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I Historical Review

Historical Rewiev

More than 80 years have passed since in 1919 the University Ljubljana in Slovenia
was founded. Technical fields were joint in the School of Engineering that included the
Geologic and Mining Division while the Metallurgy Division was established in 1939
only. Today the Departments of Geology, Mining and Geotechnology, Materials and
Metallurgy are part of the Faculty of Natural Sciences and Engineering, University of
Ljubljana.

Before War Il the members of the Mining Section together with the Association of
Yugoslav Mining and Metallurgy Engineers began to publish the summaries of their
research and studies in their technical periodical Rudarski zbornik (Mining Proceed-
ings). Three volumes of Rudarski zbornik (1937, 1938 and 1939) were published. The
War interrupted the publication and not untill 1952 the first number of the new journal
Rudarsko-metalurski zbornik - RMZ (Mining and Metallurgy Quarterly) has been pub-
lished by the Division of Mining and Metallurgy, University of Ljubljana. Later the
journal has been regularly published quarterly by the Departments of Geology, Mining
and Geotechnology, Materials and Metallurgy, and the Institute for Mining, Geotech-
nology and Environment.

On the meeting of the Advisory and the Editorial Board on May 22" 1998 Rudarsko-
metalurS$ki zbornik has been renamed into “RMZ - Materials and Geoenvironment
(RMZ -Materiali in Geookolje)” or shortly RMZ - M&G.

RMZ - M&G is managed by an international advisory and editorial board and is ex-
changed with other world-known periodicals. All the papers are reviewed by the cor-
responding professionals and experts.

RMZ - M&G is the only scientific and professional periodical in Slovenia, which is pub-
lished in the same form nearly 50 years. It incorporates the scientific and professional
topics in geology, mining, and geotechnology, in materials and in metallurgy.

The wide range of topics inside the geosciences are wellcome to be published in the
RMZ -Materials and Geoenvironment. Research results in geology, hydrogeology,
mining, geotechnology, materials, metallurgy, natural and antropogenic pollution of
environment, biogeochemistry are proposed fields of work which the journal will han-
dle. RMZ - M&G is co-issued and co-financed by the Faculty of Natural Sciences and
Engineering Ljubljana, and the Institute for Mining, Geotechnology and Environment
Ljubljana. In addition it is financially supported also by the Ministry of Higher Educa-
tion, Science and Technology of Republic of Slovenia.

Editor in chief
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Abstract: Estimation of the thermodynamic properties of the Sn—Ni—Zn

systems has been performed using the general solution model and
by other geometric models. Description of the ternary liquid phase
(Gibbs excess energy dependence on the temperature and the com-
position) was achieved using the available thermodynamic data of
the constitutive binary systems (Ni—Zn, Sn—Zn, Sn—Ni). The validity
of the geometric models was checked. The calculations have been
performed in a wide temperature range (1000-2000 K). The cal-
culated quantities were compared with the available literature data.
Good agreement of the present assessment with thermodynamically
optimized values of the system Sn—Ni—Zn (obtained by the CAL-
PHAD approach) was observed.

Povzetek: Termodinamske lastnosti sistema Sn—Ni—Zn smo ovrednotili

z uporabo splosnega modela raztopin in z drugimi geometrijski-
mi modeli. Ternarno talino (odvisnost presezne Gibbsove energije
od temperature in kemijske sestave) smo opisali z uporabo dosto-
pnih termodinamskih podatkov iz robnih binarnih sistemov (Ni—
Sn, Sn—Zn in Sn—Ni). Preverili smo tudi veljavnost geometrijskih
modelov. Izra¢une smo izvedli v Sirokem temperaturnem obmocdju
(1000—2000 K). Izracunane vrednosti smo primerjali s podatki iz
literature. Rezultati tega ovrednotenja se dobro ujemajo s termodi-

Original scientific paper

Comparison between Sn—Ni—Zn liquid phase thermodynamic
assessments performed by the CALPHAD method and
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namsko optimiranimi vrednostmi za sistem Sn—Ni—Zn, izracunani-

mi po metodi CALPHAD.

Key words: Sn—Ni—Zn system, liquid phase thermodynamics, general so-
lution model, ternary interaction parameters

Klju¢ne besede: sistem Sn—Ni—Zn, termodinamika talin, splo$ni model
raztopin, ternarni interakcijski parametri

INTRODUCTION

The Sn—Ni—Zn system is interesting
as a potential lead-free solder material
because of the termination of lead-con-
taining solders industrial application is
envisaged, due to the high lead toxicity.
That is why the development of lead-
free solders is a current task. These
materials are expected to be designed
on the bases of systems including low-
melting elements like tin alloyed with
zinc or/and bismuth. On the other side,
nickel metallization often appears as
intrinsic part of the electronic devices.
Thus, investigations on a number of re-
lated solder/nickel systems and the cor-
responding properties were reported in
the literature! % but the thermodynam-
ics of the system is still unknown.

The border-systems Ni—Sn*! and Ni—
Zn!*'% are complex but they have been
studied intensively. The binary system
Sn—Zn presents a simple eutectic reac-
tion.!"! These systems are included in
the thermodynamic database devel-
oped by the European concerted action
COST 531 and reliable thermodynamic
optimizations are available for them.'?

Nevertheless, there is no data about the
thermochemical properties of the ter-
nary liquid phase required for further
thermodynamic optimization of the
system Sn—Ni—Zn. Thus, the task of the
present study is to apply different ways
to assess the thermochemical proper-
ties of the ternary melt Sn—Ni—Zn.

THEORETICAL FUNDAMENTALS OF THE
ASSESSMENTS

The so called “geometric models” give
the possibility to predict the thermody-
namic properties of a ternary phase (in
this case — liquid) using data belonging
to the respective binary border systems.
In this work, assessments were made
by means of the most common classic
geometric models of KoHLER,!"*) MuG-
GIANU,!" Toopr!"! and HiLLERT!'®! as well
as by the newly-developed but promi-
nent, general solution model (GSM)
developed by Chou.[!7: 18]

HiLeertl'®  classified the geometric
models as symmetrical (e.g.!'> ') and
asymmetrical (e.g.!'> ') while look-
ing for a more universal approach to

RMZ-M&G 2010, 57
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ternary properties prediction. Such a
universal approach was recently de-
veloped by Crou!'”- ¥ and successfully
employed in a variety of cases (e.g. ref.
(19-221) Nevertheless, a brief description
of the techniques used shall be done
below.

As usually, the molar excess Gibbs
energy (AG®/(J mol™)) of the ternary
liquid phase was chosen as a param-
eter which values had to be calculated
by various models and compared. This
quantity describes the contribution of
the non-ideal mixing to the thermody-
namic properties of a solution phase.
The molar excess Gibbs energies val-
ues of all binary border-system (at
a certain temperature and at specific
compositions) are needed as starting
points. These quantities were calculat-
ed by means of Thermocalc software
package, using optimized parameters
recently selected as result of the Euro-
pean concerted action for development
of lead-free solders COST 531.1'%

In agreement with Redlich-Kister for-
malism, the composition dependence
of the binary Gibbs molar excess ener-

gies ( A(;g ) 1s given by the expression:

AGg

= Xi X j(ad+ Al (xi-x p+
A2 X=X PP+t AL (X X )P
X=X )7+ Al(Xi- X

()
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Here, 4°, All.j, Azij are adjustable tem-
perature dependent parameters belong-
ing to the binary system “i”’; X and X
indicate the mole fractions of the cor-
responding constituents.

The Gibbs molar excess energy of a

ternary phase (AG1Ez3 ), consisting of
elements 1, 2 and 3, is given by the ex-
pression:

E _ E E

+X3 X1AG§1+AG53 (2)
where AG” , AG*,, and AG*, can be
obtained as defined above (equation 1)
and AG* . is the contribution of the ter-
nary non-ideal mixing. In the simplest
case of a regular ternary solution it may
be assessed by means of Equation (3):

AGls3 = X1 X2 X34123 (3)

where A4 ., is a ternary interaction pa-
rameter that might be temperature and
concentration dependent.

The most essential equations, associ-
ated to the geometrical models!!* 1% are
only shown below only, because a de-
tailed presentation would be out of the
scope of this work. Thus, in a general
case, a ternary system with constitu-
ents 1, 2 and 3 is considered where X,
X, and X, are the mole fractions of the
respective components. The molar ex-
cess Gibbs energies of the ternary lig-
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uid phase (at a specific composition, temperature and pressure,) are estimated by
means of equations 4—7 according to the authors,!*'% in the same order:

E _2rE -+ )2 E (1_+ 2 Eq_ .2
AGE ;= XX 1X2 oGk ))((12)( 3 T aGE+ )
X1+ 23X+ 23) (x2+ 2 DH(x3+2h
2 2 2 2
X3X1 AGE
(X3+7)(X1+7)
E _ X2 E X3 E 2. E
3 2 3
AG123 AGlz AG13 v AGB (7)
l 23 32

In equations 4-7, the following symbols are represented: AG{EB Gibbs molar
excess energy of the ternary liquid phase; AGE — the respective values of the
two-component liquid phases, where the subscrlpt indexes indicate the consid-
ered binary system. The symbols v,, and v,, in equation (7) denote the mole
fractions of the constituents 2 and 3 in the binary system 2-3. The values 1 — X
and 1 — X, are numerically equal in such a case.

Equation (3) will be used for introduction to the General solution model (GSM)
of Cuoul!” 18);

E _ 8
AG123=X1X2X3/123 (8)

Here f,,, is the ternary interaction coefficient, related to the Redlich-Kister ter-
nary interaction parameters 4, (f,,,= X, - A+ X A X A7)

This parameter is assessed in the following way!'"!:
F123=(2E12=Df A5 (2E15=1) X3+2( X1= X2 )+ A5 }+(2E93-1)
{A%3((2523_1)X1+2(X2—X3))+A123}+(2531—1){A%l((2§31—1)X2
+2( X3- X1 )+ 45} ©)
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Here éj are “similarity coefficients”,
that are defined by the quantity 7
called - “deviation sum of squares”:

gl-j:ni/(nﬁnj) (10)

According to this model (GSM) the
values of 7, are explicit functions of
AGE[j, and are easily calculated when
the adjustable coefficients of the three
binary end-systems are known.

Basic thermodynamic information on
the constitutive subsystems, needed for
the assessment, was taken from ref.!'
For the Ni—Sn liquid phase updated pa-
rameters were used.*Y Actually, the opti-
mized Redlich-Kister parameters of each
system (Table 1) are essentially needed.
They are used for the calculation (equa-
tions 4-8) of the molar excess Gibbs

energies of the binary border-systems
liquid phases. The following sequence
of components was adopted for the cal-
culations: Ni— 1, Sn — 2 and Zn — 3.

RESULTS AND DISCUSSION

Calculations of the coefficients 123
were done along three sections of the
Ni—Sn—Zn system with molar Sn vs Zn
ratios 1/3, 1/1 and 3/1 in the interval
1000-2000 K, at nickel molar frac-
tions equal to 0, 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8, 0.9 and 1. In such a way
a huge amount of information was ob-
tained and used thereafter to derive the
parameters A,,. For this purpose pro-
gramming of Excel was used. The re-
sults are shown in Table 2.

Table 1. Optimized parameters (AOI.j, Alij, Azij) for the liquid binary phases of the Ni—
Sn?, Ni—Zn!'?! and Sn—Zn!' systems used in the present work; 7/K — temperature.

System, (1) a4, 4,(D
i—J J/mol J/mol J/mol

Ni-Sn -106102.87 + 1979089 - T -29342.17 +52.5528 - T +1582.3
(1-2) ~21.9959 - T - LN(T) ~6.46094 - T - LN(T) :
Ni—Zn -50721.64 +8436.3 —25136.08
(1-3) +7.34178 - T +1.97211 - T +11.79211 - T
Sn—Zn +19314.64 —75.89949 - T -5696.28 +1037.22
(2-3) +8.751396 - T - LN(T) +4.20198 - T +0.98362 - T

Table 2. Ternary interaction parameters, Ay for the Sn—Ni—Zn liquid phase obtained

from the f 123 coefficients. 7/K — temperature.

.. A°. (1) A (D) A (D)
ijk ijk ijk
System, ijk I / ol I i ol J/J ol
Sn—-Ni-Zn —884.2+6.5534-T 45415-18.16 - T —28292.6+17.82-T

RMZ-M&G 2010, 57
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As already mentioned the binary inte-
gral Gibbs excess energies ought to be
obtained initially. This was done by the
Thermocalc software package, calculat-
ing binary activity values (referred to
the liquid phases of the pure elements)
at the pertinent points.

The ternary integral molar Gibbs excess
energies assessed by the geometrical
methods are graphically compared to
those obtained by Thermocalc, using the
optimized adjustable parameters of the
border-systems only (Table 1). Sections
with constant molar ratios between two
of the components are plotted.

Results from a section with constant
molar Sn/Zn equal to 1/3, at 1800 K are
plotted in Figure 1. As one can see the
curves 2 and 6 from one side and 1, 4
and 5 from the other side are grouped

together, while the CALPHAD-type
calculated values (curve 3) are situated
between both groups. Surely, one has to
bear in mind that curve 3 contains values
assessed by binary parameters only. The
asymmetrical methods (curves 4 and 5)

give practically equal AGIEZ3 values
while the quantities obtained by sym-
metrical methods (curves 1 and 6) dif-
fer significantly between each other. It
should be noted that curve 6 (Muggiani
model) is situated below all other curves
at both other Sn/Zn ratios_(1/1 and 3/1).

Figure 2 represents ternary integral mo-
lar Gibbs excess energies assessed along
a molar Ni/Zn ratio equal to 1/3, at 1800
K. In this case, the values assessed by
symmetrical methods (curves 1 and 6)
are quite similar and are accompanied by
the CALPHAD-type calculated quanti-

0
¥
:‘ I_::f 3
- 2000+ Th T=1800 K AT
7] 3 I,
E /7
S 40004 "::1. sSniZn=1/3 ;'r;-’ L
s ."}
g Rt A/
o) 5000 - " £ ] =
=] hXN ;" J k
o g §o--- -4
8000 - gy o .
S /-’ -
‘;:‘_-\. 1 - ir
PE N P e
10000 - i _?:g i
T T — T T
0.0 0.2 0.4 0.6 0.3 1.0

Mole fraction, Ni

Figure 1. Molar Gibbs excess energies (AG® 1% J/mol) of the liquid phase, along a section
with constant molar Sn/Zn ratio equal to 1/3, at 1800 K calculated in this work according
to various techniques: 1 — up to KoHLer,"*! 2 — GSM,4 3 — CALPHAD (binary param-

eters only), 4 — Toop,!'™ 5 — HiLLERT!"® and 6 —

Mucaianu.['4
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- .:__ ....... 4
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Figure 2. Molar Gibbs excess energies (AG®14, J/mol) of the liquid phase, along a section
with constant molar Ni/Zn ratio equal to 1/3, at 1800 K calculated in this work according
to various techniques: 1 — up to Konrer,!'¥! 2 — GSM,** 3 — CALPHAD (binary param-

eters only), 4 — Toop,"” 5 — HiLLERT!'®! and 6

ties (curve). The same is valid for the
values calculated by both asymmetrical
methods (curves 4 and 5). The GSM—as-
sessed integral molar Gibbs excess en-
ergies (curve 2) deviate from all others.
Similar disposition of the considered
curves is observed at the sections along
molar Ni/Zn ratios equal to 1/1 and 3/1.

It can be seen in Figure 3 ( AG{EB
values along Sn/Ni molar ratio equal
to 1/3, at 1800 K, are plotted) that the
curves 1-3, from one side and 4-6,
from the other side, are rather close
to each another. Thus, the type of the
method (symmetric or asymmetric)
does not play a decisive role regarding

the values of the calculated AG{523~

E . .
The AG123 values assessed in vari-
ous ways along the sections with Sn/

RMZ-M&G 2010, 57
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Ni molar ratios equal to 1/1 and 3/1
are roughly similar. The results for
the ratio 3/1 are shown in Figure 4
in order to illustrate the shape of the
curves.

In order to represent AG{;B temper-
ature dependence the values of the
integral ternary molar Gibbs excess
energies are plotted in Figures 5-7.
The latter were calculated by GSM
(by equations 9 and 10, using the
parameters shown in Table 1) in the
temperature range 1000-2000 K and
along sections with Sn/Zn, Ni/Zn and
Sn/Ni molar ratios equal to 1/1, re-
spectively. Negative deviations from
the Raoult’s low are observed in gen-
eral while in the regions rich of tin
and zinc feeble positive AG{;B are
observed only.
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-4000 -
-5000 -
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Figure 3. Molar Gibbs excess energies (AG™ 4, J/mol) of the liquid phase, along a section
with constant molar Sn/Ni ratio equal to 1/3, at 1800 K calculated in this work according
to various techniques: 1 — up to Konrer,!"*) 2 — GSM,P** 3 — CALPHAD (binary param-
eters only), 4 — Toop,!'™ 5 — HiLLErRT!'® and 6 — MuGGianu.['¥
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Figure 4. Molar Gibbs excess energies (AG®1, J/mol) of the liquid phase, along a section
with constant molar Sn/Ni ratio equal to 3/1, at 1800 K calculated in this work according
to various techniques: 1 — up to KoHLer,"*! 2 — GSM,4 3 — CALPHAD (binary param-
eters only), 4 — Toor,' 5 — HiLLERT!'® and 6 — MuGaianu.['¥
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Figure 5. Calculated by GSM values of the integral ternary molar Gibbs excess energies
in the temperature range 1000-2000 K. Section with Sn/Zn ratio equal to 1/1. AG*4, J/

mol — molar Gibbs excess energy of the ternary liquid phase; x— nickel mole fraction;
T/K — temperature.

A G-ﬂ.l-ﬁ ; Jimol

?:*. 1800

2000 OO

Figure 6. Calculated by GSM values of the integral ternary molar Gibbs excess energies
in the temperature range 1000-2000 K. Section with Ni/Zn ratio equal to 1/1. AG™ L, J/

mol — molar Gibbs excess energy of the ternary liquid phase; x — tin mole fraction; 7/K
— temperature.
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Figure 7. Calculated by GSM values of the integral ternary molar Gibbs excess energies
in the temperature range 10002000 K. Section with Sn/Ni ratio equal to 1/1. AG®t4, J/

mol — molar Gibbs excess energy of the ternary liquid phase;

— temperature.
CoONCLUSIONS

Some thermodynamic properties of the
Sn—Ni—Zn liquid phase were predicted
using a general solution model devel-
oped by Chou, two symmetrical and
two asymmetrical models. Redlich-
Kister ternary interaction parameters
of the liquid phase were assessed.

The values of the ternary liquid phase
molar Gibbs excess energies assessed
by geometric models were compared
to those calculated by the CALPHAD
method using binary optimized param-
eters only. Good mutual agreement
was found indicating that the interac-
tion parameters for the ternary system
would have small values.

X, — zinc mole fraction; 7/K
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Main damages on upper die in industrial hot forging

Glavne poskodbe na zgornjem orodju za vroce kovanje
v industriji
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Abstract: An analysis of main damages on industrial hot-forging die,
made of Dievar hot-working die steel is presented. Die was previ-
ously gas nitrided, sectioned and examined after its service life. The
measurements of microhardness depth profiles and optical micros-
copy of nitrided layers were applied in analysis of wear, cracks and
failures on the most loaded sections of tool. In order to prolong die
service life some improvements were suggested.

Izvlecek: V tem prispevku so prikazane glavne poskodbe na orodju za
vro¢e kovanje, narejenem iz orodnega jekla Dievar. Orodje je bilo
predhodno plinsko nitridirano ter preiskovano po izteku njegove
trajnostne dobe. Za analizo poskodb, tj. obrabe, razpok, zlomov,
na najbolj obremenjenih delih orodja, so bile uporabljene opti¢na
mikroskopija in meritve profila mikrotrdote. Za izboljSanje traj-
nostne dobe orodja so bile predlagane izboljsave.

Key words: hot forging, die, gas nitriding, damages
Kjuéne besede: vroce kovanje, orodje, plinsko nitridiranje, poskodbe
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INTRODUCTION

Hot-forging dies are during the process
of hot forging subjected to a complex
loading, i.e. to simultaneous thermal,
mechanical, chemical and tribologi-
cal loads. Various parts of hot-forging
dies are subjected to mentioned loads
that results in different types of dam-
ages, like erosive, abrasive and ad-
hezive wear,!'# plastic deformation,
8 thermal and mechanical cracking,!- 7!
gross cracking, etc.! ¢ Die life (ser-
vice time) plays an important role in
economy of hot forged products, thus
goal of every technologist in practice is
prolongation of die service life as much
as possible on one hand and accurate

prediction of die service time on the
other hand.!"!

Damages and their propagation are
also additionaly influenced by applied
die steel, die shape, and applied tech-
nological processing parameters, i.e.
schedule of forging sequences, way of
manufacturing the die, operating forg-
ing parameters, used forging press, as
well as forging stock properties, i.e.
temperature, scaling, local adhesion
between die and the workpiece, etc.
Further, die steel should be produced in
an appropriate way in order to achieve
optimal microstructure, i.e. grain size
as well as distribution, type, size and
shape of carbides. Finally, manufactur-
ing of die should be performed without

negative influences on the die surface
quality, and also shapes of die should
be optimized with sequential forging
steps in order to avoid areas of essen-
tially higher loads in regard to other ar-
eas of die.*!"]

In order to increase die service time,
wear and fatigue resistance, the die sur-
face is improved by coating, diffusion
procesess like nitriding, etc.!'') During
nitriding the die steels, two different
types of microstructure are formed on
the die surface, i.e. microstructure with
“compound layer” on top of the sur-
face and diffusion layer below, and in
the second case diffusion layer alone.
It is advisable for hot forging dies to
produce nitrided microstructure with-
out compound layer since it consists of
brittle iron nitrides, i.e. € phase (e-Fe,_
,N), ¥’ phase (y’-Fe,N), or mixed phases
(e+y’). At slightly higher contact pres-
sures (about 20 MPa)!'> 1 compound
layer usually spalls of the die surface at
the very beginning of forging process
and that usually essentially accelerates
process of wear. In each application ni-
trided microstrucure as well as die de-
sign should correspond to actual loads
that prevail on die in the selected form-
ing process.

In order to elucidate doubtless relation-
ships between occurrence of die dam-
ages, loads, properties of applied steel,
die shape, etc. there are still not suffi-
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cient data on failures of industrial dies,
especially on dies that were previously
nitrided, coated or duplex treated. Thus
more data on die damage analysis from
industrial practice are needed. Analysis
of main damages that occurred on a gas
nitrided industrial die for hot forging
that has failed have been presented in
this paper with aim to prolong its ser-
vice life.

EXPERIMENTAL

Description of hot-forging die and
shape of forged product

The main damages of die (Figure 1)
with two impressions for penultimate
forging operation and two impressions
for the last forging operation were ana-
lysed after its service life. However,
analysis was predominately focused on
the impression used for the last forging
operation since it gave final shape and
dimensions of the product (see Figure
2). This shape was achieved in five se-
quential forging operations. Upper and
lower parts of die had similar design
of impressions. Essential difference
between the upper and the lower die
was height of mandrels. With regard to
reference,! it could be supposed that
the die surface temperature was in the
range of 600-700 °C and contact pres-
sure exceeded the value of 1000 MPa.
Lubricant that was used was water sus-
pension of graphite.

RMZ-M&G 2010, 57

Die life is determined by surface qual-
ity of forged product as well as by its
shape and dimensions. In our case cus-
tomer had special demands for forged
product in respect of the quality of
impression surface, and the shape and
dimensions at the base of mandrels.
These areas were considered as critical
areas of the hot-forging die (see Fig-
ure 1). The die with higher mandrels
failed after 45 766 forging strokes due
to change of shape of forged product in
the depression around high mandrels.

Initial billet made of C35E steel for
forging the steering mechanism had di-
ameter of J = 32 mm and weight of
930 g, and was heated to temperature
interval of 1230-1280 °C. Geometry of
forged product is adapted for steering
mechanism in car that is a relatively
simple 3D-geometry (Figure 2).

Die material, applied methods

Dievar, a high performance chromi-
um-molybdenum-vanadium  alloyed
hot-working die steel (see Table 1),
developed by Uddeholm, was used in
manufacturing industrial die; steel is
characterized by excellent toughness,
ductility in all the directions, good tem-
pering resistance and high-temperature
strength, excellent hardenability, and
good dimensional stability throughout
the heat treatment procedure, as well as
during coating operations. Consequent-
ly, this die steel has a very good resist-
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Upper edges
on mandrels

Base of mandrel -
critical area

Impressions for
the last forging
operation

Sample taken
from the
mandrel

Impressions for
penultimate
forging operation

Sample taken
from the edge of
die

Figure 1. Upper die after 45 766 strokes; two impressions for penultimate
forging operation and two impressions for the last forging operation with

mandrels

Figure 2. Shape of steering mechanism af-
ter the last hot forging operation

ance to thermal fatigue, gross cracking,
hot wear and plastic deformation. It is
used for dies in die casting, hot forging,
and hot extrusion.!'!

Die was gas nitrided and taken out
of industrial process after its service
time. Die was sectioned and exam-
ined with light microscopy (Olympus
GXS51) and by Vickers microhardness
measurements (Leitz Miniload 2). Die
surface was examinated using macro
and micrograph techniques to reveal
surface damages of nitrided layer. Ad-
ditionally, metallographic examina-
tions of samples taken from certain
cross-sections were performed. Nital
etchant for metallographic preparation
of nitrided samples was used.
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Table 1. Chemical composition of applied die steel (Dievar) in mass fractions, w/%

C Si Mn

Cr Mo \Y

0.37

0.26 0.5

a)

Microhardness (HV0,1)

5.0 2.36 0.55

50 micron

010,@ 003 004005006007 Q0 0,08 0.100,1 012013 014 Q15020080

Depth (mm)

c)

Figure 3. Microstructures and microhardness profile on cross-section of the die
edge: nitrided diffusion layer with compound layer (a-b), microhardness profile (c)

RESULTS AND DISCUSSION

Initial nitrided microstructures

Diffusion layer can be well seen on
cross-sections of the surface edge (Fig-
ure 3a). The depth of diffusion layer is
not homogenous and it is thick from
73 pm to 122 um (see Figure 3a). This
nonhomogeneity could be atributed to
unappropriate preparation of die sur-
face before the nitriding process that
resulted in different adsorption abilities
of nitrogen into the die surface layer.
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Thickness of compound layer was in
the range of about 0-3.5 pum (Figure
3b). Further, presence of nitrides was
visible on grain boundaries. It was
also remarked that microstructure was
slightly overnitrided (nitrides on grain
boundaries were in that area pepen-
dicular to diffusion front and parallel to
die surface) that could result in prema-
ture spalling of die material from the
die surface layer. Figure 3c gives mi-
crohardness profile; max. values were
above HV = 1200.
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Damages on die surface

The main damages of the die on macro
level are shown in Figure 4. The rela-
tively sharp edges of the upper die im-
pression around mandrels show wear
usually combined with plastic defor-
mation and spalling (see Figures 4c, 4e,
4f). On these edges high contact pres-
sures as well as large sliding lengths
between deformed material and die
surface took place. These conditions
led to higher heating and consequently
to higher tempering of the die surface
layer that favoured wear, spalling of
fragments of nitrided layer and plastic
deformation. Spalling of relative large
fragments is seen on the upper edge of
mandrels (Figures 4c, 4e) for penulti-
mate forging impressions. Mentioned
spalling of fragments was, next to
higher contact pressures that prevailed
on these surfaces, also consequence of
presence of nitrides on grain bounda-
ries of the diffusion layer (see Figure
3b) that decreased toughness of die
steel. But spalling on mandrels took
place only on one mandrel (Figure 4e)
while on the other one only empha-
sized wear was observed (Figure 4b).
Further, also spalling on top of man-
drel (see Figure 41) was detected. This
occurrence of spalling could be atrib-
uted to thermal fatigue in combination
with high contact pressure. On impres-
sion radii shown in Figures 4g and 4d1
plastic deformation was not observed

but only furrows as consequence of
abrasion were visible. Namely con-
tact pressures on this surfaces were
relatively lower since radius of man-
drel was greater. The base of mandrels
previously indicated as critical areas
in the hot-forging die (see Figure 1) is
also critical for service life of dies and
the quality of forged products. In these
areas, due to pressure of forged mate-
rial on both depression surfaces and
consequently due to bending load on
bottom of die depression, stress con-
centrations took place. These repeating
mechanical loads resulted in formation
of cracks at the base of mandrel (see
Figure 4h) that caused surface, geom-
etry and shape inadequacies of forged
products. For comparison, such dam-
age was not observed on similar area of
die impression for penultimate forging
sequence (see Figure 4d2). This indi-
cated that the last impression was sub-
jected to comparatively higher bend-
ing loads, and that required changes
of impression design at the mentioned
five sequential forging steps. In Figures
4a and 4f abrasion wear close to outer
area of die impression as consequence
of higher sliding length was observed.
For further explanation and analysis
of surface damages the cross-sectional
microstructures especially of critical
areas, i.e. on top, on upper and bottom
edge as well as in the middle area of
mandrel, will be presented.
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Damages on mandrel cross-sections

Cross-sections of mandrel for the
last forging operation revealed com-
pound layer on the mandrel top (Fig-
ure 5) and in its middle area (Figure
7), while compound layer on the up-
per (Figure 6) and the bottom edge
(Figure 8) was removed during the

forging process; furthermore, for-
mation of cracks in the diffusion
layer was observed (see Figures 5
and 6). Removal of compound layer
could be atributed to higher contact
pressures and sliding lengths that
preavailed in these areas and they
led first to its cracking and then

Figure 5. Hardness profile and cross-sectional microstructure on the top
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Figure 6. Hardness profile and cross-sectional microstructure on the up-

per edge of mandrel
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to its spalling; compound layer is
namely very brittle in comparison
to the diffusion layer. Moreover,
as mentioned above, nitrides were
present on grain boundaries of ni-
trided microstructure that decreased
toughness and accelerated spalling
of fragments.

As already mentioned, cracks were
also found in the diffusion layer on
the upper edge having lengths of
about 96 um (Figure 6) and on the
top of the mandrel with lengths of
about 69 um (Figure 5). Compound
layer on the top of the mandrel also
exhibited cracking as consequence

LI
* 4 &
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LE B

Figure 7. Hardness profile and cross-sectional microstructure in the mid-
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Figure 8. Hardness profile and cross-sectional microstructure on the bot-

tom edge of mandrel.
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of thermal fatigue and presence of
higher contact pressures (compare
Figure 5 with Figure 4i). Relative
sliding between the die surface and
the deformed material was reduced
in these areas thus suface material
was removed by spalling. Effective
nitriding depths on all the cross-sec-
tions were in range of about 150—160
um. Microhardness measurements
showed the highest drop of hardness
values from HV = 1292 on the edge
of die after the nitriding process, to
HV, = 1044 (see Figure 6) on the
upper edge of the high mandrel after
die failure.

Furthermore, crack with length of
about 1.5 mm at the base of mandrel
was detected (Figure 8, compared
with Figure 4h). In this figure also
more intensive spalling of diffusion
layer on the surface at the begin-
ning of crack was observed. In fact,
this surface damage limited die life
since the surface quality and shape
of forging did not fulfil demands of
customer.

In Figures 5-8, increase of micro-
hardness values was found at the
depths of about 60 um and less. This
could be atributed to diffusion of ni-
trogen from the die surface layer into
interior or eventual increase of car-
bon content since lubricant based on
graphite was used for lubrication and
cooling of die impressions.

CONCLUSIONS

In the presented work occurrence of

damages of hot-forging die, made of

Dievar, hot-working die steel that was

used for hot forging of steering mecha-

nism has been analyzed. Gas nitrided
die was sectioned and examined after
its service time, i.e. after 45 766 strokes

using light microscopy and Vickers mi-

crohardness measurements. The essen-

tial conclusions are:

e  Nitrided microstructure on cross-
sections revealed presence of
compound layer and nitrides on
grain boundaries. Non-homoge-
nous depth of diffusion layer that
resulted in different adsorption
abilities of nitrogen was observed
and could be atributed to im-
proper surface preparation prior
to nitriding. In order to improve
surface activation proper surface
preparation prior to nitriding
should be performed too.

. Proper selection of nitriding pa-
rameters is needed in order to
avoid formation of nitrides on
grain boundaries.

o Metallographical  examination
revealed that three main types of
damages could be seen on die sur-
faces, i.e. cracks as consequence
of mechanical and thermal fa-
tigue, spalling of nitrided layer as
consequence of thermal fatigue
and mechanical loads, and fur-
rows as consequence of abrasion.
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o Mechanical fatique cracking oc-
curred at the base of mandrels
and it was decisive mechanism
that was influencing die service
life. Crack with length of about
1.5 mm was observed on the bot-
tom edge of mandrel. This dam-
age could be avoided by reducing
the pressure of deformed material
on die surface in the depression,
i.e. by optimizing deformation
sequences (steps) in forging.
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Abstract: In the case of cold forming of an inner race of a homokinetic

joint an analysis of die prestress influence on the product accuracy
and tool life was made. Definition of optimum working interference
of shrink fit for the die in combination with suitable stiffness of a
shrink ring is important for production reliability of cold-formed el-
ements. Smaller interference dimension with the rigid shrink ring
enables lower elastic deformation of the die, which means higher
accuracy of the products on one side, smaller specific plastic defor-
mation on the critical tool part on the other side and consequently a
reduced progress of damages. Stiffness of the shrink ring can be in-
creased with higher elastic module material and/or combination of a
ring composed of a cemented carbide core and a winded spring strip.

Povzetek: Na primeru hladnega iztiskavanja kroglaste glave homoki-

neticnega zgloba je podana analiza vpliva prednapetja matrice na
natancnost izdelka in vzdrzljivost orodja. DolocCitev optimalne nad-
mere krénega naseda za matrico v kombinaciji z ustrezno togostjo
krénega obroca je pomembna za zanesljivost proizvodnje hladno
preoblikovanih elementov. Manjsa kréna mera naseda v kombinaciji
s togim krénim obrocem zagotavlja manjso elasticno deformacijo
matrice, kar pomeni vecjo natancnost izdelkov in na drugi strani
manj$o specificno plasticno deformacijo na kriticnem delu orodja in
tako pocasnejso rast poskodb. Togost krénega obroca lahko poveca-
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mo z ve¢jim modulom elasti¢nosti materiala oziroma s kombinacijo
obroca, sestavljenega iz jedra iz karbidne trdine in navitega vzme-

tnega traku.

Key words: cold forming, part accuracy, tool life, die prestressing
Kljuéne besede: hladno preoblikovanje, natancnost izdelka, vzdrZljivost

orodja, prednapetje matrice

INTRODUCTION

Cold massive forming of steels is an
important technology in manufac-
turing of elements with demanding
geometric forms and accurate dimen-
sions. Fast development of automo-
tive industry increases the require-
ments for manufacturing of elements
with complex geometric forms and
accurate dimensions. A product is un-
derstood as quality-made, when there
are no inside or/and outside damages
and when its dimension tolerances
are as close to the centre of the toler-
ance area as possible. Attainment of
accurate dimensions of a product and

Input parameter ¢: >

- workpiece mass
- material properties R

]
- friction
-
-

)

- press stiffness
- die stiffness

= O

long tool life are two main require-
ments in the cold massive extrusion
industry.

For a reliable manufacture of ele-
ments with the cold forming tech-
nology, a production process that
ensures both quality manufacture
of products and optimum tool life
should be planned."” Figure 1 shows
a forming system with input parame-
ters of random and systematic devia-
tion. The system response represents
the desired function and/or in this
case the product’s quality and tool
life within the desired and allowable
scatter.

Response F({)

>
=
@
R(u(® ) D)=0 §-
i

Cold Forging Part accuracy

Process
>
% e
[
3
o
@
i
Tool life

Figure 1. Scatter impact of input parameters of the forming system on the

accuracy of products and tool life
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A suitable die pre-stress and/or defini-
tion of the optimum shrink dimension
is essential for long life of tools.” Dies
for cold extrusion, which are heavily
loaded, are prestressed with the help of
the shrink rings. On the one side, it is
necessary to ensure large enough pre-
stress for as big as possible compensa-
tion of extreme loads of the forming
process. as possible, However, one
must be careful not to overload the tool
too far in the plastic area by prestress-
ing. Defining the appropriate tooling
allowance requires good knowledge
of the limit conditions that material
can withstand without damages. The
published text books propose more
measures for evaluation of prestress
together with cyclic tool loads. One of
most often used criteria was defined by
Hansel;"™ it is based on the deformation
energy

AW = AW+ 17 AWP (1)
where AW*" represents specific defor-
mation energy of the tensile stress and
AWP stands for specific energy of plas-
tic deformations. In the equation above,
n is a weight factor to the part of plas-
tic deformations that cause damages in
material. Graphic interpretation of this
equation is shown in Figure 2, where
tool life can be prolonged by reducing
the influence of the specific deforma-
tion part of the tensile stress AW*" and
the specific part of plastic deformations
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AWP. By the die pre-stress we can re-
duce loading of the tool Ao and decel-
erate damage development. Higher pre-
stress makes the hysteresis loop move
to the compression area. In this way the
harmful effect AW**is reduced or even
eliminated. The risk of damages can be
reduced by an appropriate selection of
materials for the shrink fit core. If we
choose cemented carbide (prestressing
E")*instead of steel, the system rigid-
ity increases due to the higher elasticity
module and deformation amplitudes Ae
and consequently AWP reduces accord-
ingly. Lower deformation amplitudes
of die are crucial for higher accuracy
of products, as smaller deformation de-
notes smaller elastic deformation and
in this way smaller elastic elongation
of the die in the radial direction.

During the production process and under
the conditions of mass production, the
tools are loaded cyclically. The tool re-

Loaded
tool by
7] process

4 Stress

Ac
Strain

tool - »

Figure 2. Effect of the specific deforma-
tion energy on the damage development
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sponse on the critical spot is elasto-plastic
and is defined by kinematic and isotropic
hardening and damage development D

| aj(i(n V)+3(1—2V)[3OZJ J
D=

2-S-E(1-D)*

2)

p-a(p)

where E stands for the elastic module,
v is a Poisson ratio, o, is an effective
stress, o, is a spherical stress tensor
and «a(p)a function, which defines be-
ginning of the damage growth with ref-
erence to the size of comparative plas-
tic deformation p. Detailed information
regarding the constitutive model for
damage D, suggested by Pedersen, is
given in reference.”

The main objective of this research is to
analyze the impact of the die prestress-
ing on the accuracy of the product and
tool life in cold extrusion of a inner race
of the homokinetic joint (Figure 3).
With suitable die prestressing the im-
provement of the product accuracy and
tool service life is achieved, as well as
the reliability of cold forming system.

“\ outer race

inner race
bearing cage

Figure 3. Homokinetic joint

ANALAYSIS OF THE RIGIDITY IMPACT ON
THE ACCURACY OF THE INNER RACE

The forming process for manufacture
of the inner race consists of three pas-
sages through the press (cf. Figure 4).
At the first passage a preform (a) is
made in the three-stage tooling. Heat
treatment (process annealing) and sur-
face treatment of the preform follows.
As the lubricant carrier the preform
contains phosphate and MoS,. From
the point of the tool life, the second
passage is the most critical, as in opera-
tion (b) the required geometrical form
of the preform is made and in operation
(c) the product bottom is pierced. In the
third passage, during the operation (d)
calibration of the product is made to the
specified dimensions of spheres diam-
eter D, and D, and the product height.
Hereinafter, the analysis will be given
regarding the die rigidity impact on the
accuracy of the inner race, namely for
the last operation, where calibration
of a pre-form is performed in order
to achieve the final dimensions of the
product (d) and impact of the die rigid-
ity on the tool life for operation (b).

For the calibration of the inner race we
used die with a conventional ring and
die with a Strecon ring in order to ana-
lyze the die prestress on the product ac-
curacy. Figure 4 shows the characteris-
tic dimensions of spheres D, and D, of
the inner race and the product height.
Table 1 gives the values for dimensions
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(a) (b) (c)

Figure 4. Sequence of forming operations in manufacture of the inner

race and a product development

Table 1: Data for dimensions D, and D, for the die with the conventional and the

Strecon shrink ring

Product (mm) Die (mm) Manufactured die Cold forged product
(by drawing) (by drawing) (mm) (mm)
Clasic shrink ring
D, 70.9+0.15/-0.1 D, 70.8-0.02 D, 70.81-70.87 D, 70.83-71.09
D, 50.8-0.02 D,50.79-50.87 D,50.83-51.14
D,50.9+0.2 Strecon shrink ring
D, 70.78-0.02 D, 70.74-70.79 D, 70.95-70.98
D, 50.78-0.02 D, 50.74-50.79 D, 50.98-50.99

D, and D, for the product by the draw-
ing, constructional drawing of the die,
the manufactured die and for the final
product for the conventional and the
Strecon shrink ring.

The Table 1 shows that the conven-
tional shrink ring does not ensure man-
ufacture of the inner race within the
desired tolerances. With reference to
the too high elastic elongation of both
key dimensions of the die with the
conventional ring, the objective is to
manufacture a more rigid die. Instead
of the conventional die composed of
external steel ring with tooling inter-
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ference 0.6 % , we used a shrink ring
Strecon E* of cemented carbide and
winded spring strip with tooling inter-
ference 0.4 % (cf. Figure 5). The die
interference 0.4 % means that the out-
side die diameter is 0.4 % bigger than
the inside core diameter of cemented
carbide. The advantages of the Strecon
ring are both that it enables higher ex-
trusion pressures within the die work-
ing area and that its high rigidity sub-
stantially reduces the cyclic plastic
deformations that are characteristic of
a crack development on the working
surfaces of tools in cold extrusion. The
manufacturer of the new ring ensures
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25 % smaller elongation of the inner
race outside diameters. Due to the de-
viation of key diameter tolerances with
the conventional die, we decided to re-
duce dimensions D, and D, on the die
with the Strecon shrink ring by 0.02
mm, namely D, to 70.78 — 0.02 and D,
to 78.0 — 0.02.

The main diameters of inner race in
the upper and lower die with Strecon
ring were made with lower tolerances.
Tolerance comparison of dimensions
D, and D, for the product by the draw-
ing, the die and the calibrated product
for the conventional and the Strecon
ring is shown in Figure 6. Elastic ra-

hard metal

s

spring steel strip

steel die

! 1

i 4 STRECON | ==

=

o A3O02-1

Figure 5. Lower die for inner race calibration

0,2 —— 0,2 ——
0,15 0,15 +——
£ 01 +— @ Product 01 +— | —
E- 0.05 +—] % [] Clasicring E 005 +—
E 0 EJ Streconring a8 0
9 &
o HHC tds =m=am
S 0.1 g 0,1 +— —
-0,15 — " 0,15 +—
0.2 0,2
' & @ & & @ &
& < 3 <o o
& & & q’d@p < &
> > g G

Figure 6. a) Tolerance scatter for dimension D, and (b) Tolerance Scatter
for dimension D, of the spherical head for the conventional and Strecon

shrink ring
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dial elongation of the die with the
Strecon shrink ring compared to the
die with the conventional ring is lower
for 20 %. Lower elastic elongation of
the die is essential for higher accuracy
of the product.

Furthermore, we were interested
in the impact of a mass scatter of
the product on the dimension D, of
the inner race for the die with the
conventional and the Strecon ring
(cf. Figure 7). Strecon ring ensures
smaller deviation for the dimension
D, and in this way allows greater
mass scatter of the formed piece.
Suitable rigidity of the shrink ring
is therefore essential to achieve de-
sired dimensional accuracy of the
products with the complex geom-
etry.

0.3
0,25 =
. P
g 02 o
> —
Q 0,15 ﬁ
s g
2
8 -
- 005 —— Streconring | |
0 ' ; ‘ )
0 1 2 3 ¢ °
Mass (g)

Figure 7. Impact of mass scatter on the ac-
curacy of the diameter D, of the inner race
with different die rigidities.
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ANALAYSIS OF IMPACT OF DIE RIGIDITY
ON TOOL LIFE

In manucturing of the complex forms
and accurate dimensions, tool life and/
or good tool endurance is very important
for reliability of the production. When
producing such products, the main vi-
tal parts like dies, counter-punches and
punches are loaded to the extreme limits
of endurance, where even small devia-
tions from the set values of the impact
parameters can cause critical damage
growth and too early destruction of tools.
Great scatters regarding the tool life are
characteristic of such production. There-
fore, it is important that for a success-
ful and reliable production we analyze,
define and control those parameters that
have an important influence on the tool
life. It is known from practice and theory
that key parameters with an impact on
tool life are:

e  optimum design, accurate definition
of load and correct sizing of vital
tool parts,

e selection of suitable materials and
their optimum heat treatment and

e use of modern treatment procedures
and protection of active tool parts
against wear.

In the case of the preform extrusion (Fig-
ure 4, operation (b)) the impact of differ-
ent die prestress on damage development
was analysed. We analysed a die with a
steel ring and 0.8 % tooling allowance
and Strecon E+ prestress ring with 0.6 %
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tooling allowance. The die was in both
cases made from steel ASP 23 with hard-
ness (60 + 1) HRc.

Figure 8 shows typical damage of the
die working surface. For analysis of the
tool life it is necessary to define the loads
that are caused by the forming process
on the tool surface. Active tool parts are
loaded by stresses, which have been cal-
culated by means of numerical analysis
of the forming process. The tool was
loaded cyclically as under conditions of
mass production. The tool response on
the critical spot is elasto-plastic and is
defined by kinematic and isotropic hard-
ening and damage development.”” Incre-
ments of plastic deformations are in in-
dividual loading cycles relatively small.
However, during the process of massive
loads, these increases accumulate and
cause macroscopic faults on the tool.

First we set the loads with a MKE analy-
sis of the forming process. Based on the
loads, tools were analysed by the help of

crack 1

crack 2

Figure 8. Occurrence of cracks on the
lower die for cold forming of the inner race
preform

MKE (Figure 9 (a)). For the numerical
analysis the program Deform 3D V9.1
was used.”” The results of the analysis
show the most probable point of damage
in the inside of the die (Figure 9 (b)). With
the module for tool damage analysis, de-
velopment of damages was analysed.”

Loads were copied to the die surface and
we repeatedly performed cyclic loads. The
response in the critical points of the die is
elastoplastic and is described by the hys-
teresis loops, which results from kinemat-
ic and isotropic hardening of material at a
concurrent damage development. Figure
10 shows impact of different tooling al-
lowances on the position of the hysteresis
loops in the stress deformation conditions
at the cyclic load. Hysteresis loop £+ (0.6
%) 1s visibly narrower, therefore the spe-
cific part of plastic deformation is smaller
and growth of damages slower. Slower
damage growth in E+ ring compared to
the steel ring is shown in Figure 11. A de-
tailed insight into damage development
within one cycle reveals that in the ini-
tial part of the cycle, when the tool is still
in the elastic condition, damages do not
grow. Towards the end of the forming op-
eration, after the load of the tool increases
so high that the stress in the critical points
exceeds the yield stress, the damages in
the tool increase intensively. When the
stroke ends, ejection of the formed-piece
follows and the tool is relieved of load.
The first part of the load relieving is elas-
tic; the second one is plastic due to the
load in the opposite direction, caused by
the prestressing of the shrink ring.
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Figure 10. Hysteresis loop in cyclic loads
of the die with steel ring and allowance 0.8
% and Strecon E+ ring and allowance 0.6 %

For a reliable product manufacturing,
adjustment of the preform mass to the
maximum scatter of + 0.5 % from the
nominal value and the flow stress of +8
% from the average value is required in
addition to the suitable die rigidity. In
this way with the Strecon ring we en-
sure the product height in tolerance of
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Figure 11. Damages depending on the
number of loads for die with allowances
0.6 % and 0.8 %

+0,1 mm with the process centering in-
dex C,>1.67 and endurance of the die
on average for 38,000 pcs (operation b,
Figure 4). Tool life in the last calibra-
tion operation is not as problematic.
With optimum input parameters we can
achieve over 70,000 pcs of manufac-
tured inner races with one set of dies.
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CONCLUSION

This article analyses impact of the die
rigidity on dimensional accuracy of the
inner race and on the tool life. Defini-
tion of the optimum die shrink fit is one
of the key factors for reliable manufac-
ture of products both from the point of
view of product accuracy and the op-
timum tool life. Greater rigidity of the
die shrink ring reduces cyclic plastic
deformations on tool surface, which are
typical for damage development. On the
other side, greater rigidity of the shrink
ring reduces radial elastic deformations
of the die and in this way ensures sta-
ble dimensional accuracy of products.
Greater die rigidity enables also com-
pensation of greater mass scatters of
input blanks. In short, die rigidity has
a great impact on reliability and con-
sequently on cost effectiveness of the
production using precise cold forming.
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Abstract: Sequence stratigraphy model developed for the Ningning field

is based on the interpretation carried out on the different wells that
penetrated the various subsurface lithologies. Basically three depo-
sitional sequences were delineated from the five wells studied. The
Vail model used made out a third and forth order stratigraphic sur-
faces that all fall within the central swamp depobelt of the Basin.
The five wells used show the presentation of the interpretation and
the models. All the sequence tracts were appropriately represented
starting from the Lowstand Transgressive and Highstand system
tracts, except in well 005 where the Lowstand of the second se-
quence was missing. This is achieved by incorporating signature
motifs from wireline logs coupled with biostratigraphy data and
inferred paleobathymetry. This has revealed the field-wide recon-
struction of a chronostratigraphically constrained biostratigraphy of
subsurface lithological sequences with limited information.

Povzetek: Sekvencno stratigrafski model polja Ningning temelji na inter-

pretaciji razli¢nih vrtin, ki sekajo razlicne kamnine pod povrsjem.
Preiskava petih vrtin je omogocila prepoznati tri sedimentacijska
zaporedja. Uporaba modela Vail je pokazala stratigrafske povrsine
tretjega in Cetrtega reda, ki vse spadajo v osrednji mocvirski sedi-
mentacijski pas bazena. Interpretacijo in modele predstavljamo na
podlagi petih uporabljenih vrtin. Ugotovili smo vsa sekven¢na zapo-
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Sekvencnostratigrafske raziskave “Podro¢ja Ninging” delte Ni-
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redja od zacetnih plitvo transgresivnih do zaporedij z visoko vodo,
razen v vrtini 005, kjer manjka plitvo stanje druge sekvence. Inter-
pretacijo je omogocila povezava karotaznih zapisov z biostratigraf-
skimi podatki in s sklepanjem o nekdanjih globinah. Z malostevilni-
mi podatki smo lahko podali §irSo rekonstrukcijo kronostratigrafsko
omejene biostratigrafije litoloskih zaporedij pod povrsjem.

Key words: sequence, stratigraphy, depobelt, biostratigraphy, wireline-

logs, lithologies

Kljuc¢ne besede: seckvence (zaporedja), stratigrafija, pas sedimentov, bio-

stratigrafija, karotaza, litologija

INTRODUCTION

A greater portion of the world’s energy
mix will come from hydrocarbon sourc-
es and its derivatives coming from the
deeper portion of the various hydrocar-
bon habitats. It has therefore become
imperative to apply newly emerging
exploration and production tools and
skills to adequately harness these re-
sources. The petroliferous Niger Delta
is one of the highest producing basins
with more promising reserves yet to be
discovered as exploration proceeds to
the deeper water. Sequence stratigra-
phy is one of the twenty first century
exploration and production tools that
are used to unravel series of lithologi-
cal and basinal intricacies bordering on
sand packets, depositional sequences
and paleoenvironmental analysis. Bi-
ostratigraphy is indispensable in the
adequate delineation of chronostrati-
graphically significant surfaces in the
subsurface formations encountered in

hydrocarbon exploration. The study is
aimed at subdividing the stratigraphic
section within the study area into pack-
ages of sediments bounded by chron-
ostratigraphically significant surfaces
(condensed sections, their associated
maximum flooding surfaces and se-
quence boundaries).

STUDY AREA AND REGIONAL GEOLOGY
SETTING

The study area is a producing field locat-
ed in the Niger Delta. The Niger Delta is
situated in the Gulf of Guinea (Figure 1)
and extends throughout the Niger Delta

Province (KLetT et al., 1997). The Ni-
ger Delta is a large arcuate delta situated
on the West Coast of Central Africa, be-
tween Lat 3° and 6° N and Long 5° and
8° E (REuERS et al., 1997). The province
contains known resources (cumulative

production plus proved reserves) of 34.5
BBO and 93.8 TCFG (PETROCONSULT-
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ANTS, 1996b). Currently, most of this
petroleum is in fields that are onshore
or on the continental shelf in waters less
than 200 m deep. Exploration focus is
presently shifting to the deeper waters
in the Niger Delta with huge discover-
ies like Bonga and Agbami fields (with
about 1BBO reserve) increasing the
prospectivity of oil search in the riskier
deeper waters despite the high cost of
exploration and development at these
water depths.

From the Eocene to the present, the
delta has prograded southwestward,
forming depobelts that represent the
most active portion of the delta at each
stage of its development (Doust &
OmatsoLa, 1990).

These depobelts form one of the larg-
est regressive deltas in the world with
an area of some 300 000 km? (KULKE,
1995), sediment volume of 500 000
km?® (Hospers, 1965), and a sediment
thickness of over 10 km in the basin
depocenter. The Niger Delta Province
has been identified to be a prolific hy-
drocarbon habitat and is known to con-
tain one identified petroleum system
(Exweozor & Daukoru, 1984; KULKE,
1995) referred to as the Tertiary Ni-
ger Delta (Akata — Agbada) petroleum
System. The sandstones and uncon-
solidated sands from which petroleum
is produced in the Niger Delta have a
geometry that has been grossly affected
and controlled by the dominant growth
fault configuration. The sand units are

Figure 1. Niger Delta study location. Inset is field basemap with well posi-
ions and correlation directions.
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seen to thicken in the downthrown
portion towards the fault dip direction
(Rotmmi et al., 2010, WEBER & DAuko-
RrRU, 1975).

MATERIALS AND METHODS

Wireline logs were used for the pur-
pose of this study in conjunction with
biostratigraphy data. The method em-
ployed in this study is that of lithofa-
cies identifications coupled with se-
quence stratigraphic concepts. Parase-
quences were identified based on the
principle described by (VAN WAGONER
et al. 1990). Their boundaries were
identified and separated from others by

flooding surfaces which are often char- R

acterized by a cycle of sediment that
either coarsens or fines upward. These
changes in grain sizes are abrupt and
very conspicuous and allow for corre-
lation of the parasequence boundaries
across the field thus being a valid tool
for chronostratigraphy although care
must be taken in choosing these sur-
faces.

Stacking pattern for parasequences sets
were evaluated as fundamental build-
ing blocks of a sequence. The identified
stacking patterns include progradation-
al, retrogradational and aggradational
stacking patterns (VAN WAGONER et al.,
1990). These patterns are dependent on
the ratio of the rate of deposition to that
of accommodation. A progradational

stacking pattern of parasequences re-
fers to the pattern in which facies at the
top of each parasequence becomes pro-
gressively more distal i.e. basinward
(PosaMANTIER & VaiIL, 1988; WiLGus
et al., 1998). A retrogradational parase-
quence set has successively younger
parasequences deposited farther land-
ward in a backstepping pattern. Over-
all, the rate of deposition is less than
the rate of accommodation.

An aggradational parasequence set
is one in which successively younger
parasequences are deposited above
one another with no significant lateral
shifts. The rate of accommodation ap-
proximates the rate of deposition (i.e.
oo = RY)-

Some other differentiating factors in-
clude lithological ratio interplay of ma-
terial deposited (i.e. sandstone or mud-
stone), the environment of deposition
(i.e. coastal/shallow marine to deep
marine) and the ratio of the thicknesses
of the different parasequences and par-
asequence sets. All the aforementioned
points were used for the purpose of this
study.

Chronostratigraphically Significant
Surfaces

Sequence boundaries were identified
based on the methodology described
by VAN WaGoner et al., (1990). Se-
quence boundaries were identified
by the most basinward shift in facies,
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within a coarsening upward sequence
(EMERY & MyYERs, 1996). These are
usually located between two maximum
flooding surfaces. Typical 1g pattern in
neritic environment is an aggradational
(massive) lg pattern that overlies an
interbedded 1g pattern. This boundary
corresponds to the position of highest
resistivity and lowest lithology Igs.

Below the sequence boundary is a
trend of decreasing flooding surface
as indicated by increasing flooding
surface shale resistivity, while above
the boundary is a trend of increasing
flooding surface and decreasing flood-
ing surface shale resistivity. Maximum
flooding surface caps the transgres-
sive system tracts which represents
the most landward transgression of the
shoreline.

In recognizing the various systems
tract (lowstand, transgressive and high-
stand), procedure that involves first, lo-
cating the maximum flooding surfaces
within major condensed sections on
the well-lgs, followed by the location
of the sequence boundary between the
two maximum surfaces was adopted.

The Lowstand System Tract: This com-
prise of the basin floor fan, the slope
fan and the prograding wedge com-
plex all have their boundaries marked
by maximum flooding surfaces (MFS)
recognized as an extensive blanket of
shale minor or major with fauna and
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floral diversities (VAIL & WORNARDT,
1992).

The Transgressive System Tracts: This
is characterized by an overall upward
fining and thinning (backstepping par-
asequence set) on lgs, although the
individual parasequence tends to pro-
grade. It is bounded below by a trans-
gressive surface and above by a maxi-
mum flooding surface. The portion of
the 1g with lowest shale resistivity and
which corresponds with the maximum
deflection on the GR and/or the SP Ig
were selected as the maximum flood-
ing surfaces. A condensed section is
associated with the maximum flooding
surface that marks the upper boundary
of the transgressive system tracts as the
parasequences backsteps landwards
(Lourit et al., 1988). It is characterized
by the greatest abundance and diver-
sity of fauna within the sequence and
starved of terrigenous materials.

The Highstand System Tracts: This is
bounded below by a downlap surface of
maximum flooding and above by a se-
quence boundary. The early highstand
is characterized by aggradational par-
asequence set, while the late highstand
is characterized by a set of prograd-
ing, coarsening upward and shallowing
upward parasequences that terminate
at the sequence boundary. Lg correla-
tions in the highstand is difficult and Ig
patterns, commonly indicate interbed-
ded sand and shale lithofacies, while
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the reservoir continuity is fair (VAL &
WORNARDT, 1990).

Eustatic sea level charts derived from
eustatic cycles of the Niger Delta and
the coastal onlap have been correlated
to derive the regional chronostratigra-
phy of the Niger Delta. This has aided
the prediction, location and dating of
sequences, their correlatable bounda-
ries, and other chronostratigraphically
important surfaces in the Niger Delta.
The Niger Delta Cenozoic chron-

ostratigraphic chart Figure 2, is a geo-
logical data table containing up to date
information on the chronostratigraphy
of the Niger Delta, its marker shales
and maximum flooding surfaces, the
Pollen (P-zone data) and Foraminifera
zonation (F-zone data), the Niger Delta
depobelts and its sequence stratigraphy
(Haq et al., 1988). The chart was used
variously in the course of this study to
determine amongst others, the ages of
the maximum flooding surfaces and the
sequence boundaries.
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Figure 2. The Niger Delta Cenozoic Chronostratigraphic Chat (Haq et al.

1988)
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Well Correlation

Correlation of wells along strike and
dip lines was made towards the devel-
opment of a chronostratigraphic frame-
work for the study area. The correla-
tions made over the entire field starting
from the control well 001. This was
done to build a holistic sequence strati-
graphic framework. The correlations
were carried out along one strike and
one dip line. This is limited based on
the location and position of the wells
as displayed on the base map and well
positions relative to each other as seen
on the basemap (Figure 1). Due to the
localization of the wells, there is dire
need to start correlation within this area
and also in the vicinity of the identified
chronostratigraphic surfaces e.g. the
correlatable marker shales.

RESULTS AND INTERPRETATION

Sequence boundaries in the field were
identified based on the interpretation
of unconformity surface seen on the
lgs assisted by the interpretation of
stacking patterns, lg shapes and motifs.
This is discovered to be the effect of
basinal drift in the sediment/ horizon
sets on and facies arrangement on the
wells which was a major focus. The
major Sequence Boundary recognized
included 17.7 Ma, 14.8 Ma, 12.1 Ma,
and 10.38 Ma. Unconformity surfaces
marks the sequence boundaries while

RMZ-M&G 2010, 57

on the well 1g the highest value on the
Resistivity 1g which corresponds to the
lowest value on the SP lg indicates the
sequence boundaries mapped. The for-
mations mapped are predominantly of
the prolific hydrocarbon bearing Agba-
da formation of the Niger Delta which
is thick sequences of early to middle
Miocene age. The discussion is pre-
sented below.

DiscussioN
SEQUENCE BOUNDARIES (SB)

17.7 Ma SB

This is the oldest sequence bound-
ary identified in the study area. It was
penetrated by Wells 001, 002 and 003
at depths of 2 951 m, 2 836 m, and
2 860 m respectively. This surface was
not recognized on Well 005 due to the
depth to which it was drilled and a pro-
jection was done to include Well 004
from the other array of wells, as it was
situated at some distance basinward.
The lg motif shows abrupt change
from an upward deepening facies suc-
cession to an upward shallowing one.
Paleobathymetric deduction and Ig sig-
natures shows that such horizons are
devoid of pollens as there are indica-
tions of forams present (F-zone data).
The depositional environment deduced
from the lgs depicts a shelf environ-
ment (Figure 3).
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14.8 Ma SB

This Sequence Boundary is well
marked on all the lg signatures and was
penetrated by all the wells in the field.
The depth of occurrence varies with re-
spect to the position of the wells on the
block and relative to each other. The Ig
signature associated with this boundary
is slightly featureless and in some part
blocky. It is associated with a boundary
of graded sandy shale sequence. This
interpreted the pre-channel facies of
the field as it resembles a basin floor
fan complex but it can be said to be of
the slope fan complex. Due to the non-
uniform lg shape it could be inferred
that the lithology must have been de-
posited in a high to moderate energy
regime with limited time for sediment
sorting and hence the intercalation of
the beds and consequent aggradations
(Figure 3).

12.1 Ma SB

The 12.1 Ma sequence boundary over-
lies the succession of lithologies pen-
etrated by all the wells 001, 002, 003
and 005. A careful projection was also
made to well 004 so as to gain proper
chronostratigraphic correlation cover-
age of the field. This sequence bound-
ary is well marked on all the wells as
it occurs at different depth range, but
as delineated in the field the boundary
falls within the depth range of 1 762 m
in Well 001 and 2 083 m in Well 005.
The aggradational lg shape of the sand
body sequence is typical of channel lev-

ee complex and at the proximal portion
of the basin a prograding wedge com-
plex (Figure 3). This near cylindrical Ig
shape shows slight left side deflection
and a corresponding right side Resistiv-
ity lg signature. This is characteristic of
a channel complex environment serv-
ing as a suitable clear demarcation for
the overlying Lowstand system tract.

10.35 Ma SB

This marks the youngest sequence
boundary penetrated in the study area
as it marks the base of the Benin sand
formation. It occurred in all the wells
and also a projection done to incorpo-
rate the more proximal well 004. This
marks the channel sequence of the dis-
tal pre Benin sequence deposited. This
sequence has a blocky lg shape as much
as depicted on the log motif and indi-
cates a channel sand deposit marked
abruptly by complex of slope wedge
deposits. This is well correlated to the
Niger Delta chronostratigraphic chart
and accurately mapped (Figure 2).

Maximum Flooding Surfaces

Maximum flooding surface were delin-
eated as points of occurrence of an ex-
tensive blanket of shale and starved of
terrigenous material with biofacies di-
versity. The surfaces were picked on the
well 1gs as the top of a retrogradational
complex. The lowest value on the Re-
sistivity curve which corresponds to the
highest value on the lithology curve de-
picts the point where the surface occurs.
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Figure 3. Well 1 showing sequences and stratigraphically significant sur-
faces
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Identification of higher frequencies
depositional sequences

In addition to the various 3rd order dep-
ositional sequences, system tracts and
flooding surfaces identified, a number
of higher order frequencies deposition-
al sequences of the Forth order, were
adequately identified and delineated
in the wells studied (GOLDHAMMER et.
al., 2000). Although most of the wells
in the study area exhibited mainly 3rd
order depositional sequences, these se-
quences were subsequently subdivided
into higher order sequences denoted
with numbers 1-3 and 1-6 as the case
may be. This subdivision is done as
a branching out of the major deposi-
tional cycle depicted by the major se-
quence boundaries of the depositional
sequence and their associated flooding
surfaces. This identified higher order
sequences is interpreted as indications
of the minor position at different times
of the shoreline within the mega cycle
which are therefore eustatic and repre-
sents the major depositional sequences.

THIRD (3RD) ORDER DEPOSITIONAL SE-
QUENCE STRATIGRAPHIC INTERPRETATION
OF WELLS

Well 001

Sequence 1

This sequence starts at depth 2 951 m
and ends at 2 743 m. The lowstand sys-
tem tract begins this sequence bounded

below by the 17.7 Ma sequence bound-
ary. The sand package above the bound-
ary is described as a prograding com-
plex showing a fining upward pattern
capped by a minor condensed section
associated with abundance and diversi-
ty peak that terminates at the maximum
shale point (i.e. top of lowstand - TLS
1). This is overlain by the transgressive
system tract (TST) that covers a depth
of 144m above the TLS 1 and consists
of'an overall retrograding parasequence
stacking pattern capped by the 15.0 Ma
Rich Bolivina 25 maximum flooding
surface (Figure 3).

The highstand system tract rest on
the TST and covers the depth range
of 2 743 m to 2 416 m. It starts with
an aggradation parasequence stacking
pattern and subsequently starts to pro-
grade upward. It is truncated at the top
by the 14.8 Ma sequence boundary.

Sequence 2

This sequence starts with an almost
uniform shape, non graded sand body
of about 160 m that forms the base unit
of the lowstand system tract (Figure 3).
The near blocky signature signifies a
sandy lithology showing a slightly fin-
ing upward trend indicating a well de-
veloped channel sand body of a slope
fan complex and terminates at the to of
lowstand (TLS) 2.

The transgressive system tract extends
from a depth of 2 256 m to 1 984 m.
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This portion of the subsurface is found
to exhibit individual Parasequence pat-
tern prograding and showing a motif
similar to that of an incised valley fill.
The TST is capped by the 12.8 Ma —
Nonion 6 MFS associated with a major
condensed section.

This sequence is terminated by the
highstand system tract which starts
at depth 1984 m showing some ini-
tial aggradational stacking pattern and
later progrades to be terminated at the
distal portion by the 12.1 Ma sequence
boundary (Figure 3).

Sequence 3

Resting upon the 12.1 Ma sequence
boundary is the uppermost sequence
encountered in this well. It is char-
acterized by back stepping signature
o the lithology lg although it shows
spurious effect on the saturation. Such
can be interpreted to be a channel fa-
cies deposited under turbulent energy
this with no time for consolidation or
sorting. The Nonion4 MFS appears at
1364 m to caps the top of the transgres-
sive system tract appearing in the mid-
dle of the LST and HST. The pattern
that starts this sequence grades into a
more uniform and characteristically
blocky unit of rock typical of a time
of recession in energy of the medium.
At 1 070 m the 10.35 Ma sequence
boundary caps this section to terminate
the observed third order sequences for
this well.
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Well 002

Sequence 1

The Lowstand system tract begins this
sequence at depth 2 836 m and ends at
2 735 m. The whole sequence covers
a total depth of 466.6 m (1531 ft) and
bounded at the base by the 17.7 Ma se-
quence boundary (Figure 4). The sedi-
ment package constituting this system
tract shows a rounded lg signature typi-
cal of an aggradational Prograding com-
plex. The Transgressive system tract
overlies the LST and covers a depth
of 231 m above it. The laterally exten-
sive shale blanket which distinguishes
it from the major condensed section is
of the shelf environment, it consists of
a series of fining upward retrograding
parasequence pattern capped by the 15.0
Ma Bolivia 25 maximum flooding sur-
face (Figure 4). The highstand systems
tract caps sequence 1 as it sits on the TST
at depth of 2 504 m to 2 370 m just be-
low sequence 2. This system tract shows
bulky aggradational parasequence pat-
tern as it progrades upward to be capped
by the 14.8 Ma sequence boundary.

Sequence 2

Sequence 2 starts with a crescent
shaped lg pattern which grades into a
Prograding complex and body with no
grading pattern observed. This basal
unit of the Lowstand system tract starts
from depth of 2 370 m to 1 923 m. It
is bounded below by the channel sand
body which marks the base of this se-
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quence boundary of 17.7 Ma. Parase-
quence set motifs exemplified by some
minor abundance and diversity peaks
mark the top of this system tract (Fig-
ure 4). The Transgressive system tract
covers a total depth of 166m as it ex-
hibits a slightly aggradational parase-
quence set typical of a shelf environ-
ment terminated at the top by the major
condensed section embedded in the

12.8 Ma maximum flooding surface.

The highstand systems tract found di-
rectly overlying sequence 2 starts from
the top of the TST at depth 1 923 m to
1 818 m showing some initial crescent-
shaped retrogradational stacking pattern
fining upward indicating that of a chan-
nel complex. This system tract termi-
nates at the 12.1 Ma sequence boundary.
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Sequence 3

Sequence 3 episode of deposition extends
from 1 736 m (lower sequence bound-
ary) to 1 242 m (upper sequence bound-
ary). The lowstand system tract starts
this sequence with the slope fan complex
covering about 494 m and overlain by
the transgressive systems tract deposit.
A laterally extensive marine shale which
serves as the maximum flooding surface
at 1 382 m is observed to cap this deposit
as it is marked by the 10.4 Nonion 4 MFS
at 1382 m. The highstand system tract
terminates this sequence at 1 242 m and
covers 140 m (Figure 4).

Well 003

Sequence 1

This sequence starts with the lowstand
sequence tract at the depth of 2 859 mto
2 329 m. The whole sequence is about
530 m and has a combination of Pro-
grading and slightly aggrading parase-
quence stacking pattern. The lowstand
systems tract has a sand package which
shows a fining upward sequence and
then interfingering of some minor shale
lithology which marks the top of the
lowstand systems tract (Figure 5). The
transgressive system track overlies this
and covers the depth of about 164 m
showing a series of upward aggrada-
tional pattern typical of the shelf envi-
ronment. A blanket of extensive marine
shale is seen to be truncating the TST
with the embedded condensed section.
highstand system tract caps this deposit
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at 2 329 m and marked by the 14.8 Ma
sequence boundary.

Sequence 2

The upper and lower sequence bounda-
ry occurs at depth 1 709 m and 2 329 m
respectively, enveloping the whole sys-
tem tracts of this depositional episode.
The prograding complex and the slope
fan deposits mark the lowstand system
tract which covers a depth of 184 m
within the interval of 2 329 m and 2 145
m. The transgressive system tract with
its characteristic fining upward pattern
rests on the transgressive surface (i.e.
top of the lowstand system tract TLS
2), and truncated by the shale blanket of
the maximum flooding surface at 1 909
m marked by the 12.8 Ma Cassidulina7
MFS (Figure 5). This depositional se-
quence has the highstand system tract
deposit as the cap which starts from 1
909 m to terminate at 1 709 m which is
the topmost sequence boundary.

Sequence 3

Sequence 3 episode of deposition
started with the lowstand system tract
having a slope fan complex as a typi-
cal signature at 1 709 m to 1 574 m,
and was immediately followed by the
transgressive system tract deposits of
about 140 m. The maximum flooding
surface marked by the 10.4 Ma Nonion
4 MFS truncates it at 1 434 m as it is
subsequently overlain by the highstand
system tract. This system tract repre-
sented by the aggrading to prograding
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lg pattern terminates the studied depo- Well 004

sitional episode of this well. The lower

and upper sequence boundaries of the Sequence 1

highstand systems tract occur at 1 434 Sequence 1 episode of deposition com-

m to 122 m respectively. menced with the lowstand system tract
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Figure 5. Well 3 with sequences and stratigraphically significant surfaces
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which range from 3 459 m to 3 133 m.
A short interval of transgressive system
tract overlies this prograding slope fan
deposit of the lowstand systems tract
deposit. Maximum flooding surface

marked by 15.0 Ma Rich Bolivina 25
MEFS occurs at 2 940 m to cap the ret-
rogradational pattern of the transgres-
sive systems tract that terminates at the
same point. Overlying it unconform-
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Figure 6. Well 4 with sequences and
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stratigraphically significant surfaces
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ably is the highstand systems tract de-
posit covering about 133 m and bound-
ed at the upper part at 2 807 m by the
14.8 Ma sequence boundary (Figure 6).

Sequence 2

Sequence 2 observed in well 004 in the
study area is bounded at the base and
top by sequence boundaries at depths
2 807 m and 2 352 m respectively cov-
ering 153 m. it starts with a lowstand
systems tract covering 152 m, overlain
by a Transgressive Systems Tract that
is truncated by a maximum flooding
surface marked by the 12.8 Ma Nonion
6 MFS at 2 540 m. Capping this se-
quence is the Highstand Systems Tract
extending from the top of the maxi-
mum flooding surface to a depth of 2
352 m marking the top of the sequence.

Sequence 3

Sequence 3 of Well 004 in this field of
study has a thickness ranging from 2 352
m at the lower boundary to 1 821 m at
the apex of the sequence. The Lowstand
Systems Tract lies on the lower se-
quence boundary covering 196 m as it
terminates at the occurrence of an ex-
tensive shaly bed initiating the start of
the transgressive systems tract seen to
overlay the lowstand system tract. The
10.4 Ma Nonion 4 maximum flooding
surface caps this transgressive system
tractat 1 981 m. The Highstand Systems
Tract covers the top of this sequence and
terminates at 1 821 m, a total of 160 m
has been observed for it (Figure 6).

Well 005

Sequencel

The lower sequence boundary of this
Sequence 1 occurs at 3 030 m. The top
of the lowstand systems tract occurs at
2 841 m with prograding complex pat-
tern as it is overlain by the transgressive
systems tract. The maximum flooding
surface with lowest shale resistivity
value and high value on the SP Ig oc-
curs at depth of 2 769 m (Figure 7).

This is in turn overlain by the blocky
sand of the highstand systems tract
initiated by the slightly coarsening up-
ward pattern immediately above the
marker surface. The upper sequence
boundary occurs at 2 498 m.

Sequence 2

This sequence lies on the lower sequence
boundary at 2 498 m, and the depo-
sitional episode commenced with the
deposition of transgressive systems tract
unconformably on the lower boundary,
culminating in the transgressive peak at
the maximum flooding surface at a depth
of 2 324 m. The highstand systems tract
extends from the top of the maximum
flooding surface to terminate at 2 083 m,
at the position which marks the top of
the sequence boundary (Figure 7).

Sequence 3

This depositional sequence covers a total
depth of 672 m as it commenced with a
lower sequence boundary at 2 083 m. This
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sequence is initiated by the lowstand sys-
tem tract as it is marked by a characteris-
tic 1g motif typical of coarsening upward
backstepping aggradational stacking pat-
tern. This system tract is overlain by the
shaly formation of the transgressive sys-
tem tract. This transgressive system tract

initiated at 1 896 m was caped by the
maximum flooding surface depicted by
the Nonion 4 marker at 1 699 m. The high-
stand system tract tops the set of sequences
interpreted in this well as it covers a total
depth of 287 m and terminates at 1412 m
which marks the upper boundary.
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Figure 7. Well 5 with sequences and
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Figure 8. Stratigraphic correlation showing all 5 wells in the field of study

WELL CORRELATION

Strike line Correlation

This is carried out along the fault
blocks in a bid to understand the re-
lationships between well tops and
stratigraphic surfaces in the studied
wells, and in building a depositional
model to know what the basin archi-
tecture looks like. This assisted in
the determination of the lateral ex-
tent, continuity and homogeneity of
the reservoir units and some marker
shales, and also for accurate age dat-
ing of the subsurface strata of inter-

est penetrated in the field. Figure 8
shows the lithofacies correlation and
the crosscutting effect of fault on it at
the subsurface. Figures 8 and 9 show
the strike line and dip line correla-
tion respectively carried out along
fault blocks in the site of the wells
as shown on the map (Figurel). This
strike section cuts across wells 002
and 003, and the correlation shows
normal delta progradation, continu-
ity of lithofacies with thickening and
thinning effect of some sequences. It
is inferred in agreement with OzumBA
(2005), the late Miocene sequences
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are thicker than the middle Miocene
sequences. Furthermore, sandy lithol-
ogies with shale interfingering iden-
tified are of middle Miocene which
is comparable with other facies of
the same age in the Agbada Forma-

tion. The sequence stratigraphic cor-
relation shows that the sequences
and surfaces identified were present
and then confirms the continuity of
the lithologies and horizons mapped
(Figure 8)
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Figure 9. Strike line stratigraphic correlation of wells 002 and 003
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Figure 10. Structural cross-section showing features of wells 002 and 003

Dip line correlation

Dip line correlation was made across
different fault blocks from the northern
end to the southern end in the distal por-
tion of the field of study. This was nec-
essary in a way to determine the effects
of structural elements like faults, and
anticlinal closures on the connectiv-
ity and continuity of the reservoir sand

bodies as they cut across different fault
blocks. Essentially the dominant mi-
gration pathway of hydrocarbon which
was along fault planes and also the trap-
ping mechanism of hydrocarbon in the
field were appreciated as much insight
was gained into this. Basinal prograda-
tion was seen more clearly here as the
thickening and thinning of the litholo-
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Figure 11. Dip line stratigraphic correlation of wells 002, 001 and 004.

gies was obvious (Figures 11 and 12).
The wells 002, 001 and 004 used ex-
hibited the effect of structural instabil-
ity. The up and down pattern signifies
the presence of this lithological units
on separate portions of a growth fault
structure with some sort of roll-over
anticline typical of the Basin. The res-
ervoir horizon mapped which shows
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some alternation of lithologies is that
of the Agbada Formation.

The horizon shows continuity and con-
nectivity, though the shaliness of the
beds is slightly high. It could be in-
ferred from the sequence stratigraphic
correlation of the chronostratigraphic
significant surface that the LST and the
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TST hosts the reservoir units mapped
in the Agbada Formation on the down-
thrown side in the hanging wall of the
synsedimentary faults (AINSWORTH,
2005). They are seen to increase and
show maturity in thickness downslope
as the basin progrades in the proximal
direction and hence the high probabil-
ity of having enormous accumulation
of commercially exploitable hydrocar-
bon in the deeper portion and offshore
depobelt of the basin beyond the field
of study (Figure 13).

CONCLUSIONS

In the light of the various approaches
of investigations and detailed analyses
discussed earlier in the methodology, a
series of 3™ and 4™ order stratigraph-
ic surfaces were identified. The study
area has a sequence stratigraphy within
a chronostratigraphic framework that
is composed of four sequence bound-
aries varying from 17.7 Ma to 10.35
Ma and three intervening maximum
flooding surfaces between 15.0 Ma and
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Figure 12. Dip line structural cross-

and 004

section correlation of wells 002, 001
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Figure 13. Structural cross-section correlation of all the wells in the field

10.4 Ma. These surfaces were all asso-
ciated with the strata of early to mid-
dle Miocene age and corresponding
to pollen zones P830-P670 and foram
zones F9300- F9600 and foram sub
zones F9301-F9605. The recognized
maximum flooding surfaces were tied
to the Niger delta chronostratigraphic
chart and all was found to fall within
the Central Swamp Depobelt.
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Radon potential of a fly ash pile - a criterion for its use as a
building lot

Radonski potencial odlagalisca elektrofiltrskega pepela kot
merilo za njegovo uporabo kot gradbeno zemljisce
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Abstract: Radioactivity survey on a fly ash pile was carried out. Concen-
tration of radon (*?Rn) in fly ash at a depth of 1 m was in the range
of 0.3-46.9 kBq m3, with arithmetic mean of (23.8 £ 0.2) kBq m™.
Radon exhalation rate was about 24 mBq m? s™!' on the part of the
pile covered with grass, and about 37 mBq m? s! on the part with
trees and bushes. Gamma dose rate was about 168 nSv h™' and ash
permeability around 3.9 x 10~'* m? on both parts.

Izvlec¢ek: Na odlagaliscu elektrofiltrskega pepela smo izvedli raziskavo ra-
dioaktivnosti. Na globini 1 m smo v elektrofiltrskem pepelu izmerili
koncentracije radona (***Rn) 0,3-46,9 kBq m™ s povpre¢jem (23,8 +
0,2) kBq m™. Na s travo poras¢enem delu odlagalis¢a smo izmerili hi-
trost ekshalacije radona okrog 24 mBq m? s, na delu, kjer odlagalisc¢e
preraséajo drevesa in grmi¢evje, pa okrog 37 mBq m? s™'. Hitrost doze
sevanja gama smo izmerili okrog 168 nSv h™!, prepustnost pepela pa
okrog 3,9 x 10> m>na obeh predelih.

Key words: radon, concentration, exhalation rate, gamma dose rate, fly
ash

Kljuéne besede: radon, koncentracija, hitrost ekshalacije, hitrost doze
sevanja gama, elektrofiltrski pepel
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INTRODUCTION

Radon (**’Rn) is a radioactive noble
gas (o radioactive transformation,
half-life, 7, = 3.82 d) originating from
radioactive transformation of radium
(**°Ra) in the natural radioactive chain
of uranium (**U) (Nazarorr & NERO,
1988). Only a small fraction of radon
atoms emanate from the solid and en-
ter the space between mineral grains,
from where they migrate through the
medium, by both diffusion and advec-
tion, and eventually exhale into the
atmosphere (ETIOPE & MARTINELLI,
2002). Radon is always accompanied
by its short-lived products (*'*Po, ?'“Pb,
21“Bi and ?'*Po) formed by its radioac-
tive transformation and appearing in
air as nano aerosols. Together, radon
and radon short-lived products con-
tribute more than half to the effective
dose a member of the general public
receives on the world average from
all natural radioactive sources (UN-
SCEAR, 2000) and are a major cause
of lung cancer, second only to cigarette
smoking (DArBy et al., 2005). Keep-
ing low radon levels in dwellings and
at workplaces is therefore a serious so-
cial concern and a great scientific chal-
lenge.

Radon enters the indoor air mostly
from the ground on which a building is
standing. Other radon sources, such as
outdoor air, building material, burning

natural gas and using water, are usually
minor if not negligible. It is therefore
important where and how the building
is constructed. Particularly important
is the quality of the basic floor slab and
parts of the walls contacting the ground.
Obviously, the higher the uranium con-
tent in the ground, and, consequently, ra-
don concentration in soil gas, the higher
quality is needed to keep radon level in
indoor air acceptably low. In this sense,
radon concentration in soil gas togeth-
er with soil permeability, as a measure
of radon potential (Wieganp, 2001;
NEznAL & SMARDa, 1996), should be
considered when constructing a new, or
remodelling an old building. In Germa-
ny, Kemski et al. (2001) have proposed
the following ranking of radon risk with
respect to radon concentration in soil:
low at <10 kBq m™~, medium at 10—-100
kBq m™, increased at 100-500 kBq m™,
and high radon risk at >500 kBq m™.
In Sweden, the ranking is slightly dif-
ferent: low at <10 kBq m™, normal at
10-50 kBq m™ and high at >50 kBq m™
(EC, 2005). A classification of soil with
respect to radon potential in Slovenia
has not been accepted.

Radon potential varies markedly
from soil to soil. It is reasonable to
expect that it will be higher in the
technologically enhanced naturally
occurring radioactive material (TE-
NORM). Such are wastes and by-
products of technological processes
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in which some members in the urani-
um radioactive chain are concentrat-
ed and hence their contents elevated.
An example is burning coal in a ther-
mal power plant. As in any material,
also in coal, there is certain, though
low, level of ??°Ra which, after burn-
ing, grows concentrated in the fly ash.
A question emerges what is the radon
potential of a layer of fly ash and thus
which radon risk is expected when
using this layer as a building lot.

In Slovenia, there are several fly ash
disposal sites of various sizes. For this
study, a small fly ash pile of well de-
fined geometry was chosen. In addi-
tion to radon concentration in fly ash
also radon exhalation rate from fly ash,
permeability of fly ash and gamma
dose rate were measured, and the site
was classified according to radon risk.
These have been the first such measure-
ments in Slovenia, aimed only at show-
ing as an example how radon potential
for this kind of sites may be dealt with.

MATERIALS AND METHODS

Site description

To the site selected as an example for
this study, the fly ash of a thermal pow-
er plant burning lignite had been dis-
posed of for years. At present it is a 5—7
m thick layer of an approximate 150 m
% 200 m surface area.

RMZ-M&G 2010, 57

Figure 1. A schematic outline of the fly ash
pile: the part covered by grass only is shad-
owed; measurement points are indicated,
with vertical bars representing radon con-
centration in ash-gas.

A gamma spectrometric analysis of an
averaged dry ash sample had shown
the following concentrations of ra-
dionuclides (Bq kg'): #%U: 200 + 26,
22Th: 37 + 8,%6Ra: 237 £ 8,%'°Pb: 102
+ 14, %“K: 410 £ 23. For comparison,
the following ranges were found in the
terra rossa soil in various points in the
karstic area: 238U: 52-70, 22Ra: 53-74,
40K 320450, (VaupoTIC et al., 2007a).
A small part of the pile is a glade cov-
ered with grass only, while the rest,
with dense bushes and trees (Figure 1).
Complete measurements of all the pa-
rameters were carried out only in the
former part because the movement of
the equipment (except of scintillation
cells) to the latter was practically im-
possible.
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Radon in fly ash

To measure radon concentration (C, /
(Bq m™)) in the ash-gas (gas contained
in the bulk of fly ash) an AlphaGuard
radon monitor and alpha scintilla-
tion cells were used. Because the cells
showed similar values and are, in ad-
dition, more simple to move and use,
only at two points in the part covered
with grass the AlphaGuard monitor
was used and the cells everywhere else.

1. AlphaGuard

The measurement set-up to analyse ra-
don concentration in soil gas consisted
of an AlphaGuard PQ 2000 PRO (AG)
radon monitor, a soil-gas probe and
an AlphaPump (AP) (Genitron, Ger-
many) (Figure 2). A borehole of 7 cm
diameter was hand-drilled into the fly
ash to a depth of 100 cm. The soil-gas
probe was inserted to the bottom and
the rubber ring around it inflated to
isolate the bottom part of the borehole
from the outdoor air. Soil gas was then
pumped from the bottom through the
AG ionization chamber at a flow rate
of 0.3 dm® min™'. The temporary radon
(*?Rn) concentration was registered
in one-minute intervals over approxi-
mately a 20-minute period. After ini-
tial growth, the concentration became
stabilised. The average of the last few
stabilised values was taken as the radon
concentration in soil gas. At this low
flow rate, contribution of thoron (**°Rn,
half-life 55 s) was negligible (Zunic et
al., 20006).

PRESSURE
_,BOX_,

AlphaGUARD

FLY ASH

Figure 2. Schematic set-up for measuring
radon concentration in ash-gas.

2. Alpha scintillation cells

For this experiment, the Spanish 0.3
dm? alpha scintillation cells were used
(Qumnpos-PonceLa et al., 2003). After
the measurement with the AlphaGuard
had been finished, a cell was connected
to the soil-gas probe and pump, and
ash-gas was flushed through the cell at
a flow rate of 1 dm?® min™' for 3 minutes,
necessary to exchange the air in the
cell by the ash-gas sample. In a time
longer than three hours, when the secu-
lar equilibrium between radon and its
short-lived products had been reached,
gross alpha activity of ??Rn, ?'*Po in
214Po was measured in an PRM 145
a-counter (AMES, Ljubljana) (Figure
3). Cell efficiencies are from 0.000218
s Bq?' m?to 0.000428 s' Bq! m® and
their background from 0.1 min™' to 0.5
min', thus assuring a lower limit of de-
tection from 50 Bq m™ to 110 Bq m™
at counting times of 15 min.
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Figure 3. Alpha counter with a scintilla-
tion cell.

Radon exhalation from fly ash

The radon exhalation rate £, /(Bq m™ s™")
from soil was measured using the Ex-
halation Box (EB, dimensions 0.7 m X
0.7 m x 0.2 m) and the same AG moni-
tor and AP pump as in the previous sec-
tion (Figure 4). The air was circulated
in the closed circuit for about 90 min
and the concentration of radon accu-
mulated in EB was recorded every 10
min. The exhalation rate was calculat-
ed using the formula:

v
E,, =B><E (1)

in which: B — slope of the straight line
fixed to the increasing radon concen-
tration points in the EB, //m’ — volume
of the EB, F/m?— surface area covered
by EB (Zuni¢ et al., 2006).
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AlphaGUARD
FILTER

f

EXHALATION BOX

| ! ! FLY ASH

Figure 4. Schematic set-up for measuring
radon exhalation rate from fly ash.

Fly ash permeability

The system to measure fly ash perme-
ability k£ ,/m* at 1 m depth consisted of
a Multisensor Unit D/D device (Geni-
tron, Germany) and the same AG mon-
itor, AP pump and soil-gas probe as for
measuring radon concentration (Fig-
ure 5). Ash-gas was sucked from soil
by soil-gas probe and pumped through
the AG and Multisensor. The pressure
difference (AP) between ash and open
air, and flow rate of ash-gas (Q) were
measured by the Multisensor D/D. The
fly ash permeability was calculated us-
ing a modified equation of Fick’s law
of diffusion (Janik, 2005):

o

W x AP @

kash :/u

in which: k_ /m* — permeability of fly
ash, 4 — dynamic viscosity of air (Pa s),
W/m — shape parameter of the soil-gas
probe, O/(m* min') — gas flow rate and
AP/Pa — pressure difference measured
(ZuNic et al., 2006).
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MULTISENSOR

PRESSURE LOW UNIT D/D

O
©
O AR IN

(p AIR OUT

J

]

out

AlphaGUARD

Figure 5. Schematic set-up for measuring
fly ash permeability.

Gamma dose rate

Gamma dose rate H /(nSv h') was
measured in outdoor air at the height of
1 m above the ground using a Gamma-
Tracer TM Wide Type E probe (Geni-
tron, Germany). The values of gamma
dose rate were registered in 5-min in-
tervals. The average value of 12—15 re-
cords was taken as a final result.

RESULTS AND DISCUSSION

Figure 6 shows the initial increase in
readings when measuring radon con-
centration in the ash-gas with the Al-
phaGuard monitor. A time of about 20
min was needed to reach the correct,
saturated value, taken as the results for
C,,- Accumulation of radon under the
exhalation box during exhalation rate
measurements is presented in Figure 7.

The initial slope of the curve was used
to calculate £, (in this case (10 + 1.2)
Bq m™ min™).

Values of radon concentration in ash-
gas are given in Table 1, together with
radon exhalation rate, fly ash perme-
ability and gamma dose rate. Based on
good agreement between radon con-
centrations obtained with both devices
in boreholes 1 and 6 (less than 15 %
difference) we decided to use the Al-
phaGuard monitor only at two points
easily accessible for the equipment,
and scintillation cells everywhere else.
Except at points 2 and 3, concentrations
were in the range from about 10 kBq m™
to about 45 kBq m™, with an average of
(23.8+0.2) kBqm™. This is similar as in
gravel deposits and lake sediments (38.1
kBq m~ and 20.3 kBq m~, respective-
ly) but lower than at carbonates (50.4
kBq m™) in Slovenia (VauproTiC et al.,
2007b; Vauroric et al., 2008), although
22°Ra concentration in fly ash is about
four times higher, and therefore higher
radon concentration would be expect-
ed, than in an ordinary soil (VAauroTIC
et al., 2007a). The lowest two values
(points 2 and 3) belong to boreholes
at the very edge of the pile where the
ash layer was thinner. Differences in
values among points (except 2 and 3)
are normal, as it is well known that
even at a homogeneous distribution of
22°Ra, radon levels may differ markedly
from borehole to borehole because of
micro fractures in the ground (DURRANI
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Figure 6. Initial increase in readings (S6) when measuring radon concentra-
tion in the ash-gas with the AlphaGuard monitor.
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Figure 7. Accumulation of radon under the exhalation box during exhala-

tion rate measurements (S1).

& BaDR, 1995; Baixeras et al., 1996;
Kemskr et al.,, 2001; WINKLER et al.,
2001; IakovLEva & RyzHAKOVA, 2003;
VaurorTi¢ et al., 2007a). Point 4 is at the
same level as other points but only 1
m or so away from the steep edge of
the pile. We may speculate that atmos-

RMZ-M&G 2010, 57

pheric air may penetrate horizontally
into the borehole, diluting the ash-gas
and thus reducing radon concentration.
Such a situation has not been observed
at point 7 where radon concentra-
tion was second the highest. Although
the radon exhalation rate is similar as
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somewhere else in Slovenia (VAuPOTIC
et al., 2010; VauroTiC et al., 2007b) it
is higher at point 1 (36.9 mBq m™? s™)
than at point 8 on glade (24.2 mBq m™
s'), most probably because the roots of
trees and bushes here break up the bulk
structure of the pile and thus enhance
radon diffusion (MoLDpRruP et al., 2000).
Also the permeability of fly ash does
not differ from that measured at other
places (Vauroric et al., 2010; VauroTiC
et al., 2007b). It is practically the same
at point 1 and 6, thus pointing out that
higher exhalation rate at point 1 is due
to enhanced diffusion (MoLDRuP et al.,
2000) and not higher advection in the
ash.

Gama dose rate of 168 nSv h™' is about
50 % higher than over a nearby ground
and about 15 % (27 nSv h™") lower than
over the Pohorje granite (195 nSv h'")
(Bramik et al., 1992).

With respect to radon concentration in
ash-gas (never exceeding 50 Bq m™),
this fly ash pile may be considered as
a building lot with a normal radon risk
according to the Swedish (EC, 2005)
and a medium radon risk according to
the German (Kewmski et al., 2001) clas-
sification. This classification is con-
servative, because the measurements
were carried out in summer after a long
period of dry weather when radon con-
centration is higher than it would be in
wet condition (Hosopa et al., 2007; Pa-
PACHRISTODOULOU et al., 2007).

CONCLUSIONS

Concentration of radon in ash-gas was
in the range of 0.3-46.9 kBq m™, with
arithmetic mean of (23.8 + 0.2) kBq m?,
and radon exhalation rate about 24
mBq m? s on the part of the pile cov-

Table 1. Radon concentration (C, ), obtained with alpha scintillation cells and Alph-
aGuard monitor, radon exhalation rate (£, ), permeability of fly ash (k) and gamma

dose rate (H ,) on the fly ash pile.

Meas. C,/(kBgm?) C,/(kBqm?) . . :

point | Scintillation cell | AlphaGuard | T%/(MBATTSD | K/ H jmSvh
s1 13.6 <03 15529 36.9+4.9 37 %107 166
52 03 +0.05
s3 1.2+0.08
54 13.0+04
S5 37.0+0.6
S6 308 0.6 265433 4010 " 169
57 128+06
S8 469+ 0.7 242425
$9 289405
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ered with grass, and about 37 mBq m* s™
on part with trees and bushes. Accord-
ing to the German classification the pile
may be considered as a building lot
with medium radon risk, and according
to the Swedish, normal radon risk.

Acknowledgements

This work was financially supported by
the Slovenian Research Agency within
the project “Physico - chemical processes
involved in formation of radioactive nano
aerosols” (contract number J1-0745).

REFERENCES

Baixeras, C., BAcMEISTER, G. U., CLIMENT,
H., ALBARRACIN, D., ENGE, W,
FreYER, K., TREUTLER, H. C., JONS-
SON, G., GHOsE, R., MonNIN, M. M.,
Font, L., DEVANTIER, R., SEIDEL, J.
L., ScioccHerT, G. & COTELLESSA,
G. (1996): Report on the first phase
activity of an EU project concerning
coordinated radon measurements in
five European countries. Environ.
Int.; Vol. 22, pp. S687-S697.

Bramik, D., Mikravzic, U. & Towmsic, J.
(1992): Map of natural radioactivity
in Slovenia and its correlation to the
emanation of radon. Radiat. Prot.
Dosim.; Vol. 45, pp. 273-276.

DarBy, S., HiLL, D., AUVINEN, A., BARRIOS-
Dios, J. M., Baysson, H., Boch-
iccuio, F., Deo, H., Faik, R., Fo-
RASTIERE, F., Hakama, M., HED,

RMZ-M&G 2010, 57

I, KRreiENBROCK, L., KREUZER,
M., LaGArRDE, F., MAKELAINEN, .,
MuirHEAD, C., OBERAIGNER, W.,
PERSHAGEN, G., RuaNO-RaviNa, A.,
RuosteENOJA, E., Rosario, A. S.,
TIRMARCHE, M., ToMasSEK, L., WHIT-
LEY, E., Wicamann, H. E. & DoLL,
R. (2005): Radon in homes and risk
of lung cancer: collaborative analy-
sis of individual data from 13 Euro-
pean case-control studies. Br. Med.
J.; Vol. 330, No. 7485, pp. 223-226.

Durran, S. A. & BADR, L. (1995): Geostatis-
tically controlled field-study of ra-
don levels and the analysis of their
spatial variation. Radiat. Meas.;
Vol. 25, No. 14, pp. 565-572.

EC (2005): An overview of radon surveys in
Europe, European Commission.

ETiore, G. & MARTINELLL, G. (2002): Migra-
tion of carrier and trace gases in
the geosphere: an overview. Phys.
Earth. Planet. In.; Vol. 129, No.
34, pp. 185-204.

Hosoba, M., Summ, M., SucgiNo, M., Furu-
KawA, M. & Fukushr, M. (2007): Ef-
fect of soil moisture content on ra-
don and thoron exhalation. J. Nucl.
Sci. Technol.; Vol. 44, No. 4, pp.
664—672.

Iakovieva, V. S. & Ryznakova, N. K.
(2003): Spatial and temporal varia-
tions of radon concentration in soil
air. Radiat. Meas.,; Vol. 36, No. 1-6,
pp- 385-388.

Janik, M. (2005): Radon transport model and
its verification by measurements in
houses. 1966/AP, IF] PAN, Krakow.

KEemski, J., SIEHL, A., STEGEMANN, R. & VAL-
DIVIA-MANCHEGO, M. (2001): Map-
ping the geogenic radon potential in



510

VauroTIC, J., GREGORIC, A., Kozak, K., MAZUR, J., Kocnowska, E. & GrzaDZIEL, D.

Germany. The Science of The Total
Environment, Vol. 272, No. 1-3, pp.
217-230.

MoLbprup, P., OLESEN, T., GAMST, J., SCHION-
NING, P., YamacucHi, T. & RoLSTON,
D. E. (2000): Predicting the gas dif-
fusion coefficient in repacked soil:
Water-induced linear reduction
model. Soil Sci. Soc. Am. J.; Vol. 64,
No. 5, pp. 1588-1594.

Nazarorr, W. W. & NEro, A. V. (1988): Ra-
don and its decay products in indoor
air. New York: John Wiley & Sons.

NEzNAL, M. & SMARDA, J. (1996): Assess-
ment of radon potential of soils - A
five-year experience. Environ. Int.;
Vol. 22, pp. S819-S828.

ParachrisTopouLou, C., loannipes, K. &
Seathis, S. (2007): The effect of
moisture content on radon diffusion
through soil: Assessment in labora-
tory and field experiments. Health
Phys.; Vol. 92, No. 3, pp. 257-264.

Quinpos-PonceLa, L. S., FERNANDEZ, P. L.,
SaiNz, C., ARTECHE, J., AROZAMENA,
J. G. & GEorag, A. C. (2003): An
improved scintillation cell for radon
measurements. Nuclear Instruments
& Methods in Physics Research Sec-
tion a-Accelerators Spectrometers
Detectors and Associated Equip-
ment; Vol. 512, No. 3, pp. 606—609.

UNSCEAR (2000): Sources and effects
of lonizing radiation. UNSCEAR
2000 Report to the General assem-
bly, with Scientific Annexes. Vol. 1.

VauprotiC, J., Barisi¢, D., KosaL, 1. & LuLic,
S. (2007a): Radioactivity and ra-
don potential of the terra rossa soil.
Radiat. Meas.; Vol. 42, No. 2, pp.
290-297.

VAUPOTIC, J., GREGORIC, A., KOBAL, 1., ZVAB,

P., Kozak, K., MAZUR, J., KocHOWwS-
KA, E. & GrzapzieL, D. (2010): Ra-
don concentration in soil gas and
radon exhalation rate at the Ravne
Fault in NW Slovenia. Nat. Hazards
Earth Syst. Sci.; Vol. 10, No. 4, pp.
895-899.

VauporTIC, J., ZVAB, P., Grecori¢, A., Kos-
AL, 1., Kocman, D., Kotnk, J. &
KrizmaN, M. (2008): Radon map-
ping in Slovenia based on its levels
in soil gas. In: 33rd International
Geological Congress,, 614 August
2008, Oslo, Norway, Abstracts.

VAuPOTIC, J., ZvaB, P., GREGORIC, A., Kos-
AL, 1., Kocman, D., Kozak, K. &
MAzuRr, J. (2007b): Soil gas radon
potential on radon prone areas. Re-
port—9694, Jozef Stefan Institute,
Ljubljana.

WIEGAND, J. (2001): A guideline for the eval-
uation of the soil radon potential
based on geogenic and anthropo-
genic parameters. Environ. Geol.;
Vol. 40, No. 8, pp. 949-963.

WINKLER, R., RUCKERBAUER, F. & BunzL, K.
(2001): Radon concentration in soil
gas: a comparison of the variability
resulting from different methods,
spatial heterogeneity and seasonal
fluctuations. Sci. Total Environ.;
Vol. 272, No. 1-3, pp. 273-282.

ZUNIG, Z. S., KoBaL, L., Vauroric, J., Kozak,
K., MAZUR, J., BIROVLIEV, A., JANIK,
M., CeLiKoviG, 1., Unc, P., DEmalo,
A., KrsTi¢, G., Jakup, B., QuarTo,
M. & Bochicchio, F. (2006): High
natural radiation exposure in radon
spa areas: a detailed field investiga-
tion in NiSka Banja (Balkan region).
J. Environ. Radioactiv.; Vol. 89, No.
3, pp. 249-260.

RMZ-M&G 2010, 57



RMZ — Materials and Geoenvironment, Vol. 57, No. 4, pp. 511-524, 2010

511

Kocani Field (Republic of Macedonia): part I

Ocena onesnaZenja s tezkimi kovinami v tleh riZevih polj iz

Kocanskega polja (Republika Makedonija): 1. del

NasTiA Rocgan Smuch *

Geology, Askerceva cesta 12, SI-1000 Ljubljana, Slovenia

*Corresponding author. E-mail: nastja.rogan@guest.arnes.si

Received: October 6, 2010 Accepted: November 15, 2010

Abstract: The research focuses on the assessment of heavy metals con-

tamination in paddy soils from Kocani Field (Republic of Macedo-
nia). Very high concentrations of Ag, As, Cd, Cu, Mo, Ni, Pb, Sb and
Zn were found in the paddy soils samples from the vicinity of the
Zletovska River (western part of Kocani Field). This river drains the
untreated effluents from the Pb-Zn mine in Zletovo-Kratovo region
and it is used for irrigation of the surrounding paddy fields. Heavy
metal contamination of Kocani paddy soils was evaluated by using
contamination factor and contamination degree, which confirmed a
very high heavy metal contamination status for Kocani paddy soils,
especially around Zletovska River area. Taking into account the re-
sults of this research the area around the Zletovska River is consid-
ered as the most anthropogenically impacted part of Koc¢ani Field.

Izvlecéek: V tej Studiji smo ocenili in opredelili onesnazenje s tezkimi kovi-

nami v tleh rizevih polj Kocanskega polja (Republika Makedonija).
Zelo visoke koncentracije Ag, As, Cd, Cu, Mo, Ni, Pb, Sb in Zn
smo ugotovili v vzorcih tal iz blizine reke Zletovske (zahodni del
Kocanskega polja). Reka Zletovska odvaja neprecis¢ene odplake in
odpadke z obmocja rudnika Pb-Zn Zletovo, kmetje pa jo uporabljajo
za namakanje rizevih polj. Visoke vrednosti tezkih kovin v tleh ri-
zevih polj obmocja Kocanskega polja smo potrdili tudi z izraCunom
faktorja onesnaZzevanja in stopnje onesnazevanja. Na podlagi zelo
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visokih koncentracij tezkih kovin v vzorcih tal rizevih polj smo ugo-
tovili, da je obmocje okoli reke Zletovske resna ekoloska groznja

bliznjim ekosistemom.

Key words: assessment of contamination, heavy metals, paddy soil,
Kocani Field, Republic of Macedonia

Kljucne besede: ocena onesnaZenja,

tezke kovine, tla rizevih polj,

Kocansko polje, Republika Makedonija

INTRODUCTION

Soil is a specific component of the bio-
sphere because it is not only treated as
geochemical sink for contaminants, but
also as a natural buffer system control-
ling the transport of chemical elements
and substances into the atmosphere,
hydrosphere and biota. It has always
been important to humans and their
health, especially as a resource that can
be used for shelter and food production
(KaBata-PEnNDIAS & PENnDIAs, 2001).
Unfortunately, heavy metal contamina-
tion of soils has become a widespread
global problem over the past two dec-
ades and represents a long-term risk to
ecosystem health and quality (KABATA-
PenDIAS & PENDIAS, 2001).

Base-metal mining activities together
with milling and grinding operations,
concentrating ore and the disposal of
tailings, acid mine and mill wastewa-
ter provide important sources of heavy
metals entering into the environment
(Apriano, 1986). Consequently, very
high concentrations of heavy metals

can be found in and around abandoned
and active mines, which can affect
nearby agricultural soils, food crops,
riverine water and stream sediments
(ApriaNo, 1986; Jung, 2001; JunGg &
THorNTON, 1997; KORRE et al., 2002;
LEE et al., 2001; Liu et al., 2005; Lu
& ZHANG, 2005; SimMons et al., 2005;
WITTE et al., 2004, WonG et al., 2002;
YaNG et al., 2004).

Numerous studies worldwide have in-
vestigated the heavy metal concentra-
tions in soils (KaBata-PeEnpiAs & PEN-
pias, 2001). Although mining is one
of the most important industries in the
Republic of Macedonia, studies about
heavy metal concentrations in soils
originating from historical or current
base-metal mining activities are scarce,
especially in the area of Kocani region
(DoLENEC et al., 2007; RoGaN et al.,
2009; Rocan et al., 2010).

In this context, the major aims of the

presented study are:

e to detect the total heavy metal con-
centrations and distribution in pad-
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dy soil samples from Kocani Field MATERIALS AND METHODS

and compare these results with per-

missible levels of heavy metals in Study area

arable soils; Kocani Field is located in eastern Mac-
* to assess the soil contamination by edonia, about 32 km from the city of

environmental indexes, contamina- Stip and 115 km from the capital city

tion factor (Hakanson, 1980; Lo- Skopje. With an average length of 35

skA et al., 2004) and degree of con- km and width of 5 km, Ko¢ani Field

tamination (Hakanson, 1980) and;  lies in the valley of the Bregalnica Riv-
* to evaluate the overall environmen- er between the Osogovo Mountains in

tal risk of the soil system in the the north and Plackovica Mountains in

Kocani Field area. the south (Figure 1).
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Figure 1. Study area, Kocani Field
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The broader region is well known as
an agricultural and mining province,
with significant thermal activity. The
municipality of the Koc¢ani area com-
prises 28 settlements with 38,092 in-
habitants.

The Bregalnica River, together with
its tributaries, represents the principal
drainage system in the investigated
area and is, therefore, an important
water supply for the irrigation of the
surrounding paddy fields. The main
tributaries of the Bregalnica River
are the Kamenica River in the north-
eastern part of the study area and the
Zletovska River in the western side
of Kocani Field (Figure 1). The Zle-
tovska River originally drained the
central part of the Zletovo-Kratovo
volcanic complex as well as the un-
treated mine effluents from the Pb-Zn
Zletovo mine and its ore processing
facilities. Both rivers are used by lo-
cal farmers for the irrigation of the
nearby paddy fields. The Kocanska
and Orizarska Rivers are two small
tributaries of the Bregalnica River
(Figure 1) that drain the southern part
of the Osogovo Mountains, as well
as the untreated municipal wastes
and domestic sewage of the cities
of Koc¢ani and Orizari. The riverine
water of the Kocanska and Orizar-
ska Rivers is also used for the irriga-
tion of the paddy fields located in the
northeastern part of Kocani Field.

The paddy soil of Kocani Field was
estimated to originate from the com-
posite material of the sediment derived
from igneous, metamorphic and sedi-
mentary rocks located in the wider area
of Kocani. The sediment material was
transported by the Bregalnica River
and its tributaries and deposited in the
Kocani depression (DoLeNec et al.,
2007). The soil mineralogy and elemen-
tal composition are closely related to
the acidic and intermediate rocks of the
Kocani region (DoLENEC et al., 2007).

Zletovo-Kratovo ore district

The Zletovo-Kratovo Pb-Zn ore dis-
trict is situated 5 km northwest of the
Zletovo village and about 7 km from
the city of Probistip (Figure 1). It is
located in the central part of the Zle-
tovo-Kratovo volcanic complex. The
mineral association comprises galena
(principal ore mineral) and sphalerite,
with subordinate pyrite, lesser amounts
of siderite and chalcopyrite and oc-
casionally pyrrhotine, marcasite and
magnetite. Minor occurrences of U-mi-
neralisation have also been discovered
(pitchblende). The Zletovo mine has
an annual capacity of 350,000 tons of
Pb-Zn concentrate (8 % Pb and Zn)
and significant concentrations of Ag,
Bi, Cd and Cu. Ore is concentrated
at the flotation processes at Probistip,
and tailings material is stored in two
impoundments in the adjacent valleys
(ALDERTON et al., 2005).

RMZ-M&G 2010, 57



Assessment of heavy metal contamination in paddy soils from Kocani Field...

515

Paddy soil sampling and analysis

The sampling of the paddy soils was
carried out in autumn 2005. The sam-
pling locations are shown in Figure 2.
Paddy soil samples were assembled
at 38 locations from seven profiles
across Kocani Field (Sections [-VII).

Near surface paddy soils (0-20 cm in
depth) were collected because it is im-
possible to distinguish the A, B and C
horizons in the agricultural soil. The
paddy soils were sampled using a plas-
tic spade to avoid any heavy metal
contamination. Each paddy soil sam-
ple comprised a composite of five sub-
samples taken within a (1 x 1) m?.

The paddy soil samples were air dried
at 25 °C for one week and sieved
through a 2 mm polyethylene sieve
to remove plant debris, pebbles and
stones. Afterwards they were ground
in a mechanical agate grinder into a
fine powder for subsequent physico-
chemical parameters and geochemical
analysis.

All paddy soil samples were analysed
for heavy metal concentrations in a cer-
tified commercial Canadian laboratory
(Acme Analytical Laboratories, Van-
couver, B. C., Canada) by extraction
for 1 h with 2-2-2-HCI-HNO,-H,O at
95 °C with ICP-MS.
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Figure 2. Paddy soil sampling locations map
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The accuracy and precision of the
paddy soil analysis were assessed us-
ing an international reference material
such as Canadian Certified Reference
Material Project (CCRMP) SO-1 (soil)
and United States Geological Survey
(USGS) G-1 (granite). The analytical
precision and accuracy were better than
+5 % for the investigated elements.
This was indicated by the results of the
duplicate measurements in 10 soil sam-
ples as well as duplicate measurements
of the G-1 and SO-1 standards.

RESULTS AND DISCUSSION

Heavy metal concentration in the
paddy soil

Table 1 shows the concentrations of
Ag, As, Cd, Cu, Mo, Ni, Pb, Sb and Zn
determined in the paddy soil samples
from Kocani Field together with the
assumed permissible level (1% limit-
ing level) of heavy metals adopted by
the National Environmental Protection
Agency of Slovenia (URADNI LIST RS,
1996), typical heavy metal contents
of comparable soils around the world
(Bowen, 1979) and the maximum al-
lowable concentrations (MAC) of trace
elements in agricultural soil proposed
by the GERMAN FEDERAL MINISTRY OF
ENvIRONMENT (1992). The permissible
level of heavy metals and the MAC of
trace metals signify the values above
which toxicity is considered possible.
Table 2 displays the descriptive statis-

tical parameters (mean, median, range
and standard deviation (SD)).

The Ag, Mo, Ni, Sb concentrations de-
fined in the paddy soil samples from
Kocani Field were corresponding to
the average worldwide values for Ag
(WEeDEPOHL, 1974) and Sb (Bowen,
1979) and did not exceed the limit val-
ues for Mo and Ni reported by the En-
vironmental Protection Agency of Slo-
venia (Table 1).

Very high concentrations of As, Cd,
Cu, Pb and Zn (Table 1) were found in
the paddy soils samples from Section
VII. The determined values signifi-
cantly exceeded the typical As content
within comparable soils around the
world (Bowen, 1979), as well as the
limit values for As, Cd, Cu, Pb and Zn
suggested by the environmental protec-
tion agencies of Slovenia and Germany
(Table 1).

To compare the distribution of each
heavy metal in the paddy soil samples
between Sections I-VII, whisker plots
were employed (Figure 3). All soil sam-
ples in Sections [-VI had similar levels
of median values, suggesting that their
intersection differences were not sub-
stantial, whereas significant variations
existed only between Section VII and
the other sections. The only exception
and consequently difference was is the
distribution of the Ni values in the pad-
dy soil samples.
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Table 1. Total heavy metal concentrations in the paddy soil of Koc¢ani Field: (1) typical
contents of Ag, As, Cd, Cu, Mo, Ni, Sb, Pb and Zn in comparable soils around the world; (2)
limits for elemental concentrations in soil (Environmental Protection Agency of Slovenia
(Urapni LisT RS, 1996); (3) maximum allowable concentrations (MAC) of trace elements
in agricultural soils proposed by the GERMAN FEDERAL MINISTRY OF THE ENVIRONMENT (1992).

Element (ug/g) Ag As Cd Cu Mo Ni Pb Sb Zn
Location

I-1 0.7 34 0.1 14.9 0.5 15.6 19.1 0.2 53
I-3 0.2 18.7 0.5 40.3 1 31.1 81.3 0.6 162
I-5 0.1 5.6 0.2 32 0.5 29.7 18.8 0.2 85
I-6 0.7 5.1 0.1 25.9 0.5 25.7 13.1 0.2 70
1I-1 0.1 6.1 0.2 26.7 0.5 29.4 26.6 0.2 93
I1-3 0.1 5 0.1 29.1 0.4 28.2 21 0.2 81
11-5 0.1 53 0.2 24.9 0.5 22 20.8 0.3 80
1I-6 0.1 11.8 0.3 25.7 0.6 20.8 32.1 0.8 100
1II-1 0.1 6.1 0.2 27.2 0.6 27.5 18.1 0.2 89
11I-3 0.1 3.1 0.4 32.6 0.3 25.4 20.4 0.2 95
111-5 0.1 8.3 0.2 32.7 0.5 36.8 23.9 0.2 102
111-7 0.7 8.2 0.2 16.8 0.3 13.9 22.1 04 64
111-8 0.7 4.2 0.1 21.8 0.5 20.8 10.5 0.1 64
IV-1 0.1 3.8 0.1 28.5 0.7 21.7 13.9 0.2 74
V-2 0.7 3.5 0.2 17.1 0.6 17.3 17.9 0.2 68
V-3 0.7 43 0.3 234 0.5 24.1 19.1 0.2 102
V-5 0.1 6.3 0.2 25.7 0.6 25.5 15.4 0.2 94
V-7 0.1 8.1 0.2 26.2 0.7 26.1 17 0.2 83
IV-8 0.1 59 0.2 28.9 0.6 28.6 18.1 0.2 96
V-1 0.1 10 0.2 19 0.7 9.1 30.8 0.3 85
V-3 0.1 7.8 0.2 20 0.6 9.5 26.9 0.2 73
V-5 0.1 6.5 0.2 25 0.6 22.8 22.1 0.2 98
V-7 0.1 6.4 0.2 22.8 0.4 17.2 17.8 0.3 67
V-9 0.1 4.5 0.2 20.8 0.3 16.7 19.2 0.3 69
VI-1 0.1 5 0.2 214 0.3 17.1 24.1 0.3 71
VI-2 0.1 6.8 0.3 24.5 0.6 9.9 39.4 0.2 76
VI-3 0.1 10.1 0.3 34.1 0.6 22.3 35.4 0.3 86
VI-4 0.1 9.9 0.3 28.6 0.5 25.2 41.4 0.4 105
VI-5 0.1 10.5 0.3 25 0.5 21.7 39.6 04 94
VI-6 0.1 11.5 0.3 28.3 0.6 22 45.1 0.5 107
VI-7 0.7 7.7 0.1 19.3 0.5 16.4 20 0.4 66
VI-8 0.7 6.2 0.2 29.5 0.5 30.5 16.3 0.2 72
VII-1 0.9 222 2.7 48.8 1.3 10.9 411.9 1.8 531
VII-2 2 42 5.6 99.4 1.8 15.4 892.4 2.5 1134
VII-3 1.4 35.1 4.5 89.4 1.4 15.5 726.7 2 893
VII-4 2.1 47.6 6.4 80.1 1.8 11.9 983.1 3 1245
VII-5 1.6 39.6 5 68.3 1.6 14.1 745.1 2.2 928
VII-6 0.6 20.7 2 47.1 0.9 19.8 295.7 1 384
1 0.1-8 6 0.35 30 / / 35 1 90
2 / 20 1 60 10 50 85 / 200
3 / / 1.5 60 / / 100 / 200
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Table 2. Descriptive basic statistic parameters for heavy metals in the paddy soils of

Kocani Field

Elements (pg/g) Ag As Cd Cu Mo Ni Sb Pb Zn
Mean 0.306 11.4 0.9 33 0.682 21.0 0.57 128 206
Median 0.100 6.7 0.2 26 0.600 21.7 0.25 22 88
Minimum 0.066 3.1 0.1 15 0.300 9.1 0.10 11 53
Maximum 2.100 47.6 6.4 99 1.800 36.8 3.00 983 1245
S.D. 0.541 11.3 1.7 20 0.389 6.8 0.72 260 310

k)

1.0 -
L S 2

: RN ==

: @ et — R — R — — ]

= Mesn b= Mean

b 1] L ] ~ v w v l:j::?m L] L] - ~ v " . % :?m

2 “0 _-I-_

' =[ Dz

" i@ = e e —— = Br‘ @

- Mean
a Mean
L L] e b - i % :?m ¢ 1 " - ~ v v v % :?’W

- o
2 2 =

i >

- ] "

) lee@is |

= Moo - Mean

- [Jas0 . [ #sD

L] [ ] - ~ v w v I 11,9650 L} L] - ~ v w v I +1.96*SD

Figure 3. Whisker plots of Ag, As, Cd, Cu, Mo, Ni, Pb, Sb and Zn for ddy soil samples.
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Contamination factor (. ) and con-
!
tamination degree (C deg) 4
According to contamination factor (¢
) values (mean), the paddy soils from
the Kocani Field were classified as
slightly (low) contaminated with Mo,
moderately contaminated with Cu and
Ni, considerably contaminated with
Ag, Pb, Sb and Zn and very highly
contaminated with Cd and As (Figure
4). The highest Ag, As, Cd, Pb, Sb and
Zn ¢ values (very high contamination
factor) and the highest Cu and Mo c;
values (moderate contamination factor)
were found in the paddy soil samples
from Section VII (close to Zletovska
River area). The highest Ni cj, values

50

40

30

CF

20

10

Ag As Cd Cu

(moderate contamination factor) were
determined in Section I. The calculated
cj, values entirely confirmed the Igeo re-
sults.

The complete assessment of the paddy
soil contamination was evaluated by
degree of contamination (C deg). The C -
(mean) of the studied soils samples was
36.2 (Table 3), which signified very
high contamination. Cd and As repre-
sented the largest contamination degree
factors with 23 % and 20 %, respective-
ly. Ag and Pb both contributed 16 %, Sb
9 % and Zn 8 %. Cu, Ni and Mo negli-
gibly influenced the soil contamination

with 4 %, 3 % and 1 %, respectively.

Mo i Pb Sb Zn

Figure 4. Contamination factor (c}) values for the paddy soils from the Kocani Field
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Table 3. Contamination factors and degrees for heavy metals in the paddy soils.

| Metal | Range | Average
Ag 2.0-28.0 5.8
As 3.5-23.0 7.3
Cd 2.0-45.0 8.3
Cu 0.9-2.9 1.3
Mo 0.3-1.0 0.4
Ni 0.7-1.3 1.1
Pb 0.9-34.0 59
Sb 1.0-10.5 34
Zn 0.9-12.0 2.7
Degree of contamination 12.2-157.7 36.2

The paddy soil samples from Section
VII, located in the vicinity of the Zle-
tovska River and Zletovo-Kratovo ore
district, received a comparatively high-
er input of anthropogenically derived
heavy metals than other parts of the
Kocani area. The As, Cd, Cu, Pb and
Zn concentrations determined in the
paddy soils from Section VII signifi-
cantly exceeded maximum permissible
levels. The distinction between heavy
metal contents in Section VII and the
other sections was also confirmed by
statistical analysis. The pollution in
Section VII is undoubtedly related to
the irrigation of the paddy fields with
the riverine water from the Zletovska
River, which drains acidic mine waters
and untreated mining waste effluents
from the Zletovo-Kratovo mine (AL-
DERTON et al., 2005).

Elevated concentrations of As, Cd, Cu,
Pb and Zn were observed in other pad-
dy soil sections (especially Sections V

and VI). This elevation originates from
the discharges of the untreated munici-
pal and domestic waste from the city of
Kocani and the village of Orizari into
the riverine systems of the Kocanska
and Orizarska Rivers, which are both
used for irrigation purposes. The in-
creased concentrations of the investi-
gated heavy metals could also be ex-
plained by the agricultural application
of various fertilisers and pesticides,
urban and traffic sources and atmos-
pheric deposition.

Although the concentrations of Ag,
Mo, Ni and Sb were below the men-
tioned threshold values, their enrich-
ment in the paddy soil samples near the
Zletovska River was also noticeable.
This situation confirms the higher input
of heavy metals in the area around the
Zletovska River.

The high anthropogenic impact on the
paddy soils in Section VII was as well
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demonstrated by the calculation of the
following environmental indexes: con-
tamination factor and degree of con-
tamination. The elevation of the heavy
metals present in the paddy soil samples
from the other parts of Kocani Field was
similarly verified with the results of the
environmental indexes. From an envi-
ronmental point of view, it is evident that
the paddy soil samples from Section VII
represent a serious risk to the surround-
ing ecosystems (DoLenec et al., 2007;
Rocan et al., 2009, Rogan et al., 2010).

CONCLUSIONS

As, Cd, Cu, Pb and Zn concentrations
determined in the paddy soils from
Section VII significantly exceeded the
permissible maximum levels. Although
the concentrations of Ag, Mo, Ni and
Sb were below the mentioned threshold
values, their enrichment in the paddy
soil samples near the Zletovska River
was noticeable, consequently confirm-
ing the higher input of heavy metals in
the area around the Zletovska River.

The high anthropogenic impact on the
paddy soils in Section VII was demon-
strated by the calculation of the con-
tamination factor and degree of con-
tamination. The elevation of the heavy
metals present in the paddy soil sam-
ples from other parts of Kocani Field
was similarly verified with the results
of the environmental indexes.

RMZ-M&G 2010, 57

According to the results of the heavy
metal concentrations present in the
paddy soil the area around the Zle-
tovska River is considered as the most
anthropogenically impacted part of
Kocani Field. The highly elevated con-
centrations of the analysed heavy met-
als were undoubtedly related to past
and present mining activities, especial-
ly in the Zletovo-Kratovo ore district.
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Petrochemical characteristics of the Precambrian rare metal
pegmatite of Oke-Asa area, Southwestern Nigeria: implication

for Ta-Nb mineralization

Petrolosko-kemic¢ne znacdilnosti predkambrijskih pegmatitov
z redkimi kovinami obmoc¢ja Oke-Asa, jugozahodna Nigerija:

vpliv na Ta-Nb mineralizacijo
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Abstract: The Precambrian pegmatite of Oke-Asa area of Ijero Ekiti oc-

curring as steeply dipping intrusives into the older rocks of mig-
matite gneiss complex and schistose rocks were investigated with a
view to elucidating their petrochemical features that may be related
to economic rare metal Ta-Nb mineralization.

Thin section petrographic study indicates that the pegmatite samples
contain mainly quartz (37.0 %), muscovite (30.4 %), plagioclase
(12.0 %) and microcline (7.0 %), with accessory biotite, hornblende
and tourmaline.

Geochemical analysis of muscovite extracts from the pegmatite us-
ing (ICP-AES) analytical methods in Activation Laboratories, On-
tario Canada; shows that the pegmatite is siliceous with average
SiO, content of 71.79 %, AL,O, (13.9 %), Fe, 0, 1.49 %, K O 8.77
%, Na,O 2.08 % and CaO 1.11 % while other oxides MnO, MgO,
TiO, and P,O, are generally less than 0.3% in each case. Trace ele-
ment analysis of the pegmatite shows a significant enhancement in
Rb, Ba, Zr and Sr as against lower values for Ta, Sn, and Nb. Bulk
chemistry, geochemical signatures and variation plot of Ta/(Ta+Nb)
vs Mn/(Mn+Fe) indicate that the muscovite-quartz-microcline peg-
matite of Oke-Asa area is of rare-element class, lepidolite subtype
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and are essentially peraluminous in composition. Ta-Nb mineraliza-
tion trend using variation plots of Ta vs Cs+Rb, Ta vs K/Cs, Ta/W
vs Cs and Ta vs Cs plots shows that the pegmatites are relatively
poorer than the mineralized Tanco deposits of Canada, and those of
Igbeti, Nigeria but are similar to the marginally endowed Noumas
pegmatites of South Africa.

Povzetek: Predkambrijske pegmatite obmocja Oke-Asa iz Ijero Ekitija,
ki se pojavljajo kot strmo vpadajoce intruzije v starejsih kamninah
mignatitno gnajsnega kompleksa in v skrilavcih, smo raziskali, da bi
ugotovili njihove petroloske in kemi¢ne znacilnosti, ki morda kaze-
jo na ekonomsko pomembno mineralizacijo s Ta in z Nb.
Mikroskopske petrografske raziskave kazejo, da so pegmatiti prete-
zno iz kremena 37.0 %), muskovita (30.4 %), plagioklaza (12.0 %)
in mikroklina (7.0 %), z akcesornim biotitom, rogovaco in turmali-
nom.

Geokemicne analize muskovita z metodo ICP-AES, izvedene v Ac-
tivation Laboratories, v Ontariju v Kanadi, so pokazale, da je v pe-
gmatitu povprecna vsebnost SiO, 71.79 %, AL O, (13.9 %), Fe,O,
1.49 %, K,0 8.77 %, Na,0O 2.08 % in CaO 1.11 %, preostalih oksi-
dov MnO, MgO, TiO, in PO, pa je navadno manj kot 0.3 %.
Analiza vsebnosti slednih prvin je pokazala precejsno obogatitev z
Rb, Ba, Zr in Sr v primerjavi z z majhno vsebnostjo Ta, Sn, in Nb.
Glede na celotno kemijsko sestavo, geokemic¢ne znacilnosti ter va-
riacijske diagrame Ta/(Ta+Nb) z Mn/(Mn+Fe) se muskovitno-kre-
menovo-mikroklinov pegmatit Oke-Asa obmocja uvrsca v razred
pegmatiov, obogatenih z redkimi zemljami lapidolitnega podtipa
in ima peraluminijski znacaj. Ugotavljanje Ta-Nb mineralizacijske
teznje na diagramih Ta s Cs+Rb, Ta s K/Cs, Ta/W s Cs in Ta s Cs
kaze, da so pegmatiti relativno siromasnej$i v primerjavi z minera-
liziranimi iz Tanaca v Kanadi ter Igbeti v Nigeriji, a podobni nizko
orudenim pegmentitom Noumas iz Juzne Afrike.

Key words: precambrian, pegmatite, geochemical, rare metal, economic,
mineralisation

Kljuc¢ne besede: predkambrij, pegmentit, geokemija, redke kovine,
ekonomicno, mineralizacija
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INTRODUCTION

The world economy at present is grow-
ing at a rate that necessitates an in-
creasing demand for rare metals, with
this trend likely to continue into the
future (Patrick DE ST. SiMMONS, 1999).
In recent times, there has been a resur-
gence of interest in the study of rare
metal pegmatite occurrences in Nigeria
(GarBa, 2002, OkunLoLA, 2005, 2008
OxkunLoLA & JimBa 2006, OkuNLOLA &
OyEeDOKUN, 2009, Open, 2010,). Gran-
ite pegmatite is one of the classic sourc-

es of a broad spectrum of rare metals:
Li, Rb, Cs, Be, Ga, Sc, Y and Rare
Earth Elements: Sn, Nb, Ta, U and Th
(CERNY, 1994). In Nigeria, Pan-African
intrusive suites which comprise mainly
granites, granodiorites and tonalities
are intruded by numerous veins of peg-
matites and aplites (OkunLoLA, 2005).
The pegmatite belongs to the terminal
stage of Pan-African magmatism (RaA-
HAMAN et al., 1988; ELUEZE, 2002). Rare
metal pegmatite were hitherto thought
to be known almost exclusively along
the SW-NE striking belt covering about
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Figure 1. Geological map of Nigeria showing the study area located in
the Ijero- Aramoko Pegmatite field (OxunLoLa, 2005)
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400 km long and terminating in the Jos
plateau tin field (JacoBson & WEBB,
1946, WriGHT,1970). However, re-
cent studies (GARBA, 2003; OKUNLOLA,
2005) have shown that they are not re-
stricted only to these confines. The Ta-
Nb pegmatites of Nigeria are generally
complex albitised muscovite-quartz-
microcline pegmatites with indiscern-
ible to distinct zonations (OKUNLOLA
& JimBa, 2006). Seven fields of these
mineralized pegmatites as outlined
by OxunLoLa, (2005) include Kabba-
Isanlu, Keffi-Nassarawa, Lema-Ndeji,
Oke Ogun, Ibadan-Oshogbo, Kushaka-
Birnin-Gwari and Ijero-Aramoko. In
line with efforts to appraise into some
details the petrography, geochemical
features and economic potentials in
relation to Ta-Nb mineralization of the
pegmatites of these different fields, the
Oke-Asa pegmatite veins which belong
to the Ijero- Aramoko pegmatite field
(Figure 1) are thus being studied. This
is expected to add to the knowledge of
composition, type and economic pecu-
liarities of these suites of rocks.

GEOLOGICAL SETTING

Oke-Asa area within the [jero pegma-
tite field lies within the Precambrian
basement of southwestern Nigeria).
The basement rocks of Nigeria form
part of the extensive Pan-African
Province of West Africa and are de-
limited in the west by the West Af-

rican Craton and east by the Congo
Craton. Based on lithological asso-
ciations and geochronological deline-
ations, the Nigeria basement com-
prises the Migmatite-gneiss complex,
the Schist belts and the Older Gran-
ites. The Migmatite Gneiss Complex
is the oldest, most widespread and
abundant rock type in the basement
(OcEez1, 1988). It is of Achean-Pro-
terozoic age and a product of long,
protracted and possibly polycyclic
evolutionary histories. The Nigerian
Schist belts comprise of low-grade
metasediments and metamorphosed
pelitic and psammitic assemblages
that outcrop in a series of N-S trend-
ing synformal troughs infolded into
the crystalline complex of migmatite-
gneiss. The Pan-African Granites re-
ferred to as Older Granites include
rocks of wide range of composition
varying from tonalite, granodiorite,
granite and syenite. (RAHAMAN et al.,
1988) The Oke-Asa pegmatite form
an intrusion into the older lithol-
ogy of biotite schist that occupies
the central part of the area, covering
about three quarter of the total land
mass (Figure 2). The schistose rock is
grayish, highly fissile and weathered.
The topographical configurations
are essentially low-lying discontinu-
ous outcrops that have a westerly dip
values ranging between 25° and 30°.
Mineralogically, they are composed
of quartz, biotite and hornblende,
while accessory minerals include
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apatite and opaques. Biotite gneiss
occupies the north central area and
extends towards the northwestern di-
rection. Outcrops of the rock are low-
lying, highly foliated with character-
istic black tints imposed by the pre-
ponderance of biotite impregnations.
Most of the mineral alignments are
conformable with the foliation planes
of the adjacent schistose rock.

The pegmatite comprises of quartz
(37 %), albite (27 %), muscovite
(14 %) and microcline (14 %) while
biotite, (1.0 %) hornblende (2.8 %)

and tourmaline (3.2 %) minerals oc-
cur in subordinate amount. Quartz oc-
curs as irregular masses of euhedral
crystals. Microcline occurs as phe-
nocrysts with characteristic strong
crosshatched twinning and variable
microperthitic  intergrowth  while
Carlsbard-twinning and albite twin-
ning characterizes the albite. Mus-
covite occurs as large platy grains.
Accessory minerals include tourma-
line and biotite. Tourmaline crystals
exhibit long needle-like prismatic
shapes with their long axis aligned
parallel to each other.
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Figure 2. Geologic map of [jero Ekiti area showing Oke-Asa pegmatite
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MATERIALS AND METHODS

Systematic geological mapping was
carried out on a scale of 1: 50 000 with
grid controlled sampling of the peg-
matite veins. Fifteen samples were ini-
tially obtained, while ten which were
representative of the different veins,
fresh and uncontaminated were even-
tually analyzed. Whole rock analysis
of the pegmatite for major, trace and
rare earth elements were carried out
after they were duly pulverized and
homogenized. Many authors including
Gaurr et al., (1984) Kuster, (1990),
Cerny et al., (1995) and OkunLoLa &
OvEDOKUN (2009) had established that
homogenized and fresh samples of the
whole rock pegmatite could be used
to establish their genetic features and
rare metal potentials, even though the
mineral extracts of muscovite, feldspar
and tourmaline could also be used ef-
fectively. The analysis was carried out
using Inductively Coupled Atomic
Emission Spectrophotometry (ICP-
AES) analytical method at the Activa-
tion Laboratories Ltd, Ontario Canada.
Rock samples weighing 0.5 g pulver-
ized to 75 pm was put in the platinum
crucible. 5 mL perchloric acid, HNO,
and 15 mL hydrofluoric acid were add-
ed. The resulting solution was stirred
properly and allowed to evaporate to
dryness after warming at low tempera-
ture for some hours. 4 mL hydrochloric
acid was then added to the cooled solu-
tion and warmed to dissolve the salts.

On cooling, the solution was diluted to
50 mL with distilled water. The diluted
solution was then introduced into the
ICP torch as aqueous-aerosol. The light
emitted by the ions in the ICP was con-
verted to an electrical signal by a photo
multiplier of the spectrometer. The in-
tensity of the electrical signal produced
by emitted light from the ions were
compared to a standard, which is a pre-
viously measured intensity of a known
concentration The quality control in-
corporates a sample prep blank as the
first sample and pulp duplicate to moni-
tor analytical precision which is carried
all through the stages of preparation to
analysis, and the concentration comput-
ed. The chemical data are presented in
Tables 1 and 2.

GEOCHEMICAL FEATURES IN RELATION
TO TA-NB MINERALIZATION.

The analytical results of major, trace and
rare elements of pegmatite from Oke-
Asa area are presented in Tables 1 and
2. Table 1 shows that the SiO, (ca. 71.46
%), ALO, (ca. 13.9 %), K,O (ca. 8.77 %)
constitute the bulk of the oxide composi-
tion. These values are within the range
of values of other Ta-Nb pegmatites of
Nigeria (OkunLoLa, 2005). Other ma-
jor oxides, Fe,0, (ca. 1.49 %), CaO (ca.
1.11 %), Na O (ca. 2.08 %) are compa-
rably low while TiO, (ca. 0.01 %), MnO
(ca. 0.12 %), MgO (ca. 0.03 %) and PO,
(ca. 0.26 %) are much lower.
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Table 1. Chemical composition of Oke-Asa pegmatite compared with similar rocks
from other locations

Oxides 2 3 4 s |6 |7 |8 |9 10 |Average| A* | B¥* |Cwx+
in %

Si0, [72.29 [72.0 [72.46 [73.44 [72.23 [71.58 [71.12 [71.23 [71.62 [71.77[71.46  [70.17 |68.26 [66.17
ALO, [14.16 [13.76 [13.79 [14.07 [13.72 [14.21 [13.69 [13.87 [13.87 [13.83[13.90 [15.68 |14.02 |25.51
FeO, [125 [158 [1.54 [135 [1.69 [1.61 [141 [149 [150 [146 [149 [1.15 [1.95 [3.91
MnO 0.1 012 [o13 [oa2 o2 [o13 [oa2 Joa2 Joa2 [oa2 Joaz |- 0.16 [0.19
MgO [0.03 [0.02 [0.03 [o.0o1 [0.04 [0.04 [0.02 [0.03 [003 [o.01 [0.03 013 [1.49 [0.37
ca0  [130 [117 [123 Jo72 [1.02 [116 [141 [107 [135 Jo75 [1n [119 [1.38 [o.35
Na,O [2.12 [204 [204 [211 [202 [2.14 [209 [207 [213 [208 [2.08 [3.26 [3.42 [118
KO [9.02 [897 [886 [8.88 [8.66 [864 [8.71 [8.61 [8.78 [861 [8.77 [6.05 [4.64 [116
Tio, [0.01 [0.01 [0.01 [0.00 [0.02 [0.03 [o.01 [0.02 [0.01 [0.01 [0.01  [o.04 [0.20 [0.73
PO, (030 [026 [026 [025 (026 [025 025 [024 [025 [026 [0.26  [0.02 [0.03 [0.20
Lol (015 |04 [0.07 [004 [012 [o65 [036 [020 [021 [024 Jo22 |- - -
Total |100.7 [100.1 [100.4 [100.9 [99.89 [99.12 [99.18 [98.94 [99.87 [98.66

Trace Elements in pg/g

Ta 275 [303 [339 [339 [s518 [17.7 [175 [229 [212 [243 [28.1  [4.64 [170.5 [33.08
Cs  [202 [206 [199 [233 [25 [197 [22 [214 [221 [227 [21.69 [1.34 [105.8 [72.29
Rb  [576 |590 [544 [600 [594 [536 [571 [553 [s562 [580 [570.6 [115.6 [1791 |547.7
Sn 140 [60 |7 6 13 |5 7 90 [70 [9.0 [83 118 [202.3 [50.41
Nb (230 [200 [30 [53 (30 |18 [18 [270 [23.0 [240 [284 [1.28 [157.5 [36.73
Sr 720 (690 [54 [56 [69 oo [82 [s6 [78 [81 [737 111.9 [87.52
Y 310 (360 [39 [37 (43 [28 [31 [37 (33 [33 [348 [2.55 [26.31 [6.52
Ba  [206 [203 [213 [221 216 [205 [213 [206 [213 212 [210.8 [986.2 [21.3 [237.1
Hf (35 [38 (33 [22 |20 [24 [23 [24 26 [22 [276 o047

Th |40 [42 [44 [48 |5 38 (29 [33 [37 Jo2 [3.63 [1.93 [8.28

W 10 [20 [40 |5 5 4 (40 [40 [50 T[40 [38 0.65 [174.3 [3.25
Be (130 |12 [12 [12 [ [ 12 [120 110 [in [11.8  [1384 [148 [16.56
Zr 460 [56 |76 [39 J69 |50 [s1  [s51.0 [520 [47.0 [53.7 23.8 [41.98
Ga 220 [22 [22 [24 24 22 [23 [210 [220 [23.0 [225 [18.88 |75.45 [30.15
zn (25 |25 25 (25 J25 Jas 25 {25 [25 |25 |25 15.27 [111.7

U 256 (272 [348 [419 [506 [455 [252 [31.1 [285 [265 [33.6 [0.56 [9.96

K 19400 {20000 [6100 [4200 [6900 [4700 [19300]20000]19500[5100 [12520

Na 960 [1050 [620 [520 [350 [650 [1010 [1020 [1040 [490 [771

Ratios |1 EL 5 6 7 8 |9 10

K/Rb [33.7 [33.90 [11.21 [70 [11.62 [8.77 [33.8 [36.17 [34.69 [8.79 [183

Rb/Sr [8.0 [8.55 [10.07 [10.71 [8.61 [596 [6.96 [6.43 [721 [7.16 [7.97

Na/K (005 [0.053 [0.102 [0.124 [0.05 [0.14 [0.05 [0.05 [0.05 [0.096

Ba/Rb (036 [0.34 [039 [037 [036 [038 [037 [0.37 [038 [0366

ZeHf [13.0 [14.74 [23.03 [17.73 [23.79 [208 [222 (213 [200 [21.36

StRb [0.13 [0.116 [0.099 [0.093 [0.116 [0.17 [0.14 [0.155 [0.139 [0.14

Rb/Cs [28.5 [28.6 |27.34 [25.75 [23.76 [27.2 [26.0 [258 2543 [25.55[2639

Ta/W [27.5 [15.15 [848 [6.78 [1036 [443 [438 [458 [53 [6.08 [931

K/Cs [960 |971 [3065 [180.3 [276 [239 [877 [934.6 [882.4 [224.7]5852

A= Itakpe pegmatite (Okunlola & Somorin, 2006); B= Komu pegmatite (Okunlola & Ofonime, 2006);

C= Sepeteri pegmatite (Okunlola & Akintola, 2007). *Average of 11 representative samples.

** Average of 10 representative samples; *** Average of 25 representative samples
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Table 2. REE/ Chondrite data for Oke-Asa Pegmatite

REE 1 2 3 4 5 6 7 8 9 10 Range
La 1.4 1.7 1.8 2.5 22 1.8 2.3 1.8 1.9 3.7 1.4-3.7
Ce 33 2.7 39 3.0 3.1 2.8 33 2.7 2.9 2.9 2.7-3.9
Nd 3.1 2.6 3.5 2.8 3.1 2.8 33 2.7 2.7 29 2.6-3.5
Sm 1.1 1.0 1.3 1.0 1.2 1.1 1.3 1.1 1.2 1.4 1.0-1.4
Eu 0.13 0.11 0.14 0.12 0.13 0.11 0.14 0.13 0.13 0.13 | 0.11-0.14
Gd 2.0 1.3 2.3 1.4 1.7 1.6 1.8 1.5 1.6 2.0 1.3-2.3
Tb 0.4 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.4-0.5
Dy 2.8 2.7 3.3 2.8 3.4 3.1 3.5 3.0 3.3 4.1 2.7-4.1
Ho 0.7 0.6 0.8 0.6 0.8 0.7 0.8 0.7 0.8 1.0 0.6-1.0
Er 24 2.1 2.7 2.1 2.7 2.5 2.9 2.4 2.8 32 2.1-3.2
Tm 0.45 0.39 0.49 0.38 0.48 0.44 0.51 0.43 0.49 0.53 | 0.38-0.51
Yb 34 0.45 0.56 0.43 0.53 0.48 3.8 3.1 35 3.8 0.43-3.8
Lu 0.55 0.45 0.56 0.43 0.53 0.48 0.55 0.47 0.54 0.57 | 0.43-0.57

Trace element data (Table 2) shows a
pronounced enrichment in trace ele-
ments like Rb (570.6 pg/g), Ba (209.8
ng/g) and Li (1285 pg/g). However,
fairly lower values are recorded for
Ta (ca. 28.1 pg/g), Nb (ca. 28.3 ng/g)
and Sn (ca. 83 pg/g). These values are
significantly lower compared to those
for rare metal pegmatites of Nasarawa-
Keffi (Oxkunrora, 2005). Following
the classification system of pegma-
tites based on bulk chemistry and geo-
chemical signatures (CErNy, 1991) and
Ta/(Ta+Nb) versus Mn/(Mn+Fe) plot,
(Figure 3), The Oke-Asa pegmatites
are of rare element complex pegmatite
type, LCT petrogenetic (L1, Rb, Cs, Be,
Ga, Sn, Ta> N(B, P, F)) family, and of
the lepidolite sub type. The pegmatite
are of peraluminous bulk composi-
tion (Al,0,>CaO+Na,O+K O) (Figure
4). Cerny (1992), states that the LCT
family has a mildly to extremely per-
aluminous parent granitic composition.

Based on this, there is a strong possibil-
ity that the Oke-Asa pegmatites are de-
rived from the anatexis of crustal pro-
toliths or supracrustal rocks with evi-
dence of sodic metasomatic alteration.
Using the K/Rb versus Rb plots (Fig-
ure 5) shows the pegmatite of Oke-Asa
area are rare metal bearing. (MATHEIS,
1987; CerNY, 1994) Also, the relatively
low Mg and Ti with attendant high Rb,
Li, Cs composition indicate a high lev-
el of fractionation, as is usual with such
pegmatites, While the level of mineral-
ization may be comparable to those for
some Nigerian pegmatite fields such as
Egbe (MatHELs, 1987), it is lower when
compared to that of highly mineralized
Tanco Pegmatite of Canada (CEerny,
1982, MOLLER & MORTEANI, 1987). The
Ta vs Ga (Figure 6) plot also show the
Oke-Asa pegmatite plotting above the
BEeus (1966) mineralization line but be-
low the Gorpivenko (1971) line. The
Na/K vs Ta diagram (Figure 7) also in-
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dicates that the pegmatite of Oke Asa
area are moderately albitised and com-
pares with other mineralized pegmatite
of Egbe-Isanlu area (MartHEls, 1987)
and Komu pegmatite Nigeria (OKUN-
LoLa & OroNIME, 2006) but lower than
those of Tanco and Noumas pegma-
tites. Chondrite normalized plot of the

rare earth element (REE) reveals high
light REE (LREE) (La, Ce, Pr) values
and lower heavy (HREE) (Er,Lu,YD).
There is a marked negative Europium
(Eu) anomaly (Figure 8) which accord-
ing to Taylor et al., (1986) suggests
fractionation and intense late metaso-
matic effect.
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Figure 3. Ta/(Ta+Nb) vs Mn/ (Mn+Fe) plot of Oke Asa pegmatite indi-

cating Lepidolite subtype
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/ (CaO+Na, O+ K,O) plot of Oke-

Asa pegmatite showing it as having Peraluminous composition
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CONCLUSIONS

Systematic field mapping reveals
that the the Precambrian pegmatite
of Oke-Asa area are hosted by bio-
tite gneiss and biotite schist. Petro-
graphic analysis also shows that they
contain mainly quartz, plagioclase,
microcline and muscovite with ac-
cessory biotite, hornblende, tourma-
line and opaque. From geochemical
studies of the muscovite extracts, the
pegmatite are siliceous, with a per-
aluminous composition, while trace
elements analysis indicate that the
pegmatite are variably enriched in
rare metals Ta, Nb including Li, Rb
and Sr. Variation plots for Ta versus
K/Cs, Ta/W versus Cs, Ta versus Ga,
Na/K versus Sn, Nb, Ta of the sam-
ples indicate a lower mineralization
potentials when compared to Tanco
pegmatite (Canada), Nassarswa-
Kefti pegmatite field of Nigeria, but
are comparable to those of Wodgina
pegmatite (Australia), Hergendorf
pegmatite (Western Germany) and
Noumas pegmatite (South Africa).
In addition to the major and minor
element compositional features,
consistent negative Eu signature of
the chondrite normalized REE plots
suggest the possibility of Oke-Asa
pegmatites being derived from ana-
texis of undepleted upper to middle
crustal protoliths or supracrustals
with possible later metasomatic al-
terations.
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Abstract A detailed investigation of stone monuments makes an impor-

tant contribution to damage diagnosis on stone monuments. Paper
presents a review of weathering form groups and main weathering
forms, which represent classification scheme of individual weather-
ing forms. Documentation of weathering forms of natural stone and
mapping of weathering forms is shown for the case of black lime-
stone Drenov Gric.

Izvlecek Iz¢rpna dokumentacija o propadanju naravnega kamna je kljuc-

nega pomena na podroc¢ju ohranjanja objektov kulturne dedisCine.
V prispevku je podan pregled skupin in glavnih oblik propadanja
naravnega kamna, na podlagi katerih klasificiramo posamezne obli-
ke propadanja. Dokumentacija in vrednotenje oblik propadanja na-
ravnega kamna in grafi¢ni prikaz le-teh so podani na primeru ¢rnega
apnenca Drenov Gric.
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Uvop

Razpadanje naravnega kamna kot ma-
nifestacija preperevanja je naraven
odziv sestavin kamnine na razmere
v okolici, ki zajemajo atmosferske
spremembe, antropogene dejavnike in
vpliv zivega sveta. Propadanje kamna
zmanjsuje njegovo uporabno vrednost
in funkcionalnost, saj vpliva na dimen-
zije, obliko, videz, fizikalno-mehanske
lastnosti, na kemicno obstojnosti ipd.
(BiLBua & GriM3ICAR, 1987). Pojav
posameznih oblik propadanja na do-
lo¢enem objektu oz. spomeniku iz na-
ravnega kamna je odvisen od zunanjih
dejavnikov ter lastnosti kamnine. Do-
lo¢ene poskodbe so vezane izklju¢no
na intrinzi¢ne lastnosti kamnine, ki so
posledica njenega nastanka in geoloske
zgodovine. Pojem »oblika propadanja«
uporabljamo za vidno propadanje ka-
mnin na mezoskali (cm—m) (FiTzner &
Hemrichs, 2002).

Sodoben nacin ohranjanja spomeni-
kov iz naravnega kamna delimo na:
(a) anamnezo (umetnostna zgodovina
objekta, lokacija, umestitev v okolje),
(b) diagnozo (dolocanje materialov, la-
stnosti materialov, identifikacija stanja
propadanja ter dolocanje procesov pro-
padanja) in (c) terapijo (nadzor, vzdr-
zevanje) (Fitzner & HEINRICHS, 2002).
Upostevajo¢ mednarodne direktive je
dokumentacija oblik propadanja nujen
del vseh treh korakov. Metodologija
v okviru diagnoze zajema preiskave

na samem objektu (preiskave in situ),
skupaj z vrednotenjem in graficno do-
kumentacijo propadanja naravnega ka-
mna ter laboratorijske analize.

Dokumentiranje makroskopskih spre-
memb oziroma karakterizacija, kvan-
tifikacija in interpretacija oblik propa-
danja naravnega kamna na dolo¢enem
objektu je eden od klju¢nih korakov
pred restavratorsko-konservatorskim
posegom, saj je osnova za konserva-
torsko-restavratorske smernice. De-
tajlna analiza oblik propadanja je prvi
pogoj za razumevanje vzrokov, pro-
cesov ter karakteristik poskodb narav-
nega kamna ter celostnega ohranjanja
spomenikov. U¢inkovit nedestruktivni
postopek za preiskave in situ oz. pre-
ucevanje poskodovanosti naravnega
kamna na objektih kulturne dediS¢ine
je metoda kartiranja oblik propadanja
(FrrznEr in sod., 2002; Fitzner & HEI-
NRICHS, 2003; FiTzNER, 2004; FITZNER in
sod., 2004; RoTHERT in sod., 2007). Na
podlagi prepoznanih oblik propadanja
lahko ugotovimo vzroke zanj ter sto-
pnje in procese propadanja. Objektiven
opis, prepoznavanje in dokumentacija
oblik propadanja zahtevajo natan¢no
klasifikacijsko shemo teh oblik. Na
razpolago so razlicne klasifikacije,
ki so jih podali: italijanska komisija
NORMAL (Normative materiali lapi-
dei, 1988), nemska delovna skupina
Natural stones and weathering (Clas-
sification scheme of weathering forms
(Firzner & HEeNricHs, 2002) in Photo
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atlas of weathering forms on stone mo-
numents (Fitzner & HEINRICHS, 2004)
in nedavno tudi ICOMOS-ISC (Illu-
strated glossary on stone deterioration
patterns, 2008).

V slovenskem prostoru se ne upora-
blja klasifikacije, ki bi vsebovala po-
pis vseh oblik propadanja naravnega
kamna na objektih kulturne dedis¢ine.
Zato se pogosto za isti tip oblik propa-
danja uporabljajo razli¢ni izrazi, poleg
tega oblike propadanja niso razdeljene
po skupinah, kar je pogoj za pregledno
dokumentiranje.

V prispevku so podani pregled skupin
in glavnih oblik propadanja naravnega
kamna, na podlagi katerih klasificira-
mo posamezne oblike propadanja, ter
opis doloc¢enega pojava, nabor izrazov
ter razlaga procesov propadanja. Opis
temelji na klasifikaciji nemske delovne
skupine Natural stones and weathering
(Frrzner & HENrICHS, 2002; FiTzNer &
HEemnricHs, 2004). Definicije posame-
znih pojmov se navezujejo izklju¢no
na makroskopske analize, ne glede na
vzroke za nastanek sprememb oz. oblik
razpadanja. Namen tega prispevka je
zbrati in poenotiti razli¢ne klasifikaci-
je, vpeljati slovenske izraze za razlic-
ne primere oblik propadanja, ki bi jih
pri svojem delu nato uporabljali vsi, ki
se ukvarjajo s problemom propadanja
naravnega kamna na spomenikih in
drugih objektih iz naravnega kamna.
Prikaz dolocanja oblik propadanja na-
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ravnega kamna na objektih kulturne
dedis¢ine in graficna prestavitev le-teh
je podana na primeru ¢rnega apnenca
Drenov Gri¢.

KLASIFIKACIJA OBLIK PROPADANJA NA-
RAVNEGA KAMNA

Osnovno klasifikacijsko shemo, upo-
rabljeno v prispevku, po vzoru nem-
Ske klasifikacije (FitzNer & HEINRICHS,
2002) sestavljajo S$tiri skupine propa-
danja, ki so nadalje razdeljene v glav-
ne oblike, le-te pa v posamezne oblike
propadanja. Klasifikacijo bo z nadalj-
njim delom smiselno izboljSevati in
dopolnjevati. Predlagana klasifikacija
omogoca na objektu kartirati posame-
zne oblike propadanja, ki jih ozna¢imo
z ustreznim grafiénim simbolom in raz-
delimo po glavnih oblikah propadanja
in po skupinah. Razdelitev oblik propa-
danja v stiri skupine poda pregled nad
razliénimi nacini propadanja in s tem
prvo informacijo o dolo¢eni obliki pro-
padanja in njeni lokaciji na objektu.

Grafi¢ni prikaz zato omogoca takojSnjo
oceno stopnje poskodb na dolocenem
objektu. V naslednji fazi izdelamo na-
¢rt o vrsti in koli€ini preiskav, katerih
rezultati nam nato omogocajo dolociti
potrebne konservatorsko-restavrator-
ske posege. Iz kartiranja oblik pro-
padanja je razvidno, na katerih delih
kamnitega objekta prevladuje izguba
materiala (prva skupina), kje so barv-



542

KRrRAMAR, S. & MIrTIC, B.

ne spremembe in nalaganje materiala
(druga skupina), kje material odstopa
(tretja skupina) in kje gre za poSkod-
be v obliki razpok in deformacij (Cetrta
skupina). Na podlagi litoloskega karti-
ranja na objektu lahko to¢no razbere-
mo, kateri tipi oblik propadanja se po-
javljajo na posamezni kamnini. Poleg
tega lahko ugotovimo, kje je najvecja
stopnja poskodb in kateri del spomeni-
ka je najbolj poSkodovan.

Pregled skupin in glavnih oblik pro-
padanja

Oblike propadanja naravnega kamna so
razdeljene v $tiri glavne skupine, v njih
pa je izvedena dodatna delitev glede
na prevladujoco obliko propadanja.

o [. skupina »Odpadanje delov

kamnine« se deli na:

a) odpadanje povrSinskih plasti
kamnine
Debelina odpadle povrSinske plasti je
odvisna od globine, na kateri je nastala
dekohezija kamnine.

b) nastanek reliefa
Nastanek reliefa na povrsini, ki ga lah-
ko povzrocajo razli¢ni dejavniki in se
izraza kot povrSinsko odpadanje. Od-
padajo manjsi, bolj izpostavljeni deli
povrsine objekta — erozija, zaradi Cesar
se na objektu pojavi relief. Posamezne
oblike propadanja so zaobljevanje in
dolbenje, izbirno propadanje in luknji-
Casto razpadanje.

c¢) odlom
To je odpadanje delov kamnine zaradi

kratkotrajnega delovanja mehanske sile
na kamniti objekt (zunanja mehanska
sila). Velikost in oblika odlomljenega
dela kamnine ter smer, po kateri se je
kamnina odlomila, so odvisni od vrste
sile, od tipa kamnine, njene orientacije
pri gradnji ter tehnologije izdelave ka-
mnitega elementa.

e 2. skupina »Sprememba barve
in odlaganje materiala« se deli
na:

a) spremembo barve
Zajema spremembo tona, Cistosti in
kromati¢nosti (intenzitete) barve na
povriini kamnine. Stevilne vrste pro-
padanja kamna spremlja tudi spremem-
ba njegove barve (obarvanje in razbar-
vanje).

b) odlaganje materiala v obliki
tankih plasti na povrSini kamnine
Te plasti so posledica odlaganja aero-
solov, atmosferskih delcev, pti¢jih iz-
trebkov itd.

¢) nevezane usedline soli na po-
vr$ini kamnine
Trdni delci soli, ki se odlagajo na povr-
$ini in s tem spremenijo osnovno barvo
kamnine, imajo svoj izvir v kamnini,
na katere povrsini so se odlagali. Na-
stanek soli in njihova migracija na po-
vr§ino kamnine sta posledica drugih
vrst propadanja kamnine.

¢) obloge
Oblogo sestavlja material, ki se je use-
del na povrSino kamnine in se je vezal
na kamnino s procesi mineralizacije.
Vzroki za nastanek materiala, ki tvori

RMZ-M&G 2010, 57



Dokumentiranje oblik propadanja naravnega kamna na objektih kulturne dedis¢ine

543

skorjaste prevleke, so razlicni. Lahko
imajo izvir v kamnini sami ali pa je
bil material prinesen od drugod (polu-
tanti). Obloge so lahko slabo ali dobro
vezane.

d) otrdevanje povrsine
PovrSinsko plast kamnine kompaktira-
jo sekundarni minerali, ki so se odlaga-
li v njej in imajo izvir v kamnini sami.
Plast je bolj gosta in ima vecjo trdnost
od kamnine v notranjosti, zato odstopi
od nespremenjenega dela kamnine.

e) zaraScanje povrSine kamnine
z vegetacijo
Na povrsini kamnine se lahko naselijo
mikroorganizmi in visje vrste rastlin.

e 3. skupina »Odstopanje povrsi-

ne kamnine« se deli na:

a) zrnato razpadanje materiala
na povrsini kamnine
S povrsine kamnine lahko odpadajo po-
samezna mineralna zrna, lahko pa tudi
vecji kosi kamnine. Vzrok je zmanjsa-
nje kohezijskih sil v kamnini. Posame-
zne oblike propadanja so razpadanje v
prah, v zrna ali v zrnate agregate.

b) drobljenje
PovrSina kamnine se drobi, ker se je
zmanjSala kohezijska sila v povrSinski
plasti primarno razpokane kamnine.
Zdrobljeni deli kamnine sicer niso mi-
neraloSko in kemic¢no spremenjeni.

c) luséenje
Material, ki odpada s povrSine kamni-
ne, je v obliki tankih kosov kamnine —
lusk, pri ¢emer luska ne sledi teksturi
kamnine. LuS¢enje je lahko neoslojno
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ali vecslojno. Vzroki za nastanek lusk
so razli¢ni.

¢) napihovanje
PovrSinska plast se zaradi napihovanja
lo¢i od kamnine, kasneje pa lahko v
celoti odpade. Vzroki za napihovanje
so razli¢ni. Lo¢imo napihovanje, ki je
odvisno od teksture kamnine, in napi-
hovanje, ki ne sledi teksturi kamnine.

d) konturno luscenje
To je luS¢enje povrsinske plasti kamni-
ne v obliki lusk, ki sledi konturam ka-
mnitega objekta. Lahko se lus¢i v eni
— enoplastno luscenje ali v ve¢ plasteh
— vecplastno luscenje.

e) razslojevanje
Odstopanje povrsinskega dela kamni-
ne, ki sledi teksturi kamnine.

f) odstopanje skorij
Na kamnini, ki ima skorjo, lahko priha-
ja do odstopanja le-te. Po navadi priha-
ja do odstopanja skorij s kamnino. Ce
je kohezivna sila med skorjo in kamni-
no vecja, kot je kohezivna sila med del-
ci kamnine, pri odstopanju skorje le-ta
odstopi tako, da s sabo povlece Se stic¢-
no plast kamnine. Le-ta je zaradi dejav-
nikov preperevanja fizikalno, kemi¢no
in mineralosko spremenjena v odnosu
do mati¢ne kamnine. Skorjo pa lahko
tvorijo tudi samo sekundarni minerali,
nastali kot posledica dejavnikov prepe-
revanja iz okolja.

e 4. Skupina »Razpoke in defor-
macije« se delijo na:
a) razpoke
Razpoke so posledica razli¢nih vzro-
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kov in lahko sledijo teksturi kamnine
ali pa ne. Razpoke so nastale izkljuc-
no zaradi delovanja zunanje mehanske
sile na kamnino. Ob razpoki lahko pri-
de do premika med deloma kamnine na
obeh straneh razpoke.

b) zlomi
Po razpoki se oba dela kamnine locita
(kamnina razpade na vsaj dva dela).

c) deformacije
Deformacija je sprememba profila ka-
mnitega objekta. IzraZzena je predvsem
na kamnitih objektih v obliki plos¢ oz.
tam, kjer je mocno izraZena geometrij-
ska anizotropnost kamnine. Loc¢imo
konveksno in konkavno deformacijo.

DOKUMENTIRANJE OBLIK PROPADANJA
APNENCA DRENOV GRIC

Osnovne karakteristike in uporaba
¢rnega apnenca Drenov Gri¢

Crni karnijski (zg. trias) apnenec (GRAD
& FEriancic, 1968) velja za enega izmed
najlepsih slovenskih naravnih kamnov.
Zaradi njegove velike gostote in dose-
ganja visoke stopnje politure ga pogosto
imenujejo s komercialnim imenom ¢rni
marmor. Znani so trije, sedaj opusceni
kamnolomi ¢rnega apnenca iz Dreno-
vega Grica, ki se nahajajo zahodno od
Ljubljane: (i) najstarej$i kamnolom,
opuscen kmalu po 2. svetovni vojni, (ii)
Kuclerjev kamnolom in (iii) Mineralov
kamnolom (slika 1a). V kamnolomih se
menjavajo razli¢no debeli skladi kamni-
ne, od nekaj 10 cm do 80 cm, redko celo

do poldrugega metra, z vecinoma tan-
kimi polami laporovca (Ramovs, 2000).
Apnenec je mikriten z znacilnimi belimi
zilami (slika 1b), vsebuje bituminozno
in organsko snov (Ramovs, 2000; JArc,
2000; KrAMAR, 2010), ki je vzrok za nji-
hovo ¢rno barvo, kar velja tudi za po-
dobne ¢rne apnence po svetu (WINKLER,
1997; MArINONI in sod. 2007; MARSZA-
LK, 2007). Med fosili so za apnenec
znacilne Skoljke, polzi, alge, luknjicar-
ke, ostrakodi in korale (Ramovs, 2000).
Apnenec ima zelo majhno poroznost,
majhno vpijanje vode in veliko trdnost
(KrAMAR, 2010).

Uporaba ¢rnega apnenca z Drenovega
Grica naj bi se uveljavila v poznem
17. st., v kiparski modi je ostal tudi v
18. st. Zaradi njegove tipi¢ne barve so
apnenec veliko uporabljali v baro¢ni
arhitekturi ne samo v Ljubljani, tem-
ve¢ tudi v drugih krajih po Sloveniji.
Uporabljali so ga ugledni kamnoseski
in kiparski mojstri, kot sta Mihael Cus-
sa in Luka Mislej ter vrsta njunih so-
dobnikov v kamnoseski obrti (Ramovs,
2000). Znani so portali in baro¢ni oltar-
ji, ve¢inoma na obmocju Ljubljanske-
ga barja in Polhograjskega hribovja.
Iz omenjenega apnenca so bili izklesa-
ni tudi Stevilni kropilniki ter pohodne
plode (Ramovs, 2000). Siroka upora-
ba ¢rnih apnencev, predvsem v baro¢ni
arhitekturi, je znana tudi iz drugih kra-
jev po Evropi (MARINONI in sod., 2002;
ZEHNDER, 2003; ZEHNDER, 2006; MARI-
NONI in sod., 2007; MARsSzALEK, 2007).
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Slika 1. Crni apnenec Drenov Gri¢; a) opuseni Mineralov kamnolom &r-
nega apnenca; b) polirana povrSina ¢rnega apnenca z belimi zilami (dolzi-
na fotografije 4 cm)

T __;;;_mm.;:::: l

Slika 2. Oltar v kapeli sv. Franc¢iska Ksaverja, Cerkev Sv. Jakoba, Ljublja-
na. ESD 332; a) fotografija oltarja (foto: Valentin Benedik, fotodokumenta-
cija ZVKDS, RC); b) prikaz delov oltarja s ¢rnim apnencem iz Drenovega
Grica (izris graficne podloge oltarja: Martin Kav¢i¢, ZVKDS, RC). Sivi
deli so apnenec Drenov Gric.
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Iz ¢rnega apnenca iz Drenovega Grica
je izdelan tudi velik del kamnitega ol-
tarja v kapeli sv. Fran¢iSka Ksaverja v
cerkvi Sv. Jakoba v Ljubljani (slika 2),
kjer je bila v okviru konservatorsko-re-
stavratorskih del izvedena dokumenta-
cija oblik propadanja. Kamniti oltar je
nastal v kamnoseski delavnici Franca
Grumnika, kjer so delovali nekateri
italijanski kiparji (Matthias Hendrichx,
Paolo Gropelli, Jacopo Contieri, An-
gelo Putti) (DRESAR in sod., 2005). Na
podlagi litoloSkega kartiranja je bilo
ugotovljeno, da oltar sestavljajo Ste-
vilne razli¢ne kamnine, izmed katerih
prevladujejo sedimentne (apnenci in
brece) ter metamorfne (marmor) (Kra-
MAR, 2006). Poleg kamnin slovenskega
izvora so uporabljene tudi take, ki so
najverjetneje tujega izvora.

Oblike propadanja ¢rnega apnenca
Drenov Gri¢

Oblike propadanja ¢rnega apnenca z
Drenovega Grica so dolocene na pod-
lagi preiskave in situ na oltarju sv.
Franciska Ksaverja v cerkvi Sv. Ja-
koba. Oblike propadanja so bile do-
kumentirane po Fitzner-Heinrichsovi
klasifikaciji (Fitzner & HEINRICHS,
2002). Primeri oblik propadanja so
prikazani na slikah 3, 4, 5 in 6. Vse
ugotovljene oblike propadanja so pri-
kazane na graficnih prilogah (priloge
1, 2, 3 in 4), iz katerih je razvidno, da
so te znacilno razporejene po oltarju.
Najvecji obseg propadanja apnenca
je vezan na spodnji del oltarja, med-

tem ko so povrSine apnenca v zgornjih
predelih oltarja manj poSkodovane. V
spodnjem delu oltarja na propadanje
apnenca mocno vpliva vlaga v obmo-
¢ju kapilarnega dviga, kjer se pojavlja-
jo tudi topne soli. Posebno spodnji deli
oltarja so mo¢no poSkodovani zaradi
kristalizacije topnih soli, medtem ko je
v zgornjih predelih prvotna ¢rna barva
apnenca obledela.

Po vrsti si na oltarju sledijo naslednje
oblike propadanja ¢rnega apnenca:

(1) NajpogostejSe oblike propadanja,
ki spadajo v skupino Izgube materiala
(priloga 1) so odpadanje povrSinskih
slojev kamnine, nastanek reliefa (za-
obljevanje in dolbenje ter izluzevanje
komponent kamnine) in odlom. Pred-
vsem v spodnjem delu oltarja se odpa-
danje povrsinskih slojev izraza Se po-
sebej pogosto v obliki odpadanja lusk
ali drobcev kamnine.

Odpadanje povrsinskih slojev zajema
odpadanje materiala vzporedno z iz-
postavljeno povrSino kamnine zaradi
izgube kohezijske sile. Debelina plasti
je odvisna od globine, v kateri je ka-
mnina izgubila kohezijsko silo do take
stopnje, da je povrSinska plast kamnine
lahko odpadla.

Pri odpadanju lusk gre za enovito iz-
gubo materiala v smeri vzporedno z
izpostavljeno povrSino kamnine (slika
3a). Ta se na povrsini lus¢i in nato sloj
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kamnine odpade, pri ¢emer je luscenje
neodvisno od teksture kamnine. Vzroki
so po navadi v zmanjSanju kohezijske
sile pod slojem zaradi pritiskov, ki so
nastali pod povr§ino kamnine zaradi
fizikalnega in kemicnega preperevanja
kamnine, npr. kristalizacije soli, zara-
di termohidricnega pritiska, zmrzali
(Kramar, 2010). Pojav je sicer znacilen
predvsem za zrnate kamnine, kot so se-
dimentne kamnine, npr. peS¢enjaki in
magmatske kamnine, npr. granodiorit
(Fitzner in Heinrichs, 2002).

Pri odpadanju kosov kamnine gre za
enovito izgubo materiala vzporedno z
izpostavljeno povrsino kamnine (slika
3b). Kamnina se na povrsini drobi.

Pri nastanku reliefa gre za morfoloske
spremembe povrSine kamnine zaradi
delnega ali izbirnega odpadanja mate-
riala.

Zaobljevanje in dolbenje vkljucuje na-
stanek reliefa na izpostavljeni povrsini,
ki je nastal zaradi zaobljevanja robov,
kar imenujemo pozitivni relief. Lahko
nastane tudi zaradi zarezovanja oz. dol-
benja, kar imenujemo negativni relief
(slika 3c). Nastajajo naklju¢ne mehke
konkavne ali konveksne oblike. Na na-
stanek te oblike propadanja lahko vpli-
va geografska lega vgrajene kamnine,
ki omogoca npr. stalno izpostavljenost
vetru, osoncenju, padavinam, kar pov-
zroca ponavljajoCe se ogrevanje/hlaje-
nje in vlazenje/susenje. Pojav je nace-
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loma znacilen za vse kamnine s homo-
geno teksturo.

Pri izbirnem (selektivnem) odpadanju
nastaja izluzevanje oz. raztapljanje
manj obstojnih sestavin (glinene in la-
pornate lece, limonitne nodule itd.) ali
pa izpadajo obstojnejse sestavine (pro-
dniki, delci fosilov itd.) — negativni
relief (slika 3¢). S asom obstojnejSe
sestavine (prodniki, delci fosilov, kon-
krecije) vedno bolj izstopajo iz povrsi-
ne — nastaja pozitiven relief. Vzrok je
v razli¢ni obstojnosti komponent zara-
di razlike v sestavi. Pojav je znacilen
za kamnine, ki vsebujejo razlicno ob-
stojne komponente (mineralna zrna ali
vecji skupki kamnine) in razne manj
obstojne vkljucke (zile, razpoke, pro-
dniki, lece), kot so apnenci in konglo-
merati.

Odlom pomeni odpadanje kompaktnih
delov kamnine zaradi delovanja zuna-
nje mehanske sile (slika 3d). Odlom
dela kamnine nastane zaradi razli¢nih
vzrokov, kot je odlom zaradi antropo-
loskih dejavnikov, odlom zaradi narav-
nih vzrokov, kot je rast vi§jih rastlin,
potresov, prepleta razpok, ki zmanjSajo
trdnost kamnine pod vrednost nosilne
trdnosti, naravni pojavi z destruktivni-
mi posledicami, npr. rast vi§jih rastlin,
potresi. Odlom lahko nastane tudi za-
radi konstrukcijskih vzrokov. Le-ti so
posledica nepravilnega nacina vgraje-
vanja kamnitega segmenta, zaradi Ce-
sar nastanejo napetosti, ki povzrocijo
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odlom kamnine (oksidacija kovinskih
vezi v kamnitem objektu) (FitzneEr &
HEemrichs, 2002). Nemalokrat pa pov-
zroCitelja ne moremo ugotoviti. Pojav
ni odvisen od vrste kamnine.

(2) Sprememba barve, nevezane usedli-
ne soli ter obloge so najpogostejse oblike
iz skupine Usedanje materiala in spre-
memba barve (priloga 2). Eflorescenca
(kristalizacija soli na povrsini kamnine)
in subflorescenca (kristalizacija soli pod
povrSino kamnine) sta pogosti v spo-
dnjem delu oltarja v obmocju kapilarne-
ga dviga, v obmocju, kjer so bili kamniti

elementi spojeni z malto ter ob stiku z
zidom. Bele obloge so v ve¢ji meri pred-
vsem v pasu na visini okoli 1 m od tal.
Sprememba barve ¢rnega apnenca je vi-
dna predvsem v zgornjem delu oltarja.

Sprememba prvotne barve kamni-
ne opisuje spremembe, ki se kazejo z
variiranjem enega ali ve¢ parametrov,
ki definirajo barvo. To so ton, Cistost
in kromati¢nost. Sprememba se lahko
pojavi na vecjih povrsinah ali pa lokal-
no. Sprememba barve obravnavanega
apnenca je opazna predvsem v zgornjih
delih oltarja.

Slika 3. Oblike propadanja apnenca Drenov Gri¢ iz skupine Izguba mate-
riala: a) odpadanje lusk. Kristalizacija soli pod povr$ino (subflorescenca)
vodi do lusc¢enja in posledicno do izgube materiala zaradi odpadanja lusk
(dolzina slike 20 cm). b) Izguba materiala zaradi odpadanja drobcev ka-
mnine (dolzina slike 30 cm); c¢) zaobljevanje/dolbenje (dolzina slike 30
cm); €) izluzevanje komponent zaradi izbirnega propadanja (dolzina slika
20 cm); d) odlom (dolzina slike 50 cm).
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Razbarvanje (slika 4a) opisuje spre-
membo barve zaradi kemi¢nega pre-
perevanja mineralov, ki vsebujejo bar-
vajoCe prvine (redukcija zelezovih in
manganovih komponent, oksidacija
organske snovi) ali izlo¢anja barvajo-
¢e snovi (izluZevanje, izpiranje). Raz-
barvanje se pojavi tudi zaradi nastanka
razpok na povrSini kamnine (izguba
kohezije med zrni) oz. zaradi poveca-
nja specificne povrsine zrn, ki sesta-
vljajo kamnino, kar ima za posledico
drugacno sipanje svetlobe (ZEHNDER,
2006). Razbarvanje se pojavi tudi, Ce
se na povrsini ali po razpokah nalagajo
sekundarni brezbarvni minerali. Vzro-
ki za nastanek pojava sta lahko tako
kemi¢no kot fizikalno preperevanje
kamnin. Pojav razbarvanja nastaja pri
preperevanju barvastih kamnin, kjer
nastaja redukcija Zelezovih in manga-
novih spojin, medtem ko je razbarvanje
zaradi nastanka razpok in zaradi nala-
ganja brezbarvnih sekundarnih mine-
ralov na povrSini kamnine znacilno za
vse vrste kamnin. Pojav pri obravnava-
nem apnencu pripisujemo dekoheziji
med zrni v povrSinskih delih apnenca,
kar je bilo ugotovljeno z elektronskim
mikroskopom (Kramar, 2010). Na ne-
katerih podro¢jih oltarja je sprememba
barve vezana na nastanek tanke plasti
sadre na povrSini apnenca (KRAMAR,
2010). MariNont (2007) navaja, da je
dekohezija med zrni in s tem vecja po-
roznost na povrsini apnenca rezultat
termi¢nega propadanja, ki se nato kaze
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v razbarvanju ¢rnega apnenca. Zadnji
navedeni mehanizem je predlagal tudi
ZEHNDER (2003), medtem ko nekateri
drugi raziskovalci razbarvanje ¢rnega
apnenca pripisujejo oksidaciji organ-
ske snovi, saj naj bi bili ogljikovodiki
eden izmed manj stabilnih pigmentov
(WINKLER, 1997).

Nevezane usedline soli so slabo veza-
ne usedline zrn (delcev) soli, ki ima-
jo svoj izvir v kamnini. Soli, ki bodo
kristalizirale na povrSini apnenca kot
eflorescenca, so odvisne od sestave
raztopine soli, lastnosti podlage (povr-
Sina apnenca) in okoljskih razmer med
procesom kristalizacije (BLAUER-BOHM
in sod., 2001). Pri oltarju je pojav eflo-
rescence vezan na spodnjih 0,5 m visi-
ne, kar je razvidno s priloge 2.

Pri eflorescenci se na povrSini kamni-
ne koncentrirajo drobnozrnate (kristal-
ne ali amorfne) snovi, ki so navadno
belkaste barve (slika 4b). Pri kristali-
zaciji soli se sestavine izluzujejo iz ka-
mnine zaradi kemi¢nega preperevanja
kamnine. Pojav je znacilen za kamni-
ne, ki vsebujejo minerale, topne v vo-
dni raztopini. Lahko pa soli v kamnino
prihajajo tudi iz okolice (tla, omet).
Vse kamnine so bolj ali manj porozne,
zato je mogo¢ transport soli po kamni-
ni. Po drugi strani pojav eflorescence
omogoc¢a majhna poroznost preisko-
vanih apnencev, saj le-te po navadi
nastajajo na gostih povrs§inah (ARNOLD



550

KRrRAMAR, S. & MIrTIC, B.

& KUENG, 1985). Prisotnost vlaknate
oblike topnih soli (angl.: whiskers) na
povrsini preiskovanih apnencev izraza
bodisi rahlo vlazno do skoraj suho po-
vr$ino apnencev, zelo omejen vir vode
ali pa majhno hitrost evaporacije v
primerjavi z nastankom oblog, ki zah-
tevajo veliko zalogo raztopine (ZEHN-
DER & ARNOLD, 1989). Eflorescenco na
apnencu Drenov Gri€ sestavljajo sadra
in magnezijevi sulfat hidrati (Kra-
MAR, 2010). Transport soli na povrsino
apnencev poteka v fazi mocenja, med-
tem ko v fazi suSenja soli kristalizirajo
na povrSini. Vsako zmanjSanje rela-
tivne vlage v prostoru bo povzrocilo,
da bodo raztopljene soli potovale pro-
ti povrSini kamnine, kjer povrSinska
voda izhlapeva in tako kompenzira
spremembe v relativni vlaznosti okolja
(CoLsToN in sod., 2001).

Pri subflorescenci nastane kristalizaci-
ja soli v porah pod povrsino (slika 4c).
Pojav vodi do odstopanja povrSinskih
delov kamnine. Vzrok je kristalizacija
topnih soli, ki se izluZujejo iz kamnine
zaradi njenega kemicnega preperevanja
kamnine. Soli lahko v kamnino priha-
jajo tudi iz okolice (tla, omet). V odvi-
snosti od atmosferske vlage se lahko iz-
lo¢ajo na povrsini ali v kamnini. Poraz-
delitev topnih soli na objektu je odvisna
od vrste soli v raztopini in od njihovega
izvora (CHAROLA, 2000). Soli se nace-
loma koncentrirajo na podrocjih, ki za-
drzujejo vlago dlje casa. To obmocje se
po navadi nahaja 1-5 cm pod povrsino

in je odvisno predvsem od poroznosti
kamnine (CHaroLA, 2000). Pri apnencu
z Drenovega Grica je to obmocje ome-
jeno le na nekaj zgornjih kvadratnih
milimetrov povrSine, verjetno zaradi
njegove majhne poroznosti. Na tem ob-
mocju nastajajo mehanski pritiski, ki
vodijo do nastanka povrSinskih lusk in
s tem razpada apnenca. Zaradi majhne
poroznosti apnenca se voda laze zadr-
zuje v kapilarah, saj je gibanje vode ote-
7eno, s povrsine apnencev pa je omogo-
¢ena hitrejSa evaporacija (AMOROSO &
Fassina, 1983). Kristalizacija soli one-
mogoci reverzibilno dilatacijo apnenca,
kar se pri preiskovanih apnencih izraza
v obliki luS¢enja in drobljenja. Krista-
lizacija sadre (KrRamar, 2010) pod po-
vr$ino (subflorescenca) vodi do razpada
apnenca, kar se izraza v obliki lus¢enja
in drobljenja ter s tem izgube materia-
la. Ko kristali sadre presezejo velikost
pore, nastanejo pritiski, ki so lahko
vecji od natezne trdnosti preiskovanih
apnencev. Mehanizmi propadanja za-
radi kristalizacije soli temeljijo namre¢
na nastanku pritiskov na pore kamnine,
ko sol kristali pri ponavljajocih se ciklih
kristalizacije/raztapljanja soli. Kristali
sadre dokazujejo, da je hitrost evapora-
cije ve¢ja od dovajanja vode v obmocju
oltarja, kjer nastaja intenzivno luscenje.
Medtem ko so v spodnjem delu soli na
povrSini kamnine, se v zgornjem delu
nahajajo pod povrsino. 1z tega sklepa-
mo, da se razmerje evaporacija/transfer
vode spreminja v odvisnosti od viSine.
Sadra zunaj dosega kapilarnega dviga
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nakazuje na moznost transferja raztopi-
ne tudi z drugimi mehanizmi, kot je npr.
kondenzacija. Pri relativni vlaZnosti
nad 75 % je namre¢ omogocena povr-
Sinska penetracija s kapilarno sukcijo in
kristalizacijo sadre v porah in razpokah
pod povrsino kamnine (CHABAS & JEa-
NETTE, 2001). Ko petrofizikalne lastno-
sti kamnine omogocajo hiter in dolg
transfer vode, po drugi strani pa poro-
znost kamnine kot druga petrofizikalna
lastnost kamnine omogoca, da je dotok
vode enak koli¢ini vode, ki je odparela,
soli kristalijo na povrSini. Eflorescenca
v tem primeru ne povzroc¢a dekohezije
kamnine na povrsini objekta. Po drugi
strani v primerih, ko odpari vecja koli-
¢ina vode, kot je s kapilarnim dvigom
migrira v povrsinsko plast kamnine,
soli precipitirajo v kamnini pod povrsi-
no, kar vodi do izgube materiala na po-
vrsini (LEWIN, 1982; CHABAS & JEANET-
TE 2001). ZniZevanje relativne vlaznosti
mocno vpliva na propadanje, kombina-
cija nizke relativne vlaznosti in daljSega
susnega obdobja pa povzroca nastanek
vecjih poSkodb (CoLston in sod., 2001).
Pri spremljanju nihanja temperature
(7) in relativne vlaznosti (RH) v kapeli
ugotavljamo, da v obdobju enega leta
RH variira od 40 % do 100 %, medtem
ko se T giblje v obmocju od —0,6 °C do
28,1 °C (KoLENc, 2006).

Obloge so kompaktne usedline, mo¢no
vezane na povrsino kamnine, imajo lah-
ko svoj izvir v kamnini ali prihajajo kot
polutanti iz okolja. Obloge se pojavlja-
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jo v pasu oltarja okoli 1,5 m nad tlemi
(priloga 2).

Obloga, ki sledi povrsini kamnine, je
kompaktna usedlina (slika 4¢). Lahko
je razli¢nih barv, npr. ¢rna, siva, bela
ali rjava. Kompaktiranje usedline so
omogocile soli, ki so se izluzevale iz
kamnine ali so se obarjale iz vode, ki je
prinaSala raztopljene soli iz zunanjega
okolja — kemi¢no preperevanje. Veci-
noma nastanejo zaradi procesov preci-
pitacije brezbarvnih sekundarnih mi-
neralov kalcita ali kremenice in drugih
soli. Vzroki so polutanti iz atmosfere,
interakcija polutantov s kamnino, iz-
luzevanje soli (npr. sadre) iz kamnine,
obarjanje kalcita iz vode pri vodnjakih,
ki vsebuje raztopljene minerale. Pojav
naceloma ni odvisen od vrste kamnine,
Ceprav ga lahko favorizirajo kamnine,
ki vsebujejo v vodi topne minerale.
Lahko so v stiku z vodo, ki vsebuje
raztopljene brezbarvne soli, 0z. so v
stiku z vodo, ki vsebuje raztopljene
barvaste soli. Bele obloge na ¢rnem
apnencu, ki jih tvori sadra, se poja-
vljajo v pasu v spodnjem delu oltarja.
Ker obloge nastajajo na mestih, kjer je
substrat vlazen ali moker (ArRNOLD &
ZEHNDER, 1985), nakazujejo obmocja
na oltarju, v katerih se v kamnini za-
drzuje ve¢ vode. Nekatere obloge se-
stavlja ve¢ vzporednih plasti sadre, ki
izrazajo ritmicno kristalizacijo sadre iz
raztopine zaradi ponavljajocih se ugo-
dnih razmer za kristalizacijo (nasiCe-
nje, temperatura).
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Slika 4. Oblike propadanja apnenca Drenov Gri¢ iz skupine Usedanje ma-
teriala in sprememba barve: a) Razbarvanje — sprememba prvotne ¢rne
barve v siv odtenek (dolzina slike 30 cm); b) eflorescenca-kristalizacija
soli na povrsini (dolZina slike 30 cm); c) subflorescenca-kristalizacija soli
pod povrsino, ki vodi do lus¢enja apnenca (dolzina slike 10 cm); ¢) bela
obloga na povsini apnenca (dolZina slike 20 cm)

(3) Drobljenje, luscenje in cepljenje so
najpogostejSe oblike propadanja v sku-
pini Odstopanje materiala. V odvisnosti
od orientacije plastnatosti apnenca, vgra-
jenega v spomenik, je odstopanje bodi-
si izrazeno kot cepljenje (ni vzporedno
izpostavljeni povrsini) ali kot luSc¢enje
(vzporedno povrsini apnenca). Luscenje
je stopnja propadanja apnenca pred od-
padanjem materiala, Se prej pa se poja-

vijo razpoke, ki so posledica ekspanzije
zaradi kristalizacije soli pod povrsino.
Odpadanje materiala je zadnja faza pro-
padanja, ki sledi po lus¢enju kamnine.
Najbolj intenzivno luScenje se pojavlja
okoli 0,5 m od tal, ¢eprav je v manjsi
meri po vsem oltarju. V tem obmocju
oltarja so po povrSini apnenca razpoke,
ki so posledica kristalizacije soli pod po-
vr§ino preiskovanega apnenca.
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Drobljenje zajema odstopanje vecjih
kosov kamnine nepravilnih oblik, ki
mu kasneje sledi odpadanje.

Drobljenju so izpostavljene kamnine z
izrazito nehomogeno sestavo. Odpadli
kosi, ki jih sestavlja nespremenjen ma-
terial, so trdi in nepravilnih oblik. De-
gradacija se kaze z delnim ali popolnim
odstopanjem. Vzroki so v fizikalnem
preperevanju kamnin z nehomogeno
strukturo. Najveckrat nastane razpad za-
radi zmrzovanja vzdolz manj odpornih
plasti in v obmocju kapilarnih por. Po-
jav je znacilen za zrnate kamnine karbo-
natnega in silikatnega izvora. Droblje-
nje in posledi¢no izguba materiala je pri
apnencu Drenov Gri¢ vezana na zile,
ki so zapolnjene s filosilikati. Minerali
glin lahko nabrekajo, kar lahko vodi do
nepovratnega razpada kamnine. Soli se
nahajajo na obmocjih, ki zadrzujejo vla-
go dlje, tako lahko ti minerali glin pov-
zrocijo razpad kamnine tudi zaradi kri-
stalizacije soli. [zmeni¢no nabrekanje in
kréenje glin lahko prav tako prispevata
k drobljenju apnencev (RODRIGUEZ-Na-
VARRO in sod., 1998). Transport vode
je zaradi majhne poroznosti apnencev
zmanjSan, kar ima za posledico vecjo
hitrost evaporacije s povrSine kamnine
v primerjavi s hitrostjo kapilarnega dvi-
ga. Taksno obmocje je zato mehansko
obremenjeno in vodi do razpada apnen-
cev. Kristalizacijski pritiski topnih soli
so mnogo vecji od natezne trdnosti pre-
iskovanih apnencev.
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Luscenje zajema odstopanje majhnih,
tankih kosov kamnine (lusk) neodvisno
od njene teksture. Lus¢enje se pojavlja v
pasu okoli 0,5 m nad tlemi, v man;jsi meri
tudi mestoma po celotni povrsini oltarja.

Posamezne luske — enoplastno luscenje
pomeni odstopanje ene plasti v obliki
posameznih lusk, ki se kasneje odlusci-
jo od nespremenjene kamnine. Vzroki
so v fizikalnem ali kemi¢nem prepere-
vanju kamnine, ki povzroci, da popusti
kohezijska sila tanke povrSinske plasti
kamnine. Pojav je sicer znalilen za

drobnozrnate goste kamnine.

Cepljenje (lamelarno odstopanje) opi-
suje odstopanje slojev kamnine, ki ni
vzporedno s povrSino kamnine (slika
5b). Odstopanju kasneje sledi odpada-
nje slojev kamnine. Vzroki so v fizi-
kalnem preperevanju kamnine, zaradi
Cesar odstopajo sloji kamnine po rav-
ninah foliacije, plastnatosti, laminarno-
sti. Znacilno je za plastnate in lamini-
rane kamnine ter kamnine z izrazeno
foliacijo, npr. peScenjake.

(4) Oblike propadanja cetrte skupine,
to so razpoke in deformacije, so zasto-
pane z zlomi, ki so na nekaterih kamni-
tih elementih, ki delijo kamnit element
na dva dela (mehanska poskodba).

Zlomi nastajajo v primeru, ko zaradi
razpok nastane delitve kamnine na dva
ali ve¢ delov. Vzroki za nastanek zlo-
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mov so fizikalne narave, ko je mehan- je tako velika, da kamnina razpade na
ska sila, ki deluje na kamnino, ve¢ja vec loCenih delov. Pojav ni odvisen od
od kohezijske sile kamnine. Razpoka vrste kamnine.

Slika 5. Oblike propadanja apnenca Drenov Gri¢ iz skupine Odstopanje
materiala: a) lus¢enje apnenca (dolzina slike 10 cm); b) cepljenje apnenca
(dolzina slike 5 cm)

3

Slika 6. Oblike propadanja apnenca Drenov Gri¢ iz skupine Razpoke in de-
formacije: a) razpoke, neodvisne od teksture kamnine (dolzina slike 100 cm)
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IV. RAZPOKE IN DEFORMACIJE
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Priloga 4. Razpoke in deformacije
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SKLEPI

IzErpne raziskave o vzrokih in meha-
nizmih propadanja naravnega kamna
so kljuénega pomena na podrocju ohra-
njanja objektov kulturne dediscine.
Dokumentiranje makroskopskih spre-
memb oziroma karakterizacija, kvan-
tifikacija in interpretacija oblik propa-
danja naravnega kamna na dolo¢enem
objektu je eden osnovnih korakov pred
restavratorsko-konservatorskim  po-
segom. V prispevku je podan pregled
skupin in glavnih oblik propadanja na-
ravnega kamna, ki je prirejen po nem-
Ski klasifikacijski shemi, na podlagi
katere klasificiramo posamezne obli-
ke propadanja. Prikaz dolo¢anja oblik
propadanja naravnega kamna na objek-
tih kulturne dedis¢ine in graficna pre-
stavitev le-teh sta podana na primeru
¢rnega apnenca Drenov Gric.

Kot je razvidno z grafi¢nih prilog, so
oblike propadanja znacilno razporeje-
ne po oltarju. Najvecji obseg propa-
danja apnenca je vezan na spodnji del
oltarja, medtem ko so povrSine apnen-
ca v zgornjih predelih oltarja manj po-
Skodovane. Prepoznanih je bilo veliko
razlicnih oblik propadanja v skupini
izgube materiala, razbarvanja/odlaga-
nja, odstopanja materiala ter razpok/
deformacij.

Glavni dejavnik propadanja je krista-

lizacija topnih soli, ki ima za posledi-
co Stevilne razli¢ne oblike propadanja
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apnenca. Zaradi razli¢nih okoljskih de-
javnikov se soli pojavljajo v ve¢ obli-
kah, in sicer kot eflorescenca, subflo-
rescenca ali kompaktna obloga. Glavni
vzrok propadanja je lahko kapilarni
dvig in posledi¢no kristalizacija topnih
soli. Najvecja poskodovanost kamni-
ne je bila identificirana prav v obmo-
¢ju kapilarnega dviga. Raztopine soli
potujejo skozi kamnino s kapilarnim
dvigom, nato pa ob evaporaciji krista-
lizirajo bodisi na povrsini ali pod po-
vr$ino apnencev. Obloge so vezane na
vlaznejSe predele oltarja.

Zahvale
Raziskavo je finan¢no omogocil
ARRS; Sstevilka pogodbe 3211-05-

000545. Avtorici se zahvaljujeta g. Jo-
zetu DreSarju, ki je omogocil preiskave
oblik propadanja na oltarju v kapeli Sv.
Franciska Ksaverja, kjer pod njegovim
vodstvom potekajo konservatorsko-re-
stavratorska dela.
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INSTRUCTIONS TO AUTHORS

RMZ-MATERIALS & GEOENVIRONMENT (RMZ- Materiali in
geookolje) is a periodical publication with four issues per year (established 1952
and renamed to RMZ-M&G in 1998). The main topics of contents are Mining
and Geotechnology, Metallurgy and Materials, Geology and Geoenvironment.

RMZ-M&G publishes original Scientific articles, Review papers, Preliminary
notes, Professional papers in English. In addition, evaluations of other
publications (books, monographs,...), In memoriam, Professional remarks and
reviews are welcome. The Title, Abstract and Key words in Slovene will be
included by the author(s) or will be provided by the referee or the Editorial
Office.

* Additional information and remarks for Slovenian authors:
Only Professional papers, Publications notes, Events notes, Discussion of papers
and In memoriam, will be exceptionally published in the Slovenian language.

Authorship and originality of the contributions. Authors are responsible for
originality of presented data, ideas and conclusions as well as for correct citation
of data adopted from other sources. The publication in RMZ-M&G obligate
authors that the article will not be published anywhere else in the same form.

Specification of Contributions
RMZ-M&G will publish papers of the following categories:

Full papers (optimal number of pages is 7 to 15, longer articles should be
discussed with Editor prior to submission). An abstract is required.
e Original scientific papers represent unpublished results of original
research.
e Review papers summarize previously published scientific, research and/
or expertise articles on the new scientific level and can contain also other
cited sources, which are not mainly result of author(s).
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¢ Preliminary notes represent preliminary research findings, which should
be published rapidly.

e Professional papersaretheresultoftechnological research achievements,
application research results and information about achievements in
practice and industry.

Short papers (the number of pages is limited to 1 for Discussion of papers and
2 pages for Publication note, Event note and In Memoriam). No abstract is
required for short papers.

e Publication notes contain author’s opinion on new published books,
monographs, textbooks, or other published material. A figure of cover
page is expected.

¢ Event notes in which descriptions of a scientific or professional event
are given.

e Discussion of papers (Comments) where only professional
disagreements can be discussed. Normally the source author(s) reply the
remarks in the same issue.

e In memoriam (a photo is expected).

Supervision and review of manuscripts. All manuscripts will be supervised.
The referees evaluate manuscripts and can ask authors to change particular
segments, and propose to the Editor the acceptability of submitted articles.
Authors can suggest the referee but Editor has a right to choose another. The
name of the referee remains anonymous. The technical corrections will be
done too and authors can be asked to correct missing items. The final decision
whether the manuscript will be published is made by the Editor in Chief.

The Form of the Manuscript

The manuscript should be submitted as a complete hard copy including figures and
tables. The figures should also be enclosed separately, both charts and photos in
the original version. In addition, all material should also be provided in electronic
form on a diskette or a CD. The necessary information can conveniently also be
delivered by E-mail.
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Composition of manuscript is defined in the attached Template

The original file of Template is available on RMZ-Materials and Geoenvironment
Home page address:

http://www.rmz-mg.com

References - can be arranged in two ways:

- first possibility: alphabetic arrangement of first authors - in text: (Borgne, 1955),
or

- second possibility: 'numerated in the same order as cited in the text: example!!!

Format of papers in journals:
LE BorGNE, E. (1955): Susceptibilite magnetic anomale du sol superficiel.
Annales de Geophysique, 11, pp. 399—419.

Format of books:
RoBERTS, J. L. (1989): Geological structures, MacMillan, London, 250 p.

Text on the hard print copy can be prepared with any text-processor. The
electronic version on the diskette, CD or E-mail transfer should be in MS Word
or ASCII format.

Captions of figures and tables should be enclosed separately.

Figures (graphs and photos) and tables should be original and sent separately in
addition to text. They can be prepared on paper or computer designed (MSExcel,
Corel, Acad).

Format. Electronic figures are recommended to be in CDR, Al, EPS, TIF or JPG
formats. Resolution of bitmap graphics (TIF, JPG) should be at least 300 dpi.
Text in vector graphics (CDR, Al, EPS) must be in MSWord Times typography
or converted in curves.

Color prints. Authors will be charged for color prints of figures and photos.
Labeling of the additionally provided material for the manuscript should be very
clear and must contain at least the lead author’s name, address, the beginning of
the title and the date of delivery of the manuscript. In case of an E-mail transfer
the exact message with above asked data must accompany the attachment with
the file containing the manuscript.
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Information about RMZ-M&G:

Editor in Chief prof. dr. Peter Fajfar (phone: ++386 1 4250-316) or

Secretary Barbara Bohar Bobnar, univ. dipl. ing. geol. (phone: ++386 1 4704-
630),

Askerc¢eva 12, 1000 Ljubljana, Slovenia

or at E-mail addresses:

peter.fajfar@ntf.uni-lj.si,

barbara.bohar@ntf.uni-lj.si

Sending of manuscripts. Manuscripts can be sent by mail to the Editorial
Office address:
o RMZ-Materials & Geoenvironment
Askerceva 12,
1000 Ljubljana, Slovenia
or delivered to:
J Reception of the Faculty of Natural Science and Engineering (for RMZ-
M&G)
Askerceva 12,
1000 Ljubljana, Slovenia
J E-mail - addresses of Editor and Secretary
J You can also contact them on their phone numbers.

These instructions are valid from August 2009
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NAVODILA AVTORJEM

RMZ-MATERIALS AND GEOENVIRONMENT (RMZ- Materiali in
geookolje) — kratica RMZ-M&G - je revija (ustanovljena kot zbornik 1952 in
preimenovana v revijo RMZ-M&G 1998), ki izhaja vsako leto v §tirih zvezkih.
V reviji objavljamo prispevke s podroc¢ja rudarstva, geotehnologije, materialov,
metalurgije, geologije in geookolja.

RMZ- M&G objavlja izvirne znanstvene, pregledne in strokovne ¢lanke
ter predhodne objave samo v angleSkem jeziku. Strokovni ¢lanki so lahko
izjemoma napisani v slovenskem jeziku. Kot dodatek so zaZelene recenzije
drugih publikacij (knjig, monografij ...), nekrologi In Memoriam, predstavitve
znanstvenih in strokovnih dogodkov, kratke objave in strokovne replike na
¢lanke objavljene v RMZ-M&G v slovenskem ali angleSkem jeziku. Prispevki
naj bodo kratki in jasni.

Avtorstvo in izvirnost prispevkov. Avtorji so odgovorni za izvirnost podatkov,
idej in sklepov v predlozenem prispevku oziroma za pravilno citiranje privzetih
podatkov. Z objavo v RMZ-M&G se tudi obvezejo, da ne bodo nikjer drugje
objavili enakega prispevka.

Vrste prispevkov

Optimalno Stevilo strani je 7 do 15, za daljse clanke je potrebno soglasje
glavnega urednika.

Izvirni znanstveni ¢lanki opisujejo Se neobjavljene rezultate lastnih raziskav.
Pregledni ¢lanki povzemajo Ze objavljene znanstvene, raziskovalne ali
strokovne dosezke na novem znanstvenem nivoju in lahko vsebujejo tudi druge
(citirane) vire, ki niso ve€insko rezultat dela avtorjev.

Predhodna objava povzema izsledke raziskave, ki je v teku in zahteva hitro
objavo.

Strokovni €lanki vsebujejo rezultate tehnoloSkih doseZkov, razvojnih projektov
in druge informacije iz prakse.

Recenzije publikacij zajemajo ocene novih knjig, monografij, u¢benikov, razstav
...(do dve strani; zazelena slika naslovnice in kratka navedba osnovnih podatkov
- izkaznica).
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In memoriam (do dve strani, zazelena slika).

Strokovne pripombe na objavljene ¢lanke ne smejo presegati ene strani in
opozarjajo izklju¢no na strokovne nedoslednosti objavljenih ¢lankov v prejSnjih
Stevilkah RMZ-M&G. Praviloma Ze v isti Stevilki avtorji prvotnega ¢lanka
napisejo odgovor na pripombe.

Poljudni ¢lanki, ki povzemajo znanstvene in strokovne dogodke (do dve strani).

Recenzije. Vsi prispevki bodo predlozeni v recenzijo. Recenzent oceni
primernost prispevka za objavo in lahko predlaga kot pogoj za objavo dopolnilo
k prispevku. Recenzenta izbere UredniStvo med strokovnjaki, ki so dejavni na
sorodnih podroc¢jih, kot jih obravnava prispevek. Avtorji lahko sami predlagajo
recenzenta, vendar si uredniStvo pridrzuje pravico, da izbere drugega recenzenta.
Recenzent ostane anonimen. Prispevki bodo tudi tehni¢no ocenjeni in avtorji
so dolzni popraviti pomanjkljivosti. Kon¢no odlocitev za objavo da glavni in
odgovorni urednik.

Oblika prispevka

Prispevek predlozite v tiskanem oStevil¢enem izvodu (po moznosti z vklju€enimi
slikami in tabelami) ter na disketi ali CD, lahko pa ga posljete tudi prek E-maila.
Slike in grafe je mozno poslati tudi risane na papirju, fotografije naj bodo
originalne.

Raz¢lenitev prispevka:
Predloga za pisanje ¢lanka se nahaja na spletni strani:
http://www.rmz-mg.com/predloga.htm

Seznam literature je lahko urejen na dva nacina:
-po abecednem zaporedju prvih avtorjev ali
-po Mvrstnem zaporedju citiranosti v prispevku.

Oblika je za oba nacina enaka:

Clanki:
LE BorGNE, E. (1955): Susceptibilite magnetic anomale du sol superficiel.
Annales de Geophysique; Vol. 11, pp. 399-419.
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Knjige:
RoBERTS, J. L. (1989): Geological structures, MacMillan, London, 250 p.

Tekst izpisanega izvoda je lahko pripravljen v kateremkoli urejevalniku. Na
disketi, CD ali v elektronskem prenosu pa mora biti v MS Word ali v ASCII
obliki.

Naslovi slik in tabel naj bodo prilozeni posebej. Naslove slik, tabel in celotno
besedilo, ki se pojavlja na slikah in tabelah, je potrebno navesti v angleSkem in
slovenskem jeziku.

Slike (ilustracije in fotografije) in tabele morajo biti izvirne in prilozene posebe;j.
Njihov polozaj v besedilu mora biti jasen iz priloZzenega kompletnega izvoda.
Narejene so lahko na papirju ali pa v racunalniski obliki (MS Excel, Corel, Acad).
Format elektronskih slik naj bo v EPS, TIF ali JPG obliki z locljivostjo okrog
300 dpi. Tekst v grafiki naj bo v Times tipografiji.

Barvne slike. Objavo barvnih slik sofinancirajo avtor;ji

Oznacenost poslanega materiala. Izpisan izvod, disketa ali CD morajo biti
jasno oznaceni — vsaj z imenom prvega avtorja, zaCetkom naslova in datumom
izroCitve urednistvu RMZ-M&G. Elektronski prenos mora biti pospremljen z
jasnim sporoc¢ilom in z enakimi podatki kot velja za ostale na¢ine posredovanja.

Informacije o RMZ-M&G: urednik prof. dr. Peter Fajfar, univ. dipl. ing. metal.
(tel. ++386 1 4250316) ali tajnica Barbara Bohar Bobnar, univ. dipl. ing. geol.
(tel. ++386 1 4704630), Askerceva 12, 1000 Ljubljana

ali na E-mail naslovih:

peter.fajfar@ntf.uni-lj.si

barbara.bohar@ntf.uni-1j.si

Posiljanje prispevkov. Prispevke posljite priporo¢eno na naslov UredniStva:
e RMZ-Materials and Geoenvironment
Askerceva 12,
1000 Ljubljana, Slovenija
oziroma jih oddajte v
e Recepciji NaravoslovnotehniSke fakultete (pritlicje) (za RMZ-M&G)
Askerceva 12,
1000 Ljubljana, Slovenija
e Mozna je tudi oddaja pri uredniku oziroma pri tajnici.

Navodila veljajo od avgusta 2009.
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TEMPLATE

The title of the manuscript should be written in bold letters
(Times New Roman, 14, Center)

Naslov ¢lanka (Times New Roman, 14, Center)

NAME SURNAME!, ..., & NaME SURNAME® (TiMES NEw Roman, 12, CENTER)

* University of ..., Faculty of ..., Address..., Country ... (Times New Roman, 11,
Center)

*Corresponding author. E-mail: ... (Times New Roman, 11, Center)

Abstract (Times New Roman, Normal, 11): The abstract should be
concise and should present the aim of the work, essential results
and conclusion. It should be typed in font size 11, single-spaced.
Except for the first line, the text should be indented from the left
margin by 10 mm. The length should not exceed fifteen (15) lines
(10 are recommended).

Izvlecek (Times New Roman, navadno, 11): Kratek izvlecek namena
¢lanka ter klju¢nih rezultatov in ugotovitev. Razen prve vrstice naj
bo tekst zamaknjen z levega roba za 10 mm. Dolzina naj ne presega
petnajst (15) vrstic (10 je priporoceno).

Key words: a list of up to 5 key words (3 to 5) that will be useful for
indexing or searching. Use the same styling as for abstract.

Kljucne besede: seznam najve¢ 5 kljuénih besed (3—5) za pomo¢ pri
indeksiranju ali iskanju. Uporabite enako obliko kot za izvlecek.

InTrRODUCTION (T1MES NEW ROoMAN, BoLp, 12)

Two lines below the keywords begin the introduction. Use Times New Roman,
font size 12, Justify alignment.
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There are two (2) admissible methods of citing references in text:

1. by stating the first author and the year of publication of the reference
in the parenthesis at the appropriate place in the text and arranging the
reference list in the alphabetic order of first authors; e.g.:

“Detailed information about geohistorical development of this zone can
be found in: ANTONUEVIC (1957), GRUBIC (1962), ...”
“... the method was described previously (Hoers, 1996)”

2. by consecutive Arabic numerals in square brackets, superscripted at the
appropriate place in the text and arranging the reference list at the end of
the text in the like manner; e.g.:

“... while the portal was made in Zope environment. *”

MATERIALS AND METHODS (TiMEs NEw Roman, BoLp, 12)

This section describes the available data and procedure of work and therefore
provides enough information to allow the interpretation of the results, obtained
by the used methods.

REsuLTs AND DIscussiON (Times NEw Roman, BoLp, 12)

Tables, figures, pictures, and schemes should be incorporated in the text at the
appropriate place and should fit on one page. Break larger schemes and tables
into smaller parts to prevent extending over more than one page.

Concrusions (Tives NEw Roman, BoLp, 12)

This paragraph summarizes the results and draws conclusions.

Acknowledgements (Times New Roman, Bold, 12, Center - optional)

This work was supported by the ***%*,
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REFERENCES (TiMEs NEw RomaN, BoLb, 12)

In regard to the method used in the text, the styling, punctuation and capitalization
should conform to the following:

FIRST OPTION - in alphabetical order

Casari, P., JapouL, F., Nicora, A., MARINELLI, M., FANTINI-SESTINI, N. & Fois, E. (1981):
Geologia della Valle del’ Anisici e dei gruppi M. Popera - Tre Cime di Lavaredo
(Dolomiti Orientali). Riv. Ital. Paleont.; Vol. 87, No. 3, pp. 391-400, Milano.

Fork, R. L. (1959): Practical petrographic classification of limestones. Amer. Ass.
Petrol. Geol. Bull.; Vol. 43, No. 1, pp. 1-38, Tulsa.

SECOND OPTION - in numerical order

. TrCEx, B. (2001): Solute transport monitoring in the unsaturated zone of the karst
aquifer by natural tracers. Ph. D. Thesis. Ljubljana: University of Ljubljana
2001; 125 p.

el Hicasnitan, K., Iseri, H., OkuHARA, K., HATADE, S. (1995): Magnetic Effects on Zeta
Potential and Diffusivity of Nonmagnetic Particles. Journal of Colloid and
Interface Science, 172, pp. 383-388.

Citing the Internet site:

CASREACT-Chemical reactions database [online]. Chemical Abstracts Service, 2000,
updated 2. 2. 2000 [cited 3. 2. 2000]. Accessible on Internet: http://www.cas.org/
CASFILES/casreact.html.

Texts in Slovene (title, abstract and key words) can be written by the
author(s) or will be provided by the referee or by the Editorial Board.
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PREDLOGA ZA SLOVENSKE CLANKE
Naslov ¢lanka (Times New Roman, 14, Na sredino)

The title of the manuscript should be written in bold letters
(Times New Roman, 14, Center)

IME Privek !, ..., IME PRMEKX (TiMES NEw RomaN, 12, NA SREDINO)

XUniverza..., Fakulteta..., Naslov..., Drzava... (Times New Roman, 11, Center)

*Koresponden¢ni avtor. E-mail: ... (Times New Roman, 11, Center)

Izvle¢ek (Times New Roman, Navadno, 11): Kratek izvle¢ek namena
¢lanka ter klju¢nih rezultatov in ugotovitev. Razen prve j bo tekst
zamaknjen z levega roba za 10 mm. DolZina naj ne presega petnajst
(15) vrstic (10 je priporo¢eno).

Abstract (Times New Roman, Normal, 11): The abstract should be
concise and should present the aim of the work, essential results and
conclusion. It should be typed in font size 11, single-spaced. Except
for the first line, the text should be indented from the left margin
by 10 mm. The length should not exceed fifteen (15) lines (10 are
recommended).

Kljucne besede: seznam najve¢ 5 kljuénih besed (3—5) za pomo¢ pri
indeksiranju ali iskanju. Uporabite enako obliko kot za izvlecek.

Key words: a list of up to 5 key words (3 to 5) that will be useful for
indexing or searching. Use the same styling as for abstract.

Uvobp (Times NEw Roman, Krepko, 12)

Dve wvrstici pod kljuénimi besedami se zacne Uvod. Uporabite pisavo Times
New Roman, velikost ¢rk 12, z obojestransko poravnavo. Naslovi slik in tabel
(vkljuéno z besedilom v slikah) morajo biti v slovenskem jeziku.

Slika (Tabela) X. Pripadajoce besedilo k sliki (tabeli)
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Obstajata dve sprejemljivi metodi navajanja referenc:

1. z navedbo prvega avtorja in letnice objave reference v oklepaju na
ustreznem mestu v tekstu in z ureditvijo seznama referenc po abecednem
zaporedju prvih avtorjev; npr.:

“Detailed information about geohistorical development of this zone can be
found in: ANTONUEVIC (1957), GRUBIC (1962), ...”
“... the method was described previously (Hokrs, 1996)”

ali
2. z zaporednimi arabskimi Stevilkami v oglatih oklepajih na ustreznem

mestu v tekstu in z ureditvijo seznama referenc v Stevilénem zaporedju
navajanja; npr.;
“... while the portal was made in Zope!®! environment.”

MATERIALI IN METODE (TiMEs NEw Roman, Krepko, 12)

Ta del opisuje razpolozljive podatke, metode in nacin dela ter omogoca zadostno

koli¢ino informacij, da lahko z opisanimi metodami delo ponovimo.

RezuLtATI IN RAZPRAVA (TiMES NEW RoMAN, KREPKO, 12)

Tabele, sheme in slike je treba vnesti (z ukazom Insert, ne Paste) v tekst na

ustreznem mestu. Vecje sheme in tabele je po treba lociti na manjSe dele, da ne

presegajo ene strani.

SkLEPI (TiMEs NEw Roman, Krepko, 12)

Povzetek rezultatov in sklepi.
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Zahvale (Times New Roman, Krepko, 12, Na sredino - opcija)

Izvedbo tega dela je omogocilo .........

Viri (Times NEw Roman, KrePko, 12)

Glede na uporabljeno metodo citiranja referenc v tekstu upostevajte eno od
naslednjih oblik:

PRVA MOZNOST (priporo&ena) - v abecednem zaporedju

Casari, P., Japoul, F., Nicora, A., MARINELLI, M., FANTINI-SESTINI, N. & Fors, E. (1981):
Geologia della Valle del’ Anisici e dei gruppi M. Popera — Tre Cime di Lavaredo
(Dolomiti Orientali). Riv. Ital. Paleont.; Vol. 87, No. 3, pp. 391-400, Milano.

FoLk, R. L. (1959): Practical petrographic classification of limestones. Amer: Ass. Petrol.
Geol. Bull.; Vol. 43, No. 1, pp. 1-38, Tulsa.

DRUGA MOZNOST - v numeri¢nem zaporedju

" Treex, B. (2001): Solute transport monitoring in the unsaturated zone of the karst
aquifer by natural tracers. Ph. D. Thesis. Ljubljana: University of Ljubljana
2001; 125 p.

* Higastrrany, K., Isery, H., OKUHARA, K., HATADE, S. (1995): Magnetic Effects on Zeta
Potential and Diffusivity of Nonmagnetic Particles. Journal of Colloid and
Interface Science, 172, pp. 383-388.

Citiranje spletne strani:

CASREACT-Chemical reactions database [online]. Chemical Abstracts Service, 2000,
obnovljeno 2. 2. 2000 [citirano 3. 2. 2000]. Dostopno na svetovnem spletu: http://www.
cas.org/CASFILES/casreact.html.

Znanstveni, pregledni in strokovni ¢lanki ter predhodne objave se objavijo

v angleSkem jeziku. Izjemoma se strokovni ¢lanek objavi v slovenskem
jeziku.
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