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a b s t r a c t

Chalcedony consists of hydroxylated 50–100 nanometre measuring �-quartz (SiO2) crystallites that lose
their surface silanole groups (Si–OH) upon heating between 350 ◦C and 600 ◦C. The loss of the chal-
cedony’s ≈1% of silanole groups allows for the healing of water related defects in the crystallites. We
investigated these crystallographic transformations using Fourier Transform mid Infrared Spectroscopy
eywords:
halcedony
lint
T-IR
55 cm−1 band

in direct transmission, Attenuated Total Reflection (ATR) and the reflectivity. We found that an absorp-
tion band that is specific for chalcedony at 555 cm−1 disappears gradually upon heating between 350 ◦C
and 600 ◦C. The reduction of the band is correlated to the loss of surface silanoles. This result leads to the
assignment of the band to free Si–O vibrations in non bridging Si–OH groups that have a lower natural
frequency than Si–O vibrations in bridging Si–O–Si. The recognition of a silanole signal in the mid infrared

and r
urface silanole
iOH

allows for an easy, cheap

. Introduction

Chalcedony consists of 50–100 nanometre measuring �-quartz
rystallites [1] in a fibrous arrangement. When heated to temper-
tures above 600 ◦C, the chalcedony framework suffers structural
ransformations of two kinds. It loses all its water and the quartz
attice undergoes a phase transition. In quartz single crystals, this
eversible phase transition between the �- and �-form takes place
t 573 ◦C and 1 bar. After a first order transition, a typical single
rystal passes through a 1.3 ◦C lasting incommensurate phase and
ccomplishes a second order transition to �-quartz at 574.3 ◦C [2,3].
hese inversions cause sharp endothermic reactions in the Dif-
erential Thermal Analysis (DTA) of single crystals [4,5]. DTA of
halcedony shows somewhat less intense peaks that spread over
larger temperature interval [4]. This broadening can be explained
y the high defect density and the strained nature of the crys-
allites that compose the chalcedony [1,6]. Clamping effects and
urface relaxation result in parts of the chalcedony framework
here the quartz lattice is subject to elevated pressure whereas

ther parts experience dilatation of the lattice. The pressure gra-
ient can extend the inversion up to an interval of 100 ◦C [1]. The
oss of almost all of the chalcedony’s structural water occurs even
efore the high-low transition [7]. The total hydroxyl (OH) content
f these rocks can be differentiated into molecular water (H2O)
nd chemically bound silanoles (SiOH) [8,9]. These two types of
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‘water’ account for up to 2% of the total mass of some chalcedonies
[10]. Although H2O is essentially evaporated at lower temperatures,
some water molecules can be retained until above the phase transi-
tion [8]. Silanoles are progressively evaporated from 350 ◦C upward
[9]. The majority is lost until approximately 600 ◦C [8]. The evac-
uation of hydroxyl (OH) from the quartz structure is expected to
allow for the formation of new Si–O–Si bonds that were previously
hindered by hydrogen protons [11]. The formation of new atomic
bonds may lead to structural rearrangements in the quartz lattice.

A convenient way of investigating crystallographic transforma-
tions upon heating is infrared spectroscopy, for crystal vibrations
are strongly influenced by temperature. In quartz single crystals,
lattice bands in the mid-infrared become larger and loose detail
upon heating. Some of the �-quartz bands disappear progres-
sively when the �–� transition temperature is approached and are
absent in the �-form [12]. When the sample is quenched to room
temperature, the regular �-quartz spectrum is observed and no
transformation in band shape is evident as compared with the spec-
tra of unheated samples. Chalcedony, however, can be expected
to show significant transformations in its spectrum after quench-
ing from high temperature due to its structural differences with
quartz single crystals. We investigated these transformations using
Fourier Transform mid Infrared Spectroscopy (FTIR). The infrared
spectra of chalcedony show the expected quartz absorptions, an

−1
additional band at 555 cm and a change in morphology of the
low frequency envelope [13] (Fig. 1). Transformations in band
shape in the spectra of the quenched samples would correspond
to a memory effect and indicate non reversible crystallographic
transformations when the material is heated. The experiments
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Fig. 1. Infrared transmission spectra showing the low frequency envelope in quartz
and chalcedony, (a) quartz single crystal and (b) chalcedony sample R-GE-Cal. The
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obtained values was used for error bars. This deviation was
gure resumes the main differences between �-quartz single crystals and chal-
edony: the 555 cm−1 band and the wavenumber shift from 513 cm−1 to 509 cm−1.
pectra vertically displaced.

ubject to this work aim in assessing such transformations in chal-
edony.

. Materials and methods

.1. Experimental and samples

Five samples of chalcedony and one sample of hydrous silica
rass (opal-A, [14]) were analysed. The samples were broken into
ragments weighing between 1 and 4 g. Each fragment was heated
o a different temperature between 100 ◦C and 1000 ◦C in a Ther-

olyne 47900 electrical furnace with free access to oxygen. The
xact protocols for each sample are resumed in Table 1. Anal-
ses were started after the samples had cooled down to room
emperature. Spectra were acquired with a Brucker VECTOR 22
TIR spectrometer by means of direct transmission and Attenu-
ted Total Reflection (ATR). Powders with a grain size <50 �m
ere used for the ATR measurements. The preparation for trans-
ittance measurements (KBr pellets) was done with a grain size

2.5 �m, a concentration of 6 × 10−4 g in a pellet of 0.3 g (balance
recision to 10−5 g) and controlled homogenisation of the sample
owder and the KBr. Spectra were obtained between 1400 cm−1

nd 400 cm−1 with a resolution of 2 cm−1. The reflectivity in the

id infrared was measured with the same spectrometer. Spec-

ra were acquired on diamond polished surfaces. The reflection
oefficient (R) was measured at 45◦ with polarised radiation. The
olarisation of the incident beam was such that the electric field
Fig. 2. Baseline for the absorbance of the 555 cm−1 band (dotted line) and the total
integrated area under the low frequency envelope used for the transmission and
ATR measurements. The baseline was a straight line between the two lowest points
of the low frequency envelope.

was perpendicular to the plane of reflection. In order to evalu-
ate the hydroxyl content of chalcedony at different temperatures,
two additional samples were cut into thin slabs, diamond pol-
ished on both sides, and analysed in their Si–OH region in the near
infrared (NIR) using direct transmission (for sample thicknesses
see Table 1). Hydroxyl in chalcedony can be directly measured
through a Si–OH combination band near 4500 cm−1 [10,15]. These
measurements were carried out on the same spectrometer. Spec-
tra were acquired between 4800 and 4200 cm−1 with a resolution
of 8 cm−1. The reflectivity at 555 cm−1 was measured on one of
the sample’s polished sides after the transmission measurement.
Analyses were started after the samples had cooled down to room
temperature. After this, the samples were heated to the next higher
temperature before the transmission and reflection measurements
recommenced.

2.2. Signal processing and error bars

The baseline for the measurement of the absorbance at 555 cm−1

band was a straight line drawn between the two lowest points
on either side of the low frequency envelope (Fig. 2). In order
to equate the obtained values, the intensity of the 555 cm−1

band was divided by the intensity of a strong band of the spec-
trum. The obtained indices are independent of potential errors,
induced by water evacuation, changing porosity or any other
weight loss on progressive heating. Error bars for the equated
absorption index were determined by repeating the measure-
ment several times for one sample. Ten pellets with different
concentrations were pressed from the unheated sample R-GE-
Cal. The maximal deviation from the arithmetic mean of the
found to be appropriate for the transmittance and the ATR
measurements. The deviations from the reflectance and NIR trans-
mission values were determined by repeating the measurement
ten times on a single sample. The baseline for the measure-
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Table 1
Samples and annealing temperatures.

Technique Sample Description Annealing temperatures (◦C)

Transmission R-GE-Cal Botryoidal sedimentary length-fast chalcedony from a cavity
in flint. From upper cretaceous chalk, plage d’Étretat, France

200, 300, 400, 450, 500, 525, 550, 600, 650, 700, 800, 900, 1000

Transmission R-Cal-Pou Hydrothermal length-fast chalcedony precipitated on quartz,
Puy de Dôme, France

400, 450, 500, 550, 600, 650

Transmission Cal-Biot Hydrothermal geode filling of length-fast chalcedony, Biot,
France

400, 450, 500, 550, 600, 650

Diamond ATR R-Opal-A Geyserite, Yellowstone Park, USA Not heated
Diamond ATR TR-S-01 Turonian fine flint, consisting of length-fast chalcedony. North

of Tours, France
200, 250, 300, 350, 400, 450, 500, 550, 600

Reflectivity PS-S-02 Turonian fine flint, consisting of length-fast chalcedony. East of
Tours, France

200, 250, 300, 350, 400, 450, 500

NIR/reflectivity PS-09-04 Coniacian black flint, Étretat, France Sample thickness: 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600

gny, F

m
b
b

3

3
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545 ± 5 �m
NIR/reflectivity PS-09-25 Brown upper Cretaceous Flint, Le grand Pressi

Sample thickness: 998 ± 5 �m

ent of the absorbance at 4547 cm−1 was a straight line drawn
etween the two lowest points on either side of the absorption
and.

. Results
.1. Transmittance and ATR

Spectra of the flint and chalcedony samples show the charac-
eristic absorption bands of �-quartz single crystals in the low
requency region (Fig. 1). The chalcedony spectra show an addi-

ig. 3. Reduction of the 555 cm−1 band and frequency shift of the adjacent Si–O–Si band, (a
a) taken from unheated samples, spectra (b) of samples heated to 450 ◦C and spectra (c) o
fter quenching the samples.
rance. 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600

tional absorption band at 555 cm−1 and a frequency shift of the
Si–O–Si lattice band at 515 cm−1 (in �-quartz) to around 509 cm−1

as already reported by Badia and Fröhlich [13]. As shown in
Fig. 3a and b, the 555 cm−1 band disappears upon heating and
the wavenumber of the 515 cm−1 band shifts to values known for
quartz single crystals. The majority of this evolution takes place

◦ ◦
between 350–400 C and 600 C. The results of the measurements
on the annealed samples are plotted in Fig. 4a and b and show
the progressive reduction of the 555 cm−1 band. A correlation
between the disappearance of the band and the frequency shift of
the quartz lattice band at 515–509 cm−1 is noticeable (Fig. 5). The

) R-GE-Cal, transmission and (b) TR-S, ATR. Spectra are displaced vertically. Spectra
f samples heated to 600 ◦C. Spectra (b) and (c) were acquired at room temperature
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F rements (round dots = Cal-Biot, square dots = R-Cal-Pou), (b) ATR of TR-S, (c) reflection
o rey dots = R-GE-Cal, black dots = TR-S). The absorption index is obtained by dividing the
m erature (see Section 2.1).
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ig. 4. Plots of the absorption index against temperature. (a) transmission measu
n PS-S-02, and (d) the total integrated area under the low frequency envelope (g
easured absorption by a strong lattice band that was found not to vary with temp

ntegrated total area under the low frequency envelope does not
how any variation that can be correlated to the annealing temper-
ture (Fig. 4d). The area remains unchanged when the 555 cm−1

and disappears. However, the obtained values of the integrated
rea show too high a dispersion for a precise statement and have
o be considered as indications only. The spectrum of the opal-A
ample also shows a band at 555 cm−1 (Fig. 6).
.2. Reflectivity

The reflection coefficient (R) spectra also show the 555 cm−1

and that disappears with increasing temperature. The reduction

ig. 5. Plot showing the correlation between the absorption index of the 555 cm−1

and and the frequency of the adjacent Si–O–Si band from the transmission spectra
f sample R-GE-Cal.

Fig. 6. ATR spectrum of sample R-Opal-A measured at room temperatures. The
spectrum shows the 555 cm−1 band like chalcedony.
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Fig. 7. (a) Spectra of the reflection coefficient of PS-S-02 showing the low frequency envelope, spectrum (a) taken from the unheated sample, (b) sample heated to 300 ◦C, (c)
4 ter quenching the samples. Spectra are displaced vertically. (b) Plot showing the increase
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Fig. 8. Transmission spectra of the Si–OH combination band around 4500 cm−1, (a)
00 ◦C and (d) 500 ◦C. Spectra (b), (c) and (d) were acquired at room temperature af
n reflectivity at 450 cm−1 in function of the heating temperature.

f R at 555 cm−1 starts around 350 ◦C and is gradual until the
ighest measured temperature at 500 ◦C (Fig. 4c). Heating until
igher temperatures was not possible, due to intense fracturing
f the sample. The low frequency envelope shows evolution in
ts morphology at 530 cm−1 and 490 cm−1 (Fig. 7a). This mor-
hology change might be the equivalent of the 515–509 cm−1

hift observed in the transmission measurements. The reflectiv-
ty at 450 cm−1 increases continuously between 473 K and 773 K
Fig. 7b).

.3. SiOH NIR measurements compared with the reflectivity at
55 cm−1

The SiOH combination band [15] in the near infrared under-
oes a temperature dependent evolution. Fig. 8 shows the
eduction of the band. The reflectivity at 555 cm−1 is reduced
t the same time. The reduction of the two bands starts at
50 ◦C and the rhythm of its disappearance is very similar

n both samples. Silanoles almost totally disappear at 600 ◦C.
he 555 cm−1 band vanishes almost completely at this tem-
erature. Fig. 9 shows the reduction of the 555 cm−1 band
nd the concomitant disappearance of the SiOH band at
547 cm−1.

. Discussion

These results indicate non reversible crystallographic trans-
ormations in chalcedony upon heating. The starting and end

emperature of the reduction of the 555 cm−1 band suggest that the
–� phase transition cannot account for the observed transforma-

ions alone. The transition is reported to be gradual in chalcedony
4,6] and Rios et al. [1] report the event to last from about 50 ◦C
elow to approximately 50 ◦C above 573 ◦C. The reduction of the

taken from the unheated sample PS-09-45 and (b) this sample heated to 400 ◦C, (c)
500 ◦C and (d) 600 ◦C. Sample thickness 998 ± 5 �m. Spectra (b), (c) and (d) were
acquired at room temperature after quenching the sample. Spectra are displaced
vertically.
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57–68.
ig. 9. Plots of the absorption at 4547 cm−1 (� triangles) and the reflectivity at 55
S-09-04, sample thickness 545 ± 5 �m. The measurements of the absorption and th
t 4547 cm−1 (�), scale to the left: reflectivity at 555 cm−1 (�). The starting tempera
heir correlation.

55 cm−1 band, however, starts at much lower temperatures and
s essentially finished at 600 ◦C. It seems therefore unlikely that the
eduction of the band is due to structural rearrangement at the �/�
ransition.

A more likely interpretation of the observed transformations in
halcedony is the ‘evaporation’ of silanoles. The gradual disappear-
nce of surface silanoles from 350 ◦C upwards [9] is concomitant
ith the reduction of the 555 cm−1 band. The majority of SiOH

roups is lost around 600 ◦C [8–10]. This is also the tempera-
ure at which the band disappears almost totally. The direct NIR

easurement of silanole at different temperatures shows a good
orrelation between the 555 cm−1 band and the SiOH content of the
halcedony samples. Thus, it seems that the 555 cm−1 absorption
and is associated with the structural hydroxyl content of chal-
edony. An additional argument for the assignment of the band
o hydrogen defects is its occurrence in the opal-A sample. In
ddition to the Si–O and Si–O–Si absorption bands; this hydrox-
lated silica glass [16] shows a band at the same wavenumber
s in chalcedony (� = 555 cm−1). The 555 cm−1 band may corre-
pond to Si–O vibrations caused by non-bridging oxygen apices
f SiO4 tetrahedra. Non bridging Si–O bonds are formed when
+ occupies the residual charge of non bridging Si–O−, forming
i–OH. The resulting Si–O vibration is expected to have a higher
atural frequency than Si–O vibrations in bridging Si–O–Si. This

s because �Si–O in Si–OH is not directly influenced by another
i of the crystal lattice in its vicinity like it is the case for �Si–O
n Si–O–Si. Bonding of Si–O with another Si of the lattice lowers
Si–O when compared to the free vibration in Si–OH. Such struc-
ural defects are expected to be numerous in chalcedony due to the
igh density of twin interfaces in the crystallites [17]. This kind
f non-bridging Si–O bending vibration can also be expected in
ydroxylated silica glass like opal-A where a part of the Si–O–Si
onds are interrupted by the incorporation of hydrogen protons
18]. The 555 cm−1 band in chalcedony is thus assigned to Si–O
ending vibrations of non bridging Si–OH bonds whereas the Si–O
ibrations of bridging Si–O–Si cause absorption at lower wavenum-
ers in the low frequency envelope. When the silanole groups
isappear upon heating, new Si–O–Si bonds are formed [11]. The

requency of the vibration that formerly caused absorption at
55 cm−1 shifts back to the low frequency envelope. The observed
orrelation between the intensity of the 555 cm−1 band and the
hange of morphology of the low frequency envelope corroborate
his.

[
[
[

[

(� squares) against temperature. (a) PS-09-25, sample thickness 998 ± 5 �m; (b)
ctivity were acquired on the same samples. Scale to the left of the graphs: absorption
f the reduction of the two bands is 350 ◦C and the rhythm of their reduction shows

5. Conclusion

Chalcedony undergoes non reversible crystallographic trans-
formations when heated to temperatures higher than 350 ◦C.
These transformations correspond to the ‘evaporation’, of surface
silanoles (Si–OH). Such silanole groups cause a frequency shift of a
part of the Si–O bond’s vibrations to 555 cm−1. The disappearance
of Si–OH causes the reduction of the 555 cm−1 band and a trans-
formation of the morphology of the low frequency envelope. This
data allows interpreting the infrared spectrum of chalcedony as the
one of hydroxylated �-quartz. The recognition of a silanole signal
in the mid infrared allows for an easy, cheap and rapid recognition
of hydroxyl in chalcedony. These results are of interest not only
to thermodynamic research about chalcedony containing rocks but
also to archaeometric research about the prehistoric heat treatment
of silica rocks. Further experimentations on the high temperature
behaviour of the 555 cm−1 band in hydroxylated silica glass will
help the understanding of biogenic silica grass production.
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