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Impurity-related centers in a pale green calcite crystal
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Abstract

Emission spectrographic analysis of a pale green calcite crystal from Helwan, Egypt,
indicated the presence of various impurities including manganese and iron. Optical and
paramagnetic resonance absorption spectra before and after X-ray irradiation were measured
at room temperature. The results indicated that both the iron and manganese ions are present
mainly in their divalent state. The presence of trace Mn(IV) was also indicated. Upon
exposure to X-rays, the pale green calcite crystal yielded an orange-red luminescence at room
temperature accompanied by a change in its color to brownish-yellow in both its optical and
EPR absorption spectra. The observed changes are attributed to the formation of a number of
hole and electron trap centers, associated with impurity Fe(II) and Mn(IV) ions forming
Fe(IIT) and excited Mn(II)** centers respectively. Transitions within the Mn(II)** centers,
leading to the formation of comparatively more stable Mn(II) ones, are felt responsible for the
observed room-temperature phosphorescence. Heating the crystal up to 400°K for one hour
caused recombination of the X-ray induced electron and hole trap centers, and produced
thermoluminescence by the indirect excitation of emission at the Mn(II) impurity sites.

These data suggest that the calcite crystal precipitated in an environment that was more
acidic and with a very low oxidation potential.

Introduction

Chemically-precipitated calcite occurs in limestone
regions where natural waters carry considerable
quantities of calcium as calcium bicarbonate. A re-
lease of CO, from the solution would lead to the
decomposition of the bicarbonate and the formation
of CaCO,, which readily deposits as calcite at a pH of
7.8 or above; at lower pH, calcite tends to dissolve.

Calcite crystals are usually colorless or white; how-
ever, yellow, violet, red, and pale blue varieties are
known. The yellow and violet colors of many calcites
show all the criteria of radiation colors (Przibram,
1956, p. 261-267). They lose their color by moderate
heating and show thermoluminescence: upon ex-
posure to radiation they regain the color. In most
cases the color and the important features of the glow
curves appear to be firmly associated with impurities.
Many divalent ions may partially substitute for the
calcium ion in the calcite structure. A common sub-
stitution is that of magnesium, giving magnesian cal-
cite. Manganese-bearing calcites are known. The sub-
stitution of ferrous ions for some calcium ions is
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fairly common. Small amounts of strontium, barium,
cobalt, and zinc may also replace calcium.

The crystal structure of calcite was one of the first
to be determined by X-ray methods. The rhombohe-
dral unit cell contains two calcium ions and two sets
of three carbonate ions each. These ions lie in sepa-
rate layers normal to the ¢ axis. A clearly illustrated
description of the calcium sites is given by Kikuchi
and Matarrese (1960).

A pale green calcite crystal from the limestone
quarry of the National Cement Company in Helwan,
30 km south of Cairo, Egypt, was obtained and the
origin of the uncommon coloration was investigated.
This paper is mainly concerned with existing impur-
ity-related as well as some X-ray-induced color cen-
ters. A discussion of the environmental conditions
that prevailed during precipitation is also included.

Experimental methods

Emission spectrographic analyses were made using
a VEB Carl Zeiss Jena UV Q-24 prism spectrograph.
A wafer 2 mm thick was cut and optically polished
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for the spectrophotometric studies. Optical absorp-
tion spectra were measured vs. air using a Beckman
DK-2A ratio recording spectrophotometer. X-ray
irradiation experiments were performed in a Gen-
eral Electric XRD-6 unit operated at 50 kV and 45
mA. The X-ray tube was a water-cooled G.E. CA
type with a tungsten target. The irradiations were
carried out at room temperature. The EPR spectra
were measured also at room temperature before and
after X-ray irradiation, using a Varian model No. V-
4502 spectrometer. The post-radiation phosphores-
cence was detected by a photomultiplier, the output
of which was amplified by an electrometer and dis-
played on a chart recorder. The glow curves for the
thermoluminescence experiment were obtained fol-
lowing the procedure outlined by Calamawy (1970, p.
46-51).

Results and discussion

Emission spectrographic analysis of the pale green
calcite crystal indicated trace amounts (ppm) of the
impurity ions as follows: Si, 250; Al, 238; Fe, 134,
Mn, 200. Manganese in calcite occupies the calcium
sites. From size and charge considerations one would
expect the normal valence state of manganese to be
Mn(II). However, the possibility of having trace
Mn(IV) ions cannot be totally excluded. The decom-
position of the bicarbonate in the Mn(1I)-bearing so-
lutions or the exposure to atmospheric oxygen or
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Fig. 1. Optical absorption spectra of a natural green calcite
crystal before (curve 1) and after one hour of X-ray irradiation
(curve 2).
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Fig. 2. EPR absorption spectrum of the crystal before X-ray
irradiation.

dissolved oxygen during precipitation often leads to
the oxidation of some divalent manganese to the
tetravalent state.

Absorption spectra

Figure 1 shows the optical absorption spectra of a
section cut from the crystal before and after one hour
of X-ray irradiation at room temperature. Before
irradiation a broad absorption band at about 2.8 eV
(440 mg) is observed and could be associated with
transitions in the octahedrally-coordinated Mn(II)
ion in calcite. The observed weakness of the absorp-
tion bands in Figure 1 is due to the fact that transi-
tions within the Mn(II) ion are spin-forbidden; had it
not been for some weak spin-orbit interactions such
transitions would have been totally absent.

The presence of Mn(II) was further verified experi-
mentally by measuring the EPR absorption spectrum
of the crystal. The spectrum (Fig. 2) exhibited the
well-known and previously reported six groups of
five lines including five pairs of weak lines occurring
midway between the principal hyperfine splitting
structures (hfs) (Hurd ef al., 1954). This further split-
ting of the fine structures has been attributed by
Kikuchi and Matarrese (1969) to the difference in the
crystalline field at the two non-equivalent calcium
sites in calcite. These resonance lines displayed a
large anisotropy, which is to be expected for a trigo-
nal field. A study of the change in the EPR spectrum
of the single crystal versus orientation will be the
subject of a future publication, and only that of a
powdered specimen (presumably consisting of large
numbers of randomly oriented crystals) is reported
here. The color of the powdered specimen was white.

Effect of room temperature X-ray irradiation

Upon X-ray irradiation the sample exhibited an
orange-red phosphorescence at room temperature.
The specimen was allowed to stand at room temper-
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Figure. 3. Fading characteristic of the observed room-
temperature luminescence of the crystal.

ature until the visual phosphorescence ceased, in
about 7-8 minutes. The fading characteristic of the
visually-observed light output with time (Fig. 3)
could possibly be due to the draining of a shallow
trap.

The optical absorption spectrum after one hour of
X-ray irradiation shows evidence of a considerable
growth of an absorption band(s) in the near ultravio-
let (Fig. 1), beyond the range of the present measure-
ments. The tail of this absorption band(s) extends to
the visible portion of the spectrum, possibly pre-
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venting other weaker bands from showing up. The
color of the calcite crystal changed from pale green to
brownish-yellow, which suggests the possible photo-
oxidation of some iron (II) to iron (III).

The EPR absorption spectrum was measured for
the powdered specimen, which acquired a grey color
after one hour of X-ray irradiation. A slight increase
in the intensity of the Mn(II)-related EPR resonance
lines was observed. This observation suggests that the
formation of more Mn(II)-related EPR centers is
favored upon X-ray irradiation (Fig. 4, curve 1). As
mentioned above, the possibility of having trace
Mn(IV) ions in the natural calcite crystal cannot be
eliminated. Upon X-ray irradiation these trace
Mn(1V) ions may trap electrons and be reduced to
Mn(Il). The possibility of having these centers origi-
nally formed in a highly excited state as Mn(II)**,
then decayed at room temperature to the com-
paratively more stable Mn(Il) centers, is considered
reasonable.

The electrons responsible for the change in the
oxidation state of Mn(IV) apparently do not come
from other manganese ions but from another source,
since there is a net increase in the intensity of the EPR
absorption of the Mn(II)-related center. Another im-
portant change in the EPR absorption spectrum was
observed. A new spectral component appeared to
develop upon X-ray irradiation and continued to
grow in intensity with increasing doses (Fig. 5). This
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Fig. 4. Growth characteristics of the induced EPR absorption
lines with X-ray dosage.
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observed new resonance line could be associated with
a center responsible for providing the electrons
needed to reduce the Mn(1V); in other words, the
center is related to a hole-trap. Possible hole-traps are
the Fe(II) ions in the calcite crystal. These Fe(IT) ions
may easily trap holes and be oxidized to Fe(III) ions.
The growth of the suggested Fe(Ill)-related reso-
nance line can be correlated with the observed in-
crease in the intensity of the Mn(II) hfs lines. The
observation, as illustrated by curves 1 and 2 in Figure
4, is consistent with this proposed photo-induced oxi-
dation-reduction reaction.

Thermal bleaching

Thermal bleaching of the induced centers was done
by heating the specimen following a program that
was pursued in all experiments. The fading character-
istic of the Fe(III) center as shown by the dashed
curve in Figure 6 indicates that heating up to about
400°K is sufficient to reverse the previously suggested
photo-oxidation reaction. Meanwhile, the specimen
was found to produce an orange-red thermolumines-
cence similar to what has been previously reported by
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Fig. 5. EPR absorption spectra of the crystal before (curve 1),
after two minutes (curve 2), and after one hour of X-ray irradiation
(curve 3).
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Figure 6. Thermal bleaching characteristic of the X-ray induced
Fe(IIl) center (———) and the measured glow curve
( ) of the X-ray irradiated crystal.

several investigators for irradiated calcite crystals
(Schulman et al., 1947).

Thermoluminescence experiments

Thermoluminescence experiments were performed
on both irradiated and unirradiated specimens. The
X-ray irradiated specimen exhibited the glow curve
shown in Figure 6, indicating a prominent peak cen-
tered at about 365°K and two other weak ones at
575°K and 625°K. No glow curve could be obtained
from the unirradiated specimen. A similar glow curve
was obtained by Medlin (1964), but the positions of
the peaks were at somewhat different temper-
atures (350°K, 500°K, and 600°K). The decay of the
luminescence associated with the 365°K peak corre-
lates with the decrease in the resonance intensity of
the Fe(III) line (dashed curve in Fig. 6), which clearly
indicates that both are related. Medlin (1959 and
1963) associated the orange emission of the promi-
nent glow peaks with the *G(T;,)—°S transition in the
divalent manganese ion which occupies substitutional
sites in the calcite structure. This transition is forbid-
den, so it cannot be directly excited by optical ab-
sorption. However, indirect excitation is possible,
and luminescence can be produced. As was also
pointed out by Medlin (1964), trapping centers in
calcite are somewhat analogous to sensitizing ions;
both provide processes for exciting the forbidden
Mn(II) transitions. It is clear that in the present crys-
tal thermal bleaching of the X-ray-induced Fe(III)
center furnished conditions favorable to indirectly
excite emission at the Mn(II) sites. However, it seems
that this might not be the only process in operation,
since upon further heating the irradiated specimen
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exhibited other weaker glow peaks as shown in Fig-
ure 6. The results indicate that other indirect ex-
citation processes were also provided, probably
through the host-structure absorption of X-rays.

Summary and conclusion

The results suggest that the pale green coloration
can be regarded as an impurity-related color and not
a radiation one. The natural crystal did not show the
known criteria of radiation color. Careful chemical
analysis indicated the presence of a number of impur-
ity ions. A study of the optical and resonance absorp-
tion spectra of the calcite crystal before and after X-
ray irradiation has provided useful information
about the impurity ion oxidation states and hence the
conditions under which the calcite formed.

X-ray irradiation effect and luminescence

The results clearly indicate that while the post-
radiation room-temperature phosphorescence is at-
tributed to some transitions in the X-ray induced
Mn(1V)-related electron-trap center, the thermolumi-
nescence exhibited at about 400°K is an indirect
emission produced mainly by the annihilation of the
Fe(IT)-related hole-trap center. The following sum-
marizes the sequence of events and the proposed
oxidation-reduction and excitation reactions which
may have occurred in the present calcite crystal dur-
ing X-ray irradiation and subsequent thermal treat-
ment:

(1) Exposure of the calcite crystal to ionizing radia-
tion at room temperature results in the formation of
free electron and positive holes. These free electrons
and holes are trapped by trace Mn(IV) and Fe(Il)
ions present to form Mn(II)** and Fe(III) radiation
centers respectively.

(2) The Mn(II)** centers appear to be in a high-
ly excited state. Certain transitions within these
Mn(IT)** excited centers taking place at room tem-
perature are thought to be responsible for the ob-
served post-radiation phosphorescence and to the
formation of comparatively more stable Mn(I1) cen-
ters.

(3) Upon warming the crystal to about 400°K, the
X-ray induced Mn(Il) and Fe(IIl) centers become
thermally unstable, the result being the recombina-
tion of the electrons and holes. The energy released
during the recombination processes excites emission
centers and produces thermoluminescence by allow-

ing certain transitions in some of the Mn(Il) impurity
ions which were forbidden otherwise. Other Mn(II)
excited centers formed by the direct absorption of X-
rays may be partially responsible for the observed
glow peaks.

Color and precipitation conditions

The pale green color of the calcite crystal is attrib-
uted to the presence of trace Fe(Il) ions masking the
very pale pink shade expected to occur due to the
presence of Mn(I1) ions substituting for Ca(ll). Cal-
cite is known to deposit at a pH of 7.8 or higher, and
as the pH decreases, it readily dissolves. On the other
hand, the presence of Fe(Il) and Mn(Il) ions de-
mands a very acidic environment or one with a very
low oxidation potential; otherwise, the Fe(II) ions
would have been readily oxidized to Fe(III). There-
fore, it is suggested that the present calcite crystal was
probably formed in a special environment which
could have been more acidic, slightly warmer, and
with a very low oxidation potential.
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