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between pigments using terahertz spectroscopy
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Calcium carbonate that is used as an art pigment exhibits strong absorption at approximately 3 THz. In this study, the authors investigated
the relation between the absorption and the condition of calcium carbonate crystals. By employing terahertz time-domain spectrometer
(0.5–4 THz), they verified that terahertz absorption energy depended on the crystal direction and crystal shape of the powder sample due to
large birefringence. Further, the authors observed the difference in the crystal structure (calcite or aragonite) and the presence of impurities
in natural calcium carbonate such as shells through terahertz absorbance spectra. The absorbance peak value of calcite at around 3 THz was
four times as large as the peak value of aragonite. The absorbance spectral width increased because of the presence of these impurities.
From the above observation, this study demonstrated that a certain kind of calcium carbonate crystal could be distinguished by terahertz
spectroscopy. [DOI: 10.2971/jeos.2009.09044]
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1 INTRODUCTION

For art conservation and restoration of cultural properties, sci-
entific investigation for determining the original raw mate-
rials of a pigment is important in deciding the raw materi-
als that should be used for the restoration. Calcium carbonate
(CaCO3) has been used as pigments and wall painting bases
since ancient times. Therefore, it is important to determine
the raw materials used as a source for CaCO3 as a result of
the aged deterioration of cultural properties. Shell and lime-
stone are commonly used as raw materials for CaCO3. At the
present time, the kind of material is differentiated by employ-
ing analysis apparatuses such as an X-ray fluorescence spec-
trometer, X-ray diffractometer and FT-IR spectrometer [1]. X-
ray fluorescence can be used to search atoms and compounds,
and X-ray diffraction can be used to verify the crystal struc-
ture of the raw material. FT-IR spectroscopy in the range
of mid-infrared can also distinguish between crystal poly-
morphs such as calcite and aragonite by comparing the differ-
ent spectral pattern; furthermore, FT-IR spectroscopy has the
possibility of being able to obtain the information on compos-
ites (glue, organic matter, etc.) included in the pigment [2]. In
the case of shells, a few organic materials, which combine with
inorganic matter, control the shells’ crystal polymorphism and
size [3]. The identification of the combined state of organic
matter and inorganic matter possibly helps in differentiating
between the shells. However, in the range of mid-infrared,
where we can observe molecular vibration having a relatively
high energy, it is difficult to observe a weak interaction be-
tween molecules, such as that due to a hydrogen bond and

van der Waals force. Therefore, we employed a terahertz spec-
trometer [4]–[6] that could observe low energy vibration, and
could verify the possibility of observing the combined state
with impurities and of sensitively differentiating between pig-
ments.

In this study, we measured the absorption spectra of a single
crystal (natural calcite), high purity CaCO3 powder, and shell
powder at 0.5–4 THz, where the scattering effect of the pow-
der sample was small. By employing terahertz time-domain
spectroscopy (THz-TDS), we verified that the terahertz spec-
tral pattern depended on the crystal direction, crystal struc-
ture and the presence of impurities. From the above observa-
tion, this study indicated the possibility that the raw materials
of a white pigment based on CaCO3 could be distinguished by
terahertz spectroscopy.

2 TERAHERTZ SPECTROSCOPY OF
CALCIUM CARBONATE

2.1 Single crystal measurement

We used a THz-TDS system developed by Tochigi Nikon Cor-
poration to measure the absorbance of CaCO3. The frequency
resolution was set to 0.059 THz, the pressure in the terahertz
system was less than 20 Pa, and the temperature was ap-
proximately 28◦C. First, we analyzed a single crystal of nat-
ural calcite (from Mexico) to understand the relation between
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FIG. 1 Terahertz absorbance spectra of natural calcite crystal at 0◦, 30◦ and 145◦, and

the magnified view of the absorption peaks.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 
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FIG. 2 Photography of the natural calcite crystal, definition of the angle θ (left), and

the relative arrangement of atoms within calcite as seen at the (104) plane (right).

The dashed arrow shows optical axis.

absorbance and crystal direction. The calcite cut in the (104)
cleavage plane, which had simple charge distribution, was
ground to a thickness of approximately 0.38 mm, and was
placed on a rotation stage to measure the angle dependence
of absorbance. Figure 1 shows the absorbance spectra of the
natural calcite at θ = 0◦, 45◦ and 135◦ using the focus optical
system. Here, θ was defined as the angle between the tera-
hertz electric field direction and the bisector of obtuse angles
between face edges in the calcite (∼ 102◦), and this θ is shown
by a solid arrow in Figure 2. We verified that the absorption
was strong at a high frequency due to the vibration of cal-
cite around 3 THz [7, 8], and we could not observe the spec-
tra of the natural calcite above 2.5 THz using the THz-TDS
(S/N: ∼ 10 dB at 4 THz). When θ was 30◦ and 145◦, we could
observe an absorption peak at around 2.2 THz. To speculate
these absorption causes, we analyzed the angle dependence
of absorbance at 2.12, 2.23 and 2.4 THz. The angle dependence
of the absorption around 3 THz was observed at 2.4 THz. The
absorbance from 0 to 360◦ is shown in Figure 3. We could ver-
ify that the absorbance at 2.12, 2.23 and 2.4 THz were maxi-
mum at angles of 145◦, 30◦ and 0◦, respectively, and this prop-
erty on the same crystal exhibited reproducibility. Generally,
the carbonate group in calcite crystal is arranged as shown
in Figure 2 [9]. Therefore, the dipole of the carbonate group
is arranged on the optical axis (axis of anisotropy), and that

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 60 120 180 240 300 360
1

2

3

4

5

6
 2.12 THz
 2.23 THz
 2.40 THz

A
bs

or
ba

nc
e 

[a
.u

.]

Rotation angle [ ]

FIG. 3 Terahertz absorbance variation with θ at 2.12 , 2.23 and 2.40 THz.
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FIG. 4 Refractive index (filled symbols) and extinction coefficient (unfilled symbols) at

0◦ (square) and 90◦ (circle).

is the reason for the large birefringence (angle dependence
of refractive index). The refractive index of an extraordinary
ray in calcite is smaller than that of an ordinary ray (nega-
tive crystal). However, the relation of the refractive index was
reversed at around 2.4 THz (see Figure 4). Further, the extinc-
tion coefficient of the extraordinary ray was larger than that
of the ordinary ray. By these differences between the ordinary
ray and the extraordinary ray, when a terahertz wave is inci-
dent vertically on the (104) plane, the wave is elliptically po-
larized when it passes through the crystal. This polarization
is not parallel to the incident terahertz wave polarization at
θ 6= 0◦ and 90◦. Therefore, the graph of Figure 4 includes the
angle dependence of detector efficiency on a photoconductive
antenna (dipole antenna). However, we could observe the ab-
sorption property in each crystal direction in Figure 4. Thus,
we could estimate the detection loss at the photoconductive
antenna, which depended on the polarization, was less than
15 dB. The detection loss was calculated from the difference
of absorbance between θ = 0◦ and 90◦.

From the above angle dependence of the absorbance, we ana-
lyzed the molecules related to absorption. In the study of ter-
ahertz spectroscopy, when the terahertz electric field is par-
allel to a dipole, the absorption of the dipole vibration be-
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comes large due to the variation in dipole polarization [10].
From this method, we realized that the absorption at around
2.4 THz, which became strong when θ was 0◦, was affected by
the dipole vibration of the carbonate group. However, we ob-
served that the extinction coefficient becomes large at around
2.4 THz also when θ becomes 90◦, as shown in Figure 4. Thus,
we conjecture that absorption due to an out-of-plane vibra-
tion and an in-plane vibration of the carbonate group can be
observed at around 3 THz. These vibrations corresponding to
the transverse optic mode have been investigated in earlier
studies [7, 8]. The absorption peak of the out-of-plane vibra-
tion is observed at lower frequency than that of the in-plane
vibration. In the case of absorption at 30◦ and 145◦ (−35◦), we
speculate that the absorption has a relation with the vibration
of C-O in the carbonate group because the C-O charge distri-
bution on the (104) plane is axisymmetric as θ = 0◦ [11]. It
has the possibility of selectively inducing the C-O vibration
when the terahertz electric field is nearly parallel to C-O, even
though it was difficult to distinguish an absorption peak of C-
O vibration and the absorption property of an ordinary ray at
90◦, where there is C-O. We conjecture that this vibration is in
the longitudinal optic mode that occurs because the impurities
are combined with C-O instead of Ca in natural calcite [12].
From the above analysis, we verified that we can observe var-
ious absorption peaks of carbonate groups at around 3 THz.

2.2 Measurement of calcite powder

Before the measurements of pigments, we also checked if the
powder samples have the same fundamental properties. We
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FIG. 5 Microscopic images of (a) 4N, (b) ground 4N powders and (c) terahertz ab-

sorbance spectra of these powder samples.

used a 99.99% purity powder (4N, Kanto Chemical Co., Inc.)
and ground 4N powder to verify the relation between ab-
sorbance and crystal shape. The powder sample with a mass
of approximately 7 mg was placed in a spacer (hole diame-
ter: 10 mm, thickness: 0.1 mm) on a synthetic quartz plate.
Figures 5(a) and 5(b) are images of powder samples acquired
by a digital microscope (KEYENCE, VHX-900) at a magnifi-
cation of 1000 times. Figure 5(a) shows that 4N consists of
a calcite crystal of approximately 10 µm. In Figure 5(b), we
verified that the crystal size of ground 4N powder was less
than that of 4N powder; further, the shape was not rhom-
bohedral due to grinding. Figure 5(c) shows the absorbance
spectra of these powder samples. The errors bars show the
errors in the measurement of absorption, which depend on
the differences in the thicknesses and mass of the three sam-
ples. At above 3 THz, The errors especially depend on the S/N
of the TDS system. The figure shows that we cannot observe
absorption peaks at 2.12 and 2.23 THz in case of the powder
sample. The samples have an absorption peak only at approx-
imately 3 THz. Here, there is no angle dependence of spec-
tra because crystal directions are random. From these results,
we conjecture that the absorption of C-O at the low frequency
side can be observed only when the sample is a natural crystal
arranged in the crystal direction. Moreover, we verified that
the spectral width of ground 4N powder was narrower than
4N’s width. We speculate that the width decreased because
the broadband absorption of the extraordinary ray decreased
due to the particle shape effect and the decrease in particle
size [13].

3 DIFFERENTIATING BETWEEN SHELLS

To verify the possibility for differentiating between shell pig-
ments, we acquired terahertz absorbance spectra of scallop-
shell (in Hokkaido, Japan) powder and Meretrix lusoria shell
(in Mexico) powder, and compared the absorptions with the
absorption of the ground 4N powder at around 3 THz. The
particle size of these shell powders was less than 1 µm. We
have verified that shell samples had different crystal struc-
tures using X-ray diffraction analysis. Table 1 shows an ex-
ample of the peak value of the diffraction angle (2θ) ranging
from 15◦ to approximately 40◦ using the peak search program.
We could observe a calcite (104) peak at 29◦ only in the scallop
shell. The result and other peaks showed that the scallop shell
was calcite, and the Meretrix lusoria shell was aragonite. Spec-
tra of these shell powders and ground 4N powder are shown
in Figure 6. The 4N and scallop shells, whose crystal structure
is the same as calcite, had an absorbance four times as large

Scallop Meretrix Lusoria
No. 2θ [◦] I [cps] 2θ [◦] I [cps]

1 15.580 138 26.320 1134
2 23.180 361 27.300 594
3 29.520 4025 32.820 151
4 31.580 242 33.220 773
5 39.640 465 36.180 598

TABLE 1 Peak search data of scallop-shell powder and Meretrix lusoria shell powder

from approximately 15˚ to 40˚ in X-ray diffraction measurements.
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Fig. 6 
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FIG. 6 Terahertz absorbance spectra of ground 4N powder, scallop shell powder and

Meretrix lusoria shell powder.

as the absorbance of Meretrix lusoria at around 3 THz. The
absorbance peak frequencies were shifted more to the low fre-
quency region than Meretrix lusoria [14]. Moreover, the spec-
tral width of the scallop shell was wider than the width of 4N,
even though the particle size of scallop shell powder was suf-
ficiently less and more random than that of 4N. We conjecture
that the result occurred because some molecules combined
with impurities, and the scallop shell’s spectrum exhibits ab-
sorption of the vibration of carbonate group shifted to the low
frequency region due to inactivation. The result shows that we
could detect a few impurities (such as protein) included in the
shell.

From the above results, we could verify that we can differenti-
ate between the crystal shape and the structure of CaCO3 pig-
ment by terahertz spectroscopy, and there is potential of ob-
serving the interaction between CaCO3 and impurities from
spectral width. By employing terahertz spectroscopy, we can
also expect to detect a small signal, which cannot be observed
in the mid-infrared region due to scattering in the powder
sample.

4 CONCLUSIONS

The absorbance spectra of CaCO3 have been recorded by a
terahertz time-domain spectrometer for the identification of
a white pigment obtained from CaCO3 such as shell powder.
From the results, we could verify that terahertz absorbance
depended on the crystal shape, structure and the presence
of impurities. We indicated that terahertz spectroscopy could
work effectively in art conservation for the purpose of distin-

guishing small differences in the white pigment.
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