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Meteorite Struga fell more than 35 years ago near the town of Struga, Republic of Macedonia. Its fall was
notified in the Bulletien of the Geological Institute in Skopje in 1973. Since that time, only one chemical analysis has
been reported (in 1990) and most recently, preliminary spectrosocpic investigations (in 2006 and in 2008) have been
performed. However, this meteorite has not yet been classified in the World’s Database of Meteorites. The aim of this
paper is to collect and summarize all available data published until now on this meteorite and open the possibility to
clasify it and list it in the World’s Database of Meteorites. In order to make the results more available, the details of
the previous chemical and the recent spectrosocpic analyses on this meteorite are presented in this paper. Collected
information from both analyses were used for the description of the characteristics of this meteorite. Previous
chemical analysis and the recent spectrosocpic investigations are in good agreement and confirm the earlier
classification of this meteorite as stony chondrite of H type.
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METEOPHUT CTPYT'A - TIIPETJIE] HA TIPETXOOHATA XEMUCKA N ITIOCIENHUTE
CIIEKTPOCKOIICKHN AHAJ/IN3U

ITpen noseke o 35 roguam Bo pubapckoro Mecto Kanmmre Bo Henocpenna 6nm3naa Ha Ctpyra, Pe-
nybnrka Makenonunja, nagaa meteoputoT Ciupyza. OBoj HacTaH Oemre npBnaT o6jaBeH BO ,,Hama BuctuHa®
— (heBpyapcko/MapTOBCKHOT Opoj Ha [ nacnukoiti Ha Ieonowxuoin unciuuinyit Bo Cxomnje. Bo 1990 roguna,
e o0jaBeHa MpBa JIeTajHa XeMHCKa aHallu3a, a mpej u3BecHo Bpeme (Bo 2006 u 2008 romguHa) ce o6jaBeHN
TIPBUTE PE3yJITaTH Of] CIEKTPOCKOIICKAaTa aHanu3a Ha 0BOj MeteopuT. Cenak, ¥ IOKpaj OBUE MCIHUTYBama,
OBOj METEOpUT c¢ ylTe HEe € O(PHIHUjaTHO perucTpupaH BO cBeTckaTa 6a3a Ha mereoputu. Llenra Ha OBOj
TPYA € Jla ce cobepaT CUTe JOCeralllHu Pe3yITaTH Off HCIATYBamaTa 3a OBOj METEOPHT, XeMUCKH U CIIEKTPO-
COKOIICKH, ¥ Ia C& OTBOPH MOCTAIKa 3a HETOBO PETUCTPHUpae BO CBeTCKaTa 6a3a Ha MeTeopuTH. JJoOueHn-
Te MH(opManuy Off ABeTe aHAIN3M (XEMHCKaTa M CHEeKTPOCKOICKaTa) Ce HCKOPHUTEHH 3a /1a ce ONMIIAT Ka-
PaKTEpUCTHKUTE Ha OBOj MUHepasl. [IpeTXoIHaTa XeMHUCKa aHATN3a U TIOCIEHUTE CIEKTPOCKONCKY UCTTUTY-
Bama ce BO JoOpa COTIIACHOCT W ja MOTBPAYBaaT IOpAHENIHATa Kiacu(uKanrja Ha OBOj METEOPHUT KaKoO
KaMeH XOHAPHT off TunoT H.

Knyunn 300poBu: KaMEH XOH/IPUT; MUHEPAJIF BO METEOPUTHUTE; XEMUCKA aHAJIN3a; pAMaHCKa U
uH(panpBeHa clIeKTPOCKOIICKa aHaIHU3a

INTRODUCTION was witnessed by the children going to school.

They noticed a big light body, traveling towards

The meteorite Struga fell on September 27" them with great speed and hissing sound. It fell in
1972, around six o’clock in the morning, in the the nearby field, about 40 m from the main road.

vicinity of the fisherman village KaliSte near the
town of Struga, located by the Ohrid Lake. Its fall

The first details about the meteorite and its
fall were reported by Risto Stojanov in “Nasa
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Vistina” — the Bulletien of the Geological Institute
(Skopje), in February/March 1973 [1]. He noted
that the fall of the meteorite made a crater of
around 1.5 m in radius; with many small pieces
scattered around it. He assumed that its original
weight was around 40 kg [1]. The early inves-
tigation on this meteorite indicated that it is most
probably a stony chondrite!, with 31 % magnetic
fraction (mainly elementary iron) and 69 % non-
magnetic fraction (mainly olivine and rhombo-
hedral pyroxene) [1]. Part of this meteorite, about
2700 g, was donated to the Natural History
Museum in Skopje, where it is presently exhibited
in the Museum’s mineralogical collection, its
photograph is shown on Fig. 1.

Fig.1. Meteorite Struga exibited in the National History
Museum in Skopje.

(Photograph was taken with the kind permission of the

Director of the Museum Dr Gute Mladenovski, in 2005)

Besides the first and preliminary classifi-
cation of the fallen meteorite, given in 1973 by
Risto Stojanov [1], no other analyses were made
for more than 15 years. In 1990, the first and de-
tailed chemical analysis on this meteorite was re-
ported by Gordana Musovié, at the XII" Congress
of Geologists of Yugoslavia [4]. The meteorite was
then given the name Struga and was classified as
stony meteorite — ordinary chondrite of H group
(or bronzite) [4]2.

! Chondrites are stony meteorites that have not melted since their
aggregation early in the history of the Solar System. They have un-
fractionated elemental compositions that (apart from the most volatile
of elements, such as hydrogen and helium) are close to the composi-
tion of the Sun, and thus of the original material from which the Solar
System is formed. Almost all chondrites contain chondrules, spherical
to sub-spherical assemblages of olivine, pyroxene and feldspar, up to
1 mm in diameter, that have been partially or totally melted prior to
parent-body accretion [2, 3].

2 According to the Catalogue of Meteorites (September 2000) [5,
6], only 4,5 % of the total number of meteorites are registered as

The recent Raman and infrared investigations
on mineralogical composition of this meteorite [7,
8] also confirmed that this meteorite is ordinary
chondrite of H type. The minerals olivine, py-
roxene and plagioclase were reported as the main
mineral components in this meteorite, but also pre-
sent were anatase and iron oxides such as magnet-
ite and hematite.

Among more than 23 000 meterotites (“falls”
or “finds™) collected worldwide until now, this is so
far the first and only information of the meteorite fall
on the territory of the Republic of Macedonia’.
However, this meteorite has not yet been officially
classified and, consequently, not registered/listed
in the World’s Database of Meteorites.

According to the Guide to Meteorite Nomen-
clature [9], in order to register a meteorite it has to
be given: (1) a name (and/or number); (2) class
and petrological type; (3) time and place of fall
(coordinates); (4) designation for shock (S); (5)
weathering grade (W) or (WG) and (6) (Fa) (faya-
lite molecular %) or (Fo) (forsterite molecular %).
Only after identifying and reporting these data,
meteorite Struga can be approved by the Nomen-
clature Committee of the Meteoritical Society.
Once approved, meteorite Struga will appear in
The Meteoritical Bulletin published by the Journal
of Meteoritical Society and will then be listed in
the world’s database of meteorites.

The aim of the present paper is to give an
overview of the previous investigations on this
meteorite and to present, in short, the recent spec-
troscopic results. The final aim is to collect all data
on the meteorite Struga in order to make an appli-
cation for its registration in the world’s database of
meteorites.

I. PREVIOUS ANALYSES

The main results from the chemical analysis on
the meteorite Struga — published in 1990 [4]

The chemical analysis on the meteorite
Struga, reported by G. Musovi¢ in 1990 [4], con-
tained some important data about its chemical
composition. Since this article was written in Ser-

“falls” and the rest as “finds”. The majority of these “falls” are ac-
counted to stony chondrite meteorites (82 %). Among these, 31,4 %
are stony chondrite of type H (or bronzite types).

3 According to data published in the Catalogue of Meteorites [5,
6], until the year 2000, 125 countries in the world have reported and
registered meteorites. Republic of Macedonia, so far has not yet re-
ported/registered a meteorite (neither “fallen” nor “find”).

Maced. J. Chem. Chem. Eng., 28 (1), 41-48 (2009)
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bian language, in order to make the results more
available to the wider public, the main points of
the chemical analysis for this meteorite will be
presented below and summarized in Table 1.

(i) Some visual and macroscopic observations
reported by G. Musovi¢ [4].

— The colour of the basic mass of the meteo-
rite is ash grey, with, another, light-brown-yello-
wish colour scattered over it. The crust has dark
dim colour (Fig. 1).

— The meteorite is very hard; its texture con-
tains small and fine grains, less than 1 mm.

— The macroscopic mineralogical observation
confirms the existence of mainly petrogenic min-
erals (feldspars, pyroxenes and olivines) and the
presence of about 30% metal grains.

— The approximate ratio of magnetic vs non-
magnetic fraction is 24.53 % to 75.47 %.

(i) Summary of the results from the chemical
analysis reported by G. Musovié¢ [4] are given on
Table 1.

Table 1

Metal oxide content, metal content
and stochiometric content of the main minerals
in meteorite Struga

Metal oxide Metal (%) Stochiometric content
(%) of the main minerals (%)

Si0, 35.60 Fe (met.) 19.32
MgO 21.96 Fe (total) 29.77 Forsterite (Mg,SiO,) 22.74
FeO 9.30 FeS 5.08 Fayalite (Fe,SiOy) 7.99
ALO; 242 Ni 1.94  Ca,SiO,4 0.60
CaO 190 Co  0.096 Tephroite (Mn,SiO4) 0.20
Na,0 1.01 C 0.078

Olivines

Pyroxenes

Cr,0; 0.54 Enstatite (MgSiO;) 22.04
MnO 0.28 Forresilite (FeSiO3)  6.26
P,Os 0.28 Wollastonite (CaSiO;) 2.77
KO  0.18 MnSiO; 0.26
TiO, 0.12 Feldspars/Plagioclases

Albite (NaAlSi;Og)  8.49
Orthoclase (KAISi;Og) 1.05
Anortite (CaAlLSi,Og)  0.70

(iii) The chemical analysis performed by G.
Musovi¢ [4] also revealed that:

— The content of Fe in the magnetic fraction
is 90.24 %, and the one of Ni is 9.14 %. Some

Maced. J. Chem. Chem. Eng., 28 (1), 41-48 (2009)

metals, such as Co, Cu, Zn, P and C are found to
be less than 1 % in total.

— The microelements found in the magnetic
fraction are Cu, Zn, Sn, Mo and traces of Y. The
microelements detected in the non-magnetic frac-
tion are Pb, Cu and Sn and some traces of Zn and
Mo.

— The ratio of the total amounts of olivines :
pyroxenes : feldspars is 31.53 % : 31.33 % : 10.24 %
respectively. This relation shows identical propor-
tional representation of meta-silicates and ortho-
silicates, whose typical representatives are pyrox-
ene and olivine.

— The minerals plagioclases, chromite, triolite
as well as nickel-ferrous iron were also separated
and analyzed.

— The nickel ferrous iron was clearly mag-
netic; the ratio between the Fe and Ni was 1:10,
which indicates that the mineral pleisite is present.

— During the analysis and chemical treatment,
the iron mineral maintained its characteristics; the
high metallic glow and crystal shape, which indi-
cated that the gamma modification of iron (stable
at temperatures around 900 °C) exists in the stud-
ied meteorite.

II. PRESENT SPECTROSCOPIC ANALYSIS

The results from the recent spectroscopic (IR
and Raman) analysis on the meteorite Struga [7, 8]

Since the most important data for identifica-
tion of the meteorites are connected with its min-
eralogical composition, an attempt was made to
identify the major and/or minor minerals in the
Struga meteorite by means of micro-Raman and
FT-infrared spectroscopy. In the recent spectro-
scopic Raman and infrared [7, 8] analysis on this
meteorite, the major minerals olivine, pyroxene
and plagioclase were identified [7], along with
some minor minerals, such as anatase, magnetite
and hematite [8]. On the basis of the position of
the Raman doublet in olivine (820 cm™'/850 cm™),
the forsterite value (Fo = Mg/(Mg+Fe)) was esti-
mated to be 0.87 % [7, 8]. The abundance of the
pyroxene minerals and the type of feldspars pre-
sent in the studied meteorite were also determined.
The experimental procedure and the results from
the spectroscopic investigation on the meteorite
Struga will be given below.
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EXPERIMENTAL

— Meteorite sample: The sample of the mete-
orite Struga, taken for spectroscopic analysis (pre-
sented on Fig. 2), was provided from a private col-
lection®. Its weigh was approximately 9 g; one of
its sides was polished for the purpose of recording
Raman spectra.

(a)

Fig. 2. A part of meteorite Struga (from a private collection)
taken for spectroscopic analysis:
(a) polished side; (b) front side

Spectroscopic measurements

— Raman spectroscopy: The first Raman spec-
tra of the Struga meteorite [7] were recorded on a
FORAM 685-2 micro-Raman spectrometer with
685 nm He—Ne laser line and 20 mW power, in the
spectral range 2000-400 cm'. All spectra were
acquired using %20 objectives, with resolution of 7
cm ' and spectrum accumulation of 30 s. The most
recent Raman measurements [8] were performed
with multi-channel micro-Raman LabRam 300
spectrometer (Horiba Jobin Yvon), in the spectral
range between 3000 and 100 cm ', with 532 nm
YAG laser line and 6.7 mW power on the sample.
The magnification of the objective of x50 and
x100 was used and the resolution was around
3 cm . The spectra were recorded on a X,Y map-
ping stage (covering an area of 0.05x0.05 mm)

4 The sample of meteorite taken for spectroscopic analysis is the
twin sample to meteorite Struga exhibited in the mineralogical collec-
tion in the National History Museum in Skopje.

with a step of 3—5 pm, acquiring around 100 Ra-
man spectra. LabSpec software [10] was used for
data acquisition and GRAMS software [11] for
data manipulation. All spectra were baseline cor-
rected.

— FTIR spectroscopy: A small amount of the
powdered sample was taken for the infrared spec-
troscopic analysis. The magnetic fraction was
separated from non-magnetic fraction (by hand,
using a magnet). Infrared spectra were recorded
for both the bulk of the meteorite and its magnetic
fraction. Mid-infrared spectra (4000-400 cm)
were recorded in KBr pallets and the far infrared
spectra (650-250 cm') were recorded in Nujol
mull. Both infrared and far infrared spectra were
recorded on FTIR Perkin-Elmer 2000 interferome-
ter. All spectra were baseline corrected.

RESULTS AND DISCUSSION

Spectroscopic measurements

(i) Raman data. The method of point-to-point
micro-Raman spectra allowed recording various
sites of the polished surface of the meteorite, and
by using the magnification of x50 and x100 of the
Raman microscope, it was possible to focus the
laser on a small spot of approximatelly 1-5 pm.
The minerals pyroxene, olivine, plagioclase,
magnetite, hematite and anatase were identified;
the recorded Raman spectra are presented on Fig.
3. The last spectrum on Fig. 3 represents the
mixture of main minerals present in this meteorite.

289, (223

Hematite

7 ) . 667
Hematite + Magnetite

143
Anatase
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£ 853 | 1822
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E Plagioclase 480 285 178
& 1013 667 1392, 325
Pyroxene
Py P
Py—. - i .I Py A
H M e fl l

1400 1200 1000 800 600 400 200
Wavenumber/cm®
Fig. 3. Raman spectra of some minerals recorded from several
points on the polished side of meteorite Struga. The last
spectrum corresponds to the mixture of minerals: A = anatase;
P1 = plagioclase; Py = pyroxene; Ol = olivine; H = hematite
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The presence of OLIVINE in the Struga me-
teorite is clearly indicated by the characteristic
doublet at 822/853 cm ™ (attributed to SiO, internal
stretching vibrational modes). This doublet is a re-
sult of the coupling between the symmetric (v;) and
anti symmetric (v;) stretching modes of Si—Op,
bonds in SiO, tetrahedra. The relative height of
these peaks are a function of crystal orientation
and their peak positions vary with fayalite
(Fa)/forsterite (Fo) composition. It is reported in
literature [12] that their peak positions shift up-
wards almost synchronously with the increasing of
the Fo values (Fo = Mg/Mg+Fe) and can be used to
detect the content of the fayalite (Fe,Si0,) and/or
forsterite (Mg,Si0O4) in the solid solution of the
olivine—mineral (FeMg),SiO,. [12]. In accordance
with the calibration curve given in Ref. 12, the
822/853 cm ' peak doublet in the Raman spectra of
meteorite Struga (Fig. 4) leads to a conclusion that
approximately 87 % of the mineral forsterite is
present. This is in accordance with the results from
the chemical analysis on this meteorite (see Table
I), where the most abundant mineral in olivine was
found to be forsterite, Mg rich olivine.

Olivine 822
8

Relative Raman Intensity

1000 900 800 700
Wavenumber/cm

Fig. 4. Raman spectra of the mineral olivine recorded from
different points on a polished surface of the meteorite Struga

As indicated by the chemical analysis, PY-
ROXENE is equally abundant mineral as olivine in
the Struga meteorite (Table I). The Raman spectral
pattern of pyroxene is characterized by three spec-
tral regions: (1) at about 1000 cm™, (2) near 670
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cm ', and (3) 400 to 200 cm™'. The frequencies of
the Raman peaks in these regions shift gradually
with Mg/Fe and Wo (wollastonite) content in py-
roxenes. The recorded Raman spectra of STRUGA
meteorite, with the Raman peaks at 1013, 667 and
325 cm' (Fig. 5) have a spectral pattern of clyno-
pyroxene [13]. The major elemental composition
of the (Mg, Fe, Ca)-pyroxenes can be semi-
quantitatively determined on the basis of the peak
positions of the characteristic Raman modes [13,
14]. Based on the correlation between the Raman
peak positions at 325 cm' and at 667 cm™' [14],
the pyroxene mineral in Struga meteorite was identified
as clynopyroxene with the approximate composition of
the three constituent minerals: EnysFs;Woso (En = En-
statite (MgSi03); Fs = Forresilite (FeSiO;); Wo =
Wollastonite (CaSiOs)).

Py
Py
Py Py A
Pl

=
z
£ H
£
]
o
2 1013
;ﬁ 667
o 392 325

H

H

1400 1200 1000 800 600 400 200
Wavenumberfem!

Fig. 5. Raman spectra of the mineral pyroxene recorded
from recorded from different points on a polished surface
of the meteorite Struga
A = anatase; Pl = plagioclase; Py = pyroxene; H = hematite

FELDSPARS/PLAGIOCLASES™ were iden-
tified by the presence of the characteristic Raman
bands (Fig. 6): (1) near 510 cm', due to symmetric
T-O stretching and O—T—O deformation modes of
the TO4 groups (T being Si or Al), (2) near 285
cm ', originating from the T-O-T and T-O-T
lattice modes, and (3) between 170-180 cm ™', due
to lattice T-O—T and T—O Ilattice modes [15, 16].

* Solid solutions between feldspar minerals : albite (NaAlISi3Og)
and anorthite (CaAl,Si,Os) are called plagioclases.
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Fig. 6. Raman spectra of the mineral plagioclase recorded
from recorded from different points on a polished surface of
the meteorite Struga (A = anatase; Py = pyroxene)

Based on the correlation [16] between the
Raman peak position at 509 cm™ and at 171 cm™
(observed in the Raman spectra of meteorite Struga),
the feldspars/plagioclases in the Struga meteorite
were identified as high temperature plagioclase
[16]. The studies on seven types of different feld-
spars from the Haskin group [15] revealed that the
chemical composition of the high temperature pla-

gioclase is intermediate mixture of Na and Ca
cations: Na,Ca;_Al;,Si;_, with Al-Si distribution
structurally and compositionally disordered.

Some other minor minerals, such as anatase
(TiO,) and the iron oxides hematite (Fe,O;) and/or
magnetite (Fe;0,4), were also observed in the Ra-
man spectra of Struga meteorite (Fig. 3).

(ii) Infrared data. The infrared spectrum of
the meteorite Struga is shown on Fig. 7. The IR
spectra of the bulk meteorite and its magnetic fraction
are practically identical. The mid-infrared spectra
(Fig. 7a), recorded in the 4000-400 cm ' region
showed one broad band (ranging from 1120 cm
to 890 cm ', with the centroide around 970 cm ™)
in the region of too bands due to antisymmetric
stretching Si—O vibrations and the antisymmetric
O-Si(Al)-O deformations (around 505 and 410
cm‘l). In the far-infared spectra, below 400 cm’,
only few lattice modes were observed (Fig. 7b).

The mid-infrared spectra of the studied mete-
orite (Fig. 7a) indicate the presence of mixture of
silicates (olivine, pyroxene and plagioclase) but
also some crystalline water (~ 3400 cm'). The
maximum of the broad band due to Si—O stretch-
ing vibrations (at 925 cm™') has many high fre-
quency side bands at 950, 975, 1002, 1055 and
1120 cm™'. The appearance of these bands is due
to the Si—O mode originating from different sili-
cate (mostly meta- and ortho-silicates) present in
the meteorite. The band due to Si—O mode in oli-
vine is reported at ~ 900 cm ' [17, 18], in pyrox-
ene, two strong bands have been found, at 965 and
1075 ecm™ [19] and in plagioclase, three bands
were reported at 995, 1145 and 1160 cm™ [20].

Absorbance

Wavenumberfcm?

(a) Mid-IR (b) Far-IR
magnetic fraction
[] 1 L} [] L] ] L] 1 1 [ ] 1 1 ] []
4000 3500 3000 2500 2000 1500 1000 500 650 550 450 350 250

Wavenumbericnr?

Fig. 7. Mid-IR (a) and far-IR (b) spectra of the magnetic fraction (upper spectrum) and of the bulk (lower spectrum)
of the meteorite Struga
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I11. CONCLUSIONS
Chemical and spectroscopic analysis

The main idea behind this work was to sum-
marize and present the results from previous
chemical [4] and recent spectroscopic [7, 8] analy-
ses.

The information obtained from the chemical
analysis, although performed many years ago, is
valuable and is in agreement with the present spec-
troscopic results. The recent spectroscopic study,
on the other hand, demonstrates that basic, first
order information on the mineralogy of the Struga
meteorite could be obtained using in sifru Raman
measurement procedure. Data obtained from the
IR spectra are supporting the Raman measure-
ments but are not as informative.

The most important minerals, olivine, pyrox-
ene and plagioclase, characteristic for chondrite
meteorites have been identified both from the
chemical and spectroscopic analysis, thus:

— Mg rich olivine, forsterite was found to be
nearly 87%.

— Pyroxene mineral was identified as clyno-
pyroxene with: EngsFs,;Wos,.

— Feldspars were mainly found as high tem-
perature plagioclases (mostly sodium and potas-
sium alumino-silacate).

— The presence of anatase (TiO,) and iron
oxides: hematite (Fe,O3;) and magnetite (Fe;0,),
were confirmed by their Raman spectra.

The collected information (chemical and
spectroscopic) can be used to present the following
description of the meteorite Struga:

e Name (and/or number): STRUGAS

e C(lass and petrological type: Chondrite of
H type®, petrologic class: 5 or 67

5 The name Struga, although given to this meteorite nearly 20
years ago [4], is still its provisional name. It will only be accepted as a
meteorite’s name, after the approval from the Nomenclature Commit-
tee of the Meteoritical Society [9].

6 Ordinary chondrites of H type, have 25-31 % iron, more then
half of it is in a free state. Meteorite Struga has ~ 30 % of total iron
and ~ 19 % (more than half of it) is “free” iron (Table I).

7 The classification of stony chondrites depends on their compo-
sition and on their thermal methamorphism [17]. The presence of
teanite (iron-nickel mineral) was detected from the chemical analysis
[4] which confirms that Struga meteorite has been largely metamor-
phosed. In addition, in teanite, y- modification of iron (stable at > 900
°C) was also found from the chemical analysis. All this could indicate
that the petrologic class of Struga meteorite is most probably 5 or 6.
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e Date, time and place of fall (coordinates):
27. 09 1972, around 6 a.m., KaliSte
(Struga), Republic of Macedonia
(NADS3: 41° 08’ 27"' N; 20° 38’ 51" E).

e Designation for shock (S): Undetermined.

e Weathering grade (W) or (WG): Unde-
termined.

e (Fo), Forsterite molecular %: Fo: ~ 87 %3

From this data, an initial information on this
meteorite was obtained and the possibility for its
final classification in the Meteoritical Bulletin
published in Meteoritics and Planetary Science [9]
has been opened.
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