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Abstract

The latlice constants of a synthetic BaSO, and fourteen natural
barite samples from the Kresevo area (Central Bosnia) were deter-
mined by X-ray powder diffraction. The natural samples contained
from 0.3-17.6 mole % SrSO,, and negligible concentrations of Ca and
Pb (<0.03 and 0.02 wt. %, respectively), thus representing almost
pure (Ba,Sr)SO, solid solutions.

The diffraction lines of most natural samples were broadened in
relation to those of synthetic BaSO,. This results from obvious com-
posilional heterogeneity, e.g. the heterogeneous distribution of stron-
tium, as is clearly observed from Srvariation patlerns across a surface
of the barite obtained by proton microprobe analysis. Nevertheless,
the present values of unit-cell paramelers are in agreement with those
of synthetic (Ba,Sr)SO, solid selutions documented in the literature,

It has been proven that the interplanar spacing d,,, may be used
for determination of the Sr content ol natural barites; the absolute
error varies from £0.3 mole % SrSO, (for homogencous samples hav-
ing the diffraction line 004 clearly reselved in spectral doublet com-
ponents) up to £0.5 mole % SrSO, (for the samples with compositio-
nal heterogeneity having a broadened and relative poorly defined dif-
[raction line 004).

1. INTRODUCTION

Experimental studies of the system BaSO, - SrSO,
showed that a complete series ol solid solution exists
between the orthorombic [orms of BaSO, and SrSQO,,
i.c. between barite and celestite (e.g. BOSTROM et al.,
1967). However, the natural intermediary members
between 10 and 90 mole % SrSO, are very rarely obser-
ved.

Hydrothermal barites [rom the KreSevo area in Cen-
tral Bosnia contain from 0.1-17.6 mole % SrSO, (i.e.
from 0.1 to 14.4 wt. % SrS0,) as reporled by SIFTAR
(1988) who chemically analysed 33 samples. The wide
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Sr concentration range, as well as a relatively large
number ol available samples provided an excellent
opportunity to examine how the unit cell parameters
depend on Sr content in natural barites. For the purpose
ol the present examination 14 barite samples were used
(7 samples analysed in SIFTAR, 1988, and 7 new sam-
ples, also analyzed by SIFTAR in this study). In addi-
tion, the unit-cell parameiers of a synthetic BaSQ, were
determined which was prepared by sedimentation from
analytically pure chemicals (I1,SO, and BaCl, I1,0,
with less than 0.05 wt. % Sr). Synthetic BaSO, was
heated at 900°C for 3 hours in order to obtain larger
crystallites. The treated sample did not show any mea-
surable broadening of X-ray diflraction lines duc to the
small crystallite size.

In this paper the present data as well as the cited
data of lattice constants and the Miller indices are pre-
sented on the basis ol the space group Pnma (62).

2. BASIC GEOLOGICAL DATA

The barite bearing Kresevo region is a part ol the
Central Bosnian Ore Mountains. It is an area about 22
km long and 2-4 km wide. The oldest rocks are pre-
Devonian  metamorphic rocks which grade into
metasandstones (JOVANOVIC et al., 1977). Devonian
lossiliferous layered or bedded dolomites, limestones or
marbles overlie this metamorphic complex. Magmatic
rocks are represented by Upper Palacozoic rhyolites and
metarhyolites which either form sills in the metamor-
phic complex, or extrusions on the verge of the Devon-
ian carbonate rocks. Upper Permian continental and
lagoonal deposits which unconformably overlie older
Palacozoic rocks pass continously into Lower and Mid-
dle Triassic deposits. The vein and melasomaltic barite
deposits of the Kre§evo arca are located almost exclu-
sively in the Devonian carbonate rocks, and as such rep-
resent the largest barite accumuiation in the Palacozoic
rocks of the Dinarides. The main gangue mincral is
barite (over 95 wt. %), locally with rhombohedral cal-
cite, octahedral fluorite and siderite. The main ore min-
eral is mercurian tetrahedrite. Barite contains average
4.19 wt. % SrS0, (an average of 56 samples). Its aver-
age sulphur isotope composition from 40 analyses is
+9.48%o (JTURKOVIC, 1987; JURKOVIC et al., 1995).
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3. METHODOLOGY

The following methods were used: X-ray powder
diffraction (XRD), optical emission spectroscopy
(OES), chemical gravimetric analysis and proton micro-
probe, particle induced X-ray emission (PIXE) analysis.

XRD patterns were produced using a Philips dif-
fractometer, with a proportional counter and graphite
monochromator, using CuKo radiation. Uniquely
indexed diffraction lines 410, 321, 303 and 004, all in
the region from 6= 22° to 6= 26°, were used in calcu-
lation of the parameters of the orthorombic unit-cell.
The angular scale of the diffractometer was corrected
by using quartz as the internal standard and its diffrac-
tion line 112 at 8 = 25.070° for CuKo,, radiation (the
corresponding interplanar spacing being d = 1.8178 A;
BORG & SMITH, 1969). The homogenized mixture of
barite and quartz contained =15 wt. % quartz. Operat-
ing conditions were a divergence slit and receiving slit
of 1° and 0.2 mm, respectively; scan rate of 1/2° per
minute; chart speed of 10 mm/minute; a full scale of
1x10° cps; and a time constant of 1 sec. Three patterns
were produced for each sample. The position of the
quartz diffraction line 112 as well as the barite diffrac-
tion line 004 for the CuK, radiation (several barite
samples have the diffraction line 004 resolved in the
spectral doublet components) were measured at 4/5 of
their height. The positions of the non-resolved barite
diffraction line 004 (most of the samples) as well as the
positions of the barite diffraction lines 410, 321 and
303 for the CuKo radiation were measured at 1/2 of
their height.

Barite samples preparcd for chemical analysis were
proven free of XRD detectable impurities. Any negligi-
ble calcite and dolomite admixtures were removed by
acid treatment.

The purity control of the selected barite samples by
OES showed numerous Ba lines in all samples, several
strong or weak Sr lines depending on the strontium con-
tent, and some weak lines of Ca and Pb in all samples.
The chemical analysis determined all the samples as
sulphates. Due to the purity of the samples the quantita-
tive estimation of barium and sulphate was not neces-
sary.

The strontium content was determined by OES,
using barium as an internal standard and measuring the
inlensity ratios of spectral lines in selected line pairs,
especially SrIT 338.07 nm - Ball 277.14 nm and Srl
335.13 nm - Bal 335.68 nm (SIFTAR, 1975). For the
purpose of checking the analytical data from SIFTAR
(1988) and for new samples, four selected barite sam-
ples with strontium contents higher than 7 mole % were
analyzed after dilution with equal amounts of pure bari-
um sulphate containing less than 0.1 wt. % of strontium
sulphate. The analyses were performed by OES, and by
a chemical gravimetric method involving the precipita-
tion of barium as barium chromate from a homoge-
neous solution, with subsequent gravimetric determina-
tion of Sr as strontium sulphate (lollowing the method
of GORDON et al., 1959). This chemical method is
very time-consuming and not suitable for routine analy-
sis, however the results are somewhat better than by
OES. Every sample in the present study was analysed
three times by OES and the above mentioned samples
also by the chemical method.

Mglei 5520, G/ A alh bA /A
Sample [ pcality Determined Derived
No. by OES  from d,,
BaSO,-synth. <0.1 0.0+0.3 1.7890(2)  8.879(2)  5.458(1)  7.156(1)
il Martinovac 0.3+0.1 0.4+0.3 1.7887(2) 8.879(1) 5.454(2) 7.155(1)
2 Tocak 1.4+01 1.6+0.4 1.7878(3) 8.878(3) 5.455(2) 7.151(1)
3 Radesa 1.6+0.1 0.9+0.4 1.7883(3) 8.875(3) 5.453(1) 7.153(1)
4 Cvijetnjak 2.9+0.2 25+03 1.7871(2)  8.886(2)  5.455(1) 7.148(1)
5 Ravni Vaganac 3.5+0.2 4.2+05 1.7858(4) 8.856(2) 5.451(2) 7.143(2)
6 Todak 54+04  6.1+04 1.7843(3)  8.849(1) 5.451(2)  7.137(1)
7 Martinovac 7.0+0.4  6.7+05 1.7838(4)  8.842(2)  5.453(2) 7.135(2)
8 Gusta Suma 8.1+£0.5 8.6+0.4 1.7823(3) 8.831(1) 5.446(2) 7.129(1)
9 Gusta Suma 8.6+0.5 8.3+0.4 1.7826(3) 8.839(3) 5.443(2) 7.130(1)
10 Dubrave-Dugi Dol 8.7+05 8.1+03 1.7827(2)  8.834(1)  5.452(2)  7.131(1)
11 Doniji Martinovac 9.6+05  8.8+0.5 1.7822(4)  8.825(2)  5.446(1)  7.129(2)
12 Bijele Jame 12.8+0.7 12.4+04 1.7794(3)  B8.803(1)  5.448(1)  7.118(1)
13 Bijele Stijene 16.740.8  15.5+0.4 1.7770(3)  8.795(3)  5.443(2)  7.108(1)
14 Kolovoje 17.6+£0.9 18.3+£03 1.7748(2) 8.765(2) 5.446(1) 7.099(1)

Table 1. Locality, strontium content, interplanar spacing d,,, and lattice constants of natural barites from the Kredevo area and the synthetic
BaSO,. Samples 1, 3,4, 7, 11 and 14 correspond to the samples K 2¢, K 12, K 19, K 2a, K 3 and K 26b (SIFTAR, 1988), respectively. Sam-
ple 9 corresponds only to the fine-grained part of barite sample K 8 (SIFTAR, 1988). The Sr content of the samples 8, 11, 13 and 14 was
also determined by the chemical gravimetric method which gave the following results (mole % SrSO,): 8.0+0.3, 9.440.4, 15.6+0.4,

17.5+0.5, respectively.
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Fig. I XRD patterns of the samples, in the region from 22° to 26°
(0): a - synthetic BuSOy; b - sample 14; ¢ - sample 7. The angular
position of the quartz diffraction line 112 (used for the angular
scale calibration) is shown by the arrow.

Calcium and lead contents were determined by OES
comparing the intensities of Ca and Pb lines with those
in the standards containing known amounts of these
clements.

Two barite samples were analysed using the focused
proton microbeam and PIXE spectroscopy. The mea-
surements were made using a 3MeV proton beam from
the Tandem Van de Graall accelerator in the Ruder
BoSkovic Institute. The nuclear microprobe facility
described clsewhere (JAKSIC et al., 1993;: RYAN &
GRIFFIN, 1993) focused the beam to a spatial resolu-
tion of 5 wm with a beam current ol 100 pA. The beam
was scanned linearly across the sample surface. Charac-
teristic X-rays were detected using the semiconductor
Si(Li) detector. From the total PIXE spectrum, counts
belonging to a particular X-ray line were recorded
using the multiparameter data acquisition system. The
position of the beam at the time of an event is also
recorded. Data were then displayed as a distribution of
X-ray line intensity across the particular line, for each
of the lines observed in spectrum. In this article only
the strontium Lot line results were presented due to the
lower sampling depth (5 pm) when compared to the
strontium Ko line.

4. RESULTS AND DISCUSSION

Locality, Sr-content, interplanar spacing d,,, and lat-
tice constants of fourleen natural barites as well as the

data for synthetic BaSO, are given in Table 1. The nat-
ural samples contained from 0.3-17.6 mole % SrSO,.
The fractions of Ca and Pb, which can also replace Ba
in the crystal structure, were negligible; the samples
contained less than 0.03 wt. % Ca and less than 0.02 wt.
9 Pb, thus representing almost pure (Ba,Sr)SO, solid
solutions.

Diffraction lines of some natural samples were
almost as sharp as those of the synthetic BaSO, (Fig.
la, b). However, diffraction lines of other samples were
not so well-defined, and the lines ol sample 7 were sub-
stantially broadened in relation to synthetic BaSO, (Fig.
Lc). The widths at hall maximum of the peak intensity
were measured for strong diffraction lines 002 at 8 =
12.5% and 211 at = 14.5° of all the samples, and com-
pared with those of synthetic BaSO,. It was found that
the widths of synthetic BaSO, and samples 1, 8, 10, 13
and 14 were similar. The widths of diffraction lines of
sample 7 were the biggest (about 30% bigger than those
of synthetic BaSO,), and the widths of dilfraction lincs
ol other samples were up to 10% bigger than those ol
synthetic BaSO,. The observed broadening may be
attributed to compositional heterogeneity (c.g. to the
inhomogeneous distribution of Sr). Hydrothermal
barites may even reveal microheterogeneity (e.g.
LEEDER et al., 1983). Consequently, crystallites or
their parts, in a given XRD powdered sample may have
different concentrations of Sr, and thus have slightly
different lattice constants causing the broadening of dif-
fraction lines.

Profiles of Sr determined by PIXE along lincar tra-
verses (Fig. 2) show considerable compositional
changes in sample 7 (the broadening of diffraction lines
is about 30%), and lower observed heterogeneity in
sample 9 (the broadening of diffraction lines is about
6%). A polished surface of the fine-grained barite sam-
ple 9 (barite grains are smaller than 0.6 mm in diame-
ter) was profiled by PIXE along an arbitrary linear tra-
verse. The cleavage particle of tabular baritc 7 was
analysed; profiles shown in Fig. 2 were taken on the
polished cleavage planc (001) along the straight line
which bisects a sharp angle (=78°) between cleavage
plancs {210}, e.g. along [010]. Proliles of Sr were also
taken on the cleavage plane (210) along the straight line
perpendicular to [001]. These profiles show a relatively
homogeneous distribution of Sr. The observed features
ol sample 7 indicate the zonation with discontinuity
planes parallel to {210].

The unit-cell parameters of a given sample were
obtained as [ollows. Firstly, the parameter ¢ was deter-
mined from the interplanar spacing d,,,. Next the para-
meter ¢ was found from the interplanar spacing d,,, and
the already obtained parameter ¢, The parameter b was
then caleulated using the previously determined values
of @ and ¢ and the interplanar spacings d,,, (b, was cal-
culated) and d,,, (b, was calculated); b (the value in
Table 1) = (b, + 25,)/3.

The dependence of the unit-cell parameters of the
Kresevo barites on the strontium content is shown in



30 Geologia Croatica 50/1
4 4 4
3 34 3
RO
2 Lol 2, | £
32 i C
5 5 5
1 1 1
e WA A g -
0 T T T T 0 T T T T ¢ T T T T
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Distance/pm Distance/pm Distance/um
4 4 W
> il ol
%2 %2
= 5
0 0
1+ 11
Fig. 2 Distribution of strontium concentration across the surface of barite
0+ T T ; T 0 . : : . sample 7 (upper profiles) and sample 9 (lower profiles). On a given sam-
0 200 400 600 BOO 0 200 400 600 800 ple the profiles were taken along straight line, and the distances between

Distance/pm Distance/um

Fig. 3, which also shows the values of unit-cell parame-
ters of the natural samples found by WIESER (1982),
and ol synthetic solid solution (Ba,Sr)SO, found by
BOSTROM et al. (1967) and by BURKHARD (1973),
as well as the values presented by GOLDISH (1989). It
can be observed that there are considerable differences
between the present values and those of the natural
samples obtained by WIESER (1982). The present val-
ues are in agreement with those of BOSTROM et al.
(1967), and especially with those of GOLDISH (1989),
who synthesized (Ba,Sr)SO, crystals with 25, 50 and 75
mole % SrS0O,. From the unit-cell parameters of thesc
crystals and those of BaSO, and SrSO, (given on PDF
card 24-1035 and PDF card 5-593. respectively), and
taking into account deviations of unit-cell parameters
from linear relations (deviations from Vegard’s law),
GOLDISH (1989) derived unit-cell parameters for
intermediate compositions (between 0.1 and 0.9 mole
fraction) at intervals of 0.1 mole fraction.

However, Fig. 3 shows that the present values of the
unit-cell parameters are rather different from those of

individual profiles were 3 mm,

synthetic crystals oblained by BURKHARD (1973).
For example the difference between the ¢ paramelters
for pure BaSO, is 0.015 A, or 0.21%; i.e. it is greater
than the experimental error, BURKHARD (1973) deter-
mined the parameters using single crystals, the parame-
ter b from precession diffraction patterns, and parame-
ters @ and ¢ from Weissenberg diffraction patterns, fol-
lowing the method proposed by CHRIST (1956). As a
high accuracy was claimed for CHRIST’s (1956)
method, the parameter ¢ was in the present work deter-
mined by two additional procedures described in the
following paragraph.

Sample | was very close to pure BaSO,, containing
only 0.3 mole % SrSO, (Table 1). A single crystal of
this sample, having the planes {001} parallel to its sur-
face (approx. 7x5 mm?®), was used to detect a series of
sharp diffraction lines 00/ al high Bragg angles (6>50°)
for the radiations CuKor,, Ko, and K3, by means of the
counter diffractometer without the monochromator.
From the observed Bragg angles approximate values ol
the ¢ parameter were found. In order to minimize sys-
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Fig. 4 The values of interplanar spacing dy, vs. composition: [ull cir-
cles - synthetic BaSO, and natural samples (from this study);
crosses - the values derived from the data presented by GOLD-
ISH (1989). The straight line is litted to the values derived from
the data presented by GOLDISH (1989).

tematic errors, a graphical extrapolation toward 8 = 90°
was applied using the function cos@-ctgf. A valuc of
7.155 A was obtained lor parameter ¢, being équal to
the value given in Table 1, but derived from the inter-
planar spacing d,,,. Using the angular separation of
neighbouring diffraction lines 00/ and following the
method proposed by POPOVIC (1973), in which most
ol systematic errors are minimized, a value of 7.154 A
was obtained from four pairs of diffraction lines having
0 > 50°. Besides, it should be stressed that the present
values of synthetic BaSO, (Table 1) are in very good
agreement with those for BaSO, given on the PDF card
24-1035.

There are several methods of Sr determination by
XRD in barites based on measurement of particular
interplanar spacings. For instance, the d,,, spacing was
reccommended by GOLDISIH (1989) and the d,,, spac-
ing by OSACAR ct al. (1991). The value of the inter-
planar spacing d,, (quartz was used as internal standard
for the angular scale calibration) tested on the samples
[rom KreSevo arca also appears satisfactory in the
determination of Sr in natural barites.

On the PDF card 24-1035 the relative intensity of
the diffraction line 004 is only 4%, and this line is
therelore considered as unusable. However, barite has
excellent cleavage along {001}, and the powdered sam-
ple in the specimen holder has a high degree of preler-
entially oriented grains. As a resull the intensity of the

diffraction line on the pattern obtained by the diffrac-
tometer will be several magnitudes higher than that
according to PDF data, especially if the surface of the
sample is well “polished”. The XRD patterns ol three
samples prepared in this way arc shown in Fig. 1. In the
range from 0 to =20 mole % SrSO, (the range investi-
gated in this study) the angular distance in € between
the diffraction line 004 of barite and the 112 dilfraction
line of quartz is smaller than 0.8°, which practically
excludes systematic intstrumental errors. Besides, the
112 diffraction line of quartz as well as the diffraction
line of relatively homogencous barite are resolved in a
spectral doublet which allows a high accuracy of dif-
fraction angle 6 measurement. Quarlz is a very suitable
mineral and often occures in barite ore samples.

The dependence of the interplanar spacing dgg, of
barites from the KreSevo area on strontium content is
shown in Fig. 4, which also shows the corresponding
value of synthetic BaSO, (this study), as well as the
values derived from the data presented by GOLDISH
(1989). Between Goldish’s values we can fit a straight
line which deviates about £0.00005 A, corresponding to
about 0.06 mole % SrSO,. The value of synthetic
BaSO, as well as the values of natural samples plot
very near to this straight line showing (a) a relatively
good agreement of OES and XRD data, and (b) that the
diffraction line 004 may be used for determination of
the Sr content ol barites.

An approximate concentration of Sr in the range
from 0 to =20 mole % SrSO, may by determined from
the diagram on Fig. 4, or using the equation: (,’W(A) =
1.78903 - 0.07782 x § ($ = mole [raction Sr50,).

A homogencous sample has a dillraction line 004
clearly resolved in the spectral doublet components,
and the estimated error of d,,, is £0.0002 A, corre-
sponding to an absolute error of about £0.3 mole %
SrSO, in Sr determination, according to Fig. 4. Howev-
cr, the 004 diffraction line of most samples [rom the
Bosnian deposits is broadened and not so well-defined.
In these cases the spacing value is measured with an
error not exceeding +0.0004 A. In this case the absolute
error is £ £0.5 mole % SrSO,, i.e. from £0.4 to £0.5
mole % SrSO, (Table 1).

The values ol the Sr content of the KreSevo barites
derived [rom the XRD data are compared with the OES
data in Table 1.

The described method of XRD determination of Sr
is similar to that proposed by GOLDISH (1989) who
recommended using diffraction line 211. This very
sharp diffraction line lor pure BaSO, is al 0 =14.4°,
while the diffraction line 004 is at 8 =25.5°, We
observed that with the same measurement ol accuracy
ol the diffraction angle @ the absolute error in mole %
SrS50, is about two times higher when the dillraction
line 211 is used, compared to the results obtained by the
usc of the diffraction line 004.

OSACAR et al. (1991) proposed the strong diffrac-
tion line 102 of barite and halite (NaCl) as the internal
standard (its diffraction line 111), for XRD determina-
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tion of Sr in the range from 0 to 12 mole % SrSO,.
According to Osacar el al., the absolute error is 0.5
mole % SrSO, in Sr determination. The recording time
for one sample is 10 minutes. The advantage of this
method is the recovery of the original sample after the
analysis by dissolving the NaCl in water. The main dis-
advantage ol this method is that the strongest line of
quartz is partially superimposed with the 102 diffrac-
tion linc of barite.

5. CONCLUSION

The proposed method of Sr determination in barites
may be applied as routine analysis since il provides
rapid determination for a set of samples. In the cases of
considerable sample heterogeneity (see sample 7) the
average concentrations of Sr obtained by XRD and
chemical analysis are comparable. The method aids in
the testing of possible rough errors obtained by differ-
ent chemical analyses. Morcover, the comparison of the
widths of corresponding diffraction lines for a given
sample and pure BaSO, may give information about the
relative inhomogeneity of Sr distribution in the sample.

Different parts ol even very small hydrothermal
barite {ragments may have very different Sr conlents.
Due to this it is of essential importance that the same
homogenized sample is used for different types of
analyses. In contrast, discrepancies can occur in the
results of complementary analyses.
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