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Abstract

To evaluate the texture-controlled part on the thermally induced degradation of marbles, the anisotropic thermal dilatation was calculated

from texture analyses of four exemplary samples from the Carrara area in Italy and compared to experimentally measured dilatation

coef®cients. The thermal dilatation as determined in the experiment is controlled by an intrinsic part (anisotropic single crystal properties

and texture) and an extrinsic part (e.g. thermally induced microcracks). As expected from theoretical calculations, there is a correlation

between the strongest dilatation and the c-axis maxima and the weakest dilatation and the a-axis maxima according to the single crystal data

of calcite. However, a quantitative correlation could not be established. Obviously, other fabric parameters like the grain size, grain shape

anisotropies, grain boundary geometries and microcrack formation during heating modify the texture-controlled part signi®cantly. After

thermal treatment up to 1308C, all samples show a residual strain. However, the magnitude and directional dependence is remarkably

different and is unequivocally correlated to both the microstructure and the texture. Since the number of parameters controlling the physical

weathering is very large, a comprehensive quanti®cation of fabrics is indispensible for the understanding of thermally controlled degradation

processes of physical weathering in marbles. q 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction and aim of the study

Marbles are widely used as building stones at monuments

and statues. Since marbles exhibit a distinct proneness to

physical and chemical degradation, the understanding of the

weathering processes and mechanisms are of economical

and cultural historical interest (Goretzki et al., 1987; Ritter

1992; Trewhitt and Tuchmann, 1988; Grimm, 1999).

Besides the local climate, weathering processes and

mechanisms of marbles are controlled by the rock's fabric:

grain size and grain size distributions, grain shape anisotro-

pies and preferred orientations, grain boundary geometries

and crystallographic preferred orientations (texture).

Various combinations between these parameters can lead

to different properties of the marble types. Thus, a detailed

fabric analysis is an appropriate tool for the assessment of

marble quality (e.g. Siegesmund et al., 1999).

Since the single crystal of calcite shows a strong aniso-

tropy of the physical properties, theoretically the bulk aniso-

tropies of the physical properties are strongly controlled by

the texture (Siegesmund et al., 1997; Leiss and Ullemeyer,

1999; Siegesmund et al., 1999, 2000a). Thus, the question

arises if in natural marbles the anisotropic physical proper-

ties are really predominantly controlled by the texture or if

other microstructural features of the fabric modify or even

dominate the texture-controlled proportions. For a ®rst

approach, the aim of this study is the comparison between

physical properties that are experimentally measured with

those calculated from texture measurements. For this aim,

this study focuses on the thermal dilatation and the residual

strains after thermal treatment as important parameters for

the weathering characteristics of marble fabrics. It has been

shown in the literature that thermally induced stresses

between adjacent grains lead to a decohesion along the

grain boundaries (e.g. Frederich and Wong, 1986) and basi-

cally all types of marble are degraded after a certain number

of thermal cycles even when the heating and cooling is

performed carefully (Bertagnini et al., 1984; Franzini,

1995).

2. Sample selection and their macro- and
microstructural characterisation

Since historical times, the marbles from the Carrara area

in the northern Alpi Apuane in Italy are used as building

stones and numerous and spacious quarries are telling from

the extensive usage of the material in the past, at present and
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in the future. From this fact, the great interest in the weath-

ering phenomena of especially these marbles is obvious. At

the same time, the Carrara marbles are very suitable to the

aims of this study because several studies in recent years

have shown the large variety of different microstructural

features of the Carrara marble fabrics (e.g. Coli, 1989;

Barsotelli et al., 1999; Leiss and Molli, 1999; Molli et al.,

1999; Oesterling et al., 1999, Rexin et al., 1999; Weiss et al.,

1999, Molli et al., 2000). For this study different samples

were selected in respect to their signi®cance as case studies

for different fabric types. Samples were selected with a large

variation in grain size, shape anisotropy, straight/interlobate

grain boundaries and texture type and strength. The

locations of the four samples selected are indicated in Fig.

1. An XYZ-coordinate system was introduced with the

following correlation to the macroscopic structural

elements: X� parallel to the lineation, Y� normal to the

lineation and parallel to the foliation plane, Z� normal to

the foliation plane. High polished thin sections were

prepared from sections normal to the foliation/parallel to

the lineation (XZ-plane) and normal to the foliation/normal

to the lineation (XZ-plane). The grain fabrics of the samples

can be macro- and microscopically characterized as follows

(compare with Fig. 2):

Sample A comes from the Massa Unit which comprises

among others a high-grade metamorphic metasedimentary

Middle Triassic to Late Triassic sequence. The sample was

collected in the quarries SE of La Rocchetta (South of

Colonnata) just above the main thrust between the Massa

Unit and the underlaying Apuane Unit (Triassic to Oligo-

cene metasedimentary sequence of low- to medium-grade

metamorphsim, Fig. 1). Macroscopic characteristics of the

homogenous and white sample are a widely spaced foliation

discernible by mica enrichments, a striking SE dipping

stretching lineation and a coarse grain size (about 1 mm).

Old polished surfaces in the quarry show a remarkable

sugar-like degradation, i.e. a decohesion along the grain

boundaries. In the section normal to the foliation and paral-

lel to the lineation, the microscopic equigranular fabric

exhibits a weak preferred grain shape orientation with a

ratio of the short/long axes of up to 1:1.5 (Fig. 2a, left).

The grain boundaries are straight to interlobate. Most of

the grains are twinned. In the section parallel to the foliation

and normal to the lineation, the microstructure is very simi-

lar but a grain shape preferred orientation is absent (Fig. 2a,

right).

Sample B comes from a hinge zone in the intensively

folded area (syncline of Arni) south of Arni (Fig. 1) and is

macroscopically a typical representative of the white

Carrara marble of the Apuane Unit. Microscopically, the

equigranular fabric exhibits a grain size of about 0.5 mm,

sutured grain boundaries, no grain shape preferred orienta-

tion and an intense twinning (Fig. 2b, left). In the section

parallel to the lineation a weak grain shape preferred
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Fig. 1. Geological setting of the Alpi Apuane region with the location of the four samples investigated (A±D). Apuane Unit: Pz//Tr� Paleozoic to Triassic

metavolcanics, phyllites, quartzites and metaconglomerates, Tr/J�Upper Triassic to Liassic carbonate platform deposits, K/T� Cretaceous to Tertiary

phyllites and metasandstones. Map by courtesey of G. Molli (modi®ed after Carmignani and Klig®eld, 1990).
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Fig. 2. Photomicrographs of the microstructures (crossed polarizers, same scale for all samples). The microstructures are shown in sections normal to the

foliation and parallel to lineation (XZ-plane, left row) and normal to the foliation and normal to the lineation (YZ-plane, right row) for Sample A (a), for Sample

B (b), for Sample C (c) and for Sample D (d).



orientation can be observed with long axes parallel to the

lineation. In the section normal to the lineation, indications

for grain boundary migration are more striking: the grain

boundaries are more sutured and more left-over grains can

be found (Fig. 2b, right).

Sample C comes from a quarry directly located at the

Passo della Focolaccia (North of Resceto, Fig. 1) and also

represents a typical marble from the Apuane Unit. The area

is a part of the eastern limb of the regional Pianellaccio

anticline. A weak stretching lineation is visible on the

homogenous, gray and ®ne-grained (ca. 0.13 mm) sample.

The microscopic fabric, however, shows no grain shape

anisotropy, but an equigranular grain size distribution and

polygonal grain boundaries (Fig. 2c).

Sample D comes from the normal limb of the Carrara

syncline (Fig. 1). The well-foliated, yellowish sample

from the Zebrino levels (Apuane Unit) at the Ponti di

Vara (East of Miseglia) shows a prominent grain shape

preferred orientation parallel to the lineation with aspect

ratios up to 1:10 (Fig. 2d, left). Long axes are ranging

from about 0.2 mm in ®ner grained layers to 2 mm in coarse

grained layers. Grain boundaries are straight to curved.

Mica layers strengthen the foliation and cleaveage of the

sample. In the section normal to the lineation, no grain

shape preferred orientation can be observed (Fig. 2d, right).

3. Quantitative analytical methods

3.1. Quantitative texture analysis

To get statistically representative bulk textures and due to

the large grain size of most of the samples, neutron diffrac-

tion was applied. Measurements were carried out at the

SKAT-goniometer at the pulsed reactor IBR-2 in Dubna,

Russia (e.g. Ullemeyer et al., 1998; Leiss and Ullemeyer,

1999). From the marbles, spherical samples of a diameter of

30 mm were prepared. A measuring grid of 58 £ 58, an

exposition time of 15 min per grid point and the application

of 19 detectors at the same time resulted in a total measuring

time of 18 h. From the time-of-¯ight spectra, the experi-

mental pole ®gures of (006), (110), (104), (012) and (113)

were extracted. Based on these experimental pole ®gures,

quantitative texture analyses were applied by means of the

iterative series-expansion method (Dahms and Bunge,

1989). From the results, pole-®gures for the representation

(Fig. 3) of the texture and the texture-controlled portions of

the anisotropic thermal dilatations were calculated (see also

Leiss and Ullemeyer, 1999). The bulk rock anisotropy of the

thermal dilatation coef®cient was calculated by applying the

VOIGT averaging method (e.g. Bunge, 1985) and are repre-

sented in stereoplots (Fig. 3).

3.2. Anisotropic thermal dilatation

The measurements of the thermal dilatation were carried

out at the Technical University of Vienna. Sample prisms

with a size of 10 £ 10 £ 50 mm were prepared according to

the three principal axes of the reference coordinate system

(X, Y, Z) given by the structural reference frame (e.g. folia-

tion and lineation, see Fig. 3). The samples were heated in

one or more cycles up to a temperature of 130 8C and cooled

down to room temperature. Three samples can be measured

simultaneously, i.e. under identical experimental conditions

(see detailed description in Widhalm et al., 1996). The

temperature and the dilatation of the samples were moni-

tored during heating. This allows the calculation of the rela-

tive dilatation 1 (mm/m) and the thermal dilatation

coef®cient a (1026 l/8C) as a temperature normalized

value (see Fig. 4). A homogeneous heating of the samples

was guaranteed by using a slow heating/cooling velocity of

0.758C/min. Changes in the length of the sample during

heating/cooling (dilatation coef®cient a ) and residual

strains after the experiment were measured using linear

variable differential transformers (LVDTs). Due to the

resolution of the LVTDs, the detection limit is one mm.

Since many marbles exhibit residual strains as a conse-

quence of thermally induced microcrack formation in a

magnitude of 0.005±0.01 mm after heating, the resolution

of these experiments is suf®cient to detect thermal degra-

dation of marbles.

4. Results

4.1. Textures

The results of the texture analyses are represented by pole

®gures in Fig. 3. Textures can be characterized by the inten-

sity of the maximum, by the texture type and by the symme-

try. As de®ned in, e.g. Leiss and Ullemeyer (1999),

carbonates form texture types which can be typically lined

up in an idealized continous row between a single c-axis

maximum and an a-axes great circle distribution (c-axis

®bre-type) and a c-axis great circle distribution and a single

a-axis maximum (a-axis ®bre-type). Refer to Leiss et al.

(1994, Fig. 5) and Leiss and Ullemeyer (1999, Fig. 6) for

a better understanding of the compatiblity of carbonate pole

®gures and the modi®cation of the idealized ®bre-types by

additional texture components.

Sample A shows a relative strong texture and is a typical

transition type between the c-axis and a-axis ®bre-type

(Fig. 3a). However, features like the intimated c-axis girdle,

the clearly developed a-axis maximum and the small circle

distribution of the normals of the f-planes around the a-axis

maximum classi®es this texture more as an a-axis ®bre-

type. The c-axis maximum is oriented normal to the folia-

tion (Z-direction of the coordinate system) and the a-axis

maximum is oriented parallel to the stretching lineation (X-

direction of the coordinate system).

Sample B also exhibits a transition type like Sample A, but

shows a stronger intensity of the c-axis maximum. The more

distinct c-axis maximum and the small circle distributions
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of the normals of the r-planes classi®es this type more as a

c-axis ®bre-type. The c-axis maximum is oriented close to

the normal of the axial foliation plane and the a-axes are

oriented parallel to the fold axis (Fig. 3b).

Sample C can be clearly classi®ed as a c-axis ®bre-type

because the c-axis maximum is very clearly developed and

the a-axes are relatively regularly distributed on a great

circle. The c-axis maximum is only of moderate intensity

and oriented normal to the regional foliation (Fig. 3c).

Sample D shows two conjugate, quite weak but distinct c-

axis maxima. The a-axes pole ®gure displays not a distinct

maximum, but a large and fuzzy area of a weakly developed

preferred orientation (Fig. 3d). This classi®es the texture as

a `High-Temperature' texture as experimentally developed,

e.g. by Kern and Wenk (1983), as predicted by, e.g. Wenk

et al. (1986, 1987) by numerical models and as ®rstly

described for a natural sample by Leiss and Molli (1999).

The c-axis maxima are inclined in respect to the normal of

the foliation, the fuzzy area of a-axis maxima is oriented

normal to the lineation/parallel to the regional fold axes.

The symmetry axes of the texture are oriented parallel to

X, Y and Z.

4.2. Directional dependence and magnitude of the thermal

dilatation

Sample A shows the strongest magnitude of the relative

dilatation 1 (Fig. 4a). Normal to the foliation the largest

dilatation (2.33 mm/m), parallel to the lineation the weakest

dilatation can be observed (0.98 mm/m). In contrast, the

directional dependence of 1 is more pronounced for Sample

B (Fig. 4b). The strongest dilatation (2.06 mm/m) is found

parallel to the c-axes maximum and a very weak dilatation

(0.24 mm/m) parallel to the a-axes maximum. Sample C

shows a smaller anisotropy of 1 varying between 1.92

mm/m parallel to the c-axes and 1.15 mm/m parallel to
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Fig. 3. Textures represented by pole-®gures. Pole-®gures are calculated from the iterative series expansion method (equal area projection, lowest contour equal

to 1.0 multiples of random distribution, relative maxima are given). The left row shows the distribution of the thermal dilatation coef®cient a [1026 1/8C] as

calculated from the results of the texture analysis and presented in stereoplots (equal area projection, contour line steps of 0.6 for all plots). Orientations and

values of amax (dots) and amin (squares) are indicated in and below the stereoplots; triangles indicate the intermediate values. X, Y, Z indicate the coordinate

system, X is parallel to the lineation, Y is normal to the lineation, parallel to the foliation and the regional fold axes, Z is normal to the foliation. The orientation

of the pole ®gures corresponds to the orientation of the photomicrographs in the left row of Fig. 2.
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Fig. 4. Directional dependence and magnitude of the thermal dilatation (X� parallel to the lineation� parallel to the a-axis maxima in samples A and B,

Y� parallel to the foliation/normal to the lineation, Z� normal to the foliation� parallel to the c-axis maxima in samples A±C).

Fig. 5. Thermal dilatation of Carrara marble. (a) amax and amin experimentally determined (a exp) and calculated (a calc). (b) Anisotropy of a (AT) calculated as

the quotient of amin divided by amax.



the weak a-axis maximum (Fig. 4c). It is conspicuous that

despite the well and regular developed a-axis girdle, the

thermal dilatation 1 displays a clear variation in the direc-

tions of X and Y. In Sample D, the strongest dilatation (1.90

mm/m) is found normal to the foliation. The weakest dilata-

tions (0.98 mm/m) are observed in the directions of X and Y

and are, in contrast to Sample C, very similar (Fig. 4d).

4.3. Residual strain after thermal treatment

A measurable quantity for the thermal degradation of

marble is the residual strain after heat treatment (Rosenholtz

and Smith, 1949; Franzini, 1995; Widhalm et al., 1996).

This thermally induced irreversible change in length can

occur even within very small temperature intervals, e.g.

after heating samples up to only 508C (Battaglia et al.,

1993). Especially during the ®rst heating cycle, it was

observed that all investigated samples show a remarkable

non-reversible change in length (Siegesmund et al., 2000b).

Our results (Fig. 4) show that the residual strain and

the thermal dilatation 1 clearly depend on the direction.

Generally, the largest residual strain is observed parallel

to the direction of the maximum dilatation 1 , i.e. parallel

to the c-axis maxima. The absolute magnitude of the

residual strain, however, is signi®cantly different for

the samples. Sample A shows relatively large (0.36±0.59

mm/m) residual strains for all directions with the largest

residual strain parallel to the c-axis maximum. Although

the c-axis maximum of Sample B is stronger and the texture

type of Sample B is quite similar to Sample A, the residual

strains for Sample B are much smaller for all directions

(0.24 mm/m parallel and 0.08 mm/m normal to the c-axis

maximum). For Sample C and D the residual strains are

quite small (Fig. 3c and d). However, it is striking that the

most prominent residual strain can be observed in the direc-

tion of Z (i.e. normal to the foliation) in Sample D, since the

c-axis maximum and the maximum of the calculated

thermal dilatation is much smaller than in Sample C.

5. Discussion and conclusions

Model calculations of the thermal dilatation coef®cient a
on the basis of the texture and the single crystal dilatation

data reveal that the directional dependence of the thermal

dilation coef®cient is clearly controlled by the texture. As

from the single crystal data expected, in all samples the

strongest dilatation coef®cient is found parallel to the c-

axes maximum and a small dilatation coef®cient parallel

to the a-axes maximum. However, despite a clear variation

of the c-axes maxima (,1.4±4.72 multiples of random

distribution, mrd), the absolute values for the strongest

experimentally determined dilatations are very similar

(,2.0 mm/m) for all samples. This value is expected for

marbles with dilatation coef®cients around 19 £ 1026 l/8C
and is typical for Carrara marble. Carrara marble is gener-

ally assumed to have isotropic physical properties, but the

marbles investigated prove a distinct anisotropy which

cannot be exclusively explained by the texture. Since

the absolute values of the thermal dilatation as well as the

anisotropy cannot be directly correlated with the texture, a

closer look on additional parameters is required to under-

stand the mechanisms of the degradation in these marbles.

Fig. 5a demonstrates that the experimentally determined

thermal dilatation coef®cient is generally larger than the one

expected from texture calculations (compare Figs. 3 and 4).

Using another theoretical model for the calculation of the

coef®cient like the Reuss method would result in an even

larger discrepancy because the here applied Voigt method

already holds for the upper bound of the models. A possible

explanation for the disrepancy is that during heating a

signi®cant amount of thermal stresses in the samples may

cause a widening of the pore space or may lead to thermally

induced crack nucleation and/or crack growth. Thus, the

experimentally observed thermal dilatation is the result of

i) an intrinsic part (depending on texture and single crystal

constants) and ii) a crack induced part. This crack induced

part becomes visible in the measurements (Fig. 4): within

the very limited temperature range of the present investiga-

tions, the thermal dilatation should be linearly correlated

with the temperature. However, especially for Sample A

and C the slope of the curves increases when the sample

temperature reaches approximately 60±708C. This indicates

that (i) thermally induced cracks are generated at a certain

critical crack initiation temperature or (ii) the total thermal

dilatation coef®cient is buffered by preexisting crack

systems (compare with Weiss et al., 1999) at temperatures

lower than about 608C (Weiss et al., 2000).

A critical parameter for the formation of thermal induced

microcracks may be the grain size which can have a

profound effect on the rheological behaviour, a fact which

is well known from ceramics. Frederich and Wong (1986)

found evidence for thermal cracking at 5008C for an untex-

tured limestone with an average grain size of 0.075 mm.

Marbles with larger grain sizes show thermal cracking at

signi®cantly lower temperatures indicated by an increase of

acoustic emissions at temperatures above 508C (Widhalm et

al., 1997). For Al2O3 with a thermal dilatation coef®cient of

0.5 £ 1026 l/8C, a critical grain-size of 0.4 mm for sponta-

neous fracturing along grain boundaries was experimentally

determined by Rice and Pohonka (1979). Theoretical

modeling using an object oriented ®nite element method

reveal that during processing of ceramic materials residual

stresses arise high enough to cause spontaneous microcrack-

ing (Tschegg et al., 1999). They are the result of thermal

dilatation anisotropy of the ceramic material (Vedula et al.,

1999). Since the anisotropy of thermal dilatation of calcite is

signi®cantly larger than that of Al2O3, the critical grain size

at which thermal microcracking starts will be signi®cantly

smaller (e.g. Evans, 1978). The corresponding thermally-

induced crack nucleation starts preferentially at 1208 triple

points (Evans 1978, Fu and Evans, 1980; Tvergaard and

Hutchinson, 1988).
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No speci®c relationship between the a-axis maxima (1.2

to 2.1 mrd) and the absolute values of the minimal experi-

mental dilatation (0.2±1.2 mm/m) has been found. This

®nding additionally supports the idea that the grain size,

grain shape and grain boundary geometries are suspected

to contribute signi®cantly to the initation of micrcracking

and with this to the observed dilatation.

The results do not only indicate the general in¯uence of

microcracks on the thermal dilatation, but also give

evidence for an anisotropic microcrack distribution. This

is especially obvious in Sample C. This sample does not

display a signi®cant grain shape preferred orientation and

shows a very regular distribution of the a-axes in the XY-

plane (Fig. 3). Despite these facts, the dilatation is much

stronger in the direction of X than in Y (compare with

Sample D where this is not the case). This can be only

explained by a much higher microcrack density in the

plane normal to X. Another good example for a non-uniform

crack generation is Sample D. Despite the very weak

texture, the experimentally determined anisotropy of a in

Z is as large as in Sample C which shows a signi®cantly

stronger texture (Fig. 5b). In this case, the anisotropic

microcracking must be basically controlled by the strong

grain shape anisotropy and the mica layerings. This idea

is supported by the following argument: if the elongated

grain shape anisotropy would basically control the dilata-

tion, different magnitudes of the dilatation have to be

expected for the directions of X and Y.

An important indicator for the structural disintegration as

a result of thermal treatment is the magnitude and direc-

tional dependence of the residual strain. The residual strain

characterizes the decohesion of the grain boundaries and

therefore especially re¯ects the degree of the durable

destruction of the marbles.

Generally, the maximum residual strain is observed in the

directions of maximum dilatation. Therefore, the texture is

expected to control the residual strain. However, from the

comparison of Samples A and B it becomes obvious that

Sample A develops a much larger residual strain, despite

similar texture and a much weaker anisotropy of the calcu-

lated dilatation coef®cient of Sample B (Figs. 4 and 5b). A

much more uniform microcracking in Sample A might be

responsible for this observation. Due to the relative straight

grain boundaries, microcracking seems to be much easier to

initiate in Sample A than in Sample B with its sutured grain

boundaries. The obviously more sutured grain boundaries in

the section normal to the lineation in Sample B might addi-

tionally enhance anisotropic microcracking (residual strain

is larger in Z than in X and Y). Sample A from the Massa Unit

shows the most intensive degradation with a residual strain

of about 0.6 mm/m. This result matches the observations

already made in the ®eld. Compared to the other samples,

the most prominent difference of the fabric of this sample is

the large grain-size and supports the discussion on the in¯u-

ence of the grain size on the formation of microcracking

outlined further above.

6. Summary

Incompatibilities in the correlation of the texture and the

experimentally determined thermal dilatation prove that

fabric parameters like grain size and grain boundary geom-

etries modify the thermal dilatation properties which are

induced by the texture. The modi®cation by, e.g. the grain

size and grain boundary geometry works by controlling the

initiation of microcracking. For the correlation with the

texture and the experimentally determined thermal dilata-

tion/residual strain after heating, more comprising and

quantitive analyses of the microstructures are indispensible

in order to assess the ef®ciency of the different parameters

involved in the degradation of marble fabrics.
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