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Abstract Chalcedony is a spatial arrangement of

hydroxylated nanometre-sized a-quartz (SiO2) crystallites

that are often found in association with the silica min-

eral moganite (SiO2). A supplementary Raman band at

501 cm-1 in the chalcedony spectrum, attributed to moga-

nite, has been used for the evaluation of the quartz/moganite

ratio in silica rocks. Its frequency lies at 503 cm-1 in sed-

imentary chalcedony, representing a 2 cm-1 difference

with its position in pure moganite. We present a study of the

503 cm-1 band’s behaviour upon heat treatment, showing

its gradual disappearance upon heating to temperatures

above 300 �C. Infrared spectroscopic measurements of the

silanole (SiOH) content in the samples as a function of

annealing temperature show a good correlation between the

disappearance of the 503 cm-1 Raman band and the

decrease of structural hydroxyl. Thermogravimetric analy-

ses reveal a significant weight loss that can be correlated

with the decreasing of this Raman band. X-ray powder

diffraction data suggest the moganite content in the samples

to remain stable. We propose therefore the existence of a

hitherto unknown Raman band at 503 cm-1 in chalcedony,

assigned to ‘free’ Si–O vibrations of non-bridging Si–OH

that oscillate with a higher natural frequency than bridging

Si–O–Si (at 464 cm-1). A similar phenomenon was recen-

tly observed in the infrared spectra of chalcedony. The

position of this Si–OH-related band is nearly the same as

the Raman moganite band and the two bands may interfere.

The actually observed Raman band in silica rocks might

therefore be a convolution of a silanole and a moganite

vibration. These findings have broad implications for future

Raman spectroscopic studies of moganite, for the assess-

ment of the quartz/moganite ratio, using this band, must

take into account the contribution from silanole that are

present in chalcedony and moganite.
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Silica rocks � Flint � Heat treatment � Raman band
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Introduction

Flint is a cretaceous sedimentary silica rock, chiefly com-

posed of chalcedony (Füchtbauer 1988; Cayeux 1929);

a spatial arrangement of 50–100 nanometres measuring

a-quartz crystallites (Rios et al. 2001). The crystallites

align in fibres ranging up to several millimetres or even

centimetres in well-crystallised specimens. In flint how-

ever, these fibres are shorter and somewhat less organised.

Chalcedony contains up to 2 wt% of ‘water’ that can be

differentiated into chemically bound hydroxyl (SiOH) and

molecular water (H2O) (Flörke et al. 1982). H2O is mainly

held in fluid inclusions and open pores in the rocks (Flörke

et al. 1982). Silanole (SiOH) is associated with grain

boundaries and defect sites within the quartz crystallites.

Numerous Brazil twin interfaces within the crystallites

(Cady et al. 1998; Miehe et al. 1984) form another site for
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the integration of silanole (Graetsch et al. 1985). The

hydroxylation of SiO4 tetrahedra inhibits the formation of

bridging Si–O–Si bonds resulting in non-bridging Si–OH

that cause a supplementary Q3 peak in 29Si CP-MAS-NMR

of chalcedony (Graetsch et al. 1994). Using FT-IR spec-

troscopy, Schmidt and Fröhlich (2011) showed that non-

bridging Si–OH causes a supplementary band in the

mid-infrared at 555 cm-1. This band disappears gradually

upon heating between 300 and 600 �C, showing a good

correlation with the loss of silanole. The reduction of the

band’s intensity is caused by the formation of new bridging

Si–O–Si after the evacuation of hydrogen.

Another silica polymorph, commonly associated with

chalcedony, is moganite (Flörke et al. 1976; Flörke et al.

1984). The monoclinic moganite lattice can be described as

a framework of ð10�11Þ left- and right-handed quartz

lamellae that alternate on the unit cell scale (Miehe et al.

1986; Miehe and Graetsch 1992). The structure has there-

fore been associated with ð10�11Þ Brazil law twin bound-

aries in chalcedony and flint (Miehe et al. 1984). Heaney

and Post (1992) found moganite to be associated with a

large number of microcrystalline silica rocks. In such

quartz/moganite mixtures, the mineral causes supplemen-

tary peaks in the powder diffraction pattern (Heaney and

Post 1992; Flörke et al. 1984) and a band between 501 and

503 cm-1 in the Raman spectrum (Kingma and Hemley

1994; Heaney et al. 2007). Kingma and Hemley (1994)

assigned the Raman band to four-membered rings of SiO4

tetrahedra in the moganite structure. The frequency of the

band shifts to lower wavenumbers with rising temperature,

passing through a plateau between 296 and 316 �C

(Heaney et al. 2007), and X-ray powder diffraction

data indicate a displacive monoclinic to orthorhombic

phase transition between these temperatures (Heaney and

Post 2001). Apart from the phase transition, the thermal

stability of moganite ranges up to 900–1,000 �C where it

transforms into cristobalite (Flörke et al. 1984; Miehe and

Graetsch 1992). Moganite has not been found in rocks

dating from before 400 Ma (Moxon and Rios 2004), and

Rodgers and Cressey (2001) reported the mineral to be a

meta-stable intermediary step in the opal-A to quartz

maturation that transforms into chalcedonic quartz over

extended time periods.

Due to a supplementary band at 501 cm-1, Raman

spectroscopy has proven a rapid non-destructive means of

moganite detection in silica rocks. The ratio between this

band and the adjacent quartz band at 464 cm-1 has been

used for evaluating the rock’s moganite content (Götze

et al. 1998; Rodgers and Hampton 2003; Nash and

Hopkinson 2004; Bustillo et al. 2010). We present here a

study showing the actually observed band in chalcedony to

be more complicated and reveal the behaviour of this

Raman band upon heat treatment. The study aims in creating

a better understanding of the different factors that contribute

to the temperature-dependent evolution of the Raman

‘moganite signal’.

Materials and methods

Samples

Five specimens of cretaceous flint and one sample of almost

pure moganite from Gran Canaria (ES) were analysed. The

moganite sample was identified as such using infrared and

Raman spectroscopy. All analysed flint samples consist of

length-fast chalcedony. This was verified by polarised light

microscopy using 30 lm thin sections of each sample. No

traces of opal-CT were found during X-ray analyses. Sample

numbers and descriptions are summarised in Table 1.

Table 1 Sample descriptions and annealing temperatures

Analysis type Sample

number

Description Annealing temperatures (�C)

Powder, measured ex situ,

IR, Raman, XRD

TR-S-01 Turonian black flint, consisting of length-fast (LF)

chalcedony. North of Tours, France

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

550, 600

Powder, measured ex situ,

IR, Raman

GP-S-01 Upper cretaceous brown flint, consisting

of LF chalcedony. Le grand Pressigny, France

110, 200, 250, 300, 350, 400, 450,

500, 550, 600, 700

Polished section, heating

stage, IR, Raman, TG

PS-09-04 Coniacian black flint, consisting of LF chalcedony.

Étretat, France. Sample thickness: 545 ± 5 lm

100, 150, 200, 250, 300, 350, 400,

450, 500, 550, 600, 700, 800

Polished section, heating

stage, Raman

PS-S-02 Turonian brown flint, consisting of LF chalcedony.

East of Tours, France. Sample thickness: 690 ± 10 lm

100, 150, 200, 250, 300, 350, 400,

450, 500, 550, 600, 700

2 thin sections, measured

ex situ, Raman

R-GE-Cal Botryoidal sedimentary LF chalcedony from a cavity in flint.

From upper cretaceous chalk, plage d’Étretat, France

Unheated, 700

Raman GC-11-01 White powdery joint filling material from ignimbrite.

Almost pure moganite, Gran Canaria, Spain

Unheated
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Used instruments and settings

Raman spectra were acquired between 100 and 800 cm-1

using a Horiba Jobin Yvon HR800 spectrometer equipped

with edge filters. The exciting wavelength was the 458 nm

line of an Ar? laser that, in combination with a 1,800 lines/

mm grating, results in a spectral resolution of &1 cm-1.

Measurements for the determination of precise band fre-

quencies were carried out with a 2,400 lines/mm grating,

resulting in a spectral resolution of &0.5 cm-1. Spec-

trometer calibration was set using the 520.5 cm-1 band of

a Si crystal. A 109 objective, producing an exciting spot of

approximately 10 lm, was used for spectral acquisition on

powders. Heating-stage (Linkam TS1500) experiments

were carried out with a 509 long working distance

objective. Spectra were acquired during 4–6 min.

Infrared spectra were acquired with a Bruker VECTOR

22 FTIR spectrometer by means of attenuated total

reflectance (ATR) and direct transmission. ATR spectra

were recorded between 1,400 and 400 cm-1 with a reso-

lution of 2 cm-1. Transmission spectra were acquired

between 4,800 and 4,200 cm-1 with a resolution of

8 cm-1.

The dynamical weight loss as a function of annealing

temperature and time was studied using a SETARAM

Setsys Evolution thermo balance. Approximately 70 mg of

powder (grain size \1 lm) were used. The use of a plati-

num crucible and helium atmosphere increased the heat

transfer significantly and consequently allowed for better

measurement accuracy.

Powder diffractograms were recorded between 20 = 2�
and 35� using a PANalytical X’Pert Pro MPD diffrac-

tometer (using the Ka line of a Cu anode, no incident beam

monochromator). The sample holder was in constant

rotation during the analysis.

Experimental

Raman measurements

The comparison of raw spectra of pure moganite and flint is

based on two spectra acquired with the 2,400 lines/mm

grating. Moganite and chalcedony spectra were acquired

one directly after the other, maintaining the same spec-

trometer calibration and parameters.

All other spectra in this study were acquired using the

1,800 lines/mm grating. Two polished thin sections were

cut from sample R-GE-Cal, one from the unheated sample

and one from the sample after annealing at 700 �C during

6 h in a Thermolyne 47900 electrical furnace with free

access to oxygen.

For measurements on powder, the samples TR-S-01 and

GP-S-01 were each broken into fragments weighing

approximately 4 g. Each fragment was heated during 6 h

to a different temperature between 100 and 700 �C. The

fragments were then ground and screened with a mesh

width of 40 lm. Using a light microscope, the average

grain size of the powders was estimated to &4 lm.

For heating stage measurements, the samples PS-S-02

and PS-09-04 were cut into thin slabs and diamond-pol-

ished on both sides (for sample thicknesses see Table 1).

Two different ramps were programmed for the two sam-

ples. Sample PS-S-02 was heated to the first annealing

temperature (Table 1) where a spectrum was acquired. The

temperature was held for 30 min, and a second spectrum

was acquired before the sample was heated to the next

higher temperature. A different ramp was programmed for

sample PS-09-04. The section was heated to the first

annealing temperature (Table 1) where a spectrum was

acquired. The heating stage was then cooled down to

40 �C, and a ‘cold’ spectrum was acquired before the

sample was heated to the next higher temperature. This

protocol allows for the comparison between in situ spectra

acquired at high temperatures and quenched spectra (ex

situ) acquired directly after heating. Another fragment of

sample PS-09-04 was rapidly (50 �C/min) heated to 450 �C

in the heating stage and held at this temperature during 6 h.

A spectrum was acquired every minute as soon as this

temperature was reached. After the first 15 min of this

temperature plateau, spectra were acquired every 5 min

and after 1 h, every 30 min. This protocol allows for the

evaluation of the reaction kinetics.

Infrared measurements

In order to investigate the sample’s silanole content after

heating, a part of each polished section was broken off for

analysis in the near infrared. The hydroxyl content was

directly measured through the Si–OH combination band

near 4,500 cm-1 (Scholze 1960; Flörke et al. 1982).

Annealing temperatures for infrared measurements were

identical with the Raman measurements (Table 1). Infrared

ATR spectra were acquired on the powders already ana-

lysed by Raman spectroscopy.

Thermogravimetric analysis (TGA)

The variation of mass as a function of time was determined

for sample PS-09-04. The sample was wet ground for

30 min, and the very finest part of the powder was sepa-

rated by decantation. The so-obtained powder has an esti-

mated grain size significantly smaller than 0.5 lm. This

powder was first heated to 150 �C and held at this tem-

perature during 4 h in order to eliminate loosely held

molecular water adsorbed during grinding. The sample was

then rapidly heated to 450 �C, and the temperature was
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held during 6 h in order to observe the weight loss as a

function of time. The so-observed reaction kinetics of the

weight loss at 450 �C can be attributed to the evaporation

of SiOH.

X-ray powder diffraction

In order to evaluate the moganite content of one of the

samples by a complementary technique, two powders

obtained from TR-S-01 (grain size &4 lm) were analysed

by XRD, one powder before heating and one after

annealing at 600 �C during 6 h. The two powders were

each divided into 3 equal parts that were treated separately

in order to minimise orientation effects during the prepa-

ration. The comparison of the intensities of the moganite

peaks at 4.45, 3.11 and 2.88 Å before and after heat

treatment allows for verifying if the moganite content of

the samples is either lost or remains stable upon heat

treatment at 600 �C.

Raman and infrared signal processing and error bars

The ratio between the Raman band intensities near

503 cm-1, and the 464 cm-1 quartz band was calculated in

order to investigate the temperature-dependant behaviour of

the moganite Raman band. The baseline for the intensity

measurements was a straight line drawn between the two

lowest points on either side of the two bands. Band inten-

sities for room temperature spectra are linear absorptions,

band intensities of in situ spectra were measured as the ratio

between the bands’ heights and widths. These heights and

widths were extracted from best fit models of the spectra,

using Lorentzian functions. Error bars were estimated by

repeating spectral acquisition 5 times on different parts of

one powdered sample. The maximal deviation from the

arithmetic mean of the obtained values was used for error

bars. These error bars were found to be appropriate for

powder samples and polished sections. Relative infrared

intensities at 555 cm-1 are expressed through the ratio

between the band’s intensity and the intensity of a strong

lattice band that was found not to vary with temperature

(1,166 cm-1). Analysis parameters, error bars and baselines

for the infrared measurements are described in detail in the

study by Schmidt and Fröhlich (2011).

Results

Comparison between the spectra of pure moganite

and chalcedony

The moganite-specific Raman band in sample CG-11-01

was found at 500 cm-1. The band in our chalcedony

samples was found at 503 cm-1 (Fig. 1). The 3 cm-1

difference between the moganite and chalcedony bands,

using the same parameters, is significant and shows their

different nature. The band was found at 503 cm-1 in all

other analysed flint samples and will be referred to as

503 cm-1 band hereafter.

Room temperature Raman and infrared spectra

of annealed flint samples

The Raman spectrum of the unheated flint sample GP-S-01

shows a strong quartz band at 464 cm-1 and the additional

band at 503 cm-1 (Fig. 2). The latter is missing in the

spectrum acquired after annealing at 700 �C during 6 h.

The band also disappears progressively upon high tem-

peratures in the two powder samples. The evolution of the

503/464 cm-1 ratio as a function of annealing temperature

is shown in Fig. 3. The value of the ratio decreases from

300 �C upwards and seems to plateau between 550 and

600 �C for TR-S-01 (square in Fig. 3). The plot of the ratio

in GP-S-01 shows a higher dispersion but the same trend of

the 503 cm-1 band to decrease at higher temperatures is

obvious (triangle in Fig. 3). ATR infrared spectra acquired

on the same powders show a similar trend. Figure 4 is a

plot of the intensity of the infrared 555 cm-1 band as a

Fig. 1 Comparison of room temperature Raman spectra of 1 PS-S-02

and 2 GC-11-01. Spectra displaced vertically. Spectral resolution was

&0.4 cm-1. Both spectra were acquired directly one after the other

using the same spectrometer calibration and settings. The pure

moganite sample GC-11-01 shows a band at 500 cm-1, whereas the

chalcedony sample PS-S-02 shows a band at 503 cm-1. This 3 cm-1

frequency shift indicates the different nature of both bands
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function of the annealing temperature. As for the Raman

measurements, the intensity of the ATR 555 cm-1 band

decreases from 300 �C upwards (square in Fig. 4). In the

case of GP-S-01, the values of the band’s intensity show

higher dispersion but the decrease from 500 �C upwards is

evident (triangle in Fig. 4). The higher dispersion of results

from sample GP-S-01 may be related to inner sample

heterogeneity. The comparison of Figs. 3 and 4, however,

indicates a similar temperature-dependent evolution of the

503 cm-1 Raman band and the 555 cm-1 infrared band.

Heating-stage experiments on flint

Frequency shift

Figure 5 shows the comparison of 5 in situ spectra of PS-S-

02 acquired at different temperatures. Both observed Raman

bands (503 and 464 cm-1) shift to lower wavenumbers at

elevated temperatures. This shift was already observed

(Heaney et al. 2007) in pure moganite from Gran Canaria

(ES). Figure 6 is a plot of the position of these bands against

annealing temperature from in situ recorded spectra of

sample PS-S-02. Both bands shift to lower wavenumbers

upon rising temperatures. The frequency shift is greater for

the 503 cm-1 band (6 cm-1 against 3.5 cm-1 for the quartz

band). Both bands shift to lower wavenumbers until

500–600 �C. A plateau between 296 and 316 �C, as

Fig. 2 Two Raman spectra of sample PS-GE-Cal. The upper

spectrum was acquired before heat treatment and the lower spectrum

after annealing at 700 �C during 6 h. The 503 cm-1 Raman band

disappeared almost completely after heat treatment. Spectral acqui-

sition was 16 min

Fig. 3 Plots of the value of the Raman 503/464 cm-1 ratio against

annealing temperature, square TR-S-01, triangle GP-S-01. Both plots

show the relative reduction of the 503 cm-1 band’s intensity after

heat treatment. Spectra for the measurements were acquired at room

temperature after heat treatment

Fig. 4 Plots of the infrared 555/1,166 cm-1 absorption index against

annealing temperature, square TR-S-01, triangle GP-S-01. The

absorption index is obtained by dividing the measured absorption at

555 cm-1 by a strong lattice band that was found not to vary with

temperature. ATR spectra for the absorption measurements were

acquired on the same sample powders as for Raman measurements

shown in Fig. 5

Fig. 5 Comparison between in situ Raman spectra acquired at

different temperatures of PS-S-02 (RT room temperature). Spectra

displaced vertically. The absolute band intensities in this figure were

modified for better readability. For measurements of the relative band

intensities, see Fig. 7a. The frequency shift and band-broadening at

elevated temperatures can be observed
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described by Heaney et al. (2007), indicating the moganite

phase transition cannot be observed in sedimentary LF

chalcedony. After a turning point around these temperatures,

the shift becomes less important. Concerning the difference

between the first and second spectra (time difference of

30 min) taken at an annealing temperature, the Raman shift

values are slightly different, indicating a time-dependent

evolution. Bands in the first spectra are located at slightly

higher wavenumbers than bands from spectra recorded after

30-min annealing time. However, this time-dependent evo-

lution seems to be included in the estimated error of the

measurements (±0.5 cm-1, based in the spectrometer’s

resolution) and cannot be discussed here.

Band intensities

The ratio between the 503 cm-1 Raman band and the

adjacent quartz band of in situ spectra shows a

temperature-dependent evolution (Fig. 7a). However, the

results of the band fitting seem to be ambiguous, for the

plots of in situ measurements show less detail than the ones

resulting from room temperature measurements (Fig. 5).

The values seem to increase until 250 �C and their reduc-

tion becomes apparent only from 500 �C upwards. The

differences of these plots with room temperature spectra

are illustrated by the comparison between the values of in

situ and ex situ measurements of PS-09-04 [compare circle

in Fig. 7a (in situ) with square in Fig. 7b (ex situ)]. The

figure shows the differences between the two types of

spectra. Room temperature spectra do not show the

increase of the values between 30 and 250 �C. This dif-

ference is likely to be caused by a temperature-dependent

variation of the Raman tensors of the two bands. In this

case, the gain of the band’s intensity can be attributed to an

increasing Raman tensor with rising temperatures. The

turning point at 250 �C is caused by the beginning of the

Fig. 6 Plots of the position of the Raman 464 cm-1 (a) and

503 cm-1 (b) bands against annealing temperature in sample PS-S-

02 (first spectrum at plateau square, second spectrum triangle, for

explanation see Sect. 2.3.1). Spectra for the measurements were

acquired in situ using a heating stage. Error bars for the obtained

values are missing for better readability. The error can be estimated

based on the spectrometer’s resolution and is expected to be

±0.5 cm-1

Fig. 7 a Plot of the relative intensity of the 503 cm-1 Raman band

against annealing temperature. For the calculation of band intensities

from in situ spectra, see Sect. 2.4. PS-S-02 (first spectrum at plateau

square, second spectrum at plateau triangle, for explanation see Sect.

2.3.1.) and PS-09-04 (circle). Spectra for the measurements were

acquired in situ using a heating stage. b Plots of the infrared Si–OH

absorption at 4,547 cm-1 (triangle) and the relative intensity of the

Raman band at 503 cm-1 (square) against annealing temperature of

PS-09-04. Sample thickness was 545 ± 5 lm. Scale to the left of the

graph: IR absorption at 4,547 cm-1 (triangle), scale to the right:
relative Raman intensity of the 503 cm-1 band (square). The starting

temperature of the reduction of the IR and Raman bands is 300 �C

and the pace of their reduction shows their correlation
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band’s intensity loss. This variation of the Raman tensor at

higher temperatures partly masks the phenomenon of the

503 cm-1 band’s reduction.

Comparison of flint Raman spectra with NIR spectra

Figure 7b shows the plot of the intensity decrease in the

503 cm-1 Raman band, as determined by the PS-09-04 ex

situ measurements, compared with the reduction of silanole

as measured by infrared absorption on the same polished

section. This comparison cannot be made between in situ

Raman measurements and ex situ infrared measurements,

for the temperature-dependent variation of the Raman

tensor modifies the shape of the plots. The plots of the

intensity of the Si–OH absorption and the relative intensity

of the 503 cm-1 band show an identical pace, indicating a

good correlation between the Raman band and the silanole

content of the sample.

Diffraction data of flint

A comparison between the diffractograms acquired before

and after heat treatment is shown in Fig. 8. The sample’s

diffraction pattern shows additional weak moganite peaks

(labelled with ‘‘M’’), indicating the presence of traces of

moganite (\5 %) in the chalcedony sample. These peaks

remain unchanged after annealing. Thus, the X-ray moga-

nite signal remains stable after heat treatment at 600 �C.

Raman spectra acquired on the same two powders showed

the reduction of the 503 cm-1 band (Fig. 3). The com-

parison between X-ray and Raman data suggests the

503 cm-1 band reduction to be independent of the sam-

ple’s moganite content.

Thermogravimetric analysis and reaction kinetics

in flint

The results of the TG measurements show the weight loss

of PS-09-04 as a function of annealing time (Fig. 9a). The

mass lost at the first heating step at 150 �C can be attrib-

uted to molecular water held between grains and water

adsorbed on their surface. However, the total measured

quantity of weight loss in this powder is significantly

higher than that in coarser powders. This is because the

artificially created large specific surface of the particles

allows for a stronger surface hydration. The second weight

loss at 450 �C can be attributed to the loss of silanole, for

most of the molecular water was already lost at 150 �C

(Flörke et al. 1982; Graetsch et al. 1985). The obtained

SiOH weight loss can be expected to show the same

reaction kinetics in the studied fine grained powder as in

coarser powders, for it depends on the strength and stability

of the Si–OH bond. Figure 9b shows a comparison between

Raman data of the 503 cm-1 band’s reduction and the TG

measurement of the silanole loss at 450 �C (second heating

step from Fig. 9a). Both the TG curve and the plot of the

Raman values show the strongest reaction during the first

hour of heating at 450 �C and a very good superposition.

This result suggests a strong correlation between the

reaction kinetics of the 503 cm-1 band’s reduction and the

reaction kinetics of silanole loss in the sample.

As stated earlier, the total amount of lost weight is not

significant for the study of chalcedony at this very small

grain size of the used powder. In order to quantify the total

weight loss in the sample, a coarser grained powder

(&10 lm) was heated until 1,000 �C. The TG analysis of

this coarser grained powder shows the totally lost mass

(H2O and SiOH) of the sample to be approximately 1.2

wt%. This value is in accordance with the previously

published (Flörke et al. 1982; Schmidt et al. 2011) total

‘water’ content of LF chalcedony.

Discussion

The Raman band observed in the present study of sedi-

mentary LF chalcedony was found at 503 cm-1. The

Moganite Raman band, assigned to crystal vibrations

(Kingma and Hemley 1994), was previously described at

501 cm-1 (Heaney et al. 2007; Rodgers and Cressey 2001)

and at 502 cm-1 (Götze et al. 1998). We found the band at

Fig. 8 Comparison between the regions of the X-ray powder

diffractograms (Ka line of a Cu anode with 1.54 Å, no incident beam

monochromator) of TR-S-01, showing the weak moganite peaks

before 1 and after heat treatment at 600 �C 2. The three superposed

diffractograms correspond to the three measurements described in

Sect. 2.3.4. Diffractograms displaced vertically. Moganite peaks are

labelled ‘‘M’’, and other impurities are labelled asterisk. The

diffractogram in the upper right corner shows the location of this

figure on the complete chalcedony diffractogram. Intensities of the

quartz peaks were normalised in the two presented diffractograms 1

and 2, so that the comparison of the moganite peak intensities is

significant. This comparison shows the X-ray moganite signal to

remain stable after heat treatment
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500 cm-1 in the pure moganite sample from Gran Canaria

(ES). A difference of 2 to 3 cm-1 in absolute position

might be insignificant in view of the different instruments

or calibration used during our study and previous works.

However, spectral acquisitions on a chalcedony and a

moganite sample, one after the other, using the same

spectrometer calibration and settings clearly reveal the

different nature of the bands in pure moganite and chal-

cedony (Fig. 1). We therefore reveal the existence of two

bands at proximate wavenumbers in the Raman spectra of

chalcedony.

A supplementary indication for the unrelatedness of the

503 cm-1 band in LF chalcedony and the moganite content

of the samples comes from our powder diffraction data.

X-ray suggests a weak moganite content of a few per cent

(\5 %) in the chalcedony sample. The observed Raman

band in the same sample is significantly more intense than

a band that would be caused by 5 % moganite (if the

observed 503 cm-1 band was caused by moganite, its

intensity would indicate [50 %, based on the calibration

curve given in Götze et al. 1998). Additionally, the dif-

fractograms acquired before and after heat treatment sug-

gest that there is no correlation between the Raman band’s

thermal behaviour and the moganite content of the samples

(Fig. 8). The thermal stability of moganite is in accordance

with data from previous workers (Flörke et al. 1984; Miehe

and Graetsch 1992) who suggest the moganite structure to

remain stable until at least 900 �C. The unrelatedness of

the observed Raman band with moganite is further cor-

roborated by the in situ Raman band shift at elevated

temperatures in the LF chalcedony spectra (Fig. 6). The

band shift does not show any sign of a phase transition as it

is characteristic for pure moganite from Gran Canaria (ES)

(Heaney et al. 2007). Also, a loss of the band’s intensity

was not noticed during the study performed by Heaney

et al. (2007), further suggesting a difference between the

Raman band of pure moganite from Gran Canaria and the

Raman band observed in LF chalcedony. The measurement

of the reaction kinetics of the chalcedony Raman band’s

reduction indicates that the band is correlated with a TG

weight loss (Fig. 9b). Given that the conversion from

moganite to quartz corresponds to a reconstructive phase

transition, which does not involve the departure of mass,

the reduction of the 503 cm-1 Raman band in LF chalce-

dony cannot be assigned to the loss of moganite that

transforms to quartz at elevated temperatures. All these

results strongly indicate that the observed 503 cm-1

Raman band in LF chalcedony is not, or not uniquely,

caused by the moganite content of the samples.

Concerning the assignment of the 503 cm-1 Raman

band, the thermal behaviour of the band gives clear indi-

cation of its relation with silanole groups. The present

study shows that the 503 cm-1 Raman band disappears

gradually upon heat treatment from 300 �C upwards. Upon

heat treatment, this chalcedony Raman band shows a very

similar behaviour with the 555 cm-1 infrared band of

sedimentary LF chalcedony that has previously been

assigned to non-bridging Si–O vibrations that result from

silanole in chalcedony (Schmidt and Fröhlich 2011). The

intensities of both bands decrease at temperatures above

300 �C (compare Figs. 3, 4). In addition to the concomitant

decrease in the 503 cm-1 Raman and 555 cm-1 infrared

Fig. 9 a TG curve of a very fine grained powder (\0.5 lm) of PS-

09-04. The curve shows the two heating steps at 150 and 450 �C. Due

to the very small grain size, the value of weight loss is not significant

for the study of LF chalcedony. Only reaction kinetics of the observed

weight losses are significant. Further descriptions in the text.

b Superposition of the plot of the relative reduction of the

503 cm-1 Raman band as a function of time upon annealing at

450 �C (square), and the TG curve showing the weight loss attributed

to the loss of SiOH as a function of time at the same temperature (—).

The beginning of the graph corresponds to the time the sample

reached 450 �C. Both curves show a good correlation indication that

reaction kinetics of the two phenomena is identical
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bands upon heating, the reaction kinetics of the Raman

band’s reduction at 450 �C is correlated with the loss of

silanole (Fig. 9b). Fukuda and Nakashima (2008), using in

situ infrared measurements of chalcedony, found a very

similar evolution of the silanole content at high tempera-

ture (disappearance during the first hour of heating). The

comparison between the 503 cm-1 Raman band’s reduc-

tion and the loss of silanole as determined through NIR

spectroscopy further indicates a good correlation between

the intensity of the band and the silanole content of the

samples after heat treatment (Fig. 7b).

It seems therefore that two Raman bands may lie very

near to each other in the spectra of chalcedony, a moganite

band and another, hitherto unrecognised, band at a slightly

higher wavenumber. The two bands may interfere in

moganite-rich chalcedony and form a composite band.

These two bands are [1] a band caused by a moganite

crystal vibration at 500–501 cm-1, as observed during the

study of pure moganite from Gran Canaria (this band is not

lost during heat treatment) and [2] a supplementary band at

503 cm-1 caused by the silanole content of the samples

(this band is lost upon heat treatment). Band [2] seems thus

to correspond to Si–O vibrations in non-bridging Si–OH.

The absence of a bond with a second Si (as in Si–O–Si) can

account for the higher frequency of such a Si–OH vibration

when compared to bridging Si–O–Si. The existence of two

Raman active bands at nearly the same wavenumber is

analogous to infrared spectroscopy. The 555 cm-1 infrared

band, assigned to free Si–O vibrations (in Si-OH) (Schmidt

et al. 2011; Schmidt and Fröhlich 2011), has a very similar

position as the specific infrared band caused by the

moganite lattice near 570 cm-1 (Flörke et al. 1976; Miehe

and Graetsch 1992).

Conclusion

These findings have broad implications for future Raman

spectroscopic studies of moganite in silica rocks. In the

past, the 503 cm-1 band might have been mistakenly

interpreted as moganite signal. The future Raman assess-

ment of the quartz/moganite ratio must take into account

the contribution from free Si–O vibrations of silanole that

are present in chalcedony and moganite. Thus, in order to

conduct studies of the stability of moganite over time or the

moganite content in silica rocks, the assessment of the

relative intensity of the 503 cm-1 band has to be inter-

preted cautiously.
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