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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 me-
talurgije začeli izdajanje povzetkov njihovega raziskoval-
nega 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
In this article, the possibilities of use of geothermal en-
ergy in relation to the geothermal gradient and aquifer 
yield are described. Calculations represent information 
on potential geothermal water reserves that are not af-
fected by cold return water inflow from the reinjection 
well after a certain period of production time. The cal-
culations apply for continuous production of geother-
mal water from the aquifer without significant pump-
ing breaks.

Key words: geothermal gradient, aquifer, reinjection 
well

Thermal conductivity of rocks and geothermal water
Toplotna prevodnost kamnin in geotermalne vode

Željko Vukelić1,*
University of Ljubljana, Faculty of Natural Sciences and Engineering, 
Aškerčeva cesta 12, 1000 Ljubljana, Slovenia
* zeljko.vukelic@ntf.uni-lj.si

Izvleček
V članku obravnavamo možnosti izrabe geotermalne 
energije na temelju geotermalnega gradienta in izda-
tnosti vodonosnika. Izračuni predstavljajo informacijo 
o potencialnih zalogah geotermalne vode, ki po določe-
nem času izkoriščanja, še ne padejo pod vpliv dotekanja 
hladne vode skozi reinjekcijsko vrtino. Izračuni veljajo 
za kontinuirano izkoriščanje vodonosnika brez daljših 
prekinitev črpanja geotermalne vode iz vodonosnika.

Ključne besede: geotermalni gradient, vodonosnik, re-
injekcijska vrtina
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𝜆𝜆 = 𝐸𝐸 ∙ ℎ
𝐴𝐴 ∙ (𝑇𝑇2 − 𝑇𝑇1) ∙ 𝜏𝜏

  (2)

where
E = amount of heat passing through a particular 
area A (in J);
H = strata thickness (in m);
A = particular area through which the heat flux 
is passing (in m2);
T2 – T1 = temperature difference between strata 
borders (in K);
τ = heat flux passing time (in s).

For North-East (NE) Slovenia, we can write 
down the thermal conductivity in terms of rock 
density:

λ = 0.142 × ρ2.86 (3)

Specific heat c
Specific heat is a physical quantity that de-
scribes the thermal property of the substance 
and defines how much energy is needed to in-
crease the temperature of 1 kg mass for 1K, at 
constant pressure. For the rocks, the average 
value is cm = 835 (± 15%) J/kg · K; and for water, 
the value is cw = 4187 J/kg K.
The calculation of specific heat of the rock 
in terms of porosity and at water densi-
ty 1000 kg/m3 and average rock density 
2720 kg/m3 is done as follows: 

𝑐𝑐𝑘𝑘 = Φ ∙ 𝑐𝑐𝑤𝑤 ∙ 1𝑔𝑔 + (1 − Φ) ∙ 𝑐𝑐𝑚𝑚 ∙ 2.72𝑔𝑔   (4)

where
F = porosity.

Specific heat of the rocks in NE Slovenia is 
ck = 0.602·e–1.177·H + 0.898.

Volume-specific heat capacity (cρ)
This parameter describes a product of specific 
heat and density and is defined as the amount 
of energy needed to raise the temperature of 
1 m3 of substance by 1 K at constant pressure.

(cρ)L = (cρ)f · F + (cρ)m · (1 – F) (in J/m3 · K) (5)

Volume-specific heat capacity is a direct param-
eter used for the assessment and calculation of 

Introduction

Geothermal energy belongs among renewable 
energy resources. Geothermal energy finds 
widespread use in the heating of residential and 
other buildings, as well as in electrical energy 
production [1]. Use of geothermal energy for 
the heating of residential and other buildings 
represents >80% of all heating energy needs in 
some countries (e.g. Iceland). It is very import-
ant, therefore, to have knowledge about how to 
use geothermal energy in an optimal manner 
and not disturb the balance of underground wa-
ter reserves. In other words, we need to ensure 
the renewal of underground water reserves and 
eliminate the effect of aquifer cooling because 
of reinjection of used, colder return water.

Thermal characteristics of rocks 
and underground waters

The thermal characteristics of rocks and under-
ground waters can be defined using the follow-
ing equation [1–3]:

λ = a ∙ c ∙ ρ (1)

where
λ = thermal conductivity (in W/m · K);
c = specific heat (in J/kg · K);
a = temperature conductivity (in m2/s);
ρ = density (in kg/m3).

The thermal characteristics are not directly de-
pendent on temperature, as with a variance of 
temperature, physicochemical changes occur 
and thus initiate the change of thermal charac-
teristics.

Thermal conductivity λ
Thermal conductivity is the transition of heat 
from warmer heat sources to cooler ones. In 
hydrothermal deposits, heat transition occurs 
through convection in fluids (physical heat 
transfer in fluids) and conduction in rocks 
(physical heat transfer in solid substances, e.g. 
because of radiation).
Thermal conductivity is determined experi-
mentally in laboratories and in the field, but it 
can be calculated too, as follows:
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geothermal energy reserves. In hydrothermal 
deposits, the rocks are saturated with water; 
thus, the following relation is derived:

(cρ)L = (cρ)w · F + (cρ)m · (1 – F) (in J/m3 · K) (6)

Volume-specific heat capacity (cρ)w is affect-
ed by the water density (dependent on min-
eralization and ranging between 1000 and 
1400 kg/m3) and temperature. The range of the 
term “(cρ)m” depends on rock density.

Temperature conductivity or diffusivity (a)
Diffusivity is characterized by the rate of tem-
perature equalization under nonstationary 
heat conduction and is represented as follows:

 

𝑎𝑎 = 𝜆𝜆
𝑐𝑐𝜌𝜌 ∙ (in m2/s) (7)

Geothermal gradient (Gt)
The temperature at the Earth’s surface depends 
mostly on the radiation of the sun. On aver-
age, the temperature from a depth of 30 m is 
independent of the sun’s radiation. The mean 
value of the geothermal gradient for Europe is 
0.03 °C/m, but in Slovenia, the newest research 
results show the value of geothermal gradient 
as approximately 0.06 °C/m. 

𝐺𝐺𝑡𝑡 =
𝑇𝑇 − 𝑇𝑇0
𝐻𝐻 = 𝑞𝑞

𝜆𝜆  (8)

where
T = temperature measured at specific depth (K);
T0 = average mean ground temperature for NE 
Slovenia (11.6°C);
H = depth of temperature measurement (m).

The geothermal gradient is directly proportion-
al to the heat flux but inversely proportional to 
heat conduction, which changes with depth as 

Figure 1: Field determination of temperature gradient.
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the rock density changes too. Temperature in-
crease in NE Slovenia can be described by the 
following equation:

 

𝑇𝑇𝑁𝑁𝑁𝑁 = 576 ∙ 𝐻𝐻3.86

[1.09 ∙ (𝑒𝑒−0.81𝐻𝐻 − 1) + 2.72 ∙ 𝐻𝐻]2.86 + 11.6  (9)

Based on the geothermal gradient, the projec-
tions for the prospect of use of a single area for 
geothermal energy are made [8].

Amount of geothermal water that can be 
produced at constant temperature
Production time at constant temperature rep-
resents the relation between production re-
serves and well output or well yield:

 

𝜏𝜏𝑐𝑐 =
𝐴𝐴 ∙ ℎ ∙ (𝑐𝑐𝜌𝜌)𝐿𝐿
𝑊𝑊𝑝𝑝 ∙ (𝑐𝑐𝜌𝜌)𝑤𝑤

  (years) (10)

where Wpc = ∆W· τc. The total amount of the 
produced geothermal water is calculated as fol-
lows: 

𝑊𝑊𝑝𝑝𝑐𝑐 =
𝐴𝐴 ∙ ℎ ∙ (𝑐𝑐𝜌𝜌)𝐿𝐿

(𝑐𝑐𝜌𝜌)𝑤𝑤
  (in m3) (11)

A = flow area of the deposit (in m2);
h = flow height of the deposit (in m);
(cρ)w = volume-specific heat capacity of water 
(in J/m3 · K);
(cρ)L = volume-specific heat capacity of the de-
posit (in J/m3 · K);
Wpc = annual geothermal water production 
(in m3/year); 

𝜏𝜏𝑐𝑐 ≥
𝐴𝐴 ∙ ℎ ∙ (𝑐𝑐𝜌𝜌)𝐿𝐿
𝑞𝑞𝑊𝑊 ∙ (𝑐𝑐𝜌𝜌)𝑤𝑤

  (12)

qw = projected production of geothermal water 
(in m3/day).

Figure 2: Temperatures at 2000 m depth.
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Results and discussion

We are interested in how long the water will 
retain the constant temperature without any 
impact of the cold return water inflow (random 
data) [4–7]:
VL = flow volume of the deposit (80000000 m3);
qW = projected extraction amount of geothermal 
water (7000 m3/day);
F = porosity of the productive strata (16%);
cm = specific heat of the massif 882.2 J/kg · K, 
and density 2700 kg/m3;
cw = specific heat of water, which is defined as 
follows:
specific heat of water, at hydrostatic pressure of 
water 247 bars and temperature 175°C, equals 
4271 J/kg · K, but as CO2 (26 m3/m3) is present 

in the water, the value should be reduced for 
~5% and also equals 4058 J/kg · K.
ρw = water density in the deposit (923.6 kg/m3)
Volume-specific heat capacity of water is de-
rived as follows:

(cρ)w = 4058 × 923.6 = 3.748 × 106 J/m3 K.

Volume-specific heat capacity of the deposit is 
derived as follows:

(cρ)L = (cρ)w · F + (cρ)m · (1 – F) = 3.748 × 106 × 
0.16 + 882.2 × 2700 × (1 – 0.16);

(cρ)L = 2.60 × 106 J/m3 K.

Figure 3: Interdependency of temperature and porosity in NE Slovenia.
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Exploitation of the water with constant tem-
perature from the deposit can last for the fol-
lowing duration: 

𝜏𝜏𝑐𝑐 ≥ 𝐴𝐴 ∙ ℎ ∙ (𝑐𝑐𝜌𝜌)𝐿𝐿
𝑞𝑞𝑊𝑊 ∙ (𝑐𝑐𝜌𝜌)𝑤𝑤

= 68000000 × 2.6 × 106 
7000 × 3.748 × 106 = 

= 6739 days ≈ 19 years.

After the period of 19 years, the water tempera-
ture will start to decrease because of colder 
return water inflow from the reinjection well. 
This finding stands in case the geothermal wa-
ter is exploited for production of electrical en-
ergy and the reinjection well is not sufficiently 
far away from the production well.

Conclusions

Geothermal energy belongs among renew-
able energy resources. Geothermal energy is 
widely used for the heating of residential and 
other buildings, as well as for electrical en-
ergy production. In NE Slovenia, we have the 
largest potential for exploitation of geother-
mal energy. Exploitation of geothermal ener-

gy in NE Slovenia is already causing problems 
due to excessive production from geothermal 
aquifers. Water table drawdown is observed in 
aquifers, meaning that not enough used water 
is returned back into the aquifer. Calculations 
present information on the potential geother-
mal water reserves that are not affected by the 
cold return water inflow from reinjection wells 
after a certain period of production time. The 
calculations apply for continuous production of 
geothermal water from the aquifer without sig-
nificant pumping breaks.
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Review paper 

Abstract
Stochastic, especially simulation, occasionally could be 
found in different geological calculations, mostly as the 
most advanced mapping method. Its main attribute is 
description of uncertainties that are inherent not only 
to any geological mapping dataset but also to any vol-
umetric or probability calculation. Here are presented 
uncertainties in all three cases – mapping, volume cal-
culation and probability calculation – and reasons why 
and when to use stochastic in them. The stochastic, 
and consequently simulation, is a recommended tool 
in case of a low number of data (<15 inputs) or large 
dataset (>40 inputs), but in both cases, the descriptive 
statistics needs to be known and is reliable. Almost the 
same could be applied in volumetric calculation, but 
the success of stochastic in probability calculation de-
pends on large datasets, with 15 or more inputs.

Key words: simulations, number of input data, stocha-
stic mapping, volume calculation, probability, Croatia
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Izvleček
Stohastiko, zlasti simulacije, lahko občasno najdemo 
pri različnih računih, zlasti pri najsodobnejših metodah 
kartiranja. Njihova poglavitna značilnost je opisovanje 
negotovosti, ki so lastne sleherni zbirki podatkov geolo-
škega kartiranja, pa tudi slehernemu volumetrijskemu 
ali verjetnostnemu računanju. Tu predstavljamo nego-
tovosti v vseh teh treh primerih – pri kartiranju, računu 
prostornin in računu verjetnosti, ter načine, čemu in 
kdaj uporabljati pri tem stohastiko. Stohastični pristop 
in posledično simulacijo je priporočljivo uporablja-
ti v primeru majhnega števila podatkov (manj od 15) 
ali velike datoteke (nad 40 inputov), vendar mora biti 
v obeh primerih opisna statistika znana in zanesljiva. 
Skoraj isto velja tudi za volumetrijo, medtem ko lahko 
uporabljamo stohastiko v računu verjetnosti ugodnega 
izida samo v primeru večjih datotek s 15 inputi ali več.

Ključne besede: simulacije, število podatkov, stohasti-
ka, kartiranje, računanje prostornine, verjetnost, Hrva-
ška
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bution, naturally or after transformation. Ex-
amples of such variables are porosity, depth, 
thickness or permeability.
There are several subsurface structures in the 
Croatian part of the Pannonian Basin System an-
alysed by stochastic methods. The Kloštar struc-
ture (and hydrocarbon field) is the most Croa-
tian geological structure analysed by stochastic 
geostatistical algorithms till now. An example 
of how to apply SGS in subsurface mapping of 
porosity, depth and thickness can be given as a 
set of maps taken from Zelenika and Malvić [5]. 
The data were collected from a reservoir of 
Lower Pontian age in the Kloštar field, locat-
ed in the western part of the Sava Depression. 
Simulation used present-day depth, thickness, 
and locations of areas with higher porosity to 
successfully reconstruct [5] paleo-depositional 
environments and the distribution of different 
lithotypes of turbidites (Figure 1).
However, sequential indicator simulation (SIS) 
is more specific and used only when mapping 
is based on cut-off (threshold) values defined 
for the selected variable. Such an application is 
most often used in lithofacies mapping, when 
cut-off selected for porosity or thickness, di-
rectly or indirectly, indicates lateral changes in 
lithofacies. Such lateral changes are one of the 
main properties of turbidite arenite lithofacies 
in Neogene, Croatian part of the Pannonian Ba-
sin System, developed due to paleotopography, 
current directions and different lateral densities 
of turbidite. As results in all Croatian hydrocar-
bon fields reservoir sandstones laterally gradu-
ally are changed into marly sandstones, sandy 
marls, clayey marls and, eventually, marls.
One of indicator applications in the Croatian 
Pannonian Basin System (CPBS) Neogene litho-
stratigraphic units had been published for Low-
er Pontian, the Kloštar Ivanić Formation in the 
Klošar Field (Figures 2 and 3). Porosity and 
thickness had been mapped using the mapping 
indicators and interpreted regarding probabili-
ty to reach at least the selected porosity value. 
Resulting maps indicated depositional channel 
of sandstone, transitional lithofacies to marls, 
transport direction of turbidites and role of re-
gional fault [6,7].

Introduction

Stochastic simulation or Gaussian simulation 
(sequential or indicator) is a special geosta-
tistical method based on different algorithms 
compared to deterministic interpolation meth-
ods such as Kriging and Cokriging [1–3]. Dif-
ferences are a result of extensions introduced 
in the Kriging algorithm that can have advan-
tages or disadvantages, due to introduction of 
uncertainties in estimations. Consequently, the 
selection between Kriging- and Gaussian simu-
lation-based algorithms is very important and 
asks for experienced professionals [4].
The most common property of simulation is 
calculation of numerous realisations (values) 
for each cell in grid (excluded are hard data 
in conditional ones). The requirement is input 
dataset characterised using normal distribu-
tion. The total set of realisations is character-
ised with uncertainties, derived from the size 
of dataset, variogram model and measurement 
errors. As input dataset, such an error is also 
characterised using normal distribution.
The simulation obviously calculates an enor-
mous number of new grid values (103 times 
larger than the input dataset). Sometimes, it is 
used for artificially increasing of dataset, com-
bining simulated and input values. As a conse-
quence, descriptive statistics and histogram for 
analysed data can be easily and clearly calcu-
lated. In the grid of 50 × 50 cells, in 100 real-
isations, totally 250000 values are calculated. 
Hence, the input dataset of usually 10–20 hard 
data is enlarged in the scale of 104. Moreover, 
numerous realisations give as outcomes of nu-
merous maps. All of them are equally probable, 
and some of them can be selected as “represen-
tative”, but always at least three. Such a selec-
tion is done based on the order of calculation, 
random sampling, calculation of total map cells’ 
values, etc., but selection always needs to be 
unbiased. On contrary, if intention is given only 
to single map as an outcome, then Kriging or 
Cokriging methods are chosen as algorithms 
made just for such a purpose.
Simulations could be conditional and (rarely) 
unconditional and also Gaussian and (rarely) 
indicator. The sequential Gaussian simulation 
(SGS) could be applied to almost all geological 
variables characterised using Gaussian distri-
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Basics of stochastic simulation 
algorithm

The basic condition for performing SGS is (ap-
proximately) normal or Gaussian distribution 
of input data. Transformation into normality, if 
possible, is also allowed. Normal distribution is 
characterised using statistical properties such 
as expectation and standard deviation (m and σ2, 
respectively), which are basic conditions for 
calculation of uncertainty range in cells and for 
estimation of errors.

Figure 1: The first (left) and 100th (right) SGS realisation for porosity. The selection is based on the simple order of calculation. 
Taken from [5].

Figure 2: Direction of material transport during Lower Pontian, Kloštar Structure. Probability maps for porosity >19% (left) and 
>20% (right). Red indicates fault, and black dot indicates well. Taken from [7].

Figure 3: Direction of material transport during Lower 
Pontian, Kloštar Structure. Probability maps for 
thickness >13 m. Red indicates fault, and black dot 
indicates well. Taken from [5,7].
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Properties of input data, type of simulation 
and zero realisation
All data represented with point values are, so-
called, “hard data”, which means that they are 
always constant in space whatever outcome is 
presented. Consequently, such constants value-
in-place in simulation define it as “conditional 
simulation”, where are hard-data un-change-
able across the plane or space. It means that 
inputs will not change whenever simulation al-
gorithm is applied. In addition, there is another 
type of SGS called “unconditional simulation”. 
“Unconditional” means that input data are not 
treated as constants. It is a valid view because 
each grid is defined with numerous cells. Al-
most always each cell includes one or zero hard 
data. However, hard data are considered also as 
point data, i.e. infinity small point, compared 
with cells that in the 2D area are always much 
larger than single point. As a consequence, the 
so-called “hard-data” if moved through the cell 
area could easily change value. Consequently, it 
is why they cannot be considered as constants. 
Eventually, it is allowed to simulate new value 
into cells with “hard data”.
Whatever type is chosen, any simulation is 
based on the variogram model and Kriging in-
terpolation.
The single Kriging map represents determinis-
tic solution for input dataset and is called “zero 
(or Kriging) realisation”. Such a realisation has 
known mean value (expectation), standard de-
viation (m, σ2), Kriging variance (σK) and interval 
margins of simulated values (±3σ around m, i.e. 
probability of 99% to include all possibilities). 
Using this realisation, it is possible to perform 
required number of subsequent realisations for 
each simulated cell in the grid. As basic Kriging 
algorithm is very often used, Ordinary Kriging 
technique (Equation 1, taken from [3]), which is 
used in the Croatian geological mapping, is the 
most commonly used Kriging technique until 
now (e.g. [8]).

   (1)

Simulation
Normalised data, sometimes after transforma-
tion, with known N(m, σ) are used to simulate 
values into grid cells. Simulation is based on, so 
called, two methods of introducing “random-
ness”, which makes the entire process unbiased 
and repeatable (i.e. sequential).
The first randomness method is selection of es-
timated (simulated) cells inside the grid. When 
cells are selected, the value is calculated using 
Kriging (or Cokriging) on hard data. Previously 
estimated cells in each consequent selection are 
considered as new “hard data”, using the same 
variogram model as in the first simulation, but 
repeat the “zero realisation”. Hence, each esti-
mated cell is characterised with a new value 
and also with an uncertainty interval, wide ±3σ 
around expectation in that cell. Eventually, en-
tire realisation has its own variance calculation 
from “zero realization”. It is also known as Krig-
ing variance.
The second randomness method, i.e. introduc-
tion of stochastic into simulation for the second 
time, includes cell value estimation and is de-
pended on interval ±3σ, different for each cell. 
Random selection of any value from this inter-
val represents the final cell value in this reali-
sation. Each cell is also characterised using its 
own probability distribution function (PDF). 
This is why it is possible to calculate almost in-
finite number of equally probable realisations 
in one simulation.

Calculation of numerous realisations
Obviously, it is possible to calculate numerous 
realisations, which all have the same cell val-
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ues only in hard data locations. Of course, it is 
valid only if conditional simulation has been 
performed, which is the most common case in 
geological mapping. However, the main task is 
always selection of the most appropriate real-
isations, regarding researching goal, graphical 
looks and, sometimes, cross-validation. The 
main purpose of simulation is presentation of 
numerous possible solutions, but obviously 
dozens or hundreds of maps are impossible to 
present as a single outcome. Hence, there are 
several quick steps to check how reliable sim-
ulation results are and which number of real-
isation could be appropriate. It is summarised 
in Table 1.
There is a general opinion that 100 realisations 
in simulation represents a large enough num-
ber of solutions that stochastic is representa-
tive for quality input dataset. Such a large set 
of realisations need to be post-processed to 
reach several realisations that are the most 
common characteristic for analytical purpose 
and simulated space. Such selection techniques 
are called ranking. The ranked variable is usu-
ally cumulative summation of all cells in the 
observed realisation. For example, if porosity 
had been mapped in some layer or unit, all cell 
values in one realisation can be summed and 
give total porosity for the entire realisation. If 
there are 100 realisations, such summation can 
be repeated 100 times, one for each realisation. 
Eventually, an entire set of 100 realisations can 
be ranked from the lowest total porosity per re-
alisation (P0), through the median realisation 

(P50), to the highest ranked realisation (P100). 
“P” value defines how many realisations have 
lesser total score than the observed one, i.e. for 
the P0, there is 0% of lesser solutions, and for 
the P100, there is 100% realisations with a low 
total value.
However, such a method of ranking is not al-
ways possible to perform, because summation 
of cells across realisation would not result in 
a meaningful value. In such cases, especially 
when only a small number of realisations are 
performed (e.g. Table 1, the right-end column), 
some pure statistical techniques could be used. 
Selection of only the first and last realisations 
in sequence or each nth realisation or any num-
ber of realisations by the “random seed num-
ber” algorithm is allowed. Such a selection is 
usually applied when simulation includes only 
a small number of realisations (5 or 10), made 
from small datasets with the purpose of getting 
quick visual insight into areas with the largest 
uncertainties.
To summarise, each new realisation needs to 
fulfil two conditions: (a) order or simulated 
cells is defined completely randomly, i.e. “ran-
dom seed number generator” is applied and (b) 
consequently, number of “hard data” values in-
side variogram ellipsoid does not need be equal 
in the same cell and different realisations.

Table 1: Qualitative estimation of simulation reliability and recommended number of realisations.

Completely fulfilled Partially fulfilled Rarely (irregularly) 
or not at all fulfilled

Could variable be 
characterised with normal 

distribution?
Mostly (like porosity)

Sometimes (after 
transformation, like 

permeability)

Not sure; test is 
needed (variables like 

depth or thickness)

Could variable be ranked 
by map values?

Always (any realisation 
can be ranked 

according to their 
cumulative value)

- -

Which number of 
realisations represent 

real spatial uncertainties’ 
characteristic to data?

100 or more realisations 
could be calculated

10–99 realisations 
could be calculated

Less than 
10 realisations could 
be calculated (only 

quick insight)
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Stochastic derived from deterministic 
models

Stochastic and deterministic models are close-
ly connected. In fact, any deterministic model, 
map or equitation, is an accepted approxima-
tion of input dataset, characterised with “artifi-
cial certainty”. Geological deterministic models 
could be different, but mathematically, they are 
often purely numerical, such as calculation of 
probability of success (POS; e.g. [9–11]), volu-
metric calculation of structure (e.g. [12]) and 
graphical outcome like different deterministic 
maps (e.g. [13]). The last one is described in the 
previous chapter, and in the following are given 
models of probability and volumetric calcula-
tions.

Stochastic in geological risk or probability of 
success calculation
Deterministic models are just approximation 
of stochastic systems, where the variable prop-
erties are geologically and statistically known. 
However, increase in data always partially 
changes deterministic solution, like maps or 
statistics. It was proven, e.g. in the calculation of 
POS that a well-known deterministic model can 
be used for hydrocarbon discovery in plays and 
prospects in the Croatian offshore [11] or the 
CPBS [9]. Even such numerically simple multi-
plication could be partially described and mod-
ified with inclusion of stochastic (e.g. [14,15]).
This is why because calculation of such values 
can be a significant uncertainty process, even 
if it is applied in geological areas covered with 
published probability tables for geological 
categories such as existence of trap, reservoir, 
source rocks, effective migration of fluids and 
preservation of hydrocarbons in reservoir. Con-
sequently, Equation 1 is used:

POS = p(t) x p(r) x p(s) x p(m) x p(p). (1)

Here, POS is the geological probability, p(t) the 
probability for trap existence, p(r) the reser-
voir existence, p(s) the source rock existence, 
p(m)  the probability for effective migration 
and p(p) the probability that hydrocarbons are 
preserved.

Although raised in hydrocarbon geology, this 
methodology is easily modified in other geo-
logical disciplines, like storage of CO2 in the 
subsurface [16]. However, it was proven [15] 
that at least three (sub)categories could be 
represented by stochastic simulation. Porosi-
ty subcategory maps make possible to directly 
calculate values such as minimum, median and 
maximum realisations. Hydrocarbon shows and 
quality of cap rocks are descriptive variables, 
but often they can be expressed as percentage. 
Hence, descriptive variables can be transferred 
into indicators or real number. For example, de-
tection of new gas in the layer can be observed 
if concentration is >10% (indicator 0 or 1). 
The measured value of 15% can indicate that 
seal rocks are not completely impermeable, i.e. 
probability of sealing is 0.75. Such a probabili-
ty can be lowered for any critical value of new 
gas (like 40% is 0.50, 60% is 0.25, 80% is 0.05), 
which is determined experimentally in-site or 
in laboratory. This showed that several (sub)
categories in POS calculation can be described 
with several possible values, which is stochastic 
definition of an event.

Stochastic in numerical integration of 
structures
Stochastic is a property of numerical calculation 
of volumes of geological structures. This is the 
most often used method for calculation of (sub)
surface structures. It is based on 2D approx-
imation of 3D space. An object with volume V 
whose boundaries extend from x = a to x = b is 
defined by the definite integral (Equation 2) as 
follows:

𝑉𝑉 = ∫ 𝐴𝐴(𝑥𝑥)𝑑𝑑𝑥𝑥
𝑏𝑏

𝑎𝑎
          (2). . (2)

The area A(x) of the section made by a plane 
parallel to the YZ plane has to be known at ev-
ery point. In practice, the integrand A is defined 
by the table of values of the definite integral. It 
can be obtained by several formulas, including 
the areas (isopachs) measured by the mechani-
cal device called planimeter. Two such formulas 
are the most often used in geology –trapezoidal 
and Simpson’s rule (e.g. [17–19,12]).
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Trapezoidal rule derived name from the first 
approximation where any integral is represent-
ed along a straight line, which then with the in-
terval [a,b] forms the trapezium (Figure 4a).
Trapezoidal shape is derived from the first ap-
proximation, i.e. straight line, which then with 
interval [a,b] and axis X forms the trapezium. 
Hence, the general approximation of trapezoi-
dal formula (Equation 3) depends on a number 
of segments (Figure 4b):

∫ 𝑓𝑓(𝑥𝑥)𝑑𝑑𝑥𝑥 = ∑ ∫ 𝑓𝑓(𝑥𝑥)𝑑𝑑𝑥𝑥
𝑥𝑥𝑖𝑖

𝑥𝑥𝑖𝑖−1

𝑛𝑛

𝑖𝑖=1

𝑏𝑏

𝑎𝑎
≈ 1

2 ∑(𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑖𝑖−1

𝑛𝑛

𝑖𝑖=1
)[𝑓𝑓(𝑥𝑥𝑖𝑖−1) + 𝑓𝑓(𝑥𝑥𝑖𝑖)]         

 ∫ 𝑓𝑓(𝑥𝑥)𝑑𝑑𝑥𝑥 = ∑ ∫ 𝑓𝑓(𝑥𝑥)𝑑𝑑𝑥𝑥
𝑥𝑥𝑖𝑖

𝑥𝑥𝑖𝑖−1

𝑛𝑛

𝑖𝑖=1

𝑏𝑏

𝑎𝑎
≈ 1

2 ∑(𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑖𝑖−1

𝑛𝑛

𝑖𝑖=1
)[𝑓𝑓(𝑥𝑥𝑖𝑖−1) + 𝑓𝑓(𝑥𝑥𝑖𝑖)]          (3)

 ∫ 𝑓𝑓(𝑥𝑥)𝑑𝑑𝑥𝑥 = ∑ ∫ 𝑓𝑓(𝑥𝑥)𝑑𝑑𝑥𝑥
𝑥𝑥𝑖𝑖

𝑥𝑥𝑖𝑖−1

𝑛𝑛

𝑖𝑖=1

𝑏𝑏

𝑎𝑎
≈ 1

2 ∑(𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑖𝑖−1

𝑛𝑛

𝑖𝑖=1
)[𝑓𝑓(𝑥𝑥𝑖𝑖−1) + 𝑓𝑓(𝑥𝑥𝑖𝑖)]         .

This is valid for any number of equally dis-
tanced subintervals, i.e. sections or isopachs 
(i.e. subintervals+1), which have uniform parti-
tion a = x0 < x1 < ... < xn-1 < xn = b, i.e. subinterval 

ℎ = 𝑏𝑏 − 𝑎𝑎
𝑛𝑛  . For example, such a formula for 

5 sections (or 4 subintervals) would be as 
(Equation 4) follows:

𝑉𝑉𝑇𝑇 = ℎ
2 (𝑎𝑎0 + 2𝑎𝑎1 + 2𝑎𝑎2 + 2𝑎𝑎3 + 𝑎𝑎4)        (4)

Simpson’s rule is based on integral ∫ 𝑓𝑓(𝑥𝑥)𝑑𝑑𝑥𝑥
𝑏𝑏

𝑎𝑎
  

using approximation of y = f(x) by a parabola 
(Figure 5a), i.e. polynomial of second degree 
that passes through the points (a, f(a)), (b,f(b)), 

(c,f(c)), where 𝑐𝑐 = 1
2 (𝑎𝑎 + 𝑏𝑏) . The final equation 

(Figure 5b) is the following:

∫ 𝑓𝑓(𝑥𝑥)𝑑𝑑𝑥𝑥
𝑏𝑏

𝑎𝑎
≈ ℎ

3 [𝑓𝑓(𝑎𝑎) + 𝑓𝑓(𝑏𝑏) + 2 ∑ 𝑓𝑓(𝑥𝑥2𝑖𝑖)
𝑛𝑛−1

𝑖𝑖=1
+ 4 ∑ 𝑓𝑓(𝑥𝑥2𝑖𝑖−1)

𝑛𝑛

𝑖𝑖=1
]  

 ∫ 𝑓𝑓(𝑥𝑥)𝑑𝑑𝑥𝑥
𝑏𝑏

𝑎𝑎
≈ ℎ

3 [𝑓𝑓(𝑎𝑎) + 𝑓𝑓(𝑏𝑏) + 2 ∑ 𝑓𝑓(𝑥𝑥2𝑖𝑖)
𝑛𝑛−1

𝑖𝑖=1
+ 4 ∑ 𝑓𝑓(𝑥𝑥2𝑖𝑖−1)

𝑛𝑛

𝑖𝑖=1
]  . 

(5)

In practice, again for 5 sections (or 4 subinter-
vals), such a formula becomes as given in the 
following:

𝑉𝑉𝑆𝑆 =
ℎ
3 (𝑎𝑎0 + 4𝑎𝑎1 + 2𝑎𝑎2 + 4𝑎𝑎3 + 𝑎𝑎4) . (6)

Application of these rules is not unique, but 
some strong recommendations are raised from 
experience. The Simpson’s rule starts approx-
imation with a higher polynomial (2nd order 
vs. 1st order in trapezium), and the approxima-
tion, with numerous sections, is always better. 
However, there is not strong definition of “nu-

Figure 4: The trapezoidal rule with one (a) and five (b) subintervals  
(taken from http://www. uio.no/studier/emner/matnat/math/MAT-INF 11 0 0/h09ikompendiet/chap1 2.pdf; [12]).



Malvić T.

16

RMZ – M&G | 2018 | Vol. 65 | pp. 009–020

merous sections”. For 5 or less sections, almost 
always simpler trapezoidal rule will lead to 
better results. For more sections, the Simpson’s 
rule has obvious advantages. Moreover, the 
Simpson’s rule has two versions, resulting from 
practice. One version, for paired number of sub-
intervals, has been proven mathematically and 
is given here. However also, there is version for 
even number of subintervals used in Croatian 
reservoir geology practice for decades ([20]). 
If in Equation 7 one more subinterval is added, 
then there will be even number of subintervals 
and the equation will be as follows:

𝑉𝑉𝑆𝑆 =
ℎ
3 (𝑎𝑎0 + 2𝑎𝑎1 + 4𝑎𝑎2 + 2𝑎𝑎3 + 4𝑎𝑎4 + 2𝑎𝑎5) 

 𝑉𝑉𝑆𝑆 =
ℎ
3 (𝑎𝑎0 + 2𝑎𝑎1 + 4𝑎𝑎2 + 2𝑎𝑎3 + 4𝑎𝑎4 + 2𝑎𝑎5) . 

(7)

Discussion, recommendations and 
conclusions

Stochastic and deterministic models are close-
ly entangled. In fact, any deterministic model, 
map or equitation, is only an accepted approxi-
mation of natural input dataset or “artificial cer-
tainty”. Geological deterministic models could 
be different, but mathematically, they could be 
divided into (a) purely numerical, like calcula-
tion of probability of success or volumetric cal-
culation of geological structure or (b) graphical 
outcome like different deterministic maps.

Regarding mapping, SIS is probably the most 
advanced simulation technique that uses orig-
inal and indicator data for variogram calcula-
tion and mapping. Moreover, if Gaussian and 
indicator simulations are compared, indicator 
maps sometimes represent more uniform dis-
tribution, i.e. differences among realisations 
are not so large as in Gaussian ones (e.g. [5]). 
It is a result of variance of indicator variables, 
and consequently, indicator simulation gives 
more uniform distribution of cell values. Gen-
erally, if indicators are used, the larger number 
of cut-offs results in larger reduction of in-class 
“noise” [21]. Eventually, the main purpose of 
Gaussian simulation is mapping of real values, 
but the main intention of indicator simulations 
is probability mapping, i.e. mapping assuming 
that some cells will have values larger than 
cut-off. In both cases, it would partially remove 
the so called “bull’s-eye” effect, a very strong 
feature sometimes observed in deterministic 
maps. Removal could be even stronger if indi-
cators are used.
Stochastic is an inherent property that is also 
used for other calculations in numerical geolo-
gy, such as probability of success and volumet-
ric calculation, which are previously described. 
Introduction of stochastic in such calculations 
gives some degree of freedom in selection of 
categories or fine-tuning of geological models. 
Consequently, if stochastic is applied, the algo-
rithms for POS calculation or volumetric cal-
culation need to be theoretically well known. 
Any decision to introduce stochastic (or not) 

Figure 5: The Simpson’s rule with two (a) and six (b) subintervals  
(taken from http://www. uio.no/studier/emner/matnat/math/MAT-INF 11 0 0/h09ikompendiet/chap1 2.pdf; [12]).
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is based on the type of analyses and number of 
data (Figure 6).
As general recommendation, when to apply sto-
chastic could be outlined (Figure 6) here:
1. The strongest criterion is number of input 

data. Although each dataset includes un-
certainties, they are the highest in smaller 
datasets. On contrary, in large datasets, such 
uncertainties could be easily and precisely 
calculated.

2. Consequently, it means that in “medi-
um-sized” datasets, stochastic could be de-
scribed, but it does not play an important 
role in the analytical procedure. Such “medi-
um-sized” datasets are still too small that un-

certainties cannot be precisely numerically 
calculated (almost as constant) and too large 
that the representative statistics cannot be 
calculated.

3. This is why stochastic is recommended 
for “small” datasets with <15 inputs or for 
“large” ones with >40 points.

4. The calculation of probability of success for 
any geological category deviates from such 
recommendations, because it is purely a nu-
merical method, where for <15 points, the 
porosity cannot be stochastically mapped, as 
well as other subcategories cannot be reli-
ably estimated with several solutions.

Figure 6: Decision tree for introducing stochastic in geological mapping and numerical calculations, based on the type of 
method and number of input data



Malvić T.

18

RMZ – M&G | 2018 | Vol. 65 | pp. 009–020

General recommendation for any kind of in-
put dataset, regarding each of three analysed 
approaches, is clearly summarised in Figure 6, 
which represents “all-purpose” table that could 
be applied in all research that include stochas-
tic in geology.
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Abstract
A geostatistical approach was used to model porosity 
of OBA field in onshore area of Niger Delta using sim-
ulation technique. The objective is to understand the 
spatial distribution of porosity and characterize the de-
gree of heterogeneity of underlying formation. Porosity 
data from twenty-two wells were loaded into SGeMS 
software. Univariate statistical analysis, experimental 
semivariogram and Sequential Gaussian Simulation 
(SGS) were applied on the data. The data was close to 
normal approximation of Gaussian based of the results 
of univariate statistics. However, to construct and mod-
el horizontal and vertical semivariograms, the data was 
log-normalized to reduce the coefficient of variation 
and to get good fit of the model. Parametric semivar-
iogram model shows the range of 72–6480 m, nugget 
effect of 0.006 and sills of 0.0095, 0.0099 and 0.0111. 
Six realizations were generated using SGS algorithm 
and the results suggest that any one of the realizations 
can independently represents the true picture of the 
subsurface geology within the study area. Ranking of 
realizations shows realization 6 as the best and reali-
zation 2 as the lowest. This model could be used as an 
initial condition for simulation of flow.

Key words: geostatistics; stochastic; simulation; poro-
sity; semivariogram
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diagenetic processes. Good prediction of these 
properties is a sine qua non to proper decision 
making, planning and management strategy. 
Therefore, in this study, conditional sequential 
Gaussian simulation (SGS), one of the stochas-
tic methods, is used on porosity data to char-
acterize and measure geological feature with 
uncertainty.

Description and Geology of the 
study area

The Niger Delta is situated at the apex of the 
Gulf of Guinea on the west coast of Africa (Fig-
ure 1A). The ‘OBA’ field is located in the onshore 
area of Niger-delta as seen in Figure 1B.
The clastic wedge of the Niger Delta occurs 
along a failed arm of a triple junction systems 
which was formerly emanated during the 
breakup that occurred between South Ameri-
can and Africa plates. This process happened in 
the late Jurassic [6]. Synrift sediments accumu-
lated during the Cretaceous to Tertiary, with the 
oldest dated sediments of the Albian age. The 
thickest successions of synrift marine and mar-
ginal marine clastics and carbonates were de-
posited in a series of transgressive and regres-
sive phases [5]. The Niger Delta clastic wedge 
prograded into the Gulf of Guinea at increased 
rate that remained steady so as to respond to 
the evolution of these drainage areas and con-
tinuation of basement subsidence. The move-
ment of marine shales of the Akata formation, 
which are deep-seated, over-pressured and 
ductile, within the basin, led to the formation 
of normal faults in the Niger Delta. The Akata 
shale is believed to have deformed the clastic 
wedge of the Niger Delta [5]. Majority of those 
normal faults are syndepositional and pro-
duced at the time of progradation of the Delta. 
The faulting styles produced in the Niger Delta 
are simple rollover structures with clay filled 
channel, growth faults, antithetic fault and col-
lapsed crest (Figure 2).
There are three major lithostratigraphic units 
in the Niger Delta. These are Akata, Agbada and 
Benin formations (Figure 3). Their depositional 
environments include marine, deltaic to fluvial 
environments [8].

Introduction

One of the common problem in earth sciences 
is the delineation of subsurface properties from 
sparse and limited number of wells. Such prob-
lem was addressed early via contouring which 
is simple and gives clue about the trend of the 
variables but the approach is not unique in its 
result [1]. Later on this problem was addressed 
through kriging which is robust, and consid-
ered powerful in estimation of the weight and 
value of the regionalized variable on unsam-
pled locations, and the outcome of this estima-
tions is a deterministic model [1]. However, due 
to the complexity in reservoir properties that 
vary spatially, and sparseness of information, 
it is not logical to assign only one value for re-
gionalized variable to construct unique deter-
ministic model of such variable for extremely 
variable properties. As a result of this situation, 
stochastic representation of regionalized vari-
able is the best, which follows the concept that 
any regionalized variable exists as a random 
variable with specific probability density asso-
ciated to it [2, 3].
Most geological phenomena are extraordinari-
ly complex in their interrelationship and vary 
widely in geographical extension, and exact de-
scription of the geological feature is neither fea-
sible nor economically possible, therefore the 
results are uncertain in most cases. Such geo-
logical feature can be described by stochastic 
models that give different possible values of re-
alizations with acceptable measurement of er-
ror. A simulation method is more sophisticated 
than a kriging process in that that it allows the 
user not only to specify statistical anisotropy in 
terms of semivariogram parameters as kriging 
does, but also to model heterogeneity by add-
ing a random factor. Honoring spatial distribu-
tion and real value of the measured location is 
corner stone in reducing risk and uncertainty, 
and therefore stochastic simulation is the best 
approach to address such cases. With stochastic 
simulation, the geoscientist is better positioned 
to evaluate which geological information is rel-
evant [4]. The ability to understand and predict 
the possible spatial distribution of a property 
with uncertainty is critical for understanding 
geological heterogeneity such as grain size, li-
thology, texture, porosity, permeability, and 
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The thickness of Akata formation is about 
6,400 m at the centre of the clastic wedge. The 
lithology of the formation are dark gray shales 
and silts with streaks of sand (having origin tur-

bidite flow). The age of this Akata is from Pa-
leocene to Recent. It grades vertically into the 
overlying Agbada formation [5].

Figure 1: (A) Location of Niger Delta (B) Location of OBA field (modified from [5]).

Figure 2: Niger Delta oil field structures and their associated traps [7].
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Agbada Formation is about 3960 m thick having 
intercalations of sand and shale. These sands 
and shales are formed in fluvial-deltaic envi-
ronment. The age of Agbada Formation ranges 
from Eocene to Pleistocene.
Benin Formation is on the top of the clastic 
wedge of Niger Delta. The top of this formation 
is made up of the recent subaerially-exposed 
delta top surface. The shallow part of this for-
mation consist of non-marine sands deposited 
in either upper coastal plain or alluvial deposi-
tional environments [5]. The age is from Oligo-
cene to Recent [9]. 
The main oil reservoir in the Niger Delta is the 
Agbada Formation [5]. The source rock in the 
Niger Delta is the marine shale of Akata Forma-
tion and/or marine interbedded shale of the 
Agbada Formation [5, 11]. The primary seal 
rocks are the interbedded shale of the Agbada 
Formation. However, the Agbada Formation 
while suitable for petroleum accumulation, is 
too deep to be relevant to groundwater stor-
age. There arises therefore the major difference 
between the region where the petroleum geol-

ogist is prospecting for oil, that is, the Agbada 
Formation, and that, where the hydrogeologist 
I searching for water – the Benin Formation, in 
the Niger Delta.

Materials and Methodology

The data consists of about 2396 porosity mea-
surements from 22 wells distributed in the 
southwest (SW)-northeast (NE) direction in 
the area. Sampling was done based on the flow 
direction of the aquifer in the area. The spacing 
between the well is irregular (Figure 4). Poros-
ity varies between 0.10 and 0.30. The porosity 
data was estimated from sonic logs using equa-
tion 1. The depth of the wells varies from 120 
to 500 m and penetrated the Benin Formation

∅ =  ∆𝑡𝑡 −  ∆𝑡𝑡𝑚𝑚𝑚𝑚
∆𝑡𝑡𝑓𝑓 − ∆𝑡𝑡𝑚𝑚𝑚𝑚

 … … … . . (1)    (1)

where: ∅ is the porosity, ∆t is the zone transient 
time (µs/ft), ∆tf is the transient time of fluid 
(189 µs/ft for water), ∆tma is the average time of 
sandstone formation (52.6 µs/ft).

The data format was changed from excel format 
to ASCII format and loaded to Minitab 17 well 
by well to generate various graphical displays 
of the data [12]. These graphs include histo-
gram, probability density function and cumula-

Figure 3: Stratigraphic column showing Formations in the 
Niger Delta [10].

Figure 4: Base map showing well locations.
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tive density function. Minitab 17 software was 
also used to compute statistics summary and 
perform normality tests. Golden Surfer 9 was 
used to develop base map of the wells in the 
study area.
Descriptive statistics was used to interpret 
different graph categories and to compare re-
sults. Then the data was displayed as box plot to 
check for possible outliers. Our data was found 
to be approximately close to Gaussian approxi-
mation of normal distribution. Semivariogram 
plots were generated by calculating variogram 
at different lags and azimuths using SGeMS 
software. Then experimental semivariograms 
were fitted with theoretical model (spherical 
model). Parameters derived from fitted model 
were used to identify anisotropy and structural 
interpretation. 
The study area was then gridded, and parame-
ters from semivariogram were used to krige the 
study area. Afterward the SGS algorithm was 
applied on the data. This algorithm simulates 
nodes on a grid in random sequence by first 
estimating the value at the selected node by 
kriging with a local neighborhood of condition-
ing data, and then adding a random component 
from a normal distribution with zero mean and 
the kriging standard deviation. After simula-
tion, values are added to the conditioning set 
for use in simulating additional nodes. 

Results and Discussion

Descriptive Statistics
The statistical results of the wells show that the 
porosity distribution ranges from 0.10–0.30 
with a mean of 0.25. This porosity range is typ-
ical of sand/sandstone or shale. However, the 
mean value indicates that it could represent 
all the data i.e. normally distributed porosity is 
equal to the mean or higher than mean. Anal-
ysis of quartiles for the porosity indicates that 
25 % of the porosity data falls below 0.24 and 
75 % falls below 0.30. The coefficient of vari-
ation (CV), standard deviation and variance of 
the porosity are 0.21, 0.06 and 0.00349 respec-
tively. Coefficients of kurtosis and skewness for 
the wells are -0.33 and -0.27 respectively. The 
value of coefficient of kurtosis indicate that the 
porosity distribution is platykurtic in shape 

having flat top which results from large vari-
ations within observations. This means that 
most of the porosity values are less clustered 
around the mean with a fairly layout uniform of 
data. This may indicate local variation in terms 
of geology which may be as a result of faulting/
fracturing in the area [3]. 
Figure 5a shows the Cumulative Distribution 
Function (CDF) and Probability Density Func-
tion (PDF) for the wells. The CDF and PDF re-
veal normally distributed porosity data. Fig-
ure 5b shows the outliers tests performed on 
the wells while Figure 5c shows the graphical 
display of two normality tests for the wells. It 
was revealed from these tests that the porosi-
ty is normally distributed with a very minute 
outliers. The outlier porosity values were fil-
tered out.

Figure 5a: CDF and PDF of wells in the study area.
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Experimental Semivariogram
Semivariogram of the data shows structural 
variability and continuity at major direction 
azimuth 45, minor direction azimuth 135, and 
vertical direction with range of 6480, 1750 and 
72 m respectively (Figure 6a-c; Table 1). Based 
on these range of values, the porosity in the 
study area exhibits anisotropic geometry in all 
directions. Also, the structural variances (C) of 
the horizontal direction (0.0039 and 0.0051) 
are greater than the vertical direction (0.0035). 
This suggests that porosity in the horizontal 
direction shows more variability than verti-
cal direction because the space between two 
points in the horizontal direction (near 500 m 
or more) is greater than vertical direction (less 
than 30 m). This might indicate change in fa-
cies, intensity in cementation, or secondary 

porosity that could be caused by fracturing in 
horizontal direction. The small nugget value 
shows that there is a small scale variation in the 
subsurface structure that might be a result of 
higher degree of cementation or fracture in the 
subsurface. 
The range and nugget effect imply that the 
length of the spatial autocorrelation is longer 
than the sampling interval of 72 m in vertical di-
rection. Therefore, the sampling design is good 
for this study and it is expected that a good spa-
tial structure will be shown on the interpolated 
map in further study.
The differences in range suggests the ellip-
tic shape of the semivariogram structure. The 
sills of parametric semivariogram model are 
0.0095 in vertical direction and 0.0099 and 
0.0111 in horizontal directions (theoretically 

Figure 5c: Anderson-Darling and Kolmogorov-Smirnov normality tests for the wells.

Figure 5b: Outlier tests for the wells.
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Figure 6a: Experimental and semivariogram model at azimuth 45 (Major direction).

Figure 6b: Experimental and semivariogram model at azimuth 135 (Minor direction).

Figure 6c: Vertical experimental and model semivariogram.
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equal to the variance of the data, [13]. This sug-
gests that the spatial structure exhibits geomet-
rical anisotropy in porosity distribution as seen 
in Figure 6a-c. 
As observed in Table 2, the nugget/sill ratio of 
porosity for all the semivariogram models are 
moderate based on the classification by Wei et 
al., 2007. This suggests that the porosity in the 
study area has a moderate spatial dependence 
and as a result, local variations within the study 
area might be captured. 

Kriging 
The kriging models (Figure 7) show variabili-
ty in porosity distribution both laterally and 
vertically which suggests the heterogeneity of 
underlying features within the study area. It 
also reveals interbedded horizontal layering of 
geologic materials. The kriging variance map 
(Figure 8) shows principally high errors or un-
certainty outside the zone of influence. This 
may be attributed to data quality or lack of data 
outside zone of influence

Table 1: Semivariogram parameters.

Azimuth Nugget Sill Range (m) Nugget/Sill 
ratio (%) Model Type

45  
(Major Direction) 0.006 0.0099 6480 60.6 Spherical

135  
(Minor Direction) 0.006 0.0111 1750 54.1 Spherical

Vertical 0.006 0.0095 72 63.2 Spherical

Table 2: Spatial Dependence of Variables [14].

Nugget/Sill Ratio (%) Inference

<25% Strong Spatial 
Dependence

25%–75% Moderate Spatial 
Dependence

>75% Low Spatial 
Dependence

Figure 7: Kriging map.

Figure 8: Kriging variance.



Geostatistical modeling of porosity data in ‘oba’ field, onshore Niger Delta

29

Simulation Realizations
Figures 9-11 show six realizations generated 
using conditional SGS algorithm. Visual obser-
vation shows that the models are similar in 
terms of variability. The similarity of statistics 
of the models (Table 3) suggests that each of 
the realizations can independently represent 
the true picture of the subsurface geology with-
in the study area. The outputs are set of proba-
bilistic models, which can serve as a measure of 
uncertainty in predicting porosity distribution 
within the study area. 
Generally, they all show variability in poros-
ity distribution both laterally and vertically, 
which suggests the heterogeneity of underly-
ing features within the study area. The statis-
tical summary (Table 3) is very similar in all 
respects. The mean porosity of the six realiza-
tions ranges from 0.24 to 0.25, which is very 
close to the mean of the real data (0.25). The 
coefficient of variation of the models ranges 
from 0.067 to 0.081, while that of the real data 
is 0.081.
Q-Q plot (Figure 12a-f) is a confirmatory test 
for normality of the generated realizations, 
which clearly shows positive slope, and align-
ment of the data along a straight line.
Based on the summary statistics and Q-Q plots 
of the realizations, we ranked the realizations 
(Table 4). Realization 6 among others appears 
most true with less uncertainty to represent 

the subsurface geology of the study area. This 
model could be incorporated in any data anal-
ysis of the field in order to effectively improve 
the prediction of porosity and reduce uncer-
tainty. Also, the porosity model could be used 
as an initial condition for simulation of flow in 
the field.

Figure 9: Realizations 1 and 2.

Figure 11: Realizations 5 and 6.

Figure 10: Realizations 3 and 4.
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Table 3: Statistics summary of realizations 

Realization 
No Maximum Median Minimum Mean Standard 

deviation CV Variance

1 0.28 0.24 0.22 0.25 0.041 0.0739 0.0017

2 0.29 0.23 0.22 0.24 0.034 0.064 0.0012

3 0.28 0.24 0.22 0.25 0.038 0.068 0.0014

4 0.29 0.25 0.22 0.24 0.036 0.067 0.0013

5 0.28 0.25 0.22 0.25 0.044 0.079 0.0019

6 0.28 0.25 0.22 0.25 0.045 0.081 0.002

Real Data 0.28 0.25 0.22 0.25 0.099 0.081 0.002

 

  

(a)

  

(b)

Figure 12: Q-Q Plot of (a) realization 1 (b) realization 2.
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(c)

  

(d)

  

(e)

Figure 12: Q-Q Plot of (c) realization 3 (d) realization 4 (e) realization 5.
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Conclusions

We have used a geostatistical technique to 
model porosity data in ‘OBA’ field, onshore 
Niger Delta. The porosity range in the area is 
0.10-0.30 after filtering of outliers, which sug-
gests that the lithology could be sand or shale. 
The standard deviation for the entire field 
ranges from 0.04–0.08, coefficient of variation 
ranges from 0.15–0.28. Based on this, linear 
and parametric geostatistics were employed to 
process the data in order to build geostatistical 
model of the subsurface geology. The semivar-
iogram shows the major direction of continuity 
“azimuth of 45”, spherical geometrical anisot-
ropy. Kriging map shows clearly vertical and 
horizontal heterogeneity of the study area and 
subsurface interbedded layers, which agrees 

with the result of the semivariogram. However, 
kriging variance model indicates high value of 
error outside the zone of influence which may 
be due to insufficient number of the well data. 
Six realizations were generated and the results 
indicates that any one of the realizations can 
independently represent the true picture of the 
subsurface geology within the study area with 
realization 6 ranked as the best and realization 
2 as the lowest. We therefore recommend that 
geostatistical estimation and simulation to be 
incorporated in any geologic data analysis and 
that integration of more than one variable from 
multiple sources will effectively improve the 
prediction and reduce the uncertainty.
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Abstract
The analytic element method (AEM) has been success-
fully used in practice worldwide for many years. This 
method provides the possibility of fast preliminary 
quantitative analysis of the hydrogeological systems or 
boundary conditions of the numerical models, as it is 
shown in the case study of groundwater source of the 
city of Vrbas. The AEM is also applicable for the initial 
analysis of a hydrogeological system, which is of partic-
ular importance in case of excess pollution that cannot 
be predicted where it could happen. One example of the 
application of the AEM is presented in this article. The 
analytical model is calibrated based on the measured 
data from several drilled monitoring wells, and this 
was the base for the numerical model of the contami-
nant transport. In this case, the AEM enabled the quick 
access to information on the hydrogeological system 
and effective response to excess pollution.

Key words: analytical modelling, analytic elements, 
groundwater flow modelling, mass transport modelling

Application of analytic element method in hydrogeology
Uporaba metode analitičnih elementov v hidrogeologiji
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1 Center for applied scientifical research in water supply and remediation, Serbia
2 Independent consultant, Serbia
3 University of Ljubljana, Faculty of Natural Sciences and Engineering, Slovenia
* goran.vizintin@guest.arnes.si

Povzetek
Metoda analitičnih elementov se že več let uspešno upo-
rablja v praksi po vsem svetu. Kot je prikazano v študiji 
primera podzemne vode mesta Vrbas, omogoča ta 
metoda možnost hitre predhodne kvantitativne ana-
lize hidrogeoloških sistemov ali mejnih pogojev za 
numerične modele. Metoda analitičnih elementov se 
uporablja tudi za začetno analizo hidrogeološkega siste-
ma, kar je še posebej pomembno v primeru onesnaženj, 
ki jih ni mogoče predhodno napovedati. V tem prispe-
vku je predstavljen primer uporabe metode analitičnih 
elementov. Analitični model je kalibriran na podlagi 
izmerjenih podatkov iz več piezometrov, kar je osnova 
za numerični model transporta onesnaževalcev. V tem 
primeru je metoda analitičnih elementov omogočila hi-
ter dostop do informacij o hidrogeološkem sistemu in 
učinkovit odziv na prekomerno onesnaženje.

Ključne besede: Analitično modeliranje, analitični 
elementi, model toka podzemne vode, model masnega 
transporta



Kaluđerović D., Koren E., Vižintin G.

36

RMZ – M&G | 2017 | Vol. 65 | pp. 035–044

For 3D flow, the equation is
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əℎ
ə𝑡𝑡  . 

(4)

For the homogenous and isotropic porous me-
dia (Kx = Ky = Kz), the equation is

(ə
2ℎ
ə𝑥𝑥2) + (ə

2ℎ
ə𝑦𝑦2) + (ə

2ℎ
ə𝑥𝑥2) =

𝑆𝑆𝑆𝑆
𝐾𝐾
əℎ
ə𝑡𝑡  . (5)

If the flow is stationary, equation (5) trans-
forms to

⍙h = 0. (6)

Equation (6) is known as Laplace’s equation.
Groundwater flow is often presented in hy-
drogeological models as two dimensional in 
the horizontal plane, as it spreads wider hori-
zontally than vertically. In this situation also, 
groundwater flux could be presented as two 
dimensional, where h varies with x and y axes 
but not with the z axis. The alternative formu-
lation of the groundwater flow equation may be 
obtained by invoking the Dupuit–Forchheimer 
assumption, where it is assumed that heads do 
not vary in the vertical direction. A horizontal 
water balance is applied to a long vertical col-
umn with area δxδy extending from the aqui-
fer base to the unsaturated surface. Originally, 
it is invented for aquifers with atmospheric 
pressure at the groundwater table, but it could 
also be used in the case of the artesian aquifers. 
Derivation of the equation could be found in 
Fitts [1], and the resulting equation is

𝑑𝑑
𝑑𝑑𝑑𝑑 (𝑇𝑇𝑥𝑥

əℎ
ə𝑑𝑑) +

𝑑𝑑
𝑑𝑑𝑑𝑑 (𝑇𝑇𝑦𝑦

əℎ
ə𝑑𝑑) + 𝑁𝑁 = 𝑆𝑆𝑠𝑠

əℎ
ə𝑡𝑡  . (7)

N represents the addition of water in the ver-
tical direction (recharge). If Tx = Ty, the above-
mentioned equation simplifies to the following 
form:

Introduction

For description of groundwater flow and dis-
tribution of the pollution, we have used Darcy’s 
equation and continuity equation. In 1856, the 
French engineer Henry Darcy conducted re-
search in Dijon. Initially, it was the project of 
water supplying system that used sand filters. 
Based on this research and column experi-
ments in the laboratory, he established Darcy’s 
law that describes water flow through sands. It 
has since been generalised to a variety of situa-
tions and is in widespread use today.
For the one-dimensional flow, Darcy’s law is 
represented in the form of equation as:

qx = −𝐾𝐾𝑥𝑥
𝑑𝑑ℎ
𝑑𝑑𝑑𝑑 𝐴𝐴  (1)

where qx is the flux in the positive ‘x’ direction 
(discharge per unit area with units of length per 
time, m/s), Kx the hydraulic conductivity, dh/dx 
the hydraulic gradient and A the cross-sectional 
area to flow. The three-dimensional (3D) flow 
could also be described using Darcy’s law. Dar-
cy’s law is valid only for flow in the continuum 
region where the representative elementary 
volume (REV) is defined and for laminar flow 
through the soil. In most of the aquifers, the di-
mensions of interstices are small and thus the 
flow is laminar. The other equation that we use 
to describe groundwater flow is the continuity 
equation (conservation of mass); the derivation 
of this equation is available in Fitts [1]. In the ‘x’ 
direction, the equation of conservation of mass is

−ə𝑞𝑞𝑥𝑥
ə𝑥𝑥 = 𝑆𝑆𝑠𝑠

əℎ
ə𝑡𝑡   (2)

where qx is the specific flux (discharge per unit 
area, with units of length per time, m/s) in the 
positive ‘x’ direction and Ss is the specific yield. 
Using equation (1) in equation (2), we get the 
equation of the one-dimensional groundwater 
flow as

𝑑𝑑
𝑑𝑑𝑑𝑑 (𝐾𝐾𝑥𝑥

əℎ
ə𝑑𝑑) = 𝑆𝑆𝑠𝑠

əℎ
ə𝑡𝑡  . (3)
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 ((ə2ℎ
ə𝑥𝑥2) + (ə2ℎ

ə𝑦𝑦2)) + 𝑁𝑁
𝑇𝑇 = 𝑆𝑆

𝑇𝑇
əℎ
ə𝑡𝑡  . (8)

For the stationary groundwater flow, equa-
tion (8) transforms into a new form, which is 
Poisson’s equation [1]:

⍙h = −
𝑁𝑁
𝑇𝑇  . (9)

Background and methods

The analytic element method (AEM) [2, 3] uses 
the technique of superimposing solutions in 
linear partial differential equations like (9) us-
ing the computer, which superimposes a large 
number of functions. Each analytical element 
is a mathematical function that is connected 
with a boundary condition, where an element 
represents a well, a stream segment or an area 
of surface recharge. The AEM can be used in 
one-dimensional, two-dimensional or 3D flow.
Equation (7) represents a two-dimensional 
flow in an isotropic transmissibility. In the AEM, 
this and other equations are written in form of 
discharge potential (Φ). Discharge potential is 
defined using parameters and groundwater lev-
el, so the equations are correct:

𝑑𝑑ф
𝑑𝑑𝑑𝑑 = 𝑇𝑇 əℎə𝑑𝑑 

 

𝑑𝑑ф
𝑑𝑑𝑑𝑑 = 𝑇𝑇 əℎə𝑑𝑑 

; 

𝑑𝑑ф
𝑑𝑑𝑑𝑑 = 𝑇𝑇 əℎə𝑑𝑑 

 

𝑑𝑑ф
𝑑𝑑𝑑𝑑 = 𝑇𝑇 əℎə𝑑𝑑 . (10)

Putting this equation into equation (7), we ob-
tain

⍙Φ = −N + ⍙ф = −𝑁𝑁 + 𝑆𝑆𝑠𝑠
əℎ
ə𝑡𝑡  . (11)

Using Laplace’s transformation, it is possible 
to create semi-analytical solution of this non-
steady state equation.
When the flow of groundwater is in the steady 
state with recharge/leakage, Laplace’s equa-
tion is

⍙Φ = N. (12)

Without recharge/leakage, Laplace’s equation 
is

⍙Φ = 0. (13)

Elementary solutions may be superimposed, 
which is the main principle of the AEM. This 
method is used in programme AquiferWin32 
Version 5 (developed by the American company 
Environmental Simulations Inc.); the equations 
in this programme are based on complex func-
tions of different analytical elements, and they 
have this form:
Uniform flow:

Φ(x, y) = −Q0 (xcosαu + ysinαu) + C. (14)

Effect of the well:

∑
Qj
4

n

j=1
In[rj2(x, y)] . (15)

Regional recharge:

− 1
2  − 𝑁𝑁

𝑎𝑎2 + 𝑏𝑏2 [(a2sin2αr + b2cos2αr)

(x − xr)2 − 2(a2 − b2) (x − xr) (y − yr) 
(16)

sinαr cosαr (a2cos2αr + b2sin2αr) 

(y − yr)2−a2b2]. 

Source/pit – round element:
Equation in the element:

−∑ 1
4

n

j=1
[(x − xpj)2 − Rpj

2 ] Npj  . (17)

Equation outside the element:

− ∑ 1
4

n

j=1
 [Rpj

2 In [
(x − xpj)2 + (y + ypj)2

Rpj
2 ]] Npj .  

 (18)
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Source/spring – linear element:

+∑
σjLj
4π

n

j=1
ℜ{(Zj + 1)In(Zj + 1) − (Zj − 1)In(Zj − 1)2In[12 (

2
z1

− 1
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)] − 2} 

+∑
σjLj
4π

n

j=1
ℜ{(Zj + 1)In(Zj + 1) − (Zj − 1)In(Zj − 1)2In[12 (

2
z1

− 1
z1
)] − 2}  

(19)

where x is the x coordinate of the point for 
which we calculate the piezometric level (L); 
y the x coordinate of the point for which we 
calculate the piezometric level (L); Q0 the volu-
metric flow rate per unit time/unit width of the 
aquifer (L2T-1); au the angle between uniform 
flow and the x axis, Q1 the capacity of the well 
(L3T-1); r1 the distance between the well and 
the point for which we calculate the piezomet-
ric level (L); N the recharge and net infiltration 
(LT–1); a the length of a, axis of the ellipse (cir-
cle) of recharge (L); b the length of b, axis of the 
ellipse (circle) of recharge (L); xr the x coordi-
nate of the centre of the ellipse (circle) of re-
charge (L); yr the y coordinate of the centre of 
the ellipse (circle) of recharge (L); ar the angle 
between a and b axes; xpj the x coordinate of the 
centre of the circle element (L); ypj the y coordi-
nate of the centre of the circle element (L); Rpj 
the radius of the circle element (L); Npj the in-
filtration of the circular element (LT-1); sj the 
volumetric flow rate per unit length of the lin-
ear element (L2T-1); Lj the length of the linear 
element (L); z1 the starting coordinate of the 
linear element (L) and z2 the final coordinate of 
the linear element (L).

Discussion and results

The application and use of the AEM is different 
than the application of the classic numerical 
method. Here, we have represented a few fun-
damental differences. This method is analytical, 
and there are no errors caused by the numerical 
approximation of the partial differential equa-
tion [4]. The solution derived with this method 
is not sensitive to the scale of the domain [5], 
which varies from few tens of metres to several 
tens of kilometres. The boundary conditions do 
not influence the accuracy of the solution, ex-

cept right at the boundary where the boundary 
condition approximation depends on the scale 
of elements and the degrees of freedom in each 
element. The biggest limitation of the analytic 
element method as used in AquiferWin32 is 
that it simulates only steady-state conditions.
In the area of Vrbas city and below it, there are 
two aquifers, one shallow up to 70 m deep and 
the second deeper at a depth of approximately 
120 m. In this model, the shallower aquifer was 
simulated; the reason for application of analyt-
ic element modelling is that the shallow aquifer 
was covering a huge area, more than 100 km, 
and therefore it would be very hard to get phys-
ical boundaries of the numerical model. In the 
AquiferWin32, the model was simulated as a 
single-layer, homogenous aquifer with fully 
penetrating elements. Set points of the eleva-
tion of the bedrock and the aquifer overlying 
units were averaged to 17 and 65 a.m.s.l., while 
the starting value of the hydraulic conductivity 
was 1.6 × 10-4 ms-1.
Measurements of head in July 1996 in ten pie-
zometers were used to calibrate the model. 
Small precipitation is a characteristic for this 
month, as well as the month before and after, 
and it could be assumed that net infiltration is 
minimal or none. In this period, the first aqui-
fer was tapped by several wells, a well on the 
pig farm (5 l/s), well B-10 nearby the existing 
source in Vrbas (12 l/s), a well at the gravel ex-
ploitation location (4 l/s) and a source in Kula 
(~0 l/s), which were represented as analytical 
elements of wells.
Based on the geotechnical research documenta-
tion, it is determined that bottom of the channel 
DTD is curved in aquifer sands, so the water lev-
el in the channel south from the Savino village 
is represented with two line elements with con-
stant head 79.75 and 79.65 a. m. s. l.
AquiferWin32 and many AEM programmes re-
quire input of a groundwater level at one point 
– that is the reference point, a point with a spec-
ified water level regardless of other conditions. 
The reference point was positioned in the pie-
zometer PP-7, and the value of the groundwater 
level was 79.01 a.m.s.l., taken as the reference 
level. This piezometer is chosen as it is posi-
tioned far from the influence of well exploita-
tion, which is one of the primary requirements 
for the selection of the reference point. The gen-
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eral direction of groundwater flow is taken as 
75°, measured in the clockwise direction rela-
tive to east, with a gradient of 1 × 10-4.
These piezometers were used in model calibra-
tion: PP-2, PP-3, PP-5, PP-7, PP-9, PD-2, PD-3, 
Ekonomija, Prečistač and Vojin Salaš (Figure 1). 
The first step of calibrating the model was set-
ting the azimuth of the regional groundwater 
flow, and the best result was for the value of 63°. 
The other parameter that was modified during 
the calibration was the regional gradient, and 
the best result was for the gradient value of 
2.9 × 10-4. Changing the elevation of the top and 
bottom of the aquifer did not show a big influ-
ence on the model results, so the input average 
values were kept. Minimal declination from 
measured values was for the hydraulic conduc-
tivity of 1.7 × 10-4 ms-1, and this value was used 
in the further simulation.
Further improvement of model results came by 
including the evapotranspiration as a negative 
vertical balance. The groundwater level in the 
first aquifer is supposed to be very shallow, 
close to the ground surface (3 m deep), and 
the hydraulic connection between groundwa-
ter and the “non-permeable” layer exists, so it 
is possible that the aquifer loses the water by 
evapotranspiration through this layer. These 
discharge zones are presented with circular 
area sink elements and determined based on 
the comparison of terrine elevation maps and 
groundwater level maps. Zones with shallow-
er groundwater levels are represented with 
smaller circle elements, which is a way of dis-
cretisation. The smaller elements work with 
more intensity comparing to bigger circle ele-

ments. The process of adjusting the model was 
finished when measured levels in piezometers 
and calculated levels were acceptably close to 
each other (Figure 1). The isolines of ground-
water heads of this model are given in Figure 2.
The absolute mean residual value is 0.014 m for 
all 10 calibration targets; the only bigger devia-
tion is registered on the piezometer PD-2, while 
other piezometers had small residuals. The 
causes of the deviation on PD-2 are unknown 
but may be due to incorrect schematisation, the 
effects of transient flow in the model or measur-
ing mistakes. The deviation values do not differ 
that much, so it could be said that the model is 
well calibrated.
The analytic elements in the simulation are as 
follows:

• The channel south from the Savino village 
is presented as two line elements with a 
constant level, and these analytical ele-
ments participate with 11 l/s as a ground-
water source.

• Circular analytic element already rep-
resents the evapotranspiration, with a 
surface area of 1.38 × 108 m2; the dis-
charge flow got by model calibration is 
1.5 × 10-10 ms-1, and it participates in the 
balance with 20.7 l/s.

• Circular analytic element, smaller but with 
a bigger capacity (intensity), represents 
stronger evapotranspiration (groundwa-
ter level closer to the surface); the surface 
area is 2 × 107 m2, and the calibrated in-

Figure 1: “Scatter” diagram of measured and calculated 
groundwater levels.

Figure 2: The map of isolines of groundwater levels – 
stationary condition (June 1996) 1:200000.
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tensity is 6 × 10-10 ms-1; it participates in 
the balance with 12 l/s.

• Wells, point elements, work with the ca-
pacities that were previously mentioned.

In Figure 3, the nature of the method is shown, 
and it could be seen that the model has no 
boundaries, so the solution is valid only for the 
research area.
Analysing sensitivity, for the purpose of uncer-
tainty of the calibrated model, showed that the 
smallest differences are caused by changing the 
elevation values of top and bottom of the aqui-
fer. These values were changed by ±50% of the 
values accepted at the beginning, and this range 
represents the upper and the lower elevation 
values, got by drilling in the research area, so 
this parameter does not influence much to the 
solution of this system.
Changes in the statistical calibrating parame-
ters, during the change in the hydraulic conduc-
tivity, show bigger response of the results and 
nonlinearity, i.e. smaller values of the hydraulic 
conductivity, and cause bigger errors than big 
values. Input data related to the reference point 
showed different responses. Changing the azi-
muth values of the groundwater flow caused 
small influence to piezometer levels, probably 
because the levels are fixed by other analytical 
elements. Sensitivity of the model resulting to 
changes in the gradient values of the reference 
point was noticeably higher than that in case of 
other parameters.
Changes in the evapotranspiration intensity (by 
changing only the values of bigger analytical 
elements, because changes in the smaller ones 
have only the local influence) had a relatively 
weak influence on the piezometer level. Instead 
of measuring this parameter, like other ele-
ments were measured, values obtained for this 
parameter were empirical, and values of the 
intensity were obtained by calibration. It could 
be concluded that values of the evapotranspira-
tion are the most uncertain.
It is important to mention that statistical pa-
rameters that indicate the success of calibra-
tion obtain their minimum values of the rep-
resentative input data, and we can use these 
values for the verification of the success of the 
calibrating process.

Evaluation of the impact of oil spill 
on the environment and aquifer, 
conducted in two phases

Owing to intentional damage of the pipeline 
caused by an unidentified person at the chain-
age 14.5 of the Novi Sad (Pancevo’s pipeline), 
crude oil leaked from the pipeline to the envi-
ronment. The estimated crude oil leakage was 
~54,596 kg. The contaminated site is located 
on the cadastral plot number 4248 of the lo-
cal municipality of Kovilj, which is the prop-
erty of “Vojvodinaput – Backaput” enterprise 
from Novi Sad. This location was used as the 
sand excavation site for constructing the Kovilj 
traffic loop on the Belgrade–Novi Sad highway. 
The depth of the depression was 3–5 m, which 
made the accident location difficult to access. 
The surveys were done in order to contour 
the pollution, and the mathematical model of 
the contaminant transport was made based on 
those surveys.
In general, there are two methods to solve the 
problem of groundwater flow and transport of 
the pollution in them: analytical method and 
numerical method. The main limitation of ana-
lytical models is their ability to solve only sim-
ple problems; obtaining very precise solutions 
is their main advantage. However, numerical 
models are used for simulations in complex 
surroundings. Numerical models make it pos-
sible to replace continual forms of partial dif-
ferential equations with the final number of al-
gebraic equations, and this procedure provides 

Figure 3: Display of the domain without boundaries in which 
one part is the research area.



Application of analytic element method in hydrogeology

41

the simulations of the systems with irregular 
special and temporal characteristics.

Mathematical modelling using the 
AEM – the first phase in modelling

As the first step in mathematical modelling, 
the AquiferWIN32 Version 5 programme, de-
veloped by the North American Company En-
vironmental Simulations Inc., was used. This 
programme enables simulation of groundwater 
flow using the AEM in the 2D horizontal plane. 
The basis of this method is superposition of 
influences of analytical elements of different 
shapes and function of regional gradient of 
groundwater. Although limited to steady-state 
flow, this method provides a fast and efficient 
analysis of a hydrogeologic system, which is of 
particular importance in the early stage of in-
vestigation when data are scarce.
The programme simulates effects of the fol-
lowing analytical elements: wells, uniform re-
charge of the entire model surface, circular ele-
ments, recharging/discharging wells and linear 
elements that can be either sinks or sources of 
water. The number of elements in the model is 
not limited and depends solely on the comput-
er memory.

Entry data

On the basis of lithological profile that was 
made on six drilled piezometers at top and bot-
tom of the layer, average input points of 77 and 
57 mnm were chosen. Although it is clear that 
top and bottom of the layer vary (the bottom 
point is not positively determined due to shal-
low drills, ~5 m), the limitations of this meth-

od demanded the use of constant values. Initial 
hydraulic conductivity K taken for this model 
is 1 × 10-4 m/s, and it was obtained from the 
data in the literature. It is necessary to mention 
that sieve analysis gave considerably smaller 
hydraulic conductivity value and that, deter-
mined in this way, it is on the border of certain-
ty. Groundwater head measurements in pie-
zometers (5), done throughout November 2013 
(Table 1), served for calibration of the model. In 
AEM, it is necessary to know the value of piezo-
metric heads at one point – the reference point, 
which serves as a starting value for calculation 
in which the level remains constant throughout 
the simulation. The reference point is put into 
the piezometer PZ-4, and the measured piezo-
metric level is 76.07 mnm.
By changing the values of the regional gradient, 
groundwater flow direction and the mentioned 
parameters, the results were obtained with mi-
nor residuals between the measured and com-
puted levels of groundwater (Figure 4).
In the course of calibration, the model demon-
strated the highest level of sensitivity to the 

 
Figure 4: The isolines of groundwater heads in the research 
area of the calibrated model.

Table 1: Measured and computed groundwater heads.

Target head (m) Computed head (m) Residual (m) Well name

75.730003 75.786697 0.056694 PZ-1

75.900002 75.872733 0.027269 PZ-2

75.839996 75.876975 0.036979 PZ-3

76.070000 76.068621 0.001379 PZ-4

76.019997 76.040388 0.020392 PZ-5
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changes in the values of the regional gradient 
of the groundwater from 0.01 to 0.001, while 
the correspondent absolute residual mean 
(ARM) values varied from 0.67 to 0.042. The 
gradient value of 0.009 was selected at the end 
of calibration because it produced the smallest 
error. Besides, the azimuth of the groundwa-
ter flow was changed; 40° was selected, and it 
demonstrated less sensitivity than the regional 
gradient.
As a confirmation of the analytic model results, 
another round of measuring was carried out in 
December 2013 on eight piezometers (Table 2 
and Figure 5), and the model was calibrated. 
The results were slightly different; the gradi-
ent was 0.006, while azimuth of the ground-
water flow was 50° (Figure 5). The results are 
logical and comply to the previous measuring 
(Table 2).

Comment on the model results

Although it is obvious that this is a simplified 
simulation, the calibration results are good. All 
eight piezometers were well calibrated, which 
is an excellent result. The results obtained in 
this way will be used as a basis to come to the 
boundary conditions of the 2D numerical mod-
el of contaminant transport where the spread-
ing of pollution within the aquifer is to be re-
searched.

Numerical model of the 
contaminant transport in the 
research area

The boundary conditions from the previous 
model, obtained using AEM with the help of 
AquiferWin32 programme, were used as a ba-
sis for the 2D numerical model of contaminant 
transport. The model was practically copied, 
only this time to the numerical model. The pro-
gramme used for simulation was MT3DMS [6] 
and graphic interface was Groundwater Vistas, 
Version 6 [7], developed by the North Amer-
ican Company Environmental Simulations 
Inc. The formed 2D numerical model had the 
same parameters as the model done using 
AEM, but now discretisation was done with 
183 × 141 columns and rows (Figure 6). In 
the part necessitating higher precision, the cell 
size was 2 × 2 m and the total number of cells 
was 25803. For the values of dispersivity, the 
following values were given: 5 m for longitudi-

Figure 5: The isolines of the groundwater heads in the research 
area of the calibrated model, December 2013.

Table 2: Measured and computed groundwater heads, December 2013.

Target head (m) Computed head (m) Residual (m) Well name

75.66 75.821607 -0.16160 PZ-1

75.82 75.867556 -0.04755 PZ-2

75.74 75.856221 -0.11622 PZ-3

76.00 76.000148 -0.00014 PZ-4

75.95 76.002048 -0.05204 PZ-5

75.62 75.529781 +0.09021 PZ-6

75.82 75.895146 -0.07514 PZ-7

75.70 75.684449 +0.01555 PZ-8
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nal dispersivity and 0.5 m for transversal dis-
persivity. These values have been taken from 
the literature. The taken value for porosity was 
h = 0.2. The simulation (Figure 7) was done 
using the literature data for benzene. Benzene 
was taken as a very soluble contaminant diffi-
cult to absorb, and therefore, it is a good choice 
to simulate. In this simulation, benzene adsorp-
tion coefficient (Kd) is 1.52 l/mg and volume 
density is equal to 1600 kg/m3.
The value for the distribution coefficient Kd 
was taken from the literature [8–10]. Half-life 
biodegradation value was also included in the 
simulation to simulate biodegradation, and it 
was t1/2 = 407.5 days, also taken from the liter-
ature [11, 12]. After 10 years of simulation, the 
benzene spread out at ~300 m (Figure 7) from 
the source of contamination, at the place where 
oil was spilt. The well near the threshing barn 
was not endangered, which was one of the goals 
of this simulation – to estimate an environmen-
tal impact to well from oil spill.

Conclusions

To estimate the spreading of the pollution dis-
solved in the groundwater, a simple 2D model 
was constructed. Naturally, more data would be 
needed for more precise results (such as mon-
itoring of the groundwater level in the course 
of one hydrologic year) although the results 
with parameters at the boundary of certainty 
demonstrate that receptors are not endangered 

and that the application of the natural remedia-
tion of the aquifer is possible.
Use and application of the AEMs significant-
ly differ from the application of numerical 
methods. Several fundamental differences are 
mentioned here. The method is analytical, and 
discretisation of the domain of interest is not 
a necessity; just because of this, there are no 
errors due to the model resolution, i.e. due to 
the numerical approximation of the partial dif-
ferential equation, which is used for the simu-
lation of the groundwater flow. The solution 
acquired in this method is not sensitive to the 
scale of the model, which can range between a 
couple of dozens of metres and a couple of doz-
ens of kilometres. The schematised aquifer sim-
ulated in this analytical method is unlimited in 
plan; boundary conditions cannot influence the 
accuracy of the solution. Various analytical ele-
ments enable simulation of relatively complex 
systems, and the solution of the entire system 
is obtained by superposition of all analytical el-
ements. The biggest limitation of the AEM is its 
capacity to simulate only steady conditions of 
the groundwater flow. This shortcoming of the 
method also has some positive sides; for simu-
lation in unsteady conditions, additional input 
data (specific yield, starting conditions) are 
needed, and at the same time, such simulations 
are considerably more complex to perform. 
The analytic element model is an ideal tool for 
researching in accidental pollutions when it is 
necessary to react swiftly and data are scarce.

Figure 6: Presentation and discretisation of the model.

Figure 7: Surface of the model that is covered with 
concentrations of up to 0.005 mg/l after 10 years of simulation 
with advection, dispersion, adsorption and biodegradation. 
The characteristic contaminant is benzene.
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Abstract
Vertical electrical sounding, well inventory and phys-
icochemical analysis were conducted to evaluate soil 
corrosivity and aquifer protective capacity of overbur-
den units in the basement complex terrain of Ado-Ek-
iti, southwestern Nigeria. The topsoil is composed of 
slightly corrosive materials at the eastern, southern 
and northeastern flanks and the central portion with 
resistivity values ranging from 60 to 180 Ωm. Mod-
erately corrosive/slightly corrosive materials (with 
resistivity values of 10 < ρ < 60 Ωm) constitute the 
second layer around the eastern, southern and north-
eastern flanks. Pockets of areas in the northwestern, 
southeastern, eastern and central parts of the me-
tropolis are practically non-corrosive with resistivity 
values in excess of 200 Ωm. Zones of good, moderate, 
weak and poor overburden protective capacity were 
delineated, with longitudinal conductance (S) val-
ues of 0.7 < S < 4.9, 0.2 < S < 0.69, 0.1 < S < 0.19 and 
S < 0.1 mhos, respectively. On a regional consideration, 
23.31%, 18.80% and 57.9% of the study area is char-
acterised by overburden materials of poor, weak and 
moderate protective capacity, respectively. Only 6.02% 
of the area indicates good overburden protective ca-
pacity.

Key words: Ado-Ekiti, Contaminant, Corrosivity, Geoe-
lectrical Survey, Protective Capacity

Soil corrosivity and aquifer protective capacity of 
overburden units in Ado-Ekiti, southwestern Nigeria
Preiskava korozivnosti tal in sposobnosti površinskih plasti 
za varovanje vodonosnikov na ozemlju Ado-Ekiti v jz Nigeriji

Oyedele, A.A.1,*, Olayanju, G.M.2, Talabi, A.O.3, Ogunyebi, S.N.4, Ojo, O.F.3

1 Department of Physics, Ekiti State University, Ado-Ekiti, Nigeria
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4 Department of Mathematical Sciences, Ekiti State University, Ado-Ekiti, Nigeria
* akinakin02@yahoo.com

Povzetek
Vertikalno električno sondiranje, preiskavo vodnjakov 
in fizikalnokemično analizo so opravili z namenom oce-
niti korozivnost tal in sposobnost površinskih plasti tal 
za varovanje vodonosnika na ozemlju kamnin podlage 
Addo-Ekiti v JZ Nigeriji. Vrhnja plast tal na vzhodnih, 
južnih in severovzhodnih delih in v osrednjem delu 
ozemlja sestoji iz nizko korozivnih sestavin z električno 
upornostjo med 60 in 180 Ωm. Nizko do zmerno koro-
zivne sestavine (z upornostjo 10 < ρ < 60 Ωm) tvorijo 
drugo plast na vzhodnih, južnih in severovzhodnih de-
lih terena. Krpe ozemlja v severozahodnih, jugovzho-
dnih in osrednjih delih prestolnice so pa praktično ne-
korozivne z vrednostmi upornosti, večjimi od 200 Ωm. 
Površinske cone tal z dobro, zmerno, nizko in neznatno 
varovalno sposobnostjo so omejili z ozirom na vredno-
sti vzdolžne prevodnosti (S), in sicer (0.7 < S < 4.9), 
(0.2 < S < 0.69), (0.1 < S < 0.19) in S < 0.1 mhos. Regio-
nalno gledano pripada 23.31%, 18.80% in 57.9% prei-
skovanega ozemlja površinskim materialom neznatne, 
nizke in zmerne varovalne sposobnosti. Samo 6,02% 
površine ima površinske plasti z nakazano dobro varo-
valno sposobnostjo.

Ključne besede: Ado-Ekiti, onesnaženje, korozivnost, 
geoelektrična preiskava, varovalna sposobnost
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tributors of contaminants to the hydrological 
systems. Leachate from dumpsites, mining ac-
tivities, buried petroleum pipes/tanks and sep-
tic tanks and the widespread use of chemical 
products such as pesticides, herbicides and sol-
vents portend risks to the groundwater quality 
status [5–7].
The subsurface layers act as a natural filter to 
imposed surface pollutants. The ability of the 
geomaterials to retard and filter percolating 
fluid is a measure of the protective capacity and 
a function of transmissivity. Estimating these 
properties from the traditional methods of 
pumping tests can be very expensive and time 
consuming. The electrical resistivity method is 
significant in in situ determination of subsoil 
characteristics and conditions [7–9].
The traditional purpose of electrical resistivity 
survey is to determine the resistivity distribu-
tion of the subsurface by taking measurements 
on the ground surface. The electric conduc-
tion in the subsurface is essentially electrolytic 
through interstitial water in pores and fissures. 
Groundwater filling the pore spaces consti-
tutes a natural electrolyte with a considerable 
amount of ions. Soil environments have requi-
site electrolytic properties for the redox (oxida-
tion–reduction) reactions that take place during 
corrosion. Soil resistivity indicates the ability of 
a soil environment to carry corrosion currents 
[10, 11]. It is noted that burial of utilities and 
underground storage tanks are restricted to 
shallow depths.
In the present study, we seek to evaluate the 
corrosivity and protective capacity offered by 
the overburden units in the study area.

Geology and description of location

The study area, Ado-Ekiti, southwestern Nige-
ria, lies within latitudes 7° 32¢ and 7° 42ˊ N and 
longitudes 5° 9ˊ and 5° 22ˊ E (Figure 1). The 
area is underlain by the basement complex of 
southwestern Nigeria comprising the migma-
tite–gneiss–quartzite complex, charnockitic 
and dioritic rocks, older granites and unmet-
amorphosed dolerite dykes. Charnockite and 
quartzite ridges, which rise abruptly above the 
surrounding country rocks, are found in the 
area (Figure 2). Ado-Ekiti experiences a tropi-

Introduction

Performance of civil engineering construction 
works including utility pipes requires knowl-
edge about the corrosivity of soil. Soil supports 
man-made structures of all kinds; utilities and 
infrastructure are buried in it. Buried pipes 
are susceptible to corrosion and subsequent 
failure if the host soil medium is corrosive and 
aggressive. Corrosion refers to the degradation 
of buried metallic materials whereby metallic 
substrates are converted into oxides, hydrox-
ides and aqueous salts within a cathode–anode 
system with corresponding loss in strength, 
ductility and other mechanical properties. Cor-
rosion of cast iron, ductile iron and steel in soils 
can lead to a wide range of failures that are of-
ten accompanied by a high degree of economic 
and environmental consequences. For instance, 
leakage or rupture in pipelines could constitute 
hazards to the environment. Mitigating mea-
sures during design and construction as well as 
an understanding of the corrosive potential in a 
given soil environment are thus desirable [1–3].
Soil corrosivity depends largely on the composi-
tion of the soil and other environmental factors 
such as the moisture content, presence of oxy-
gen, pH value, content of dissolved salts and po-
rosity (aeration). The presence and abundance 
of oxygen promote corrosivity. High concen-
trations of soluble salts, high moisture content 
and a pH indicative of an acidic medium readily 
promote corrosivity. These factors control the 
soil resistivity. They are thus the main diagnos-
tic factors. There exists a good correlation be-
tween the soil resistivity and corrosion rate of 
the buried metallic materials. Soil corrosivity is 
inversely related to the soil resistivity [2–4].
Contamination of the hydrogeologic system in 
metropolitan areas is increasing and has thus 
led to a critical issue in groundwater quality 
considerations. Installation of facilities, though 
essential but capable of provoking permanent 
damage of the underlying aquifers particu-
larly in areas where residents rely mostly on 
groundwater, mandates an understanding of 
the aquifer protective capacity of the overbur-
den units of the host soil medium. The overbur-
den encompasses all geomaterials above the 
presumably fresh bedrock. Urbanisation and 
industrialisation remain the predominant con-
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Figure 1: Location map showing the study area (adapted from Google Maps).

Figure 2: Geological map of Ado-Ekiti showing the VES points.
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cal climate with distinct wet and dry seasons. 
The major rivers draining the area include Al-
amoji, Ireje and Elemi [12, 13].

Materials and methods

Soil corrosivity is not a directly measurable pa-
rameter. One of the proven classifications of soil 
corrosivity towards the buried metallic materi-
als is based on a single parameter, the soil resis-
tivity. The soil resistivity reflects the main soil 
properties as it depends on porosity, degree of 
electrolyte saturation or concentration of dis-
solved salts in soils. It is thus typically indica-
tive of soil corrosivity. The resistivity method 
has been adopted for this study [2, 14, 15].
Well inventory data were obtained from 
107 hand-dug wells across the metropolis in-
cluding physicochemical analysis to secure in-
formation on groundwater presence and com-
position, which readily influence the resistivity. 
Parameters such as electrical conductivity (EC), 
pH, temperature and total dissolved solids 
(TDS) were measured in situ in the field [16].
The geoelectric layer parameters were acquired 
using the Schlumberger arrays of vertical elec-
trical sounding (VES) at 133 locations spread 
across the study area. ABEM Terrameter SAS 
300B with ABEM 2000 booster was used for 
the measurement of resistance. The apparent 
resistivity values obtained were plotted against 
(AB/2) or half the spread length at each station 
on a bilogarithmic (log–log) paper. Partial curve 
matching of field curves with relevant Schlum-
berger-developed master and auxiliary curves 
were used to obtain the resistivity values and 
corresponding thicknesses of the layers. The 
geoelectric parameters from this manual in-
terpretation were improved upon by using 
the computer iteration algorithm RESIST Ver-
sion 1.0 [17].
Depth sounding curves were inspected to de-
termine the number and nature of the layer-
ing. The total longitudinal unit conductance, 
S, for the VES points was computed with the 
layer parameters as inputs [7, 9, 10]. Each VES 
station was georeferenced. ArcGIS 10.2.2 was 
used for the spatial distribution and threshold-
ing of the data.

Other data inputs included soil map 3000/853/9–
65 drawn by the Ministry of Agriculture and 
Natural Resources on 1:500,000 scale, geolog-
ical map 3300/6/66/3289/OS prepared by the 
British Government’s Ministry of Overseas De-
velopment on 1:250,000 scale and topographi-
cal sheet 1000/404/6.68 compiled and drawn 
by the Federal Survey from photo reduction 
244 (Ado-Ekiti), 245 (Ikole), 264 (Akure) and 
265 (Owo). Soil characteristics in the study area 
were considered. The major soil associations 
found in the study area were evaluated on the 
account of the type of soil and the associated 
water-holding capacity.
A Garmin 12-channel global positioning system 
(GPS) was used to obtain the eastings (longi-
tude), northings (latitude) and elevation above 
the mean sea level of each point of interest 
during the fieldwork.

Results and discussion

Field measurements and hydrochemical 
analyses
The inventory of the shallow-dug wells re-
vealed a depth range of 2.40–14.10 m with a 
mean value of 6.65 ± 2.47 m and a static wa-
ter level of 1.55–13.12 m with a mean value of 
5.89 ± 2.35 m. The occurrence of groundwater 
is controlled by a number of factors such as 
type of parent rock, depth, extent and pattern of 
weathering, the sand/clay ratio and the degree 
of fracturing, fissuring and jointing [18, 19].
The shallow groundwater system is char-
acterised by low values of TDS (average 
33.57 mg/L), EC of 0.79–77 ms/cm (average 
13.20 ms/cm), pH values of 3.50–8.20 (aver-
age 6.50) and total hardness of 20–420 mg/L 
(average 112.23 mg/L). Concentrations of ma-
jor cations are in the order of Ca > Mg > Na > K 
with average values of 51.76, 51.29, 8.60 and 
6.59 mg/L, respectively. Bicarbonate and chlo-
ride are the dominant anions with average con-
centrations of 87.70 and 53.38 mg/L, respec-
tively. High chloride content plays a major role 
in the corrosivity of buried metallic materials. 
Dissolution reactions of many metallic materi-
als involve chlorides [3, 5, 14].
The corrosion process is enabled by the electro-
lyte between the anodic and cathodic sites. The 
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moisture content of soil acts as an electrolyte in 
the form of soluble salts such as chlorides and 
sulphates. The moisture content in typical soil 
samples collected at a depth of 1 m at the Odo-
Ado area of the metropolis was found to be in 
the range of 12.1–30.4%. In general, clayey and 
humus soils hold maximum moisture content 
than sandy and gravelly soils. An acidic pH val-
ue indicates a good electrolyte as more hydro-
gen ions are available to act as electron accep-
tors. Slightly acidic/alkaline soil pH levels tend 
to decrease the soil resistivity and promote 
corrosivity. High soil resistivity slows down the 
corrosion activities due to less ionic current 
flow. Resistivity is thus a function of moisture 
and the concentration of current-carrying sol-
uble ions. Low electrical resistivity is indicative 
of good electrical conducting path arising from 
reduced aeration, increased electrolyte satura-
tion or high concentration of dissolved salts in 
soils [3, 15, 16].

Geoelectric type curves
The characteristics of geoelectric curves varied 
greatly as typical of the basement complex ter-
rain. They include the A, AA, H, HA, HK, K, KH, 
Q and QH curve types and combinations with 
the H-type curve accounting for 18.11%. This is 
an indication of the degree of weathering and 
fracturing [1, 7, 20].

Evaluation of soil corrosivity
The three major soil units distributed across the 
study area include the Iwo, Ondo and Okemesi 
Associations (Figure 3). The nature of residual 
soils in the study area is determined by the un-
derlying geology. The rates of infiltration and 
permeability are directly interrelated to soil 
characteristics. The Iwo soil type is underlain 
by coarse-grained granite, gneiss and charnock-
ite. The soil is composed of coarse-textured, 
greyish brown to brown sandy, fairly clayey 
soils. The soil type is widespread in the study 

Figure 3: Soil map of Ado-Ekiti.
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area. The sandy nature of this soil promotes 
infiltration. The Ondo association is found on 
medium-grained granite and gneiss underlain 
areas. The soil comprises fine- to medium-tex-
tured, orange brown to brownish red, fairly 
clayey soils overlying orange, brown and red 
mottled clay. The Okemesi association is located 
on quartz schists and gneisses. The soil is com-
posed of very coarse-textured, gravelly, pale 
grey brown to brown, usually sandy soil [21].
The topsoil in the metropolis varied in compo-
sition from clay, sandy clay, clayey sand to sand 
and laterite with the topsoil resistivity values 
ranging from 18 to 6410 Ωm. The highest % 
frequency occurred in the resistivity values 
between 100 and 200 Ωm. The low resistivity 
end (ρ < 1000 Ωm) is diagnostic of alluvium–
sand horizon, while the high resistivity end 
(ρ > 1000 Ωm) typifies laterites and compact 
sand. The wide resistivity range is a conse-
quence of the variable composition of this layer, 

degree of fluid saturation (or moisture content) 
and degree of compaction. Moisture content in 
soil is significant when considering corrosion 
potential. A dry soil environment is associated 
with a high resistivity with practically no cor-
rosion potential. The resistivity decreases rap-
idly, and corrosion is promoted with increases 
in moisture content until the saturation point is 
reached [15, 18, 19]. The thickness of the top-
soil is commonly around 1.3 m.
Tables 1 and 2 give classification of soil corro-
sivity in terms of resistivity. The frequency dis-
tribution of corrosivity level within the topsoil 
is presented in Figure 5. Topsoil materials indi-
cating corrosivity levels of practically non-cor-
rosive (PNC), slightly corrosive (SC) and mod-
erately corrosive (MC) had coverage of 48.87%, 
39.1% and 12.03%, respectively.

Figure 4: Resistivity of the topsoil.



Soil corrosivity and aquifer protective capacity of overburden units in Ado-Ekiti, southwestern Nigeria

51

Table 1: Soil electrical resistivity/corrosivity classification 
(BS – 1377).

Soil resistivity (Ωm) Soil corrosivity

<10 Severe

10–50 Corrosive

50–100 Moderately corrosive

>100 Slightly corrosive

Table 2: Classification of soil resistivity in terms of corrosivity 
[20, 22, 23].

Soil resistivity (Ωm) Soil corrosivity

<10 Very strongly  
corrosive (VSC)

10–60 Moderately  
corrosive (MC)

60–180 Slightly  
corrosive (SC)

>180 Practically 
noncorrosive (PNC)

A large portion of the metropolis (% frequen-
cy of 48.87%) is practically non-corrosive with 
resistivity values of ρ >180 Ωm within the 
topsoil, particularly areas overlain by lateritic 
hardpan with relatively high resistivity values. 
Relatively low resistivity values are indica-
tive of high tendency for corrosivity. Slightly 
corrosive materials with resistivity values of 
60 < ρ < 180 Ωm occupy 39.10% of the top-
soil and are observed at the eastern, southern, 
northeastern flanks and the central portion. 
Moderately corrosive topsoils with resistivity 
values of 10 < ρ < 60 Ωm are delineated around 
Eureka/Oke Ureje (Figure 6).
The second layer coincides with the regolith 
of the H- and HA-type curves, which predomi-
nates the area with 18% and 14% occurrence, 
respectively. The layer is characterised by re-
sistivity values ranging from 3.2 to 5200 Ωm 
(Figure 7). The low resistivity end (ρ < 60 Ωm) 
is diagnostic of silt or clay horizon with little or 
no sand content. The resistivity values reflect 
the varying degree of weathering, the bedrock 

Figure 5: Corrosivity level of the topsoil..
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Figure 6: Corrosivity map of the topsoil.

Figure 7: Resistivity map of the second layer.
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structure and mineralogy. It is typically clayey 
with low layer resistivity values (ρ < 100 Ωm) 
over basic charnockite and sandy/clayey sand 
(ρ > 100 Ωm) on fine–coarse-grained granitic/
gneissic rocks. Formation of a clayey regolith is 
enhanced with intense chemical weathering of 
the parent rocks.
The soil corrosivity within the second layer in-
dicates a frequency distribution (Figure 8) of 
1.5%, 30.08%, 31.58% and 36.84% for VSC, MC, 
SC and PNC levels, respectively. Figure 9 shows 
moderately corrosive/slightly corrosive mate-
rials around the eastern, southern and north-
eastern flanks. The northwestern, southeast-
ern, eastern and central parts of the metropolis 
are practically non-corrosive with resistivity 
values of ρ >180 Ωm, indicating reduced poros-
ity and negligible fluid content and degree of 
saturation.

Evaluation of the aquifer protective capacity
The longitudinal unit conductance varies wide-
ly (0.01–4.40 mhos) across the metropolis 
(Figure 10). The parameter presents the com-
bination of the thickness and resistivity of the 
geoelectric layers into a single variable. The 
qualitative use of this parameter is to demarcate 
changes in the total thickness of low-resistivity 
materials, hence its utilisation for evaluating 
the protective capacity of overburden units in 
an area [7, 20, 24]. A clayey overburden that is 
highly impervious presupposes relatively high 

longitudinal conductance and offers effective 
protection to the underlying aquifer.
Figure11 shows the overburden protective ca-
pacity distribution of the study area. The pro-
tective capacity of the overburden has been 
zoned into good, moderate, weak and poor (Ta-
ble 3).

Zones where the conductance is greater than 
0.7 mhos are considered as zones of good pro-
tective capacity. The portions having conduc-
tance values ranging from 0.2 to 0.69 mhos 
are classified as zones of moderate protective 
capacity, areas with values ranging from 0.1 
to 0.1 9 mhos are classified as areas of weak 
protective capacity and the zones where the 

Figure 8: Corrosivity level of the second layer.

Table 3: Longitudinal conductance/protective capacity rating 
[7, 24].

Longitudinal 
conductance (mhos)

Protective  
capacity rating

>10 Excellent

5–10 Very good

0.7–4.9 Good

0.2–0.69 Moderate

0.1–0.19 Weak

<0.1 Poor
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Figure 10: Conductance map of the longitudinal unit.

Figure 9: Soil corrosivity map of the second layer.
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conductance values are less than 0.1 mhos are 
demarcated as regions of poor overburden pro-
tective capacity. Poor/weak aquifer protective 
capacity of the overburden units are observed 
around the northwestern and southern axes 
(Figure 12).

On a regional consideration, 23.31%, 18.80% 
and 57.9% of the study area is characterised by 
overburden materials of poor, weak and mod-
erate protective capacity, respectively. Only 
6.02% of the area indicates good overburden 
protective capacity. This scenario suggests ap-

Figure 11: Frequency distribution of aquifer protective capacity.

Figure 12: Aquifer protective capacity map of Ado-Ekiti.
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preciable caution in safety practices in well 
completions and general quest for groundwa-
ter protection in the metropolis.

Conclusions

Evaluation of the soil corrosivity and aqui-
fer protective capacity of overburden units in 
Ado-Ekiti, southwestern Nigeria, had been con-
ducted. Corrosion of cast iron, ductile iron and 
steel in soils can lead to a range of failures es-
pecially in pipelines and buried storage tanks. 
Integrity assessment of subsurface infrastruc-
ture, such as buried steel components, pipe-
lines and steel sheet piles, requires an under-
standing of the local conditions. Assessment 
of soil corrosivity is thus germane to design of 
pipe networks as it provides a useful guide in 
the selection and prescription of the subsurface 
steel pipes for a given project and perhaps any 
required treatment to forestall economic waste 
and varied hazards associated with the rupture 
of corroded pipes. Poor, weak, moderate and 
good aquifer protective capacity zones were 
delineated in the study area. Areas character-
ised by poor and weak/moderate aquifer pro-
tective capacity should be void of potential con-
taminant load to ensure overall protection of 
the groundwater resource. Use of corrosion-re-
sistant pipes is recommended according to the 
corrosivity level and the design specifications.
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