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1. Introduction

Earthen materials such as rocks have a wide range of applications in various rock-engineering related domains, including

rock slope stabilization, rock drilling, tunneling and excavation, coal gasification, nuclear waste repositories, geothermal

energy extraction, construction material, and foundation engineering . Rocks are heterogeneous, anisotropic, and

aggregate of different minerals. They are not perfectly elastic material but rather brittle in nature. However, deep-seated

rocks show ductility under high pressure and temperature conditions . The rock mass exposed to the surface is found

discontinuous due to its weathering. Temperature is one of the most important weathering agents that significantly alter

the engineering properties of the rock mass. Construction of sensitive structures, such as skyscrapers, dams, nuclear

power plants, tunnels, etc., in the thermally deteriorated rock mass is taken into account as a major challenge. These

structures may experience severe damage or reduction in their service life under the adverse effects of altered

engineering properties of the thermally damaged rock mass . Therefore, the study of thermal effects on rock properties

has been garnering attention for the last few decades.

Carbonate rocks are a sub-class of sedimentary rocks and abundantly found on the upper Earth’s crust. Limestone and

dolostone are the two major types of carbonate rocks and have a wide range of applications in the construction, cement,

glass, mining, and petroleum industries . Several researchers have investigated the engineering behavior of carbonate

rocks subjected to various temperature ranges between ambient temperature and high temperature (20–1000 °C) 

. They have noticed that limestone and dolostone under high temperatures experience mineralogical alteration,

inter-granular and intra-granular cracking, reduction in dynamic–mechanical strength parameters, and appreciation in

porosity and permeability.

In high-temperature rock mechanics and geotechnics, the evaluation of the engineering characteristics of carbonate rocks

is of great interest. For example, dimension stones obtained from carbonate or silicate rocks are important construction

materials. In a building fire event, their temperature may rise above 800 °C . The underground coal gasification process

may increase the temperature of host carbonate rocks up to 1500 °C . This process not only significantly damages host

rocks but also releases oxides of nitrogen, carbon, sulfur, etc., in the environment. Similarly, during a plate tectonic event

(at depth > 40 km and 500–850 °C), thick deposits of carbonate rocks at the subduction zone liberate excessive carbon

dioxide, which is one of the major global warming factors . Furthermore, magmatic activities, such as contact

metamorphism, increase the temperature of country rocks from 300 to 800 °C . At a shallow depth, the decay of

radioactive elements in their repositories heats the host rocks from 50 to 250 °C . The level of temperature and pressure

increases with depth. Therefore, the extraction of geothermal energy and hydrocarbons from deep-seated carbonate

rocks requires special attention because of their altered geomechanical characteristics .

2. Thermal Dilatancy and Alteration in Rock Fabric

Carbonate rocks obtained from various sources can differ significantly in their texture, depositional environment, chemical

composition, crystal structure, and mineral geometry . Limestones contain more than 50% calcite and a trace amount

of a variety of minerals, including quartz, feldspar, pyrite, siderite, micrite, clay minerals, and other materials. On the other

hand, dolostone is composed of the dolomitization process in which calcite transforms into magnesium-rich calcium

carbonate. It contains dolomite as a primary mineral and a trivial amount of quartz, mica, iron oxide, and clay minerals .
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They are chemically reactive substances and show large variations in their chemical reactions. Microstructure patterns

and impurities, such as silica, iron, magnesium, manganese, sodium, potassium, etc., considerably affect their chemical

reactivity . The calcite and dolomite minerals belong to the hexagonal-rhombohedral crystal system. In this crystal

system, the hexagonal unit cell is placed over the rhombohedral unit cell . Calcite mineral has ordered planes of Ca

attached with the CO  groups orthogonal to the c-axis. Whereas, dolomite mineral exhibits a well-defined order of

alternating planes of Ca  and Mg  bonded with the CO  groups perpendicular to the c-axis .

2.1. Thermal Decomposition of Calcite and Dolomite

The investigation of thermal decomposition of the primary carbonate minerals is of great interest. It develops a solid

background rationale to anticipate the possible reason behind microstructural variations in carbonate rocks under a

thermal environment. The reaction kinetics explains the decomposition of carbonate minerals into their respective

constituents at elevated temperatures.

The rate of reaction is controlled by some important factors, such as heat transfer rate, mass transfer rate, or their

combination . It is evident from past studies that particle size, crystal structure, the order of atoms in a unit cell, possible

impurities, and crystal habit substantially affect the thermal transport mechanism and mineral dilatancy .

Considerable variations are found in the kinetic parameters of thermally decomposed carbonate minerals. For example, a

great discrepancy is reported in the literature regarding the activation energy values of calcite (155–222 kJ mol ) and

dolomite (146–440 kJ mol ) . As the temperature increases, the calcite starts to deform due to thermal expansion and

chemical reactions. It decomposes into calcium oxide (cubic crystal system) with the liberation of carbon dioxide at a

temperature greater than 600 °C . Chemically, it can be expressed as follows:

(1)

The hexagonal–rhombohedral crystal system of dolomite (i.e., CaMg(CO ) ) begins to deform because of the dislocation

of cations and anions. Its thermal decomposition produces calcium oxide (cubic crystal system), magnesium oxide (cubic

crystal system), and carbon dioxide gas . Several models have been developed to understand the thermal

decomposition mechanism for both natural and synthetic dolomites . The single-step reaction for the

dolomite decomposition is described below:

(2)

Another proposed model suggests that the thermal decomposition of a dolomite mineral completes in more than one step

. In the first step, it breaks into magnesium carbonate and calcium carbonate. In the second step, unstable magnesium

carbonate decomposes into magnesium oxide. Finally, calcium carbonate turns into its respective metallic oxide against

increasing temperature.

To study thermal damage characteristics and decomposition of carbonate minerals, several techniques have been utilized,

such as thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), differential thermal analysis (DTA),

thermo-balance, scanning electron microscopy, optical microscopy, X-ray diffraction, high-temperature X-ray diffraction,

etc. . A summary of major developments and employed quantitative methods

regarding the decomposition of carbonate minerals is provided in Table 1.

Table 1. Summary of major developments regarding the thermal decomposition of primary carbonate minerals.

Mineral
Type Major Developments Reference

Calcite The rate of mass loss was studied using isothermal and dynamic methods.

Calcite A comparative study was conducted using isothermal–dynamic techniques and thermogravimetric
analysis.

Calcite Morphological variations were studied in polycrystalline CaCO  under temperature and pressure.

Dolomite Thermal decomposition and weight loss analysis was carried out under non-isothermal conditions
using in situ X-ray diffraction and thermogravimetry.

Calcite Reaction rate constants were determined based on the grain model using thin slab-type pellets.
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Mineral
Type Major Developments Reference

Calcite Thermal decomposition was analyzed using dynamic X-ray diffraction under the effect of steam
and CO .

Dolomite Prediction of rate of reaction using stoichiometric analysis and thermogravimetric analysis.

Calcite Thermal decomposition was investigated using thermogravimetric analysis subjected to non-
isothermal conditions.

Calcite The kinetic parameters were obtained from a new method that avoids the Arrhenius equation.

Dolomite Thermo-mechanical damage was examined under intensive grinding using X-ray diffraction and
thermal analysis.

Calcite The solid-state transformation was evaluated using thermogravimetric analysis, evolved gas
analysis-mass spectrometry, and high-temperature XRD.

Dolomite The thermal decomposition mechanism was explained in detail using thermogravimetry and X-ray
powder diffraction.

Dolomite Thermal expansion and decomposition behavior were investigated using thermogravimetric
analysis, differential thermal analysis, XRD, and scanning electron microscopy.

Dolomite Stoichometric ordered and disordered single crytal dolomite was studied using X-ray diffraction
under high pressure and temperature conditions.

Dolomite Investigation of kinetics of isothermal and non-isothermal decompositions.

Calcite A simulated model was presented that effectively predicted the conversion time curve and
described the calcination–carbonation cycle after performing thermogravimetric analysis.

Dolomite Differential scanning calorimetry and thermogravimetric analysis based on non-isothermal
calcination carried out under varying CO –air environments.

Calcite Thermo-physical decomposition was studied under equilibrium dynamic simulation.

Calcite Parameters including unit cell volume alteration, thermal expansion, variations along lattice axis,
and thermal strains were studied using high-temperature X-ray powder diffraction.

Calcite Thermal decomposition analysis was performed to validate improved reaction kinetic equation
based on the pore structure model.

2.2. Reasons behind the Thermal Expansion

The crystal structure of a dolomite mineral is intermediate between calcite (CaCO ) and magnesite (MgCO ). However, it

differs from calcite in terms of two aspects: alternating layers of calcium and magnesium in the unit cell and slight tilting of

the carbonate group . Thermal expansion of calcite along the a-axis is observed negative. On the other hand, in

dolomite, it is measured positively along both the a-axis and c-axis . Single carbonate crystals, such as calcite, show

typical strength–temperature behavior (strength decrease with the temperature). Whereas, double carbonate crystals,

such as dolomite, exhibit a different behavior that is shown by the calcite. It is attributed to the thermal vibration of the

carbonate group that hinders the dislocation movement against increasing temperature .

In dolomite, the octahedral system of CaO  and MgO  plays an important role in stabilizing the crystal structure. The Ca-O

bond length is found larger in dolomite as compared to that in calcite . The variations in the bond length of Ca-O

relative to temperature is different in both single carbonate crystals and double carbonate crystals. At the temperature

range of 24 to 600 °C, in dolomite, a linear elongation in Ca-O bond length is observed at a faster rate. Whereas, in the

case of calcite, an exponential trend is noted in the expansion of Ca-O bond length at a slower rate . The bond strength

can be expressed in terms of thermal expansion. Longer bonds (in dolomite) show less resistance and expand rapidly.

There are different trends reported in the literature that explain the thermal behavior of polyhedral crystals in terms of

volume expansion (VE) and quadratic elongation (QE). In dolomite, Ca-octahedron shows a very slight or no change in

QE. Whereas, in Mg-octahedron, QE increases substantially. This behavior shows a contrast with the QE trends observed

in calcite and magnesite. The QE under increasing temperature varies sharply for Ca-octahedron but, in the case of Mg-

octahedron, exhibits no distortion . The possible reason for such trends in these carbonate minerals is the thermal

expansion between the oxygen atoms of octahedra at the basal edge and lateral edge. Furthermore, the Ca-octahedron

of calcite shows less anisotropic thermal expansion. However, the thermal expansion in Mg-octahedron of dolomite

displays more anisotropic character relative to magnesite . Figure 1 illustrates the thermal effect on the interatomic

distances of Ca-O and Mg-O in calcite, dolomite, and magnesite.
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Figure 1. Percentage increase of thermal elongation in the bond length of Ca-O and Mg-O adapted from Reeder and

Markgraf .

As concerns the thermal dislocation of the carbonate group in dolomite, it is intermediate between the calcite and

magnesite. In calcite, the displacement of the carbonate group is the result of rotational disorder, which is the rotary

oscillation about the three-fold axis . In the case of dolomite and magnesite, the influence of the Mg-O bond confines

the motion of the oxygen atoms. Therefore, the dislocation of the carbonate group in both dolomite and magnesite is less

relative to that in calcite . However, in magnesite, it is further less just because of the slight tilting of the basal plane.

The displacement of the carbonate group contributes a minimum in the thermal deterioration of carbonate rocks. Previous

studies show that, in calcite, the change in orientation of the carbonate group even at elevated temperature (i.e., 600 °C)

is <0.5° as compared to its ambient conditions . In dolomite, the adjacent layers share corners with different octahedra.

In other words, the carbonate group makes the bond with unlike cations that further restrict its motion. This signifies that

rotation of the carbonate group is not a decisive factor in the thermal deterioration of carbonate rocks. The thermal

expansion of calcium and magnesium octahedral systems considerably affects the thermal damage of the carbonate

rocks.

2.3. Thermal Cracking and Microstructural Variations

Carbonate rocks exposed to a temperature window of 500 °C to 1500 °C considerably experience an alteration in their

mineral composition, mineral strength, physical structures, textural characteristics, and grain cementations . Under the

thermal environment, chemical processes, such as hydration or dehydration, red-ox reactions, deionization, mineral phase

transformation, dissolution, and disappearance of bonding agents, alter the behavior of rocks to a great extent . Rock–

water interaction in geothermal systems, especially along the fault zones, recrystallizes the minerals through geochemical

processes . Each rock-forming mineral has a specific value of the coefficient of thermal expansion. Mineral elongation

under thermal stresses increases the particle contact surface area and causes microstructural changes in the rock matrix

that adversely affect the mechanical, physical, and dynamic properties of rocks . The phenomenon of thermal damage

to rocks can be ascertained by observing the microscopic changes in rocks, such as mineral expansion under thermal

stresses, grain boundary conditions, the density of intergranular and intragranular cracks, amount of the induced thermal

strain, and mineral resistance to destruction .

Temperature levels and time of exposure are both factors that play an important role in the thermal degradation of

different rocks. For example, in the case of crystalline rocks at a low temperature, no significant changes are observed in

their internal structure because of their resistant mineral composition. At a moderate level of temperature (300–500 °C),

minerals start to expand and make closures at grain boundaries that lead to a reduction in the void spaces. At a high level

of temperature (>500 °C), thermal stresses in the rocks exceed the threshold limit of minerals’ coefficient of thermal

expansion, which causes mineral damage and relaxation at their contact boundaries. Researchers observed that mineral

expansion in crystalline rocks occurs at a temperature ranging from 400 °C to 600 °C, and, beyond this temperature,

rocks start to deform plastically . On the other hand, in the case of carbonate rocks, at a low level of heating (<300

°C), the relaxation phenomenon starts at the grain contact boundaries because their minerals and bonding agents are

less resistant to thermal damage. On heating limestones at temperatures > 600 °C, the emission of carbon dioxide with

the decomposition of calcium carbonates weakens the limestone .
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Advanced techniques such as X-ray diffraction (XRD), X-ray fluorescence (XRF), computerized tomography scanning

(CT), and scanning electron microscopy (SEM) have been used widely in high-temperature rock mechanics to investigate

microscopic variations in rocks that give an idea to understand macroscopic changes . Furthermore, a

summary of the major findings regarding the microscopic variations in thermally damaged carbonate rocks is described in

Table 2.

Table 2. Summary of major findings regarding the microscopic evaluation of the thermally damaged carbonate rocks.

Temperature
Range Major Findings Reference

200–800 °C
They analyzed the thermally treated limestones using scanning electron microscopy. They

showed orientation of thermal tension and shear cracks developed in limestone. The cracks
were straight, curved, parallel, vertical, oblique, and crossed layers.

100–500 °C

They studied the monomineralic carbonate rocks subjected to various temperature ranges. They
observed that, in these kinds of carbonate rocks, thermal damage was the function of

anisotropic dilation of calcite and shrinkage of clay minerals. The mineral expansion was
observed at a temperature range of 100–200 °C, whereas intergranular and intragranular

cracking was noted at 300–500 °C.

25–600 °C

They demonstrated the thermal deterioration of the limestone in terms of spectral reflectance.
They found that, at an initial level of temperature, mineral expansion under elastic constraints

increased the spectral reflectance, and, at a temperature above 500 °C, the thermal degradation
of minerals decreased their spectral reflectance.

20–1000 °C
He investigated the effect of mineral crystal structures on the thermal behavior of carbonate

rocks. In the case of dolostone, he observed that larger crystals of dolomite minerals
decomposed more than the dolostone containing the smaller size dolomite crystals.

25–800 °C.
XRF technique was used to investigate the microstructural changes in limestones. They noticed

an appreciable alteration in the percentage of the mineral content at a temperature window of
400–700 °C.

20–800 °C

They studied microstructural variations in carbonate rocks and found no noticeable changes in
the chemical composition at a temperature below 400 °C. Furthermore, they observed that

calcite and dolostone were decomposed at 400–500 °C and clay minerals started to decay at a
temperature above 500 °C. In the case of trace minerals and impurities, their concentration was

decreased gradually up to 400 °C and then increased sharply above 600 °C.
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