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A bstract The trace and major element contents in five copper minerals was determined using the k-
method of instrumental neutron activation analysis (ko-INAA). Four of the studied minerals, brochantite
[CuySO4(OH)g], chalcanthite [CuSO, 5H,0], chalcopyrite [CuFeS,] and native Cu were obtained from the Republic
of Macedonia, while the fifth mineral, covellite [CuS], was obtained from Bor, Serbia. The total number of elements
determined (with intermediate/medium and long half-life radionuclides) in the studied minerals was thirty nine. It
was shown that the concentration of Fe is higher compared to the other elements. The contents of As, K, Na and U in
brochantite, Ca, Co, Na and Zn in chalcanthite, Ag, As, Se and Zn in chalcopyrite and As and Se in covellite are
higher compared to the other investigated trace elements. It was also found that native Cu contains low amounts of

trace elements.
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INTRODUCTION

Minerals are naturally-occurring inorganic
substances. Over a long geological period it is not
possible to obtain absolutely pure minerals without
any contamination. This means that most minerals
contain extraneous substances that might change
some of their characteristics.

There are a number of elements that are quite
easily interchangeable, making the transformation
of one mineral into another plausible.

Therefore, there are many reasons to analyze
trace elements in minerals, including the determi-
nation of their purity, as well as the presence of
very rare and important elements that could be ex-
tracted and used to obtain important information
about the geology of the mines and mineral locali-
ties. Copper minerals are widespread and modern
civilization and life is heavily dependent on copper
and copper products. Copper ore can be found in

*Dedicated to Academician Bojan Soptrajanov, the leader of
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large deposits, relatively close to the surface, and
amenable to relatively low cost bulk mining meth-
ods. The combination of its physical properties,
abundance, and low cost make it a valuable com-
modity. Native copper is a relatively rare mineral.
Most copper in nature is found in minerals associ-
ated with sulfur or in the oxidized products of
these minerals. It is very important to know the
content of trace elements in its minerals samples
since copper is produced from these ore deposits.
There are a limited number of studies concerning
the determination of elements in similar geological
samples by various methods such as atomic ab-
sorption spectrometry after the separation and con-
centration of the elements of interest (Taseska et
al., 2005), atomic emission spectrometry with in-
ductively coupled plasma (ICP-AES) (Li et al,
2005) or laser ablation microprobe-inductively
coupled plasma-mass spectrometry (LAM-ICP-
MS) (Huminicki et al, 2005). Instrumental methods
(INAA, XRF, PIXE) are rarely used to determine
trace elements due to matrix and inter-element in-
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terferences and background effects (Todorov T.,
1991; Frantz et al., 1994; Ja¢imovi¢ et al., 2002;
Necemer et al., 2003; Ja¢imovi¢ et al., 2005).

In this work, the ky-method of instrumental
neutron activation analysis (k)-INAA) was used for

direct determination of major and trace elements in
five copper minerals (four from the Republic of
Macedonia and one from Serbia).

EXPERIMENTAL

Samples

Brochantite [CusSO4(OH)g], originated from
the Sasa mine, chalcanthite [CuSO,5H,0], chal-
copyrite [CuFeS;] and native Cu were collected
from Buéim (both are active mines in the Republic
of Macedonia), while covellite [CuS] was collected
from Bor, Serbia. Mineral specimens were care-
fully hand-picked under an optical microscope
from the ore samples and ground to powder.

ko-Instrumental neutron activation analysis
(ko-INAA)

About 100 mg of the powder was sealed into
a pure polyethylene ampoule (SPRONK system,
Lexmond, The Netherlands). A sample and a stan-
dard (Al-0.1%Au IRMM-530 disc 6 mm in diame-
ter and 0.2 mm high) were stacked together and
fixed in the polyethylene ampoule in sandwich
form and irradiated for 20 hours in the carousel
facility (CF) of the 250 kW TRIGA Mark II reac-

tor of the JozZef Stefan Institute with a thermal neu-
tron flux of 1.1-10? cm s 7",

The activities of irradiated samples were
measured after 6, 14 and 40 days cooling time on
absolutely calibrated HPGe detectors (Canberra,
USA) (Smodis et al., 1988) with 45 % relative ef-
ficiency. Measurements were performed at such
distances that the dead time was kept below 10 %
with negligible random coincidences. The HPGe
detector was connected to an EG&G ORTEC
Spectrum Master high-rate multichannel analyzer.

For peak area evaluation, the HyperLab (Hy-
perLab 2002 System, 2002) program was used. For
determination of f (thermal to epithermal flux ra-
tio) and « (parameter which measures the epither-
mal flux deviation from the ideal 1/E distribution),
the "Cd-ratio" method for multimonitor was ap-
plied (Ja¢imovi¢ et al., 2003). The values f'= 28.8
and a =-0.005 were used to calculate the element
concentrations. For elemental concentrations and
effective solid angle calculations a software pack-
age called KAYZERO/SOLCOI® (User’s Manual
KAYZERO/SOLCOI®, 2003) was employed.

RESULTS AND DISCUSSION

The results of the chemical composition of
the investigated copper minerals obtained by k-
INAA with their 1o uncertainty (considering net
peak area, nuclear data for a particular nuclide,
neutron flux parameters, full-energy peak detection
efficiency, etc.) are given in Table 1. Due to the
relatively favourable nuclear characteristics of
copper as the major element (cross-section, abun-
dance, resonance integral), thirty nine elements
were determined simultaneously in the studied
minerals. It was also found that the contents of the
major constituents obtained in all the studied min-
erals is lower than the expected value calculated
from their formulas (brochantite, Cu: 54.99 %
theoretical vs. 45.70 % experimental; chalchantite,
Cu: 25.45 % theoretical vs. 20.80 % experimental,
covellite, Cu: 66.50 % theoretical vs. 63.71 % ex-
perimental; native copper, Cu: 100 % theoretical

vs. 89.45 % experimental and chalcopyrite, Cu:
34.6 % theoretical vs. 31.91 % experimental). It
should be mentioned that in chalcopyrite [CuFeS,]
we obtained a little higher value for Fe compared
to the formula (Fe: 30.4 % theoretical vs. 31.92 %
experimental), but this could be due to experimen-
tal error in the method used. It was found that
chalcopyrite from the Bu¢im mine is a relatively
pure material. This cannot be stated for the chal-
copyrite obtained from the Sasa mine, where the
contents of the major constituents are lower than
the expected values calculated from their formulas
(Cu: 34.6 % theoretical vs. 25.68 % experimental;
Fe: 30.4 % theoretical vs. 24.16 % experimental)
(Ja¢imovi¢ et al., 2005) which confirms that the
impurities are present.

A comparison of the contents of the investi-
gated elements obtained in this work (k-INAA)
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elements (except Fe) are present in the order of a
few mg/kg (Table 1). The validated ky-INAA tech-
nique (Ja¢imovi¢ et al., 2002; Ja¢imovi¢ at al.,
2003) was tested by its application to certified and

has shown that the content of Fe is higher than of
other elements in all samples. The concentration of
As and Se in covellite, of As, K, Na and U in bro-
chantite, of Ca, Co, Na and Zn in chalcanthite and

Ag, As, Se and Zn in chalcopyrite is higher com- reference materials from different producers
pared to the other investigated trace elements. In (IRMM, NIST, TAEA, etc.).
the case of native Cu, most of the investigated
Table 1
Chemical composition of the investigated copper minerals (mg/kg)
Native Chalcanthite Chalcopyrite Brochantite Covellite
El CB CuSO4V-.5H20 Cque.Sz CuySO4(OH)g CuS .
: (Buc¢im) (Buc¢im) (Buc¢im) (Sasa) (Bor, Serbia)
Content Unc. Content Unc. Content Unc. Content Unc. Content Unc.
Ag 0.16 0.01 <04 96.6 2.8 0.71 0.04 0.96 0.04
As <0.76 2.78 0.23 140 5 70.7 2.6 110 4
Au 0.0060 0.0002 0.0062 0.0004 15.5 0.5 0.187 0.007 0.252 0.009
Ba <1 <15 <21 <7 <4
Br 1.04 0.06 0.76 0.16 1.44 0.10 2.54 0.23 0.28 0.06
Ca <85 1698 340 <1900 <448 <326
Cd <03 <3 <5 <3 <2
Ce 0.17 0.02 19.2 0.7 6.75 0.33 7.82 0.59 <0.35
Co 1.42 0.05 238 8 63.7 2.2 1.08 0.04 1.19 0.04
Cr 5.28 0.28 7.45 0.44 1.25 0.20 6.68 0.39 2.60 0.19
Cs 0.012 0.002 0.24 0.02 <0.1 0.36 0.01 <0.01
Cu 894516 33101 207919 8127 319087 11942 457317 17328 637133 23685
Eu 0.042 0.005 1.65 0.07 0.080 0.005 0.95 0.04 <0.004
Fe 135 5 1944 70 319173 11172 936 34 1404 49
Ga <30 <26 <43 <24 <12
Hf <0.003 0.087 0.014 <0.1 0.112 0.008 <0.018
Hg 0.062 0.004 <0.21 <1 <2.7 4.21 0.19
In <0.1 <1 5.98 0.33 <0.8 <0.7
K <2577 <2187 <1900 2010 402 <1701
La <0.03 3.70 0.24 3.31 0.14 5.94 1.13 <0.02
Mo <0.2 <2 <2.7 <2 <1
Na 26.4 4.0 616 23 81.5 43 106 5 15.7 2.4
Nd 0.32 0.07 274 1 <2.7 9.25 0.5 <l1
Rb <0.14 4.35 1.03 <6 11.8 0.5 <04
Sb 0.016 0.001 0.144 0.026 0.22 0.01 0.28 0.01 0.61 0.02
Sc 0.050 0.002 0.429 0.015 0.37 0.01 0.160 0.006 0.0040 0.0002
Se 0.18 0.01 2.15 0.12 49.3 1.7 17.9 0.7 67.5 2.4
Sm 0.15 0.01 11.3 0.5 0.80 0.04 6.08 0.3 <0.027
Sn <3 <31 373 7.5 <15 <10
Sr <3 <38 <62 <17 <7
Ta <0.005 <0.02 <0.1 <0.02 <0.01
Tb 0.096 0.003 2.38 0.08 0.100 0.007 1.20 0.04 <0.01
Te <0.12 <1.44 8.15 0.46 <0.84 2.88 0.19
Th 0.69 0.02 3.61 0.13 <0.01 2.05 0.07 <0.03
U 1.30 0.12 233 0.9 0.29 0.03 126 5 <0.18
W <2.38 <1.08 20.5 0.9 2.64 0.49 <1.66
Yb 0.76 0.03 9.84 0.35 0.14 0.01 1.94 0.07 <0.03
Zn 3.05 0.12 59.9 2.4 195 7 2.73 0.18 2.48 0.14
Zr <3 <45 <102 <14 <6
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CONCLUSION

The ky-method of instrumental neutron activa-
tion analysis was successfully applied for the de-
termination of thirty nine elements in five copper
minerals: brochantite [CusSO4(OH)s], chalcanthite
[CuSO,45H,0], chalcopyrite [CuFeS,], native Cu
and covellite [CuS]. Excellent homogeneity within
cach sample was observed. The content of Fe is
higher than the other trace elements. The concen-
trations of the trace elements As and Se in covel-
lite, of As, K, Na and U in brochantite, of Ca, Co,
Na and Zn in chalcanthite and of Ag, As, Se and Zn

in chalcopyrite are higher compared to the other in-
vestigated elements. In the case of native Cu, most
of the investigated elements (except Fe) are present
in the order of a few mg/kg.
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Pesume
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K.]'Iy‘IHPI 360p0B](I: 6p0HIaHTI/IT; XAJIKaHTHUT; XaJIKOIIUPUT,; KOBEJIIUH; CAMOPOJICH 6aKap, XCMHUCKH COCTaB;

k- IHAA

Onpe;[eneHa € COApKHMHaTa Ha INTAaBHUTE COCTABHU €JIe-
MCHTH, KaKO U Ha €JIEMEHTUTE BO Tparu BO IET 6aKapHI/I MU-

HEpaJii CO IMpUMCHA Ha kO-I/IHCprMeHTaIIHaTa HCEYTPOHCKaA aK-
THBaIlMOHA aHaJIku3a. I‘IeTI/IpI/I O U3y4yBaHUTEC MHUHEPAJIH, 6p0-
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mwaHtuT, CuySO4(OH)e, xankantut, CuSO45H,0, xankomnu-
pur, CuFeS,, u camopozaen Cu ce ox Penyonuka Makenonuja,
nozaeka xosenuHoT (CuS) e ox Bop, Cpbuja. Bkynuuot 6poj
Ha OINPEICICHU eIEMEHTH (CO KPaTKO M J0Jro HOJTyBpeMe Ha
pacmarame Ha PagUOHYKIHINTE) BO HCIIUTYBAaHUTE MUHEPAIN
n3HecyBa TpueceT U 1eBer. HajaeHo e neka coapikunara Ha Fe
€ TOToJIeHa BO criopenda co COAp)KUHATA HA APYTUTE eJIeMEH-
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tu. Copprkunara Ha As, K, Na u U Bo 6pomanturor, Ha Ca,
Co, Na u Zn BO XaJIKaHTUTOT, Ha Ag, As, Se 1 Zn BO XaJIKO-
MMUPUTOT U HA As U Se BO KOBEIMHOT € IIOT0JIeMa O] IPYTUTe
HCIIUTYBaHM €JIEMEHTH BO Tparu. VcTo Taka e yTBpACHO AeKa
camoporaroT Cu UMa MHOTY HUCKH COAPIKAHH Ha CJIICMEHTH-
TE BO Tpar.



