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Abstract

Marbles from different geometrical and structural positions within the Alpi Apuane metamorphic complex show a large variability in

microfabric types as indicated by microstructure, c-axis orientation and temperature analysis.

Statically recrystallized samples showing a granoblastic microstructure and polygonal grain boundaries are characterized by a grain size

variation from east to west from 80±100 mm to 250±300 mm. This is correlated with an equilibration calcite-dolomite temperature from

360±3808C to 4208±4308C.

Two kinds of dynamically recrystallized microstructures have been investigated: a ®rst one exhibiting coarse grains (150±200 mm) with

lobate grain boundaries and a strong shape preferred orientation and a second one characterized by a smaller grain size (40±50 mm) and

predominantly straight grain boundaries. These microstructural types, associated with localized post-thermal peak shear zones and meter- to

kilometer-scale folds, are interpreted as related to high strain and high temperature crystal plastic deformation mechanisms (dislocation

creep) associated with predominant grain boundary migration (type-B1) or subgrain-rotation recrystallization (type-B2). These differences in

dynamically recrystallized microstructures are related to equilibration temperatures higher in type-B1 (3908C) than in type-B2 (370±3408C).

We have been able to relate the development of the different microfabric types to the successive stages of deformation of the Alpi Apuane

metamorphic complex. q 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The marbles from the Alpi Apuane, and in particular the

white variety called ªCarrara marbleº, are well known

geological materials due to their extensive use both as build-

ing stones and for statuaries as well as in rock-deformation

experiments (Rutter, 1972; Casey et al., 1978; Spiers, 1979;

Schmid et al., 1980; Schmid et al., 1987; Wenk et al., 1987;

Fredrich et al., 1989; De Bresser, 1991; Rutter, 1995;

Covey-Crump, 1997). In the latter, Carrara marble is widely

used because: a) it is an almost pure calcite marble; b) it

shows a nearly homogenous fabric, with no or weak grain-

shape or crystallographic preferred orientation; c) it usually

develops a large grain-size; and d) a large amount of litera-

ture data about its behaviour under various experimental

deformation conditions is available.

All the above features can be found in large volumes of

marbles cropping out in the Carrara area, i.e. in the north-

western part of the Alpi Apuane region (Fig. 1), but are not

common in marbles from other areas of the Alpi Apuane. In

this paper, we illustrate the main fabric types we have recog-

nized in marbles from the Alpi Apuane area and discuss

fabric development, taking into account the role of the

regional deformation history and the position of marbles

in kilometer- to meter-scale geological structures. To

exclude the in¯uence of second phase particles like phyllo-

silicates on the microfabric development (Olgaard and

Evans, 1988; Mas and Crowley, 1996), we have concen-

trated on the pure white calcite marbles.

In the following, ªAlpi Apuane marblesº indicates the

Liassic marble formation cropping out in the whole Alpi

Apuane area, while ªCarrara marbleº stands for marbles

located in the northwestern Alpi Apuane area in the

surroundings of the town of Carrara (Fig. 1). Carrara

marbles are the most intensely quarried marble variety

within the entire Alpi Apuane. Due to their economic

and cultural importance, Alpi Apuane marbles have been

the object of geological investigation for a century

(Zaccagna, 1932; Bonatti, 1938), with general studies
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appearing in the sixties and seventies (D'Albissin, 1963;

Crisci et al., 1975; Di Sabatino et al., 1977). Di Pisa et al.

(1985) were the ®rst who presented calcite/dolomite

thermometric estimates within the general tectonic evolu-

tion of the Alpi Apuane metamorphic complex. Later on,

Coli (1989) focused on marbles from the microstructural

point of view, providing a qualitative and general descrip-

tion of some microstructures. A more recent contribution

by Coli and Fazzuoli (1992) tackled the problem of the

Alpi Apuane marble from a lithostratigraphic point of

view.

The aim of our study is to describe microfabric types in

different geometrical positions in the polyphase nappe

building of the Alpi Apuane metamorphic complex and
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Fig. 1. Structural map of the Alpi Apuane area (from Carmignani et al., 1978, 1993, modi®ed). See Fig. 2 for cross-sections. Locations of detailed geological

maps of Fig. 6 are indicated.



their relationship with large- to small-scale tectonic struc-

tures. Structural data are supplemented by a calcite/dolo-

mite investigation to constrain the thermal conditions for

each microfabric type formation.

2. Geological setting

The lowermost tectonic units of the northern Apennine

fold-and-thrust belt are exposed in the Alpi Apuane region

(Figs. 1 and 2). According to classical interpretations (Elter,

1975; Carmignani et al., 1978, and reference therein), the

following units can be recognized in this area from top to

bottom.

1. The Liguride units, formed by ophiolites and deep-water

sediments, representing the Mesozoic Ligurian ocean and

parts of an accretionary wedge system related to the

closure of the ocean itself. These units show anchimeta-

morphic to very low grade metamorphic conditions

(Cerrina et al., 1983; Reutter et al., 1983).

2. The sub-Liguride unit (Canetolo unit), corresponding to

part of the sedimentary cover of the ocean±continent

transitional area.

3. The Tuscan nappe, a continent-derived unit formed by a

Late Triassic to Aquitanian sedimentary sequence,

deposited on the Apulia domain, detached from its

original basement and characterized by a polyphase

deformation associated with a very low grade meta-

morphism.

4. The Massa unit, with a pre-Mesozoic basement and a well

developed Middle to Late Triassic sequence, associated

with Middle Triassic metavolcanic rocks, deformed and

metamorphosed in greenschist facies conditions.

5. The lowermost Apuane unit, made up by a Hercynian

basement unconformably overlain by Triassic to

Oligocene greenschist facies metamorphic rocks. The

Mesozoic-tertiary succession in this unit is characterized

by Triassic dolomite turning to Liassic marble and dolo-

mitic marble. The succession (Dogger to Oligocene)

continues with cherty limestones, radiolarian chert, schist

and a turbiditic ¯ysch.

In the Alpi Apuane, marbles derive from stratigraphically

different levels. They are of Devonian, as well as of Liassic,

Dogger and Cretaceous±Eocene age. We have focussed our

attention on the Liassic marbles, which belong to the

thickest and purest succession.

The northern Apennine is derived from the westernmost

sector of the Apulia continental margin in the Late Jurassic

paleogeography. Deformation started during Eocene times,

®rst affecting the inner and originally westernmost domains

(Liguride and sub-Liguride units), and then continuing in

the Late Oligocene±Miocene to involve the more external

Tuscan domain (Tuscan nappe, Massa unit and Apuane

unit). Northeastward facing folding and northeastward

nappe transport occurred throughout, resulting in a thick

nappe stack development. Starting in the Early Miocene,

contraction shifted toward more external (i.e. Umbria±

Marchean) domains and the internal northern Apennines

suffered extensional tectonics with uplift and tectonic denu-

dation. In the Late Miocene the regional extensional

tectonics related to the opening of the Tyrrhenian Sea

affected the area (e.g. Carmignani and Klig®eld, 1990;

Storti, 1995 and reference therein).

In the Massa unit and the Apuane unit, two main poly-

phase tectono-metamorphic events can be recognized, the

D1 and D2 events (Carmignani and Klig®eld, 1990). During
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Fig. 2. Composite cross-sections in the Alpi Apuane area (from Carmignani et al., 1993).



D1, nappe emplacement occurred, with development of kilo-

meter-scale NE facing isoclinal folds (Fig. 3a), NE±SW

oriented stretching lineations (L1) and a greenschist facies

ubiquitous regional foliation (S1). In more detail, the D1

event can be subdivided into: a) a ªmain folding phaseº,

in which kilometer-scale recumbent folds and an associated

¯at-lying axial plane foliation are formed; b) an ªantiformal

stack phaseº, in which ®nal nappe emplacement occurred,

together with antiformal stack development and formation

of shear zones (Fig. 3b). Shear zones show again top-to-the-

NE/E sense of movement.

The D2 event deforms all earlier features, developing

folds (Fig. 3c) and shear zones (Fig. 3d), leading to progres-

sive unroo®ng and exhumation of the metamorphic complex

at higher structural levels. D2 is characterized by retrograde

metamorphic conditions and the latest stages of deformation

are associated with polyphase brittle structures.

Greenschist facies conditions were achieved in the

Apuane unit during D1 and early D2 deformation

(Carmignani et al., 1978). The occurrence of the stable

association pyrophyllite 1 quartz (Franceschelli et al.,

1986, 1997) indicates temperatures between 300±4508C
and pressure ranging from 0.5±0.6 GPa (Di Pisa et al.,

1985; Schultz, 1996; Franceschelli et al., 1997) and 0.6±

0.8 GPa (Jolivet et al., 1998). Peak of metamorphic condi-

tions yielding to annealing was attained during the main

deformational event (D1) and before the D2 event (Bocca-

letti and Gosso, 1980; Carmignani and Klig®eld, 1990;

Franceschelli et al., 1997; Molli and Giorgetti, 1999).

Radiometric K/Ar and 40Ar/39Ar data suggest that D1

occurred approximately at 27 Ma and that early D2 deforma-

tion ended at 10±8 Ma (Giglia and Radicati di Brozolo,

1970; Klig®eld et al., 1986). Cooling through 100±1208C
temperature can be constrained by ®ssion tracks data

ranging from 6 to 2 Ma (Bigazzi et al., 1988; Abbate et

al., 1994).

3. Studied samples and analytical techniques

The samples analysed were collected in different geome-

trical positions in the Apuane unit (Figs. 1 and 2) along a

SW±NE oriented transection parallel to the D1 transport

direction. Marbles are quite homogeneous, being composed

of more than 99% of calcite, plus minor contributions of

quartz, albite, white mica and/or opaque minerals, as

con®rmed by chemical analyses of major and minor

elements (Table 1).

All samples were cut parallel to the stretching lineation

L1 and normal to the foliation plane S1. Ultra-thin sections

(,4 mm thick) were prepared and analysed by optical

microscopy. To quantify the grain shapes, quantitative

microstructural analyses were performed using preferred

orientations of the particle axes (PAROR) (Fig. 4a) and
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Fig. 3. (a) D1 isoclinal folds in marbles (Vallini quarry, western Alpi Apuane). (b) D1 shear zone in cherty limestones (Vallini, western Alpi Apuane). (c) D2

folds refolding main foliation in marble breccia (Arni, central Alpi Apuane). (d) D2 shear zones cutting D1 foliation in marbles (Arni, central Alpi Apuane).



symmetry of the orientation of the grain boundary surfaces

(SURFOR) (Fig. 4b) methods (Panozzo, 1983, 1984).

Grain boundary corrugation was determined using the

SHAPES program (Panozzo and HuÈrlimann, 1983) and

characterized with the PARIS factor (Panozzo and

HuÈrlimann, 1983, see Fig. 4c), which takes into account

the convexity±concavity of the grain boundary geometry.

In order to characterize the crystallographic preferred

orientation (CPO, texture), universal stage measurements

as well as computer integrated polarization microscopy

(CIP) (Heilbronner Panozzo and Pauli, 1993) were carried

out. The latter method uses the interference colour of each

pixel of a series of digitally recorded thin-section images for

the determination of the c-axis orientation. Basically, the

CIP-method is similar to the ªAchsenverteilunganalyseº

(AVA) of Sander (1950), where the thin-section image is

colour coded according to its c-axis orientation and a certain

stereographic colour look-up table (CLUT).

The interference colour of optically uniaxial minerals is a

function of the thin-section thickness and the birefringence

as well as a function of the c-axis orientation. By the varia-

tion of the thin-section thickness, the effect of the birefrin-

gence on the interference colour can be controlled, e.g.

lowering the thin-section thickness provides an interference

colour. Therefore the c-axis orientation can be directly

determined by the interference colour. The CIP-method

requires interference colours of ®rst-order grey. Since

calcite has a high birefringence (0.172), thin-sections of

about ,2 mm thickness had to be prepared.

Dolomite-bearing marbles were carefully investigated

in order to constrain the equilibrium temperatures of

different calcite-dolomite relations. Calcite and dolomite

grains were analyzed by wavelength-dispersive spectrome-

try using a Jeol JXA 8600 microprobe operating at 15 kV

and 10 nA. Analyzed elements included Ca, Mg, Mn, Fe,

Sr, Ba with count times of 15 s for Ca and 30 s for all the

other elements. A defocused beam (up to 10 mm) was

used to avoid volatilization and reintegration of possible

submicroscopic exsolution of dolomite lamellae. Chemical

resetting occurs easily in carbonates during retrogression

and either magnesian calcite grains may exsolve dolomite

lamellae or the original high Mg content is obliterated by

intracrystalline diffusion (Essene, 1982). Consequently,

retrograde re-equilibration produces calcite grains with

Mg content lower than that attained at peak metamorphic

conditions. All samples show grain-to-grain variations in

Mg content, even among calcite grains with the same

microstructural features and such variations are attributed

to retrograde resetting (Essene, 1989). For this reason,

averaging the data would obliterate this effect leading to

underestimation of the peak temperature. Therefore, we

consider the maximum Mg content recorded in each

calcite microstructural type to calculate the actual
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Table 1

Whole-rock chemical analyses of a typical ªgranoblasticº annealed marble

(TypeA) and of a typical dynamically recrystallized marble (Type B).

Composition was obtained using a XRF spectrometer Philips PW1414

Wt% Oxide Type A Type B

SiO2 0.15 0.05

TiO2 - -

AI2O3 0.08 0.09

Fe2O3 0.12 0.11

FeO - -

MgO 1.08 1.24

MnO - -

CaO 54.92 54.66

Na2O - -

K2O - -

P6O5 0.11 0.12

L.O.I. 43.50 43.70

Fig. 4. Schematic illustration of the image analysis by means of PAROR and SURFOR method (for more details see Panozzo, 1983, 1984; Panozzo and

HuÈrlimann, 1983). Each grain boundary is digitized and consists of short line segments. (a) Using projection method the PAROR routine presents in a rose

diagram the general orientation of the grains (b) with respect to a reference line (in this study the foliation trace). (b) The SURFOR routine, using projection

methods, presents the cumulative orientation of the line segments in a rose diagram; a is the orientation of the line segment with respect to a reference line.

(c) The PARIS factor gives quantitative indication of corrugation of the grain boundaries and increases with migration of grain boundary.



maximum metamorphic conditions (Essene, 1983). The

reported temperatures (Table 2) were calculated using

the calcite-dolomite thermometer calibrated by Anovitz

and Essene (1987) which accounts for Fe in the system.

The position of the solvus is well de®ned between 400

and 8008C with an error in the estimations of ^108C;

below 4008C the solvus limb steepens and potential errors

increase (Anovitz and Essene, 1987). However, even at

low temperature, consistency in the relative variations in

the Mg content is signi®cant. In this case, temperatures

lower than 4008C are affected by large errors, but re¯ect

an actual trending in temperature variation.

4. Microfabrics of the Alpi Apuane marbles

Microstructural features, allow us to distinguish three

main types of microfabrics in the Alpi Apuane marbles.

They represent end-members of a wide range of transitional

types. Each microfabric type can be found in the whole Alpi

Apuane area. The three main microfabric types are: a)

annealed microfabric (type-A); b) dynamically recrystal-

lized microfabric (type-B) and c) twinned microfabric

(type-C).

4.1. Annealed microfabric (type-A microfabric)

This type of microfabric is characterized by equant poly-

gonal grains (granoblastic or ªfoamº microstructure, Fig. 5

a±d), with straight to slightly curved grain boundaries that

meet in triple points at angles of nearly 1208. c-Axis orien-

tations show a random distribution or a weak crystallo-

graphic preferred orientation. Samples showing this

microstructure come from different structural and geogra-

phical positions in the Alpi Apuane unit: sample 34 from the

western, sample 39 from the central and sample 190 from

the eastern Alpi Apuane (Fig. 2).

The westernmost sample (sample 34) is located in the

normal limb of a regional scale NE-facing D1 isoclinal

fold, the Carrara syncline (Figs. 2 and 6a). This kilometer-

scale syncline represents the major westernmost fold in the

Apuane unit with a NW±SE trending axis, shallowly

plunging to the NW. Microstructural analysis of this sample

shows a unimodal grain size distribution with an average

grain size of 300 mm (Molli and Heilbronner, 1999). The

analysis of the preferred orientation of grain boundary

surfaces (SURFOR) reveals a slightly bimodal surface

distribution which can be observed in the rose diagram of

Fig. 7a. This may re¯ect a weak grain boundary alignment
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Table 2

Chemical analyses of calcite grains; all formulae normalized to two cations per formula unit. Temperatures calculated using Anovitz and Essene (1987)

calibration. A refers to granoblastic calcite grains; B refers to recrystallized calcite grains; c: core composition; r: rim composition

Sample n.

30 40 4 188 115 107A 107Bc 107Br 45Ac 45Ar 45B

Wt.% Oxide

CaO 55.15 54.02 53.78 55.15 54.71 54.30 53.72 54.65 53.84 54.49 54.48

Mg0 1.25 0.92 0.92 0.85 0.97 1.09 1.01 0.91 0.95 0.87 0.78

FeO 0.03 0.02 0.00 0.02 0.05 0.00 0.04 0.04 0.04 0.04 0.02

MnO 0.06 0.3 0.05 0.04 0.05 0.00 0.07 0.00 0.00 0.01 0.00

SrO 0.26 0.15 0.03 0.09 0.04 0.04 0.00 0.00 0.10 0.05 0.03

BaO 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.00 0.00 0.03 0.00

Sum 56.75 55.14 54.78 56.15 55.84 55.46 54.84 55.60 54.93 55.49 55.31

CO2 44.81 43.49 43.25 44.29 44.08 43.83 43.33 43.91 43.35 43.78 43.63

Total 101.56 98.62 98.03 100.44 99.93 99.29 98.17 99.51 98.28 99.27 98.94

No. of ions

Ca 1.93 1.95 1.95 1.95 1.95 1.94 1.95 1.95 1.95 1.95 1.96

mg 0.06 0.046 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.04 0.04

Fe 0.00 0.001 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mn 0.00 0.001 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sr 0.01 0.003 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mol. %

CaCO3 98.42 96.41 95.99 98.44 97.65 96.91 95.87 97.54 96.09 97.25 97.24

MgCO3 2.61 1.92 1.92 1.78 2.03 2.28 2.11 1.91 1.98 1.82 1.63

FeCO3 0.06 0.03 0.00 0.04 0.08 0.00 0.06 0.07 0.07 0.07 0.03

MnCO3 0.10 0.05 0.08 0.06 0.09 0.00 0.12 0.00 0.00 0.02 0.00

SrCO3 0.38 0.21 0.05 0.18 0.05 0.06 0.00 0.00 0.14 0.07 0.05

BaCO3 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.00 0.00 0.04 0.00

T8C 433 380 377 360 388 409 399 375 390 360 346



of rhombic symmetry, which has been already noticed for

undeformed marble before (Schmid et al., 1987). The analy-

sis of the preferred orientation of particle axes (PAROR)

also shows a slightly bimodal distribution of long axis

orientation, with the ®rst maximum being inclined at

approximately 20±308 with respect to the foliation plane,

and a second maximum at 20±308 in the opposite sense

(Table 3). The asymmetry of the orientation of grain bound-

ary surfaces (SURFOR) and the preferred orientations of the

particle axes (PAROR) of the sample coincide rather well.

The average aspect ratios (short/long axis) of the individual

grains are in the order of 0.65. The PARIS factor for this

microstructure is very low (1.8), implying straight grain

boundaries. The c-axis pole ®gure reveals a weak great

circle distribution at the periphery of the pole ®gure. The

maximum temperature calculated for a dolomite-bearing

sample collected in the same outcrop (sample 30) is about

4308C (Table 2).

Sample 39 comes from the central-northern part of the

Alpi Apuane, in the normal limb of the M. Altissimo

Syncline (Fig. 6b). The quantitative microstructural analysis

of sample 39 shows a unimodal grain size distribution with

an average grain size diameter of 90 mm (Molli and Heil-

bronner, 1999) (Fig. 7b). A unimodal and asymmetrical

surface orientation is revealed by the analysis of the

preferred orientation of grain boundary surfaces (SURFOR)

showing a maximum of orientation at an angle of approxi-

mately 308 to the foliation trace. The analysis of the

preferred orientation of particle axes (PAROR) shows a

weak bimodal distribution of long axis orientation, with

the ®rst maximum being inclined at approximately 20±308
with respect to the foliation plane, and a second maximum at

20±308 in the opposite sense. Also in this sample the

symmetry of the orientation of grain boundary surfaces

(SURFOR) and the preferred orientations of the particle

axes (PAROR) coincide rather well. The average aspect

ratios (short/long axis) of the individual grains are in the

order of 0.65 and the PARIS factor of microstructures is 2.3.

Sample 39 shows a nearly random distribution of c-axis.

Samples 40 and 4, collected close to sample 39, show simi-

lar microfabrics and yield calcite/dolomite equilibration

temperatures of 370±3808C (Table 2).

Sample 190 comes from the geometrically lowermost

marble levels of the whole Alpi Apuane complex (Fig. 2).

These marbles crop out in the core of a kilometric scale

upright antiform (Fig. 6c), in which the main schistosity

(D1) and all other D1-structures are deformed by a later

subhorizontal crenulation cleavage (D2). Sample 190

G. Molli et al. / Journal of Structural Geology 22 (2000) 1809±1825 1815

Fig. 5. Annealed microstructures in marbles: (a) Sample 34. (b) Sample 39. (c) Sample 180. (d) D1 fold overgrown by ªgranoblasticº microstructure (locality

Belgia, western Alpi Apuane). The folded level, made up of ®ne-grained, calcite dolomite and phyllosilicates, represents a former stratigraphic layer.
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Fig. 6. Geological maps of the areas of samples locations (see Fig. 1 for the location of the maps). After Carmignani (1985), modi®ed.



shows an average grain size of about 100 mm (Fig. 7c) and

the analysis of the preferred orientation of grain boundary

surfaces (SURFOR) reveals a nearly unimodal and asym-

metrical surface orientation, showing a primary orientation

at a low angle to the foliation trace. The analysis of the

preferred orientation of particle axes (PAROR) shows a

slightly bimodal distribution of long axis orientation, with

the main maximum being inclined at approximately 20±308
with respect to the foliation plane, and a second maximum at

608. Also in this sample the symmetry/asymmetry of the

surface orientation and the preferred orientations of the

particle axes coincide rather well. The average aspect ratios

of the individual grains are in the order of 0.7 and the PARIS

factor for the grain boundary geometry is around two. No

clear preferred orientation of c-axis can be recognized.

Calcite coexisting with dolomite in a sample collected

nearby (sample 188, Fig. 6c, Table 2), indicates a maximum

temperature of 3608C.

G. Molli et al. / Journal of Structural Geology 22 (2000) 1809±1825 1817

Fig. 7. Line-drawing of microstructures, c-axis orientation (from universal stage measurements) and results of PAROR and SURFOR analysis for calcite

microfabric of samples 34, 39 and 190 (Type-A microfabric). Number of grains analysed with PAROR and SURFOR routines is more than 200.

Table 3

Results of microstructural analysis of representative samples of the different microfabric-types.

Sample Microfabric type Grain size (mm) Grain size distribution a8 PARIS SPO T (8C)

34 A 300 Unimodal a1� 208 4 30 1.8 - 4308*

a2� 208 4 308

39 A 90 Unimodal a1� 208 4 308 2.3 - 3708 4 3808*

a2� 208 4 308

190 A 100 Unimodal a1� 208 4 308 2 - 3608*

170 B1 150 4 200 Unimodal a1� 108 9 Parallel S1 3908*

107 B2 Relict 150 Bimodal a1� 158 Relict� 8 4 15 Parallel S2 Relict� 4008

Recryst. 40 4 50 Recryst.� 2 4 3 Recryst.� 3708

45 B2 Relict 150 Bimodal arelict� 158 Relict� 10 4 23 Parallel shear Relict� 4208

Recryst. 40 4 50 arecryst.� 158 Recryst.� 2 4 3 Zone boundary Recryst.� 3408

* Temperature of a nearby sample.



4.2. Dynamically recrystallized microfabrics (type-B

microfabrics)

Within type-B microfabrics two end-members of micro-

structures can be recognized: a) microstructures exhibiting

strong shape preferred orientation, coarse grains and lobate

grain boundaries (type-B1); b) microstructures with shape

preferred orientation, smaller grain size and predominantly

straight grain boundaries (type-B2). The two microstruc-

tures are quite different, but in a lot of samples lobate and

straight grain boundaries occur at the same time. Samples

showing type-B microfabrics are found in different struc-

tural positions in the nappe stack. In the following, we

discuss sample 170 (type-B1 microfabric) and sample 107

(type-B2 microfabric) that come from the central Alpi

Apuane, whereas sample 45 (type-B2 microfabric) comes

from the western Alpi Apuane.

Sample 170 is derived from the highly sheared inverted

limb of the kilometer-scale NE-facing D1 Tambura anticline

(see pro®le in Figs. 2 and 6d). It shows coarse grain size,

lobate grain boundaries, strong shape preferred orientation

parallel to the main mesoscopic foliation, and a strong crys-

tallographic preferred orientation (Fig. 8a). In mica-rich

layers, pinning and window microstructures similar to that

described by Jessell (1987) in quarzite are sometimes

visible. Quantitative microstructural analysis (Fig. 9a)

shows an average grain size of 150±200 mm and a unimodal

nearly symmetrical surface orientation with an orientation

subparallel to the foliation trace. The analysis of the

preferred orientation of particle axes (PAROR) shows a

unimodal distribution of long axis orientation, with a maxi-

mum inclined at low angle approximately 108 with respect

to the foliation plane. Individual grains are characterized by

an average aspect ratio in the order of 0.50. A strong c-axis

preferred orientation with a maximum normal to the folia-

tion plane can be observed in this sample (Figs. 8b and 9a).

Calcite/dolomite thermometry on sample 115, which was

collected close to sample 170, shows the same micro-

structural features and indicates a temperature of about

3908C (Table 2).

Microstructure with straight grain boundaries (type-B2)

is found in sample 107, that comes from the core of a

kilometer-scale SW-verging D2 fold (Figs. 2 and 6d),

refolding bedding and the D1 foliation (S1). This sample

shows small recrystallized grains (40±50 mm), diffuse

subgrains and core-mantle-like structures (Fig. 8c). Larger

relict grains of the earlier microfabric are preserved.

Quantitative analysis (Fig. 9b) shows preferred orientation

of long axis particle orientation (PAROR) de®ning the

foliation recognizable in thin section. Crystallographic

preferred orientation shows a maximum of the c-axis at

a low-angle and normal to the foliation plane (Fig. 9b).

In contrast to the larger relict grains, which yield a

calcite/dolomite equilibration temperature of about

4108C (sample 107A in Table 2), recrystallized grains

are slightly zoned with Mg content, decreasing from

core to rim. Maximum temperatures calculated from the

cores are about 4008C (sample 107Bc in Table 2);

temperatures in the rims decrease to about 3708C (sample

107Br in Table 2).

Another kind of type-B microfabrics is found in sample

45, collected along mm- to dm-scale D2 shear zones (Fig.

8d±h), in the western Alpi Apuane (Figs. 2 and 6e).

Approaching these shear zones, a gradual change in

marble microfabric can be observed. In the low strain

domains, the granoblastic protolith (mean grain diameter

approximately 150 mm) shows type-A microfabric, even if

low-temperature intracrystalline deformation (mainly

undulatory extinction and deformation twins) can be

observed. Towards the high strain zone (Fig. 9c), the

grain boundary corrugation of the relict calcite, i.e. the

PARIS factor, increases from about 10 to 23 (Table 3).

Recrystallization occurs preferentially at the grain bound-

aries and a progressive localization of recrystallized grains

in layers, subparallel to the shear zone boundaries, is

observed (Fig. 8d). This transition is sketched in Fig.

10d. The recrystallized layers show a bimodal grain size

distribution. Coarse, twinned relict grains (modal grain

diameter about 200 mm) are embedded in a matrix of

recrystallized grains with a diameter of approximately

40 mm (Fig. 9d).

Sample 80, which shows the same microstructural type as

sample 45, is characterized by a texture with c-axis small

circle distribution oriented normal to the shear zone bound-

ary (Fig. 8f). As illustrated in Fig. 8g, where recrystallized

grains are masked, the few randomly distributed maxima

can be related to the c-axis orientations of the relict grains.

Due to bad sample statistics and a coarse grain size, a maxi-

mum of about 12 times uniform is obtained. The analysis of

the completely recrystallized domain (Fig. 8h) of this type-

B2 microfabric reveals that the c-axis orientations of the

new grains are closely related to the relict c-axis orien-

tations. Its small circle c-axis distribution is located in the

same place as the maxima of the relict grains, shown in Fig.

8g. It is possible to interpret this feature as the result of a

progressive reorientation of subgrains.

The calcite-dolomite thermometry applied in the ®ne-

grained recrystallized calcite crystals of sample 45 yields

maximum temperatures of about 3408C (sample 45B in

Table 2). Granoblastic calcite grains in the low strain

domains are zoned, showing Mg-rich cores and Mg-poorer

rims. The maximum temperature calculated for the cores is

3908C (sample 45Ac in Table 2), whereas the Mg-content at

the rim yields temperatures of 3608C (sample 45Ar in

Table 2). Temperature distribution in these shear zones is

sketched in Fig. 10d.

4.3. Twinned microfabric (type-C microfabric)

The third type of microfabric is related to low-strain and

low-temperature crystal plastic deformation mechanisms.

Characterized by thin straight e-twins (Fig. 10e), it occurs
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Fig. 8. Microstructures of dynamically recrystallized marbles. (a) Sample 170. (b) c-Axis orientations image (COI) revealed by CIP (Heilbronner Panozzo and

Pauli, 1993) of sample 170. Strong c-axis maximum is located normal to the foliation plane. (c) Sample 107. (d) and (e) Sample 45. (f) COI of sample 80. (g)

COI of relict grains in sample 80. Randomly distributed c-axis maxima can be related to single relict grains. (h) COI of recrystallized domain. The small circle

c-axis maximum is located in the same place as the c-axis of the relict grains. Therefore subgrain rotation can be considered as the dominant recrystallization

mechanism.



with different intensities in all the marble outcrops of the

Alpi Apuane region, overprinting both type-A and type-B

microfabrics.

It is well developed where large calcite grains are present.

In the case of type-B microstructures, where large and

smaller grains are present (Fig. 8e), twinning affects only

larger grains and not ®ner ones. This is in agreement with

experimental studies indicating that twinning is easier in

G. Molli et al. / Journal of Structural Geology 22 (2000) 1809±18251820

Fig. 9. Line-drawing of microstructures, c-axis orientation (from universal stage measurements) and results of PAROR and SURFOR analysis for calcite

microfabric of samples 170, 107 and 45 (Type-B microfabric). For sample 45 grain size distribution, c-axis orientation for a similar microstructural type see

sample 80 in Fig. 8f, g and h. Grain size distributions of samples 170, 107 and 45 (Type-B microfabric). Sample 45a shows an area with only limited reworking

during D2; sample 45b shows an area that experienced more intense recrystallization during D2. Number of grains analysed with PAROR and SURFOR

routines is more than 200.



coarse grained than in ®ne grained-rocks, because the

spreading and widening of twin lamellae are hampered by

grain boundaries (Casey et al., 1978; Rowe and Rutter,

1990).

5. Carrara marble microfabrics and the tectonic
evolution of the Alpi Apuane metamorphic complex: a
discussion

5.1. Microfabric evolution and thermal history

The common microstructural features of samples 34, 39

and 190, such as the granoblastic polygonal grains with

straight to slightly curved boundaries (very low PARIS

factor ranging from 1.8 to 2.3), the unimodal grain size

distribution, the absence of any optical evidence of internal

strain and the weak or absent c-axis orientation, allowed us

to interpret the type-A microfabric as developed during

static recrystallization (annealing). This microstructure is

sketched in Fig. 10a. The statically recrystallized micro-

fabrics are observable even though samples are collected

in marble levels within kilometer-scale D1 isoclinal folds,

where also minor parasitic folds developed. The presence of

annealed microstructures within D1 folds (Fig. 5d) clearly

indicates that the grain growth which produced type-A

microfabric occurred after the main D1 folding phase, and

obliterated all earlier syntectonic microstructures associated

with folding. However, the presence of a weak texture in

some samples can be possibly related to the pre-annealing

deformation history.

The statically recrystallized marbles show an increase in

grain size from the eastern to the western part of the Alpi

Apuane complex, as already noticed by Zaccagna (1932)

and Di Pisa et al. (1985). The latter authors interpreted the

variation in grain size as related to a metamorphic paleo-

gradient from the root zone (south west) to the front (north-

east) during the D1 deformation affecting the metamorphic

complex. The results of our thermometric studies con®rm

that the grain size variation in type-A microfabrics is

associated with a temperature increase from east to west

from 80±100 mm and 360±3808C to 250±300 mm and

G. Molli et al. / Journal of Structural Geology 22 (2000) 1809±1825 1821

Fig. 10. Sketch showing the three types of microfabric described in this paper. (a) Type-A annealed microfabric. (b) Type-B1 dynamically recrystallized

microfabric developed during late D1 deformation. (c) Type-B2 dynamically recrystallized microfabrics formed during folding. (d) Type-B2 dynamically

recrystallized microfabrics formed along shear zone. Increasing strain is associated with grain size reduction. Different grey tones represent different calcite/

dolomite temperatures (g� strain). (e) Type-C twinned microfabric.



420±4308C, but in our view static recrystallization occurred

after main D1 folding. During static recrystallization history,

one would expect that the structurally lower marbles experi-

enced higher temperature than the structurally higher ones

and should develop larger calcite grains. On the contrary,

the composite cross sections of Fig. 2 show that coarse

grained marbles of the western Alpi Apuane (samples 34±

39) occur in a higher tectonic position with respect to the

marbles of the central and eastern Alpi Apuane (sample

190). To explain this, we have to consider the tectonic

evolution of the Alpi Apuane. If we restore the NE-directed

transport of the late D1 phase, the higher portions of the

nappe stack have to be located in a more westward and

deeper position with respect to their present location. It is

therefore more likely that annealing occurred at the time

when the marbles of the western Alpi Apuane were in a

deeper position than the marbles of the eastern Alpi Apuane.

The second type of microfabrics (type-B), characterized

by: a) microstructures exhibiting coarse grains with lobate

grain boundaries and strong shape preferred orientation

(type-B1, sample 170, sketched in Fig. 10b); and b) micro-

structures with shape preferred orientation, smaller grain

size and predominantly straight grain boundaries (type-B2,

samples 45 and 107, sketched in Fig. 10c, d), are both inter-

preted as related to high strain and high temperature (350±

4008C) crystal plastic deformation mechanisms (dislocation

creep). Whereas grain boundary migration recrystallization

can be considered as predominant in type-B1 microfabric,

an important contribution of both rotation recrystallization

and grain boundary migration can be inferred to prevail in

type-B2 microfabric.

Sample 170, which shows a type-B1 microfabric, is char-

acterised by a single c-axis maximum subperpendicular to

the foliation plane (Figs. 8b and 9a). The interpretation of

the texture-forming mechanism, quite common in naturally

deformed marble, is still under discussion (Lafrance et al.,

1994 and references therein). A similar texture was obtained

in experimental deformation (Schmid et al., 1987), both in

the twinning regime (where it is related to twin gliding and a

substantial amount of r- and f-glide) and in grain boundary

migration regime. The microstructural features of our

sample point out that a comparison with the experimental

grain boundaries migration regime appears more likely.

In samples 107 and 45 (type-B2 microfabric), syntectonic

recrystallization of earlier large calcite grains is suggested

by the presence of core-mantle structures, the progressive

reorientation of subgrains c-axis, the polymodal grain size

distribution, with larger relict grains associated with smaller

new recrystallized ones, and by the wavelength of the grain

boundary bulges that corresponds to the grain size of the

newly formed recrystallized grains. We infer therefore that

syntectonic recrystallization through rotation recrystalliza-

tion and grain boundary migration postdate static recrystal-

lization, i.e. type-B2 microfabrics overprint type-A

microfabrics.

All type-B microfabrics show a shape preferred orienta-

tion of the grains which has allowed us to study the relation-

ships between the development of such microstructures and

meter- to kilometer-scale tectonic structures.

Sample 170 comes from a late D1 high strain zone

(Tambura thrust) in the inverted limb of the Tambura anti-

cline (Figs. 2 and 6d). The shape preferred orientation of

grains is parallel to the main foliation recognizable in the

®eld (S1) and refolded by the D2 folds. For this area, we

therefore infer, that the development of type-B1 micro-

fabrics is coeval with late D1 NE-directed transport along

the inverted limb of the Tambura anticline.

Sample 107 comes from the core of a kilometer-scale

SW-verging D2 fold (Figs. 2 and 6d), which refolds bedding

and the D1 foliation (S1). The shape preferred orientation of

the recrystallized grains is parallel to the mesoscopic axial-

plane foliation (S2 in Fig. 8c) of D2 folds. This implies that

D2 deformation can lead to crystal plasticity in marbles, too.

Late D1 and D2 deformations lead therefore to reworking

of type-A microfabrics producing type-B microfabrics.

These overprinting relationships are easily observable

where S1 or S2 foliations are evident and type-B microfabrics

develop a foliation recognizable at outcrop-scale. Neverthe-

less, most of the Alpi Apuane marbles are pure calcite

marbles with no phyllosilicates or impurities, which mark

a macroscopic foliation. In this case, it is dif®cult to deter-

mine if the dynamic microfabrics overprint an early

annealed fabric or if they are related to earlier stages of

D1 deformation surviving the static recrystallization and

grain growth as proposed by Coli (1989). However, the

investigated evolution of microstructures (sample 45) in

pure marbles witnessing the transition from type-A to

type-B microfabrics, points to the interpretation here

proposed.

Analyses performed with the Dietrich and Song (1984)

method on type-C microfabric (twinning) point out that in

some samples where twinning is associated with type B-

microfabrics, it is kinematically coherent with stress ®eld

related to the microfabric-producing event. In other

samples, this relationship is not so straightforward, and it

is dif®cult to demonstrate in the case of twinning affecting

type-A microfabrics. Therefore, we suggest that at least a

part of the twinning occurred at low temperature (minor

than 2008C according to Ferril, 1991 and Burkhard, 1993),

and has to be related to the most recent exhumation history

of the metamorphic complex (cfr. Lacombe and Laurent,

1996).

5.2. Microfabric evolution and tectonic history

In the present study, the variability of statically and dyna-

mically recrystallized microfabrics in the Liassic Alpi

Apuane marbles has been emphasised. According to our

microstructural observations the following evolutionary

tectonic model can be proposed.

During the main regional deformation phase (early D1,

Fig. 11a), nappe emplacement, isoclinal folding producing
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kilometer-scale NE-facing folds, stretching lineations and

main foliation developed in the Apuane unit. After early

D1 deformation (Fig. 11b), thermal relaxation and heating

produced statically recrystallized fabrics (type-A micro-

fabrics). The westernmost rocks were located in the deepest

positions, and marbles developed the largest grain sizes and

higher calcite/dolomite equilibrium temperature; eastern-

most marbles were in a higher position, and developed smal-

ler grain sizes at lower temperature.

During the late stage of the D1 event (antiformal stack

phase, Fig. 11c), further shortening was accomplished. In

this phase, dynamic recrystallized microstructures (type-B1

microfabrics) were produced in localized, meter to deca-

meter-thick shear zones, where earlier type-A annealed

fabrics were reworked. These shear zones accomodate the

transport of the originally deeper westernmost tectonic

levels toward NE in higher positions within the nappe stack.

The D2 history was associated with exhumation in

retrograde metamorphic conditions (Fig. 11d). During this

event, narrow millimeter- to decimeter-thick shear zones

developed in the higher levels of the Alpi Apuane meta-

morphic complex (Carrara area), whereas folding occurred

at lower levels (Arni area). The temperature was lower

during D2 deformation than during D1, but high enough to

produce syntectonic recrystallization (type B2 microfabric).

This is testi®ed by ®ne-grained calcite in D2 shear zones

(sample 45), and recrystallized calcite grains elongated

parallel to the axial surface of D2 folds (sample 107).

The difference in the temperature during the D2 event

(3808C in the east, 3408C in the west) can be related to

the deeper position of rocks from the eastern area relative

to rocks from the western area at the beginning of D2 defor-

mation (Fig. 11d). This frame ®ts well with the different

styles of D2 marble deformation, with predominant struc-

tures represented by large scale folding in the east as

opposed to localized shear zones in the west. It is important

to remember that not everywhere D2 folding produced

dynamic recrystallization with shape preferred orientation

tracing the axial plane of folding. In the case of open D2

folds, no signi®cant reworking of earlier microstructures

occurred, but only a passive reorientation of the previous

microstructures.

Although the Carrara marble is widely used in

experimental rock-deformation because of its nearly

homogeneous fabric, with neither shape preferred orienta-

tion nor texture, our microfabric investigations at the scale

of the whole Alpi Apuane area has pointed out a large

variability of marble calcite microfabric originated during
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Fig. 11. Development of the Alpi Apuane structure (from Carmignani and Klig®eld, 1990, modi®ed) and marble microstructures. (a) D1 main folding phase,

with top-NE nappe emplacement. During this phase main foliation and kilometer-scale isoclinal folds developed. (b) After D1 main folding phase annealing

occurred, with complete obliteration of earlier microfabrics. In marbles polygonal granoblastic microstructures develop (type-A microfabrics). (c) D1

antiformal stack phase, with ®nal NE transport along thrusts. Annealed microstructures are passively transported toward NE or reworked in shear zones

along thrusts (type-B1 microfabrics). (d) D2 deformation leading to extension and exhumation. D1 features are folded or cut by later shear zones developed

along low angle normal faults. Earlier microstructures can be reworked in D2 shear zones or along D2 fold axial planes (type-B2 microfabrics).



static recrystallization as well as during various stages

of the dynamic recrystallization which overprinted the

ªgranoblasticº annealed fabric.

Presently running texture investigations on marbles at the

scale of the whole Alpi Apuane region (Leiss and Molli,

1999; Oesterling et al., 1999; Rexin et al., 1999) will help

to further develop the model of microfabric evolution and

deformation history here presented.
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