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Abstract. New data on the composition and structure of zoisite from the area of Dvuglav Peak in the Rila Mountain 
have been obtained using modern methods and equipment. Chemical analyses data show the presence of different 
impurities that can replace Ca and Al in the structure of the mineral. The presence of Mn as a chromatophore in thulite 
is confirmed. The characteristic interplanar distances and Raman shifts for the specimens are recorded and tabulated. 
They are compared with the already known ones in the literature and databases. Due to the similarity in both the com-
position and the structure of zoisite and lawsonite, an analogy is also observed in their Raman elastic moduli.
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Introduction

Zoisite occurs in a number of localities in the schists 
of the Rila Mountain. The mineral is formed in peg-
matite veins intersecting marble lenses and gneiss-
es. It has been an object of collection and some 
analyses through the years. In the present study we 
give new results on the crystal chemistry and struc-
ture of the mineral zoisite – a Sorosilicate mineral 
– Ca2Al3(Si2O7)(SiO4)O(OH), rhombo-bipyramidal 
– Pnma. Zoisite is the only orthorhombic mineral 
species originally assigned to the epidote group. It 
is an orthorhombic polymorph of clinozoisite and is 
thus not considered a member of the epidote-group 
anymore (Armbruster et al. 2006). 

It is most often grey-green in color produced by 
the presence of Cr3+ but also blue-violet of tanzan-
ite with a combination of octahedrally coordinated 
V4+ and V3+ and pink color due to Mn3+ inclusions 
known as thulite (Fritsch, Rossman, 1987). Zoisite 
can incorporate a variety of trace and REE into its 
structure including, but not limited to Cr, Sr, Eu, Tb, 
Dy, Nd, Y and Hf (Jasinevicius, 2009). 

Thulite is dense, opaque, pink or mottled pink-
and-white variety of zoisite that was first found in 

Norway and named after the ancient name for the 
country. It is used as a gemstone and carving mate-
rial in the manufacture of jewellery and ornamental 
objects. 

Findings of thulite also have been reported ear-
lier in various metamorphic deposits in the coun-
try (Kostov et al., 1964; 2022). The closest, both in 
terms of features and location, is the zoisite from 
the area of Mount Petlite, the Rila Mountain (Ar-
naudov, Petrusenko, 1968) and for this reason it was 
chosen for comparison. 

Material and methods 
Zoisite from the Rila Mountain, found on the wall of 
the tower of Mount Dvuglav in cracks and veins in 
association with quartz, feldspar, grossular and cal-
cite, was used in the present study. Mineral grains 
are irregularly shaped, pseudoisometric, 0.5 to  
5–6 mm in size, translucent to opaque. The crys-
tals are pink in color. This is the variety mentioned 
above known as thulite.

Mineral samples of zoisite are examined by using 
microprobe analysis in the laboratory of Eurotest-
Control EAD, Sofia, Bulgaria. Optical analyzes, 
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X-Ray powder diffraction and Raman spectroscopy 
were carried out in the laboratories of Sofia Univer-
sity “St. Kliment Ohridski”. The devices used for 
microscopy are Leica binocular microscopes and 
Leica IC80 HD photo app. A representative thulite 

crystal in a small magnification – 0.6 is shown on 
Figure 1a. The phase composition of zoisite was 
analyzed by powder X-ray diffractometer TuR M62 
using filtered Co-radiation. Raman spectroscopy 
analyzes were carried out at the Faculty of Phys-

Fig. 1. a) Thulite crystal from the Rila Mountains, Bulgaria, in Leica M60 binocular microscopes; b) Crystal structure of zoisite;  
c) Thin sections of zoisite at magnification x4; d) Cross polarized lenses of c; e) Raman spectra of zoisite under ambient conditions. 
Wavenumber ranges from 100 to 1300 cm–1: 1 zs-02; 2 N1-04; 3 OB1-01; 4 N1-03.
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ics on Micro-Raman Spectrometer LabRAM HR 
Visible (HORIBA Jobin Yvon), 633 nm, He-Ne la-
ser, 7.3 mW backscattering geometry. Structure of 
zoisite is modeled and presented on Fig. 1b using 
the VESTA software (Momma, Izumi, 2011).

Results and discussion
Microscopy
Zoisite in thin sections (Fig. 1c, d) show its typical 
high relief and perfect cleavage. Its habits are co-
lumnar, granular, prismatic crystals. Though good 
shaped crystals are rare, some rhombic basal sec-
tions can be observed. Colors in cross polarized 
lenses are light to deep blue-gray to brown, with 
zonal coloring by the rims of the grains. It can be 
assumed that it is due to increases of Fe content in 
the composition of zoisite.

Microprobe analysis
The results of the microprobe analysis are presented 
in Table 1, along with previously published data 
for similar samples by Arnaudov and Petrusenko 
(1968). As can be seen, the content, in weight per-
cent, of the oxides of the main rock-forming ele-
ments varies within relatively wide limits. This is 

most likely due to contamination of the samples, 
although S02 is powdered material that appears X-
ray pure. 

Due to the specificity of the method, the ob-
tained analysis does not give results for the content 
of structural water and/or hydrogen in the compo-
sition of the mineral. This may explain the under-
stated total amount in both of the above analyses. 
On the basis of these data, stoichiometric formulas 
of the mineral were recalculated.

X-Ray powder diffraction
Based on this study, the phase composition of the 
samples was confirmed. The obtained result un-
doubtedly shows that the pink mineral in the pe-
riphery of the quartz veins is zoisite. The observed 
reflexes fully and completely overlap with those 
presented in the official databases (RRUFF) and in 
the Arnaudov and Petrusenko’s article (Table 1 – 
PXRD). 

Raman spectroscopy 
The Raman spectrum of zoisite from the Rila Moun-
tain closely repeats the data already published in the 
literature (Table 1 – Raman shifts) and confirms the 
typical vibrations in the structure of the mineral. 

Table 1. Data from zoisite analyzes compared with previously published results. Microprobe results (in weight %), Powder Dif-
fraction Data (PXRD) (Å) and Raman shifts (cm–1) of pink zoisite– samples by Arnaudov & Petrusenko, 1968 (A&P), Mao et al. 
2007 and from the current study

Chemical analysis, weight % PXRD d-spacing (Å),  Intensity Raman shifts (cm–1)

Oxides A&P, 
1968

present study
www.mindat.org A&P, 1968 present study Mao 

et al. 2007

present 
study
N1-03B01 S02

SiO2 40.23 39.94 34.06 8.09 (40) – – 8.14 20 191.7 192.1
TiO2 – 0.00 0.12 5.01 (30) 4.98 20 5.02 30 261.4 262.7
Al2O3 31.01 28.36 25.81 4.05 (14) 4.03 30 4.06 20 337.4 346.3
Fe2O3 2.76 7.53 11.39 3.614 (29) 3.61 30 3.61 35 419.8 420.4
FeOtotal 0.23 0.00 0.00 2.866 (100) 2.86 80 2.86 85 434.8 435.1
MnO 0.05 0.00 0.62 2.697 (65) 2.67 100 2.70 100 492.9 492.5
MgO – 0.27 0.21 2.404 (25) 2.39 20 2.396 20 573.7 572.3
CaO 23.56 21.79 26.84 2.328 (26) 2.33 40 2.326 15 677.8 678.6
Na2O – 0.91 0.00 2.067 (24) 2.06 40 2.06 40 871.7 872.6
K2O – 0.40 0.20 2.026 (13) 2.03 30 2.02 10 889.0 889.8
P2O5 0.18 – – 1.601 (35) 1.618 60 1.612 15 927.8 927.7
H2O+ 2.05 – – 1.389 (25) 1.389 50 – – 983.4 984.7
H2O- 0.05 – – 1.349 (16) 1.351 50 – – 1017.7 1018.6
Total 100.12 99.20 99.25 1.292 (9) 1.291 50 – – 1092.3 1092.6

Stoichiometric formulas:
sample N106 – (Ca1,94Fe2+

0.01)1.95 (Al2.80Si0.08Fe3+
0.16)3.04 Si3.00O12(OH)

sample B01 – (Ca1.86Na0.14K0.04)2.04(Al2.66Fe0.45Mg0.03)3.14Si3.18O12 (OH)
sample S02 – (Ca2.39K0.02)2.41(Al2.53Fe0.71Mn0.04Mg0.03)3.31Si2.83O12 (OH)
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Representative low-energy Raman spectra taken 
with a red laser (λ = 633 nm) are shown on Fig-
ure 1e. Total number of active modes of zoisite are 
40Ag + 26B1g + 40B2g + 26B3g = 132. As can be 
seen, although the intensities of the Raman modes 
vary sensitively with the orientation of the mineral, 
they generally remain constant as a position in cm–1. 
Further studies are needed to fully clarify this obser-
vation and will be the subject of future work.

The crystal structure of zoisite was refined by 
Comodi and Zanazzi (1997). This structure is 
shown on Fig. 1b. Zoisite has three Si-O Td posi-
tions, similar to epidote – isolated and paired tetra-
hedral (Td) and two types of AlO6 octahedra (Oh). 
Al1 connected in chains through their edges in the 
direction of the b axis – [010] and the others (Al2) – 
branches of this chain, in which Fe, Mg and Mn en-
ters isomorphously (Langeret al., 2002). The larger 
– Ca cation is in heptad coordination and К and Na 
are isomorphically substituted in this position. 

A detailed study is given by Mao et al. (2007) 
in which zoisite is compared with lawsonite. Both 
minerals have similar structures. Lawsonite con-
sists of chains of edge sharing AlO6 octahedra in 
[100] direction and are linked by Si2O7 tetrahedra 
along [001] direction. Water is present as both H2O 
molecules and OH groups, and lawsonite contains 
11.5 wt% water, which is much greater than that of 
zoisite (2 wt%). OH groups are bonded to Al-OH 
for both structures. H2O molecules and Ca atoms 
occupy large cavities in the lawsonite structure. At 
high pressures and temperatures up to 980 °C at  
6.5 GPa, lawsonite decomposes into zoisite, ky-
anite, coesite and water (Mao et al., 2007).

There are 9 single-crystal elastic moduli of 
zoisite – C11, C44, C12, C22, C55, C13, C33, C66 and C23. 
For the longitudinal moduli C11, C22, C33 and shear 
moduli C44, C55, C66, the precision of the recovered 
value is better than 0.6%, while it is better than 
2.6% for the off-diagonal moduli C12, C13, C23. In 
general, the longitudinal, shear, and off-diagonal 
moduli of zoisite span similar ranges as those ob-
served for lawsonite and the other CaO-Al2O3-SiO2-
H2O (CASH) materials, but the maximum values 
for each type of modulus in zoisite exceeds those in 
the lawsonite (Mao et al., 2007).

Conclusions
New data on the composition and structure of 
zoisite from the area of Dvuglav Peak in the Rila 
Mountain have been obtained using modern meth-
ods and equipment. In essence, they do not differ 
from previously published data on the mineral from 
other authors and localities. The presence of Mn as 

a chromatophore in thulite is confirmed. The char-
acteristic interplanar distances and Raman shifts are 
almost identical to the cited authors and databases. 
Due to the similarity in both the composition and 
the structure of zoisite and lawsonite, an analogy is 
also observed in their Raman elastic moduli.
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