Accepted Manuscript

RNAL OF
RUCTURAL
EOLOGY

The mechanical and microstructural behaviour of calcite-dolomite composites: An
experimental investigation

Alexandra Kushnir, L.A. Kennedy, Santanu Misra, Philip Benson, J.C. White

Pl S0191-8141(14)00292-2
DOI: 10.1016/j.jsg.2014.12.006
Reference: SG 3171

To appearin:  Journal of Structural Geology

Received Date: 31 March 2014
Revised Date: 4 December 2014
Accepted Date: 14 December 2014

Please cite this article as: Kushnir, A., Kennedy, L.A., Misra, S., Benson, P., White, J.C., The
mechanical and microstructural behaviour of calcite-dolomite composites: An experimental investigation,
Journal of Structural Geology (2015), doi: 10.1016/j.jsg.2014.12.006.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.jsg.2014.12.006

© 00 N O o B~ W N PP

=
o

[ S o
wWN P

N DD N DN N DNMNDN P P PP
N o o WON P O O 0N o 0o bd

The mechanical and microstructural behaviour of calcite-dolomite composites: An
experimental investigation

Authors:
Kushnir, Alexandra™”
Kennedy, L.A?
Misra, Santanit?
Benson, Philip?
White, J.C"

@University of British Columbia, Department of Ear@ceans, and Atmospheric Sciences, 2020-
2207 Main Mall, Vancouver, British Columbia, Canad&T 174

®Geological Institute, Department of Earth Scien&giss Federal Institute of Technology,

Sonneggstrasse 5, Zurich 8092, Switzerland

“University of New Brunswick, Department of Eartheswes, 2 Bailey Dr., Fredericton, New
Brunswick, Canada, E3B 5A3

Submitted to the Journal of Structural Geology

Keywords: calcite, dolomite, experiments, shear strain, éghperature, high pressure, grain

boundary sliding, fracture, strain partitioning

*Corresponding author: Email address: alexandramkiwn@gmail.com (Alexandra Kushnir)

Y nstitut des Sciences de la Terre d'Orléans, UNR77— CNRS/Université d’Orléans, 1A, Rue
de la Férollerie, 45071 Orléans Cedex 2, France
2 GNS Sciencel Fairway Drive, Avalon 5010, Wellington, New Zeada

® Rock Mechanics Laboratory, School of Earth andiimmental Sciences, Burnaby Building,
University of Portsmouth, PO1 3QL, United Kingdom



28

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

Abstract

The styles and mechanisms of deformation associgtednany variably dolomitized
limestone shear systems are strongly controllestiayn partitioning between dolomite and
calcite. Here, we present experimental results fteedeformation of four composite materials
designed to address the role of dolomite on trength of limestone. Composites were
synthesized by hot isostatic pressing mixturesobdmite (Dm) and calcite powders (% Dm:
25%-Dm, 35%-Dm, 51%-Dm, and 75%-Dm). In all compessi calcite is finer grained than
dolomite. The synthesized materials were deformedrsion at constant strain rate (3X%dhd
1x 10* s1), high effective pressure (262 MPa), and high terare (750°C) to variable finite
shear strains. Mechanical data show an increagelohstrength with increasing dolomite
content. Composites with <75% dolomite (the renmgbeing calcite), accommodate
significant shear strain at much lower shear séefisan pure dolomite but have significantly
higher yield strengths than anticipated for 100%it& The microstructure of the fine-grained
calcite suggests grain boundary sliding, accomneablay diffusion creep and dislocation glide.
At low dolomite concentrations (i.e. 25%), the gmse of coarse-grained dolomite in a micritic
calcite matrix has a profound effect on the strerajtcomposite materials as dolomite grains
inhibit the superplastic flow of calcite aggregatashigh (>50%) dolomite contents samples, the
addition of 25% fine-grained calcite significantigakens dolomite, such that strain can be
partially localized along narrow ribbons of fineagred calcite. Deformation of dolomite grains
by Mode | cracks and shear fractures is obseredetis no intracrystalline deformation in

dolomite irrespective of its relative abundance famite shear strain.
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1. Introduction

The styles and mechanisms of deformation associgtednany variably dolomitized
limestone shear systems are strongly controllestiayn partitioning between dolomite and
calcite. Furthermore, the mechanical behaviouhegs zones that form in calcite-dolomite
composites is likely a function of external paraengfe.g. EP,, T, andy), the mineralogy
(calcite/dolomite content; (Delle Piane et al., 28)), and texture (e.g. grain size and porosity)
of the rock. Carbonate fault rocks can have hetsreqgus distributions and variable contents of
calcite and dolomite. For instance, fluid flow dwgithrusting can result in partial de-
dolomitization (i.e. calcite formation) of carboaeatresulting in heterogeneous distribution of
calcite and dolomite in fault rocks (Erikson, 1998pnversely, shear strain, in tandem with fluid
flow, may result in a more dolomite-rich fault rotlan the protolith due to the dissolution of
calcite and subsequent passive enrichment of deasong thrust faults (Kennedy and Logan,
1997). Fault rocks derived from carbonate rockstharefore be composed of variable amounts
of dolomite and calcite and grain sizes distribogiovithin the fault rocks can be heterogeneous.
In many shear zones, dolomite is demonstrably ggothan calcite, but the amount of dolomite
required to significantly change the rheologicdtdaour of carbonate shear zones is poorly
understood. Field observations suggest that dotomdy lead to the embrittlement of limestone
(Viola et al., 2006). However, despite the commoeauorence of limestone-dolomite
composites, the influence of dolomite content andtiength of limestone under both ambient
and high temperature conditions is poorly undeistoo

The deformation response of pure calcite and,lésser extent, pure dolomite under a
variety of crustal conditions is well understoogelé observations suggest that under similar
conditions of deformation, below amphibolite facmstamorphism, dolomitic rocks are stronger
than limestone of similar grain size and porodityring deformation, dolomite generally
becomes highly fractured whereas calcite underdiséscation creep and dynamic
recrystallization (Bestmann et al., 2000; Eriksb®94; Woodward et al., 1988). Under similar
experimental deformation conditions, dolomite rexcktronger and less ductile than limestone
(Davis et al., 2008; Griggs et al., 1951, 1953; ¢Harand Fairburn, 1955; Higgs and Handin,
1959; Holyoke et al., 2013). At high temperaturegQ0°C), coarse grained dolomite is still
stronger than calcite; however, fine-grained dotermocks (grains less than B in diameter)
weaken significantly and can be weaker than cataiterocks deformed under the same
conditions (Davis et al., 2008; Delle Piane et2009a; Delle Piane et al., 2008; Holyoke et al.,
2013).
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In this study, we address the role of coarse-gcagdwomite on the strength and
microstructural evolution of calcite-dolomite consgies. Synthetic, hot isostatically pressed
(HIP) calcite-dolomite (Cc-Dm) composites of fourigue compositions - 1) 25%Dm:75%Cc,
2) 35%Dm:65%Cc, 3) 51%Dm:49%Cc, 4) 75%Dm:25%Ccdatter designated by their
dolomite content (%): Dm25, Dm35, Dm51, and Dm7&jere deformed in a torsion apparatus
at elevated temperature and confining pressuretermhine their rheological behaviour and to
evaluate the effect of dolomite content and gr&a en rock strength. A total of 13 rock
deformation experiments were conducted at theviafig conditions: temperature (T) of 750°,
effective pressure (B of 262 MPa, imposed maximum shear strain ratesf(1x10* s* and
3x10* s*, and total shear straing)(between 0.16 and 5.5. We observe that 1) in ceateo
composites, even low dolomite contents greatlycaffeck strength; 2) coarse-grained dolomite
accommodates strain by brittle deformation in ldglomite content samples; and 3) calcite
deforms by dislocation glide and diffusion creepisted grain boundary sliding. Finally, we
compare the experimental results to other studidscamment on their application to natural

deformation environments.

2. Starting Material

2.1. Sarting Powders and Sample Preparation

Two end member powders (coarse-grained dolomitdinaegrained calcite; described
below) were mixed in varying proportions to proddmer distinct compositions: Dm25, Dm35,
Dm51, and Dm75.

Reagent-grade calcite powder (Minema 1™) was se@iy Alberto Luisoni AG,
Mineral- & Kunststuffe and is characterized by ex@d calcite grains exhibiting rare growth
twins. The powder has a modal grain size afi9(Figure 1A), as measured with a Mastersizer
2000 laser diffraction particle size analyser (MaifvInstruments Ltd.;). Rietveld refinement of
XRD spectra (Raudsepp et al., 1999) of the capmteder confirms its composition to be 99%
CaCQ; the remaining constituents are Mg, Al, Fe, andxXdles.

A 4 kg block of Badshot marble, a natural dolomitarble from the Selkirk Mountains
of British Columbia, was crushed to produce a pawdth a broad grain size distribution and
modal grain size of ~120m (Figure 1A). Badshot dolomite is characterizeadbgrse dolomite
grains (mean grain size of 4y, Austin and Kennedy (2005)) featuring lobate myrai

boundaries and fine, polygonal grains. Cleavagetaimhing are prevalent in most grains
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(Austin, 2003; Austin and Kennedy, 2005; Austiraket 2005). XRD analysis of the powder
indicates a mineralogy that is ~99.8% dolomite ni$ection analysis reveals trace quantities
(<< 1%) of pyrite, apatite, calcite, tremolite, antlite mica; these accessory phases are
sufficiently low in abundance to be undetected IRDXanalysis.

The powder mixtures were mechanically shakengaterhomogeneous mixtures;
the grain size distributions of the mixed powdeesshown in Figure 1B. The starting powders
have a bimodal grain size distribution, reflectihg dolomite proportion. The powder mixtures
were then dried at 120°C for a minimum of 24 hdag®re being cold pressed into stainless
steel, cylindrical canisters. The canisters wdlediiand pressed in 20g increments to produce
homogenous packing of the powder along the carletgith. This was done to avoid pressure
shadow development during heat treatment. Presgsglone with an Enerpac-H-Frame 50 ton
press up to a load of 40 tons, corresponding tercal stress of 200 MPa. A small volume of
alumina powder with a porosity of ~30% was placethe top and bottom of the canisters to act
as a C@sink for decarbonating dolomite. This ensuredrtigration of the emitted CQo the
storage areas, allowing the porosity to remaineedun the rest of the canister.

All canisters were welded shut and, subsequenttyisostatic pressed (HIP) to produce
synthetic composite rock samples. The HIP was pmed in a large volume, internally heated,
argon gas apparatus at ETH-Zurich under a confipiegsure of 170 MPa (Delle Piane et al.,
2009a) and a temperature of 700°C for 4 hours.rékelting products form a suite of coherent,
sintered material of known compositions and coasisgrain size. Rietveld refinements of XRD
spectra collected on the composite samples didetect periclase (MgO) nor lime (CaO),
indicating that there was no detectable decarbomati dolomite or calcite during the HIP
process. Rietveld refinements also confirm the &arting material compositions as containing
25%, 35%, 51%, and 75% dolomite.

2.2. Microstructural and Textural Analyses

Starting materials were thin sectioned normal eodanister long axes (i.e. normal to the
pressing direction) and polished using a rotaryspatg wheel and 200 nm silica bead colloidal
solution. Backscatter electron (BSE) and secondkastron (SE) SEM images were collected
using a thermal field emission type Zeiss Sigma SBEBC) with 1.3 nm resolution at 20 kV
acceleration voltage. Probe current was 1.37 nA.

Electron Backscatter Diffraction (EBSD) analysissveampleted to map the

crystallographic preferred orientation (CPO) of sterting materials and the evolution of the

5
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CPO of subsequently deformed materials. EBSD measemts were made using an EDAX
DigiView EBSD camera (UBC). Samples were inclinedhe electron beam at 70° to produce
clear diffraction patterns for automated identifica using Orientation Imaging Microscopy
(OIM™) Data Collection and Data Analysis softwafbe average crystallographic orientation
for each individual grain was used to generate piglees using PF_Euler_PC.exe (Pera et al.,
2003). CPO strength is characterized by the J+#textulex (the density distribution of the
crystallographic orientations (Miyazaki et al., 2)1 we use both the pole figure J-index (pfJ)
and the J-index (J). Indices vary from 1 (randoystallographic orientations; no CPO) to
infinity (one discreet crystallographic orientafjoifthe J-index (calculated using mtex-3.5.0
(Bachmann F., 2010)) incorporates all slip systeminsle the pfJ-index (calculated using
PF_Euler_PC.exe) is a measure of the strengthed€BO along a defined slip axis (i.e. c-axis).
Energy-dispersive X-ray spectroscopy (EDS) wa$opeed on all analyzed samples
using an Apollo XL Silicon Drift Detector (SDD) attypical working distance of 14 mm. EDS
data were collected in conjunction with EBSD diffian patterns and used to identify dolomite
based on the apparent relative concentrations o€BIgEDS spectra suggesting Ca:Mg ratios ~1

were interpreted as indicating the presence ofrdiéo

2.3. Sarting Material Characterization

The skeletal and isolated pore space volwhe, of each sample was determined prior to
deformation using a Micrometritics Multivolume Pyeneter 1305 helium pycnometer.
Connected porosityg, was calculated from the geometric bulk voluivjg,and skeletal and

isolated pore volume:

¢=(1- "V—D x 100% (1)
The final composition, porosity, and density of gtarting materials are given in Table 1.

Calcite grains are approximately equiaxed, gehehnalve straight grain boundaries, and
are closely packed with triple junction grain boarids (Figure 2A and 2C). Porosity is isolated
along grain boundaries and at triple junctions aedefore may not be accessed by the helium
gas pycnometer; the porosity data obtained by pyety are considered lower limits.

Dolomite grains are generally distributed homogeisgoin all synthetic starting
materials (Figures 2B and 2D); rarely, coarserngraif dolomite may cluster together. Dolomite
grains are angular to subangular and contain irdragar fractures; straight fractures appear to

follow cleavage planes but curved fractures alssteXince these fractures do not continue into
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the calcite matrix, they are attributed to the bimg process used to produce the starting
dolomite powder. Intergranular porosity is greatgsiolomite-calcite interfaces (Figure 2C).

Observations of the Dm25 and Dm35 starting materi@de by SEM reveal randomly
distributed circular concentrations of calcite ap-600um in diameter (Figure 3A). These
concentrations are spherical and likely accretethdumechanical shaking of the starting
powders. The margins of these calcite aggregageaaentuated by concentrations of edge-
parallel oriented dolomite grains (Figure 3B). Sarly, coarse dolomite grains can also be
encased in a halo of predominantly fine-grainedital

Individual calcite grains within the starting ma#és are undeformed, showing little to no
undulose extinction. Lower hemisphere stereograpiaections for calcite obtained from
EBSD analysis indicate a weak CPO of the calciggis-(Figure 2B and 2D). The c-axis is
oriented perpendicular to the load direction dugolyl pressing as observed by Rutter et al.
(1994b), and regardless of calcite content doesayt significantly. Dolomite in the starting
materials shows no CPO along any of the commonnaitdoglide planes (Figures 2B and 2D).
The CPO peaks on the dolomite stereonets are eidefaused by the relatively small number of
dolomite grains in the scanned area (a resulteif targe grain size) and cause erroneously high
pfJ-indices, indicating strong textures focusediatbsingle grains.

Grain size distributions based on two-dimensiomaldges for Dm25 and Dm75 were
calculated using Orientation Imaging MicroscopyNIOY) data analysis software by fitting a
model ellipse to each crystallographically idestifigrain (Figure 4). Both starting compositions
show similar calcite grain size distributions; D&t Dm75 have modal calcite grain sizes of
5.5um and 4.5um, respectively (Figure 4A). Dolomite grain sizetdbutions are shown in
Figure 4B. These estimates are less precise tharalicte because there are fewer dolomite
grains in the scan areas, but we observe a br@éa gize distribution ranging between 0 and
100 pum.

3.0. Deformation Appar atus and Techniques

The HIP material was cored into 10 mm and 15 mmmedtar cylinders. The core ends
were flattened and polished perpendicular to thiedsr sides. Samples were dried in an oven at
100°C then mounted between alumina and partiadlyilted zirconia spacers and encased in

iron jacketing. A jacket thickness of 0.25 mm wasdifor 15 mm diameter samples. Jackets for
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10 mm diameter samples were swaged to the comeet diameter resulting in thickening of the
jacket wall to 0.4 mm.

All experiments were performed using an internaiyated, argon-confining medium
pressure vessel equipped with torsion actuatocribesl by Paterson and Olgaard (2000)
(Figure 5A). The experiments were performed initarat constant angular displacement rates,
corresponding to constant maximum shear strais @ftéx10* s*and 3x1d s*. Confining
pressure and temperature were held constant a¥iB@0and 750°C, respectively. Sample
temperature was monitored using a K-type thermoeopipced 3mm above the sample. The
thermal profile along the sample was calibrateba@onsistent within 1°C. All samples were
heated and cooled at 10°C/min.

The applied torque was measured using an intéradlcell equipped with a pair of pre-
calibrated linear variable differential transforméVDTs). Measured torque was corrected for
the strength of the iron jacket (Barnhoorn, 2008) eonverted to shear stress at the sample

surface:

T =

@
wheret is shear stresd is internal torquedl is the diameter of the sample, ami$ the stress
exponent (Paterson and Olgaard, 2000). In thisysthe power law creep relationship used is:
Y = AT"e% (3)
whereA andQ are constants) is the stress exponeritjs the temperature, aflis the gas
constant (Paterson and Olgaard, 20003.experimentally determined for a given compositio
by conducting a strain rate stepping experiment@oting the total torque respondd)(to
changing strain rat@’). AsM is linearly related ta, the slope of the log-log plgtvs.M yields

n according to:

__dlny
n_dlnM (4)

Comparison between torsion and axial experimenteegssary for comparing our data to
studies of other carbonate systems. At the sameénabstrain ratess(= y), differential stress

(o, — a3) is calculated:

1+_n
0, —03 =327 (5)

whereg; is the calculated maximum compressive stregss the minimum compressive stress,

andr is shear stress (Paterson and Olgaard, 2000).



240

241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271

4.0. M echanical Results

To maintain the stability of dolomite, we performatexperiments under unvented
conditions and within the stability field of cakeiand dolomite (Goldsmith, 1959). XRD analysis
revealed no evidence of decarbonation products;omelude that the low porosity of our
starting materials allowed equilibrium pore pressuo be reached by the dissociation of trace
amounts of dolomite (Davis et al., 2008; Delle Riahal., 2009a; Holyoke et al., 2013). We
have accounted for the effective pressure causelebgecarbonation of trace amounts of
dolomite, such thatd?=Pc-Pco2

All experiments performed in this study, includiexperimental conditions and sample
compositions, are summarized in Table 2. Dm25, DB Dm75 samples were deformed in
strain rate stepping experiments to empiricallyedatne the stress exponenfsee Table 2,
Figure 6). All mechanical data are fit using EQ.48d are shown in Figure 7A (high strain rate
experiments) and Figure 7B (low strain rate experits). High strain ratg’(= 3 x 107*s™1)
experiments were conducted for all four composgi(experiments P1522, P1524, P1525,
P1527, P1528, P1537, and P1538) at T=750°C a&@0P MPa. The shear strain for these
experiments exceeded= 5 (Figure 7A). Experiment P1537’s (Dm51) heatingdmg is not
confidently known beyong~2; only the mechanical data up until this pointsed and this
sample was not used for microstructural analysisv ktrain ratef = 1 x 10~ *s™1)
experiments were conducted for compositions Dm3548), Dm51 (P1523), and Dm75
(P1533) at T=750°C and#300 MPa (Figure 7B). The maximum shear strairttiese
experiments was approximatety2.

Yield and peak strength of the synthetic compasaraples increases with increasing
dolomite content (Table 2; Figure 7C). Yield strémgas taken as the departure from the elastic
response of the material. Experiments P1527 (Dra@8)P1524 (Dm35) are mechanically
similar, both reaching a peak strength of ~80 MRgure 7A). Mechanical steady-state (~79
MPa) is established in both samples &t0.1 followed by limited strain hardening in Dma6y
~ 3.75 (Figure 7A). Experiments P1525 and P1528ufiei 7A) failed due to jacket ruptures
resulting from the inherent strength of the Dm5d BBM75 materials at 15 mm sample
diameters. To mitigate this behaviour, Dm51 (P1%8W) Dm75 (P1538) sample diameters were
reduced to 10 mm so that these compositions cauttebormed to high strain. P1537 (Dm51)
reached a tenuous steady-state-a#l0 MPa ang~0.4 (Figure 7A). The mechanical behaviour

of the Dm75 sample evolves throughout deformatadter attaining a peak strength of ~178
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MPa, dramatic strain weakeningyat1 is recorded (Figure 7A). Strain hardening and
subsequent strain weakening are observed betdveep < 4. Experiments P1533 and P1543

were halted manually.

5. Microstructure and Texture of Deformed M aterials

5.1 Analytical Methods

After deformation, all samples were cut along thegitudinal tangential section of the
core (Figure 5B) and doubly-polished petrographin sections were prepared with
Crystalbond®© adhesive. This plane shows the maxisiuear strain attained in the sample.

In addition to SEM, EBSD, and EDS analyses (seé@e2.2.), microstructures for
transmission electron microscopy (TEM) were sebkcidter having been mounted on 3mm
copper discs, the areas were thinned by Ar-ion l@ydrbent in a Gatan PIPS thinning unit.
TEM examination was performed with a JEOL 2011 STapyaratus operated at 200kcV.

Electron-probe micro-analyses of selected deforsagdples were done to confirm exact
grain composition. Data were collected on a CAMESX®50 instrument, operating in the
wavelength-dispersion mode using: excitation vdtekp kV; beam current: 10 nA; peak count
time: 20 s; background count-time: 10 s; spot diemd Oum. Data reduction was done using
the 'PAP@(pZ) method (Pouchou and Pichoir, 1985).

5.2 Microstructure: low dolomite content samples

The circular calcite aggregates identified in stgrtmaterials Dm25 and Dm35 (Figure
3) are deformed non-coaxially into thin bands gsltiids) of pure calcite with aspect ratios
ranging from 19 to 23 (Figure 8A). These thin layef pure calcite, interlaced with the calcite-
dolomite mixture, define a compositional layeringhe low dolomite content samples (Dm25
and Dm35; Figures 8A and 8B). As these aggregages wriginally circular in cross-section and
assuming there was no loss of volume during defbomathe shear strain by simple shear can
be calculated:

y = cota’ —cota (6)

wherea is the initial angle between a line and the dimttf shear, and’ is the same angle
after deformation. For the torsional simple shesuaption, the instantaneous stretching axis is
oriented in the xz-plane at 4& the direction of shear and is equabttor the initially circular

aggregates. Accumulation of strain with increasimgosed sample twist produces the maximum

1C
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stretching direction preserved by the long axithefelliptical calcite aggregates. The angle
between this orientation and the direction of stieaf (Figure 8A). These features record shear
strains of 5.14 and 6.11 for Dm25 and Dm35, respelgt

Calcite layers are sheared and rotated nearlylpbtalthe shear direction, while the
surrounding dolomite-calcite mixture defines a shfighiation oblique to the shear direction
(Figure 8B), defining a global s-c mylonite fabri@olomite grains with high aspect ratios (i.e.
aspect ratios > 1) are subject to rigid body rotaind their long axes are aligned subparallel to
the layering, inclined to the shear direction; thage interpreted as shape (s-) fabrics (Figures
8B and 8C). Accessory pyrite is elongated and palsmarks the local fabric (Figure 8C) while
thin, discontinuous zones of relative high she@istare oriented nearly parallel to the shear
direction and are interpreted as c-surfaces (Fi§ne

Calcite grains are generally polygonal, equiaxeethbular, and closely packed with
straight grain boundaries meeting at triple junwigFigure 8E). The more tabular shaped calcite
grains are aligned parallel to the shape foliatinalined to the shear direction; Figure 8E).
Calcite grains comprising the pure calcite laye@esadso mostly equiaxed, with straight grain
boundaries exhibiting triple junctions. Two dimemsal grain size distributions for Dm25 show
possible calcite grain growth during deformatioconfr6 um to 7.5um (Figure 4A). The
dolomite grains show little to no evidence of int@rstrain nor is there any evidence of grain
size reduction due to fracture (Figures 8A and &©Jomite grains do not appear to have
sustained any additional fracture (e.g. microcnagkind shear fracturing), as fracture density is
gualitatively the same as in the starting mateRalunding of dolomite grains less than
approximately 5@um in diameter is observed in all dolomite-poor defed samples. While
dolomite grains <10Qm show some rounding (Figure 8B and 8E), ther@isignificant
rounding of grains above ~1(dn.

Porosity is visibly reduced with respect to thetstg material and is typically preserved
at triple junctions of calcite grains (Figure 8Edcally, there are regions of higher porosity
within the calcite matrix aligned along foliatioRigure 8F). These regions are located in
pressure shadow-like geometries along the perigb®fisome dolomite grains that are >ui®

in diameter (Figure 8F).

5.3 Microstructure: High dolomite content samples
In high dolomite content (>50%) samples, a poodyaloped compositional layering is

defined by crude variations in grain size and finained, high aspect ratio dolomite (Figure 9A

11
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and 9B). Locally, a shape fabric inclined to theatdirection is defined by rotated dolomite
grains <2Qum in diameter (Figure 9B). Areas of localized striai the patchy calcite layers are
common. Thin, interconnected networks of fine-gedicalcite form ribbons that define a
discontinuous and irregular foliation that is deféel around more rigid coarse-grained dolomite
(Figure 9A and 9C). Sheared pyrite grains wrap @daidolomite grains (Figure 9A and C).

The calcite microstructure is similar to the lowatoite samples; calcite grains are
locally equiaxed to tabular, bounded by straighimgboundaries, and form triple junctions with
neighbouring calcite grains (Figure 9B). In arefBigh dolomite content, irrespective of the
overall shape fabric, calcite grain are orienteclba to the dolomite grain boundaries
(especially in narrow regions between dolomiterggaFigure 9B). Two dimensional grain size
distributions for P1538 (Dm75) show possible calgtain size reduction during deformation
(from 4.5 to 3.5um) in Dm75 (Figure 4A).

Brittle deformation of dolomite is evident in aligh dolomite content samples:
intragranular Mode | fractures are common in tlmgdadolomite grains and are lined with fine
grained calcite (Figure 9A). These fractures dogropagate into the surrounding calcite matrix.
Locally, dolomite is fragmented by domino-style amdithetic shear fractures (Figure 9A and
9D).

5.4 Deformation Textures

EBSD analyses of samples Dm25, Dm35, and Dm75 tekbigh strain show a strong
crystallographic preferred orientation of calcitgstals (Figure 10). The c-axes define double
maxima with the bisecting line normal to the directof maximum stretching, indicating basal
slip activation. With increasing dolomite contethig c-axis CPOs become more diffuse, though
pfJ- and J-indices are comparable (Figure 10B @&).1in all cases, the c-axis patterns are most
pronounced, followed by the a-axis system. As endtaxis system, the a-axis girdles are well
defined but are symmetric about the direction efashWhile a dominant CPO is observed,
calcite grains appear internally strain free, simgwittle to no evidence for significant internal
strain (indicated in the EBSD maps by uniform greystal lattices). However, preliminary
TEM observations (Figures 11A and 11B) show thespite the EBSD observations,
dislocations are common while subgrains are absent.

The spherical calcite aggregates (observed istdréing material, Figure 3) that
deformed to ellipses during shear (Figure 8A) hifneestrongest crystallographic preferred

orientations. Figure 12 is a compilation of four&@Bscans across a sheared calcite layer from
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the dolomite-calcite matrix into the calcite laykthighlights the effect of the second phase
(dolomite) on calcite fabric development. The dalt¢ayer has higher pfJ- and J-indices (Figure
12E), indicating a stronger texture than the surding calcite-dolomite matrix (Figure 12B,
12C, and 12C). The CPO of a region scanned né®@way from the calcite layer (Figure 12C)
shows the ‘background’ CPO of the matrix: bothdrend a axes are well defined and
asymmetrically distributed around the SZB and notméhe SZB, respectively. Adjacent to the
calcite layer (~10@um away from the calcite band; Figure 12D), whidh ebntains dolomite
grains, calcite has a similar CPO to that showfRigure 12C. Within the calcite layer (Figure
12E), the CPOs show the tightest clusters. Thesisxsymmetrically distributed perpendicular
to the shear zone boundary (SZB).

To illustrate the evolution of fabric with incréag shear strain, thin sections were cut
from different longitudinal axial sections (see Uig 5B) from the same core for each
experiment, and CPOs were measured using EBSDréift). The calcite c-axes are inclined
to the shear zone boundary and define tighter maxiith increasing shear strain. The pfJ- and
J-indices also increase with increasing strain.tkRerDm75 experiment, the c-axis maxima are
more diffuse than for the Dm25 and Dm35 experiments

There is no well-developed CPO in dolomite fromadefed samples (Figure 10C and
10F), nor is there pervasive undulose extinctibaygh Dm75 shows minor undulose extinction
in coarse-grained dolomite. The pfJ- and J-inddmgot vary significantly from the starting
material, although they are higher than the samieas for calcite. We interpret this to be, in

large part, due to the limited number of data uded to calculate these values.

6. Chemical Changes Attending Defor mation

EDS analysis of calcite and dolomite grains in defed samples highlights changes in
composition with increasing shear strain. In pattc, the magnesium contents of calcite grains
increase with increasing strain. This is most puooed in calcite grains proximal to fine-
grained dolomite phases. Figure 14 demonstratesvibiation of magnesium transfer from0
(Figure 14A) to the largest strains (Figure 14Q)R@527 (Dm25). A¥=0, magnesium is
restricted to dolomite grains, but with increasstighin magnesium becomes more mobile and
defines a foliation between dolomite grains (wistteaks in Figure 14C).

Electron microprobe analysis was used to quarttiéyextent of Mg migration from
dolomite to calcite during deformation in high straxperiments P1527 (Dm25) and P1538
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(Dm75). Microprobe analysis confirms depletion ofiViin fine-grained dolomite proximal to
Mg®* enriched calcite in Dm25; however, calcite remofrech dolomite grain boundaries is not
enriched. Mg-enrichment of calcite is pervasiv®m75, regardless of proximity to thin ribbons
of plastically deformed calcite, owing to the abande of dolomite throughout the system.

Microprobe data can be found in the Supplementaatelals.
7. Discussion

7.1. The Role of Dolomite

In all our experiments, peak shear stress is hitftear that determined for 100% calcite
of the same grain size and deformed under simidpemental conditions (Figure 7C). For
example, the peak shear stress for pure, synttatite aggregates with an average grain size of
7 um deformed in torsion at 727°C; £ 300 MPa, angt = 3x10* s* is 15 MPa (Barnhoorn et
al., 2005a). Peak shear stresses for Solnhofestame (grain size ~pm) under the same
conditions were ~40 MPa (Barnhoorn et al., 200Begdicted equivalent shear flow stresses for
diffusion creep in Mg-rich calcite (Herwegh et &003) and pure calcite (Walker et al., 1990)
are 6 MPa and 13 MPa, respectively (see Herwegh €005) for flow law parameters used).

All these peak stresses are significantly lowenttee peak shear stress attained during the
Dm25 dolomite content experiments (79 MPa for P1&2@ 82 MPa for P1527) in this study.
These larger recorded shear stresses may be syatptarhan increased strain rate in the calcite
phase as it deforms around rigid dolomite. Indesduming all deformation in our samples is
accommodated within the calcite phase, the pradigtear strain rates calculated using the peak
shear stresses recorded for P1527 (Dm25) are oeeorler of magnitude faster (6x3€" and
4x10° s* for pure and Mg-rich calcite, respectively; seevi#mgh et al. (2005) for flow laws and
flow law parameters used) than the imposed stegmof 3x10 s*.

In our low-dolomite content experiments (Dm25 and33), coarse-grained dolomite
grains show no evidence of extensive brittle araiertystalline deformation. However, finer
grained dolomite (< 5Qm) with aspect ratios >1 are rotated into the fudia suggesting their
active role as rotating rigid bodies. We proposg thost shear strain was partitioned into the
fine-grained calcite layers and that although thiewhite grains are not internally strained or
highly fractured, the distribution of these rigiddies acts to create anastomosing, connected
networks of calcite grains. In effect, the dispdrdelomite grains provide local resistance to
grain boundary sliding and this resistance resualt increase in the flow stresses necessary for

steady state deformation.
14
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Although we observe a moderate increase in sthenghe 51% dolomite experiment
relative to Dm25 and Dm35 (Figure 7A), the Dm75 penshows a two-fold increase in strength
over compositions Dm25 (P1522 and P1527) and DiR35Z4). We interpret the high yield
stress of Dm75 as a result of the load being sup@dry dolomite-dolomite contacts. We
propose that the significant shear stress drogper@ment P1538 (Dm75) represents fracture of
dolomite grains by Mode |, shear fractures, andgsgbent grain size reduction (refer to Figures
9A and 9D). A short-lived steady state is attainede a temporary grain boundary network is
established within the fine-grained calcite (FigQ@@), permitting grain boundary sliding. In
essence, disruption of the calcite network leadgrin hardening while re-establishment of the
calcite networks leads to the final strain weakgr{frigure 7A). Similar behaviour is suggested
for the strong phases in other multi-phase sys{engs Rybacki et al. (2003)). For instance, in
guartz-calcite composites, the addition of quafte gtrong phase, analogous to dolomite in our
system) significantly increases the flow stressleddor steady state deformation (Rybacki et
al., 2003).

In our experiments, the high dolomite content (75%ples are strongest, yet they are
significantly weaker than 100% coarse- grained ohitl® deformed under similar elevated
pressure-temperature conditions (Figure 7C; (Dawed., 2008; Holyoke et al., 2013). The peak
shear stress of 167 MPa achieved in experiment®@@375) is lower than the reported
strengths for Madoc dolomite (grain size of 240) at 700°C (equivalent yield shear stress of
241 MPa; equivalent shear stress at 5% strain D\87a; equivaleng = 2x10* s*) and 800°C
(equivalent peak shear stress of 257 MPa for aivalgnty = 1.7x10° s*). We attribute the
relative weakness in our Dm75 sample to the roleatifite networks in weakening the rocks.
Coarse-grained dolomite does not undergo any signif intracrystalline plasticity and deforms,
instead, by fracture. We interpret that shearmsisapartitioned into thin, fine-grained,
interconnected calcite-dolomite layers that aresttgyed during shear strain and are deflected
around large dolomite clasts (Figure 9C). This s#ain-induced configuration results in a
weaker rock.

Our data suggest that for dolomite contents belommamum of 35%, dolomite does not
actively deform, but its presence is rate-contngligiven the strength of the composites
compared to micritic limestone (Figures 7C and 15&)ly when dolomite, the ‘strong’ phase,
is present in sufficient quantities (>51%) to inhthe flow of calcite and/or restrict calcite flow

to narrow, localized bands does brittle fractureabmite grains become mechanically
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463 significant in accommodating strain, indeed, legdmthe initial embrittlement within the

464 system.

465 We propose that in shear systems containing <7398 (with the remaining being
466 calcite), rocks will have the ability to accommaglatgnificant shear strain at much lower shear
467 stresses than dolomite. Conversely, even at lowarttnations (i.e. 25%), the presence of

468 coarse-grained dolomite in a micritic calcite matill have a profound effect on the strength of
469 composite materials; the strength increases wépeaet to a pure calcite system since dolomite
470 grains inhibit the superplastic flow of calcite.dfxual embrittlement of dolomite within the

471 system may be required to re-establish plastic odsvof fine-grained calcite.

472

473 7.2 The Case for Grain Boundary Siding

474 Contrasting stress exponents determined from thegtate stepping experiments of

475 Dm25, Dm35, and Dm75 suggest the influence of rtiwaia one deformation mechanism. For
476 the adopted relationship,x t™, calcite-rich samples give= 1.7+0.23 (Dm35; P1529) and

477 2.0+0.43 (Dm25; P1711), while dolomite-rich sammlesen = 3.6+0.12 (Dm75; P1713).

478 Broadly interpreted, a> 3 reflects dislocation creep related flow (Weemimed57), while

479 1 < n < 3 correlates with a grain-size-sensitive (GSS) idgo(Schmid et al., 1977). GSS

480 deformation involves a component of independenidraundary sliding that is accommodated
481 by grain boundary diffusiom(= 1; Coble (1963)) or grain boundary dislocations (2, Gifkins
482 (1976)).

483 In this study, thea = 1.7 and 2.0 determined for low dolomite experirmgm?25 and

484 Dm35) suggest a component of GSS rheology. Thall@amite composites attain mechanical
485 steady state immediately following yield shearstravhich suggests the development of a stable
486 microstructure. Microstructurally, the calcite meds comprise small, equidimensional,

487 polygonal grains that are strain free at the optitaroscope and EBSD scale: a microstructure
488 typically associated with GSS creep (Rutter, 1&ehmid, 1976; Schmid et al., 1977; Walker et
489 al., 1990). In addition, we do not observe any saing and there is no evidence for dynamic
490 recrystallization. Furthermore, grain size disttibas of the starting and deformed materials
491 show limited change in calcite grain size; the giaze data calculated from EBSD processes
492 record neither significant grain growth nor grairesreduction in the deformed samples.

493 Preliminary TEM observations of the calcite aggtegahow that dislocations are

494  abundant while subgrains are absent (Figure 11 .dI$location density and the absence of

16



495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527

subgrains in tandem with polygonal grains meetingigle junctions are consistent with shear
strain accommodated by independent grain boundspyadements (Langdon, 2006).
Reconciliation of the experimental and texturabdataccomplished by considering mixed-mode
deformation of the calcite aggregates includingejendent grain boundary sliding,
intracrystalline dislocation glide, and diffusioreep (Casey et al., 1997). This behaviour is
characterized by near Newtonian flow= 1; typically 1<n <3 for constitutive equations of the
formy o t™) and is observed for temperaturdd5 the material’'s homologous temperature
(Langdon, 2006). We expect grains to be equiaxelygpnal, strain free, and generally less than
10 microns in diameter. As a result of irregulastat grain boundaries and, especially, at the
junctions where more than two grains meet, indepengdrain boundary sliding is accomplished
by Rachinger sliding resulting in strain free, expaid grains. Grain boundary sliding also
encourages chemical exchange between phases,sthehtaansfer of M between phases
observed in our experimental run-products, sinéghi@uring grains are constantly moving past
one another (Herwegh et al., 2003).

Critically, small quantities of Mg in calcite limit grain growth, thereby keeping igra
size sensitive diffusion creep and grain boundhdyng operative during deformation (Herwegh
et al. (2003), even under high homologous conditiéferwegh et al. (2003) found that calcite
grain size is inversely proportional to Mg-conteesulting in an extrinsic control on strength as
calcite grain growth is inhibited. In our experin®rMd* migration from dolomite to calcite
confirms that diffusion creep processes occurrethduleformation. Diffusion processes likely
contributed to maintaining the small calcite grsire throughout the experiments (Davis et al.,
2008; Delle Piane et al., 2009a; Delle Piane eR8D8; Holyoke et al., 2013). Rybacki et al.
(2003) suggest that in the quartz-calcite systanmc8rporated into the dislocation cores of
calcite is responsible for the increase in flovesgth of calcite. It is unknown if a similar
driving force exists in the calcite-dolomite systghough this cannot be discounted due to the
evidence for M§" migration during deformation.

CPO development in the grain size sensitive figlsl heen observed in dolomite (Delle
Piane et al., 2009a), calcite (Rutter et al., 199dlas/ine (Hansen et al., 2011; Sundberg and
Cooper, 2008), orthopyroxene (Sundberg and Co@068), forsterite (Miyazaki et al., 2013),
and ice (Goldsby and Kohlstedt, 2001). A CPO mayuom response to dislocation creep
accommodating relative grain boundary displacem@kgbby and Verrall, 1973; Langdon,
2006). However, Miyazaki et al. (2013) show thatigiboundary orientation is often
crystallographically controlled with grain boundafiiding (GBS) frequently occurring on
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specific planes. CPO development can, therefore, lpeproduct of grain rotation by GBS
(Miyazaki et al., 2013). Critically, interface-coolied diffusion creep can lead to CPO
development despite little dislocation mobilityagr boundary sliding may be favoured in
systems where grain boundary anisotropy is sigmitithus precluding dislocation creep as the
dominant deformation mechanism (Sundberg and Cp@p68). Our J-indices are similar to
those calculated for Solnhofen limestone (Barnh@bral., 2005a) and fine-grained calcite-
dolomite composites (Delle Piane et al., 2009apheéd to high shear strains; they are
significantly lower than those reported in syntbgfine-grained calcite aggregates deformed to
high shear strains (Barnhoorn et al., 2005a). Tike$y results from the presence of a second
phase in our samples that curtails grain growtihnématerial, keeping the grain size small
(Barnhoorn et al., 2005a; Herwegh and Kunze, 2@0gaard, 1990) and hindering pervasive
dislocation mobility. Indeed, even nano-scale sdqumases are sufficient to pin grain
boundaries (Herwegh and Kunze, 2002); the fineaghdolomite and minor accessory phases
in our samples are likely sufficient to pin graimundaries, hampering grain growth and keeping
grain boundary sliding a dominant mechanism. Thength of the CPO for the calcite
aggregates and the lack of subgrains are consisténgrain boundary sliding assisted by
limited dislocation glide/creep (Rutter et al., #89Schmid et al., 1987). Increased¥g
mobility from dolomite to calcite (see Figure 14dgupplementary Material) suggests that
diffusion processes are also active during defaonaif our samples.

The microstructure and texture of calcite aggregateall run products in this study
supports grain boundary sliding accommodated Hysidn creep and possible dislocation
glide/creep (Ashby and Verrall, 1973; Casey etl&l97; Langdon, 2006; Mukherjee, 1975;
Schmid et al., 1977). Grain boundary diffusion tessim the subtle elongation of calcite grains
and the solid-state diffusion processes that acaotate M§* movement from dolomite into
calcite (Delle Piane et al., 2009a; Langdon, 2006})s is consistent with the more pronounced
grain elongation and Mg movement observed in Dm75. Similar microstructaned textures
have been published on both 100%, fine-grainedtegiCasey et al., 1997; Schmid et al., 1977)
and fine-grained dolomite-calcite composites (DBli@ne et al., 2009a) and the same
deformation mechanisms have been proposed.

The most dolomite-rich experiment (P1538; Dm75wsha mixed response to
deformation: fracture in dolomite and plastic flowcalcite. Mechanically, the Dm75 composite
is the strongest and the most complex: the matsuisthined a stress drop followed by the

attainment of stable flow after a shear strainffellowed by an episode of strain hardening
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and strain softening (Figure 7A). The rheologiaah@viour of Dm75 is better described by
power law creep of calcite with Mohr Coulomb beloavh dolomite. The stress drop in Dm75
may have been a result of fracture of dolomite r@ednfiguration of the material to attain an

interconnected network of calcite, thereby attajrstable flow.

7.3 Deformation of Two-Phase Aggregates

In our study, calcite is the weak phase. The audif a second phase to a calcite matrix
can both strengthen (Austin et al., 2014; Barnh@bral., 2005b; Delle Piane et al., 2009a; Delle
Piane et al., 2009b; Rybacki et al., 2003) and wedRustin et al., 2014; Delle Piane et al.,
2009a) the composite aggregate. In fine-graineciteshggregates that accommodate shear
strain primarily by grain boundary sliding, the #ah of fine-grained dolomite strengthens the
aggregates at 700°C, but significantly weakens the&D0°C (Delle Piane et al., 2009a). This
strength inversion results from a loss of competendine-grained dolomite at high
temperatures and both dolomite and calcite deformgrain sensitive flow (Delle Piane et al.,
2009a). Our samples show significant strengthewitly increasing dolomite content. This is, in
large part, due to the significant size of the date grains, which act as rigid bodies and restrict
calcite flow in our samples.

Initially homogeneous, fine-grained, two-phase aggtes (e.g. anhydrite-calcite,
forsterite-pyroxene, and forsterite-diopside) depatompositional layering at high strain
(Barnhoorn et al., 2005a; Hiraga et al., 2013; Mala et al., 2013). In fine-grained forsterite-
pyroxene aggregates, grain boundary sliding was/shio encourage ‘demixing’ of the mineral
phases through grain switching events, giving taseompositional layering (Hiraga et al.,

2013). In our samples, the low-dolomite content (EBrand Dm35) aggregates show
compositional layering at high strains. We attrébtltis layering to the deformation of the
spherical calcite aggregates present in the sgantisterial and the segregation of coarse-grained
dolomite. We do not observe convincing ‘demixingpbases within our aggregates, probably
due to the large grain size of dolomite, which prdes the dolomite from participating in grain
boundary sliding. The 75% dolomite content sample & crude compositional foliation

(because of dolomite grain size differentiationfirted by predominantly calcite and finer-
grained dolomite grains, alternating with coarsasggd dolomite. Because of their bimodal

grain size distribution (fine-grained calcite ammdirse-grained dolomite) the behaviour of our
samples is not consistent with the ‘demixing’ oapés via grain switching events but instead by

mechanical sorting based on grain size.
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7.4 Calcite Aggregates: Analogues for Veinsin Nature?

EBSD analysis of the compositionally homogeneolstesbands present in P1527 and
P1524 (Figures 8A, 8B, and 12) show stronger ClaQisdse regions than in the surrounding
calcite-dolomite matrix. This suggests that thesels record more applied shear strain (Rutter
et al., 1994b). Additionally, the presence of detibel foliations suggests strain partitioning and
localization (refer to Figure 8B): areas rich inatoite accommodated less displacement (i.e. are
less sheared) than monomineralic calcite layerairSpartitioning may occur because
compositionally homogeneous regions are more edsfiyrmed as grain boundary pinning is
not encouraged (Olgaard, 1990). This results imtagmtenance of the initial compositional
zoning of the samples.

These calcite regions provide an interesting anfogalcite veins in nature that are
observed to absorb more strain than the surrourftbsgrock (Kennedy and White, 2001). Low
chemical potential gradients between single phesi@ginhibit diffusion processes, leading to
the activation of dislocation glide and, ultimatdhack-stressing from the pileup of dislocations
at grain boundaries, resulting in a populationtddis free grains with similar CPO (Kennedy
and White, 2001; Molli et al., 2011). This effestmore pronounced in pure calcite regions of
Dm25 and Dm35 because the chemical potential greslietween grains are such that diffusion

processes are curtailed (Kennedy and White, 2001).

8. Conclusions

The styles and mechanisms of deformation assacvwaté many variably dolomitized
limestone shear systems are strongly controllestiayn partitioning between dolomite and
calcite. The contrasting deformation behaviourabahite and calcite aggregates in our
experiments is fundamentally related to grain dtmee-grained calcite (and possibly dolomite)
deform by grain boundary sliding assisted by difiascreep and possible limited dislocation
glide. In low dolomite composites, dolomite graats to increase the strength of shear zones
relative to 100% calcite, presumably because theedrained calcite must flow around rigid
dolomite grains.

In high dolomite content samples, two deformatiathanisms likely occur
concomitantly (either in parallel or in series)idgrshear: brittle failure of dolomite and
superplastic flow of calcite. We infer that stragrdening occurs until dolomite grains fracture
permitting interconnected, fine-grained calcitédon crude layers such that grain boundary

sliding of fine-grained calcite accommodates disptaent. This results in extreme localization
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of shear strain into thin, discontinuous calcitgels. These calcite layers are periodically
obstructed by clusters of coarse-grained doloreielihg to further locking of the system. With
increased dolomite content, a stress exponentegrifetn 3 indicates that 75% dolomite can still
be described by power-law models, however, basdddemicrostructure, brittle deformation
(Mohr —Coulomb) should be considered to act intently during shear strain.

These observations are critical to the interpretatif fault systems where dolomite may
periodically inhibit flow in calcite networks, thedsy locking the fault system and resulting in the
build up of shear stresses. We speculate thamntieittlement of dolomite within these zones
may be necessary in the re-establishment of g@indary sliding networks in calcite leading to

a continued ductile response of such systems.
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Figure Captions

Figure 1. Grain size distributions (vol.%) of stagtmaterial powders. A. Grain size
distributions of pure calcite and pure dolomite pevs. Modal grain sizes of the calcite and
dolomite powders are @m and 12Qum, respectively. B. Grain size distributions ofati-

dolomite powder mixtures used for fabricating thietBetic composites.

Figure 2. Scanning electron microscopy (SEM) aedtebn backscatter diffraction (EBSD)
analysis of Dm25 and Dm75 starting materials afyethesis. The a and b axes refer to the axes
on the stereographic projections. The cold presdirggtion is parallel to the canister length,

into the page. A. Dm25; Equiaxed calcite graihssely packed with straight grain boundaries
forming triple junctions. There is significant résal intergranular porosity at calcite grain
boundaries. B. Dm25; Lower hemisphere contoure@sydots for the c slip system for calcite
(left) and dolomite (right). N is the number of grgused to produce the pole figures, J is the J-
texture index, and pfd is the pole figure J-textadex, reflecting texture strength of the c-slip
system. C. Dm75; Equiaxed calcite grains, closalgkpd with straight grain boundaries forming
triple junctions. Residual porosity is concentraa¢dolomite boundaries. D. Dm75. Lower
hemisphere contoured stereoplots for the c slipeaysor calcite (left) and dolomite (right). N is
the number of grains used to produce the poledgur is the J-texture index, and pfJ is the pole
figure J-texture index, reflecting texture strengththe c-slip system. Note the large variation in

dolomite grain size that is also common in natyridfmed dolomitic limestones.

Figure 3. Backscatter electron images of a purateadpherical aggregate in Dm35 starting
material. A. The diameter of the imaged aggregate2D0um. B. High aspect ratio dolomite
grains are oriented such that their long axesaargantial to the circumference of the aggregate.
The dashed white line identifies the boundary betwgure calcite and calcite-dolomite.
Porosity within the aggregate is homogeneouslyidigied and occurs along calcite grain

boundaries, specifically at triple junctions.
Figure 4. Grain size distributions (area fractiohgalcite (A) and dolomite (B) from coherent,

hot isostatically pressed starting material andh Isigain experiments (Dm25, P1527; Dm75,
P1538) measured using SEM and EBSD techniques.

22



684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716

Figure 5. A. Schematic of the Paterson deformadjgmaratus with torsion actuator (modified
from Paterson and Olgaard, (2000)). B. Schemagigrdim of the two principal thin section cuts
used in this study (Paterson and Olgaard, (2000).longitudinal axial cut captures
intermediate strains along the centre axis of dggrent. The longitudinal tangential segment
captures the maximum strain plane of the sampdadd are the diameter and length of the

perfect cylindrical sample, respectively.

Figure 6. Log-log plot of shear strain rate vsgte from the strain rate stepping experiments for
A. Dm25 and Dm35 and, B. Dm75; the slope of thediof best fit are the-values (stress
exponent, Eq. (4)) for the given compositions. Expental conditions: T=750°CfP= 262

MPa.

Figure 7. Mechanical data for A. high-strain-ratperiments and B. low-strain-rate
experiments. See Table 2 for experimental conditibligh-strain-rate experiments: P1522
(Dm25), P1524 (Dm35), P1525 (Dm75), P1527 (Dm2%h28 (Dm51), P1537 (Dm51), and
P1538 (Dm75). The heating history of experiment371&m51) is not known for shear strains
above 2, therefore, this data is omitted. Low steaiperiments: P1523 (Dm51), P1533 (Dm75),
and P1543 (Dm35). C. Shear stress as a functidolofnite content. Shear stress increases with
dolomite content. Triangles denote yield streseases denote the shear stress at a shear strain
equal to 1.5; circles denote peak shear stresarShresses for 0%, 9%, 40%, and 100%
dolomite contents are taken from Barnhoorn et28l05a), Delle Piane et al. (2009a), Davis et
al. (2008), and Holyoke et al. (2013). Equivaldmar stresses for the reported differential
stresses in Davis et al. (2008) and Holyoke gf8al13) were calculated using Paterson and
Olgaard (2000).

Figure 8. SEM images. Dolomite is the larger, dgndy phase. Calcite makes up the light grey
matrix. Pyrite is white. High strain, deformed nrie Dm25; P1527y~5; 750°C; 3x10 s™.
Longitudinal tangential plane (refer to Figure 5Bhe shear zone boundary is horizontal in all
images. A. Foliation is defined by elongate calejgregates (dashed ellipse). Shear strain is
calculated by = cota’ — cota. B. The foliation in the bulk calcite-dolomite matis deflected
and converges with the higher strained pure-cabated (oriented sub-parallel to the shear zone
boundary). Dashed white lines delineate the bulition within the sample. Dashed black line

delineates the boundaries of the pure-calcite b@n@.-s mylonite texture. Foliation is defined
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by surfaces of apparent localized strain (blackaregle), elongate pyrite grains, and rotated,
high aspect ratio dolomite grains (black arrows)ldmite grains are organized along both s-
and c-foliations and are not obviously roundedL@talised c-surfaces appear as thin, dark,
discontinuous layers defined by ultrafine-graineatemnal. A selection of c-surfaces are
highlighted by arrows. E. Closely packed, equiatcethbular calcite-grains. Grain boundaries
form triple junctions and are generally straighbté&significant isolated porosity. F.

Considerable isolated porosity located within ‘pree shadow’-like regions of dolomite grains.

Figure 9. SEM images. Dolomite is the larger, dgndy phase. Calcite makes up the light grey
matrix. Pyrite is white. High strain deformed maemDm75. P1538y~5; 750°C; 3x10d s™.
Longitudinal tangential plane (refer to Figure 58)e shear zone boundary (SZB) is horizontal
in all images. A. Patchy foliation development imiZ6 where tabular dolomite is rotated to
define a shape fabric (centre of the image). Thi#egrain in the top left hand corner (white)
has been boudinaged and deformed around the ngidedolomite grain. The white ellipse
highlights a dolomite grain that has fragmentedlgar fracture during sinistral shear. B.
Closely packed, equiaxed to elongate calcite gr&osinded, tabular dolomite grains are rotated
into foliation. C. Evidence of ductile deformatiorhe dashed black line defines the local
foliation developed within the calcite matrix. Tfudiation is deflected around large dolomite
grains. A highly sheared pyrite grain is identifiegthe white arrow. D. Antithetic shear fracture

of a large dolomite grain.

Figure 10. EBSD analysis of high strain experimebta25 (P1527) and Dm75 (P1538). The
shear zone boundary (SZB) is horizontal in all iesagnd pole figures. N is the number of
grains used to produce the pole figures, J is-tiextilire index, and pfJ is the pole figure J-
texture index, reflecting texture strength of thdividual slip systems. A. Dm25; low
magnification BSE image. B. Dm25. Calcite: EBSD nitap); lower hemisphere contoured
stereoplots (bottom) for the ¢ and a slip systebnm25. Dolomite: EBSD map (top); lower
hemisphere contoured stereoplots (bottom) for thedca slip systems. Blackened portions of
the EBSD maps are components of different phas¢sndexed. See text for details. D. Dm75;
low magnification BSE image. E. Dm75. Calcite: EB®Rp (top); lower hemisphere contoured
stereoplots (bottom) for the ¢ and a slip systdmfim75. Dolomite: EBSD map (top); lower
hemisphere contoured stereoplots (bottom) for thedca slip systems. Blackened portions of
the EBSD maps are components of different phasesndexed. See text for details.
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Figure 11. Transmission electron microscopy (TEN).BE Glide dislocations within calcite
grain. B. Equant grain texture in deformed calciiasistent with grain boundary sliding
(superplasticity). Despite the absence of graipsl@iange (elongation), there are high
dislocation densities within individual grains, gegting creep accommodated grain boundary

sliding.

Figure 12. Crystallographic preferred orientati@velopment near calcite aggregates. The shear
zone boundary (SZB) is horizontal in all BSE imaged EBSD maps. N is the number of grains
used to produce the pole figures, J is the J-textdex, and pfJ is the pole figure J-texture

index, reflecting texture strength of the indivitlalip systems. All pole figures are lower
hemisphere projections. A. BSE image of Dm25 sardpfermed toy~5.5 (see Table 2; P1527).

A calcite sphere that has been sheared into gseidl is delineated by the red lines. B. EBSD
map and stereonet projection of the ¢ and a sBpegys in calcite across the deformed calcite
band. C. EBSD map and steronet projection of @loita region removed from the calcite band.
D. EBSD map and stereonet projections of a regitpacant to the calcite band, but including

dolomite grains. E. EBSD map and stereonet praedif a region within the calcite band.

Figure 13. Evolution of crystallographic preferi@ikentation (CPO) of the c-axis slip system in
calcite with strain. Stress-strain curves repreff@nstress-strain conditions at the sample edge.
Stereonets are lower hemisphere projections; stogsr boundary (SZB) is horizontal. For a
given composition, each stereonet is produced biysimg a different longitudinal axial section
from the same deformed core (see Figure 5B), thpiesenting the state of the material at
different shear strains. N is the number of graisesd to produce the pole figures, J is the J-
texture index, and pfd is the pole figure J-texindex, reflecting texture strength of the c-axis
slip system. Red dots indicate the approximatetpain the stress-strain curve that correspond
to the longitudinal axial cuts made. CPO becomeerdefined with increasing shear strain (i.e.
the c-axis girdle becomes more narrow with incregstrain and the J- and pfJ-indices generally
increase, with the exception of C). A. Dm25 (P158/)Dm35 (P1524). C. Dm75 (P1538).

Figure 14 Energy-dispersive X-ray spectroscopy (EmD&ps of magnesium concentration for
experiment P1527. Experimental conditiong=R262 MPa, T=750°C, and strain rate 3Xx&J.

The shear zone boundary (SZB) is horizontal innadiges. A. EDS map of a longitudinal axial
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section of the sample corresponding+0 (see Figure 5B). B. EDS map of a longitudinaalbx
section of the sample corresponding+@.25. C. EDS map of the longitudinal tangentiatiss

of the sample, correspondingte5.5. White grains are dolomite. The calcite matoxrtains

very little magnesium and, therefore, is black. 9, there is no magnesium observed within
the matrix. With increasing strain, Kfgconcentrations increase in the matrix; note toeeimse

in white streaking between dolomite grains in B &d his only occurs in regions of the sample
with locally significant fine-grained dolomite camit. With increasing shear strain, g

becomes more concentrated along the developirafifii of the sample.

Figure 15 A. Comparison of the study data withréyorted deformation mechanism map of
Solnhofen limestone (taken from Schmid et al., J9@g-log plot of the differential stress vs.
strain rate for compression deformation experimentSolnhofen limestone. Regime 1:
Exponential relationship between strain rate arekst Regime 2: Power-law creep; Regime 3:
Superplasticity. Regimes 1 and 2 are characterizéte microstructure by dislocation glide
and/or dislocation creep. Regime 3 is charactérizéhe microstructure by grain boundary
sliding. Triangles indicate data from this studyitiWncreasing differential stress, these triangles
represent the peak strengths of Dm25, Dm35, Dmid Pan75. The square and circle indicate
the peak stress for Solnhofen limestone deformemiisjon to high strains at 700°C and 800°C,
respectively (Schmid et al., 1987). B. Comparisbstody data with reported deformation
behaviour of Madoc dolomite (Davis et al., 2008jyd&e et al., 2013). The deformation
mechanism map is taken from Holyoke et al. (2018 ia contoured for dolomite grain size.
The contours denote the transition between dislmtareep and diffusion creep. Experiment
P1538 (Dm75, taken to high strain) is plotted &samgle and lies in the diffusion creep field for
dolomite grain sizes <10m and the dislocation creep field for dolomite grsizes >10Qum.

The square and circle represent the differentiasstof Madoc dolomite (grain size = 240) at
700°C (Davis et al., 2008) and 900°C (Holyoke et2013), respectively.
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Table 1. Properties of HIP samples: dolomite
content (Dm), connected porosity,(density p).

Dm (0} p

(%) (%) (kg ni°)
25 3.3£0.2 2.76
35 3.3x0.2 2.77
51 2.7£0.3 2.80

75 5.2+0.3 2.85




Table 2 List of deformation experiments performed and ltesu

Experiment Dm T Pc Pe ¥or Tyield Tpeak Ty=15 n
(%) (°C) (MPa) (MPa) (sh (MPa) (MPa) (MPa)
Constant Strain Rate Experiments
P1522 25 750 300 262 3x10 4.4 33 79 33
P1523 51 750 300 262 1x10 1.9 17 77 -
P1524 35 750 300 262 3xio 5 33 79 33
P1525 75 750 300 262 3xio 0.16 36 117 -
P1527 25 750 300 262 3x10 55 27 82 27
P1528 51 750 300 262 3xi0 0.21 28 79 -
P1533 75 750 300 262 1xto 0.17 44 92 -
P1537 51 750 300 262 3x10 1.7 35 135 35
P1538 75 750 300 262 3xi0 55 57 167 37
P1543 35 750 300 262 1xto 0.1 12 63 -
Strain Rate Stepping Experiment
P1529 35 750 300 262 stepping n.d. - - - 2.0+0.43
P1711 25 750 300 262 stepping n.d. - - - 1.7+0.23



P1713 75 750 300 262 stepping n.d. 3.610.12

n.d. not determined, Dm — dolomite content (%), tfEmperature (°C), - confining pressure (MPa)P confining pressure (MP&F,- shear strain rate
(s1), Fuexr — maximum shear stregs- stress exponentqq— yield strength (MPa)e— peak strength (MPaj 5 - strength at a shear strain of 1.5

(MPa).
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The strength of calcite-dolomite composites increases with dolomite content.
Calcite accommodates strain via grain boundary sliding accommodated by
diffusion creep and limited dislocation creep.

Dolomite leads to periodic embrittlement within the system, eventually allowing
plastic flow of calcite.

Grain boundary dliding is associated with CPO devel opment.
Monomineralic calcite bands accommodate more strain than bi-mineralic regions.



Supplementary Material — Microprobe Analysis

Microprobe analysis was performed on Dm25 and Ddé&férmed to high strain
at 750°C (experiments P1527 and P1538). Figures&Inap of all data points collected.

Table S.1 gives xCa and xMg values at each point.

Figure S.1. Microprobe analysis maps. Data from&@ &bl is plotted as follows: yellow
points represent Cc (0.90<xCa<1.00); green poeypsasent Dm (0.50<xCa<0.55); red
points represent Mg-enriched calcite (0.55<xCa<0.A0Microprobe analysis map for
Dm25, P1527. B. Microprobe analysis map for Dm78538.



sum of x-

M easurement Point anion CO2 anion MgO anion CaO anion MnO anion FeO Ste cation xCa xMg
'P1527_1_Scan3_1' 3.9768 0.1 1.9074 0.0027 0.0015 11@.0 0.9482 0.0497
'P1527_1_Scan3_2' 4.0527 0.4492 1.5184 0.0005 0.0056 1.9737 0.7693 0.2276
'P1527_1_Scan3_3' 4.0919 0.9298 1.0071 0.0012 0.0159 1.954 0.5154 0.4758
'P1527_1_Scan3 4 4.0552 0.9527 1.0045 0.0013 0.01391.9724 0.5093 0.483
'P1527_1_Scan3_5' 4.048 0.0934 1.8816 0 0.001 1.976 952D. 0.0472
'P1527_1_Scan3_6' 4.0326 0.1243 1.8564 0 0.0031 71.983 0.9358 0.0627
'P1527_1_Scan3_7' 3.9979 0.1025 1.8959 0.0007 0.002 .0012 0.9474 0.0512
'P1527_1_Scan3_8' 4.0148 0.5163 1.4735 0.0002 0.0026 1.9926 0.7395 0.2591
'P1527_1_Scan3_9' 4.0552 0.0909 1.8771 0.002 0.0023 .9724 0.9517 0.0461
'P1527_1_Scan3_10' 4.003 0.16 1.8335 0.0007 0.0043 99843. 0.9174 0.0801
'P1527_1_Scan3_11' 4.0707 0.1161 1.8472 0 0.0013 44.96 0.9402 0.0591
'P1527_1_Scan3_12' 3.9834 0.666 1.3355 0.0004 0.0064 2.0083 0.665 0.3316
'P1527_1_Scan3_13' 4.0165 0.5344 1.4495 0 0.0078 12.99 0.7277 0.2683
'P1527_1_Scan3_14' 4.0305 0.9482 1.0176 0.0014 $.017 1.9848 0.5127 0.4777
'P1527_1_Scan3_15' 4.04 0.9505 1.0105 0 0.019 198 1085 04801
'P1527_1_Scan3_16' 4.0309 0.121 1.8537 0 0.0099 5.984 0.9341 0.0609
'P1527_1_Scan3_17' 4.0154 0.1114 1.8787 0.0005 ®.001 1.9923 0.943 0.0559
'P1527_1_Scan3_18' 4.1112 0.8974 1.0354 0.0008 ®.010 1.9444 0.5325 0.4615
'P1527_1_Scan3_19' 4.058 0.087 1.8828 0.0001 0.0011 9711 0.9553 0.0442
'P1527_1_Scan3_20' 4.0394 0.7412 1.2265 0.0017 9.010 1.9803 0.6193 0.3743
'P1527_1_Scan3_21' 4.0517 0.9514 1.0116 0.0014 ®.009 1.9742 0.5124 0.4819
'P1527_1_Scan3_22' 4.0916 0.1267 1.8251 0 0.0024 42.95 0.9339 0.0648
'P1527_1_Scan3_23' 4.0508 0.0924 1.8812 0 0.001 @.974 0.9527 0.0468
'P1527_1_Scan3_24' 4.0139 0.0698 1.9231 0.0001 0 31.99 0.9649 0.035
'P1527_1_Scan3_25' 4.0043 0.0768 1.9209 0 0.0001 74.99 0.9615 0.0385
'P1527_1_Scan3_26' 4.1012 0.9245 1.0035 0.0014 0.02 .9494 0.5148 0.4742
'P1527_1_Scan3_27' 4.0163 0.9699 1.0104 0 0.0116 19.99 0.5073 0.4869
'P1527_1_Scan3_28' 4.0299 0.1447 1.8372 0.0002 0.0031.9851 0.9255 0.0729
'P1527_1_Scan3_29' 4.0392 0.8591 1.1071 0.0002 D.014 1.9804 0.559 0.4338
'P1527_1_Scan3_30' 4.0826 0.0943 1.8626 0.0004 $.001 1.9587 0.9509 0.0481
'P1527_1_Scan3_31' 4.0299 0.0824 1.9027 0 0 1.9851 589.9 0.0415
'P1538_1_Scan4_1' 4.0297 0.9638 1.0036 0.0004 0.0174 1.9851 0.5056 0.4855
'P1538_1 Scan4_2' 4.0541 0.8177 1.1431 0.0002 0.012 9724 0.5794 0.4144
'P1538_1_Scan4_3' 4.0866 0.5664 1.3755 0.0014 0.01351.9567 0.703 0.2894
'P1538_1_Scan4_4' 4.052 0.9458 1.0066 0.0027 0.0189 9741 0.5099 0.4791
'P1538_1_Scan4_5' 5.4704 1.0689 0.1651 0 0.0308 8.264 0.1305 0.8451
'P1538_1_Scan4_6' 4.0593 0.8242 1.1338 0.0004 0.012 .9704 0.5754 0.4183
'P1538_1 Scan4_7' 4.0453 0.4146 1.5548 0.0017 0.0064 1.9774 0.7863 0.2097
'P1538_1_Scan4_8' 5.3765 1.0137 0.2661 0 0.0319 1.311 0.2029 0.7728
'P1538_1_Scan4_9' 4.0208 0.244 1.7439 0 0.0017 1.9896 0.8765 0.1226



sum of x-

M easurement Point anion CO2 anion MgO anion CaO anion MnO anion FeO Ste cation xCa xMg
'P1538_1_Scan4_10' 4.0303 0.2526 1.7291 0 0.0031 48.98 0.8712 0.1273
'P1538_1_Scan4_11' 3.9954 0.6116 1.3775 0 0.0132 22.00 0.688 0.3054
'P1538_1_Scan4_12' 4.005 0.954 1.0225 0 0.0209 1.99750.5119 0.4776
'P1538_1_Scan4_13' 4.0703 0.3188 1.6397 0.0003 D.006 1.9649 0.8345 0.1623
'P1538_1_Scan4_14' 3.9921 0.2485 1.7506 0 0.0049 42.00 0.8736 0.124
'P1538_1_Scan4_15' 5.3297 1 0.3035 0.0004 0.0313 51.33 0.2273 0.749
'P1538_1_Scan4_16' 4.0275 0.2997 1.6831 0.0004 D.003 1.9863 0.8474 0.1509
'P1538_1_Scan4 17 4.0487 0.2886 1.683 0.0001 0.004 .9751 0.8519 0.1461
'P1538_1_Scan4_18' 4.0191 0.8969 1.0764 0.0023 9.014 1.9905 0.5408 0.4506
'P1538_1_Scan4_19' 4.0512 0.2244 1.744 0 0.006 1.97440.8833 0.1136
'P1538_1_Scan4_20' 4.0398 0.2275 1.7464 0 0.0062 01.98 0.882 0.1149
'P1538_1_Scan4_21' 4.0644 0.9409 1.0083 0.0006 0.0181.9678 0.5124 0.4781
'P1538_1_Scan4 22 4.0083 0.9745 1.0127 0 0.0087 59.99 0.5074 0.4882
'P1538_1_Scan4_23' 4.0366 0.8325 1.1393 0.0012 ®.008 1.9817 0.5749 0.4201
'P1538_1_Scan4_24' 3.9877 0.5287 1.4693 0.0016 ®.006 2.0061 0.7324 0.2635
'P1538_1_Scan4_25' 4.051 0.3577 1.611 0 0.0058 1.97450.8159 0.1812
'P1538_1_Scan4_26' 4.0422 0.958 1.0063 0.0014 0.01321.9789 0.5085 0.4841
'P1538_1_Scan4 27 4.0321 0.9484 1.0224 0.0005 ®.012 1.9839 0.5153 0.478
'P1538_1_Scan4_28' 4.0206 0.3519 1.6311 0.0003 $.006 1.9897 0.8198 0.1768
'P1538_1_Scan4_29' 4.0119 0.2797 1.7101 0 0.0042 4199 0.8576 0.1403
'P1538_1_Scan4_30' 4.0343 0.3951 1.5802 0.0005 D.007 1.9829 0.7969 0.1992
'P1538_1_Scan4_31' 4.0021 0.5661 1.4204 0 0.0124 89.99 0.7106 0.2832
'P1538_1_Scan4_32' 4.0717 0.8993 1.0524 0 0.0125 41.96 0.5358 0.4578
'P1538_1_Scan4_33' 4.0094 0.306 1.6804 0.0011 0.0077 1.9953 0.8422 0.1534
'P1538_1_Scan4_35' 4.063 0.9209 1.0279 0.0002 0.0195 1.9685 0.5222 0.4678
'P1538_1_Scan4_36' 4.0375 0.2436 1.7313 0.0002 D.006 1.9812 0.8739 0.1229
'P1538_1_Scan4_37' 4.0097 0.2306 1.7608 0.0015 ».002 1.9951 0.8826 0.1156
'P1538_1_Scan4_38' 3.9981 0.9458 1.0373 0.0004 $.017 2.001 0.5184 0.4727
'P1538_1_Scan4_39' 4.006 0.797 1.1846 0.0008 0.0146 .9971 0.5932 0.3991
'P1538_1_Scan4_40' 3.9713 0.9674 1.0289 0.0019 ».016 2.0144 0.5108 0.4803
'P1538_1_Scan4_41' 3.9748 0.9435 1.0524 0.0003 $.016 2.0126 0.5229 0.4688
'P1538_1_Scan4_42' 4.0177 0.2656 1.7218 0 0.0038 12.99 0.8647 0.1334
'P1538_1_Scan4 43’ 4.0178 0.9636 1.0125 0.0008 ®.014 1.9911 0.5085 0.4839
'P1538_1_Scan4_44' 4.012 0.9644 1.0157 0.0008 0.0131 1.994 0.5094 0.4836
'P1538_1_Scan4_45' 4.0054 0.9189 1.0637 0.0012 ®.013 1.9973 0.5326 0.4601
'P1538_1_Scan4_46' 4.0048 0.9705 1.0132 0.0006 ®.013 1.9976 0.5072 0.4858
'P1538_1_Scan4_47' 4.0462 0.9375 1.0264 0.0017 ®.011 1.9769 0.5192 0.4742
'P1538_1_Scan4_48' 3.9847 0.9823 1.01 0 0.0154 2.0077 0.5031 0.4893
'P1538_1_Scan4_49' 4.0671 0.2927 1.6676 0 0.0062 69.96 0.848 0.1488
'P1538_1_Scan4_50' 4.0803 0.9191 1.0234 0.0009 $.016 1.9599 0.5222 0.469



Measurement Point anion CO2 anion MgO anion CaO anion MnO anion FeO xCa xMg

'P1538_1_Scan4_51' 3.9947 0.9127 1.0772 0.0002 $.012 2.0027 0.5379 0.4558
'P1538_1_Scan4_52' 4.0099 0.2625 1.7285 0 0.8664 0.1316
'P1538_1_Scan4_53' 4.0202 0.9551 1.018 0.0018 0.015 .9894 0.5116 0.48
'P1538_1_Scan4_54' 4.026 0.7788 1.196 0.0005 0.6019 0.3919
'P1538_1_Scan4_55' 4.0276 0.2161 1.7636 0.0006 9.005 1.9862 0.8879 0.1088
'P1538_1_Scan4_56' 3.9652 0.7217 1.2812 0.0015 0.0132.0174 0.6351 0.3577
'P1538_1_Scan4_57' 4.0506 0.2421 1.7277 0 0.8749 0.1226
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