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Резюме. Структурата на неподреден IIb хромов клинохлор от хромититите на серпентинита край с. Голямо Каменяне (Източни 
Родопи) е изследвана с помощта на техники за структурно уточняване по метода на Rietveld и прахова рентгенова дифракция (CuKα, 
3–100° 2Θ на стъпки от 0,013° 2Θ). Уточняването в пространствената група C–l дава следните параметри на решетката: a = 5,299(2) Å,  
b = 9,2625(5) Å, c = 14,4726(6) Å, α = 90,103(7)°, β = 97,191(13)°, γ = 90,320(11)° и обем на клетката от 704,69(21) Å3. Структурата на 
изследвания минерал се характеризира с известна степен на случайност в подреждането на съседни хлоритни слоеве, което създава 
ситуация, при която не могат да бъдат точно определени позициите на всички атоми. Въпреки това ограничение, кристалохимична-
та достоверност на финалния структурен модел може да бъде постигната поради факта, че повечето от атомните позиции (всички 
октаедрични катиони и аниони) се повтарят през интервали от ±b/3 и те могат да бъдат еднозначно определени. Обсъжда се типът 
структурна информация, която може да бъде извлечена от изследваното съединение и от подобни на него структурно свързани 
материали чрез прилагане на метода на Rietveld и сe разглеждат начините за постигане на това.

Ключови думи: хромов клинохлор, Голямо Каменяне, Ритвелд уточняване.

Abstract. The structure of a disordered IIb chromian clinochlore from the chromitites of Golyamo Kamenyane serpentinite (Eastern 
Rhodopes) was studied using Rietveld refinement techniques and powder X-ray diffraction (CuKα, 3–100° 2Θ in 0.013° 2Θ increments). 
The refinement in space group C–l yielded the following lattice parameters: a = 5.299(2) Å, b = 9.2625(5) Å, c = 14.4726(6) Å, α = 
90.103(7)°, β = 97.191(13)°, γ = 90.320(11)°, and cell volume of 704.69(21) Å3. The structure of the studied mineral is characterized by a 
semi-random stacking of adjacent chlorite layers creating a situation in which not all atoms positions could be precisely located. Despite 
this limitation, the crystal chemical plausibility of the final structural model could be achieved due to the fact that most of the atomic posi-
tions (all octahedral cations and anions) repeat at intervals of ±b/3 and could be uniquely determined. The type of structural information 
that can be derived from the test compound and similar structurally related materials by applying the Rietveld method is discussed and 
ways to achieve this are considered.

Keywords: Chromian clinochlore, Golyamo Kamenyane, Rietveld refinement.

Introduction

Chlorites comprise a group of phyllosilicates which 
can form under various geological conditions. 
“Chlorite is a common accessory mineral in low-to-
medium grade regional metamorphic rocks and may 

be the most abundant mineral in metamorphic rocks 
of the chlorite zone. It occasionally occurs in igne-
ous rocks, usually forming secondarily by deuteric 
or hydrothermal alteration of primary ferromagne-
sian minerals, such as mica, pyroxene, amphibole, 
garnet, and olivine. Chlorite is found in pegmatites 
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and fissure vein deposits. It is a common constituent 
of altered basic rocks and of hydrothermal alteration 
zones around ore bodies” (Bailey, 1988). Their gen-
eral formula may be stated A5–6T4Z18, where A con-
sists primarily of Mg, A1, and Fe, but Cr, Mn, Ni, 
V, Cu, Zn, and Li can occasionally be present there, 
while T = Al, Fe3+, Si, or a combination of them, 
and Z = O and/or OH (https://www.mindat.org/
min-1016.html last visited 27 January 2022). This 
group representatives are mostly monoclinic (also 
triclinic or orthorhombic) micaceous phyllosilicate 
minerals. Their structures are built up of alternating 
“talc-like” 2:1 layers known also as T-O-T layers 
and “brucite-like” interlayer hydroxide octahedral 
sheets (Fig. 1). The “talc-like” layers are composed 
of two tetrahedral sheets having their silicate tetra-
hedral apices pointing towards each other, separated 
by an octahedral sheet built of octahedrally coordi-
nated cations. Like the representatives of the mica 
group minerals, according to the occupancy of the 
cationic sites in both octahedral sheets each one of 
them can be either trioctahedral or dioctahedral. The 
T-O-T layers and interlayers are bonded by electro-
static and hydrogen bonding forces. 

Chlorite minerals, found in a great variety of 
rocks and geological environments, display a wide 
range of chemical compositions and a variety of 
polytypes, which reflect the physicochemical con-
ditions under which they formed. Тhe relationship 
between their crystal chemical peculiarities and for-
mation temperature turns chlorites into a potential 
geothermometer, although the interpretation of the 
data obtained so far is not always unambiguous (De,  
Walshe, 1993).

Nomenclature

Because of the variety of chemical substitutions that 
are possible in the chlorite structure, many species 
names and classification schemes have been pro-
posed so far but the most widely accepted and cur-
rently used is the simplified classification scheme 
recommended by the Nomenclature Committee of 
the International Association for the Study of Clay 
(AIPEA) proposed by Bailey (1980; 1988). Accord-
ing to it the chlorite group is subdivided into four 
sub-groups – trioctahedral chlorite, dioctahedral 
chlorite, ditrioctahedral chlorite, and tri,dioctahedral 
chlorite:

Trioctahedral chlorites. This group includes 
the most common and numerous representatives 
of the chlorite group minerals. They are charac-
terized by the fact that both the 2:1 layer and the 
interlayer sheet are trioctahedral. Its representa-
tives approved by the Interantional Mineralogical 
Association (IMA) are: clinochlore for the Mg-
dominant end-member – Mg5Al(AlSi3O10)(OH)8; 
chamosite for the Fe2+-dominant end-member –  
(Fe2+,Mg,Al,Fe3+)6(Si,Al)4O10(OH,O)8; pennantite 
for the Mn2+-dominant end-member – Mn2+

5Al(Si3Al)
O10(OH)8; nimite for the Ni-dominant end-member 
(Ni,Mg,Al)6(Si,Al)4O10(OH)8; and baileychlore 
for the Zn-dominant end-member – (Zn,Fe2+,Al,
Mg)6(Si,Al)4O10(OH)8; and the lately discovered 
borocookeite (2000) – LiAl4(Si3B)O10(OH)8 and  
glagolevite (2001) – Na(Mg,Al)6(AlSi3O10)(OH,O)8. 
Although Bailey (1980; 1988) has not initially in-
cluded gonyerite in his classification scheme at 
present a mineral under this name and formula 
– (Mn2+,Mg)5Fe3+(Fe3+Si3O10)(OH)8 is recognized 
by IMA as a valid chlorite species. Clinochlore 
and chamosite are the most common species in the 
whole chlorite group.

Dioctahedral chlorites. These are dioctahedral 
in both octahedral sheets. An example is donbassite 
– Al2(Si3Al)O10(OH)2Al2.33(OH)6.

Di,trioctahedral chlorites – dioctahedral in the 
2:1 layer but trioctahedral in the interlayer. Exam-
ples are cookeite – (Al,Li)3Al2(Si,Al)4O10(OH)8, 
and sudoite – Mg2Al3(Si3Al)O10)(OH)8.

Tri,dioctahedral chlorites. The only known ex-
ample of a structure with a trioctahedral 2:1 layer 
but a dioctahedral interlayer is franklinfurnaceite 
– Ca2Fe3+Mn2+

3Mn3+(Zn2Si2O10)(OH)8.
After the adoption of this classification scheme a 

large number of varietal names such like: brunsvig-
ite, corundophilite, daphnite, delessite, diabantite, 
grovesite, kämmererite, kotchubeite, leuchtenber-
gite, orthochamosite, pennine, pseudothuringite, 
pycnochlorite, ripidolite, sheridanite, talc-chlorite 
and thuringite have been discarded as belonging to 
independent mineral species. At present they are 

Fig. 1. Polyhedral models showing crystal structure of chlo-
rite layers with interlayer orientations I (left side) and II 
(right side). SiO4-tetrahedra – blue, octahedral sheets from: 2:1 
layer – orange; interlayer – green.

Фиг. 1. Полиедрични модели, показващи кристална 
структура на хлоритни слоеве с междуслойни ориента-
ции I (лява страна) и II (дясна страна). SiO4-тетраедри 
– син, октаедрични слоеве от: 2:1 пакета – оранжев; меж-
динен слой – зелен.
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considered as poorly defined or overlapping with 
other names of chlorite group representatives with 
identical composition. Some of them have a limited 
use mainly as synonyms of already existing species 
names. Adjectival modifiers, such as those sug-
gested by Bayliss (1975) are currently often used 
in order to indicate either important octahedral 
cations other than the dominant cation or unusual 
tetrahedral compositions, e.g., chromian chamosite 
– a Cr-enriched variety of chamosite; borocookeite 
– cookeite which contains boron in its tetrahedrally 
coordinated positions, etc.

Chlorite polytypism

Brown and Bailey (1962) showed that the interlayer 
sheets in chlorite may be oriented to have either the 
same (I) or opposite (II) slant to that of the sheet of 
octahedra within the 2:1 layer portion of the struc-
ture (Fig. 1, left and right, correspondingly). The 
interlayer orientations I and II are related to each 
other by l80° or ±60° rotations, and positions a and 
b to each other by a shift of a/3. Layer-interlayer 
assemblages thus may form four different types of 
chlorite layers termed Ia, Ib, IIa and IIb. Adjacent 
layers of the same type may be stacked in regular 
sequence to form 12 different l-layer chlorite poly-
types (not all of which have been found in Nature 
yet for each mineral species). Single crystal x-ray 
study is required for complete differentiation of 
the regular-stacking polytypes. Most chlorite finds 
however exhibit a semi-random stacking sequence 
of adjacent chlorite layers wherein positions related 
by shifts of ± 1/3b0 are adopted. Six ideal systems 
with semi-random stacking are possible, 2 based on 
an orthorhombic-shaped cell and 4 on a monoclinic- 
shaped cell with b=97° (not to be confused with 
symmetry; Brown and Bailey, 1962). The semi-
random stacking sequence leads to loss of true peri-
odicity along Z for those atoms that are not spaced 
at intervals of 1/3b0 within each layer. This results 
in streaking of k≠3n reflections along c*. The sharp 
k=3n reflections give the symmetry of the individu-
al layers, always monoclinic for the ideal configura-
tions. Brown and Bailey (1962) have demonstrated 
that the h0l calculated structure amplitude data for 
the Ia, Ib, IIa, and IIb assemblages of different cell 
shape can conveniently be used for their identifica-
tion by x-ray diffraction and provide data for dis-
tinction of Ia and IIb by their h0l observed structure 
amplitudes (Table 3 from Brown and Bailey, 1962). 
These authors also have suggested that powder x-
ray diffraction (PXRD) can successfully be used for 
this purpose however variations must be considered 
that may arise from crystal perfection, multiplicity, 
x-ray dispersion, the Lorentz-polarization factor, 

any structural variations due to network distortion, 
cation ordering, and isomorphous substitution.

In their survey of natural chlorite polytypes 
Brown and Bailey (1962) established that from ex-
amining reliable data for chlorites from 303 differ-
ent localities approximately 80 per cent had the IIb 
structure (243 examples), 37 examples referred to 
the Ib assemblage based either on the orthorhombic- 
or triclinic-shaped cell, 13 examples were of the Ib 
assemblage based on a monoclinic-shaped cell, and 
10 examples were of the Ia assemblage. According 
to the authors the great abundance of the IIb chlo-
rites is “evidently due to the very favourable combi-
nation of minimum cation repulsion with minimum 
hydrogen bond length” (Brown, Bailey, 1962).

Important observations concerning the relation-
ship between Ia and IIb chlorites, which, always 
have monoclinic-shaped cells with b=97° and the 
possible monoclinic and triclinic symmetries for 
these structures have been made by Bailey in his 
work from 1986 (Bailey, Sturges, 1986). The author 
shows that the triclinic symmetry in these structures 
arises because the a/3 shifts within successive 2:1 
layers are not collinear. In order to specify the mu-
tual disposition of two such layers the author intro-
duces numbers from 1 to 6 which can be added to 
the main symbol of the assemblage: “Thus, numbers 
1 and 2 indicate that the lower ring lies on the sym-
metry plane to give resulting monoclinic symme-
try, whereas numbers 3 to 6 indicate asymmetrical 
positions and resultant triclinic symmetry” (Bailey, 
Sturges, 1986).

Chromium-bearing chlorites

Prior to adoption of the now accepted and currently 
used classification scheme, there were two indepen-
dent mineral species representing chromium-con-
taining chlorites: kämmererite that was supposed to 
include chlorites with predominantly octahedrally 
coordinated over the tetrahedrally coordinated Cr3+ 
(CrVI ≥ CrIV) and kotschubeite with (CrVI ≤ CrIV). 
Later on, in an effort to provide additional informa-
tion on the coordination of Cr3+ in chlorites, Phillips 
et al. (1980) undertook complete structural refine-
ments of ten chromian chlorites from different lo-
calities. As no evidence of Cr3+ in tetrahedral coor-
dination was found, the authors proposed that the 
names kotschubeite and kämmererite be discarded 
(Phillips et al., 1980). In the same work an important 
structural aspect for the studied compounds is re-
vealed. This is the preferential ordering of the triva-
lent cations into the interlayer sheet M(4) site which 
produces a smaller octahedron and is believed to be 
responsible also for the triclinic cell angle α. In his 
review from 1988 Bailey states that the location of 
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a trivalent element in site M(4) leads to repulsion 
of the tetrahedral sheets above and below the inter-
layer, to which they are only weakly bound by long 
hydrogen bonds, so that the distance from M(4) to 
the nearest tetrahedral cations is increased and the 
crystallographic α angle deviates from 90° by 0.4 to 
0.5° (Bailey, 1988). In 1991 Bailey concluded that: 
“most chlorites have triclinic symmetry, but many 
are based on orthorhombic- or monoclinic shaped 
unit cells; even the triclinic-shaped unit cells of the 
most common chlorites deviate from monoclinic 
geometry by only 0.5°.” (Bailey, 1991).

An interesting observation supporting the crys-
tal structural evidence for population of Cr3+ in the 
octahedral sheets of the interlayer has previously 
been reported by Neuhaus (1960). According to this 
author the optical absorption spectra, Cr3+ bonded 
to six OH groups in the interlayer sheet of chlorite 
gives it a purple color whereas Cr3+ bonded primar-
ily to oxygen in the octahedral sheet of the 2:1 layer 
imparts a green color, as in the mica fuchsite (Neu-
haus, 1960).

In the Inorganic Crystal Structure Database 
https://doi.org/10.18434/M32147, (retrieved 2020) 
there are two records for chromian chlorites. These 
are entries with collection codes: 16912-ICSD 
(Mg5(Mg0.1Al1.2Cr0.7)(Si3O10(OH)8, a = 5.338 Å;  
b = 9.247 Å; c = 14.435 Å; α = 90.0°; β = 97.08°; 
γ = 90.0°; S.G. C–1); Brown, Bailey, 1963) and 
100245-ICSD (Mg5.0(Al0.76Cr0.23Al0.96Si3.04(OH)8, a =  
5.327(2) Å; b = 9.227(4) Å; c = 14.356(6) Å; α =  
90.45(3)°; β = 97.35(3)°; γ = 89.98(3)°; S.G. C–1); 
Phillips et al., 1980). The first compound crystal 
structure exhibits Ia-4 assemblage and the second 
one is defined as a IIb-4 clinochlore.

Chromian clinochlore from the chromitites  
of Golyamo Kamenyane serpentinite  
(Eastern Rhodopes)

The Golyamo Kamenyane serpentinite is a portion 
of a metaophiolite, located in the Upper High-Grade 
Unit of the metamorphic basement of the Eastern 
Rhodope Metamorphic Complex, SE Bulgaria. This 
is a small ultramafic massif, (~3 km2 in surface area 
and a few 100 m thick) exposed in the vicinity of the 
village of Golyamo Kamenyane and located 10 km  
south of Krumovgrad town (Fig. 2). It consists of 
metaharzburgite and metadunite hosting layers of 
metagabbros (20–50 cm thick) and chromitite bod-
ies (Gervilla et al., 2012 and the references, there-
in). Chromite bodies in the area, discovered and 
actively exploited in the middle of the last century 
(Železkova-Panayotova, 1960), have always been 
the main object of interest and research. Gervilla et 
al. (2012) reported that the chromitites from Golya

mo Kamenyane serpentinite show semi-massive 
(60–85 vol.% chromite) or to a lesser extent mas-
sive (>85 vol.% chromite) textures. Only very few 
samples contain <60 vol.% chromite. These au-
thors classified the chromites from chromitites into 
four textural groups: (1) partly altered chromite,  
(2) porous chromite, (3) homogeneous chromite 
and (4) zoned chromite (Gervilla et al., 2012). Each 
group is characterized by its own morphological, 
textural and compositional peculiarities depending 
on the conditions of their formation and subsequent 
alteration. 

Back in 1960 Železkova-Panayotova noted 
that in the composition of chromite ores silicate 
component plays a subordinate role (Železkova-
Panayotova, 1960). It is characterized by the almost 
complete absence of primary magmatic minerals – 
olivine and pyroxene, as well as the limited mani-
festation of hypergenic mineral formation associ-
ated with the development of weathering crust. The 
main role among the non-ore minerals in the ores is 
played by the post-magmatic mineral formations – 
chlorite and sericite. The author has also pointed out 
that the chlorite that cements the ore aggregates has 
a pinkish-violet silver colour. The chemical analy-
sis of large crystalline chlorite from the ore dumps 
performed in this study showed nickel and chro-
mium contents of 0.1 to 1.0%. The chlorite tested 
was defined as chromian clinochlore (Železkova-
Panayotova, 1960).

In 2012 Gervilla et al. reported data of electron 
probe microanalyses (EPMA) showing that “The 
composition of chlorite slightly varies in chromi-
tites made up of different textural types of chromite. 
The average composition of chlorite associated with 
partly altered chromite is (Mg4.49Al1.10Cr0.24Fe0.13 
Ni0.03)Σ=5.99(Si2.74Al1.28)4O10(OH)8, that associated 
with porous chromite is (Mg4.81Al0.70Cr0.29Fe0.17 
Ni0.01)Σ=5.99(Si3.06Al0.94)4O10(OH)8 and that associated 
with homogeneous chromite is (Mg4.84Al0.68Cr0.25 
Fe0.20Ni0.01)Σ=5.99(Si3.16Al0.84)4O10(OH)8” (Gervilla et 
al., 2012). The authors also note that all analyzed 
chlorite grains contain significant amounts of Cr2O3 
(from 2.11 to 5.62 wt%). The chlorite tested was 
defined as clinochlore.

This paper presents new data for the crystal 
chemistry of chromian clinochlore from the chro-
mitites of Golyamo Kamenyane serpentinite. Due to 
the nature of the studied samples (crystallite dimen-
sion, possibilities for variations in chemical com-
position, polytypism, and cationic order/disorder), 
a significant part of the results have been derived 
from powder X-ray diffraction data and various 
analytical procedures applied to them. The type of 
structural information that can be derived from the 
studied compound is presented and discussed at the 
end. Methodological approaches to achieve this not 
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only for the investigated chromium clinochlore, but 
also for similar structurally related materials by ap-
plying the Rietveld method are also considered.

Materials and methods

Sampling and Sample preparation

The sampling was carried out in the area of old ore 
dumps, 1 km S-SW of the village hall of Golyamo 
Kamenyane. Subsequently, thin sections and pol-
ished sections were prepared for subsequent precise 
mineralogical identification and study by means of 
optical methods, scanning electron microscopy and 
chemical analysis. Samples with the most saturated 
violet colour were selected for monomineral separa-
tion and later this material was used for powder X-
ray diffraction crystal structural investigations and 
thermogravimetric analysis.

Optical observations

The optical observations and microphotographs 
of polished sections were performed on binocular 
microscope Stemi 2000-C with Axiocam 208 color 
camera, Zeiss.

Scanning Electron Microscopy (SEM) and 
Energy-Dispersive X-ray Analysis (EDXA) 

SEM analyses were performed on a JSM 6390 elec-
tron microscope (Japan) in conjunction with energy 
dispersive Xray spectroscopy (EDS, Oxford INCA 
Energy 350; standardless analysis) equipped with 
ultrahigh resolution scanning system (ASID-3D) in 
regimes of secondary electron image (SEI) and back 
scattered electrons (BSE) image. The samples were 
gold coated. The accelerating voltage was 20 kV, 
I~75 mA. The pressure was of the order of 10−4 Pa. 

Fig. 2. Geological map of the Golyamo Kamenyane serpentinite and nearby areas (modified from Sarov et al. 2007; Gervilla 
et al., 2012)

Фиг. 2. Геоложка карта на серпентинита от района на с. Голямо Каменяне и околностите (модифицирана от Sarov 
et al. 2007; Gervilla et al., 2012)
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EDXA of clinochlore was applied on an area of 
0.06 mm × 0.06 mm intentionally chosen to look 
evenly saturated by colour and believed to be sta-
tistically homogeneous in composition. The struc-
tural formula has been calculated following the 
procedure described by Foster (1962), normalized 
to 56 negative charges. The average of four point 
analyses performed on porous chromite grains were 
processed with a spreadsheet from the GabbroSoft 
website at http://www.gabbrosoft.org. The Fe2O3 
contents of chromite were computed assuming R3O4 
stoichiometry and charge balance.

Thermogravimetric and differential thermal 
analyses

Thermogravimetric and differential thermal analyses 
(TGA-DTA) were performed on a SETSYS2400 ther-
mal analyser (SETARAM, France) in the tempera-
ture range 20–950 °С, at a heating rate of 10 °C.min–1  
in static air.

Powder X-ray diffraction

The diffraction patterns were collected at room tem-
perature on an Empyrean (Panalytical) powder X-
ray diffractometer, PIXcel3D-Medipix3 1x1 detec-
tor (No. of active channels: 255), using HDD Cu Kα 
(λ = 0.154060 nm) radiation, at 40 kV and 30 mA, 
in the range 3–100° 2θ and step 0.013°, counting 
time (s): 148.92 (total time 72 minutes).

Rietveld analysis procedure

Rietveld analyses were performed using the GSAS-
EXPGUI suite of programs (Larson, Von Dreele, 
2004; Toby, 2001). The Bragg peak profile was 
modelled using a pseudo-Voigt function; the back-
ground curve was fitted using a Chebyshev poly-
nomial with 24 variable coefficients. The scattering 
curves of neutral atoms, as stored in GSAS, were 
used. No corrections were made for absorption. A 
total of 32 soft constraints were used as suggested 
by Walker and Bish (1992), to constrain cation-oxy-
gen bond distances and the same restraint weighting 
factor was used throughout the whole refinement 
procedure. The March-Dollase model as imple-
mented in GSAS was applied to deal with the (001) 
preferred orientation of the studied phase. The x, y, 
and z coordinates values were refined only for the 
octahedral cations and anions. For all other atoms 
only the z coordinate values have been refined and 
their x and y coordinates have been included in the 
refinement procedure but do not represent actual 
atomic positions due to the presence of structural 

disorder as noted previously in the Chlorite poly-
typism subsection. Population of the cationic sites 
was performed in accordance with results of the 
chemical analyses, the received structural formula 
and assuming full occupancies for all atomic posi-
tions. These values were kept fixed during the re-
finement procedure. Chromium was located in the 
M(4) site following the results of previous structural 
investigations as outlined in subsection Chromium-
bearing chlorites of the Introduction part. The Ste-
phens’s formalism (Stephens, 1999) implemented 
inside GSAS profile function type #4 in the form 
of anisotropic microstrain terms SXXX, SYYY, etc. 
was used to deal with the anisotropic peak broaden-
ing observed in the PXRD pattern. All of the atomic 
thermal displacement parameters were refined iso-
tropically. Expecting similar Uiso values for the O 
atoms, these were refined in a group. The same was 
performed for the atoms populating each one of the 
cationic positions.

Von Dreele’s modification of the Le Bail ap-
proach as implemented in GSAS was applied to 
the experimental data and the results were used to 
check the validity of the resulting structural model.

The VESTA 3 program was used for visualiza-
tion of certain structure and topological motives 
and measurement of: interatomic distances, cation 
polyhedral volumes (PV), distortion indices (DI), 
and bond angle variances (BAV) (Momma, Izumi, 
2011) obtained from the crystal structural analysis 
performed with the GSAS-EXPGUI package.

Results and discussion

Initial sample characterization 

The studied chlorite is collected from a specimen of 
semi-massive chromitite sample from the Golyamo 
Kamenyane serpentinite. In the specimen chromite 
grains are located in silicate matrix with predomi-
nant chlorite (Cr-clinochlore) in it (Fig. 3). The 
chlorite veinlet including the chromite grains des-
ignated in the middle of the photograph is of pale 
violet colour. The studied chlorite fills the spaces 
both in the observed porous structure of the chro-
mite grains and the intergranular gaps (Fig. 4). 

The textural peculiarities of the chromite grains 
observed in Figure 4 as well as the chemical analy-
ses data for this mineral (especially its Al3+ and Cr3+ 
content) (Table 1) allow us to refer this compound 
to the group of porous chromites as defined and al-
ready reported by Gervilla et al. (2012) for this lo-
cality (Gervilla et al., 2012). Therefore the investi-
gated here chlorite is one that associates with porous 
chromite. The average composition of this chlorite is  
(Mg4.67Al0.65Cr0.37Fe0.15VAK0.16)Σ=6(Si3.3Al0.7)4O10(OH)8.  
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Fig. 3. A magnified view of semi-massive chromitite sample 
from the Golyamo Kamenyane serpentinite showing chro-
mite grains (Chr) in silicate matrix with predominant chlo-
rite (Cr-clinochlore) in it (Clc)

Фиг. 3. Увеличен изглед на проба от полумасивен хро-
митит от серпентинита край с. Голямо Каменяне, по-
казваща хромитни зърна (Chr) в силикатна матрица с 
преобладаващ хлорит (Cr-клинохлор) в нея (Clc)

Table 1
Chemical analyses of chromian clonochlore and porous chromite from the same sample from 
Golyamo Kamenyane

Таблица 1
Химични анализи на хромов клонохлор и порест хромит от една и съща проба от 
Голямо Каменяне

Chromian clinochlore Porous chromite

oxides, wt% cations  
(28 oxygens) oxides, wt% atoms per 

formula unit
SiO2 35.94 Si 3.3 Al2O3 1.45 0.06
Al2O3 12.55 Al 1.35 Cr2O3 52.25 1.44
MgO 34.32 Mg 4.67 Fe2O3

1 19.22 0.50
Cr2O3 5.13 Cr 0.37 MgO 7.09 0.37
FeO 2.05 Fe2+ 0.15 FeO 20.12 0.59
H2O 10.002 MnO 1.59 0.05
Total 99.99 Total 101.72

1 Fe2O3 contents of chromite were computed assuming R3O4 stoichiometry and charge balance.
2 Weight loss detected by TG analysis in the range 370–940 °C.
1 Fe2O3 съдържанието на хромит се изчислява, като се приема стехиометрия на R3O4 и 
баланс на заряда.
2 Загуба на тегло, установена чрез TG анализ в диапазона 370–940 °C.

Fig. 4. SEM micrograph of a sample from Golyamo Ka-
menyane, including backscattered electron image – left and 
secondary electron image – right parts revealing the porous 
texture of chromite grains (Chr) with abundant chlorite 
(Clc) filling the pores and the intergranular space

Фиг. 4. SEM микроснимка на проба от района на с. Го-
лямо Каменяне, включваща изображение на обратно 
разсеяни електрони – ляво и на вторични електрони 
– дясно, разкриваща порестата текстура на хромитни 
зърна (Chr) с изобилие от хлорит (Clc), запълващ пори-
те в зърната и пространството между отделните зърна

It resembles very much the composition reported for 
the same compound by Gervilla et al. (2012) and ex-
hibits only a slight excess of Si and Cr over Al and 
Mg (see subsection Chromian clinochlore from the 
chromitites of Golyamo Kamenyane serpentinite 
(Eastern Rhodopes) from the Introduction part).

The data from the chemical analysis are correlat-
ed with the thermal behavior of the studied sample. 
Observed (registered) (Fig. 5) typical thermal pattern 

for a Mg-chlorite with two endothermic peaks and 
weight losses corresponding to dehydroxylations 
of the interlayer hydroxide sheet at about 600 °C  
(removal of about 3/4 of total OH) and of the 2:1 
layer at about 800 °C (removal of the rest approx. 
1/4 of total OH), followed immediately by an exo-
thermic peak on the DTA curve due to recrystal-
lization (Shirozu, 1980). The total weight loss of 
about 10% detected by TG analysis in the range 



34

370–940 °C has been used for the formula calcula-
tion (Table 1).

Structural refinement 

The chlorite group representatives are micaceous 
minerals that most commonly occur as fine-grained 
cryptocrystalline earthy masses rather than as well-
formed crystals with appropriate dimensions for 
examination by single crystal X-ray diffraction. 
Chlorites are also characterized with structural 
complexity. Numerous crystal chemical peculiari-
ties and imperfections find expression in variations 
of chemical composition, polytypism, and cationic 
order/disorder, etc. Often the overall characteriza-
tion of such materials require the use of statistical 
approach such as that offered by powder X-ray dif-
fraction and the applied to the experimental data 
analytical techniques and procedures. Figure 6 
presents the Rietveld refinement plot of Cr-chlorite 
from Golyamo Kamenyane. 

Compounds whose structural complexity is sim-
ilar to that one of the chlorite group representatives 
often pose challenges in their structural refinements 
by the Rietveld method. Finding a good initial struc-
tural model is an important prerequisite for a suc-
cessful refinement procedure. Quality of the XRD 
experiment is another factor with strong impact on 
the Rietveld fit due to the fact that it is closely re-
lated to the values of the discrepancy terms. Often, 
however, the higher-quality experimental dataset 
may provide larger χ2 or Rwp values, even though 
the model obtained from that data is also of higher 
quality (Toby, 2006). 

Initial inspection of the powder X-ray diffraction 
data has revealed that the studied sample consists 
almost entirely of chlorite and contains only a small 
amount of unidentified nanocrystalline solid reg-
istered as a singular broad peak in the 7.60–9.80° 
2Θ range (Fig. 6). The main phase is well crystal-
lized and the harmonic reflections (00l) visible up 
to l = 5, give evidence for well-formed layers. The 
shapes of the peaks (streaking toward high angle) 
in the range from 19 to 24° 2Θ including reflec-
tions with k≠3n (Figure 6, inset a) are suggestive 
of stacking disorder in adjacent layers along [001] 
and is interpreted here as a manifestation of semi-
random stacking sequence of adjacent chlorite lay-
ers in this direction. Analysis of positions and in-
tensities of the reflections manifested in the region 
of 33–40° 2Θ has been performed. The sharp k=3n 
reflections indicate a monoclinic symmetry or at 
least a monoclinic-shaped cell. The zero intensity 
of the 200 reflection expected to appear nearby 130 
and 1–30 (Figure 6, inset b) and relative intensities 
of the rest of the lines observed there (h0l, 00l and 
these with k=3) suggest a IIb structure assemblage 
(Table 3 from Brown and Bailey, 1962). The pres-
ence of chromium in the samples as evidenced by 
chemical analysis, suggest that the true symmetry 
is triclinic. This has predetermined the choice of 
the crystal structure of IIb-4 clinochlore, solved by 
Phillips et al. (1980) as a suitable choice for starting 
structural model in the present study (see subsection 
Chromium-bearing chlorites). 

Despite the justified choice of the initial struc-
tural model as being a IIb assemblage an attempt 
has been undertaken to perform the Rietveld pro-
cedure using solely the Ia polytype structural data 
(Brown, Bailey, 1963) as well as to do this on a 
mixture of these two varieties. In both cases the re-
finements have finished either with providing not 
realistic crystal chemical models or without achiev-
ing convergence.

The insets (a) and (b) of Figure 6 carry impor-
tant information for correct identification of the 
structure type assemblage and choice of the start-
ing structural model for the refinement procedure. 
After the analysis in space group C–1, a χ2 of 7.71 
and an Rwp of 7.88% have been obtained from 1443 
reflections. Lattice parameters are: a = 5.299 (2) Å, 
b = 9.2625(5) Å, c = 14.4726(6) Å, α = 90.103(7)°, 
β = 97.191(13)°, γ = 90.320(11)° with a resulting 
cell volume of 704.69(21) Å3. The 32 soft con-
straints used contribute 10.5% to the total minimi-
zation function, M = Σ Wi(yo – yi)2, in which Wi 
is the weight of the observation, yo is the observed 
intensity, and yi is the calculated intensity (Walker,  
Bish, 1992). 

Best results for certain statistically defined pa-
rameters obtained from the application of Le Bail 

Fig. 5. TG-DTA curves of chromian clinochlore from Go
lyamo Kamenyane

Фиг. 5. TG-DTA криви на хромов клинохлор от Голямо 
Каменяне
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approach for 42 variables including background 
terms, lattice constants, zero shift and profile param-
eters are as follows: χ2 = 5.88 and an Rwp = 6.72%.

Comparison of the values of χ2 and Rwp obtained 
for the IIb model by the applied Rietveld refinement 
and those obtained from the application of Le Bail 
approach indicate that the resulting crystallographic 
model is generally correct and little can be done for 
its improvement. In assessing the quality of the fi-
nal result, the setting of 32 soft constraints must be 
taken into account, as well as the non-inclusion of 
certain atoms x and y coordinates in the refinement 
procedure (see the Rietveld analysis procedure 
subsection, Table 2 and notes underline). It is also 
worth noting that the contribution of the soft con-
straints (10.5%) to the total minimization function 
could be reduced to 4.5%, but this is accompanied 

with change in the values of the unit parameters 
as follows: a = 5.3040(9) Å, b = 9.2631(4) Å, c = 
14.5392(7) Å, α = 91.126(8)°, β = 98.983(14)°, γ =  
90.268(8)°. However angular deviations of more 
than 0.5° (Bailey, 1991) from their ideal values 
already poses indexation problems and calls into 
question the reliability of the results.

The crystal chemical plausibility of the obtained 
final chromian clinochlore structure data in terms 
of atomic occupancies, population, positional pa-
rameters and selected average bond lengths is best 
illustrated by the data presented in Table 2 (col-
umns 1–8). Other information that can be gained 
concerns the cationic sites population. Thus, the 
small volume of M(4) coordination polyhedron and 
the distortion indices (column 10), and bond an-
gle variances (column 11) measured for it indicate 

Fig. 6. Rietveld refinement plot for Cr-chlorite from Golyamo Kamenyane showing experimental data (x), calculated dif-
fraction profile (dotted curved line), difference curve between experimental and calculated values (solid curve at the bot-
tom), background (dashed line), and calculated Bragg positions of α1 and α2 reflections (small bars above difference curve). 
Inserts: (a) diffraction pattern between 19 and 24° 2Θ and (b) diffraction pattern between 32 and 40° 2Θ (CuKα radiation).

Фиг. 6. Ритвелд плот за структурно уточняване на Cr-хлорит от Голямо Каменяне, показващ експериментални 
данни (x), изчислен профил на дифракция (пунктирана на точки крива линия), крива на разликата между експери-
менталните и изчислените стойности (плътна крива в долната част), фон (пунктирана линия тирета), и изчислени 
Bragg позиции на α1 и α2 рефлекси (вертикални къси линии над кривата на разликата). На малките вложени фигури: 
(a) дифракционна картина между 19 и 24° 2Θ и (b) дифракционна картина между 32 и 40° 2Θ (CuKα лъчение).
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that this site is predominantly occupied by cations 
of small ionic radius as are Cr3+ and Al3+ (RVICr3+ 
– 0.615Å; RVIAl3+ – 0.535Å, RVIMg2+ – 0.72Å;  
RVIFe2+ – 0.78Å, R-ionic radius for the correspond-
ing coordination according to Shannon, 1976). This 
justifies the location of chromium in that position of 
the starting model and supports the observations of 

previous investigators in the literature (Phillips et 
al., 1980). On its side the close values of the average 
bond lengths and polyhedra volumes measured for 
both tetrahedrally coordinated cationic sites reveal 
that there is no preferential ordering of aluminium 
and silicon in positions T(1) and T(2) (Table 2) as 
it has also been noted before (Phillips et al., 1980).

Table 2
Atomic occupancies, population, positional and thermal parameters, and selected geometric parameters measured to 
characterize the crystal structural peculiarities of the studied Cr-clinochlore

Таблица 2
Атомна заетост, заселеност, позиционни и термични параметри и избрани геометрични параметри, измерени за 
характеризиране на кристалоструктурните особености на изследвания Cr-клинохлор

Site Atom Fraction x1 y1 z1 Uiso

Average
Me-O2, 

(Å)

PV3,
MeOn,
(Å)3

DI4

MeOn,
(Å)

BAV5,
MeOn (°)2

1 2 3 4 5 6 7 8 9 10 11
M(1) Mg 1.0 0 0 0 0.01752 2.088 11.62 0.0093 95.129
M(2a) Mg 0.67 –0.015(3) 0.331(1) –0.0065(9) 0.00068 2.028 10.74 0.0270 76.974
M(2b) Al 0.25 –0.015(3) 0.331(1) –0.0065(9) 0.00068
M(3a) Mg 0.925 0.0166(3) 0.160(1) 0.498(1) 0.03733 2.079 11.53 0.0197 85.195
M(3b) Fe 0.075 0.0166(3) 0.160(1) 0.498(1) 0.03733
M(4a) Mg 0.48 0 0.5 0.5 0.07641 2.037 11.030 0.0036 50.753
M(4b) Cr 0.37 0 0.5 0.5 0.07641
M(4c) Al 0.15 0 0.5 0.5 0.07641
T(1) Si,Al 1.0 0.2328 0.1688 0.1817(6) 0.03168 1.678 2.400 0.0140 25.756
T(2) Si,Al 1.0 0.7332 0.0022 0.1928(6) 0.03613 1.649 2.278 0.0298 27.204
O(1) OH 1.0 0.679(3) 0.329(2) 0.075(1) 0.02384
O(2) OH 1.0 0.149(2) –0.005(2) 0.423(1) 0.02384
O(3) OH 1.0 0.134(3) 0.345(2) 0.420(1) 0.02384
O(4) OH 1.0 0.641(3) 0.176(1) 0.4401(9) 0.02384
O(5) O 1.0 0.196(3) 0.180(1) 0.0657(8) 0.02384
O(6) O 1.0 0.687(2) –0.011(2) 0.0714(9) 0.02384
O(7) O 1.0 0.2107 0.3364 0.219(1) 0.02384
O(8) O 1.0 0.5151 0.1045 0.226(1) 0.02384
O(9) O 1.0 0.0148 0.0674 0.2332(9) 0.02384

1 Values in parentheses are standard deviations of refined coordinate in the last decimal place. For all atoms except the octahedral 
cations and anions, only the z values are refined coordinates (T(1,2), O(7,8,9)); x and y coordinates reported without standard devia-
tions (except for M(1) and M(4) which are on special positions) are the results of the refinement but do not represent actual atomic 
positions due to the presence of structural disorder.
2 Average metal-anion bond distances.
3 PV, measured coordination polyhedra volumes – MO6 and TO4.
4 DI, distortion indices of the measured polyhedra. 
5 BAV, bond angle variances of the measured polyhedra. 

1 Стойностите в скоби са стандартни отклонения на уточняваната координата на последния десетичен знак. За всички 
атоми с изключение на октаедричните катиони и аниони, само z стойностите са уточняваните координати (T(1,2), O(7,8,9)); 
Координатите x и y, отчетени без стандартни отклонения (с изключение на M(1) и M(4), които са на специални позиции) 
са резултати от рафинирането, но не представляват действителните атомни позиции поради наличието на структурен 
безпорядък.
2 Средни разстояния между метал и анион.
3 PV – измерени обеми на координационните полиедри – MO6 и TO4.
4 DI – индекси на изкривяване на измерените полиедри.
5 BAV – дисперсии на ъгъла на свързване на измерените полиедри.
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Conclusions

The present paper presents new data for the crystal 
chemistry of chromian clinochlore from the chro-
mitites of Golyamo Kamenyane serpentinite. A sig-
nificant part of the results have been derived from 
powder X-ray diffraction data and various analytical 
procedures applied to them. Beside space group and 
values of the lattice parameters obtained and refined 
by the Rietveld method a IIb polytype assemblage 
has been established for the structure of the studied 
material. It is also characterized by semi-random 
stacking of adjacent chlorite layers that creates limi-
tations for certain atomic positions as only those of 

them (all octahedral cations and anions) that repeat 
at intervals of ±b/3 could be uniquely determined by 
the applied procedure.

The type of structural information that can be 
derived from the studied compound has been dis-
cussed. Methodological aspects and approaches to 
achieve this not only for the investigated chromium 
clinochlore, but also for similar structurally related 
materials by application of the Rietveld method 
have also been considered.
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