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1-Introduction

Nowadays, granitoide masses are of interest due to their high strength, low porosity and various
applications. The rock masses are considered as places for radioactive waste and toxic materials disposal,
carbon dioxide storage, thermal drilling and enhanced geothermal systems. Extreme temperature changes
are common in such cases and can have destructive effects on the primary structure of the rock. Induced
microcracks (Tian et al., 2012) and opening passageways for the entry of fluids are some effects of thermal
changes and shock, which result in increment of the granitoide mass permeability and creation of suitable
places to fracture due to tectonic stresses (Dwivedi et al., 2008; Rathnaweera et al., 2018; Kang and Li,
2021). The rocks in nature inherently have characteristics that are measured in laboratory tests as physical
characteristics. These properties such as density, porosity, texture and particle size are effective on the
mechanical behaviour of rock, and some of them change with temperature change (Benson et al., 2007;
Yang et al., 2017). The variation of mechanical properties affected by temperature are related to factors
such as primary pore structure, particle size, mineral composition, mineral texture, and water content (Mo
et al., 2022). The thermal properties of rocks are mainly measured by two indices of thermal conductivity
and thermal expansion, although thermal conductivity is related to thermal diffusivity, specific heat and
density (Siegesmund and Snethlage, 2011).

Among the rocks, quartz-rich rocks exhibit a higher average thermal conductivity, whereas rocks with
increasing feldspar contents show decrement in thermal conductivity values (Siegesmund and Snethlage,
2011; Ray et al., 2021). Thermal conductivity decreases with increasing temperature. (Gorguld et al., 2008;
Fuchs and Forster, 2010; Qin et al., 2020; Ye et al., 2022). Thermal conductivity increases with increasing
pressure, especially in the low pressure range, which was attributed to the closure of microcracks and voids
(Siegesmund and Snethlage, 2011). In oriented rocks and minerals heat transfer and diffusion depends on
the direction of minerals and layering in rocks. Mica minerals especially muscovite, have good thermal
conductivity parallel to layering. Phyllosilicate minerals like illite, muscovite and chlorite also play a
similar role. But quartz itself exhibits an 42% anisotropy in two perpendicular directions (Siegesmund and
Snethlage, 2011). In thermal shock, heating and cooling have different effect on the rock volumetric
expansion and anisotropy of thermal expansion as well as residual expansion causes permanent length
change which is related to the formation of thermal cracks (Den'gina et al., 1993).

The coefficient of thermal expansion determines the material's response to heat or cold. The residual
strain after exposure to a heat determines the thermal sensitivity of the rock. In a rock that consists of
different minerals, the interaction of all the mentioned factors leads to microcracks and thermally induced
cracks in the rocks. Thermal cracking, in coarse-grained, quartz-rich rocks is dominant during heating
(expantion) while in fine-grained, quartz-poor rock, is dominant during cooling (contraction) (Browning
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et al, 2016; Meredith et al, 2019; Browning et al, 2021). Rocks such as granit, neurite and quartzite under
the condition of the earth crust with temperatures up to 900 c and higher pressures undergo thermal cracks
(Ide, 1937; Richter and Simmons, 1974; Simmons and Cooper, 1978; Bauer and Johnson, 1979; Glover et
al., 1995; Lu and Jackson, 1998; Liu et al., 2021; Feng et al., 2021; Guo et al., 2021).

For research about the effect of heat on granitoids, three different fresh granitoid samples have been
examined in terms of physical, mineralogical characteristics and the development of microcracks. They
were subjected to 4 different temperature shocks and the thermal shock effects on development of
microcracks was described by using PPL and XPL photos of the samples' thin section. This study has
depicted the behaviour of minerals and various textures of granitoids after different shocks also has shown
the destructive effects of thermal shock on the initial structure of them. Study of thermal shock effects that
lead to development of microcracks and passages could be useful in evaluating how to increase permeability
the granitoid masses.

2- Materials and Methods

For this study 3 granitoids samples were prepared from 3 different mass located in the structural zone of
Sanandaj-Sirjan which were subjected to different tests before and after thermal shock. Samples were taken
from Hasan rebat mass at Golpaygan area, Alvand Mass at Hamedan area and Marivan mass at northern
area of Marivan. Samples were prepared as follows: blocks were moved from mass place to the laboratory.
They were cored and then cut into 3 cm height. Microscopic thin sections were prepared from fresh samples
in 3 perpendicular directions. In order to induce thermal microcrack, the samples were heated in a high
temperature furnace up to the desired temperature at a rate of 5 (Co/min) and kept at intended temperature
for 2 hours to ensure entire samples volume were completely isothermal. Temperatures were 250, 450, 650,
850 Ce. Then the samples were removed from the furnace, they were immediately immersed in municipal
water (20 to 25 C°). Immersion was continued until the samples were at the same temperature as water,
because of this, water flow into the bucket has been continued. For preparing to three-dimensional
sectioning, the shocked samples were dried in an oven (max 50 c). Three perpendicular directions including
two diametric directions and one axial direction, were determined on the cores from the first sampling to
the last stage of each test. Two diametric directions were named “R plane” & “B plane” and the axial plane
which was perpendicular to the axis the cores and was perpendicular to the two diametric directions, called
“N plane”. To determine lithological characteristics and liner crack density thin sections inspection of fresh
and shocked samples were done in three directions. Physical properties were determined based on ISRM
standard tests. The thermal shock effects on granitoids were explained by using SEM images, thin section
images and images of macroscopic samples.

3-Conclusion
This research showed that it is possible to evaluate how the sample reacts to heat by microscopic
examination of the thin section of fresh samples. In short, we can say:

In the studied granitoids, medium grain size and uniform texture also various boundaries (smooth and
jogged) could increase the resistance of the granitoid against the formation of microcracks.

The presence of myrmekite texture makes granitoid susceptible to the formation of transgranular
microcracks.

Micas and quartz as inclusion inside coarse minerals could cause the formation of intragranular
microcracks.

In general, very few microcracks generate in plagioclase unlike the orthoclase which the most
microcracks form inside it.

Mostly intragranular microcracks form at cleavage and perthite texture site inside the orthoclase.

smooth boundaries abundance and jagged boundaries abundance have a positive effect on the
development of microcracks.

In coarse-grained granitoide, increment of very fine or very coarse mineral abundance, cause accelerate
the development of microcracks.

According to the average grain size, it was expected that the Hasan Rabat sample be in an intermediate
state compared to the other samples. Meanwhile the development rate of microcracks induced by thermal

338 ISSN: 2717-0764



wVa

shahid Chamran Adv. Appl. Geol. Spring 2023, Vol. 13(1): 337-363

University of Ahvaz

shock in the Alvand and Marivan sample are similar, their grain sizes are completely different. Hasan Rebat
sample shows completely different behaviour in development rate of all kind of microcrack (intra-, trans-
and intergranular). Results demonstrated that the absolute age of granitoide is an important factor in the
rate and manner of microcrack development.
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Fig 1. The site of sampling is marcked with star shape. (a) The sites of granitoid samplinges located in the Sanandaj-
Sirjan zone, AL: Alvand granitoid (Hamadan), MA: Marivan granitoid, HR: Hassan Rabat granitoid. (b) Geological map
of Alvand sampling site, (¢) Geological map of Marivan sampling sit and (d) Geological map of Hassan Rabat sampling
site.
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Table 1. Petrographic, texture, age and average grain size characteristics of granite samples.

Petrographic properties Alvand Marivan Hasan Rebat
Quartz (%) 23 37 38
Average particle size of 5-7 1-3 4-6
Quartz (mm)
Plagioclase (%) 17 28 18
Average particle size of 2-7 3-8 2-6
Plagioclase (mm)
Orthoclase (%) 37 21 26
Average particle size of 5-12 2-5 4-10
Orthoclase (mm)
Biotite (%) 13 11 10
Average Biotite particle size 1-3 2-4 1-3

(mm)
Accessory Minerals (%)

Sericite 4 Muscovite 5

Muscovite 1 Chlorite 2

Sphene 1 Sericite 2

Garnet 1 Hornblende 5
Dominant Texture Granular subhedral, Granular subhedral, Granular subhedral,
myrmekite, perthite perthite, myrmekite poikilitic
Absolute age 163.9 38 288.3
(million years)
Type of boundary between smooth in some cases Extremely jagged in some Both jagged and
minerals jagged cases smooth smooth
Average of all particle sizes About 7 mm About 3 mm About 5 mm
(mm)

The exact name of the stone

Syenogranite

Granodiorite-monzogranite

Syenogranite

(SIS S sladiged (S5 Sleogas -V Jyox
Table 2. Physical characteristic of fresh granite samples. (St. De: Standard Deviation)

Sample Name  Sample Dry Saturated Porosity Void Void Gs
count Density Density (%) Index (%)  Ratio
cm3)/(g (9/em3)

Alvand 29 Average 2.66 2.67 0.72 0.24 0.0070 2.76
St. De 0.011 0.011 0.04 0.02 0.0004  0.033

Marivan 29 Average 2.65 2.66 1.12 0.36 0.0110 2.76
St. De 0.006 0.005 0.04 0.01 0.0004  0.030

HasanRebat 29 Average 2.64 2.65 0.92 0.29 0.0090 2.67
St. De 0.011 0.009 0.08 0.15 0.0008  0.024

,o .(1970; Wilson et al, 2003; Swanson et al, 2020 Sy dnild pumns —Y-F
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Table 3. Linear Crack Density of granite samples separately in measurement direction, shock temperature and type of

microcrack (intragranular, transgranular, intergranular)

Sample = Micro crack Type & Shock temperature
name o2 s o4 s 4 s 4 s 4 - 5 4 =
a2 = ® =1 > =1 > =1 > = = = T
53 3 7 & % 1 % % 3 %2 3 3 4
S § = 8 8 g & § & g g 8 g 8
Alvand Blue diameter 1.31 0.27 2.14 025 131 031 363 206 0.09 161 591 0.02
Red diameter 1.27 0.11 1.31 0.12 207 039 265 180 0.12 1.39 6.09 0.11
Axial 151 0.27 154 032 334 049 182 180 0.3 103 4.78 0.03
Marivan Blue diameter 1.03 043 1.08 031 162 047 340 274 045 183 4.39 0.09
Red diameter 0.74 034 159 043 161 047 189 191 05 126 521 0.15
Axial 099 048 199 0.19 203 041 257 231 035 1.05 6.20 0.09
Hasan Blue diameter 0.34 0.14 069 0.13 183 053 147 186 1.11 069 294 245
Rebat Red diameter 0.39 0.21 1.23 0.11 243 0.27 176 137 152 1.12 271 1.92
Axial 051 021 083 011 234 027 165 131 116 1.02 270 2.35
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Fig 2. Linear Crack Density graph of Marivan, Hassan Rebat and Alvand granite samples and schematic picture for jagged
and smooth boundary, intra granular, transgranular and inter granular microcrack
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Fig 3. Images of thin sections of Alvand sample. The numbers after the name of the image indicate the shock temperature.
(@) Fresh sample in PPL light. (b) Fresh sample in XPL light. (¢) Trans and intragranular microcracks in fresh sample in
PPL light. (d) Image C in XPL light. () 250. Sign (1): The microcrack is empty in the lower part and contains muscovite
in the upper part. Sign (2, 3, 5): intragranular micro cracks. Sign (4,6): intragranular microcracks that have convert in
transgranular. (f) 450. Arrow (1) shows microcrack depleted of muscovite. Arrow (2) shows microcrack containing
muscovite inside the quartz. Circle (3) shows the order of the biotite layers that are still preserved. (g) 450. Staining of
microcracks marked by arrows. (h) 450. Horizontal arrows indicate microcracks branching from or terminated in biotite.
(i) 650. The horizontal arrows show the Separation of cleavages and the vertical arrows show the opening of the
microcrack without causing the wall to fall into the crack. (J) 650. The horizontal arrows show the opening of intragranular
micro cracks and the vertical arrows show the micro crack and the effects of sericite on the crack wall. (k) 650. Range (1)
shows crushing of biotite layers. White arrows show cracks created in biotite and the dark color of biotite show their
severe dehydration and (1) 850. Arrows show wide cracks and crushing of the crack wall and its fall into the crack.
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Fig 4. Images of thin sections of Hassan Robat sample. The numbers after the name of the image indicate the shock
temperature:@) Fresh sample. Pay attention to the boundaries and dimensions of the minerals. Arrows indicate

microcracks. () Fresh sample. Arrows show microcracks in a coarse orthoclase. () 250. Emptying of a quartz vein in a
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Fig. 4 caption continued--------------------

coarse orthoclase is shown. (d) 250. Emptying of horizontal sericitized microcracks and the presence of two vertical
sericitized veins that are not emptied, are shown. (e) 250. Horizontal arrows show slight openings of mineral boundaries
and vertical arrows show intragranular microcracks. (f) 250. Pay attention to the health of the minerals, the quartz veins
and the particle size of the quartz. (g) 450. A microcracks with a slight opening in the center of the image is seen and
horizontal also vertical arrows show two series of orthoclase cleaves that have become clear due to high temperature. (h)
450. Quartz boundaries have opened, their color have changed and them have been the source of adjacent mineral cracks.
(i) 650. The opening of boundaries and their ingression into minerals. (J) 650. The development of microcracks in an
orthoclase that were formed by opening the cleavage surfaces and perthite texture sites. Severe dehydration of biotite is
also evident. (k) 650. Intergranular microcracks are source of the formation of transgranular microcracks. (I) 650. Arrows
indicate the clear opening of the boundaries and the presence of rock fragments at them. (m) 850. The white arrows show
transgranular microcracks formed in a quartz vein which widened in some places and filled with rock fragments. The wall
fragments marked with circles, and other transgranular microcracks are seen at the right side of the photo and (n) 850.
The elliptical range shows a fully open cavity and arrows shows crushed and completely dehydrated biotites.
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Fig 5. Images of thin sections of Marivan sample. The numbers after the name of the image indicate the
shock temperature. (a) Fresh sample. Fine quartz among coarser minerals. (b) Fresh sample. Pay attention to
the different dimensions and boundaries of the minerals. (c) Fresh samples. g: Quartz, or: orthoclase, cl:
chlorite, mu: muscovite. (d) 250. Pay attention to the jagged boundaries. (e) 250.Transgranular microcracks.
() 250. Intragranular microcracks. (g) 450. Arrows show rope-shaped transgranular microcracks and ellipses
show small cracks in coarse minerals. (h) 450. Microcracks that originate or end in micas. (i) 450. Microcracks
originating from mica and some of them have openings which are filled with mica fragments. (j) 450.
Microcracks have been formed and developed adjacent with fine-grained quartz veins. (k) 650. Sericitiezed
orthoclase boundary is almost completely separated from adjacent orthoclase with visible opening and (I) 650.
Cleavage plates are major weaknesses against heat shock.
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Fig 6. Images of thin sections of Marivan sample. The numbers after the name of the image indicate the shock temperature.
@) 650. Arrows indicate cracking of biotites and separation of the boundary between biotite and adjacent mineral. (b)

650. Wide cracks and cavities of more than 50 microns (circle range) are caused by the crushing and dispersion of biotites
and the wall materials inside the crack. ) 650. Created microcracks along with myrmekite quartz and connections of

them to transgranular microcracks are visible. ) 650. Intergranular microcracks that have been clarified or created. (e)

850. Cleavages are weaknesses in creating wide cracks as well as short and very closed cracks and (f) 850. Biotite
fragments that are completely dispersed in microcracks.
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Fig 7. Image of granitic sample fresh state and after 250, 450, 650 and 850 centigrade shock. (@) Alvand. (b) Hasan Robat

and (¢) Marivan.
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Fig 8. Images of fresh and shocked samples by electron microscope. (Alvand sample: AL, Hassan Rabat sample: HR,

Marivan sample: MA) The numbers 50, 250, 450, 650 and 850 next to the name indicate the maximum heat tolerated by
the sample before the shock with cold water.
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