

The displacement-mapping technique is capable of accurately measuring strain
distributions on the scale of microstructure.

The strain distribution contour maps indicate high heterogeneity of strain
distribution at grain level, indicating some grains are more or less intact than
others.

The minimum and maximum principal strains in a small, local region can vary by
afactor of 3 or more from the mean imposed strains. The strains averaged over
aparticular grain show less dramatic variations, but may still be as much as 50%.
Thereis a strong influence of microstructure on the distribution of strain.  High
strains are often observed near twin bands and grain boundaries, indicating these
are weak areas and localize strain.

Grain boundary sliding may be active at temperatures as low as 600°C.
Substructures within grains are also observed and may also owing to recovery

processes. Local strain heterogeneities can be a combination of the activation of
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multiple slip systems, grain boundary sliding, and stress variations owing to the
grain-to-grain interactions.

Considerable development of technique and refinement of data analyses was required
to implement the technique, and consequently, the analyses are available for only a small
number of samples. That information is quite encouraging, because these observations
agree with previous suppositions about the mechanisms of dislocation creep in carbonates,
and, importantly, because, for the first time, quantitative information on strain
heterogeneity in confined, high-temperature experiments has been obtained. As an
example of the use of this data, in the following chapter, we compare the strain
measurements obtained here with predictions of grain strain and reorientation obtained
from the self-consistent viscoplastic method.

Further developments of the microstrain mapping technique could involve developing
improved methods for measuring the vertical displacements of the markers, broadening
the measurements to increased strains, temperature ranges, and strain rate conditions. The
technique could easily be used to investigate deformation of other materials. Comparison
of the microstrain measurements with observations made using CIP or EBSD to make
local orientation measurements of the same samples will be quite important. Verifications
of the dislocation microstructure should also be made using transmission electron

MiCroscopy.
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3.7 Figures and tables

Figure 1. (a) Carrara marble samples are cut into two half cylinders. Both surfaces are
polished and one surface is coated with Au/C grid marker (surface on left, white area). A
copper foil window is put in-between the two half cylinders. (b) The starting sample has a
cylindrical shape with 20 mm in length and 10 mm in diameter. (c) A schematic diagram

shows the split sample with the middle cross section coated with Au/C grid markers.
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Figure 2. Optical micrographs of both undeformed (a) and deformed (b) Carrara
marble (sample CM17, compressed to 25% strain at 600°C). The deformation test
introduces thick twin bands. (c) and (d) show grain size distribution histograms of both
undeformed and deformed sample, respectively. Black and gray bars represent
number-weighted and area-weighted grain size distributions. Grain size is analyzed by
tracing the grain boundaries in ImageJ, measuring the grain area, and computing the
diameter of a circle having equivalent area. The number-weighted mean grain size
(equivalent areq) of the starting Carrara marble is ~130 um. The distribution of grain

size (equivalent area) of the deformed sample shows only a dight variation from the
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undeformed material.

Figure 3. () 2D gray-scale image of undeformed sample (CM18), bright spots are the

grid markers. Before deformation the markers are squares with sides about 5 um long; the

distance between the centers of two grid markers is 12.64um. A few narrow twins are

visible in the undeformed starting material. Notice that some grid markers are missing

in the micrograph due to imperfections of the undeformed sample surface. (b) 3D image

of the same sample after deformation.
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Figure 4. Grid marker positions are determination by convolving the original image (a)
with a kernel that contains a reference marker. The filtered image is shown in (b). (c)
shows the line profiles (at the dashed line in b) from both unfiltered (black line) and
filtered images (red line). See the blow-up image of the windowed peak areain (d). Grid
positions are recognized as the peaks in the filtered image. This convolution step is

sufficient to locate all grid markers to within 1 pixel using a 2D 256-gray-scales image.
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Figure 5. The grid marker positions (red crosses) in 2D coordinates (a) are used to find

the third coordinate using the surface elevation data (.csv files) from the 3D digital

microscope (b). Number in red color represents the surface elevation at the exact marker

position. (c) The average surface elevation with increasing window size indicates that it is

not sensitive to the window size.
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Figure 6. (a) and (b) 2D images of the two facing surfaces in the deformed sample

(CM18). Some grid markers are present on both sides of the sample; while some are
shown only on one side (e.g. inside the circled window). (c) The two images are
overlapped together using a 3-point analysis (color dots in (a) and (b)), which gives us a
better coverage in grid marker positions. All images shown in 2D have a compression

direction in the vertical direction.
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Figure 7. The correlation of grid marker positions from corresponding grid markers on
A and B sides of the sample (Fig. 6, (a) and (b)). The correlation coefficients in x, vy, z
directions are 0.99956, 0.99971, and -0.51344, respectively. The poor correlation in

z-direction indicates that we may have a limited resolution in the z-direction strain
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Figure 8. Contour maps of strain component using (a) method 1, 3-point, (b) method 2,
4-point, (¢) method 3, 5-point, and (d) method 4, 9-point strain analysis technique. Red
dots are the grid markers positions for strain calculation. The strain heterogeneity
decreases with increased averaging; the local heterogeneities are lost in the 9-point
analysis. The difference in the ratios of the maximum/minimum strain values with respect

to the average strain decreases from 7 to 2 from (@) to (d).
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Figure 9. (a) and (b) Stress vs. strain diagrams from compression tests on Carrara

marble samples. See Table 1 for a summary of the deformation tests. (c) Our data (dots) is

in agreement with previous deformation tests (solid lines) on Carrara marble samples
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(Covey-Crump, 1997; de Bresser et a., 2001; Rutter, 1995; Schmid et al., 1980).
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Figure 10. (a) 2D displacement gradient map (sample CM18), arrows show the

movement of grid markers relative to a center point due to the deformation process. The

deformation gradient map is characterized by a flow pattern from the two end sides where

the compression deformation applies to the periphery of the sample. (b) The original map,

the 3D displacement vector map, and 3D strain tensor map of the same area.
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Figure 11. 2D contour maps of strain tensor distributions for samples CM18 (a-b) and
CM11 (c-d). Strains show large heterogeneities (a) and (c): while the sample is
compressed in vertical direction (imposed strain, €11<0,¢ 2,>0), there are local areas which
are deformed in the opposite sense from the loading condition. The minimum and
maximum strain varied by a factor of ~6-8 compared to the imposed strain. (b) and (d)
The distribution histograms of 6 strain components. Strain component €1, is roughly twice

the magnitude as €2, and &3s.
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Figure 12. Von Mises strain distribution for samples CM18 (a) and CM11 (b). Grain
boundaries are shown in solid black lines. Notice the heterogeneity of strain distribution; and
high strain concentration near twin and grain boundaries. The high heterogeneity of strain

distribution at grain level indicating some grains are more or less intact than others.
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Figure 13. (a) Theoretical finite strain ellipse with 10% strain in vertical direction. (b)

2D finite strain ellipse map for sample CM11. The principal stretching and compression

directions are shown as the main axes of the ellipse with the principal compression

direction shown as blue lines. Notice that the principal stretching direction variesin local

areas.
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Figure 14. (a) Strain ellipsoid before deformation and after compression deformation in
3 different directions. The windowed subplot shows the compression directions in blue
arrows, which is the same as in Fig. 15b. (b) Average 3D strain ellipsoids of individual
grains (sample CM11); numbers shown are the average Von Mises strains (same area as

in Fig. 13b).
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Figure 15. Equivalent 3D strain ellipsoid axis distribution of 73 grains (sample CM11).
The main axis in compression direction (black bars) is reduced by ~ -30% to -5% with a
maximum distribution at ~ -15%. The other two axes are under tensile deformation with
the magnitudes about half of that in the compression direction. al, a2, a3 are the 3 main
axes of the strain ellipsoid which has an oblate shape under the imposed strain and

full-constrained condition (see also dashed lines).
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Figure 16. The average Von Mises strain distribution histogram of 73 grains (sample
CM11). The average strain varies from ~4% to 19% and is more homogeneous than the

local strain distribution. The majority of grains are deforming in accordance to the

imposed strain (12%).
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Figure 17. (a) Optical micrograph of sample CM11 before deformation. Red squared
window represents the area of interest. (b) Filtered map of the deformed sample together
with the identified grid marker positions in red dots. Grain boundaries are shown in solid
black lines. (c) 2D Von Mises strain contour map with grain boundaries in solid black

lines. It shows that the grain boundary accommodates a large amount of deformation.
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Figure 18. Same as in Fig. 17 except for another study area. Red sgquared window
represents the area of interest. It shows the grid marker lines change their orientations in
the grain interior, indicating the development of substructures due to the compression

deformation.
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400°C, 10 % shortening

Figure 19. Change of grain shape as well as dip activities due to the compression
deformation of Carrara marble. Sample CM18 is deformed at 400°C and 300 MPa
confining pressure, the total strain is 10% at strain rate of 3x10°s™. Grain boundaries are
shown in black and red colors representing the sample before and after deformation,
respectively. Mgjor slip line traces are shown within individual grains, grain numbers are

indicated. Compression direction isin vertical.
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Figure 20. Schmid factor analysis of individual grains (CM11). (a) Area of interest,

grain numbers indicated are used the same asin Fig. 14. (b) Computed orientations of the

e-twinning, r(1014), and f(iOlZ) plane traces for grain #6. Compression direction is

vertical. The r(1014) plane trace lies in the same direction (NW-to-SE) as that in the

optical micrograph, and it has the largest schmid factor value (0.40). Table shows the

schmid factors of individual slip systems.
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Table 1. List of experiments

Grid
grid Cp(Mpa) | T (°C) strain rate strain EBSD | recovered?

CMO01 C 300 800 3.2E-05 6%

CMO02 Au 300 800 3.3E-05 11%

CMO03 W 300 800 3.2E-05 5%

CM04 Au 300 800 1.0E-04 20%

CMO05 Au 300 700 1.0E-04 20%

CMO06 C 300 800 1.2E-04 24%

CMO07 C 300 700 1.0E-04 20% y
CMO08 C 100 550 1.2E-04 19% y
CMO09 C 300 500 8.0E-05 21% y
CM10 C 300 600 0 0 y
CcM11 C 300 600 1.0E-05 12% y y
CM12 C 300 600 1.0E-05 6% y

CM18 Au 300 400 3.0E-05 10% y y
CM13 Au 300 800 3.4E-05 12% y

CM17 Au 300 600 3.7E-05 25% y
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Table 2. Resolution of the n-point strain analysis technique

B Considered grid Method 1 Method 2 Method 3 Method 4
B Neighboring grid
SighLanngzar o o H o o o F—e—
54 O O WO
E H E E 8B B | ] E—=—:
Averaging area (umz) 80 160 313 643
Equivalent distance (um) <] 13 18 25
Error | - minimum detectable marker shift/original marker spacing (<1%) ; Error Il - 3-point strain analysis (< 0.1%)
Strain resolution = Error | + Error Il (~1%)
e - ~6-7% ~19-25% ~21-26%
heterogeneity

* The resolution of strain-mapping technique relies on the image resolution (Error 1) and
strain calculation algorithm Error Il. One can average over a larger number of grid
points and obtain the average strain within a larger area. The precision of the

measurement increases, but, of course, the cost is a sacrifice of information about the
local heterogeneity ( € heterogensity)-
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Table 3. Statistics of Von Mises effective strain maps of Carrara marble

Nominal Average | Stddevof | Max strain | Max/Avg | Min strain | Min/Avg
imposed strainin | avgstrain | in the map in the map
strain the map
CMO09 20% 25% 9% 68% 27 4% 0.2
CM11 12% 23% 11% 79% 34 3% 0.1
CM18 10% 15% 8% 58% 38 2% 0.2
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3.8. Appendix
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Figure Al. (Top row) sample CM11, microstructure after deformation (left) and the
Von Mises effective strain distribution (right). (Middle row) 2D contour maps of strain
tensor distributions. (Bottom row) distribution histograms of 6 strain tensor components.

Strain component g11 is roughly twice the magnitude as e and €zs.
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Figure A2. Sample CM11, see Fig. A1 for figure caption.
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Figure A3. Sample CM11, see Fig. A1 for figure caption.
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Figure A4. Sample CM11, see Fig. A1 for figure caption.
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Figure A5. Sample CM11, see Fig. A1 for figure caption.
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Figure A6. Sample CM11, see Fig. A1l for figure caption.
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Figure A7. Sample CM09, see Fig. A1 for figure caption.
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Chapter 4: Development of Carbonate Texture during Deformation

using Visco-Plastic Self-Consistent Modeling

Abstract

Carrara marble samples are compressed to 5-25% at 400-800°C and 300 MPa. The
texture development was studied using Electron Back Scattered Diffraction (EBSD)
analysis. Visco-plastic self-consistent (VPSC) modeling is applied to understand the
active dip systems in compression tests of calcite. Our results suggest dominant
activations of r<sd> and basal ¢ dip systems at current deformation conditions.
Individual grains are traced before and after deformation to study the change of
crystallographic orientations due to deformation process. The predicted grain rotation
behavior from VPSC simulation can be changed significantly by varying the critical
resolved shear stress values of different slip systems. The comparison between the
observed grain rotation behavior from EBSD data and that from VPSC simulation shows
that only a small number of grains can be successfully predicted by the VPSC simulation.
Our result suggests that VPSC modeling is not very successful in predicting the
deformation behavior of individual grains especially small grains, indicating that other
factors, including deformation heterogeneity and grain to grain interaction, need to be
taken into account and that cares must be taken in using the homogeneous effective
medium theory to predict the microscopic deformation of polycrystals.
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4.1 Introduction

Interpreting the structure of rocks deformed in natural settings is an important task in
field structural geology, and it has long been appreciated that the crystallographic
preferred orientation in rocks contains detailed information about the mechanical history
(Sander, 1950; see also a review by Wenk, 2002). Recent developments in the
understanding of deformation mechanisms in minerals, in techniques of optical and
electron microscopy, and in the polycrystal plasticity theories, now alow detailed
calculations of the production of texture, quantitative observations of textures, and
comparison of fabrics of naturally deformed rocks, of experimentally deformed samples,
and of those calculated. In particular, the development of preferred orientation patterns
during plastic deformation of calcite has been a subject of many experimental and
theoretical investigations (Burlini and Kunze, 2000; de Wall et al., 2000; K hazanehdari et
al., 1998; Pieri et al., 2001a; Ratschbacher et al., 1991; Rutter, 1974, Rutter et al., 1994;
Schmid et al., 1980; Wagner et al., 1982; Wenk and Shore, 1974; Wenk et al., 1986;
Wenk et al., 1981).

The deformation mechanisms identified in deformation experiments of single crystal of
calcite (de Bresser and Spiers, 1997; Griggs et al., 1960) are an important element in
predicting the development of preferred orientation. Based on the deformation behavior
of individual dlip systems, fabrics in naturally deformed carbonate rocks can be

intgoreted in terms of paleostress (Lacombe and Laurent, 1992; Rowe and Rutter, 1990)
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and deformation history (Burlini et al., 1998; Dietrich, 1986; Erskine et al., 1993).
Previous experimental studies (Barber et al., 2007; de Bresser and Spiers, 1997; Turner et
al., 1954) established the relative importance of multiple slip systems in calcite rocks at
different temperatures, including twinning on e<40211>, dlip on r<§021>, f<§021> at low
temperature, f<Oi’Ll> at high temperature, and c<iﬂo> .

Two end member descriptions of deformation of a polycrystalline material are the
Taylor model, which assumes a homogeneous strain (Turner et al., 1954), and the Sachs
model, which assumes a uniform stress state throughout the polycrystal (Wagner et al.,
1982; Wenk et al., 1987). The Taylor assumption is reasonable for material with many
slip systems of comparable strength, using it in other conditions can lead to prediction of
excessively high stresses and incorrect textures. This approach is known as an upper
bound. With the Sachs approach, only the most favorable slip systems are activated, and
thus the stress is low. This approach is known as alower bound.

A large part of the complexity in predicting texture development of minerals with low
symmetrylike calcite arises from the fact that different dip systems in these materials
have highly disparate flow strengths, and thus, the individual grains within the
polycrystal will strain differently. In addition, the understanding of the critical resolved
shear stresses necessary to activate different slip systemsis limited (de Bresser and Spiers,
1997; Griggs et al., 1960; Turner et al., 1954), and, thus, it has been considerably more
difficult to simulate texture evolution in calcite rocks than that in metallic materials

(Beausir et al., 2008; Lebensohn and Tome, 1993).
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Unlike the Taylor and Sachs models which assume either strain compatibility or stress
equilibrium, the VPSC formulation allows the local stress and strain-rate to be different
from the corresponding macroscopic magnitudes, according to their directional plastic
properties (Lebensohn et al., 1998; Molinari et al., 1987; Wenk and Christie, 1991).
Grains are adlowed to have different stress and strains, neighboring grains are rotating
differently and related to each other using a homogeneous effective medium theory
(HEM).

The VPSC modeling has been widely used to understand the texture development
during the shear and torsion experiments in calcite rocks (Barnhoorn et al., 2002; Casey
et al., 1998; Pieri et al., 2001b). Compression tests on carbonate rocks at different
temperatures show pronounced changes in preferred orientation patterns (Wenk et al.,
1973); but the texture simulation to understand these compression test results has been
less successful (Barber et al., 2007; Lebensohn et al., 1998; Pieri et al., 2001a; Wenk et al.,
1987).

Despite the increasing application of VPSC modeling in predicting the texture
development during rock deformation (Barber et a., 2007; Casey et al., 1998; Pieri et al.,
2001b; Tome et al., 1991; Wenk et al., 1987), no studies have been made to understand
the effectiveness of VPSC simulation in predicting the deformation behavior of
individual grains during the plastic deformation of rocks. This is largely due to the
difficulties in conducting the experiments. The strain mapping technique (Chapter 3) and

the following EBSD study allow us to get insights into the microstructural deformation.
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The quantification of grain-to-grain interactions during straining is relevant for the
improvement and verification of polycrystalline homogenization models (Jia et al., 2008),
which is valuable for the prediction of deformation texture of polycrystalline bulk
material.

In this investigation, we studied the texture development of Carrara marble samples
during compression tests using EBSD data and compared our observations with the
simulated texture from VPSC modeling. Different CRSS values are tested to find the
best-fitting models. The EBSD data also provides us information of the grain rotation
during the plastic deformation; and, in addition, the strain mapping results from Chapter 3
can provide information about the local strain heterogeneities. Using these data, the grain
rotation and strain distribution of individual grains can be compared with the simulation
results from self-consistent modeling, providing new insights into the grain-to-grain
interactions and the ability of VPSC modeling in predicting the grain rotation during the

plastic deformation of rocks.

4.2 Methodology

The texture observations were collected from the Carrara marble samples discussed in
the previous chapter by analyzing backscattered diffraction patterns in the scanning
electron microscope, a technique called EBSD. These rocks were deformed under triaxial
loading at 400-800°C, and 300 MPa confining pressure using Paterson gas-medium

apparatus. The strain rate varies from 10 to 10*s™; the samples are compressed to 5-25
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% strain under constant strain rate tests (see Table 1, Chapter 3). At these strain rates and
temperatures below 800°C, Carrara marble probably deforms by dislocation creep

(Covey-Crump, 1998; Rutter, 1974; Schmid et al., 1980) .

4.2.1 Observation of Grain Rotation Using EBSD:

After the strain mapping analyses described in chapter 3, we repolished the samples
using colloidal silica (~0.03 microns) on automatic wheels for several hours. The sample
was coated with Au/Pt and then gently polished again. EBSD patterns were obtained
using a JEOL 840 SEM operating at an accelerating voltage of 15 kv, a beam current of
~30-60 nA and a working distance of 23 mm. EBSD patterns were collected either with
steps of 15-25 microns over a large surface or one point per grain, depending on the
success rate of pattern identification. Diffraction patterns were acquired and
automatically indexed using the program Channel 5 from HKL software. This program
searches for an indexing solution: a lattice orientation, for the mineral structure input into
the program. Maps of orientation data can be processed to remove erroneous data and
provide a more complete microstructural reconstruction of the sample.

The orientation of individual grains can be defined completely by the orientation

matrix g;;, which is a function of Euler angles (¢, 4,4, ):

cosg, -sng, 01 O 0 |cosg, -sng, O
g=|sing, cosg, 0|0 cosg -sng|sing, cosy, O

0 0 110 sn cos 0 0 1
@ @ ().
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The same areas before and after deformation are recognized using scratch lines and/or
ink markers. Based on the grain-orientation measurements on both the undeformed and
deformed samples, the evolution of micro-texture in calcite is analyzed by calculating the
rotation axis and angle (Mainprice et al., 1993; Randle and Ralph, 1986; Wheeler et al.,

2001).

The rotation that transforms the orientation gj; of the grain into the reference coordinate
system (identity matrix) is given by the transverse matrix gi,-T = g;i. The misorientation Ag
between two grains (A and B) is presented by the misorientation matrix M;; (= 0a'Os).
From the misorientation matrix, the misorientation axisangle (m/0) can be calculated

using (Kruseet al., 2001; Lloyd et al., 1997)

6= Cos_l{[gll T 0t 05 _1]/2} (29)
m= 023 _ O3 ’ On _ O13 1 912._921 (2b)
2sné@ 29n@  2siné

The same calculation can be performed on an individual grain before and after
deformation test to get the grain rotation angle. The EBSD data is able to resolve

misorientation angles of ~1° (Humphreys et al., 2001).

4.2.2 Visco-plastic self-consistent Modeling

The texture development is simulated here using the visco-plastic self-consistent

modeling of Lebensohn, Wenk and co-workers (Lebensohn and Tome, 1993; Molinari et
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al., 1987; Wenk et al., 1987). We assume an aggregate of 1,000 crystals, a particular set
of dlip systems (see Table 1) and critical resolved shear stresses and strain rate sensitivity
(stress exponent n = 5, Rybacki et al. 2003) based on previous determinations for calcite
crystals. Each grain is embedded in a homogeneous effective medium (HEM) that
represents the average over all orientations (Molinari et al., 1987). The orientation of
different slips systems in an individual grain can be calculated from Euler angle analysis
(Bunge, 1982).

Each grain has the freedom to deform differently, depending on its orientation and its
interaction with the surrounding material. The local strain-rate can be described by the
visco-plastic equation (Lebensohn et al., 1998; Molinari et al., 1987) if the geometry and

critical stresses of the active slip and twinning systems in each grain are known,

P

. S mao. n
=V, me%] wherek =1..5 (3)
s=1

C

where the sum is carried over al the slip systems in the grain, and m, yo, t¢, N, ¢ are the
Schmid tensor, a reference shear-rate, the critical stress of the particular slip or twinning

system, the stress sensitivity factor, and microscopic stress, respectively.

The VPSC modeling considers each grain of the polycrystal as a visco-plastic inclusion
deforming in a visco-plastic homogeneous effective medium. The medium has the
average properties of the polycrystal and is based on the determination of the interaction
tensor M .
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M=(-9*sm® (4)

where S is the visco-plastic Eshelby tensor (L ebensohn and Tome, 1993), which depends
on the grain shape and the plastic properties of the HEM, and M 9 s the tangent modulus
which is not known and has to be determined self-consistently. This interaction tensor
relates the deviations in stress and strain-rate from the average, and is used to predict the
local state. The interaction tensor depends both explicitly and implicitly (via the Eshelby

tensor) on the macroscopic modulus.

The reorientation of each grain due to dip and twinning can be updated at each
deformation step; the formulation allows each grain to deform by different amount. The

lattice rotation of each grain is given by:

s.,s

. . 1
@i = Qij+ My Sy 5m"‘2§(bini _bjni) 4 ©

S

where the first term is the antisymmetric component of the macroscopic distortion rate,
the second term is the reorientation of the associated ellipsoid, and the last term is the
antisymmetric component of the plastic distortion rate. A texture development calculation

is carried out by imposing incremental steps of deformation.

Three alternative models for the dip system strengths have been postulated (Barber et
a., 2007; de Bresser and Spiers, 1997; Pieri et al., 2001b). The relative strength of

different slip systems in the VPSC models (i.e., the critical resolved shear stress, CRSS)
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has been measured by de Bresser et a. (1997). The only parameter we insert into their
model (model 3) is the CRSS of r<a> dlip system, which has not been measured. The
inverse pole figures predicted from the various VPSC simulations are then compared to
the experimental results in an attempt to determine the relative importance of the CRSS's
and the mutual influence between deformations by different dip systems are reinterpreted.
The rotation angles are then compared with the simulated results from VPSC calculations

using the dlip system models.

4.3 Results

After yielding at 3-4% strain, the strength of Carrara marble at 300 M Pa, 400-800°C,
and laboratory strain rates, is nearly constant over the interval of strain from 4% to 25%.
Some samples do show dlight strain weakening or strengthening. Experiments done over
much larger strain intervals do indicate that carbonate rocks may continue to harden up to
strains of 1-3, and may weaken by as much as 1/3 after the peak strength (Paterson and
Olgaard, 2000; Pieri et al., 2001a). In the samples examined here, for the relatively short
time that they are deformed, the average grain size did not vary; boundaries could be
observed to migrate, however, and most grains changed shape (see Chapter 3). Previous
studies (Rutter, 1995; Schmid et al., 1980) indicated that Carrara marble deforms by

dislocation creep under the conditions used here.

4.3.1 Texture development of Carrara Marble

For sample CMO05, which was deformed at 700°C and 300 MPa to 20% strain in
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compression, the inverse pole figure (Fig. 1b) shows a maximum near e(OJiB), a result
very similar to that from previous experiments by Wenk et al. (1973). In that work, the
maximum concentration of compression poles shifts from near (0001) towards e(OI_IB) as
temperature increases (Fig. 2). At even higher temperatures, maximum of compression
axes moves nearer to the high-angle positive rhombsr (1014) (Fig. 2¢).

The simulated inverse pole figures obtained from three different VPSC models are
shown in Fig. 3. Each VPSC model is characterized by a set of CRSS values and dip
systems (Barber et al., 2007; de Bresser and Spiers, 1997; Pieri et al., 2001b) (Table 1).
No significant differences exist in the inverse pole figures produced by the simulations,
and it is difficult to choose the best-fitting model by simply looking for similarities
between the observed and calculated textures. For example, al the inverse pole figures
show a maximum near e(O]iB). Perhaps the second model (Fig. 3b) is less favored,
because it has a second maximum near a<11§0> , Whereas the observed inverse pole figure
(Fig. 1b) has a second maximum between r(1014)and m 1010). The observed feature may
be more comparable to secondary peaks in the first model (Fig. 3a).

The variations in the CRSS values from model to model (Table 1) affect the relative
activities of the slip systems, obtained by normalizing and averaging the shears associated
with each system (Fig. 4). Models 1 and 3 have relatively weak r<§021> and f<ézoi> dip
systems while model 2 has similar CRSS values for all the active dlip systems. The dlip

system activities from models 1 and 3 are similar, and r<§021> and basal dlip c are the
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most active, while the second model has f<§20i> as the most active dlip system.
Although model 1 seems to describe the inverse pole figures slightly than model 3, we

will suggest below that model 3 is more successful in predicting grain rotations.

4.3.2 Grain Reorientation due to deformation process

Grain rotation rates depend directly on dlip system activities, and, thus, individual grain
rotations might vary from model to model, even under the same loading. In Fig. 5,
trajectories for 18 grains of various orientations are predicted by each model for
compression to 30% strain. Notice that some orientations are quite sensitive to model
parameters, but others are not; and, in fact, in some orientations, both the axis of rotation
and the magnitude of the angle of rotation may be quite different, even for models 1 and 3,
which are very similar.

By using the strain mapping technique and EBSD measurements, we measured
individual grain rotations and compared them to the VPSC calculations. To measure the
total angle of grain rotation owing to deformation requires determination of the
orientations of a particular grain before and after deformation from the gray-scale images
and EBSD experiments. As discussed in chapter 3, grains can be identified by using the
scratched lines on the gray-scale images and by comparing the grain boundary geometries.
Fig. 6 (a-b) shows the grain orientation maps of sample CM12 (undeformed and
deformed) from HKL software after extrapolation and filtering. Fig. 6 (c-d) shows the

grain-misorientation profiles across the microstructure (see Fig. 6) and that within 9
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grains. All the misorientation angles are calculated relative to the first point. These
profiles show that there are substructures inside grains with characteristic size of ~ 20-80
microns and misorientation angles of less than 5°. If the rotation axis is not in the 2D
plane, it can be shown as a rotation of grid markers of certain angles in the 2D surface
(Fig. 18, Chapter 3).

The rotation angles of 18 individual grains before and after deformation were
calculated using equations 1-2 (Table 2). Since the rotation angles are small (<5°), we
need to be very careful in the grain orientation analysis. The two main resources of error
are: (1) resolution in the rotation angle determination and (2) sample misalignment inside
the virtual camber. The resolution of the rotation angle can be improved by increasing the
number of patterns on each grain. Our step size in EBSD measurements vary from 15 to
25 um. For grains larger than ~200 um, we will have about 100 samples per grain, which
may then be averaged. Because small grains (identified by red dots in Fig. 7c) have larger
uncertainties in the grain rotation angles, those orientation data are not considered
further .The second source of error is misalignment of the sample in the SEM sample
holder: a few degrees uncertainty is important for grain reorientation measurement. We
correct the sample misalignment manually by calculating the orientations of a certain
direction (e.g. ¢ (0001)) in the same grains on two surfaces and find the minimum misfit
between the two surfaces.

A comparison of grain rotation angles observe in the EBSD study and that calculated

from the VPSC simulations for the three models is given in Table 3 and correlations of
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misorientation angles for Model 3 and the observations are shown in Fig. 7. The grain
rotation angles observed from EBSD vary from 1.7 to 4.5°, values that are slightly larger
than those predicted by VPSC simulation (0.8-3.3°. As expected some grains are
predicted accurately in both magnitude and direction, and the comparison fails for other
grains. Several factors could contribute to the discrepancies: (1) errors in determination of
the angle of grain rotation from EBSD data; (2) heterogeneous deformation within agrain;
(3) grain boundary sliding; and (4) grain-grain interactions not predicted by the
homogeneous effective medium (HEM) theory. These factors are discussed in more detail
in section 4.2.

The trajectories for 18 individual grains observed by EBSD (Table 2) and calculated
from our VPSC simulations using model 3 (Table 3) are plotted in Fig. 8. We consider the
comparison to be good (Category 1) when both the axis and magnitude of rotation of the
observed and simulated rotations agree, to be OK (Category 2) if either magnitude or
orientation are predicted, and poor (Category 3) if neither agree: grains 3, 6, and 15 fall
into the first category; grains 4, 8, 12, 13, and 17 fall into the second category; and grains
1, 2,9, 7, and 14 fall into the third category. The comparison shows that only a small
number of grains can be successfully predicted in detail by the VPSC simulation (Fig. 8

and Table 3) even for the best model (3); Model 2 predicts the fewest grains successfully.
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4.4 Discussion

4.4.1 CRSS for VPSC simulation

The inverse pole figure from the compression test on Carrara marble at temperature of
700°C is characterized by a maximum near e{0118), i.e., on the border between r, (10i4)
and r; (1504) , and in reasonably good agreement with results of previous axial
compression experiments on marble and limestone (Spiers, 1979; Wenk et al., 1973). In
this position, both r; and r, slip can be activated, allowing the compression orientation to
stabilize in the vicinity of e(OJfIB). Note that neither slip plane is normal to the
compression direction. The compression direction never reaches the dip plane normal,
because in that orientation, the Schmid factor is zero, and an infinitely high stress is
required to activate dip (Wenk and Christie, 1991). We note that many grains have
multiple dlip systems with Schmid factors greater than 0.4 under the current loading
conditions, indicating multiple slip; slip systems on ¢ and r <sd> have the highest Schmid
factors.

Simulated textures for the aggregate for all three visco-plastic self-consistent (VPSC)
models agree with the observed texture (e.g. Figs. 1-3), and we infer that this comparison
does not discriminate between the models. By contrast, in at least some cases, the
rotations of some single grains seem to be more sensitive to variations in the CRSS
values of different slip systems. Thus, the comparison between the observed grain

reorientation and that from VPSC simulation is potentially useful to discriminate different
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VPSC models and test the homogenous effective medium theory. In the ensemble of 13
grains shown in Fig. 8, in only three grains, i.e., 3, 6 and 16, do the observed and

simulated rotations agree well.

4.4.2 HEM theory

In order to relate the mechanical behavior of single crystals to that of macroscopic
polycrystals, averaging assumptions including stress equilibrium (Sachs model), strain
compatibility assumptions (Taylor model), or the self-consistent model (HEM theory)
must be made (Lebensohn et al., 1998; Wagner et al., 1982; Wenk et al., 1986). The
self-consistent model is a distinct improvement over the simpler Sachs and Taylor models
because it introduces heterogeneous deformation by assuming that the single crystal is
embedded in a homogeneous effective medium (equations 3-4).

For the grain orientations measured in sample CM 11 (12% strain at 10 s*, 600°C and
300 MPa), we calculated the Von Mises effective strains using both the Sachs model and
the homogeneous effective medium theory (Figs. 9 a-b), and compare those results to the
strains obtained using the mapping technique (Fig. 9c). It is obvious that the
self-consistent model is able to characterize the strain distribution more realistically than
the Sachs model. Cross-correlations between the calculated strains from the
self-consistent model and the strain mapping analysis (Fig. 10) indicate that large grains
follow the homogeneous effective medium theory more closely, while small grains show

a lot of scattering in the data. Three reasons are possible: small grains may be affected
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more strongly by stress heterogeneity in the medium; they may be influenced more by
strain heterogeneities, such a boundary sliding, or they may simply be prone to larger
errors in orientation determinations.

Previous studies suggest that the grain rotations during the plastic deformation of
polycrystalline aggregates are highly dependent on the stress state at the grain boundaries,
the grain boundary misorientations, intracrystalline and intercrystalline strain
heterogeneities, and grain boundary sliding (Barbe et al., 2001a; Barbe et a., 2001b;
Rutter, 1995; Zhang and Tong, 2004). In this VPSC modeling, many slip systems (e.g.,
4.5 in average for VPSC modeling of calcite compression tests, Figs. 3-5) are activated
within individual grains during the deformation of polycrystalline calcite, the grain
rotations is usually hard to predict and largely dependent on the CRSS vaues for
different slip systems, even withstanding the other mechanisms mentioned above.

The comparison between the observed grain rotation behavior due to deformation and
that predicted from different VPSC models (Fig. 7) show that only a small number of
grains can be successfully predicted by the VPSC simulation. Since the actual grain
rotations within polycrystals are affected by heterogeneous deformation in the
microstructural scale, grain boundary sliding, and stress state at the grain boundaries, it is
hard to test the ability of homogeneous effective theory (HEM) in predicting the actual
deformation of individual grains inside polycrystalline material without a better
understanding of these effects.

The strain mapping results (Chapter 3) shows heterogeneity in both intracrystalline and
165



intercrystalline deformation. The heterogeneous deformation during plastic deformation
of material sometimes can be shown as the reorientation of crystal lattice within grains. If
the neighboring grains are under different amount of strain, it is likely that the grain can
rotate differently from what the homogeneous effective medium theory predicts. In
addition, if the grain boundary sliding is present, which is likely true from grid marker
analysis (Chapter 3), the deformation heterogeneity at neighboring grains can be
accommodated by the grain boundary diding. The grain boundary sliding can also be
responsible for the weakening of the initially strong CPO, and increase in the mean
misorientation angle between neighboring grains and random misorientation axes

(Bestmann and Prior, 2003; Fliervoet et al., 1997; Jiang et al., 2000).

4.5 Conclusions:

Specific conclusions of this study are

1. In agreement with severa previous studies, the inverse pole figure from
compression test of Carrara marble at temperature of ~700°C is characterized by a
maximum near e(OJiS), indicating a dominant activation of r<sd> glip system.

2. Simulated textures from visco-plastic self-consistent (VPSC) modeling can
provide a good comparison to the observed texture, particularly using CRSS values
from de Bresser and Spiers (1997). However, the predictions of the aggregate
textures using different VPSC models may be quite similar, making it difficult to

identify the best CRSS model based solely on comparison of pole figures alone.
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3. The simulated grain rotation behavior is very sensitive to the CRSS values in
VPSC modeling, and the comparison of the grain rotation behavior between VPSC
simulation and EBSD observation is a potentially useful method to discriminate
different VPSC models and test the homogenous effective medium theory.

4. The strain distribution observed from strain mapping and that predicted from
Sachs and self-consistent model indicate that large grains can be described by the
effective medium theory better than the small grains. The small grains may be
more affected by the heterogeneity in stress and strain in the surrounding medium
or by localized deformation along the grain boundaries, but it is also possible that
the scattered results are smply from data resolution issues.

5. The comparison between the observed grain rotation behavior from EBSD study
and that predicted from different VPSC models shows that only a small number of
grains can be successfully predicted by the VPSC simulation.

The self-consistent model gives a good description of global texture, but not always for
individual lattice rotation and deformation of the grains. Perhaps this result is not
surprising because the model considers only the interaction between a single grain and an
average equivalent background, and neglects interactions between neighboring grains,
deviations from an equiaxed grains shapes, and local heterogeneities of strain distribution
in grain interiors or along boundaries. To predict the actual deformation of individual
grains inside polycrystalline material in more details will require a quantitative

consideration of the effects on local strain of grain boundary misorientation, local
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strain/stress state, grain boundary sliding, and deviations in grain geometry.
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4.7 Figures and tables
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Figure 1. (a) Schematic diagram of main crystallographic orientations (plane normal, in
Miller-Bravis notation) and symbols in calcite. (b) Inverse pole figure from compression
test of sample CMO05 (20% strain at 10* s, 700°C, and 300 MPa). Colors correspond to

the intensity values.
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Figure 2. Experimental deformation of calcite limestone from previous compression
tests (Wenk et al., 1973). Inverse pole figures (in equal area projection) for (a) low
temperature (300° C), (b) intermediate (775° C), and (c) high temperature (1000° C).

Numbers shown together with the contour lines are the intensity values.
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Figure 3. Inverse pole figures from VPSC simulations using 3 different models. See
Table 1 for the CRSS values in these models. The temperature conditions correspond to

experimental studies at intermediate temperature (Figs. 1b and 2b).
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Figure 4. Relative activities of different slip systems from VPSC simulations using 3
different models (Table 1, see corresponding inverse pole figuresin Fig. 3). Different
colors represent different slip systems. r<sd> and ¢ are the two most active dip systems
during the compression deformation in models (a) and (c), while r<a> is the most active

slip system in model (b).
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Figure 5. Change of grain orientations (shown here the ¢ direction) during compression
test of calcite after 30% strain from VPSC simulations (Table 1, see corresponding
inverse pole figuresin Fig. 3). Different colors represent different models; the starting
and final positions of 18 grains are shown as small circles and large cross symbols,
respectively. Compression direction is vertical, which is shown in the small diagram on

the left. Notice that grains rotate differently in both directions and magnitudes.
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Figure 6. Grain orientation maps from EBSD study of sample CM 12 (6% strain at 10°
s, 700°C and 300 MPa) before (a) and after (b) deformation. Scale bar shown in (b) is
the same at both images. Grains are numbered and 3 profiles (A-C) are drawn in (b) to
study the change of crystallographic orientation in the microstructure. (¢) misorientation
profiles in Fig. 8b. (d) misorientions profiles across individual grains. All the

misorientation angles are calculated relative to the first point.
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Figure 7. (ab) Distributions of the misorientation angles from VPSC simulation (@)

and EBSD data (b). (c) Correlations of misorientation angles (calculated using the same
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grain before and after deformation) from VPSC simulation (Model 3, Table 1) and EBSD
data (sample CM 12). Straight line is plotted as a reference of 1:1 correlation. Small red
circles and large black circles represent data from small and large grains, respectively.
Notice the improvement of data comparison after tilt correction, and the generally better

correlation of large grains.
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Figure 8. Comparison of grain reorientation results from VPSC simulations (Red
crosses) and EBSD data (black crosses, sample CM12). The cross symbols represent the
grain orientation after 6% strain in compression. The initial grain orientationsin the
undeformed (Small cross symbols) sample are the same as in Fig. 5, except that 13 grains
are used instead of 18 grains. We choose large grains as shown in Fig. 7 (large black
circles). We consider the comparison to be good (Category 1) when both the axis and
magnitude of rotation of the observed and simulated rotations agree, to be OK (Category
2) if either magnitude or orientation are predicted and poor (Category 3) if neither agree.
The comparison shows that only a small number of grains can be successfully predicted

in detail by the VPSC simulation.
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Figure 9. Von Mises strain distribution using (&) Sachs model assuming homogeneous
stress distribution; (b) self-consistent model using homogeneous effective medium theory;

and (c) strain mapping technique on sample CM 11 (12% strain at 10° s, 600°C and 300

MPa).
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respectively.
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Table 1. Critical resolved shear stresses for different slip systemsin 3 VPSC models (relative to CRSS
for r <sd> or r <a>).

r<sd> fLT fHT c<a> r<a> etwin
(10-14)[-2021] (01-12)[-2021] (01-12)[0-111] (0001)[-1-120] (10-14)[-12-10] (-1018)[40-41]
CR+ CR- CR+ CR- CR+ CR- CR+ CR- CR+ CR- CR+ CR-
Model 1 13 10 9.0 90 15 15 16 16 45 45
Model 2 15 15 15 15 15 15 15 15 1.0 10
Model 3 1.0 1.0 9.0 38 4.2 42 16 16 30 30 0.8 9.0

Model 1: Barber et a., 2007; Model 2: Pieri et al., 2001; Model 3: de Bresser & Spiers, 1997
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Table 2. Summary of the crystallographic orientation changes of individual grains for sample CM12
(grain numbers same as Fig. 6)

Grain # Initial orientation Final orientation Rot. Ang. (9 Rot. Ang. (9
(E1,E2,E3) (E1,E2,E3) notilt corr. with tilt

corr.
1 124 72.7 93.3 7.3 70.3 98.0 6.2 34
2 75.5 49.7 84.6 74.3 45.7 84.3 43 17
3 9.7 124.8 46.1 10.9 120.8 47.3 41 4.4
4 158.3 122.7 83.1 154.5 119.6 78.3 5.3 25
6 160.0 58.7 6.7 159.6 60.3 4.9 2.6 2.9
7 107.4 95.5 91.0 105.2 95.3 90.9 22 2.6
8 165.2 49.5 84.6 170.0 50.2 79.0 45 3.3
9 60.0 43.9 68.9 60.6 42.5 67.8 16 2.7
12 143.0 75.3 56.0 142.4 77.0 534 3.3 35
13 1541 121.6 25.7 154.9 117.9 23.3 4.7 4.3
14 1153 167.7 53.3 110.1 163.3 498 4.9 19
15 48.4 85.4 404 42.3 83.9 440 6.9 4.5
17 1454 127.2 114.7 144.3 125.3 112.9 24 17
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Table 3. Rotation angles of individual grains due to deformation process, predicted from VPSC
simulation (see Table 1 for CRSS valuesin 3 models).

Model | Model 2 Model 3
Grain # Rotation angle Category* Rotation angle Category* Rotation angle Category*
1 12 3 04 3 18 3
2 4.0 3 19 3 11 3
3 2.8 1 13 3 31 1
4 0.9 3 13 3 09 2
6 2.7 1 14 3 31 1
7 0.6 3 14 3 3.3 3
8 0.7 3 19 3 0.8 2
9 20 3 17 3 23 3
12 15 2 12 3 30 2
13 1.0 3 10 3 29 2
14 44 3 0.7 3 30 3
15 0.6 3 05 3 24 1
17 11 2 0.7 3 25 2

Category *: 1. good; 2. ok; 3. bad
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Appendix: Crustal velocity structure of southeastern Tibetan

Plateau using receiver function method

Lili Xu
Stéphane Rondenay

Robert D. van der Hilst

Abstract

Southeastern Tibet marks the site of presumed clockwise rotation of the crust due to
the India-Eurasian collision and abutment against the stable Sichuan basin and South
China block. Knowing the structure of the crust is a key to better understanding crustal
deformation and seismicity in this region. Here, we analyze recordings of teleseismic
earthquakes from 25 temporary broadband seismic stations and one permanent station
using the receiver function method. We find that crustal thickness decreases gradually
from the Tibetan plateau proper to the Sichuan basin and Yangtze platform but that
significant (intra-)crustal heterogeneity exists on shorter lateral scales (<1000 km).
Most receiver functions reveal a time shift of ~0.2s in the direct P arrival and negative
phases between 0 and 5 s after the first arrival.  Inversion of the receiver functions yields
Svelocity profiles marked by near-surface and intra-crustal low-velocity zones
(IC-LVZs). The shalow low-velocity zones are consistent with the wide distribution of
thick surface sedimentary layers. The IC-LVZ varies lateraly in depth and strength; it
becomes thinner toward the east and southeast and is absent in the Sichuan basin and the
southern part of the Yangtze platform. Results from dlant-stacking analysis show a
concomitant decrease in crust thickness from ~60 km in the Songpan-Ganze fold system
to ~46 km in the Sichuan basin and ~40 km in the Yangtze platform. High Poisson’s
ratios (> 0.30) are detected beneath the southeastern margin of Tibet but in the Sichuan
basin and southestern Yangtze platform the values are close to the global average.
Combined with high regional heat flow and independent evidence for mid-crustal layers
of high (electric) conductivity, the large intra-crustal S-wave velocity reduction (12—19%)
and the intermediate-to-high average crustal Poisson’s ratios are consistent with partial
melt in the crust beneath parts of southeastern Tibet. These results could be used in
support of deformation models involving intra-crustal flow, with the caveat that
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significant lateral variation in location and strength of this flow may occur.

Keywords: southeastern Tibet, receiver function, Moho discontinuity, S'wave velocity
profile, Low-velocity zone, partial melt
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A.l. Introduction

Geological structures suggest that deformation in the central part of the Tibetan
plateau, directly north of the Indian subcontinent, has largely been the result of
north-south convergence (Molnar and Tapponnier, 1975; Rowley, 1996). However, east
of the Himalayan syntaxis, the east-west trending structural features of central Tibet bend
southeastward as a consequence of the extrusion of crustal elements from central Tibet,
their abutment against the Sichuan basin and South China block, and the stress field
caused by subduction under the Burma ranges (King et al., 1997; Chen et al., 2000; Wang
et a., 2001; Lev et al., 2006). The left-lateral Xianshuihe-Xiaojiang fault system forms
the eastern boundary of the clockwise rotation (Avouac and Tapponnier, 1993; Wang and
Burchfiel, 2000).

Following Chen et al. (1987) and Wang et al. (2003) we recognize four major
geological units southeast of the Tibetan plateau proper: the Yangtze Platform, the
Songpan-Ganze fold system, the Sanjiang fold system, and the Bomi-Tengchong fold
system (Figure 1). The Songpan-Ganze and Sanjiang fold belts are separated from the
Yangtze Platform by the Longmen Shan fault and the Red River fault, respectively. The
Sichuan basin is located to the east of the Longmen Shan fault and is part of the Yangtze
platform. Surface sediments of up to 10 km thickness are widespread throughout the
study region (Leloup et al., 1995; Song and Lou, 1995; Burchfiel and Wang, 2003). The
Tengchong area belongs to the Bomi-Tengchong fold system, with volcanic activity in the

Cenozoic.
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The crustal structure in Tibet has been debated. For example, previous shear-wave
splitting studies (e.g., McNamara et al., 1994; Sandvol et al., 1997) indicated that the
mantle anisotropy is aligned with surface structures. These results were interpreted by
Silver (1996) and Sandvol et al. (1997) to represent, at least in central Tibet, a high
degree of mechanical coupling between the upper crust and the upper mantle, or, at least,
that the lower crust is strong enough to transfer shear stresses between the crust and
mantle over horizontal length scales of tens of kilometers. In contrast, geologic and
GPS studies (Burchfiel et al., 1995; Chen et al., 2000; Wang et al., 2001) showed little to
no convergence across a large part of eastern Tibet, implying that eastern Tibet has been
uplifted without appreciable shortening of the upper crust, and that crustal thickening
involved primarily shortening within the deep crust. Royden and co-workers explained
this observation as well as the evolution in shape of river streams with a channel flow
model in which the deep crust is weak and in which there is little correlation between the
crustal and upper mantle deformation (Royden et al., 1997; Clark and Royden, 2000; Roy
and Royden, 2000a and b; Clark et al., 2005).

Regional shear-wave splitting measurements are consistent with some level of
decoupling of crust and upper mantle beneath parts of the study region (Lev et al., 2006).
The interpretation of teleseismic shear-wave splitting measurements is often ambiguous,
however. Indeed, opposite conclusions have been reached from joint modeling of
shear-wave splitting and GPS results, using a thin viscous sheet approach (Silver, 1996;

Holt, 2000; Flesch et al., 2005).
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Receiver function studies in central Tibet (Kind et al., 1996; Nelson et al., 1996;
Yuan et al., 1997; Ozacar and Zandt, 2004) presented evidence for a crustal low-velocity
zone. This could be, and has been, used in support of the crust-mantle decoupling and
middle/lower crustal flow, but to date the observations have been too sparse to determine
whether this crustal low-velocity zone extends into the southeastern part of the Tibetan
plateau. Moreover, as we will show here, it is likely that neither end-member model is
correct and that significant lateral variation exists in the nature of crust-mantle coupling
and — if present at all — in the depths where intra-crustal flow might occur.

To date, most estimates of crustal thickness for southeastern Tibet are derived from
deep seismic sounding profiles and from the coherence between gravity anomalies and
topography (e.g., Lin et al., 1993; Li and Mooney, 1998; Wang et al., 2003). Previous
receiver function studies in the Yunnan province (Hu et a., 2003; He et al., 2004) suggest
that a crustal low-velocity zone exists in the upper and/or lower crust of the western
Yangtze platform.  Furthermore, the high average crustal Poisson’s ratio of > 0.30 (Hu et
al., 2003) for this area suggests the existence of partial melt in the crust (Owens and
Zandt, 1997). Body-wave tomography (Huang et al., 2002; Wang et al., 2003) revealed
low velocity anomalies in the crust and upper mantle of various areas (e.g., the western
Sichuan plateau and the Panxi tectonic zone). Such intra-crustal low-velocity zones
(IC-LVZs) are also apparent in results of high-resolution surface wave array tomography
(Yao et al., 2006, 2007). In combination, these previous studies suggest that the crust

beneath southeastern Tibet is highly heterogeneous.
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In order to improve the characterization of this heterogeneity we analyze data from a
regional network of 25 temporary broadband seismometers (Figure 1). We use receiver
function analysis, which has been used previously to characterize the crust (including
IC-LVZs) in avariety of tectonic environments (e.g., Langston, 1979; Gurrola et al., 1995;
Owens and Zandt, 1997; Yuan et al., 1997; Bostock, 1998; Zorin et al., 2002). We first
use a simultaneous deconvolution approach to obtain the average crustal impulse
response (Gurrola et al., 1995; Bostock, 1998). Then we use a slant-stacking method to
constrain simultaneously the crustal thickness (H) and P-to-S wave velocity ratio (Ve/Vs)
(Zhu and Kanamori, 2000; Chevrot and van der Hilst, 2000). Finally, we derive Swave
velocity profiles through least-squares inversion of the receiver function waveforms and
simplify the derived models into fewer layered models (Owens et al., 1984; Ammon et al.,
1990; Kind et al., 1995). Such inversions have been used in previous studies to image
low velocity layers within the crust (e.g., Kind et al., 1996; Frederiksen et al., 2003;
Hetland et al., 2004) and can be used to estimate both the depth to and thicknesses of the

IC-LVZs.

A.2. Methodology
A.2.1 Receiver functions

The receiver function technique derives a source-equalized teleseismic waveform, in
which source, far field path, and instrument effects are removed by deconvolving the

vertical component from the radial/transverse components (Langston, 1979; Gurrola et al.,
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1995; Bostock, 1998). The resulting receiver function waveform is an estimate of the
ground’s impulse response. For stations MCO1-MC25, the gains were the same on all
channels, whereas for station KMI they differed by < 3% between channels. No
equalization before rotation was performed for the latter due to the small difference in
gain, which we believe does not strongly affect our results. In this study, the following
processing steps are applied to derive the receiver functions. rotation, deconvolution,
moveout correction, stacking, and filtering. First, all teleseismic traces are rotated from
an E-N-Z coordinate system to an R-T-Z system (Figure 2). Second, we deconvolve the
vertical components from both the radial and transverse components to remove the effects
of the source and the instrument. During this process, which is conducted in the
frequency domain, we apply a water level to stabilize the spectral division (e.g., Langston,
1979; Bostock, 1998). The water level is adjusted to the quality of the original
seismogram and the stability of the equalization; it varies from 10° tol0™". Third, a
Gaussian filter with width of 2.0 Hz is applied in the frequency domain after
decovolution to remove high frequency noise in the seismogram. To improve the
overall signal-to-noise ratio and ensure stability of the deconvolution process, we
simultaneously deconvolve all seismograms along moveout curves, which depend on the
horizontal slowness and the depth of phase conversion (Bostock, 1998); this provides an
average ground impulse response of the sampling area.

The lateral offset between the surface recording point and conversion point at depth

is a function of the ray parameter, the crustal thickness, and the average crustal velocity.
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For example, for aray parameter of 0.0586 s’lkm (P-wave from a source at 67° distance),
crust thickness of 40 km, and crust velocities Vp = 6.2 km/s and Vs = 3.6 km/s, the P,:s
phases sample the Moho ~9 km from the stations, while multiples sample it ~40 km

away.

A.2.2 Slant-stacking method

Crust thickness H and average Vp/Vs of the crust can be estimated from the relative
timing of P-to-S conversions and reverberations (see Figure 2). Here, we follow the
approach of Zhu and Kanamori (2000) and use the travel times of three phases relative to
the direct P (see Figure 2 for definitions): Pns, PpPrs, and PpS:s (or PsPs). The
differential travel-time equations depend on H, Vp/Vs, the average crustal P-wave velocity
(Vr), and the ray parameter (p). We determine the ray parameter from the event depth
and epicentral distance and use average crustal P-wave velocities of 6.2 and 6.4 km/s
(Linetal., 1993; Li and Mooney, 1998; Wang et al., 2003). At each station, we sum the
amplitudes of the receiver functions at the predicted differential travel times of the Ps,
PpPs, and PpSs (or PsPs) phases for agiven H and Vp/Vs:

S(H Ve Vo) = D [altem) + alte o) + 8oy D
where N is the number of receiver functions at each station and a(t) is the amplitude of a
receiver function at timet. We perform a grid search in the Vp/Vs- H parameter space,
and take the optimum solution to be at the maximum of the amplitude stack surface. We

use the 90% contour lines as an indication of uncertainty (Hetland et al., 2004). In an
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isotropic medium, the Poisson’sratio (v) is given by:

_1f 1
V'E(l (\/pNs)Z—l]' @

The Poisson’s ratio is an important parameter for determining crustal composition
because it is sensitive to mineralogy (e.g., Christensen, 1996) and the presence of
fractures, fluid content, and partial melt (e.g., O’ Connell and Budiansky, 1974; Mavko,

1980).

A.2.3 Least-squares inver sion and velocity modeling

A least-sguares inversion of receiver function waveforms is performed to estimate
the crustal velocity structure (Ammon et al., 1990). This technique is more sensitive to
velocity contrasts than to the absolute magnitude of the velocities, but it requires a
starting velocity model that is close to the actual velocities (Owens et al., 1984; Ammon
et al., 1990). Here, we accommodate this requirement by using the seismic refraction
results of Zhu et a. (personal communication, 2003) as our starting velocity models.
We invert for velocity structures consisting of horizontal layers with fixed thicknesses of
2 km, not because we expect to resolve such detail, but because the receiver functions are
dominated by shear-converted phases with a typical wave length of ~8 km and layers as
thin as 2 km may influence the inverse modeling. Furthermore, we fix the Poisson’s
ratios and Moho depths at the values derived from the slant-stacking method.  We invert

only for the Swave velocity; the P-wave velocity is derived from these results in
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conjunction with the Vp/Vs ratio. Approximate densities (p) throughout the model are
derived using the equation p = 0.32 Vp+ 0.77 (Berteussen, 1977).

The inversion seeks to minimize the difference between the observed and
model-generated receiver function waveforms. A distribution of possible solutions is
built by running the inversion for a range of starting models based on perturbations to the
prescribed initial model (see Ammon et al., 1990), and the preferred solution is computed
by averaging the solutions that fit the data within data uncertainty using a chi-squared test
with 95% confidence (Lodge and Helffrich, 2006). At each station, we apply varying
levels of smoothing until we can model the dominant phases and avoid over-complexity
in the resultant model.

Since the inversion tends to overfit the data and produce solutions that may contain
too much structure, we proceed by simplifying the preferred crustal model to obtain a
model that is more realistic and, therefore, easier to interpret (see, e.g., Lodge and
Helffrich, 2006). Simplified models are constructed by investigating the effects of
isolated portions of the least-squares solution on the receiver function waveform.
Velocity gradient are replaced by single, sharp discontinuities, and adjacent model layers
exhibiting similar velocities are grouped to form a coarser model. Once the minimum
structure has been identified, the solution to this “simplified model” is found by
performing a grid-search over its parameters and computing the average of all the models

that fit the data within 95% confidence (Lodge and Helffrich, 2006).
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A.3. Data

We use data from a network of 25 temporary broadband seismometers operated by
MIT and the Chengdu Institute of Geology and Mineral Resources (CIGMR) for one year
between September 2003 and October 2004. The station distribution is shown in Figure
1. We analyze waveforms from seismic events that are selected based on the following
criteriac (1) body-wave magnitude my > 5.6 to insure high signal-to-noise ratio, (2)
epicentral distances (A) between 30° and 100° to avoid wavefield complexities due to
upper mantle discontinuities or diffraction at the core-mantle boundary. In order to get
relatively simple source functions, earthquakes with vertical waveforms containing two
or more obvious pulses are avoided. In addition, data with poor signal-to-noise ratios
are discarded. This includes, for example, data with no obvious first-P arrivals and/or
large-amplitude surface waves in the observing time window.

With a deployment period of one year only, our array recorded data from arelatively
narrow range of backazimuths. A total of 147 events, mostly from the circum-Pacific
seismogenic belt (Figure 3), were used to produce 1329 individual receiver function
waveforms. However, due to equipment failure, periods of high noise levels, and
variable durations of station operation, only a subset of the total number of events were
recorded at a particular station. In addition, we used data recorded between 1990-2002
at KMI (Kunming), a station of the China Digital Seismograph Network (CDSN). The

number of events selected for analysis at each station is given in Table 1.
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A.4. Results
A.4.1 Receiver functions from 25 temporary stations

At most stations, P-to-S conversions from the Moho are clearly identified on both
individual and stacked receiver functions. Other prominent phases are observed after
the direct P arrival, indicating the presence of significant intra-crustal structure. We
illustrate our analysis with data from stations MC22 and M CO5 (Figure 4).

Station MC22 (24.5°N; 100.2°E) was located in the Sanjiang tectonic unit, to the
south of the Red River fault. The 29 receiver functions obtained for this station are
plotted in Figure 4a, for backazimuths between 8° and 253°.  Visual inspection reveals
a clear Pys arrival at ~5 s on al 29 radial receiver functions. Subsequent arrivals
include a strong positive one at ~16 s and a weak negative one at ~22 s (Figure 4a).
Based on their polarity and relative arrival time, these arrivals could be the free-surface
multiples of the Moho, i.e, PpPys and PpS;s (or PsP.,s) phases, respectively (see
Figure 2). In some receiver functions, positive arrivals observed between 9-11 s may
correspond to P-to-S conversions from upper mantle discontinuities or multiples from
intra-crustal discontinuities.  Since there are no obvious phases corresponding to P-to-S
conversions from an intra-crustal discontinuity, we interpret the arrivals at 9-11 s as
P-to-S conversions from structure in the upper mantle (~80 km). The positive arrival at
~7 s in the transverse receiver function (thin blue line in Figure 4b) is likely due to
P-to-S conversion from an anisotropic and/or tilted layer, either in the mantle (direct

arrival) or in the crust (multiple). There are no prominent phases observed before P
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(i.e., 5 s) in the transverse receiver function, which indicates that there are no significant
effects of anisotropy or tilted layers at shallow depth (Zhang et al., 1995; Savage, 1998),
which — in turn — implies that our assumption of a 1-D crustal velocity structure is
adequate.

Station MCO05 was located at (30.0°N; 100.2°E), which is in the Songpan-Ganze fold
zone. Figure 4c and d show the processed receiver functions at this station. The initial
P-wave pulse is time shifted by ~0.2 s.  Such shifts, which have also been observed
elsewhere (see, e.g., van der Meijde et al., 2003), can be attributed to the presence of a
low velocity layer near the surface (i.e., sediments) directly below the station. The
arrivals at ~5 and ~7-8 s may correspond to P-to-S conversions from intra-crustal and
Moho discontinuities, respectively. Stacking events over all backazimuths can produce
slightly broader peaks for Pns and its multiple phases because of the dependence of the
arrival time on backazimuth.  Therefore, we stack 42 events from back azimuth range of
104.5°-156.7° (Figure 4d). For the same reason we bin events for stations MCO06,
MC11, and KMI (see Table 1). The small-amplitude phases that arrive before the Pys
phases represent P-to-S conversions within the crust. There is a clear positive phase at
~23 s, corresponding to the arrival of PpP.s, and a negative phase at ~30 s, which
corresponds to PpSys (or PsPns) (Figure 4c). No prominent phase appears on the
transverse receiver function of station MCO5 (Figure 4d).

In contrast to stations MC22 and MCO05, some stations have no strong crustal Pp,s

conversions (Figure 5). The observation of time delays of the first pulse in receiver
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functions at most stations indicate that a near-surface low-velocity layer is widely
distributed in our study area. The first pulses are complicated due to interference with
P-to-S conversions from the bottom of the surface layers, which arrive within ~2 s after
the first pulse, e.g., MC02 and MC11 (Figure 5). At station MCO03, which is located just
east of the Longmen Shan fault, the radial receiver function waveform has several
low amplitude, positive phases within ~10 s after the first-P arrival.  The 10.2-s phaseis
most probably the Ps phase because it does not depend on backazimuth and because it is
consistent with a Moho depth of ~60 km inferred from refraction studies (Zhu et al., 2003,
personal communication), which corresponds to a P,s phase at > 7.0 s assuming an
average crustal velocity Vp < 6.8 km/s and a Poisson’s ratio = 0.25. At station KMI,
which is located near N-S trending strike-slip faults (Figure 1), large-amplitude positive
phases are observed at ~5 s after the main pulse, which could be Pys. The large
variation in the radial receiver functions with backazimuth indicates a lateraly

heterogeneous structure beneath station KMI.

A.4.2 Slant-stacking

We classify stations into three categories depending on the reliability of the derived
crustal properties. The first category corresponds to stations for which the Pys and
PpPrs phases are clearly visible in the radial receiver functions, and for which a clear
maximum in the Vp/Vs vs. H diagram can be observed even if phase identification is

difficult. The second category corresponds to stations with multiple maxima in the
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Vp/Vsvs. H diagram.  When identification in the stacks of the maxima corresponding to
Moho is ambiguous we use independent estimates of crustal thickness (Wang et al., 2003;
Zhu et al, personal communication, 2003) and restrict the average crustal Poisson’s ratio
to reasonable values (~0.25-0.30). The third category corresponds to stations for which
the records are too complex or too noisy to determine Vp/Vs and H with sufficient
confidence. In this study, we only use stations in the first two categories for further
S-wave velocity analysis (Table 1).

Figure 6a-b shows the slant-stacking results from station MC22. The following
phases are visible: the P,s phase at ~5 s after the first-P arrival, the PpPs phase at ~16 s,
and (more tentatively) the PpSys (or PsPys) phases at ~22 s.  Travel time curves of these
phases (thick lines in Figure 6a) are derived using the combination of H and Vp/Vs that
gives the maximum amplitude of the stack. There is only one global maximum in the
Vp/Vs vs. H diagram, which corresponds to the optimum solution. Therefore, this
station is classified in the first category. We obtain a crustal thickness of 37.5 + 1.5 km
and an average crustal Poisson’s ratio of 0.25 + 0.04 beneath this station (Figure 6b).
The inferred crustal thickness of 37.5 km is dlightly less than the values of 43 and 41.3
km from previous studies (Wang et al., 2003; Zhu et al., personal communication, 2003;
see Table 1). The receiver function study using data from the Yunnan regional seismic
network (Hu et al., 2003) yielded a crustal thickness of 36.0+1.0 km at nearby station
YX (24.3°N, 100.1°E). Hu et al. (2003) also derived a Poisson’s ratio of 0.314-0.01,

which is larger than but not incompatible with our estimate of 0.25+0.04.
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Station MCO05 has local maxima in addition to a global maximum in the Vp/Vs -H
diagram (Figure 6¢-d). One of the local maximayields H = 42.5 km and Poisson’s ratio
of 0.33, whereas the global maximum corresponds to a crustal thickness of 59.0 £ 1.0 km
and average crustal Poisson’'s ratio of 0.26 £ 0.01. Because seismic refraction data
suggest a thickness of ~62.5 km (Zhu, personal communication, 2003) we select the latter
values for crustal thickness (i.e., 59.0 + 1.0 km) and Poisson’s ratio (i.e., ~0.26) at station
MCO05.

The receiver function waveforms from stations MC12, MC18, and MC19 are too
noisy to identify the Pys phase among several pulses with similar amplitude (Figure 5).
They are in the third category and thus not included in further analysis.

The dant-stacking analysis reveals that the depth to the Moho changes gradually
across our array, from ~37 km in Yunnan province to ~64 km below eastern Tibet. The
average crustal Poisson’s ratio varies between 0.21 and 0.32 and is the lowest in the
southern Yangtze platform. The Poisson’s ratio is highest, with values consistently
above 0.30, below the eastern margin of the Tibetan plateau just west of the Sichuan
basin (below the latter the Poisson’s ratios are generaly less than 0.29). The
Songpan-Ganze fold zone, the region of high average elevation (~4 km), has athick crust.
Station MCO1, situated between the Xianshuihe and Longmen Shan faults, has the
thickest crust (i.e., 64 km + 1.0 km) and a small Poisson’'sratio (i.e., 0.21 £ 0.1). On the
Yangtze platform, MC02 and MC10 sample the western Sichuan basin (Figure 1). Here

the crust thickness is between ~46 and 41 km, and the Poisson’s ratios between ~0.26 and

202



0.29. The crust-mantle boundary of the Yangtze platform deepens northwestward from
~40 km to 56 km. The Poisson’s ratio generally decreases eastward from ~0.30 to 0.22.
The Sanjiang fold zone, west of the Red River fault, has a crustal thickness of ~38-46 km

and Poisson’s ratio of ~0.23-0.25.

A.4.3S-wave velocity profiles
Swave velocity profiles derived from least-squares inversion and grid search
through simplified models are show in Figure 7 (for 8 stations). Low-velocity zones
are identified as velocity minima on smoothed crustal velocity models beneath many
stations in the southeastern part of the Tibetan plateau. The thickness of near-surface
low velocity layers (S-LVL) varies from ~0 to 10 km. An intra-crustal low-velocity
layer (IC-LVZ) is mostly observed in the Songpan-Ganze fold zone and the western
Yangtze platform. On average, the Swave velocity in the IC-LVZ is ~0.5-0.8 km/s
lower than that of its overlying layer. Both S-LVL and IC-LVZ are robust features:
S-LVLs are well constrained by a ~0.2 s time shift of the incident P-wave pulse;
IC-LVZs are only assigned to stations where a low-velocity layer is required both in the
least-squares solution and in the simplified model to fit the measured receiver function

waveform.

A.4.3.1 Songpan-Ganze fold zone (SG)

At MCO01, the receiver functions synthesized from the derived Swave velocity
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profiles match the observed data within the observational uncertainty (Figure 7). The
68-km thick crust has a 20-km thick upper crust with S'wave velocity of ~3.7 km/s and a
30-km lower crust with Swave velocity of 3.9 km/s. There is a low-velocity zone at
~20-40 km which is necessary to explain the negative arrival at ~2.6 s in the receiver
function waveform.  Our results are consistent with previous S‘wave tomography, which
yielded a small negative velocity anomaly at ~50 km beneath this station (Wang et al.,
2003). MC04 and MCO08 have similar velocity structures: there are no obvious
low velocity layers near the surface and the S-wave velocities in the upper and middle
crust are more or less constant. The 57-km thick crust at MCO4 consists a ~32-km
upper crust with S'wave velocity of 3.2 km/s and 25-km lower crust with S‘wave velocity
of 3.5 km/s.

Stations MC05-07 have very similar S'wave velocity profiles. These stations are
marked by an IC-LVZ with S-wave velocity of ~3.3 km/s. The IC-LVZ extends
between ~15 and 38 km depth at station MCO5 (Figure 7), which is necessary to explain
the negative phases at ~2 s and 6 s in the receiver function waveform. In the same
region, MT studies show a high conductive layer below ~10 km (Sun et al., 2003), and
S-wave tomography shows a low-velocity anomaly between ~10-30 km depth (Wang et
a., 2003). The positive velocity gradient at ~30 km corresponds to the 5-s arrival in the
receiver function waveform, which can be related to the Conrad discontinuity (i.e., ~25
km depth) inferred from deep seismic sounding (Wang et al., 2003). We note that the

strong Moho multiples that appear near ~23 s and ~31 s in the synthetic waveforms
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calculated from the preferred velocity model are not as clearly visible in the stacked
receiver functions (Figure 7). This discrepancy is due, in large part; to the fact that
receiver functions are stacked using moveout curves that account for variationsin relative

travel time of direct conversions, but that do not stack multiples coherently.

A.4.3.2 Yangtze platform (Y Z)

Two stations sample the crust of the western Sichuan basin. Beneath station M C02,
the S-LVL is ~5 km thick, which is consistent with the layers of Mesozoic sediments in
the Sichuan basin (Kirby et al., 2000). The crust there has a thickness of 48 km and
exhibits a fairly uniform S-wave velocity (average ~3.7 km/s) below the S-LVL. In
contragt, station MC10 hasan IC-LVZ at ~10-20 km with Swave velocity of ~3.1 km/s.

In the western Yangtze platform, stations MC17, MC20, and MC23 have similar
Swave velocity profiles, without obvious IC-LVZs. Stations MC13 and MC15 have
IC-LVZs with S'wave velocities ~3.1 km/s. A similar IC-LVZ had been inferred from
other receiver function studies (Hu et al., 2003; He et al., 2004), except for a station at
(26.9°N, 100.2°E), which is close to MC15, where an IC-LVZ has not been previousy
observed (Hu et al., 2003). Stations MC03, MC09, MC11, MC16, MC25, and MC24
sample the Yangtze platform from north to south. Their Swave velocity profiles are
significantly different. Station MCO3, located near the Longmen Shan fault, reveals an
IC-LVZ a ~20-44 km and two velocity discontinues at ~44 km and 64 km

(corresponding to the arrivals at ~5.2 and 10.1 s in the receiver function waveform).
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These can be interpreted as intracrustal and Moho discontinuities, respectively. Station
MCO09 hasan IC-LVZ at ~15-30 km, with an S‘wave velocity of ~3.2 km/s. Stationson
the southern Yangtze platform do not show evidence for IC-LVZs. Our results generally
agree with previous receiver function studies in southern Tibet (Hu et al., 2003; He et al.,

2004).

A.4.3.3 Sanjiang fold system (SJ)

Stations MC21 and MC22 sample the Sanjiang fold system, west of the Red River
fault. MC21 is located to the east of the Tengchong volcanic area.  The crust deepens
northward by ~9 km from station MC22 to station MC21. Thereis no obvious IC-LVZ
and intracrustal discontinuities at both stations. Similar receiver function results were

observed by Hu et al. (2003) in the Sanjiang fold system.

A.5. Discussion
A.5.1 Crustal thickness

The crustal thickness varies between 37 and 64 km in SE Tibet and its surrounding
area (Figure 8). The thickness of the crust is large beneath the Songpan-Ganze fold
zone (~60 km) and decreases eastward to the western Sichuan basin (~46 km) and
southeastward to the Yangtze platform (~40 km). The crust beneath the Sanjiang fold
zone has a thickness of ~38-46 km.

In general, the Moho depths derived in our study are consistent with previous results
(e.g., Li and Mooney, 1998; Hu et a., 2003; Wang et al., 2003; He et a., 2004).
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Specifically, Figure 9 (also Table 1) shows that for realistic values of the average crustal
P-wave velocity (6.2—6.4 km/s) our results agree well with estimates from seismic
refraction profiles ( Zhu et al., personal communication, 2003) or Bouguer gravity
anomaly and deep seismic sounding profiles data (Wang et al., 2003). The correlation
coefficients between our Moho depth values and their estimates are 0.88 and 0.86,
respectively. The only significant outliers are stations MC01 and MCO03, for which we
obtained thicker crust (Table 1). When we include these outliers, the root mean square
of the differences between our results and those from the independent studies are about 4
km. Some of this difference can be due to the fact that the receiver function analysis
and the seismic refraction study sample the crust at different locations and that the spatial
resolution of two methods is different (Chevrot and van der Hilst, 2000).

Figure 10 shows S-velocity profiles along an east-west cross section (line 1 in Figure
1) beneath the northern part of our study region, adjacent to the Sichuan basin; the
topographic slope across the east margin of the Tibetan plateau (Figure 10, top) is steep
and the elevation decreases by ~3500 m over a lateral distance of 150 km. The steep
topographic gradient in the western Sichuan basin was interpreted by Clark et al. (2005)
to be a reault of crustal material flowing around the strong lithosphere of the Sichuan
block in the channel flow model. From station MCO5 — on the plateau proper — to
station MCO2 — in Sichuan basin — the base of the crust shallows by 9.5 + 2.0 km and the
elevation decreases by ~3500 m. An Airy isostastic model predicts a change in crustal

thickness of ~24 km (Braitenberg et al., 2000), which suggests that crustal material may
207



still be piling up at the east margin of the Tibetan plateau. Along Line 2 (Figure 11),
which transects the southeastern margin of the Tibetan plateau, the average topographic
slope is smaller than across the eastern margin (line 1). The crust shallows
southeastward by 19.7 £ 6.0 km with a change in elevation of ~2300 m, in agreement
with an Airy isostatic model. Our result of Moho compensation using the Airy isostastic
model (Braitenberg et al., 2000) is consistent with previous gravity anomaly studies,
which indicated that the topography of the southeastern part of the Tibetan plateau is
locally compensated except for the eastern margin across the Longmen Shan fault on to

the western Sichuan basin (Jiang and Jin, 2005; Jordan and Watts, 2005).

A.5.2 Poisson’sratio and (aver age) crustal composition

Poisson’s ratios can help constrain crustal mineralogy and chemical composition.
Mineral physics and field constraints indicate that (1) the Poisson’s ratio increases
more-or-less linearly with decreasing SiO, content for continental crust, and (2) high
ratios (> 0.30) suggest the existence of partial melt (Christensen, 1996; Owens and Zandt,
1997), especidly if the perturbation in Poisson’sratio is localized to an intra crustal layer.
We interpret the large range of observed Poisson’s ratio (0.22-0.32) in the southeastern
part of the Tibetan plateau to be a result of heterogeneity in crustal composition and,
locally, the existence of partial melt.

Most of our study region has an intermediate-to-high Poisson’s ratio (> 0.25) except

for a few stations in the southern Yangtze platform. The ratio is highest (> 0.30) in the
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eastern margin of the Tibetan plateau, just west of the Sichuan basin (Figure 8). In the
Yangtze platform, Poisson’s ratios generally decrease eastward, from ~0.30t0 0.22. The
normal-to-high values in the western Yangtze platform (~0.26-0.30) are consistent with a
mafic/ultramafic lower crust as inferred from recent geophysical surveys (Xu et al., 2001),
and may indicate the presence of partial melt in the crust, whereas low-to-intermediate
values suggest a felsic-to-intermediate composition in the southern Yangtze platform. The
ratios in the Sanjiang fold system (~0.23-0.25) are consistent with results from seismic
refraction studies and suggest an “average’ crustal composition (Kan et al., 1986; Li and
Mooney, 1998).

Hu et al. (2003) estimated Poisson’s ratios — using equations (1) and (2) — from
differential travel times of P,s and PpP,s phases at 23 temporary stations in Yunnan
province. They showed that the western Yangtze platform has Poisson’s ratios of
0.30-0.35, which are higher than our values of 0.26-0.30. This discrepancy may, in part,
be due to differences in data and methodology. Our results are consistent with Zurek et
al. (personal communication, 2007), who used a slant-stacking method similar to the one

deployed here.

A.5.3 Low-velocity zones
Our results suggest the presence of complex 3-D heterogeneity in the crust beneath
SE Tibet. The most prominent features in the Swave velocity profiles presented here

are the near-surface and intra-crustal low-velocity zones (Figure 7, 10, and 11). The
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quasi-ubiquitous S-LVL can be related to the surface sedimentary basins (Leloup et al.,
1995; Song and L ou, 1995; Burchfiel and Wang, 2003). The IC-LVZ iswidely observed
in the study region, but with significant lateral variation in its depth and strength. In
some places the IC-LVZ corresponds to the middle crust, but in other places it marks the
lower crust. In general, it becomes thinner toward the Sichuan basin and is absent in the
southern part of the Yangtze platform (Figure 8). Compared to the shalow crust, the
reduction of the Swavespeed in IC-LVZ is in the range of ~12—19%.

The existence of IC-LVZs as inferred here is generally consistent with results from
seismic sounding, seismic tomography, and previous receiver function analyses (e.g., Li
and Mooney, 1998; Huang et al., 2002; Wang et al., 2003; Hu et al., 2003; He et al., 2004;
Yao et al., 2007). Along line 1 (Figure 10), the IC-LVZ also coincides with one or more

intra-crust layers of high (electric) conductivity inferred from MT data (Sun et al., 2003).

A.5.4 Partial melt?

Earthquake focal depths and heat flow studies both indicate a relatively high
geothermal gradient in the southeastern part of the Tibetan plateau (Sun et al., 2004; Wu
et al., 1988; Hu et a., 2000). In crystalline continental crust, seismic velocities
generally increase with increasing depth. However, wavespeed reductions can occur in
regions with steep geothermal gradients (e.g., Kern and Richter, 1981; Kono et al., 2006)
and, in particular, in regions of partial melt (Meissner, 1986). In view of (i) the

magnitude of the reduction in shear wavespeed in the IC-LVZs, (ii) the high average
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Poisson’s ratios of the crust and their possible trandation into vertically localized
perturbations, (iii) the correlation with a zone of high conductivity inferred from the
inversion of MT data, and (iv) the association with high heat flow, we suggest that crustal
partial melt exists beneath parts of the eastern margin of the Tibetan plateau, possibly
with continuation into the northwesternmost part of the Yangtze platform.

In general, the S'wave velocity decreases and Poisson’s ratio increases drastically
when the temperature approaches and exceeds the solidus. Mueller and Massonne
(2001) suggested that for typical mid-crustal pressures, granite starts to melt at ~650°C.
If we suppose a similar composition, the inferred Poisson’s ratio > 0.30 and Swave
velocities of ~3.0-3.2 km/sin the IC-LVZs (~10-30 km in depth) indicate a temperature
of ~700-800°C and an amount of melt less than 4%. This interpretation is consistent
with inferences from receiver function studies in northern Tibet (Zhu et al., 1995) and
with Roger et al. (1995), who suggested that the young Konga Shan granite (~10 Ma) at
the southern segment of the Xianshuihe fault (Figure 1) may have originated from partial
melting of continental crust. However, our results suggest that partial melt is restricted
to certain geographical regions (that is, the data do not require it for large parts of our
study region) and that it involves the middle or the lower crust, and perhaps, in some
locations, both (see also, Yao et al., 2007).

Previous geological and experimental studies (Leloup et al., 1995; Rabinowicz and
Vigneresse, 2004) suggested that crustal partial melt may be partly due to shear heating in

southeastern Tibet. Another contribution may come from the upper-mantle
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decompression melting which also contributed to the young volcanism (Wang et al.,
2001). Intra-crustal zones of partial melt in northern Tibet have been attributed to the
extrusion of mantle-derived magma (e.g., Zhu et al., 1995; Nelson et al., 1996; Kind et al.,
2002). Furthermore, a shallow IC-LVZ (~10-20 km) around the Tengchong volcano
was interpreted by Wang and Gang (2004) to be the result of upper-mantle magma

activity and heat conduction through the near vertical fault.

Since the viscosity of crustal rocks decreases with increasing fraction of partial melt
(Bagdassarov and Dorfman, 1998), it is tempting to associate the IC-LVZ with a
mechanically weak zone. This would be consistent with a model in which crustal
shortening is accommodated by channel flow in the mid-to-lower crust (Royden et al.,
1997; Clark and Royden, 2000; Roy and Royden, 2000a and b; Clark et al., 2005).
Insofar as the association of 1C-LVZs with layers of weaker rheology is correct, the
results from receiver function analysis (this study) and from surface wave array
tomography (Yao et al., 2007) suggest that there is substantial lateral variation in
existence, strength, and position (e.g., depth range) of such zones. In turn, this suggests

a complex 3-D geometry of intra-crustal channel flow.

A.6. Summary

By analyzing receiver functions from 25 temporary seismograph stations, we
estimated the crustal velocity structure in the southeastern margin of the Tibetan plateau.
The crust varies in thickness from ~60 km in the Songpan-Ganze fold system to ~40 km
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in the southern Yangtze platform. The gradient of the Moho discontinuity is the greatest
in the eastern margin of Tibet toward the western Sichuan basin.  The crustal thickness
generaly follows the Airy isostatic model except toward the western Sichuan basin,
which indicates that crustal material may still be piling up at the eastern margin of the
Tibetan plateau. Poisson’s ratio varies greatly in our study region. The western
Yangtze platform exhibits intermediate-to-high Poisson’s ratios (> 0.30), which can be
related to the existence of high-velocity lower crust with a mafic/ultramafic composition
and, locally, to the presence of partial melt. In general, the overall crustal chemical
composition varies between felsic and intermediate.

Arguably the most conspicuous features in the velocity profiles derived here are the
pronounced low-velocity zones in the crust. The geometry may not be well resolved,
but these IC-LVZs are required by the data (the starting models used for the inversions do
not have clear low-velocity structures in the crust (Figure 7)). An IC-LVZ is widely
observed in the study region, but with significant lateral variation in its depth and strength.
It becomes thinner toward the Sichuan basin and is absent in the southern part of the
Yangtze platform (Figure 8). The Swavespeed reduction in IC-LVZ is ~12-19%
relative to the shallow crust. As seismic velocities generally increase with increasing
depth in crystalline continental crust, we infer the possible existence of crustal partial
melt in IC-LVZ. Our interpretation is supported by observations of crustal
high-conductivity layers and high heat flow values in our study area (e.g., Wang and

Huang, 1988; Hu et al., 2000; Sun et al., 2003) and by inferences from high-resolution
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surface wave tomography (Yao et al., 2007). Collectively, these observations indicate
that the low-viscosity zone in the crust of the central Tibetan plateau probably extends
into southeastern Tibet. The substantial lateral variations in the existence, character,
strength, and position of IC-LVZ may point to intra-crustal channel flow but with a

complex 3D geometry.
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A.8 Figuresand Tables
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Figure 1. Location of seismic stations (red triangles) and cross-sections (blue lines) in
the study region (boxed area on the inset map). Red cross represents the Konga Shan
area. The background shows the topography of southeastern Tibet and the regiona
faults: 1. Longmen Shan fault; 2. Xianshuihe fault; 3. Lijiang fault; 4. Zhongdian fault; 5.

Anninghe fault; 6. Xiaojiang fault; 7. Ailaoshan Red-River fault. The main geological
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units are: SG, Songpan-Ganze fold system; YZ, Yangtze platform; SJ, Sangjiang fold
zone; SC, Sichuan basin [modified from Chen et al., 1987 and Wang et al., 2003]. The
Bomi-Tengchong fold system is located outside of the mapped area, starting ~ 80 km to

the west of station MC21.
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Figure2. A schematic representation of receiver functions: (a) simplified ray diagram
showing the main P-to-S converted phases for a layer over a half-space, and (b)
corresponding receiver function waveform. Vertical, radial, and transverse components
of the wavefield are denoted Z, R, and T, respectively. Except for the first arrival, upper
case |etters denote downgoing travel paths, lower case letters denote upgoing travel paths,

and h indicates reflection from the interface [modified from Ammon et al., 1990].
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Figure 3. Azimuthal projection centered on MCO08 (black triangle) showing
distribution of events used in this study and recorded over the period September 2003 to
October 2004. Small circles mark epicentral distance of 30°, 60°, and 90° from M CO8.
Two red circles (A and B) indicate regions that saw frequent seismic activity during the

recording period (see also Figure 4).
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Figure 4. Receiver functions calculated at stations MC22 (a-b) and MCO05 (c-d). (a
and ¢) Waveform sections showing individual, radial receiver functions in the time range

spanning 5 s before to 40 s after the direct P arrival. The events are ordered by
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increasing back azimuth, with back azimuths and epicentral distances for each event
shown in the right column. A and B denote clusters of events from Japan and the
Fiji-Tonga Islands, respectively (see Figure 3). (b and d) Radial (thick black line) and
transverse (thin blue line) receiver functions obtained by simultaneous deconvolution of
all high-quality traces recorded at each station (see Table 1). The traces are moveout
corrected for P-to-S conversions occurring between 0-500 km depth undernesth the
stations, with a reference ray parameter of 0.0586 s’km corresponding to earthquakes at
~67° epicentral distance, and they are filtered using a Gaussian filter with a width of 2.0

Hz.
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Figure 5. Radial receiver functions from 25 temporary stations and station KMI
obtained by simultaneous deconvolution.  P-to-S conversions from the Moho

discontinuities are indicated by downward red triangles.
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Figure 6. Slant-stacking results for stations MC22 and MCO05. (a and c) Receiver
functions ordered by ray parameter (p) for station MC22 and M CO5, respectively, along
with predicted travel time curves estimated from the optimum solution of H and Vp/Vs,
determined by slant-stacking analysis (Vp = 6.2 km/s). These curves (dashed for arrivals
that are more tentative) were generated using a simple, flat-Earth, and one-layer crust
model. (b and d) Solution surfaces constructed by a direct search over Ve/Vsvs. H space.
The optimum solution is indicated by a cross; contour lines are spaced at intervals of 0.1.

Scale is normalized and all solutions with negative sum are shaded black.
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Figure 7. Least-squares inversion and grid-search (i.e., simplified modeling) results

Reaults for each station are shown in two panels. The left panel shows

the observed receiver function (thick black lines), its standard deviation (+ 0 ) bounds

(grey shading), and the synthetic receiver function corresponding to the grid-search
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solution (thin black line). The right panel shows the initial model (thin dashed lines),

the preferred solution (thin black lines) from many-layered least-squares inversion, and

the grid-search solution (thick black line).
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Figure 8. Contour map of crustal thickness (in km) from this receiver function study.

The orange line denotes the region of high Poisson’s ratio (> 0.30). The red triangles
represent stations with an obvious IC-LVZ, the blue ones represent stations without
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obvious IC-LVZ, and the black ones represent stations without sufficient data quality.
The Sichuan basin is outlined by a thin blue line. Tectonic labels are the same as in

Figure 1.
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Figure 9. Comparison between crustal thicknesses obtained in this study, Hgr, and
those from previous seismic refraction, Hsr, and gravity anomaly and deep seismic
sounding profile data, Hera (Zhu et al., 2003, personal communication; Wang et al.,

2003). Correlation coefficients are 0.88 between Hre-Hsz, and 0.86 between Hre-Hgra.
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Figure 10. Elevation and velocity cross-sections along Line 1 in Figure 1. Top:
Topography profile and (projected) locations of the stations (red triangles) and major fault
zones. Bottom: S-wave velocity models (IC-LVZ = Intracrustal low-velocity zone).

The Moho depth (inferred from slant-stacking analysis) is indicated by black arrows.
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Figure 11. SameasFigure 10 but for Line 2 in Figure 1.
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Tablel. Station information and receiver function results.

Station latitude longitude Number Moho depth #1 Vpl/Vs ratio? Poisson’s ratio 2 Moho Moho Category®
(°N) (°E) of traces (km) 2 depth #2°% | depth #3*
MCO1 31.0 102.3 70 640+1.0 1.66+0.03 0.21+£0.01 58.6 54 2
MC02 304 103.4 51 46.0+£1.0 176 £0.08 0.26 £0.03 54.2 47 1
MCO3 30.0 102.5 65 620+ 2.0 1.96 £ 0.05 0.32+0.01 56.6 52 2
MCo04 30.1 101.5 57 580+1.0 1.90+0.06 0.31 £0.02 61 58 2
MCO05 30.0 1002 | 88(42)' | 59.0+1.0 1.76 + 0.03 0.26 +0.01 62.5 60 2
MCO06 289 99.8 57 (24)'| 64.0%10 1.74+0.03 0.25+0.01 61.5 58 2
MCO07 29.0 100.4 65 585+35 176 +0.15 0.25 +0.06 61.5 58.5 2
MC08 29.0 101.5 57 520+10 1.92+0.05 0.31+0.01 56.9 56 2
MCO09 29.0 102.8 32 490+10 193+0.08 0.31+£0.02 51.3 50 2
MC10 29.0 103.9 54 405+15 184 +£0.10 0.29 £0.03 48.7 44 2
MC11 28.3 103.1 | 78(30) Yl 44010 1.95+0.07 0.32+0.02 48.2 47 2
MC12 2717 102.2 29 - - - 56.7 49 3
MC13 27.7 100.8 87 570x£20 180+ 0.05 0.27 +£0.02 58.5 53 2
MC14 279 99.7 69 58.0+2.0 1.73+0.07 0.25+0.03 58.6 54 2
MC15 26.8 100.0 52 470+£20 1.87+0.08 0.30 £0.02 55.1 49 2
MC16 27.2 103.6 24 485+15 1.66 £ 0.07 021 £0.04 50.9 45 2
MC17 26.5 101.7 39 485+0.5 1.79+0.06 0.27 £0.02 53 455 2
MC18 26.1 103.2 24 - - - 52.6 445 3
MC19 25.7 101.9 30 - - - 53 435 3
MC20 25.8 100.6 35 455+15 1.79+0.08 0.27 £0.03 48.1 45 2
McC21 255 99.6 51 460+10 1.70+0.06 0.23+£0.03 41.3 45 2
MC22 245 100.2 29 375+£15 174+£0.10 0.25+0.04 413 43 1
MC23 249 101.5 62 480+10 1.77+£0.07 0.26 £0.03 50.9 43 2
MC24 24.2 102.8 62 37.0+£5.0 190+0.18 0.30 £0.05 416 415 1
MC25 249 103.7 59 435+15 168+0.10 0.22 £0.05 446 42 2
KMI 251 102.7 70 - - - 484 43 3

1. Total number of traces (events) used for receiver function analysis at each station
2. Moho depth, Vp/Vs ratio, and Poisson’s ratio from this receiver function study

3. Moho depth from seismic refraction profiles (Zhu et al., personal communication, 203)
4. Moho depth gravity anomaly/deep seismic sounding profile results (Wang et al., 2003)

5. Measures the reliability of the crustal properties derived from slant-stacking analysis; 1 is highest

and 3 islowest, see text for details
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Conclusion

Our investigations of the plastic flow of synthetic Mg-calcites and strain heterogeneities

in Carrara marble developed during laboratory deformation at temperatures from

400-600 C reveal that:

(1)

(2)

3)

Mechanical behavior of calcite rocks depends on the deformation mechanism and on
their chemical composition. If Mg impurity is present, the flow strength of calcite in
the dislocation creep region is increased, but the flow strength in the diffusion creep
region does not change. The strengthening effect of Mg solute on the dislocation
creep of calcite is due to the solute drag effect.

After compression tests of Carrara Marble, both intragranular and intergranular strain
distributions are highly heterogeneous with a strong influence of local microstructure
on the strain distributions. High strain values are often observed at twin bands and
grain boundaries, indicating these are weak areas and tend to have localized strains.
Local strain heterogeneities can be a combination of the activation of multiple dlip
systems, grain-boundary sliding, substructure development, twinning, and
grain-to-grain interactions.

The basic self-consistent (VPSC) model describes global textures well, but does not
always predict lattice rotation and deformation of individual grains. To predict the
actual deformation of grains within polycrystalline material will require quantitative
consideration of the effects of grain-boundary misorientation, local strain/stress state,

grain-boundary sliding, and deviations in grain geometry.
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