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Review

ASTRONOMERS AS SKETCHERS AND PAINTERS:
THE EYE - THE HAND — THE UNDERSTANDING!

Dieter B. Herrmann

Leibniz-Sozietat der Wissenschaften zu Berlin, Berlin, Germany

e-mail: post@dbherrmann.de

Today we are accustomed to seeing the objects of the universe in magnificent digital pictures vividly before
our eyes. But before the invention of photography, the art of painting and drawing played an important role in
scientific research. Those who were powerful astronomers of this art had the advantage. This article substantiates this
thesis by means of selected examples. The drawings and the related discoveries of Galileo Galilei (1564-1642),
Johannes Hevelius (1611-1687), Tobias Mayer (1723-1762), Johann Heinrich Madler (1794-1874), Julius Schmidt
(1825-1884), Giovanni Schiaparelli (1835-1910), Eugenios Antoniadi (1870-1944), William Parsons alias Lord
Rosse (1800-1867), Ernst Wilhelm Leberecht Tempel (1821-1889), Etienne Trouvelot (1827-1895) and Walter
Lobering (1895-1969) and showed their most important drawn observation documents. It can be seen that thanks to
their art and the associated highly developed ability to perceive it, astronomers' drawings have made astounding
discoveries that others have been denied. Finally, some thoughts on the role of drawn or painted astronomical motifs

in the present are developed.

Key words: astronomy; painters; photography; Galileo Galilei; Johannes Hevelius; Tobias Mayer; Johann
Heinrich Médler; Julius Schmidt; Giovanni Schiaparelli; Eugenios Antoniadi; Lord Rosse; Ernst Wilhelm Tempel;

Etienne Trouvelot; Walter Lobering

INDRODUCTION

In many respects, art and science are a
mismatched couple. And yet, time and again artists
have used their own means to reflect on the objects
of science, while scientists have drawn inspiration
from the artists' ideas and used them for scientific
purposes. Now, if visual artist and scientist are the
same person, something very special can happen -
and this is what this article is about. Our focus here
is on astronomers as painters at the service of
astronomical research, but also on painters as
astronomers.

IT ALL BEGAN WITH GALILEI

Due to his training at the Florence Academy
of Arts, Galileo Galilei obtained research findings

that he probably would not have gained without the
skills he acquired during his artistic studies. The
importance of Galilei’s artistry for his scientific
insights has recently been mapped out for the first
time in the compelling in-depth study [1] by the
Berlin-based art historian Horst Bredekamp. It is
well known that Galilei was one of the first persons
to use a telescope to observe the moon and other
astronomical objects. He sketched in ink what he
saw, using his trained eye and hand, and later
engraved his observations in copper. What is more,
Galilei drew the correct conclusions from what he
saw. This is shown most clearly in the following
quote from his letter to Antonio de Medici dated
January 7, 1610: "Indeed one can clearly see that
the moon surface in fact is not even, smooth or
clear... but rather rough and uneven..., that it is full
of elevations and indentations similar to but much

IShortened version of a lecture presented by the author on April 15, 2013 at the Macedonian Academy of Science and Arts
in Skopje. Translated from the German version into English by Judith Blank



6 Dieter B. Herrmann

bigger than the mountains and valleys dispersed from trivial, as shown by the example of the

over the earth’s surface". [2] Englishman Thomas Harriot who observed the
His three-dimensional interpretation of light- moon by telescope even before Galilei without

dark phenomena as mountainous landscapes is far identifying what he saw as mountains and valleys.

Figure 1. Galilei statue in Florence (photo: author)

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 39 (1), 5-14 (2018)
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Figure 2. Ink drawing of the moon by Galilei 1610 (photo: Deutsches Museum, Miinchen)

FROM HEVELIUS TO FAUTH

However, Galilei was not an exception. Also
in later centuries, astronomers used the art of
sketching for their research.

When Johannes Hevelius decided to draw up
a large map of the full moon, he learned that his
friend Gassendi in Paris was pursuing the same
project with the help of an experienced drawer and
copper engraver. Hevelius set out his plans to
Gassendi who wrote back that Hevelius should be
the one to complete the work since he was observer,
sketcher and engraver in one person. Hevelius’ lunar
map prevailed until the arrival of Tobias Mayer.

In an autobiographical outline, Mayer gives a
detailed account of how he started to become
interested in sketching and painting at a very early
age. Having set his eyes upon a painting of the
crucified Christ, he would copy it again and again,
until achieving a decent reproduction. [3] But this

self-study was more than a transient passion; rather,
it was to accompany him for the rest of his life.
Later he also became concerned with the question
of colour mixing when using natural colours, giving
lectures and even publishing an academic paper
about this topic.

Undoubtedly, his talent and experience in
drawing and painting became particularly evident
in the field of lunar cartography. Besides, Mayer —
and in this respect he surpassed his predecessors —
not only sketched what he saw but also used a
special procedure to measure the position of
individual objects on the moon, making his
representations of the moon even more valuable
compared to other portrayals published by then - a
typical example for the combination of art and
science. Eventually, his work resulted in a 19.4-cm-
diameter moon map which was found in his estate
after his death and finally published by Georg
Christoph Lichtenberg in 1775.

Ipunosu, O00. ipup. maiu. buoitex. nayku, MAHY, 39 (1), 5-14 (2018)



8 Dieter B. Herrmann

Figure 3. Tobias Mayer’s moon map (author’s archives)

The Berlin-born astronomer Johann Heinrich
Maidler is also known for his great accomp-
lishments in the field of lunar cartography. It is fair
to assume that his talent for drawing and his
artistically trained eye played an important role
here. For Madler, before starting his career as
astronomer, had worked as calligraphy teacher in
Berlin and had published a textbook on the art of
calligraphy as early as in 1827. He had also put to
press several other publications on this topic [4].
Surely this must have furthered his eye-hand
coordination beyond usual standards.

We also know that the author of the largest
and probably finest moon map of the 19" century,
Julius Schmidt, had a special gift for drawing. His

obituary reads: "With his keen eyes for the more
subtle nuances of shape, tints of light and colour
and his exquisite sketching talent, he soon
recognised the scientific value of his observa-
tions..." [5] Unfortunately, we have not been able
to establish whether or not Schmidt had ever had
any training in this field. Also as an astronomer he
was self-taught, but this in no way impaired his
career which culminated in his appointment as
director of the Observatory of Athens. The results
of his research, in particular his moon map
measuring almost 2 metres in diameter, are
considered outstanding achievement in the field of
lunar cartography.

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 39 (1), 5-14 (2018)



Astronomers as sketchers and painters: the eye — the hand — the understanding 9

SKETCHES TRIGGER MARS FEVER

One of the astronomers whose drawings
caused a lively scientific debate that was to last for
decades was Giovanni Schiaparelli. As is well
known, he observed Mars during the planet’s
approach to the Earth in 1877, discovering and
sketching many thin straight lines some of which
extending over several thousand Kkilometres.
Schiaparelli referred to them as "canali”, thinking at
first of natural watercourses on the planet. He at
once discovered forty formations of this type. Many
of these lines intersect in darker, surface-like
formations that at the time none other than E.C.
Pickering mistook for water. Many observations by
others seemed to confirm the “canal™ thesis. While
in the end, with improving observation techniques,
the "canals" turned out to be an illusion, they must

IPZS. spa

ROMA - 2010

have been visible to good observers, considering
the stage of development of the instrumentation
technology at the time. Schiaparelli’s talent for
observing and drawing had to do with the fact that
initially he had studied "civil engineering" at the
University of Turin. Architectural studies at the
time would have included classes in descriptive
geometry, perspective drawing with light and
shadow, as well as training in artistic imagination
and cartography [6].

At least the Martian canals acted as a
powerful stimulus to Mars research. The last
advocates of this hypothesis published their
opinions as recently as in the 1940s. It was not until
the age of space travel with the pictures of the
Martian surface taken by Mariner 4 (1965) that the
excitement over Martian canals received its death
blow.

S. ISOLA

Figure 4. Schiaparelli and "his" Mars canals on an Italian stamp (2010)

CONQUERING EVEN GREATER
DISTANCES

We are well acquainted with the drawings of
astronomical objects far out there in space made by
the Irish nobleman, telescope builder and
astronomer Lord Rosse long before the discovery
of extragalactic worlds by Hubble in the 20"
century. Little is known about Rosse’s life, so we
do not know whether he ever studied drawing or
had a special talent for drawing. However, any
competent art historian can easily see the quality of
his eye and hand on the basis of the sketches
themselves. Lord Rosse’s main contribution to

astronomy is his discovery of the structures of
extragalactic objects, obtained by observations with
the 72-in mirror "Leviathan" that he himself had
built. Admittedly, the true nature of the drawn
objects remained a mystery to Rosse. His probably
best known representation is the one of the M 51
nebulae in Canes Venatici. This object had already
been drawn by John Herschel, but Herschel saw
much less than Lord Rosse. In the history of
astronomy, it has generally been argued that this
was due to the larger size of Lord Rosse’s
instrument. Of course the size of "Leviathan™ with
its 72-in mirror played an important role in the
discovery of detailed structures. However, the

Ipunosu, O00. dpup. mati. buottex. nayku, MAHY, 39 (1), 5-14 (2018)



10 Dieter B. Herrmann

combination of Rosse’s eye, hand and the large eye and of his ability of portraying what he saw.
telescope would seem to have been crucial for his  This is also reflected in the fact that he employed
breaking into new ground in science. Rosse did not  the trained artist Samuel Hunter specifically to
rely on observation techniques alone, but he assist him as observer and drawer.

understood very well the importance of the artist’s
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Figure 5. a) Drawing of the M 51 object by Lord Rosse (source: Wikipedia);
b) Picture of M 51 (Hubble Space Telescope)

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 39 (1), 5-14 (2018)
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In his contribution to "Astronomical Notes"
in 1888, Hermann Carl Vogel compared Rosse’s
drawings with lithographs from photos, claiming
that the photos made using the recently developed
silver bromide-gelatine dry plates showed much
more details than Rosse’s drawings [7]. Vogel had
more confidence in photography than in drawing
and the more the nebula drawings of others
resembled photographs, the more he valued them.
But if we compare modern images of M 51 with
Rosse’s drawings, we see immediately that Rosse’s
drawings were much closer to reality than the
photos taken in 1888.

Our next example is Ernst Wilhelm
Leberecht Tempel who was born in Niedercun-
nersdorf, Saxony. Tempel had trained as a
lithograph, so there is no mistaking his qualify-
cations as precise observer and drawer. He had also
lived in Venice where he was admired for his
detailed renderings for botanists and natural
scientists. After astronomy had caught his interest,
he became extremely successful also in this field.
He discovered 21 comets and 5 minor planets,
including the one he referred to as "Maximiliana”.
His numerous, finely-structured drawings of
nebulous objects and his discovery of a reflection
nebula around the star Merope in the Pleiades
cluster made him famous among experts.

The surrealist graphic artist, painter and
sculptor Max Ernst was so impressed by Tempel’s
life story and achievements that he dedicated to him
his graphic cycle "Maximiliana". Tempel was a
master in seeing details and translating what he saw
into drawings and lithographs, and it must have
been these abilities that fascinated the artist Ernst.
Even back then, Ernst, who in his "Maximiliana"
also included some of his own surrealist drawings
to honour Tempel, foresaw that the importance of
drawings for astronomy would decline with the
technical development of photography.

A very special case of the hand-eye
phenomenon in astronomy is that of the Frenchman
Etienne Trouvelot. He made a name for himself in
astronomy, even though he had never formally
studied this field. He also ranks as a drawer and
painter, probably also without ever having had any
formal training. After Louis Napoléon’s 1851 coup,
Trouvelot left France where until then he had been
engaged in political activities on behalf of the
Republicans. In the US, he joined the Natural
History Society and published several articles on
entomology. In 1870, his delicate drawings of polar
lights attracted the attention of the director of the
Harvard College Observatory, Joseph Winslock.
This was the beginning of a typical American

career. Winslock recruited him for Harvard where
Trouvelot worked as a drawer. His drawings were
published in the Observatory publications. As a
result, other observatories invited him to observe
and draw using also their instruments. These
drawings gave rise to studies on sunspots, planets
and the moon, some at the Washington 26-in
refractor - with its 26-in aperture one of the world’s
largest refractors at the time. The total number of
pictures reached about 7000. Trouvelot’s astro-
nomical drawings and paintings were printed and
exhibited like an artist’s works. But his keen eye
also spotted details that caused a stir in scientific
circles. For instance, in 1887 Trouvelot discovered
radial structures within the Saturn ring system
whose existence was definitely demonstrated only
some 100 years later by the VVoyager space probe
[8]. In 1882, Trouvelot returned to France where he
was immediately hired to work at the Meudon
Observatory near Paris. There, he produced
hundreds of drawings, especially of prominences
and other phenomena on the solar surface. His
observations of solar spots revealed details that
could be photographed only much later using
modern technical means in the light in specific
spectral ranges.

A similar career as astronomical drawer
(without being an astronomer) was that of Walther
Lobering [9]. He had completed formal studies at
the Dresden Academy of Arts and had then settled
down near Plauen in Fasendorf, Vogtland. There,
he worked as an artist, but also as a teacher at the
Plauen national art school. At the beginning of the
20s, he turned to astronomy, in particular to the
planet Jupiter that he observed using mainly a 10-in
reflector telescope. Lobering created a wealth of
drawings of Jupiter’s changeable atmospheric
phenomena, drafting rotation maps and exploring in
particular the Great Red Spot (GRS). Later, he built
a small observatory and regularly published his
observations in "Astronomical Notes", "Die
Himmelswelt" and in the magazine "Die Sterne". In
1954, the German Academy of Sciences awarded
him the Leibniz Medal for his extraordinary
achievements apart from his actual professional
activity. Finally, in Lobering’s death year, a
summary of all his observations between 1926 and
1964 made it into the Leopoldina treatises (the
society is today referred to as national academy of
Germany) [10].

As a painter, he expressly stated that in the
Jupiter sketches he proceeded as if he was drawing
portraits - portraits in which, nevertheless, some
details needed to be verified by measuring the
"objects".

Ipunosu, O00. dpup. mati. buottex. nayku, MAHY, 39 (1), 5-14 (2018)
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Q\\
Figure 6. a) Drawing of the radial structures within the Saturn ring system by Trouvelot;
b) Photos of the radial structures by Voyager 1 (1980)

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 39 (1), 5-14 (2018)
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Figure 7. Drawing of Jupiter by Walter Lobering (archives of the Archenhold Observatory, Berlin)

For the exploration of Jupiter it is interesting
that Lobering’s observations indicated a left-
turning vortex within the GRS. However, this
observation was ignored by most of the scientific
community. But the rotation profiles recorded later
by the Voyager space probes indeed confirmed the
GRS’s left-turning vorticity. Lobering, with his
painter’s eye and hand, and B.M. Peek (1958) [11],
who analysed amateur observations made over
decades by the British Astronomical Association,
were the only ones to notice [12].

END OF AN ERA

With  photography and the ensuing
development of electron-optical image converters,
drawers at the telescope had to take a backseat.
This is not negative but a sign of progress. Because

today, no drawer however gifted in observing
would be able to perceive and record the wealth of
information captured by the gigantic telescopes of our
time, not to mention non-optic wavelength ranges.

However, there is no denying that over more
than two centuries the drawers and painters among
astronomers played a significant role in research.
Galilei was their earliest ancestor. Certainly, none
of the discoveries made later by drawing
astronomers shook the world view the way
Galilei’s drawings did.

Even today, visual representations are
essential to astronomical research, in particular false-
colour images of digitalised observation files. But
much of what we know cannot be photographed.
Since Camille Flammarion’s popular books with
their fascinating pictures, drawers and painters have
tried to translate this knowledge into pictures.

Ipunosu, O00. dpup. mati. buottex. nayku, MAHY, 39 (1), 5-14 (2018)
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Today, Flammarion’s spiritual grandchildren [5] Kriiger, Obituary (Johann Friedrich Julius

and great-grandchildren are those artists that work Schmidt), Astronomische Nachrichten, 106 no.

at ESA, ESO or NASA creating much sought-after 2577-78, (1884), p. 9.

"artist’s impressions” that help us imagine foreign [6] A. Ferrari, Between two Halley's comet visits,

planets, remote areas of the universe and other Memorie della Societa Astronomica ltaliana, 82,

breath-taking phenomena. These representations of N2 (2011), 233.

research findings are probably not very different [7] H. C. Vogel, Ueber die Bedeutung der

from real photographs, if only we could take Photographie zur Beobachtung von Nebelflecken,

pictures of them. Astronomische Nachrichten 119 (1888), pp. 337.

[8] R. Koppmann: Die Entdeckung der Planet-
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ACTPOHOMMTE KAKO CKULIUPAYU U CIIMKAPHU:
OKOTO - PAKATA - PASBUPAIBETO

Dieter B. Herrmann

Leibniz-Sozietit der Wissenschaften zu Berlin, Berlin, Germany

JleHec cMe HaBUKHATH Mpej HAIIMTE OYM Ja Tiiefame O0jeKTH O]l YHHBEP3YMOT BO NPEKPACHU JUTHTAIIHH
ciuk. Ho, mpen otkpuBameTo Ha ¢oTtorpadujara, yMEeTHOCTa Ha CIMKamke W LPTambe OAUTpa 3Ha4yajHa yJora BO
Hay4YHUTE HCTpakyBama. OHHE acTPOHOMH ILITO OWMJIE CHJIHH BO OBaa YMETHOCT mMajie npenHoct. CratujaBa ja
HOTKpEeIyBa OBaa Te3a CO MOMOII Ha M30paHu mpumMepH. LipTexure u noBp3aHuTe OTKpUTHja Ha [anmuneo [amunej
(1564-1642), Joxanec Xesenuj (1611-1687), Tobujac Majep (1723-1762), Joxan Xajupux Memiep (1794-1874),
Jymuj HImut (1825-1884), IloBanu Ilkumapenn 1835-1910), Eyrennoc Antonnamu (1870-1944), Bunujam
[Mapconc anmjac Jlopa Poy3s (1800-1867), Eprer Bunxenm Jleoeper Temmen (1821-1889), Etjen Tpoysenor (1827—
1895) u Bourep JleGepunr (1895-1969) ru nokakaa HajBaXKHUTE IOKYMEHTH 3a HabJbydyBame. MoXe 1a ce BUAU
Jieka OyarojapeHre Ha HUBHATA YMETHOCT M MOBP3aHUTE BHUCOKO pPa3BHEHH CIIOCOOHOCTH 3a TOA Ja ro COrjieqaar,
LPTEKHUTE Ha ACTPOHOMHTE CO3/1a/10a 3a4yyBauKy OTKPUTHja KOM JApYyruTe ru Herupaa. KoneuHo, cera ce pa3BuBaar
HEKOH IIOTJIe/IN 32 yJIoraTa Ha HalPTaHUTE WK HACIMKAHU aCTPOHOMCKH MOTHBH.

Kayunu 360poBu: actpoHomuja; ciaukapu; ororpaduja; Galileo Galilei; Johannes Hevelius; Tobias Mayer;

Johann Heinrich Médler; Julius Schmidt; Giovanni Schiaparelli; Eugenios Antoniadi; Lord Rosse; Ernst Wilhelm
Tempel; Etienne Trouvelot; Walter Lobering
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A MODEL BASED METHOD FOR COMPARING THE PROPERTIES
OF SOME METAL-Ta20s/Si02-Si STRUCTURES
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Oxygen annealed radio frequency (RF) reactively sputtered and thermally grown (thermal) Ta2Os films on sili-
con were comparatively studied by using combination of C-V and I-V measurements and the previously developed
comprehensive model for the metal-Ta,Os/SiO-Si structures. Dielectric properties of separate layers were extracted
by comparing the experimental and the theoretical results. It is found that the net leakage properties of the Ta,Os layer
are significantly better in the case of RF than thermal, particularly in the case of the Au gate. Excessive growth of the
SiO; layer of about 0.3 nm in the case of RF films leads to an unwanted increase of the equivalent oxide thickness.
Appropriate interface engineering is required in order to prevent the SiO, excessive growth during the oxygen anneal-
ing. Such a growth can reduce the beneficial effects of the annealing on the net properties of Ta.Os films obtained by

RF.

Key words: high permittivity dielectrics; conduction in dielectrics; leakage currents model

INTRODUCTION

Ta20s films are nowadays extensively inves-
tigated for various applications, such as coatings for
gravitational-wave detectors [1], multilayer stacked
electrode in organic light-emitting diodes [2], resis-
tive switching memories [3], gapless-type atomic
switches [4], photocatalysts [5] etc. Ultrathin Ta20s
films are particularly important as a new dielectric
material for DRAM capacitors, because of their
outstanding properties [6-9], such as high dielectric
permittivity, high breakdown fields and low leak-
age current densities. The oxygen anneal of RF
sputtered Ta,Os films at high temperatures is found
to be highly beneficial for their insulating proper-
ties [10, 11]. It significantly increases the dielectric
constant, reduces the fixed charge Qr (as low
as 101 cm), reduces the leakage currents, and in-

creases the breakdown field [8]. Pure oxygen ion
assisted deposition provides similar improvements
[12]. The fabrication of the insulating layer in the
case of thermal growth [9] and RF-sputtering fol-
lowed by oxygen anneal [8] is accompanied by un-
intentional formation of a silicon dioxide layer, and
hence the insulating film has to be treated as a
stacked layer. In [13, 14] we proposed and used a
comprehensive model describing the leakage cur-
rents of thus obtained Ta,Os/SiO, stacked layers. It
has been later generalized for different similar
structures [15].

In the present work we study comparatively
the RF-sputtered and thermally grown tantalum
pentoxide films on silicon by using the model de-
scribed in [14], in order to compare the impact of
the discussed technologies on the properties of sep-
arate layers.
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EXPERIMENTAL

Chemically cleaned p-type (100) 15 Q-cm Si
wafers were used as substrates. Some of the
Ta,0sfilms were deposited at 220 °C by radio fre-
quency (RF) reactive sputtering of 99.99 % pure Ta
in a gas mixture of Ar and O,. Other films were
obtained by RF-sputtering of a Ta target in Ar at-
mosphere followed by thermal oxidation in dry O;
at 600°C (thermal). All the films were subsequently
annealed in dry oxygen at 900 °C for 30 min. The
thickness of Ta,Os and the refractive index were
measured by ellipsometry (1 = 632.8 nm). The ob-
tained thickness was dip =50 nm. The refractive
index was typically 2.1, approximately equal to the
generally adopted value 2.2.

Metal-Insulator-Semiconductor (MIS) capac-
itors with two different gate electrodes (Al and Au)
were formed. Al and Au electrodes were deposited
by thermal evaporation. Au electrodes were depos-
ited onto the Ta20s film using shadow mask tech-
nique. The corresponding gate electrode area is
1.96x103 cm?. The MIS capacitors for the Al top
electrodes were defined using photolithography and
have the active areas of 2.5 x 103 cm?.

High frequency (1 MHz) C-V characteristics
were measured by a HP 3284 A LCR-meter. For
the quasi-static measurements a HP 4140 B
picoammeter/voltage source was used, at a voltage
ramp rate of 0.1V/s.

I-V characteristics were measured by a HP
4140 A picoammeter DC voltage source. Current
was measured in steps of 0.1V, with a hold time of
5 s, allowing for the obtainment of negligible dis-
placement current, as it was confirmed by reversing
the voltage range of the measurement. Repeated
measurements in the ranges used in this work gave
practically the same results, proving that the charge
trapping during these measurements does not affect
significantly the film properties.

THEORY (SECTION III)

The conduction mechanisms that are consid-
ered are:

1. For the SiO; layer, hopping conduction
along with direct tunneling through a trapezoidal
barrier or Fowler-Nordheim tunneling through a
triangular barrier, depending on the electric field in
the layer (Eso). Tunneling current can be created by
the electrons or the holes. The barrier for the tun-
neling of holes is substantially higher than the bar-
rier for electrons. Different carriers from the silicon
substrate produce this current: electrons in the case

of gate positively biased and holes in the case of
gate negatively biased. Hence, the current depends
upon the gate polarity.

2. For tantalum pentoxide, Poole—Frenkel
mechanism, that is bulk-limited, thus independent
on the polarity.

Direct tunneling current density through the
SiO; layer (Jor) is given by the following expres-
sion:

J =
°T 8zhd 3hE

SO

2 * 3 3/2
0 exp(_sﬁ J2m'qo {1_(1_%0&0) N

)

and Fowler-Nordheim tunneling current density by

2 / * 3
q E2 exp{_M] , (2)

N e D 3hE

SO

where q is the electron charge, h is the Planck’s
constant, m* is the effective tunneling mass of car-
riers in SiOy, dso is the thickness of SiO; layer, @ is
the tunneling barrier height, and Es is the electric
filed in SiO; layer.

Total leakage current density through the
SiO; layer (Jso) is given by

‘]so = O-thso + K (;D ’ (3)

where onc is the hopping conductivity in the SiO;
layer.
The voltage drop on the SiO; layer (Vo) is:
VSO = ESOdSO ' (4)
Leakage current density due to the Poole-

Frenkel mechanism in the Ta,Oslayer (Jy) is given
by the following expression:

q3
FJ (5)

1

T =oE exp[kT e, Ky

where Ey, is the electric field in the Ta;Os layer, o
is temperature-dependent defect-related constant
having dimensions of conductivity, k is the Boltz-
mann constant, &o is the dielectric constant of vacu-
um and Kr=n?is the optical frequency dielectric
constant (n is the refractive index) of Ta,Os.
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The voltage drop on the Ta,Oslayer (Vi) is
given by:

V,, = E,d,, (6)

tp tp

where dy, is the thickness of the Ta,Os layer.
The two quantities that are computed simul-
taneously here are the oxide voltage:

Vox =V, +V, =d E,, +d E 7

SO —so !
and the current density in steady state
J=J,=J,. (8)

Current density J=Js, was computed for
given field Es in the silicon dioxide, then the field

in Ta,O0s layer was computed as inverse function of
current of Jp=J and the oxide voltage determined
with the use of the expression (6). Following typi-
cal values were used in computations: me* = 0.61
mo— effective electron mass in SiO; (mo denotes the
mass of free electron), my* =0.51 mo — effective
hole mass in SiO. and Kr = 4.84.

The voltage on the insulating stacked layer
(Vox) was calculated by using relations involving
the flatband voltage (Vi),the gate voltage (Vy) and
voltage drop in the semiconductor (¢s) [16]

Vox =Vg _Vfo %Y (9)

The voltage drop in the semiconductor (gs)
has been computed solving numerically the follow-

Eso =+__5 —ZkTpO exp(_ %] +%
&£ E.E, kT kT

SO S

where & is the relative permittivity of Si (11.9), &
is the relative permittivity of SiO, (3.9), & is the
permittivity of vacuum, n; is the intrinsic concentra-
tion of carriers in Si (1.45 x 10 cm) and po is the
steady state majority carrier (holes) concentration
in p-type Si.

RESULTS AND DISCUSSION

The high-frequency (1 MHz) C-V character-
istics for all the considered samples are shown in
Figure 1. It is visible that the capacitances in accu-
mulation for RF samples are lower than those for
thermal ones. The entire characteristics for RF are
shifted towards the right compared to the thermal.
Applying the standard procedures used for MOS
structures, the equivalent oxide thickness (deg) [17],
the fixed charge density (Qr) [18] and the interface
state density at midgap (Dim) [19]were computed.
The results are shown in Table 1. Equivalent thick-
nesses of the RF films are significantly higher than
those of the thermal ones. Fixed charge is positive

ing equation [15]:
—1]} , (10)

2

_1J +n_'2(exp[%j_%

P KT kT
in the case of the thermal films and negative in the
case of RF. The interface state densities are of order
of 10?2 eV-'cm and are significantly lower in the
case of RF than thermal. Fixed charges of thermal
films are about 4 x 10 cm™, that is less positive
than the value obtained for the films without oxy-
gen anneal, 1.2 x 102 cm2[15]. RF films with the
fixed charge of about —1.5 x 10 cm™ manifest
similar shift toward the negative values compared
to the unanealed RF films (Qr = 6 x 10 cm) [15].
The oxygen annealing leads in some cases to nega-
tive values of Q. It is certain that not only positive-
ly charged defects are reduced, but an important
amount of negatively charged defects is created.
This can be explained by the crystallization of the
Ta,0s layer, leading to broken bonds at the
Ta,0s/Si0O; interface [20]. We have shown that the
oxygen anneal at lower temperatures (600 + 850 °C)
leads to very low fixed charges (as low as 10! cm)
[8]. Therefore, increasing the annealing tempera-
ture to 900 °C or above can have harmful effects on
the fixed charge.

Table 1. Parameters extracted from the C-V characteristics

D.
Growth Gate deq (NM) Qox (cm™) (evfl:‘:nrqnfz)
Al 8.7 —1.4 x 10*? 1.2 x 10%?
RF-sputtered Al 92 1.6 x 1012 2.0 x 102
Thermal Al 83 40 ol
Au 8.4 6 x 101 3.0 x 1012

Tpunosu, O00. upup. maid. buoitex. nayku, MAHY, 39 (1), 15-21 (2018)
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Figure 1. C-V characteristics of the MOS capacitors with
areas of 0.0025 cm? (Al gates) and 0.00196 cm? (Au gates)
containing thermally grown and RF-sputtered Ta,Os films

The leakage current characteristics shown in
Figures 2 and 3 were analyzed by using the model
described in the Section Ill. Few of the parameters
were fitted to obtain the matching between the the-
oretical and experimental results. These are the pa-
rameters influenced by the technological processes
and not those that are accurately determined in the
literature, listed in Section Ill. The parameters ex-
tracted by fitting the theoretical to the experimental
results are given in Table 2.

10°
O g
0% §
10° T °% 4
< F %% S RF
€ ] r o % o
S 10° £ °% °
< : %% f:-—
- S %..o ° :
10 % % thermal & o
. k ¢
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7654321012345
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Figure 2. Leakage currents for MOS capacitors with Al gate
containing thermally grown and RF-sputtered Ta,Os films

Very good agreement between the theoretical
and experimental results in the entire measurement
region is obtained (Figure 4), justifying the use of

the proposed model in the analysis. Saturated part
for the positive gate is due to the strong inversion
and is not described by this model.

J (Alend)

Figure 3. Leakage currents for MOS capacitors with Au gate
containing thermally grown and RF-sputtered Ta,Os films

The interfacial SiO. layer thickness for ther-
mal films is about 2.7 nm, while for RF it is from
0.3nm to 0.5 nm higher. Compared to the total
thickness (50 nm) it is a very small value, but its
contribution to the equivalent oxide thickness is
significant. Barriers are practically equal to those
for SiO; films from literature [13]. There are some
differences between the values of the SiO, layer
hopping conductivity for different samples, but
they are comparable to the measurement error and
can be disregarded. Thus, we can conclude that the
quality of the SiO; layer is practically the same for
both processes and both gate materials.

The parameter o, is the most influenced by
the technology and the gate material, which de-
scribes the net leakage properties of the Ta,Os lay-
er. In the case of Al gate, o is 3 times lower for
RF than thermal films, while for Au gate, it is 10
times lower for RF than thermal. In [13] we ex-
plained the difference between Al and Au gates by
the creation of defects due to the reactivity of Al
with Ta»Os. In the case of non-reactive Au gate, the
obtained value of o, can be considered as intrinsic
for the insulating material. Thus, the leakage factor
for RF films is an order of magnitude lower than
for thermal. In the case of Al gate, the difference
between the RF and thermal films is less marked,
because the majority of the defects responsible for
the leakage are created by the reaction of the Al
gate with the film and not during the growth of the
insulating layer.
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Figure 4. Experimentally obtained leakage currents versus oxide voltage for positive (closed circles) and negative gate

(open circles) compared to the theoretical computations: a) thermally grown, Al gate, b) RF-sputtered, Al gate,
c) thermally grown, Au gate, d) RF-sputtered, Au gate

Table 2. Parameters extracted from the 1-V characteristics

dso Ohc Otp D O,

Growth Gate (nm) (Q1em?) (Qem™) (eV) (eV)

Al 3.02 9.0 x 1077 25x101 3.15 4.70
RF-sputtered

Au 3.20 1.8 x 10716 59x 10 3.15 4.30

Al 2.70 6.0 x 107 8.2x 10 3.15 4.70
Thermal

Au 2.75 6.0 x 1077 6.6 x 10714 3.15 4.70

Using the measured total thickness values (d)
and the obtained values for the SiO, layer thickness
(dso) and the equivalent oxide thickness (deg), the
effective oxide dielectric constant (er) and the net
dielectric constant of the Ta,Os layer (ow) were

Tpunosu, O00. upup. maid. buoitex. nayku, MAHY, 39 (1), 15-21 (2018)

computed. Their values are given in Table 3. All
the values are close to these reported in literature
[15]. The values obtained for Al gate are slightly
higher than these for Au gate, for both RF and
thermal.
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Table 3. Effective dielectric constant of the stack (&er)
and net dielectric constant of the tantalum pentoxide

layer (o).
Growth Gate Eef O
RF-sputtered :llj ;ii 2‘212
Thermal :llj ;zg 232

CONCLUSIONS

Based on the use of a comprehensive model
for leakage current in metal-Ta;Os/SiO2-Si struc-
tures it has been found thatthe oxygen anneal of
RF-sputtered films leads to significantly better net
leakage properties of the Ta,Os layer, compared to
the thermally grown. However, the thickness of the
interfacial SiO; layer for RF films is about 0.4 nm
higher than this for thermal. Therefore, appropriate
interface engineering in required in order to benefit
from the outstanding net Ta;Os layer without com-
promising the equivalent oxide thickness.

The use of the model of comparative analysis
in description of the properties of separate layers,
as is demonstrated in this work, provides in deep
insight into the properties of the materials with re-
duced number of technological experiments com-
pared to direct approach. Therefore, it is to be used
in directed search of the technological solutions for
materials with required properties.
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work.

REFERENCES

[1] A. Amato, G. Cagnoli, M. Canepa, E. Coillet, J.
Degallaix, V. Dolique, D. Forest, M. Granata, V.
Martinez, C. Michel, L. Pinard, High-Reflection
Coatings for Gravitational-Wave Detectors: State
of The Art and Future Developments, J. Phys.:
Conf. Ser., 957 (2018), pp. 012006-1-012006-7.

[2] J. Sohn, Y. Kwon, Y. Lee, C. Lee, Light out-
coupling efficiency enhancement in organic light-
emitting diodes using a multilayer stacked elec-
trode with sol-gel processed Ta,Os. Opt. Exp.,
25(2017), pp. 27886—27895.

[3] S. Ryu, S.K. Kim, B. J. Choi, Resistive switching
of Ta,Os-based self-rectifying vertical-type resis-
tive switchingmemory, J. Elec. Mat.47 (2018),
pp.162-166.

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

Yuki Shigeoka, TsuruokaTohru, Hasegawa Tsuy-
oshi, The rate limiting process and its activation
energy in the forming process of a Cu/Ta,Os/Pt
gapless-type atomic switch, Jap. J. Appl. Phys., 57
(2018), pp. 035202.

S. Sathasivam, B. A. Williamson, A. Kafizas, S.
A. Althabaiti, A. Y. Obaid, S. N. Basahel, D. O.
Scanlon, C.J. Carmalt, I. P. Parkin, Computational
and experimental study of TaOsthin films, The J.
Phys. Chem.C,121(2017), pp. 202—210.

U. Schroeder, K. Cho, S. Slesazeck, Materials for
DRAM Memory Cell Applications, in Thin Films
On Silicon: Electronic and Photonic Applications8
(2017), pp. 369-401.

A. P. Huang, P. K. Chu, Improvement of interfa-
cial and dielectric properties of sputtered Ta;Os
thin films by substrate biasing and the underlying
mechanism, J. Appl. Phys., 97 (2005), pp. 114106-
1-114106-5.

E. Atanassova, N. Novkovski, A. Dimitrova, M.
Pecovska-Gjorgjevich, Oxygen annealing modifi-
cation of conduction mechanism in thin rf sput-
tered Ta»,Os on Si. Solid St. Electron., 46 (2002),
pp.1887-1898.

E. Atanassova, A. Paskaleva, N. Novkovski, and
M. Georgieva, Conduction mechanisms and relia-
bility of thermal Ta,Os—Si structures and the effect
of the gate electrode, J. Appl. Phys., 97 (2005), pp.
094104-1-094104-11.

L. Wang, H. Liu, Y. Jiang, X. Yang, D. Liu, Y. Ji,
F. Zhang, D. Chen, Effects of hot-isostatic press-
ing and annealing post-treatment on HfO, and
Ta,0s films prepared by ion beam sputtering,
Optik-International Journal for Light and Electron
Optics, 142 (2017), pp. 33-41.

M. C. Sekhar, N. N. K. Reddy, H.S. Akkera, B. P.
Reddy, V. Rajendar, S. Uthanna, S.H. Park, Role
of interfacial oxide layer thickness and annealing
temperature on structural and electronic properties
of Al/Ta,0s/TiO,/Si  metal-insulator—semicon-
ductor structure, J. All. Comp., 718 (2017),
pp.104-111.

J. Han, Q. Zhang, W Fan., G. Feng, Y. Li, A. Wei,
R. Hu, Q. Gu, The characteristics of Ta;Os films
deposited by radio frequency pure oxygen ion as-
sisted deposition (RFOIAD) technology, J. Appl.
Phys., 121(2017), pp. 065302-1-065302-9.

N. Novkovski and E. Atanassova, Injection of
holes from the silicon substrate in Ta,Os films
grown on silicon, Appl. Phys. Lett., 85 (2004), pp.
3142-3144.

N. Novkovski, E. Atanassova, A comprehensive
model for the |-V characteristics of metal-
Taz0s/SiO2-Si  structures, Appl. Phys., A, 83
(2006), pp. 435-445.

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 39 (1), 15-21 (2018)



A model based method for comparing the properties of some metal-Ta20s/SiO2-Si structures 21

[15]

[16]

[17]

N. Novkovski, Physical modeling of electrical and
dielectric properties of high-k Ta,Os based MOS
capacitors on silicon, FactaUniversitatis, Series:
Electronics and Energetics, 27 (2014), pp.
259-273.

K. Maitra, N. Bhat, Analytical approach to inte-
grate the different components of direct tunneling
current through ultrathin gate oxides in n-channel
metal-oxide—semiconductor field-effect transis-
tors, J. Appl. Phys., 93 (2003), 1064—-1068.

E. Atanassova, T. Dimitrova, Thin Ta;Os layers on

Si as an alternative to SiO, for high density
DRAM applications, in Handbook of surfaces and

[18]

[19]

[20]

interfaces of materials, Edited by Hari Singh Nai-
wa, Volume 4: Solid thin films and layers, Aca-
demic Press, San Diego, (2001),pp. 439-479.

S. M. Sze and K. K. Ng, Physics of Semiconductor
Devices, 3rd Edition, John Wiley & Sons, New
York,2007.

D. K. Schroder, Semiconductor Material and De-
vice Characterization, 3rd Edition, John Wiley &
Sons (2006).

E. Atanassova, A. Paskaleva, Challenges of Taz0s
as high-x dielectric for nanoscale DRAMs, Micro-
electronics Reliability, 47 (2007), pp. 913-923.

MOJAEJIEH METO/I 3A CIOPE/IGA HA CBOJCTBATA HA CTPYKTYPHU
Ol TUTTIOT METAUJI-Ta,0s/SiO>-Si

Henan HoBkoBCcKH

WucturyT 3a Pusuka, [Ipupogno-marematiuku dakynrer, Y HuBep3uter ,,Cs. Kupun u Meromnuj®,
Ckomje, Penybnka Makenonuja
HctpaxyBauku LeHTap 3a )KUBOTHA CPEAMHA U MaTepujay,
MakenoHcKa akajgeMuja Ha HaykuTe u ymMmeTHoctute, Ckomje, PermyOnmka Makemonuja

@Ounmosu of TazOs Bp3 citMIyM T00HEHH €O BUCOKO(PEKBEHIMCKO PEAKTUBHO PACIPAIyBahe U TEPMUUKH
Tperupanu Bo kuciopon (P®) u ¢punmosu on TaxOstepmuuku m3pacHatu (thermal) ce mpoydyBaHu KOMIapaTHBHO
co ymorpeba ua C-V and |-V u npetxoaHo pa3BueHHOT ceorndaTeH Mojer 3a cTpykTypu mMetan-1a,0s/Si02-Si. Tlpeky
criopeida Ha eKCIEPHMEHTATHUTE CO TEOPUCKUTE PE3YIITATH CEONPECIICHN TUEIEKTPUIHNUTE CBOjCTBA Ha OAJICITHUTE
cioeBu. HajieHo e geka uncTuTe CBOjCTBA 3a IpeTeKyBame HU3 cioeBuTe of TaOsce 3HawajHO Moxo0pH BO CIlydajoT
Ha P® oOTKONKy Kaj TEpMHUYKM HM3pacHaTHTE (QHUIMOBH, OCOOEHO BO CIIy4ajOT Ha TOpHaTa eJeKTpoxa o Au.
HonatHuot mopact Ha ciojot on SiOz3a oxony 0,3 nm Bo ciydaj Ha P®-pummoBHTe BOOM JO HECaKaH PacT Ha
eKBUBAJICHTHATa Jie0enrHa Ha OKcHIoT. [ToTpeOHO € 1a ce HampaBH COOBETHO HAaroAyBame Ha MHTEP(EjCOT CO el
Ia ce u3bderHe mperepannopact Ha SiOz,eTHOBPEMEHO KOPHCTEjKU T MOAOOPSHHUTE YHUCTH CBOjCTBA HAa (DHIMOBHUTE
o Ta20s nobuenu co PO.

Kayuynu 360poBu: TUETEKTPUIIM CO BUCOKA MEPMUTHBHOCT; CIIPOBOIJIUBOCT HU3 JUEIIEKTPHUIIH;
MOJIE] 33 CTPYUTE Ha IIPOTEKYBambE
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ELECTRON SPIN RESONANCEON HYBRID NANOCOMPOSITES
BASED ON NATURAL RUBBER
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Electron spin resonance (ESR) was used as a new method to analyze the synergy between two nanofillers dif-
ferent by nature, form and rigidity dispersed in natural rubber matrix. Natural rubber (NR) nanocomposites loaded
with fixed amount of carbon nanotubes (2 parts per hundred of rubber parts; phr) and various amounts of expanded
organically modified montmorillonite (EOMt, 4-20 phr) were investigated. The dependence of the double integral of
the resonance spectra on the amount of EOMt present in the natural rubber was established. Its decrease with an in-
creaseof the amount of EOMt confirmed the synergy between these two nanofillers. Also DMA temperature sweep
measurements were performed and the cluster-cluster aggregation (CCA) model was used to assess the apparent filler
networking energy. The obtained results suggest that the presence of the EOMt above a critical amount strengthens
the hybrid-filler networking.

Keywords: electron spin resonance; carbon nanotubes; organo-montmorillonite; rubber nanocomposites

INTRODUCTION

The electron spin resonance (ESR) spectros-
copy is a powerful technique for the investigation
of carbon-based materials. The appearance of the
carbon nanotubes ESR spectra is affected by a lot
of factors and that is why different information on
the carbon nanotubes ESR line shape could be
found in literature. Some authors reported [1, 2]
symmetric line shapes (mostly Lorentzian) while
others reported asymmetric Dysonian line shapes
[3]. The resonance spectrum of isolated carbon
nanotubes should represent a symmetrical Lo-
rentzian or Gaussian shape. On the other hand, ag-
glomerated nanotubes are characterized by inter-
connected conducting domains of the order of 1 to

100 microns [4, 5] and such structures are charac-
terized by resonance spectra presenting a Dysonian
like shape.

Although many ESR investigations on car-
bon nanotubes have been reported [3, 6-14], only a
few ESR studies on carbon nanotubes dispersed in
polymeric matrices have been published [8, 11, 13,
14]. In these studies, based on the appearance of the
ESR spectra on individual and agglomerated carbon
nanotubes, it was concluded that, if the dispersion
of the nanotubes is good, the resonance line will
present a symmetrical shape, and if the nanotubes
are aggregated and there is not a good dispersion in
the polymer matrix a Dysonian-like resonance
shape will appear [8].
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In our recent publication [13] we investigat-
ed NR based hybrid nanocomposites that contained
6 phr multiwalled carbon nanotubes (MWCNT) and
various quantities of EOMt. The obtained ESR
spectra had a symmetrical Lorentzian shape for all
nanocomposites, indicating good dispersion of the
MWCNT throughout the NR matrix, regardless of
the EOMIt presence and guantity. We found a sharp
decrease in the double integral of the resonance
spectra when EOMt quantities higher than 12 phr
were added in the matrix. The double integral of the
resonance spectrum in ESR spectroscopy is propor-
tional to the spin concentration [15]. This suggested
that, above a certain amount of EOMt in the matrix,
a synergism engenders between EOMt and
MWCNT, resulting in a sharp spin concentration
decrease in the samples. The synergism between
these two nanofillers was also reported in some
previous works [16-19], manifested by their better
dispersion in some solvents and polymer matrices,
but this was for the first time demonstrated by
changes in the ESR spectra of the MWCNT in de-
pendence of the EOMt concentration in the nano-
composites.

Motivated by this fact, we wanted to confirm
that this kind of changes in the ESR spectra of
MWCNT, initiated by the presence of EOMt, are
repetitive and could also be observed for different
concentrations of MWCNT in the NR matrix. With
this in mind, we performed the ESR investigations
on NR samples that contain much lower concentra-
tion (2 phr) of carbon nanotubes and the same con-
centrations of EOMLt as in our previous work (4-20
phr). The appearance of the carbon nanotubes ESR
spectra was analyzed and the dependence of the
double integral of the resonance spectra on the
amount of EOMt in the NR matrix was established.
The cluster-cluster aggregation (CCA)-model [20],
which is one of the fundamental micro-mechanical
concepts of non-linear viscoelasticity of filled rub-
ber, based on fractal approaches of filler network-
ing, was used to assess the filler networking energy,
which could be considered as additional indicator
of fillers synergy.

EXPERIMENTAL
Materials

The NR-compounds were based on a Stand-
ard Malaysian Rubber (SMR 10). The organo-
montmorillonite (OMt) used was Nanofil 15 sup-
plied from Stid-Chemie AG Moosburg, Germany.
Distearyl dimethylammonium chloride (QUAT)
was used as an organic modifier. The specific gravi-

ty of this OMt was 1.8 gcm= with an average parti-
cle size of 25 pm. Carbon nanotubes, NC7000, a
multiwall carbon nanotubes (MWCNT) produced
by catalytic carbon vapor deposition (CCVD) pro-
cess, were supplied by NANOCYL S. A. (Bel-
gium). They were 90% pure containing 10% metal
oxides and had an average diameter of 9.5 nm and
an average length of 1.5 um. The stearic acid was
purchased from ACROS Organics, Geel, Belgium
with 97% purity. The vulcanizing accelerators N-
tert-Butyl-2-benzothiazolesulfenamide (TBBS) and
N-cyclohexyl-2-benzothiazolesulfenamide  (CBS)
were provided from Rhein Chemie Rheinau GmbH,
Mannheim, Germany. Sulfur (S), N-(1,3-Dime-
thylbutyl)-N'-phenyl-p-phenylenediamine  (6PPD)
and zinc oxide (ZnO) used in this study were of
industrial grade.

Preparation of the rubber nanocomposites

The commercial OMt was first expanded by
intercalation of stearic acid in the interlayer space
prior to its incorporation in the rubber matrix [21].
This preparation is described in detail in reference
[18]. The preparation of the hybrid rubber nano-
composites  containing expanded OMt and
MWCNT was performed in two steps, in an inter-
nal mixer (Haake Rheomix) and in an open two roll
mill (Polymix 110 L, size: 203 x 102 mm Servitec
GmbH, Wustermark, Germany). The formulations
of NR compounds expressed as parts per hundred
of rubber (phr) are shown in Table 1. The proce-
dure is fully described in reference [18].

Table 1. Formulation of different NR compounds

Sample code NR* MWCNT EOMt
NR/h200 100 2 0
NR/h222 100 2 4
NR/h244 100 2 8
NR/h266 100 2 12
NR/h288 100 2 16
NR/h21010 100 2 20

*Mass of the ingredients was taken in parts per hundred of
rubber (phr). The ingredients which amounts were kept
constant in all compounds were ZnO 5 phr, stearic acid 2
phr, 6PPD 1 phr, CBS 1.5 phr, TBBS 0.2 phrand S 1.5 phr.

The test samples were molded and cured to 2
mm plates by compression molding (150 kN) on an
electrically heated hydraulic press at 150 °C. The
rubber samples were vulcanized up to their respec-
tive optimum cure time (tgo), previously determined
with a vulcameter (Scarabaeus, Langgons, Germa-
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ny), and then stored for 24 hours before the tests
were performed.

Characterization

Electron spin resonance (ESR) measure-
ments were performed on a Varian E-109 spec-
trometer operating at 9.29 GHz, equipped with a
Bruker ER 041 XG microwave bridge and a Bruker
ER 4111 VT temperature unit. Spectroscopic pa-
rameters were: microwave power 10.0 mW, modu-
lation amplitude 0.1 mT, scan range 10 mT and
scan time 60 s. The measurements were performed
at room temperature.

Dynamic mechanical analysis was performed
using a dynamic mechanical thermal spectrometer
(Gabo Qualimeter, Ahlden, Germany, model
Eplexor 2000N) in the tension mode. Temperature
sweep analysis was carried out using a constant
frequency of 10 Hz in a temperature range from —
80 °C to + 80 °C. For the measurement of the com-
plex modulus (E*), a static tensile load of 1% pre-
strain was applied and then the samples were oscil-
lated with a dynamic strain of 0.5%. The measure-
ments were performed with a heating rate of 2
Kmin under liquid nitrogen flow.

RESULTS AND DISCUSSION

The ESR spectrum of 2 phr MWCNT incor-
porated in the NR based nanocomposite, NR/h200,
at room temperature is presented in Figure 1.

A narrow, symmetrical and intense line is
observed, reminiscent of the ESR spectrum of pris-
tine CNT [22].

Intensity

3260 3280 3300 3320 3340 3360

Magnetic field/10T

Figure 1. The ESR spectrum of 2 phr MWCNT
incorporated in NR based nanocomposite (NR/h200),
at room temperature

For a random distribution of CNT the reso-
nance spectrum presents a symmetrical Lorentzian
or Gaussian shape. The obtained spectrum was fit-
ted by a Lorentzian line shape [23]:

)
| =161, Heo /12 .
+(H—HRJ
Hoo /2
where | is the intensity of the resonance line, Hpp
is the resonance line width and Hg is the resonance
field.

The solid line in Figure 1 represents the best
fit obtained by using Equation (1). The agreement
between the recorded spectrum and the theoretical
shape in the peak region is good. In composite ma-
terials, if nanotubes are well dispersed throughout
the matrix below the electrical percolation thresh-
old, the resonance line will also have a symmetrical
Lorentzian shape [8]. Here, the good agreement
between the theoretical Lorentzian shape and the
recorded resonance spectrum proves the good dis-
persion of the nanotubes within the NR matrix.
This finding coincides with the finding in our pre-
vious investigation [18], in which transmission
electron microscopy (TEM) was used as a method
to estimate the dispersion of the nanofiller system
in these samples. This again confirms that the pre-
dispersion of MWCNT in ethanol and the high vis-
cosity of the rubber, which causes occurrence of
strong shearing forces during the process of mixing,
are sufficient to induce the separation of the indi-
vidual CNT from their aggregates and to success-
fully form nanocomposites [18, 21].

To investigate, in this case (a lower quantity
of MWCNT in the nanocomposites), the influence
of the EOMIt content on the resonance line position
(g-factor) and the double integral, ESR measure-
ments were performed on all samples. The ESR
spectra of NR-nanocomposites containing 2 phr
MWCNT but different quantities of EOMt (0, 4, 8,
12, 16, 20 phr), normalized to the sample weight,
are shown in Figure 2.

All lines have the same Lorentzian shape,
which proves that the good dispersion of the nano-
tubes within the NR matrix is not disrupted by the
presence of EOMt, regardless of its quantity within
investigated concentration range.

> M)
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Figure 2. ESR spectra, normalized to the sample weight, of NR-nanocomposites
with 2 phr MWCNT and different contents of EOMt, measured at room temperature

Chiparaet al. [8] found the position of the
resonance line of carbon nanotubes dispersed in
epoxy resin to be located near the free electron g-
factor value. Their investigations showed the tem-
perature independence of the g-factor, which led
them to the conclusion that the resonance spectrum
of CNT in epoxy resin composites originates from
the uncoupled electronic spins delocalized over the
carbon nanotubes.

For an uncoupled electronic spin (s = 1/2) the
g-factor is:

g= hv
PH

)

where h is the Planck’s constant, g is the Bohr
magneton of the electron, v is the frequency of the
microwave field and Hr is the value of the external
magnetic field at which the resonance is observed.

Assuming that the resonance spectra of the
MWCNT incorporated in the NR-based nanocom-
posites originate from the uncoupled electronic
spins delocalized over the CNT, we calculated the
g-factor according to Equation (2). These values are
presented in Table 2 along with the values of the
double integral obtained from the data presented in
Figure 2.

The g-factor values (Table 2) for all samples
are close to the free electron g-factor value (go =
2.0023) [24, 25] and are only slightly changing
with the presence of EOMt and its quantity.

Table 2. Double integral of the resonance spectra,
normalized to weight, and g-factor values
for all NR nanocomposites

Double integral / m

Sample code g-factor (mag)
NR/h200 2.0029 1507
NR/h222 2.0035 1211
NR/h244 2.0036 1416
NR/h266 2.0023 630
NR/h288 2.0036 581
NR/h21010 2.0040 544

On the other hand, the established depend-
ence of the double integral of resonance spectra on
the amount of EOMt showed a sharp decrease when
EOMLt quantities higher than 8 phr are introduced
into the matrix. Intrinsically this is the same
amount of EOMt as found in our previous study,
but in this case the decrease is even more pro-
nounced. Solid lines in Figure 2 indicate the reso-
nance spectra of the sample containing only
MWCNT (NR/h200) and that with additional 12
phr EOMt (NR/h266) where the sharp decrease in
the double integral of the resonance spectra occurs.
Since the double integral of the resonance spectrum
in ESR spectroscopy is proportional to the spin
concentration [15], this suggests that above a cer-
tain concentration of EOMt a synergism engenders
between EOMt and MWCNT, resulting in a sharp
spin concentration decrease in the samples.
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It is interesting to see how this synergism in-
fluences the filler networking, which is determined
by the morphological arrangement of the filler par-
ticles and formation of joints by filler-filler bonds.
Hence, to assess the filler-networking energy of the
hybrid nanofillers for different MWCNT/EOMt-
ratios, the cluster-cluster aggregation (CCA) model
was used. This model is based on the assumption of
geometrical arrangements of sub-units resulting
from the kinetical cluster-cluster aggregation [26].
According to this model the temperature or fre-
guency dependence of the elastic modulus of the
CCA clusters is governed by the immobilized,
glassy polymer between adjacent filler particles and
is determined by that of a glassy polymer. In the
high temperature range, well above the bulk glass
transition temperature of the polymer system, an
Arrhenius temperature behavior for the elastic
modulus is expected, which is typically found in

polymers in the glassy state. This Arrhenius like
behavior, in a somewhat different interpretation,
could be understood by referring it to the transition
of the glassy polymer bridges between adjacent
filler particles of the filler network, i.e., the appar-
ent filler networking energy. In Figure 3 the rela-
tionships between the natural logarithm of storage
modulus, In(E”) of the different NR based compo-
sites and the inverse temperature, far above the
glass-rubber transition region (10T ~ 3.4 t0 2.8 K;
corresponding T ~ 20 °C to 80 °C), are presented.
These results are obtained from the DMA tempera-
ture sweep measurements. If the Krause assumption
[27] that the dynamic modulus is proportional to
the number of sub unites (e.g., filler aggregates) is
used, then the straight lines obtained have a slope
Ec/R, where E. is the activation energy or, in our
case, filler networking energy, and R is the gas con-
stant.

- ‘6 \dmo\'ﬂ
21010 &
NR/®
R\
o 2.0 ‘dmo‘
E R/n2ss @23
= NR/h244 (2.39 kJmol™)
= 18
E NR/h266 (1 54 kJmo
1.6
NR/h222 (147 kymol™)
NR/h200 2.09 kJmol™)
1.4
28 3.0 3.2 3.4

10007°/K!

Figure 3. Natural logarithm of storage modulus as a function
of reciprocal absolute temperature for the different NR nanocomposites

For the NR/h200 nanocomposite containing
only MWCNT there is only one linear relationship
between In(E ) and the inverse temperature. For the
composites containing the hybrid nanofiller there
are two distinct mechanisms with different activa-
tion energies. Similar behavior of NR nanocompo-
sites was found in our previous study [13]. Based
on the obtained results, we can conclude that the
linear relationship that occurs below ~60 °C (but
still well above the bulk glass transition tempera-
ture of the polymer system) corresponds to the ap-
parent filler networking energies and the other, oc-

curring above ~60 °C, is connected to melting of
the stearic acid, used to expand the galleries of OMt
layers. The filler networking energies for the differ-
ent ratios of MWCNT and EOMt are calculated
from the slopes and are presented in Figure 3.

The filler networking energy for the nano-
composite containing only MWCNT is 2.09 kJ/mol.
The addition of EOMt first causes a reduction of
the filler networking energy and then it starts to
increase with increase of EOMLt content, reaching
the maximum value of 4.23 kJ/mol for 16 phr of
EOMt and then followed by a slight decrease for 20
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phr. This decrease is due to the re-agglomeration of
the EOMt which was already concluded by XRD
and TEM investigations. The obtained results clear-
ly show that the presence of the EOMt above some
critical concentration can strengthen the hybrid-
filler networking in NR nanocomposites.

CONCLUSION

The method of ESR can be successfully ap-
plied for analysis of the interactions between the
MWCNTSs and EOMt in NR hybrid filler nanocom-
posites. Electron spin resonance (ESR) spectra of
multi-walled carbon nanotubes (MWCNT) in natu-
ral rubber (NR) based nanocomposites filled with
MWCNT/EOMt hybrid filler have a symmetrical
Lorentzian shape, indicating good dispersion of the
MWCNT throughout the NR matrix, regardless of
the EOMt concentration. The sharp decrease in the
double integral of the resonance spectra, when
EOMt quantities higher than 8 phr are used in the
matrix, suggested that above a certain amount of
EOMt a synergism engenders between the two
nanofillers, resulting in a sharp spin concentration
decrease. This was for the first time demonstrated
by changes in the ESR spectra. Whit these findings
it is shown that the synergism between these two
nanofillers, which led to their better dispersion in
some solvents and polymer matrices, is also mani-
fested by changes in the ESR spectra on the
MWCNT in dependence of the concentration of
EOMt in nanocomposites. The apparent filler net-
working energy, assessed by applying the CCA-
model to the results from the DMA temperature
sweep measurements, suggested that the presence
of EOMt strengthens the hybrid-filler networking
when its concentration reaches critical value.

Acknowledgement: ~ The authors gratefully
acknowledge the COST action CM1302 (SIPs) for fi-
nancing the Short Term Scientific Mission in Rudjer
Boskovi¢ Institute in Zagreb during which the ESR
measurements were performed. We also thank Prof. Gert
Heinrich from the Leibniz Institut for polymer research
in Dresden for the realization of the research stay in this
Institute during which the samples were prepared. This
work was partially supported by the Croatian Science
Foundation project 1102 and RISK project from the
University of Rijeka.

REFERENCES

[1] S. Bandow, Magnetic properties of nested carbon
nanostructures studied by electron spin resonance
and magnetic susceptibility measurements, J. Appl.
Phys., 80 (1996), pp. 1020-1027.

DOI: http://dx.doi.org/10.1063/1.362835

(2]

(3]

(4]

[5]

(6]

[7]

(8]

[l

[10]

[11]

[12]

[13]

[14]

Contributions, Sec. Nat. Math. Biotech. Sci

J. N. Coleman, D. F. O'Brien, A. B. Dalton, B.
McCarthy, B. Lahr, R. C. Barklie, W. J. Blau,
Electron paramagnetic resonance as a quantitative
tool for the study of multiwalled carbon nanotubes,
J. Chem. Phys., 113 (2000), pp. 9788-9793.

DOI: http://dx.doi.org/10.1063/1.1322032

P. Petit, E. Jouguelet, J. E. Fischer, A. G. Rinzler,
E. E. Smalley, Electron spin resonance and mi-
crowave resistivity of single-wall carbon nano-
tubes, Phys. Rev. B., 56 (1997), pp. 9275-9278.

DOI: http://dx.doi.org/10.1103/PhysRevB.56.9275

L. C. Venema, V. Meunier, Ph. Lambin, C. Dek-
ker, Atomic structure of carbon nanotubes from
scanning tunneling microscopy, Phys. Rev. B, 61
(2000), pp. 2991-2996.

DOI: http://dx.doi.org/10.1103/PhysRevB.61.2991

T. Belin, F. Epron, Characterization methods of
carbon nanotubes: a review, Mat. Sci. Eng. B-
Solid., 119 (2005), pp, 105-118.

DOI: http://dx.doi.org/10.1016/j.mseb.2005.02.046

K. Shen, D. L. Thierney, T. Pietrass, Electron spin
resonance of carbon nanotubes under hydrogen ad-
sorption, Phys. Rev. B, 68 (2003), pp. 165418.

H. Yokomichi H, Changes in electron spin reso-
nance spectra of carbon nanotubes by thermal an-
nealing, Vacuum, 3—4 (2004), pp. 677-681.

M. Chipara, F. lacomi, J. M. Zaleski, J. B. Bai,
Electron spin resonance spectroscopy investiga-
tions of carbon nanotubes-epoxy composites, J.
Optoelectron. Adv. M., 8 (2006), pp. 820-824.

V. Likodimos, S. Glenis, N. Guskos, C. L. Lin, Mag-
netic and electronic properties of multiwall carbon
nanotubes, Phys. Rev. B, 68 (2003), pp. 045417.

S. Garaj, L. Thien-Nga, R. Gaal, L. Forro, K.
Takahashi, F. Kokai, M. Yudasaka, S. lijima, Elec-
tronic properties of carbon nanohorns studied by
ESR, Phys. Rev. B, 62 (2000), pp. 17115.

M. Chipara, J. M. Zaleski, D. Hui, C. Du, N. Pan,
Electron spin resonance on carbon nanotubes—
polymer composites, J. Polym. Sci. Polym. Phys.
43 (2005), pp. 3406-3412.

D. Arcon, A. Zorko, P. Cevc, A. Mrzel, M. Rems-
kar, R. Dominko, M. Gaberscek, D. Mihailovic,
Electron spin resonance of dopedchalcogenide na-
notubes, Phys. Rev. B, 67 (2003), pp. 125423.

A. Ivanoska-Dacikj, G. Bogoeva-Gaceva, S. Vali¢,
S. WieBner, G. Heinrich, Benefits of hybrid nano-
filler networking between organically modified
montmorillonite and carbon nanotubes in natural
rubber: experiments and theoretical interpretations,
Appl. Clay Sci., 136 (2017), pp. 192-198.

M. Chipara, K. Lozano, R. Wilkins, E. V. Barrera,
M. X. Pulikkathara, L. Penia-Para, M. Chipara,
ESR investigations on polyethylene-single wall
carbon nanotube composites, J. Mater. Sci., 43
(2008), pp. 1228-1233.

DOI 10.1007/s10853-007-2264-8

, MASA,39 (1), 23-30 (2018)


http://dx.doi.org/10.1063/1.362835
http://dx.doi.org/10.1063/1.1322032
http://dx.doi.org/10.1103/PhysRevB.56.9275
http://dx.doi.org/10.1103/PhysRevB.61.2991
http://dx.doi.org/10.1016/j.mseb.2005.02.046

Electron spin resonanceon hybrid nanocomposites based on natural rubber 29

[15]

[16]

[17]

(18]

[19]

[20]

[21]

ja TOTBpIyBa CHHEprujata Mery JBeTe YIOTpeOCHW HAHOIOJIHHUIIA.

R. C. Barklie, Characterisation of defects in amor-
phous carbon by electron paramagnetic resonance.
Diam. Relat. Mater., 12 (2003), pp. 1427-1434.
DOI: 10.1016/S0925-9635(03)00004-9

Y. F. Lan, J. J. Lin, Observation of carbon nano-
tube and clay micellelikemicrostructures with dual
dispersion property. J. Phys. Chem. A, 113 (2009),
pp. 8654-8659. DOI: 10.1021/jp9026805

A. lvanoska-Dacikj, G. Bogoeva-Gaceva, A. Buza-
rovska, Clay improved dispersion of carbon nano-
tubes in different solvents, Contributions, Sec. Nat.
Math. Biotech. Sci., MASA, 36 (2015), pp. 5-10.

A. Ivanoska-Dacikj, G. Bogoeva-Gaceva, S. Rooj,
G. Heinrich, S. Wiepner, Fine tuning of the dy-
namic mechanical properties of natural rub-
ber/carbon nanotube nanocomposites by organical-
ly modified montmorillonite: A first step in obtain-
ing high- performance damping material suitable
for seismic application, Appl. Clay Sci., 118
(2015), pp. 99-106.

DOI: 10.1016/j.clay.2015.09.009

S. Rooj, A. Das, K. W. Stockelhuber, S. Wiepner,
D. Fischer, U. Reuter, G. Heinrich, 'Expanded or-
ganoclay' assisted dispersion and simultaneous
structural alterations of multiwall carbon nanotube
(MWCNT) clusters in natural rubber, Compos. Sci.
Technol., 107 (2015) 36-43.

DOI: 10.1016/j.compscitech.2014.11.018

M. Klippel, The role of disorder in filler rein-
forcement of elastomers on various length scales,
Adv. Polym. Sci., 164 (2003), pp. 1-86.

A. Das, K. W. Stockelhuber, R. Jurk, M. Saphi-
annikova, J. Fritzsche, H. Lorenz, M. Kliippel, G.

[22]

[23]

[24]

[25]

[26]

[27]

Heinrich, Modified and unmodified multi-
walledcarbon nanotubes in high performance solu-
tion-styrene-butadiene and butadiene rubber
blends, Polymer 49 (2008), pp. 5276-5283.

DOI: http://dx. doi.org/10.1016/j.polymer.2008.09.031

W. D. Rice, R. T. Weber, A. D. Leonard, J. M.
Tour, P. Nikolaev, S. Arepalli, V. Berka, A.-L.
Tsai, J. Kono, Enhancement of the electron spin
resonance of single-walled carbon nanotubes by
oxygen removal, ACS Nano. 6 (2012), pp. 2165-
2173. DOI: 10.1021/nn204094s

C. P. Poole, H. A. Farach, Lineshapes. In: Poole,
C. P. and Farach, H. A. (eds.), Handbook of Elec-
tron Spin Resonance, Volume 2, Springer-Verlag,
New York, 1999, pp. 47-67.

K. A. Miiller, Spin Resonance in Neutron-
Irradiated Graphite. Phys. Rev. 123 (1961), pp.
1550-1552.

DOI: http://dx.doi.org/10.1103/PhysRev.123.1550

F. Beuneu, C. I'Huillier, Modification of multiwall
carbon nanotubes by electron irradiation: An ESR
study, Phys. Rev. B, 59 (1999), pp. 5945-5949.
DOI: http://dx.doi.org/10.1103/PhysRevB.59.5945

G. Heinrich and M. Kliippel, Recent advances in
the theory of filler networking in elastomers. In:
Lee, K.S. (Ed.), Filled Elastomers Drug Delivery
Systems Series: Advances in Polymer Science.
Springer, Berlin, 2002, pp. 1-44.
DOI: 10.1007/3-540-45362-8 1

G. Kraus, Mechanical losses in carbon black filled
rubbers. J. Appl. Polym. Sci. Symp., 39 (1984), pp.
75-92.

EJIEKTPOH-CIIMHCKA PE3OHAHIIUJA HA XUBPUJHU HAHOKOMITIO3UTHU
HA BA3A HA IPUPO/THA 'YMA

Aaexcanapa UBanocka-Jlauuk’, opaana Boroesa-T'anesa'?, Cpekko Baauic®*

UcrpaxyBauku neHTap 3a )KMBOTHA CPEIMHA M MATEPH]jaIIH,
MakenoHncka akazieMuja Ha Haykute u ymeTHoctute, Ckonje, PemyOnnka Makenonuja
2TeXHONOMKO-METAMypuIKU Gakynret, YausepsureT ,,C. Kupun u Metoauj*,
Ckomje, Penyonika Makenonuja
%0Onnen 3a xemuja 1 6MOXeMHuja, MeTMIMHCKO yUMIMIITEN LIEHTAP 32 HAHO-HAYKH U TEXHOJIOTHH,
Yuusepauter Bo Pujeka, Pujeka, XpBatcka
*UncrutyT ,,Pyfep Bomkopuk®, 3arped, Xpsarcka

MetomnoT enekTpoH-cnrHcKa pe3oHannuja (ECP) e mpuMmeHeT kako HOBa ajlaTKa 3a aHAJIM3a Ha CHHEprujara
Mer'y JIBe HaHOTOJHHJIA PA3IMYHU 110 TPUPOoaa, GopMa H PUTHAHOCT, AUCIICPTHPAHHA BO MaTPUIIA OJ IPUPOIHA TyMa.
HcnuryBaHu ce MpUMEpONH O] MPHPOJTHA F'yMa HAMOIHETH CO XHOPUIHO IMOJHWIO OJ IMOBEKCSHUIHH jarJepOIHU
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konmurHaTa Ha EOMT Bo mpupojaHara ryma. HeroBoTo HamalTyBame CO 3roJieMyBarbe Ha KOHIeHTpaljata Ha EOMT

[Mapanenno co ECPceHanpaBeHn w

JMHAMWYIKOMEXaHWYKH MEpema INpH IPOMEHINBA TEMIEpaTypa, NMPH INTO € HCKOPHCTEH MOMAENOT Ha KJacTep-
KJIacTep arperauyja 3a NpoleHa Ha MPUBHAHATA CHEPIrHja Ha BMpeXyBame. JoOnenuTe pesynratu cyrepupaar aexa
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DISTRIBUTION OF CHEMICAL ELEMENTS IN SURFACE WATERS
FROM THE CRNA RIVER BASIN, REPUBLIC OF MACEDONIA
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An investigation of the distribution of 23 chemical elements (Ag, Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Li,
Mg, Mn, Mo, Na, Ni, P, Pb, Sr, V and Zn) in surface water samples from the entire basin of the Crna River, Republic
of Macedonia, was carried out. In total 31 water samples were collected, from which 8 samples from the Crna River
and 4 samples from four main tributaries of Crna River in the Pelagonia Valley (Blato, Prilepska Reka, Dragor and
Jelaska Reka). Also, surface water samples were collected from 3 locations in the Tikve§ Lake, 8 locations from the
Majdanska River and river of Blasnica before its inflow into the Tikve§ Lake and from 7 locations of the lower course
of the Crna River after the dam of Tikve§ Lake until its inflow into the river of Vardar. Determination of the concen-
tration of the investigated elements was performed by using atomic emission spectrometry with inductively coupled
plasma (ICP-AES). All data obtained for the analyzed samples were statistically processed using software Stat Soft
11.0 where the descriptive statistical analysis of the value for the concentration of the elements was performed. The
maps of spatial distribution of the concentration for each element and a histograms for the representation of elements
with mean values of the concentrations by regions, were also prepared. The obtained results show that the concentration
of investigated element are mainly followed the lithology of the region. However, higher concentrations of arsenic were
found in the water samples from the river of Blasnica which is a result of anthropogenic influence from the abounded
Allchar mine on the Kozuf Mountain. Also, the increased concentrations of nickel were found in the samples from the
lower couse of the Crna River after the dam of Tikve§ Lake due to the anthropogenic influence from the ferronickel
smelter plant Feni Industry, which can influence the quality parameters of surface waters.

Key words: Crna River, Republic of Macedonia, river basin, water, heavy metals, distribution

INTRODUCTION versible processes and permanent pollution of wa-
ters. Heavy metals, in addition to being natural con-
stituents of the Earth's crust, regardless of their
origin from natural or anthropogenic sources, are en-
vironmental pollutants [1].

Rivers and streams can be defined as dynamic

systems that constantly adjust to natural and human-

Water is one of the most important and most
prevalent components on the Earth as well as a
source of the life on the planet. Its quality and integ-
rity is of equal and essential importance to all living
systems. The required daily quantities of drinking

water are increasing every day, even though the
aquatic reserves on the Earth are still high. Human
activities are broad and complex and lead to irre-

caused changes. Generally, water resources have a
direct influence on the quality of life of the people,
their health and overall productivity [2, 3]. The in-
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crease of the world's population, the rapid develop-
ment of the industry, the needs for increased crops
in agriculture and food technology, as well as the ur-
banization require increasing quantities of water. In
such conditions of increased anthropogenic activities
and consumption, the degree of water pollution in-
creases sharply. If the change in the quality and integ-
rity of naturally occurring water, whether it comes
from a natural source or from anthropogenic sources,
contributes to the unsuitability or danger of use for
humans, animals and plants, such water is considered
contaminated [4].

About 2% of the territory of the Republic of
Macedonia is under water. There are about 35 rivers
and 53 natural and artificial lakes. According to the
guantities of water resources, Macedonia is an area
with satisfactory water resources, but with their un-
even distribution. The water pollution in the Repub-
lic of Macedonia is connected with the developing
industry, agriculture activities, creation of illegal
landfills, uncontrolled discharge of sewage waters
into rivers contributed to creating contaminated wa-
ter ecosystems [5, 6]. As a central water ecosystem,
river of Vardar’s basin which represents the most im-
portant and humanly influenced water resource in R.
Macedonia, was studied previously [7-11], as well
as its tributary the river of Bregalnica [12, 13].

The aim of this work is to shown the status of
Crna River which is the largest tributary of the river
of Vardar, the main river in the Republic of Macedo-
nia, and the primary objective of this investigation is
to present data about the spatial distribution of 23
chemical elements (Ag, Al, As, B, Ba, Ca, Cd, Co,
Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Sr, V
u Zn) in samples of surface water collected from dif-
ferent locations in the Crna River basin, Republic of
Macedonia, and to interpret and correlate there con-
centrations with the lithogenic occurrence and pos-
sible anthropogenic impact.

EXPERIMENTAL
Investigated area

The spring of the river of Crna Reka is located
in the district of the town of Demir Hisar, and it con-
sists of two rivers: llinska and Cerska. Before village
of Zeleznec they merge and continue to flow under
the common name Crna River (Crna Reka). How-
ever, the location of Crna Hole, close to village of
Zeleznec with an altitude of 760 m, is considered as
the true spring of Crna River. In its lower stream, the
Crna River flows into the artificial Tikve§ Lake, and
after it flows into the river of VVardar, near the village

of Gradsko at an altitude of 129 m (Figure 1). The
total length of the river course is 207 km, with a
mean slope of 3.1 %o. The average flow at the stream
is 37 m¥s.

The area of the Crna River basin is an area that
extends into two states in the south-western part of
the Republic of Macedonia and the northern part of
the Republic of Greece. On the territory of the Re-
public of Macedonia, the Crna River basin extends
between 40°51'56" and 41°36'20" north latitude and
20°56'45" and 22°4'58" eastern longitude. Its total
length is 207 km with the total area of the catchment
area in both countries of 5775 km?, of which to the
Republic of Macedonia belongs the largest part of
4870 km?, while the catchment area in the Republic
of Greece is 905 km?.

In the river basin of Crna River the influences
of the Mediterranean, Mediterranean-altered, tem-
perate-continental and mountainous climate are pre-
sent. The mean annual air temperature ranges from
8.4 °C to 13.5 °C over a period of 23 years. The av-
erage absolute maximum air temperatures in the
Crna River are within the limits of 32 °C. The abso-
lute minimum air temperature for the same period is
within the limits of —15°C. The amplitudes of the ex-
treme temperatures are quite large and they range
from 51.5 °C to 66.6 °C [14]. The warmest months
for all meteorological stations in the Crna River ba-
sin are July and August and the coldest month is Jan-
uary. According to the regions of this basin, in Tik-
ve$ Valley the influence of the sub-Mediterranean
climate is generally present, in the central part of the
basin (Pelagonia Valley) the continental climate is
represented, while the influence of the moderate
continental climate appears in the upper part of the
basin [14, 15].

The Crna River basin belongs to three geotec-
tonic structural units: the upper western part lies in
the area of the West-Macedonian zone, the middle
part is on the Pelagonian zone and the lower part to
the Vardar zone [16]. The upper western part which
lies in the area of the West-Macedonian zone is built
mainly from Paleozoic and Triassic formations, pri-
marily from crystalline schists and limestones (mar-
bles and dolomites), as well as from granites. The
middle part which belongs to the Pelagonian geotec-
tonic zone is dominated by Precambrian rocks, such
as: micas and marbles, as well as Neogene deluvial
and alluvial formations. In the lower part of the flow
of Crna River, which belongs to the Vardar zone,
covering the areas of the eastern part of Mariovo and
part of the Tikve$s Valley, the most present are the
crystalline schists, granites and granodiorites, flysch
sediments, volcanic breccias, limestones, marble do-
lomites etc. [15, 16].
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Figure 1. Map of the Republic of Macedonia indicating the Crna River Basin

Sampling

In the period from June to September 2016
year, 31 water samples were collected, from which
13 water samples are collected from the source of
Crna River to the estuary in Tikves Lake, including
8 from the Crna River and 4 from four main tributar-
ies of Crna River in the Pelagonia Valley (Blato,
Prilepska Reka, Dragor and Jelaska Reka). Also, sur-
face water samples were collected from 4 locations
in the Tikves Lake, 8 locations of the river Blasnica
and its tributary Majdanska River before its inflow
into the Tikves Lake and 7 locations of the lower
course of the Crna River after the dam of Tikves
Lake (Figure 2).

Depending on location conditions and availa-
bility, samples were collected in the near vicinity of
the previously specified locations. When collecting
samples, the geographical coordinates were recorded
using a global positioning system and each sample
was inscribed with the sample mark, sample type

and date of sampling. From each location, one sam-
ple of water was taken in a purely sterile plastic bot-
tle with a plastic closure. Surface water samples (1
liter each) are prepared immediately upon arrival in
the laboratory, filtered through a Whatman mem-
brane filter with a pore sizes < 0.45 um using vac-
uum pump (Merck) and acidified with 1 ml of con-
centrated nitric acid (HNOs, 69 %, ultra pure). The
preserved samples were stored in the refrigerator un-
til analysis. The reagent blank was prepared by fil-
tering MilliQ water through the filter and acidified
the sample.

All data for the concentration of the tested el-
ements were statistically processed using the soft-
ware Stat Soft, 11.0. For 31 water samples the basic
descriptive statistical analysis of the values for the
concentration of the elements was performed. By us-
ing bivariate statistics with a level of significance p
< 0.05; p > 0.01 the degree of correlation of the val-
ues of the concentrations of the chemical elements in
the samples is estimated, and the coefficients of cor-
relation are presented in the correlation matrix.
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Figure 2. Map of the investigated basin with the locations of water samples

The analysis of water samples was performed
using an atomic emission spectrometry with the in-
ductively coupled plasma — atomic emission spec-
trometry, ICP-AES (Varian, 715ES). For better ad-
justing of the sensitivity for the most of the analyzed
elements in the moss digests, an ultrasonic nebulizer
CETAC (ICP/U-5000AT) was used. In all samples,
a total of 23 chemical elements were analyzed: Ag,
Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg,
Mn, Mo, Na, Ni, P, Pb, Sr, V u Zn. Standard solu-
tions of elements were prepared by dilution of 1000
mg/l solutions (11355-1CP multi-element standard
solution). The method of standard additions was ap-
plied, and it was found that the recovery of the in-
vestigated elements ranged between 98 and 101 %
for ICP-AES. The optimal instrumental parameters
for these techniques are given in our previously pub-
lished paper [17].

RESULTS AND DISCUSSION

The obtained data for the concentration of the
analyzed elements determined in surface water sam-
ples from 13 locations from the source of Crna River
to the estuary in Tikves§ Lake, including 8 from the

Crna River, and 4 from four main tributaries of Crna
River in the Pelagonia Valley (Blato, Prilepska
Reka, Dragor and Jelaska Reka), as well as 7 loca-
tions of the lower course of the Crna River after the
dam of Tikve§ Lake. They were statistically pro-
cessed. Their descriptive statistics are presented in
Table 1. Due to the specificity of the lithology and
mining activities in the Kozuf Mountain region, the
descriptive statistics of the concentrations of the
same elements in the surface water samples col-
lected from 8 locations of the Majdanska and
Blasnica rivers (the right tributary of Crna River) be-
fore its inflow into the Tikve$ Lake, are given in a
separate table (Table 2). The following statistical pa-
rameters are given in Tables 1 and 2: X — arithmetic
mean, Md — median, Min — minimum, Max — maxi-
mum, P10 — 10 percentiles, Pgo — 90 percentiles, S —
standard deviation, Sy - standard deviation (standard
error), CV — coefficient of variation, A —asymmetry
and E — distribution.

Tables 1 and 2 give data on concentrations of
only 14 elements because the concentration of the
other elements are below the detection limit of 0.001
mg/l for Ag, B, Cd, Co, Crand V, 0.005 mg/l for Mo
and Ni and 0.01 mg/l for P and Pb.
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Table 1. Descriptive statistics of the concentrations of the analyzed elements in surface water samples
collected from the Pelagonia Valley, Mariovo region, Tikve§ Lake and from the part of the Crna River

after the dam of the Tikve$ Lake (in mg/I)

Element X Md Min Max P1o Pgo S Sx Ccv A E
Al 0.076 0.052 0.021 0.45 0.027 0.12 0.09 0.018 115 3.86 16.50
As <0.010 <0.010 <0.010 <0.010
Ba 0.031 0.028 0.015 0.051 0.022 0.045 0.01 0.002 31 0.80 -0.19
Ca 42 39 10 74 32 59 14 29 34 0.11 0.84
Cu 0.017 0.015 0.002 0.063 0.003 0.027 0.01 0.003 77 1.97 6.00
Fe 0.16 0.11 0.021 0.85 0.032 0.28 0.18 0.037 114 2.88 10.39
K 4.8 4.8 24 10 3.0 6.7 1.6 033 33 150 411
Li 0.029 0.033 0.001 0.051 0.004 0.047 0.02 0.004 59 -059 -1.26
Mg 11 11 2.6 18 5.0 17 4.1 08 36 -042 -0.28
Mn 0.064 0.040 0.006 0.31 0.009 0.15 0.07 0.014 107 244 7.19
Na 11 13 0.005 37 0.005 19 9.3 19 85 0.65 1.01
Ni 0.033 0.019 0.005 0.11 0.007 0.071 0.03 0.006 84 1.17 0.92
Sr 0.19 0.19 0.050 0.28 0.11 0.28 0.06 0.012 31 -042 0.38
Zn 0.023 0.021 0.005 0.088 0.011 0.029 0.02 0.004 77 2.67 7.96

X — arithmetic mean, Md — median, Min — minimum, Max — maximum, P1o — 10 percentiles, Pg — 90 percentiles,
S —standard deviation, Sy — standard deviation (standard error), CV — coefficient of variation,
A —asymmetry, E — distribution
Table 2. Descriptive statistics of the concentrations of 8 surface water samples collected
from the Majdanska and Blasnica rivers (in mg/l)

Element X Md Min Max P10 Pao S Sx Ccv A E
Al 0.081 0.075 0.015 0.145 0.015 0.145 0.002 0.042 0.039 0.044 -0.357
As 0.082 0.052 0.010 0.199 0.010 0.199 0.005 0.071 0.066 0.938 -0.714
Ba 0.047 0.042 0.032 0.084 0.032 0.084 0.000 0.017 0.016 1.71 3.182
Ca 51 52 24 74 24 74 327 18.09 16.92 -0.17 -1.40
Cu 0.017 0.012 0.004 0.053 0.004 0.053 - 0016 0.015 1.982 4.266
Fe 0.107 0.076 0.013 0.327 0.013 0.327 0.010 0.100 0.094 1.769 3.469
K 2.7 2.3 1.6 4.1 1.6 4.1 1.2 1.1 1.04 0431 -2121
Li 0.008 0.003 0.001 0.019 0.001 0.019 0.000 0.009 0.008 0.637 -2.206
Mg 15 13 5.3 22 5.26 224 42.2 6.50 6.1 0.021 -1.482
Mn 0.060 0.017 0.012 0.35 0.012 0.352 0.014 0.12 0111 23811 7.926
Na 3.99 2.77 2.48 6.50 2.48 6.50 3.62 1.90 1.78 0.642 -2.186
Ni <0.005 <0.010 <0.010 <0.010
Sr 0.24 0.21 0.14 0.35 0.14 035 0.007 0.083 0.077 0426 -1.934
Zn 0.06 0.041 0.021 0.161 0.021 0.161 0.003 0.051 0.048 1.274 0.492

X — arithmetic mean, Md — median, Min — minimum, Max — maximum, P, — 10 percentiles, Po — 90 percentiles,
S —standard deviation, Sy — standard deviation (standard error), CV — coefficient of variation,
A —asymmetry, E — distribution

To determine the degree of correlation be-
tween the analyzed elements in the samples of sur-
face water in the investigated area the bivariate sta-
tistics was used to obtain the correlation coefficients
between the analyzed elements. If the absolute value
of the correlation coefficient ranges between 0.50
and 0.72, it is considered that we have good correla-
tion between the individual elements and a strong
correlation between the analyzed elements exists if

the correlation coefficient ranges from 0.72 and 1.
Table 3 provides the correlation coefficient matrix
for 31 surface water samples in all zones of the in-
vestigated area. It could be seen that a strong corre-
lation was obtained between the concentrations of
the earth-alkaline elements: Mg-Sr (0.98), Ca-Sr
(0.88), Ca-Mg (0.88), Ba-Sr (0,80), Ba-Mg (0.77)
and Ba-Ca (0.79) and between Fe-Al (0.87), while a
good correlation exists between the concentrations
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of the following elements: Mn-Al (0.69), Mn-Ba
(0.56), Zn-Cu (0.54), Na-K (0.54) and for the
Blasnica river between As and Zn (0.50). All of

these data are in agreement with the distribution of
these elements in soil from the Crna River Basin
[16].

Table 3. Matrix of correlation coefficients for the analyzed elements in the samples of surface and waters
from the Crna River Basin

Ele- Al As Ba Ca Cu Fe K Li Mg Mn Na Ni Sr Zn
ment

Al 1.00

As 0.12 1.00

Ba 022 040 1.00

Ca -0.07 022 0.79 1.00

Cu 035 020 -0.18 -0.17 1.00

Fe 087 -001 014 -014 013 1.00

K -0.04 -042 008 030 -0.15 013 1.00

Li -0.25 -040 -0.16 0.03 -0.19 -0.10 0.47 1.00

Mg -0.03 021 077 088 -0.19 -013 029 030 1.00

Mn 069 005 058 032 008 073 028 -0.09 0.28 1.00

Na 0.11 -0.27 -0.20 -0.18 0.00 044 054 009 -025 025 1.00

Ni -0.01 -031 013 0.27 -0.02 -015 0.26 041 027 0.09 -042 1.00

Sr -001 015 080 088 -0.19 -009 029 029 098 033 -024 026 1.00

Zn 0.16 050 021 016 054 -008 -030 -0.32 0.15 -0.04 -0.30 -0.13 0.16 1.00

According to the national Decree on the cate-
gorization of water courses, lakes, accumulations
and ground water [18] the water quality of the Crna
River and its tributaries are defined as follow:

— Second class: water from Crna River at sam-
pling locations close to the spring (RC-1), all loca-
tions after the dam of Tikve§ Lake (KS-1 to KS-7),
water from the tributary Eleska River — RC-7 (which
is the only tributary that covers the catchment area
in Greece), sampling locations of Majdanska River
(AS-3, AS-6 and AS-8) and water from Tikve$ Lake
(AT-1, AT-2 and AT-3).

— Third class: water from the tributaries Blato
(RC-12), Prilepska River (RC-3), Dragor (RC-5) and
water from the Crna River from the town of Bitola
to the inflow into Tikves§ Lake (RC-8 to RC-13).

Such a classification of waters, in fact, defines
the quality of surface waters in the Republic of Mac-
edonia, since for each class there are maximum per-
missible concentrations of individual parameters and
pollutants given in the national Decree on classifica-
tion of waters [19]. The maximum permitted concen-
trations of the analyzed elements are given in Table
4. According to this Decree there are no limits for
the concentrations of Ca, K, Li, Mg, Na and Sr.

Table 4. Maximum permissible concentration of the analyzed elements according
to the Decree on Classification of Waters [19]

Element

Maximum permissible concentration, mg/I

Class Il Class 11
Al 1.5 15
As 0.03 0.05
Ba 1.0 4.0
Cu 0.01 0.05
Fe 0.3 1.0
Mn 0.05 1.0
Ni 0.05 0.1
Zn 0.1 0.2
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In order to easily notice the differences that
would arise between the concentrations of the ana-
lyzed elements, the investigated region is divided
into five zones, as follows:

— Crna River and its tributaries in the Pelagonia
Valley (8 samples),

— the part of Crna River in Mariovo (3 samples),

—Tikves Lake (3 samples),

— lower flow of Crna River after the dam of Tik-
ves Lake (8 samples), and

— rivers Majdanska and Blasnica in the Kozuf
Mt. area (8 samples).

The mean, median, minimal and maximal con-
centrations of the analyzed elements for the whole
river basin and for the zones are presented in Table 5.
The results for each individual element together with
the maps for their spatial distribution and histograms
with the mean values for each river basin zone are
given and interpreted in the text below.

Aluminum is the third most abundant largest
element in the Earth's crust just after oxygen and sil-
icon with the content of 8%. Aluminum is a light,
non-ferrous, odorless, silver-white metal. Aluminum
is a highly reactive metal and is not present in a free
form in nature. Aluminium is commonly present in
silicates in clay, soil, various minerals, rocks and
precious stones. Higher concentrations of aluminum
can have a negative impact on plants and animals in
different ways. Spatial distribution of Al in surface

Al(mglL)
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@ w

AT
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-

Figure 3. Spatial distribution of the concentrations of Al

water samples from the investigated river basin is
shown in Figure 3.

The concentration of Al in water samples
from the whole Crna River basin ranges from 0.015
to 0.451 mg/l with the mean concentration of 0.078
mg/l and median value of 0.054 mg/l (Tables 1, 2
and 5, Figure 4). The determined concentrations of
Al in all water samples are below the maximum al-
lowable concentration of Al for the second and third
class of water (1.5 mg/l) according to the Decree for
Classification of Waters of the Republic of Macedo-
nia [19] in which the waters from the investigated
region are classified [18].

The highest concentration of Al was found in
the sample of surface water from the river Blato, a
tributary of Crna River near the village of Vrbjani,
municipality of Krivogastani (0.45 mg/1) in the Pel-
agonia Valley. Probably the reason for such high
concentration is the water treatment plant in the near
vicinity of the sampling location (about 1 km up-
stream) using usually aluminum salts for the water
purification. Considering the values obtained for Al
concentrations by the zones in the river basin the
highest concentration are found in the water samples
from the Pelagonia Valley (mean concentration of
0.121 mg/l) and the courses of Majdanska and
Blasnica rivers with a mean value of 0.081 mg/l (Ta-
ble 5, Figures. 3 and 4) which is in agreement with
the lithology of the river basin with the highest con-
tent of Al in these two zones [16].
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Figure 4. Mean concentrations of Al
by zones
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Arsenic is metalloid metal and it is usually
present in the nature in the form of sulfides. By the
content it is 40" element in the Earth's crust. The av-
erage presence of arsenic in soils in the world is 5
mg/kg [20]. This element is found in various allo-
tropic modifications but only the gray form is signif-
icant from an industrial point of view. Arsenic and
its compounds, especially trioxide, are widely used
in the production of pesticides, herbicides and insec-
ticides. The toxicity of arsenic is associated with its
solubility, which is directly affected by the pH of the
environment.

Certain regions in the Republic of Macedonia
are rich in arsenic, among which is the Kozuf Moun-
tain. Arsenic has a significant impact on the environ-
ment, especially in the region around the abandoned

Figure 5. Spatial distribution of the concentrations of As

Barium is found to be 14™ most abounded el-
ement in the Earth's crust. Its compounds whether
they are water soluble or acidic, are toxic. The most
present Ba mineral is barite, but Ba is present in vari-
ous silicate minerals. The spatial distribution of the
concentrations of Ba in all water samples in the river
basin is presented in Figure 7 while the histogram
with the mean values for the zones in the basin is pre-
sented on Figure 8. The concentration of Ba ranges
from 0.015 to 0.084 mg/l with the mean value of
0.035 mg/l and median of 0.031 mg/I, which is amuch
lower than the maximum permissible concentration

mine of arsenic, antimony and thallium "Allchar"
[21-24]. As it can be seen from data presented in Ta-
bles 1, 2 and 5, and Figures 5 and 6, the concentra-
tion of arsenic is bellow the detection limit (< 10
mg/l) in all of the samples except for the samples
from the Majdanska and Bla$nica rivers after All-
char locality, where its concentration ranges from
0.010 to 0.199 mg/l, with a mean concentration of
0.082 mg/l and median of 0.052 mg/l, which is
higher than the maximum permissible concentration
(Table 4) for the second (0.03 mg/I) and the third class
(0.05 mg/l). This very high concentration of As in wa-
ters from Majdanska and Blasnica rivers originated
from the former mining activities at the former As-
Sh-TI mine "Allchar" [25-27], as well as high content
of As in the soil from this locality [16, 23].
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Figure 6. Mean concentrations of As by
zones

for the second (1.0 mg/l) and third class (4.0 mg/l)
of waters. The lowest Ba concentration was obtained
in the water sample from the Crna River and the trib-
utaries in the middle and lower flow of the Crna
River in the Pelagonia Valley as well as in the Mar-
iovo area, while the highest concentration of Ba was
found in the waters from Majdanska and Bla$nica
rivers with the mean concentration of 0.081 mg/I.
These differences are in agreement with a very high
content of barium in soil and rocks from the Kozuf
Mt. (over 800 mg/kg) [16].
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Figure 7. Spatial distribution of the concentrations of Ba

Calcium is the fifth most abounded element
in the Earth’s crust. It is reactive, weak-yellow metal
that exposes the air to form a dark oxide or nitride
layer. It belongs to the group of alkaline earth met-
als. Calcium carbonate is the calcium compound that
is most common on Earth. Calcium is an essential
element for plants, animals and humans. Due to the
high solubility of calcium compound in water its
concentration in surface waters is usually high. The
concentration of Ca in the waters from the Crna
River basin is similar almost in the whole area (Fig-
ures 9 and 10) ranges from 10.4 to 74.2 mg/l with a
mean value of 44.0 mg/l and median of 39.3 mg/I
(Tables 1, 2 and 5). The highest Ca concentration of

Figure 9. Spatial distribution of the concentrations of Ca
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Figure 8. Mean concentrations of Ba by zones

74 mg/l is determined in the samples from the river
Prilepska Reka (village of Kadino, Prilep) coming
from the area rich in calcite and dolomite minerali-
zation [16], while the lowest concentration (10 mg/l)
was found in the sample from the Dragor river, a
tributary of Crna River passing through the city of
Bitola collecting all waste waters from the urban
area. The increased concentrations of Ca in the wa-
ters of the Kozuf massif (mean concentration of 51.3
mg/l) and those from the lower flows of Crna River
(mean concentration of 54 mg/l) are due to the in-
creased contents of Ca in the rocks and soils in the
tectonic Vardar zone to which this areas belongs
[16].

Ca (mg/L)

Mariovo

Pelagonija
Tikves lake
Lower flow
Majdan R.

0 15
Crna R.

Figure 10. Mean concentrations of Ca by
zones
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Copper is known for its high thermal and
electrical conductivity and therefore it is the most
commonly used metal as a heat and electricity con-
ductor in the industry. The spatial distribution of the
concentrations of copper in water samples from the
Crna River basin and the mean concentration of the
waters from the zones are shown in Figures 11 and
12. The concentrations of Cu for the whole area
range from 0.002 to 0.063 mg/l with a mean value of
0.017 mg/l and median value of 0.015 mg/l (Table
5). The highest value for the concentration of Cu
(0.063 mg/l) was obtained from a sample of water of

Cu (mglL)

Scale (km)

Figure 11. Spatial distribution of the concentrations of Cu

The concentration of iron in the water sam-
ples from the investigated area ranges from 0.013 to
0.855 mg/I with a mean value of 0.144 mg/l and me-
dian of 0.099 mg/I (Table 5). Higher concentration
of Fe was found in waters from the upper stream of
Crna River, Pelagonia Valley and Mariovo ranges of
0.021 mg/l to 0.85 mg/l (Table 1 and 5) and mean
value of 0.16 mg/l and median value of 0.11 mg/l.
According to the zones (Figures 13 and 14) the high-
est average concentration of Fe was determined in
water samples from the Pelagonia Valley (0.268
mg/l) and Mariovo zone (0.209 mg/l). This is prob-
ably as a result of the increased content of Fe in
south-western part of the Pelagonia Valley [16], us-
age of iron salts as a fertilizer in agriculture, as well
as a results of the pollution from industrial
wastewater from the coal mines located in the Pela-
gonia Valley with high content of Fe,Os; (from
4.65% to 7.60%) [28].

5

the lower flow of Crna River (Table 5), and the low-
est value was obtained in the sample collected from
Crna River after the dam of Tikve§ Lake (0.002
mg/l). Sources of copper in surface waters are
wastewater from industry, agricultural drainage wa-
ters that are partially or not completely purified and
as such flow into the rivers. From the Figures 11 and
12 it could be seen that higher concentration of Cu
was found in water from the river Dragor (0.035
mg/l) as a result of urban pollution from the city of
Bitola. In general most of the obtained concentra-
tions for Cu are bellow the maximal permitted con-
centrations for surface waters of Il and 111 class.

0.020

0.019

0.018

0.017

Cu (mg/L)

0.016 |-

0.015 |-

0.014

0.013

Pelagonija
Lower flow
Majdan R

10 13

Q  Mariovo
3
V]
7 Tikves lake

Figure 12. Mean concentrations of Cu by zones

The spatial distribution of potassium in the
samples of water in the Crna River basin, as well as
the histogram for the mean values of the obtained
potassium concentrations in the surface water sam-
ples by zones are given in Figures 15 and 16, respec-
tively. The concentration of potassium in the water
from the Crna River basin ranges from 1.63 to 10.0
mg/l with a mean value of 4.30 g/l and median value
of 4.21 mg/l (Tables 1, 2 and 5, Figures. 15 and 16).
The lowest concentrations of K were found in the
water samples from the Majdanska and Blasnica riv-
ers (mean value of 2.74 mg/l) which is in accordance
with the low content of K in the rocks and soils of
the Kozuf Mountain region [16]. The mean concen-
trations of K in waters from the other zones are sim-
ilar and range from 4.28 mg/I for waters from Tikves
Lake to 5.18 mg/I for waters from the lower flow of
the Crna River (Tables 1, 2 and 5).
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Figure 15. Spatial distribution of the concentrations of K

The concentrations of lithium in the water
samples from the Crna River basin are very low
range from 0.001 mg/l to 0.051 mg/l with a mean
concentration of 0.24 mg/l and median of 0.030 mg/I
(Table 5). A maximal concentration was found in
water sample collected from the river Crna River
near the village of Sko¢ivir (Figure 17). In general,
according to zones, the concentration of Li is the
highest in the samples from the Crna River in the
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Figure 16. Mean concentrations of K by
zones

Mariovo region with a mean value of 0.045 mg/l
(Figure 18), which is in accordance with the high Li
content in rocks and soils in this region, in particular
the area of the NidZze Mountain located south of Mar-
iovo [16]. This influence on the increase in the con-
centration of Li continues (with a certain decrease)
in the water from the lower course of the Crna River
(mean value of 0.038 mg/l), as well as in the water
of Tikves§ Lake (mean value 0.032 mg/I) (Figure 18).
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Figure 17. Spatial distribution of the concentrations of Li

Magnesium is an alkaline earth metal found in
dolomite, magnesite, epsomite, and other minerals.
The spatial distribution of the concentrations of mag-
nesium in water samples from the Crna River basin is
given in Figure 19. Its concentration for the whole ba-
sin ranges from 2.6 mg/l to 22.4 mg/l, with a mean
concentration of 12.2 mg/L and medina of 11.8 mg/I
(Tables 1, 2 and 5). The highest concentrations of Mg
are determined in the water from the lower course of
the river Blasnica (mean concentration of 14.8 mg/I
and its basin in Tikve$ Lake, and the waters from the
lower course of the Crna River (mean value of 15.8

S % [
4

Figure 19. Spatial distribution of the concentrations of Mg

-

:
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Figure 18. Mean concentrations of Li by zones

mg/l) (Figure 20). This increased concentration of Mg
in waters from these areas is due to its increased con-
tent in rocks and soils in the region of Kozuf Moun-
tain and Tikves Field, where the Neogene magmatic
rocks and Neogene clastitic sediments are predomi-
nant [16]. On the other hand, the lowest concentra-
tions of Mg are recorded in the waters from the region
of Pelagonia (mean value of 7.8 mg/l), a region where
the poorest rocks and soils with magnesium in Mace-
donia are present. Namely, the average content of Mg
in soils in Macedonia is 0.92%, while in the region of
Pelagonia its content is 0.67% [16].
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Figure 20. Mean concentrations of Mg
by zones
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Manganese is the 25" most abounded ele-
ment in the Earth's crust, with an average content of
774 mg/kg, while its content in the Macedonian soils
is 880 mg/kg [16]. Manganese is widely distributed
in wildlife, and is a microelement of exceptional and
essential importance. The spatial distribution of
manganese in surface water samples is shown in Fig-
ure 21. The highest Mn concentration of 0.31 mg/l is
determined in the water sample from the rivers Blato

Mn (mgiL)

@ Min

Figure 21. Spatial distribution of the concentrations of Mn

Sodium is an alkali metal which is the sixth
most abounded element in the Earth's crust. The spa-
tial distribution of sodium in the water samples from
the investigated area is shown in Figure 23. Its con-
centration ranges from 2.5 mg/l to 36.8 mg/l with a
mean concentration of 12.5 mg/l and median of 13.2
mg/l (Table 5). The highest concentration of sodium
is found in the sample of water from the tributary of
Prilepska River (37 mg/l), which can be interpreted
as a result of the increased content of Na in soils
from the region of the city of Prilep (over 2.3% ver-
sus 1.2% content of Na in Macedonian soils) [16].
When comparing the Na concentrations by zones
(Table 5, Figure 24), higher mean concentrations
were found in the waters of the Mariovo region (17.6
mg/l) and Pelagonia (15.2 mg/l), while the lowest
concentrations were found in the waters from lower
flow (1.23 mg/l).

Nickel with atomic number 28 and chemical
symbol Ni is placed as 28" the most abounded ele-
ment in the Earth's crust with an average content of

and Prilepska Reka, a tributaries of Crna River in the
upper flow of Crna River and exceeds the maximum
allowable concentration for water from the Il class
probably due to some anthropogenic influence (Fig-
ures 21 and 22) The concentration of Mn in almost
all other samples does not exceed the maximum per-
missible concentration of Mn for the corresponding
Il class (0.05 mg/l) or 111 class (1.0 mg/l).

0.12
0.10 |-
0.08 |-~
y
>
g 0.08 |1 |
j =
=
0.04 |-
0.02 |-
0.00 | ‘
2 2 2 3 £
5§ 2 2 = g
! g 28 2%
Scale (km) a g 5 =
’ * ? Crna R.
Figure 22. Mean concentrations of Mn
by zones

34 mg/kg. It is a shiny, strong and elastic metal with
a silvery tint. It is used in many industries. Similar
to copper, it is used for preparing special alloys. Its
main use is in the production of stainless steels and
stainless steel cast iron. The spatial distribution of
nickel concentrations in surface water samples and
the histogram with mean values for nickel concen-
trations divided by regions are shown in Figures 25
and 26, respectively. It is obvious that the concentra-
tions of Ni in the water samples from all of the region
(beside lower flow of the Crna River) are very low,
bellow 0.020 mg/L (Table 5, Figure 26), which is
much lower than the maximal allowed concentration
for the waters of Il and 111 class of 0.05 mg/l and 0.1
mg/l, respectively. Higher concentration of Ni in wa-
ters from the lower flow of Crna River can be ex-
plained as being the result of waste water contami-
nation from the ferro-nickel smelter plant "Feni in-
dustry" located near the Crna River close to the vil-
lage of VVozarci [29-33].
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Figure 25. Spatial distribution of the concentrations of Ni

Spatial distribution of strontium concentra-
tions in surface water samples is shown in Figure 27.
The highest concentration of Sr is found in samples
from the lower flow of the Blasnica River of 0.35
mg/l as well as in the samples from the water from
the lower stream of Crna River after the dam of the
Tikve$ Lake (Table 5, Figures 27 and 28). The
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Figure 26. Mean concentrations of Ni by
zones

higher concentration of Sr in the samples in these ar-
eas is due to the high content of Sr in rocks and soils
in the region of Kozuf Mountain and Tikve$ Field,
where the Neogene magmatic rocks and Neogene
clastitic sediments are dominant with the contents of
Sr over 300 mg/kg compared to its average content
in the Macedonian soils of 140 mg/kg [16].
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Figure 27. Spatial distribution of the concentrations of Sr

Spatial distribution of zinc concentrations in
water samples from the whole basin is shown in Fig-
ure 29 and the histogram with a mean concentration
of Zn by region is shown in Figure 30. The concen-
trations of Zn in all of the samples from the regions
of Pelagonia, Mariovo, Tikve$ Lake and lower flow
of Crna River are about 10 times lower (mean con-
centration ranges from 0.018 to 0.034 mg/l) from the
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Figure 29. Spatial distribution of the concentrations of Zn
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Figure 28. Mean concentrations of Sr by zones

maximal allowed concentration for the waters from
I1and 111 class (0.1 mg/l and 0.2 mg/I, respectively).
The exception is only the water from the Majdanska
and Blasnica rivers where the concentration of Zn is
increased (0.063 mg/l), although it is still lower than
the maximum permissible concentration, which is
probably due to the anthropogenic influence of the
activities of the nickel mine "Rzanovo" [23].
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Figure 30. Mean concentrations of Zn by zones
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CONCLUSION

In this study the results of the concentration of
23 elements (Ag, Al, As, B, Ba, Ca, Cd, Co, Cr, Cu,
Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Sr, V, Zn) in
samples of surface water from the Crna River basin
are presented. All data obtained were statistically
processed using software Stat Soft, 11.0 and a de-
scriptive statistical analysis of the value for the con-
centration of the elements was performed. The maps
of spatial distribution of elements and histograms
with the mean concentrations of the elements ana-
lyzed by regions were also prepared. The obtained
results show that the concentration of investigated
elements follow the lithology of the region. How-
ever, higher concentration of As were found in the
water samples from the river Blasnica which is a re-
sult of anthropogenic former mining activities at the
abounded Allchar mine. Increased concentrations of
Ni were found in the samples from the lower couse
of the river Crna River after the dam of Tikve§ Lake
due to the anthropogenic influence from the ferro-
nickel smelter plant Feni Industry.
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JUCTPUBYIIMJA HA XEMUCKHN EJIEMEHTH BO ITIOBPIIMHCKUTE BOAU
O CJINBOT HA LIPHA PEKA, PEITYBJINKA MAKEJIOHHUJA

JMumutpu Tomoscku’, Tpajue Crapuaos??, Robert Sajn’, Katepuna bauesa AngonoBcka®

!Ankanonn AJl, Ckomje, Peny6iuka Makeonuja
2HMucturyT 3a xemuja, [IpupoaHo-matemMatnuku Gakynrer, Yuusepsuter ,,Cs. Kupun u Metoauj,
Ckomje, Penybnuka Makenonuja
SHcTpakyBauky LEHTap 3a )KMBOTHA CPEIMHA U POCTOPHO TUIaHUPAKSE,
MakenoHcKka akajieMHja Ha HaykuTe U ymeTHoctuTe, Ckomje, PeryOnnka Makenonuja
“Geological Survey of Slovenia, Ljubljana, Slovenia

M3BpieHo e ucTpaxkyBame Ha nucTpuOynujata Ha 23 xemucku enemeHTH (Ag, Al, As, B, Ba, Ca, Cd, Co, Cr,
Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Sr, V u Zn) Bo noBpmmHckuTe Boau oj cnuBoT Ha L[pHa Peka, PenyOnuka
Maxkenonwnja. Bkynao ce 3emenu 31 npumMepok o Bojaa, o Kou 13 mpuMepony ce 3eMeHH BO JAEJIOT OJ M3BOPOT Ha
IpHa Peka no Hej3unnot BiuB Bo Tuksemkoro E3epo, BkinydyBajku 8 mpumeporu on LlpHa Peka u 4 mpumepoiu o
Hej3uHuTe r1aBHU nputoku of Ilenaronuckara Korimua (Bnaro, Ipunencka Peka, [lparop n Jenamka Peka). Vcro
Taka, ce 3¢MCHU NMPUMEPOLH BoAa oJ 3 okanuu ox Tuksemko E3zepo, ox 8 nmokamuu on Majnancka Peka u pekara
Brnamauia npex Hej3uHUOT BB Bo Tukeemrko E3epo kako u of 7 okarmu o 1oTHUOT Tek Ha L[pHa Pexa mo OpanaTa
Ha TwukeemkoTo E3epo mo Hej3uHHOT BiaMB BO pekara Bapmap. OmpenenyBameTo Ha KOHICHTpalyjaTa Ha
UCIIHTYBAHUTE CIIEMCHTH € W3BPLICHO CO NPUMEHA HA aTOMCKaTa €MICHOHA CIIEKTPOMETpPHja CO HHAYKTUBHO
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cnpernara miasma (AEC-HCII). Cure nonaroun o aHaJIM3WpaHUTE NMPHUMEPOLU CTATUCTUYKU ce 0OpaboTeHH co
npuMeHa Ha copTBepoT Stat Soft, 11.0, co mTO € M3BpIIEHA AECKPUIITUBHA CTATUCTUYKA aHAIM3a Ha BPEJHOCTUTE Ha
KOHLICHTPALIMHUTE Ha CUTE UCIUTYBAaHH elIeMEHTH. V3paboTeHn ce ¥ KapTH Ha MPOCTOpPHATA JUCTPUOyNHMja Ha €IeMEH-
THUTE, KAKO ¥ XUCTOTPaMH Ha 3aCTalleHOCTa Ha €JIEMEHTH CO CPEIHUTE KOHIIEHTPALUH 110 PETMOHH O CIUBOT Ha LlpHa
Peka. JloOmeHuTe pe3ynTaTd MOKakKyBaaT AEKa KOHLIEHTPANMHUTE HAa HCIUTYBAHUTE EIEMEHTH TJIaBHO ja Cleaar
JIUTOJIOTHjaTa Ha PEYHUOT CIHB. Mer'yToa, HOBHCOKHITE KOHIICHTPAIIMY Ha apceH KOU Oea HajIeHH BO BOJWTE O] peKaTa
bramnnma mokaxxyBaaT aHTPOIIOTCHO BIIMjaHNE O IMOPAHEIIHUTE PyJapCKH aKTUBHOCTH Ha PYAHUKOT AJIMIap Koj ce
Haora Ha muanuHaTa Koxyd. bea HajneHn 3rojgeMeHn KOHIEHTPAIMK HA HUKET BO BOJUTE O JOJHHOT TeK Ha LlpHa
Pexka, no Opanara Ha Tuxsenikoro E3epo, mro UcTo Taka € pe3yaTaT Ha aHTPOIIOT€HO 3aralyBambe 0J1 OTIAHUTE BOAN
o]l TomuHHULATA 3a (epoHuken ,,DeHn MHAYCTPU, KOEHITO MOXKE Jla BiHjac Ha NMapaMeTpUTE Ha KBAJMTETOT Ha
MOBPIINHCKUTE BOJU.

Koayunu 360poBu: Llpua Peka; PenyOnnka Makenonuja; pedeH ciiuB; BOJM; TELIKH METAIN; TUCTPUOYLIHja
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EAST VARDAR OPHIOLITES REVISITED:
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The study reports and synthesizes the available geological and geochemical data on the East Vardar ophiolites
comprising most known occurrences from the South Apuseni Mountains in Romania to the tip of the Chalkidiki Pen-
insula in Greece. The summarized geological data suggest that the East Vardar ophiolites are mostly composed of the
magmatic sequences, whereas the mantle rocks are very subordinate. The members of the magmatic sequences are
characterized by the presence of abundant acid and intermediate volcanic and intrusive rocks. The age of these ophio-
lites is paleontologically and radiometrically constrained and these data suggest that the East Vardar ophiolite formed
as a short-lived oceanic realm that was emplaced before the uppermost Kimmeridgian. A relatively weak adakitic
affinity is shown by intra-ophiolitic acid and intermediate rocks in many East Vardar provinces. It can be taken as
evidence that the subduction of the young and hot slab, most likely along the earlier spreading ridge has occurred. A
paleo-tectonic reconstruction consisting of four stages is proposed. It involves: a) an early/mid-Jurassic north-
northeastward subduction of the West Vardar oceanic plate; b) the formation of a mid-Jurassic volcanic arc and a
narrow back-arc oceanic stripe of East Vardar behind it; ¢) the mid-/Upper Jurassic initiation of East Vardar subduc-
tion along the ridge axis, and d) complex and heterogeneous emplacement of the East Vardar ophiolites. So far avail-
able data allow for having relatively clear ideas about the origin and evolution of the East Vardar ophiolites. Howev-
er, in order to provide better understanding of all aspects of its evolution we need to answer additional questions re-
lated to the true structural position of the East Vardar ophiolites slices in Serbia, the exact nature of subduction that
caused back-arc spreading (intraoceanic vs subduction under continent?) and the full significance of the adakitic sig-
nature shown by rocks in the East Vardar provinces other than Demir Kapija.

Key words: ophiolites; subduction; back-arc; Tethys; Balkan Peninsula

INTRODUCTION

It is generally accepted that geological
framework of the central part of the Balkan Penin-
sula formed in response to the long-lasting conver-
gence between Africa and Europe [1]. This conver-
gence induced around 3000 km of shortening via
consummation of vast oceanic areas and formation
of many accretionary wedges and stacked nappes
[2]. When studying such convergent zones it is al-
ways important to distinguish between accretionary
wedges that commonly represent upper crustal lev-
els and fundamental boundaries between under-
thrusting and overriding plates [3-5]. A first-order

prerequisite for this distinguishing is to understand
the true nature of the present ophiolite belts in
sufficient details, at first place to elucidate their
geodynamic affinity and the mode of emplacement.
The central Balkans host three ophiolite belts that
belong to a huge and complex ophiolite mega-zone
stretching from the Western Mediterranean to the
Himalayas, which resulted from the closure of the
Mesozoic Tethys [1, 6, 7]. According to the most
simplistic division (from west to east), they are:
Dinaridic ophiolites (i.e., Albanian ophiolites or
Pindos Zone in Albania and Greece, respectively),
West Vardar ophiolites (also known as Almopias
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Zone in Greece) and East Vardar ophiolites
(Peonias Zone in Greece).

The present-day understanding of the geody-
namic implications of these ophiolite belts can be
explained by underlying the two most important
interpretations, namely the single- and the multi-
ocean hypothesis. The single-ocean hypothesis pro-
posed by Smith and Spray [8] (see also: [9-11], and
more recently [5]), considers all ophiolite belts in
the Balkan Peninsula as having originated from a
single ocean — Vardar Tethys (or Neotethys). Ac-
cording to this view, the Vardar Tethys is directly
correlated to the Meliata Ocean in the Eastern Alps
and Carpathians, i.e. [12]. The advocates of the sin-
gle-ocean hypothesis locate the main Neotethyan
suture along the main axis of the Balkan Peninsula,
along the westernmost margin of the East Vardar
[5]. Simultaneously, they regard the ophiolites on
both sides of this suture as having resulted from
westward (Dinaridic and West Vardar) and east-
ward (East Vardar) obduction, respectively. Ac-
cordingly, the authors adopting the single ocean
hypothesis believe that Paleozoic units that geo-
graphically separate the ophiolite belts represent
progressively more distal margins of Adria, which
acted as the African promontory. On the other
hand, a number of other authors ([13-19], among
others) argue that the ophiolite belts in the Balkan
Peninsula represent remnants of distinctive oceanic
domains, all of them separated by individual Paleo-
zoic to early Mesozoic microcontinents, i.e. ter-
ranes.

These two hypotheses are principally con-
trasting about the nature and the origin of the west-
ern ophiolite belts and pre/early Mesozoic conti-
nental geotectonic units situated in between,
whereas both groups of authors agree that the East
Vardar ophiolites represent a particular ophiolite
belt in many respects.

In this study, we aim to report a brief synthe-
sis of the existing data on the East Vardar ophio-
lites with special emphasis on their geology and
geochemical affinity. The synthesis is based on the
available data on the largest and best-studied occur-
rences of the East Vardar ophiolites, from the South
Apuseni Mountains in Romania to the very tip of
the Sithonia Peninsula in Greece (see references
below). The results of this synthesis confirm some
of the important conclusions about the East Vardar
ophiolites, suggesting a slightly refined geodynam-
ic model and eventually argue that several aspects
of the origin of these ophiolites still remain to be
answered.

GEOTECTONIC POSITION
OF THE EAST VARDAR

The position of the East Vardar Zone is giv-
en in a simplified geological sketch map shown in
Figure 1 (modified from [20]). The most striking
geotectonic feature of the East Vardar is that it
structurally belongs to the westernmost margin of
the predominantly eastward-facing geological units
of the European plate (present coordinates), i.e. to
the upper plate in the context of the final closure of
the Neotethys [2]. In contrast to the westwardly
situated Dinaridic and West Vardar ophiolites that
appear either passively obducted over the African
margin (sensu [5]; note, however, that for these two
ophiolite belts they use a single name — West Var-
dar) or incorporated into a complex nappe stacking
formed by accretion of microcontinents (sensu
[19]), the East Vardar forms a narrow, several tens
of kilometers wide zone that completely follows the
European-derived geotectonic units of the Dacia
microplate. In this context, the East Vardar has the
same geotectonic position as the Circum Rhodope
Belt, which is known to possess mixed Africa-
Europe geotectonic affinities [21-23].

The East Vardar Zone stretches throughout
the main part of the Balkan Peninsula and its rock
series are exposed as a N-S line of mostly also N-S
elongated outcrops that are found in Serbia, Mace-
donia and northern Greece and continue further
south-east underneath the Aegean Sea. In the north,
the East Vardar ophiolites do not follow the general
trend of the Dinaridic ophiolites but are traced
north-eastwards in the South Apuseni Mountains in
the Mures Valley in Romania, where they were
displaced by South-Transylvanian fault [24-27].

EAST VARDAR OPHIOLITES:
A BRIEF SUMMARY

In the following subsections the available da-
ta on geological and geochemical characteristics of
the East Vardar ophiolites in Romania [10, 29-31],
Serbia [32-36], Macedonia [33-37] and Greece
[33, 38-40], are summarized. The locations of the
ophiolite massifs/outcrops addressed in this study
are shown in Figure 1. From north to south they
are: South Apuseni and Transylvanian ophiolites
(Romania), Zdraljica and Kursumlija (Serbia),
Guevgeli (southernmost Macedonia/northernmost
Greece) and Circum Rhodope ophiolites that com-
prise several relatively small massifs between north
from the Gulf of Thessaloniki (e.g., Oraeokastro
and Thessaloniki ophiolites) and the tips of the
Chalkidiki Peninsula (e.g., Kassandra and Sitho-

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 39 (1), 51-68 (2018)



East Vardar ophiolites revisited: a brief synthesis of geology and geochemical data 53

nia). The ophiolites occurring more to the south in
the Aegean Sea are not addressed here. In the fol-
lowing two subsections will be reported the main

geological and geochemical features of the mag-
matic rocks from the above ophiolite provinces,
using the division and naming given above.

Romania

|:| Gondwana-derived units
- Tisza Unit

|:| Eurasia-derived units
|:| Eastern Vardar

- Western Vardar

,:| Sedimentary basins

Upper Cretaceous-Cenozoic
igneous rocks

Figure 1. The geological sketch showing positions of the East Vardar provinces comprised by this study. The sketch is a
simplified version of the geological sketch of South-East Europe [20] and represents a compilation of the Geological Atlas
of Serbia 1:2,000,000 [28] and of the tectonic map 1:5,000,000 [5]; 1 — Transylvanian ophiolites (drill holes), 2— South
Apuseni ophiolites, 3 — Zdraljica ophiolites, 4 — Kur§umlija ophiolites, 5 — Guevgeli ophiolites, 6 — Oraeokastro ophiolites,
7-8 — Thessaloniki-Chalkidiki ophiolites).

Geology

The northernmost occurrences of the East
Vardar ophiolites are located in the South Apuseni
Mountains (for details see: [27, 29, 31]). It is a pile
of nappes composed of the Biharia basement that
represents counterparts of the Supragetic unit (i.e.,
Serbo-Macedonian Massif sensu [5]). The base-
ment is overlain by Late Cretaceous clastic sedi-
ments and the entire section is tectonically overlain
by the Mures nappe that includes the East Vardar
Middle Jurassic ophiolites. The ophiolites consist
of a gabbroic complex overlain by a sheeted dyke
and volcanic sequence that includes massive lava
flows and pillow-lavas. The latter are spatially as-
sociated to Callovian - Oxfordian radiolarians. The
mafic ophiolite members are intruded by calc-
alkaline granitoids and covered by a calc-alkaline
volcanic series composed of basalts, basaltic ande-
sites, andesites, dacites and rhyolites. The overstep
sequence is on the top and is represented by Late
Jurassic shallow-water limestones showing the

transition to Cretaceous carbonate deposits. The U-
Pb ages of mafic ophiolites members and accompa-
nying intra-ophiolite granitoids revealed similar
ages 158.9-155.9 Ma and 158.6-152.9 Ma, respec-
tively [31].

The presence of analogous ophiolitic rocks is
indirectly revealed by deep wells in the Transyl-
vanian Depression [30]. A few of the wells drilled
the Middle/Upper Jurassic volcanic rocks ranging
in composition from basalts to andesite are inter-
preted to represent counterparts of the calc-alkaline
series that overlies the South Apuseni Mountains
ophiolites. The presence of underlying ophiolites is
only inferred by geophysical data [30].

The East Vardar ophiolites in Serbia are rep-
resented by two relatively small and elongated
massifs of Zdraljica and KurSumlija [32, 41, 42].
They occur as up to 20 km long and only several
km wide NNW-SSE aligned outcrops that are in
tectonic contacts with the mid- to Upper Jurassic
mélange and high/medium-grade meta-igneous and
metasedimentary rocks of the Serbo-Macedonian
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Massif. The contacts between the ophiolites and the
Serbo-Macedonian Massif are at places sealed by
Neogene sediments [43]. In [35], 2D modelling of
gravity and magnetic data and pseudo-3D
modelling on the East Vardar ophiolites in Serbia
were reported and it was suggested that they are
dipping to the east beneath the Serbo-Macedonian
Massif. The age of these ophiolites is mostly geo-
logically constrained by the age of the overstep se-
guence represented by Tithonian reef limestone
and/or flysch-like Lower Cretaceous sedimentary
rocks [44-46]. The Serbian East Vardar ophiolites
are predominantly composed of series of basic ig-
neous rocks, whereas ultramafic members are al-
most absent. The Zdraljica complex is represented
by cummulitic gabbros in the form of irregularly
shaped bodies. The gabbro bodies are cut by isolat-
ed shallow intrusive dolerites, which at some places
appear as relicts of sheeted-dyke series. Pillow bas-
alts are substantially rare. The KurSumlija com-
plex contains more abundant dolerite dykes and 5-
10 m thick series of pillow lavas. It is worth noting
that in both ophiolite complexes occur numerous
shallow intrusive and subordinate volcanic rocks of
acid to intermediate compositions.

The largest exposure of the East Vardar oph-
iolites is the Guevgeli complex. In the east, the
Guevgeli complex is in tectonic contacts with the
Serbo-Macedonian Massif forming a narrow
mylonitic-phyllitic zone. In the west, it is in contact
with the metamorphic rocks of the Paikon unit that
consists of Triassic marbles, clastic sediments,
micaschists and various Upper Jurassic volcanic
rocks that range in composition from rhyolite to
basalt [47—49]. The northern part of the Guevgeli
complex is the Demir Kapija ophiolites [33, 34,
37]. It is situated in southernmost Macedonia as an
NNW-SSE elongated, 50 km long and 25 m wide
and partially dismembered belt. It is transgressively
covered by conglomerates overlain by Upper Ti-
thonian reef limestones [50] that are themselves
covered by Palaeogene-Neogene sediments. The
structural position of the Demir Kapija ophiolites is
also inferred by 2D and pseudo-3D geophysical
modelling, which suggests that they have a very
steep contact that dips towards the east-southeast
under the Serbo-Macedonian Massif [36]. The
Demir Kapija ophiolite is predominantly built of
volcanic rocks, although small serpentinite blocks
occur within tectonic mélange near Rabrovo [51].
The volcanic-intrusive series of Demir Kapija is
represented by pillow lavas, diabase dyke swarms
and gabbros of variable grain-size. Small serpentin-
ized chromite-bearing dunite, wehrlite and lher-
zolite are very subordinate. The complex also con-

tains numerous small-scale (< 5 m thick) shallow
intrusions of acid to intermediate compositions. In
the both northern and southern part of the complex,
however, occur much larger granitoid intrusive
bodies, such as Stip, Konce, Gradeske Mts. and
Plaus-Furka-Fanos, some of them covering more
than 70 km?. These granitoids cut the basement and
are, therefore, considered as post-ophiolite intru-
sions [52]. Bozovi¢ et al. [37] reported U/Pb zircon
age for gabbros of Demir Kapija at 166 + 1.8 Ma
constraining the age of the oceanic crust, which
agrees well with Bathonian—Callovian radiolarian
[53]. It is also obtained only a slightly lower age of
164 + 0.5 Ma for presumably younger subduction-
related rocks by Ar/Ar analyses of feldspars [37].

These ophiolites continue southwards across
the Macedonian-Greek border and form two
branches. The western one is known as the Skra
ophiolite which is composed of cummulitic oli-
vine- and isotropic normal gabbros as well as of an
extrusive sequence consisted of massive lavas and
dykes accompanied by felsic shallow intrusives;
ultramafic rocks are extremely rare [54]. Spray et
al. [55] reported “°Ar/*°K ages on biotite and kaer-
sutite mineral separates from gabbros and diorites
between 149 + 3 Ma and 163 + 3 Ma. Danelian et
al. [56] studied radiolarians from the overstep se-
quence and determined Oxfordian age (161.2—
155.7 Ma). Zachariadis [38] studied zircons from
plagiogranite found in gabbros of the Skra complex
and reported an intrusion age of 166.6 = 1.8 Ma.
The Evzonoi ophiolites occur in the east and are
entirely composed of massive and pillow lavas and
dolerite dyke swarms. The sheeted dyke sequence
is frequently cut by rocks of rhyolite composition
that make sharp contacts towards the adjacent
mafic rocks and sometimes even enclose them as
xenoliths. Apart of these small-scale felsic intru-
sions, the Skra and Evzonoi ophiolites are intruded by
a much larger (~65 km?) granitoid intrusion of Fanos,
presumably representing the continuation of the
Plaus-Fourka granitoid in the southernmost Macedo-
nia [33]. Anders et al. [49] reported an U/Pb age of
the Fanos granitoid of 158 + 1 Ma. Zachariadis [38]
argued that the Fanos granitoid intruded the Guevgeli
ophiolites after their emplacement and reported the
presence of, albeit rare, occurrences of mafic dykes
that intrude the Fanos granite.

Further to the south the East Vardar ophio-
lites occur as a lineament of more than ten isolated
ophiolite slices hereafter collectively named the
Circum Rhodope ophiolites. The first is
Oraeokastro ophiolite that crops out as an NW-SE
elongated (2.5 x 12 km) slice situated ~5 km
northern of Thessaloniki. In the east, the Oraeokas-
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tro ophiolite is in contact with phyllites and Triassic
limestones, whereas the latter tectonically overlie
the ophiolite. According to Zachariadis [38], the
phyllite represents ophiolitic material that was
milonitized during overthrusting of the limestone.
In the west, the ophiolite is transgressively covered
by Tithonian fossiliferous conglomerate in which
pebbles of ophiolitic origin occur [22, 47]. Ultra-
mafic rocks appear as a small body of 2-3 km
north-east from the main ophiolite slice and is rep-
resented by harsburgite tectonite. The margins of
this isolated body are sheared. Mafic shallow intru-
sives are found cutting gabbros and as relicts of
sheeted dykes. Extrusive ophiolite rocks are rare
and mainly occur along the western border. They
are composed of massive and/or pillow lavas and
accompanied hyaloclastite deposits. Felsic rocks
are common and are found as dykes and irregular
lenses inside the series of mafic rocks.

The Thessaloniki ophiolite is represented by
a volcanic ophiolite sequence that was excavated
during the civil engineering activities along the
north-eastern periphery of the city. Gabbros that oc-
cur in a wider area were poorly known and were not
even considered as a part of an ophiolite [21, 22, 57—
59]. The Thessaloniki ophiolite predominantly con-
sists of dolerite dykes and subordinate lavas, mostly
massive and rarely as pillows as well. Hornblende
gabbro from Thessaloniki ophiolite was dated by
K/Ar method at 174 + 4.8 Ma [60] (details are lack-
ing). Zachariadis [38] reported a zircon (one crystal)
age on a diorite (outskirts of the city of Thessaloniki)
as a concordia of 169 + 1 Ma, and interpreted as the
crystallization age of the diorite. He also dated a dio-
rite from the Chortiatis magmatic suite and obtained
an age of 159 + 4 Ma, which demonstrated that the
Chortiatis magmatic suite is younger than Thessalo-
niki ophiolite for around 10 Ma.

The southernmost outcrops of the East Var-
dar ophiolites of the Greek shoreline are represent-
ed by the Chalkidiki ophiolites. They crop out as
several dismembered slices. The largest are along
the southernmost edges of the Kassandra and
Sithonia peninsulas. The Kassandra ophiolites are
in contact with younger rocks exclusively, i.e. they
are covered by an overstep sequence of Creta-
ceous/Upper Jurassic limestones and by a thick se-
ries of Cenozoic sediments. The ophiolites are rep-
resented by mafic extrusive rocks ([61], and refer-
ences therein), mainly as variably vesicular massive
lavas and rarely pillows. The Sithonia ophiolites
outcrop as elongated slices that have tectonic con-
tacts with the Eocene Sithonia granite [62, 63] and
the Triassic to Middle Jurassic Svoula flysch [64].
In the south, the ophiolites are covered by Upper

Jurassic reef limestones. The Sithonia ophiolite is
represented by series of mafic magmatic rocks that
appear as thin stripes along the south and south-
west shoreline as well as offshore on small islands
(e.g. Kelyfos). It is an extrusive sequence with ex-
tremely well-preserved pillow lavas at some places,
and sometimes associated with feeding dykes or
rarely with dyke swarms. More to the south, includ-
ing the very tip of the peninsula (e.g. Cape Laemos)
deeper ophiolite members represented by coarse- to
medium-grained gabbro, at some places cut by
hornblendite veins, occur. Zachariadis [38] reported
U/Pb zircon ages for gabbro-diorite/diorite rocks
from two places of the Chalkidiki ophiolites: name-
ly from the Metamorphosis area and from Sithonia.
Zircons from the Metamorphosis yielded a
concordia age of 165.3 + 2.2 Ma whereas those
from Sithonia gave an average age of 160 + 1.2 Ma.

Rock geochemistry

Geochemical characteristics of the magmatic
member of the East Vardar ophiolite provinces are
summarized and illustrated in Figures 2-5. The
synthesis was restricted to volcanic and subvolcanic
basic (SiO2 < 55%) as well as intrusive (+volcanic)
acid/intermediate rocks (SiOz > 55%), which com-
pose the above described ophiolites (the references
are listed above and in caption for Figure 2). The
analyses of peridotite rocks and cummulitic gab-
bros are omitted from further consideration.

The Nb/Y vs TiOJ/Zr diagram commonly
used for classification of magmatic rocks occurring
in ophiolitic sequences is shown in Figure 2 [65]. It
reveals that most East Vardar basic rocks (dotted
symbols) stretch across the fields of subalkaline
basalts and basaltic andesites, and that they mostly
compositionally overlap with the field occupied by
the basic rocks of West Vardar ophiolites (pink ar-
ea). However, in all the studied East Vardar prov-
inces occur abundant acid to intermediate rocks
represented by calc-alkaline volcanic, subvolcanic
or typical intrusive rocks (open symbols). This is
different from the West Vardar ophiolites in which
acid to intermediate rocks are substantially rare (see
also the inset that shows the total alkali vs silica
diagram [66]). The Upper Jurassic granitoids occur-
ring in southernmost Macedonia (e.g. Stip, Dolane,
Konce, etc.) and northernmost Greece (Fanos) are
spatially associated to the Guevgeli ophiolite com-
plex but are plotted with separate symbols (red dots).
They have so far been interpreted as intrusions into
both the East Vardar ophiolites and the basement
rocks, and, therefore, we intended to distinguish
them from other typically intra-ophiolitic acid to
intermediate rocks of the Guevgeli complex.
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Figure 2. Nb/Y vs Zr/TiO; classification diagram [65]; the inset shows the distribution of all the bulk rock analyses
comprised by this study on the total alkali vs silica (TAS) diagram [66]. Data sources: South Apuseni —[10], [31];
Transylvania — [30]; Zdraljica and Kur§umlija — [32—34]; Guevgeli — [37-39]; Circum Rhodope — [38, 40];
Intrusives in the basement — [33]; West Vardar basic rocks — [17, 34, 67, 68].

It is evident, however, that these granitoids be-
lieved to cut the metamorphic basement also form two
different subgroups. For instance, the Fanos samples
are plotted towards high Nb/Y values (>1) (Figure 2).

Primitive mantle-normalized multielement
and chondrite-normalized rare earth elements
(REE) diagrams are shown in Figures 3 and 4, re-
spectively. The rocks from all the studied ophiolite
provinces are also subdivided into basic (SiO; <
55%; diagrams in the left) and acid/intermediate
(SiO2 > 55%; diagrams in the right) rocks. The
basic rocks range from light-rare earth elements
(LREE) enriched through relatively flat REE pat-
terns to LREE depleted chondrite-normalized pat-
terns and almost ubiquitously show troughs on Nb-
Ta and often, but less pronounced on Ti as well as
peaks on U-Th on primitive mantle-normalized di-
agrams. These characteristics are different from
those shown by the basic rocks of the West Vardar
ophiolites, which exhibit much smoother primitive
mantle-normalized patterns.

In keeping with their more evolved character,
the intermediate/acid rocks of the East Vardar dis-
play more pronounced crustal geochemical signa-
ture. This is evident from LREE-enriched chon-
drite-normalized pattern often with negative Eu-
anomaly as well as from large ion lithophile ele-
ments (LILE)-enriched and Nb-Ta-Ti-depleted
spiked patterns on primitive mantle-normalized
diagrams. It is noteworthy that these acid/inter—
mediate rocks display a relatively wide range of
heavy REE (HREE) concentrations, ranging from <
2 x chondrite to around 10 x chondrite values.
Bozovi¢ et al. [37] reported the presence of Y- and
HREE-depleted acid/intermediate rocks from the
Demir Kapija ophiolites and interpreted them as
having adakitic affinity using this as an important
argument for suggesting a refined geodynamic in-
terpretation. The occurrence of rocks of similar
adakitic-like geochemical affinity has been reported
in Serbia by Sari¢ et al. [33], but these rocks have
not been given a strong geodynamic significance.
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Figure 3. Primitive mantle-normalized multielement diagrams for the East Vardar magmatic rocks; the normalization
coefficients after [69]. See capture in Figure 2 for data sources.
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Note also that a few silica-rich samples are
characterized by relatively flat REE patterns as well
as by high absolute heavy REE concentrations and
low LILE concentrations, and they most probably
represent oceanic plagiogranites. These acid rocks are
not considered in the further discussion.

Sr-Nd compositions of the studied rocks are
shown in Figure 5. It can be seen that the basic
rocks of most provinces the East Vardar overlap in
Sr-Nd isotopic composition and display somewhat
higher 8Sr/®Sr and lower *3Nd/***Nd isotopes in
comparison to the basic rocks of the West Vardar
ophiolites. In terms of Sr-Nd isotopes, among the
ophiolite-related acid/intermediate rocks of the East
Vardar, at least two groups can be distinguished.
The first group (rectangle in Figure 5) partly over-
laps with or is only slightly enriched in Sr and de-
pleted in Nd isotopes than the accompanying basic
rocks. The second group of acid/intermediate rocks

plots towards the enriched quadrant of the diagrams
and is characterized by a relatively continuous and
steady increase in Sr/%Sr. Although the strong
increase in Sr isotope ratios can be partly explained
by seawater alteration processes (see also [34]),
there is less pronounced but also a continuous in-
crease in *3Nd/***Nd isotope ratios shown by these
rocks, suggesting that these variations must be re-
lated to the input of crustal material in the mantle-
derived melts. These isotopically crustal-like
granitoids form two subgroups, initially recognized
in [33] as low Sri (87Sr/®Srinitia ~0.7033-0.7076)
and high Sri (8’Sr/®Srinitias > 0.7095). To the low Sri
belong all intra-ophiolitic granitoids of Zdraljica,
part of the KurSumlija intrusives and the samples of
the Fanos granitoids, whereas the rest of the
Kur§umija samples and all the granitoids from
Macedonia that intrude the basement belong to the
high Sri group.

0.5135
(SI0:<56 Wt%) (51065 Wi%)
South Apuseni
Zdraljica ]
Kurgumlija [ C
Guevgeli * <
Circum Rhodope = O
0.513 1 Intrusives in the basement L]
West Vardar
- L 4
=
$ 05125 4
S
=z
. °
e O &
0512 1 Py o®
Fourka/Fanos
Macedonian granites that
intrude the basement
05115 = T = = T = T
0.7025 0.7045 0.7065 0.7085 0.7105 0.7125 0.7145 0.7165
“Sr/*Sr

Figure 5. The &Sr/®Sr vs 3Nd/***Nd plot for the East Vardar magmatic rocks; the rectangle encloses
the field of the East Vardar acid/intermediate rocks that overlap in Sr-Nd isotopic composition
with the majority of the accompanying basic rocks. See capture in Figure 2 for data sources.

DISCUSSION

The above presented overview of the most
important geological and geochemical characteris-
tics exhibited by the magmatic rocks of the East
Vardar Zone ophiolites allows for recognition of
several mutual features that can be underlined.
They are related to the structural and stratigraphic
position, age, rock facies, and the rocks’ geochemi-
cal affinity. In the following sections, we summa-

rize this information again in order to underline
those issues that are most important and provide the
first order geodynamic implications.

Tectonostratigraphy and age

Most here addressed East Vardar ophiolite
slices are elongated in N-S direction (present coor-
dinates) and are in tectonic contacts with metamor-
phic rocks of the Serbo-Macedonian Massif. The
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only exceptions are the South Apuseni ophiolites
that presently stretch E-W due to substantial (~90°)
clockwise rotations in the Cenozoic [70, 71]. The
South Apuseni ophiolites lay upon the Biharia
basement, which is considered part of the western-
most margin of Dacia, i.e. the Supragetic unit or the
counterpart of the Serbo-Macedonian Massif [5].
The contacts between the East Vardar ophiolites
and the Serbo-Macedonian Massif change towards
the south. Recent geophysical modelling suggests
that the contacts between the East Vardar ophiolites
in Serbia and Macedonia and the Serbo- Macedoni-
an Massif are steeply dipping and that at least some
parts of the East Vardar ophiolites dip eastwards
beneath the Serbo-Macedonian Massif [35, 36]. In
this area, the contact between the East Vardar and
Serbo-Macedonian unit is usually marked by the
presence of narrow stripes of strongly deformed
phyllites that sometimes contain serpentinite blocks
[51]. This structural position is in agreement with the
observations that the East Vardar ophiolites are
thrust westwards onto the metamorphic rocks of the
Paikon block or its counterparts [38, 39, 72]. Further
to the south, the East Vardar ophiolites are strongly
dismembered and appear as individual blocks within
highly heterogeneous Circum Rhodope Belt.

The geologically and radiometrically con-
strained ages of the East Vardar ophiolites are re-
cently comprehensively summarized by Gallhofer
et al. [31]. They concluded that the maximal em-
placement (obduction) age of the East Vardar ophi-
olites is the uppermost Kimmeridgian (<152 Ma),

10.00

which is in agreement with the geological evidence,
i.e. by the fact that the ophiolites are commonly
covered by Tithonian limestones or Lower Creta-
ceous clastic sediments (e.g., [50]). It is worth not-
ing that the presumed crystallization ages of mafic
members of these ophiolites are mostly younger
than 165 Ma and that there is no substantial age
difference between the mafic and acid/intermediate
members, which suggests that this oceanic realm
was rather short-lived, i.e. it underwent a relatively
fast evolution from ocean floor spreading to sub-
duction and obduction processes [31, 37, 38, 40].

Subduction geochemical affinity shown
by the basic rocks

The East Vardar ophiolites, in general, share
two striking petrological characteristics: i) they are
predominantly composed of volcano-intrusive se-
guences, whereas serpentinized peridotites are very
scarce, and ii) in most of the East Vardar ophiolite
provinces occur abundant acid to intermediate vol-
canic and/or intrusive rocks. The basic volcanic and
shallow intrusive rocks of the East Vardar are gen-
erally similar to those of other Balkan ophiolites
(see Figures 2-7), but the magmatic rocks of the
East Vardar ophiolites are consistently more LREE-
and sometimes LILE-enriched and plot towards
enriched isotopic composition in the Sr-Nd space,
which suggests that subduction processes have like-
ly been involved in their origin.
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Figure 6. The Ta/Yb vs Th/Yb plot for distinguishing primitive basaltic magmas
formed by subduction processes [73]. See capture in Figure 2 for data sources.
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Figure 7. The Y vs Sr/Y plot for distinguishing between normal arc magmas and those having
adakitic geochemical signature [75]. See capture in Figure 2 for data sources.

The subduction-related affinity (island arc or
back-arc) of the rocks from many East Vardar oc-
currences have so far suggested by many authors
(e.g., [31, 33, 37, 39], among others). Here we il-
lustrate this affinity by using the Ta/Yb vs Th/Yb
diagram [73] that is commonly applied for distin-
guishing the involvement of subduction-related en-
richments from the source enrichments unrelated to
active margin processes. From the diagram shown
in Figure 6 it is evident that most ophiolite-related
basic rocks of the East Vardar depart from the mid-
ocean ridge — ocean island basalts array and plot
towards the area characterized by increased Th/Yb
ratios. This can be explained by involvement of
subduction fluids plus a certain amount of sedi-
ments in melting regions from which these primary
melts originated (e.g. [74]).

The message provided by the composition
of felsic rocks

The above discussed subduction affinity is
further corroborated by the fact that in almost all
East Vardar provinces the basic rocks are accom-
panied with ubiquitously present and in some prov-

inces very abundant felsic rocks. These felsic rocks
(excluding oceanic plagiogranites), as it can be ex-
pected, display even more pronounced geochemical
signature of subduction. However, the message tak-
en from their characteristics is by no means clear,
because certain issues regarding their origin and
evolution still wait to be adequately constrained.

It is clear that the felsic rocks related to the
East Vardar ophiolites are heterogeneous both
compositionally and in terms of relative age of em-
placement. For instance, most of the felsic rocks
comprised by this study represent true intra-
ophiolitic intrusives that appear as relatively small
bodies always spatially enclosed by other ophiolites
rock members. These, commonly collectively
named intra-ophiolitic granitoids were regarded by
many authors as representing felsic melts that orig-
inated during the evolution of this oceanic domain,
which further means that these bodies have already
been part of the ophiolite slices upon the ophiolite
emplacement [31, 33]. By contrast, larger masses of
granitoids occurring mainly in southern Macedonia
clearly cut the basement of the Serbo-Macedonian
Massif [33]. Most of these granitoids contain crus-
tal xenoliths and exhibit distinctive crustal-like in-
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compatible trace element patterns and Sr-Nd iso-
topic signature. The granitoid of Fanos departs
from this. It intrudes into the southern part of the
Guevgeli complex and is interpreted as also post-
dating the emplacement of ophiolites (e.g. [38]),
but it has distinctively less crustal-like isotopic
characteristics, which are similar to the majority of
intra-ophiolitic granitoid bodies [33, 37].

A weak adakitic affinity of some East Vardar
intra-ophiolitic felsic rocks was mentioned in [33]
for the occurrences in Serbia, but the authors did
not give any geodynamic connotation to this obser-
vation. This issue has been given full attention in
[37], who reported the presence of rocks of ada-
kitic-like geochemical affinity in the Demir Kapija
ophiolites. Bozovi¢ et al. [37] argued that the
adakitic-like magmas formed simultaneously with
normal arc melts, and they used that as evidence for
proposing a scenario of slab plus sediment melting
in an unusually hot subduction zone (i.e. subduc-
tion of young oceanic crust). The authors went a
step further and stated that this magmatism was
associated with a progressive change in melting
depth, suggesting that there was a relatively abrupt
increase in temperature within the subducted slab
soon after subduction initiation. They eventually
concluded that the Demir Kapija ophiolites formed
in a short-lived (intra-oceanic) back-arc basin.
However, Zachariadis [38] and Saccani et al. [39]
did not recognize a significant adakitic geochemical
signature in the rocks occurring in the Greek part of
the Guevgeli complex.

In order to contribute to this issue, here we
plot all the felsic rocks comprised by this synthesis
on the classical Y vs Sr/Y diagram for distinguish-
ing between the normal arc and adakitic magmas
[75]. We limited the vertical axis to only slightly
elevated Sr/Y values (< 60) in order to see the sam-
ples distribution better. It can be seen that the felsic
rocks from most of the East Vardar provinces in-
deed show weak adakitic characteristics, with may-
be the exception of the Circum Rhodope ophiolites,
which can be due to sample bias. Note, for instance,
that some samples from the South Apuseni and the
Serbian East Vardar ophiolites exhibit distinctively
higher Sr/Y values than do most rocks from Demir
Kapija. In addition, the group of the granites that
presumably intrude both the East Vardar ophiolites
and the basement is dividied into two subgroups.
The Fanos rocks (red dots circled by a red line) plot
towards the elevated Sr/Y values, whereas the
granitoids from southern Macedonia (the rest of the
red dots) have typical normal arc (i.e. crustal-like)
geochemical characteristics.

Summary of geological and geochemical
information: What does it say about
geodynamics?

Numerous authors offered their geodynamic
interpretations of the East Vardar ophiolites usually
including appropriate geotectonic sketches and
drawings (e.g. [31, 37-39], among others). The ma-
jority of these geotectonic interpretations are based
on at least three common points: 1) the East Vardar
ophiolites originated in a relatively narrow oceanic
basin, 2) the basin was short-lived, namely, it
formed, evolved and closed in a relatively short
time-span between early/middle to uppermost Ju-
rassic, 3) this oceanic realm originated in a back-
arc position of the eastward (present coordinates)
subducting oceanic plate of the much wider Neo-
tethys/West Vardar or Meliata ocean. However,
there are also significant differences in the suggest-
ed geodynamic views. lonescu et al. [30] proposed
westward subduction for the origin of South
Apuseni and Transylvania ophiolites in order to
explain the clear evidence that these ophiolites slic-
es were obducted onto the European plate. For the
southern East Vardar provinces, disagreements are
related to the immediate setting in which spreading
of the narrow oceanic realm occurred. Zachariadis
[38] and Bozovi¢ et al. [37] regard the East Vardar
ocean as having developed within the already exist-
ing ocean floor of Neotethys, i.e. in an intraoceanic
environment. Consequently, they understand the
Paikon block as an immature island arc behind
which back-arc spreading of East Vardar has oc-
curred. Other authors (e.g. [39, 40, 72, 76],) argued
that the Paikon block was founded by the Paleozoic
basement and that it was a continental ribbon split-
off the westernmost European margin. In such a
scenario, the East Vardar oceanic segment formed
in response to ensialic backarc rifting.

As the result of this synthesis, we propose a
paleotectonic reconstruction graphically presented
in Figure 8. It consists of four stages and comprises
the period from early- to uppermost Jurassic. The
orientation of major structures (mostly E-W) is dif-
ferent from those of the present day (N-S), which
are the result of later rotations. The first stage (Fig-
ure 8A; early/mid-Jurassic) involves north-
northeastward subduction of the West Vardar oce-
anic plate, which is the main cause for the for-
mation of the East Vardar ocean. The subduction
front is intra-oceanic in the east, whereas in the
west it is much closer to the European continent.
Note that there is another subduction within the
Neotethys, it has the same orientation, but is situat-
ed more to the south. During the second stage (Fig-
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ure 8B; mid-Jurassic) a complex volcanic arc is
formed along the ocean-continental transition cor-
ridor of the European margin. In the north, it repre-
sents an intra-oceanic immature arc, whereas in the
south it develops on the continental lithosphere (the
future Paikon block). Immediately following is the
phase of back-arc spreading and the formation of
the narrow oceanic stripe of East Vardar. The third
stage (Figure 8C; mid-/Upper Jurassic) is character-
ized by the termination of the northward subduction
of the West Vardar oceanic lithosphere and by the
initiation of another subduction, this time along the
very East Vardar ridge. This is the onset of the clo-
sure of the East Vardar Ocean, which will be com-
pleted when the previously mentioned volcanic arcs
are docked to the European margin. The situation

early/mid-Jurassic

West Vardar - Neotethys

\

immediately following the closure of the East Var-
dar ocean is shown in the last sketch (Figure 8D;
uppermost Jurassic). It shows that the uppermost
Jurassic remnants of both West and East Vardar
ocean floor have been emplaced as ophiolites.
However, in contrast to the West Vardar ophiolites
that have been rather homogeneously obducted on-
to the African margin, the emplacement of the East
Vardar ophiolites was much more heterogeneous.
In the north (South Apuseni and Transylvania),
they have been obducted northwards onto the Eu-
ropean plate, in the far south (Macedonia and
Greece) they emplaced towards the south onto the
Paikon block, whereas in the central part (Serbia)
they likely accreted as steeply dipping ophiolites
slices.

mid-Jurassic

IMMATURE ISLAND ARCS

West Vardar - Neotethys

PAIKON BLOCK (ARC)

mid-/Upper Jurassic

‘\ _,//
FOSSIL ARCS West Vardar - Neotethys
A A A A A A A A A A A

uppermost Jurassic

A A

West Vardar - Neotethys (?)

A A

Figure 8. A sketch illustrating the paleotectonic reconstruction of the origin and evolution of East Vardar; the orientation
of major structures is roughly E-W, i.e. different from their present day directions because of Cenozoic rotations;
A) the first stage (early/mid Jurassic) involves north-northeastward subduction of the West Vardar oceanic plate; it is
intraoceanic in character in the north and subduction under continent in the south; note that there is another intraoceanic
subduction towards the south-southwest. B) The formation of a volcanic arc (mid Jurassic); it is an intraoceanic immature
arc in the east, whereas in the west it forms onto the continental lithosphere (Paikon block); a narrow oceanic stripe of East
Vardar’s ocean floor is also formed. C) The termination of subduction of the West Vardar oceanic lithosphere and the initia-
tion of subduction along the East Vardar ridge (mid/Upper Jurassic). D) The closure of the East Vardar ocean (uppermost Ju-
rassic) and emplacement of both West and East Vardar ophiolites; note that the West Vardar ophiolites are found homogene-
ously obducted onto the African margin, whereas the East Vardar ophiolites are obducted northwards (onto European plate) in
the east (in the north in present coordinates), southwards (onto the Paikon block) in the west (in the south in present
coordinates) and simply accreted as steeply dipping ophiolites slices in the central parts.

In summary, the available data allow for hav-
ing relatively clear ideas about the origin and evo-
lution of the East Vardar ophiolites and in particu-
lar to recognize striking differences between these

ophiolites and the much more widespread ophio-
lites of the West Vardar. However, in order to make
a new step forward in our knowledge of the evolu-
tion of the East Vardar Ocean as well as in order to
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be able to refine the existing geodynamic models
significantly, we need more information with re-
gards to almost all aspects of these ophiolite rocks.
We emphasize the three, albeit not exhaustive ques-
tions: i) what is the true structural position of the
East Vardar ophiolites slices in Serbia, ii) were the
East Vardar ophiolites in Serbia formed via intra-
oceanic subduction, and iii) what is the real signifi-
cance of the adakitic signature shown by rocks in
East Vardar provinces other than Demir Kapija.

CONCLUSIONS

The synthesis of the available geological and
geochemical data for the East Vardar ophiolites oc-
curring in Romania, Serbia, Macedonia and Greece
enable us to derive the following conclusions:

1) The East Vardar ophiolites display the
most pronounced supra-subduction signature of all
the Balkan ophiolite belts. These geochemical
characteristics are evident in all the East Vardar
provinces comprised by this study and are shown
by both basic and accompanied acid- to intermedi-
ate rocks.

2) The structural position of the East Vardar
ophiolitic slices is different. The northern occur-
rences in Romania clearly overlie the Supragetic-
Serbo-Macedonian unit, suggesting that they have
emplaced onto the European plate. Towards the
south, the contacts between the East Vardar ophio-
lites and adjacent units become steeper, whereas in
the southernmost occurrences (Macedonia and
Greece) they are west-vergent and lay upon the
Paikon block.

3) The East Vardar was a narrow and short-
lived oceanic realm that most likely closed via sub-
duction initiated along the ridge axis. The adakitic-
like geochemical signature is taken as evidence that
this subduction involved slab (plus sediments)
melting. A four-stage paleotectonic reconstruction
is proposed.

4) In order to improve the existing geody-
namic models there is a great need for more infor-
mation about the true structural position of the East
Vardar ophiolites slices in Serbia, about the possi-
ble continuation of the Paikon block towards the
north and about the true significance of the adakitic
signature that is shown by felsic rocks in many, if
not all, East VVardar provinces.
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BapJapckuTe o(hHOTUTH, BKIIYIyBajKH TH W HAjIIO3HATHTE 10jaBu of JyxHuTe AnyceHcku [lnmanman Bo Pomanuja mo
BPBOT Ha MOJYOCTPOBOT XaIKUAUKH Bo ['piiija. OBHe 30MpHU T€OIONIKH ITOIATONHM YKaXXyBaaT Ha Toa JIeKa UCTOYHO-
BapJapckuTe o(pHOTUTH BO HAjTONIEM el Ce M3TPaleHH Of MarMaTCKh CEKBEHIM, CO MHOTY MaJia 3aCTalleHOCT Ha
Kaprre Bo oOBuBKaTa. YJieHOBMTE Ha MarmMarckaTra CEKBEHLA CE€ KapaKTepu3upaaT cO NPUCYCTBO Ha IOrojieMa
KOJIMYMHA KUCEIH W MHTEpMeIUjapHH BYJIKAaHCKH M MHTPY3MBHH Kapnu. CTapocra Ha OBHE O(QHOJHNTH € OJpe/eHa
MaJICOHTOJIOMIKY M DPaJMOMETPUCKH M MOJATOLMTE YKa)KyBaaT Ha TOA JieKa HCTOYHOBApAAPCKUTE O(UOIHUTH ce
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(dopmupae Kako KpaTKOTPajHO OKEaHCKO Hojpayje Koe OMI0 aKTHBHO IPEJ TOPeH KUMEPUCKH mepuol. [IpucyTeH e
penaTtuBHO ciiad aIakuTCKU a)MHUTET BO HHTPAO(PHOIUTCKUTE KUCEIH U MHTEPMEIUjapHH KapIld BO MHOTY TNpeJeiH
o VlcToO4HOBapAapCKHOT PETHOH.

OBa MOXe Ja ce 3eMe Kako JToKa3 JeKa Ha MIIaJaTa M XKeIIka IIova ce IojaBmiia CyOayKIija, HajBepojaTHO
CO TPETXOIHO MHpeme Ha rpedeHoT. Ce mpeanara Maleo-TEKTOHCKaTa PEKOHCTpykKuwja on detupu (asu. Taa
BKIIydyBa: a) paHa/cpelnHa jypcKa CeBepO-CEeBEpOHMCTOYHA CYOIyKIMja Ha 3alaJHOBapAapcKaTta OKeaHCKa Iuioda; 0)
(¢opmMupame Ha CpeAHOjypCKM BYIKAHCKH JIaK W TeceH 3aajladeH OaceH Ha OKECaHCKHOT TIojac Ha
WcrounoBapaapckara 30Ha; B) CpeHO-/TOPHOjYPCKO 3a0YHyBambe Ha CyOMyKija Ha FicTouHOBapaapekaTa 30Ha Hajl
OcKaTa Ha Tpe0CHOT, I') KOMIUIEKCHO M XETEepOreHO MOCTaByBame Ha oduonutuTe Ha VcTouHOBapaapckaTa 30Ha.
[loparonure KoM ce JOCTAalHM JaBaaT PENaTHBHO jacHa CJIMKa 3a MOTEKJIOTO W €BOJIylMjaTa Ha O(UOIHMTHTE Ha
HcrounoBapaapckata 30Ha. Cenak, 3a 1a ce 0BO3MOXH I0A00po pa3dupame Ha CUTE acleKTH Ha eBOJylHjaTa, Tpebda
Jla OITOBOPHME Ha JIOTIOJHUTEINHH IIpalliamha KOM Ce OJHECYBaaT Ha BUCTHHCKATa CTPYKTYpPHA ITOBP3aHOCT Ha JI€JIOBU
Ha oduomutuTe Ha VcTtouHoBapmapckata 3oHa Bo CpOuja, BHUCTHHCKATa NPHUPONA Ha CYOAyKIMjaTa Koja €
NPUYUHKATENl Ha 33JIaYHOTO INUpEHE Ha Kopara (MHTPAOKEaHCKO HACHPOTH CyOayKIHWja IMOJ KOHTUHEHTOT?) H
IeJIOCHOTO 3HAYeHE Ha aJIaKUTCKUTE CBOjCTBA Ha KapIHTE BO NPECINTE HAa UCTOYCH BapAapCKH PETHOH HAIBOD OX
Hemup Kammja.

Kayunu 360poBu: opunonnty; cydaykuuja; 3aamadeH 6aceH; Teruc; bamkancku [Tomyoctpos
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DISTRIBUTION OF ROOT SYSTEM AT APPLE CV. GRANNY SMITH
GRAFTED ON DIFFERENT DWARFING ROOTSTOCKS

Viktor Gjamovski!*, Marjan Kiprijanovski2, Tosho Arsov?

nstitute of Agriculture, Ss. Cyril and Methodius University, Skopje, Republic of Macedonia
2Faculty of Agricultural Sciences and Food, Ss. Cyril and Methodius University,
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e-mail: v.gjamovski@zeminst.edu.mk

This paper analyses the distribution of root systems of nine dwarf apple rootstocks (M.9 T 984, M.9 T 337,
Jork 9, Mark 9, Budagowski 9, M.9 EMLA, Pajam 1, Pajam 2 and Supporter 4). All rootstocks were grafted with
apple cultivar Granny Smith. The study was performed in the experimental orchard established in the Prespa region
(Resen, R. Macedonia). The experimental orchard was established in 2004, with a planting distance 3.5 m x 1.5 m. At
the end of the 7" growing season following characteristics were evaluated: length and weight of the fine (fibrous) and
coarse roots, and depth distribution of the root system. Among the evaluated rootstocks statistically significant differ-
ences in total length of the fine roots were not found. Between different rootstocks the results for total length of
coarse roots showed more variability. In general, even 89% of the total length of root system belonged to fine roots,
and the highest percentage (35%) was located at depths of 20 to 40 cm. Trees grafted on Mark 9 rootstock had the
highest value for total root length, while the smallest values were registered on those grafted on Pajam 1 rootstock.
Trees grafted on Supporter 4 rootstock had the greatest weight of the root system, while the smallest one was found
on rootstock Budagowski 9.

Key words: apple; rootstocks; root system; depth distribution

INTRODUCTION of root systems of apples directly depends on the
planting distance and the type of the rootstock.
According to Fante Junior et al. [7] the as-
sessment of such factors as the volume of soil ex-
plored, root length and root activity is a difficult
task, and great difficulties are encountered in any
sampling technique, including the time spent, lim-
ited information obtained and great variability of
results. According to Vasconcelos et al. [8] a per-
fect method for evaluating roots does not exist be-
cause the suitability of a method for the evaluation
of the root system depends on the in situ conditions.
The ratio between the tree root system and
the aerial system in grown fruit trees is relatively
constant within the same soil, regardless of the cul-
tivar and rootstock. In general, the tree root is ap-
proximately 25-30% of the total tree mass in inten-
sive orchards [9], and most of the roots are distrib-

The root systems of fruit trees have a heredi-
ty-determined pattern. However, the some environ-
mental factors like soil, climate, presence of a shal-
low hard rock or groundwater, as well as the cultural
practices applied, can induce important changes in
the root system distribution in soil [1-3].

Knowledge of the quantity, quality and dis-
tribution of roots is useful in agricultural produc-
tion to provide information on the location of ferti-
lizer application, tree spacing, intercrops, soil man-
agement and irrigation [4]. The development of
root system is primarily affected by its origin (root-
stock and variety combination), soil and climate
conditions, and applied cultural practices. Atkinson
et al. [5] and Atkinson [6] point out that the length
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uted within the 25-100 cm depth in temperate cli-
mate and mineral soils [10].

According to De Silva et al. [11] the main
component of the root system of trees are fine roots
(diameter < 2 mm) through which trees made the
absorption of water and nutrients.

The objective of this study is to show the ef-
fects of various dwarfing apple rootstocks on distri-
bution of the root system of Granny Smith apple cul-
tivar under the specific conditions of the apple grow-
ing region of Prespa, South-Western Macedonia.

MATERIAL AND METHODS

The research was carried out in the experi-
mental orchard located in the South-Western part of
the Republic of Macedonia (Region of Lake Pres-
pa). According to Scheffer’s and Schachtschabel’s
classification, the soil is a texture class clay loamy
soil, which is characterized by a very suitable tex-
ture. The root system distribution of the rootstocks
M.9 T 984, M.9 T 337, Jork 9, Mark 9, Buda-
gowski 9, M.9 EMLA, Pajam 1, Pajam 2 and Sup-
porter 4 was evaluated using the scion cultivar
Granny Smith. The trees were planted in 2004 at a
spacing of 3.5 m x 1.5 m and were trained to slen-
der spindle system. The experiment has been ar-
ranged in randomized block design with four repli-
cations of five trees per plot. The orchard is
equipped with drip irrigation system. The study was
carried out in 2010 (the 7™ growing season). The
development of root system, its length and weight
was determined by digging of the model trees, ac-
cording to the method of trench. From each differ-
ent rootstock, 4 representative trees with similar

vigor of the crown were selected. From each tree
the digging of % of the total predicted area of the
root system, differently positioned, was done. The
size of the trench was 1,25 m x 0,75 m, or a half of
the distance between rows and a half of the distance
between the trees. The distribution and develop-
ment of the root system were followed at 3 differ-
ent depths: from 0-20 cm; 20-40 cm and 40-60
cm.

The differences between rootstocks were
evaluated by ANOVA analysis through General
Linear Model (GLM) procedure. After GLM anal-
yses, post hoc comparison of means was calculated
by LSD. Results were expressed at the P < 0.05
level of significance.

RESULTS AND DISCUSSION

In Table 1 and Figures 1 and 2, the data of
the length and distribution of the root system in the
evaluated rootstocks are given. By analyzing the
data on the length and distribution of the root sys-
tem in the evaluated rootstock (Table 1, Figure 1,
Figure 2), it can be concluded that there were no
statistically significant differences in the total
length of the fine roots between the evaluated root-
stocks. The largest length of the fine roots was rec-
orded in the rootstock Mark 9 (23947.2 cm), and
the lowest in the rootstock Pajam 1 (15270.4 cm).
A greater variability between rootstocks was ob-
served in the length of the coarse roots (> 3 mm).
The highest value for the total length of coarse
roots was measured in the rootstock Supporter 4
(3617.6 cm). It was statistically significantly higher
than in the rootstock Budagowski 9 (1017.6 cm).

Table 1. Length of the root system of different dwarfing rootstocks in Granny Smith apple trees (cm)

Soil depth (cm)

Rootstock Fine roots (< 3 mm) Coarse roots (> 3 mm)
0-20 20-40 40-60 Total 0-20 20-40 40-60 Total

M.9 T 984 6030.4° 10273.6°  4584.0°  20888.0° 435.2%¢  1417.6%  600.0™ 2452.8%®
M.9 T 337 7814.4%  8009.6°  5467.28 21291.22 1236.8% 1086.4®  577.6™ 2900.82
Jork 9 8785.6%  9433.6° 5092.8% 23312.0° 1051.2%° 1534.4%  489.6™ 3075.22
Mark 9 12672.00  7363.2°  3912.0*° 23947.2% 1033.6%° 1486.4%®  486.4 3006.42
Budagowski 9 5604.8°  6124.8°  4945.6% 16675.2% 280.0¢ 560.0° 177.6° 1017.6°
M.9 EMLA 6812.8%  10088.0°  5756.8° 22657.6°  484.8°¢ 1200.0®  1403.2° 3088.02
Pajam 1 5044.8>  5843.28  4382.4% 15270.4%  529.6°¢  708.8% 1115.2% 2353.6%
Pajam 2 5926.4>  6585.6°  4611.2% 17123.2%  667.2%  1489.6%°  737.6%C 2894 .42
Supporter 4 8166.4%  8216.0° 6171.2° 22553.6° 1110.4%®  1640.0° 867.2%° 3617.6°
Average 7428.6 7993.1 49915  20413.2 435.2 1417.6 600.0 2452.8

Values followed by the same letter in a column were not statistically different according to LSD test (P < 0.05).
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length of the fine and coarse roots was recorded at a
depth of 20 to 40 cm, with average values of 7993.1

cm,

the results of Arsov [11] who examined the distri-
bution of the roots of the Jonagold apple variety
grafted on M9 rootstock.

Length (cm)

Length (cm)

In all the examined rootstocks, the largest An exception to this statement is the data for

the fine roots of the Mark 9 rootstock. The root
length at the depth from 0 to 20 cm was greater in

and 1417.6 cm, respectively. It is in line with  relation to the length at the depth from 20 to 40 cm
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Figure 1. Vertical distribution of the fine roots of different dwarfing rootstocks in Granny Smith apple trees
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Figure 2. Vertical distribution of the coarse roots of different dwarfing rootstocks in Granny Smith apple trees
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(Figure 1). These data correlated with literature
data that indicate a shallow development of the root
of this rootstock and its susceptibility to drought.
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According to the data on distribution of dif-
ferent types of roots in different soil depths (Figure
3), it can be concluded that even 89% of the total
length of the root system belongs to the fine roots
and the largest percentage of them (35%) was lo-
cated at a soil depth of 20 to 40 cm.

The data on the weight of the fine and coarse
roots of the evaluated rootstocks, depending on the
depth of the soil layer are given in Table 2. In all
evaluated rootstocks the highest weight of the fine
roots was registered at soil depths between 20 and
40 cm, except in the rootstock Mark 9 where
weight of the fine roots in the first soil layer was
higher. The highest total weight of the fine roots
was found in Jork 9 rootstok (347.9 g), while the
smallest one was found in Pajam 1 rootstok (182.3
g). Statistically significant differences between the

O<3mm 0-20 cm

O>3 mm 0-20 cm

3%

rootstocks concerning the total weight of the fine
root were not detected.

Expectedly, the highest weight of the coarse
roots in all evaluated rootstocks was found at the
depth of the soil layer from 0 to 20 cm, which on
average was 349.8 g. According to the total values,
the Supporter 4 rootstock had the highest weight of
coarse roots (1344.4 g), statistically significantly
higher than those in the Budagowski 9 rootstock,
which had the lowest value (146, 7 g) for this pa-
rameter.

According to Arsov [12], the total weight of
the fine roots in M9 rootstock grafted with Jonag-
old apple variety growth on the planting distance of
4 x 1.5 m was 573.6 g, and of the coarse roots it
was 2397.4 g. This data correlates with the data
obtained in this research.

B<3mm20-40cm 0O< 3 mm 40-60 cm

B>3mm20-40cm B> 3 mm 40-60 cm

Figure 3. Length and depth distribution of total root system on various dwarfing apple rootstocks
in Granny Smith apple trees

Table 2. Weight of the root system of different dwarfing rootstocks in Granny Smith apple trees (g)

Fine roots (< 3 mm)

Coarse roots (> 3 mm)

Rootstock Soil depth (cm)
0-20 2040  40-60 Total 0-20 20-40 40-60 Total

M.9 T 984 89.42 148.52 52.32 290.22 148.2°  333.82  124.2%¢  606.2%®
M.O T 337 108.5% 128.22 67.12 303.78 737.02 351.12 65.7% 1153.78
Jork 9 136.6% 151.02 60.32 347.8%  253.6%  436.0° 56.9°  746.6®
Mark 9 165.12 105.00  40.7° 310.7¢  276.4®  308.8° 87.5c  672.7%
Budagowski 9 60.7° 93.00  42.5° 196.12 96.0% 32.7° 17.9° 146.7°
M.9 EMLA 89.6% 126.78 75.28 291.52 98.1>  333.22 276.7%  708.0%®
Pajam 1 52.9° 63.92 65.52 182.3%  345.8®  173.7%  184.1%c  703.7%®
Pajam 2 84.2% 102.92 67.92 255.08  509.3%  451.6%  188.2%¢  1149.12
Supporter 4 120.7% 112.92 75.42 309.02 683.78  456.3° 204.4® 134447
Average 100.9 114.7 60.7 276.3 349.8 319.7 133.9 803.4

Values followed by the same letter in a column were not statistically different according to LSD test (P < 0.05).
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CONCLUSIONS Lucr. St. ICPP, X, Pitesti, Romania, (1983), pp.
137-142.

The mass and the length of the root system, [4] A. A. Fracaro, F. M. Pereira, Distribui¢do do
and its horizontal and vertical layout are important sistema radicular da goiabeira ‘Rica’ produzida a
elements in determining the planting distance, as partir de estaquia herbacea, Revista Brasileira de

well as for applying agro-technical measures in the Fruticultura, v. 26, n. 1 (2004), pp. 183-195.
orchard. [5] D. Atkinson, D. Naylor, G. A. Coldrick, The effect
Between the nine economically most im- of tree spacing on the apple root system, Horticul-

portant rootstocks evaluated in Prespa region statis- ture Research, 16 (1976), pp. 89-105.

tically significant differences were not found . The [6] D. Atkinson, The Distribution and Effectiveness of
highest root length in all investigated rootstocks the Roots of Tree Crops, Hort. Rev., 2, (1980), pp.
was found at the soil depths between 20 and 40 cm. 424-490.

An exception to this is the root system of the trees [7] L. Fante Junior, K. Reichardt, L. A. C. Jorge, S.
on Mark 9 rootstock where the highest length was Crestana, Distribui¢do do sistema radicular do
found at the first soil depth (0-20 cm). Total root milho em terra roxa estruturada latossélica: I.
lengths were the highest in the trees on Mark 9, Comparagio de metodologias, Scientia Agricola,
Supporter 4 and Jork 9 rootstocks, while the lowest V. 51,1n. 3 (1994), pp. 513-518.

values were registered in the trees on Pajam 1 and  [81 A. C. M. Vasconcelos, A. A. Casagrande, D.
Budagowski 9 rootstocks. The trees grafted on Zir:l(;;néoLdoAs\i'st;:rﬁa\]ro;c?féulgf' daGéa I’f‘a'_ d«l,:-in?iilat
Supporter 4 had the highest weig_ht of coarse roots, por dfferemes métodos, Revista Brasileirgl de
while the lowest one was found in the trees grafted Ciéncia do Solo, v. 27, n. 3, (2003), pp. 849-858.

on Budagowski 9 rootstock. [91 M. M. Westerwood, Temperate-Zone Pomology,

Freeman & Company, W. H., 1978, New York.
[10] A. Negrila, Pomology, Didactica si Pedagogica,
Bucharest, 1971.
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JAUCTPUBYIINJA HA KOPHOBHOT CUCTEM KAJ COPTATA JABOJIKO T'PEHU CMUT
KAJIEMEHA HA PA3JIMYHU CJIABOBYJHU IIOAJIOT'

Buxrop I'amosexn'”, Mapjan Kunpujanoscku?, Tomo Apcos?

3emjonencku uncruryt, Yuusepsurer ,,Cs. Kupun u Metoauj“, Ckonje, Perny6nuka Makemonuja
dakynreT 3a 3eMjOJeJICKH HAyKH U XpaHa, Y HuBep3ureT ,,Cs. Kupnn u Meroauj®,
Ckorje, Penyoninka Makenonuja,

Bo Tpyzmot ce coapikaHU pe3ynTaTHTE O] CHOPEIOCHN NCIIUTYBamka Ha JeBeT cIabo0yjHH MoIIorH 3a jabosko
(M.9 T 984, M.9 T 337, Jork 9, Mark 9, Budagowski 9, M.9 EMLA, Pajam 1, Pajam 2 u Supporter 4), kaiemeHu Ha
copTara TpEeHH CMHUT, BO OJTHOC Ha Pa3BOjOT U AUCTPUOYIMjaTa HA KOPEHOBHOT CUCTeM. VcnuTyBamara ce H3BPIICHU
BO 7-Ta BEreTaliCcKa rOJIIiHA Ha OBOIIKHTE BO €KCIICPHMEHTAJICH OBOIITAPHUK JIOIIMPaH BO pernoH Ha [Ipecna Bo P
Maxkenonuja. OBOmTapHHUKOT € moaurHaT Bo 2004 romuHa, co cajiekhe Ha OBOIIKHUTE Ha pactojanue o 3,5 m x 1,5 m.
Bea eBamympanu cieqHHTE KapaKTEPHCTHUKHU: JOJDKMHA M TEXHHA HAa OOpPACTyBaykwTe (BIAKHECTH) M CKEJICTHUTE
KOpeHUHba W TUCTpHOyNHja TOo JjJabovyrHa HAa KOPEHOBHOT CHCTEM. AHAJIM3UPAJKU TH JOOHMEHHUTE TOJATOILH,
3aKiIydyBaMe JIeKa ToMery HCHHUTYBAaHWTE IMOJIOTH HE MOCTOjaT CTATHCTUYKH PAa3UKM BO BKYITHATa JOJDKHMHA Ha
oOpacTyBauKuTe KOpeHUMIba. BO pe3yiaraTuTe 3a BKYIHA JOJDKMHA HAa CKEJIETHUTE KOpPeHUHma € 3abenexana
morojeMa BapujabmiIHOCT Mery moaiorure. Bo npuammn aypu 89% ox BKymHaTa IODKWHA Ha KOPEHOBHOT CHCTEM

Ipunosu, 000. dpup. maii. buotdex. nayku, MAHY, 39 (1), 69-74 (2018)
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oTnara Ha 00pacTyBayKUTe KOPEHUYHIbA, a HaJBUCOKHOT MpOLeHT (35%) KopeHunma ce Haolaat Ha anabouynHa ox 20
1o 40 cm. OBomkure Ha noanorata Mark 9 mMaar HajBHCOKa BPEOHOCT Ha BKyIHATa JOJDKMHA Ha KOPEHOT, a
HajMajiaTa OHHE KOH ce mpecaneHu Ha Pajam 1. OBomkute Ha momorata SUppOrter 4 MMaaT HajroJeMa TEeXHHA Ha
KOPEHOBHOT CUCTEM, T0JIeKa HajMaa Te:KUHa nMaat Tie Ha Budagowski 9.

Kayunu 300poBu: jaboiKo; MOI0ora; KOPSHOB CUCTEM; JUCTPHOYIIHja Ha KOPEH
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scientific papers, short communications, professional papers and reviews should be written in English. An Abstract
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Abstract. Each manuscript should be provided with an abstract of about 100-150 words. It should give the
aim of the research, methods or procedures, significant results and conclusions. Define any abbreviations used in the
abstract. The text of the abstract should contain as many key words as possible.

Key words. Up to 5 key words or phrases should be given separately to facilitate indexing and on-line
searching.

Introduction. The most important previous results related to the problem in hand should be reviewed avoiding
a detailed literature survey but clearly pointing to the place of the research in hand within the general area of scientific
knowledge. The aim and importance of the research should be clearly stated.

Experimental section. This section should contain a description of the materials used and methods employed in
form which makes the results reproducible, but without detailed description of already known methods.

Manuscripts that are related to theoretical studies, instead of experimental section should contain a sub-
heading theoretical background where the necessary details for verifying the results obtained should be stated.

Results and discussion. The authors should discuss their findings, postulate explanations for the data,
elucidate models and compare their results with those of other works. Irrelevant comparisons and speculations
unsupported by the new information presented in the manuscript should be avoided. The conclusions should be not
given separately but included in this section. In special cases a separate section containing conclusions could be
included.

Tables. They should be given with a suitable caption and should be numbered consecutively with Arabic
numerals. Footnotes to tables should be typed below the table and should be referred to by superscript lowercase
letter. Each table should be typed on a separate sheet. The correct position of the tables should be marked on the
manuscript.

Figures. Figures (photographs, diagrams and schemes) should be numbered consecutively with Arabic
numerals in order to which they mentioned in the text. They should accompany the manuscript but should not be
imbedded in the text. Each figure should be clearly marked with the figure number and the first author’s name. All
figures should have captions that should be supplied on a separate sheet. Correct position of the figures should be
marked on the manuscript. The size of the symbols for the physical quantities and units as well as the size of the
numbers and letters used in the reduced figures should be comparable with the size of the letters in the main text of
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one or two columns of text. The maximum finished size of a one-column illustration is 8.0 cm and that of a two-
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TIFF or JPG files with minimum 300 dpi or higher resolution.

Color illustrations in print can be included only at the author's expense.

Units. The SI (Systeme Internationale d'Unites) for quantities and units should be used throughout the whole
text. In marking the axes, the symbol, of the corresponding quantity (in italics) should be divided by the unit of this
quantity. If nomenclature is specialized, nomenclature section should be included at the end of the manuscript, giving
definitions and dimensions for all terms.

The names of chemical substances should be in accordance with the IUPAC recommendations and rules or
Chemical Abstract practice.

The results of elemental analyses of organic compounds should be given in the following form:

Anal. C12Hi60 (176.26).

Calc'd: C 81.77; H 9.15; O 9.08 %.

Found: C 81.63; H 9.36; O 9.01 %.

When a large number of compounds have been analyzed, the results should be given in tabular form.
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mathematical equations or other mathematical expressions. All of them should be marked with Arabic numerals in
parenthesis in the right hand margin. The use of equation editor (Word) for typesetting the equations is recommended.
Strokes (/) should not be used instead of parentheses.
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