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Abstract. We review the results from twenty four experimental works conducted on the rheology of carbonates from the last
fifty years to revisit the long-noted discordance in the experimental results from a range of limestones and marbles. Such an
exercise is needed to bring together the various datasets generated in the twenty three years since the last major review, as many.
of them observe relationships that run contrary to existing rheological models. By revisiting the large data set, we find that most
low and high stress experimental measurements can be explained by the combined effect of grain size and the molar fraction
of magnesium carbonate (XMgCO3). Our results highlight that much of the calcite-dolomite series exists in a continuum of
strength that changes with XMgCOj. In contrast to previous findings, we establish that diffusion creep in calcite is sensitive
to both grain size and magnesium content, showing that an increase in XMgCOs3 acts to weaken a rock. While in dislocation
creep we confirm the observation that XMgCOj has a strengthening effect but extend it beyond synthetic Mg-calcite samples
to natural starting materials. Most notably our results suggest that when the composition of a carbonate is factored in then grain
size can be shown to have a weakening effect in high temperature creep for fine grained rocks. This is the opposite finding
to the currently accepted flow law for high homologous temperature deformation of calcite rocks where a decrease in grain
size strengthens a rock. We contextualise these new results by combining them with data from natural shear zones to show.
that carbonates are much weaker than would be expected from previous flow laws in a crustal section. Ultimately our review.
provides new pragmatic flow laws for carbonates in the calcite-dolomite series for diffusion and dislocation creep.

Copyright statement. TEXT

1 Introduction

During mountain building, marine sediments are incorporated into an orogeny and often become subsequently important tec-
tonic horizons (e.g. Pfiffner, 1982; Burkhard, 1990; Bestmann et al., 2000; Herwegh and Pfiffner, 2005; Ebert et al., 2007,
Nania et al., 2022). Many of these sediments are calcareous and they have a range of compositions, distributions of mineral
phases and grain sizes inherited from their depositional environments. Importantly these chemical and micro-structural char-
acteristics can change with time as the material experiences metamorphism and deformation (Ebert et al., 2007). Figure 1
shows this variety, both in composition, in this case equilibrated molar fraction of magnesium (XMgCOj3) and deformationally

induced steady state grain size. Understanding the effect these changes have on rock rheology is of great importance for eval-



25

30

35

40

uating crustal deformation and is most readily established through laboratory deformation experiments.

Over the years experiments on carbonates have explored the role of different lattice impurities (Herwegh et al., 2003; Freund
et al., 2004; Xu et al., 2008; Davis et al., 2008; Holyoke et al., 2013), the distribution of minor secondary phases (Olgaard,
1978; Walker et al., 1990; Austin et al., 2014), the effect of incorporating proportions of a stronger phase (Bruhn et al., 1999;
Rybacki et al., 2003; Renner et al., 2007; Delle Piane et al., 2009; Kushnir et al., 2015), water content (Rutter, 1972; Olgaard,
1978; de Bresser et al., 2005) and the role of other microstructural characteristics like grain-size (Schmid et al., 1977; Walker
et al., 1990; Rutter, 1995; Pieri et al., 2001; Renner et al., 2002; Herwegh et al., 2003; Barnhoorn et al., 2004; Xu et al., 2008).
All of these variables have been shown to have some effect on rock strength, which makes understanding the deformation
behaviour of calcite rich rocks complex.

major review on calcite rheology (Renner and Evans, 2002), several new experiments have been conducted that further illumi-
nated the role of these two important variables (e.g. Pieri et al., 2001; Herwegh et al., 2003; Barnhoorn et al., 2004; Xu et al.,
2008). In particular we are interested in the fact that some of the more recent experiments may not conform to the constitutive
relation that is currently used to unify dislocation creep in carbonates, the modi ed Peierls law (Renner et al., 2002; Renner and
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Evans, 2002). For example, Barnhoorn et al. (2004) found that during shear zone formation and grain size reduction through
dynamic recrystallisation lead to material weakening and not strengthening as would be expected by the modi ed Peierls law.

So far, these newer results and older data have not been compiled and comprehensively compared to one another. Making a
up to date comparison is of particular interest for carbonates because of the long standing observation of a lack of conformity
between the high stress rheologies of various calcite single crystals, limestones and marbles (cf. Renner et al., 2002; Renne
and Evans, 2002).

In this contribution we collate data from a range of deformation experiments and make this needed comparison. Starting
from a core set of deformation experiments that record both grain size and magnesium content, trends are revealed and the
compared to a wide range of data spanning the whole magnesium carbonate series to ultimately provide a perspective and ow

laws that unify observations from most carbonate deformation experiments to date.

2 Problems with the current model

A primary insight of Renner and Evans (2002) was that experiments gained strength with decreasing graji-&jz€4).

However that observation was made in the absence of chemistry. If experimental data which also had chemical characterisatior
reported are plotted to visualise the variation of magnesigrfi. 2b), then a different trend emerges - material strength in-
creases with increasing magnesium. This ts with the experimental observations of Xu et al. (2008) where synthetic carbonates
in the dislocation creep eld were shown to harden with the concentration of magnesium. Continuing to account for chemistry
also reveals that high stress domains of experimental data associated with the dislocation creep eld are in fact grain size
weakeningg-Fig. 2c), and not hardening as predicted by the modi ed Peierls law used by both Renner et al. (2002) and Xu

etal. (2008) to t datalastly, it wasnotedby Holyoke et al. (2014)hatcomparison®f exponentandactivationenergiegor

3 Methods

We revisit data from23-24 publications that conducted carbonate deformation experiments as well as several studies that
performed chemical and microstructural characterisations of naturally deformed carbonates. Data were collated from both
reported values in tables and extracted from gures of publicatisassupplementamaterialfor atext le of all data). The

rest of this section outlines how data were converted to the appropriate units for comparison.
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Table 1:Reportecandconvertednagnesiunyaluesof naturallydeformedcarbonategndexperimentastartingmaterial.

Material Reported value XMgCOgz,

Moine
Schneeberg
Schenk et al. (2005n.=6) 014 0003474
0,49 0,011154
Naxos
0.48 0.011896

rangefrom SampleD2-W.(2k-7), bothinsideandoutsideof shearzone
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Material Reported value XMgCOs,

Covey-Crump and Rutter (198@) = 12) .0.004
0,057
Synthetic calcite
Walker et al. (1990) 0,000
0,000
0,008
0,03¢
0.07¢
0.17¢
Wang et al. (1996{n = 2) 3.2 0,000013
108 0,000043
de Bresser and Spiers (1990) 49.8 0,000205
Yule marble
McGee (1999)n = 10) 0,03 0.000744
0,0028 0,002966
0.002740
0.002700
2250 0,009250
2250 0.009250
Q.73 0018074
0,99 0.024487
9.30 0,007440
2250 0.009250
3321 0,013234

eD2-W (2k-7),hothinsideandoutsideof shearzone

7 Maximumfrom rangefrom SampleD2-W. (2k-7), bothinsideandoutsideof shearzone
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Material Reported value XMgCOs,

de Bresser et al. (2005) 4804 0.019718
5845 0.023974
Qesterling (2004§n.= 43) 0.01376%
0.028560

Barnhoorn et al. (2005)n=1) 0,22 0.054160

Helvetic§  230.0

t T = deformationtemperature

.of




= deformatiortemperature
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Experiment LAbb 2T K] 3P [MPa] 4d(dp) [m] 3fp[m]

Synthetic calcite

Walker et al. (1990)
C50R w90 973 .200 .7.50
C69R 973 .200 .3.40
Renner et al. (2002)
C192 _R0O2 1077 .300 .8.00
Cc189 1076 .300 11.00

G376 1078 .300 .20.00

Synthetic Mg-calcite

Xu et al. (2008)
Mgcc-20
co48  X08 1073 .300 27.00/19.00

Mgcc-40
C942 .1058 .300 25.00/20.00

Herwegh et al. (2003)
Mgcc-60

cd-588 85 973 .300 19.50

Cd-50 1073 300 33.48

Mgcc-65

Mgcc-70
¢d-80 .973 .300 15.01

EENIEE

s W

: ,d,/d", =grain ze/seconpghasegrain-size



Experiment 1Abb 2T [K] 3P [MPa] 4d(dp) [m] 3fp[m]
cd-62 1073 .300 .17.56
cd-51 1073 .300 .22.69
Mgcc-75
cd-81& 41 1073 .300 .13.54
Mgcc-80
cd-37 1073 300 1101
cd-45 1073 .300 .14.89
cd-49 1073 .300 .17.34
Synthetic dolomite

Delle Piane et al. (2008)

DPO08 873 .300 4.2-5.2
923 .300 4.2-5.2
973 .300 4.2-5.2
1023 .300 4.2-5.2
Davis et al. (2008)
Do8 1073 .300 2.5
Iceland spar
Wang et al. (1996)
B3-B5 w96 1053-1073 0.1 4000.00
de Bresser and Spiers (1990)
P2 _dB90 1073 0.1 7000.00
Yule marble
Heard and Raleigh (1972)
714,702,708,721,733,746 _HR73 1073 .500 .350.00
Heard and Raleigh (1972)
715,703,709,722 HR72 1073 .500 .350.00
Carrara marble
Schmid et al. (1980)
' Abb = experimengbbreviation ? £ = arealvolumdractionof secondphases
? T = deformationtemperature  notapplicable/noteported
i P =con ning pressure valuetakenfrom Barnhoorn et al. (2005)




Table3 continued

Experiment LAbb

2736,2663,2695,2868 _S80

Barnhoorn et al. (2004)
P0344P0298P0266,,0264, BHO4

37,9,23,28 _R95

36L.M830/0.15 _tH02

de Bresser (2002)

de Bresser et al. (2005)
5348 dBO5

Xu and Evans (2010)

CM03  X10
Quintanilla-Terminel and Evans (2016)
CMhC(P110) _QT16

Madoc dolomite

Davis et al. (2008)
MD28E6,MD28E5,MD28E4 D08

Holyoke et al. (2013)

0-11 _Hol13

Nevada magnesite

1073
1102
1103
1108
1049

1073
1077
1074

1073

1073

1073

1073

1073

300

300

200
301
299
299
298
302
301
300
300

300

300

300

300

1

2

10



Experiment LAbb 2T K] 3P [MPa] 4d(dp) [m] 3fp[m]

Holyoke et al. (2014)

Greek magnesite

Holyoke et al. (2014)
M-18 Holl4 923 340 .1.00
973 350
1003 370

Synthetic calcite & alumina

Walker et al. (1990)

Synthetic calcite & quartz

Renner et al. (2007) -

Solnhofen limestone

Schmid (1976)

576 973 300 1-10

1073 300 1-10

11



Table3 continued

Experiment IAbb 2T [K] 3Pc[MPa] fd(d))[m] Sfp[m]

2793,2802,2795, .S77 1073 .300 4

Lochseiten mylonite

Schmid (1982)
882 :::873: 300 :::6'5
973 300 65

Pe.

l
2
3
4

3.1 Converting reported Mg content into XMgCOs

To compare data to one another we have chosen to convert all reported magnesium values to molar fractions of magnesiun
75 carbonate (XMgC®) in the following way. Firstly, if the carbonate data fall somewhere between pure calcite and dolomite,
then the molecular weight of this Mg-carbonaéW/ v 4cc ) can be de ned as:

MWngee =((1 XMgCO3) MWcaco,) +(XMgCO3 MWygco ;) @
If considering data reported as the mass fraction of magnesiwg)( it follows that:

IM :M
T MW ngee

80 Substituting in equation 1 gives:

XMgCO 3 @)

MWy XM@CO3 .
((1 XMgCO3) MWcaco,)+(XMgCO3 MW ygco 5)

Which can be rearranged to yield XMgGO

MW caco ,
MWcaco, MWpygco, +

XMgCO 3 = T @)

! Mg

12



85

90

95

100

105

110

3.2 Modelling XMgCO3 from temperature data

The calcite-dolomite solvus as de ned by Anovitz and Essene (1987) was used to convert between XahgG€mperature

in datasets from natural carbonates. The relationship is only valid between 473 and 1173 K.
0=T A(XMgCO;) B=(XMgCO;)*> C(XMgCOs)? D(XMgCO3)%° E;

A= 23600; B= 001345 C=2620.0, D =2608:0; E =334:0
3.3 Converting mechanical data
When data from torsion experiments are compared to other data, the reported shear)saedskiear strain rate  values

are converted to equivalent stresg ) and equivalent strain raté; ) following the relationships outlined in Paterson and
Olgaard (2000).

1 p-
"ett = FFé_ and o = 3

3.4 Normalisation of data

For this exercise, two data sets with known grain size and magnesium contents were used: synthetic Mg-calcite experiments
from Herwegh et al. (2003) and a suite of natural samples (Wang et al., 1996; de Bresser and Spiers, 1990; Ter Heege et al.
2002; de Bresser et al., 2005; Rutter, 1995). For the normalisation exercise we focused on data from 1073 K because this

13



awherethe strainrate, stressgrain size, XMgCOz_andtemperature

115 areall known, Suchananalysiscangbtainparameterghataccouniseparatelyor any sensitivitiesin variableghatexistwhen

qualitativeassessmermtf whendatamosttightly follow_onerelationship.This meanghatwe cannotprovideanuncertaintyon
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To check the veracity of the exercise outlined above, we interrogated the results against both the data it was t from and a
wide range of other experimentally deformed carbonate with various temperatures, grain sizes, magnesium and second phas
130 contents.

1 . . . . .
T d=grain-size . Notusedin normalisation

14
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4 Results

Treating synthetic and natural samples separately, strain rate and stress data from deformation experiments were manipulate
through multiplication of grain size and XMgGQvalues to various exponentgi{-ig. 4). The grain size (min = 14.5& ,

max = 7000.00m ) and XMgCGQ; (min = 0.000013, max = 0.17) values used for each experimental data point were sourced
from literature and are reported in tables 1 and 3.

Starting from
"=1()ir
The normalisation is such that ne grained synthetic sample idatee transformed to:
"d*Xygco . = X mgco 4

" 1:5 — 0:3
X MgCO 3 — X MgCO 3

15
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For synthetic data both low and high stress domains are sensitive to grain size, while stress and strain rate require multipli-
cation by XMgCQ to different exponents to collapse dataeon to one curve--Fig. 4a). Natural samples are not grain size
sensitive and also require separate XMgponents-{-Fig. 4b). In both datasets the strain rate XMg{&ponent is the
same (-1.5) but is different for stress (-0.6 vs. -0.3).

These normalisation parameters can by used in conjunction with an assumed strain rate function to obtain useable ow law

parameters. If the total strain rate is the sum of all rate accommodating micro mechanisms:

X
_D:_i+_i+l+:::+_j

1
n=i

and the normalised strain rate is a function of the normalised stress, we can substitute strain rate functions for the vari-

16



resent diffusion creep §its ) and dislocation creefi§is) elds and with classical temperature dependant power-law ow laws.

Substituting power-law ow laws for diffusion and dislocation creep gives us the following grain size and XMg&3i-

tivities:
160
Fine grained synthetic samples (FG):
_norm - f( norm )
.? "—d3XMé:CSO s I#
Qhfi
165 Al (X uodo )nd'” exp RIT
+ AFG X nhe les
dIS( MgCO ) exp RT
Coarse grained natural samples (CG):
"porm = F( norm )
" : Qss
170 ) "d*Xygc0, = Afs (X MgCO 3)n”‘5 exp Rd-IF

Taking the observed stress exponentagt =1 andngs = 7,therwe can rearrange for the parameters:

d 1

wFG _ AFG ref

diff — Adlff d3 XMgCO 3 ref exp
7

WFG — A dref X 2:7

—dis dis d3 MgCO 3 ref P

7
les

nCG — 0:6
175 —dis Ad|s XMgCO 3 ref exp RT

aif
I
RT ®)
EG
IS
RT ©)

(1

in all cases a reference stress (1 MPa) and reference grain sime)(@re used to ensure that the frequency factor will have

correct units for a rst order rate equation (i.e.’3.

Three key results are established in equations 5 - 7thd) ne grained synthetic samples are grain size sensitive to the
180 same exponentd( 3) across both mechanisms; (2) that XMggBastwo opposing effects in diffusion (weakening) and

17



invert for the frequency factor (A) and an assumed activation energy ok20®| * (cf. Herwegh et al., 2003; Renner and
Evans, 2002) for both diffusion and dislocation creep (sé&é=Table5), these last two points about XMgG@&ensitivity are

Flnegralned(lowstress) 340E+07 : l ::-3 08 200
Flnegralned(hlghStreSS) 400E_O8 7 ::_3 _27 200
CoarS@ralned 216E_O8 7 BN : _06 200

:1 :A: =:::f:r:(:9quenc¥f:actor ¢ :u:=::>:<::l\:/19003::<:9:>:<:p0nent

? :n::étres:,%):(ponent ? Q :::%gtivatiop:t:a:nergy

3 m =::grain§ize:>:§:>:<:ponent i qqt::z;l:pplicable

18



5 Discussion

effect of magnesium is different for deformation mechanism domains and different between natural and synthetic starting ma-
terials. It also showed that dislocation creep in ne grained synthetic samples is grain size sensitive but that coarse grained

190 natural samples are grain size insensitive. Most interesting of all is that magnesium switches from having a weakening effect
at low stress to a strengthening effect at high stress.

The following will discuss these points and evaluate how equations 5 - 7 perform across a wide range of carbonate defor-
mation experiments and what these new rheological laws mean for the strength of natural shear zones. In light of the apparen

195 divide identi ed in the results between ne and coarse grained carbonates, we choose to evaluate the derived equations with

5.1 XMgCOssensitivity

5.0.1 XMgEos-weakensacarbonatein-the-diffusion-ereep-eld-

200

205

210
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preted that magnesium indirectly affected strain rate through its control on grain growth kinetics, and by extension, grain size.
Hence it was concluded that the constitutive relation for Mg-carbonate or calcite did not require an Xg@OContrary to

from grainsize. Therefore, while the two variables are inter-dependent, we claim that magnesium has a quanti able and direct
affect on the diffusion creep rheology of carbonates: an increase in XMg&@kens a carbonate experiencing diffusion creep

by a power oX yiSq , (€-Fig. 5a).

Considering that Mg has a smaller ionic radius than Ca, it may be that the energy required to mobilise a Mg cation is lower
and hence a carbonate with more Mg may deform at a faster rate for the equivalent work done. However, this is at odds with the

a larger role in driving cation exchange (Fisler and Cygan, 1999; Huang et al., 2008). In this case the local spatial gradients

in chemistry would encourage exchange and inter-diffusion of species. This is expected to be faster than self diffusion but

have less of an effect on the strain rate. Thisiigactwhat we observe. Figure 5a highlights that an increase in XMgk«3

an ever diminishing affect on diffusion creep curvesich-arederivedifromlinearlyspaceeXMgCOs-values.

Magnesium was previously shown to strengthen Mg-carbonates in the dislocation eld (Xu et al., 2008). Speci cally it was
demonstrated that, for a xed strain rate, the strength of a Mg-carbonate could be described as a function of the molar percent

any heterogeneity in the magnesium cation distribution would become dispersed and remove these potential obstacles (Fisle

and Cygan, 1999). In either case, increasing the molar fraction of magnesium would have the effect hardening the carbonate

20
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5.2 The rheology of ne grained carbonates

5.2.1 Comparing to the data it was derived from

: :

show that a composite of the ne grained ow laws (eq.5 and 6) t the data well and notably they perform much better than the

published diffusion creep ow law of Herwegh et al. (2003). It also appears that the composite ne grained ow law performs
adequately when compared to data acquired by Herwegh et al. (2003) at a lower tempey&ligres€). As a last comparison,

a composite of the ne grained diffusion creep and coarse grained dislocation creep was compared to data collected at 1073 K
(-e-Fig. 6d) to evaluate if the grain size sensitivity of dislocation creep identi ed in the normalisation could be modelled with
the transition away from grain size sensitivity. It can be seen that a grain size intensive dislocation creep law fails to capture
the behaviour of the experiments at higher stress. Intptak-Figure 6 provides con dence that equations 5 - 7 do t the data

they were derived from, being robust enough to also t data from the same series but acquired at a lower temperature.

5.2.2 Comparing-to-otherexperentialdata

5.2.2 End-memberperformance-Pure-CeandDelomite

As a test of the limits of the normalisation results we can compare equations 5 - 6 to pure synthetic calcite (Renner et al.,
2002), very low XMgCQ synthetic Mg-calcite (Xu et al., 2008}, synthetic dolomite experiments (Delle Piane et al., 2008;

because data used in the normalisation is restricted to this order of magnitude.

Figure 7a shows that data from pure and very low XMg@®periments can be t. Considering the uncertainties associated
with grain size measurements the data are t well. For dolomge . 7b and c) lower temperature data are t well but the
relationship breaks down at higher temperature. However in the case of data from Delle Piane et al. (2008) equations 5 - 6 per-

21
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We identi ed three experiments with similar XMgGQalues that can be used to understand how well equations 5 - 6 model
the rheology of carbonates with contrasting grain size controls: statically grown grainesfizg.(8a) (Xu et al., 2008), a
dynamically recrystallised grain sizexFig. 8b) (Barnhoorn et al., 2004) and a second phase controlled graingsfzig.(8c)
(Schmid, 1982).

Figure 8a shows that, in line with results above, equations 5 - 6 t synthetic Mg-cc data well. Equations 5 - 6 also perform

well when compared to an experiment where the grain size evolved to stable grain size during deforgnbtmrb). Rein-

cannot be modelled with equations 5 - 6. Lastly, it appears that the low stress rheology of a second phase controlled mylonite

from the Glarus thrust can be modelled with the new laws, but the high stress behaviour deviates, possibly resulting from a very

much better than the diffusion creep law of Herwegh et al. (2003).

Second-phase rich carbonates

In nature, very few carbonate mylonites consist of nominally pure caigitecagteaggregates. Despite the volumetric dom-
inance of calcite as a matrix phase, the vast majority of these mylonites contain variable amounts of other minerals, so called
second phases (e.g. Ebert et al., 2007; Herwegh and Jenni, 2001; Herwegh and Kunze, 2002; Herwegh and P ffner, 2005; Her-

wegh et al., 2008). It is therefore important to evaluate the effect of such second phases on calcite rheology of mylonites, this

added (Walker et al., 1990), Solnhofen limestone (Schmid, 1976; Schmid et al., 1977), synthetic mixtures of calcite and quartz
(Renner et al., 2007) and Lochseiten mylonite data from various temperatures (Schmid, 1982). Figure 9 shows that for lower

second phase contents ( gs. 9a and b) data appear to be t Weltsucees®f-equations-to-medetin the caseof diffusion

23



Figure 7. Exploringhowwell the ne_grained ow lawsobtainedt calcite,dolomiteandmagnesitendmembermata.Pleasgeferto Table
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of a naturalmarble(Fig. 8b), anda naturalsecond-phasgch ultramylonitefrom a large shearzone(Fig. 8c). Pleasgefer to. Table 3 for

rheologyof-transitionsawayfromwhateurresultean, the observedheologiegiepartfrom our model.

5.3 The rheology of coarse grained carbonates

The normalisation of experimental resuitsi-of coarse grained natural samples was limited to datasets where chemical and
mechanical analyses were both run on the same samples. This restricted the data to two Iceland spar and three Carrara marb
experiments (Wang et al., 1996; de Bresser and Spiers, 1990; Ter Heege et al., 2002; de Bresser et al., 2005; Rutter, 1995
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