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Abstract--The structural evolution of four granites, heated from 20 to 700°C, was examined after cooling. The 
granites have four typical initial structures, which can he sub-divided into two groups: rocks with high connected 
porosity; comprising cracks with low aspect ratio and alteration pores (type A), pores and a few cracks (type B), 
or cracks (type C); and rocks with low connected porosity, with cracks (type D). 

The connected porosity was measured by mercury injection, and the total porosity by X-ray computerized 
tomography. At low temperature (T < 300°C), the connected porosity decreases with increasing temperature, 
particularly for the material with high crack density and connected porosity (A and B). The total porosity 
increases for B, C and D, and decreases for the material with low aspect ratio cracks (A). Above 300°C, both 
porosities increase. The data show that the thermal history of a granite can be decomposed into two phases. In the 
first stage the connected porosity decreases with increasing temperature, cracks are initiated at low temperature 
and they form unconnected networks. In the second stage, the connected and total porosities increase, the 
previously initiated cracks form a connected network by opening, and they interact with newly created cracks. 

INTRODUCTION 

MANY situations such as geothermal energy or disposal 
of nuclear waste involve the heating and cooling of 
rocks, particularly granitic rocks. 

In polycrystaUine rocks thermal cracking originates 
from local stress concentrations induced by anisotropic 
dilatation and/or variations in thermal expansion (Fried- 
man & Johnson 1978). Thermally induced cracks have a 
great influence on the mechanical and permeability 
properties of the rock. A review of the various petro- 
physical characteristics of thermally deformed rocks has 
been given by Heuze (1983). Thermal crack formation 
can influence the local stress state at different depths, 
the transport phenomena in hydrothermal systems in 
crystalline rocks, and the formation of porous networks 
in crustal rocks (Norton & Knight 1977). Micro- 
structural studies of rocks, especially of the distribution 
of apertures, has been frequently done using SEM 
observations which show that the porous network is 
heterogenous (Fig. 1). 

The porosity of unheated granites is composed mainly 
of cracks, for unweathered and stressed material 

(Sprunt & Brace 1974, Krantz 1980, 1983). Pores occur 
when weathering phenomena have occurred, generally 
after crack formation and fluid circulation (Sprunt & 
Brace 1974, Norton & Knapp 1977). During thermal 
testing, the initial crack density is an important para- 
meter, and certain values can result at low temperatures 
in a decreasing dilatancy of the rock (Cooper & Sim- 
mons 1977). At higher temperatures, the initial cracks 
can act as sites for the nucleation of thermal cracks 
(Friedrich & Wong 1986, Wang et al. 1989). 

In this paper we want to show how the type and 
amount of porosity are important factors controlling 
thermal cracking. To study thermal cracking, four gra- 
nites with different porous structures were chosen. The 
samples were characteristic of nonweathering, a low 
degree of weathering, a high degree of weathering or a 
mechanically stressed granitic structure. Samples were 
heated to different temperatures and cooled (rates less 
than 50°C h-t) ,  then the porosity was characterized by 
different techniques which gave us data on the porosity 
distribution. Connected porosity values and throat size 
of the network (see section on "Mercury injection poro- 
sity") were determined by mercury injection. Total 
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Fig. 1. Porosity model for granitic rocks. The porosity is composed of two types of microstructures : pores and cracks. They 
arc distinguished by their aspect ratio (l/L ratio). A pore aspect ratio is defined as less than 10 -1 , and a crack aspect ratio as 
more than 10 -~. This structure comprises the total porosity, which is divided into connected porosity and unconnected 
porosity. Throat diameter is the parameter depending on the pressure injection for mercury porosimetry and can be related 

to the crack width. The ratio throat diametcr/porc diameter is the first parameter  which induces trapped porosity. 

porosity (connected porosity + unconnected porosity) 
was calculated from the radiological density obtained by 
X-ray computerized tomography (CT). SEM obser- 
vations provide semi-quantitative values of total poro- 
sity and data on the type of discontinuities which consti- 
tute the porosity. These measurements were undertaken 
on four granites with different porous networks and 
grain size in order to compare the influence of these 
initial parameters on the modification of the porous 
networks after thermal treatment. 

MEASUREMENT PROCEDURES 

Three techniques were used to measure porosity and 
determine the corresponding structures. Connected 
porosity was measured by mercury injection, total poro- 
sity by computer tomography (CT) and microstructures 
were determined by observation of polished sections in 
the SEM. Thus aperture geometry, volume, size, pore 
and crack type (open or closed) could be determined 
(Fig. 1). 

For each type of granite, samples from different 
locations were heated at various temperature and then 
cooled. In each location three cores (14 mm in diameter, 
25 mm of length) were tested by mercury injection and 
another three samples were cored and mechanically 
polished for the SEM observations. CT measurements 
were made on the same sample at room temperature, 
after being heated to the indicated maximum tempera- 
ture and cooled. For all samples, each heating-cooling 
cycle was conducted at a temperature stepping rate of 
less than 50°C h - 1 .  The indicated maximum tempera- 
ture was maintained for 20 h. 

Mercury injection porosity measurements 

This technique consists of measuring the volume of 
mercury injected into a previously dessicated, degasified 
sample for different steps of increasing values of mer- 
cury pressure. Each mercury pressure depends on the 
throat diameter by the Washburn relationship (Wash- 
burn 1921) 

P = 27 cos O/D (1) 

for a tube structure (D is a tube diameter) and by the 
Lenormand relationship (Lenormand et al. 1983) 

P = 27 cos O/x (2) 

for a rectangular section structure (x is the smallest 
dimension of the section, for cracks), where P is the 
pressure measured in mercury, 7 is air-mercury interfa- 
cial tension, 0 is the constant angle measured in mer- 
cury. D and x values are alternative terms for throat 
diameter. 

For each pressure step, the porosity volume is depen- 
dant on the throat diameter, which is the smallest 
characteristic of the void geometry. For the granitic 
microstructure, the throat diameter can be compared 
with crack width. 

Three different characteristics of the connected por- 
ous network can be determined: (a) the connected 
porosity; (b) the trapped porosity; and (c) the porosity 
spectrum. 

The connected porosity value is given by the volume of 
injected mercury at the maximum pressure (150 MPa). 
Each value corresponds to the average porosity from 
three samples. 

The trapped porosity is the mercury volume which is 
not expelled from the sample when the pressure is 
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Table 1. Petrographic paramei~ts f0t granlies A. B, C and D 

A B C D 

Grain size (mm) 1-5 0.1-0.5 
Roughness high low 
Porosity (%) 1.77 2.3 
Pore size (urn) <2 0.1-0.3 

Trapped porosity (%) 70 80 
Discontinuities pore pore canal 

crack cracks 

0.5-2 1-5 
high low 
1.5 0.48 

<2 0.01--0.03 
0.1--0.4 

36 67 
cracks cracks 
pore pore 
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released. The value of the trapped porosity is compar- 
able to the pore volume of the rock (Li & Wardlaw 
1986). This value depends on the ratio of pore diameter 
to throat diameter. There is a critical value above which 
mercury is trapped. Wardlaw et al. (1988) found critical 
values from 1.6 to 2.0 for dolomite, for example. 

Porosity spectrum is the measurement of the connec- 
ted porosity at each pressure step or throat diameter step 
(cf. Washburn or Lenormand equations, 1 and 2). This 
curve is a cumulative curve and is termed the porosity 
spectrum. These data can be interpreted using percola- 
tion theory to give us the absolute permeability; the 
calculated values involve no adjustable parameters. 
Katz & Thompson (1987) defined the inflection point of 
the cumulative injection curve as the point at which the 
mercury first forms a continuous cluster across the 
sample. The results obtained by Guegen & Diennes 
(1989) from percolation theory show that, for a crack 
population, the permeability depends on the throat 
diameter and the porosity value, where these para- 
meters could be determined by mercury porosimetry. 

X-ray computerized tomography 

This technique was originally used for medical 
purposes, before being adapted to observe rocks 
(Raynaud et al. 1989). It is based on measuring the 
attenuation of X-ray beams and defines a radiological 
density. These data are influenced by the chemical 
composition and the total porosity of the sample. CT is a 
non-destructive technique, so that radiological density 
can be measured on the same sample after several 
different thermal cycles. 

The variations in gravimetric density and thus in 
overall porosity can be calculated from the mean radio- 
logical density at different stages of deformation. Poro- 
sity variations in the sample set are given by the formula 
(G6raud et al. 1991): 

An = AH/3OOdo, (3) 

where An is the porosity variation, AH is the radiological 
density variation and do is the initial value of gravimetric 
density. For each sample a set of I 1 2-mm sections was 
carried out in the same zone in the initial state and then 
again after each heating cycle. By averaging the density 
of each section the porosity evolution over a large 
volume of the sample could be followed. 

Each section corresponded to 1.9 cm 3, thus giving an 
analysis volume of 20.9 cm 3 for the 11 sections. 

SEM observations 

This technique provides some insight into the type of 
discontinuity, and semi-quantative data on the relative 
importance of these discontinuities. The approach has 
been used previously to describe thermally induced 
deformations, but here it is specifically used to corrobor- 
ate the results given by mercury injection porosity 
measurements and CT. 

The method for quantification of discontinuities is 
taken from Tapponier & Brace (1976). Five pictures of 
each granite (A, B and D samples) at 20°C and after the 
heating-cooling cycle were analysed. On each photo- 
graph eight scanlines were drawn and each void crossed 
by one of these lines was counted and classified in terms 
of its smallest dimension and its type (pore or crack, 
where the boundary between them is at aspect ratio a = 
1/10). 

DESCRIPTION OF MATERIAL 

Four calc-aikaline granites were chosen for their 
different porous networks. Their modal compositions 
determined by counting 2000 points on four thin sections 
are shown in Table 1. The weathering of the different 
mineral phases is also shown as it is an important factor 
in the amount and kind of porosity. The greater the 
weathering, the higher the porosity and the pore den- 
sity, except in certain conditions of fluid circulations 
where the rate of weathering is inversely proportional to 
the connected porosity in the material (Katsube & 
Kaminemi 1983). The data in Table 2 deal with struc- 
tural parameters of the samples including grain size, 
connected porosity volume and type of discontinuities in 
the rock. 

Table 2. Structural parameters for granites A, B, C and D 

A B C D 

Quartz 26.8 37.1 34.6 33.7 
Feld. pl. 33.6 25.6 34.9 35.4 
Feld. K 26.3 31.9 18 19.4 
Biotite 13 1.2 6.7 8.3 
Muscovite 4~2 5.8 3 
Hornblende 0.4 

Weathering reid. pl. moderate high low high 
Feld, K high moderate low low 
Biotite high moderate low high 
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Fig. 2. Connected porosity spectra of granites A-D. (a) Granite A is a high porosity material (1.7% porosity) with throat 
diameter less than 1 ~m. (b) Granite B has high porosity (2.3%) with throat diameter less than 0.3/.~m. (c) Granite C is high 
porosity rock, with throat diameter <1 ~m. (d) Granite D is low porosity (0.4%) with an undetermined throat diameter. 
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Granite A is a coarse-grained material with high 
connected porosity (1.77%). The value of trapped poro- 
sity indicates a high pore/crack volume ratio. This 
material includes widely open cracks with a low aspect 
ratio coefficient of 10-3-10 -5 (Figs. 2a and 3a) which are 
transgranular discontinuities. This granite defines a 
structure of low weathering material. 

Granite B is a fine-grained aplitic material with high 
connected porosity linked to pores and a few widely 
open cracks (Figs. 2b and 3b). This granite has a high 
degree of weathering. 

Granite C is medium-grained with high connected 
porosity due to cracks with a low shape coefficient 
( 1 0 - 3 - 1 0 - 5 ) ;  the cracks are intergranular discontinuities 
and their shapes are more tortuous than in A (Figs. 2c 
and 3c). 

Granite D is coarse-grained with low connected poro- 

sity. It includes a small number of cracks with low aspect 
ratio. The high level of trapped porosity results from 
numerous pores in plagioclases feldspars which form 
part of the connected network (Figs. 2d and 3d). 

RESULTS 

Mercury injection porosity 

Values of normalized connected porosity are plotted in 
Fig. 4. We define here the normalized connected poro- 
sity (NCP) as the connected porosity of the sample at a 
given temperature divided by the initial room tempera- 
ture connected porosity. At low temperature, connected 
porosity decreases; the minimal porosity is reached at 
100°C for granites B and D, and at 200°C for granites A 

Fig. 3. SEM photographs of the granite samples. (a) Granite A: open cracks with low aspect ratio and alteration pores comprise the connected 
porosity. Cracks are transgranular structures, and weathering pores exist in potassic feldspars. (b) Granite B: connected porosity consists of 
interconnected pore structure. Pores are intergranular and intragranular in feldspar. (c) Granite D, a low crack density material shows that 
alteration pores are common in plagioclase feldspar. (d) Granite C, a high crack density material shows that cracks are intergranular and 
comprise an interconnected structure. Pore porosity is low. (e)--(f) explain the crack formation. (e) Grain boundaries between biotite (B) and 
other minerals, in granite A, are opened at 50°C. This is a disjointed boundary. (f) In granite C, a substantial proportion of grain boundaries are 

opened, particularly between quartz grains. (g) Granite D, at 700°C, shows that intragranular and intergranular cracks are well developed. 
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and C. These temperature values allow us to determine 
the microcracking threshold, the temperature at which 
connected porosity begins to increase (Perami 1971). 
Two results emerge. 

(1) The NCP decrease varies with initial porosity and 
aperture type, and is less marked for samples with high 
initial crack porosity rather than pore porosity (Table 2 
and Fig. 4). The higher the initial crack porosity, the 

greater the rise in temperature required to reach a 
minimum porosity value. 

(2) Porosity increases up to the highest experimental 
temperatures. Samples of granites A and C heated to a 
temperature of less than 500°C have a connected poro- 
sity value smaller than the non-treated sample. The 
connected porosity values of the samples of granites B 
and D heated to 400 and 300°C, respectively, are higher 
than the untreated sample. Between 500 and 600°C, 
connected porosity values increases dramatically. This is 
caused by the anisotropic expansion due to the quartz 
transition ~/13 which occurs at 573°C and room pressure. 

The porosity spectra also evolve in two stages (Fig. 5). 
(1) Up to the microcracking threshold temperature 

(50 - 200°C), granites with high crack porosity (A and C) 
show an important modification of the spectra (with the 
disappearance of large values of throat diameter), while 
those with low crack porosity show only a slight change 
in spectra. 

(2) Above the microcrack threshold temperature the 
porosity increases by the formation of discontinuities of 
small throat diameter and then by enlargement of aper- 
tures and pore volume increase. 

In the first stage, the low throat diameter porosity 
decreases (less than 1/~m for granites A, C and D and 
between 0.3 and 3.0 pm for granite B). 
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In the second stage, up to 500°C, the connected 
porosity increase involves pores with a diameter of less 
than 1.0/~m for granites A, B and C, and less than 10/zm 
for granite D. 

Above 600°C, the curves are shifted towards high 
values of porosity and throat diameter. The strong 
porosity increase was induced by the quartz alfl tran- 
sition at 573°C (Skinner 1966). In the case of granite B, 
there is no evidence of this phase transition between 500 
and 600°C. The grain size is probably too small to induce 
a significant opening of cracks. The trapped porosity 
evolves in two stages in a manner similar to the connec- 
ted porosity (Fig. 6). In the first stage, connected poro- 
sity values decrease, with the lowest values obtained at a 
temperature between 50 and 300°C. Then in the second 

stage, the values increase for all samples systematically 
with temperature. 

SEM observations 

Two types of observations were made: qualitative 
observations, on each sample, and semi-quantitative 
measurements on samples of granites A, B and D, 
untreated and heated to 500 and 700°C. 

Qualitative observations. Observations were made at 
each different temperature. For low temperatures (be- 
low microcracking threshold), no modifications of the 
initial structures, pores or cracks revealed by mercury 
injection porosimetry were observed. Grain boundaries 
between biotite and other minerals (especially quartz) in 
samples A and D began to open at 50°C (Fig. 3e). 

For high temperatures (above microcracking 
threshold), up to 400°C mainly intergranular cracks 
formed (Fig. 3f), and at higher temperatures, both intra- 
and intergranular cracks formed (Fig. 3g) and the weath- 
ered regions were cracked. 

Semi-quantitative measurements. The counting done 
on images of samples heated to various temperatures 
show that the higher the temperature, the more numer- 
ous and open the cracks appear to be, whereas the pore 
structure is not affected, and there is no diameter change 
or density increase (Table 3). 

X-ray computerized tomography 

Taking into account the set of 11 sections for each 
sample after each heating-cooling cycle, the total poro- 

Table 3. Semi-quantitative data from the SEM analyses. The voids were counted and classified in terms 
of their smallest dimension (size ~m) and type (pores and cracks). The average for each class was divided 

by the total number of voids 

Granite size (pm) 0.5 1 5 10 

A (20°C) pore (%) 2.3 39.5 2.4 3.2 - -  
crack (%) 12 10.4 7.5 4.5 - -  
total/115 values 14.3 49.9 31.5 4.5 - -  

A (500°C) pore (%) 2.9 34 16.6 4.3 - -  
crack (%) 21 11.6 7.9 1.4 - -  
total/38 values 23.9 35.6 24.5 5.7 - -  

A (700°C) pore (%) 1.7 29.2 16.9 2.3 - -  
crack (%) 18.1 12.3 14 4 1.2 
total/171 values 19.8 41.5 30.9 6.3 1.2 

B (20°C) pore (%) 12.2 23.3 25.5 5.5 3.3 
crack (%) 17.7 12.2 - -  - -  - -  
total/90 values 29.9 25.5 25.5 5.5 3.3 

B (500°C) pore (%) 12 23.1 24 0.9 3 
crack (%) 19 12 3.7 1.9 - -  
total/108 values 31 25.1 27.7 2.8 3 

B (700°C) pore (%) 14.3 19 17.7 5.4 - -  
crack (%) 20.4 10.9 11.6 2.7 - -  
total/108 values 34.7 29.9 29.3 8.1 - -  

D (20°C) pore (%) 3 10.6 17.2 3.5 - -  
crack (%) 30.2 17. I 13 5.4 - -  
total/138 values 33.2 27.7 30.2 8.9 - -  

D (500°C) pore (%) 9.2 6.7 11 3 - -  
crack 25.1 25.1 12.9 6.1 0.6 
total/138 values 34.3 31.8 33.9 9.1 0.6 

D (700°C) pore (%) 10 11.9 12.6 2.5 - -  
crack (%) 20.7 18.9 18.2 3.2 1.9 
total/138 values 30.7 30.8 30.8 5.7 1.9 
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Fig. 7. Overall porosity variation of granites A, B, C and D. 
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Fig. 8. Throat size-grain size relationship. The throat sizes are plot- 
ted vs the grain sizes of the different granites. The throat sizes were 
measured on the sample heated at 700"C: the values are the highest 
characteristic size of the porosity spectra. An exponential relationship 
is found. The E and F values are the values obtained from the Redenat 

and Plan de la Tour granites by G6raud & Gaviglio (1990). 

sity evolution can be calculated, and is plotted in Fig. 7 
for maximum temperature between 20 and 400°C. 

There are two different porosity trends. In granite A, 
the total porosity decreases between 20 and 50°C and 
then increases linearly between 50 and 400°C. In gra- 
nites B, C and D the total porosity increases quickly 
from 20°C before reaching a plateau value. 

COMPARISON BETWEEN TOTAL POROSITY 
AND CONNECTED POROSITY 

The selected granites have different structural charac- 
teristics. We have distinguished the low connected poro- 
sity material (D), the high connected porosity material 
(A, B and C), the low crack porosity material (B and D) 
and the high crack porosity material (A and C). The 
grain sizes decrease from granites A, D, C to B (Table 
2). 

Using the mercury injection porosimetry results on 
connected porosity and those by CT and SEM obser- 
vations on both connected and unconnected porosities, 
two stages of porosity evolution in granite can be dis- 
tinguished: below and above the microcracking 
threshold. 

Below the rnicrocracking threshold, between 50 and 
100°C for granites B and D (low crack porosity), and 
200°C for granites A and C (high crack porosity), re- 
spectively, the decrease in connected porosity concerns 
pore diameters less than 1.0/~m for A, C and D (Figs. 2 
a-c), and between 0.3 and 3.0/~m for B (Fig. 3). These 
values agree with the crack width values measured on 
the SEM pictures of untreated samples (Table 3). 

The mercury injection measurements show that the 
decrease in connected porosity concerns the cracks and 
the voids made available. However, SEM observations 
did not enable us to recognize or measure the modifi- 
cations in structure deduced from porosity measure- 
ments. The movements involved were probably too 
small and too localized along the cracks to be recognized 
or measured on the images of heated samples. 

During this first stage total porosity increased in all 
samples except granite A (Fig. 7). The increase in total 

porosity could result from the formation of new cracks : 
from 50°C the SEM images of samples show that many 
biotite grain boundaries had opened (Fig. 3e) and quartz 
grain boundaries were cracked (Fig. 3f). The porosity 
which appears unconnected in the SEM pictures could 
not be measured by mercury porosimetry, whereas the 
overall porosity of granite A decreases. It could be 
induced by crack closing. The particular crack mor- 
phology of this material (very linear with low aspect 
ratio) would seem to be responsible for the decrease in 
this porosity value. The opening boundaries and crack- 
ing observed for other materials are observed too on 
SEM pictures of granite A, but the crack formation at 
low temperature was not enough to counter the porosity 
decrease due to crack closing. 

This phenomenon could be explained by the model 
developed by Gavrilienko & Gueguen (1989) where it 
appears that the crack closure depends on the elastic 
constants and on the cracks roughness. Their results 
indicate that rough cracks do not completely close even 
under high pressure. If we replace the hydrostatic press- 
ure applied by these authors by the thermal pressure 
induced by heating assuming the sample boundaries are 
held fixed, the connected porosity (all granites) and 
overall porosity (granite A) decreases could be 
explained. For granite A, the relative smoothness of the 
cracks allows the cracks to close and the total and 
connected porosity decreases. For the three other 
materials, rough cracks, particularly in granite C, 
rapidly halted crack closure and induce no variation of 
the total porosity, but they induced a threshold closure 
and a decrease of the connected porosity. This result 
indicates the importance of the cracks on the thermal 
evolution of granite between 20°C and the microcrack- 
ing threshold. Initial cracks induce a decrease of connec- 
ted porosity by threshold closing and, for particular 
crack morphology, a total porosity decrease. 

Above the microcracking threshold, connected and 
total porosities increase. The connected porosity in- 
crease is less than the total value. This fact shows that the 
total porosity is created before it is incorporated into the 
connected network, so that the connected porosity is 
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composed of formly isolated cracks (from the preceding 
stage) now connected, as shown by SEM pictures. 

Semi-quantitative SEM data corroborate the large 
opening of cracks between 500 and 700°C induced by the 
a/fl quartz transition. Pore discontinuities are not affec- 
ted by the thermal porosity which is induced by the 
development of the crack network shown on the SEM 
pictures. 

The values of the largest throat diameters measured 
after heating to 700°C are plotted vs the grain size (Table 
2) in Fig. 8; data obtained for two other granites (G6r- 
aud & Gaviglio 1990) are also plotted. There is a 
relationship between these two parameters for the 
highest temperature. But there is no relationship be- 
tween the grain size and the normalized connected 
porosity: the porosity value for granite B (with the 
smallest grain size) is higher than for granite C. The 
grain size, for high temperature crack opening is an 
important factor for the permeability calculation (see 
above). Thus, the grain size is an important parameter 
for the permeability evolution during thermal cycling. 

CONCLUSIONS 

Measurements of different characteristics of residual 
porosity in several granites, combined with SEM obser- 
vation of polished surfaces in samples deformed at 
different temperatures, demonstrate that the granite 
structure is modified in two stages. 

(1) A phase of decreasing opening porosity is de- 
pendent on fracture porosity. This occurs at low tem- 
peratures (<200°C). For the same temperature range 
the overall porosity increases due to the formation of 
cracks. 

(2) A phase of increase in opening porosity is due to 
the connection of networks of discontinuities created 
during the previous phase, and to an increase in number 
and cracks opening. 

Porosity is influenced by initial porosity for defor- 
mations at low temperatures. For intermediate tempera- 
tures (300-500°C) initial porosity and grain size are the 
main controlling factors. At high temperatures the main 
factor is grain size. Indeed aperture size is controlled by 
grain size. At lower temperatures there is also the 
influence of the value and type of initial porosity. 

Although at maximum temperatures the induced por- 
osity value cannot be directly linked to textural or 
structural parameters, the maximum throat size value 
can be related to grain size. At lower temperatures, the 
porosity and aperture values depend on two main para- 
meters: grain size and initial porosity. 

The values of connected and total porosity explain 
changes in permeability and mechanical characteristics 
given by numerous authors. Thus it is necessary to 
measure both types of porosity to obtain an accurate 
idea of the evolution of a rock undergoing a heating 
cycle. 
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