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Abstract. A peculiar green variety of dolomite has been described in several deposits in Europe (Miemo and
Malentrata, Tuscany, Italy; Tarasp, the Grisons, Switzerland; Vučkovica, Serbia). This variety has attracted the
interest of researchers and collectors for its aesthetic quality, which has led to its use as a semi-precious gemstone.

In the present study, a thorough multi-method characterisation of the green dolomite sampled at the Ma-
lentrata magnesite mine (Pomarance, Tuscany, Italy) has been carried out. The investigation included X-ray
powder diffraction, electron probe microanalysis, X-ray fluorescence, X-ray absorption spectroscopy, scanning
electron microscopy, thermal analysis, optical spectroscopy (UV–visible–NIR), and electron paramagnetic reso-
nance spectroscopy.

As a result, two main pieces of evidence were described: (1) a peculiar reduction in cell volume, due to an
anomalous excess of small-ionic-radius metal cations (i.e. Mg and Fe) with respect to Ca, and (2) the origin
of the peculiar green colour, mainly determined by the Fe electronic transitions, probably in combination with
those of Cr. In fact, the green dolomite of Malentrata contains aliquots of a number of environmentally relevant
elements, in particular Mn, Cr, and Ni, whose mobility is consequently affected.

1 Introduction

Dolomite, CaMg(CO3)2, is a mineral that is widely dis-
tributed in a variety of geological settings. These include
mainly sedimentary rocks, but dolomite also occurs in some
igneous and metamorphic rocks (Cai et al., 2021). A rele-
vant number of studies have been conducted on this mineral
because of its association with pivotal geological events that
have shaped the Earth’s crust. Its pervasiveness in many sed-

imentary rocks led to its initial description over two centuries
ago. In its natural state, at ambient temperature and pressure,
dolomite is a double carbonate in which alternating layers of
octahedrally coordinated Ca2+ and Mg2+ ions are separated
by layers of planar triangular CO2−

3 groups whose orientation
is normal to the crystallographic c axis. The differentiation
of the two distinct octahedral layers is contingent upon the
difference in ionic radii of the two constituting cations. The
incorporation of other elements into the dolomite structure
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may occur during the crystallisation process, in particular by
a replacement mechanism involving divalent cations such as
Sr, Mn, and Fe (Cai et al., 2021). It is also noteworthy that
a slight excess of Ca, which partially replaces Mg, is usually
reported (Gregg et al., 2015), especially in dolomites that oc-
cur later (late-formation dolomite) than those imposed during
the early stages of mineralisation (early-formation dolomite).

The occurrence of green-coloured dolomite is relatively
uncommon and has attracted the attention of naturalists and
scientists for many years. This is primarily due to its fas-
cinating features, which differentiate it from other varieties.
There is a paucity of literature on this variety. A banded sin-
ter of cryptocrystalline green dolomite has been described
since 1891 in the locality of Tarasp in the Grisons (Switzer-
land) and was named taraspite (mindat.org, 2024). A second
well-characterised occurrence is reported by Orlandi (2006)
and by Boschi et al. (2009). This occurrence is associated
with the Malentrata magnesite mine (Pomarance, Pisa, Italy;
Fig. 1a) and exhibits a colouration similar to that of the spec-
imen from Tarasp. The Malentrata specimen is texturally as-
sociated with magnesite and additional mineralisations of
colourless dolomite and opal. In this locality, the green va-
riety of dolomite was named miemite from the Fattoria di
Miemo (an agricultural farm, Montecatini Val di Cecina,
Pisa, Italy), located about 20 km NNW of Malentrata. This
dolomite variety was first documented in the second half of
the 19th century during a survey for the potential exploitation
of a copper mine. Indeed, the mineral assemblage at Miemo
was described with a paragenesis that bears a striking resem-
blance to that of Malentrata (Orlandi, 2006).

The genesis of the green dolomite in the Tuscan occur-
rences has been elucidated by Boschi et al. (2009) in rela-
tion to the silicification–carbonation of pristine serpentinite,
which is a constituent of the Ligurian ophiolites. In a com-
plex multi-stage process, dolomite occurs in a second stage
subsequent to a primary carbonation stage that drives the pre-
cipitation of Fe-rich magnesite. In the second stage, a series
of dolomite crystallisation events reveals recurrent changes
in the mineralising fluid and partial reaction with the magne-
site deposited in the previous stage. Among the various forms
of dolomite mineralisation, only one exhibits the character-
istic green hue. A further occurrence of green dolomite in
Tuscany has been documented by Rielli et al. (2022) in out-
crops near Castiglioncello (Livorno, Italy). These outcrops
also display a close association with magnesite. This occur-
rence is located 40 km NW of Malentrata.

Apart from the Tuscan occurrences, which are probably
caused by a similar genetic event, the only other descriptions
found in the literature are represented by the green dolomite
from the Vučkovica deposit in central Serbia (Kurešević et
al., 2022) and another occurrence coming from Vempalli
Mandal in the Kadapa district of Andhra Pradesh, India
(Reddy et al., 2008). The dolomite-bearing rocks from the
Vučkovica deposit occur in a mineralogical context simi-
lar to that of Malentrata, resulting from a carbonation pro-

cess of serpentinites, and in close association with magnesite.
Dolomites from this locality have been used as semi-precious
gemstone (Kurešević et al., 2022).

One of the most intriguing characteristics of the
taraspite/miemite varieties of dolomite is indeed their green
hue. This distinctive colouration has been correlated with an
unusual incorporation of Ni in the mineral, as evidenced by
various chemical techniques (Boschi et al., 2009; Kurešević
et al., 2022; mindat.org, 2024). Indeed, there is a close re-
semblance in the mechanism of colour formation in gaspéite
(NiCO3), the green nickel carbonate mineral (Reddy and
Frost, 2004). A more detailed analysis suggests that when
Ni replaces Mg in the smaller octahedral site of the dolomite
crystal structure, the local structural environment of Ni may
be similar to that in gaspéite. On this basis, Reddy et
al. (2008) carried out an electronic spectroscopic investiga-
tion of green dolomite and established a close correlation be-
tween the observed electronic transitions and those observed
in gaspéite.

The aim of the present study is to gain a deeper insight into
the unusual structural and chemical properties of the green
dolomite from Malentrata. To this end, a multi-method ap-
proach including X-ray powder diffraction (XRPD), X-ray
fluorescence (XRF), electron probe microanalysis (EPMA),
thermal analysis, electron paramagnetic resonance (EPR), X-
ray absorption spectroscopy (XAS), and ultraviolet–visible–
near infrared (UV–Vis–NIR) spectroscopy has been em-
ployed. The objective of this approach is twofold: first, to
provide a comprehensive assessment of the crystal chemistry
of the minor elements incorporated into the dolomite struc-
ture; and second, to establish a link between these elements
and the seemingly anomalous green colour.

2 Experimental section

2.1 Specimen

The sample selected for this study is part of a large block of
a carbonate rock sampled outside the main adit of the Malen-
trata Mine (Fig. 1b), where large quantities of tailings from
former mining activities and other comparable samples are
stored (Fig. 1c, d). The bulk rock sample has a colour com-
position characterised by three main shades: yellow-brown,
associated with magnesite, and transparent green and white,
associated with a dolomitic composition. For microanalyti-
cal determinations, a rock fragment was embedded in epoxy
resin and polished down to 0.25 µm.

Conversely, all other analytical determinations were car-
ried out on an aliquot of the rock containing only the green
component. This aliquot was first coarsely crushed in a hy-
draulic press at 100 MPa and then ground in an agate mortar
to obtain a powder with micrometre-sized grains.
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2.2 X-ray fluorescence

The major and some trace element contents (Table 1) of
the sample were determined in the bulk by wavelength-
dispersive X-ray fluorescence spectrometry (WDXRF) on
glass beads and pressed powder pellets, respectively. Anal-
yses were performed with an ARL Advant-XP+ spectrom-
eter at the Department of Physics and Earth Sciences
of the University of Ferrara (Italy) and processed using
Thermo Fisher OXSAS software. Acquired intensities were
elaborated according to the matrix correction method pro-
posed by Lachance and Traill (1966). For major element de-
termination, a factory-made calibration for oxidised materi-
als was used. For each trace element, the parameters of the
calibration curves and the alpha factors for correcting for ma-
trix effects were experimentally determined by MVR (mul-
tivariable regression) of the intensities obtained on a collec-
tion of over 100 certified reference materials of rocks, soils,
and minerals covering compositions including almost all nat-
ural rock types. The accuracy of the XRF data was evalu-
ated using results for the international standard of carbonates
(MPC20, JDo1, and NIST 1c), together with a routine lab
geological standard set, run as unknown. Analyses are con-
sidered accurate within 2 %–5 % for major elements and bet-
ter than 10 % for trace elements. The loss on ignition (LOI)
of the sample was determined by thermogravimetric analysis
(TGA) (see Sect. 2.4).

2.3 X-ray powder diffraction

Data collection was performed using a Bruker D8 Advance
Da Vinci diffractometer operating in Bragg–Brentano geom-
etry. The instrument, located in the Department of Physics
and Earth Sciences of the University of Ferrara (Italy), is
equipped with an X-ray tube with a copper anode and a Lynx-
Eye XE silicon strip detector with an angular coverage range
of 2.946° 2θ , calibrated to discriminate Cu Kα1,2 radiation.
The sample was laterally loaded into a 2 mm deep cavity
within a polymethylmethacrylate (PMMA) sample holder.
The scan was conducted at room temperature (RT) in contin-
uous mode from 5 to 125° 2θ , with a step size of 0.02° 2θ and
a counting time of 3 s per step. In addition, a blade perpendic-
ular to the sample holder was positioned at a sub-millimetre
distance to reduce air scattering at low angles. Qualitative
phase analysis was performed on the powder diffraction data
using the Bruker AXS EVA software.

2.3.1 XRPD – Rietveld refinement

The fundamental-parameter approach was used for the Ri-
etveld refinement of the green dolomite crystal structure us-
ing the Bruker TOPAS software (Cheary et al., 2004; Cheary
and Coelho, 1992; Rietveld, 1969, 1967). Known instrumen-
tal parameters (the emission profile, goniometer radius, slit
sizes, X-ray tube geometrical parameters, etc.) were em-
ployed to calculate the instrumental contribution to the peak

profile, and the sample-related Lorentzian crystallite size
and strain broadening information for each phase was ex-
tracted from the observed profile. An instrumental zero er-
ror was fixed at the value determined using a NIST Si640e
standard, and the refinement included a sample displace-
ment correction and a nine-term Chebyshev polynomial to
model the background. The presence of associated magne-
site was modelled through a multiphase refinement in which
only the scale factor and unit-cell parameters for this phase
were varied. The starting structural model for magnesite was
that of Markgraf and Reeder (1985). The refinement of the
dolomite phase was performed in the trigonal R-3H space
group, starting from the structural model (i.e. unit-cell pa-
rameters, atomic coordinates, and atomic displacement pa-
rameters, ADPs) by Reeder and Wenk (1983). This resulted
in final Rwp = 0.1165, Rp = 0.0844, and RF2 = 0.0417 for
233 independent non-zero reflections in the collecting range.
The refinement of the dolomite structure included unit-cell
parameters, atomic coordinates, site scattering factors (for
the 3a and 3bWyckoff positions), and isotropic ADPs (Biso).
During the refinement of the atomic coordinates, a set of
soft constraints was applied to the metal–O bond lengths.
Once the calculated standard deviation of the bond lengths
was less than the tolerance applied to the constraints, the
weight of the soft constraints, imposed as additional obser-
vations in the earlier stages of the refinement, was progres-
sively reduced until the atomic coordinates were allowed to
vary almost freely. The carbonate group was refined as a
rigid body, with a C–O distance of 1.3 Å (Zemann, 1981).
Isotropic ADPs for cations hosted at the same coordination
site were constrained to vary identically. The final Rietveld
refinement plot is shown in Fig. 2. Unit-cell parameters, final
atomic coordinates, site occupancy, isotropic ADPs, and se-
lected metal–oxygen bond distances are reported in Table 2.

2.4 Thermal analysis

Thermogravimetric analyses (TGA) and differential thermal
analyses (DTA) were performed in a synthetic-air-controlled
atmosphere from RT to 1200 °C using a Netzsch STA 409 PC
LUXX® (Gerätebau, Germany) at the Department of Physics
and Earth Sciences of the University of Ferrara (Italy). Mea-
surements were performed in conditions of constant air flow
at a heating rate of 10 °C min−1 from RT to 1200 °C. The
tests were conducted using about 37 mg of sample placed in
an inert crucible. Alumina (α-Al2O3) was used as control and
standard.

2.5 Scanning electron microscopy

The SEM investigation was carried out at the MEMA in-
terdepartmental centre at the University of Florence (Italy).
The SEM analysis was performed on the massive sample,
a piece of rock measuring ∼ 4.5× 5.5× 2 cm. The sample
was embedded in resin and carbon-coated using a Leica
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EM ACE200 low-vacuum coating system. The sample was
coated with ∼ 25 nm of graphite for EDS (energy-dispersive
X-ray spectroscopy) analysis. The analyses were carried out
using a Zeiss EVO MA 15 SEM equipped with a tungsten
filament for electron beam generation and multiple detectors
(Oxford) for backscattered electron (BSE), secondary elec-
tron (SE), and chemical analysis (EDS). Data acquisition and
processing were managed by Oxford’s AZtec software for
point chemical composition, chemical maps, and morpholog-
ical and textural images.

2.6 Electron microprobe analysis

A centimetre-sized grain of dolomite was embedded in epoxy
resin, polished with diamond paste down to 0.25 µm, and
then coated with a ∼ 28 nm thick graphite layer. Chemi-
cal analysis was carried out using a JEOL-JXA-8230 elec-
tron microprobe (at the Department of Earth Sciences of the
University of Florence, Italy) operated at 15 kV and 10 nA
with a 10 µm beam diameter. Calibration standards used were
olivine (for Mg Kα), ilmenite (for Fe Kα), bustamite (for
Mn Kα), apatite (for P Kα), celestite (for Sr Lα), chromite
(for Cr Kα), baryte (for Ba Lα), diopside (for Ca Kα), V
and Ni metal (for V and Ni Kα), celestite (for S Kα), albite
(for Si and Na Kα), and plagioclase (for Al Kα). Data were
corrected for matrix effects using the ZAF (atomic number
(Z), absorption (A), and fluorescence (F) correction) method
of the JEOL software package. The average composition
(means and ranges in wt % of oxides) is reported in Table 3.

2.7 X-ray absorption spectroscopy

An aliquot of the powdered sample was mixed with an ap-
propriate amount of cellulose to prepare an absorber suitable
for the XAS investigation in the fluorescence mode. The ab-
sorber was prepared as a pressed pellet. XAS investigations
were carried out at the Ni K edge (8333 eV) at the BM08
LISA beamline of the European Synchrotron Radiation Fa-
cility (ESRF) (d’Acapito et al., 2019). The fluorescence yield
was registered through a multi-element Ge detector set under
liquid nitrogen temperature. The energy (eV) of the X-ray
beam was selected by a fixed exit monochromator with a pair
of Si (111) crystals (energy resolution1E/E ≈ 1.1×10−4),
while Si mirrors were used for harmonics rejection (Ecutoff ≈

15 keV). The step size in the XANES (X-ray absorption near-
edge structure) region was 0.5 eV; the post-edge EXAFS (ex-
tended X-ray absorption fine structure) region of the spec-
trum was acquired with a fixed k step width of 0.05 Å−1. The
beamline setup allowed for the simultaneous study of a refer-
ence material (a Ni metal foil in our setup) in a second cham-
ber, located after the first, to provide accurate energy calibra-
tion. The pellet was placed in a sample holder inside an ana-
lytical chamber filled with He to minimise unwanted absorp-
tion by the gas environment inside the chamber. Measure-
ments were carried out at room temperature. For EXAFS and

XANES interpretation, a minimal set of relevant standards
was registered: a metal Ni foil and NiO. The latter reference
was also prepared as a pressed pellet mixed with cellulose in
the opportune ratio. Reference spectra were recorded under
the same environmental conditions but in transmission mode.
For this set of measurements, two ionisation chambers were
used, located up- and downstream of the pelletised samples
along the X-ray path. The reduction of the experimental XAS
spectra was performed using the Athena software, part of the
Demeter package (Ravel and Newville, 2005). Namely, the
raw absorption spectrum was energy calibrated, background
subtracted, and normalised, and the EXAFS spectrum was
extracted. The analysis of the EXAFS spectra was performed
through the Artemis software, also part of the Demeter pack-
age (Ravel and Newville, 2005). Theoretical EXAFS paths
for the Ni–O pair were generated with the FEFF8.0 code
(Ankudinov et al., 1998), starting from the model reported in
Pertlik (1986) for gaspéite using muffin-tin potentials and the
Hedin–Lundqvist approximation. Data were analysed in the
k range k = [2.4–5.9] Å−1, Fourier transformed in the R in-
terval R = [0.9–2.9] Å, and fitted in the Fourier-transformed
R space.

2.8 UV–Vis–NIR spectroscopy

Optical measurements were performed in the UV–visible–
NIR range by using a JASCO V770 spectrophotometer (at
the Department of Physics and Earth Sciences of the Univer-
sity of Ferrara, Italy) operating in diffuse reflectance (200–
2500 nm range, 1 nm step size, BaSO4 integrating sphere,
a Spectralon diffuse reflectance target as a white reference
material). Reflectance (R∞) was converted to absorbance
(K/S) by the Kubelka–Munk equation: K/S = (1−R∞)2

·

(2R∞)−1. The crystal field absorbance bands were fitted by a
Gaussian function (OriginLab). The peak interpretation was
limited to the NIR–visible range (5000–25 000 cm−1), while
further bands, occurring at 29 400, 32 400, and 41 000 cm−1,
were deconvolved but not reported and discussed. Band de-
convolution was initially centred on peak maxima and go-
ing to convergence by an automatic procedure. In this way,
band energy (centroid) and width (full width at half maxi-
mum, FWHM) were obtained, where experimental error, in-
cluding background correction and reproducibility, is around
2 %. The high-energy band due to metal–ligand charge trans-
fer was fitted by a Lorentzian function with fixed energy
(50 000 cm−1) and FWHM (24 000 cm−1).

2.9 Electron paramagnetic resonance spectroscopy

Room temperature EPR investigations were carried out us-
ing a Bruker ER 200 D instrument, available at the Depart-
ment of Chemistry of the University of Florence (Italy). The
operating microwave radiation frequency was approximately
9.78 GHz, and calibration was performed through an exter-
nal reference of DPPH (2,2-diphenyl-1-picrylhydrazyl) radi-
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cal. Spectra were registered in a panoramic view (scan range
0–1000 mT) to identify the main EPR signals, then repeating
the spectrum in a region with a narrower field to register high
quality spectra of the identified signals. During all measure-
ments, modulation amplitude was set at 0.08 mT, and mod-
ulation frequency was set to 100 kHz. Total acquisition time
for a single spectrum was 200 s.

Low-temperature EPR investigations were carried out at
the Department of Chemical Sciences of the University of
Padua (Italy). The operating microwave radiation frequency
was approximately 9.56 GHz. Spectra were registered in the
scan range 50–650 mT to identify all the expected EPR sig-
nals, with a modulation amplitude set to 0.3 mT and modula-
tion frequency to 100 kHz. Total acquisition time for a single
spectrum was 160 s.

2.10 Mössbauer spectroscopy

Room temperature Mössbauer spectroscopy was performed
at the Department of Chemical Science, University of Padua,
using a constant acceleration spectrometer equipped with a
57Co source in Rh matrix (nominal strength 1850 MBq). An
LND, Inc. 4012 cylindrical proportional counter was used
for signal detection. Due to the low Fe content of the sample
and the low emission of the source after several half-lives,
it was decided to collect the spectra using a large amount of
material (≈ 1000 mg) mixed with petroleum jelly in a 38 mm
diameter sample holder. This approach was chosen over the
conventional method (using 80 mg of sample), which would
have required an extremely long acquisition time, potentially
affected by instrumental drift that is difficult to compensate
for. This decision necessitated a pre-processing of the data to
compensate for possible effects due to self-absorption and
saturation, which could distort the shape and intensity of
the spectral lines. The corrected spectrum was then fitted
to Lorentzian line shapes using a minimum number of dou-
blets. The obtained hyperfine parameters – isomer shift (δ),
quadrupole splitting (1), and half linewidth at half maximum
(0+) – are given in mm s−1, while the relative areas (A) are
given in percent (%). Recoil software (Lagarek and Rancourt,
1998) was used to correct the spectrum and fit the data.

3 Results and discussion

3.1 Microscopic features of the Malentrata rock
fragment

As previously reported (Boschi et al., 2009; Rielli et al.,
2022), microscopic analysis of the Malentrata rock fragment
reveals a very close textural relationship between the weath-
ered serpentinite matrix and several carbonate minerals, as
well as additional minor phases (Figs. 1b and 3a). Higher
magnification BSE micrographs allowed for the identifica-
tion of these minor phases: phyllosilicates (Fig. 3b), chal-
copyrite (Fig. 3c), chalcedony (Fig. 3d), and Fe and Cr ox-

ides (Fig. 3a). The close intergrowth of compositionally dis-
tinct carbonate phases is highlighted in Fig. 3e and f. From
SEM analyses, in particular BSE micrographs (Fig. 3a) and
EDS spectra (Figs. S2–S11 in the Supplement), it is possi-
ble to identify carbonate-bearing veins associated with late-
formation dolomite cutting through the pre-existing magne-
site or even early-formation dolomite. The veins may also
be chemically zoned, resulting in an enrichment of heavier
elements (such as Fe and Mn) in the outer margins. When
the main mass of dolomite is considered in regions where
additional phases or secondary dolomite are present, some
chemical zoning is still observed (Fig. 3g), confirming the
high temporal and spatial variability of the chemical system.
Finally, the existence of an abrupt change between the mag-
nesite and dolomite mineralisation events is attested by the
occurrence of net boundaries between the two minerals when
in contact (Fig. 3h), a feature that remains characteristic even
at very high magnification (Fig. 3i).

3.2 General features of the green dolomite from the
Malentrata Mine

Focusing on the green region of the sample, microanaly-
sis coupled with BSE compositional maps (Fig. 3a and f)
and XRF analysis (Table 1) led to the conclusion that this
region clearly corresponds to an early-formation dolomite.
XRPD Rietveld refinement of an aliquot of the green re-
gion of the sample reveals the presence of dolomite plus an
Fe-rich magnesite (detected at concentrations of 1.6 wt %,
Fig. 2). Compared to a dolomite of ideal composition
(Tables 1 and 3), the Malentrata sample is slightly defi-
cient in Mg and Ca with Fe compensating for this de-
ficiency. The chemical formula, calculated from EPMA
data (Table 3) (based on 6octahedral-cations = 2), yields in-
deed Mg0.97Ca0.92Fe0.09Na0.01(CO3)2, which also requires
0.01 apfu (atoms per formula unit) of Fe to be present as
Fe(III) for charge balancing.

The chemical composition, as determined by EDS, XRF,
and EPMA (Tables 1 and 3), indicates that, in addition
to the major elements Ca, Mg, and Fe, the presence of
chromophores was detected in trace amounts, especially Ni
(220 ppm) and Cr (110 ppm). Kurešević et al. (2022) report
that the green dolomite from the Vučkovica deposit also
shows a distinctive enrichment (hundreds of ppm) of these
ions.

Figure 4 shows the thermal decomposition (TGA and DTA
curves) of the green dolomite sample at temperatures ranging
from RT to 1200 °C. The TGA curve is characterised by two
separate weight loss stages with a total weight loss of about
47 wt %, which compares well with the LOI value reported
in Table 1. The DTA curve shows a three-stage decomposi-
tion process, starting with the potential release of free and
absorbed (if any) water (endothermic peak at ∼ 120 °C), fol-
lowed by the endothermic decomposition of dolomite to cal-
cite (CaCO3, or Mg-calcite) plus periclase (MgO) and the re-
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Figure 1. (a) Localisation of the Malentrata magnesite mine (Pisa province, Tuscany, Italy; modified from d-maps.com). (b) Photograph of
the Malentrata sample embedded in resin for the SEM investigation, performed at the binocular microscope; dolomite (green) and magnesite
(yellow-brown) regions are apparent. (c, d) Photographs of other Malentrata samples showing the green dolomite zonation and the dolomite–
magnesite boundary.

lease of CO2 (peak centred at 755 °C), and the endothermic
decomposition of calcite to CaO and CO2 (peak centred at
822 °C), in agreement with the reported values for a natural
dolomite investigated under similar conditions (Gunasekaran
and Anbalagan, 2007a, b). It is noteworthy that the decom-
position peaks related to dolomite and calcite dissociations
occur at slightly lower temperatures than those of other pure
dolomite samples (Iwafuchi et al., 1983; Milodowski and
Morgan, 1989; Otsuka, 1986; Resio, 2024). This fact is read-
ily explained by considering the amount of Fe in the Malen-
trata sample, which influences the thermal response to heat-
ing through a temperature shift and a change in peak area.

3.3 Role of the transition metal ions

The role of transition metal ions in the green dolomite from
the Malentrata Mine has been investigated by EPR, Möss-
bauer, XAS, and UV–Vis–NIR spectroscopic techniques.

The results of the EPR investigations are shown in Fig. 5.
Three main distinct signals are identified: the main one is
due to Mn(II) because of its characteristic hyperfine struc-
ture, while the other two are due to two different Fe(III)
species. A detailed examination of the first signal shows that,
in addition to the simple and intense sextet, additional lines
are present (star symbols in Fig. 5a). The features of these
additional lines (in particular the lack of a common period-
icity with the main sextet) make it clear that there are two
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Figure 2. Rietveld refinement plots for the green dolomite sample collected at RT. The experimental data are represented by circles (black),
the calculated pattern is the solid red line, and the lower green curve is the weighted difference between the observed and calculated patterns.
Vertical ticks at the bottom of the plot (colour-coded) indicate the position of the reflections for the identified phases. In the inset, a detailed
view of the Rietveld refinement at high 2θ values is shown, with the intensity shown as square root.

Table 1. Results of the microchemical SEM/EDS investigation are given: median, mean, interval, and standard deviation (SD) of 49 point
analyses. Results obtained from XRF analysis of the green region of the sample powders are given: major elements (as weight %) and trace
elements (as ppm). Major components are compared with the literature analyses.

SEM investigations

Major component Ideal dolomite Green dolomite median Green dolomite mean Green dolomite min–max (SD)

MgO (oxide wt %∗) 41.82 40.2 40.2 32.4–44.8 (2.2)
CaO (oxide wt %∗) 58.18 53.0 53.8 50.8–59.6 (1.8)
FeO (oxide wt %∗) 0 6.7 6.1 0.0–10.5 (2.4)

XRF investigations

Major components Green wt % Ref#1 wt % Ref#2 wt % Ideal dolomite Trace components ppm

Na2O 0.02 bdl 0.14 Co 6
MgO 22.61 24.16 21.40 21.86 Cr 110
Al2O3 bdl 0.28 0.06 Ni 220
SiO2 0.18 4.79 0.14 Pb 4
CaO 28.01 24.52 27.09 30.41 Rb 2
Cr2O3 bdl bdl 0.06 Sr 364
MnO 0.09 bdl 0.06 V 32
FeO 3.12 1.26 2.18
LOI 46.39 44.66 48.79 47.73

∗ Recalculated neglecting the CO2 content in the formula unit; Ref#1: Kurešević et al. (2022); Ref#2: recalculated from Boschi et al. (2009);
bdl represents below detection limit.

series of signals belonging to two different Mn(II) species.
The most intense sextet, corresponding to the first Mn(II)
species (labelled MnB ), is characterised by six sharp and al-
most isotropic lines with no other features, indicating that
this spectrum is essentially dominated by the hyperfine in-

teraction. The second, weaker set of signals, attributed to
a second Mn(II) species (MnA), is characterised by a more
complex pattern, suggesting that the zero-field splitting in-
teraction contributes in addition to hyperfine coupling. The
latter spectrum has been tentatively attributed to Mn(II) ions
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Figure 3. (a) Backscattered electron (BSE) micrograph of the whole sample, obtained at 50× magnification: in white the localisation of the
main minerals identified in the sample, in red the localisation and the size of the high-magnification (b–h) BSE micrographs. Magnification:
(c) 94×, scale bar (SB) 200 µm; (d, g) 100×, SB 200 µm; (f) 150×, SB 100 µm; (e, h) 200×, SB 100 µm; (b, i) 1500×, SB 20 µm. In the
Supplement the EDS spectra of panels (b)–(i) and a chemical map of a dolomite–magnesite boundary are shown.

replacing Mg in the dolomite structure, in agreement with
Shepherd and Graham (1984). A numerical simulation car-
ried out using the Hamiltonian parameters proposed in that
study (isotropic Zeeman interaction, g = 2.0028; isotropic
hyperfine coupling, a =−9.25 mT; axial zero-field splitting

interaction, D = 14.60 mT) agrees well with the present ex-
perimental evidence.

The assignment of the more intense sextet associated with
MnB seems less straightforward. Indeed, the values of the
isotropic g andA parameters, 2.0028 and−9.439 mT respec-

Eur. J. Mineral., 37, 517–533, 2025 https://doi.org/10.5194/ejm-37-517-2025



L. Adami et al.: When colour makes minerals unique 525

Figure 4. Simultaneous DTA (grey line) and TG (black line) curves
for the green dolomite sample heated in air from room tempera-
ture to 1200 °C at a rate of 10 °C min−1. DTA endotherms (down-
ward inflections in the DTA curve) were observed at 120, 755, and
822 °C.

tively, are almost identical to those observed for the MnA
species, indicating a close similarity in the structural host of
both the MnA and MnB species in the green dolomite sample.
However, the almost complete absence of a zero-field inter-
action in MnB suggests that the local environment is defi-
nitely different. A convincing attribution can still be found
in the work of Shepherd and Graham (1984), who claim an-
other Mn(II) species, supposedly hosted in the Ca site of the
dolomite structure, with g and a parameter values of 2.0020
and −9.48 mT, respectively. It should be recalled that Reddy
et al. (2000) proposed the following values for Mn(II) in
magnesite: g = 2.007; a = 9.0 mT. However, the spectrum
shown by these authors apparently exhibits a fingerprint (not
discussed) of the zero-field splitting interaction. Accordingly,
we believe that the paramagnetic centre described by Reddy
et al. (2000) is not appropriate to describe the experimental
species revealed by the present investigation. Indeed, we can
finally attribute the two Mn(II) signals in the experimental
EPR spectrum to two different species, MnB and MnA, iden-
tified with aliquots of Mn(II) ions replacing Mg and Ca ions,
respectively, in the dolomite lattice.

With regard to the broad signal between 100 and 600 mT
(Fig. 5b), its attribution based on the spectrum at room tem-
perature is hampered by the fact that no apparent fine or
hyperfine structure can be detected. Therefore, the spectral
change in the whole temperature range between 120 and
280 K was investigated. Based on the position and shape
of this broad signal, its attribution to Fe(III) oxyhydroxide
phases, likely cryptocrystalline or nanosized, is the more
plausible. Indeed, as shown by Carbone et al. (2008), the
particle size of Fe(III) oxyhydroxides would provide super-
paramagnetic signals that do not change line position with

temperature, at least in a narrow temperature range, as in the
present case.

The third group of lines share some common features,
i.e. similar line width values and the fact that they are only
clearly detectable below 240 K, with the signal-to-noise ra-
tio increasing homogeneously with decreasing temperature
(Fig. 5c). Accordingly, all these lines are interpreted as origi-
nating from the same paramagnetic centre. The geff values of
the different lines are 11.5, 4.4, 2.9, and 2.6. A spectrum with
such a broad structure, extending over hundreds of millitesla
(mT), could be originated by an isolated paramagnetic ion,
namely Fe(III), when subjected to a strong crystal field inter-
action (Di Benedetto et al., 2006). Moreover, a study carried
out by Prissok and Lehmann (1986) on single crystals of syn-
thetic dolomite revealed that Fe(III) is properly described by
an interaction with a strong crystalline field, in full agree-
ment with the proposed attribution. With regard to the host
crystalline phase for this Fe(III) species, the quality of the
EPR spectrum prevents a detailed interpretation. In principle,
both magnesite and dolomite could host some Fe(III), by sub-
stituting Mg in the octahedral site (as discussed for Mn(II),
the larger Ca octahedron of the dolomite crystal structure
would not create conditions for a “strong ligand field”). Al-
though a definitive attribution cannot be provided from EPR
spectroscopy alone, a probabilistic consideration can be ad-
vanced: if the observed Fe(III) species were hosted in mag-
nesite, whose abundance is 2 orders of magnitude lower than
that of dolomite, its dilute state would be difficult to verify.
Conversely, if Fe(III) species were hosted in dolomite, its di-
lution would be fully consistent. This would also be consis-
tent with the EPMA results, which suggest that ca. 10 % of
Fe should be present as Fe(III). Therefore, the Fe(III) species
are attributed here to dolomite.

The RT Mössbauer spectrum (Fig. 6) exhibits an intense
and slightly asymmetric doublet centred at ≈ 1.24 mm s−1.
The intense doublet is similar to those observed in pioneer-
ing studies on Fe-substituted dolomites (Cole et al., 1978;
Rozenson et al., 1980). The doublet was first fitted by a sin-
gle doublet attributed to ferrous nuclei in a distorted octa-
hedral site (δ = 1.25 mm s−1 and1= 1.50 mm s−1). Similar
results, a single octahedral site exhibiting isomeric shift and
quadrupole splitting of 1.24 and 1.48 mm s−1 respectively,
were obtained by Moukarika and coworkers (Moukarika et
al., 1991). The inclusion of an Fe(III) component, whose
presence is unambiguously detected by EPR, has been done
by constraining all fitting parameters. This constraint does
not affect the goodness of fit: the errors on the hyperfine pa-
rameters of the Fe(II) site are not affected, and the chi-square
shows a small variation. The proposed model consists of two
doublets: one ascribable to Fe(II) and one to Fe(III), both in a
distorted octahedral environment. The hyperfine parameters
(reported in Table S1 in the Supplement) were fixed to those
of Fe(III) in a distorted octahedral environment according to
EPR measurements. The Fe(II) doublet shows quadrupole
splitting slightly higher than that reported in the cited liter-
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Figure 5. (a) Detailed spectrum of Mn(II) registered in the sample of green dolomite, at two different temperature values; (b) panoramic
spectra of the sample, exhibiting the temperature dependence (in the range 120–280 K) of a broad and weak signal; the spectrum at 280 K is
multiplied by 2.4; (c) panoramic spectrum of the sample at 120 K, in which the presence of additional lines, marked by arrows, is visible.

ature (1.743 mm s−1 instead of 1.50 mm s−1). This may be
due to the presence of other substituents in the next-nearest
neighbours. According to this model, the Fe(III)/Fe(II) ra-
tio is close to 0.02. It is interesting to note that the residuals
on the high-velocity absorption of Fe(II) remain rather high.
This is not due to the inadequacy of the fit but rather could be
attributed to textural effects. An attempt to fit with multiple
Fe(II) components did not significantly improve the distri-
bution of residuals. Similar effects were observed in the lit-
erature (Ristić et al., 2017) for a similar carbonate, siderite,
and ascribed to textural effects. Considering the possibility
of iso-orientation also in dolomite, these textural effects are
likely responsible for the observed asymmetry in the spectral
lines.

The XANES spectrum of the green dolomite sample is
shown in Fig. 7a, compared with the spectra of two refer-
ence compounds, i.e. NiO and Ni0. The edge position of the
spectrum compares very well with that of the NiO reference,
resulting in a shift to higher energy values with respect to

metallic Ni. It can therefore be concluded that Ni occurs in
its divalent state, as expected.

With respect to the EXAFS region, the resulting spectrum
was very noisy due to the high dilution of Ni(II) in the sam-
ple (220 ppm). The EXAFS spectrum in Fig. 7b is indeed the
result of averaging 10 individual (1 h long) scans over the
sample. Notwithstanding the background noise and the lim-
ited k range, the EXAFS signal is able to convey information
about the first Ni coordination shell, namely the average Ni-
O bond distance (Fig. 7b and c).

An attempt was made to refine the first shell of the ex-
perimental spectrum based on the assumption that a substi-
tution of Mg by Ni at the dolomite octahedral site would
result in a local environment similar to that of Ni in the
gaspéite, NiCO3, crystal structure (Pertlik, 1986). Due to
the limited number of independent points, only a limited
number of parameters were refined. The coordination num-
ber N was defined as the ideal number derived from the
bond-valence method (Gagné and Hawthorne, 2015) and the
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Figure 6. Mössbauer spectrum of the dolomite sample.

Debye–Waller factor (σ 2) was constrained to vary between
0.001 and 0.01 Å2. The results of the quantitative EXAFS
analysis yielded a Ni-O bond distance of 2.06(3) Å with a
coordination number of 5.8(5), which is in full agreement
with the value of 2.055 Å proposed for the gaspéite struc-
ture (Pertlik, 1986). The resulting S2

0 parameter is 1.1(3),
and σ 2 is 0.007(6) Å2. The EXAFS and Fourier transform
fits are compared with the experimental spectra of the mea-
sured sample in Fig. 7b and c. Based on the quantitative in-
terpretation of the EXAFS region, we conclude that Ni(II) in
the green dolomite is hosted in octahedral coordination in a
structural environment very close to that of gaspéite.

The NIR–visible spectrum of dolomite from Malentrata is
characterised by two main optical features (Fig. 8). A double
band in the NIR region can be assigned to the spin-allowed
transition 5T2g→

5Eg (5D) of Fe2+ (d6, high spin) in octahe-
dral coordination. In the visible range, the steep increase in
absorbance from red to violet is ascribable to Fe-O metal–
ligand charge transfer (MLCT).

The 5T2g→
5Eg transition of Fe2+ is affected by Jahn–

Teller splitting into two sub-bands centred at 7020±20 cm−1

(σ1) and 9700± 20 cm−1 (σ2), respectively (Burns, 1993).
The resulting crystal field strength (10 = (σ1+ σ2)/2=
8360 cm−1) is lower than the 10 ∼ 8840 cm−1 in ankerite
(Rossman, 2024) and the 10 ∼ 8600 cm−1 (Rossman, 2024)
or 8970 cm−1 in siderite (Taran et al., 2017), particu-
larly in the case of calcite, where a 10 value as high
as 9880 cm−1 was derived (Gunasekaran and Ambalagan,
2008). This difference is mainly due to the low wavenum-
ber of the σ1 sub-band of dolomite in comparison with
∼ 8100 cm−1 of ankerite (Rossman, 2024), ∼ 8500 cm−1

(Rossman, 2024) and 7720 cm−1 (Taran et al., 2017) of
siderite, and 9120 cm−1 of calcite (Gunasekaran and Ambal-
agan, 2008). In contrast, the wavenumber of the σ2 sub-band
is comparable for dolomite, ankerite, and siderite (always in
the 9400–9700 cm−1 range), while it is remarkably higher
for calcite (10 640 cm−1). As a consequence, the splitting of
the 5T2g→

5Eg transition of Fe2+ in dolomite (δ = σ2−σ1 =

2680 cm−1) is remarkably broader than in other carbonates,
where δ is always within the 1000–1700 cm−1 range (Gu-
nasekaran and Ambalagan, 2008; Rossman, 2024; Taran et
al., 2017).

Once the contribution of the Fe-O MLCT is subtracted,
the residuals define two broad bands centred at 15600± 20
and 21670± 20 cm−1, respectively (Fig. 8). Any band from
Ni2+ transitions or spin-forbidden transitions of Fe2+, Fe3+,
or Mn2+ cannot be individually resolved. They are expected
to occur for Fe2+ (based on the Tanabe–Sugano 3d6 diagram,
10 = 8360 cm−1, and Racah B= 820 cm−1) at ∼ 13400,
∼ 16400, and ∼ 23400 cm−1 for the 3T1g(3H), 3T2g(3F),
and 3Eg(3H) transitions, respectively. The Fe3+ transitions
in dolomite have been reported at 13 100, 14 284, 14 995,
and 19 800 cm−1 for the 4T1g, 4T2g, 4T2g, and 4Eg (all 4G)
transitions, respectively (Reddy et al., 2008). The Mn2+ tran-
sitions in rhodocrosite are known to occur at 18 300 and
22 700 cm−1 for the 4T1g(4G) and 4T2g(4G) transitions, re-
spectively (Frost et al., 2006). Based on the gaspéite spec-
trum, a contribution from the spin-allowed transitions of
Ni2+ in octahedral coordination is expected at ∼ 7710 and
∼ 8690 cm−1 for 3A2g→

3T2g (3F) as well as∼ 13200 and∼
22700 cm−1 for 3T1g (3F) and 3T1g (3P), respectively (Bay-
yareddy and Frost, 2004). Overall, the occurrence of Fe2+,
Fe3+, Mn2+, and Ni2+ crystal field transitions cannot explain
the peaks at 15 600 and 21 670 cm−1 in the visible spectrum,
even though they certainly contribute to the broad width of
these bands. Interestingly, the wavenumbers of these bands
match the expected values for the 4T1g and 4T2g (4F) spin-
allowed transitions of Cr3+ in octahedral coordination (based
on the Tanabe–Sugano 3d3 diagram,10 = 15600 cm−1, and
Racah B= 625 cm−1). The Ni2+ spin-allowed transitions
might interfere, but they only partially overlap the observed
bands at 15 600 and 21 670 cm−1. Despite an extremely low
content in the sample studied (110 ppm), the contribution of
Cr(III) to the colour of the Malentrata dolomite is not neg-
ligible due to a crystalline field stabilisation energy (CFSE)
which, together with that of octahedrally coordinated Co(III)
and Fe(II), is much higher than that of other transition metal
ions (e.g. Burns, 1993). The intriguing hypothesis of the role
of Ni(II) in the colouring of the sample is reduced to specu-
lation, because of both the very low concentration (220 ppm)
and the uncertain assignment of bands in the visible spec-
trum. However, both contributions are secondary to the dom-
inant contribution associated with the Fe-O MLCT.
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Figure 7. (a) Normalised Ni K edge XANES spectra of the green dolomite, NiO and NiO samples; (b) k-weighted EXAFS region of the
measured green dolomite sample, black, compared with the best multiparameter fit, red; (c) Fourier transform of the EXAFS trace in (b),
black, compared with the best fit, red. Fits were performed in R space.

Figure 8. NIR–visible spectrum of dolomite from Malentrata Mine, with band deconvolution and attribution to electron transitions (see
Sect. 3.3).

3.4 Crystal chemistry

The combination of crystal structure and colour of the green
dolomite from Malentrata Mine is that of a natural unicum.
The unit-cell parameters, as determined by Rietveld refine-
ment, are as follows: a = 4.7946(1) Å, c = 15.9486(3) Å,
and V = 317.51(1) Å3. Accordingly, the lattice parameter
values are less than approximately 0.3 % and 0.5 % (a and c,
respectively) of the average of those reported in the Inorganic
Crystal Structure Database (ICSD) for dolomite structures at
ambient conditions (the reference list of compared structures
from the ICSD is provided in the Supplement).

A possible explanation for the observed lattice shrink-
age is a Ca-Mg disorder at the octahedral sites 3a and
3b of the dolomite structure. This would indicate that the
green dolomite was subjected to a quenching process from
a high-temperature (and/or high-pressure) condition, which
is not supported by previous petrographic studies. An in-
crease in cationic disorder, as defined by the order param-
eter s = 2(xCa− 1) (where s = 1 for xCa = 1 in a completely
ordered dolomite, and s = 0 for xCa = 0.5 in a completely
disordered dolomite, e.g. Antao et al., 2004), would result in
an average increase in lattice parameters, particularly along
the c axis (Reeder and Wenk, 1983). From a crystallochem-
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Figure 9. Normalised unit-cell parameters along the dolomite–
ankerite join as a function of increasing Fe (+Mn) content.
Empty, light grey, dark grey, and black symbols represent near-ideal
dolomite samples (see reference list in the Supplement), the ankerite
samples of Reeder and Dollase (1989), the ankerite of Beran and
Zemann (1977), and the synthetic ankerite of Davidson et al. (1993),
respectively. The unit-cell parameters of the green dolomite are rep-
resented by yellow symbols. It is noteworthy that the unit-cell pa-
rameters of the green dolomite are plotted with those of the dolomite
and ankerite terms from the literature solely for graphical represen-
tation purposes, as they fall within a chemically implausible field
(grey shaded), where the Fe (+Mn) content is negative. Errors are
smaller than the symbol size.

ical perspective, the XRF and EPMA indicate a composition
that falls along the dolomite–ankerite join. In fact, in addition
to Ca and Mg, the green dolomite sample contains significant
amounts of Fe and Mn (Tables 1 and 3). The incorporation of
Fe and Mn into the dolomite crystal structure at the expense
of Mg at the 3b site would result in a lattice expansion (e.g.
Beran and Zemann, 1977; Reeder and Dollase, 1989; David-
son et al., 1993). Indeed, the ionic radii of both Fe2+ and
Mn2+ when octahedrally coordinated are larger than that of
Mg2+ (i.e. 0.78 and 0.83 Å vs. 0.72 Å, respectively; Shannon,
1976). The compositional dependence of the unit-cell param-
eters of dolomites and ankerites is illustrated in Fig. 9, as de-
rived from the literature. An almost linear expansion with in-
creasing Fe (+Mn) content, which primarily replaces Mg, is
observed from the dolomitic field (empty symbols with grey
background) up to∼ 70 mol % ankerite. The unit-cell param-
eters of the green dolomite are also plotted with those of the
dolomite and ankerite terms in Fig. 9 for the sole purpose
of graphical representation. As these values are smaller than
those observed in dolomites (where Fe2+ (+Mn) is equal to
or close to 0), they fall within a chemically implausible range
where the Fe (+Mn) content is less than 0. Moreover, a small
amount of Si is detected only by XRF analysis (0.18 % of
SiO2). As Si was only detected by XRF and not by EPMA
point analysis, it can be concluded that the small amount of

Si is not related to the chemistry of the dolomite phase inves-
tigated.

For the reasons given above, several strategies have been
attempted to find the best structural solution. When Ca
and Mg are ordered (i.e. fully occupying the octahedral
sites 3a and 3b, respectively), the Rietveld refinement con-
verges with an agreement factor RF2 = 0.0977. Through this
atomic occupancy scheme, residuals of electron density (of
∼ 0.5 e− Å−3) with atomic coordinates close to those of Ca
and Mg cations are detected through a three-dimensional
(3D) Fourier analysis. It is noteworthy that the structural re-
finement of the green dolomite sample exhibits a significant
improvement (final agreement factor RF2 = 0.0417) when
the partial substitution of both Ca and Mg by Fe is taken
into account at the 3a and 3b sites, respectively. The final re-
fined occupancy is Ca0.934Fe0.066 and Mg0.939Fe0.061 at site
3a and 3b, respectively, as detailed in Table 2. This finding
is in good agreement with the total Fe amount derived from
chemical data (0.11 and 0.09 apfu from XRF and EPMA, re-
spectively).

The pronounced lattice contraction observed in the green
dolomite sample is further highlighted when the variation in
metal–oxygen bond lengths is inspected (Table 2). It is ev-
ident that, regardless of the atomic occupation scheme em-
ployed, the octahedral metal–oxygen bond lengths of the
green dolomite are the shortest when compared to those for
dolomite and ankerite structures under ambient conditions, as
reported in the Inorganic Crystal Structure Database. Specif-
ically, the cations at sites 3a and 3b are coordinated by six
oxygens at 2.374 and 2.110 Å, respectively. This implies
that the Fe incorporation mechanism is at least partially or-
dered, with the Fe2+ substituting for Ca and Mg and with
the smaller (0.645 Å) Fe3+ substituting only for Mg at the 3b
site, resulting in a reduced mean metal–oxygen bond distance
at both sites.

Indeed, both EPR and UV–Vis analysis demonstrated the
presence of both Fe2+ and Fe3+ in the investigated sam-
ple. The crystal field strength determined by UV–Vis spec-
troscopy in the dolomite from Malentrata Mine is compat-
ible with an Fe2+-O distance of 2.15± 0.02 Å, using the
overall relationship in silicates and carbonates as a refer-
ence (Fig. S12). This value is slightly longer than the Fe2+-
O distance in siderite (2.14 Å) or ankerite (2.13 Å) and be-
tween the metal–oxygen distances for sites 3a and 3b in pure
dolomite (2.38 and 2.09 Å, respectively). The occurrence of
Fe2+ ions in the smaller site (3b with Mg-O distance of
2.11 Å) implies a local compressive constraint, which would
translate in a shorter Fe2+-O distance and larger crystal field
strength with respect to siderite or ankerite (not observed in
the green dolomite). In contrast, Fe2+ ions accommodated
at the larger site (3a with Ca-O distance of 2.37 Å) undergo
structural relaxation, which would result in a longer Fe2+-
O distance and smaller crystal field strength than in ankerite
and siderite (apparently the features of the Malentrata Mine

https://doi.org/10.5194/ejm-37-517-2025 Eur. J. Mineral., 37, 517–533, 2025



530 L. Adami et al.: When colour makes minerals unique

Table 2. Phase fraction and unit-cell parameters for the identified crystalline phase in the green dolomite sample and final atomic coordinates,
site occupancy, isotropic ADPs, and selected metal–oxygen bond distances for the dolomite phase (note that s.g. represents space group).

Unit-cell parameters

Phase fraction (wt %) a (Å) c (Å) V (Å3)

Dolomite (s.g. R-3) 98.4(4) 4.79456(8) 15.9486(3) 317.506(12)

Magnesite (s.g. R-3c) 1.6(4) 4.6390(6) 15.0693(19) 280.85(8)

Dolomite crystal structure

Atomic coordinates

Site Atom x y z Site occupancy Biso (Å2)

3a Ca(Fe2+) 0 0 0 0.934/0.066(8) 0.76(7)
3b Mg(Fe3+) 0 0 1/2 0.939/0.061(5) 0.47(6)
6c C 0 0 0.24758(12) 1 0.66(7)
18f O 0.248051(8) −0.034973(6) 0.24401(12) 1 1.04(8)

Selected bond distances (Å)

Ca-O [x6] 2.373(2)
Mg-O [x6] 2.079(2)

Table 3. Chemical composition obtained from EPMA, with mean
(mean in wt % oxides), range, and standard deviation of 28
point analyses of green dolomite.

Mean Range SD

SiO2 0.01 0.00–0.10 0.02
FeO 3.45 2.66–4.55 0.44
MnO 0.1 0.07–0.15 0.02
MgO 20.66 20.02–21.52 0.39
CaO 27.48 26.49–28.52 0.48
Na2O 0.39 0.13–0.85 0.19
SrO 0.05 0.00–0.11 0.04
BaO 0.04 0.00–0.08 0.04
Al2O3 0.14 0.00–0.43 0.14
NiO 0.03 0.00–0.12 0.03
Cr2O3 0.18 0.00–0.64 0.2
P2O5 0.02 0.00–0.15 0.05
SO3 0.03 0.00–0.09 0.02
V2O3 0.06 0.00–0.16 0.08
CO2* 46.74

Total 99.38

* CO2 mass % calculated on the basis of the ideal
stoichiometry.

dolomite). This interpretation supports the XRD interpreta-
tion with Fe2+ at site 3a.

4 Conclusions

The study carried out on the green dolomite from Malentrata
confirms the unicity of this mineralogical occurrence, which

rests on two main relevant features: the uncommon crystal
chemistry and the colour. The overall results of the present
study, in fact, allow us to reveal a very peculiar double (par-
tial) substitution of Ca2+ for Fe2+ and of Mg2+ for Fe3+

in the green dolomite from Malentrata, which would explain
the volumetric shrinkage, chemical composition, and valence
state of the ions. To the best of the authors’ knowledge, this
replacement mechanism is unprecedented in the description
of natural carbonates.

The colour of the dolomite from Malentrata Mine is due
to the occurrence of two absorbance maxima, one in the
blue–violet region and the other in the red–orange region
of the visible spectrum. Although the former is very strong
and the latter weak, this still seems to satisfy the basic re-
quirement for a green colour. Indeed, the minimum of ab-
sorbance, located around 18 000 cm−1, corresponds to green
wavelengths. The human eye should see this transmitted light
as predominant, since our optical perception is more effi-
cient in the green than in the blue or red regions. The green
colour therefore seems to be due to iron – by Fe-O MLCT
absorbance of the blue–violet wavelengths – together with
Cr3+ by crystal field absorbance of the red–orange wave-
lengths (with possible cooperative effects by Fe3+ and Ni2+).
Although the latter contribution is very weak, it is sufficient
to shift the maximum of transmittance towards the green re-
gion.

The results of the present investigation do not end the in-
terest in the green dolomite from Malentrata. Two relevant
questions emerge from our findings: (i) under which condi-
tions was the mineralisation of the green dolomite possible,
and (ii) how does this process relate to the general process
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of carbonation of the serpentinite that has occurred in the re-
gion?
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