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High temperature alters the internal microstructure of rocks and consequently changes the
physical and mechanical properties of rocks. Many studies have been carried out to examine the
transformations in the microstructures of rocks under high temperature through near infrared
spectroscopy (NIR), Raman spectroscopy, or thermo gravimetric analysis (TGA). The current
review synthesizes the data from a number of literatures and summarizes the major
transformations of silica rocks under high temperature. The analysis shows that silica rocks starts
to lose the water adsorbed in open pores upon heating at about 150 °C. At 200-300 °C, the
reaction between SiOH (silanole) in the rocks generates new Si—O-Si bonds as well as H,O, and
decreases the open pores. The rocks undergo volume expansion at >550 °C, and the volume
contracts and forms new micro pores or cracks which play an important role in the evacuation of

Keywords:

High temperature

Silica rocks

Non-destructive analytical method

Thermal expansion the water.

1. INTRODUCTION

The effect of high temperature on rock is of
concern in many research areas, such as geology, civil
engineering, mining, efc. (Fridleifsson, 2001;
Kovacevic et al, 2013; Hofmeister, 2014,
Abdulagatov et al., 2015; Verma et al., 2016; Wang et
al.,, 2016; Xiao et al,, 2016). Many scholars have
studied the crystal structure and composition of
minerals by spectroscopy (Post and Noble, 1993). It is
well recognized that thermal transformations can alter
the mechanical properties of rocks (Tiffagom, 1998;
Léa et al., 2005; Brown et al., 2009; Mourre et al.,
2010). For lithic raw materials, most of the stone
implements are made of flint, which is a chemically
precipitated sedimentary silica rock consisting mostly
of length-fast (LF) chalcedony. The LF-chalcedony is
a cryptocrystalline a-quartz (SiO;) that is 50—-100 nm
in size (Rios et al., 2001) and contains chemically
bound hydroxyl groups in the form of silanole (SiOH)
and molecular water (H,O) (Florke et al., 1982;
Graetsch et al., 1985). This rock contains up to 0.7
wt% of SiOH and about the same amount of H,O in
its structure (Schmidt et al., 2011). Silanole (SiOH) is
related to the grain boundaries and the defect sites
inside the quartz crystallites, and H,O is mainly found
in the fluid inclusions and pores inside the rocks
(Florke et al., 1982). The silcrete rock undergoes
anumber of readily identifiable physical changes

upon heating, including reddening (Schindler et al.,
1982), loss of porosity (Schmidt et al., 2013b),
occasional heat fracturing (Mercieca and Hiscock,
2008), and increased brittleness (Domanski and
Webb, 1992). The major transformation of the silica
rock is the hydroxylation of SiOH, which starts at
about 200-300 °C (Schmidt et al., 2012b). Expansion
and contraction of the volume of rocks expedite the
development of micro cracks. Besides, the transition
from the o phase to the f phase in quartz at about
573 °C facilitates the emission of water from rocks
(Fu and Xu, 1992; Hofer and Schilling, 2002). These
chemical reactions are helpful for understanding the
mechanical transformations of rocks and analyzing the
variation of open pores (Schmidt et al., 2011; Schmidt
etal., 2012b).

This paper collects from the published literatures
the data on the content of H,O and SiOH in silica
rocks, and then proceeds to analyze the evolution of
silica rocks under high temperature.

2. DATA AND METHODS
2.1. DATA COLLECTION

Data were collected from a number of research
articles. Table 1 lists the detailed information about
the data collected for analysis, including sample
number, rock type, literature source, water contents,
sample descriptions, and main minerals or chemical
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Table 1 List of collected data (c: concentration before annealing).

Sample Ref. Descriptions Thickness c c
(um) (SiOH) (H20)
(Wt%) (Wt%)

Hongheshui  Fuand Xu,  Light grey flint, entirely quartz, Hongheshui - - -

flint (1992) Guangxi, China

Jiangnan Fuand Xu, Black flint, entirely quartz, Jiangnan Jiangsu, - - -

flint (1992) China

VC-12-01 Schmidt, et  Light-brown to yellowish homogeneous flint 1280+£5 - -
al. (2013a) with 85% LF-chalcedony, 15% LS-

chalcedony, minor macro-quartz, Barremian
to lower Abtian.
VC-12-02 Schmidt et 120045 -
al. (2013a)

SA-11-12A Schmidt et Silcrete outcrops with trace Illite, Western 46945 0.19 0.18
al. (2013b) Cape region, South African.

SA-11-36 Schmidt et Silcrete outcrops with trace Microcline and 515+5 0.86 1.48
al. (2013b) Illite, Western Cape region, South African.

PS-09-04 Schmidt et Coniacian black flint, Etretat, France. 545+5 0.58 0.73
al. (2011)

PS-09-25 Schmidt et Upper Cretaceous brown flint, Le grand 998+5 0.72 0.74
al. (2011) Pressigny, France.

PS-09-07 Schmidtet ~ Santonian grey flint from dedolomised chalk 103745 0.45 0.45
al. (2011) level, cliffs of Etretat, France.

PS-09-14 Schmidt et Turonian black flint, cliffs of Etretat, France. 538+5 0.5 0.71
al. (2011)

PS-09-15 Schmidt et Turonian brown flint, north of Le grand 982+5 0.75 0.75
al. (2011) Pressigny, France.

PS-09-11 Schmidt et Turonian black flint, cliffs of Etretat, France. 99745 0.63 0.56
al. (2011)

PS-09-13 Schmidt et Turonian black flint with grey cortex, cliffs 556+5 0.6 0.59
al. (2011) of Etretat, France.

PS-09-38 Schmidt et Upper Cretaceous light grey flint containing 105045 0.6 0.73
al. (2011) lutécite. From detritic sand deposit, north of

Le grand Pressigny, France.

PS-09-41 Schmidt et Turonian brown to ochre flint, Le grand 54945 0.61 0.67
al. (2011) Pressigny, France.

TR-S-01 Schmidt et Turonian flint, entirely LF-chalcedony. 792 0.81 0.38
al. (2012b) North of Tours, France.

GP-S-01 Schmidt et Reddish brown Turonian flint, entirely LF- 779 0.38 0.28
al. (2012b) chalcedony. Le Grand Pressigny, France.

SB-Cal-06 Schmidtet  Length-fast chalcedony from an agate geode. 720+£10  0.32 0.61
al. (2011)

SB-Cal-07 Schmidt et  Length-fast chalcedony from an agate geode. 670£10  0.31 0.56
al. (2011)

2.2. METHODS

compositions. Data were included only if they (1)
were measured for silica rocks, (2) did not undergo
smoothing or any other form of processing (i.e., only
crude data were considered), and (3) were determined
over a sufficiently wide range with at least four
measuring points. The screened data were then further
compared and analyzed. One has to keep in mind that
it is very challenging to compare results from various
sources obtained by quite different measuring
methods and often of unknown accuracy (Seipold,
1998).

Under high temperature, the water content in
rocks is significantly reduced due to a series of
physical and chemical reactions (Heuze, 1983; Nasseri
et al., 2007; Zhang et al., 2015; Sun et al., 2016). Near
infrared spectroscopy (NIR) allows quantifying the
content of water related to transformations in rocks
during heating. For instance, the NIR absorption
spectrum of chalcedony shows a combination band at
about 5200 cm ' that can be attributed to the OH
stretching/HOH bending combination mode of
molecular water and another combination band at
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about 4500 cm ' that can be attributed to the OH
stretching/SiOH  bending combination mode of
silanole (Aines et al., 1984; Schmidt et al., 2011). For
NIR, the sample has to be thin enough for signals to
show up in the spectrum and thick enough for the
SiOH combination band to be well identifiable. The
ideal thickness is reported to be 0.5-4 mm through
experimentation (Schmidt et al., 2011). For sample
preparation, the rocks with various initial water
content and mineral compositions are cut into slabs
before the NIR analysis (the thickness of the exact
samples are summarized in Table 1). The rock
samples are then heated to preset temperature in an
electrical furnace (Schmidt et al., 2011; Schmidt et al.,
2012a) for the thermal evolution of different OH
species to take place. The expected transformations
are basically completed after thermal treatment at
target temperature for 50 min. To ensure completion,
the samples are kept at given temperature for 2.5 h
(Fukuda and Nakashima, 2008; Schmidt et al.,
2012b). The heating rates are carefully selected to
prevent thermal fracturing, cracking, or crazing
(Schmidt et al., 2011; Schmidt et al., 2012a; Schmidt
etal., 2012b).

In addition to NIR, Raman spectroscopy and
thermo gravimetric analysis (TGA) are also used to
evaluate the thermal transformations of some silica
rocks. For instance, in the Raman spectrum of
chalcedony, the band at 501 cm ' that can be
attributed to moganite has been used to evaluate the
quartz/moganite ratio in silica rocks (Kingma and
Hemley, 1994; Heaney et al., 2007). Figure 1 shows
the Raman spectrum of the flint sample GP-S-01,
which contains entirely LF-chalcedony, before and
after annealing. It can be seen that after annealing at
700 °C for 6 h, the Raman band at 503 cm ' has
disappeared almost completely. This is because of the
decreased SiOH (silanole) content in the sample after
heating (Schmidt et al., 2012a), rather than the
variation of moganite content. The mass loss of the
silica rocks during high temperature can also be
measured by thermo gravimetric analysis (TGA),
which is used to analyze specific physical properties.
The major transformations of silica rocks after
annealing at high temperature can be clearly noted by
looking at the IR spectra and the TGA curves.
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Fig.1 The Raman spectra of flint samples before

and after annealing at 700 °C (data from
Schmidt et al., 2012a).
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Fig. 2 The influence of annealing temperature on the
content of silanole in silica rocks (data from
Schmidt et al., 2011; Schmidt et al., 2012b;
Schmidt et al., 2013b).

3. ANALYSIS
3.1. VARIATION OF SiOH UPON HEAT TREATMENT

Figure 2 plots the SiOH content in rock
(determined from NIR) as a function of annealing
temperature and illustrates that the SiOH (silanole)
content in rock generally decreases along with heat
treatment. Figure 2(a) clearly shows three distinct
temperature ranges associated with the variation of
SiOH, i.e., (1) 110-250 °C, (2) 250-550 °C, and (3)
>550 °C. When the temperature is below 250 °C, the
SiOH content changes very little (e.g., TR-S-01, from
0.81wt% before annealing to 0.8wt% at 250 °C; GP-
S-01, from 0.38wt% before annealing to 0.4wt% at
250 °C; PS-09-04, from 0.58wt% before annealing to
0.54wt% at 250 °C; PS-09-25, from 0.72wt% before
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annealing to 0.7wt% at 250 °C; SA-11-12A, from
0.19wt% before annealing to 0.11wt% at 250 °C; SA-
11-36, from 0.86wt% before annealing to 0.63wt% at
250 °C). Most of the SiOH is lost as the temperature
rises from 250 °C to 550 °C, and the SiOH content
reaches a minimum at about 550 °C. Afterwards, the
SiOH content recovers slowly until it arrives at an
approximately constant value. Note that SiOH still
exists at as high as 600 °C even though its content is
small. The internal friction of rock is related to the
interface, the point defects, and the water in the pores
(Xi, 1994; Tan et al.,, 1995). The internal friction
peaking (mainly second peaking) of silica rocks could
be considered as the reaction between SiOH to form
H,O.

3.2. VARIATION OF H,0 UPON HEAT TREATMENT

The content of molecular water is quantified
based on the smoothed transmission spectra according
to the molar absorption coefficients given by Scholze
(1960). The H,O held loosely in the open pores of
rocks is measured by subtracting the absorption band
of H,O at 5220 cm ' in the spectrum of dehydrated
rock from the same absorption band in the spectrum
of the hydrated rock. The resulting value then
corresponds to the water residing in the open pores of
the rock (Schmidt et al., 2011). Figure 3 plots the
content of water in the open pores of selected rock
samples and shows that in general the water content
decreases with rising temperature. The decline of pore
water content is most significant at 200-300 °C.
When the temperature rises above 300 °C, the rate of
water loss slows down, and the water content may
even rebound slightly. The silica rocks lose most of its
open pores at 200-300 °C (sample VC-12-01, ~93 %j;
sample VC-12-02, ~90 %; sample PS-09-04, ~68 %;
sample PS-09-25, ~56 %; sample TR-S-01, ~78 %;
sample GP-S-01, ~91 %).

The H,O content of the dehydrated rocks is
determined by the combination band at 5220 cm ' in
the NIR. The water strongly retained in the closed
pores or interstices of the rocks cannot be easily
evacuated and gives the absorbance signal at 5220
cm ' in the NIR (Schmidt et al., 2011; Schmidt et al.,
2012a). Figure 4 illustrates the variation of the
strongly retained water in silica rocks as a function of
annealing temperature, and the patterns are
inconsistent across different rock samples. Figure 4(a)
shows that the rock samples SP-09-41, SB-Cal-06,
and SB-Cal-07 lose a small amount of water at 110-
300 °C and then rapidly dehydrate from 300 °C
onwards, eventually losing almost all water at
~600 °C. Figure 4(b) shows that for the rock samples
TR-S-01 and PS-09-13, the water content firstly
increases at 250-500°C and then decreases at
>500 °C. Figure 4(c) shows that the rock samples GP-
S-01 and PS-09-14 have rising water content over the
entire temperature range. These differences may be
attributed to the internal micro cracks and pores that
differ greatly across various silica rocks.
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Fig.3 The influence of annealing temperature on the
content of molecular water held in the open
pores of rocks (data from Schmidt et al.,
2011; Schmidt et al., 2012b; Schmidt et al.,
2013b).

4. DISCUSSION

4.1. COMBINATION OF RAMAN SPECTRA AND TGA
ANALYSIS

The variation of the SiOH (silanole) groups can
be analyzed by both NIR (Schmidt et al., 2012b) and
Raman spectroscopy (Kingma and Hemley, 1994;
Gotze et al., 1998; Rodgers and Gressey, 2001;
Heaney et al., 2007). Figure 5 shows the spectral
parameters of the rock sample PS-09-04, including the
NIR absorption of SiOH at 4547cm ' and the relative
intensity of the Raman band at 503 cm ™', as a function
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in first 60 min at 450 °C and change relatively little
from then on. The good correlation between the
Raman band at 503 cm ™' and the mass loss of silica

rock indicates that the mass loss can be well
associated with the changes of the SiOH in the silica
sample.
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Fig.4 The content of molecular water strongly
retained in the rock structure (data from
Schmidt et al., 2011; Schmidt et al., 2012b;
Schmidt et al., 2013b).

of annealing temperature. The same polished section
of the sample PS-09-04 is selected for the NIR and the
Raman measurements. It can be seen from Figure 5
that the NIR absorbance and the relative Raman
intensity have similar patterns, i.e., both remain
relatively stable at <300 °C and readily decline as the
temperature rises above 300 °C.

Figure 6 shows the relative intensity of the
Raman band at 503 cm ™' and the TGA mass loss of the
sample PS-09-04 at 450 °C as a function of time. Both
the Raman and the TGA curves show a sharp decline

Fig. 5 The absorbance of the NIR band at 4547 cm™'
and the relative intensity of the Raman band
at 503 cm ' of the rock sample PS-09-04 at
rising temperature (data from Schmidt et al.,
2012a).
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Fig. 6 The Raman band at 503 cm ™' and the TGA
mass loss of the rock sample PS-09-04 at
450°C as a function of time (data from
Schmidt et al., 2012a).

4.2. TEMPERATURE-INDUCED

TRANSFORMATIONS OF SILICA ROCKS

Rocks experience a series of physical and
chemical changes under high temperature, including
loss of water, change of mass and volume, and change
of composition. The surveyed silica rock samples
differ in their SiIOH and water contents, and their
temperature-induced transformations are analyzed as
follows. From the derivative TGA curves of three flint
samples in Figure 7, the major episodes and the key
temperature-induced transformations of silica rocks
can be deduced as follows.

The first mass loss, which occurs at <150 °C, can
be attributed to the evaporation of molecular water
held between the grains and adsorbed on the surface.
When the annealing temperature rises to 250-300 °C,

Ratio 503 / 464 cm’
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the reaction between SiOH (see Equation 1) takes
place and creates new Si-O-Si bonds, and the
hardness of the rocks increases accordingly. However,
most of the molecular water created by this reaction
could escape through a relatively large network of
open pores in silcrete compared to flint (Florke et al.,
1982; Graetsch et al., 1985; Schmidt et al., 2011;
Schmidt et al., 2012b).

Si-OH + HO-Si — Si-O-Si + H,0 (1)

When the temperature reaches 400-500 °C,
almost all open pores in the rocks are closed. The
decrease of the pore volume is not related to the
formation of new Si—O-Si bonds because there is little
mass loss (Figure 7). As the temperature rises to
~600 °C, a rapid thermal volume expansion takes
place and contributes to the fracturing of rocks.
Wadley and Prinsloo (2014) have demonstrated that
this increase of volume can reach up to 2 %4 %.
According to the variation of interplanar spacings of
two different flints and standard quartz (Figure 8), the
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Fig. 9 Volume expansion and the ratio of NIR
absorbance at 4547 cm ' to NIR absorbance
at 4450 cm™ ' (data from Schmidt et al., 2011).

increased volume of flints is caused by the phase
transition of its internal quartz. The increase of
volume generates micro pores or cracks within the
rocks and allows the absorption of molecular water,
which is why the water content in the pores no longer
decreases at temperatures higher than 550 °C
(Figure 3).

Figure 9 plots against temperature the volume
expansion of quartz as well as the ratio of the NIR
absorbance at 4450 cm' to the NIR absorbance at
4547 cm™'. This ratio is a measure of the shape of the
combination band of the hydrated rock and therefore
the involvement of SiOH in hydrogen bonding
(Schmidt et al., 2011). Figure 9 shows that this ratio
appears to correlate very well with the volume
expansion of rocks at high temperature.

5. CONCLUSIONS

This paper analyzes the transformation of silica
rocks under high temperature by reviewing data
reported in earlier works. Researchers have previously
made use of near infrared spectroscopy (NIR), thermo
gravimetric analysis (TGA), and Raman spectroscopy,
all of which help to examine the transformations of
silica rocks. The major transformations of the silica
rocks under high temperature can be summarized as



ANALYSIS OF THERMALLY-INDUCED TRANSFORMATIONS OF SILICA ROCKS ... 339

follows. Water adsorbed in the pores of silica rocks is
firstly lost at <150 °C upon heating. When the
temperature arrives at 250-300 °C, the reaction
between SiOH produces molecular water at the defect
sites and twin boundaries within the quartz crystallites
of the rocks, and this reaction proceeds further at 300—
400 °C. When the temperature rises to 550-600 °C,
the volume of the quartz particles expands, which
contributes to the fracturing of rocks and allows the
water newly generated from the reaction of SiOH to
evacuate from the rocks. Note that it is challenging to
analyze the transformations of the rocks with similar
properties (i.e., structure and mineral composition),
and a variety of complementary methods should be
considered in combination.
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