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A bstract: The records of geomagnetic activity during Solar Cycles 22 and 23 (which occurred from 1986
to 2006) indicate several extremely intensive A-class geomagnetic storms. These were storms classified in the cate-
gory of the Big Magnetic Storms. In a year of maximum solar activity during Solar Cycle 23, or more precisely, dur-
ing a phase designated as a post-maximum phase in solar activity (PPM — Phase Post maximum), near the autumn
equinox, on 29, October 2003, an extremely strong and intensive magnetic storm was recorded. In the first half of
November 2004 (7, November 2004) an intensive magnetic storm was recorded (the Class Big Magnetic Storm). The
level of geomagnetic field variations which were recorded for the selected Big Magnetic Storms, was AD,, > 350 nT.
For the Big Magnetic Storms the indicated three-hour interval indices geomagnetic activity was K, = 9. This study
presents the spectral composition of the D; — variations which were recorded during magnetic storms in October 2003

and November 2004.

Key words: magnetic storms; geomagnetic activity; variations in the geomagnetic field; spectrum of variations

INTRODUCTION

During the solar cycles (about 11.5 years) ob-
servatories recorded several events of geomagnetic
disturbances. These may be the SSC-type geomag-
netic storms (SSC — Sudden Storm Commencement)
or a g-type geomagnetic storms (g — Qradual be-
ginning). The variations described can be used as
the basis for a survey of the compound structure of
the external geomagnetic field.

In Observatory yearbooks are contented the
average solar daily variation for different months
of the year, and even separately for quiet, disturbed
and all days. Based on the geomagnetic activity
index K,, and solar activity indices R;, the five
quiet and disturbed days are selected very soon
after the end of each month by the ISGI — Interna-
tional Service of Geomagnetic Indices in Paris
(France). During Solar Cycles 22 and 23, which
took place from 1982 to 2005, on the basis of the
geomagnetic data recorded at several mid-latitude
European observatories diurnal geomagnetic activ-
ity variations geomagnetic disturbances and class
intensive geomagnetic storms were analyzed.

The amplitudes of the regular daily variation
will reach a maximum value during the summer
solstices and a minimum value during the winter
solstice. This property is proof that the regular
daily variations have a seasonal character and that
they depend on solar activity changes. At the mid-
latitude geomagnetic observatories the measured
variation amplitudes during the summer were
about 60 nT and during winter 20 nT (nano Teslas,
nT).

The sunlight daily variation is directly con-
nected to the upper atmosphere electrical conduc-
tivity and to the motions of the atmospheric gas
through the geomagnetic field lines of force. These
motions and their complex interactions with the
field, create an electrical current system in the
ionosphere detectable on the Earth’s surface as a
slow modulation of the three components of the
geomagnetic field that can be observed clearly.

At the Geomagnetic Observatory Grocka
GMO (GCK) (Serbia), the geomagnetic storms
which occurred during the period 1958—-1990 were
classified (Mihajlovi¢ J. S.; 1996a). Classification
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as well as statistics and spectral analysis were
made for a group (family) of 150 geomagnetic
storms. Geomagnetic storms with sudden commen-
cement (SSC-type) and geomagnetic storms with
gradual commencement (g-type), were chosen
from the 150 classified geomagnetic storms and
analysed (Mihajlovi¢ J. S.; 1996b). In addition, the
intensive magnetic storms which occurred during
the period 1986-2005 were also classified; these
storms were recorded at Mid-latitude European
Geomagnetic Observatories (Cander Lj. R., Miha-
jlovi¢ J. S.; 2005).

Table 1 presents the coordinates of the geo-
magnetic observatories which made the geomag-
netic storm classification, and Table 2 presents the
parameters of the Big Magnetic Storms which oc-
curred during the period 1982-2005.

Table 1

Mid-latitude European geomagnetic observatories

Observatory Code Geographical latitude
Panagjurishte PAG 40.6°N
Ebro EBR 40.8°N
L'Aquila AQU 42.4°N
Grocka GCK 44.6°N
Tihany TIH 46.3°N
Chambon-la-Foret ~ CLF 50.1°N
Belsk BEL 50.2°N
Niemegk NGK 54.1°N
Wingst WNG 54.5°N
Brorfelde BFE 55.6°N

At several European GMO’s the total of 37
ssc-type magnetic storms were analyzed. The pa-
rameters used for magnetic storm classification
are: magnetic storm level and magnetic storm du-
ration. The maximum change in the geomagnetic
field, which was recorded over the disturbance in-
terval, defines the magnetic storm level. For the
magnetic storms analyzed there was registered a
maximum intensity change in the geomagnetic
field’s horizontal component as follows: AHy.x =
AHe.; > 200 nT. The magnetic storms lasted about
seventy-two hours or Az, > 72 hr’s (At — the storm

time intervals). Table 2 contains a group of eight
Big Magnetic Storms which were taken from the
total number of the selected magnetic storms.

The Class of Big Magnetic Storms (Table 2)
were compared with the magnetic storm categories
designated during observation at the Japanese ob-
servatories of Kakioka (KAK), Memambetsu
(MEM) and Kanoya (KNY) (Tsunomura S.;
1999a) and also with the monthly reports on the
rapid variations which were recorded at the
worldwide network of magnetic observatories and
published by ISGI (International Service of Geo-
magnetic Indices, Publications, Office Monthly
Bulletin — Preliminary Report on Rapid Varia-
tions)).

On the basis of the geomagnetic data recorded
at several mid-latitude European geomagnetic ob-
servatories during Solar Cycles 22 and 23, which
took place from 1986 to 2005, the daily geomag-
netic-activity variations, geomagnetic disturbances,
and the intensive magnetic storm classes were ana-
lyzed.

Table 2

The List of Big Magnetic Storms which were re-
corded during Solar Cycles 22 and 23 which oc-
curred from 1986 to 2006 (Indices g.m.a. K = 9)

Duration Duration Level

Magnetic storm amplitude

(start) (end) (nT)

1982, July 11™ 13 Jul 1982 15 Jul 1982] 420
1617UT 00 UT

1986, February 6" 06 Feb 1986 10 Feb 1986 445
13:15UT 23:45UT

1989, March 13* 13 Mar 1989 15 Mar 1989 574
01:28 UT 21:50 UT

1990, April 9" 09 Apr1990 15 Apr1990 584
08:44 UT 06:00 UT

1991, October 7% 17 Oct 1991 21 Oct 1991 392
13:33 UT 19:20 UT

2000, July 14" 14 July 2000 17 July 2000 478

06:46 UT 1354 UT

2003, October 29™ 29 Oct 2003 01 Nov 2003 700
06:12 UT 21:00 UT

2004, November 7™ 07 Nov 2004 11 Nov 2004 500
02:57UT 14:00 UT

Geologica Macedonica, 24 (1), 1-12 (2010)
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GEOMAGNETIC DISTURBANCE

Geomagnetic activity may be analyzed during
a month on the basis of mid-time values and in this
way regular and periodic variations may be se-
lected as components of the geomagnetic structure.
During certain days of the month recorded data for
geomagnetic activity may show disordered, irregu-
lar and non-periodic variations in the geomagnetic
field. They emerge at irregular time intervals and
have different periods; the amplitudes/intensity of
these variations may have several tens to several
hundreds of nT.

The group of authors in period 1960-1972
have been defined another kind of division of the
D field, based on physical considerations (Akasofu
S.-J., Chapman S.; and M. Sugiura). These are as-
sociated with theoretical ideas as to the electric
current systems by which the D field is produced.
They are denoted by DCF, DR and DP: D for dis-
turbance; CF for corpuscular flux; R for ring cur-
rent and P for polar.

The DCF field is produced by electric cur-
rents flowing near the surface of the hollow carved
by geomagnetic field in the solar stream or cloud
that generates magnetic storms. The current flows
as long as the corpuscular flux continues. The main
effect of the DCF field at the earth’s surface is to
increase H component in low and middle latitudes,
more on the dayside than on the night side of the
Earth.

The DR field is produced by enhanced west
ward electric current round the Earth during the
storm. This current is associated with the motions
of energetic particles in the outer geomagnetic
field. The main effect of the DR field at the earth’s
surface during storms is to reduce H component in
low and middle latitudes. The DCF and DR cur-
rents flow at distances of a few earth radii far
above the main terrestrial ionosphere.

The DP field is produced by currents flowing
in the ionosphere. They are driven by elelctromo-
tive forces in the auroral zones. This DP field has a
different time scale from that of magnetic storm.

They may be a fourth addition to the pre-
existing fields during the storm. The solar gas may
carry with it a magnetic field transported away
from the Sun. This field may be denoted by DSM
(Disturbing Solar Magnetism).

The disturbing field D during a magnetic
storm may be divided into the following four main
parts:

Geologica Macedonica, 24 (1), 1-12 (2010)

D =DCF+ DP + DR+ DSM.

In the disturbed category of geomagnetic ac-
tivity come disturbed daily variations and non-
periodic disturbed variations, as well as short-term
periodic changes in the geomagnetic field, which
are observed as pulsations. All the aforementioned
geomagnetic field variations which have all the
aforementioned characteristics, or some of them,
constitute a geomagnetic disturbance.

Sugiura and Akasofu, Chapman, (1961, 1972)
and other researchers selected some morphological
characteristics common to all geomagnetic distur-
bances by analyzing and investigating a great
number of magnetic storms and other magnetic
disturbances. Each geomagnetic disturbance is
composed of: the regular part of the geomagnetic
field's disturbance (DS); non-periodic variations
(Dy), and the irregular part of the geomagnetic
field's disturbance (D).

Selecting the days when geomagnetic distur-
bances were recorded as the days for analysis and
applying the method of geomagnetic field variation
processing, it is possible to regard the morphology
of the variations, which are integral parts of the
geomagnetic disturbances, in a different light. The
geomagnetic field variations which may be ex-
pressed as the mid-time variation values for the
days during the disturbance are defined as the
regular part of geomagnetic disturbance or the DS-
variation of the geomagnetic field. The subtraction
of the geomagnetic field variations, which were
recorded during the geomagnetic storm, from the
defined DS-variation will present the non-periodic
and irregular part of the geomagnetic disturbance.

One of the most important attributes of mag-
netic storms is that these geomagnetic disturbances
have three phases: the initial phase, the main phase
and the recovery phase (Figure 1, Figure 2). The
appearance of an SSC impulse in the recorded data
signifies the beginning of a magnetic storm (SSC
impulse — Sudden Storm Commencement). It is
followed by a sudden change ("jump") in the inten-
sity of the geomagnetic field’s horizontal compo-
nent (AH) which is recorded over a short interval,
which can last 3—5 minutes (Figure 1, Figure 2).
These are very important parameters which de-
scribe the morphology of the SSC impulse and an-
nounce the sudden commencement of SSC-type
magnetic storm.
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Fig. 1. The morphology of a geomagnetic storm
shown in three phases
a) the initial phase (I.Ph); b) the main phase (M.Ph);
¢) the recovery phase (R.Ph)

Changes in the Earth’s Magnetic Field, with-
out a predetermined period and different ampli-
tudes, are determined as geomagnetic disturbances.
The most typical geomagnetic disturbances are
magnetic storms. They are represented by intensive
variations in the geomagnetic field. These varia-
tions have a complex morphology.

The line of increase in the geomagnetic
field’s horizontal component values determines the
initial phase of a magnetic storm. The initial phase
can last for 30 minutes to a few hours (Figure 1,
Figure 2). The main phase of a magnetic storm
starts with the moment of decrease in the intensity
of the geomagnetic field’s horizontal component.
The decrease in the field’s intensity can last for a
few hours to a few days. During the main phase of
a magnetic storm, geomagnetic field variations
with different amplitudes and periods can be re-
corded. It can be assumed that the recovery phase
of a magnetic storm starts when the horizontal
component values start their return to the level be-
fore registration of the storm (Figures 1, Figure 2).

The described geomagnetic field changes
which occur during magnetic storm are a macro-
structural model of the magnetic storm. This model
highlights the cumulative, principal characteristics
associated with the magnetic storm phenomenon.

Mid-latitude European Geomagnetic Observatories
Big Magnetic Storm from 13 to 15, March 1989
1200
800 T -------- LI e A G S TS TR T T I s
I RN ¥ A A Ao
—~ N ATy A . SR PRV A e
|E 400 + —------ V,, ,}*'L'(:,,"w/gr: e Moa = B e
~ LY
5 0- g gt A s f lll Wi (e A A
I
oS -400 A ’
-800 1
-1200 &K
—AQU
1 721 2161 2881 THN
Storm time UTC (minutes) PAG
—— WNG

Fig. 2. The variations recorded in the horizontal component of the geomagnetic field during the Big Magnetic Storm
on 13, March 1989, at Mid-latitude European Geomagnetic Observatories

The described methodology for geomagnetic
field variation analysis during a geomagnetic dis-
turbance was used for the intensive geomagnetic
storms recorded on February 6, 1986 and on March
13, 1989 (Villante U. et al. 1990; Chander R. L.,
Mihajlovi¢ J. S., 1998). The data from these two
geomagnetic storms which were recorded at mid-
latitude geomagnetic observatories were used for
the analysis (Table 1, Table 2, Figure 1, Figure 2).

The recorded variations mean hours values
for the geomagnetic field’s horizontal components
(H or X component) may be determined for the
geomagnetic storms’ time intervals, on the basis of
the study of a great number of geomagnetic storms
during various seasons. When the described ana-
lytic procedure is applied to geomagnetic distur-
bances, the result is a regular variation of the geo-
magnetic field according to certain rules, which is

Geologica Macedonica, 24 (1), 1-12 (2010)
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essential for all recorded changes in the geomag-
netic storm and this is called the non-periodic
variation (Dy). The geomagnetic field’s non-
periodic variation (D) is linked to the time (z;)
when the geomagnetic storm starts. Referring to its
basic interpretation this variation is defined as the
storm time variation (Dy), or variation over the
interval which starts with the magnetic storm’s
commencement and finishes when the geomag-
netic storm ends (Akasofu S-J. and Chapman S.
1961, 1972; Bartels J.; 1963).

The deviation in the geomagnetic field’s
variation — presented in minutes and measured dur-
ing the geomagnetic storm interval — from the de-
termined D-variation, illustrates the irregular part
of the geomagnetic field’s disturbance. This devia-
tion is the result of subtraction: the disturbed daily
variation (Sp) & non-periodic variation (Dj,) minus
the geomagnetic field’s variation which was re-
corded during the geomagnetic storm. Such a geo-
magnetic field variation is called an irregular varia-
tion (D;). This type of geomagnetic field variation
is composed of a complex signal which character-
izes a "chaotic, irregular" feature of the geomag-
netic disturbance. The structure of the geomagnetic
field’s irregular variation (D;) contains the individ-
ual characteristic of each geomagnetic storm (Mi-
hajlovi¢ J. S., 2000; Cander Lj. R., Mihajlovi¢,
2005).

If we can say for the D;, variation that it is a
picture of the magnetic storm (the morphology of
the magnetic storm), then the D, variation is the
rhythm of each magnetic storm (the power of the
magnetic storm).

This study presents the methodology for ana-
lysing the geomagnetic field variation, using the
recorded data at several mid-latitude geomagnetic

observatories, during the two Big Magnetic Storms
on 29, October 2003 and on 07, November 2004
(Table 1, Table 2).

Big Magnetic Storm on 29. October 2003

In 2003 during the last ten days of October,
intensive and very turbulent changes in the solar
radiation spectrum were recorded in both solar ac-
tivity and the sun’s magnetic field. The recorded
phenomena: solar storms, explosive and hyperac-
tive solar flares with strong coronal mass ejection
(CME) caused large magnetic storms in the geo-
magnetic field, which were classified in the clas or
category of the Big Magnetic Storms.

The beginning of the intensive magnetic
storm in October (29, October 2003) was signified
by an SSC (A) impulse. The amplitude of the SSC
(A) impulse which was recorded at the Geomag-
netic Observatory Grocka (GCK; ¢ = 43.4°), was
AX =-54 nT, AY =40 nT, AZ =-10 nT. Figure 3
shows the October Big Magnetic Storm which was
recorded at the mid-latitude European GMO’s.

In the interval from the start (the time when
the sudden storm commencement impulse was re-
corded) through the approximately 120 or 150
minutes of minute values changes in the geomag-
netic field’s H-component intensity at the listed
geomagnetic observatories reached AH > —700 nT
(Figure 3). Therefore, it is necessary to mention, as
this storm’s particular feature or individual charac-
teristic, that extremely high values in the geomag-
netic field’s intensity were recorded constantly
during the initial phase. The extremely high sun-
spot group activity continued over the next few
days, and disturbed geomagnetic activity and the
geomagnetic storm lasted till November 2™ 2003.

26000

Mid - Latitude European Geomagnetic Observatories
Big Magnetic Storm from 28 to 31, October 2003

25000 - e s e S
24000 - -+ - - - —— e g
23000 -
E 22000 4 — - — - - — — —
= 21000 e S p——
B 20000 |
T 19000 —EBR
© 18000 —GCK
17000 AQU
16000 - THY
15000 T T T T T T T T T T T T T T T T T T T T —_— CLF
1 721 1441 2161 3601 4321 5041 ——NGK
Storm time UTC (minutes) ——WNG
—BFE

Fig. 3. The October’s Big Magnetic Storm which was recorded at the mid-latitude European Geomagnetic Observatories

Geologica Macedonica, 24 (1), 1-12 (2010)
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The specific characteristic of the October Big
Magnetic Storm was its non-periodic variation
(Dy,). Figure 4 shows the D,-variation of the Octo-
ber Big Magnetic Storm which was recorded at the
mid-latitude European geomagnetic Observatories
(last diagram) and the D-variation data recorded
at the Geomagnetic Observatories: GCK, AQU and

WNG which are shown separately (first diagram).
The maximum changes in the geomagnetic field’s
horizontal components (H or X component) are
represented by the mean hours values witch during
the October’s Big Magnetic Storm were greater
than four hundred nano Teslas AH > — 400 nT

(Fig. 4.).

dH /dt (nT)

Big Magnetic Storm from 28 to 31, October 2003
Dst Variations

Storm time UTC (hours) aWNG

DEBR
B GCK
OAQU
o THY
mCLF
B NGK

OBFE

Fig. 4. The Dy, variation structure which was recorded during the October’s Big Magnetic Storm

The results of the analysis and surveys of the
March Big Magnetic Storm (13, March 1989)
showed that the recorded data of the Dy-variation
have a tendency to reduce the geomagnetic field’s
horizontal component intensity (a depression in the
horizontal component intensity). This may be
taken as a standard or regular morphology and
structure of the non-periodic variation (D)
(Cander R. LJ., and Mihajlovi¢ J. S.; 1998).

In the Dy-variation structure, during the main
phase of the October’s Big Magnetic Storm, three
cycles of intensity reduction in the geomagnetic
field’s horizontal component were recorded. The
cycles of intensity reduction in the geomagnetic
field’s H-component lasted about ten hours. On
diagrams on Figure 5 is shown the amplitude spec-
trum of the non-periodic variation (D) signal re-
corded at the GMO (GCK).

The Fourier transformation of the non-
periodic variation (Dj,) signal, which was recorded
during October Magnetic Storm, showed that the
changes in the geomagnetic field’s H-component
intensity came about in cycles with a frequency
from Aw = 0.05 to Aw =0.38 cycles per hour, that
is their periods were AT =150 — 180, AT =200 —
240, AT = 500, AT = 600 and AT = 1000 — 1200
minutes (Figure 5.). In the amplitude spectrum of
the non-periodic variation (Dy,) signal the dominant

changes were the changes in the geomagnetic
field’s H-component intensity, which were from
AH = 2 nT/minute to AH = 6 nT/minute, and they
were recorded at the Geomagnetic Observatory
Grocka (GCK), (Figure 5.).

Amplitide
o
1

a T T T T
0.0 a.1 0.2 03 04 0.5 0.6

Freguency (cyclehour)

Fig. 5. The amplitude spectrum of the non-periodic variation
(Dy,) signal which was recorded during the October Big
Magnetic Storm at the Geomagnetic Observatory Grocka
(GCK)

In anlysis October’s Big Magnetic Storm, the
geomagnetic field’s irregular variation (D;) was
extracted (Cander R. LJ., and Mihajlovi¢ J. S.;
2005). By taking a Fourier transformation of the
irregular-variation signal (D;), which was recorded

Geologica Macedonica, 24 (1), 1-12 (2010)
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during the October Magnetic Storm, the character-
istics of the amplitude spectrum and the frequency
spectrum of the geomagnetic storm’s recorded
variations were obtained. Diagrams on Figure 6
show the morphology and amplitude spectrum of
an irregular variation (D;) during the October’s Big
Magnetic Storm which was recorded at several
European GMO’s.

In this amplitude spectrum of the D; varia-
tions which have frequencies from Aw = 0.025 to
Aw = 0.5 cycles/minute were recorded (Fig. 6). It
is a complex spectrum of electromagnetic pulsa-
tions with periods from two to fifteen minutes, and
with an maximum amplitude of several hundred
nT.

The specific characteristics of the irregular
variation (D), which were recorded during the Oc-
tober’s Big Magnetic Storm, are a very complex
amplitude spectrum and frequency spectrum. Dur-
ing intervals which lasted from 100 to 150 min-
utes, a complex geomagnetic field variation spec-
trum was recorded; the complex spectrum of the
P.1 — P.5 classes of geomagnetic pulsations (or
changes in the Earth’s magnetic and electromag-
netic fields with periods from AT = 1 sec to AT =
20 minutes was also recorded. The solar flare
group activity, the proton fluxes and the coronal
mass ejections (CMEs) caused induction of the
geomagnetic activity’s irregular variation (D;) with
a complex spectrum.

Big Magnetic Storm from 28 to 31, October 2003
Irregular Variations Di
800
600 -
400 -
‘s 200 -
s 0 —EBR
% -200 - 72;5
-400 7 THY
-600 1 —__CLF
-800 ‘ w —— NGK
1 1441 4321 — WNG
Storm time UTC (minutes) —BFE

dH / dt

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,45 0,50
Frequency (cycle / min)

Fig. 6. The D, irregular variation of geomagnetic field which was registered during the October Big Magnetic Storm
a) the D; irregular variation signal (upper diagram); ( b) the D; irregular variation amplitude spectrum which was recorded at the
Geomagnetic Observatory Grocka (GCK) (bottom diagram)

Geologica Macedonica, 24 (1), 1-12 (2010)
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Big Magnetic Storm on 07, November 2004

At 2:57 UT on 07, November 2004, an SSC
(A) impulse was registered. It marked the start of
the geomagnetic disturbance. The amplitude of the
SSC (A) impulse which was recorded at the Geo-
magnetic Observatory Grocka (GCK) was AX =
+4.1 nT; AY=-2.3 nT; AZ=-0.5 nT. After the first
SSC impulse, geomagnetic activity conditions
were moderately disturbed. This situation lasted
about eight hours. A second SSC (A) impulse was
recorded at 10:52 UT with an amplitude of AX =
+14.0 nT, AY =+4.0 nT, AZ=-2.3 nT. The second

SSC (A) impulse signified the development of the
magnetic storm.

During the initial interval, which lasted 80
minutes, an increase in the geomagnetic field’s X-
component intensity was recorded; this increase
signified the start of the November’s Big Magnetic
Storm’s initial phase. The increase in the geomag-
netic field’s X-component was about AX = 30 nT.
On Figure 7 are shown the registrations of the No-
vember’s Big Magnetic Storm which were re-
corded at mid-latitude European Geomagnetic Ob-
servatories.

Mid-Latitude European Geomagnetic Observatories
Big Magnetic Storm from 07 to 10, November 2004

B 21000 & mm e e oo
20000 L
o —EBR
19000 o S R i R R e S A R DR e e ok
e e == ——AQU
‘ ‘ ‘ ‘ ‘ FUR
2881 4321 ——NGK
. . BEL
Storm time UTC (minutes) wNe

Fig. 7. The November’s Big Magnetic Storm which was recorded at the mid-latitude European Geomagnetic Observatories

The recorded geomagnetic data during the
November’s Big Magnetic Storm show that the
main phase development started after the geomag-
netic field’s X-component increased. The specific
characteristic of the November Storm’s main phase
is the X-component reduction, which occurred in
time interval which lasted approximately ten hours
(Fig. 7.).

In the Dg-variations structure, during the
main phase of the November’s Big Magnetic
Storm, a reduction in the geomagnetic field’s X-
component intensity was recorded over two cycles
(depression). Figure 8 shows the non-periodic
variation (Djy,) signal recorded at the Geomagnetic
Observatories of Grocka (GCK), L’Aquila (AQU)
and Niemegk (NGK).

By taking the Fourier transformation of the
non-periodic variation (D), which was recorded
during the November Magnetic Storm, the periods

of the changes in the geomagnetic field’s X-
component intensity were obtained (Fig. 8.)

The irregular variation (D;) of the geomag-
netic field which was registered during the No-
vember magnetic storm is illustrated in Figure 9. In
the morphology of the irregular variation (D;), two
signals with extremely high values of the geomag-
netic field’s horizontal component AX > 300 nT
can be observed.

Figure 9 illustrates the amplitude spectrum of
the irregular variation (D;) in the geomagnetic
field. In this amplitude spectrum, the D; variations
with frequencies from Aw = 0.025 to Aw = 0.35
cycles/minute and periods from AT = 40 minutes to
AT = 3 minutes were recorded. This is basically a
complex pulsation spectrum; during the interval
when the November Big Magnetic Storm was re-
corded these pulses had amplitudes greater than
+200 nT.

Geologica Macedonica, 24 (1), 1-12 (2010)
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Big Magnetic Storm from 07, to 09, November 2004
Dst Variations

dX /dt (nT)

D EBR(1)
B GCK(2)
OAQU(3)
O NGK(4)
m FUR(5)
Storm time UTC (hours) I:\Q/ENL?;?

Fig. 8. The Dy-variation structure which was recorded during the November Big Magnetic Storm

Big Magnetic Storm from 07 to 10, November 2004
Di - Irregular Variations

dX /dt (nT)

dX/dt

Mabd ol bd o b dah
y

0 f 1 T T T
0,00 005 0,10 0,5 0,20 025 0,30 0,35 0,40

Frequency (cycle / minute)

Fig. 9. The Di irregular variation of geomagnetic field which was registered during the November Big Magnetic Storm
(a) the D, irregular variation signal (upper diagram); b) the D; irregular variation amplitude spectrum which was recorded at the
Geomagnetic Observatory Grocka (GCK) (bottom diagram)

Geologica Macedonica, 24 (1), 1-12 (2010)
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CONCLUSIONS

The structure of the geomagnetic activity dis-
turbance is illustrated with graphs of three Big
Magnetic Storms (in March 1989, in October 2003
and in November 2004) which were recorded at
Mid-latitude European Geomagnetic Observato-
ries. During the months in which these three
storms were recorded the types of daily variations
in the geomagnetic field were analyzed. These
variations were designated as the daily variations
for magnetically quiet days (S,) and the daily
variations for magnetically disturbed days (S,).

By defining the type of daily variation in the
geomagnetic field, which was recorded during the
duration of the extreme geomagnetic storms (Az,, —
the storm time interval), the individual characteris-
tics of these Big Magnetic Storms were deter-
mined. The types of variations in the geomagnetic
field which were analyzed are: non-periodic varia-
tion (Dy,) and irregular variation (D).

Referring to the literature, many groups of au-
thors have carried out research in which they de-
fined the D,-variation as the long-term periodic
changes in the geomagnetic field during the storm
time interval. These changes represent the trend
(“depression”) in the intensity of the geomagnetic
field’s horizontal component during the main
phase of a geomagnetic storm (Sugiura M.,
Chapman S., Bartels J., Akasofu S. -J., 1960-1972;
Tsurutani B. T., Gonzales W. D., 1994-2004;
Yago K. and Kamide Y., 2003; Cander Lj. R. and
Mihajlovi¢ J. S., 1996-2005).

The non-periodic variation of the geomag-
netic field (D,), which was recorded during the
Extreme Geomagnetic Storm in March 1989, had a
distinctive line of reduction in the intensity of the
geomagnetic field in one cycle. The structure of
the Dy-variation which was recorded during the
main phase of the March Big Magnetic Storm is,
on the whole, equivalent to the definition of the
standard (regular) macro-structural model of the
non-periodic variation type.

The structure of the Dg-variation which was
recorded during the main phase of the October Big
Magnetic Storm has three cycles of reduction in
intensity in the geomagnetic field’s horizontal
component, and the structure of the D,-variation
which was recorded during the main phase of the
November Big Magnetic Storm has two cycles of
reduction (depression) in the intensity of the geo-
magnetic field’s horizontal component. The cycles
of the intensity changes in the geomagnetic field’s
H-component lasted about ten hours.

The spectral analysis of the irregular variation
signal (D;) which was recorded during the October
Big Magnetic Storm, showed that the geomagnetic
field’s variations were predominantly within the
frequency band from Aw = 0.025 to Aw = 0.5 cy-
cles per minute, or with periods approximately
from AT = 2 to 15 minutes with the distribution of
the changes in the geomagnetic field’s H-compo-
nent intensity approximately AH > +500 nT. The
spectral components of the irregular variation sig-
nal (D;), which was recorded during the November
Big Magnetic Storm, showed that the geomagnetic
field’s variations were predominantly within the
frequency band from Aw = 0.025 to 0.35 cycles per
minute, or with periods approximately from AT =3
to 40 minutes with the distribution of the changes
in the geomagnetic field’s H-component intensity
approximately AH > 4300 nT.

In these two extreme magnetic storms during
the initial time interval of approximately 100 to
150 minutes the following data were recorded: the
complex spectrum of the geomagnetic field’s
variations, and the complex spectrum of the P.1-
P.5 class of geomagnetic pulsation — these were
changes in geomagnetic activity and changes in the
Earth’s electromagnetic field with periods lasting
from 10 seconds to 20 minutes.

The complex spectrum of the irregular varia-
tions (D) of the geomagnetic field which were re-
corded during the October and November Big
Magnetic Storms indicates extremely strong proc-
esses in energy exchange in the solar magnetic
field, and extremely high incidences of solar flares,
proton fluxes and CMEs which induced very major
changes in interplanetary conditions — and conse-
quently in solar-geophysical conditions and geo-
magnetic activity conditions.
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Pesume

CTPYKTYPA HA IT'OJIEMUTE MATHETHHU BYPH
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2L[eHu7ap 3a sucoko obpasosanue Cedxcana, Jlabopaiiopuja 3a teomatneiiuzam u aeponomuja, Crosenuja,
31NGV, Osservatorio Geofisico, Castello Cinquecentesco, 67100 L'Aquila, Italia,
mihas@sezampro.rs //rudi@artal.si / (palangio@ingv.it)

Kuayunn 360poBu: geomagnetina aktivnost; geomagnetina bura, varijacii na geomagnetnoto pole;

spektar na varijacii

EBunjieHIMjaTa Ha reOMarHeTHa akTHBHOCT 3a BpeMe Ha
conapuure nukiaycd 22 u 23 (koj ce cmyunja 1986—20006)
yKa)XyBaaT Ha HEKOJIKYy MCKIYYMTEIHO MHTCH3MBHM A-Kiaca
reomaraeTHu Oypu. OBue Oypu ce kiacuduIpaar Bo KaTero-
pujaTa Ha rojeMu MarHeTHu Oypu. Bo ronuna Ha MakcuMaiHa
COHYEBA aKTUBHOCT BO TeKOT Ha COHYEBHOT LUKIYC 23, WiIn
IIOTOYHO, 32 BpeMe Ha (ha3aTa Ha3HAYEHA KAKO MOCT-MaKCH-
MmanHa (asa Bo conueBara aktuBHOocT (PPM — Phase Post
maximum — ¢a3a Ha NOCT-MaKCHMyM), BO OJIM3MHA HA €CEH-
ckata pamHoAHeBu1a, Ha 29, oktomBpu 2003 roauHa, eBuieH-
THpaHa € NCKIYYUTEIHO CUIIHA U UHTEH3MBHA MarHeTHa Oypa.

Bo npBsara nosouna Ha HoemBpu 2004 roguna (07. HoemBpH,
2004), eBupeHTHpaHa ¢ WHTCH3MBHAa MarHeTHa Oypa (Kiaca
Tonema MarnetHa O6ypa). HUBOTO Ha BapHjalMu Ha reomar-
HETHOTO II0JIe KOM ce CHHUMEHH 3a u3bpanute I'onemu Mar-
HeTHH Oypm, Oeme ADg > 350 nT. 3a romemMuTe MarHeTHU
OypH HaBEAECHHOT TPUYACOBEH MHTEPBAJ IIOKAXKYyBa reomar-
HETHa aKTUBHOCT Oemre K, = 9.

OBaa cTyauja IpeTcTaByBa CIIEKTpalIeH cocTaB Ha D;-
Bapujayuy mro Oea CHIMEHHU 3a BpeMe Ha MarHeTHU OypH BO
oxromspu 2003 u HoemBpu 2004 roxuna.
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ADbstract: Geomagnetic field is vector sum of causes deep in the Earth's interior and their influence can be
felt in the whole Earth. There are sources of magnetic fields which are characterized for larger regions and local
anomalous geomagnetic fields. When selecting the location of base station, regions where local geomagnetic anoma-
lies are present, should be avoided, with aim to receive measured results which gives the geomagnetic field character-
istic for that region. The territory of the Republic of Macedonia has complex relief, and also has complex geological
structure and these features have high influence on the regional geomagnetic field. Bearing in mind the complex re-
lief and geological structure, strict procedure of geomagnetic field observations were conducted for every selected lo-
cation for repeat station. Maps from the measurements in 2004 are also presented in this paper.

Key words: repeat station; geomagnetic field; declination; inclination; total field

INTRODUCTION

This paper presents neotectonic regionaliza-
tion of the Republic of Macedonia. In the central
part of Macedonia, Vardar zone is located. On the
eastern side of it is Eastern Macedonian zone (Ser-
bian-Macedonian massif), and on the west is
Western Macedonian zone. These mega structures
have their influence on the geomagnetic field and
in that way create the characteristic field for this
region (GETECH, 1997)

When forming the net of the repeat stations
(first order net), the arrangement of the measured
points should be such as to cover the territory of
the Macedonia as much as homogenous.

Conducted procedure when selecting the
measured points, i.e. homogenity of the geomag-
netic field, horizontal and vertical, must satisfy the
standards of INTERMAGNET (Delipetrov T.,
2004).

The maps of the elements of the geomagnetic
fields are presented in this paper. They are com-
piled from the measurements on the net of the re-
peat stations done by Dr. Jean Rasson and MSc.
Marjan Delipetrev.

The method of declination, inclination and to-
tal field measurements was used (Delipetrov T.,
1991, 1996, 2003;. Delipetrov T., et al. 2006; Sli-
mak S, 1996).

NEOTECTONIC CHARACTERISTICS AND REGIONALIZATION
OF THE TERRITORY OF THE REPUBLIC OF MACEDONIA

The geological evolution during the Neocene
and Quaternary in all of Macedonia is character-
ized by continental development, uplift, overthrust
and subsidence. .During this period, volcanic activ-

ity, the outflow of large andesite-dacite volcanic
masses and tuffs occurred only in the area of
Zletovo. Along reactivated deep faults there was
outflow of volcanic material of some 1000 km’. A
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similar volcanic mass also developed in the area of
Kozuf—Vitacevo. According to data, the volcanic
activity took place periodically, although it started
earlier in the Zletovo area. In the area of Kozuf it
continued to the beginning of the Quaternary.

Modern relief was formed in limnic basins
due to active neotectonic processes. Terrigenous
layers of molasse with interbeds of coal were de-
posited in the depressions. During the Pliocene the
terrigenous material became coarse as a result of
atomization caused by tectonic movements. These
processes have continued to the present time and
manifest themselves as earthquakes (Skopje in
1963, Valandovo in 1931 etc.). At the end of the
Pliocene and at the beginning of the Quaternary the
volcanic activity consisted of outflows of basalts
near Nagoricani and some other localities. Today,
only traces of this activity can be seen in the area
of Ohrid (the village of Kosel) in the form of sul-
phatara — fumarola.

All geotectonic units mentioned, starting in
the Neocene, developed as continental phase. Dur-
ing the first phase, peneplenisation of structures
developed through orogenic processes (end of Pa-
leocene—Oligocene). In the second phase, com-
mencing in the Miocene, a neotectonic phase took
place and basic structures seen today as modern
relief were formed. Mountainous massifs formed
as elements of uplift and depressions formed in
areas of relative subsidence.

The neotectonic processes spurred the devel-
opment of new structures and at the same time re-
activated structures formed earlier. Many of the
underthrust faults reactivated such as the Drim fault
zone, some in the Vardar zone and other places.

Neotectonic regionalization of the Republic
of Macedonia took place (Fig. 1). In the western
part, morpho-structures of uplift up to 2000 m in
size formed. These structures of uplift are blocks
elongated with meridian strike. Graben structures
were formed with meridian strike as well.

This indicates that during the neotectonic
stage the pattern of general uplift was an east-west
expansion. The morphostructures in the Vardar
zone are characterized by mountainous massif
morph structures of uplift of 1000 to 1500 m (500
m lower than those structures in western Mace-
donia).

In the Vardar zone, depressions were the do-
minant structures. Skopska I, Ovcepolska II, Tik-
veska III, are situated above the older structures
and consist of complex shapes of 100 to 400 m
height. From the intensity of vertical movements,
whose impact can be seen in the modern relief, and
based on higher order morph structures, it is con-
cluded that the horizontal component of extension
is of a different orientation in the zones.

Unlike the Vardar zone, the morphostructures
of uplift in eastern Macedonia are present as moun-
tainous massifs 1600 — 1800 m high and the de-
pressions are present as grabens oriented east—
west. The main strain is of vertical extension,
whereas the axis of extension is of meridian strike.

The neotectonic zones of Western Macedo-
nian, Vardar, and Eastern Macedonia are rather
different.

Fig. 1. Neotectonic map of the Republic of Macedonia

NET OF GEOMAGNETIC STATIONS

For complete monitoring of the geomagnetic
field of a given space, it is necessary to have a ba-
sic network of stations for periodic observations of
the field and geomagnetic observatory which per-
manent measures the weather changes of the geo-
magnetic field.

For definition of the coefficients of depend-
ence of the geomagnetic field from geographic lati-
tude and longitude of a point to a particular area

(usually the state), despite the existence of geo-
magnetic observatory which is a benchmark point,
required is relatively homogeneous network of
geomagnetic stations. Performed extensive field
studies, allowed defining of the 15 points on the
territory of the Republic of Macedonia, which
made up the network of geomagnetic repeat sta-
tions (Table 1, Figure 2).
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The basic network of the repeat stations is
used for periodical measurements of that point in
the interval of 3 to 5 years. According the relation
that follows, for a given epoch (a period of five
years) we can calculate the value of any compo-
nent of the geomagnetic field for a given point that
belongs to region (state) that covers geomagnetic
observatory with coordinates ¢, and 4.

E(AQ,AL) = ay + ayAd + a3 Ak + azAp” +
+asAA? + agAGAL
where is:
—E(A(I), AX) is the value of the normal field

at the point with geographic coordinates ¢, and A;;

— ¢ and 4, is geographic latitude and longi-
tude of the point;

— ¢y and Ay is geographic latitude and longi-
tude of the reference point;

— Ap = ¢ — ¢ 1is difference of geographic
latitude in minutes;

— AAl= A, — Ayis difference of geographic lon-
gitude in minutes;

— a; is coefficients of the differences in
nT/minutes, minutes/minutes, or #7" and minutes.

Table 1
GPS coordinates of the geomagnetic stations
Measured point Geographic Altitude
latitude Longitude (m)

1. "Bajlovce" 42° 13" 16" 21°55'17" 592
2. "Crna Skala" 41°59'41"  22°47' 28" 833
3. "Gradot Island" 41°23'"15"  21°57' 06" 317
4. "Egri" 40°57'56" 21°26'54" 626
5. "Galicica" 40°57' 23" 20°48' 51" 1684
6. "Luke" 42°20'39" 22°16'29" 1180
7. "Mavrovo" 41°42' 58"  20°43' 38" 1418
8. "Nikoli¢" 41°15'54"  22°44' 36" 300
9. "Plackovica" —

location for geo-

magneticobservatory ~ 41°47'41"  22°18'13" 677
10. "Ponikva" 42°01'35" 22°21'29" 1618
11. "Prilep Lake" 41°24' 11" 21°36' 32" 870
12. "St. Marija Precesna" 41°37'38" 21°11'36" 837
13. "Slivnica" 41°36'54" 22°51'46" 1252
14. "Tetovo-Zelino" 41°59'09" 21°04' 46" 522
15. "Vodno" 41°58'40" 21°24'57" 569

Fig. 2. Map of the geomagnetic stations in Macedonia

Geologica Macedonica, 24 (1) 13-21 (2010)
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Galicica Magnetic Repeat Station Description

Coordinates of the Repeat Station
WGS84 / GPS

Longitude : 20°48°51" 20.8141°
Latitude : 40°57°23" 40.9563°
Altitude : 1684 m

Hermannskogel / Bessel 1841
Longitude : 20°49°09” 20.8192°
Latitude : 40°57°21” 40.9558°
Altitude : 1635 m

Location Maps

Yugoslavian topographic map 1:25000 1971
Ljubanista 2-1

190-2-1

Ohrid

Driving and Regional Details

From Ohrid, take the road Southwards to
Sveti Naum.

Reaching the village of Trpejca you take left
uphill following signs for the national park of
Galicica.

After heavy ascending on a sinuous road the
climb almost ends with a big turn. You have
reached the mountain pass (Fig. 3). There is a
parking place on the right side with a small reli-
gious monument overlooking over spectacular
cliffs the Ohrid Lake and Sveti Naum.

Fig. 3. Access road to geomagnetic station Galicica
(J. Rasson, 2004)

Access

Leave the car on the abovementioned parking
and start climbing on foot towards uphill on the
left side of road (towards NE). You should climb
up to a little plateau seen on Error! Reference
source not found. 3. When you cross an eroded

ditch remaining from a previous Balkan trench
warfare you have arrived on site.

We plan to drive a pin marker into this rock
to locate the station more accurately.

Station Marker

Location: The marker is located on a little
plateau. It is on a local maximum in height.

Description: The marker is a big rock firmly
seated into ground (Error! Reference source not
found. 4) and painted yellow. The very station
place is the highest part of the rock.

Fig. 4. Photo of measurement point Galicica
(J. Rasson, 2004)f

Targets for Declination Measurement

Target description and Azimuth
Meteo Station in Albania: red/white antenna
at 275° magnetic
Date of measurement:
Azimuth: 282.4969°

8 august 2003
282°29'49"

Target B description and Azimuth
Meteo Station in Albania: left corner of house
at 275° magnetic
Date of measurement:
Azimuth: 282.4437°

20 october 2002
282°26'38"

Target C description and Azimuth
Sveti Naum Church Tower left at 229° mag-
netic
Date of measurement:
Azimuth: 232.7148°

20 october 2002
232°42'54"

Target D description and Azimuth
Antenna on Albanian Border in color red/white
at 300° magnetic.

Geologica Macedonica, 24 (1), 13-21 (2010)
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This target was used in oct 2002 for declina-
tion measurement.

Date of measurement:
Azimuth: 306.6588°

20 october 2002
306°39'32"
Target E description and Azimuth

Kalishta Struga Church right of hotel at 320°
magnetic

Date of measurement:
Azimuth: 326.4650°

20 october 2002
326°27'54"

Target F description and Azimuth

Minaret Livada North from Struga at 340°
magnetic

Date of measurement:

Azimuth: 347.1383°

20 october 2002
347°08'18"

Target G description and Azimuth

Top of Mountain like camel in direction of
Prespansko lake

41.25
41.20
4115
41.10

41.05

41.00

(i

Xw.wwmu
40.95 :

Ll
-8
A

10.90

10.85

20 october 2002
94°23'31"

Date of measurement:
Azimuth: 94.3919°

Remarks

Magnetic Cleanliness

Survey made in october 2002. To be repeated
in 2004

Proton survey with
46000nT + ... nT

Other

Both Ohrid and Prespa lakes are visible from
the station (Figs. 5, 6 and 7,).

Temperature is rather cold in morning, wear
warm clothes even in summer.

1 pace separation;

us o Yo 2 o o2 w o w o D (=]
< & r @ © ~ ~ & < 3 o 2]
o f] o] o o o o = e o L= —
o (3 o o ™~ o~ o o~ o™ o~ o o~

Fig. 5 Part of travel map of Macedonia - point Galicica

Geologica Macedonica, 24 (1) 13-21 (2010)
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6. Topographic map of measurement point Galicica
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Fig. 7. Satelite photo of the terrain
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GEOMAGNETIC MAPS

According the measurements on the estab-
lished net of the repeat stations in 2004, maps of

Table 2

the magnetic field elements were compiled (Table
2, Fig. 8 — 10).

Results from the measurements 2004

Geomagnetic stations

Total field InclinationDeclination

2004.5 T 1 D
Code Locality Mean value
BAI  Bailovce 46758.4 59.269 2.997
CRN Crna skala 46920.4 58.883 3.260
EGR Egri 46430.1 57.765 3.097
GAL Galicica 46291.2 57.694 2.955
GRA Ostrovot Gradot 46438.4 58.083 3.576
LKA Luke 47036.7 59.390 3.337
MVR Mavrovo 46561.4 58.577 3.058
NIK  Nikolic 46594.8 58.203 3.146
PLC Plackovica 46679.2 58.619 3.229
PON Ponikva 46825.7 58.994 2.868
PRP  Prilepsko Ezero 46665.8 58.277 3.101
SLI  Slivnica 46696.9 58.509 3.442
SMP St. Marija 465622 58443  3.137
Precesna
TET Tetovo 46747.1 58.762 3.186
VOD Vodno 46740.1 58.787 3.274
4225 \ | A
i - /x )
/1
WS\
Tslm Zsllno /{l'odqo !
42 \[ T
‘\\ A \
41,75+
4154
41,25+
41+
40.75- ,' |\

2025 205 2075 21

Fig. 8. Map of declination,
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Fig. 9. Map of inclination, I for 2004 (M. Delipetrev, 2004)

2025 205 2075 21 2125 215 2175 22 2225 225 2275 23
Fig. 10. Map of total field, T for 2004 (M. Delipetrev, 2004)

CONCLUSION
Net of 15 repeat stations satisfy criteria for Total vector <T<
geomagnetic net of first order; Inclination <I<
— Number of measurement points is adequate, Declination <D<
bearing in mind the complex relief and the geo- — Geomagnetic field is in good correlation
logical structure; with neotectonic regionalization of the Republic of
— Elements of the geomagnetic fields of the Macedonia.

investigated area vary for:

Geologica Macedonica, 24 (1), 13-21 (2010)
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MPEXA HA MEPHU CTAHUIIN U TEKTOHCKA PEOHU3AIINJA HA PEITYBJIMKA MAKEJTOHHUJA

Mapjan Jdeaunerpes’, ’Kan JI. Pacon?, Baaruna Jlonesa!, Togop Jdeaunerpos!

'Yuugepsuitieis ,, oyelJeaues *, Paxyaifieit 3a dpupognu u iexnuuku nayku, Kaiiegpa 3a TeoroTuja u Teodusuka
ya. Toyelleaues 89, MK-2000 LLiuuii, Peitybauxa Maxegonuja
’Kpaacku meifieoposowku unciuigyid, I'eomaineitina Oiicepsaifiopuja ypbc, Bealuja
marjan.delipetrev@ugd.edu.mk // blagica.doneva@ugd.edu.mk

K.]Iy'-lHPI 360p0B](I: MEpHa CTaHUulla; TCOMAarHe€THO I0JIC; IIeKHI/IHaHI/Ija; PIHKIII/IHaIII/Ija; TOTAJIHO I10JIC

['eOMarHeTHOTO 10JIe € BEKTOPCKH 30Mp Ha NPUUHHUTE-
M KOM ce HaoraaT JaboKo BO 3eMjHHAaTa BHATPEUIHOCT W
HHUBHOTO BJIMjaHHE MOJXKE Jla ce II0YyBCTBYBA Ha IieaTa 3eMja.
IMTocrojaT M3HOPH HA MArHETHW IOJIMA KOU CE KapaKTepHC-
THYHH 32 TOJIEMH PETMOHH U JIOKAIHA aHOMAJIHU F€OMarHeTHH
HOJIHIA.

IIpn u3bupame Ha JOKalMja 3a MEpHA CTAaHHMIA, Tpeba
J1a ce N30erHyBaaT PernoHu Kajie MMa JIOKaIHM FeOMarHeTHH
aHOMaJIH, CO I[eJl MepPHUTE Pe3yJITaTH MTo ke ce 1obwujar, aa
OMIaT KapaKTepUCTUYHH 32 TOj PETHOH.

Geologica Macedonica, 24 (1) 13-21 (2010)

Teputopujata Ha PenyOnuka Makenonuja uma KOM-
IUIEKCEH pedtjed, a MCTO Taka M KOMILIEKCHA Te0JIoKa rpaada
M OBHE OCOOMHHM MMaaTr rojeMO BIHjaHHEe Ha PETHOHATHOTO
reOMAarHeTHO IoJIe.

Wmajku rrt BO IpEIBUJT CIIOKEHUOT peljed U KOMIUTEKC-
HaTa TeosionKa rpaxda, 3a cekoja n3dpaHa MepHa CTaHHLA
Oelie CrpoBeicHa CTPOTa MpoIeaypa 3a MEperme Ha reoMar-
HETHOTO IIOJIE.

Kaprure xpeupanu on mepemara Bo 2004 roamna ce
MIPE3eHTHPAHH BO OBOj TPYA.
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A bstract The Carbonate Rock masses are a geological media with extremely complex states and proper-
ties, which has a certain influences on the mechanical and hydraulic behavior during construction and exploitation of
engineering structures. Practical aspects of the problem analysis arise from the fact that the areas of Bosnia and Her-
zegovina, Macedonia and the entire Balkans is characterized by presence of wide areas covered with carbonate com-
plexes, where large number of complex engineering structures have been, or shall be constructed in the future. In this
context, their engineering-geological modeling is still a practical and scientific challenge. The analysis of engineer-
ing-geological properties is one of the main steps in forming of analytical and geotechnical models for complex rock
structures. This article gives a data about the range for these properties, according to the results from an extensive in-
vestigation program. Some original correlations and testing results are given and they are compared with some pub-

lished relations from the world.

Key words: carbonate rock complexes; GSI classification; deformation modulus; strength properties

INTRODUCTION

It is known, that the large areas of the Balkan
Peninsula are covered with Carbonate Rock Com-
plexes with different geological ages, genesis, de-
gree of Kkarstification, weathering and fracture
properties. Such conditions, beside phenomeno-
logy of their event, are also important from the
practical point if view. This comes from the fact
that such complexes are often foundational media
for construction of large infrastructural projects.
So, knowing of engineering-geological properties
is one of the main prerequisites for successful de-
sign of important structures. The authors were in-
volved in several large projects and had an oppor-
tunity to be involved directly in different phases of
investigation, design or analyses for dams "Sveta
Petka", "Kozjak" and others in R. Macedonia, as
well as "Salakovac", "Grabovica" and others in

Bosnia and Herzegovina. Also, data from several
tunnels designed in carbonate complexes are col-
lected and analyzed. So, numerous data about phy-
sical, mechanical, structural and other important
geological and tectonically data exist and allow
preparing adequate scientific analyses.

Between other usual investigation methods,
an adequate geotechnical laboratory and field in-
vestigations have been applied in order to define
the strength, deformability and shear strength of
the rock masses. All the results are used to estab-
lish a numerous correlations between rock mass
quality and mechanical properties, to modify some
known classification methods and to improve
methodology of geotechnical modeling for carbon-
ate rock mass complexes (JoBanoBcku, 2001;
Spargo, 2010).

RANGE OF VALUES FOR INTACT ROCK STRENGTH PROPERTIES

Although intact rock parts characteristics are
obtained from the examination of examples on

compressive strength and tension, their practical
use in solving engineer's problems is limited,
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mainly the values of these strengths can be useful
parameters that indicate on the quality of rock
mass. So it is very often they are used as enter in-
formation for classification of rock, or as value for
defining some failure criteria.

In order to know interval in which the values
of strengths for intact parts of rock mass vary, in
this paper we show some results of examination of
uniaxial compressive strength o; for carbonate
rocks from the area in Bosnia and Herzegovina and
Republic of Macedonia.

In Table 1 and Table 2, results from testing of
uniaxial compressive strength from location of
"Salakovac” dam on Neretva River, Bosnia and
Herzegovina, and "Sveta Petka”, on Treska River,
R. Macedonia are given.

Table 1

Average values of uniaxial compressive strenght
o.; vertical on bedding planes in MPa, samples
of limestone for “Salakovac* dam

o Sample
Condition
1. 2. 3. 4. 5. 6.
Dry 171.5 1623 1523 150.6 158.2 153.2
Water logged 164.4 1454 139.6 135.1 1383 144.8

Frozen samples 156.4 137.7 127.1 129.2 136.8 1433

In Table 4. it can be seen that the most freq-
uent values of uniaxial compressive strength for
rocks on the location of "Sveta Petka" dam are in
diapason from o,; = 40 — 50 MPa.

These results are under usuall values for car-
bonate rocks, that can be explained by influence of
microscopic deffects made with ecarlier tectonic
influences, although if we look it macroscopicaly,
the samples are in fresh state. By parameter of
strenght of monoliths, these rocks are medium
strong (by Hoek, Brown, 1997).

Beside these results, on Figures 1 and 2, his-
tograms with statistic processed data are presented.

From figures, it can be seen that uniaxial
compressive strength of carbonate rock massifs
vary in large interval, that can be explained by the
influence of crystallization level, decomposition of
monolithic parts, strength anisotropy of monolith,
different factors of subjective nature etc. Further,
results are compared with world’s experiences. In

this context, with a wider approach, it can be con-
cluded that variations in results are very large, that
certainly imply that it is very hard to generalize
results from different locations and also indicates
of necessity of specific examination for every
separate location

Table 2

Values of strenght stress o.; of intact samples
from the location of “Sveta Petka‘* dam

N Dehm o P
1 DB-8 21.10-21.30 25.78
2 DB-9 25.2-25.40 35.56
3 DB-9 26.5-27.1 45.05
4 DB-9 27.80-28.00 50.84
5 DB-9 28.5-28.7 64.89
6 DB-9 29.40-29.60 62.76
7 DB-9 30.10-30.30 54.45
8 DB-9 73.10-73.3 32.07
9 DB-10 25.10-25.30 27.26
10 DB-10 23.50-23.80 42.35
11  DB-11 33.70-33.90 33.06
12 DIL-2 25.20-25.40 35.12
13 DIL-2 26.10-26.30 2491
14 DIL-2 32.60-32.80 55.88
15 DIL-2 37.60-37.80 2491
16 DIL-2 38.5-38.7 75.96
17 PS-1 32.20-32.40 54.45
18 PS-2 31.60-31.80 41.33
21  PS-2 69.70-69.90 49.47
22 S3 28.10-28.30 61.28
23 PS4 25.40-25.60 41.20
24 PS-5 25.40-25.60 33.09
25  S-6 30.40-30.60 42.71
26 DVZ-1 17.30-17.50 26.59
27 DZ-1 28.20-28.40 44.96
29 DR-3 16.10-16.30 38.07
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Table 3

Mumber of samples

Mumber of samples

Overview of diapason of variation of values for uniaxial compressive strenght for different types
of carbonate rock massifs (Hawkins, 1998)

Direction of Sample 1 Sample 2 Sample 3 Average
testing (MPa) (MPa) (MPa) (MPa)
Parallel 94 107 115 105
Limestone type “Shelly* Vertical 119 139 131 131
Oblique 109 109 121 113
Parallel 154 157 153 154
Crinoids limestone Vertical 169 163 152 161
Oblique 144 159 179 161
Parallel 118 156 206 179
Oolitic limestone Vertical 207 142 156 176
Oblique 165 141 151 166
Parallel 217 225 211 218
Micritic limestone Vertical 222 233 244 233
Oblique 225 216 235 225
Parallel 227 258 269 251
Dolomite Vertical 242 229 248 240
Oblique 270 259 254 261
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Fig 1. a) Histogram of distribution of uniaxial compressive strength of intact parts of carbonate rock massifs;
b) Histogram of distribution of uniaxial compressive strength of monolithic samples from the location of dam “Sveta Petka“
(Jovanovski, Krvavac-Spago, Ilijovski, Pesevski, 2008)
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Fig. 2. a) Histogram of distribution of results of Point load test of intact parts of carbonate rock massifs;
b) Histogram of distribution of results of Point load test for samples from the location of dam “Sveta Petka”
(Jovanovski, Krvavac-Spago, Ilijovski, Pesevski, 2008)
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In Table 4, some results from tension strength
testing on intact samples of rock from the location
on “Sveta Petka” dam, by Brazilian method. Val-
ues of tension strength vary, where at lower val-
ues are considered for weathered rock variations,

Table 4

Tests results of tension strenght on monolith
by Brasillian method for “Sveta Petka” dam

Num. Drill hole Depth % % %s
m MPa MPa MPa

1. PS-4 28.60-2880 6.76 9.11 -
2. S-6 25.60-2590 7.06 11.25 9.52
3. DB-8 22.60-2290 1439 15.15 7.56
4. DM-1 18.30-18.50 343 033 6.79
S. DM-1 25.10-2530 395 7.28 6.30
6. DZ-1 30.40-30.60  3.66 - 345

and higher values on fresh intact parts. On Figure
3 is given histogram with categories of carbonate
rock mass by RMR system from R.Macedonia
and Bosnia and Herzegovina.

Histogram (Kwaltet RMR)
y =37 * 7125 * normal (x; 51 08108, 13,716126)
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Fig. 3. Histogram with overview of categories of rock mass
by RMR system
(Jovanovski, Krvavac-Spago, Ilijovski, Pesevski, 2008)

CORRELATIONS AND MODELS FOR PREDICTION OF MODULUS OF DEFORMABILITY
OF CARBONATE ROCK MASSES

After collecting, testing and statistical analy-
sis of examined samples, numerous correlations
between obtained parameters, as well as creation of
analytical models for prediction of other important
rock mass parameters, are established.

The most simple correlation that can be estab-
lished is the one that connects the results from the
point load test (Is(so)— Index of point load strength
for sample diameter d = 50 mm) and the value of
uniaxial compressive strength. For the case of
marbles from dam "Sveta Petka" the factor of cor-
relation is 16.832, and for limestone of a round
area of Ohrid this factor is 39.508.

When compared with known correlation from
for various limestone’s with values 5-27 for the
correlation factor it is obvious that the correlation
factors for carbonate rock mass of different geo-
logical age, mineral structure, weathered and
macro and micro structural characteristics vary in
large interval. Variation of results again indicates
the need of determining of these correlations for
every specific location itself. Also important is the
scale effect, with the new knowledge that by in-
creasing the size of examined samples, average
value of uniaxial strength actually stays unchan-
ged, and only dispersion of results is decreasing
i.e. the variation of uniaxial strength.

Further we show the procedure for making
analytical models that are used for prediction of
possible intervals of modulus of deformation D,
cohesion ¢ and friction angleo, depending on uni-
axial compressive strength of intact elements of
rock mass. Models are made using software Roc-
Lab. On the Figure 4 are shown several examples
of analytical models for prediction of possible in-
terval of modulus of deformation D of carbonate
rock mass depending on uniaxial compressive
strength of intact part of rock mass o,; for different
values of GSI. The GSI classification strongly de-
pends on the uniaxial compressive strength of in-
tact rock as well as the structure of the rock.

For analysis of modulus of Deformation D
software RocLab is used (Hoek, Carranza-Torres
and Corkum, 2002):

for o < 100 MPa —

GSI-10

Erm:[l_gj &10( 40 jMPa
2 )\100

for o,; > 100 MPa—

(GSI—IO

E,, :(l—gjlo 40 )MPa
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The term modulus of deformation is marked as E,,,
based on English term and not D as it is the usual
case in the literature and in our speaking area, and
on the other hand to distinguish it from the term for
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D (disturbance factor). For deformation modulus D
double logarithmic (Power) model of regression is
formed which in general form is D = a % ol
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Fig. 4. Analytical models for prediction of possible deformation modulus interval D of carbonate rock mass depending on uniaxial
compressive strength of intact part of rock mass o; for different values of GSI.

Never version of RocLab software uses term:

1-D/2
E,,=E;| 0,02+ | + (60+15D-GSI)/11 MPa
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The relation is given by Hoek and Diederichs,
2006, and which require knowing of Deformation
modulus of intact parts of rock £;. On Figure 5 is

shown model

for prediction of deformation

modulus D for solid marbles from location of dam
"Sveta Petka".
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Fig. 5. Comparison of values for rock mass modulus of deformation E,,, estimated by Hoek and Diederichs (2006)
for deformation modulus of intact parts of rock mass E; =20.000 MPa, E; = 30.000 MPa, E; = 40.000 MPa, E; = 50.000 MPa
and E; = 60.000 MPa and disturbance factor D,= 0, 8 with values of deformation modulus by field investigation through hydraulic
flat jack

On monolithic samples taken from different
depth of bore hole on the dam location we have
got modulus of deformation by lab deformability
test. This value of deformation modulus varies in
wide interval from 20,000 to 85,000 MPa. So in
that way deformation modulus were valued by
Hoek and Diederichs, 2006, for values of defor-
mation modulus of intact parts of rock mass

E;=20,000 MPa, E; = 30,000 MPa, E; = 40,000
MPa, E; = 50,000 MPa and E; = 60,000 MPa.
From the Figure 6, it can be seen that results ob-
tained with in situ investigation of deformation
modulus with hydraulic flat jack mainly match
with those valued by term from Hoek and Died-
erichs (2006).
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Fig. 6. Results of Deformability tests on the samples form dam "Sveta Petka" in three cycled for sample S-6 (a)
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In case when we are not able to use values
for deformation modulus of intact parts of rock
mass E; or to be able to prepare undisturbed sam-
ples for measuring values of E;, and we do have
lab defined values of uniaxial compressive
strength of intact parts of rock mass o then we
use term:

where MR is relation between deformation mo-
dulus of rock mass and modulus of intact rock
mass E,,/E;, which is different depending of the
type of the rock.

Model formed by last two terms for carbon-
ate complex of dam "Sveta Petka" is given on
Figure 7 (Average value of uniaxial compressive
strength o; = 44 MPa, disturbance factor D;= 0.8,
which are values for dam "Sveta Petka", value of
MR as relation between deformation modulus of
rock mass and modulus of intact part of rock mass
E,,/E; =850 — value for marble) and is showing

good overlapping with curve which is gotten by
extrapolation of the investigation results on the
location of dam "Sveta Petka". The same proce-
dure is done for the cases of dams Grabovica and
Salakovac.

From Figure 7 it can be seen, that there exist
well correspondence between formed correlative
dependences for deformation modulus D and
quality of rock mass RMR form location of "Sala-
kovac" dam, "Sveta Petka" dam and correlations
given by Jovanovski, Gapkovski, and Ilijjoski,
2002. Also curve form the location of "Grabovi-
ca" dam is approaching these curves by increasing
values of RMR. On the other hand, term gotten by
Serrafim and Perreira, 1998, some higher values
of deformation modulus D for equal value of
RMR. Analytical models formed by term of Hoek,
Carranza-Torres, Corkum, 2002, and Hoek and
Diederichs, 2006, show well correspondence with
curve formed by extrapolation of ,,in situ* gotten
results on the location for "Sveta Petka" dam.
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Fig. 7. Comparison of correlative dependences between quality of rock mass RMR (GSI) and deformation modulus D from
the location on "Salakovac" dam D = 0.1369x¢"%57RMR (GPa), "Grabovica" dam D = 1.6963x¢”2*®¥R (GPa) and “Sveta Petka”
D =0.1104xe" MR qam with correlative dependences formed by Jovanovski and Gapovski D = 1.69°° RMR*® (GPa), then Hoek,
Carranza-Torres and Corkum (2002) and Hoek and Diederichs (2006) (average value of uniaxial compressive strenght o, = 44
MPa, distrubance factor value D, = 0.8, which are values of the "Sveta Petka" dam, value of MR relation between deformation
modulus of rock mass and modulus of intact part of rock mass E,,, / E; = 850 — values for marbles).

CONCLUSIONS

Range of values for strength and deformabi-
lity parameter of Carbonate rocks are analyzed in
this paper. Based on these analyses, some correla-
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tions analytical models are formed for obtaining
the Modulus of Deformation of carbonate masses
through the cases of dam sites "Sveta Petka",
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"Salakovac" and "Grabovica". After executed ana-
lysis it can be concluded that beside large varia-
tions in values, the trend of the correlation curves
remains the same for all analyzed cases. However,
because of the specific nature of the carbonate
rock masses, and the different degree of karstifi-
cation, folding and fracturing of each location,

these analytical models stand only for the subject
terrain.

The forming of a universal analytical model
is not possible because of these reasons, so given
analyses can be used for other structures for lower
stages of design, while for larger projects, the
adequate testing shall be prepared.
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JAUJAITA30H HA BPEJJHOCTHU HA UTHKEHEPCKO-T'EOJIOIIKA KAPAKTEPUCTHUKHA
HA HEKOU KAPBOHATHH KAPITECTH KOMIIJIEKCH O BAJIKAHCKHOT INIOJIYCTPOB

Musiopaa Jopanoseknu', Aspa Illnaro”, Mrop Iemescku'

Tpagexcen gaxyaitieis, Yuusepsuitieis ,, Ce. Kupua u Meitioguj“ 6o Croiije,
IHapiausancku ogpegu 24, MK-1000, Croije, Peityoauxa Maxegonuja
’I'pagescen paxyaitiei, Ynusepsuigieit ,, [lemaun Bujegur
Mociuap, Peitybauxa Bocna u Xepyetosuna
jovanovski@gf.ukim.edu.mk // Azra.Krvavac@unmo.ba

Knyunn 360poBu: xap6onatuu kapmy; xnacudukanuja GSI; moxyn Ha nedopmariyja; jakoCTHH CBOjCTBA

KapGoHnaTHnTe KaprecT Macu ce TeoJIONIKa CpeHa Co
EKCTPEMHO CJIOXKEHH CBOjCTBA M COCTOjOM KOM MMaaT U JH-
PEKTHO BIIMjaHHE BP3 MEXAaHWYKOTO M XHIPAYJIHIKOTO OJHE-
CyBame INpH u3Ben0a M eKCIUloaTalja Ha WHKEHEPCKU
00jexTu rpajieHd Bp3 HUB. [IpakTHUHHTE aCNEKTH 3a aHAIIM3a
Ha OBOj IpoOJieM MpoH3iieryBaaT oA (akToT, IITO TOJEeMU
npoctpancTBa Bo bocHa u Xepuerorosuna, MakeqoHuja U
LEeNNoT BajkaHCKM MOIyCTPOB ce KapaKTepu3upaar co IpH-
CYCTBO Ha BaKBH KOMIUIECKH, KaJie CE M3BEJCHHU WU Ce IUIa-
HHpaaT 3a u3Benba rojaeM O0poj HHOPACTPYKTYpPHU KaIMTaTIHU
o0jextr. Bo 0BOj KOHTEKCT, MHKECHEPCKOTCOJIIOIIKOTO MOJIC-
JIMpame Ha OBUE CPEAMHH € CeyIUTe roJIeM IPEJU3BUK O

HaydeH W TPaKTHYECH acHeKT. AHalIn3aTa Ha HHXEHEPCKO-
TEOJIOIIKUTE CBOjCTBA € €/ICH OJ Haj3HAa4ajHHTEe YEKOPH BO
TIpUIpeMara Ha aHAJIUTHYKH W TEOTEeXHUYKU MOJEIH 3a Baka
KOMIUICKCHH KapriecTH Macu. Taka, BO OBOj Tpy[ e HpHKaKa-
HM OJpEICHN AWjalla30HH Ha Bapupame Ha HEKOM HMHXKEHep-
CKO-TCOJIOIIKH CBOjCTBA, 4 BP3 OCHOBA HA PE3YJITATH OJ UCITH-
TYBam€ CIIOPE OIILIMPHA MPOrpaMa 3a ucTpaxyparbe. OCHOB-
HUTE acHeKTH ce IOTEHIUPAHU BO OBOj TPYI, a Pe3yITaTHTe
MOXaT Ja MOCIy)XaT KaKo OCHOBAa 3a MIHM aHaium3u. Ilokpaj
JIpYroTo, NMpHUKaKaHU Ce HEKOW OPUIMHAIHU KOpETaluy KOW
Ce CIIOPENEHH CO BOCIIOCTABEHH KOpENAllUM BO CBETOT.
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A bstra ct: Paleogene sediments on the territory of the Republic of Macedonia are widespread, especially in
its central and eastern parts, i.e. in the Vardar zone and Serbo—Macedonian massif (Kraisthide zone). After Laramide
orogeny compression, in expansion conditions, along the gravitational faults, continental trenches were created on
these spaces, with general direction NW—-SE, in which paleogene molassa sediments were accumulated. In the Vardar
zone, continental trenches are extended to the north to Skopska Crna Gora mountain (north of Skopje), which in-
cludes the Skopje-Kumanovo basin, Ov¢e Pole basin, Tikve$ basin, Gevgelija—Strumica basin and Valandovo basin.
In Kraisthide zone continental trenches stretches along the border with Bulgaria and it includes Deve Bair basin and
Delcevo basin. Bearing in mind the different thickness of the allocated Paleogene lithozones in the separate basins,
and the fact that in some basins lithozones absent, it can be assumed that their spreading along trenches were seg-
mented by cross faults with NE-SW direction. Cross faults are mainly contemporaneous faults.

Key words: Paleogene; molassa sediments; continental trench; contemporaneous fault

INTRODUCTION

After the final closure of the Vardar Ocean
and finishing processes of collision with Laramide
orogeny phase (Latest Cretaceous—Paleocene), the
southern parts of the Balkan Peninsula (the terri-
tory of Macedonia, southern Bulgaria, northern
Greece and eastern Albania), in the Eocene—Oligo-
cene period, became in the conditions of expansion
in the south Balkan extension region (SBER)
(Dumurdzanov et al. 2005). This extension system
belongs to a much wider area, separated as Aegean
extension region (Sengor et al. 2004) (Fig. 1).

Besides the intensive tectonics of Paleogene
sediments with Pyrenian orogeny and Savian oro-
geny compression (folding, faulting and shelling),
lithostratigraphy of these sediments is relatively
simple. Along the edge parts of the basin, sedi-
ments are represented by coarse conglomerates and
sandstones, while internal parts are represented by
finegranular sediments, marlstone, clay and others.
They are transgressive through the older forma-
tions, from Precambrian to Mesozoic.

45" N —

TyerhienianSea | (
) J

e \ e S
Fig. 1. Simplified tectonic map of the Eastern Mediterranean
region showning Southern Balkan Extensional Region (SBER
— horizontal lines) in relation to selected tectonic features.

In Balkan region, position of the volcanic arcs of Eocene—Oli-
gocene age (Eo-Olig); Miocene (Mio), and Pliocene to Recent

(Active); are shown. The location of Macedonia is outlined.
KF — Kefalonia fault zone; NAF — North Anadolska fault zone
(taken from DumurdZanov et al. 2005)
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In all these basins, Paleogene sediments have
been identified as Upper Eocene—Priabonian and
Lower Oligocene (Pavlovi¢ 1926; TemkxoBa 1958,
1967; Mitrovi¢ et al. 1990; Dzuranov et al. 1999:

TyneBa 2000). The total thickness of Paleogene

sediments (Upper Eocene—Lower Oligocene) is
evaluate at about 3 000-3 500 m.

STRATIGRAPHY OF PALEOGEN IN THE R. MACEDONIA

According to the spatial expansion, Paleogene
in R. Macedonia can be divided into 4 main (lar-
ger) basins and a few isolated blocks, usually lo-
cated along the shells with NW-SE orientation.
These are: Tikves, Ovce Pole, Skopje—Kumanovo

and Delcevo basin as the main basins and Deve
Bair, Dedeli-Rabrovo (near Valandovo) and
llovica—Stuka in Strumica valley, as isolated
blocks (Fig. 2).
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Fig. 2. Distribution of Paleogene sediments in Macedonia

1- Tikves basin, 2 — Ov¢e Pole basin, 3 — Skopje—Kumanovo

6 — Strumica basin, 7—

With lithostratigraphical studies to Paleogene
sediments in the basins of R. Macedonia, five su-
perpositional lithostratigraphical units (litozones)
were separated: basal lithozone, low flysch litho-
zone, lithozone of yellow sandstones, upper flysch
lithozone and Oligocene lithozone (Fig. 3).

Basal lithozone ('Es) starts with basal conglo-
merates and sandstones, clay stone and kalkarenits
(all in red and purple color) lay above. This zone is
presented in all Paleogene basins on the territory of
the R. Macedonia. Thickness of this lithozone var-
ies from 350-700 m. Paleontological is docu-

basin, 4 — Deléevo basin, 5 — Valandovo—Gevgelia basin,
Deve Bair basin

mented in the Tikves basin, with large macrofauna,
represented by Molusca and Anthozoa (Maksi-
movi¢ et al. 1954).

Lower flysch lithozone (°E;) is a thick about
1100 m. It is developed in Tikves, Ovce Pole and
Deve — Bair basin with rhythmically replacement
of red and gray conglomerates, sandstones, clay-
stones and marlstone and alevrolites. In Deve Bair
basin, in the rhythms of the zone volcanogenetic
sediments appear. In the upper stratigraphic levels
Priabonian snails, shells, coral and macroforami-
nifer fauna are determined (Temkoa 1958).
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Fig. 3. Correlation of Paleogene basins in the Republic of Macedonia
1 — lower oligocene sediments, 2 — upper flysch lithozone, 3 — lithozone of yellow sandstones, 4 — lower flysch lithozone,
5 — basal lithozone, 6 — paleorelief

Lithozone of yellow sandstones (°E3) is thick
from 600 to 1000 m. It is present in Tikve$ and
Ovce Pole basin, where vertical and lateral passes
in the top flysch lithozone, while in Skopje—
Kumanovo basin sediments that belong to this
lithozone were moved out into the sediments with
Oligocene age. Lithozone of yellow sandstones is
determined as Priabonian with large foraminifer
fauna, snails, corals, shells and more (TemkoBa
1967).

Upper flysch lithozone (‘E;) is thick from
1000 — 2000 m. The greatest thickness (about 2000
m) is presented in Tikve§ basin (based on data
from drilling). Characteristic for this lithozone is
its gray color. In the upper flysch lithozone gray
sandstone, marls and claystones are present and on
the top are limestones, with obvious gradation,
convolution and lamination.

All levels of the lithozone are rich in snails,
shels and foraminifer fauna, while in the upper
limestone layers are determined: Nummulites fa-
biani, Nummulites incrassatus, Nummulites buden-
sis, Operculina alpina, Discocyclina angastae

Geologica Macedonica, 24 (1), 31-37 (2010)

(Maksimovi¢ et al. 1954, PakuueBuk et al. 1976)
and microforaminifer fauna of Priabonian age
(Dzuranov et al. 1999).

Oligocene sediments are preserved with
thickness from 200-300 m in some parts of Ovce
Pole basin (in the vicinity of Kocani) and in Skopje
—Kumanovo basin. This lithozone begins with
ridge gray limestones, with typical marine fauna
the sandstones are above them and on the top ends
with clay stones.

Limestones have typical shallow character. In
the lower part they are in breccious, and in the up-
per part move into corale limestone. The age of
limestone is problematic, because despite Oligo-
cene types of Nummulti (Nummulites intermedius
— typical oligocene kind), Anthozoa, Gasteropoda,
Bivalvia and Echinodermata (Karajovanovi¢ et al.
1975), in fossil association occur species from Eo-
cene to Oligocene. But according to stratigraphy
position, lithologic composition and discovered
fauna, the age of these sediments is determined as
the lower Oligocene.
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TECTONICS EVOLUTION OF PALEOGEN AND DEVELOPMENT OF ACUMULATION BASIN
IN THE R. MACEDONIA

In terms of expansion and a general trend of
segmentation in the wider region of the Balkan
Peninsula, wide areas of the territory of the Repub-
lic Macedonia, primarily the area of the Vardar
zone and Serbo-Macedonian massif (Kraisthide
zone) and border areas with Albania (near Debar),
during Upper Eocene were covered with differen-
tial vertical movements. Such processes of exten-
sion and vertical tectonics conditioned the forma-
tion of trenches, along which gradually entering
marine waters from the south and southeast to the
north and northwest. Today preserved Eocene—
Oligocene masses with its geological position, ex-
tension and orientation suggest that the formation
of trenches was controlled by the gravitational
faults with a dominant direction NW-SE. Faults in
this direction, often represent reactivated older
faults, located in the border, very mobile, parts of
the Vardar zone with Pelagonian massif (from
west), Serbo-Macedonian massif (eastern side) and
the newly formed fault lines in the Vardar zone
and Serbo-Macedonian massif of the same orienta-
tion (NW-SE).

With the intensive transgression, because of
the spreading of the sedimentation basin, sedimen-
tation from the trenches expanded and spread to
most of the Vardar zone. Towards north reach the
terrains northeast of Skopje, and to the east cov-
ered the entire central and eastern Vardar subzone,
and most of the Serbo — Macedonian massif (and
Kraisthide zone). In that way, very wide sedimen-
tary basin that existed in the Upper Eocene was
formed.

The accumulation of Upper Eocene sediments
began with continental terrigenous sediments, with
red and red—violet color, presented by coarse con-
glomerates, sandstones and clay stones and thin
layers of gray kalkarenites. With the gradual deep-

ening of the area, sedimentation become sea type.
Vertical sinking of the terrains was the most ex-
pressive in Tikve§ basin, where sediments are
formed by mass with thickness 3 000-3 500 m and
in Ovce Pole basin to 3 000 m (Fig. 3).

Paleogene sedimentary masses from Tikves,
Ovce Pole and Skopje—Kumanovo basin presented,
more or less, a whole, in places covered by Neo-
gene or Quarter deposit or divided by a narrow
neotectonics horst. The general orientation of this
mass is NW-SE, conditioned by postlaramie faults
segmentation of the area, with which trenches were
formed and after which entering Eocene transgres-
sion with accumulation of sediments. Most of these
fault structures were renewed in posteocene period,
and because of that mass maintaining the same
orientation. Small deviations in the extension of
mass in the WNW-ESE direction are caused by
faults of neotectonic stage.

After the forming of Late Eocene—Oligocene
sediment mass, in the Lower Oligocene, it was
covered with Pyrenian compression, and at the end
of Oligocene and Lower Miocene with Savian
compression. During these orogeny phases, inten-
sive folding, faulting and sheathing was made to-
wards the west. As a result, widespread Paleogene
mass was segmented in a large number of partially
or completely isolated blocks. Compression ori-
ented east-west, conditioned folding of Paleogene
sediments in discrete anticline and syncline form,
often with an orientation NW-SE to N-S. With
this compression, parallel with folding, creation of
numerous faults and shells with NW-SE to N-S
orientation starts.

RESULTS AND DISCUSSION

More conclusions can be done if analyzing
the horizontal distribution of Upper Eocene—Lower
Oligocene sediments (separated in 5 superposi-
tional lithozone) in individual sedimentary basins,
and analysis of the thickness of individual litho-
zone. Namely, it was mentioned that basal litho-
zone ('E;) is present in all Paleogene basins, sug-
gesting that in this period sedimentation took place

in relatively calm tectonic conditions. The thick-
ness of the basal lithozone is the largest in Tikves
and Gevgelija—Valandovo basin, which means that
in such a relatively calm tectonic conditions south-
ern part of Paleogene sedimentary basin in the ter-
ritory of the R. Macedonia sinking faster.

During the deposition of the lower flysch
lithozone (°E;), differentiated vertical movements

Geologica Macedonica, 24 (1), 31-37 (2010)



Tectonics evolution of the PAleogene basins in the Republic of Macedonia

35

in sedimentary basin took place. This lithozone is
absent in Skopje—Kumanovo, Del¢evo, Gevgelija—
Valandovo and Strumica basin, which means that
these regions were land in that time. This suggests
that in addition to faults with spreading NW-SE
(after formation of Paleogene trenches) existed
transverse fault lines in NE-SW direction (Fig. 4),
after which becomes differentiated vertical rising
(or sinking).

In the Vardar zone, lower flysch lithozone has
larger thickness in the Ovce Pole basin than in
Tikves basin, and it can be concluded that along
the transverse contemporancous fault, Ovée Pole
basin is sinking faster. In border areas of Bulgaria
(in Kraisthide zone) in the northern trench (Deve
Bair basin) sinking was more intense compared to
the southern part (Delcevo basin).

Lithozone of yellow sandstones (°Es), as the
lower flysch lithozone is not continuous in all Pa-
leogene basins. It is absent in Del¢evo basin, Gev-
gelija—Valandovo basin and in Strumica basin. The
trench in the Vardar zone has the greatest thickness

in the Skopje—-Kumanovo basin, and along the
transverse fault sinked relatively faster compared
to Ovce Pole and TikveS basins. In the Serbo—
Macedonian basin lithozone of yellow sendstones
is not present, meaning that these areas were land.

In the final phase of Paleogene sedimentation,
at the time of deposition of upper flysch lithozone
(‘E;), the Vardar zone and Serbo-Macedonian
massif (Kraisthide zone) were under water. The
southern parts of Vardar zone (Tikves and Ovce
Pole basin) sinking more intense compared to the
northern parts (Skopje—Kumanovo basin). In Kra-
isthide zone southern of the trench (Delcevo basin)
sinking more intense compared to the north, where
the upper flysch lithozone is eroded.

In the Lower Oligocene (Ol) sedimentation
took place mainly in the northern parts of continen-
tal trench along the Vardar zone. In Skopje-
Kumanovo basin sinking was most intense, and in
the SE terrains relative rising was present.
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CONCLUSION

On the territory of the Republic of Macedonia
Paleogene sedimentary basins are present in two
continental trenches formed in extension condi-
tions along the gravitational fault lines with direc-
tion NW-SE. Continental trench that was formed
in Vardar zone, starts north of Skopje—Kumanovo
basin. Towards SE structure expands and includes
the OvcCe Pole basin, TikveS basin, Gelgelija—
Valandovo basin and Strumica basin. In the border
belt with Bulgaria, in the Kraisthide zone, rela-
tively narrower continental trench that covered
Deve Bair basin and Del¢evo basin was formed.

Besides gravitational edge faults, along which
the continental trenches were formed, great signi-

ficance for the course and character of the individ-
ual Paleogene sedimentation basins have cross—
faults with NE-SW direction. Along these, mainly
contemporaneous fault, during the Upper Eocene —
Lower Oligocene differentiated vertical move-
ments took place. As a result of such sinking or
rising, big differences in thickness of individual
lithozone (Fig. 3) appeared. In Tikve$ basin and
Ovce Pole basin the Paleogene lithostratigraphic
columns are complete, while in other Paleogene
basins one or two lithozones are missing (lower
fhysch lithozone and the lithozone of yellow sand-
stone)
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K.]Iy'-lHPI 360p0B](I! NaJICOTCH; MOJIACHU CEAUMEHTH; KOHTUHEHTAJICH TPOI'; KOHTCMIIOPApEH pacea.

[Taneorenute cequMeHTH Ha TepuTOopHjaTa Ha Pemy0-
mka MakeqoHHja ce MIMPOKO PACIpPOCTPaHETH, 0COOEHO BO
HEj3UHUOT LIEHTPaJeH U MCTOYHEH JeJ, OJHOCHO BO Bapnap-
ckata 30Ha U Cprncko-Maxkenonckuot macuB (Kpaunmruanara
3ona). [To Jlapamuckata oporeHa KomIipecuja, BO YCIOBH Ha
€KCTEH3Mja, Ha OBHE POCTOPHU OMIIe CO31a/IcHN KOHTUHEHTA-
HH TPOTOBH, JOJDK TPAaBHTAllMOHH PAaceld CO IeHepaJieH IIpa-
Bel Ha nporerame C3-JU, Bo koM ce TajnoxkKele MaleoreHu
MOJIACHU CEIMMEHTH.

Bo BappapckaTa 30Ha KOHTUHEHTAJTHUOT TPOT Ha CEBEP
ce mpoctupan g0 Ckorcka Ilpaa 'opa (ceepHo on Ckorje),
BO Koj BieryBaar Ckoncko-KymanoBckuot GaceH, OBuernos-
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cknot Oacen, TukBemkuoT Oacen, I'eBrenmcko-BanannoBcku-
ot Oacen u Crpymmukuor OaceH. Bo Kpaummruonara 3oHa
KOHTHHEHTAJTHUOT TPOT CE MpOoTera A0JDK rpaHunaTa co byra-
puja u Bo Hero BieryBaar [leBeGaupckuor OaceH u Jlemues-
CKHOT OaceH.

Wmajku ja mpensup pasiandHata neOennHa Ha H3IBOE-
HHUTE MaleoreHH JIMTO30HM BO MOEAUHHTE OaceHH, U (aKToT
IITO BO HEKOMU OAceHH HEKOU JIMTO30HHM OTCYCTBYBAaT, MOXKE
Jla ce MPETHOCTaBH JAeKa TPOrOBUTE 0K HUBHOTO MPOTETAE
Ouiie CerMEHTHPaHU CO HAIIPEYHU paceau co nporerame CH—
J3. Hampeunure pacequ TIJIaBHO HPETCTaBYBaaT KOHTEMIIO-
papHHU pace.
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Abstract: The geodynamic evolution of the Serbo-Macedonian massif can be reviewed in few geological
and geotectonic epochs, but very specific is the Cenozoic evolution from geodynamic, geotectonic, structural, mag-
matism and metallogenetic point of view. The Cenozoic longitudinal structures are deep in their origin and represent
a boundary to the Vardar Zone on the one side and Struma Zone on the other side. Morphostructural forms of differ-
ent rank and intensity are of high importance for the spatial distribution of the ore mineralization (Kratovo-Zletovo
Pb-Zn-Cu ore district, Bucim-Damjan Cu-Au-Fe ore district, Bukovik-Kadiica Cu-Au-Ag-Fe ore system etc.). Pre-
dominant structures within the Serbo-Macedonian massif are those with NW-SE direction, which served as orebear-
ing systems too (ore zone Besna Kobila-Osogovo-Tasos and metallogenetic zone Lece-Chalkidiki).

Key words: Serbo-Macedonian massif; morphostructures; Cenozoic activization; polymetallic mineralizations;

ore systems

INTRODUCTION

Serbo-Macedonian massif (SMM) represents
remarkable geotectonic unitwithin central parts of
the Balkan Peninsula (Dimitrijevié¢, 1958) where
have been confirmed numerous structures, mor-
phostructures and significant ore mineralizations
(Jankovi¢ and Petkovi¢, 1974; Jankovi¢ et al.
1980; Serafimovski, 1990). From the geological
point of view the SMM has been built mainly of
gneisses, mica-schists and Paleozoic schists, while
the structural construction has been dominated by
plicative structures and disjunctive ruptures. Terti-
ary magmatism, intruded along Cenozoic struc-

tures (Arsovski and Ivanov, 1977; Serafimovski,
1990, 1993), has been related to the polymetallic
mineralization of Pb, Zn, Cu, Au, Ag, AS, Sb etc.
(Serafimovski et al. 1995; Jankovi¢ and Serafi-
movski, 1997 etc.). Significant morphostructural
forms in the central parts of the SMM have been
related to the productive mineralizations of Cu-Pb-
Zn (Plavica type), Cu-Au (Borov Dol type) and
Cu =+ Au + Ag = Mo (Bukovik-Kadiica type). Neo-
toectonic structures are of SW-NE to E-W direc-
tion and within this area they are not related to the
mineralization, but they are just seismically active.

REGIONAL GEODYNAMIC EVOLUTION OF THE AREA OF CONSIDERATION

From Paleogene to Recent time, Macedonia
was part of the South Balkan exten-sional region,
the northern part of the Aegean extensional regime.
Extension began in the middle to late Eocene in
eastern Macedonia with the formation of a NNW-
trending east-tilted half graben lying east of a
forearc basin in central Macedonia.

The tectonics of Macedonia from the late Eo-
cene to the present is dominated by two periods of

regional extension separated by a short interval of
shortening deformation in late Oligocene—early
Miocene time. Extensional deformation in Mace-
donia is part of the broader South Balkan exten-
sional regime that in addition to Macedonia affects
northern Greece, Bulgaria, Albania, Serbia, Mon-
tenegro, and probably parts of southwestern Ro-
mania (Fig. 1; DumurdZzanov et al. 2005).
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Fig. 1. Simplified tectonic map of Eastern Mediterranean
region showing Southern Balkan Extensional Region (SBER;
horizontal lines) in relation to selected tectonic features
(Dumurdzanov et al. 2005).

Retreating subduction zones (blue) and related areas of
backarc extension (dotted pattern) and advancing subduction
zones (red) are highlighted. In Balkan region, position of the
volcanic arcs of Eocene-Oligocene age (Eo-Olig: yellow),
Miocene (Mio: pink), and Pliocene to Recent (Active: red-
brown) are shown. The location of Macedonia is outlined. KF
— Kefalonia fault zone; NAF — North Anatolian fault zone

Development of the extensional system was
diachronous throughout the South Balkans and was
related not only to changes at the boundaries of the
extensional system, but also to changes in litho-
spheric rheology. This paper develops the late Eo-
cene to Recent tectonic evolution of Macedonia

and relates it to our evolving understanding of the
regional South Balkan extensional regime.

Most of the understanding of the tectonic evo-
lution of Macedonia comes from the study of the
numerous Cenozoic sedimentary basins that con-
tain the record of its extensional history. Unfortu-
nately, the deeper parts of many of the sedimentary
basins of Macedonia are poorly exposed and cov-
ered by Quaternary deposits. Thus, much of the
data from these basins come from drill holes and
limited surface exposures, and the three-dimen-
sional framework of these basins is poorly known.

The crust that underlies the Cenozoic basins
of Macedonia has had a long and complicated evo-
lution, and structures within the pre-Cenozoic
basement rocks have affected the development of
some of the basins. Macedonian pre-Cenozoic
basement consists of five major tectonic units from
west to east: the Chukali-Krasta zone, the Western
Macedonian zone, the Pelagonian massif, the
Vardar zone, and the Serbo-Macedonian massif.

The Serbo-Macedonian massif (SMM) con-
sists of Riphean/Cambrian mafic plutonic and vol-
canic rocks and early Paleozoic schist and phyllite
all intruded by large bodies of Paleozoic granite.
With the exception of the north-plunging nose of
the Pelagonian anticlinorium, the structures in the
pre-Cenozoic basement rocks are dominated by
NW-trending foliation, folds and faults that form
an important crustal anisotropy that controlled
many of the basin bounding faults in Cenozoic
time.

CENOZOIC STRUCTURES AND MORPHOSTRUCTURES

The detailed scientific studies and mor-
phostructural analysis have enabled us to under-
stand the processes which preceded the formation
of the zone of Cenozoic activation. Contribution to
the more complete understanding of the Cenozoic
activization and definition of real longitudinal
structures and large morphostructural segments at
the Balkan Peninsula was in given in workings of
Jankovi¢ and Petkovi¢ (1974); Petkovi¢ (1978);
Kocneva et al. (1978), Jankovi¢ et al. (1979);
Serafimovski (1993); Jankovi¢ and Serafimovski
(1997); Serafimovski et al. (1997); Serafimovski
and Jelenkovi¢ (1998); Tomson et al. (1998); Tom-
son et al. (2004); Burchfiel et al. (2008.).

The zone of Cenozoic autonomous activation
of the Balkan Peninsula is characterized by a spe-

cific structural plan, multiphase volcanic-intrusive
magmatism and interesting mineral deposits.

Striking transcurrent faults can be recognized
from air and satellite pictures, striking in the same
direction as the zone of activation, as well as sys-
tems of smaller parallel faults, systems of diagonal
jagged faults and systems of straight, tension
faults. A special characteristic of the zone of
autonomous activation is its many ringlike struc-
ture. These megastructures correspond to broad,
gentle arches, are elliptical or circular in shape and
have a diameter of 60 to 100 km (Petkovi¢ et al.
1982). Their internal structure features a wealth of
forms. They are built of concentric ringlike seg-
ments, and sometimes have the appearance of a
coil. Central parts are usually raised, while the
other rings are alternately lowered and raised. The
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radially arranged faults separate internal parts of Within the megastructure there are numerous
the megastructure into sector blocks. These struc- smaller ringlike forms ranging from several hun-
tures are contoured along the periphery by depres- dred meters to a few kilometers in diameter (Fig.
sions which are either bow-shaped or oval-shaped. 2).
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Fig. 2. Morphostructural sketch of Serbia and Macedonia (Petkovic et al. 1982)
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The first signs of magmatic activity in the
zone of Tertiary autonomous activation had al-
ready occurred at the end of the Eocene, but it is
still not clear what connection they have with this
zone. The magmatism culminated in the Miocene,
while it gradually calmed down in the Pliocene,
occasionally extending into the Quaternary. The
magmatic rocks correspond to the volcanic-
intrusive granodiorite complexes chemically they
belong to the Ca-alkali rocks and in later phases
are rich in potassium. Besides dacite-andesites, we
also find trachyandesites, quartz-latites, latites,
trachybasalts, trachytes and subordinate leucite
roks (lamprophyric facies). The rocks are accom-
panied by pyroclastics, agglomerates and breccia.
Tuffs are extremely rare. Intrusives of quartzdio-
rite, granodiorite and quartzmonconites are, in
principle, synchronous with analogous volcanic
rocks. Magmatic rocks are consolidated at the sub-
volcanic-volcanic level, in the process of which
plutons are formed as "high plutons". According to
more recent ideas, granites in the zone of autono-
mous activation were formed by metasomatic
transformation of granodioritic plutons.

There are numerous and varied mineral de-
posits in the zone of Cenozoic autonomous activa-
tion. Interesting occurrences of tin and niobic tan-

talum are the only ones genetically linked with the
granites (Cer, Bukulja). All the other endogenous
deposits are paragenetically linked with the vol-
canic-intrusive complexes of granodioritic magma.
The magnetite deposits (Suva ruda type) magnetite
and hematite (Damjan type) — belong to typical
metasomatic scarns. The copper deposits are either
porphyric (Bucim) or vein-impregnation (Zlatica,
Plavica). The molybdenum deposits are stockwork
impregnated (Mackatica). The lead and zinc depos-
its are of scarn type (Rudnik), hydrothermal-meta-
somatic (Sasa, Toranica) or vein type (Zletovo).
The antimony deposits are usually monomineral
(Krstov Dol), but there are also transitions to lead-
antimony, arsenic-antimony deposits.

Logical metallogenic analysis was made pos-
sible for the first time by the distinguishing of the
megastructures in the Tertiary autonomous activa-
tion zone. Thus the megastructures correspond to
the ore districts and coincide with the centres of-
magmatic activity, while the distribution of min-
eral deposits in them is found to be distinctly later-
ally zoned. The lesser ringlike structures corre-
spond to the structure of the ore fileds or mineral
deposits, as we are showing that later on the
Bukovik-Kadiica polymetallic ore system.

SOME MORPHOSTRUCTURES RELATED TO THE CENTRAL PART
OF THE SERBO-MACEDONIA MASSIF

From the general point of view the Macedo-
nian territory have passed through the detailed geo-
logical evolution. One part of the territory of the
Macedonia belongs to the SMM and Pelagonian
massif as old crystaline complexes. These two
complexes are divided by the riftogene Vardar
zone, which has been represented by ophiolite me-
lange and Jurassic and Cretaceous molasse sedi-
ments. Within the SMM dominate Precambrian,
Riphean-Cambrian and Paleozoic rocks.

The Cenozoic tectono-magmatic activizitation
happened in the eastern parts of Macedonia and
has been manifested by deposited structural ele-
ments in the existing relief and occurrence of vol-
canogene-intrusive magmatic complexes in condi-
tions of disseminated spreading. In frame of the
newly formed structures dominate fissure zones of
lineament type, riftogene zones with emphasized
concentric structures of different sizes etc (Fig. 3).

Serbo-Macedonian massif as a remarkable

geotectonic unit has been built of two structural-
lithological complexes or more precisely two meta-

morphic complexes (upper and lower). Lower
metamorphic complex is represented by highly
metamorphic rocks such as gneiss, amphibolites
followed by quartzites, marbles and migmatites.
Upper metamorphic complex is lying trangresive-
lly over the lower complex. It is repreented by
greenschist facies, where dominate chlorite, chlo-
rite-sericite, chlorite-amphibolite and graphite
schists and quartzites. These complexes were in-
truded by different types of granitoide intrusions
during the Baikal, Caledonian, Herzinian and Al-
pine cycle. Metamorphic rocks represented as
complex forma and cumulates have direction NW-
SE and sometimes are forming submeridian flex-
ures.

Cenozoic activization at the territory of the
Republic of Macedonia enclosed the most complex
geotectonic units such as Vardar zone and SMM.
Its occurrence is mainly along fissures of general
NW-SE direction and activated meridian cracking
zones and faulting systems of general NE-SW di-
rection. In a such conditions came to complete re-
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distribution of the lineament structures network
when on the main direction of Mesozoic structures
NW-SE (340°) occurred fault system of the same
direction but slightly different angle (320°). Later
ones determined the structural plan of the area of

the Cenozoic activization. The results from the sat-
ellite images and morphostructural analysis of
modern relief allowed determination of three zones
of similar direction, mainly NW-SE (Fig. 4).
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Fig. 3. Morphostructural scheme of the Eastern Macedonia
1) Height peak, 2) Boundary of Macedonian dome, 3) Boundary of local dome, 4) Boundary of concentric structures, 5) Occurences
of structures by satellite images, 6) Faults, 7) Faults zone systems of ortogonal strike, 8) Zones of oblique cuts of N-W strike.
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Fig. 4. Scheme of the Cenozoic metallogeny in the Eastern Macedonia
1) Cenozoic magmatic rocks, 2) Followed fissure, 3) Faults defined by satellite images and morphostructural analysis,
4) Fissure zones and cracking systems, 5) Semi-curved structures and calderas, 6) Pericline structures, 7) Metallogenetic zones,
8) Polymetallic deposits (a) and ore occurrences (b), 9) Copper deposits and occurrences, 10) Uranium deposits,
11) Tungsten deposits, 12) Antimony deposits, 13) Iron deposits
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These systems practically determined the an-
gle of graben structures, which have been filled
with Cenozoic sediments. Numerous drill holes
drilled in the Kocani geothermal area confirmed
the composition of those graben structures. It
should be pointed out that along the fissure struc-
tures, of general direction NW-SE, was localized
Tertiary magmatism, also. It controled the Ceno-
zoic metallogenetic zones (Fig. 4).

Activated cracking zones of meridian direc-
tion quite common comply with flexures directions
of flexures in already formed sediments in grabens.
Mainly were distinguished three crack zones,
which have played an important role as ore bearing
structures and localization of the ore fields and ore
knots (Fig. 4).

Especial feature within these structural ele-
ments are the faulting structures with general di-
rection NE-SW which relicts are saved up to date.
They have controled seismic zones and have
shown influence to the loalization of mamatic bod-
ies and ore mineralization on places where struc-
tures of NW-SE cross cut. These types of struc-
tures are common in so called wide zones of re-
laxation. After the activization of Cenozoic faults
followed stage of formation of pericline structures
and systems of concentric structures of volcanic
type. In that context were distinguished numerous
volcanic calderas in frame of the Kratovo-Zletovo
volcanic area. With satellite images and morpho-
structural analyses has been determined that within
older concentric structures occurred radial fissures
which have been manifested by common presence
of faults with NW-SE direction (Fig. 4).

MORPHOSTRUCTURAL FEATURES OF THE BUKOVIK-KADIICA MINERALIZED SYSTEM

The Bukovik-Kadiica ore district has been
located in the most eastern parts of the Besna
Kobila-Osogovo-Tassos metallogenic zone (Alek-
sandrov, 1992) and it has been characterized by
complex polymetallic mineralization. Within this
ore district were determined ore body systems and
intersected dykes of quartz-latites with an absolute
age of 24—12 Ma. In this zone were located some
ore districts while by the detailed analyses were
found structures of the Osogovo polymetallic ore
district, where it was confirmed that the deposits
are situated on the dome's margins and their
intersection and crossing with the fissures of SW
meridian system and fissures of NW direction
(Serafimovski et al. 1997; Jankovi¢ and Serafim-
ovski, 1997; Thompson et al. 1998). All structural
elements were determined with detailed morpho-
structural analysis and interpretation of satellite
imagery. Since earlier it was proven that the
Macedonian territory had long and uninterrupted
development that allows use of the tectonic
elements in the field in determination of the ore
controling structures.

By analogy to Osogovo, structural-geomor-
phological analysis helped in the study of the
Bukovik-Kadiica ore district. Determination of tec-
tonic elements in the recent relief was done by use
of different set of metodologies: generalization of
horizontals, study of river network, interpretation
of satellite imagery etc. Relief analysis was based
on the topographic map at 1 : 100 000 scale and
remote prospecting materials at different scales.
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For eaxmple, we were using Earth Sat satellite
images at scale range 15 to 50 m (step 5m) and
covered area in range of 7.5 X 7.5 km to 25 x 25
km (step 2.5 km). Also, it was performed detailed
desk study of some previous materials related to
the area of interest.

Studied area has been located in the upper
parts of the Bregalnica River, Pehcevska River and
Celevica. In these water streams were formed two
systems: centrifugal in the upper parts of
Bregalnica and centripetal within the boundaries of
the Kadiica Mountain. the northern part of the area
is of mild mountain character and raises up to
1700-1900 m above the sea level, while the
southern part is slightly lower with altitude of
1000-1300 m, divided by wide valley with loose
direction and numerous water streams inflowing
into the main water-way (Tasev et al. 2008).

From north to the east, the lower part of the
area, has been surrounded by the raised arc with
altitudes of 1600-1700 m. Radial and radial-
centrifugal form of raised water-ways and lowered
parts allowed determination of two crossed oval
structures: southern one (11 x 8 km) and northern
one (7.5 x 6 km). Higher points, erosion study and
alluvial accummulation are pointing our to a slope-
like development with characteristic valleys and
slopes on the southern oval structure and raise of
the northern oval structure (Fig. 5).

Intersection of the oval forms has been com-
plicated by the ring structure 3.5 km in diameter.
The central part of that structure overlaps with the
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independently raised bukovik (1700 m). Around
the raised area there is a depression belt, which has
been articulated with the highest parts of Celevica,
Pehcevska-Rakocevica river valleys. To the east,
outer side of the structure has been limited by an
arc raised up to 1700—-1900 m.

Located group of ring structures has been
located on the intersection between the two meta-
llogenic zones: the polymetallic Besna Kobila-
Osogovo-Tassos and Kozuf-Aridea (encloses AlSar
deposit) with associated Pliocene mineralization.

The area of intersection is higher than earlier
mentioned zones and have complex composition.
According to that the Bukovik ring structure has
been located within the intersection of orthogonal
system of fissures determined on the linear tectonic
elements of the recent relief (Serafimovski et al.
2010). Dispositions of meridian direction represen-
ted as more fractured zones were determined from
the satellite imagery, while on the topographic they
were shown as fine linear elements in the relief.

Fig. 5. Morphostructural map of the Bukovik-Kadiica area, Macedonia (Tasev et al. 2008)
1-6 — hypsometric levels (in m): 1) lower than 800 m; 2) 800—1000 m; 3) 1000—1200 m; 4) 1200—1500 m; 5) 1500-1700 m;
6) more than 1700 m; 7) metallogenetic zones, structures, ocurrences on the topographic and satellite imagery; 8.) linear dislocations;
9) concentric structures boundaries; 10) concentric dislocations; 11) pliocene volcanics manifestations;
12) Bukovik-Kadiica ore deposit; 13) specialized metallogenetic zones
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These linear lincaments are directly exposed
to the upright systems (articulated tectonic flate-
ning, large water-ways curves recent graben inca-
vations). As it has been said already, orthogonal
systems run by direction and quite often are con-
nected by the fissure zones. Within the Bukovik-
Kadiica area has been detected linear zone that can
be followed from Gradiska until the Kadan Bunar,
in the corner of the upright Kozuf-Aridea metal-
logenetic zone. It is a deeply eroded zone defined
by welded rectilinear valleys, which can indicate

deep zones with the highest permability at the sur-
face.

According to the field and desk study of real-
ity in the field, satellite imagery, metallogenetic
features, professional literature etc., we have con-
cluded that morphostructural parameters of the
Bukovik-Kadiica area are characterized by struc-
tures of two general directions, NW-SE and NE-
SW ones. Also this study that mineralization was
closely associated to the intersection knots of ma-
jor structures have shown.

CONCLUSION

Macedonia experienced two periods of exten-
sion separated by two abbreviated periods of short-
ening in Cenozoic time.

The Cenozoic activization of NW-SE strike
diagonaly crossed through the large tectonic units
Dinarides, Vardar Zone, central parts of the Serbo-
Macedonian Massif and Rhodope massif. This ac-
tivization significantly contributed to the locali-
zation of the Cenozoic mineralizations within the
Eastern Macedonia

The disruption structures of of NW-SE direc-
tion control three major Cenozoic metallogenetic
zone. Two of them are characterized by the Oligo-
cene-Miocene magmatism and mineralization in
the major ore region Kratovo-Zletovo and Bucim-
Damjan-Borov Dol and the third one has been cha-
racterized by Miocene volcanics and related mine-
ralization in the Osogovo ore region (Bukovik-
Kadiica).
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T'IABHUTE AJIIIUCKHA CTPYKTYPHU U Cu-IIOPO®UPCKA MUHEPAJIM3AIINJA
BO CPIICKO-MAKEJOHCKHOT MACUB

Tonop Cepadumoncku’, Fopan Taces!, Kpcro. Baaxkes!, Anexcannp Boikos’

! Uncimuiyi 3a Teonotuja, Qaxynitieii 3a GipupoOHy u fexnuyxu nayku, Ynusepsuitein "Ioye Jlenues"
TIoue leaues 89, MK-2000 Liaua, Peiiyonruxa Makedonuja
2UTEM-Pycka Axademuja na Hayxuitie, Mockea, Pycuja
todor.serafimovski@ugd.edu.mk

Konyunn 360poBu: Cpricko-MakenoHCKH MacuB; MOpGOCTpYKTypH; KeHo30jcka akTuBH3aIHja;
MOJMMETAIMYHY MUHEPAIU3alUK; PYAHU CUCTEMH

Tl'eogunammakara eBoiynuja Ha Cpricko-MakeJOHCKHOT
MacHB MOXeE Jla C€ PasIiieyBa BO HEKOJIKY T'€OJIOLIKH U I'eo-
TEKTOHCKH €II0OXH, HO MHOry crenududHa e Kenosojckara
€BOJIyLIMja T'€O0JMHAMHUYKH, I'€OTEKTOHCKH, CTPYKTYpPEH, Mar-
MAaTCKH M METaJIOTEHETCKH acleKT. KeHo3ojckure JTOHTUTY -
HaJIHU CTPYKTYpPHU ce J1a00KM M MPEeTCTaByBaaT IPaHMIA KOH
Bapnapckara 30Ha o eaHa ctpana u CTpyma 30HaTa of Apyra
CTpaHa.

MopdocTtpykrypauTe (GopMUM OJ pa3UueH paHr H
HWHTEH3UTET C€ OJ TOJIEMO 3HAYEH-E 3a IPOCTOpHATa JAUCTPHU-

Oyuuja Ha pyaHata MuHepaiusanuja (Pb-Zn-Cu pyana obmact
KparoBo-3ieroBo, Cu-Au-Fe pynna o6nact Byunwm-Ilamjaw,
pynonocen cucrem Cu-Au-Ag-Fe Bykosuk-Kamuuia u 1p.).
JIOMHUHaHTHH CTPYKTypH BO pamkure Ha Cprcko-MakenoH-
CKHOT MacuB ce oHHe co mpasen C3-JU, xou ciyxene Kako
PYIOHOCHH cHCTeMH, ucTo Taka (pyaHa 30Ha becna KoGuia-
Ocoroo-Tacoc u MerasoreHeTcka 30Ha Jleme- X ankuIukm ).
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A bstract: The paper presents the results obtained for the fluoride content in some geothermal waters in Re-
public of Macedonia. The results made it possible to determine the dependence between fluoride and other chemical
elements in the geothermal water. Fluoride content was determined with jon-analyser (EA 920 ORION) and Ion se-
lective electrode for detection of trace fluoride. For chemical analysis was used 10% TISAB Alumina. Samples were
collected in plastic bottles and kept in dark place not longer than two months. Examination on other chemical ele-
ments was carried out with AES-ICP. First, the samples were filtered and preserved with HNO;,

Key words: fluoride; jon analyzer; AES-ICP

INTRODUCTION

Fluoride is an ion of the element fluorine, and
is a natural component in most water resources.

Fluoride is an essential element notably for
health (Frencken, J. E. 1992; USNRC 1993;
USPHS 1991). Fluoride is present in surface, more
in ground water and much more in geothermal and
mineral water (Allmann, R. and Koritnig,1974;
Deshmukh A. N. and Maple D. B. 1996; Gaciri S.
J. and Davies 1993; Handa B. K. 1975). Fluorine
content varies widely.

Fluoride content in water depends on several
factories such as:

— geology of the terrain,

— porosity and alkali of soil,

— type of rocks,

— pH values and temperature,

— chemical and physical properties of water—
bearing layer,

— depth of source,

Specific geological conditions which result in
higher concentration of fluoride in water are re-
lated to volcanic activity. Acidic rocks which are
poor in calcium and rich in fluoride under high
temperature activity release fluoride from the rocks
or fluids after eruptive processes and hydration in
water bodies.

Volcanic rocks and geothermal fluids can be
regarded as key factor for the high concentration
on fluoride in water (Lottermoser, B. G., and
Cleverley, J. S. 2007; Hem, J. D.,1989; Sharma S.
K.2003).

Fluoride is dissolved salt whose major sour-
ces in ground waters are apatite, mica and fluora-
patite. They are associated with water with high
pH values and low calcium concentration (Karthi-
keyan,.G, A. Shunmugasundarraj, 2008; Alagu-

— content of calcium ion which limits dissolu- muthu G and Rajan M 2008).
tion of fluorine to 3.1 mg/l concentration,
RESULTS AND DISCUSSION

Table 1 shows the chemical composition of

investigated waters. Dependence between F—CI,
F—Na, F—Ca, F-Mg, F—As, F—Al, F—Fe, F —Cr

is shown on Figs. 1-8. Correlation coefficient can
be seen from the results given in Table 2
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Table 1
Chemical composition of investigated geothermal waters
KeZovica Kumanovo Katlanovo Konjari Bansko Istibanja
As 0.177 0.076 0.004 0.060 0.016 0.187
Al 0.025 0.000 0.008 0.004 0.008 0.025
Sr 0.379 1.08 0.334 0.354 1.10 1.26
Ca 14.6 127.6 54.7 124.6 54.4 9.3
Ba 0.024 0.316 0.541 0.050 0.145 0.086
Mn 0.029 0.004 0.005 0.070 0.004 0.002
Fe 0.037 0.015 0.013 0.013 0.012 0.033
Cr 0.017 0.007 0.007 0.006 0.006 0.005
Mg 0.734 46.2 16.98 24.8 15.6 9.2
Na 524 311 27 70 189 543
F 14 0.58 1.5 0.33 1.8 5.4
P 0.024 0.022 0.022 0.761 0.005 0.003
Zn 0.019 0.008 0.596 0.178 0.007 0.005
Pb 0.011 0.003 0.014 0.001 0.001 0.006
Co 0.007 0.007 0.005 0.007 0.006 0.006
K 12.7 16.8 3.6 13.7 10.7 26.5
cr 1368 312 354 1259 232 267
NO;~ 0.059 0.068 0.029 0.066 0.029 0.016
NH, 0.029 0.044 0.098 0.050 0.058 0.057
Hardness concentracion
CaCO; (mg/l) 39.5 508.3 206.4 4134 200.0 60.8
Classification soft water very hard hard very hard hard soft water
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Table 2.
Correlation coefficient between F~ and Cl -, Na, Ca, Mg, Al, As. Fe and Cr
Cr Na Ca Mg Al As Fe Cr
Correlation coefficient (r) 0.5174 0.7383 -0.7121 —0.7268 0.8400 0.7456 0.8930 0.8801
CONCLUSION
' Investigations carried out led to the conclu- Higher value Lower value
sion as follows.
. . . . .. F Kezovica Konjare
Fluoride content is higher in Kezovica water !
CI' Kezovica Bansko

and lowest in Konjare water. Dependence between

—CI', Na, Al, As, Fe and Cr is proportional. Cor-
relation coefficient for F~ and CI™ has lower value,
0.5174 and correlation coefficient for F— and Fe
has higher value, 0.8930 Non-proportional de-
pendence was established between F—Ca and F
Mg with correlation coefficient, —-0.7121 and -
0.7268. Kezovica and Istibanja are soft water. Ku-
manovo and Konjari are very hard water. Kezovi-
ca water, except higher concentration on F~ has
higher value on CI", Na, Al, Fe and Cr.
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Na Istibanja, Kezovica  Katlanovo

Ca Kumanovo Istibanja
Mg  Kumanovo Kezovica
Al Kezovica, Istibanja ~ Kumanovo
As Istibanja Katlanovo
Fe Kezovica Bansko
Cr Kezovica Istibanja
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Konyunn 360poBu: ¢uryop; jon anammuzarop; AES-ICP

ConpxxunaTa Ha (UIyOPHIHUTE jOHH € HajBHCOKA BO BO-
nara oj KexxoBuna, a HajHrcka Bo Bozjara ox Komape. Kope-
nanyjaTa nmomery coap)kuHara Ha (IIyOpHIHM jOHH CO COAp-
xwuHata Ha CI', Na, Al, As, Fe u Cr nponopunonanua. Koegu-
UeHToT Ha kopenamuja 3a F—Cl” mma HajHHECKa BpemHOCT,
0,5174, a 3a F—Fe najBucoka, 0,8930. Kopenaujara nomery

koHneHnTpanujata Ha F—Ca u F —-Mg e obparHo nponoprmo-
HajHA co Koedunuentn Ha kopemaruja —0,7121 u —0,7268.
Bomure on KexoBuna u Mctubama ce MEKH BOJIH, a BOJUTE
on KymanoBo u Karnanoso ce mMHory TBpau. Bo Bojara on
KexxoBuma ce onpeneHn HajBUCOKH KOHIIETPAIUM HE CaMo 3a
¢uryopuaaute aHjond, Tyky u 3a Cl, Al, Fe u Cr.
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Abstract: Asurvey was carried out to determine the activity concentration and distribution of **K and gross
beta activity in the soil from the city of Kavadarci, Republic of Macedonia, and its environs. A total of 45 surface soil
samples were collected from evenly distributed sampling sites over an area of 360 km”. The activity concentrations of
4K were measured using a high purity germanium (HPGe) gamma-ray detector, while the gross beta activity meas-
urements were made using a low background gas-flow proportional counter. The obtained values for the activity con-
centrations of *’K were found to be in the range of 286+6 and 801+12 Bq/kg with an average value of 545+118
Bq/kg. The gross beta activities varied between 438+21 and 1052+36 Bq/kg, with an average value of 681+146
Bq/kg. These values allowed the determination of the elemental concentrations of potassium as well as the air ab-
sorbed gamma dose rate, which were found to range from 0.92+0.02 to 2.56+0.04% and from 11.9+0.1 to 33.4+0.5
nGy/h, respectively. The mean values of these parameters were 1.74+0.37% and 22.8+4.9 nGy/h. All obtained values
fall within the worldwide range as reported in the literature. A strong correlation between the content of potassium in

the soils and their geological origin was observed.

Key words: potassium; soil; gamma spectrometry; gross beta activity, activity concentration; absorbed dose rate,

lithological units

INTRODUCTION

External exposures outdoors arise from terres-
trial radionuclides present at trace levels in all soils
and the specific levels are related to the types of
rock from which the soils originate. There have
been many surveys to determine the background
levels of radionuclides in soils, which can in turn
be related to the absorbed dose rates in air. The
spectrometric measurements indicate that the three
components of the external radiation field, namely
from the gamma-emitting radionuclides in the **U
and *Th series and *K, make approximately
equal contribution to the external gamma radiation
dose to individuals (UNSCEAR, 2000).

Potassium is an essential element of human
metabolism and can be found in all living cells,
mainly in the muscular tissue. Natural potassium is
composed of three isotopes: K, “K and *K. Of
these naturally occurring potassium isotopes only
K is unstable, having a half-life of 1.28x10°

years. It occurs to an extent of 0.012 % in natural
potassium, thereby imparting a specific activity of
approximately 30 Bg/g potassium. *’K is a beta and
gamma emitter (89 % and 11 % of its radiation,
respectively) with respective energies of 1.3 and
1.46 MeV (Bowen, 1979).

Because of its relative abundance and its en-
ergetic beta emission, *’K is easily the predominant
radioactive component in normal foods and human
tissues. It is important to recognize that the potas-
sium content of the body is under strict homeo-
static control and is not influenced by variations in
environmental levels (Eisenbud, 1987).

Radioactivity levels of the environment de-
pend on geological aspects, mainly on rocks and
soil, where the radionuclides are found in varying
concentrations (Tzortzis and Tsertos, 2004). Rep-
resentative values of the potassium content of
rocks, as summarized by Kohman and Saito (1954)
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indicate a wide range of values, from 0.1 % for
limestones trough 1 % for sandstones and 3.5 %
for granite. The potassium content of soils of ar-
able lands is controlled by the use of fertilizers. It
is estimated that about 1.11x10" Bq is added an-
nually to the soils of the United States in the form
of fertilizer (Guimond, 1978).

The mean natural radionuclide contributions
to gross beta activity in soil are “’K and ***Ra beta
emitting decay products (Kiiciikkomeroglu et al.,
2008).

The aim of the present study is to measure the
beta activity levels in the surface soil over the
Kavadarci region, to assess the radiation hazard to
the population due to K and to investigate the
connection between the potassium content in the
soils and the geology of the terrain. The impor-
tance of this work arises from the fact that there is
no reference regarding this area concerning the *’K
activity concentrations in the soil.

MATERIAL AND METHODS

Study area

The city of Kavadarci is situated in Tikves
valley, about 100 km south of Skopje, the capital
of The Republic of Macedonia (Fig. 1). The study
area is limited with coordinates (Gauss Krueger
zone 7) 7574000 (W) -7592000 (E) and 4582000
(S) —4602000 (N).

Fig. 1. Location of the study area

The urban area is surrounded by hills from
east and south. Of the total 360 km® of the study
area, rivers and lakes cover 6 km®, cultivable land
221 km?, non-cultivable area 120 km’ and urban-
ized area 13 km® (Fig. 2). The Kavadarci region is
the main center of vine production in Macedonia
and south-eastern Europe and it is known for its
ferro-nickel industrial activity (Stafilov et al.,
2008; 2010).

The geological description of the study area
(Fig. 3) was made according to Rakicevi¢ et al.
(1965) and Hristov et al. (1965).

The region of Paleozoic and Mezozoic rocks
(Pz-Mz) cover approximately 39 km® in the SW
and W part of the investigated area and 7 soil sam-
ples were taken from this area. The Upper Eocene
flisch sediments and yellow sandstones (E-Flis) are
developed along Vardar, Crna Reka and Luda
Mara valleys, they cover approximately 34 km?
mainly in the north part of the investigated area,
where 4 sampling sites are located. The Pliocene
sediments (Pl-sand) fill the Tikve§ basin, they
cover the biggest part of the study area (about 182
km®) and from this region 23 soil samples were
collected. The Quaternary pyroclastic vulcanites
(Q) are found on the south-east from Kavadarci,
they are spread over an area of around 25 km® and
5 soil samples were taken. Quaternary ages is rep-
resented with deluvial (12 km?), terrace (23 km?)
and aluvial sediments (40 km?). On this lityhologi-
cal units 6 sampling sites are located.

Sampling

The soil samples from the city of Kavadarci
and its environs were collected for preparing a
geochemical atlas of this region and according to
the European guidelines for soil pollution studies
(Teocharopulos et al., 2001; Sajn, 2004). The in-
vestigated region was covered by a sampling grid
of 4x4 km® (Fig. 4) and a total of 45 soil samples
were taken. The samples were collected from the
upper 5 cm layer. Each sample represents a com-
posite material collected at the central sample point
and four points within the radius of 10 m around it
towards N, E, S and W. The mass of such sample
was about 1 kg.

Geologica Macedonica, 24 (1), 53-62 (2010)
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[ ] Holocene alluvium
[ ] Holocene river terraces
:’ Holocene deluvium
[ ] Pleistocene tuff

[ ] Pliocene sandy series
[ ] Eocene upper flysch zone
1]

Area of Paleozoic and Mesozoic rocks

Fig. 3. Lithological map of the study area
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Fig. 4. Soil samples locations in the Kavadarci area
Sample preparation About 200 mg of each soil sample were taken

The samples were mixed thoroughly, col-
lected in plastic bags and labeled properly. In the
laboratory, after removing the roots and stones, the
samples were air dried for about two weeks,
grounded, sieved and homogenized. The fraction
below 2 mm was used for the analyses. The data
have been expressed on dry weight basis.

Geologica Macedonica, 24 (1), 53-62 (2010)

for measurement of the gross beta activity, trans-
ferred into a 2-in. diameter stainless steel plan-
chete, evenly spread, fixed with acetone and dried
under infrared lamp.

For gamma spectrometric analyses of *K
prepared soil samples of about 150 g each were
stored in standardized cylindrical plastic contain-
ers.
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Radiological analyses

The measurement of gross beta activity in all
soil samples was performed using MINI 20 Very
low background multiple detector counting system
for low alpha/beta activities, Eurysis Measures.
The detectors used were gas flow proportional
counters. The system was calibrated with prepared
standard samples which contain known concentra-
tion of K. The counting time was 60 minutes, by
four independent detectors in the system, simulta-
neously. Each sample was counted for three times
in a row and the results were given as an arithmetic
mean with the statistical error.

For the measurement of activity concentrations
of “K in the soil samples a high resolution gamma-
ray spectrometer consisting of a coaxial P-type
HPGe detector with a relative efficiency of 27.1 %
was used. The detector was coupled to a Canberra
multi-channel analyzer (MCA). The resolution was
2 keV at 1.33 MeV of “Co. The detector was
shielded in an 8 cm lead chamber with an inner
lining of 2 cm thick copper plate to reduce the back-
ground. The results were analyzed by Genie-2000
software (Canberra). A reference sample (Soil-
375) provided by the International Atomic Energy

Agency was used for the efficiency calibration of
the system. Each sample was counted for 60 000 s.

The activity concentration of *’K was deter-
mined using its single 1460.8 keV gamma-ray line
and converted to total elemental concentration of
potassium, reported in %, using the following
equation (Tzortzis and Tsertos, 2004):

_ Mg -C-Ag
ANy fuE

where F% is the fraction of element E in the sam-
ple, Mg, Ag, far and Ag are the atomic mass
(kg/mol), the radioacivity decay constant (s™), the
fraction atomic abundance in nature and measured
activity concentration (Bq/kg) of the corresponding
radionuclide, respectively, N, is Avogadro’s
(6.023 x 10 atoms/mol) and C is a constant with a
value of 100 for potassium.

E

The absorbed gamma dose rate in air 1 m above
the ground (D), proceeding from the gamma emis-
sions of “K, in nGy/h, was calculated on the basis
of guidelines provided by UNSCEAR, 2000:

Dg=10.0417-Ak

where Ay is the activity concentration of “’K (Bg/kg).

RESULTS AND DISCUSSION

The obtained results for the minimum, maxi-
mum and average values of gross beta activity and
the activity contrations of “’K in Bg/kg of dry soil,
the calculated content of potassium (in %) and the
absorbed gamma dose rate (in nGy/h) are pre-
sented in Table 1.

Table 1

The minimum, maximum and average values
of gross beta activity, activity concentration of K,
elemental concentration of potassium
and the absorbed gamma dose rate

Minimum  Maximum  Average
Gross beta activity
(Bg/kg) 438+21 1052+36 681+146
K (Bg/kg) 286+6 80112 545£118
K (%) 0.92+0.02  2.56+0.04  1.74+0.37
Dy (nGy/h) 11.9+0.1 33.440.5 22.844.9

The gross beta activity of the soils varied be-
tween 438421 and 1052436 Bg/kg, with an aver-
age of 681146 Bg/kg. The map of the distribution
of the gross beta activity in the studied area is
shown in Fig. 5.

Total Beta (Bg/kg)

560 580 630 68D 740 810

Fig. 5. Map of the distribution of gross beta activity
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The activity concentration of potassium in the Table 2
soil samples was found to be in the range from
286+6 to 801+12 Bg/kg, with an average of
545+118 Bg/kg. The elemental concentration of
potassium ranged from 0.92+0.02 to 2.56+0.04%, Region References g
with an average of 1.73+0.37%. The distribution of

Activity concentrations of K (Bq/kg) measured
worldwide

. . . . . . P buco, Brazil Santos Jr., et al. 2005 1827
potassium in the studied area is shown in Fig. 6. crnambueo, Brazit - Santos I, et a
' ..;-:. : s “ Thanjavur, India ggrllghllkumar ctal, 149.5+3.1
e 2 ' : v Riyadh, Saudi Arabia Alaamer, 2008 225463
Ontario, Canada ~ Vonden Bygaartet ¢y 5,166 4
al., 1999
Marmara Region, 40 o¢ 1. 2007 442.5+189.9
Turkey
West Bank, Palestina Dabayneh et al., 2008 630
. Psichoudaki and
Ptolemais, Greece Papacfthymiou, 2008 496+56
Punjab, Pakistan Tabhir et al., 2005 307+101
Vojvodina, Serbia Bikit et al., 2005 554192
Nigeria Ajayi, 2009 286.5+308.5
Kiiciikomeroglu et
Turkey al., 2008 51-1605
Veles region, Dimovska et al., 2010 585.7 + 86.4
Macedonia
Worldwide average =~ UNSCEAR, 2000 400 (140-850)
ST This work 545+118
[ I |
440 480 510 550 600 &50
Fig. 6. Map of the distribution of *’K The calculated air absorbed gamma dose rate

values varied from 11.9+0.1 to 33.4+0.5 nGy/h,
with a mean of 22.8+4.9 nGy/h.

The statistical data for gross beta activity and
the activity concentration of *’K, according to the
basic lithological units, are given in Table 3.

The measured activity concentration of *’K
were compared with the values reported worldwide
as shown in Table 2.

Table 3

The minimum, maximum and average values of gross beta activity and activity concentration
of “’K according to the basic lithological units

Lithological unit Minimum Maximum Average

Gross beta activity (Bq/kg) Pz-Mz 438+21 1052436 681+146
E-Flis 4941425 688+28 591491

Pl-sand 490+27 868433 625491

Q-Tuf 744+£29 1030+34 880+102

Q-Al 612+£26 1012433 790+136

YK (Bg/kg) Pz-Mz 28646 75611 481+144
E-Flis 374+6 54147 450469

Pl-sand 400+6 754+11 523477

Q-Tuf 588+8 780£11 677£73

Q-Al 469+7 801+12 662+121

Geologica Macedonica, 24 (1), 53-62 (2010)
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The highest average values for the activity
concentration of *’K and gross beta activity
(677+£73 Bg/kg and 880+102 Bq/kg, respectively)
are found in the regions of Pleistocene tuff (Q-

10040

Tull
Q

Rucks
(P2-Mz) Sand
Flosch (Pl
(E)

00

400

Total Beta (Bg/kg)

200

[

Fig. 7. Average gross beta activity according
to the basic lithological units

Tuf), whereas the lowest average values (450+£69
Bg/kg and 591+£91 Bg/kg, respectively) occur in
the areas of the Eocene upper flysch zone (E-Flis)
(Figs. 7 and 8).

SiH)

Tufl
Q) Alluvium

Qr

6y

40

YK (Bykg)

200

L

Fig. 8. Average activity concentration of *°K according
to the basic lithological units

CONCLUSION

The calculated average value for the gross
beta activity in the analyzed soil samples is
681+146 Bqg/kg. The common values range from
several hundreds to 1000 Bg/kg (ISO 18589-3,
2007). The gross beta activity in environmental
samples derives mainly from the presence of *K
and also the other natural beta emitting radionu-
clides. The high obtained value for the linear coef-
ficient of correlation r (0.82) between the gross
beta activity and the activity of “’K is in an agree-
ment with the literature data.

The average activity concentration of *’K

measured in the soil samples from the region of
Kavadarci and its environs (545+118 Bg/kg) is

comparable with the values for the activity concen-
tration of *’K in the soils from other region in Ma-
cedonia and the neighboring countries (Serbia,
Greece). It is slightly higher than the worldwide
average, but still in the range of UNSCEAR 2000
report, which is 140-850 Bg/kg.

The highest average values for the investti-
gated parameters are found in the regions of Pleis-
tocene tuff and Holocene alluvium of the rivers
Vardar, Crna Reka and Luda Mara, whereas the
lowest average values occur in the areas of the Eo-
cene upper flysch zone, which proves the relation
between the content of potassium in soils and their
geological origin.
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ONPEJEJYBAILE HA AKTUBHOCTA HA “K U BKYIIHATA BETA AKTUBHOCT BO IMTOYBATA
Ol KABAJIAPIIU U HET'OBATA OKOJIMHA

Cuesxana Jlumoscka’, Tpajue Ctapmiaos?, Podepr llaju’

! Unemuiiyid 3a jasno 30pasje, 50 Jueusuja 6, MK-1000 Croiije, Maxedonuja
Uncimuiyim 3a xemuja, Ipupodno-vailiemaitivuky (axynidei, YuusepsuiGiei ,, Ce. Kupun u Metoouj* éo Cxopje,
i. gax 162, MK-1001, Crkoiije, Pepybnuxa Maxedonuja
STeonowiku 3a600 na Cnosenuja, Jumuuesa 14, 1000 Jbyb.wana, Cnogenuja
trajcest@ pmf.ukim.mk

Kityunu 300poBu: KajinyM; IIOYBa; raMa CHEKTPOMETpPH]ja; BKyITHA OeTa akTHBHOCT, clieliu()HIHa aKTUBHOCT,
Op3MHa Ha rama 7103a, JJUTOJIOIIKH CANHHUIIH.

HcnutyBame Oelle M3BPIICHO CO IEN Ja Ce ONpeieIy
akTUBHOCTa M AucTpubynujata Ha K u BkynHaTa 6eTa akTHB-
HOCT Bo mouBarta oj Kasamaprm, Pemybmuka Makenonuja, u
HEroBaTa OKOJIMHA. 3¢MCHHU Ce BKYMHO 45 MpUMEpOLH O] MOo-
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BPIIMHCKU TIOYBU OJf PAMHOMEPHO PAaCIIOpEICHH JIOKAIWH, Ha
moBpmmHa o1 360 km?. CrenupUIHATE aKTHBHOCTH Ha K
Oca MepeHn co momont Ha [1-Tum koakcujaieH rama AeTEKTOp
Ol TEpMaHUYM CO BHCOKa YHCTOTA, JOACKa Mepemara Ha
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BKyIHata 0eTa akTHBHOCT Oea W3BPIUCHH CO KOPHUCTCHC Ha
HHCKO(OHOB TaCHO-IIPOTOYEH MpOIOpLHoHaneH Opojad. o-
OMeHHTEe BPETHOCTH 3a CHelu(UUHATA aKTHBHOCT Ha ‘'K ce
nBmxkat ox 286+6 no 801+£12 Bq/kg, co cpenHa BpemHOCT Of
5454118 Bg/kg. BkymHara Gera akTHBHOCT Bapupa HoOMery
438+21 u 1030+£36 Bg/kg, co cpenna BpemHoct on 681+146
Bg/kg. OBue nomaTony oBO3MOXKH]ja Jla Ce MPECMeTa KOHIICH-
Tpalyjata Ha KaJuyM, Kako M Op3MHaTa Ha rama jgo3ata Ha

3paueme, kou u3Hecysaa of 0,92+0,02 no 2,56+0,04 % u on
11,9+0,1 mo 33,4+0,5 nGy/h, coonsetrHo. CpeHHUTE BpeIHOC-
TH Ha oBHe mapamerpu Oea 1,74+0,37 % u 22,844,9 nGy/h.
Cure 1o0HMeHN BPETHOCTH C€ CIOPEUINBH CO IIPOCEIHUTE BO
CBEeTCKHM paMKH, o0jaBeHH BO JUTepaTypara. Pesyiratute on
aHaNIM3aTa yKaKyBaaT Ha CHIJIHA OBP3aHOCT MOMery 3acrare-
HOCTa Ha KaJMYMOT BO MOYBUTE U HUBHOTO T'€OJIOIIKO MOTEK-
J10.
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Abstract: The Allsar Au-Sb-As-TIl mineral deposit, Macedonia, occurs in the southern part of the Vardar
zone. The deposit carries Carlin-type of mineralization hosted by calcareous sedimentary complex. Mineral assem-
blages and alterations display characteristic zonal distribution. According to the fluid inclusion data, mineral deposi-
tion occurred as a result of cooling, dilution and neutralization of the ore-bearing fluids. Neogene magmatism (4.6 to
5.8 Ma) served as the heat source responsible for driving convective hydrothermal circulation at the AllSar deposit.

Key words: carlin; gold; thallium; arsenic; antimony; fluid inclusions; K/Ar dating

INTRODUCTION

The Allsar Au-Sb-As-T1 mineral deposit is
located at the north-western margins of Kozuf Mts.
in the southern part of the Vardar zone, 110 km SE
from Skopje, Macedonia (Fig. 1). The deposit is
unique in the world because of the presence of the
mineral lorandite (T1AsS,), which is of particular
interest for nuclear physicists and geochemists.
Lorandite offers the possibility of geochemical de-
tection of proton—proton-solar neutrinos which
have very low detection limits and threshold ener-
gies (Pavicevi¢ et al., 2006).

Several studies have been carried out at the
Allsar deposit, including ore-stage mineral par-
agenesis (Jankovi¢, 1988; Jankovi¢ & Jelenovic,
1994; Percival & Radtke, 1994), characterization
of the petrological and geochemical features of the
volcano-intrusive complex of the Kozuf Mts.
(Boev, 1988; Karamata et al., 1994), age of vol-
canic and hydrothermal activity in the area (Jakupi
et al., 1982; Lippolt & Fuhrmann, 1986; Kolios et
al., 1988; Boev, 1988; Troesch & Franz, 1992),
and others. However, the questions about the na-

ture of mineralizing fluids (Beran et al., 1994),
sources of metals and the role of magmatism
(Frantz et al., 1994) are still open. Similar prob-
lems remain a contentious issue for the worldwide
Carlin-type deposits as well (e.g., Hofstra & Cline,
2000; Su et al., 2010).

The deposit displays distinctive features of
the Carlin-type of mineralization as (1) strong
structural control of mineralization by faults and
folds; (2) calcareous sedimentary host rocks of di-
verse facies + igneous rocks; (3) decarbonation,
silicification, argillization and sulfidation altera-
tions; (4) submicron gold in association with py-
rite, arsenian pyrite and arsenopyrite and (5) geo-
chemical signature of Au, As, Hg, Sb and Tl (Rad-
tke, 1985; Hofstra & Cline, 2000).

The mineralization occurs within the three,
not sharply defined, zones (Fig. 1): (1) Southern,
high temperature, zone characterized by domi-
nance of Au mineralization accompanied with
variable amount of Sb and As minerals; (2) Central
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part of the deposit beside Au, Sb and As minerali-
zation contains significant amounts of T1 minerals,
minor amount of Ba, Hg and traces of Pb and (3)
Northern, low temperature, zone is represented by
As and TI mineralization, accompanied by minor
Sb and traces of Hg and Au (Ivanov, 1986; Jank-
ovi¢ et al., 1997).

The aim of the present study is to elucidate
the characteristics of fluid evolution by constrain-
ing the physico-chemical condition of Sb-As-TI

mineralization based on the analysis of fluid inclu-
sions. Beside microthermometry, analyses of
evaporate mound by scanning electron microscope
with an attached X-ray energy dispersive system
(SEM/EDX) is performed. Whereas the Au-Sb-As-
T1 mineralization shows close spatial relationship
to the volcanics, K/Ar dating of quartz latite is
used for the refinement of the mineral deposition
age.

GEOLOGICAL SETTING

The Allsar deposit is situated along a regional
fault belt between the Vardar zone on the east and
Pelagonian massif on the west. The deposit is re-
lated with a Neogene calc-alkaline volcano-
intrusive complex intruded into Paleozoic-
Mezozoic basement of the Vardar zone. The base-
ment is composed of Precambrian gneisses, meta-
morphosed Triassic complex (marble, dolostones,
minor schist) and Jurassic ophiolites followed by
Cretaceous and Tertiary flysch, carbonate rocks
and Neogene molasse deposits (Percival & Radtke,
1994; Jankovi¢ & Jelenovic, 1994). Volcanic activ-
ity in the area lasted between 7.0 and 1.8 Ma
(Boev, 1988). Its products are extrusive rocks,
ranging in composition from andesite, quartz-latite
to dacite, occasionally trachyte and latite, generally
enriched in K and Rb (Karamata et al., 1994), and
pyroclastic equivalents.

The mineralization, represented by dissemi-
nated submicrometer-sized gold particles and Sb-
As-T1 sulphides and sulfosalts and distributed over
an area extending 2500 m WE and 200 m SN,
shows a zonal pattern (Fig. 1). Zone I occupies the
southernmost part of the deposit. It is characterized
by extensive widespread replacement-induced sili-
cification containing variable concentrations of
gold, antimony and arsenic. The silicification var-
ies in intensity from partial to total replacement
(jasperoid). Central part of the deposit (Zone II)
beside gold, antimony and arsenic contains signifi-
cant amounts of thallium and minor amounts of
barium, mercury and lead. The mineralization is

hosted by argillized tuffs, Tertiary dolostones and
rarely Triassic carbonate rocks. Thallium minerali-
zation prevails within northern part of the deposit
(Zone I1I). The principal host rocks are altered car-
bonate and tuffaceous rocks (Ivanov, 1986; Per-
cival & Radtke, 1994, Jankovi¢ et al., 1997).

Sf('opje

S.tip
R.MACEDONIA

G
%,

AT Alluvium 15%
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0 250 500m

Fig. 1. Geographical and geological setting of the AllSar
mineral deposit, Macedonia (after Jankovié et al., 1997)

SAMPLES AND METHODS

Fluid inclusion studies were carried out to es-
timate the P-T-X conditions during the mineraliza-
tion. Microthermometric measurements were per-
formed on primary fluid inclusions within doubly

polished, ~0.3 mm thick, wafers of: (1) Quartz as-
sociated with high temperature sulfide mineraliza-
tion (Zone I, Fig. 1); (2) Quartz and calcite from
central part of deposit (Zone 11, Fig. 1), (3) Real-

Geologica Macedonica, 24 (1), 6371 (2010)



Fluid Inclusions and K/Ar Dating of the Allsar Au-Sb-As-TI Mineral Deposit, Macedonia 65

gar, orpiment, lorandite and dolomite associated
with sulfide mineralization barren of Sb and en-
riched in As and T1 (Zone III, Fig. 1) and (4) Agate
associated with an low temperature mineralization
northernmost of Zone III (Fig. 1). Measurements
were conducted at Linkam THMS 600 stage
mounted on Olympus BX 51 microscope using 10x
and 50x Olympus long-working distance objective
lenses for visible light. Two synthetic fluid inclu-
sion standards (SYN FLINC; pure H,O, mixed
H,0-CO,) were used to calibrate equipment. The
precision of the system was +2.0°C for homogeni-
zation temperature, and +0.2°C in the temperature
range between —60 and +10°C.

Ultraviolet (UV) fluorescence microscopy of
hydrocarbons bearing inclusions was performed at
Olympus BH 2 photomicroscope under magnifica-
tion of 300x. The technique involves stimulation of
a thin section by UV (ultraviolet light at 450—490
nm wavelength), which causes the specimen to
fluoresce in the visible light spectrum. This visible
light is captured in a specially adapted optical mi-
croscope. Organic materials, mostly hydrocarbons
in the form of mobile oil, bitumen and “dead” oil,
kerogen and other detrital organic components, are
activate UV fluorescence. Therefore, mineral hosts
with organic inclusions can be identified. Matura-
tion degree of hydrocarbons is a function of colors
displayed under UV and can be approximated us-
ing method described after Hagemann & Hollen-
bach (1986) and McLimans (1987).

Analyses of evaporate mounds were carried
out to constrain the chemical composition of min-
eralizing fluid. Analyses were focused on realgar
and orpiment used for microthermometry. Evapo-
rate mounds were prepared according to the proce-
dure described by Kontak (2004). The doubly pol-
ished wafers of realgar and orpiment were rapidly
heated at heating-freezing stage described above.
Massive decrepitation of fluid inclusions within
realgar occurs in the range between 180 and
220°C. Although leaking of fluid inclusions within
orpiment starts at temperature below 100°C, sam-

ples were heated at 160°C to produce enough
evaporate mounds. Decrepitated wafers were re-
moved on Cu tape attached to metal plate and
transferred to the SEM, ready for chemical analy-
sis. Evaporate mounds were located using back-
scattered (BSE) and secondary electron (SE) imag-
ining. The analyses were done using the following
operating conditions: 340 pum beam, accelerating
voltage 15 kV, current 10 nA and counting time 40
seconds.

Measurements of K/Ar ages were performed
at the Institute of Nuclear Reasearch of the Hun-
garian Academy of Science (ATOMKI), Debrecen.
The samples were crashed to 0.063-0.315 mm
size. Mineral separation was done by magnetic
field and heavy liquids. One aliquot of samples
(100 mg) was pulverized for potassium determina-
tion. Powders were digested in HF with the addi-
tion of some sulphuric and perhloric acids. The
digested samples were dissolved in 100 ml 0.25
mol/1 HCI and diluted fivefold. Na and Li (100
ppm) were added as buffer and internal standard.
Potassium concentration was measured with a digi-
talized flame photometer. Another aliquot of sam-
ples (500 mg) was used for Ar analyses. The sam-
ples were degassed by high-frequency induction
heating, and the conventional getter materials were
used for cleaning Ar. The **Ar spike was intro-
duced to the system from a gas pipette before de-
gassing. The cleaned Ar was directly introduced
into the mass spectrometer, operated in the static
mode. Recording and evolution of Ar spectra was
controlled by a microcomputer. Details of the in-
struments, the applied methods and results of cali-
bration have been described by Balogh (1985).

X-ray diffraction spectra were obtained on
random oriented powders with a Phillips PW
3040/60 X’Pert PRO X-ray diffractometer with Cu
Ko radiation at 45 kV and 40 mA (a counting time
of 0.5 s per 0.5° step was used for 20 in the 4-63°
range). Samples powder was pressed on holder
before measurements in order to minimize possible
orientations effects.

RESULTS

Microthermometry of fluid inclusions

Microthermometric measurements were per-
formed on primary, L+V, inclusions within quartz
samples from the Zone I (Fig. 2.a). First melting
(eutectic temperature, Te) obtained in interval be-
tween —44.0 and —58.0°C (Fig. 3.a) indicates the

Geologica Macedonica, 24 (1), 63-71 (2010)

presence of bivalent cations, probably Ca*" or
Mg*", within the system (Crawford, 1981). Final
melting of hydrate (T hydl) was recorded in tem-
perature range between —24.2 and —42.0°C (Fig.
3.b). Ice melting temperatures (Tyice) in interval
from -2.4 to —18.1°C (Fig. 3.c) point to salinity
between 4 to 21.3 wt.% NaCl equ. Homogeniza-
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tion (Ty,) by vapor disappearance occurred in tem-
perature range from 131 to 200°C (Fig. 3.d). Only
one fluid inclusion nucleate recognizable chlatrate
phase melted at temperature of —0.5°C (T,chl),
suggesting presence of CO, and salinity of 16 wt.%
NaCl equ. Homogenization temperature was re-
corded at 201°C.

Microthermometric  measurements ~ within
quartz (Fig. 2.b) and calcite (Fig. 2.c) from Zone 11
were conducted on two-phase (L+V) inclusions of
the primary origin. The initial melting temperature
(T.) in range between —50.0 and —56.0°C indicates
presence of bivalent cations (Fig. 3.a). Final melt-
ing of hydrate (T,hydl) was noticed between —
27.2 and -39.0°C (Fig. 3.b). Ice melting tempera-
tures (Tpice) in interval from —10.5 to —13.1°C
(Fig. 3.c) is in concordance with salinity between
14.5 and 17.1 wt.% NaCl equ. Homogenization
into liquid phase occurred in range from 120 to
165°C (Fig. 3.d).

Microthermometric measurements were car-
ried out on the primary, L+V, inclusions hosted by
realgar (Fig. 2.d), orpiment (Fig. 2.e), dolomite
(Fig. 2.f) and lorandite (Fig. 2.g) from Zone III.
The eutectic temperature (T.) in an interval betwe-
en —50.3 and —54.2°C indicates presence of biva-
lent cations (Fig. 3.a). Melting runs in the tempera-
ture range between —35 and 0°C determined exis-
tence of two hydrates. Melting of the first hydrate
(Tyyhyd1) was recorded in temperature interval be-
tween —22.0 and —24.5°C (Fig. 3.b). Temperature
interval of the final melting of the second hydrate
(Tyyhyd2) is observed between —11.0 and —15.4°C
(Fig. 3.b). The ice melting temperature (Tyice) the
interval between —1.5 and —4.1°C (Fig. 3.c) corre-
sponds to salinity of 2.6 to 6.9 wt.% NaCl equ.
Homogenization within quartz and dolomite into
liquid phase (T,) was recorded between 120 and
152°C (Fig. 3.d). Temperature of total homogeni-
zation within orpiment and lorandite was not re-
corded due to massive decrepitation of fluid inclu-
sions at lower temperatures.

Fig. 2. Fluid inclusions within a) quartz (Zone I); b) quartz (Zone II); c) calcite (Zone II); d) realgar (Zone III);
e) orpiment (Zone III), f) dolomite (Zone III); g) lorandite (Zone I11); h) agate (north of Zone III).
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Fig. 3. Frequency distribution of a) the eutectic temperature; b) melting temperatures of hydrates; c) the last melting temperature of
ice; d) homogenization temperature within vapor phase.

Microthermometric measurements were per-
formed on aqueous inclusions containing CO, and
hydrocarbons and multiphase hydrocarbon inclu-
sions within agate (Fig. 2.h). During heating of
aqueous inclusions containing CO, and hydrocar-
bons first homogenization in temperature range
from +31.0 to +33.0°C occur within vapor bubble
(liquid to vapor transition). Total homogenization
to liquid state was recorded between 102 and
125°C (Fig. 3). Melting of chlatrates at tempera-
ture range from 2.4 to 7.0°C corresponds salinity
from 6.0 to 13.5 wt.% NaCl equ.

Complex hydrocarbons bearing inclusions are
remaining unfrozen at minimum stage temperature
of —180°C. During subsequent heating, only ob-
served changes within these inclusions were reduc-
tion in size or shape of some of the components,
omitting the complete phase transitions. None of
these inclusions were homogenized before decripi-

tation, which occurred at temperatures range from
170 to 180°C.

Ultraviolet fluorescence microscopy

Ultraviolet (UV) fluorescence microscopy
was performed on hydrocarbons bearing inclusions

Geologica Macedonica, 24 (1), 63-71 (2010)

trapped within agate. This type of inclusion shows
yellow and green fluorescence suggesting imma-
ture organic matter (e.g., Hagemann & Hollerbach
1986; McLimans 1987; Bodnar 1990). The inten-
sity of fluorescence is increasing with the size of
inclusions. Also, UV microphotographs show
presence of various pieces of organic matter
trapped within agate, with similar fluorescence
colours to the described inclusions.

Composition of evaporate mounds

Analyses of realgar samples indicate Na and
K chlorides composition of evaporate mounds. The
presence of Al is also observed. A comparison of
composition of evaporates mounds and microther-
mometric measurements points to composition of
hydrates present within frozen inclusions. Hydrate
with final melting temperature in the range be-
tween —22.0 and —24.5°C (T,hyd1) is hydrohalite
(NaClx2H,0). Hydrate with temperature interval
of the final melting between —11.0 and —15.4°C
(Tyyhyd2) is KCIx2H,O0.

Analyses of orpiment samples point that
evaporate mounds consist only of Na and K chlo-
rides (Fig. 4).
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Fig. 4. Bivariate plot of homogenization temperature versus salinity

K/Ar dating

The K/Ar age dating was performed on
quartz-latite sample collected on the Kozuf Mts.,
approximately 0.5 km N from the deposit. The
whole rock and separated concentrate of horn-
blende, feldspar and biotite obtained K/Ar ages
range from 4.6 to 5.8 Ma. The analytical data and
ages of whole rock sample and separated minerals
are shown in Table 1.

Table 1

The K/Ar data obtain on quartz-latite from the
Kozuf Mts., Macedonia.

Dated K OAr* OAr*  K/Ar age

Sample fraction % cm’/g % (Ma)

MK-1. Wholerock 3.05 5.486x107 40.6 4.62+0.19
MK-1. hornblende 1.90 4.399x107 33.1 5.79+0.21
MK-1. Biotite 4.45 9.719x107 362 5.61+0.20

MK-1. feldspar 2.14 4291x107 389 5.15+0.21

DISCUSSION

The AllSar deposit shares several common
features with the Carlin-type deposits worldwide:
(1) structural controls of mineralization; (2) cal-
careous sedimentary host rocks mostly accompa-
nied with igneous rocks; (3) alterations including
decarbonization, silicification, argillization and
sulfidation; (4) submicron-sized gold in association
with Fe-sulfides and (5) enrichment in Au, As, Hg,
Sb and TI.

The deposit is characterized by a zonal distri-
bution of mineral assemblages and alterations. The
fluid inclusions study reveals a change in tempera-
ture and composition of the mineralizing fluid

across the different zones of the deposit (Fig. 4).
Homogenization temperatures and salinities de-
crease from the southern toward the northern part
of the deposit interpreted as a result of cooling and
dilution. The main dissolved salts in the southern
zone are Ca-Na-chlorides with a Na/Ca molar ratio
between 0.2 and 19.3. In the central part of the de-
posit, the Na/Ca molar ratio varies in a narrow
range between 0.3 and 1.3. In the northern part of
the deposit, fluids are enriched in potassium. The
presence of CO, is related to Sb-bearing jasperoids
(Zone 1) and to the opal precipitated north of the
Zone III.

Geologica Macedonica, 24 (1), 6371 (2010)
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The ore fluids transported gold, arsenic, anti-
mony, thallium, mercury and iron. The dominance
of marcasite over pyrite in Zone I suggests a pH
below 5. The mineralization consisting mainly of
sulfides suggests that the ore forming fluids were
enriched in reducing sulfur. Under such condition
thallium is a very mobile element (Vink, 1993).
Chemical analyses of country rocks within the
Allsar deposit suggest volcanic and tuffaceous
rocks as a possible source of thallium (Percival &
Radtke, 1994; Frantz et al., 1994). Reaction of the
ore fluids with the host carbonates resulted in an
increase of pH in the northern part of the deposit.
Whereas thallium sulfides show a small stability
field under alkaline and reducing conditions (Vink,
1993) an increase in pH would optimize the thal-
lium precipitation.

Although the Carlin-type deposits worldwide
are spatially affiliated to organic rich carbonate
rocks the role of organic matter in this type of min-
eralization is still unknown. Early observations on
the Carlin deposit, Nevada, USA (e.g. Joralemon,
1951) suggested that metals were precipitated by
reactions between mineralizing fluids and organic

matter from the wall rocks which had served as a
reductant or that metals were transported by or-
ganometallic complexes. Furthermore, the metal
sources of the world’s largest mercury deposits,
Almadén (Spain: Saupé & Arnold, 1992) and Idrija
(Slovenia: Palinkas et al., 2004), are inferred to be
in organic rich volcano-sedimentary complex.
Contrary, some of recent works have suggested
that the organic matter did not play an important
role during the formation of Carlin-type minerali-
zation (e.g. Kuehn & Rose, 1995; Gize et al.,
2000).

However, it is important to notice that Beran
et al. (1990) reported hydrocarbon bearing fluid
inclusions within realgar from the AllSar deposit
(Zone III) and that fluid inclusions hosted by opal
show involvement of organic matter as well.

According to the fluid inclusion data Neogene
magmatism (4.6 to 5.8 Ma) was the heat source
responsible for driving convective hydrothermal
circulation at the AllSar deposit, similar to that
proposed for other Carlin-type deposits worldwide
(e.g., Sillitoe & Bonham, 1990; Henry & Ressel,
2006; Johnston et al., 2008).

CONCLUSION

The AllSar mineral deposit occurs within
sedimentary complex of the southern Vardar zone.
Structurally controlled mineralization comprises
mostly disseminated submicrometer-sized gold
particles and Sb-As-Tl sulphides and sulfosalts.
The mineralization and alterations display zonal
pattern which coincides with fluid inclusion data.
The southern zone (Zone I) hosts Au mineraliza-
tion together with variable amount of Sb and As
minerals. Alteration consists primarily of moderate
to strong silicification (jasperoids). Fluid inclusion
data accompanied with mineralogical features
(predominance of marcasite, strong silicification)
suggest participation of high temperature (T, = 131
— 200°C), saline (up to 21.3 wt.% NaCl equ.) and
low pH fluids. The central zone (Zone II), beside
Au, Sb and As, carries significant amounts of Tl
minerals, minor amount of Ba, Hg and traces of

Pb. The mineralization is hosted by argillized tuffs,
Tertiary dolostones and Triassic carbonate rocks.
Decrease in both, homogenization temperature (T,
= 120 — 165°C) and salinity (14.5 and 17.1 wt.%
NaCl equ.) points to the cooling and the dilution of
ore-forming fluids. The northern zone (Zone III)
represents the most important source of T1 miner-
alization. The deposition of thallium sulfides re-
quired reducing conditions. Fluid inclusion data
suggest precipitation from relatively cooled (T, =
120 — 152°C) and diluted (2.6 to 6.9 wt.% NaCl
equ.) solutions. An involvement of organic matter
within ore-bearing fluids was recorded by its con-
tribution in ore-forming processes is still obscure.
The authors suggest that Neogene magmatism (4.6
to 5.8 Ma) represented the heat source responsible
for driving convective hydrothermal circulation at
the Allsar deposit.

REFERENCES

Balogh K., 1985: K/Ar dating of Neogene volcanic activity in
Hungary: experimental technique, experiences and meth-
ods of chronological studies, ATOMKI report, Debrecen,
D/1, 277-288.

Geologica Macedonica, 24 (1), 63-71 (2010)

Beran A., Gotzinger M.A., Rieck B., 1994: A fluid inclusion
study of realgar from the AllSar deposit, FYR Macedonia,
N. Jahrb. Mineral. Abh., 167, 345-348.



70 S. Strmi¢ Palinkas, S. Borojevié¢ Sostarié, L. Palinkas, Z. Pecskay, B. Boev, V. Bermanec

Bodnar R. J., 1990: Petroleum migration in Miocene Monterey
Formation. California. USA: constraints from fluid-
inclusion studies. Mineral. Mag., 54, 295-304.

Boev, B., 1988: Petrologic, Geochemical and Volcanologic
Characteristics of the Volcanic Rocks of Mt. Kozuf.
Ph.D. Thesis, Rudarsko-Geol. Fak., Stip, 195 pp. (in Ma-
cedonian).

Crawford M. L., 1981: Phase equilibria in aqueous fluid inclu-
sions. Fluid inclusions: applications to petrology. In: Hol-
lister L.S., Crawford M.L. (Eds.): Fluid Inclusions: Ap-
plications to Petrology, Mineralogical Association of
Canada Short Course Handbook, 6, 75—100.

Frantz E., Palme H., Todt W., El Goresy A., Pavicevi¢ M. K.,
1994: Geochemistry of Tl-As minerals and host rocks at
Allsar (FYR Macedonia). Solar neutrino detection with
TI-205 the "LOREX" Project; geology, mineralogy and
geochemistry of the AllSar deposit locality Crven Dol, N.
Jb. Miner. Abh., 167, 359-399.

Gize A. P., Kuehn C. A., Furlong K. P., Gaunt J. M., 2000:
Organic maturation modeling applied to ore genesis and
exploration. In: Giordano T. H., Kettler R. M., Wood S.
A. (Eds.) Ore genesis and exploration: the roles of or-
ganic matter, Reviews in Economic Geology, 9, 87-104.

Hagemann H. W., Hollerbach A., 1986: The fluorescence
behavior of crude oils with respect to their thermal matu-
ration and degradation, Org. Geochem., 10, 473-480.

Hofstra, A. H., Cline, J. S., 2000: Characteristics and models
for Carlin-type gold deposits. In: Hagemann S. G., Brown
P. E. (Eds.): Gold 2000, SEG Reviews in Economic Geol-
ogy, 13, 163-220.

Ivanov T., 1986: Allsar the richest ore deposit of Tl in the
world. GSI-report 86-9, Darmstadt, 6 pp.

Jakupi B., Kosti¢ A., Anatanasijevi¢ R., Jovanovi¢ L., Torovié
Z., Pereygin V. P, Stetsenko S. G., 1982: On the geologi-
cal age determination of orpiments from Alshar (Mace-
donia) by fission fragment track method, S. G. Bull. du
Mus. d’Histoir. Natur. Ser. A., 37.

Jankovic¢ S., 1988: The Allsar TI-As—Sb Deposit, Yugoslavia
and its specific metallogenic features, Nucl. Instrum.
Methods Phys. Res., Sect. 4,271, 286.

Jankovi¢ S., Boev B., Serafimovski T., 1997: Magmatism and
Tertiary mineralization of the Kozuf metalogenetic dis-
trict, the Republic of Macedonia, with particular reference
to the AlSar deposit. Univerzitet "Sv. Kiril i Metodij" —
Skopje, Rudarsko-geologki fakultet, Stip, Special issue, 5,
262 pp.

Jankovi¢ S., Jelenkovi¢ R., 1994: Thallium mineralization in
the Allsar Sb-As-TI-Au deposit, N. Jb. Miner. Abh., 167,
283-297.

Johnston M. K., Thompson T. B., Emmons D. L., Jones K.,
2008: Geology of the Cove Mine, Lander County, Nevada,
and a genetic model for the McCoy-Cove hydrothermal
system, Econ. Geol., 103, 759-782.

Joralemon P., 1951: The occurrence of gold at the Getchell
Mine, Nevada, Econ. Geol., 46, 267-310.

Karamata S., Pavicevi¢c M. K., Korikovkij S. K., Boronikhin
V. A., Amthauer G., 1994: Petrology and mineralogy of

Neogene volcanic rocks from the AllSar area, the FY Re-
public of Macedonia, N Jahrb Mineral Abh, 167, 317-328.

Kolios N., Innocenti F., Maneti P., Peccerillo A., Giuliani O.,
1988: The Pliocene volcanism of the Voras Mts. (Central
Macedonia, Greece), Bull. Volcanol., 1, 3-43.

Kontak D. J., 2004: Analysis of evaporate mounds as a com-
plement to fluid-inclusion thermometric data: case studies
from granitic environments in Nova Scotia and Peru. Can.
Mineral., 42, 1315-1329.

Kuehn C. A., Rose, A. W., 1995: Carlin Gold Deposits, Ne-
vada: Origin in a Deep Zone of Mixing between Normally
Pressured and Overpressured Fluids, Econ. Geol., 90, 17—
36.

Lippolt H. J., Fuhrmann U., 1986: K—Ar Age deteminations
on volcanics of Alshar Mine, Yugoslavia. GSI-report 86—
9, Darmstadt, 2 pp.

McLimans R. K., 1987: The application of fluid inclusions to
migration of oil and diagenesis in petroleum reservoirs,
Appl. Geochem., 2, 585-603.

Palinka$ L., Strmi¢ S., Spangenberg S., Prochaska W., Herlec
U., 2004: Ore-forming fluids in the Griibler orebody,
Idrija mercury deposit, Slovenia, Schweiz. Miner. Petrog.,
84, 173-188.

Pavicevic M. K., Cvetkovi¢ V., Amthauer G., Bieniok A.,
Boev B., Brandstatter F., Gotzinger M., Jelenkovi¢ R.,
Prelevi¢ D., Prohaska T., 2006: Quartz from AllSar as
monitor for cosmogenic “°Al: Geochemical and petroge-
netic constraints, Mineral. Petrol., 88, 527-550.

Percival T. J., Radtke A. S., 1994: Sedimentary-rock-hosted
disseminated gold mineralization in the AlSar district, Ma-
cedonia, Can. Mineral., 32, 649—665.

Radtke A. S., 1985: Geology of the Carlin gold deposit, Ne-
vada. U.S. Geological. Survey Professional Paper, 1267,
124 p.

Ressel M. W., Henry C. D., 2006: Igneous geology of the
Carlin trend, Nevada: Development of the Eocene plutonic
complex and significance for Carlin-type gold deposits,
Econ. Geol., 101, 347-383.

Saupé A. F., Arnold M., 1992: Sulphur isotope geochemistry
of the ores and country rocks at the Almadén mercury de-
posit, Ciudad Real, Spain, Geochim. Cosmochim. Acta, 56,
3765-3780.

Sillitoe R. H., Bonham H. F., 1990: Sediment-hosted gold
deposits: Distal products of magmatic-hydrothermal sys-
tems, Geology, 18, 157-161.

Su W., Heinrich C. A., Pettke T., Zhang X., Hu R., Xia B.,
2010: Sediment-Hosted Gold Deposits in Guizhou, China:
Products of Wall-Rock Sulfidation by Deep Crustal Flu-
ids, Econ. Geol., 104, 73-93.

Troesch M., Frantz E., 1992: “*Ar/*’Ar Alter der Tl-As Mine
von Crven Dol, Allsar (Macedonia), Eur. J. Mineral., 4,
276.

Vink B. W., 1993: The behavior of thallium in the (sub) sur-
face environment in terms of Eh and pH, Chem. Geol.,
109, 119-123.

Geologica Macedonica, 24 (1), 6371 (2010)



Fluid Inclusions and K/Ar Dating of the Allsar Au-Sb-As-TI Mineral Deposit, Macedonia 71

Pesume

IFACHO-TExHU MHKJY3UHN U OAPENYBAILE HA CTAPOCTA CHHOPEJ METOJOT K/Ar
HA Au-Sb-As-TI HAOT'AJIMIITETO AJIITAP, MAKEJTOHHUJA

Ca6una Crpmuxk Iamuukam ', Cuéuna Bopojepuxk Mlomrapui %, JTagucaas Maaunkam',
3oaran Helncajs, Baaxo Boes®, Baagumup ]Sepmaneu1

! Mpupoono-maitiemaiiuuku Gaxynidieid, Yrueepsuitieid 6o 3aipe,
Xopsaiuosay 95, 10000 3aiped, Xpsaiticka
2 Daxynitieiti 3a pyoapciigo, teonotuja u Ha@wHo undicenepciiso, Ynusepsuiiei 6o 3aipeo,
Tuepoiuuesa 6, 10000 3atped, Xpsaiticka
3HHcmumyu7 3a HYKleapHu uciupaxcysara, Yutapcka Akademuja na nayxuiie,
bemTep 18y, 4001 [ebpeyen, YVuiapuja
*Daxynitieiti 3a dpupodnu u exnuuky nayku, Ynusepsuidei "Toye Jenrues”,
Toye [lenues 89, 2000 Llinui, Peityonuxa Makeoonuja
blazo.boev@ugd.edu.mk

Kayunu 360poBu: KapivH; 3J1aTO; TaJIMyM; apCCH; aHTUMOH; TaCHO-TCUHH WHKITY3HH;
oJllpeyBame Ha CTapocT cropea Meronot K/Ap

Au-Sb-As-T] naoramumrero Ammap, Makenonuja, ce
jaByBa BO jy)XHHOT Jien Ha Bapnapckara 3oHa. Haoranumrero
e Hocuten Ha KapiamHCKM TMN Ha MHUHepau3aluja CMECTEHO
BO KapOOHATEeH CEAMMEHTEH KOMIUIeKC. MUHEepalIHUTe acoLu-
jalMu ¥ antepaldy NpojaByBaaT KapaKTEPUCTHYHA 30HAIIHA
qucTpuOyiuja. Bo cormacHocT co momaronuTe of racHo-Ted-
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HUTE WHKIY3WH, (OPMHUPARETO Ha MUHEpalU3alujaTa € pe-
3yJITaT Ha JIAICHETO, Pa30iIaxyBameTo M HEyTpaau3alyjaTa
Ha pynoHocuute ¢uynau. Heorennot marmarusam (4.6 no 5.8
Ma) ciryxen Kako U3BOp Ha TOIIMHA OATOBOPEH 3a OAPXKYyBa-
€ Ha KOHBEKTHHATAa XMAPOTEPMAJIHA LIMPKYJIalija BO Haora-
JIUIITETo AJmap.
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