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USE OF RARE Fe-RICH SMECTITE

DAVID HRADIL
1 ,* , TOMÁŠ GRYGAR

1 , MICHAELA HRUŠKOVÁ
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Abstract—A collection of green earths belonging to traditional artists’ pigments was examined in terms of
mineralogy and provenance. The studied specimens included both mineralogical reference compounds and
selected commercially available artists’ pigments, and contained green micas (glauconite or celadonite),
chlorite, or smectite as pigmenting agents. The samples were examined by X-ray diffraction, Mössbauer
spectroscopy, infrared (IR) spectroscopy, ultraviolet-visible (UV-Vis)-near-IR diffuse-reflectance
spectroscopy and voltammetry of microparticles. Particular attention was paid to the Kadaň green earth,
mined until the 20th century in the West Bohemia deposit. The Greene-Kelly charge-reduction test,
detailed description of non-basal diffraction patterns and characteristic vibrations in the mid-IR spectra
were used to classify the major pigmenting agent of the Kadaň green earth as ferruginous smectite with
separately diffracting saponite-like clusters. The smectite contains ~15% Fe, mainly in the trivalent form, a
detectable fraction of Fe in tetrahedral sites, and it is accompanied by a significant amount of Ti-bearing
relict minerals due to its volcanogenic origin. On the contrary, in green micas (glauconite and celadonite)
the Ti content is much smaller. Diffuse reflectance spectroscopy was found suitable for distinguishing Fe
as a constituent of free Fe oxides from Fe in the clay structure. It was also found to be useful for
discriminating between green micas and smectites.
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INTRODUCTION

Green earths, or green clayey materials containing Fe

compounds as the pigmenting agents, have been used in

fine art since ancient times and continue to be used

(Grissom, 1986; Hradil et al., 2003). The minerals which

are responsible for the color of green earths belong to

four groups � (1) the clay micas celadonite and

glauconite, (2) smectite minerals, (3) chlorites, and

(4) serpentine minerals (Grissom, 1986). The mineralo-

gical diversity of green earths exploited throughout

history is hence rather broad, but mineralogical analysis

of real paint layers is rare. This may be due to the

limitations of analysis of rare, very small, and extremely

heterogeneous samples of paint layers of art works. Fine-

grained greenish layers in paintings often contain a

mixture of earthy materials that cannot be easily

interpreted in mineralogical terms. Sometimes, mono-

mineral crystals of celadonite are easily recognizable as

noticeable dark-green grains, and therefore celadonite is

sometimes explicitly mentioned in the materials research

reports. Light microscopy, which is commonly used in

material studies of works of art, is usually only able to

classify the pigment as green earths, particularly in cases

when other greens are excluded by elemental analysis.

Further differentiation was only rarely based on X-ray

diffraction (XRD) measurements (Yamasaki and Emoto,

1979 � glauconite; Mosk, 1975 � cronstedtite).

Recently, green earth has reportedly been identified by

light microscopy combined with Raman spectroscopy

(Daniila et al., 2002) but the actual green mineral has not

been specified. The mineralogy of traditional green

earths could be elucidated by a study of materials from

the historical mining localities.

This work focuses on smectites from the historical

source locality of green earth in Brodce near Kadaň in

the Czech Republic. For comparison, samples were

collected from the type localities of celadonite from

Monte Baldo deposit near Verona, Italy, and sedimen-

tary glauconite from Prague. In those localities, mining

for fine-art purposes is well documented historically.

The most famous locality for the bluish-green type of

green earth in Europe, Monte Baldo, Italy, was

mentioned as early as at 1574, originally as ‘Veronese

green earth’, and it was mined until World War II.

Another type locality of the Baroque period is the

historical mining area near Kadaň in the Czech

Republic, probably exploited since the 15th century

with maximum production reached in the 18th and 19th

centuries (Bláhová, 2002). Although the mine was

closed soon after 1950, the term ‘Bohemian green

earth’ still persists in modern commercial production.

The same name has also been used for other, much less

important green earths – glauconitic claystones mined
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near Hloubětı́n, Prague, from the 19th to the 20th

century.

In this study, samples from several type localities

were compared with reference clays and pigments in

terms of their mineralogy, color and spectral properties.

Near UV-Vis-near IR diffuse reflectance spectroscopy

(DRS) was used to characterize green earths and detect

possible admixtures of free ferric oxides. While DRS has

already been used for analysis of Fe oxides in clayey

materials (Malengreau et al., 1994; Scheinost et al.,

1998), much less attention has been paid to character-

ization of Fen+ in clay minerals, since until now only

nontronite (Bonnin et al., 1985; Sherman and Vergo,

1988) and micas (Dyar, 2002) were examined. The Vis

spectral study of green earths has thus far been limited to

their general color evaluation (Grissom, 1986).

However, the near UV-Vis-near IR spectral properties

of Fe2+ and Fe3+ in clay minerals could be a valuable

tool in gaining specific information on their structure

and composition. For example, DRS should be able to

detect tetrahedrally coordinated Fe3+ ions in the clay

minerals structure (Bonnin et al., 1985). The speciation

of Fe in clayey materials and discussion of their color

was completed by detection of free Fe oxides by DRS,

voltammetry of microparticles, and Mössbauer spectro-

scopy. Another goal of the work was to evaluate which

techniques or characteristics can serve to discriminate

between the individual green earths used in works of art.

EXPERIMENTAL

‘Bohemian’ green earth from Kadaň, Czech Republic

Samples of the ’Bohemian’ green earth from Brodce

near Kadaň were taken from the walls near the western

end of a closed mine gallery in the Brodce village area.

This gallery follows the sub-horizontal dark-green layer

of altered basaltic tuffs of Oligocene/Miocene age

(Albrecht et al., 1903). The easily recognizable layer

is, in its best development, formed by large isometric

dark phenocrysts, pseudomorphs after augite and biotite

flakes encountered with a green-white matrix. Green

earth is enclosed between more compact greyish

argillized tuffs and limestones. All these altered

materials and sediments belong to the ‘‘Střezov’’
volcano-sedimentary group of beds, which was devel-

oped in the first neo-volcanic stage on the slope of

Doupovské Mts. volcano (Malkovský, 1985). The

historical mining of green earth pigments in this locality

was reported e.g. by Albrecht et al. (1903) or more

recently in local sources by Bı́lek et al. (1976). Bláhová

(2002) mentioned that the main and most attractive part

of the gallery is closed and the currently accessible

locality in Brodce is possibly not identical to the

historical one.

One heterogeneous fragment of the material collected

was used to prepare a thin-section (0.5 mm thick)

suitable for light microscopy in reflected and transmitted

light and for scanning electron microscopy (SEM) with

elemental analysis via EDX. From the remaining

material, some black phenocrysts were removed

mechanically and analyzed separately. The rest was

ground in an agate mortar and analyzed as a bulk sample.

A separate portion of the material was disaggregated in

distilled water and the <4 mm size fraction was separated

by the sedimentation method. This <4 mm clay fraction

was used to prepare oriented samples by the slow

sedimentation of clay suspension on a glass slide, drying

in air and further subjected to solvation in ethylene

glycol and glycerol vapors (Moore and Reynolds, 1997).

Glauconite from Prague

A sample of marine sedimentary glauconite was

collected from Vidoule, near Prague. The layer of

greenish ‘glauconitic’ claystones, which were also used

for painting (Zahálka, 1921), is ~0.5�1 m thick here and

is Turonian in age (Bělohorské group of beds). The

<4 mm size fraction was separated from the raw material

by sedimentation as in the previous case.

Celadonite from Monte Baldo, Italy

A sample of the raw material was obtained from the

Department of Geochemistry, Mineralogy and Mineral

Resources of Charles University in Prague. The sample

was a compact piece of bluish green color and fine grain

size. Relict oval concretions of gray basaltic tuffs

represent an original material exposed to the post-

volcanic alteration process. Before analysis, the gray

concretions were removed and the sample was homo-

genized in an agate mortar.

Reference clay minerals

The following clays from The Clay Minerals

Society’s Source Clays Repository (Purdue University,

Indiana) were used as reference materials: Ca-Mg

montmorillonite (STx-1), nontronites (NAu-1, NAu-2,

NG-1), saponite (SapCa-1), illite (IMt-1), ferruginous

smectite (SWa-1), and chlorite (CCa-2). Additionally,

whitish specimens of montmorillonite clay from

Lastovce deposit, Slovakia, were used. All these samples

were studied in their ‘as received’ state, except NG-1.

Before analysis, the <4 mm size fraction was separated

from the NG-1 nontronitic sandstone by the sedimenta-

tion method.

The yellow-green bentonite from Rokle deposit,

Czech Republic, representing the same age and natural

genesis as the green earth from Brodce was collected and

analyzed. The Brodce (green earth) and Rokle (bento-

nite) localities are in the same area (~5 km apart) and

both represent altered tuffs of Oligocene/Miocene age,

belonging to the ‘Střezov’ group of beds.

Green earths available as artists’ pigments

Several green earths from current commercial pro-

duction denoted as ‘Veronese’, ‘Bohemian’ and
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‘Cyprus’ were obtained from Kremer Pigmente

(Farbmühle, 88317 Aichstetten/Allgäu, Germany). The

pigments were first analyzed by powder XRD to

evaluate their phase composition; only specimens free

of obviously artificial additives were further studied.

Celadonite from Cyprus (Kremer catalogue numbers

17400 and 17410) is the dominant pigment used in

contemporary production of genuine artists’ pigments

throughout the world, as it represents the most attractive

bluish variety of the green earth. ‘Veronese’ green earth

(Kremer catalogue number 11010) contains relatively

pure Fe-rich smectite.

ANALYTICAL METHODS

Elemental analysis

The chemical composition of samples was deter-

mined in the Laboratories of Geological Institutes,

Charles University, Prague. Commercial, finely milled

pigments were analyzed without any pre-treatment; in

the case of raw materials the <4 mm clay fraction was

used.

One thin-section of the raw ‘Bohemian’ green earth

from Brodce was examined using a Philips XL30 CP

scanning electron microscope without surface metalliza-

tion under low air pressure with a Robinson detector of

back-scattered electrons (RBS) in combination with an

EDX detector of X-rays (acceleration voltage 25 kV).

Charge reduction � the Greene-Kelly test

The layer-charge reduction was performed according

to Greene-Kelly (1953) by Li saturation followed by

heating to 300ºC. The test was used to classify smectites

present in Brodce green earth, the reference bentonite

from Rokle, the montmorillonite from Lastovce, and in

reference montmorillonite (STx-1), saponite (SapCa-2)

and nontronite (NAu-2). Approximately 3 g of the clay

fraction of each sample was transferred to a 250 mL

flask and dispersed in 200 mL of 1 M LiCl solution.

After 1 day of shaking, the suspension was left to

sediment. The supernatant liquid was removed, and a

further 200 mL portion of 1 M LiCl solution was added.

This procedure was repeated three times, and then

200 mL of distilled water were added to the flask with

clay. After 1 day of shaking, the sample was centrifuged

(7 min at 9800 rpm) and the aqueous layer was removed.

The procedure was repeated until the supernatant liquid

was free of chlorides (AgNO3 test). Finally, the clay was

dried at 60ºC; oriented samples were prepared by a slow

sedimentation of the suspension on a fused silica glass,

and subjected to XRD. The XRD patterns of air-dried,

ethylene glycol and glycerol-solvated samples were

taken before and after their 1 day of heating to 300ºC.

Phase analysis

The bulk geological and commercial pigments as well

as the oriented clay fraction samples and Li-exchanged

samples were analyzed by powder XRD using a Siemens

D-5005 diffractometer with CuKa radiation, 45 mA,

40 kV and secondary monochromator. Slow scans in the

2y angle region 60�77º were additionally performed

using a Philips X’Pert PRO diffractometer with an

X’Celerator detector with CoKa radiation, at 45 mA and

30 kV to distinguish non-basal 060 diffractions of

individual clay minerals (Moore and Reynolds, 1997).

Optical properties of individual mineral grains in the

thin-section of the Brodce green earth were examined

using an Olympus BX40 microscope with transmitted

polarized light.

Infrared spectroscopy

Selected Li-saturated samples were pressed with KBr

(0.5 mg sample per 200 mg KBr) to 13 mm pellets. To

remove physically sorbed water, the pellets were dried

overnight at a temperature of 150ºC and after drying

they were stored in a desiccator. The FTIR spectra were

obtained using a Nicolet Magna 750 FTIR spectrometer

with an IR source, KBr beam splitter, and DTGS KBr

detector for the mid-IR region. Repeated scans (128)

were accumulated for each sample at a resolution of

4 cm�1. The spectra were interpreted according to

Cracium (1986), Madejová et al. (1994), Vantelon et

al. (2001), Madejová and Komadel (2001) and Bishop et

al. (2002).

Diffuse reflectance spectroscopy, electrochemical

analysis, and Mössbauer spectroscopy

The diffuse reflectance spectra were obtained using a

UV/Vis Perkin Elmer Lambda 35 spectrometer equipped

with an integrating sphere accessory Labs sphere RSA-

PE-20. The samples were ground in an agate mortar and

placed in 2 mm quartz cells before measurement. A

BaSO4 pellet was used as a white reference. The

reflection spectra were acquired with the 0.5 nm step,

converted to the K-M scale, smoothed by 7-point Fourier

filter, and then deconvoluted into a set of Gaussian

components using the peak-fitting module in OriginPro

7.0 (OriginLab Corporation). The position of the

respective components was estimated using the 2nd

derivation of the spectra. The spectra were interpreted

according to Sherman (1985, 1987), Sherman and Waite

(1985), Malengreau et al. (1994), Scheinost et al. (1998)

and Dyar (2002).

The voltammetric detection of Fe oxides was

described in our previous reports (Grygar and van

Oorschot, 2002; Grygar et al., 2002, 2003a). The

detection limits of free ferric oxides by voltammetry

and DRS (0.1�1%) are better than that of powder XRD,

especially in more complex mineral mixtures and with

poorly crystalline oxides. The most efficient identifica-

tion tool is the combination of voltammetry and DRS

(Grygar et al., 2003a).

Mössbauer spectroscopy was performed in transmis-

sion mode with a 57Co source, cryostat (APD Cryogenics
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Inc.) for measurement at 20 K, amplifier (Ortec, Perkin

Elmer), and a proportional counter. The results were

compared to the reports by Murad and Wagner (1994)

and Koester et al. (1999).

RESULTS

Mineralogical classification of samples

The list of samples of green earths, reference clay

minerals, and artists’ pigments studied and their brief

mineralogical description is given in Table 1. X-ray

diffraction is sufficient to identify the basic mineralo-

gical types of green earths. The only difficulty, that of

distinguishing between celadonite and glauconite, can be

resolved when these minerals are present in sufficient

amounts and their non-basal 060 reflections are clearly

visible. As a function of octahedral Fe3+ content, the

d060 XRD line lies slightly above 1.51 Å in the case of

glauconite and slightly below this value in the case of

celadonite (Odom, 1984). More detailed results of the

mineralogical and elemental analysis of selected samples

are summarized in Tables 2 and 3.

The raw material of the Brodce green earth is very

heterogeneous. Its color varies from light or grayish green

to brown-green and dark brown. The reddish brown color

is imparted by the presence of free ferric oxides. The

nicest variety of olive green color can be prepared by

milling of spotted stone with black isometric phenocrysts

and white-green clay matrix. That material was further

examined because the original pigment was prepared by

grinding the raw materials without separation.

Based on the results of the powder XRD, polarized

light microscopy, and EDX analysis, the black insets

contained mainly titanomagnetite of an approximate

composition Fe2.5Ti0.5O4, pseudomorphs after augite are

filled by neo-formed smectite. The relict titanomagnetite

and pseudomorphs after augite were not visible in the

rocks lying below and above the green earth bed; only

Table 1. The list of green earths and reference samples. Pigments obtained from Kremer Pigmente are denoted by K and the
catalogue number.

Name Description, color, mineral type Origin, supplier

Mte Baldo Raw material of historical Veronese green earth – celadonite Mte Baldo near Verona, Italy
Vidoule Raw green claystone � glauconite Vidoule in Prague, CR*
Brodce Raw material of historical Bohemian green earth – smectites Brodce near Kadaň, CR, mine gallery
Rokle Raw yellow-green bentonite – smectites Rokle near Kadaň, CR, open quarry
Lastovce Raw bentonite, white Lastovce, Slovakia
K11010 Verona Commercial ‘Veronese green earth’ – Fe-rich smectite Kremer Pigmente
K17400 Cyprus Commercial ‘Cyprus green earth’ – celadonite Kremer Pigmente
K17410 Cyprus Commercial ‘Cyprus green earth’ – celadonite Kremer Pigmente
STx-1 Ca-Mg montmorillonite, white Source Clays Repository{

NAu-1 Nontronite, green Source Clays Repository
NAu-2 Nontronite, brown Source Clays Repository
NG-1 Nontronite-rich sandstone, yellow-green Source Clays Repository
SWa-1 Ferruginous smectite Source Clays Repository
IMt-1 Illite Source Clays Repository
SapCa-1 Saponite Source Clays Repository
CCa-1 Mg-rich chlorite – ripidolite Source Clays Repository

* CR: Czech Republic
{ from The Clay Minerals Society’s Source Clays Repository, Purdue University, Indiana

Table 2. Mineralogical compositions of the samples studied.

Name Clay minerals Further minerals

Green earths from historical localities
Mte Baldo, Italy Celadonite
Brodce, Czech Rep. Fe-rich dioctahedral smectite, saponite, Anatase, quartz, titanomagnetite, biotite

celadonite??? (very small amount)
Vidoule, Czech Rep. Glauconite, kaolinite, illite Quartz

Reference bentonites
Rokle, Czech Rep. Fe-rich dioctahedral smectite Anatase, quartz, biotite
Lastovce, Slovakia Ca/Mg montmorillonite

Commercial real green earth pigments, Kremer Pigmente
11010 Veronese GE Fe-rich dioctahedral smectite Plagioclase
17400 Cyprus GE Celadonite, smectite (very small amount) Plagioclase
17410 Cyprus GE Celadonite, smectite (very small amount) Plagioclase
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biotite flakes are common in all these tuffs. Similarly,

only biotite relics were found in the raw yellow-green

bentonite from the Rokle deposit. In spite of the close

proximity of the Rokle and Brodce deposits, the

composition of the original volcanogenic material was

different. The genesis of the green earth by sub-aquatic

alteration of unusual augite-rich tuffs was mentioned by

Albrecht et al. (1903).

Grain-like pseudomorphs are mostly filled with a

fine-grained altered material with variable chemical

composition. Relict biotite flakes are relatively depleted

in K and, to the contrary, intense green weathering rims

surrounding grains are enriched in this element

(Figure 1). According to XRD, the clay fraction mainly

contains smectite-group minerals in all altered material,

accompanied by a detectable amount of anatase. No

other clay minerals are present in the clay fraction.

Micas (biotite, possibly celadonite) are identified only in

the untreated raw material. The inter-granular matrix

contains cream-white calcite fillings.

Predominant smectites can be sub-divided according

to d060 spacing (e.g. Moore and Reynolds, 1997; Środoń

et al., 2001), behavior in the Greene-Kelly test (Greene-

Kelly, 1953), and the direct spectroscopic crystal-

lochemical measurements of octahedral and tetrahedral

sites occupancies (e.g. Madejová et al., 1994; Vantelon

et al., 2001). The results of slow XRD scans of non-

oriented clay fractions show two distinct d060 spacings of

1.505 and 1.532 Å, indicating the presence of one

dioctahedral and one trioctahedral smectite structure,

respectively (Figure 2). The slight increase in typical

‘montmorillonite’ spacing from d060 = 1.50 Å to 1.52 Å

(typical nontronite) can be correlated directly with the

increasing Fe3+ (or bulk Fe) content in the octahedral

sheet (Koester et al., 1999). The diffraction at d060 =

1.53 Å appears in trioctahedral structures of saponites

Table 3. Chemical composition (wt.%) of green earths. Commercially available pigments are denoted by K
with the Kremer catalogue number.

—————— Mica minerals —————— ———— Smectites ————
Mte Baldo Vidoule K17410 K17400 Brodce Rokle K11010

(<4 mm) (<4 mm) (<4 mm)

SiO2 55.22 48.38 52.90 52.38 42.80 45.81 51.12
TiO2 0.19 0.57 0.19 0.09 2.16 3.06 1.81
Al2O3 2.53 20.75 3.60 3.28 10.60 15.43 14.81
Fe2O3 16.86 9.72 18.57 18.29 14.22 8.51 9.38
FeO 3.30 0.51 1.83 1.31 0.73 0.12 1.17
MnO 0.01 0.01 0.09 0.07 0.02 0.01 0.10
MgO 5.51 1.85 5.40 6.27 6.18 2.62 2.71
CaO 0.36 1.02 0.98 1.58 3.09 3.51 5.82
Na2O 0.26 0.08 0.19 0.12 0.26 0.15 2.70
K2O 8.72 4.71 7.36 6.89 1.56 0.76 1.95
P2O5 0.10 0.86 0.11 0.47 0.62 0.94 0.55
H2O

� 1.32 1.80 2.66 2.18 10.36 11.40 4.24
H2O

+ 4.43 8.41 5.04 4.92 6.34 6.85 3.15
CO2 0.80 0.77 0.70 1.71 0.74 0.65 0.43

Total 99.61 99.44 99.62 99.56 99.68 99.82 99.94

Figure 1. SEM image of the thin-section of the green earth from

Brodce near Kadaň.

Figure 2. Non-basal d060 spacings of the Kadaň area smectites.

The presence of saponite (d = 1.533) and dioctahedral Fe-rich

smectite (d = 1.505) in Brodce green earth and montmorillonite

(d = 1.499) in Rokle bentonite is indicated.
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with Mg2+ ions (Środoń et al., 2001) and in the reduced

nontronites with Fe2+ ions in the octahedral sheet

(Manceau et al., 2000). This diffraction peak d =

1.532 Å in the Brodce sample, similar to reference

saponite SapCa-2, is only present within the green-earth

strata; it is missing in other altered tuffs, e.g. from the

Rokle deposit (Figure 2). This correlates with the much

larger Mg content in the Brodce green earth as compared

with the Rokle bentonite (Table 3).

The heating of Li-saturated samples should cause

charge reduction in octahedral sheets and, therefore, the

loss of expandability in the case of pure montmorillo-

nites. Some difficulties may occur if mixtures of

different smectites having both octahedral and tetrahe-

dral charge of different magnitudes are present (Malla

and Douglas, 1987). In the case of the Brodce green

earth, the effect of the charge reduction was not

observed. After the Greene-Kelly test, the sample

expanded with ethylene glycol to d001 &17.0 Å and

with glycerol to d001 &17.7 Å (Figure 3). This behavior

was the same as for the reference nontronite (NAu-2)

and saponite (SapCa-1) subjected to the same treatment.

The reference Li-saturated montmorillonite (STx-1) did

not expand, having d001 &9.8 Å. After Li saturation and

heating, sufficient residual layer charge remained for the

expansion of the Brodce green earth. The behavior of the

Rokle bentonite is similar to the Brodce green earth but

the expansion is somewhat reduced after the Greene-

Kelly test. Basal spacing of d001 & 16.7 Å could

indicate some non-expanding layers within its structure.

The Brodce green earth is hence a mixture of

dioctahedral Fe-rich smectites, which are not true

nontronites, with separately diffracting trioctahedral

clusters that are Mg-rich and saponite-like. The impor-

tant question as regards smectite classification is the Fe

distribution within these clay structures.

IR spectroscopy of the Brodce and Rokle smectites

Mineralogical classification of colored smectites

from the Kadaň area (Brodce, Rokle) was checked by

the examination of the stretching and bending vibrations

in their mid-IR (MIR) spectra. According to Madejová et

al. (1994), Keeling et al. (2000), Vantelon et al. (2001),

Madejová and Komadel (2001), Bishop et al. (2002),

Fialips et al. (2002), Frost et al. (2002) and Gates (in

press), the bending vibrations are used to distinguish the

occupancy of the octahedral sites in montmorillonites,

ferruginous smectites and nontronites. The list of

vibrations described is given in Table 4; the

OH-bending and lattice-deformation region of IR spectra

are shown in Figure 4.

When the IR spectra of the samples are compared to

reference clay minerals, some similarities with both

nontronite NAu-2 and montmorillonite STx-1 are found.

In the octahedral region, the band indicating

Al�Al�OH-bending vibration at 915 cm�1 is visible,

but it is less intense than in the case of pure mont-

morillonite. The Al�Fe3+�OH-bending vibration occurs

at 874 cm�1, but the Fe3+�Fe3+�OH-bending vibration

at 822 cm�1, which is typical of true nontronites, is not

visible in either the Brodce or the Rokle sample. The

band near 840 cm�1 is not so determinative as it occurs

in both montmorillonites (as Al�Mg�OH vibration, e.g.

Crac ium, 1984) and non t ron i t e s (a s second

Fe3+�Fe3+�OH vibration, e.g. Keeling et al., 2000).

In montmorillonites and ferruginous smectites, the

position and intensity of this band is related to the

relative Mg content (Gates, in press). Based on the fact

that the band at 836 cm�1 is missing in the Rokle

bentonite with 2.5 wt.% of Mg (Table 3) and clearly

visible in the Brodce green earth with 6.3 wt.% of Mg

(Table 3), its assignment as an Al�Mg�OH vibration

seems appropriate. According to data presented by Gates

( in p res s ) , t he as s ignmen t o f th i s band to

Fe3+�Fe3+�OH is also unlikely as there is no band

near 820 cm�1 in either sample. The Fe�O out-of- plane

vibration is clearly visible in NAu-2 nontronite (at

678 cm�1) and the Brodce green-earth sample (at

682 cm�1). Lattice-deformation bands assigned by

Madejová and Komadel (2001) as coupled Si�O and

M�O out-of-plane vibrations appear at 628 cm�1 in the

STx-1 montmorillonite, where M = Al and at 593 cm�1

in the case of NAu-2 nontronite, where M = Fe. In the

Rokle bentonite and the Brodce green earth samples, this

vibration is scarcely discernible; only a low-intensity

peak appears near 605 cm�1 (Table 4).

In agreement with Goodman et al. (1976), the bands

between 487 and 522 cm�1 (Si�O�Al vibration in

montmorillonites), and 456�469 cm�1 (Si�O�Si vibra-

tion in montmorillonites) show a systematic shift to

lower wavenumbers as the nontronitic character of the

smectites increases, i.e. in the order STx-1 mont-

morillonite � Rokle bentonite � Brodce green earth �
NAu-2 nontronite (Table 4).

The interpretation of the OH-stretching region is

more difficult because of the interference of individual

component bands; the approximate positions of different

cation pairs are listed, e.g. in Madejová et al. (1994).
Figure 3. Basal diffractions of Li-saturated samples after the

Greene-Kelly test and ethylene glycol solvation.
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The Al�Al�OH vibrations appear in all cases at ~3620

and/or 3629 cm�1, respectively. The Al�Mg�OH vibra-

tion is most intense in the case of the Brodce green earth

(at 3603 cm�1), in other cases is possibly hidden in a

broad interference band. The Al�Fe�OH is intense in

NAu-2 nontronite, missing in STx-1 montmorillonite

and present in both the Brodce and Rokle samples. The

Fe�Mg�OH vibration is missing in STx-1 mont-

morillonite and also Rokle bentonite, in Brodce green

earth a local maximum at 3570 cm�1 is clearly

discernible. In NAu-2 nontronite this vibration is less

intense and hidden in a broad band. The Fe�Fe�OH

vibration near 3550 cm�1 may be present only in NAu-2

nontronite and Brodce green-earth samples.

According to IR spectroscopy and to the results of the

Greene-Kelly test, the Brodce green earth is a material

resembling ferruginous smectite and the Rokle bentonite

is closer to an Fe-rich montmorillonite. In the Brodce

green earth, the larger octahedral Mg content is indicated

particularly by intense OH-stretching vibrations of AlMg

and FeMg cation pairs.

Spectral methods for speciation of Fen+

The color of green earths is affected by several d-d

ligand-field and intervalence charge-transfer (IVCT)

transitions in the visible region. Their denotation (capital

letters) and identification are summarized in Table 5 and

shown in Figure 5. All these transitions are super-

imposed on strong metal-to-ion charge-transfer (CT)

transitions in the near-UV region, some are overlapped,

and some have small absorption coefficients. The

observable absorption bands are denoted by Roman

Table 4. Characteristic vibrations in the mid-IR spectra of the Brodce green earth, Rokle bentonite and reference
montmorillonite (STx-1) and nontronite (NAu-2), respectively.

STx-1 montmorillonite Rokle bentonite Brodce green earth NAu-2 nontronite

OH-bending bands (cm�1)
Al�Al�OH 915 915 unclear missing
Al�Fe�OH missing 875 874 872
Al�Mg�OH, second 846 missing 836 839
Fe�Fe�OH
Fe�Fe�OH missing missing missing 822
Al�Mg�OH, Fe�Mg�OH, 794 broad (~796) unclear 790
Si�O amorph.

Lattice-deformation bands (cm�1)
M�O out of plane missing broad (~700) 682 678
Coupled Si�O and 628 unclear unclear poor (~593)
M�O out of plane
Al�O�Si 520 522 512 495
Si�O�Si 470 468 461 435

OH-stretching bands � appoximate positions of individual cation pairs
(bands with discernible maxima are shown by their positions, those hidden in a broad interference band are indicated by +)
Al�Al�OH 3629 3629, 3620 3629 3615
Al�Mg�OH + + 3603 +
Al�Fe�OH missing + + 3580
Fe�Mg�OH missing missing 3570 +
Fe�Fe�OH missing missing + +

Figure 4. OH-bending and lattice-deformation region of the mid-IR spectra of Rokle bentonite and Brodce green earth sample.
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numerals and listed in Table 6. Sometimes the assign-

ment of the bands to the transitions is not straightfor-

ward. For example, the transition D sometimes denoted

Fe2+-Fe3+ IVCT (Sherman, 1984; Lear and Stucki, 1987;

Komadel et al., 1990; Dyar, 2002) falls into the range

given by Sherman (1987) for the transition E of

octahedral Fe3+, and so the data interpretation was

supported by the search for a correlation between the

content of the chromophors (Fe2+, Fe3+) and the intensity

of the individual bands. The identification of band V as

transition G is also non-trivial. The band occurs at

~20,000 cm�1, i.e. very close to the relatively strong

transitions of magnetically interacting Fe3+octa ions in free

ferric oxides (Malengreau et al., 1994; Scheinost et al.,

1998, transitions F, H, I in Table 5). Fortunately, the

band V can be found even in the presence of free ferric

oxides goethite and hematite using the 2nd derivatives of

the spectra (Grygar et al., 2003a).

Statistically significant correlations between the

integral intensities of the absorption bands and contents

of Fe2+ and Fe3+ are shown in Table 6. The correlation

proves unequivocally that band III is either IVCT or

possibly Fe2+ transition, but certainly not the transition E

of Fe3+octa. The lack of a correlation between bands V and

VII and Fe2+ or Fe3+ content indicates that these bands

can be attributed to some minor Fe species, probably to

Fe3+tetra, expected to absorb at this wavenumber (Bonnin

et al., 1985; Dyar, 2002). To support this interpretation,

the presence of free ferric oxides was to be excluded as

their absorption occurs at similar wavenubers (Table 5).

The absence of Fe oxides in the Rokle <4 mm specimen

exhibiting band V was proven by low-temperature

Mössbauer spectroscopy and voltammetry of micropar-

ticles. In the majority of the clay mineral samples, band

V is negligible or missing. In Figure 6, the integral

intensity of band V is plotted against the total Fe

content. The band is most intensive in brown smectite

NAu-2, which is known to contain ~10% of Fe in the

tetrahedral environment, and less intensive in NG-1

nontronite (<4 mm) with ~15% of Fe3+tetra (Gates et al.,

2002), in commercially available ‘Veronese’ green earth

(Kremer catalogue number 11010), and in greenish

altered tuffs from Rokle and Brodce. Hence the clay

component of the Brodce green earth contains some Fe3+

in tetrahedral sheets.

The relative intensities of band V are probably not

directly proportional to the total amount of structural

Fe3+tetra given by Gates et al. (2002) especially in the

reference sample NG-1 (<4 mm) because of impurities.

The admixture of a maghemite-like mineral also

contains Fe3+tetra. The 2nd derivative of the spectra of

NAu-2 contained a rather narrow band at 19,100 cm�1

(FWHM ~1000 cm�1) overlapped with band V at

19,700 cm�1 (FWHM ~3500 cm�1). On the contrary,

Table 5. Absorbing transitions in green earths and selected free Fe oxides.

Transition denotation Absorbing species/transition Wavelength of the maximum

A Fe2+ ~9300 cm�1

B Fe3+octa 9100�11800 cm�1

C Fe2+ ~11360 cm�1

D Fe2+-Fe3+ IVCT? 13300�18520 cm�1

E Fe3+octa,
4T2(

4G), (?) Fe3+tetra 13500�16130 cm�1

F Fe3+, EPT, hematite 17700�19190 cm�1

G Fe3+tetra,
4T2(

4G) 18520�20410 cm�1

H Fe3+, EPT, goethite 20400�20800 cm�1

I Fe3+, EPT, ferrihydrite 20400 cm�1

J Fe3+octa,
4E,4A1(

4G) 21740�23800 cm�1

K Fe3+tetra,
4E,4A1(

4G), 4T2(
4D) 21740�25000 cm�1

Abbreviations: tetra � tetrahedral coordination, octa � octahedral coordination, EPT �
electron-pair transition, CT � charge-transfer transition, IVCT � intervalence charge-transfer

transition. Transitions are denoted according to Sherman (1985, 1987), Lear and Stucki (1987),

Komadel et al. (1990), Malengreau et al. (1994), Scheinost et al. (1998) and Dyar (2002).

Figure 5. The appearance of the diffuse reflectance spectra of

three clay minerals studied: smectite (Brodce), glauconite

(Vidoule) and celadonite (K17410) with the bands of Fen+ ions

in the clay mineral structure assigned in Roman numerals

(Table 6).
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in the Brodce sample (<4 mm) there is a single minimum

in the 2nd derivative of the spectra between 19,000 and

22,000 cm�1.

To support the assignment of band V to Fe3+tetra, we

followed the Mössbauer data processing used by Koester

et al. (1999), who supposed that the paramagnetic

doublets of Fe3+tetra and Fe3+octa have slightly different

quadrupole splitting (Table 7). However, our results,

obtained from samples NAu-1, NAu-2, NG-1 (<4 mm)

and Rokle (<4 mm), did not permit such interpretation,

probably because the difference in the quadrupole

splitting is too small, and the sample mineralogy is too

complex (NG-1). Mössbauer spectroscopy, however,

proved the presence of traces of goethite in NAu-1 and

NAu-2 (~4% of total Fe in partly collapsed sextets with

hyperfine fields of units of T), and revealed a complex

composition of NG-1 (<4 mm) with unassigned signals

probably of superparamagnetic (nanocrystaline) oxides.

The fraction of magnetically ordered Fe3+ remained

constant in low-temperature measurement (Table 7). The

dominant doublet in Mössbauer spectra corresponds to

paramagnetic octahedral Fe3+ with parameters typical of

nontronites (Koester et al., 1999) and illites (Murad and

Wagner, 1994) and in the Rokle sample two minor

doublets of paramagnetic Fe2+ appeared with parameters

similar to Fe2+ in illite (Murad and Wagner, 1994).

DISCUSSION

Powder XRD measurements clearly showed that the

historical names (trademarks) of currently available

pigments have no direct relation to the mineralogical

composition of the earth materials from the historical

localities. The blue-green sample from the Mte Baldo

deposit near Verona, Italy, obtained from the miner-

alogical collection, was undoubtedly identified as pure

celadonite with the d001 spacing at 9.9 Å and non-basal

d060 spacing at 1.508 Å. However, the commercially

available artists’ pigment denoted as ‘Veronese’ green

earth (Kremer catalogue number 11010) was in fact

smectite with the basal d001 spacing at 15.0 Å and with a

minor admixture of micas.

The ‘Bohemian’ green earth from Kadaň is tradition-

ally referred to as ‘celadonite’ in mineralogical text-

books (e.g. Bernard, 1981; Bernard and Rost, 1992).

Maybe this classification was only based on the green

color of the material and the elemental composition

resembling celadonite, especially when comparing the

Mg and Fe contents (Table 3). The major components of

this green earth collected in Brodce, near Kadaň, are,

however, smectites, as was proven by XRD. They have

complicated compositions representing structural transi-

tion among montmorillonite, nontronite and saponite as

indicated by the results of the Greene-Kelly test and IR

spectroscopy measurements. According to DRS this

smectite has a rather uncommon occupation of octahe-

dral and tetrahedral sheets: some Fe3+ is probably placed

in tetrahedral sheets and leads to the anionic charge

being located in both the octahedral and tetrahedral

sheets. The presence of Fe3+tetra in ferrugineous smectites

is assumed only if all octahedral sites are occupied by

Al3+ and Fe3+; in nontronites this excess of Fe is

achieved at Fe2O3 content >34% (Gates et al., 2002).

The Fe content in Brodce green earth is, however, much

smaller than this value. The tetrahedral Fe3+ substitution

in clay minerals is probably more common than is

Table 6. Results of the deconvolution of the DRS bands of Fen+ ions in clay minerals studied: band numbering I�VII, their
positions (mean, s.d. � standard deviation, n � number of specimens exhibiting the band), correlation coefficients of the
integral intensities of the bands and the Fe2+ and Fe3+ contents in clay minerals, critical value of the correlation coefficient
(at P = 95% for a given n), and the identification of the band (Table 5).

Mean (cm�1) s.d. (cm�1) n r2 vs. FeII r2 vs. FeIII r2CRIT Band

I 9295 184 8 0.8106 �0.0085 0.3994 A
II 10777 185 14 �0.1043 0.4842 0.2470 B
III 13244 140 8 0.7608 �0.1152 0.3994 D
IV 15560 196 14 �0.3949 0.5779 0.2470 E
V 19890 239 12 �0.3995 0.2210 0.2830 G
VI 22163 436 12 �0.7614 0.6369 0.2830 J
VII 24342 270 11 0.0143 �0.0441 0.3058 K

Figure 6. The plot of the integral intensity of band V vs. the total

Fe percentage in the samples.
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frequently considered and conventionally calculated

from chemical analysis. Bishop et al. (2002), for

example, tried to explain greater abundances of tetra-

hedral Fe by similar polarizing powers of Fe3+ and Al3+.

The color of green earths is imparted by a reflectance

maximum at ~18,000 cm�1 lying between the absorption

maxima of bands IV and V. However, there is a striking

visual difference between the brownish or yellowish

green of Fe2+-poor smectites, and the bluish hue of

Fe2+-rich minerals such as glauconite, celadonite or

chlorite (Grissom, 1986). With increasing Fe2+ content

in Fe-containing clay minerals, particularly in micas and

chlorite, a relatively strong band III starts to dominate

over the band IV (Figure 7). However, although there is

a statistically significant correlation between bands I and

III and Fe2+ content, the corresponding absorption

coefficients are not constant and depend on the

individual minerals. It could be used as a ‘fingerprint’

or probe of the Fe-bearing clay mineral. For example,

the ratio between the integral intensities of bands III and

IV is plotted vs. Fe2+/Fe3+ content in Figure 7. In

smectites the III/IV ratio is close to zero in spite of the

presence of some Fe2+, and contrary to IMt-1, glauconite

and celadonite, the III/IV ratio is >2 even at moderate

Fe2+:Fe3+ ratios. This observation could be explained in

two ways: either the Fe2+ and Fe3+ ions prefer to form

Fe2+-Fe3+ pairs in the mica structure, or the minor Fe2+

in samples is present in mineral admixtures other than

clay minerals. The only exception in Figure 7 is green

earth K17400 containing an admixture of goethite

according to voltammetry and XRD. Goethite, which

was found as the most common admixture of free Fe

oxides in green earths, can eliminate the bluish hue of

green micas, and it contributed substantially to band IV.

Table 7. Mössbauer spectroscopic parameters of selected Fe-rich smectites.

Sample Relative IS (mm/s) QS (mm/s) BHF (T) Assignment
area

Rokle 0.97 0.45 0.23 Fe3+

22 K 0.02 0.47 0.69 Fe2+

0.01 0 (singlet) ?

Brodce 0.74 0.30 0.33 Fe3+

24 K 0.17 0.52 0.62 Fe3+

0.08 1.27 1.37 Fe2+

0.01 0.46 0.05 50 Fe3+ oxide

NAu-1 0.10 0.46 0.1 10 goethite
293 K 0.90 0.36 0.21 Fe3+

NAu-2 0.08 0.50 0.16 4 goethite
293 K 0.63 0.36 0.11 Fe3+

0.17 0.40 0.63 Fe3+

0.12 0.34 0.36 Fe3+

NG-1 0.04 0.3 �0.2 28 goethite
293 K 0.77 0.3 0.16 Fe3+

0.18 0.6 0.04 ?
0.01 0.6 0.8 ?

NG-1 0.77 0.47 0.21 Fe3+

25 K 0.17 0.62 0 (singlet) ?
0.03 0.25 0.38 Fe3+

0.02 0.49 �0.13 50 Fe3+ oxide
0.01 0.36 0.01 48 Fe3+ oxide

IS: isomeric shift, QS: quadrupole splitting, BHF: hyperfine splitting (sextets).

Figure 7. Fingerprint of the clay minerals. The ratio of

intervalence charge transfer (IVCT) band III to band IV is

plotted against the ratio of divalent and trivalent Fe in the

structure. The smectites free of Fe2+ are located in point [0,0].
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For the analysis of microsamples containing mineral

components, such as paint layers of works of art, light

microsocopy, SEM/EDX and in special cases XRD can

be applied (Grygar et al., 2003b). The easiest means of

discriminating between green clay minerals in micro-

samples is the evaluation of the color and the appearance

of particles of green earth. Green micas and possibly

chlorites may be present as relatively large particles of

bluish green color given by their IVCT. Smectites are,

however, inherently nanocrystalline, forming neither

concretions nor polycrystalline grains; no estimate of

their elemental composition could be made using

microanalytical methods such as EDX. Because of its

complicated mineralogical composition, Kadaň green

smectite resembles green micas in its relatively large Mg

and, locally, K content. If only elemental analysis of

such a microsample with the green earth pigment is

available, smectites formed by alteration of basic

volcanic material could probably be indicated by

increased Ti content. The relative amount of Ti has

already been shown to be suitable in discriminating

between yellow and red earths of different origin

(Grygar et al., 2003b). Both Kadaň green earth and

Rokle reference bentonite of volcanogenic origin have

an increased Ti content, and the same is valid for the

commercially available ‘Veronese green earth’

(Table 3).

The instrumental method which gives most insight

into identification of green earths in microsamples

would hence be XRD or similar diffraction micro-

method.

CONCLUSIONS

The ‘Bohemian’ green earth from Brodce does not

contain celadonite as a main component, contrary to

previous assumptions. The altered volcanogenic material

in that locality contains predominantly expandable

structures of dioctahedral ferruginous smectite and

trioctahedral saponite.

The mica minerals (celadonite, glauconite) and

Fe-rich smectites can be distinguished directly by their

color properties. The ratios between the bands in the

near-IR region (at ~10,000 cm�1) and bands absorbing

between 12,000 and 17,000 cm�1 can be used to

discriminate between smectites and micas in the green

earth samples. DRS is a sensitive tool for speciation of

Fe in Fe-bearing clay minerals at Fe content >1% and

was also found to be more suitable for identifying

tetrahedral Fe3+ in smectites than was Mössbauer

spectroscopy.

The mineralogical classification of greenish smectites

is not easy. In all three studied smectite samples

(‘Veronese’ green earths K11010, ‘Bohemian’ green

earth from Brodce, and bentonite from Rokle) the

tetrahedrally coordinated Fe was found by DRS.

Tetrahedral substitutions explain the ‘non-montmorillo-

nitic’ behavior (e.g. the residual charge and expand-

ability after Li saturation and heating) of samples, which

are not true nontronites because of a relatively smaller

total Fe content in their structure.
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Faculty of Science, Charles University, Prague, 34 pp. (in
Czech).

Bonnin, D., Calas, G., Suquet, H. and Pezerat, H. (1985) Site
occupancy in Garfield Nontronite: A spectroscopic study.
Physics and Chemistry of Minerals, 12, 55�64.

Cracium, C. (1986) Influence of Fe3+ for Al3+ octahedral
substitutions on the IR spectra of montmorillonite minerals.
Spectroscopic Letters, 17, 579�590.

Daniila, S., Bikiaris, D., Burgio, L., Gavala, P., Clark, R.J.H.
and Chryssoulakis, Y. (2002) An extensive non-destructive
and micro-spectroscopic study of two Byzantine overpainted
icons of the 16th century. Journal of Raman Spectroscopy,
33, 807�814.

Dyar, M.D. (2002) Optical and Mössbauer spectroscopy of iron
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