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Historical Review

More than 90 years have passed since the University Lju-
bljana in Slovenia was founded in 1919. Technical fields 
were united in the School of Engineering that included the 
Geologic and Mining Division, while the Metallurgy Divi-
sion was established only in 1939. Today, the Departments 
of Geology, Mining and Geotechnology, Materials and Met-
allurgy are all part of the Faculty of Natural Sciences and 
Engineering, University of Ljubljana. 
Before World War II, the members of the Mining Section 
together with the Association of Yugoslav Mining and Met-
allurgy Engineers began to publish the summaries of their 
research and studies in their technical periodical Rudarski 
zbornik (Mining Proceedings). Three volumes of Rudarski 
zbornik (1937, 1938 and 1939) were published. The War 
interrupted the publication and it was not until 1952 that 
the first issue of the new journal Rudarsko-metalurški 
zbornik – RMZ (Mining and Metallurgy Quarterly) was 
published by the Division of Mining and Metallurgy, Uni-
versity of Ljubljana. Today, the journal is regularly pub-
lished quarterly. RMZ – M&G is co-issued and co-financed 
by the Faculty of Natural Sciences and Engineering Ljublja-
na, the Institute for Mining, Geotechnology and Environ-
ment Ljubljana, and the Velenje Coal Mine. In addition, it 
is partly funded by the Ministry of Education, Science and 
Sport of Slovenia.
During the meeting of the Advisory and the Editorial 
Board on May 22, 1998, Rudarsko-metalurški zbornik 
was renamed into “RMZ – Materials and Geoenvironment 
(RMZ – Materiali in Geookolje)” or shortly RMZ – M&G. 
RMZ – M&G is managed by an advisory and international 
editorial board and is exchanged with other world-known 
periodicals. All the papers submitted to the RMZ – M&G 
undergoes the course of the peer-review process.
RMZ – M&G is the only scientific and professional periodi-
cal in Slovenia which has been published in the same form 
for 60 years. It incorporates the scientific and professional 
topics on geology, mining, geotechnology, materials and 
metallurgy. In the year 2013, the Editorial Board decided 
to modernize the journal’s format. 
A wide range of topics on geosciences are welcome to be 
published in the RMZ – Materials and Geoenvironment. 
Research results in geology, hydrogeology, mining, geo-
technology, materials, metallurgy, natural and anthropo-
genic pollution of environment, biogeochemistry are the 
proposed fields of work which the journal will handle. 

Editor-in-Chief

Zgodovinski pregled

Že več kot 90 let je minilo od ustanovitve Univerze v Lju-
bljani leta 1919. Tehnične stroke so se združile v tehniški 
visoki šoli, ki sta jo sestavljala oddelka za geologijo in ru-
darstvo, medtem ko je bil oddelek za metalurgijo ustano-
vljen leta 1939. Danes oddelki za geologijo, rudarstvo in 
geotehnologijo ter materiale in metalurgijo delujejo v sklo-
pu Naravoslovnotehniške fakultete Univerze v Ljubljani. 
Pred 2. svetovno vojno so člani rudarske sekcije skupaj z 
Združenjem jugoslovanskih inženirjev rudarstva in meta-
lurgije začeli izdajanje povzetkov njihovega raziskovalne-
ga dela v Rudarskem zborniku. Izšli so trije letniki zbor-
nika (1937, 1938 in 1939). Vojna je prekinila izdajanje 
zbornika vse do leta 1952, ko je izšel prvi letnik nove revi-
je Rudarsko-metalurški zbornik – RMZ v izdaji odsekov za 
rudarstvo in metalurgijo Univerze v Ljubljani. Danes revija 
izhaja štirikrat letno. RMZ – M&G izdajajo in financirajo 
Naravoslovnotehniška fakulteta v Ljubljani, Inštitut za ru-
darstvo, geotehnologijo in okolje ter Premogovnik Velenje. 
Prav tako izdajo revije financira Ministrstvo za izobraževa-
nje, znanost in šport. 
Na seji izdajateljskega sveta in uredniškega odbora je 
bilo 22. maja 1998 sklenjeno, da se Rudarsko-metalurški 
zbornik preimenuje v RMZ – Materiali in geookolje (RMZ – 
Materials and Geoenvironment) ali skrajšano RMZ – M&G. 
Revijo RMZ – M&G upravljata izdajateljski svet in medna-
rodni uredniški odbor. Revija je vključena v mednarodno 
izmenjavo svetovno znanih publikacij. Vsi članki so pod
vrženi recenzijskemu postopku.  
RMZ – M&G je edina strokovno-znanstvena revija v Slo-
veniji, ki izhaja v nespremenjeni obliki že 60 let. Združuje 
področja geologije, rudarstva, geotehnologije, materialov 
in metalurgije. Uredniški odbor je leta 2013 sklenil, da po-
sodobi obliko revije.
Za objavo v reviji RMZ – Materiali in geookolje so dobrodo-
šli tudi prispevki s širokega področja geoznanosti, kot so: 
geologija, hidrologija, rudarstvo, geotehnologija, materiali, 
metalurgija, onesnaževanje okolja in biokemija. 

Glavni urednik
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Original scientific paper

Abstract
Predictions for the liquid Co–Sn–Zn alloys thermody-
namic properties (molar excess Gibbs energy) were 
presented in this paper. The calculations were per-
formed in the temperature range 1 000–2 000 K. Geo-
metric models were used and the respective calculated 
molar excess Gibbs energies were compared to Calphad 
method assessments. The concentration dependences 
of the liquid phase thermodynamic properties along 
vertical sections with Sn/Zn ratios of 1 : 5, 1 : 1 and 5 : 1 
were estimated. Ternary interaction parameters (L0, L1 
and L2) of the liquid phase were determined using Gen-
eral solution (geometric) models from thermodynamic 
data of the binary end–systems (Co–Sn, Co–Zn, Sn–Zn). 

Key words: sgeneral solution model, ternary interacti-
on parameters, ternary systems, Calphad method

Izvleček
V članku je predstavljena napoved termodinamčnih 
lastnosti (molske prebitne proste Gibbsove energije) 
tekočih zlitin Co-Sn-Zn. Izračuni so bili izvedeni v tem-
peraturnem območju 1 000–2 000 K. Uporabljeni so bili 
geometrijski modeli. Odgovarjajoče izračunane molske 
prebitne proste Gibbsove energije so bile primerjane z 
oceno po Calpad-metodi. Termodinamične lastnosti te-
koče faze v odvisnosti od koncentracije so bile določene 
za vertikalne prereze in razmerja Sn/Zn 1 : 5, 1 : 1 ter 
5 : 1. Ternarni interakcijski koeficienti (L0, L1 and L2) 
so bili določeni z uporabo modela posplošene rešitve 
iz končnih birnarnih sistemov (Co–Sn, Co–Zn, Sn–Zn). 

Ključne besede: model posplošene rešitve, ternarni 
interakcijski parametri, ternarni sistem, Calpad-meto-
da

Co–Sn–Zn liquid phase thermodynamic 
properties investigation performed 
by different geometric models and by 
CALPHAD method
Raziskava termodinamičnih lastnosti tekoče faze 
Co-Sn-Zn z različnimi geometričnimi modeli in 
CALPAD-metodo
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Introduction 

The Co–Sn–Zn system is interesting as poten-
tial materials using in industrial application 
like alloys applicable as lead free materials[1]. 
These materials are expected to be designed on 
the basis of systems containing low-melting el-
ements like Sn and Zn. It is well known that the 
classical lead-tin based alloys represent a seri-
ous health and environmental risk. Pb-contain-
ing alloys use recently[2] but the replacement 
of the whole variety of Sn–Pb based materials 
turned out to be a very difficult task[3]. 
The binary end-systems Co–Sn[4] and Co–Zn[5] 
have been intensively studied. They exhibit a 
large numbers of intermetallic phases. The bi-
nary system Sn–Zn represents a simple eutectic 
phase diagram[6]. 
This ternary system is included in the thermo-
dynamic database developed by the European 
concerted action Solders[6] and reliable ther-
modynamic optimization is available. The task 
of the present study is to apply different ways 
to assess the thermochemical properties of the 
ternary melt Co–Sn–Zn.

Theoretical fundamentals of the 
assessments

The so-called “geometric models” give the pos-
sibility to predict the thermodynamic proper-
ties of a ternary phase (in this case – liquid) 
using the data for the respective binary end 
systems. In this work, assessments were done 
using the most common classic geometric mod-
els of Kohler[7], Toop[8], and Hilert[9] as well as 
the general solution model (GSM) developed by 
Chou[10, 11]. 
Hillert[9] classified the geometric models as 
symmetrical (e.g.[7]) and asymmetrical (e.g.[8, 9]). 
Such a universal approach was developed re-
cently by Chou[10, 11] and was successfully ap-
plied to a variety of cases[12, 13, 14]. Nevertheless, 
a brief description of the techniques used is de-
scribed below.
The molar excess Gibbs energy (ΔGE, J mol–1) 
of the ternary liquid phase was chosen as pa-
rameter which values have to be calculated by 
various models and compared. This function 
describes the contribution of the non-ideal 

mixing to the thermodynamic properties of 
a solution phase. The molar excess Gibbs en-
ergies values of every binary end-system are 
necessary as starting points and calculated by 
means of Thermo-Calc software package[15]. 
The composition dependence of the binary 
Gibbs molar excess energies (ΔGE

ij) was given 
by Redlich-Kister formalism[16].
The Gibbs molar excess energy of a ternary 
phase (ΔGE

123), consisting of the elements 1, 2 
and 3, was given by the expression:

(1)

where ΔGE
123 is the contribution of the ternary 

non-ideal mixing. In the simplest case of a regu-
lar ternary solution it may be assessed as:

      
    

(2)

where L123 is a ternary interaction parameter 
that might be temperature and concentration 
dependent. 
The most essential equations, associated to the 
geometrical models[7, 8, 9] were used for calcula-
tions. 
Equation (3) can be used as an introduction of 
the General solution model (GSM) of Chou[10, 11]: 

      
  (3)

 Here f123 is the ternary interaction coefficient, 
related to the Redlich-Kister ternary interac-
tion parameters Lijk (f123 = x1 × L0

123 + x2 × L1
123 

+ x3 × L2
123).          

ξij are “similarity coefficients”, that were defined 
by the term ηi called “deviation sum of squares. 
Equation (4) presented model of Chou.

 
(4)

Basic thermodynamic information on the bi-
nary subsystems, needed for the assessment, 
was taken from[6]. The optimized Redlich-Kis-
ter parameters of each system are presented in 

f123 = (2ξ12 − 1){L2
12((2ξ12 − 1)x3 + 2(x1 − x2)) + 

L1
12} + (2ξ23 − 1){L2

23((2ξ23 − 1)x1 + 2(x2 − x3)) + L1
23} + 

(2ξ31 − 1){L2
31((2ξ12 − 1)x2 + 2(x3 − x1)) + L1

31}
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Table 1. They were used for the calculation of 
the molar excess Gibbs energies of the binary 
end-systems liquid phases. In this work: Co is 
represented as component 1, Sn - component 2 
and Zn - component 3.

Results and discussion 

Calculations of the coefficients f123 were done 
along three sections of the Co–Sn–Zn system 
with molar Sn : Zn ratios 1 : 5, 1 : 1 and 5 : 1 in 
the interval 1 000–2 000 K at amount fractions 
of cobalt 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 large amount 
of data was obtained and used thereafter tо de-
rive the parameters Lijk. The results for the ter-
nary parameters are shown in Table 2. 
Comparative reviews of the molar Gibbs excess 
energies (∆GE, J mol–1) assessed at 1 973 K by 
using different geometric models (GSM[10, 11], 
Toop[8], Hilert[9] and Kohler[7]) and by the Cal-
phad method (binary parameters only)[6]) are 
shown in Figures 1–3. Figure 1 shows calcula-

tions for the molar ratio Sn : Zn = 1 : 5. In this 
figure all curves exhibit positive values for the 
Gibbs excess energies. These positive devia-
tions can be related to a possible miscibility gap 
in liquid phase at Co-Zn side in the ternary dia-
gram. In this case, the values assessed by sym-
metrical models[7] were quite similar and were 
accompanied by the Calphad-type calculated 
quantities. The same conclusion is valid for the 
values calculated by both asymmetrical meth-
ods[8, 9]. The GSM-assessed molar Gibbs excess 
energies deviate from all others.

Most of the assessments predict (in general) 
negative ∆GE with a minimum in the composi-
tion interval of 0.5–0.55 amount fraction cobalt 
is shown in Figure 2. The calculations based on 
the GSM[10, 11] deviate from all others predicting 
a minimum at around 0.4–0.5 amount fractions 
cobalt.
In Figure 3 the molar Gibbs excess energies 
along the section with Sn:Zn molar ratio equal 
to 1 : 1 all curves are with sign-changing values. 
Small negative values, up to around –700 J mol–1 

System, i–j Lo
ij/(T)/(J mol–1) L1

ij (T)/(J mol–1) L2
ij(T)/(J mol–1)

Co–Sn –113 890 + 568.4038 * T
–68.169 * T * LN(T)

–56 193.26 + 283.7657 * T
–33.6875 * T * LN(T) 0

Co–Zn –15 017 + 12.735 * T +51 758 – 29.752 * T 0

Sn–Zn +19 314.64 – 75.89949 * T
+ 8.751396 * T * LN(T) –5 696.28 + 4.20198 * T +1 037.22 + 0.98362 * T

Table 1: Optimized parameters (L0
ij, L

1
ij , L

2
ij) for the liquid binary phases of the Co–Sn[4], Co–Zn[5] and Sn–Zn[6] systems used in the 

present work; T – temperature, K

Figure 1: Calculated molar Gibbs excess energies 
(∆GE/(J mol–1)) of the liquid phase, along a section with 
constant molar Sn/Zn ratio equal to 1 : 5 at 1 973 K.

Figure 2: Calculated molar Gibbs excess energies (∆GE, J mol–1) 
of the liquid phase, along a section with constant molar Sn : Zn 
ratio equal to 5 : 1 at 1 973 K. 
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in curves 2–5 are calculated. Sign-changing 
positive values are reached to 300 J mol–1. Along 
this section a maximum in the composition in-
terval of 0.6–0.75 amount fractions cobalt are 
predicted, except by the assessment done using 
the GSM model (Figure 3, curve 1). The latter 
is sign-changing as well but deviates symmet-
rically from each other calculation. The reason 
for this discrepancy could not be found. These 
deviations in GSM model is observed in another 
ternary system - Ni-Bi-Zn[17].

Figure 4 presented molar Gibbs excess energies 
of the liquid phase in broad temperature range 
1 000–2 000 K used GSM model of Chou[10, 11]. 
The calculations exhibit negative Gibbs ener-
gies at low temperature. But at temperatures of 
1 400 K to 2 000 K Gibbs energies are shown 
mix of negative and positive values.

The values of the ternary molar Gibbs excess 
energies (∆GE) in the temperature range 1 000–
2 000 K and along sections with Sn : Zn molar 
ratios equal to 1 : 5, 1 : 1 and 5 : 1, obtained from 
GSM are shown in Figures 5–7, respectively. 
These figures give a graphical view of the sur-
faces calculated at different temperature region 
(from 1 000 to 2 000 K) constituted by the val-
ues of the liquid phase molar Gibbs excess en-
ergies and amount fractions Co. Typically, there 
are maximums (positive ∆GE values) in the Co–
rich regions and especially in Co–Zn rich solu-
tions. From another side relatively small nega-
tive ∆GE values are predicted for the Co–Sn rich 
compositions. 

Figure 3: Calculated molar Gibbs excess energies (∆GE, J mol–1) 
of the liquid phase, along a section with constant molar Sn : Zn 
ratio equal to 1 : 1 at 1 973 K.

Figure 4: Calculated molar Gibbs excess energies (∆GE, J mol–1) 
of the liquid phase in all temperature range according to GSM 
models.

Figure 5: Ternary molar Gibbs excess energies calculated 
along the selected sections and at the retained temperatures.

Figure 6: Ternary molar Gibbs excess energies calculated 
along the selected sections and at the retained temperatures.
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Figures 8–10 presented comparative revue 
between molar Gibbs excess energies of the 
liquid phase calculated at 1 973 K with binary 
coefficients of liquid phase[4–6] and with terna-
ry coefficients obtained in this work. At calcu-
lations with molar ratios Sn : Zn equal to 1 : 1 
and 5 : 1 observed that Gibbs energy calculated 
with ternary coefficients is more negative then 
calculated with binary parameters only. At Sn : 
Zn ratio equal to 1 : 5 appeared positive values 
of molar Gibbs excess energy with binary and 
ternary parameters. This is probably connected 
with miscibility gap in Co-Zn corner in the ter-
nary phase diagram. 

Conclusion

Some thermodynamic properties of the Co–
Sn–Zn liquid phase were predicted using the 
general solution model developed by Chou and 
have been compared with different geometrical 
models. The general solution model have mid-
dle place between symmetrical and asymmet-
rical models and give possibilities for estimat-
ing thermodynamic properties and calculating 
phase diagrams for ternary systems.
Ternary interaction parameters (L0, L1 and L2) 
of the liquid phase have been determined using 
General solution model from thermodynamic 
data of the binary end–systems (Co–Sn, Co–Zn, 
Sn–Zn). The values of ternary parameters are: 
L0 = +2 384.018 – 0.7073 * T; L1 = +1 879.167–
0.0547 * T; L2 = +1 622.753–0.065 * T. The com-
parative analyses were performed between 

Figure 7: Ternary molar Gibbs excess energies calculated 
along the selected sections and at the retained temperatures.

Figure 8: Comparative analysis between Gibbs free energy of 
the liquid phase, along a section with constant molar Sn : Zn 
ratio equal to 1 : 1.

Figure 9: Comparative analysis between Gibbs free energy of 
the liquid phase, along a section with constant molar Sn : Zn 
ratio equal to 1 : 5.

Figure 10: Comparative analysis between Gibbs free energy 
of the liquid phase, along a section with constant molar 
Sn : Zn ratio equal to 5 : 1.
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Gibbs free energy of the liquid phase with 
ternary parameters obtained in this work and 
with binary parameters of each binary system. 
Good agreement was found indicating that such 
an approach was possible in systems where no 
experimental data were available.
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Abstract
In the paper an alternative empirical approach for the 
estimation of fragility curves for RC columns is pro-
posed. The CAE (Conditional Average Estimator) meth-
od was used. The procedure includes the LHS method, 
which was applied in order to take into account dif-
ferent uncertainties. The result of the study are esti-
mated fragility curves for typical reinforced concrete 
(RC) columns (1) designed without seismic detailing, 
(2) designed according to first seismic codes used in 
the former Yugoslavia and (3) designed according to 
Eurocode 8. The obtained results clearly reveal the 
higher deformation capacity of RC columns, designed 
according to Eurocode 8. Additionally, the fragility 
curves related to various damage states, i.e. concrete 
crushing, longitudinal bar buckling, and longitudinal 
bar fracture were estimated. It is concluded that the 
proposed procedure offers a viable alternative to exist-
ing approaches.

Key words: CAE method, drift, fragility, RC columns, 
performance-based earthquake engineering (PBEE)

Izvleček
V prispevku je predlagan alternativni empirični na-
čin za oceno krivulj ranljivosti za armiranobetonske 
(AB) stebre. Uporabljena je bila CAE-metoda s cenilko 
pogojnega povprečja. Postopek vključuje tudi LHS-me-
todo, ki je bila uporabljena z namenom upoštevanja 
različnih negotovosti. Rezultati študije so ocene krivulj 
ranljivosti tipičnih AB-stebrov treh različnih obdobij, 
in sicer za (1) AB-stebre, projektirane brez potresnih 
predpisov, (2) AB-stebre, projektirane v skladu s prvi-
mi potresnimi predpisi v nekdanji Jugoslaviji, in (3) AB-
-stebre, projektirane v skladu s predpisi Evrokod 8. 
Dobljeni rezultati jasno kažejo na večjo deformacijsko 
kapaciteto stebrov, projektiranih po predpisih Evrokod 
8. Dodatno so bile krivulje ranljivosti ocenjene tudi za 
druga stanja poškodovanosti, kot je drobljenje beto-
na, lokalni uklon vzdolžne armature in zlom vzdolžne 
armature. Mogoče je skleniti, da predlagani postopek 
ponuja dobro alternativo sedanjim načinom.

Ključne besede: CAE-metoda, zamik, ranljivost, AB-
-stebri, potresno inženirstvo

Fragility curves of RC columns estimated 
by the CAE method
Ocena krivulj ranljivosti AB-stebrov s CAE-metodo
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Introduction

In contrast to many of the existing models for 
the prediction of the deformation capacity of 
RC columns, which provide only deterministic 
(point) estimations, in the performance-based 
design of seismic resistant buildings predictive 
capacity models that are unbiased and explicit-
ly account for all the uncertainties are needed. 
Only in probabilistic models of capacity is vari-
ability explicitly taken into account[1]. The aim 
of the paper is thus to propose an alternative 
method for the estimation of fragility curves for 
RC columns, which is based on the CAE proba-
bilistic drift capacity model. 
As well as in performance-based seismic de-
sign, fragility curves are very important for the 
estimation of the overall risk to the civil infra-
structure in earthquake-prone areas. They can 
be used for emergency response and disaster 
planning by local and national authorities. In-
surance companies can use them to make as-
sessments of potential losses due to a particu-
lar scenario earthquake. Due to their numerous 
possible applications, a number of different 
research projects have been carried out world-
wide. For example, Singhal and Kiremidjian[2] 
presented vulnerability curves and damage 
probability matrices for low-, mid- and high-
rise RC frame structures, using Monte Carlo 
simulation techniques and non-linear dynamic 
analyses. Dumova-Jovanoska[3] presented dam-
age probability matrices and damage indices 
as functions of intensity for different damage 
states for selected RC frame and RC wall-frame 
structures. Kappos et al.[4] applied a hybrid ap-
proach for the development of vulnerability 
curves for reinforced concrete and unreinforced 
masonry structures in terms of peak ground 
acceleration and spectral displacement. Panag-
iotakos and Fardis[5] evaluated the performance 
of generic archetypal RC buildings according 
to Eurocode 8, using non-linear analyses. This 
study was later upgraded by the development 
of corresponding fragility functions[6]. Akkar 
et al[7] estimated vulnerability curves for low- 
and mid-rise infilled frame RC buildings. Push-
over analyses of a number of existing buildings 
in Duzce were performed for buildings with 
a low-level of seismic design, having between 
two and five storeys. Good agreement of the 

estimated vulnerability curves with observed 
damage after the 1999 Duzce earthquake was 
observed. Rossetto & Elnashai[8] produced 
vulnerability curves for low-rise infilled RC 
frames, designed on the basis of the old Italian 
seismic code. The proposed analytical curves 
are in reasonable agreement with the empirical 
curves. There are several other applications. A 
more detailed survey of works related to fragil-
ity can be found in[6], and on the probabilistic 
approach to capacity models in[9].
Due to the complexity of the problem, fragili-
ty studies generally focus on generic types of 
structures[6]. Consequently, simplified structur-
al models, having properties that account for 
the uncertainties and randomness in the struc-
tural parameters, are used to mathematically 
represent real buildings. The fragility curves 
are then presented as a function of different in-
tensity measures, IM, (e.g. PGA, PGV, Sa, Sd) for 
different types of structures, different numbers 
of storeys, etc., taking into account different 
damage states (e.g. yielding, collapse). Fragil-
ity curves can be presented for buildings as a 
whole or for any of their structural elements. In 
the latter case, demand can also be expressed 
in terms of deformation, not only in terms of 
IM. This is because the fragility of a structural 
member is defined as the conditional proba-
bility of failure for given values of the selected 
demand parameter. Hence, fragility curves can 
be obtained by simulations of the seismic re-
sponse of structures at varying demand thresh-
olds. Moreover, by ignoring the uncertainty in 
the demand, each fragility curve can display 
the probability that the capacity is less than 
or equal to a particular displacement/drift de-
mand[1].
Empirical, expert opinion based, analytical and 
hybrid methods can be used for the assessment 
of fragility curves. In this paper an empiri-
cal approach to the estimation of the fragility 
curves of RC columns using the CAE method 
is presented. For example, the fragility of a RC 
column can be defined as the conditional prob-
ability of failure (at an ultimate drift defined at 
a 20 % drop in maximum strength) for given 
values of drift demand. Additionally, fragility 
can be derived in terms of other damage states, 
e.g. concrete crushing, longitudinal bar buck-
ling, longitudinal bar fracture and axial loss 
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failure. In this paper the CAE method is briefly 
presented. The different databases used in the 
study are described. The obtained results are 
verified by making comparisons with existing 
solutions from the literature. Fragility curves 
for typical RC columns, designed without seis-
mic detailing, designed according to the first 
seismic codes used in the former Yugoslavia, 
and designed according to EC8, are provided as 
the results of the study.

Procedure for the estimation of 
fragility curves

The CAE method
The fragility curves presented in this study are 
estimated by the CAE method. A detailed de-
scription of this method from the engineering 
point of view is given in Peruš et al.[10]. Here 
only a brief description is given.
The phenomenon of the capacity of RC columns 
and then the estimation of the corresponding 
fragility curves can be described by observ-
ing N RC column specimens during the exper-
iments. The mathematical description of the 
observation of one specimen during the exper-
iment is called a model vector. As a result, the 
whole phenomenon can be described by a finite 
set of model vectors.

(1)

It is assumed that the observation of one par-
ticular specimen can be described by a number 
of variables, which are treated as components 
of a model vector

(2)

The vector Xn can be further composed of two 
truncated vectors B and C

  (3a)

Vector Bn is complementary to vector Cn and 
therefore their concatenation yields the com-
plete data model, vector Xn. The prediction 
vector, too, is composed of two truncated vec-

tors, i.e., the given truncated vector B and the 
unknown complementary vector Ĉ  

(3b)

The problem now is how an unknown com-
plementary vector Ĉ  can be estimated from a 
given truncated vector B and the model vectors 
{X1, …, Xn, ..., XN}, i.e., how the drift capacity δ 
can be estimated from known input parame-
ters and the available data in the database. By 
using the conditional probability density func-
tion, the optimal estimator for the given prob-
lem can be expressed as
 

(4)

where     

(5)

and

Note that in the above equations M is assumed 
to be 1 and consequently            . 
In equations (4–6) δ is an estimate of the dis-
placement/drift at failure or any other damage 
state (e.g. flexural and shear failure, defined at a 
20 % reduction in lateral strength, axial failure, 
bar buckling, etc.), δn is the same output vari-
able corresponding to the n-th model vector in 
the database, N is the number of model vectors 
in the database, bnl is the l-th input variable (e.g. 
axial load index, P*, shear span index, L*) of the 
n-th model vector in the database, and bl is the 
l-th input variable corresponding to the predic-
tion vector. Note that each model vector corre-
sponds to the results of one experiment from 
the database. D is the number of input vari-
ables, and defines the dimension of the sample 
space. A Gaussian function is used in order to 
achieve a smooth interpolation between the 
points of the model vectors. In this context the 
width wn is called the “smoothing” parameter 
that corresponds to n-th model vector from the 
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database. In our case the same width wn of the 
Gaussian function is used for all the input vari-
ables. It is therefore important that the input pa-
rameters in the equation for an are normalized, 
i.e. generally in the range from 0 to 1.
An intermediate result in the computational 
process is parameter ρ, which is defined as:

It provides a measure of how the influence of all 
the model vectors in the database is spread over 
the sample space, and strongly depends on the 
smoothing parameter w. It helps to detect pos-
sible less accurate predictions (indicated by low 
values of ρ) due to the manner of data distribu-
tion in the database, and due to local extrapola-
tion outside the data range. 
When the expression for the displacement/ drift 
δ at failure (Equation 4) is compared with the 
expression for the first order moment of the ran-
dom variable X, which corresponds to the mean 
value mx

the similarity between the two expressions be-
comes evident[11]. px(xi) is the probability of the 
random variable X = xi and corresponds to the 
weights An (Equation 5), which depend on the 
similarity between the input variables of the pre-
diction vector, and on the corresponding input 
variables pertinent to the model vectors stored 
in the database. Also, there is clear similarity 
when the central second order moment of the 
probability distribution of the random variable 
X, called its variance, given by the expression

is compared with the prediction of so-called “local 
standard deviation” in the CAE method:

The above interpretation of the CAE equations 
enables the estimation of the corresponding 
probability distribution, including the medi-
an value, as well as different percentile values. 
The proposed procedure is demonstrated by the 
simple example presented in Appendix A.

The LHS method
The LHS (Latin hypercube sampling) meth-
od was first described by Mackay et al.[12] and 
then further elaborated by Iman et al.[13]. The 
method, which has become increasingly popu-
lar, was used in this study in order to take into 
account different uncertainties (e.g. aleatory 
and epistemic). Aleatory uncertainties, which 
are inherent in the phenomenon itself, are ir-
reducible, and cannot be influenced by the ob-
server or the manner of observation. On the 
other hand, epistemic uncertainties arise from 
errors in measurement, from the finite size of 
the available observation data, and from the 
adopted mathematical model. Note that in the 
presented study no distinction was made be-
tween these two types of uncertainties. 
LHS allows the creation of experimental 
samples with as many points as needed or 
desired[14]. (Note, however, that the number of 
samples needed should not be too low[15].) It 
permits the use of very different statistical as-
sumptions, and is able to treat both small and 
large design spaces (there are no constraints in 
terms of the data density and location). Addi-
tionally, LHS is flexible. If, for example, a few di-
mensions have to be dropped out, the resulting 
design is still a Latin hypercube. Moreover, the 
existing data can be reused without having to 
make any reduction in the number of sampled 
points.
The use of LHS in its basic form does not ac-
count for any possible correlations between the 
variables. However, in earthquake engineering, 
some of the parameters of the RC structural el-
ements are correlated (e.g. the yield strength of 
the reinforcement, and the concrete compres-
sive strength), so some authors have made us 
of more advanced variants of LHS (e.g.[15–17]). 
In the presented study, however, derived input 
parameters were used, and since it was as-
sumed that they are independent, a basic vari-
ant of LHS was used. This is well-justified since 
parametric studies (not presented here) have 
shown that the influence of derived input pa-
rameters has only a minor effect on the results 
presented in this study.
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The databases used in the study

The application of the CAE method requires a 
representative database, many different data-
bases of RC structural elements being presently 
available (e.g.[1, 10, 18–29]). The deformation capac-
ity expressed in terms of ultimate drift, repre-
senting a “near collapse” limit state, which is 
used in this study, is defined as a drift at a pre-
defined drop below maximum strength. A 20 % 
drop in maximum strength (i.e. when the re-
storing force reaches 80 % of its maximum val-
ue) is commonly used, although this definition 
may significantly underestimate the true axial 
load-carrying capacity of the columns. In other 
cases, when lateral force resistance in columns 
is not reached because of premature load rever-
sal, and also in cases, when deformation capac-
ity is not reached because of limitation in the 
applied maximum displacement, the measured 
maximum drifts provided a lower bound of the 
deformation capacity.
For validation and comparison purposes, the 
first database used in the study was the data-
base on RC columns at axial failure[1]. In this pa-
per it is called the DB1 database, and contains 
data on 28 RC column specimens. Only two in-
put parameters are considered, namely the nor-
malized axial load and the parameter s/d, which 
is related to the confinement (s is the hoop spac-
ing, and d is the depth to the centre-line of the 
outermost tension reinforcement).
For the estimation of fragility curves for RC 
columns which failed in flexure, the PEER da-
tabase was used[18]. The same input parameters 
as proposed by Perus et al.[10] were taken into 
account (i.e. an axial load index, a shear span 
index, the concrete compressive strength, the 
confinement effectiveness factor multiplied by 
the confinement index and the longitudinal re-
inforcement index). The effective database was 
called DB2, and contains data on 156 RC column 
specimens. In order to develop fragility curves 
for other damage states, different from flexur-
al or axial failure, an effective database, derived 
from the PEER database, and called the DB3 
database, was used. It contains data on 80, 20 
and 38 RC column specimens for which the drift 
at concrete crushing, longitudinal bar buckling, 
and longitudinal bar fracture, respectively, was 
measured.

Fragility curves of RC columns

Comparison with the existing solution
In this section the results obtained by using the 
proposed procedure are compared with the 
results of the existing solution. It is assumed 
that all the random variables which account for 
different uncertainties in the input parameters 
(e.g. the material properties and the applied 
loads) are log-normally distributed. 
Fragility curves for axial failure were estimat-
ed, using the database DB1. The following two 
parameters and corresponding coefficients of 
variation were taken into account:

 ― the axial load index (P*= P/Po; [0.07–0.22]): 
CoV = 0.11;

 ― the parameter s/d, related to the confine-
ment [0.6–1.23]: CoV = 0.02

Note that the bounds which are used in the nor-
malization process of the CAE method (see[10]) 
take into account the distribution of the two in-
put parameters in the database DB1. 
By means of the LHS method, a database with 
500 samples for each of the columns (3CLH18 
and 2CLD12) from Zhu et al.[1], taking into ac-
count different uncertainties, was prepared. 
The CAE method was then applied. Due to the 
small number of input parameters, the smooth-
ing parameter was given values of wmin = 0.05 
and wmax = 0.1.The drift point estimates (i.e. the 
mean and the local standard deviation) at axial 
failure were determined, using Eqs. 4–6 and 10, 
as a function of the axial load index and the pa-
rameter s/d. Considering Eqs. 4 and 8–10, the 
CAE empirical cumulative distribution function 
(CDF) was determined for each sample from 
the LHS generated database. The correspond-
ing smoothed CDF for the median drift values, 
as well as for the 15 % and 85 % bounds, were 
then calculated. The estimate is based on the 
counted values obtained from the CAE empir-
ical CDF.
The results presented in Figure 1 indicate rel-
atively good agreement between the CAE ap-
proach and the approach proposed by Zhou et 
al.[1]. The discrepancy between the results can 
be attributed to the functional form, which is 
not a priori assumed in case of the CAE method. 
The CAE functional form follows the data more 
closely, which can, however, in some cases 
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(e.g. extrapolation) lead locally to illogical re-
sults. In the presented case, the ρ value (Equa-
tion 7) amounts to 0.6 and 1.2 for both of the 
RC sample columns, respectively. The relatively 
high values indicate accurate CAE predictions. 
The observed discrepancy between the results 
suggests that the uncertainties may be differ-
ent (i.e. higher) to those usually estimated.

Fragility curves of flexural failure for 
different designs of RC columns
Fragility curves corresponding to flexural fail-
ure for different designs of RC columns (de-
signed without seismic detailing - NO, designed 
according to first seismic codes used in the for-
mer Yugoslavia – YU, and designed according to 
Eurocode 8 – EC8) were estimated by CAE, us-
ing database DB2. Five input parameters were 
taken into account, with the following statisti-
cal parameters:

 ― axial load index (P* = P/Po): CoV = 0.11,
 ― shear span index (L* = LV/h): CoV = 0.05, 
 ― concrete compressive strength (fc

’): 
CoV = 0.05,

 ― confinement index (ρs
* = ρs fys/fc

’): CoV = 0.08
 ― longitudinal reinforcement index 
(ρl

* = ρl fyl/fc
’): CoV = 0.08.

Fragility curves were estimated for L* = 3.5 and 
three different values of P*, which amounted to 
0.05, 0.15 and 0.25, respectively. Additionally, 
in the case of the RC columns designed without 
seismic detailing, a fragility curve for P* = 0.35 
was estimated. (Here it should be noted RC col-
umns in such older buildings are, in many cas-
es, heavily loaded due to the applied vertical 
loads.) Mean values of other three input param-
eters were assessed from the collected data on 
past designs. Note that only data on columns in 
the first storey, which is usually the critical one, 
were taken into account. The mean values and 
corresponding coefficients of variations, which 
account for different uncertainties, are present-
ed in Table 1.
The results which correspond to fragility curves 
with an 85 % confidence level are presented in 
Figure 2. A very small difference in the drift ca-
pacity between the RC columns designed with-
out seismic detailing and RC columns designed 
according to YU codes can be observed. Table 1 

NO YU EC8
ρs

* 0.002 / 0.51 0.002 / 0.51 0.05 / 0.22
ρl

* 0.15 / 0.41 0.15 / 0.22 0.2 / 0.22
fc

‘ 20 / 0.21 25 / 0.21 30 / 0.21

Table 1: Mean values and corresponding coefficients of 
variation which accounts for different uncertainties

Figure 1: Fragility estimates for RC columns at axial failure for (a) column 3CLH18 and (b) column 2CLD12[1]. Shown 
are discrete empirical CDF, obtained by the CAE method and by the corresponding smoothed (log-normal) CDF, and the 
same estimates, as obtained by Zhu[1].
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reveals, that the most notable change in the in-
put parameters is the increase in concrete com-
pressive strength, which only slightly improves 
the drift capacity and decreases dispersion. It 
should be noted, that despite of validation of 
YU codes for that particular time of being, the 
requirements for shear reinforcement were in-
sufficient, which can be also observed from the 
data, taken from actual designs of buildings.

An important increase in drift capacity can be 
observed in the case of Eurocode 8, where all 
three parameters, especially the shear rein-
forcement which can significantly contribute 
to the drift capacity, are also increased. RC col-
umns designed without seismic detailing ex-
hibit a surprisingly high drift capacity. In the 
case of Eurocode 8 the ultimate drift capacity is 
reduced by a corresponding factor due to poor 
seismic detailing and the use of smoothed bars. 
The presented results suggest that a better CAE 
model should include additional parameters 
which would take into account proper seismic 
detailing.

Fragility curves of RC columns for different 
damage states
Besides the fragility curves corresponding to 
flexural and axial failure, fragility curves can 
also be estimated for other damage states, e.g. 
concrete crushing, longitudinal bar buckling 
and longitudinal bar fracture. The procedure is 
the same, only a proper database is required. In 
order to demonstrate the estimation of fragility 
curves of RC columns for other damage states, 
the database DB3 was used. Note that in this 
case uncertainties were not taken into account. 
The results are compared with the measured 
drift obtained in the case of the pseudo-dynam-
ic testing of the 3-storey SPEAR building[30], 
which is representative building of old con-
structions in southern European Countries 
without specific provisions for earthquake 
resistance. It was designed for gravity loads 
alone, using the concrete design code applying 
in Greece between 1954 and 1995, with the 
construction practice and materials typical of 
the early 70s: for a concrete a nominal strength 
fc’ = 25 MPa was assumed while based on the 
scarcity of the current production, it was only 
possible to find reinforcement with a charac-
teristics yield strength larger than initially re-
quested fy ≈ 450 MPa. The structure is regular 
in elevation since typical storey height is 3 m. 
The plan configuration is doubly non symmet-
ric (Figure 3), with 2-bay frames spanning from 
3 m to 6 m. Eight out of the nine columns have 
a square 25 cm × 25 cm cross-section (also the 
interior column C3), whereas the ninth column 
has a 25 cm × 75 cm cross section.

Figure 2: Fragility curves with an 85 % confidence level for 
a typical column, designed (a) without seismic codes, (b) 
according to seismic codes used in the former Yugoslavia, 
and (c) according to the EC8 code. In all cases L* amounts to 
3.5.
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Figure 4 reveals that concrete crushing should 
occur at early stages of the experiment. Figure 5 
confirms the obtained result. Namely, extensive 
spalling and cracking was observed at the top 
of the column. The estimated smoothed CDF in-
dicates that neither longitudinal bar buckling, 
nor longitudinal bar fracture or ultimate drift 
was achieved. Indeed, the ultimate drift was 
not achieved, and other heavy damage was not 
observed. At an 85 % confidence level, longitu-
dinal bar buckling is expected at the increased 
drift (approx. 1.8 %). This may be followed by 
longitudinal bar fracture at 2.3 % drift. Flexural 
failure may be expected at a drift of 2.6 %.

Conclusions

In the paper an empirical approach to the esti-
mation of fragility curves of RC columns using 
the CAE method is presented. The LHS method 
was applied in order to take into account differ-
ent uncertainties.

Figure 3: The elevation view, the plan view and the typical reinforcement in RC columns of the SPEAR building.

Figure 4: Fragility curves at an 85 % confidence level for 
column C3 in the first storey of the SPEAR building. Considered 
are concrete crushing, longitudinal bar buckling, longitudinal 
bar fracture, and flexural failure of the column, respectively. 

Figure 5: Damage after the PGA = 0.2 g pseudo-dynamic 
testing of the SPEAR building[30]: (a) extensive spalling at the 
top of the column, and (b) minor damage at the base of the 
column.
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As a result of the study fragility curves at an 85 % 
confidence level for typical RC columns, designed 
without seismic detailing, according to first seis-
mic codes in the former Yugoslavia, and accord-
ing to Eurocode 8 were proposed. The resulting 
increasing trend can be observed, while a small 
difference in the drift capacity was observed be-
tween the RC columns designed without seismic 
detailing and those designed according to the YU 
codes. Both types of columns were designed with 
relatively bad detailing for shear reinforcement 
and usually with smooth longitudinal reinforce-
ment, which have the biggest role in case of EC8 
codes and provide favourable flexural behaviour 
with adequate deformation capacity of RC col-
umns. One of the possible reasons could be also 
the fact that the discussed existing buildings are 
not fully representative for buildings built before 
and after YU regulations. The other reason can 
be imperfect CAE model. Those differences were 
not fully discussed since the primary purpose 
of the article was to propose a relatively simple 
method for the determination of the fragility 
curves. On the other hand an important increase 
in drift capacity was observed in the case of EC8 
codes, especially due to the increase and better 
detailing of shear reinforcement and also due to 
better detailing of longitudinal reinforcement 
with better material characteristics, which typ-
ically significantly contributes to the higher de-
formation capacity of RC columns.
Further research is still needed in order to in-
crease the sample size of existing buildings de-
signed according to YU codes, and to improve the 
presented CAE model. Obtained conclusions may 
be very general, but other specific statements 
could be highly speculative at the moment.

Fragility curves related to other damage states, 
i.e. concrete crushing, longitudinal bar buck-
ling, and longitudinal bar fracture, were also 
estimated. It can be concluded that the pro-
posed procedure offers a viable alternative to 
other procedures, and that there is no need to 
use closed-form equations for the prediction of 
point estimates. However, the presented results 
suggest that a better CAE model is needed to 
accurately describe the older designs of RC col-
umns. It should include an additional parameter 
which would account for poor seismic detailing.

Appendix A

In order to better illustrate the use of the CAE 
method for the estimation the fragility curves, 
the calculations for the input data P* = 0.25 and 
L* = 3 are shown in Table A1. Note that, for illus-
tration purposes, only two input parameters are 
considered. The database consists of 7 test sam-
ples of RC columns. Equations 1–7 are used, tak-
ing into account w = 0.15. It can be clearly seen 
that the influence of the 7 different input drift 
values (based on the results of measurements) 
on the predicted drift value depends on the sim-
ilarity of the input parameters P* and L* between 
the measured and predicted deformation. The 
highest weight An is assigned to the sample #6 
because its values of P* = 0.27 and L* = 2.4 are the 
nearest to the target values P* = 0.25 and L* = 3.  

In the next step the drifts δ are sorted from the 
lowest to the highest value, together with the 
corresponding coefficients An (see Table A2). 
The results are presented in Figure A1, where 

Sample P* L* Norm. P* Norm. L*  δ an An δn An (δn−δ)2 An

#1 0.13 1.50 0.74 0.70 0.034 0.042 0.015 0.000 0.000 006 20
#2 0.35 3.50 0.30 0.30 0.042 0.371 0.129 0.005 0.000 020 22
#3 0.05 2.10 0.90 0.58 0.049 0.016 0.005 0.000 0.000 000 17
#4 0.00 3.30 1.00 0.34 0.078 0.004 0.001 0.000 0.000 000 77
#5 0.18 2.80 0.64 0.44 0.063 0.703 0.244 0.015 0.000 017 46
#6 0.27 2.40 0.46 0.52 0.051 0.789 0.274 0.014 0.000 003 43
#7 0.21 3.15 0.58 0.37 0.057 0.957 0.332 0.019 0.000 002 01

∑ → 2.882 1.000 0.0545 0.000 050 26

Table A1: An example of the prediction of ultimate drift δ for P* = 0.5 and L* = 3 by the CAE method (w = 0.15)
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the dotted line represents the values from the 
last column in Table A2 (CAE empirical CDF). 
The corresponding smoothed log-normal cu-
mulative distribution function (smoothed CDF) 
is estimated from the mean and local standard 
deviation (δmean = 0.045 45, σ = 0.007 1), calcu-
lated above.
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Abstract
Coalbed gases in excavation fields of mining areas in 
the Velenje coal basin have been subjected to geochem-
ical and isotopic monitoring since the year 2000, with 
the aim of obtaining better insights into the origin of 
coalbed gases. Results from active excavation fields in 
the mining areas Pesje and Preloge in the year 2013 
are presented in this study. Composition and isotopic 
composition of coalbed gases were determined with 
methods utilizing mass spectrometry. The chemical 
and isotopic composition of coalbed gases in the Ve-
lenje Basin vary and depend on the composition of the 
source of coalbed gas before excavation, advancement 
of the working face, depth of the longwall face, pre-min-
ing activity and newly mined activity. The basic gas 
components determined in excavation fields are CO2 
and methane. The isotopic composition of deuterium 
in methane has been determined and used to charac-
terize the origin of methane. The isotopic compositions 
of carbon and hydrogen in methane in the excavation 
fields show its biogenic origin, while a high Carbon Di-
oxide Methane Index indicates the bacterial and endog-
enic origin of CO2.

Key words: Characterization of coalbed gases, stable 
isotopes, excavation fields, Velenje Basin

Izvleček
Geokemijski in izotopski monitoring premogovnih 
plinov na aktivnih odkopih v rudarskih območjih Ve-
lenjskega premogovnega bazena poteka od leta 2000 
z namenom pridobiti vpogled v sestavo premogovnih 
plinov in njihov izvor. V tem prispevku predstavljamo 
geokemične in izotopske parametre iz aktivnih rudar-
skih območij Pesje in Preloge v letu 2013. Sestavo in 
izotopsko sestavo premogovnih plinov smo ugotovili z 
metodami masne spektrometrije. Premogovni plini v 
Velenjskem bazenu se spreminjajo po kemijski, kot tudi 
po izotopski sestavi glede na izvorno sestavo premogo-
vega plina pred odkopavanjem, hitrost odkopavanja, 
globino odkopnega čela, odkopna čela s predhodno 
rudarsko aktivnostjo ali na novo odkopana območja. 
Glavni plinski komponenti na odkopih sta CO2 in metan. 
Na novo v tem prispevku predstavljamo rezultate izo-
topske sestave devterija v metanu, ki se uporablja za 
popolno karakterizacijo izvora metana. Rezultati izo-
topske sestave ogljika in vodika v metanu na aktivnih 
odkopih kažejo na biogeni izvor, medtem ko CO2 na 
bakterijski in endogeni izvor, kjer se pojavlja visok in-
deks CO2-metan (Carbon Dioxide Methane Index).

Ključne besede: karakterizacija premogovnih plinov, 
stabilni izotopi, aktivni odkopi, Velenjski bazen

Geochemical and isotopic characterization 
of coalbed gases in active excavation 
fields at Preloge and Pesje (Velenje Basin) 
mining areas
Geokemijska in izotopska karakterizacija 
premogovnih plinov iz aktivnih odkopov rudarskih 
območij Preloge in Pesje (Velenjski bazen)
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Introduction

Unconventional gas resources, including coal 
bed methane and shale gas, are a growing part 
of the global energy mix, which has changed 
the economic and strategic picture for gas con-
suming and producing countries, including the 
USA, China and Australia that, together, are re-
sponsible for around half the currently recov-
erable unconventional gas resources[1]. Some 
other countries, including Canada, India and 
Indonesia, are also seeking to develop their 
CBM (Coalbed Methane) and shale gas resourc-
es. Exploration was initially focused on mature 
coals with high contents of what was thought 
to be thermogenic gas (e.g. Black Warrior, San 
Juan and Bowen basins). However, CBM pro-
duction was often hindered by low permeabil-
ity and mineralization in cleats and fractures, 
necessitating the development of cost effective 
horizontal drilling and completion techniques. 
CBM exploration then extended beyond the 
producing fields to lower rank coals and sub-
sequently to less mature coal basins, in which 
it was thought that higher permeability and 
greater coal thickness would compensate for 
lower gas contents (e.g. Illinois, Powder Riv-
er and Surat basins). Knowledge of the stable 
isotope geochemistry of coal bed and shale gas 
and the related production water is essential 
to determine not only gas origins but also the 
dominant methanogenic pathway in the case of 
microbial gas[2].
Evidence for the microbial origin of methane 
in low rank coals, the presence of secondary 
microbial gas at shallow levels in higher rank 
coals and the presence of secondary microbial 
gas at shallow levels in higher rank coals have 
been reviewed[3–7], providing an introduction to 
the use of compositional and isotopic parame-
ters in determining the origin of CBM. However, 
the timing of methanogenesis, factors govern-
ing coal bioavailability and the process of step-
wise microbial degradation of coal to methane 
remain topics of considerable interest to both 
researchers and industry in the light of possi-
ble stimulation of enhanced microbial methane 
generation from coal[8–10].
In like fashion to CBM, shale gas/coalbed gas 
can be of thermogenic, microbial or mixed or-
igin, the distinction being made primarily on 

the basis of the stable isotope compositions of 
the gases and co-produced waters[11–13]. These 
studies have shown that the relative propor-
tions of microbial and thermogenic gas are 
depth related, with deeper locations containing 
exclusively thermogenic gas and shallower lo-
cations a mixture of microbial and thermogenic 
gases.
The ranges in carbon isotope signatures from 
different sources (gas, solid and liquid phases) 
are presented in Figure 1. Microbial methane 
is enriched with 12C, while methane associated 
with petroleum is treated as thermogenic in 
origin and is enriched with 13C. Deep sourced 
CO2 has δ13CCO2 values of –7 ‰ (Figure 1). C3 
plants have Δ13C values ranging from –30 ‰ to 
–20 ‰ and C4 plants in the range from –18 ‰ 
to –10 ‰ (Figure 1). Vienna Pee Dee Belem-
nite (VPDB) is the reference material used for 
determining isotopic composition of carbon 
(δ13C), and has a default δ value of 0 ‰[14].

The geochemical and isotopic characterization 
in the period 2000–2012 of coalbed gases from 
different excavation fields from Velenje basin 
have been published[16–20]. Formation waters 
in Velenje Basin are not trapped in the coal 
seam, since large amounts of groundwater are 
extracted from Velenje Basin aquifers to facili-
tate underground mining of coal. Groundwater 
recharging the basin is therefore not in direct 
contact with the coal seam. Hydrogeochemical 
and isotopic characteristics of Velenje Basin 
groundwaters and their interactions with sur-
face waters are described in[21].
The aim of this study is to account for the con-
centration, distribution and origin of coalbed 
gases (“free gas”)[22, 23], including unconvention-
al gas (methane), from the excavation fields 

Figure 1: Ranges in carbon isotope signatures from different 
sources[15].
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K.-65/F, G3/C, K.-65/B, K.-65/E and K.-65/C in 
mining areas Preloge and Pesje, based on geo-
chemical and isotopic tracers. The new tracer, 
isotopic composition of methane (δDCH4) was 
applied in this study for geochemical charac-
terization of the origin of methane and was 
compared with values from other worldwide 
sedimentary basins.

Materials and methods

Coalbed gas was sampled by the operator-min-
er responsible for underground coalbed gas 
monitoring. Free gas includes both the vola-
tiles filling the pores and cracks within the coal 
structure and some gas degassed from the coal 
during drilling and sampling[23]. Long bore-
holes (25 m) were used for monitoring coal 
gas concentration; the design of the borehole 
is described in[20]. Coalbed gases from the lig-
nite seam were sampled at working faces Pes-

je K.-65/F, Preloge G3/C, Pesje K.-65/B, Pesje 
K.-65/E and Pesje K.-65/C and at boreholes 
jpk 62 + 10°, jpk 56 + 10°, jpk 63 + 10°, jpk 70 
+ 10°, jpk 73 + 10° (Figure 2). Lignite was pro-
duced by the Velenje Longwall Mining Method 
(VLMM), a longwall top coal caving method, as 
described in[20].
After drilling, a capillary tube was inserted in 
boreholes. "Free gas"[23] emitted from the bore-
hole was collected in a plastic syringe 50 ml 
and transferred to a ampoule 12 ml, which was 
flushed and filled with coalbed gas under pres-
sure. After sampling the "free gas" from the 
boreholes, the ampoules were stored under 
normal atmospheric conditions until analysis. 
Seven ampoules were filled at each location, 
the third being analyzed for chemical composi-
tion (CO2, CH4, O2, N2, Ar). The other ampoules 
were stored for determining the isotope com-
position of carbon in methane (δ13CCH4), CO2 
(δ13CCO2) and deuterium in methane (δDCH4).

Figure 2: Map of sampling locations of coalbed gases from the lignite seam at working faces: Pesje -65/F, Preloge G3/C, 
Pesje -65/B, Pesje -65/E and Pesje -65/C and boreholes: jpk 62 + 10°, jpk 56 + 10°, jpk 63 + 10°, jpk 70 + 10°, jpk 73 + 10°.
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Analytical procedure
Concentrations of methane, CO2, nitrogen, oxy-
gen and argon were determined using a home-
made mass NIER spectrometer as described in 
detail in[18, 20].
The isotope compositions of methane and CO2 
were determined using an Europa 20–20 con-
tinuous flow isotope ratio mass spectrometer 
with an ANCA – TG preparation module. First, 
water was removed, then CO2 was analyzed 
directly for 13C content. For methane measure-
ments CO2 was removed and methane then 
combusted over hot 10 % platinum on CuO 
(1 000 °C). The methane, completely converted 
to CO2, was then analyzed directly for the isoto-
pic composition of carbon (δ13C). Working stan-
dards calibrated to IAEA (International Atomic 
Energy Agency) reference materials were used, 
with values of –4.3 ‰ for CO2 and –53.4 ‰ for 
methane relative to Vienna Pee Dee Belemnite 
(VPDB). The analytical precision for carbon 
isotope composition is estimated to be ±0.2 ‰ 
for CO2 and ±0.6 ‰ for CH4. The stable carbon 
isotopes are presented in δ notation relative 
to VPDB standards and expressed in parts per 
million[14] as follows[24]:

   (1)
Where:
Rs – ratio 13C/12C in sample
Rs – ratio δ2H/δH in sample
RRM – ratio 13C/12C and 2H/H in reference ma-
terial

The 2H/H ratio of CH4 was determined using a 
Thermo Delta XP GC-TC/CF-IRMS coupled to a 
TRACEGC analyzer at the Istituto Nazionale di 
Geofisica e Vulcanologia Sezione di Palermo in 
Italy. The method of δ13CCH4 determination is 
described in detail in[20].

Results and discussion

Due to air contamination within the boreholes 
(used for ventilation of the coalmine) and the 
capillary system, samples were recalculated on 
an air-free basis. The percentage of oxygen in 
the sampled ampoules was used to calculate 
the amount of nitrogen, according to the ra-

tio in air (N2/O2), considering Dalton’s law[25]: 
methane migrates faster than CO2. The major 
gas components were CO2 and methane. Of all 
the samples analyzed (n = 72) in this study, sev-
enteen were in excess in N2. Concentrations of 
CO2 ranged from 36.1 % to 98.2 % and meth-
ane from 1.8 % to 63.9 %. Geochemical indi-
ces, CDMI ((CO2/(CO2 + CH4) × 100 %) varied 
from 36.1 % to 98.2 % and stable isotope ra-
tios varied in the following ranges: δ13CCO2 from 
–11.0 ‰ to 1.9 ‰, δ13CCH4 from –71.8 ‰ to 
–43.4 ‰, δDCH4 from –343.9 to –223.1 ‰ and 
aCO2-CH4 from 1.040 to 1.071 (Table 1). The cal-
culated gas dryness index (C1/(C2 + C3)) ranged 
from 339.74 · 10–6 to 23 272.7 · 10–6 and the coal-
bed gas is therefore considered as being dry, 
i.e. methane is the major gas component. The 
higher hydrocarbons determined in Velenje Ba-
sin were ethane, propane, iso-butane, n-butane, 
iso-pentane, n-pentane and hexane[20].
High correlation (R2 = 0.99) was obtained 
between methane and CO2 concentrations 
(Figure 3) in a lignite seam within boreholes: 
mining area Pesje K.-65/F, jpk 62 + 10°, min-
ing area Preloge G3/C, jpk 56 + 10°, mining 
area Pesje K.-65/B 63 + 10°, mining area Pes-
je K.-65/E, jpk 70 + 10°, mining area Pesje 
K.-65/C, jpk 73 + 10°. Working faces from 
different mining areas exhibit different geo-
chemical and isotopic compositions of coalbed 
gases, which also depend on the depth of the 
excavation field (Table 1). In addition, the total 
gas composition at pre-mined longwall panels 
and, on the other hand, at longwall panels lo-
cated under fresh overburden can be different. 
It is known that the highest concentrations of 
methane gas are found at longwall panels lo-
cated under fresh overburden. This occurrence 
is connected with the more rapid migration of 
CH4 up through the seam due to its smaller mo-
lecular size than that of CO2 and with the fact 
that CH4 is a free gas in the Velenje lignite struc-
ture while CO2 is adsorbed in the matrix of the 
coal. This fact applies only until the influence of 
active mining is not shown on the gas composi-
tion in the samples. 
The high advancement rate of up to 9 m per 
day constitutes a potential for gas outbursts[18]. 
The rates of advancement of working faces in 
this study are as follows: Pesje working face 
K.-65/F, jpk 62 + 10° from 0.9 m/d to 3.5 m/d, 
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Table 1: Geochemical ccomposition of coalbed gases and isotopic compositions of carbon in CO2 (δ13CCO2) and methane (δ13CCH4) 
at working faces K.-65/F, G3/C, K.-65/B, K.-65/E, K.-65/C within boreholes jpk 62 + 10°, jpk 56 + 10°, jpk 63 + 10°, jpk 70 + 10°, 
jpk 73 + 10°. CDMI index = (CO2/(CO2 + CH4) × 100 %), δDCH4 (isotopic composition of deuterium in methane) and aCH4-CO2 
(fractionation factor between CH4 and CO2)

Working face -65F, borehole jpk 62 + 10°, mining area Pesje, z = –74 m

Date of 
sampling

Distance of 
the working 
face (m)

CH4 
(vol. %)

CO2 
(vol. %)

N2
(vol. %)

CDMI 
index (%)

δ13CCO2 
(‰)

δ13CCH4
(‰)

δDCH4 
(‰) αCO2-CH4

January 4, 2013 190 42.5 57.5 0.0 57.5 –8.9 –52.6 –294.5 1.046
January 9, 2013 174.4 43.3 56.7 0.0 56.7 –8.8 –52.7 –296.3 1.046
January 15, 
2013 156.2 43.2 56.8 0.0 56.8 –8.9 –52.3 –296.4 1.046

January 22, 
2013 131.3 44.9 55.1 0.0 55.1 –9.1 –52.9 –293.6 1.046

January 28, 
2013 112.1 43.3 56.7 0.0 56.7 –9.1 –54.1 –298.8 1.048

February 6, 
2013 70.9 42.9 57.1 0.0 57.1 –8.9 –52.9 –294.9 1.046

February 11, 
2013 59.8 53.0 47.0 0.0 47.0 –9.2 –53.2 –294.2 1.046

February 19, 
2013 34.7 24.5 75.5 0.0 75.5 –9.0 –54.5 –292.6 1.048

February 20, 
2013 31.2 24.0 76.0 0.0 76.0 –9.3 –55.0 –291.4 1.048

February 21, 
2013 27.4 19.4 80.6 0.0 80.6 –9.1 –54.8 –292.4 1.048

February 22, 
2013 25 15.9 84.1 0.0 84.1 –9.2 –55.0 –293.0 1.048

February 23, 
2013 21.4 19.7 80.3 0.0 80.3 –9.3 –54.7 –294.0 1.048

February 25, 
2013 17.9 19.1 80.9 0.0 80.9 –8.9 –54.3 –293.3 1.048

February 26, 
2013 14.4 19.8 80.2 0.0 80.2 –8.6 –53.5 –295.8 1.047

February 27, 
2013 11.1 20.4 79.6 0.0 79.6 –8.9 –54.5 –291.8 1.048

March 1, 2013 4.6 17.7 82.3 0.0 82.3 –8.8 –54.3 –294.6 1.048
March 4, 2013 1.8 13.6 86.4 0.0 86.4 –8.5 –53.2 –298.6 1.047

Preloge working face G3/C, jpk 56 + 10° from 
3 m/d to 4 m/d, working face K.-65/B, jpk 
63 + 10° from 0.8 m/d to 1.9 m/d, K.-65/E, jpk 
70 + 10° from 1.7 m/d to 3.8 m/d and K.-65/C, 
jpk 73 + 10° 1.3 m/d (Table 1). The rate of ad-
vancement of the working face is low (range 
from 0.8 m to 1.9 m) at working face K.-65/B 
(mining area Pesje), jpk 63 + 10° due to the 
high CO2 concentration and therefore higher 
risk of outburst generation. The areas of high 

and low methane concentrations (Figure 3) are 
in keeping with the physicochemical properties 
of CO2 and methane[25]. This pattern is observed 
for all the excavation fields investigated in this 
study (Figure 3). Excavation fields K.-65/F, 
G3/C, K.-65/E and K.-65/C have higher rang-
es of gas concentrations than excavation field 
K.-65/B, where higher CO2 concentration is ob-
served (Figure 3).
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Working face G3/C, borehole jpk 56 + 10°, mining area Preloge, z = –46 m

Date of 
sampling

Distance of 
the working 
face (m)

CH4 
(vol. %)

CO2 
(vol. %)

N2
(vol. %)

CDMI 
index (%)

δ13CCO2 
(‰)

δ13CCH4
(‰)

δDCH4 
(‰) αCO2-CH4

February 22, 
2013 189.9 63.6 36.4 0.0 36.4 –5.1 –43.6 1.040

February 25, 
2013 179.6 63.9 36.1 0.0 36.1 –2.4 –43.4 –343.5 1.043

March 8, 2013 125.4 22.2 77.8 0.0 77.8 –9.3 –54.5 –294.0 1.048
March 13, 2013 104.9 22.4 77.6 0.0 77.6 –8.8 –53.9 –292.9 1.048
March 27, 2013 60 41.5 58.5 0.0 58.5 –8.9 –52.6 –296.8 1.046
April 4, 2013 37.4 61.9 38.1 0.0 38.1 –5.4 –46.3 –343.9 1.043
April 15, 2013 19.6 36.4 63.6 0.0 63.6 –4.5 –45.6 –333.3 1.043
April 17, 2013 13.9 33.8 66.2 0.0 66.2 –4.0 –48.6 –326.4 1.047
April 19, 2013 7.3 12.0 88.0 0.0 88.0 –11.0 –71.8 1.066
April 22, 2013 3.9 40.8 59.2 0.0 59.2
Working face -65/B, borehole jpk 63 + 10°, mining area Pesje, z = –67 m

Date of 
sampling

Distance of 
the working 
face (m)

CH4 
(vol. %)

CO2 
(vol. %)

N2
(vol. %)

CDMI 
index (%)

δ13CCO2 
(‰)

δ13CCH4
(‰)

δDCH4 
(‰) αCO2-CH4

March 27, 2013 200 6.0 94.0 0.0 94.0 –2.1 –55.5 –321.3 1.057
May 8, 2013 171.3 5.3 94.7 0.0 94.7 –2.9 –57.1 –310.4 1.057
May 16, 2013 155.5 4.9 95.1 0.0 95.1 –2.8 –55.9 –307.3 1.056
May 22, 2013 145.7 5.9 94.1 0.0 94.1 –2.4 –55.8 –223.1 1.057
May 30, 2013 131.2 4.0 96.0 0.0 96.0 –2.6 –57.9 –301.3 1.059
June 6, 2013 115.3 4.1 95.9 0.0 95.9 –2.5 –58.7 –299.2 1.060
June 12, 2013 103.8 4.5 95.5 0.0 95.5 –2.3 –58.8 –301.7 1.060
June 20, 2013 89.4
July 5, 2013 64.4 4.3 95.7 0.0 95.7 1.9 –64.4 –279.6 1.071
July 9, 2013 59.1 3.8 96.2 0.0 96.2 –2.1 –64.1 –269.2 1.066
July 10, 2013 56.5 4.0 96.0 0.0 96.0 –2.1
July 15, 2013 48.3 3.6 96.4 0.0 96.4 –2.0 –64.2 –273.3 1.067
July 16, 2015 45.6 3.8 96.2 0.0 96.2 –2.1 –64.2 –271.5 1.066
July 17, 2013 44 2.2 97.8 0.0 97.8 –2.0 –64.0 –271.4 1.066
July 18, 2013 41 3.7 96.0 0.0 96.3 –2.0 –63.0 –272.0 1.065
July 19, 2013 37.5 4.1 95.9 0.0 95.9 –2.1 –63.4 –277.2 1.065
July 22, 2013 33.2 4.5 95.5 0.0 95.5 –2.0 –62.9 –278.4 1.065
July 23, 2013 31.9 4.0 96.0 0.0 96.0 –1.8 –62.3 –291.7 1.064
July 24, 2013 29 2.7 97.3 0.0 97.3 –2.1 –62.2 –285.4 1.064
July 25, 2013 27 4.2 95.8 0.0 95.8 –0.3 –51.2 –263.7 1.054
July 26, 2013 24.2 7.5 92.3 0.2 92.3 –2.0 –65.6 –258.6 1.068
July 29, 2013 21.7 1.8 98.2 0.0 98.2 –2.1 –65.9 –255.3 1.068
Working face -65/E, borehole jpk 70 + 10°, mining area Pesje, z = –78 m

Date of 
sampling

Distance of 
the working 
face (m)

CH4 
(vol. %)

CO2 
(vol. %)

N2
(vol. %)

CDMI 
index (%)

δ13CCO2 
(‰)

δ13CCH4
(‰)

δDCH4 
(‰) αCO2-CH4

October 3, 2013 152.4 57.6 42.2 0.2 42.3 –8.8 –50.3 –301.1 1.044

October 8, 2013 138.5 57.5 42.5 0.0 42.5 –8.4 –50.2 –300.1 1.044
October 15, 
2013 123.1 6.8 93.2 0.0 93.2 –8.3 –52.0 –319.8 1.046

October 22, 
2013 105.1 58.5 41.5 0.0 41.5 –8.7 –50.9 –300.9 1.044

November 5, 
2013 76.7 56.8 41.7 1.5 42.3 –8.5 –50.5 –298.8 1.044

November 8, 
2013 65.0 55.1 43.9 1.0 44.3 –8.8 –50.3 –299.2 1.044

November 12, 
2013 55.1 55.6 44.1 0.3 44.2 –8.3 –50.9 –297.9 1.045
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November 14, 
2013 48.6 59.9 38.9 1.2 39.4 –8.2 –51.2 –298.7 1.045

November 18, 
2013 37.2 51.8 45.1 3.1 46.5 –8.2 –50.8 –300.0 1.045

November 19, 
2013 33.4 54.5 44.2 1.3 44.8 –8.2 –50.8 –300.5 1.045

November 20, 
2013 30.3 51.1 46.6 2.3 47.7 –8.4 –50.8 –300.4 1.045

November 21, 
2013 27.9 43.2 56.2 0.6 56.5 –8.4 –50.6 1.044

November 22, 
2013 26.7 35.2 63.6 1.2 64.4 –8.4 –50.6 –299.7 1.044
November 25, 
2013 20.9 21.6 77.7 0.7 78.2 –8.8 –50.4 –300.2 1.044
November 26, 
2013 19.2 11.7 87.4 0.9 88.2 –8.6 –50.7 –303.7 1.044
November 27, 
2013 17.4 13.5 84.9 1.6 86.3 –8.3 –50.5 –301.0 1.044
November 28, 
2013 15.0 12.5 87.5 0.0 87.5 –8.6 –50.1 –305.4 1.044
November 29, 
2013 12.2 10.9 89.1 0.0 89.1 –8.5 –49.9 –300.0 1.044
December 2, 
2013 9.0 15.4 83.5 1.1 84.4 –8.4 –52.3 –299.4 1.046
December 3, 
2013 6.5 46.2 53.8 0.0 53.8 –9.2 –47.4 –295.8 1.040
December 4, 
2013 3.2 25.6 74.4 0.0 74.4 –8.5 –52.3 –286.5 1.046

Working face -65/C, borehole jpk 73 + 10°, mining area Pesje, z = –69 m

Date of 
sampling

Distance of 
the working 
face (m)

CH4 
(vol. %)

CO2 
(vol. %)

N2
(vol. %)

CDMI 
index (%)

δ13CCO2 
(‰)

δ13CCH4
(‰)

δDCH4 
(‰) αCO2-CH4

November 20, 
2013 152.4 46.2 53.8 0.0 53.8 –8.4 –50.2 –298.9 1.044
December 5, 
2013 133.8 7.5 91.7 0.8 92.4 –8.8 –52.4 –293.4 1.046

Figure 3: Concentration of CO2 versus concentration of methane in lignite seams in advancement of the working faces (see 
Figure 1) within boreholes: jpk 62, mining area Pesje, jpk 56, mining area Preloge, jpk 63, mining area Pesje, jpk 70, mining area 
Pesje, jpk 73 mining area Pesje.
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Approaching of the working face also influ-
ences the stress situation at working faces. 
During the excavation of lignite, secondary fis-
sures are generated due to rearrangement of 
primary stress conditions, enabling release of 
coalbed gas preserved in pores of the coalbed 
reservoir[18]. The results of temporal variations 
of CO2 and methane within boreholes at work-
ing faces 120/B, G2/C and–50/B[18] and work-
ing faces K.-5/A, G2/C, K. -130/A, K. -50/C[20] 
reveal similar trends. The observed maximum 
concentrations of methane at distances of 
177 m and 122 m from the working face coin-
cide with the minimum concentrations of CO2, 
but the differences found in coalbed gas compo-
sition are due to location of the longwall panels 
that underlie the unmined area or previously 
mined areas[20]. No trend is observed in CO2 and 
methane concentrations in the advancement 
of the longwall K.-65/F (jpk 62 + 10°) at a dis-
tance of longwall 120 m, as is usually observed 
when investigating coalbed gas concentrations 
in advancement of a working face. Overall, high 
CH4 gas content (up to 53 vol. %) was observed 
at the longwall panel K.-65/F, which can be 

explained by the longwall panel position just 
under fresh overburden. The highest concen-
trations of CO2 and minimal concentrations 
of methane are observed at a distance of the 
longwall K.-65/F of 40 m (Figure 4). Maximum 
CO2 concentration is observed at a distance of 
120 m from the longwall face G3/C (jpk 56), 
coinciding with the minimum CH4 concentra-
tion, while the maximum CH4 concentration 
is observed at a distance of around 40 m from 
the longwall and another maximum of CO2 is 
observed at the distance of the longwall 20 m 
(Figure 4). At the excavation field K.-65/B, jpk 
63 + 10° there is no change in CO2 and methane 
concentrations in advancement of the working 
face; no data concerning gas concentration is 
available between distances of 110 m and 70 m 
to allow a clearer interpretation. This excava-
tion field lies in an area of pre-mined excava-
tion and has a high CDMI index (Figure 4). Data 
relating to the coalbed gas composition in ad-
vancement of the working face -65/C (Figure 4) 
are not presented since only 2 values of gas 
concentration were obtained. The first maxi-
mum of CO2 concentration (minimum of meth-

Figure 4: Concentration of methane and CO2 versus distance from the longwall of the working faces (-65/F, G3/C, -65/B, -65/E, 
-65/C) in boreholes jpk 62, jpk 56, jpk 63 and jpk 70.
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ane concentration) occurs at a distance of 120 
m from the working face (K.-65/E, jpk 70), and, 
at 30 m from the working face, lignite structure 
was demolished (Figure 4). The longwall pan-
el in this case was excavated under fresh over-
burden, which explains the high methane con-
tent compared with that of the longwall panels 
G3/C and K.-65/B. The methane gas content 
was high at 59.9 vol. %. Results from previous 
studies investigating coalbed gases from Velen-
je Basin showed that CH4 desorbs more quickly 
than CO2, but this is not the case from the ob-
servations of gas composition at excavation 
fields in this study. 
The reaction mechanisms of methane and CO2 
generation in natural and coalbed gases are de-
scribed elsewhere[3, 4, 18]. The products of these 
reactions support a variety of methanogens. 
For Velenje Basin it is known that the basin was 
formed in a Ca-alkaline rich environment[26], 
which enabled the operation of bacteria (aero-
bic and anaerobic), with the generation of coal-
bed gas in lignite (organic rich matrix).
The plots of δ13CCH4 versus δ13CCO2 and δ13CCH4 
versus δDCH4 (Figures 5, 6) were used to explain 

the origin of methane. Figures 4 and 5, in the 
Velenje Basin, indicate the consecutive ori-
gins of methane: microbial CO2 reduction with 
δ13CCH4 values from –40 ‰ to –50 ‰, microbi-
al acetate fermentation with δ13CCH4 less than 
–50 ‰ and mixed origin between these two[5]. 
Enrichment with 13C in methane could be also 
due to microbial oxidation of methane, which 
results in enrichment of residual methane with 
the 13C isotope and depletion of 12C in generated 
CO2 (Figure 5). 
The method for determining the origin of meth-
ane and for distinguishing pathways of micro-
bial methane generation (i.e. acetate fermen-
tation from CO2 reduction) was proposed by[3] 
and uses the α13CCO2-CH4 fractionation factor; this 
was also applied in our study at five excavation 
fields to distinguish between the two path-
ways. The α13CCO2-CH4 values indicate that meth-
ane was generated via both these processes at 
all five excavation fields investigated (K.-65/F, 
G3/C, K.-65/B, K.-65/E and K.-65/C) since 
the calculated αCO2-CH4 values were below 1.06 
(Table 1). Altogether, 13 samples out of a total 
of 72 with low values of δ13CCH4 (>–60 ‰), and 

Figure 5: Interpretation of the origin of methane in the Velenje basin using δ13CCH4 versus δ13CCO2 in a lignite seam at boreholes 
(jpk 62, jpk 56, jpk 63, jpk 70 and jpk 73) ahead of the working faces (-65/F, G3/C, -65/B, -65/E, -65/C).
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corresponding values of δ13CCO2 from –12 ‰ to 
0 ‰, indicate that the methane originates from 
microbial CO2 reduction. Following[3, 4] and us-
ing αCO2-CH4 as a parameter, most of the samples 
investigated in our study have αCO2-CH4 < 1.06, 
which is characteristic of acetate fermentation. 
When interpreting digenetic methanogenic 
pathways, it should be emphasized that the 
threshold for acetate fermentation/CO2 reduc-
tion was –50 ‰. We obtained ranges of δ13CCH4 
and δ13CCO2 for Velenje basin similar to those ob-
tained for Sydney and Bowen basins (Figure 1).

To obtain a better geochemical characterization 
of methane in Velenje Basin, we used δDCH4 trac-
er (Figure 6). For coalbed gases from excava-
tion fields K.-65/F, G3/C, K.-65/B, K.-65/E and 
K.-65/C we conclude that parameters δ13CCH4 
and δDCH4 both reveal microbial methane and 
mixing and none of the samples investigated in 
this study from excavation fields have the value 
for thermogenic methane (Figure 6).

Plots of δ13CCH4 versus δDCH4 from the excava-
tion fields K.-65/F, G3/C, K.-65/B, K.-65/E and 
K.-65/C (Figure 7) show that coalbed samples 
for Velenje Basin are similar to those for Powder 

River, Bowen Basin, Antrim/New Albany shales 
and Appalachian shales, and indicate fields of 
microbial methane and mixing, with values 
of methane enriched with 13C (values of ther-
mogenic methane). From the study of coalbed 
gases[20] from years 2010 to 2012 from Velen-
je Basin it was found that the characteristics of 
methane from the Velenje Basin are similar to 
those from low rank coal basins such as Powder 
River Basin and the San Juan Basin, USA, while 
completely distinct from those of the Lower and 
Upper Silesian Basins, Poland.
The origin of CO2 is interesting for its relation 
to outbursts in coalmines. It is known that high 
concentrations of carbon dioxide in seam gases 
in Australian coals occur in regions of igneous 
activity and associated faulting and this compo-
nent has been described as being of presumed 
pneumatolytic origin[33]. We used the plot of 
δ13CCO2 versus CDMI (Figure 8) to explain the 
origin of CO2 at the working faces investigated: 
K.-65/F, G3/C, K.-65/B, K.-65/E and K.-65/C 
(Figure 8). Samples from excavation field -65/B 
are seen to have values of δ13CCO2 indicative of 
endogenic origin, while samples from excava-
tion fields -65/F, G3/C, -65/E and -65/C have 
values characteristic of endogenic and bacterial 

Figure 6: Interpretation of the origin of methane using δ13CCH4 versus δDCH4 in a lignite seam in boreholes (jpk 62, jpk 56, jpk 63, 
jpk 70 and jpk 73) ahead of the working faces (K.-65/F, G3/C, K.-65/B, K.-65/E, K.-65/C).
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gas formed via CO2 reduction. Typical endogen-
ic values of δ13CCO2 are about –7 ‰[23] and areas 
of high CDMI index could be related to tectonics 
of the Šoštanj and Smrekovec faults systems at 
the time of formation of the basin[18]. The CDMI 
index is used as the crucial parameter for exca-
vation fields prone to outburst generation, es-
pecially in combination with other factors such 
as fault zones, detrital lignite, etc.
Previous studies have shown that shale gas can 
be of thermogenic, microbial or mixed origin, 
the distinction being made on the basis of the 
stable isotope composition of the gases and 
co-produced water e.g. Antrim Shale, Michigan 
Basin[11, 12], Barnett Shale, Fort Worth Basin, 
Appalachian Basin[32] and other basins stud-
ied such as New Albany Shale, Illinois Basin, 
Colorado Group, Western Canada Sedimentary 
Basin[2]. All these studies showed that the rela-
tive proportions of microbial and thermogenic 
gas are depth related; deeper locations contain 
exclusively thermogenic gas, while shallower 
locations contain a mixture of microbial and 
thermogenic methane. In the Velenje Basin, gas 
concentration, δ13CCH4 and δ13CCO2 also differ with 
the depth level of excavation fields (Figure 9). 

For Velenje Basin it is very important which ex-
cavation fields underlie the unmined or previ-
ously mined areas[20]. A high CDMI index, with 
values in the range of 92.5 % to 98.2 %, was 
observed at the excavation field K.-65/B, jpk 
63 + 10° that lies under a pre-mined area. G3/C 
(jpk 56 + 10°) excavation field is the shallowest 
field to be investigated and has a larger range of 
all measured parameters (CO2, CH4, δ13CCO2 and 
δ13CCH4) in comparison to the other excavation 
fields observed in this study – K.-65/F, K.-65/E, 
K.-65/C (Figure 9 A-D). The δ13CCO2 values show 
that the deepest excavation fields (K.-65/E - jpk 
70, K.-65/F - jpk 62, mining area Pesje) have 
typical endogenic CO2 with CO2 reduction val-
ues. The excavation field G3/C, jpk 56, located 
at z [–46 m], had the broadest range of δ13CCO2, 
indicating biogenic and endogenic CO2. We have 
not enough data to make a clear interpretation 
for K.-65/C, jpk 73 + 10° (mining area Pes-
je). A similar pattern for δ13CCH4 values versus 
depth is observed, the widest range being for 
G3/C, [z = –46 m] (Figure 9 C).

Figure 7: Isotopic composition of methane (δ13CCH4) versus that of deuterium in methane (δDCH4) in coalbed seam in coalmines 
from Bowen and Surat basins (Moranbah Gas Project[27]; Oaky Creek[2]; Avon Downs[28]. Gas samples from Powder River 
basins[29, 30], Antrim and New Albany shales[11, 31] and organic rich shales from North Appalachi basin[32]. In the frame, results 
of δ13CCH4 and δDCH4 (see Table 1 for results) from this study (excavation fields: -K.65/F, G3/C, K.-65/B, K.-65/E, K.-65/C within 
boreholes: jpk 62, jpk 56, jpk 63, jpk 70, jpk 73) are presented.
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Figure 9: Concentrations of CH4 (A), CO2 (B), δ13CCH4 (C) and δ13CCO2 (D) as a function of depth (m) for excavation fields K.-65/F, jpk 
56 + 10°, z [–74 m] , G3/C, jpk 56 + 10°, z [–46 m], K.-65/B, jpk 63 + 10°, z [–67 m], K.-65/E, jpk 70 + 10°, z [–78 m] K.-65/C, jpk 
73 + 10° and z [–69 m]).

Figure 8: Interpretation of the origin of CO2 at working faces using δ13CCO2 versus CDMI index in a lignite seam in boreholes 
(jpk 62, jpk 56, jpk 63, jpk 70 and jpk 73) ahead of the working faces (K.-65/F, G3/C, K.-65/B, K.-65/E, K.-65/C).
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Conclusions

Geochemical (CH4, CO2, N2) and isotopic 
(δ13CCO2, δ13CCH4, δDCH4) tracers have provided 
a geochemical and isotopic characterization 
of coalbed gases from five excavation fields at 
Preloge and Pesje (Velenje Basin) during the 
year 2013. Isotopic composition of deuterium 
of methane (δDCH4) has been used to determine 
the origin of methane. Further, these charac-
teristics of methane have been compared with 
those observed in other coal sedimentary ba-
sins worldwide.
In shallower working faces (Preloge G3/C, jpk 
56 ([z = –46 m]) and in the deepest working face 
(jpk 70, mining area Pesje K.-65/E, [z = –78 m]) 
larger ranges of methane and CO2 concen-
trations have been observed. The concentra-
tions of CO2 and CH4 are relatively constant at 
the excavation field K.-65/B (jpk 63 + 10°). At 
the deepest excavation field K.-65/E, jpk 70, 
depth [z] = –78 m, δ13CCO2 values denote an 
endogenic origin of CO2 while methane, with 
δ13CCH4 values corresponding to thermogenic 
methane, probably results from CO2 reduction. 
The wider range of δ13CCH4 (biogenic and ther-
mogenic isotopic values) and δ13CCO2 (biogenic 
and endogenic isotopic values) are observed 
at the shallower excavation field G3/C, jpk 56, 
mining area Preloge [depth –46 m].
Each excavation field appears to be specific 
in terms of the geochemical characteristics of 
coalbed gases, making it necessary to carry out 
such a geochemical and isotopic investigation 
of coalbed gases in order to more fully under-
stand the origin of gases, especially methane, 
which is considered as a greenhouse and un-
conventional gas. Such investigations are rele-
vant to the development of clean coal technol-
ogies such as CBM (coalbed methane), which 
could have great potential when cessation of 
underground coal excavation is being consid-
ered.
The determination of concentrations and sta-
ble isotope patterns of coalbed gases at work-
ing faces has enabled an interpretation of the 
origin of coalbed gases in the Velenje basin. 
From the results of this and previous studies, it 
can be concluded that coalbed CO2 from these 
working faces is endogenic and of bacterial ori-

gin. Measurements of δ13CCH4 and δDCH4 have led 
to the conclusion that methane from Velenje 
Basin has a microbial origin, formed through 
microbial fermentation and/or CO2 reduction, 
and of mixed origin, both thermogenic and bio-
genic, since some δ13CCH4 values are enriched 
with 13C isotope. Secondary processes like mi-
gration, adsorption/desorption and mixing of 
gases of different origin during excavation com-
plicate the interpretation of gas origin and have 
been neglected in interpretations of the origin 
of coalbed gases.
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Abstract
There are geologically and geostatistically analysed 
two, presently, the most interesting Upper Miocene 
sandstone Croatian hydrocarbon reservoirs in the Sava 
Depression regarding injection of carbon-dioxide. The 
intention is increasing oil recovery and, simultaneous-
ly, keeps part of injected CO2 permanently in depleted 
reservoirs. Lithologically, both reservoirs are domi-
nantly fine to medium-grained sandstones, with very 
restricted pelitic content, where silt, clay and marl 
fractions are increased only in laterally marginal parts. 
Lithostratigraphically (informally) those two reser-
voirs are named as “Gamma 3” (older, here analysed 
as reservoir “A”) and “Gamma 4” (younger, here as res-
ervoir “B”), both belonging to the Iva Member, i.e. the 
Ivanić Grad Formation. Indicator Kriging had been used 
to map probabilities to obtain different porosities that 
indicated on different lithofacies.

Key words: sandstones, Indicator Kriging, porosity, 
Upper Miocene, Sava Depression, Croatia

Izvleček
V dveh na Hrvaškem sedaj najobetavnejših zgornje-
miocenskih rezervoarjih ogljikovodikov so geološko in 
geostatistično preiskali možnost vtiskanja ogljikovega 
dioksida. Cilj je bil povečati izkoristek črpanja nafte, 
hkrati pa v izpraznjenih rezervoarjih trajno uskladišči-
ti del vtisnjenega CO2.. Litološko sta oba rezervoarja v 
pretežno drobno do srednjezrnatih peščenjakih z zelo 
podrejenim pelitskim deležem, pri čemer so meljaste, 
glinene in laporne frakcije znatneje zastopane le bočno 
v obrobnih delih. Na osnovi litostratigrafije so rezer-
voarja neformalno poimenovali “Gama 3” (starejši, 
označen kot rezervoar “A”) in “Gama 4” (mlajši, označe-
ni kot rezervoar “B”). Oba pripadata členu Iva, tj. 
Ivanićgradski formaciji. Za kartiranje verjetnosti nas-
topanja različnih poroznosti, ki indicirajo različne lito-
faciese, so uporabili metodo indikatorskega krigiranja. 

Ključne besede: peščenjaki, indikatorsko krigiranje, 
poroznost, zgornji miocen, Posavska kadunja, Hrvaška

Indicator Kriging porosity maps of Upper 
Miocene sandstones, Sava Depression, 
Northern Croatia
Indikatorsko krigiranje poroznosti 
zgornjemiocenskih peščenjakov v  
Posavski kadunji v severni Hrvaški
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Introduction

In Croatia, the projects for CO2 transport and 
storage can be successfully applied in order to 
(a) increase oil recovery from “mature” sand-
stone reservoirs and on a commercial basis, 
(b) permanent store CO2 with the purpose of 
greenhouse gas (abbr. GHG) emission reduc-
tion. The CO2 generated from combustion of 
fossil fuels or produced during production of 
oil or natural gas is injected into hydrocarbon 
reservoirs with the aim of increasing oil recov-
ery for more then 30 years, where recovery 
could be averagely increased for 10–14 %[1, 2]. 
Currently several dozen of the Enhanced Oil 
Recovery (abbr. EOR) projects are operating 
worldwide[3–5].
The CO2 trapping in the subsurface depends on 
reservoir pressure, temperature and properties 
of cap rock. Reservoirs suitable for application 
of the EOR methods could be described by the 
following characteristics[6–8]: (a) oil viscosity 
< 12 mPa s, (b) oil density 825–865 kg/m3, 
(c) residual oil saturation, Sor > 25 %, (d) ini-
tial reservoir pressure > 100 bar. In addition 
CO2 mineral trapping can increase volume of 
trapped gas for few percentages[9]. Generally, 
sediments deeper than 800 m provide natural 
reservoir pressure sufficient to keep the CO2 in 
supercritical state. The quality of cap rocks is 
very important factor for fluid storage into sub-
surface reservoirs[10].
Assessment of applicability of CO2 injection 
into Croatian oil fields was conducted in the 
‘70s and ‘80s of the last century, mostly through 
a pilot project on limited part of the Ivanić 
Field[11–13]. Its results led to a decision on imple-
mentation of the EOR project, but also initiated 
further geological modelling of sandstone res-
ervoirs possibly and partially saturated with 
CO2. In the case of the Ivanić Field considered 
are medium to fine-grained sandstone reser-
voirs, more than 10 m thick, and still in produc-
tion as oil reservoirs (but largely exhausted). 
The age is Upper Pannonian. There is planned 
to inject 400 000 m3/d of CO2 collected onto 
gas-processing plant Molve. The results could 
be twofold: (a) enhanced oil recovery and (b) 
reducing of CO2 emission[14, 15]. 
A model of injected gas behaviour is based 
on an analysis of several geological variables, 

including fluid properties and chemical reac-
tions. However, it is important to understand 
distribution of porosity and permeability, as 
probably two important variables, within the 
reservoir. Geostatistical methods for reservoir 
mapping could be divided into deterministical 
and stochastical ones. Deterministical provide 
“the most probable” solution from available 
data, sometimes described like in Kriging based 
simulation as the median or “zero-realisation” 
when it is later applied in simulation. The most 
probable means that there are also other possi-
bilities in representation of surface, which are 
“located” in uncertainty range typical for input 
dataset. It resulted in set of equiprobable reali-
sations where selection of representative ones 
is based on several techniques, but no one of 
them favour any realisation as more probable. 
This study shows applications of Indicator 
Kriging (abbr. IK) probability maps, as deter-
ministical method, in estimation of porosity 
and permeability. Such data are derived from 
Upper Miocene sandstone reservoirs into the 
Ivanić Field, planned for injection of CO2. Pre-
sented models are the first of such estimation 
made for those sandstones and consequently 
this is the first application of indicator transfor-
mation into analyses of CO2 target reservoirs in 
Croatia. 

Geological description of the study area 
within the Sava Depression
During Late Pannonian and Early Pontian many 
depressional areas along the entire Pannonian 
Basin System were re-extended due to the ther-
mal subsidence as result of 2nd transtensional 
phase[16–18]. Depositional spaces for the accom-
modation of a huge volume of sandy material 
were created, and the main sandstone hydro-
carbon reservoirs were deposited[19]. Turbidites 
were dominant clastic transport mechanism in 
the Croatian part of the Pannonian Basin Sys-
tem (abbr. CPBS) during that time, originated 
from the Eastern Alps and transported through 
the Vienna Basin, the Styrian Basin and the 
Mura Depression, more to the east in several 
re-deposition phases, when it eventually en-
tered into the Sava Depression[4, 17, 20–22]. Due 
to long transport only the medium and fine-
grained sands and silts reached the depression, 
where in the calm periods, when turbiditic cur-
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rents were not active, typical calm deep-water 
calcite rich mad (later marls) were deposited. 
However, the CPBS was characterised with sev-
eral prominent, even present-day, mountains 
that existed during entire Miocene like uplifted 
palaeorelief. Probably some of them were iso-
lated islands in the Central Paratethys and, later, 
the Lake Pannon and, eventually, the Sava Lake, 
giving small part of sandy and silty detritus into 
dominant turbiditic and basin deposits[6, 23]. 
Study area is located in the northwestern part 
of the Sava Depression (Figure 1). Present-day 
the Ivanić Field is asymmetrical brachianti-
cline, with longer axis of northwest-southeast 
strike, slightly pronounced top in the southern 
part, and series of NW-SE faults extended along 
the western part (Figure 2). 
Lithologically, reservoir rocks are mostly me-
dium and fine-grained sandstones, i.e. lith-
oarenites, in vertical alternation with marls 
(Figure 3). Sandstone and marl layers are not 
always laterally continuous, i.e. rather they 
pinch out or could be eroded. As results, some 
sandstones deposited in separate events could 
be in direct contact, i.e. amalgamated. 
The reservoir “series” (i.e. set of connected dep-
ositional events) were classified as Upper Pan-
nonian (9.3–7.1 Ma[16]). Reservoirs are elongat-
ed along NW-SE direction and represented fast 
gravitationally dropped sediment, into “strike-
slip” area as depositional minimum. Such areas 
were characteristic for the entire CPBS during 
Upper Miocene[17], and typical sedimenta-
tion model for such sediments in the western 
Sava Depression had been described for the 
Kloštar Field[24, 25]. It assumed that the coarsest 

Figure 1: Location map of the Ivanić Field[12]. 

Figure 2: Structural top map of the reservoir „A“ based onto 
archive maps[12].

Figure 3: Schematic geological (lithological, lithostratigraphical 
and chronostratigraphical) section of the Ivanić Field.



Malvić, T., Novak, K., Novak Zelenika, K.

40

RMZ – M&G | 2015 | Vol. 62 | pp. 37–45

material had been deposited in the central part 
of palaeostructure, i.e. main channel(s). Lat-
erally, toward structure borders, depositional 
lithofacies gradually were replaced with basin-
al marls.

Basics about applied mapping 
methods 

Deterministical interpolation methods are still 
commonly used for reservoir characterization 
and modelling in Croatia[2, 26–30]. However, in 
several cases stochastical methods are also ap-
plied[12] as standard part of geomathematics as 
it is understood in Croatia[31]. 
In general, deterministic models for the same 
input data give always the same results if the 
analytical method is the same. There are many 
deterministic interpolation methods, but Krig-
ing is commonly used in geosciences, dealing 
very well with clustered data and numerical 
outliers. The goal of the method is to determine 
spatial relationships between the measured 
data and the point where value is estimating 
and it is why a mapping is preceded by vario-
gram (sometimes covariance or madogram) 
analysis. So, the point’s mutual distances, not 
values, are crucial for interpolation. Moreover, 
the Kriging is marked with Kriging variance 
that could be calculated as regional or local. In 
each case the goal is minimised such variance, 
i.e. differences between expected and estimat-
ed values[32]. 
Linearity of Kriging estimation could be ex-
presed by Equation 1. It means that value of 
regionalised variable at selected location (Zk) 
is estimated from all surrounding and spatially 
dependence values (Zi), using appropriate 
weighting coefficient (λi). 
 

(1)

Where are: 
Zk – kriged value,
Zi – value at location “i”,
λ – weighted coefficient.

Such estimation also implies that values Zi will 
have normal (Gaussian) distribution. It is con-
seqeunce of the central limit theorem where is 
implied that any variable with large number of 
indenpendent events obtains Gaussian distri-
bution, whatever is probability density func-
tion of events[33]. The weighting coefficients in 
the Kriging are calculated using matrix eqau-
tions[34, 35]. 
One of the most frequently used Kriging method 
for facies identification is the Indicator Kriging, 
i.e. usage of porosity cutoffs. It does not require 
stationarity assumption of 1st or 2nd degree, or 
multivariate normality, and is very robust in 
respect to outliers. In fact, statistics is repre-
sented only with variograms, and the original-
ly continuous distribution is discretized using 
cutoffs, knowing know that at a particular loca-
tion the value lies in a particular interval. 
Indicator approach is used for mapping of two 
categorical (discrete) values or indicator vari-
able, shown by 0 and 1. Intention is showing 
two different lithotypes or lithofacies, very of-
ten by using the cut-off values for porosity as 
a geological variable suitable for distinguishing 
clastic lithofacies[36]. The input values are trans-
formed into indicator ones by using the cut-offs 
that determine presence or absence of lithofa-
cies. Such method is described with following 
Equation 2:

 (2)

Where are: 
I(x) – indicator variable,
z(x) – measured value,
ν – cut-off.

Calculation of the Indicator Kriging, as each 
Kriging technique, requires variogram analy-
sis. The special in this technique is that vario-
grams need to be calculating for each cut-off 
and standardised with sill onto 1. Moreover, 
recommended number of cut-offs is between 
5 and 11, what requires sufficient number 
of measurements[36]. Indicator maps corre-
spond to continuous assessment of iso-prob-
ability lines with values in the interval [0, 1]. 
Mathematically such maps show the probabil-
ity of the event {z (x) < νk}.
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Input datasets
Input datasets consisted of 16 wells with po-
rosity and permeability values of the reservoirs 
“A” and “B” (Table 1 and 2). Porosities were cal-
culated from the log analyses and cored inter-
vals. Permeabilities were obtained by unsteady 
state method at a constant oil/water viscosity 
ratio and applying a constant differential pres-
sure across the core samples. After correction 
for overburden pressure, depth correlation of 
log analyses and coring data was performed. 
Several cut-offs were defined for probability 
mapping: 

 ― In reservoir “A”: 
< 15 %, 15–19 %, 19–22 %, 22–24 % and 
> 24 % for porosity, and < 40 × 10–3 µm2, 
40–50 × 10–3 µm2, 50–60 × 10–3 µm2, 
60–70 × 10–3 µm2, 70–80 × 10–3 µm2 and 
> 80 × 10–3 µm2 for permeability. 

 ― In reservoir “B”: 
< 10 %, 10–15 %, 15–20 %, 20–23 % and
> 23 %, and < 1 × 10–3 µm2, 1–5 × 10–3 µm2,  
5–20 × 10–3 µm2, 35–75 × 10–3 µm2 and 
> 75 × 10–3 µm2. 
Histograms are shown in Figure 4.

Indicator Kriging porosity subsurface maps 
and correlation between porosity and 
permeability
Petrophysical parameters were mapped by the 
Indicator Kriging and obtained are probabili-
ty maps for certain interval. Porosity intervals 
19–22 % for reservoir “A” (Map 1) and 20–23 % 
for reservoir “B” (Map 2) are chosen as the best 
representing for extension of medium-grained 
reservoir sandstones. For reservoir “A” is also 
derived E-type map that shows the most prob-
able values of porosity (Map 3). Correlation be-
tween porosity and permeability was calculat-
ed using Pearson’s correlation coefficient, and 
coefficient of determination. The value for the 
reservoir “A” reservoir is R = 0.76 and R2 = 0.57 
retrospectively (Figure 5) and for reservoir “B” 
0.89 and 0.79 (Figure 6).
The both values are qualitatively “high” and can 
described stronger linear dependence between 
two analysed variables, especially for reservoir 
“B”. Furthermore, both reservoirs are result 
of deeper lake sedimentary processes. Later, 
area was subdued to compaction. However, 
there were not existed processes that could 

Well Porosity
(%)

Horizontal 
permeability
(10–3 µm2)

Well 1 21.03 LIQUIDATED
Well 2 18.68 56.22
Well 3 22.65 76.40
Well 4 18.23 39.90
Well 5 20.20 LIQUIDATED
Well 6 14.32 41.40
Well 7 21.32 52.40
Well 8 18.93 48.09
Well 9 22.03 70.68
Well 10 17.27 60.14
Well 11 24.21 81.01
Well 12 23.13 62.50
Well 13 20.95 49.74
Well 14 22.08 67.20
Well 15 19.80 60.93
Well 16 21.12 58.11

Well Porosity
(%)

Horizontal 
permeability
(10–3 µm2)

Well 1 1.90 LIQUIDATED
Well 2 0.81 1.39
Well 3 5.10 4.07
Well 4 19.78 32.85
Well 5 0.00 LIQUIDATED
Well 6 0.00 0.91
Well 7 0.00 1.39
Well 8 0.00 1.20
Well 9 8.62 10.39
Well 10 23.76 77.38
Well 11 1.99 2.54
Well 12 23.13 34.36
Well 13 12.07 15.83
Well 14 19.09 29.40
Well 15 0.00 1.63
Well 16 21.27 36.37

Table 1: Input dataset for the reservoir “A” Table 2: Input dataset for the reservoir “B” reservoir
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Map 1: Probability map for the porosity interval 19–22 % of 
reservoir “A” .

Map 2: Probability map for the porosity interval 20–23 % of 
reservoir “B”. 

Figure 4: Histograms of defined classes for the reservoirs “A” 
and “B” porosity and permeability.

Histogram of number of data in cut-off defined classes of 
“Gamma 3“ porosity  
X axis: porosity (%), Y axis: number of data)

Histogram of number of data in cut-off defined classes of 
“Gamma 4“ porosity 
(X axis: porosity (%), Y axis: number of data)

Histogram of number of data in cut-off defined classes of 
“Gamma 3“ porosity 
(X axis: permeability (10-3 µm2), Y axis: number of data)

Histogram of number of data in cut-off defined classes of 
“Gamma 4“ porosity 
(X axis: permeability (10-3 µm2), Y axis: number of data)
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result in secondary porosity (tectonic caused 
fracturing) or filling pores with dissolved ma-
terials. So, the primary porosity played main 
role in fluid distribution, what is favourable for 
linear relation between porosity and permea-
bility. The larger correlation between porosity 
and permeability in reservoir “B” is probably 
reflection of generally narrow range of both 
values in analysed lithological sequence, what 
is consequence of more uniform depositional 
environment. 

Results and conclusions 

Analysed sandstone reservoirs were created in 
brackish, lacustric depositional environments 
of the Lake Pannon. The mineral content is rep-
resented with quartz, dolomite rock fragments, 
micas, K-feldspars and cement. The texture is 
medium to fine-grained with porosity mostly 
between 15 % and 25 % and average permea-
bility between 50 and 60 × 10–3 µm2. Those val-
ues can be considered as typical for the Upper 
Miocene sandstones in the Sava Depression. 
Depositional environment included periodical-
ly active regional turbidites during Late Panno-
nian and Early Pontian stages. 
However, here are marked intervals between 
19 % and 23 % as the most representative for 
describing depositional area of typical channel, 
medium-grained sandstone lithofacies. Those 
are the best lithology for fluid flow and injec-
tion into analysed reservoirs. For this purpose 
those intervals are mapped into two reservoirs 
planned for CO2 injection. The results (Maps 1 
and 2) shows areas where such turbiditic litho-
facies could be certainly followed. However, the 
maps are biased with elongated “bull-eyes” ef-
fect, what is not favourable feature for interpre-
tation. It could be override using approximately 
omnidirectional variogram model, with larger 
ranges, but it was not observed in data itself. 
So, presented Indicator Kriging probability 
maps are considered as the most representa-
tive and useful for planning pilot injection.
The last Map 3 is direct porosity map of the res-
ervoir “A”, but interpolated using Ordinary and 
Indicator Kriging algorithms simultaneously. 

Figure 5: Porosity and permeability regression line for 
reservoir “A”.

Figure 6: Porosity and permeability regression line for 
reservoir “A”.

Map 3: Indicator Kriging E-type map of reservoir “A” porosity, 
based on the equation of Ordinary Kriging.
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It was possible using algorithm that indicator 
probability maps considered as the “weights” 
for the more precise application of the Ordi-
nary Kriging.
Interestingly, not each “bull-eye” shape was 
characterised with maximal probabilities or di-
rect porosity estimated values. It is directed re-
flection of palaeo-depths of each such “micro” 
strike-slip on the bottom of the Ivanić Structure 
during Upper Pannonian, where some of them 
were deeper and “collected” the coarser de-
tritus (mostly on the east and southeast) then 
other ones.
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Abstract
One of the main advantages of the cold forming tech-
nology is improvement of mechanical properties such 
as tensile strength and hardness. At cold metal forging 
the hardness increases by plastic deformation, also 
known as work hardening. The degree of plastic de-
formation is represented by equivalent plastic strain. 
It is generally accepted that the mechanical proper-
ty such as hardness are directly related to equivalent 
plastic strain. If the operating sequence to manufacture 
a certain product by cold forging is suitably planned, 
the required value of equivalent strain or appropriate 
hardness in the product’s cross-section is achieved. The 
paper deals with planning of mechanical properties in 
manufacture of antivibration elements for the needs of 
the automotive industry and hubs of magnetic ignition 
systems for the motorcycle industry. At the production 
of antivibration elements the resistance to permanent 
plastic deformation in the case of axial dynamic load-
ing of a product have to be assured, while in the case 
of hubs of magnetic ignition systems the appropri-
ate hardness in the product’s cross-section has to be 
achieved. A reliable design of the desired mechanical 
properties of products is assured by suitable planning 
of the forming processes in the virtual environment 
with the support of numerical simulations.

Key words: cold forging, product property design, har-
dness, FE simulation 

Izvleček
Ena izmed glavnih prednosti hladnega preoblikovanja 
je izboljšanje mehanskih lastnosti izdelka, kot sta na-
tezna trdnost in trdota. Pri hladnem preoblikovanju 
trdota narašča s plastično deformacijo, kar je poznano 
kot hladno utrjevanje. Stopnja plastične deformacije je 
izražena z ekvivalentno plastično deformacijo. Splošno 
je znano, da je mehanska lastnost, kot je trdota, direk-
tno povezana z ekvivalentno plastično deformacijo. Če 
je preoblikovalno zaporedje za izdelavo izdelka ustre-
zno načrtovano, lahko dosežemo zahtevano ekvivalen-
tno deformacijo oziroma ustrezno trdoto po prerezu iz-
delka. Članek podaja načrtovanje mehanskih lastnosti 
pri izdelavi antivibracijskih izdelkov za potrebe avto-
mobilske industrije ter pest magnetnih vžigalnikov za 
potrebe industrije motornih koles. Pri antivibracijskih 
elementih moramo zagotoviti odpornost proti trajni 
plastični deformaciji v primeru aksialne dinamične 
obremenitve izdelka, medtem ko pri pestih magnetnih 
vžigalnikov z ustrezno trdoto po prerezu izdelka zago-
tavljamo obratovanje pri visokih vrtljajih. Zanesljivo 
oblikovanje želenih mehanskih lastnosti izdelkov lahko 
zagotovimo z načrtovanjem preoblikovalnih procesov 
v virtualnem okolju ob podpori numeričnih simulacij.   

Ključne besede: hladno preoblikovanje, oblikovanje 
lastnosti izdelka, trdota, simulacija z MKE

Design of product properties by suitable 
planning of a cold forging process
Oblikovanje lastnosti izdelka z ustreznim 
načrtovanjem procesa hladnega kovanja
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Introduction

From the perspective of production processes, 
cold forming (CF) is one of the most important 
technologies which enable production of geo-
metrically demanding and accurate products. 
The CF technology aims at plastic deformation 
of a blank from simple initial forms by the form-
ing process to a product of a complex form and 
dimensions. The main reasons for using the CF 
technology mostly in the automotive industry 
are as follows[1–3].   

 ― Great  accuracy of dimensions and good sur-
face qualities in mass manufacture of products, 

 ― Efficient material use; generally smaller re-
finishing operations, including machining, 
are required,

 ― Improved mechanical properties as a result 
of hardening in cold, the fibres flow is unin-
terrupted and adjusted to the product load-
ing, which enables the products to withstand 
greater dynamic loads and to be lighter ac-
cordingly,

 ― Technology is economical and environment 
friendly.

In cold plastic deformation, the material is 
hardened. This causes structural changes of 
material. Grains are elongated in the direction 
of the main deformation. Owing to the mate-
rial hardening, there are changes of mechani-
cal, physical and chemical properties of metal 
(Figure 1). By greater deformation, true stress, 
tensile strength, material hardness, and electri-
cal resistance increase. At the same time reduc-
tion of elongation, contraction, impact tough-
ness, resistance to corrosion, heat conductivity 
and elasticity module occur. 

Up to now many researches have been made 
towards predictions of mechanical properties 
of a product. If we are familiar with the ratio 
between the hardness and effective strain of 
the formed part material and the strain flow 
of the formed part, we can predict the course 
of hardness of a cold-formed part. Kim et al. 
performed a pressure test by the help of an 
experiment and FE simulation for the steel 
AISI 1010[4]. Hardness values regarding pres-
sure test and effective deformations from the 
FE simulations have been analysed in the same 
point of a formed-piece. The curve and/or ratio 
between the hardness and the effective strain 
were acquired by a regression analysis. In the 
next study, a similar analytical model for hard-
ness prediction of a formed piece was present-
ed, which is based upon the known effective 
strain that was achieved by the FE analysis of 
a formed-piece[5]. The model was confirmed 
by an experiment, so that hardness prediction 
of a formed-piece is quite accurate. Tekkaya[6] 
carried out an analysis of final imprinting in 
a cold-formed part in order to find equivalent 
Vickers hardness and to gain the ratio between 
the Vickers hardness and the flow stress. Me-
chanical properties of a product like hardness, 
yield stress, elongation, residual ductility and 
tensile test depend directly on the equivalent 
deformation caused in cold forming. The article 
by K. Osakada and J. Yanagimoto[7] emphasizes 
that distribution of an equivalent deformation 
of the formed-piece is gained through the FE 
simulation and in this way we can – by a suit-
able ratio – define the course of mechanical 
properties of a product. D. Biermann et al. rec-
ommended a new way of product manufacture, 
which already at the planning stage considers 
the real material properties defined by a pro-
duction process (Figure 2), while the classical 
way of a product planning considers only ideal 
material properties[8]. In this way, knowledge 
on local material properties are gained in ten-
sile tests, damages, other stress, textures and 
micro structures used already in the process of 
planning, what enables product manufacture 
true to size. Safety factor and product weight 
are in this way substantially reduced, which 
results in reduced consumption of energy in 
primary production of materials as well as in 
the later use of a product. 

Figure 1: Changes of mechanical properties as a 
consequence of cold forming process. 
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Hardening in cold forming can be used to one’s 
advantage in product manufacture, where spe-
cific product properties like a defined hardness 
in the product cross-section or specified ten-
sile stress are required. By suitable planning of 
the forming operation sequence required for a 
product manufacture, we can achieve the spec-
ified mechanical properties of a product. Sche-
matic course of the process steps for a suitable 
planning of mechanical properties of a product 
with the forming process is shown in Figure 3. 
In this kind of planning of the specified me-
chanical properties, one has to pay attention 
to obtain a healthy product in the cross section 
cut, which means there are no damages of the 
product.
The purpose of this paper is to show planning 
of the specified mechanical properties in the 
products by the cold forming technology for 
the needs of the automotive and motorcycle in-
dustries. First example shows planning of man-
ufacture of the automotive antivibration bush, 
where in case of axial dynamic loading of a 
product resistance to permanent plastic defor-
mation is required. The second example shows 
manufacture of a hub of magnetic ignition sys-
tem for the needs of motorcycles with the re-
quirement for a suitable tensile stress in the 
product cross-section. We can assure a reliable 
planning of the desired mechanical properties 
of products by creating the forming processes 
in the virtual environment with the support of 
numerical simulations. 

Requirements for the manufacture 
of an antivibration busch

During driving, the car is subject to various vi-
brations both for external impacts, caused by 
the roadway, and internal impacts resulting 
from various drive elements. The external im-
pacts caused by the roadway can be insulated 
by tyres with mufflers and dumpers, while the 
internal vibrations are insulated by antivibra-
tion elements. Figure 4 shows over 20 different 
antivibration elements, which are built into a 
car in order to insulate vibrations. These are 
elements that are used as vibration insulation 
as for example in vibrations from an engine, 
exhaust system, suspension etc. Usually these 
are steel, tube-like parts, whose external sur-
face if potted by rubber. In MAHLE Letrika we 
make various tube-like elements for the needs 
of antivibration elements (Figure 5(a))[9]. These 
metal tube-like elements are made by the cold 
forming technology. The product require-
ments include a specific form and resistance 
to permanent plastic deformation. Such form 
and resistance can be achieved only by the cold 
forming technology. Figure 5 (b) shows the al-
lowed plastic deformation in case of axial dy-
namic loading of a bush.

Figure 2: New approach in designing and manufacturing products[8].

Figure 3: A flow chart for design product properties by suitable planning of the cold forging process.
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Planning of antivibration busch by  
CF technology
To make a steel Ck 25 (DIN) bush, double pass-
ing through the press is required. In the first 
passing, operations follow in the sequence 
from (a) to (d) as shown in Figure 6. First, we 
plan the initial blank, which has previously 
been annealed and surface-treated by a phos-
phate and molybdenum disulphide, to a suit-
able external diameter. Then, the subsequent 
operations follow: centring, backward extru-
sion and bottom punching. After the first pass-
ing, the formed-piece is annealed properly and 
again surface-treated. In the last operation (e), 
reduction/narrowing of the upper part of the 
pre-form to the appropriate final form is made. 
We planned the operation sequence and metal 
flow during the pre-forming operation by the 
help of the programme DEFORM 2D[10]. 
The final bush form and material hardening 
during the forming process have to ensure the 
requirements regarding the plastic deforma-

tion in case of an axial loading (Figure 5(b)). 
Figure 7 (a) shows the flow of effective defor-
mations in the product cross-section simulated 
by the FE method. The upper curve in the di-
agram (Figure 8) shows the impact of loading 
on the permanent plastic deformation analysed 
in the virtual environment. A cold formed bush 
achieves permanent plastic deformation of a 
few hundredths of a millimetre in case of load-
ing by 200 kN, which is within the limits of the 
allowed deformation 0.12 mm. The results have 
been confirmed also by physical tests in pro-
duction. We were interested also in what would 
the resistance be if a bush was made by the ma-
chining procedure and/or in the non-hardened 
condition (Figure 7 (b)). In this case, we exceed 
the permanent plastic deformation already at 
loading of 120 kN as shown in the lower curves 
in the diagram (Figure 8). Even at full non-hard-
ened bush (Figure 7 (c)) the situation is essen-
tially the same as at non-hardened bush. A crit-
ical section is the same in both bushes.

Figure 4: Various antivibration elements built in a car.

Figure 5: (a) metal tube-like parts of antivibration elements, (b) allowed plastic deformation in loading of an antivibration bush.
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Requirements for a hub of magnetic 
ignition system
The next example of improved mechanical 
properties is shown in manufacture of a hub of 
magnetic ignition system. A hub is a component 
element of the magnetic ignition system, which 
is used in motorcycles (Figure 9). The hub’s job 
is to transfer the torque from the shaft to the 
flywheel at a high rotational speed. A basic re-
quirement of a hub made of steel 16MnCr5 is 
that it has a suitable hardness in the cross-sec-
tion, which in this way ensures product hardness.

 
 
 
 
 

An appropriate hardness in the product 
cross-section is achieved when a hub is made 
by the cold forming technology. The form-
ing processes have to be planned so that they 
ensure a suitable deformation in the desired 
product points. Bigger deformation at the same 
time denotes greater hardness as shown in the 
diagram in Figure 9. Attention has to be paid so 
that deformation does not exceed the critical 
limit, which could cause material damage.

Figure 7: (a) CF bush - hardening in the cross-section,  
(b, c) non-hardened bush.

Figure 8: Plastic deformation of a bush in dependence on 
loading.

Figure 6: Operational plan of the forming operation sequence for manufacture of a bush.

Figure 9: The flywheel, hub of magnetic ignition system and 
hardness in dependence on the true strain for steel 16MnCr5.
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Planning of an appropriate hardness in the 
hub cross-section
As already described in the introduction, the 
cold forming technology enables improvement 
of mechanical properties due to material hard-
ening during a forming process. Planning of an 
appropriate hardness in the product cross-sec-
tion by the cold forming technology depends on 
the following factors:

 ― It is necessary to have data on the form-
ing properties of a material at disposal. 
Figure 9 shows the curve of the flow stress 
σf, the curve of the hardness HB and the spe-
cific forming work w from the size of the true 
strain ϕe for steel 16MnCr5[11],

 ― Available hardware such as presses, number 
of forming operations that can be carried out 
in one passing through the press, 

 ― Software to make simulations of material 
flow and hardening during the forming pro-
cess. Experimental appraisal of hardness is 
connected to great costs in respect of tool 
making, test implementation on a press, 
measurement of hardness in the formed-
piece cross-section etc.

 ― Knowledge and experience in the field of 
CF metals. Definition of optimum sequence 
of forming operations is required, which on 
one hand enables achieving of the suitable 
hardness in the product cross-section and on 
the other hand as long tool life as possible, 
automatic operating of the formed pieces 
during passing through the press etc.

The forming process is planned at the end, i.e. 
from the final form to the initial blank. First, 
we design a suitable pre-form for the final op-
eration. In Figure 10 (a), (b) two pre-forms 
are made and flow of an appropriate effective 

strain of a product gained by the FE simulation. 
Based on the comparison we can make an anal-
ysis about the pre-form (a) causing bigger ef-
fective deformations on the final product, while 
the pre-form (b) ensures a more homogeneous 
deformation, which pretty well meets the re-
quirements regarding the distribution of the 
required hardness in the product cross-section. 
However, to optimize a suitable pre-form more 
FE simulations have been made, Figure 10 
show only two of them. 
Figure 11 shows the sequence of the forming 
operations gained by the FE simulation meth-
od. The machined-piece with a suitable prod-
uct weight is first surface treated. The forming 
operations follow from operations (a)–(c) for 
the first passing through a vertical mechanical 
stress 630 t. Heat treatment follows, then the 
pre-form (c) process annealing and surface 
treatment, and the second passing through 
the press for operations (d)–(g). The simulat-
ed hardness flow in the product cross-section 
is shown in Figure 12. The highest hardness 
is achieved in the lower and upper side of the 
flange and in the inside of the hub hole.
The hardness flow meets the hardness of the 
product requirements. Approval of suitable 
planning of the forming operation sequences 
and hardness in the hub cross-section is ac-
quired only in the product mass production. 
Inspection of cold-formed hubs showed that 
hardness meets the planned/required hard-
ness in the product cross-section well. An ac-
curate analysis of the product micro-structure 
is required in order to determine possible ma-
terial damages due to local hardening and/or 
forced flow of material.

Figure 10: (a), (b) various pre-forms and flow of the effective strain in the product final form.
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Conclusions

The paper deals with planning of suitable me-
chanical properties in a product by the CF tech-
nology. Two examples of product manufacture 
for the needs of the automotive industry and 
industry of motorcycles are shown, in which 
the functional requirement is a product resis-
tance against the permanent plastic deforma-
tion in case of an axial loading and distribution 
of suitable hardness in the product cross-sec-
tion. By the support of a FE simulation and 
suitable planning of the forming operations se-
quence we can ensure the specified functional 
requirements in the products and thus make a 
good use of the advantages offered by the CF 
technology. 
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Abstract 
A suite of well logs of two wells (1 and 2) from ‘Y’ Pros-
pect Niger Delta were evaluated using GeoGraphix 
software, with the aim of computing the petrophysical 
characteristics of the reservoirs as well as identify res-
ervoir lithology within and between wells for informa-
tion on stratigraphic and lithological parameters of the 
wells. Three reservoirs were correlated at depth range 
of 1 524 m to 1 800 m, with thicknesses of 10–45 m. 
Cross plot of neutron porosity and density porosity 
were used to discriminate the fluid types. Computation 
of petrophysical properties and reservoir evaluation 
were carried out to determine recoverable hydrocar-
bon in place in the reservoirs. Well log data shows that 
area was characterized by sandy shale interbeds. Po-
rosity values for the reservoir ranged from 30–40 %, 
water saturation 30–45 % and hydrocarbon saturation 
65–80 %. Gas zone of economic importance was detect-
ed in reservoir L300 in well 2. The reservoir properties 
of the wells showed that they could be fair to very good 
for hydrocarbon accumulation.

Key words: petrophysical properties, hydrocarbon re-
servoir, GeoGraphix, Nigeria

Izvleček 
Karotažne podatke iz dveh vrtin (1 in 2) v razisko-
valnem območju ‘Y’ v delti Nigra so ovrednotili z Ge-
oGraphixovimi programi z namenom izračunati pe-
trofizikalne značilnosti rezervoarjev ogljikovodikov, 
opredeliti litološke lastnosti v vrtinah in med njima ter 
dobiti ustrezne podatke o stratigrafskih in litoloških 
parametrih. V globini med 1 524 m in 1 800 m so po-
vezali prereze treh rezervoarjev debeline od 10 m do 
45 m. Tipe fluidov v plasteh so določili iz podatkov o 
nevtronsko ugotovljeni poroznosti in gostoti. Količine 
pridobljivih ogljikovodikov v rezervoarjih so ocenili iz 
izračunanih petrofizikalnih lastnosti in značilnosti re-
zervoarjev. Karotažni podatki nakazujejo prisotnost pe-
ščeno-muljastih vmesnih plasti. Vrednosti poroznosti v 
rezervoarjih se gibljejo med 30 % in 40 %, nasičenosti 
z vodo med 30 % in 45 % in nasičenosti z ogljikovodiki 
med 65 % in 80 %. Navzočnost ekonomsko pomemb-
nih zalog plina so ugotovili v rezervoarju L300 v vrtini 
2. Lastnosti rezervoarjev v vrtinah pričajo o dobri do 
zelo dobri sposobnosti za nakopičenje ogljikovodikov. 

Ključne besede: petrofizikalne lastnosti, rezervoar 
ogljikovodikov, GeoGraphix, Nigerija

Petrophysical evaluation of reservoirs in 
‘y’ prospect Niger delta
Petrofizikalna ocena rezervoarjev na 
raziskovalnem območju ‘y’ v delti Nigra
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Introduction

A well log can be defined as an indirect record 
showing the rock and fluid properties along 
borehole. Such physical properties include elec-
trical, radioactive, and some special kinds of 
measurements like electrical resistivity, spon-
taneous potential, gamma ray intensity, densi-
ty, acoustic velocity etc.[1]. Most quantitative log 
analyses are aimed at defining petrophysical 
parameters, but only few of these parameters(-
Formation lithology, thicknesses and depths of 
the reservoirs and even non-reservoirs) can be 
measured directly. Others have to be derived or 
inferred from the measurement of other phys-
ical parameters of the rocks. Three basic logs 
(lithology, resistivity and porosity logs) are 
needed for proper formation evaluation. One is 
required to indicate permeable zones; another 
is needed to measure the resistivity of the for-
mation, while the third is important for esti-
mating porosity values.
Well logs furnish the data necessary for the 
quantitative evaluation of hydrocarbon in-situ. 
From the view point of decision making, well 
logging is the most important aspect of drilling 
and completion process[2]. The information ob-
tained from these logs can be used to interpret 
geology in general and in reservoir, identify 
productive zones, and estimate hydrocarbon 
reserves.

This study therefore assesses the reservoir 
quality of two wells: well 1 and well 2 (Figure 1) 
using GeoGraphix Software. The main focus is 
to determine some reservoir properties with 
a view to ascertaining if the results generated 
make possible to predict economic saturation 
and production. 

Geology of the study area

The Niger Delta (Figure 2) is a regressive se-
quence of clastic sediments developed in se-
ries of offlap cycles[3]. The base of the sequence 
consists of massive and monotonous marine 
shales. These grade into interbedded shal-
low-marine and fluvial sands, silts, and clays, 
which form the typical paralic facies portion of 
the delta[3]. The uppermost part of the sequence 
is a massive non-marine sand section. The es-
tablished Cainozoic sequence in the Niger del-
ta consists, in ascending order of the marine 
shales (Akata Formation), paralic clastics (Ag-
bada Formation), and continental sands (Benin 
Formation)[4]. Akata Formation is composed of 
shales, clays and silts at the base of the delta 
sequence. They contain a few streaks of sand, 
possibly of turbiditic origin, and were depos-
ited in holomarine (delta-front to deeper ma-
rine) environments. Agbada Formation forms 
the hydrocarbon perspective sequence in the 
Niger delta. It is represented by an alternation 

Figure 1: Base map of “Y” prospect, showing the positions of the two wells (well 1 and 2) and 3D seismic survey. 
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of sands, silts, and clays of various proportions 
and thicknesses, representing cyclic sequences 
of offlap units. The shallowest part of the se-
quence is composed almost entirely of non-ma-
rine sand. It was deposited in alluvial or upper 
coastal plain environments following a south-
ward shift of deltaic depobelts (structural and 
stratigraphic belts)[5]. This mechanism, called 
the escalator regression model, postulated that 
the base of the Benin Formation in any of the 
six depobelts is coeval with the Agbada Forma-
tion in the adjacent depobelt to the south.
This principle implies an abrupt shift in the 
age of the base of the Benin Formation across 
the bounding faults of depobelts and had been 
used to define the Northern limit of the North-
ern Delta depobelt[6]. Weber[7] discussed in de-
tail the sedimentology, growth faults dynamics 
and hydrocarbon accumulation in the Niger 
Delta. Short[8] and Avbovbo[9] also, studied the 
hydrocarbon potentials of the Niger Delta using 
well data. Oomkens[10] discussed lithofacies re-
lations in the late Quaternary period. The stra-
tigraphy, sedimentation and structure of Niger 
Delta was reviewed by Schlumberger[11].
The importance of longshore drift and subma-
rine canyons and fans in the development of 
the basin has been emphasized by Burke[12]. 

Method of study

Two wells namely well 1 and well 2 exist in “Y” 
Prospect. Well 1 is a vertical well with a total 
depth of 2 332 m, and gamma-ray (GR) log, 
deep laterolog (LLD), compensated sonic log 
(BCSL), and compensated formation density 
log (FDC) were used in this well. 

Well 2 is also a vertical well with a total depth 
of 2 160 m. The logs used in this well include, 
caliper log (CALI), gamma-ray (GR) log deep, 
laterolog (LLD), compensated sonic log (BCSL), 
and compensated formation density log (FDC).

Petrophysical Evaluation: The analysis of the 
data was done using GeoGraphix software. The 
data consist of logs (from two wells) namely 
the caliper log, the gamma ray log (GR), deep 
laterolog, and porosity logs (sonic, density and 
neutron logs).

Identification and Delineation of Lithologies: 
The GR log was used to identify the permeable 
and impermeable beds. GR values greater or 
equal to 75 APIo were identified as shale beds 
while zones with GR readings below 75 APIo 
were identified as sandstones. Intervals where 
the caliper logs read values lower than 24 cm 
were considered as permeable zones. This is 
because reduction in borehole diameter is in-
dicative of the build-up of mudcake in perme-
able zones.

Identification of Fluids: Fluids in the permeable 
beds were identified, using the deep laterolog 
resistivity logs and a combination of the neu-
tron and density logs. High resistivity values of 
deep-reading resistivity log in permeable beds 
are indicative of either the presence of hydro-
carbon or fresh water.  

Determination of Volume of Shale: The presence 
of shale in a reservoir can adversely affect the 
correct evaluation of petrophysical parameters 
particularly resistivity, porosity and water sat-
uration. Hilchie[13] notes that the most import-
ant effect of shale in a formation is to reduce 
the resistivity contrast between oil or gas and 
water. With sufficient shale in a reservoir, it 
becomes very difficult to detect a productive 
zone[14]. Porosity and water saturation values 
must be corrected for shale effect to allow for a 
reliable formation evaluation. The first step in 
making this correction is to determine the vol-
ume of shale present in the reservoir.
For this study, shale volume was determined 
using the GRlog. The Gamma Ray Index (IGR) 
was calculated first from the log using the 
formula[15];

Figure 2: A geological map showing the Niger delta[13].
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(1)
 

Where are;
GRlog = gamma ray reading of formation.
GRmin = minimum gamma ray reading (clean sand)
GRmax = maximum gamma ray reading (shale)

Subsequently, the calculated IGR was used in the 
formula[10] for Cainozoic unconsolidated rocks 
to determine the volume of shale (Vsh).

 (2)

The calculated volumes of shale are expressed 
in percentage.

Determination of Porosity: Porosity values were 
obtained from sonic log, density log and a com-
bination of neutron and density logs. Sonic po-
rosity values were calculated using the formu-
la proposed by Dewan[2] for undercompacted 
sandstones:

(3)

The calculated sonic porosity was subsequent-
ly corrected for both shale and hydrocarbon 
effects.
The density porosity (ϕD) was computed from 
eqn. 4;

   (4)
 

Where are:
ρma = matrix (sandstone) density = 2.638 g/cm3

ρb =  formation bulk density
ρfl = fluid density

The 3.5 p.u (0.035) is subtracted from the calcu-
lated density porosity to convert from apparent 
limestone porosity unit to apparent sandstone 
porosity unit. Shale effect was subsequently 
corrected for to give the effective density po-
rosity (PhiDe or ϕDe).
Correcting for shale effect;

(5) 

Where are:
ϕDe = effective density porosity
Vsh = volume of shale = 8.26 %
ϕDsh = density porosity of adjacent shale = 0.10

The neutron log values were in API Neutron 
Unit and had to be converted to apparent lime-
stone porosity. The values obtained were con-
verted to apparent sandstone unit by the ad-
dition of 3.5 p. u (0.035). Shale effect was also 
corrected for to obtain the effective neutron 
porosity (PhiNe or ϕDe).

Porosity values were also computed from a 
combination of neutron and density logs as fol-
lows.

(for oil zones)  (6)

(for gas zones)  (7)

Where are:
ϕNDe= effective neutron-density derived porosity
ϕNe = effective neutron porosity
ϕDe = effective density porosity

Determination of Formation Water Saturation 
and Hydrocarbon Saturation
The water saturation of the uninvaded zone 
(Sw) was computed from

 
  [11]    (8)  

The hydrocarbon saturation (Shc) was calculat-
ed from the equation;
 

(9)
   

The water saturation of the flushed zone (Sxo) 
was estimated from the Archie’s formula;

 (10)   

The other saturation values calculated are the 
Moveable Hydrocarbon Saturation (MHS) and 
the Residual Hydrocarbon Saturation (RHS).

 (11)  
(12)
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Tables 1 and 2 show the calculated parameters at sampled intervals for the calculated reservoirs.

DEPTH PHIN RHOB PHID DT PHIA GR Vshl PHIE RT Ro SwA BVW
--------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- -------
4 060 0.414 9 2.158 0.311 128.86 0.363 85.7 0.821 0.064 8 1.56 9.54 1 0.064 8
4 070 0.350 4 2.109 0.34 146.48 0.345 57.2 0.465 0.184 5 4.39 1.18 0.518 0.095 5
4 080 0.349 3 2.119 0.334 146.63 0.342 62.5 0.532 0.16 4.04 1.56 0.621 0.099 5
4 090 0.294 4 2.118 0.335 141.96 0.315 32.2 0.152 0.266 7 13 0.56 0.208 0.055 5
4 100 0.308 3 2.061 0.368 127 0.338 31.2 0.141 0.290 8 0.68 0.47 0.835 0.242 8
4 110 0.329 8 2.113 0.337 126.89 0.333 38.1 0.227 0.257 9 0.75 0.6 0.896 0.231 
4 120 0.366 2 2.108 0.341 132.88 0.353 53.9 0.423 0.203 9 0.85 0.96 1 0.203 9
4 130 0.337 7 2.025 0.39 135.53 0.364 38.7 0.234 0.278 5 0.64 0.52 0.895 0.249 3
4 140 0.334 7 2.129 0.328 133.92 0.331 38.7 0.234 0.253 7 0.77 0.62 0.9 0.228 5
4 150 0.349 9 2.091 0.351 127.07 0.35 34 0.175 0.288 9 0.74 0.48 0.807 0.233 1
4 160 0.401 2 2.249 0.257 123.31 0.329 95.1 0.939 0.020 1 1.4 99.45 1 0.020 1
4 170 0.486 8 2.259 0.251 133.41 0.369 93.7 0.922 0.028 9 1.25 47.8 1 0.028 9
4 180 0.273 4 2.121 0.333 146.24 0.303 35.8 0.198 0.243 3 6.83 0.68 0.315 0.076 5
4 190 0.277 2.093 0.35 172.96 0.313 34.5 0.181 0.256 4 50.55 0.61 0.11 0.028 1
4 200 0.313 5 2.063 0.367 152.52 0.34 38.4 0.231 0.261 9 36.9 0.58 0.126 0.032 9
4 210 0.39 1.984 0.414 147.52 0.402 56.3 0.454 0.219 6 3.53 0.83 0.485 0.106 5
4 220 0.373 7 2.196 0.288 121.78 0.331 89.6 0.87 0.042 9 1.04 21.77 1 0.042 9
4 230 0.345 2.179 0.298 122.71 0.322 75.7 0.696 0.097 7 1.24 4.19 1 0.097 7
4 240 0.377 1 2.03 0.387 137.36 0.382 53.3 0.416 0.223 1 0.83 0.8 0.983 0.219 3
4 250 0.394 2 2.186 0.294 129.94 0.344 65.1 0.564 0.150 1 0.92 1.77 1 0.150 1
4 260 0.387 9 2.122 0.332 131.27 0.36 65.7 0.571 0.154 3 0.78 1.68 1 0.154 3
4 270 0.341 8 2.066 0.365 122.53 0.354 34.2 0.177 0.291 0.68 0.47 0.833 0.242 4
4 280 0.315 2 2.116 0.336 118.99 0.326 28.1 0.102 0.292 5 0.73 0.47 0.803 0.234 8
4 290 0.346 2 2.05 0.375 125.45 0.36 49.5 0.369 0.227 6 0.69 0.77 1 0.227 6
4 300 0.427 7 2.141 0.321 128.93 0.374 61.7 0.522 0.179 0.84 1.25 1 0.179 
4 310 0.322 2 2.085 0.354 122.46 0.338 38.6 0.233 0.259 4 0.82 0.59 0.853 0.221 2
4 320 0.379 5 2.064 0.367 130.16 0.373 59.4 0.492 0.189 3 0.7 1.12 1 0.189 3
4 330 0.298 2 2.184 0.295 119.78 0.297 65 0.563 0.129 7 0.95 2.38 1 0.129 7
4 340 0.279 3 2.106 0.341 119.1 0.31 31.4 0.143 0.266 1 0.77 0.56 0.856 0.227 9
4 350 0.350 5 2.137 0.323 118.23 0.337 32.8 0.16 0.283 1 0.82 0.5 0.78 0.220 8
4 360 0.320 6 2.121 0.333 121.58 0.327 56.2 0.452 0.178 9 0.89 1.25 1 0.178 9
4 370 0.328 4 2.078 0.359 123.19 0.344 39.8 0.248 0.258 4 0.68 0.6 0.939 0.242 7
4 380 0.344 1 2.037 0.383 127.57 0.364 47.7 0.346 0.237 8 0.64 0.71 1 0.237 8
4 390 0.381 5 2.313 0.219 116.05 0.3 95 0.937 0.018 9 1.25 111.6 1 0.018 9
4 400 0.358 2.25 0.256 118.82 0.307 88.1 0.851 0.045 6 1.2 19.26 1 0.045 6
4 410 0.374 4 2.134 0.325 124.35 0.35 88.5 0.856 0.050 2 0.86 15.86 1 0.050 2
4 420 0.295 9 2.108 0.341 121.8 0.318 30.6 0.133 0.276 1 0.78 0.52 0.823 0.227 1
4 430 0.302 7 2.046 0.377 127.43 0.34 30.3 0.129 0.296 3 0.63 0.46 0.85 0.251 9
4 440 0.429 4 2.307 0.222 119.7 0.326 82.2 0.778 0.072 3 1.01 7.66 1 0.072 3
4 450 0.383 2.321 0.214 112.16 0.299 95.5 0.943 0.016 9 1.53 139.39 1 0.016 9
4 460 0.450 9 2.242 0.26 123.42 0.356 94.7 0.934 0.023 5 1.24 72.26 1 0.023 5
4 470 0.347 2 2.039 0.381 131.02 0.364 43 0.287 0.259 7 21.09 0.59 0.168 0.043 5
4 480 0.298 8 2.043 0.379 132.67 0.339 38.2 0.228 0.261 7 27.5 0.58 0.146 0.038 1
4 490 0.343 4 2.054 0.373 131.13 0.358 29.4 0.118 0.315 9 15.21 0.4 0.162 0.051 3
4 500 0.333 1 2.12 0.333 124.25 0.333 44 0.3 0.233 3 0.7 0.73 1 0.233 3

Table 1: Statistical data derived from GeoGraphix software for Well 1

PHIN – Neutron Porosity RHOB – Bulk Density DT - Sonic log PHIND – Density Porosity PHIA – Average Porosity GR – Gamma Ray Vshl – Volume of Shale PHIE – Effective Porosity 
RT – True Resistivity Ro – Wet Resistivity SwA – Average Water Saturation
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DEPTH PHIN RHOB PHID DT PHIA GR Vshl PHIE RT Ro SwA BVW
------- ------- ------- ------- ------- ------- ------- ------ ------- ------- ------- ------- -------
4 600 0.46 2.21 0.28 115.63 0.37 93.03 0.913 0.032 2 1.22 38.54 1 0.032 2
4 610 0.157 2.07 0.364 121.66 0.261 41.38 0.267 0.191 106.67 1.1 0.101 0.019 4
4 620 0.131 2.1 0.348 126.12 0.24 45.25 0.316 0.164 30.77 1.49 0.22 0.036 1
4 630 0.259 2.19 0.289 124.21 0.274 75.92 0.699 0.082 5 5.13 5.87 1 0.082 5
4 640 0.48 2.14 0.32 147.01 0.4 90.64 0.883 0.046 8 2.39 18.26 1 0.046 8
4 650 0.129 2.03 0.39 143.56 0.26 61.89 0.524 0.123 6 26.89 2.62 0.312 0.038 6
4 660 0.135 2.18 0.297 142.82 0.216 45.7 0.321 0.146 7 21.77 1.86 0.292 0.042 9
4 670 0.232 2.06 0.369 136.74 0.301 78.5 0.731 0.0808 3.14 6.13 1 0.080 8
4 680 0.195 2.07 0.362 137.64 0.279 52.89 0.411 0.164 3 10.7 1.48 0.372 0.061 1
4 690 0.058 1.95 0.434 137.59 0.246 52.09 0.401 0.147 2 13.22 1.85 0.374 0.055
4 700 0.208 2.09 0.354 133.05 0.281 39.91 0.249 0.210 9 57.14 0.9 0.125 0.026 5
4 710 0.199 2.13 0.327 131.45 0.263 42.75 0.284 0.188 1 18.82 1.13 0.245 0.046 1
4 720 0.166 2.04 0.384 135.5 0.275 62.98 0.537 0.127 2 5.83 2.47 0.651 0.082 8
4 730 0.043 1.86 0.488 139.37 0.265 45.33 0.317 0.181 2 533.33 1.22 0.048 0.008 7
4 740 0.03 1.85 0.496 151.07 0.263 47.36 0.342 0.173 1 57.14 1.34 0.153 0.026 5
4 750 0.214 2.19 0.292 142.68 0.253 38.34 0.229 0.195 2 200 1.05 0.072 0.014 1
4 760 0.018 1.9 0.465 131.11 0.241 52.89 0.411 0.142 2 24.81 1.98 0.282 0.040 2
4 770 0.197 2.02 0.393 136.45 0.295 51.5 0.394 0.179 10.67 1.25 0.342 0.061 2
4 780 0.24 2.05 0.377 152.03 0.308 42.09 0.276 0.223 3 31.37 0.8 0.16 0.035 7
4 790 0.066 1.92 0.453 147.89 0.259 53.05 0.413 0.152 2 25 1.73 0.263 0.04
4 800 0.026 1.82 0.511 140.37 0.269 45.69 0.321 0.182 4 39.51 1.2 0.174 0.031 8
4 810 0.408 2.2 0.283 131.81 0.346 96.41 0.955 0.015 5 1.08 166 1 0.015 5
4 820 0.048 1.97 0.42 125.08 0.234 56.06 0.451 0.128 7 25.4 2.42 0.308 0.039 7
4 830 0.061 1.95 0.433 137.63 0.247 50.88 0.386 0.151 5 72.73 1.74 0.155 0.023 5
4 840 0.046 1.98 0.415 128.52 0.231 46.25 0.328 0.155 1 31.37 1.66 0.23 0.035 7
4 850 0.338 2.13 0.33 130.21 0.334 76.42 0.705 0.098 3 7.05 4.14 0.766 0.075 3
4 860 0.182 2.05 0.373 133.48 0.278 75.23 0.69 0.086 4.96 5.41 1 0.086 
4 870 0.442 2.08 0.355 143.16 0.399 101.48 1 0 1.95    
4 880 0.117 1.97 0.424 131.52 0.27 50.59 0.382 0.166 9 19.39 1.44 0.272 0.045 4
4 890 0.021 1.94 0.442 129.29 0.232 44.78 0.31 0.16 34.41 1.56 0.213 0.034 1
4 900 0.093 1.98 0.418 135.37 0.256 42.72 0.284 0.183 1 42.1 1.19 0.168 0.030 8
4 910 0.04 1.96 0.428 136.79 0.234 50.56 0.382 0.144 5 106.67 1.92 0.134 0.019 4
4 920 0.282 2.18 0.299 134.6 0.29 83.52 0.794 0.059 8 3.11 11.18 1 0.059 8
4 930 0.013 1.82 0.512 133.72 0.263 40.2 0.253 0.196 5 228.57 1.04 0.067 0.013 2
4 940 0.125 2.01 0.396 123.34 0.261 61.94 0.524 0.124 1 13.01 2.6 0.447 0.055 5
4 950 0.04 2.03 0.386 122.22 0.213 37.39 0.217 0.166 7 118.51 1.44 0.11 0.018 4
4 960 0.034 1.9 0.467 129.7 0.251 50.23 0.378 0.155 8 61.54 1.65 0.164 0.025 5
4 970 0.246 2 0.403 137.19 0.325 81.81 0.773 0.073 8 6.28 7.35 1 0.073 8
4 980 0.08 1.96 0.426 135.98 0.253 59.89 0.499 0.126 9 20.25 2.48 0.35 0.044 4
4 990 0.348 2.21 0.282 123.25 0.315 90.98 0.887 0.035 5 2.09 31.78 1 0.035 5
5 000 0.082 2 0.404 129.35 0.243 48.86 0.361 0.155 4 10.03 1.66 0.406 0.063 1

Table 2: Statistical data derived from GeoGraphix software for Well 02

PHIN – Neutron Porosity RHOB – Bulk Density DT - Sonic log PHIND – Density Porosity PHIA – Average Porosity GR – Gamma Ray Vshl – Volume of Shale PHIE – Effective Porosity 
RT – True Resistivity Ro – Wet Resistivity SwA – Average Water Saturation
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Reserve Estimation
The volumes of hydrocarbons in place were 
estimated from the following formulae;

 (13)
 (14)

Where are:
OIP = oil in place (barrels)
GIP = gas in place (cubic feet)
The constants 7 758 and 43 560 are conversion 
factor for oil and gas barrels or cubic meter re-
spectively.
ϕ = porosity (decimal)
Sw = formation’s water saturation (decimal).
Area = area of the reservoir (in acres)
h = net thickness of reservoir (wet with oil or 
gas) (in feet)

Discussion of results

Gamma-ray (GR) logs were used to identi-
fy the lithology in both wells penetrated. The 
lithology was identified by defining shale 
base line (Figure 3), which is a constant line 
in front of the shale and in front of the sand. 
Thick sand at a depth of 304.8 m to 926.7 m 
(1 000–3 040 ft) was delineated in well 1. Well 
2 contain thick sand layer at a depth of 100 m to 
914.4 m (328–3 000 ft). At a depth of 1 237.5 m 
to 1 371.6 m (4 060–4 500 ft), and 1 402.1 m to 
1 524 m (4 600–5 800 ft) thick sand (identified 
reservoir sand) was also observed in well 1 and 
well 2 respectively. Figure 3 shows the strati-
graphic cross section within the study area. The 
major lithologies encountered in the study area 
were basically shale and sand, some of which 
occurs as interbeds. The reservoir sandstone 
was evaluated quantitatively for effective po-
rosity, water & hydrocarbon saturation and net 
pay (Tables 3 and 4). 

Figure 3: Correlation across the wells of “Y” Prospect showing mapped sands.
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Neutron density logs were used to define hy-
drocarbon type (gas) present in “Y” Prospect. 
Petrophysical analysis of the reservoir bed was 
based on examination of the well logs. The com-
bination of neutron and density logs was used 
for reservoir L300 in both wells to detect gas 
zone. At these intervals, density porosity was 
observed to be greater than neutron porosity 
and the curves cross over each other, therefore 
were identified as gas bearing zones (Figure 4). 
This is because gas in pores causes the densi-
ty porosity to read very high values (gas has 
a lower density than oil or water) and causes 
the neutron porosity to be too low (there is a 
low concentration of hydrocarbon atoms in 
gas than in oil and water). Figure 5 shows the 
crossplot of neutron porosity with RhoB (For-
mation Bulk Density).

Gas has a very marked effect on both density 
and neutron logs. If it is assumed that the for-
mation fluid is water and the invasion zone is 
shallow, then gas will result in a lower bulk 
density (note on the cross plot, this results in a 
point higher on the y-axis), and a lower appar-
ent neutron porosity (Figure 6). 

Figure 4: Pickett crossplot of Neutron porosity(PHIN) with 
Bulk Density (RhoB).

SANDS ZONE TOP
MD/m

BASE
MD/m PHIE/% Sw/% Shc/% GROSS

 (m)

Net sand 
thickness 

(m)
NTG PAY/m

L300 1 1 240.54 1 524 19.95 48.5 51.5 283.46  43.65 0.154 22.9
M400 2 1 539.24 1 630.68 21.56 76.91 23.1 91.44 14.08 0.154 0.87
N500 3 1 685.54 1 699.25 12.25 98.52 1.48 13.72 3.88 0.283 –

Table 3: Petrophysical Parameters for Well 01

SANDS ZONE TOP
MD/m

BASE
MD/m PHIE/% Sw/% Shc/% GROSS

 (m)

Net sand 
thickness 

(m)
NTG PAY/m

L300 1 1 402.08 1524 13.46 30.82 69.18 121.92 101.07 0.829 80.75
M400 2 1 542.88 1 615.44 17.73 55.78 44 73.15 8.266 0.113 1.37
N500 3 1 676.4 1 706.88 20.26 92.38 7.62 30.48 6.858 0.225 0.14

Table 4: Petrophysical Parameters for Well 02

Figure 5: Crossplot of Neutron Porosity (PHIN) with Density 
Porosity (PHID).

Figure 6: Typical log curve showing gas zone and its effect on 
density and neutron. 

MD – Measured Depth PHIE – Effective Porosity Sw – Water Saturation Shc – Hydrocarbon Saturation NTG – Net-to-Gross

MD – Measured Depth  PHIE – Effective Porosity  Sw – Water Saturation  Shc – Hydrocarbon Saturation NTG – Net-to-Gross
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Conclusion

Reservoir evaluation is an attempt to find appro-
priate reservoir rocks and then to estimate the 
porosity, permeability and water saturation. In 
Niger Delta sands more than 15 m thick in most 
places represent composite bodies, and may 
consist of two to three stacked channels. They 
are poorly consolidated and have porosities as 
high as 40 % in oil- bearing reservoirs. Porosity 
reduction is gradual. All sands shallower than 
3 000 m have porosities of more than 15 %, but 
below 4 000 m only a few sands have more than 
15 % porosity. Gross, net and net-to-gross val-
ues for sandstones in well -1 are 13.72–283.46, 
3.88–43.65 and 0.154–0.283, while those for 
well - 2 are 30.48–121.92, 6.858–101.07 and 
0.113–0.829 respectively. Reservoir which 
contain hydrocarbon is referred to as pay zone 
and the porosities range 20–40 %. The average 
porosity (PHIA) which is the average porosity 
within the net is 0.23 (23 %) for well 01, it is 
0.28 (28 %) for well 2. The porosity values are 
within the porosities of producing reservoirs in 
the Niger Delta. Water saturation is generally 
low in hydrocarbon bearing zone ranging from 
1–30 % thereby implying high hydrocarbon 
saturation. The water saturation, values in “Y” 
Prospect at well 1 and well 2 are 0.85 (85 %), 
and 0.62 (62 %) respectively. The reservoir 
properties evaluated for the wells showed that 
they could be fair to very good for hydrocarbon 
accumulation.
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