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Abstract. Lake Miocene deposits located east of Belgrade in the Danube bend, 
around Veliko Selo and Slanci, are rich in zeolitic tuffs of the heulandite type. 
This paper presents mineralogical and structural investigations of zeolitic tuffs 
in which the dominant phase is Ca‐heulandite with a Si/Al ratio of 3.78. Vol‐
canic glass and biogenic amorphous silica are present as accompanying com‐
ponents. Quantitative X‐ray powder analysis determined the following mineral 
composition: heulandite (85.1%), quartz (1.9%), muscovite (5.9%), albite 
(6.6%), orthoclase (0.6%) and calcite (0.21%). The structure was refined in 
the space group C2/m, with a disordered distribution of Al and Si within the 
tetrahedral framework. The following methods were applied: powder X‐ray 
diffraction on a polycrystalline sample (XRPD), scanning electron microscopy 
and energy‐dispersive X‐ray spectroscopy (SEM/EDS), and differential thermal 
and thermogravimetric analysis (DTA/DTG/TG). 

Апстракт. Наслаге језерског миоцена које се налазе источно од Београда 
у Дунавском кључу, око Великог Села и Сланаца, богате су зеолитским 
туфовима хејландитског типа. У раду су представљена прегледна мине‐
ралошка и структурна испитивања зеолитског туфа у којима jе доми‐
нантна фаза Cа‐хејландита са односом Si/Al 3.78. Вулканско стакло и 
биоегена аморфна силикатна маса су пратеће компоненте. Квантитатив‐ 
ном рендгенском анализом утврђен је следећи минерални састав: хеј‐
ландит (85.1 %), кварц (1.9 %), мусковит (5.9%), албит (6.6 %), ортоклас 
(0.6%) и калцит (0.21%). Структура је утачњавана у просторној групи C2/m, 
са неуређеном расподелом Al и Si у тетраедарској мрежи. За испитивање 
су коришћене методе рендгенске дифракције праха на поликристалном 
узорку (XRPD−X‐Ray powder diffraction analysis), скенирајуће електронске 
микроскопије и енергодисперзивне спектроскопије X‐зрацима (SEM/EDS, 
scanning electron microscopy and energy dispersive spectroscopy analysis) 
и диферцијално термичка и диферцијално термогравиметријска ана‐
лиза (DTA/DTG, differential thermal and thermogravimetric analysis). 
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Introduction 

Zeolites are specific tectosilicate structures in 
which (Si, Al)O4 tetrahedra form a three‐dimensional 
framework that creates cavities capable of hosting 
large cations and water molecules (BARRER, 1978; 
ARMBRUSTR & GUNTER, 2001). The general empirical 
composition can be expressed by the structural for‐
mula MxDy (Alx+2ySin−(x+2y)) O2n·mH2O. The funda‐
mental crystallochemical and structural features that 
define a zeolite species include the topological ar‐
rangement within the zeolitic cages, the symmetry 
of the space group, the Si4+/Al³+ atomic ratio, dehy‐
dration processes, and the type and nature of cations 
in exchangeable positions (COMBAS et al., 1997; ARM‐
BRUSTR & GUNTER, 2001; BISH, 1988).  Due to their speci‐ 
fic crystal structure, zeolites exhibit unique physico‐
chemical properties that make them suitable for ap‐
plications in various industrial sectors. Among the 
best‐known members of this tectosilicate group are 
the zeolites belonging to the HEU series. The heulan‐
dite series (HEU) found in zeolitic tuff represents 
one of the most economically important groups of 
natural zeolites (RADOSAVLJEVIĆ‐MIHAJLOVIĆ & MATOVIĆ, 
2008), with numerous applications in environmen‐
tal and ecosystem‐related processes (VUJAKOVIĆ et al., 
2003; RADOSAVLJEVIĆ‐MIHAJLOVIĆ et al., 2004; LEMIĆ et 
al., 2006). Clinoptilolite and heulandite both belong 
to the HEU‐type series of minerals, and due to the 
identical structural motif of their zeolitic frame‐
works, distinguishing between them can be chal‐
lenging. According to the recommendations of the 
International Mineralogical Association, Commis‐
sion on New Minerals and Mineral Names (COMBAS 
et al., 1997), heulandite is defined as the zeolite mi‐
neral series having the characteristic heulandite‐
type framework topology and a Si/Al ratio < 4, 
whereas clinoptilolite is defined as the correspon‐
ding series with the same framework topology but 
with a Si/Al > 4 (COMBAS et al., 1997). The genesis of 
zeolite deposits and the occurrence of zeolite‐group 
minerals are associated with rocks of various types, 
ages, and origins. They most commonly occur in igne‐
ous, volcanogenic‐sedimentary, and sedimentary 
rock complexes (GOTTARDI & GALLI, 1985). 

The genesis of Serbia’s zeolitic tuffs, rich in mine‐
rals of the heulandite series, is associated with la‐

custrine and marine sedimentary deposits, where 
they formed through the devitrification of volcanic 
glass (OBRADOVIĆ, 1977). In these sedimentary rocks, 
zeolites occur as small crystals ranging from 0.1 to 
100 μm, accompanied by other mineral components 
such as clay minerals and various aluminosilicate 
and silicate phases of similar densities. The subject 
of this study is the Late Miocene lacustrine deposits 
located east of Belgrade, within the Danube bend 
near Veliko Selo and Slanci. Zeolitic tuff occurs both 
at the surface in outcrops and in the subsurface, 
as confirmed by drilling. The general dip direction 
is west–southwest, 250/15–20–35°. The total thick‐
ness of the deposits identified to date is between 
350 and 400 m, with the “Veliko Selo” and “Slanci” 
formations being of particular significance (OBRA‐
DOVIĆ & DIMITRIJEVIĆ, 1978; STOJANOVIĆ et al., 2003; 
KAŠIĆ et al., 2014).  

This paper presents the results of mineralogical 
and chemical investigations of the zeolitic tuff from 
the Slanci deposit. Structural parameters of the heu‐
landite mineral present in the tuff are also reported. 
To support potential future applications of this raw 
mineral material, its thermal stability and ion‐ex‐
change properties were additionally examined. 
 

Materials and Methods  

The starting material for this study consisted of 
raw zeolitic tuff samples from the Slanci deposit, 
with a grain size of +100% −63 μm. Quantitative che‐ 
mical analysis was performed using classical wet‐
chemical methods (GROVES, 1951). To monitor the 
concentrations of exchangeable inorganic cations 
(Na+, K+, Ca²+, and Mg²+), the total cation‐exchange ca‐ 
pacity (CEC) was determined following the standard 
procedure of MING & DIXON (1987). Qualitative mine‐
ralogical analysis was carried out using a polari‐ 
zation microscope (“JENAPOL‐U” Carl Zeiss‐Jena) 
in transmitted light on petrographic thin section. 
Objectives of 10–50× were used for mineral identi‐
fication.  

Powder X‐ray diffraction (XRPD) analyses were 
performed using a “PW‐1710” automatic powder 
diffractometer equipped with a Cu tube operating 
at 40 kV and 30 mA. A curved graphite monochro‐
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mator and a Xe scintillation counter were employed. 
Qualitative and structural XRPD analysis were con‐
ducted over the range 4–50° 2θ, with a time con‐
stant of 0.25 s and a step size of 0.02°. Quantitative 
phase analysis was performed using Siroquant V 4.0 
software (TAYLOR, 1991). Structural refinements 
were carried out by the Rietveld method (RIETVELD, 
1969), implemented in the FullProf program (RODRI‐
GUEZ‐CARVAJAL, 1990). Peak profiles were modeled 
using the pseudo‐Voigt (pV) function. For thermally 
treated samples, diffractograms were recorded in 
the 2θ range 4–35° with a time constant of 0.5 s; for 
determination of structural parameters, measure‐ 
ments were made in the same 2θ interval with a 
time constant of 2.5 s and a step size of 0.02°. The 
resulting structural models were visualized using 
the crystallographic software VESTA (MOMMA & 
IZUMI, 2011).  

DTA/DTG/TG analyses were conducted in the 
temperature range 20–600 °C at a heating rate of 
10 °C/min using a Netzsch STA‐409 EP apparatus. 
Crystal morphology was examined by scanning elec‐
tron microscopy (JEOL 840A). The samples were 
sputter‐coated with gold using a JFC‐1100 ion sputter. 
 
 
Geology of  the “Slanci” deposit 

The wider Belgrade area represents an important 
geological unit covering approximately 2,000 km². 
It is situated within the contact zone between the 
southern margin of the Pannonian Basin and the 
inner Dinarides in the broader sense (MARINOVIĆ & 
RUNDIĆ, 2020). The key Danube area near Belgrade is 
located at the boundary between the Balkan Moun‐
tains and the Pannonian Basin, on the southern 
bank of the Danube River, and includes the villa‐ 
ges of Grocka, Višnjica, and Veliko Selo (VAN DER 
MADE et al., 2007). 

On the right bank of the Danube occur the oldest 
Neogene sediments, the “Slanci” series, which are 
rich in volcaniclastic material and contain numerous 
fossil remains (DOLIĆ, 1997; RUNDIĆ et al., 2013; KNE‐
ŽEVIĆ et al., 2015; SCHWARCHANS et al., 2015). The first 
mammalian molar fossil from Miocene lacustrine 
sediments was discovered within the “Slanci Forma‐
tion” (VAN DER MADE et al., 2007). The broader area 

of investigation is composed of Lower and Middle Mio‐ 
cene sediments. The Middle Miocene is represented 
by marine Badenian and Sarmatian deposits (STEVANO‐ 
VIĆ, 1975; MIHAJLOVIĆ & KNEŽEVIĆ, 1989). The marine 
Badenian deposits (Pannonian Sea–Paratethys) 
were deposited transgressively and discordantly 
over the lacustrine sediments of the “Slanci series.” 
The Sarmatian deposits comprise older Sarmatian 
units made predominantly of clastic sediments (fos‐
siliferous marls, marl clays, marl siltstones, sandy 
marls, etc.) (MIHAJLOVIĆ & KNEŽEVIĆ, 1989). Quater‐
nary deposits of various origins represent the 
youngest sedimentary unit in the Belgrade metro‐
politan area (TOLJIĆ et al., 2014). These formations 
cover Miocene sediments across most of the Bel‐
grade Danube bend and include both Pleistocene 
and recent Holocene deposits. 

Occurrences of tuffs within the Miocene sedi‐
ments of the Belgrade Danube bend–especially in 
the so‐called lacustrine “Slanci series” of the Lower 
(older) Miocene–have been described in the works 
of STEVANOVIĆ & STANGAČILOVIĆ (1954), STANGAČILOVIĆ 
(1969), STEVANOVIĆ (1975), OBRADOVIĆ (1977).  Accord‐
ing to DOLIĆ (1997), three sedimentary units are dis‐
tinguished: (a) the clastic formation of Veliko Selo 
(150–250 m thick), formed during the initial phase 
of the tectonic depression and the establishment of 
the former lake in which detrital material accumu‐
lated; (b) the “Slanci Formation,” representing true 
lacustrine basin deposits—clays, laminated clayey 
marls, siltstones, sandstones, and clays with inter‐
beds of tuffs and tuffites, as well as occurrences of 
coal and carbonaceous clays. According to OBRADO‐
VIĆ (1980), the lamination indicates calm sedimen‐
tation conditions, while the occurrence of organic 
matter and plant remains reflects humid climatic 
conditions; (c) the youngest package of lacustrine 
deposits, represented by the clastic sediments of the 
so‐called “Bučvar Formation,” which vary signifi‐
cantly in thickness due to erosional removal in cer‐
tain areas. 

Research on zeolitic tuffs was conducted over an 
area of approximately 1.6 km² (the elevations of 
“Tapino brdo” and “Zapis,” and the surrounding area 
near the village of Slanci) (KONDŽULOVIĆ et al., 2003; 
KAŠIĆ et al., 2004). Based on the investigations of 
KAŠIĆ et al. (2004), the ore‐bearing zeolite layer in 
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this area has an average thickness of about 2.5 m 
(ranging from 1 to 3.9 m) and dips approximately 
20° toward the north‐northeast. The geological re‐
serves amount to roughly 10,000 tons. However, the 
inclination of the ore layer (about 20°) is considered 
unfavorable from a mining perspective. 

The method of constructing exploratory excava‐
tions is of great importance for planning and design‐
ing future work. The thickness of tuff interbeds does 
not exceed 2 m, while tuffite layers are somewhat 

thicker. The age of the main tuff interbed at the 
top of the “Slanci Formation” has been determined 
as Badenian, and the entire “Slanci Formation” is 
assigned to the Middle Miocene. While the beds at 
Veliko Selo are significantly disturbed (up to 35°), 
in the Slanci area the tuff interbeds are nearly hori‐
zontal. Based on the mode of occurrence (exclu‐ 
sively interbeds) and chemical composition, the 
tuffs correspond to synchronous dacitic tuffs from 
Fruška Gora, the Posavo–Tamnava region, central 
Šumadija, and the Morava Valley, and show no ge‐
netic relation to the older Tertiary intrusions on 
Avala (KAŠIĆ et al., 2004). Rich macroflora has been 
recorded within the zeolitic tuffs. Detailed examina‐
tion by DOLIĆ (1997) revealed the following: at a 
depth of 13.6 m, fossils of Ostrea, Cardium, and 
Chlamys were identified; at a depth of 119.9 m (ma‐
rine Badenian), abundant marine fossils occur, in‐

cluding foraminifera, molluscs, and echinoids; at a 
depth of 129.8 m, freshwater fossil forms were 
found. The presence of echinoid remains was also 
confirmed within the zeolitic tuff in the study area 
(Figs. 1, 2). 

These are fossilized remains of sea urchins (echi‐
noids), spiny marine invertebrates that inhabit the 
seafloor. The area is also rich in macrofloral fossils 
discovered in gray marls, including Cinnamomum, 
Myrica, Engelhartia, and Libocedrus, indicative of 

warm‐temperate climatic conditions, as well as Pop‑
ulus, Salix, Zelkova, and various ferns (VAN DER MADE 
et al., 2007).  

 
 

Result and disscusion 

Mineralogical and chemical analysis of the 
Slanci zeolitic tuff 
 

The groundmass of the sample is hypocrystalline, 
porphyritic to vitrophyric, and partially vesicular 
and porous. Quartz is almost always fresh, occurring 
in typical anhedral forms with sharp edges (Fig. 3a). 
Gas–liquid–solid inclusions are common. Rutile ap‐
pears as solid inclusions within some grains. Several 
grains exhibit undulatory extinction, and their inter‐
ference colors are gray to whitish of the first order. 
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Fig. 1.  Characteristic geological profile of the “Slanci” zeolite deposit (KAŠIĆ et al., 2004). 



Feldspar minerals are predominated by plagio‐
clase, which is largely altered—primarily sericitized 
and partly kaolinized (Fig. 3b). The preserved grains 
resemble quartz and contain numerous inclusions. 
Among the micas, biotite is the dominant primary 
mineral, whereas muscovite (sericite) occurs only 
as a secondary product (Fig. 3c). 

Biotite is partially altered, 
mostly transformed into chlo‐
rite, and its alteration products 
include iron oxides and hydroxi‐
des (limonite–goethite). The pleo‐ 
chroic colors of preserved bio‐
tite range from light to dark 
brown, while chloritized biotite 
varies from brown‐green to pale 
green. Anisotropy effects are sub‐ 
dued by its inherent coloration. 
Accessory minerals are typically 
fresh, transparent, and show no 
signs of alteration, most com‐
monly appearing in tetragonal 
(zircon), prismatic (apatite; Fig. 
3d), or acicu‐lar (rutile) habits. 

Zeolite minerals occur within 
the groundmass. They exhibit 
acicular habit and are very fine‐

grained. Anisotropy effects are visible, and inter‐
ference colors range from gray to first‐order white. 
Relatively frequent fossils, mostly of plant origin, 
are also observed within the groundmass. SEM micro‐ 
graphs of heulandite from the Slanci zeolitic tuff are 
shown in Fig. 4 (a–c). 

In the central part of Figure 4c, well‐developed 
crystal forms of heulandite can be observed, exhi‐ 
biting a monoclinic ortho‐ prism with a front dome, 
clinopinacoid, and basal plane. The crystals reach 
sizes up to 15 μm (elongated along the b‐axis). 
Other crystallographic combinations are also pos‐
sible; however, monoclinic symmetry requires a sin‐
gle crystal for optical determination of crystal faces 
and corresponding interfacial angles. The mineral 
composition of the zeolitic tuff was additionally con‐
firmed by powder X‐ray diffraction on a polycrys‐
talline sample (Fig. 5). 

The following mineral composition was confir‐
med: heulandite, quartz, plagioclase, and amorphous 
material. Heulandite is the dominant mineral in the 
sample, whereas quartz and volcanic glass occur 
in significantly smaller quantities. Only negligible 
amounts of clay minerals, feldspars, and carbonates 
are present. Quantitative X‐ray diffraction analysis 
identified the following phases in the Slanci sample: 
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Fig. 2.   Sea urchin of the genus Schizaster found in the “Slanci” 
zeolitic tuff (Photograph by the authors; the specimen is part of 
the collection of zeolitic tuffs housed at the Department of Applied 
Mineralogy and Crystallography, ITNMS). 

Fig. 3.   a) Quartz in the groundmass of the sample, objective 3.2×; b) Plagioclase 
in the sample, objective 10×; c) Biotite in the sample, objective 20×; d) Apatite crys‑
tal in the sample, objective 20×. 



heulandite 85.1%, quartz 1.9%, muscovite 5.9%, 
albite 6.6%, orthoclase 0.6%, and calcite 0.21%. 

Zeolitic tuffs are multiphase mixtures, and che‐
mical analysis was performed on the bulk composi‐
tion of the sample (Table 1). The analysis indicates 
a high silicon content, as well as the presence of  
oxides of alkali and alkaline‐earth metals (RADO‐
SAVLJEVIĆ‐MIHAJLOVIĆ et al., 2005). The concentrations 
of heavy metals and exchangeable cations are also 
presented in Table 1.  

The contents of Si and Al oxides in zeolitic tuffs 
from Serbian deposits are generally uniform, where‐
as the concentrations of oxides of monovalent and 
divalent cations vary among deposits. The highest 
Si/Al atomic ratio 4.70, has been recorded in the 
“Zlatokop tuff” (RADOSAVLJEVIĆ‐MIHAJLOVIĆ et al., 2005). 
In the Slanci zeolitic tuff, the Si/Al atomic ratio is 
3.78, and the proportion of divalent cations is higher 
than that of monovalent cations (STOJANOVIĆ et al. 
2003). As is well known, clinoptilolite and heulan‐
dite are distinguished on the basis of the Si/Al ratio; 
for clinoptilolite, Si/Al > 4, whereas for heulandite, 
Si/Al < 4 (MASON & SAND, 1960). Therefore, it can be 
concluded that the mineral present in the Slanci zeo‐ 
litic tuff is Ca‐heulandite, with calcium as the domi‐
nant extra‐framework cation (STOJANOVIĆ et al., 2003; 
RADOSAVLJEVIĆ‐MIHAJLOVIĆ et al., 2005).  

The presence of the heulandite mineral was also 
confirmed by thermal analysis. MUMPTON (1960) de‐
fined clinoptilolite as the more thermally stable 
form, retaining its structure up to approximately 
700 °C, whereas polymorphic transformations in 
heulandite begin at around 350 °C. Based on ther‐
mal analyses (thermal treatment of zeolitic tuff for 
2 h at 350, 450, and 550 °C), the presence of a heulan‐ 
dite‐type structure, specifically heulandite type I, 
was confirmed (STOJANOVIĆ et al., 2003). Characteris‐
tic diffraction reflections were observed across the 
temperature range of 350–550 °C. Comparative 
X‐ray powder diffraction diagrams of thermally 
treated zeolitic tuffs are presented in Fig. 6. 

On the diffractogram at 550 °C (Fig. 6), heulan‐
dite reflections are still visible, although with very 
low intensity, and they are shifted toward higher 2θ 
angles. Crystallization of quartz is also observed, 
and at higher temperatures it remains the only crys‐
talline phase present. Based on these results and the 
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Fig. 4.   SEM micrographs of the heulandite mineral in the 
“Slanci” tuff: a) HEU mineral, scale bar 10 μm; b) Crystal 
forms of heulandite, scale bar 0.5 μm; c) Developed mono‑
clinic forms of heulandite, scale bar 1 μm (15,000×). 

Fig. 5.   Powder X‑ray diffractogram of the “Slanci” tuff 
(Heu–heulandite, Q–quartz, Pl–plagioclase). 



literature (ALBERTI,  1973), the observed phase can 
be classified as heulandite type I. 

 
Structural analysis  

A challenge in determining the structure of mine‐
rals present in zeolitic tuff is the multiphase nature 
of the samples. For structural refinement, the quan‐
titative analysis must indicate more than 80% of the 
zeolite mineral. Amorphous and less stable compo‐
nents can be removed by NaOH treatment (KOKO‐
TAILO & FYFE, 1995). An advantage of the Rietveld 

refinement method is that it utilizes all points of the 
X‐ray diffractogram and accounts for peak overlap 
(RIETVELD, 1969). The presence of an amorphous 
phase does not interfere with refinement because 
the background arising from amorphous material is 
subtracted from the diffractogram baseline prior to 
refinement (PERDIGÃO DE PAIVA et al., 2019). The crys‐
tal structure of heulandite is most commonly de‐
scribed as monoclinic, space group C2/m (ALBERTI, 
1972; ARMBRUSTER & GUNTER, 1991; ARMBRUSTER, 
1993), reflecting a high degree of disorder in the 
distribution of tetrahedral Al/Si cations. Lowering 
of symmetry to Cm or C1 may occur due to partial or‐ 
dering of Al among the tetrahedral sites (MERKLE & 
SLAUGHTER, 1968; YANG & ARMBRUSTER, 1996). The cry‐
stallochemical composition of heulandites–particu‐
larly the type of dominant cation–is directly related 
to the unit‐cell parameters. The unit‐cell parameter 
values from the literature, along with those deter‐
mined for the heulandite in the Slanci zeolitic tuff, 
are presented in Table 2. A comparative diagram 
illustrating the dependence of unit‐cell parameters 
(a, b, c) on the proportions of monovalent and diva‐
lent cations is shown in Fig. 7.  

Based on the comparative diagrams (Fig. 7a), an 
increased content of Ca²+ in the structure leads to 
an increase in the value of the c parameter, while the 
a and b parameters change more gradually. Like‐
wise, an increase in the K+ content (Fig. 7b) has the 
greatest effect on the crystallographic c‐axis, pro‐
ducing an increase in its value. The heulandite from 
Slanci shows slight deviations from literature val‐
ues, most likely due to the presence of different di‐
valent and monovalent cations (Ca²+, Mg²+, Na+, K+) 
in its structure relative to published data.  
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Table 1. Chemical composition, content of heavy metals and content of exchangeable cations in zeolitic tuff from the “Slanci” deposit. 

Fig. 6.   Comparative X‑ray powder diffraction diffractograms of 
the “Slanci” tuff thermally treated at 350 °C, 450 °C and 550 °C. 



For the space group C2/m, it has been establi‐
shed that the tetrahedral site T2 can accommoda‐ 
te up to about 50% Al, whereas at the remaining 
positions T1, T4, and T5, the Al content does not 
exceed 25%  (KOYAMA & TAKEUCHI, 1977).  Four extra‐
framework cation positions have also been iden‐
tified. Ca²⁺ cations occupying the M (I) position 
exert a strong attractive influence on the oxygen 
atoms of the tetrahedral framework, which in some 
structures results in channel narrowing (GUNTER et 
al. 1994). The presence of K⁺ in the M (III) position 
increases structural stability, while Ca²⁺ in M (I) 

does not produce significant changes (GUNTER et al. 
1994; KOYAMA & TAKEUCHI, 1977).  The structure of 
Ca‐heulandite from the Slanci zeolitic tuff was 
refined in the space group C2/m with a disordered 
distribution of Si and Al in the tetrahe‐dral sites, 
as well as disordered occupancy of extra‐frame‐
work cation positions within the zeolitic cages. 
The parameters from the KT model (KOYAMA & TAKEU‐
CHI, 1977) were used as initial values. The refined 
powder X‐ray pattern of Ca‐heulandite is shown in 
Fig. 8, and the relevant structural and profile para‐
meters, together with agreement factors, are given 
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Table 2. The comparative values of the unit cell parameters of Ca‑heulandite "Slanci" and data for various heulandites from the 
literature; a) MERKLE & SLAUGHTER, 1968; b) ALBERTI, 1973; c) MORTIER & PEARCE, 1981; d) GALLI et al., 1983; e) GUNTER et al., 1994; f) KHOBAER 
et al., 2008) 

Fig. 7.   Comparative diagrams showing the dependence of unit cell parameters on the content of (a) divalent and (b) monovalent 
cations, based on Table 2.



in Table 3. Due to the structural complexity, isotropic 
displacement parameters were constrai‐ned to be 
equal for atoms/ions of the same type. The refined 
fractional atomic coordinates, Wyckoff positions 
(W), and site‐occupancy factors (SOF) for Ca‐heu‐
landite are listed in Table 4. 

The basic structural framework consists of two 
channels parallel to the crystallographic c‐axis 
(Fig. 9), designated A and B, each formed by ten 
tetrahedra arranged in rings. 

In HEU‐type minerals, five tetrahedral positions 
(T1–T5) are identified (KOYAMA & TAKEUCHI, 1977), of 
which four are occupied by SiO4 groups, while AlO4 
occurs primarily at T2. Neglecting the influence of 
extra‐framework cations, the ideal Si–O bond length 

in a TO4 tetrahedron, based on Shannon radii, is 
~1.61 Å, and the Al–O bond length is ~1.74 Å (for 
O²‐ in II coordination) (SHANNON& PREWITT, 1969). 
The presence of Al3+ in a tetrahedral site is indica‐
ted by increased T–O bond lengths; therefore, the 
greatest likelihood of Al3+ occupancy occurs at T2. 

In Ca‐heulandite from Slanci, the longest Si, Al–O 
bond lengths are observed at positions T1, T3, and 
T5. These deviations from the KT model (KOYAMA & 
TAKEUCHI, 1977) stem from the influence of Ca2+ as 
an extra‐framework cation. Ca2+  has been shown 
to distort the tetrahedral framework (MORTIER & 
PEARCE, 1981). Calcium occupies the M (I) and M (II) 
positions within the eight‐membered ring, with 
M (II) showing particularly strong affinity for frame‐
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Fig. 8.   Observed (circles), calculated (solid line) and difference powder diffraction profiles for Ca‑heulandite from “Slanci”. 

Table 3. The relevant structural and profile parameters for 
Ca‑heulandite "Slanci".

Table 4. Refined framework fractional atomic coordinates, Wyckoff 
position (W) and site occupancy factor (SOF) of Ca‑heulandite.
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work oxygen (Fig. 12). This interaction leads to dis‐
tortion of the tetrahedral network and a reduction 
in channel opening sizes. The positions and occu‐
pancy factors of extra‐framework cations and water 
molecules in Ca‐heulandite from Slanci are pre‐
sented in Table 6. 

All cations are located at 4i positions on the 
mirror plane. Two cation sites are present in 
channel A: M (I) and M (IV). The M (I) position is 

coordinated to four oxygen atoms and five water 
molecules; Na⁺ and Ca²⁺ both show strong affinity 
for this site (Fig. 10). The coordination number is 
CN = 9, with an average bond length of 3.05 Å (four 
O atoms at 3.18 Å and five H2O molecules at 2.92 Å), 
as shown in Fig. 11. 

In channel B, the cation position M (II) is present, 
where cations are coordinated to three oxygen 
atoms and five water molecules, resulting in a coor‐
dination CN=8, (Fig. 12). It has been demonstrated 

that Ca2+ shows a greater affinity than Na+ for this 
position (KOYAMA & TAKEUCHI, 1977). The Ca (II) site 
is eightfold coordinated with three O atoms (2×O10 
and O1) in the tetrahedral framework, and five fully 
occupied H2O molecules, with an average connec‐
tion length of 2.617 Å (Fig. 12). 

Based on the cation exchange capacity results 
(Tab. 1), the structure of Ca‐heulandite contains 145 
meq Ca (0.437 apfu) and 4.1 meq Na (0.024 apfu), 
suggesting that Ca atoms are distributed in both 
M (I) and M (II) positions. This distribution con‐
tributes to the stability of the structure. At the cen‐
ter of the eight‐membered ring, there is the cation 

Fig. 9. Projection of the structure of Ca‑heulandite 
(“Slanci”) along the crystallographic plane a/b. Channels 
of 10‑membered (10 mR) and 8‑membered (8 mR). 

Table 5. The distances of bond lengths ˂T–O > and ˂M–O> in 
the structure of Ca‑heulandite "Slanci".

Table 6. Refined framework fractional atomic coordinates, Wick‑
off position (W) and site occupancy factor (SOF) for extrafarme‑
work cations and water molecules of Ca‑heulandite "Slanci".

Fig. 10. Position of the M (I) cation, (Ca/Na) within the 
tetrahedral network/ channel A. 

Fig. 11. Coordination polyhedron around Na, Ca and K 
atoms, in the extrafamework positions M (I), M (II) and M 
(III).  
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position M (III), in channel C. The K+ ion occupies 
this position and, according to literature data, is 
coordinated to six oxygen atoms from the frame‐
work and three water molecules (CN=9). In Ca‐heu‐
landite, the K atom is coordinated to four oxygen 
atoms from a tetrahedral network (average bond 
length 3.12 Å) and five water molecules (average 
bond length 2.83 Å) (Fig. 13). The observed dif‐ 
ferences are likely due to the presence of the Ca 
cation, which causes distortions in the tetrahedral 
network.  

The stability of channel C is enhanced by the pre‐
sence of K+ in this position, thereby increasing the 
overall stability of the structure (KOYAMA & TAKEUCHI, 
1977). Previous research (STOJANOVIĆ et al., 2003; KA‐
ŠIĆ et al., 2014; RADOSAVLJEVIĆ‐MIHAJLOVIĆ et al., 2003, 
2005, 2018) has determined that Ca–clinoptilolites 
from zeolitic tuffs in Zlatokop, Novakovići, and Beočin 
contain approximately 30 meq K+ in exchangeable 
positions (0.181 atoms/mol). Thermal treatment 
has confirmed their stability up to 700 °C. The ther‐
mal stability of zeolite tuff “Slanci” (550 °C) (STOJA‐
NOVIĆ et al., 2003) is the lowest, likely due to the K+ 
content in the structure (0.048 atoms/mol). 

 
 

Thermal analyses 
 
Thermal analysis (DTA/DTG/TG) provides signi‐

ficant information on the processes of dehydration, 
dehydroxylation, and thermal stability of zeolitic 
tuffs. It has been established that the differences 
arising during thermal treatment are a function of 
the crystallochemical composition, i.e., the type and 
content of extraframework cations, as well as the 
framework cations Si and Al (ALBERTI & VEZZALINI, 
1983; BISH, 1984, 1990; BISH & DUFFY, 1990; BISH & 
CAREY, 2001). The results of differential thermal and 
thermogravimetric analysis are presented in Fig. 14. 

The DTA effects observed in the diagram (Fig. 14) 
are a consequence of desorption and dehydration 
processes of water present in the zeolite structure 
(ALBERTI & VEZZALINI 1983; BISH, 1984; BISH & DUFFY, 
1990). Water in the zeolitic cages is bound by 
weaker or stronger interactions to different extra‐
framework cations. According to the described KT 

Fig. 12.  Position of extrafarmework cation M (II) – Ca (II) 
in channel B. 

Fig. 13. Position of extrafarmework cation M (III) – K in 
channel B. 

Fig. 14.  DTA/DTG/TG effects of “Slanci” zeolitic tuffs. 



model (KOYAMA & TAKEUCHI, 1977), ten water mole‐
cules are coordinatively bound to cations (Ca2+, 
Mg2+, Na+, K+), which can occupy four cation posi‐
tions [M (I), M (II), M (III), and M (IV)]. The most 
weakly bound water coordinated to cations in posi‐
tions M (I) and M (IV) in channel A leaves the 
channels first. On the DTA diagram, this dehydra‐
tion process is characterized by the first wide endo‐
thermic peak in the temperature interval of 50–200°C, 
where two endothermic effects occur: the first, 
more pronounced at 136 °C, and the second, less 
pronounced at 226°C. A third, less pronounced 
endothermic effect occurs at 293 °C and results 
from water release from channel B, where it forms 
a stronger bond with Ca cations in position M (II) 
(Fig. 12). 

In the temperature range of 450–885°C (462 °C, 
Fig. 7), endothermic effects correspond to water 
bound to the K cation in position M (III) (Fig. 13), 
as well as to dehydroxylation processes. The DTA 
diagram (Fig. 14) also shows an endothermic effect 
at 676 °C, which most likely corresponds to organo‐
carbonates present in this zeolite sample (biological 
material in the form of fossils). This peak is also 
characteristic of the zeolitic tuff from the Beočin de‐ 
posit, which contains fossil remains (RADOSAVLJEVIĆ‐
MIHAJLOVIĆ et al. 2003; KAŠIĆ et al. 2004). The measu‐ 
red total weight loss (14.2%) is in good agreement 
with the calculated (12.65%). Most of the water 
(7.3% of the total weight) is continuously lost at 
temperatures below approximately 250°C, and then 
part of the remaining 7.1% is slowly dehydrated up 
to 650°C, with complete dehydration of the sample 
achieved at 885 °C. 

 
 
Conclusion 

 
Based on the presented results, it can be con‐

cluded that the zeolitic tuff contains 85% of the min‐
eral heulandite (HEU), with calcium (Ca) as the 
dominant cation. Chemical and thermal analyses, 
along with X‐ray powder diffraction on a polycrys‐
talline sample, confirmed the presence of Ca‐heu‐
landite. The structure of Ca‐heulandite was determi‐ 
ned to belong to the centrosymmetric space group 
C2/m, with unit cell parameters of a = 17.662 Å, 

b = 17.874 Å, c = 7.402 Å, β = 116.32°, V = 2122.73 Å³, 
and a density of ρ = 2.570 g/cm³. The total cation 
exchange capacity is 160.1 Mmol M+/100g, which 
indicates exceptional potential for absorption pro‐
cesses and various chemical applications. The zeo‐
litic tuff exhibits thermal and structural stability, 
suggesting its applicability in diverse fields of indus‐
try and agriculture. 
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Резиме 
 
Минералошка и структурна 
карактеризација зеолитског туфа 
лежишта Сланци − Србија 

 
Наслаге језерског миоцена, које се налазе 

источно од Београда у Дунавском кључу, око Ве‐
ликог Села и Сланаца, изузетно су богате зео‐
литским туфовима хејландитског типа. 
Квантитативном рендгенском анализом на 
прашкастом узорку, утврђен је следећи 
минерални састав: хејландит (85,1%), кварц 
(1,9%), мусковит (5,9%), албит (6,6%), ортоклас 
(0,6%) и калцит (0,21%). Пратеће компоненте 
су вулканско стакло и биоегена аморфна сили‐
катна маса. На основу хемијских и термичких 
анализа утврђено је да је доминантна зеолитска 
фаза Ca‐хејландит са одно‐сом Si/Al 3,78. 
Микроскопском анализом утврђено је да је 
основна маса хипокристаласто порфирска, 
делимично је шупљикава и порозна. Кварц је 
редовно свеж, типичних анхедралних форми и 
оштрих ивица. Честе су гасно‐течне‐чврсте ин‐
клузије. Од минерала фелдспата се јављају углав‐
ном плагиокласи, веома често алтерисани сери‐ 
цитисани и делимично каолинисани. Од мине‐
рала лискуна доминантан је биотит. Акцесорни 
минерали су редовно свежи, бистри и без видљи‐
вих знакова алтерације – циркон, апатит и рутил. 
Структура Ca‐хејландита је утачњавана у про‐
сторној групи C2/m, са неуређеном расподелом 
Al и Si у тетраедарској мрежи. Израчунати пара‐
метри јединичне ћелије су а= 17.68 Å; b= 17.924 Å; 
c= 7.413 Å; β=.116.24°; V= 2117.406 Å3. Добијени 
структурни модел за положаје атома (тетра‐
едарских) и катјона у изменњивом положају су 
у сагласности са литертурним подацима. Одсту‐ 
пања која су присутна су у складу са кристало‐
хемијским саставом самог зеолитског туфа. 
Садржај изменљивих катјона даје капацитет 
катјонске измене од 160.1, и уз термичку ста‐
билност упућује на могућност коришћења ове 
сировине у различитим областима индустрије.  
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