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Résumé

Abstract

Les spectres de réflectance bidirectionnels de la
gamme 0.3-4.3 µm d’un certain nombre de matériaux
blancs d’artiste (utilisés comme pigments,
remplisseurs, allongeurs ou fonds) qu’ils soient
historiques ou récents et qui comprennent l’hydroxyde
d’aluminium, le carbonate de calcium, des minéraux
argileux, le sulfate de calcium hydraté, le sulfate de
calcium, le sulfate de barium, le dioxyde de titane, le
flocon blanc et le zinc blanc, montrent dans cette
gamme de longueur d’onde, un nombre de
caractéristiques spectrales qui peuvent servir à
distinguer presque tous ces matériaux les uns des
autres. Une telle distinction est rendue possible grâce
à des bandes d’absorption diagnostiques
(“empreintes” spectrales), plus particulièrement dans
la région des longueurs d’ondes 1 – 2.5 µm, une
région qui a été largement négligée jusqu’à
maintenant. La spectroscopie de réflectance peut aussi
servir à distinguer des matériaux de composition
identique (comme la calcite et l’aragonite) mais qui
diffèrent par leur structure. Preque toutes ces
particularités uniques d’absorption devraient être
détectables même en présence de différents agents
liants qui eux, vont généralement montrer des bandes
d’absorption à des longueurs d’onde situées en
dehors des régions où se situent les “empreintes”
identifiées.

The 0.3-4.3 µm bidirectional reflectance spectra
of a number of historic and recent white artists’
materials (used as pigments, fillers, extenders, and
grounds) including aluminum hydroxide, calcium
carbonate, clay minerals, hydrated calcium sulphate,
calcium sulphate, barium sulphate, titanium dioxide,
flake white, zinc white, and antimony oxide exhibit a
number of spectral characteristics in this wavelength
region which can be used to discriminate almost all
of these materials. Such discrimination is possible on
the basis of diagnostic absorption bands (spectral
“fingerprints”), particularly in the 1 - 2.5 µm
wavelength region, a wavelength region which has
been largely neglected to date. Reflectance
spectroscopy can also be used to distinguish materials
that are compositionally identical (such as calcite and
aragonite) but which differ structurally. Almost all
of these unique absorption features should be
detectable even in the presence of various binders
which generally exhibit absorption bands in
wavelength regions outside those of the identified
“fingerprint” regions.
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Introduction
A variety of analytical techniques have been applied
to the analysis of art work and the associated materials
used in their creation. Many of these techniques, such as
autoradiography, laser-induced breakdown spectroscopy
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(LIBS), micro-Fourier transform infrared (FTIR)
transmission spectroscopy, optical microscopy-based
color or morphological analysis, and X-ray fluorescence
(XRF), may require the removal of a small amount of
sample for analysis, exposing a particular cultural artifact
to various “illumination” sources that can either
deliberately or inadvertently damage the work under
investigation, or that the art work be brought to the
instrument due to operational constraints (e.g., 1-6). These
techniques are gradually becoming less intrusive, through
improvements in sensitivity and ever-decreasing amounts
of sample required for analysis (7). The most widely
applicable and desirable analytical technique is one that
is non-contact and non-destructive and does not require
the application of potentially damaging illumination
sources. Reflectance spectroscopy is an analytical
technique which possesses these desirable attributes.
At the Centre for Scientific and Curatorial Analysis
of Painting Elements (C-SCAPE), a cooperative research
initiative involving the University of Winnipeg, the
Winnipeg Art Gallery, and the National Research Council
of Canada’s Institute for Biodiagnostics, we are exploring
the potential applications of reflectance spectroscopy,
particularly in the 0.3-4.3 µm region, for discriminating
different pigments and associated materials. This
approach is based on developing a spectral
“fingerprinting” technique which allows different
pigments, fillers, extenders, and grounds to be identified
on the basis of spectral absorption bands that are unique
to a particular material. This spectral fingerprinting
approach is complementary to other spectroscopy-based
pigment identification techniques, such as absorption peak
ratios (8).
Our main impetus for undertaking this study was to
determine whether different white powdered materials
(pigments, fillers, extenders, grounds) can be discriminated
using features in the 0.3-4.3 µm wavelength region, with
an emphasis on the 1-2.5 µm wavelength region (a region
which has not been as intensively studied as the 0.3-1
and >2.5 µm intervals) and the extent to which reflectance
spectroscopy can be used for discriminating materials
which are visually identical. In this sense it is
complementary to longer wavelength transmission
spectroscopy which has been used extensively for
pigment discrimination (e.g., 9). This study is designed to
address a number of issues, including the information
content of reflectance spectra of pigments across the
0.3 to 4.3 µm region and whether a range of white
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materials contain unique spectral reflectance
characteristics (spectral “fingerprints”).
From the perspective of cultural artifact analysis, the
identification of artists’ materials can provide information
pertaining to a particular work which is relevant to an art
historian or conservator (10). Reflectance spectroscopy
possesses a number of potential advantages and
complementarities to other analytical techniques. One of
its greatest advantages is that it is a non-contact and
non-destructive technique; in this respect it is similar to
modern applications of Raman spectroscopy (11). At the
most basic level, reflectance spectrometers merely
measure the amount of light reflected by a target or
portion of a target as a function of wavelength.
Reflectance spectra can be acquired for a target using
ambient light, obviating the need for high light levels, laser
irradiation, intense ultraviolet irradiation, or other
electromagnetic or particle irradiation associated with
other techniques such as ultraviolet fluorescence, laserinduced breakdown spectroscopy, X-radiography, or
neutron activation analysis.
Spectroscopic techniques can be used to gather
information concerning both pigments and binders as well
as surface coatings such as varnishes (12), and to monitor
chemical changes associated with degradation and aging
(13-17). Fibre-optic equipped probes are available that
permit small areas to be analyzed using reflectance
techniques (18).
Reflectance spectra are sensitive to both the elemental
composition and the molecular structure, as well as to
factors such as the degree of crystallinity and local
electronic environment of particular atoms in the material
being examined. In contrast to techniques such as X-ray
diffraction, reflectance spectroscopy can be used to
identify amorphous or poorly crystalline materials (19).
It can also be used to detect the presence of low atomic
weight elements such as carbon and hydrogen in a variety
of electronic environments and molecules (e.g., 20, 21);
this is in contrast to techniques such as electron
microprobe analysis. Because reflectance spectra are a
function of both elemental composition and local electronic
environment, they are complementary or superior to
techniques that provide only elemental abundances, from
which plausible materials must be inferred.
Both reflectance and transmission spectroscopy have
been used extensively in the past for characterizing artists’
materials such as pigments and paints. However,
transmission spectroscopy may require the removal of a
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Table 1. Samples used in this study.
Sample ID

Geological name

Ideal formula

Source or locality*

CRB102

Aragonite

CaCO3

Washington Co., UT, USA

CRB109

Calcite

CaCO3

Unknown locality

CRB110

Calcite

CaCO3

Unknown locality

CaCO3

Unknown locality

CaCO3

Cascade Mountain, Essex Co.
NY, USA

CRB109
CRB111

Calcite
Calcite

CRB112

Calcite

CaCO3

Pendleton Co., WV, USA

KAO101

Kaolinite

Al4(Si4O 10)(OH)8

Unknown locality
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Table 2. Composition of the gibbsite and kaolinite samples used in
this study
OOH001

OOH002

OOH004

KAO101b

KAO102b

KAO103d

KAO104d

Gibbsite

Gibbsite

Gibbsite

Kaolinite

Kaolinite

Kaolinite

Kaolinite

Al2O3

58.56

50.81

57.04

43.28

43.26

39.7

38.5

Fe2O 3

0.54

7.55

0.08

0.36

0.08

0.13

0.98

FeO

n.d.c

n.d.c

0.32

0.41

0.08

0.15

SiO 2

1.83

4.25

0.47

53.49

53.53

44.2

43.9

TiO 2

1.99

2.08

0.03

0.43

1.66

1.39

2.08

n.d.c

MnO

<0.01

0.12

0.02

0.01

0.01

<0.01

n.d.

CuO

0.01

0.01

0.01

n.d.

n.d.

n.d.

n.d.

MgO

0.02

0.06

0.02

0.29

0.32

0.03

0.03

CaO

0.05

0.15

0.05

0.63

0.3

n.d.

0.03

NiO 2

<0.01

<0.01

<0.01

n.d.

n.d.

n.d.

n.d.

KAO102

Kaolinite

Al4(Si4O 10)(OH)8

Edgar, FL, USA

KAO103

Kaolinite

Al4(Si4O 10)(OH)8

Washington Co. GA, USA

KAO104

Kaolinite

Al4(Si4O 10)(OH)8

Warren Co. GA, USA

OOH001

Gibbsite

Al(OH)3

Guyana

V2O 5

0.02

0.05

<0.01

n.d.

n.d.

n.d.

n.d.

OOH002

Gibbsite

Al(OH)3

Pulaski Co., AR, USA

ZnO

0.01

0.01

0.01

n.d.

n.d.

n.d.

n.d.

OOH004

Gibbsite

Al(OH)3

Minas Gerais, Brazil

ZrO2

0.16

0.22

<0.01

n.d.

n.d.

n.d.

n.d.

PIG001

Gibbsite

Al(OH)3

Synthetic: Aldrich #23,918-6

Na2O

0.34

0.25

0

0.1

0.06

0.01

<0.01

K2O

n.d.

n.d.

0.48

0.19

0.05

0.06

PIG002

Anhydrite

CaSO 4

Synthetic: Aldrich #23,713-2

PIG003

Barite

BaSO4

Synthetic: Aldrich #24,335-3

PIG004

Calcite

CaCO3

Synthetic: Aldrich #23,921-6

PIG005

Gypsum

CaSO 4·2H2O

Synthetic: Aldrich #25,554-8

PIG006

Talc

3MgO·4SiO 2·H2O

Synthetic: Aldrich #42,043-3

PIG007

Anatase

TiO2

Synthetic: Aldrich #24,857-6

PIG008

Rutile
(predominantly)

TiO2

Synthetic: Aldrich #20,475-7

PIG009

Hydrocerussite

(PbCO3)2·Pb(OH)2

Synthetic: Aldrich #24,358-2

PIG010

Zincite

ZnO

Synthetic: Aldrich #25,160-7

PIG011

None

Sb2O 3

Synthetic: Aldrich #37,925-5

SPT127

Gypsum

CaSO 4·2H2O

Utah, USA

P2O5

n.d.

n.d.

n.d.

n.d.

0.47

0.06

0.34

0.04

LOIa

31

26.9

30.2

14.55

14.24

13.78

13.77

Total

94.53

92.46

87.95

99.86

99.88

99.71

99.87

a

* Aldrich number refers to sample number in 2001 catalogue from
Aldrich Chemical Company, Inc.

sample for spectral characterization (e.g., 3) and,
frequently, extensive sample preparation if the KBr pellet
method is used; this could alter the composition of the
sample (22). In addition, transmission and reflectance
spectra, while similar, are not directly comparable.
Therefore, the use of transmission spectra for analysis
of reflectance images of paintings could potentially lead
to erroneous interpretations (22).
Reflectance spectroscopy has also been extensively
used for pigment and material identification, but has largely
been confined to the near-ultraviolet, visible, and part of
the near-infrared wavelength region (0.3-1 µm) (23, 24),

LOI = loss on ignition; i.e., weight loss upon heating the sample to
1000° C. b Elemental totals expressed on a volatile-free basis. c all Fe
assumed as Fe2O3. d Analysis from Data Handbook for Clay Materials and Other Non-Metallic Minerals. n.d. = not determined.

mostly because low-cost detectors sensitive to this
wavelength region are readily available (25). Similarly,
while the spectral transmission properties of pigments
have been extensively investigated (22, 26), the vast
majority of the spectra do not extend below 2.5 µm (e.g.,
9, 27). Also, longer wavelength regions (>~4 µm) will
contain contributions from both reflected and thermally
emitted radiation, complicating spectral analysis (28). This
study focuses on the capabilities of reflectance
spectroscopy for discriminating a suite of white pigments
and materials in the wavelength region not appreciably
affected by thermal emission.
Experimental
For this study, a total of 25 white pigments, fillers,
extenders, and grounds were included. The sample suite
included both naturally-occurring (geological) and
synthetic samples. Sample descriptions and ideal
compositions are provided in Table 1. Actual compositions
Canadian Journal of Analytical Sciences and Spectroscopy
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Figure 1. 0.3 - 4.3 µm reflectance spectra of the <45 µm grain size
fractions of the four gibbsite samples. Samples are (from top to bottom): PIG001 (+0.6), OOH004 (+0.4), OOH001 (+0.2), and OOH002.
The numbers in parentheses denote the vertical offsets applied to the
spectra for clarity.

of the gibbsite and kaolinite samples are provided in Table
2.
Well-sorted size fractions of the naturally-occurring
samples were prepared through a combination of crushing
and hand picking and were examined using an optical
microscope to remove visible impurities. Magnetic
separation was also used to remove any magnetic
impurities from these samples. These samples were
characterized using various combinations of electron
microprobe (29), X-ray fluorescence, or atomic
spectroscopy, and X-ray diffraction. Some samples were
also further characterized by differential scanning
calorimetry and thermogravimetric analysis. These results
were collectively used to determine the identity and purity
of the samples.
All samples were gently hand-ground to <45 µm
(-325 mesh) grain size using an alumina mortar and pestle
and dry sieved. Bidirectional diffuse reflectance spectra
were measured at the RELAB spectrometer facility at
Brown University (30, 31), at phase angles of i=30° and
e=0° between 0.3 and 2.6 µm, and i=30° and e=30°
between 2.5 and 26 µm. The 0.3-2.6 µm spectra of the
powdered samples were measured relative to halon
(polytetrafluoroethylene powder) at 5 nm resolution. The
2.5-26 µm spectra were measured relative to brushed
gold, and the two sets of spectra were merged in the 2.52.6 µm region. The amount of sample was sufficient to
negate any spectral contributions from the sides or bottom
of the sample holders.
A number of techniques were applied to analysis of
the spectra in order to determine diagnostic spectral
parameters such as band depths and wavelength positions.
Volume 48, No. 3, 2003
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Figure 2. 1.3 - 1.7 µm reflectance spectrum of natural gibbsite
(OOH004) showing details of absorption bands in this region.

Wavelength positions of band minima were determined
by fitting a third order polynomial to approximately 5-10
data points on either side of a visually determined
minimum. This allows the effects of minor amounts of
noise in the spectra in the region of a band minimum to
be reduced. Band centers were determined by dividing
out a straight line continuum, tangent to the reflectance
spectrum on either side of an absorption feature of interest,
and then fitting a third order polynomial to approximately
5-10 data points on either side of the visually determined
center.
Results
Gibbsite (α-Al(OH)3) (White lake)
Gibbsite is the most common form of naturallyoccurring aluminum hydroxide minerals (32) that has
been used historically as a white pigment (33, 34). The
structure of gibbsite is such that a number of distinct OH bonding distances exist in the mineral (35, 36). This
gives rise to a number of absorption bands associated
with stretching of the O-H bonds in the 2.8-3.0 µm region
(21). Overtones and combinations of these fundamental
bands also occur, particularly in the 1.4-1.6 µm region.
The reflectance spectra of the four gibbsite samples
(one synthetic, three natural) are shown in Figure 1. The
3 natural gibbsite spectra are very similar due to their
compositional similarities (see Table 2), while the
synthetic sample shows less well-defined absorption
bands. This is probably due to the fact that it is less
crystalline than the natural samples. Differences in
absolute reflectance are largely due to the presence of
minor amounts of hematite which lowers the absolute
reflectance of the OOH001 and OOH002 spectra
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shortward of ~2.1 µm. Pure gibbsite (OOH004) exhibits
high overall reflectance in the visible region (>80%) and
no absorption bands, as expected for a white pigment. It
exhibits complex absorption features in both the 1.4 µm
and 2.7-3.0 µm regions. Both are composed of a number
of partially resolvable absorption bands, as expected for
an OH-bearing mineral with a number of distinct O-H
bonding distances. Note that these bands are clearly
resolvable even in the presence of the hematite which
imparts a distinct red color to the OOH001 and OOH002
samples and affects the lower wavelength regions (Figure
1). Natural gibbsite exhibits at least 5 absorption bands
in the 1.4-1.6 µm region, as seen in the detailed view of
the OOH004 spectrum (Figure 2). The bands located
near 1.40, 1.42, 1.44, 1.45, and 1.46 µm are all attributable
to overtones and combinations of the O-H stretching
fundamentals. The two weaker bands at 1.52 and 1.55
µm are attributed to a combination of the second overtone
of the O-H bending vibrations and O-H stretching
fundamentals (37). Gibbsite is spectrally distinct from
other aluminum hydroxides (37) because of its unique
structure which relates to the number of distinct
crystallographic sites occupied by OH molecules and the
corresponding O-H bonding distances (36, 37).
If H2O molecules are present, they would give rise to
an absorption band near 6.1 µm associated with H-O-H
bending (21). For materials containing both OH and H2O,
the most important combinations and overtones of the
O-H stretching and H-O-H bending vibrations are in the
1.4 µm region (due to first order overtones and
combinations of the O-H stretching fundamentals) and
in the 1.9 µm region (due to combinations of the O-H
stretching and H-O-H bending fundamentals). Strictly
speaking, H2O-bearing materials will give rise to
absorption bands in both the 1.4 µm and 1.9 µm regions,
while OH-bearing materials will only give rise to
absorption bands in the 1.4 µm, but not the 1.9 µm region.
The latter situation applies to gibbsite, which contains
only OH molecules (but not H2O) and only exhibits
prominent absorption bands in the 1.4 µm region. The
weak absorption feature in the 1.9 µm region is probably
due to a small amount of H2O adsorbed from the
atmosphere.
Due to the fact that gibbsite contains Al, the natural
samples all exhibit three resolvable absorption bands at
2.27, 2.32 and 2.36 µm, with evidence for additional less
well-resolved bands in this region. These are attributable
to combinations of Al-O-H stretching and O-H stretching
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Figure 3. 0.3 - 4.3 µm reflectance spectra of the <45 µm grain size
fractions of the five calcite samples and one aragonite+calcite sample
(CRB102). Samples are (from top to bottom): CRB102 (+1.6);
PIG004 (+1.0), CRB111 (+0.7), CRB110 (+0.5), CRB112, and
CRB109. The numbers in parentheses denote the vertical offsets
applied to the spectra for clarity.

fundamental absorption bands; the multiplicity of bands
arises from the number of energetically unique sites
available for the OH group in the gibbsite structure (21,
36, 38-40). The differences in the spectral detail between
the natural and synthetic samples suggests that the
spectral detail might be useful for discriminating natural
from synthetic gibbsite, on the assumption that synthetic
samples are less crystalline than natural samples.
Calcite (CaCO3)
Calcite is another common geological material
extensively used historically as a white pigment, extender
and filler (33, 41). All five of the calcite samples that
were included in this study (four natural and one synthetic;
Table 1) exhibited nearly identical reflectance spectra
(Figure 3). This is not unexpected as calcite composition
is essentially constant and few elemental substitutions
are found for this mineral (42).
In the visible wavelength region, the calcite spectra
exhibit high overall reflectance (>85%) and no resolvable
absorption bands. Because calcite is anhydrous, it should
not exhibit any OH- or H2O-related absorption features.
While the spectra do not exhibit such features in the 1.4
and 1.9 µm regions, they do exhibit a weak absorption
feature in the 2.8 µm region which is probably due to
either a small amount of adsorbed atmospheric water
and/or fluid inclusions and/or overtones/combinations of
longer wavelength fundamental bands. (The 2.8 µm OH stretching fundamental is a very intense absorber and
even a few tenths of a percent of water can give rise to
Canadian Journal of Analytical Sciences and Spectroscopy
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a strong absorption band in this region (43)). The
carbonate ion in calcite gives rise to a number of
absorption bands at wavelengths >1.6 µm; these are
associated with various combinations of the allowed
vibrational processes (44-47). Of these, the bands located
near 2.34 and 2.54 µm are the most intense ones
shortward of 3.3 µm. Their wavelength positions are also
nearly invariant for the different samples, varying by <±2
nm from the means of 2.340 µm and 2.537 µm. This is
similar to the results found by other investigators (44).
At longer wavelengths, calcite exhibits two regions
of more intense absorption bands: 3.3-3.5 and 3.8-4.0
µm. The bands in the 3.3-3.5 µm region (located at 3.355
and 3.481 µm) are attributable to combinations and
overtones of the C-O stretching fundamentals in the 7
µm region, while the bands in the 3.8-4.0 µm region
(consisting of a resolvable band at 3.98 µm and a
prominent shoulder near 3.82 µm) are attributable to
combinations of the C-O stretching fundamentals in the
7 µm region and the C-O bending fundamentals in the 9
µm region (48-51). At longer wavelengths, additional
absorption bands exist which are also attributable to
combinations, overtones and fundamental C-O stretching
and bending vibrations. However, such bands are more
difficult to successfully resolve due to the increasing
contribution from thermally emitted radiation at
progressively longer wavelengths and spectral variations
in emittance spectra due to grain size variations, both of
which complicate spectral analysis (28).
Aragonite (CaCO3)
Aragonite is compositionally identical to calcite, but
with a different structure (42). It has also been used as a
historic white pigment derived from a variety of sources
(41). The only aragonite-bearing sample available for this
study was an intimate mixture of approximately equal
amounts of calcite and aragonite; this is not, however,
reflected in its composition and was only determined by
X-ray diffraction. The reflectance spectrum of this sample
as compared to calcite is shown in Figure 3. In the visible
wavelength region, the aragonite+calcite spectrum
exhibits high overall reflectance (>80%) and no absorption
bands. The spectrum does exhibit weak absorption bands
in the 1.4 and 1.9 µm region associated with either
adsorbed water and/or fluid inclusions. At longer
wavelengths, it exhibits absorption bands at 2.339 and
2.527 µm. The former is at essentially the same
wavelength position as the equivalent band in calcite,
Volume 48, No. 3, 2003
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Figure 4. 0.3 - 4.3 µm reflectance spectra of the <45 µm grain size
fractions of the four kaolinite samples. Samples are (from top to
bottom): KAO103 (+0.6), KAO104 (+0.4), KAO102 (+0.2), and
KAO101. The numbers in parentheses denote the vertical offsets
applied to the spectra for clarity.

while the latter occurs at shorter wavelengths than in
calcite (~2.537 µm). At still longer wavelengths, the
aragonite spectrum exhibits absorption bands at 3.355,
3.429, and 3.969 µm, as well as some additional weaker
bands in these regions. The ability to discriminate aragonite
from calcite on the basis of differences in absorption band
wavelength positions has also been demonstrated in
previous studies (44).
Kaolinite (Al 4(Si4O10)(OH)8)
Kaolinite is one of a large group of layer lattice silicate
minerals used commonly as an “inert” filler and extender
(33). In its pure form it is a fine-grained white powder.
Structurally, it is composed of an array of silica (SiO4)
tetrahedra linked together to form two dimensional sheets.
OH and Al are located between the silica layers (32).
The way in which these layers are stacked gives rise to
different clay minerals in the kaolinite group, such as
dickite and nacrite, while other elemental and molecular
substitutions result in related minerals such as halloysite
(32).
The reflectance spectra of the four kaolinite samples
are shown in Figure 4. A number of investigators have
shown that clay minerals can best be discriminated on
the basis of the number and wavelength position of the
various OH and AlOH absorption bands which occur in
the 1.4-3 µm region (21, 38). The spectral variations are
related to structural differences between these minerals.
As expected, the reflectance spectrum of kaolinite is
featureless and bright (>80% reflectance) in the visible
wavelength region. At longer wavelengths, kaolinite
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Figure 5. 1.1 - 1.7 µm reflectance spectra of the <45 µm grain size
fractions of the four kaolinite samples showing details of absorption
bands in this wavelength region. Samples are (from top to bottom):
KAO103 (+0.6), KAO104 (+0.4), KAO102 (+0.2), and KAO101.
The numbers in parentheses denote the vertical offsets applied to the
spectra for clarity.
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Figure 7. 0.3 - 4.3 µm reflectance spectra of the <45 µm grain size
fractions of the natural (SPT127) and synthetic (PIG005) gypsum,
synthetic anhydrite (PIG002), and synthetic barite (PIG003) samples. Samples are (from top to bottom): PIG003 (+1.2), PIG002
(+0.6), PIG005 (+0.3), and SPT127. The numbers in parentheses
denote the vertical offsets applied to the spectra for clarity.

O-H stretching bands due to other OH/H2O-bearing
phases which may be present.

Figure 6. 0.3 - 4.3 µm reflectance spectrum of the <45 µm grain size
fraction of the synthetic talc sample (PIG006).

spectra exhibit two resolvable absorption bands at 1.395
µm and 1.415 µm (Figure 5) (the weak absorption feature
in the 1.9 µm region is probably due to adsorbed water
and is not characteristic of kaolinite). These bands are
characteristic of kaolinite and differ in wavelength
position from comparable absorption bands of other
kaolinite group minerals (21). Kaolinite spectra also exhibit
two absorption bands at 2.165 and 2.209 µm which are
attributed to combinations of Al-O-H stretching and
O-H stretching fundamental absorption bands (21, 3840). In addition, they exhibit the expected intense O-H
stretching fundamental absorption features in the 2.83.0 µm region, although the low overall reflectance in
this wavelength region makes identification of kaolinites
on the basis of this feature difficult to accomplish. The
spectral detail in this region could also be masked by

Talc (Mg3Si4O10(OH)2)
Talc is another historic white material most commonly
used as a neutral (white) filler (33, 34, 52). The talc
spectrum (PIG006) is characterized by high overall
reflectance (>60%) and a lack of absorption bands in
the visible wavelength region (Figure 6). At longer
wavelengths, the sample spectrum exhibits very sharp
and intense absorption bands in the 1.4 and 2.7 µm regions.
These are attributable to O-H stretches in the structural
OH. The series of sharp absorption bands in the 2.3-2.4
µm region are attributable to Mg-O-H stretches and their
number, position, and intensity are characteristic of talc
(21, 38). Five well-resolved absorption bands are present
in this sample, and they occur at 2.293, 2.315, 2.394,
2.430, and 2.467 µm.
Gypsum (CaSO4·2H2O)
Gypsum is a white calcium-bearing hydrated sulphate
also used historically as a filler and ground (33, 34, 52).
Since unpainted areas in a work may be covered with a
gypsum ground, gypsum can also be considered to be a
pigment. Both the natural and synthetic sample
reflectance spectra (Figure 7) are characterized by high
overall reflectance (>90%) with no absorption bands in
the visible wavelength region, as expected. Both exhibit
complex absorption features in the 1.4 and 1.9 µm regions.
Canadian Journal of Analytical Sciences and Spectroscopy
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Figure 8. 0.3-4.3 µm reflectance spectrum of the <45 µm grain size
fraction of the synthetic hydrocerussite sample (PIG009).

The multiplicity of absorption bands in these wavelength
regions is attributed to the structural complexity of water
in this mineral. The weaker bands located near 1.0 and
1.2 µm are probably overtones and combinations of
various O-H stretching fundamentals. Their relative
weakness makes them unreliable for detection in
reflectance spectra, where other phases and binders may
be present which could mask these bands. The absorption
feature located near 1.75 µm is attributed to a combination
of a CaOH and OH stretch (52). The absorption bands
near 2.22, 2.28 and 2.48 µm are attributable to various
combinations and overtones of S-O stretching vibrations
(21, 53). The wavelength positions of these bands vary
among different sulphates, allowing gypsum to be
discriminated from other sulphates.
Gypsum also displays more intense absorption bands
at longer wavelengths, including absorption bands near
5.8, 6.3, 8.5, 9.0 and 13.7 µm. These bands are largely
attributable to various S-O stretching fundamental,
combination, and overtone bands. The wavelength
positions of these bands are a function of the particular
sulphate mineral (54).
Anhydrite (CaSO4)
Anhydrite is essentially the H2O-free version of
gypsum, also used historically as a white pigment (22).
The reflectance spectrum of a synthetic anhydrite
(PIG002) exhibits a number of absorption bands,
particularly near 1.4 and 1.9 µm (Figure 7). These are
probably attributable to small amounts of adsorbed water,
as this mineral is hygroscopic. The only apparently unique
absorption feature is a small band near 2.48 µm. This is
probably attributable to an overtone or combination of SVolume 48, No. 3, 2003
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Figure 9. 0.3-4.3 µm reflectance spectra of the <45 µm grain size
fractions of synthetic rutile (PIG008) anatase (PIG007), zincite
(PIG010), and antimony oxide (PIG011). Samples are (from top to
bottom): PIG011 (+1.0), PIG010 (+0.5), PIG008 (+0.2), and PIG007.
The numbers in parentheses denote the vertical offsets applied to the
spectra for clarity.

O stretching vibrations (21, 53). Otherwise there are no
diagnostic absorption bands in the 0.3-4.3 µm region for
anhydrite.
Barite (BaSO4)
Barite has been extensively used in the past as a
calibration standard for reflectance spectroscopy because
of its lack of absorption features in the visible and nearinfrared regions (55). Its use as a pigment dates back to
at least the 18th century, although it is more commonly
used as a filler (56). As expected, the synthetic sample
(PIG003) spectrum only exhibits absorption bands
attributable to adsorbed water (in the 1.4, 1.9, and 2.9
µm regions). It also exhibits the expected weak S-O
combination/overtone band near 2.48 µm, similar to the
gypsum and anhydrite spectra (Figure 7). Otherwise this
material does not have any diagnostic absorption bands
in the 0.3-4.3 µm region.
Hydrocerussite ((PbCO 3) 2·Pb(OH) 2 ) (Lead white,
Flake white)
Lead white has a long history as the primary white
pigment until recent times (33, 34, 57). The reflectance
spectrum of synthetic hydrocerussite (Figure 8) is
featureless in the visible region, but does exhibit a sharp
absorption band in the 1.45 µm region attributable to first
order overtones and combinations of the O-H stretching
fundamentals. The visible region spectrum is similar to
that measured by other investigators (57). The absorption
features at 2.32 µm and 2.48 µm are attributable to various
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Figure 10. 1.3 - 1.7 µm reflectance spectra of <45 µm grain size
fractions of kaolinite (KAO101), gypsum (SPT127), and gibbsite
(OOH004), illustrating the differences in absorption bands in this
wavelength region which allow these three materials to be discriminated. Samples are (from top to bottom): KAO101 (+0.05), SPT127
(-0.15), and OOH004. The numbers in parentheses denote the vertical offsets applied to the spectra for clarity.

combinations of the allowed vibrational processes (4447). The sharp band at 2.83 µm is attributable to the
fundamental stretch of the structural OH. The longer
wavelength bands near 3.55 and 4.1 µm are at different
positions than those see in calcite and aragonite but are
attributable to the same mechanisms (discussed above).
Anatase and rutile (TiO2)
Titanium dioxide whites (primarily synthetic anatase
and rutile) are recent additions to the artist’s palette (58).
This is due to the fact that natural samples are rarely
white because of the presence of other elements, and
hence only carefully prepared pure synthetic samples are
white. The spectra of both anatase and rutile are similar
(Figure 9). They both exhibit a very sharp absorption
edge near 0.35 µm which is attributed to an intense Ti-O
charge transfer (39), similar to the spectra measured by
other investigators (58). In natural samples, this absorption
edge is more gradual due to the incorporation of iron into
the structure. This also results in most natural rutile and
anatase being darker in color than the white of the
synthetic samples. Both sample spectra exhibit a broad
absorption feature in the 3 µm region, probably due to
adsorbed water. The anatase spectrum also exhibits
additional weaker absorption bands near 1.4 and 1.9 µm,
also probably attributable to this water. The sharp band
at 2.71 µm may be due to a small amount of OH which
could have been incorporated into the structure during
synthesis of this material. None of these bands are
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Figure 11. 2.0 - 2.5 µm reflectance spectra of <45 µm grain size
fractions of kaolinite (KAO101; upper) and gibbsite (OOH004) illustrating the differences in absorption bands in this wavelength region which allow these two materials to be discriminated.

diagnostic of titanium dioxide. Due to the simple chemical
structure of these materials, their spectra exhibit few
characteristic absorption bands, even in the infrared
wavelength region (58).
Zincite (ZnO) (Zinc white, Chinese white)
Zincite is the mineral name for the naturally-occurring
form of zinc oxide. While zinc oxide has been known
since antiquity, its use as a pigment appears to date only
from the end of the 18th century (59). Zinc oxide was
often produced as a byproduct of various metal
production processes. Natural zincite is invariably dark
due to the presence of accessory transition series
elements, particularly manganese (60); consequently,
some refinement is required to increase its purity to an
acceptable level for use as a white pigment. As was the
case with rutile and anatase, the synthetic sample is white
and shows a sharp absorption edge near 0.38 (versus
0.35 for the TiO2 samples) due to Zn-O charge transfers
(Figure 9). However, the position of this absorption edge
can vary between samples, and hence its wavelength
position may not be diagnostic of all zinc oxides (59).
Natural samples are spectrally more complex than this
synthetic sample spectrum due to elemental substitutions
(39). Once again, the weak absorption feature in the 3
µm region is probably due to a small amount of adsorbed
water and is not diagnostic of zincite.
Antimony oxide (Sb2O3)
Antimony oxide is used occasionally as a pigment or,
more often, as a constituent of other white pigments.
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Table 3. Spectrally unique characteristics of pigments included in
this study
Pigment

Spectral "fingerprint"*

Gibbsite

2 bands at 1.52 and 1.55 µm (6579, 6452 cm--1)
3 bands at 2.27, 2.32, and 2.36 µm
(4405, 4310, 4237 cm-1)
5 bands at 1.40, 1.42, 1.44, 1.45, 1.46 µm
(7143, 7042, 6944, 6897, 6849 cm--1)

Calcite

2 bands at 2.34 and 2.54 µm (4273, 3937 cm -1)
2 bands at 3.35 and 3.47 µm (2985, 2882 cm -1)
2 bands at 3.85 and 3.97 µm (2597, 2519 cm -1)

Aragonite

2 bands at 2.34 and 2.53 µm (4273, 3937 cm -1)
2 bands at 3.43 and 3.52 µm (2915, 2841 cm -1)
2 bands at 3.93 and 4.02 µm (2545, 2488 cm -1)

Lead white

2 bands at 2.32 and 2.48 µm (4310, 4032 cm -1)
2 bands at 3.55 and 4.1 µm (2817, 2439 cm -1)

Kaolinite

2 bands at 1.395 and 1.415 (7168, 7067 cm -1)
2 bands at 2.165 and 2.209 µm (4619, 4527 cm -1)

Talc

5 bands at 2.293, 2.315, 2.394, 2.430, 2.467 µm
(4361, 4320, 4177, 4115, 4054 cm -1)

Gypsum

1 band at 1.75 µm (5714 cm -1)
3 bands at 2.22, 2.28, and 2.48
(4505, 4386, 4032 cm -1)
5 bands near 5.8, 6.3, 8.5, 9.0, 13.7 µm
(1724, 1587, 1176, 1111, 730 cm -1)

Anhydrite/barite

weak band at 2.48 µm (4032 cm -1)

Metal oxides

sharp absorption edge in 0.35-0.40 µm region
(28,570-25,000 cm -1)

* Spectral characteristics are in decreasing order of importance and
account for possible interferences from binders and environmental
factors such as adsorbed water. They are also weighted in favor of
shorter wavelength bands.

The spectrum of the synthetic sample of antimony oxide
is shown in Figure 9. Once again, it shares many
characteristics with the other metal oxides, particularly
the sharp absorption edge near 0.35 µm. Given the
compositional simplicity of this compound, there are no
other diagnostic absorption features in the 0.3-4.3 µm
region. The weak absorption bands in the 1.4, 1.9, and 3
µm regions are all attributable to adsorbed water and are
not diagnostic of this material.
Discussion
The visible region reflectance spectra of the white
materials included in this study are all characterized by
high overall reflectance (>65%) and a lack of absorption
features. However, due to the fact that the various
materials are unique, either structurally or compositionally,
they can all be discriminated on the basis of spectral
differences beyond the visible region.
It is possible to rapidly discriminate the different white
Volume 48, No. 3, 2003

Figure 12. 3.2 - 4.3 µm reflectance spectra of <45 µm grain size
fractions of aragonite+calcite (CRB102; lower) and calcite (CRB109;
upper) showing differences in wavelength position of the absorption
bands in the 2.5, 3.4 and 3.9 µm regions. The CRB109 spectrum has
been offset by +0.3 for clarity. Arrows indicate the wavelength positions of the aragonite absorption bands.

materials included in this study on the basis of absorption
bands associated with different molecular groups.
Aluminum hydroxides (i.e., gibbsite) are characterized
by a complex absorption feature in the 1.4-1.6 µm region.
The absorption features located in the 1.5-1.6 µm interval,
in particular, are diagnostic of gibbsite and are not
overlapped by absorption bands of the other hydrated
white materials examined, such as kaolinite and gypsum,
which also possess diagnostic absorption bands in the
1.4-1.5 µm region. Each of these minerals exhibits a
unique and diagnostic set of absorption bands in this region
(Figure 10). Similarly the absorption features in the 2.12.4 µm region which are associated with AlOH stretching
vibrations occur at different wavelengths in the kaolinite
and gibbsite spectra (Figure 11).
The clay materials, particularly kaolinite, are
characterized by absorption bands in the 1.4 µm (and
sometimes 1.9 µm) regions. As mentioned, the number
and wavelength positions of these bands are diagnostic
of the particular clay species which is present. The
absorption bands at 2.165 and 2.209 µm are also
diagnostic of kaolinite (Figure 11). Gypsum exhibits a
number of diagnostic absorption bands between 1 and
2.5 µm, as well as at longer wavelengths. These bands
are both numerous and unique enough to allow for its
discrimination from the other non-sulphate white materials
(Figure 7; Table 3).
Carbonates are characterized by a number of uniquely
positioned absorption bands. The most diagnostic are
those located near 2.34, 2.54, and in the 3.3-3.5 and 3.8-
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Figure 13. Details of the 2.0-2.6 µm region of the sulphate spectra.
Samples are (from top to bottom): barite PIG003 (+0.1), anhydrite
PIG002, synthetic gypsum PIG005 (+0.1), and natural gypsum
SPT127. The numbers in parentheses denote the vertical offsets applied to the spectra for clarity.

4.0 µm regions. The presence of some or all of these
bands can be used to rapidly detect the presence of
carbonates. These bands are also of sufficient intensity
to ensure their detection even when carbonate
abundances are low. The aragonite+calcite spectrum
differs from the pure calcite spectra in terms of the
wavelength position of absorption bands in the 2.3 - 2.6
and 3.3 - 4.0 µm region. Calcite gives rise to absorption
bands near 2.34, 2.54, 3.35, 3.47, 3.85, and 3.97 µm. The
corresponding bands appear near 2.34, 2.53, 3.43, 3.52,
3.93, and 4.02 µm in aragonite (Figures 3 and 12). These
wavelength differences arise because of the structural
(but not compositional) differences between aragonite
and calcite that allows them to be spectrally discriminated.
The inclusion of calcite and aragonite in this study
demonstrates that compositionally identical but
structurally different materials can be discriminated using
reflectance spectroscopy. In this case, discrimination is
based on differences in the wavelength positions of
absorption bands which are common to both materials.
This capability is important because analytical techniques
which rely on material identification on the basis of
elemental abundances are generally not capable of such
discrimination.
In the same way that variations in the wavelength
positions of carbonate bands can be used to discriminate
different carbonates, variations in the wavelength
positions and number of absorption bands associated with
O-H stretching can be used to discriminate different OH bearing materials, such as clays and aluminum
hydroxides. When combined with analysis of various
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Figure 14. 0.3 - 4.3 µm reflectance spectra of <45 µm (upper) and
45-90 µm (lower) grain size fractions of the gibbsite sample OOH004.

cation-OH stretching bands in the 2.2-2.5 µm region, a
large number of OH/H2O-bearing pigments can be
distinguished (Table 3).
For the sulphates, distinguishing specific species within
this group is not always possible. As mentioned, absorption
bands in the 1.4, 1.9, and 3 µm regions may be associated
with adsorbed water, which is not a useful or diagnostic
parameter. Sulphate species discrimination must instead
rely on absorption bands which are specific to sulphates;
the most reliable feature being the S-O combination/
overtone absorption feature at 2.48 µm (Figure 13). As
discussed before, gypsum is readily recognized by the
complexity of absorption bands which it exhibits in the
1.4 and 2.3 µm regions. The SO-associated absorption
band occurs at 2.48 µm in both the anhydrite and barite,
suggesting that this feature cannot be used to distinguish
these two sulphates. Consequently, other wavelength
regions or analytical techniques must be employed for
reliable discrimination in this case.
For the carbonates, species resolution is possible. The
wavelength positions of the various carbonate moleculerelated absorption features in the 2.0-4.3 µm region are
affected by both the crystal structure as well as the
specific cation which is present (Figures 3 and 8). This
results in absorption bands at unique wavelengths (49).
Thus the white carbonates examined in this study, calcite,
aragonite, and hydrocerussite, can be recognized as
carbonates on the basis of a series of carbonate-specific
absorption bands in the 2.3, 2.5, 3.4-3.6, and 3.9-4.1 µm
regions. The specific wavelength positions of these bands
can then be used to discriminate the various carbonates.
The various white metal oxides examined in this study
are the least resolvable group in terms of discriminating
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individual members. This is because their simple
compositions (metal + oxygen) does not result in any
reliably diagnostic absorption bands in the 0.4-4.3 µm
region. They are all characterized by sharp absorption
edges in the 0.35-0.38 µm region. While differences were
seen in the wavelength position of this reflectance rise, a
large number of factors can cause this edge to shift in
wavelength position or steepness, including elemental
substitutions and variations in degree of crystallinity. Thus,
a sharp absorption edge (and lack of diagnostic absorption
bands associated with other groups such as clays,
sulphates, and carbonates) can be taken as evidence for
the presence of such metal oxides, but in operational
settings such identifications may be more difficult to
accomplish because of spectral interferences by
accessory materials such as binders.
The effects of grain size variations on the reflectance
spectra of white granular materials have also been
investigated. Increasing the mean grain size of the white
materials leads to an overall decrease in reflectance. This
is shown in Figure 14, which compares the reflectance
spectra of <45 and 45-90 µm grain size fractions of the
gibbsite (OOH004). The spectrum of the 45-90 µm
fraction has lower overall reflectance than the <45 µm
fraction, as well as deeper absorption bands, as expected
(30, 61). It is worth noting, however, that both spectra
exhibit the same absorption bands at identical positions,
and the relative depths of the bands within a single
spectrum are similar. This indicates that identification of
pigments on the basis of the appearance of absorption
bands and/or their relative depths is essentially unaffected
by variations in grain size of the pigment particles. When
combined with the fact that variations in viewing geometry
also do not appreciably affect relative depths of absorption
bands or wavelength positions (30), reflectance
spectroscopy can be a very powerful and easy-to-use
analytical technique for pigment analysis.
It should also be noted that most of the characteristic
absorption features that we have identified should be
resolvable even in the presence of most binders, if they
fall outside of the regions of absorption bands of these
binders. In addition, the characteristic absorption bands
that we have identified are specific to a particular material
or group and will not be affected when these materials
are mixed with binders to form paints unless the pigment
itself undergoes either compositional or structural
alterations.
There are some practical considerations which must
Volume 48, No. 3, 2003
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be taken into account if reflectance spectroscopy is to
be successfully applied to pigment discrimination. There
will obviously be situations where more than one pigment
is used to achieve a desired tone or texture. In these
situations (intimately mixed pigments), the ability to
quantitatively derive abundances of the various end
member pigments is complicated by the fact that the
mixture spectrum is not simply an additive combination
of the end members, and complex modeling is required
to determine end member abundances (62). In addition,
the ability to detect specific pigments in a mixture will be
a function of a number of factors besides end member
abundance. These include the spectral contrast between
the various pigments (e.g., a finely dispersed dark pigment
will more effectively “mask” a bright pigment, than would
another bright pigment, or the same dark pigment less
well dispersed) (63).
There are a number of potential applications of this
technique to issues of art history and conservation. A
detailed discussion is beyond the scope of this paper, but
briefly they include: an ability to reconstruct trade routes
and the diffusion of artistic styles by tracking the migration
of pigments from specific sources or geological deposits;
assisting conservation and restoration by non-destructively
determining the identity of pigments which may require
special handling, storage, or preservation technologies.
Conclusions
The vast majority of the white materials examined in
this study (which are used as pigments, fillers, extenders,
and grounds) exhibit unique spectral properties in the 0.34.3 µm region. In some cases, unique spectral
identification may require the application of longer
wavelength spectroscopy. The unique spectral properties
of these materials also largely fall outside the spectral
regions most affected by binders. Because reflectance
spectra are sensitive to variations in both composition
and structure, compositionally identical materials (such
as calcite and aragonite) can be discriminated on the basis
of spectral variations associated with differences in
structure. In addition, variations in the grain size of the
constituent particles does not prevent the identification
of such materials because diagnostic absorption bands
are preserved.
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