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Abstract

The understanding of processes that give rise to travertine deposits is important. This is so because of its widespread use as dec-
orative material, but more so in environmental studies due to the significance, by proxy, of travertine in climatology. In this paper, a
multifrequency EPR spectroscopy study of the behaviour of an ubiquitary vicariant of Ca in calcite, Mn(II), is presented. EPR spec-
tra were obtained from a natural sample at 9.5 (X-band), 95, 190, and 285 GHz, and interpreted through numerical simulation. An
analysis of the distribution of the zero-field splitting interaction revealed the source of some unexpected spectral features in the width
of the lines in the X-band. By contrast, the homogeneous broadening plays only a minor role. Moreover, field-dependent anisotro-
pies of the Zeeman and hyperfine tensors were observed at higher frequency. On the basis of results garnered in this study, the ZFS
interaction of Mn(II) has been ascribed to the microstructural anomalies of the Mn(II) distribution in calcite. This may be consid-
ered as the fingerprint of the physical–chemical conditions at the time of travertine deposition. As a consequence, X-band EPR spec-
troscopy represents a specific tool to investigate the genesis, and to check the homogeneity of Mn(II) distribution in travertines as
well as in other calcite-based materials.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Investigations of the physical and chemical condi-
tions leading to the formation of travertine, and more
generally to other rock deposits, have undergone a
noticeable quantitative and qualitative development
during the last few years [1]. Beyond the obvious interest
that accrues to basic knowledge of formation mecha-
nisms of travertine, this kind of investigation has be-
come more popular due to the connections with other
typically applied fields of research, such as: pollution,
paleoclimatology, archaeometry, etc. Moreover, the
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availability of new techniques and the improvement of
those extant engenders a deeper and more comprehen-
sive characterisation of the physical and chemical prop-
erties of such deposits [2]. Among these, electron
paramagnetic resonance (EPR) has been recently intro-
duced in this field because of its high sensibility and
selectivity, but also due to the degree of accuracy of
the local-scale information achievable in mineral
structures.

Finding generic relations between the spectral param-
eters and the conditions at the time of formation of rock
material is a crucial point. Some effort has been devoted
to establishing specific relationships in the case of trav-
ertine [1,2]. The widespread use of this stone as building
material is due to its extreme variability in morphology,
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colour, shape, etc., linked to the characteristics of the
parent deposit.

Travertine originates from CaCO3-saturated springs
by chemical precipitation. Among other cations, it al-
ways contains a certain amount of Mn(II) as a substitu-
ent of Ca in the calcite lattice structure. The presence of
Mn(II) (S = 5/2, I = 5/2) makes the stone suitable for
studies by EPR measurements. The X-band spectrum
of Mn-bearing carbonate material is characterised by
the presence of at least 16 lines. Most of these appear
to be variably indented or split; the six more intense
lines are due to the six allowed hyperfine transitions of
the Kramer central doublet, whereas the others are
attributed to forbidden hyperfine transitions [3]. These
spectral features have been extensively studied in the
past by using perturbation theory [3–5]. It is noticeable
that in some studies [6–10] the possibility has been taken
into account that some hamiltonian parameter can be
related to the �history� and the features of the examined
sample. Nonetheless, no multifrequency studies of
Mn(II) in calcite have been performed in order to dis-
criminate the fundamental spectral features and to as-
sess such hamiltonian parameters. In the present
paper, the results of a multifrequency EPR investigation
on a travertine sample are reported: this approach al-
lowed a separate examination of the different interac-
tions of the Hamiltonian. This suggests the use of the
X-band spectral features as a specific investigation tool
of generic conditions at the time of travertine
precipitation.
2. Experimental and simulation procedures

A sample from the fossil travertine deposit of Papig-
no (PG) was selected for spectroscopic investigation.
This travertine sample belongs to a recent meteogene
deposit in the Tiber valley [1,11]. The Papigno deposit
was most likely formed about 60 ka (unpublished age)
by the Velino river at environmental temperature and
pressure. The present absence of circulating water inside
the Papigno deposit assures that no secondary calcite
precipitation occurs, thus preventing any postdeposi-
tional event able to affect the crystal strain of the deposit
[12] and consequently the interpretation of the spectro-
scopic data.

Conventional electron paramagnetic resonance spec-
troscopy (EPR) measurements were performed on pow-
dered samples, in amorphous silica tubes. The spectra
were registered both on free powders in the tube and
on powders embedded in paraffin wax, to avoid magnet-
ic orientation phenomena. Data were collected at room
temperature using a Bruker ER 200D-SRC spectrometer
operating at X-band (�9.5 GHz) interfaced with DS/
EPR software to a PC for data acquisition and handling.
The actual operating frequency value was determined
using DPPH radical [2,2-di(4-tert-octyl-phenyl)-1-pic-
rylhydrazyl, g = 2.0037] as an external standard. Due
to the extremely narrow linewidth of Mn(II) spectra in
calcite [5], particular care was taken in the choice of
the instrumental field modulation and sweep rate. Ow-
ing to the fact that the spectral linewidth was found to
vary under different field modulations, the operating
conditions were varied until consistency of the resulting
spectrum was achieved. The chosen set was: 0.05 mT
modulation amplitude and 100 kHz modulation fre-
quency. Scan speed was set to 0.2 mT per second.

The high-frequency EPR spectra were collected using
the single pass technique, and a probe adapted for ultra-
wide band measurements. The source consists of a Gunn
effect diode emitting at 95 GHz (W band) equipped with
a doubler and a tripler to produce 190 and 285 GHz
radiation. The magnet is a superconducting magnet (Ox-
ford Instruments) operating at a maximum field of 12 T.
The detector is a hot electron bolometer (QMC Instru-
ments). The giso value was calculated to be 2.0014 com-
pared to DPPH, taken as 2.0037. A modulation
amplitude of 0.01 mT and 5.3 kHz modulation frequen-
cy set were appropriate values to observe reproducible
spectra. At all frequencies (except the X-band) the spec-
tral features, the linewidth, were found to depend also
on the scan speed. In order to minimise this effect, and
to obtain the most reliable spectrum, the slowest avail-
able scan speed, 0.5 mT per minute, was therefore cho-
sen. Finally, pressed pellets of the powders mixed with
KBr were prepared, in order to control the interactions
of the crystallite with the intense magnetic fields.

Simulations were performed through different calcu-
lational approaches, in order to obtain the closest agree-
ment between experimental and calculated spectra. The
angular dependence of the line positions as a function of
both the ZFS interaction and the incident microwave
radiation frequency was evaluated through the third-or-
der perturbative approach [5], implemented in a self-as-
sembled FORTRAN program. The powder spectrum
was obtained through weighted averaging of all possible
crystallite orientations, assuming a Lorentzian line-
width. Owing to the fact that neither Zeeman nor hyper-
fine anisotropies are taken into account by this
approach, two other procedures were also pursued.

Simulations of the experimental spectra were per-
formed with the Weihe simulation software, SIM [13].
The SIM program has been specifically designed in or-
der to leave the maximum freedom in the choice of the
model for the spin system under investigation. The user
supplies to the program the matrices corresponding to
the different contributions of the Spin Hamiltonian.
The number of introduced interactions and the orienta-
tion of the relative tensors can, therefore, be chosen
opportunely. The program proceeds through numerical
diagonalisation of the spin hamiltonian matrix, the
retrieval of the transition fields, probabilities and
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intensities, and, if requested, through a powder integra-
tion with a standard algorithm. The SIM program
proved to be quite efficient for the simulation of very
high field spectra due to the lack of any restraint in
the allowed range of the spin hamiltonian and experi-
mental parameters, in particular, the zero-field splitting,
magnetic field, and frequency.

Simulations were also done by using a self-assembled
computing program SPECMAG. The program sets up
and diagonalises the spin hamiltonian matrix, where
the electronic and nuclear Zeeman, hyperfine, quadru-
polar, and fine interactions are taken into account.
Eigenvalues and eigenvectors are found at chosen orien-
tations of the reference system in the sample with respect
to the Zeeman magnetic field direction; they were used
to evaluate the positions and intensities of the allowed
EPR transitions. The results were then interpolated to
obtain the complete behaviour of the transitions in the
selected field range. Finally, the supplied lineshape and
linewidth are used, and interpolation in the range of ori-
entations dictated by the site symmetry is accomplished.
The results are summed together to obtain the powder
spectrum.
Fig. 1. Experimental EPR spectra at different frequencies, shown as
the first derivative of the microwave absorption spectrum. Magnetic
field values are normalised with respect to the free electron resonant
field value (g = 2).
3. Results

The room-temperature experimental EPR spectra of
Mn(II) in the Papigno sample registered at all the fre-
quencies (9.5, 95, 190, and 285 GHz, respectively) are
reported in Fig. 1.

The X-band spectrum, similar to those reported in
the literature [8], is composed by six main allowed
hyperfine lines, the heights of which decrease by increas-
ing the applied magnetic field B. A small indentation,
present in the first and second line, increases up to a full
splitting of the fifth and sixth lines into two upper and
lower half-lines. Ten weaker lines can be observed with-
in the main hyperfine sextet, corresponding to forbidden
transitions [3]. No evidence has been revealed of lines
corresponding to the outer transitions [14], i.e., to the
four external sextets arising from the axial fine interac-
tion, determined in calcite to be of the order of 8 mT
[5]. Several X-band spectra of Mn(II) in calcite are
reported in literature [2,5,8,9,14,15] occasionally pre-
senting additional features: the microcrystalline marble
and the powders of pure calcite, in fact, are character-
ised by a smaller linewidth, by the presence of few lines
of the outer sextets, and by a smaller splitting to the
sixth line; the trend of the intensity of the six main lines
appears also different.

The W-band (95 GHz) spectrum, registered at the
highest resolution (Fig. 1), comprises a well-resolved
sextet of lines, whose intensity is asymmetric with re-
spect to the spectrum centre; moreover, a small indenta-
tion appears in the two low-field lines (Fig. 2). No other
minor lines (i.e., outer allowed lines and forbidden lines)
have been detected inside and outside the shown range.
The linewidth of each line of the spectrum is definitely
smaller than those of the X-band spectrum. The spectra
registered at 190 and 285 GHz do not reveal the pres-
ence of extra lines: the most relevant features of the
W-band spectrum, i.e., the indentation and the intensity
trend, are still present and substantially unmodified.
Nevertheless, a detailed comparison of the lowest-field
line of the sextet (Fig. 2) reveals the indentation to be
less evident, even if always appreciable, at higher fre-
quencies, and a modification of its height from the base-
line. Moreover, an evident shift of the line centre with
increasing the applied frequency can be observed. Small
shifts have been detected for all the other five lines, as
shown in Fig. 3. The low-field lines present negative
shifts, whereas high-field lines do the opposite. Small
variations of the linewidth appear among the three
high-frequency spectra (Fig. 4): the lower the field, the
broader the lines.

Simulations of the experimental spectra are shown in
Fig. 5, with the best-fit parameters listed in Table 1. In
order to obtain consistent and reliable parameter values,
the simpler high-frequency spectra were simulated first.



Fig. 2. Detail of the first line of the high-frequency EPR spectra of
Fig. 1. Magnetic field values are normalised with respect to the free
electron resonant field value (g = 2).

Fig. 3. Variation of the line positions with respect to the 95 GHz
spectrum.

Fig. 4. Observed peak-to-peak linewidth for the high-frequency
spectra.

Fig. 5. Simulated EPR spectra at different frequencies. Hamiltonian
parameters are reported in Table 1. Magnetic field values are
normalised with respect to the free electron resonant field value
(g = 2).
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The simplest way to explain both the relevant experi-
mental features, i.e., intensity trend and indentation, is
the assumption of a small hyperfine anisotropy for
Mn(II) in a distorted octahedral coordination [16]. The
best-fit simulations resulted in a close reproduction of
both the indentation and the intensity trend, but miss
the position of the third, fourth, and fifth lines of
�0.1 mT. The possible presence of a small, but signifi-
cant, Zeeman anisotropy, therefore, was taken into
account.

The best-fit parameters indicate that an anisotropy of
both the Zeeman and hyperfine tensors is able to repro-
duce correctly the asymmetric intensity pattern and the



Fig. 6. Detail of the sixth line of the 9.5 GHz EPR spectrum of Fig. 1,
together with two different simulated spectra: (A) DH = 0.2 mT,
D = 9.63 mT; (B) DH = 0.2 mT, D = 9.85 mT. Magnetic field values
are normalised with respect to the free electron resonant field value
(g = 2).

Table 1
Best-fit Hamiltonian parameters used in the simulations of EPR
spectra

9.5 GHz 95 GHz 190 GHz 285 GHz

gx 2.00140a 2.00132(1) 2.00132(1) 2.00132(1)
gy 2.00140a 2.00132(1) 2.00132(1) 2.00132(1)
gz 2.00140a 2.00140(1) 2.00135(1) 2.00134(1)

ax (mT) 9.35(1) 9.35(1) 9.35(1) 9.40(1)
ay (mT) 9.35(1) 9.35(1) 9.35(1) 9.40(1)
az (mT) 9.35(1) 9.43(1) 9.45(1) 9.48(1)

DHx (mT) 0.40(1) 0.24(1) 0.24(1) 0.24(1)
DHy (mT) 0.40(1) 0.24(1) 0.24(1) 0.24(1)
DHz (mT) 0.70(1) 0.10(1) 0.10(1) 0.10(1)
D (mT) 9.85(5) 9.85a 9.85a 9.85a

a Not refined values.
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indentation of the low-field lines, as well as the line posi-
tions. Both tensors are characterised by axial symmetry,
with the parallel z-component greater than those of the
perpendicular x and y components. The Zeeman anisot-
ropy results in a fairly small correction, of the order of
0.04&, whereas the hyperfine anisotropy is much larger,
�1%. The data of Figs. 3 and 4 confirm that a small
m-dependent variation of the Zeeman or the hyperfine
tensors (or both) should be present. At 190 GHz, in fact,
a small decrease of the Zeeman anisotropy was neces-
sary to fit the experimental spectrum, whereas at
285 GHz the hyperfine anisotropy was also slightly
changed (Table 1). The gi and ai components have an
opposite trend, with a decrease in the former and in-
crease in the latter, with increasing operating frequency.

The computed linewidth values are small,
DHav < 0.2 mT: the width of the parallel component is
less than a half the width of the perpendicular compo-
nent. No width variations are obtained by changing
the frequency, thus suggesting that neither appreciable
field dependence nor broadening due to field inhomoge-
neities occur. We remark that in order to simulate the
complete experimental disappearance of the outer tran-
sition lines, a limitation of the h range in the spatial
averaging procedure of the simulation was necessary, h
being the angle between the magnetic field direction
and the main crystallographic axis of the calcite parti-
cles. The largest reduced range compatible with the
experimental observation was 15� < h < 75�. This range
is fully in agreement with the isoorientation caused by
the volume reduction under pressure during pellet prep-
aration, consistent with the usual rhombohedral crystal
habitus.

No effects of the zero-field splitting occur appreciably
in the high-frequency spectra of Mn(II)-bearing calcite
[14]. Nevertheless, an attempt to study the modification
of the spectral features under an increasing ZFS interac-
tion was undertaken through a third-order perturbative
approach. The splitting between the upper and lower
half-lines, characteristic of the X-band spectrum, is
due to the angular dependence of the line position
through the ZFS effect. An axial D value >12 mT, some-
what larger than the values of Table 1, is required, in or-
der to observe a small indentation at 95 GHz.
Moreover, even larger values would be necessary to af-
fect the spectra at 190 and 285 GHz. By contrast, ZFS
values within the range 0–12 mT were found not to alter
the spectral features of the high-field simulated spectra
at all, a conclusion also obtained using the SIM soft-
ware. The high-field simulations, therefore, do not need
ZFS to be taken into account, and the D value is not
refinable from these spectra.

The best-fit parameters of the high-frequency simula-
tions were used as a basis set to simulate the X-band
spectrum. However, the anisotropies of the Zeeman
and hyperfine tensors gave results not compatible with
the experimental line positions. Fully isotropic tensors
were therefore chosen, in agreement with the results ob-
tained with single crystal measurements [10]. The best-fit
values for the width are definitely broader than the high-
frequency values. The D value obtained, 9.85 mT, ap-
pears rather large when compared with literature data
[5,7]. However, this value was necessary to fit the ob-
served value of the highest-field line splitting, 1.82 mT
(Figs. 1, 5, and 6), which is larger than the pure calcite
value, 1.40 mT [5].
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4. Discussion

4.1. High-frequency spectra

The most striking result obtained from the high-fre-
quency spectra is the presence of both the Zeeman and
the hyperfine anisotropies. These anisotropies, indeed,
are rather unusual for the d5 Mn(II) ion, which has a
6A1 ground state in the pure octahedral coordination
[7]. Nevertheless, a small spin-allowed admixture be-
tween the ground and the first excited states via spin–
orbit coupling is formally allowed in calcite, even if ener-
getically unfavoured: the Ca site in calcite, in fact, has a
non-cubic D3d local symmetry.

Holuj and Kwan [16], in their EPR study of Mn in
Ca(OH)2 crystals, presented two distinct g-tensor com-
ponents. This was in agreement with the crystal field
assumptions, and the difference between the values
reported was within the experimental uncertainty. By
contrast, in the present study small but consistent ani-
sotropies were revealed with high experimental
accuracy.

The presence of variable anisotropy values in the
three different high-frequency experiments and the full
isotropy of the Zeeman and hyperfine tensors at the
X-band suggest that the origin of the anisotropy is not
related to the usual spin–orbit coupling term in the ham-
iltonian. In order to understand the nature of the field/
frequency variations of the tensor components, the
experimental linearity of the scanned field at the higher
operating frequencies (95, 190, and 285 GHz) was care-
fully checked, resulting in confirmation of this observa-
tion (less than 0.1 mT of disagreement between the
expected and registered values of B0). Owing to the fact
that no magnetic orientation of the crystallites was
expected for the pellets used, the changes of the tensor
components as a function of the operating frequency
were ascertained to be a property of the sample and
the existence of field-dependent terms of the spin hamil-
tonian operator, enhanced and/or revealed by the
extremely narrow linewidth considered. To find the the-
oretical origin of this spectral feature is outside the goal
of this paper. Nevertheless, we mention that Koster and
Statz [17] developed a method for treating the interac-
tions of a paramagnetic ion in a crystalline field different
from the commonly used �spin hamiltonian� method. In
this framework, they found that, at high Zeeman fields,
the six sublevels of a 6S state ion do not exhibit a homo-
geneous behaviour. Namely, the energies of two of these
show a linear dependence on the field, but those of the
other four depend on the field with a factor that includes
the square root of g parameters. At present, calculations
are in progress to check this deviation from linearity as
the source of the non-linear dependence on the field, as
well as to evaluate its effects on the hyperfine tensor
components.
4.2. X-band spectrum

The larger linewidth values and the dependence of the
spectrum on the axial ZFS parameter, D, besides the
isotropy of Zeeman and hyperfine tensors, distinguish
the X-band from the high-frequency spectra. In the pres-
ent spectrum, in fact, the linewidth and the trend of the
intensity of central sextet appear to be quite different
from those reported in literature for powders of finely
ground calcite [5,9,14], whereas a resemblance is ob-
served with the spectra of natural polycrystalline cal-
cite-bearing materials [2,8,10]. Moreover, an evident
difference between the experimental width of the upper
and lower half-lines (Fig. 6) cannot easily be related to
structural or broadening anisotropies. Even if these
characteristics are known in the literature [5], several
authors have pointed out the difference between the
experimental spectra obtained on natural microcrystal-
line powders and on ground calcite macrocrystals. The
former, in particular, appears broader and less resolved
as concerns the half-line splitting. A different intensity
pattern was also noted: in natural powders the intensity
progressively decreases from the first line, whereas in
ground calcite the two central lines are depleted with re-
spect to the external ones [5]. These differences were ob-
served also on single crystal spectra, and the existence of
a zero-field splitting (ZFS) distribution was, therefore,
inferred [10].

On the basis of the present high-frequency observa-
tions, no significant width variations are observed. At
least they do not lead to values bigger than 0.2 mT. As
a consequence, a large line broadening at X-band ap-
pears unlikely. On the contrary, the ZFS distribution
origin can account for all the experimental evidence. It
has to be noted, in fact, that small differences of the D

parameter values result in an undetectable change in
the position of the upper half-lines and in easily detect-
able changes in the position of the lower half-lines
(Fig. 6). If a continuous distribution is considered, the
observed pattern can be explained. Under these assump-
tions, therefore, not only the existence of the line broad-
ening, but also its different effect on the upper and lower
half-lines are justified. At high frequencies, if the D influ-
ence is not detectable, then also the variation induced by
its distribution will be lost. The best-fit D value (Table 1)
represents the mean value of the ZFS distribution,
whereas DH parameters can be related to the half-value
of the ZFS distributions range.

The presence of a ZFS distribution can be related to
structural inhomogeneities, provided that the tempera-
ture and the other relevant physical and chemical
parameters are constant (pH, chemical concentration
of mineralising fluid, etc.). Vassilikou-Dova [10], in par-
ticular, gave evidence that a correlation between the fre-
quent chemical inhomogeneity of calcite (i.e., sector
zoning) and the existence of cation sites is not equivalent
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at the local scale. Mn(II) ions, hosted in slightly different
environments, would yield slightly different EPR spec-
tra, the convolution of which can give rise to the exper-
imental spectrum. It has to be pointed out that in
natural travertines the stability of the physico-chemical
factors is far from being constant. Indeed, the small var-
iation of these factors points to the presence of residual
structural strains caused by a fast precipitation from a
supersaturated solution as the most probable explana-
tion of the ZFS distribution.
5. Conclusions

The multifrequency spectra of the Papigno sample
provided fundamental information not only for the full
isotropy of the Zeeman and hyperfine tensors at the
X-band, but also for the natural homogeneously broad-
ened linewidth of the Mn(II) lines in calcite. This allows
an interpretation of the large linewidth values at X-band
to be attributed to inhomogeneous broadening caused
by a ZFS distribution. Moreover, the field-dependent
tensor anisotropy observed in all the high-frequency
spectra may be considered as an important experimental
basis for testing fine theoretical model of the magnetic
field/paramagnetic ions interactions.

The inhomogeneous broadening of the line observed
at X-band and thus the variability of the ZFS interac-
tion, both linked to small structural anomalies of the
Mn(II) crystal chemistry in calcite, can be considered
as phenomenological markers of travertines. X-band
EPR, therefore, provides a powerful tool to investigate
the ‘‘fingerprints’’ of the physical–chemical conditions
of the travertine deposition and to check its homogene-
ity within a given deposit.
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