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1. LIST OF SYMBOLS  

Symbol Description Unit 

σ the bulk density  kg/m3 

m the mass kg 

V the volume m3 

Vi the fraction of components  - 

M⃗⃗⃗  the magnetic susceptibility SI 

H⃗⃗  the magnetic field - 

R the resistivity ohmm 

U the voltage  V 

I the current  A 

M an apperent chargeability  mV/V 

UIP(t) the secondary voltage mV 

UE the primary voltage V 

t the time sec 

δ the skin depth  m 

f the freguency  Hz 

ρa an apperent resistivity ohmm 

T the time period  sec 

Vp the primary voltage V 

PFE the percentage efeect  % 

k the cofficient  - 

FDMF  the metal factor - 

Re the real part - 

Im the imaginary part - 

j the imaginary unit - 

ρ(f) the Cole-Cole model - 

c the frequency dependence factor  - 

Jm an objective function called C-means function - 

c the number of clusters, - 

X the matrix of input multi-dimensional data - 

V the matrix of cluster centre - 

U the matrix of fuzzy membership degree values - 

nc  the number of input multi-dimensional data 

points 

- 

xj multi-dimenional measured dataset - 

vj cluster centers - 

uij the membership matrix - 

k the number of iteration step - 

m the fuzzyness coefficient  - 

d Euclidean norm L2 norm - 

ηa(t) an apparent polarizability mV/V 
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w(τ) the spectral amplitude  V 

=TAU the time constant  sec 

e an exponantion function  - 

η⃗ a
calc the calculated data mV/V 

δ(τ − τm) the Dirac delta localized - 

k the measurement time point - 

E NxM dimensional matrix   - 

Gkm Jacobi matrix - 

η⃗ (meas) a measured data mV/V 

v⃗  log(w⃗⃗⃗ ) transform  - 

Φq the q-th base function - 

Bq the corresponding expansion coefficient - 

bq log(Bq) transform - 

Gkj
nonlin the nonlinear inverse problem - 

e⃗  the deviation vector - 

WAV(τn) the Weighted Amplitude Value % 

σcorr(τ) an apparent conductivity mS/m 

ρa an apparent resistivity ohmm 

M unknown parameters  - 

Imax the number of exponential components. - 

rn the random number - 

E the Singular Value Decomposition (SVD) - 

S     the diagonal matrix of the singular values, - 

U contains the left - 

V contains the right singular vectors - 

D the distance between the measured and calculated % 

Gkj
lin the original (linear) algorithm - 

ŵk the weighted average of spectral amplitude  V 
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2. SUMMARY 

Geophysical data processing has proven to be an important and effective tool in ore 

exploration. The recovered images from the geophysical survey are interpreted by geologists 

to understand the near-surface geological structures and to guide further exploration 

activities such as spotting drill holes. Geophysical data processing, however, does not always 

provide an exact near-surface image that reliably reflects the structure and physical 

properties of the target for many reasons. In my PhD research, I focus on improving the 

fidelity of the geophysical forward and inverse modelling, geostatistical analysis, and 

consequently, the geology differentiation results. 

To achieve that: I developed an improved Fuzzy C mean clustering algorithm that was 

effectively applied to distinguish the numerical classification of the bedrock of the 

investigated area. The results were based on the properties of rock collected from core 

samples and the approximate value of rock magnetic susceptibility, electrical resistivity, and 

apparent chargeability were defined.  

I extended the solution of the TAU-transformation using non linearized Monte Carlo method 

using the field measured pole-dipole TDIP dataset. The time constant spectrum (IP 

components) and relaxation times were defined by double random generation of the Monte 

Carlo techniques. Besides the relationship between measured and calculated data decay 

curve in TDIP was successfully determined. Based on the result of the Monte Carlo method 

the WAV (Weighted Amplitude Value) was also determined. 

I investigated the solution of the TAU-transformation in the framework of the linearized 

well-determined inverse problem. I also developed a stable algorithm to solve the TAU-

transformation through the linearized Gaussian inversion method (over-determined inverse 

problem). In this algorithm, I used the series expansion technique and introduced a 

logarithmic transformation of the unknowns. 

My dissertation provides the necessary mathematical formulation and algorithms applied for 

geophysical data processing and inversion and presents the physical properties derived from 

the analysis of TDIP field data. 
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4. INTRODUCTION 

Interpretations and subsequent decision-making processes can be done more conveniently 

and potentially more reliably if they are based on geophysical data analysis. Geophysical 

data analysis methodology has become an effective and standard tool for interpreting 

geophysical surveys in ore exploration, hydrocarbon exploration, engineering groundwater, 

and environmental application. These were developed by many scientists and 

mathematicians with various datasets, and goals (Keller and Frischknecht. 1966), (Menke. 

2018), (Oldenburg and Li. 1994), (Turai and Dobróka. 2011), (Turai. 2011), (Turai. 2012), 

(Gyulai, et al. 2013). 

Nevertheless, the mathematical techniques do not represent the subsurface structure well for 

many reasons: the non-uniqueness of mathematical solutions, limitations imposed by 

underlying physics, incomplete data coverage, limited measurement, technical problems, 

noise in the field data, etc. Despite all the progress that has been made in the direction of 

reducing the model uncertainty and enhancing the resolving power of the geophysical data 

analysis, there are still some open questions and challenges to be addressed. 

In a broader perspective, my PhD research is directed to the development of the geoelectric 

method for exploration of natural resources (with special emphasis on the solution of 

forwarding, inverse problems, and geostatistical technique). The development of forwarding 

and inverse modelling methods play an important role in the geophysical data processing. 

My dissection aims to apply a combination of data processing and inversion tools to develop 

new methods of scientific value. The result of the novel methods will be tested by using field 

data sets to examine its validity. 

The dissertation consists of two main parts. In the first one, a geostatistical method using the 

Fuzzy c-mean cluster was introduced. The other main chapter presents more special results 

of the solution of the TAU-transformation using the Monte Carlo method. To solve the TAU-

transformation problem linearized Gaussian Least Square inversion method is developed and 

applied for a pole-dipole TDIP dataset measured in Mongolia. 

The Fuzzy C-mean (Dunn. 1973), (Prasad, et al. 2016) clustering applied on a dataset of two 

physical properties measured over core samples from the gold deposit in the Yamaat area, 

Mongolia. In general, statistical methods are essential for the geological modelling and 

analysis of rock physical properties. Sometimes in practice, geostatistical approaches are 

challenging to apply to the field data. The purpose of my research is to develop an advanced 
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geostatistical technique for mineral exploration using the chargeability, resistivity, and 

magnetic susceptibility over core samples. In this study, it is shown that the fuzzy C-means 

cluster analysis is capable to distinguish the different types of bedrocks distributed in the 

research area. This method is useful for the quick processing of rock physical properties and 

may aid the interpretation of the data of geophysical surveys and mineral exploration. 

The TAU-transform was introduced (Turai. 1985) for the interpretation of IP data. The IP 

measurements are widely used in the ore exploration. The TAU-transform was developed to 

process time-domain induced polarization datasets measured in the Schlumberger electrode 

array. Many studies have confirmed its successful applicability in field application and 

laboratory measurements (Turai and Dobróka. 2011), (Kiss, et al. 2016), (Abordán and 

Szabó. 2020), (Gyulai and Szabó. 2014). The main purpose of my study was to develop the 

data processing for the TDIP multichannel electrode system, as well to improve the 

interpretation of TDIP data for exploration of natural resources based on previous research 

in our department. This part shows how the TAU- transform using mathematical tools for 

data processing can be utilized in the interpretation of Pole-Dipole geoelectric induced 

polarization data determining the time constant spectrum as well as the Weighted Amplitude 

Values (WAV). These results prove the applicability of the method to data analysis in field 

surveys and may aid the interpretation of induced polarization surveys in ore exploration. 

5. GEOPHYSICAL METHODS IN HYDROCARBON EXPLORATION  

This chapter presents a short review of previous research on the hydrocarbon exploration in 

two countries, Mongolia and Hungary. As well, applications, advantages, disadvantages, 

theoretical basics and recent case studies of the widely used seismic survey, gravity survey, 

and more highlighted induced polarization survey are presented in the following. 

Petroleum exploration in Mongolia: The geoscientific study carried out in 1892 in central 

Asia by Russian Scientist, V. A. Obruchev marked the beginning of Mongolian geology. A 

few decades later, oil exploration in Mongolia began with the classification of Mesozoic and 

Tertiary sediments, and the discovery of oil shale outcrops in the Gobi region. Mongolia’s 

sedimentary basins for oil are divided into 31 exploration blocks. From 1993 to 2014, the 

total of 33157 km of 2D seismic and 6273, 9 km2 of 3D seismic surveys have been 

conducted. The total of 47% of exploration block area, 390880 km2 is covered by regional 

gravity survey at a scale of 1:200000 (MRAM. 2021). The gravity survey had been measured 

by 1:5000, and 1:10000 on several exploration blocks, and calculated Bouguer gravity 
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anomaly. The terrain correction was calculated using an uniform reduction density of 2670 

kg.m-3. 

Hydrocarbon exploration in Hungary: Hydrocarbon exploration, mostly for natural 

asphalt (“bitumen”) and crude oil (“petroleum”), began in the 1850s when the region was 

part of the Austro–Hungarian Monarchy. Hungary’s basins of hydrocarbon exploration are 

divided into 9 sub-basins. The majority of 3D acquisitions was performed for hydrocarbon 

exploration purposes, achieving nearly 20% national coverage by 2017-end. Significant 

quantities of seismic materials are available in raw field format, and also in processed, 

migrated format. Number of objects: 3D block, processed: 98 pcs, 3D block, field 

acquisitions: 107 pcs, 2D lines: 6,577 pcs, 2D processed lines, in SEGY format: nearly 3,200 

pcs. Acquisition data were captured during the period between 1950 and 2007. (Babinszki, 

et al. 2018). Gravity field investigations and field observations in Hungary were already 

established by the pioneering work of Baron Loránd (Hördt, et al. 2007) Eötvös. The Eötvös 

torsion balance became the world's first geophysical tool for prospecting and revealed 395 

hundreds of hydrocarbon resources. Hungary contributed to the unified Bouguer gravity map 

with gridded data of 2 km × 2 km given in Gauss-Krüger map projection, the terrain 

correction was calculated up to a distance of 22.5 km around each station utilizing a uniform 

reduction density of 2670 kg m-3.  The Hungarian gravity database consists of approximately 

388 000 data points and covers the whole country with rather heterogeneous point density 

(Zahorec, et al. 2021). 

5.1 Seismic survey 

Introduction  The method of investigating the subterranean structure, particularly as 

related to exploration for hydrocarbon and mineral deposits. Seismic 

survey is based on determining the time interval that elapses between 

the initiation of a seismic wave at a selected shot point (the location 

where an explosion generates seismic waves) and the arrival of 

reflected or refracted impulses at one or more seismic detectors 

(Skerlec. 1999), (Jahn, et al. 2008). 

Uses of seismic Seismic is perhaps the most well-known type of geophysical survey 

used to locate potential oil and natural gas deposits in the geologic 

structures within the Earth. Seismic surveys can be conducted onshore 

(Dearing, et al. 1996) and offshore (marine). Land and marine surveys 
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operate based on the same  principles of elastic wave propagation, but 

they differ technically (Skerlec. 1999). 

Advantages  Several journals noted, the seismic survey has helped find, drill and 

produce oil and natural gas with the least risk and the least possible 

impact to the Earth. As operators explore oil and gas, the use of 

geophysical technologies supports to reduce risk in regards to cost, 

safety and damage to the environment. Seismic information is used to 

accurately plan locations for wells, reducing the probability of drilling 

dry wells and consequently the need for further drilling, minimizing the 

environmental impact of the oil and gas exploration. 

Disadvantages Following are the disadvantages: 

• Large quantity of data is collected. 

• Data are expensive to acquire. 

• Data processing is time consuming and demands expertise. 

• Equipment is expensive compared to other geophysical 

methods 

• Not possible to detect contaminants directly. 

Theory The basic principle of all seismic methods is the controlled generation 

of elastic waves by a seismic source in order to obtain an image of the 

subsurface. Seismic waves are pulses of strain energy that propagate 

in solids and fluids. Seismic energy sources, whether at the Earth’s 

surface or in shallow boreholes, produce wave types known as: 

• body waves, where the energy transport is in all directions, and 

• surface waves, where the energy travels along or near to the 

surface (Knödel, et al. 2007). 

Data analysis based on the theoretical principles is being developed 

by researchers intensively. 

The case study  The results of seismic surveys used in hydrocarbon exploration can be 

found in several journal and books. Seismic surveys produce more 

detailed images of the various rock types and their location beneath the 

earth’s surface. The information can tell us the location and size of 

hydrocarbon without having to disturb the land or seabed.  The 

amplitude variation with offset (Zahorec, et al. 2021) or amplitude 
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variation with angle (Szabó, et al. 2013) based on accurate reflection 

coefficient’s amplitude can indicate the reservoir and non-reservoir 

distributions (Richards and Aki. 1980). The recent years, AVO analysis 

is widely used in hydrocarbon detection, lithology identification, and 

fluid parameter analysis, due to the fact that seismic amplitudes at layer 

boundaries are affected by the variations of the physical properties 

(Feng and Bancroft. 2006). Also, AVA analysis is establishing the 

seismic properties of material either side of a reflective interface, and 

their use is growing in glaciology (Booth, et al. 2016). 

5.2 Gravity survey  

Introduction  A gravity survey helps us to identify the size, shape, and depth of 

anomalous masses. Gravity effectively images lateral density contrasts 

within the subsurface. It is particularly good at locating geologic 

structures horizontally.  

Uses of gravity Gravity has the following uses: 

• Determining the shape of salt masses. 

• Locating structures under thrust plates. 

• Locating major faults. 

• Hydrocarbon exploration. 

• Locating intrusive (or intrusive bodies). 

• Defining overall basin configuration. 

• Determining structural trend continuation between wells and 

seismic data. 

• Mapping large tectonic features. 

Advantages  Gravity has advantages over other methods: 

• Fast, inexpensive tool for evaluating large areas. 

• Can distinguish sources at exploration depths. 

• Non-destructive, measures an existing field through a passive 

measurement. 

• Can use old data today and easily integrate with new data. 

• Scalar measurement can yield a pseudo structure map. 

Disadvantages • Needs geological and geophysical constraints to interpret. 
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• Does not directly provide a structural cross section without 

additional geologic input. 

• Overlapping anomalies may confuse the interpretation. 

• Data quality may deteriorate in rougher terrain. 

• Tends to image gross structures; finer structures are more 

difficult to image. 

• Resolution deteriorates with depth. 

Theory Gravity effects caused by subsurface geology are superimposed upon 

the earth's overall gravity field. These effects, called anomalies, are 

typically less than 100 ppm of the total field. Several corrections are 

made to remove the earth's field from the total measurement to image 

these anomalies. For petroleum exploration, gravity is measured in 

milligals (mGal). Typical exploration anomalies are generally < 25 

mGal. Typical gravity sensors are capable of measurements < 0.5 

mGal. 

The case study The gravity method was the first geophysical technique to be used in 

oil and gas exploration (Nabighian, et al. 2005) Gravity survey plays 

unique role in helping target petroliferous basins and inner basin 

structures patterns during early stage of exploration, especially for 

buried basin boundary delineation, concealed depression, uplift and 

carbonate reef reveals, and depths to the basement estimation as well 

(Zhang, et al. 2019). 

5.3 Induced Polarization (IP)  

Introduction  The presence of polarizable material in the ground is an excellent proxy 

for the distribution of metallic minerals and hence IP surveys are 

routinely used for mineral exploration (Fink, et al. 1990). Recent 

studies have also applied the observation of IP effects to hydrocarbon 

exploration (Davydycheva, et al. 2006), (Veeken, et al. 2012) 

hydrogeological mapping (Slater and Glaser. 2003), (Hördt, et al. 

2007), and numerous other environmental and engineering 

applications. The causes of electric polarization, or equivalently 
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chargeability, are varied but regardless of the cause, a chargeable 

material will have a complex, frequency-dependent conductivity. 

Uses of IP Three main causes: 

• Electrochemical processes at the interface of metallic 

minerals/pore fluid (ore exploration). 

• Reaction involving organic materials (Hydrocarbon). 

• Exchange reaction in clay and shale sands (Hydrogeology). 

Advantages  • The geoelectric method helps to identify attractive areas and 

reduces the overall drilling risk. 

• Detection of disseminated mineral (difficult with resistivity). 

• Method is sensitive to clay in aquifers. 

Disadvantages • Some disadvantages compared to the resistivity method. 

• Electrical phenomena are still not totally understood at rock 

matrix scale. 

• IP surveys are slower and more expensive than resistivity 

measurements. 

Theory Induced polarization (Nabighian, et al. 2005) and resistivity are two 

electrical properties measured in near-surface sediments as indirect 

hydrocarbon indicators. They are usually measured at the same time by 

inserting two electrodes into the earth surface and passing a current 

through them. After the resistivity measurement is made, the current is 

shut off and the IP is measured. The IP is caused by the current placed 

into the earth “charging” specific mineral phases similar to a capacitor. 

The polarization measures the slow decay of voltage from this stored 

charge after the flow of electric current ceases (Dembicki. 2016). 

The case study This method was more highlighted than other methods due to the 

presented novel cases in the dissertation based on the induced 

polarization principle. In the future, I intend to apply novel cases for 

exploration of natural resources where other multi-channel electrode 

systems of the TDIP are used in the field survey. Another very 

significant application in the energy segment is the field of direct 

hydrocarbon research, where the IP method is suitable for the detection 

of productive hydrocarbon storage structures shown in the following 
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reference. Thus, all algorithms are useful for the quick processing of 

TDIP and may be an aid to accuracy improvement of the interpretation 

of geoelectric survey data in hydrocarbon exploration. Recently 

introduced results: time constant analysis (TDIP) means a novel 

opportunity of application in all three areas (environmental protection, 

ore- and direct hydrocarbon exploration), and shown the ring-like IP 

anomaly correlates well with the lateral boundaries of hydrocarbon 

reservoirs (Turai. 2012), (Turai and Dobróka. 2002). They mapped 

induced polarization IP effects caused by the presence of epigenetic 

pyrite microcrystals in sedimentary rocks, and concluded the technique 

reduces the risk attached to new hydrocarbon prospects and allows 

better ranking at a reasonable cost (Veeken, et al. 2009). Moreover, in 

a prospective region, the relatively low-cost EM methods can be 

deployed in the search for hydrocarbons (Meju. 2002), and evaluation 

of before-and-after IP data sets and two-dimensional finite element 

modeling strongly support the interpretation that the observed IP 

anomaly results from hydrocarbon-induced alteration and not from 

well casing or other cultural effects (Carlson and Zonge. 1996). As 

well, saturation of a geological medium with hydrocarbons causes 

specific changes in its physical properties, and the saturated zones 

generate anomalies in physical parameters distribution and measured 

geophysical fields thus allowing, to some extent, discovering the 

deposit and even recognizing its range. The structure and changeability 

of deposit parameters (Stefaniuk. 2011), shows resistivity and 

polarizability inversion sections of Time and Frequency 

Electromagnetic (TFEM) data at YM area, Tarim Basin in western 

China. Since igneous rocks are well developed at the survey area, 

seismic reflection is poor and it is difficult to recognize the 

hydrocarbon reservoir (He, et al. 2010), and demonstrates high 

resolution and allows detecting boundaries of hydrocarbon-bearing 

beds in both lateral and vertical directions (Davydycheva, et al. 2006).  
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6. GEOELECTRIC GEOPHYSICAL METHODS IN ORE EXPLORATION  

Many books and journals have been noted about the geoelectric methods. The resistivity 

survey method is one of the oldest and most commonly used geophysical exploration 

methods. Since the first commercial use of the resistivity method in the early 1920s and right 

up to the late 1980s, it has been used essentially as a one-dimensional (1D) mapping method. 

However, even in moderately complex areas, a 1D approach is not sufficiently accurate. 

Over the last 25 years, there have been revolutionary improvements to the resistivity method 

where two-dimensional (2D) surveys are now routinely conducted. Three-dimensional (3D) 

surveys are widely used in areas with complex geology, while there have been significant 

interest and developments in four-dimensional (4D) surveys. This has been made possible 

by recent developments in field instrumentation, automatic interpretation algorithms, and 

computer software. With the new tools, complex variations of the subsurface resistivity in 

both space and time can now be accurately mapped (Loke, et al. 2013). Some books 

highlighted in the following: In Applied Geophysics 2nd edition book including theoretical 

considerations, data acquisition, and data processing and interpretation, to locate 

concentrations of natural resources and define their extent (Telford, et al. 1990). In the book, 

the Direct Current Geoelectric Sounding had been specially explained principles, and 

Interpretation provides a comprehensive review of the Schlumberger method of geoelectric 

sounding, as well as current methods of interpretation. It explores the theoretical foundations 

of geoelectric sounding, the relative advantages, and limitations of the two symmetrical 

arrangements for vertical electrical sounding, the techniques of interpretation for Wenner 

sounding curves, and dipole sounding (Bhattacharya. 2012). Another book, An Introduction 

to Applied and Environmental Geophysics, 2nd Edition covers a range of applications 

including mineral, hydrocarbon, and groundwater exploration, and emphasizes the use of 

geophysics in civil engineering and environmental investigations (John. 2011). In the book, 

an Introduction to Geophysical Exploration had been included greater easy explanation, each 

of the major geophysical methods is treated systematically developing the theory behind the 

method and detailing the instrumentation, field data acquisition techniques, data processing, 

and interpretation methods (Kearey, et al. 2002). In this dissertation, special attention is 

drowned to the literature of gold mineralization. The worldwide interest in gold that has 

characterized mineral exploration in the 1980s has had a profound effect on the focus and 

style of geophysical prospecting. In the 1950s and 1960s, direct detection methods (chiefly 

airborne and ground electromagnetic (EM)) were applied widely in the search for massive 
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sulphide-hosted base-metal deposits (Paterson. 1967) At the same time, induced-

polarization methods were developed for the direct detection of porphyry coppers and other 

disseminated sulphide ores (Hallof. 1992). In the 1970s, refinements were made to extend 

the search by electrical methods under deeply weathered rocks (Summer. 1979), (Ward. 

1979), (Hallof. 1992). 

7. THE MOST IMPORTANT PHYSICAL PARAMETERS IN GOLD 

EXPLORATION 

Like any field of research for natural resources, also the gold exploration has specially 

developed methods strictly related to the physical (petrophysical) parameters of the rock. 

The most important physical parameters are briefly summarized in the following. 

7.1 Bulk density 

The Bulk density (also called apparent density or volumetric density) has a general form of 

its definition as the quotient of mass m and volume V of the material as  

 
σ =

m

V
, 

(1) 

the SI unit for density is kg/m3. In the physical properties of rocks, it is necessary to 

distinguish between different densities that are related to different rock components (Schön. 

2015). Thus, the mean bulk density is more mentioned on rock volume (including porosity, 

etc.). Bulk density of the composite materials (rocks) consisting of n component is 

 
σ = ∑σi

n

i=1

Vi, 
(2) 

where σi is the density and Vi is the fraction of components. The density of minerals is 

controlled by their elemental composition and internal bonding and structure. Compilations 

of mineral densities are published (Clark and Smith. 1966), (Dortman. 1976), (Schön. 2015) 

and (Serra. 1984). Rock density is very sensitive to the minerals that compose a particular 

rock type. In Fig 1 an overview is shown about the density of sedimentary rocks. In 

sedimentary rocks, there are two main groups concerning density controlling factors: first 

Pore-free sediments (salt, anhydrite, dense carbonate), second porous sediments (the most 

abundant group, the typical sedimentary rock). The density of pore-free sediments is 

determined by their mineral composition; some of them are mono-mineral rocks (especially 
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salts). As a result of nearly constant composition, this group is characterized by narrow 

ranges of density values. The density of porous sediments is mainly controlled by: 

 the mineral composition (matrix density, also called grain density), 

 the porosity, 

 the composition of pore content (saturation). 

 

Fig 1. Mean range of the density for sedimentary rocks. The source is (Schön. 2015). 

In several books, dislike other physical properties, the densities of the commonest rock-

forming minerals are remarkably close together. However, in igneous rocks particularly 

those given in Fig 2. the mean range of density increases from felsic (acid) to mafic (basic) 

types. Each rock type shows a range of density. In comparison with most sedimentary rocks, 

this range is relatively small and is mainly a result of a variation of the particular rock 

composition and a very small influence of pore or fracture volume. 

The density of metamorphic rocks is strongly influenced by the composition and density of 

the initial rock material, the degree of metamorphism, and thermodynamic conditions and 

processes. There is a more detailed relationship between mineral content and rock density 

for igneous rocks. 
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Fig 2. Mean range of the density for igneous and metamorphic. The source is (Schön. 

2015). 

7.2 Magnetic susceptibility 

Magnetic susceptibility (Clark and Emerson. 1991), (Schön. 2015)  quantifies the 

magnetization (M⃗⃗⃗ ), a rock or mineral experiences when it is subjected to an applied magnetic 

field (H⃗⃗ ). This relationship takes the form as 

 
M⃗⃗⃗ = kH⃗⃗ , 

(3) 

the value of susceptibility is different when given in cgs as opposed to SI. The translation 

between cgs and SI units is κ(SI)=4πκ (cgs) (Pelton, et al. 1978). The SI system is the 

currently preferred standard among most geophysicists. There are fundamental publications 

and comprehensive reviews about rock magnetism (Dearing, et al. 1996), (Hunt, et al. 1995), 

(Mooney and Bleifuss. 1953). 
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All materials respond in some way to a magnetic field so that all minerals have some sort of 

magnetic properties. In minerals, they can also be classified as diamagnetic, paramagnetic, 

and ferromagnetic: 

 The susceptibility of a diamagnetic material is negative and independent of 

temperature. An example of a diamagnetic mineral is quartz, SiO2, and a typical value 

of magnetic susceptibility is ∼ –10–6 in SI units (∼ –0.8 × 10–7 cgs). 

 As with diamagnetic materials, magnetization reduces to zero when the magnetizing 

field is removed. An example of a paramagnetic mineral is fayalite, Fe2SiO4, with 

room temperature magnetic susceptibility of ∼4.4 × 10–4 SI (∼3.5 × 10–5 cgs). 

 Ferromagnetic solids have atoms with magnetic moments, but unlike the 

paramagnetic case, adjacent atomic moments interact strongly. 

Susceptibility has a wide range of values for the individual rock types and more or less 

distinct tendencies and rules as demonstrated in Fig 3. Obviously: 

 susceptibility for each rock type varies over orders of magnitude, 

 susceptibility of magmatic rocks increases from acidic to basic rocks, 

 susceptibility of sedimentary rocks increases with increasing clay content. 

 

Fig 3. Mean range of the magnetic susceptibility for rocks. The source of the figure is 

(Schön. 2015). 
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The magnetic susceptibility of a rock depends on the constituting magnetic minerals. The 

most important magnetic mineral in rocks is magnetite, common in igneous and 

metamorphic rocks and is present also in most sediments. Ore-bearing sulphides are usually 

susceptible due to pyrite and pyrrhotite. The susceptibilities of some important magnetic 

minerals are shown in Table 1. 

Table 1. Magnetic susceptibility of several minerals in SI units. 

Mineral Chemical formula Average susceptibility 

Magnetite Fe3O4Fe3O4 5.8 

Ilmenite FeTiO3FeTiO3 1.8 

Hematite Fe2O3Fe2O3 6.5×10−3 

Magnetite Fe2O3Fe2O3 5.8 

Pyrite FeS2FeS2 1.5×10−3 

Pyrrhotite Fe1−xS(Fe7S8)Fe1−xS(Fe7S8) 1.5 

7.3 Electrical resistivity 

Electrical measurements form an important group of methods in applied geophysics. They 

are a powerful tool in engineering and mining geophysics, as well for ore exploration. More 

detailed treatments are published in (Ward. 1988), (Telford, et al. 1990), with special 

consideration to the Archie law (Archie. 1942). For physical aspects of rocks, two electrical 

parameters are relevant. Specific electrical resistivity and dielectric permittivity. 

For resistivity measurements, Ohm’s law gives the background to determine a resistance 

from a measurement of electrical current I and the resulting voltage drop U as 

 
R =

U

I
 . 

(4) 

Electrical resistance is connected with the material property “specific electrical resistivity” 

(or its inverse the conductivity) via a parameter that considers the geometry of the current 

distribution. For the simple case of a cylindrical sample the relationship is 

 
R = ρ

I

A
 , 

(5) 
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where I is the length and A is the cross-section of the sample. Specific electrical resistivity 

ρ is given in Ohm metre (ohmm). Electrical conductivity σ is the inverse of specific electrical 

resistivity and given in Siemens per metre, or Sm-1. Metallic ore minerals are often the target 

of mineral exploration. Even in small quantities, they can significantly affect the bulk 

resistivity of geologic materials. Most metallic ore minerals are electronic semiconductors 

(Schön. 2015), (Abu-Hassanein, et al. 1996). Their resistivity can change through orders of 

magnitude in some materials. For example, pure pyrite has a resistivity of about 3x10-

5 ohmm but mixing in minor amounts of copper can increase the resistivity six orders of 

magnitude to 10 ohmm. Conductivity properties of some important minerals are summarized 

as follows: 

 Pyrrhotite (FeS) is a consistently highly conductive mineral. 

 Graphite is a true conductor like a metal, and it is very conductive, even in very low 

concentrations. It is also chargeable, and it is usually difficult to distinguish from 

metallic ore minerals. 

 Pyrite (FeS2) is the most common metallic sulphide and has the most variable 

conductivity. Its conductivity is generally higher than porous rocks. 

 Galena (PbS) and magnetite (Fe3O4) are conductive as minerals, but much less 

conductive as ore because of their loose crystal structures. 

 Other conductive minerals include Bornite (CuFeS4), chalcocite (Cu2S) covellite 

(CuS) ilmenite (FeTiO3), molybdenite (MoS2), the manganese minerals hollandite 

and pyrolusite. 

 Haematite and zinc blende is usually nearly insulators. 

Although metallic minerals (particularly sulphides) may be moderately conductive (Palacky. 

1988),  (Keller and Frischknecht. 1996) for reasons: 

 Sulphide deposits can be either disseminated or massive. In the first type, the mineral 

occurs as fine particles dispersed throughout the matrix, and in the second one, the 

mineral occurs in a more homogeneous form. Disseminated sulphides may be 

resistive or conductive, whereas massive sulphides are likely to be conductive. 

 Chemical and/or thermal alteration can convert metallic minerals into oxides or other 

forms that are not as conductive as the original minerals. The resistivity ranges of 

basic types of rocks are shown in Fig 4. 
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Fig 4. Approximate resistivity range for some major rocks types and sulphide minerals 

(Mwenifumbo, 2013). 

7.4 IP chargeability 

The phenomenon of induced polarization (Kearey, et al. 2002) was observed by Conrad 

Schlumberger in a mining region in France in about 1929. Experimental and theoretical 

studies by (Marshall and Madden. 1959), (Pelton, et al. 1978), (Vinegar and Waxman. 1984), 

(Eerenstein, et al. 2006) and others describe the main features of this phenomenon. Induced 

polarization can be studied in the time domain and the frequency domain. In the time domain 

“chargeability” is used for description. It is derived from a measured time-dependent voltage 

UIP(t) (Seigel, et al. 2007). The apparent chargeability is defined as the ratio 

 
M =

UIP(t)

UE
 . 

(6) 

Chargeability is dimensionless, but usually the secondary voltage UIP(t) is given in mV and 

the primary voltage UE in V. Thus, the chargeability is given in mV/V (sometimes the 

percentage of this value is also used). Modern IP methods are directed on a study of the 

decay curve. One way is to integrate under a portion of the decay curve between the decay 

time t1 and t2 and define chargeability in msec. As 
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Mt1

t2 =
1

UE(t2 − t1)
∫ UIP(t)dt

t2

t1

 . (7) 

The induced polarization chargeability for some rocks are shown in Table 2 (Telford, et al. 

1990). 

Table 2. Approximate chargeability range for some major rock types. 

Material type 
Chargeability 

(msec.) 
Material type 

Chargeability 

(msec.) 

20% sulphides 2000-3000 Limestone, dolomite 10-20 

8-20% sulphides 1000-2000 Ground water 0 

2-8% sulphides 500-1000 Alluvium 1-4 

Volcanic tuffs 300-800 Gravels 3-9 

Sandstone, siltstone 100-500 Precambrian volcanic 8-20 

Dense volcanic rocks 100-500 Precambrian gneisses 6-30 

shale 50-100 Schists 5-20 

Granite, granodiorite 10-50 sandstones 3-12 

8. THE MOST IMPORTANT GEOELECTRIC GEOPHYSICAL 

METHODS APPLICABLE TO GOLD EXPLORATION 

8.1 DC resistivity measurements, VES, and multi-electrode arrays 

Resistivity methods are widely used in engineering geological investigations of sites before 

construction. Direct current (DC) resistivity methods use artificial sources of current to 

produce an electrical potential field in the ground. In these methods, a current is introduced 

into the ground through current electrodes (A, B) and the potential field is measured using 

two other electrodes (the potential electrodes M and N). 

VES is a very convenient, non-destructive method of determining the depth to rock head for 

foundation purposes and also provides information on the degree of saturation of subsurface 

materials. As the potential between M and N, the current introduced through A and B, and 

the electrode configuration are known, the resistivity of the ground can be determined 

referred to as the “apparent resistivity” (Seidel and Lange. 2007), Many configurations of 

electrodes have been designed (Habberjam, et al. 1979).  Some of the most commonly used 

electrode arrays are shown in Fig 5, and the specific location of the dipole-dipole electrode 

is given in Fig 6. 
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Fig 5. Some of the most commonly used electrode system. The letters A and B denote the 

current electrodes and the letters M and N denote the potential electrodes. 

Geometric factor (Jahn, et al. 2008) a numerical multiplier defined by the geometrical 

spacing between electrodes, which is used in conjunction with the voltage-to-current (R) 

ratio measured in electrical resistivity surveys to give an apparent resistivity  ρa such that as 

  ρa = kg ∗ R. (8) 

 

Fig 6. The electrode arrays of the dipole-dipole. The letters A and B denote the current 

electrodes and the letters M and N denote the potential electrodes. 
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8.2 Electromagnetic and AC resistivity measurements 

The electromagnetic methods are applied for environmental, geotechnical, or 

hydrogeological purposes (Clark and Emerson. 1991), (Kearey, et al. 2002). 

There are two types of electromagnetic survey: the first one, based on the frequency 

domain, measures the amplitude and phase of an EM induced field (FDEM), the second 

one, based on the time domain, measures the decay time of an electromagnetic pulse 

induced by a transmitter (TDEM). The TDEM method is applied to determine the 

resistivity of the subsurface at depth (down to 300 - 400 m) in the dipole sounding system 

and in the FDEM, the investigations are made in the frequency shown in Fig 7. 

 

Fig 7. TDEM (transient) and AC dipole-dipole frequency sounding systems, R is the 

distance between the transmitter and the receiver. 

Within and around the Earth there exist large-scale, low frequency, natural magnetic fields 

known as magnetotelluric fields. These induce natural alternating electric currents to flow 

within the Earth, known as telluric currents. Both of these natural fields can be used in 

prospecting taking into account the skin depth according to equations 

 
δ =

103

2π
√

10ρ

f
=

103

2π
√10ρT [m] , 

(9) 

where δ is skin depth, ρ is resistivity, f is frequency and  T is the time period. The source 

utilized by the VLF (Very Low Frequency) method is electromagnetic radiation generated 

in the low-frequency band of 15–25kHz by the powerful radio transmitters used in long-

range communications and navigational systems. Such signals may be used for surveying up 
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to distances of several thousand kilometres from the transmitter (Kearey, et al. 2002). The 

main applications of the VLF method are water exploration and geological mapping in the 

subsurface. 

8.3 Induced polarization IP methods 

The phenomenon of induced polarization (Kearey, et al. 2002) is reported to have been noted 

by Conrad Schlumberger as early as 1913. The induced polarization method has been used 

since 1942, having been developed during the Second World War as part of a USA Navy 

project (John. 2011). In the 1950s there was a rapid increase in interest in the IP method in 

both the mining and petroleum exploration sectors. In the 1970s significant progress was 

made in instrumentation (Zonge and Wynn. 1975) which also led to the development of the 

spectral IP (SIP) method, especially leading into the early 1980s (Pelton, et al. 1978). More 

detailed histories of the IP method have been provided by Collett (Collett. 1990) and Seigel 

et al (Seidel and Lange. 2007). The Induced Polarization is a very useful geophysical method 

not only in ore exploration (Keller and Frischknecht. 1966), (Sumner. 1984)) but in the 

detection zones where clay and other chargeable minerals are located within the host rock. 

IP measurements can be done both the frequency (FDIP) and the time domain (TDIP). In a 

broader perspective, our research is more considered the time domain Induced Polarization. 

TDIP has many applications, not only in ore exploration, principally of disseminated 

sulphides but in connection with geotechnical engineering and environmental problems 

(Arifin, et al. 2019). 

 

Fig 8. The schematic of the TDIP method (Sumner. 1984). 
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Time-domain IP measurements involve the monitoring of the decaying voltage after the 

current is switched off. The effect of IP is shown in Fig 8, where it can be seen that after 

switching on the current, the voltage gradually increases to a maximum value, and after 

switching off the current, it gradually approaches the baseline.  

A common method of presenting IP measurements is the pseudo-section, in which readings 

are plotted to reflect the depth of penetration. Theoretically, any standard electrode spread 

may be employed but in practice, the double-dipole, pole–dipole, pole-pole, Wenner, 

Schlumberger configurations are the most effective given in Fig 5. In the general equation 

of an apparent chargeability ma is defined by 

 
𝑚𝑎 =

1

Vp
∫ V(t)dt

tn

t1

 , (10) 

where tn is the time corresponding to the last voltage measurement and V(t) is the decay 

voltage at a time. 

8.3.1 Major polarizations and their geological causes 

IP effect is known as membrane, electrochemical-redox, filtration, and metallic 

polarization. All minerals which are good conductors (e.g. metallic sulphides and oxides, 

graphite) contribute to this effect shows in Table 3 (Turai. 2011). 

Table 3. The geological sources of the polarization. 

Type of 

polarization 
Source of  polarization 

The time 

constant 

(τ) 

Filtration Porous soil and rocks with conductive fluid Low 

Membrane Porous soil and rocks with disperse clay and water Low 

Electrochemical-

redox 

The chemical agent with thigh reactivity for oxidation 

or reduction 
High 

Metallic 
Metallic components in porous rocks with conductive 

fluid 
High 

Dielectric 

Non-conductive materials (disperse plastic materials, 

aromatic disperse hydrocarbons, electrically 

nonconductive organic materials) in porous rocks with 

conductive fluid 

High 
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8.3.2 IP in frequency domain static parameters, spectral parameter Cole-Cole 

spectrum 

IP measurements are usually made at frequencies at, or below, 10Hz to remain in the non-

inductive regions. Two measurements are commonly made. The percentage frequency 

effect (PFE) is defined as 

 
PFE =

ρa(f1) − ρa(f2)

ρa(f2)
∗ 100 , 

(11) 

where ρa is apparent resistivity at measuring frequencies of 0.1 and 10Hz. The metal factor 

(MF) is defined as 

 
FDMF = k

PFE

ρa(f1)
, k = 2π105. (12) 

This factor normalizes the PFE concerning the lower frequency resistivity and 

consequently removes, to a certain extent, the variation of the IP effect with the effective 

resistivity of the host rock. 

The Cole-Cole spectrum describes the frequency dependence of the complex resistivity 

based on the following definition 

 
              ρa(f) = Re[ρa(f)] + jIm[ρa(f)], 

(13) 

where Re is the real part, ρa is resistivity, f is frequency, Im is the imaginary, j is the 

imaginary unit. A model that is widely used for the behaviour of the resistivity with 

frequency is the Cole-Cole model  (Pelton, et al. 1978), (Cole and Cole. 1941). 

 
ρ(f) = ρ0 [1 − m(1 −

1

1 + (j2πfτ)c
)], 

(14) 

where the parameters are m is the chargeability, τ isthe time constant, c is the frequency 

dependence factor, and f is the frequency. 

8.3.3 IP in time domain static parameters, spectral parameter: time constant 

spectrum 

In the time domain, the apparent chargeability (often referred to as apparent polarizability) 

by percentage can be calculated by solving below as 

 
ηa(t) =

ΔUM,N(t)

U(TG)
100[%], 

(15) 

the metal factor is defined in the time domain induced polarization as 
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TDMF = k

ηa(t)

ρDC
 , k = 2π105, 

(16) 

where ρDC is the apparent resistivity of direct current. 

In the case of the IP method, the apparent chargeability is given as a Fredholm integral of 

the 1st kind, containing the w(τ) time constant spectrum 

 

ηa(t) = ∫ w(τ)exp(−t/τ)dτ.

∞

0

 

(17) 

9. GEOSTATISTICAL METHOD DEVELOPMENT FOR GOLD 

EXPLORATION IN MONGOLIA 

Several literature sources are being mentioned, in which gold has been treasured since 

ancient times for its beauty and permanence. Most of the gold that is fabricated today goes 

into the manufacture of jewellery. However, because of its superior electrical conductivity 

and resistance to corrosion and other desirable combinations of physical and chemical 

properties, gold also emerged in the late 20th century as an essential raw material. Gold 

performs critical functions in computers, communications equipment, spacecraft, jet aircraft 

engines, and a host of other products (Ulrich, et al. 2020) Long before any gold can be 

extracted, significant exploration and development need to take place, both to determine, as 

accurately as possible, the size of the deposit as well as how to extract and process them 

more efficiently, safely and responsibly. On average, it takes between 10-20 years before a 

mine is even ready to produce material that can be refined (Ali, et al. 2019) In another mind, 

our research is one of the smallest parts of a long time. Interestingly, China is the number 

one, Australia is the second-largest, and Mongolia is the thirty-fourth producer of gold in the 

world (Amarendra. 2018). 

Mongolia’s economic growth has become extremely dependent on the natural resources 

sector. Mongolia has vast natural resources and some of the most prospective geology in the 

world. There are several regional metallogenic belts located across Mongolia that extend into 

the neighboring countries of Central Asia and host world-class mineral deposits. The gold 

mines of importance are the Zaamar gold mine, the Boroo hard rock gold mine discovered 

and extracted since 1979 by open cast mining. Gatsuurt Gold Mine, and tracer gold 

extraction by the process of dredging the Tuul River (Bowler. 2013). In addition to copper, 

Oyu Tolgoi also has large reserves of gold and the deposit is assessed to contain 14 million 

ounces of gold in addition to the 19 million tons of copper according to the world-developed 
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report in 2013. This huge ore deposit is stated to be the second-largest discovered and valued 

at a billion dollars (David. 2003). The field area Yamaat gold mine is nearly located with the 

geological structure of previously presented Zaamar gold deposit, the more republic of 

Mongolia some 110 kilometres to the southwest of the capital city of Ulaanbaatar and about 

230 kilometres to the south of the international boundary with Russia, at coordinates 705057 

N and 5236792 E on the geographic map. 

The reason is that we used the raw dataset and background information of the Yamaat gold 

mine. In this study, geophysical data was collected by researchers of the Noyan Gari LLC 

and Mongolian University of Science and Technology between 2011 and 2017 that includes 

the Vertical Electrical Sounding, Induced Polarization, Magnetic surveying, well logging, 

resistivity, chargeability and magnetic susceptibility data measured on core samples. 

However, we use resistivity and values to FCM algorithm. Due to petrophysical information 

is to build a physical property model that is consistent with both the apparent resistivity and 

chargeability. Now, in this thesis, we apply the Fuzzy C-mean algorithm FCM over the 

physical properties of the rocks. FCM algorithm is one of the most commonly used technique 

in cluster analysis. Firstly, it was developed by Dunn (Dunn. 1973) and was improved by 

Bezdek (Bezdek, et al. 1984). In geosciences, regression-, factor-, and cluster analyses are 

widely used to find correlations between petrophysical variables, to reduce problem 

dimensionality or explore non-measurable background variables as well as to separate 

observed data into distinct groups of different lithological characteristics. One can see many 

similar types of research, however, although little different in the clustering technique.  

They perform multidimensional hierarchical cluster analysis on well-logging data before 

inversion that separates the measuring points of different layers on a lithological basis 

(Szabó, et al. 2013). Another example, the Fuzzy C-mean cluster analysis applied over the 

magnetic susceptibility and the resistivity of the core samples is shown in (Turtogtokh, et al. 

2018). The purpose of the work was to determine the geometry and extent of known 

mineralized zones using two physical parameters and to identify the approximate values for 

centres of cluster bedrocks. Another purpose of the research is the possibility of using the 

result of the FCM algorithm in the joint inversion of induced polarization data. In addition, 

the lithological information obtained by fuzzy C-mean clustering will be employed for a 

quick and objective integration of a multi-parameter database of rock physical properties. 
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9.1 Gold exploration of the Yamaat area in Mongolia 

9.1.1 Exploration history 

The geology of Mongolia is composed of forty-four geological terrains which are genetically 

classified into the following rock types: craton, metamorphic, passive continental margin, 

island-arc, back-arc, forearc basin, accretionary wedge, and ophiolite (Tomurtogoo, et al. 

2005). Geological terrains named Altay terrain an AL, Baruun huuray BA, and Hangay 

Hentey (Tomurtogoo. 2002). 

Hangay Hentey is mainly composed of quartz-sericite feldspar aplite, sericite-quartzes, and 

mica-quartz feldspathic schists and rarely of muscovite, amphibolite, and actinolite schists 

that are derived from continental green-grey and dark-grey sandstones and mudstone. They 

have lenticular blocks of red chert including radiolarian and conodont fossils, brown to 

brown-grey chert quartzite, grey quartzite, dark basalt, pillow-lava, dark-green dolerite, ultra 

basite, gabbro, serpentinite, shield dyke, metabasalt, limestone, marble, and 40 basalt-

limestone and chert-basalt melanges. Early-Late Devonian radiolarians and Late Silurian and 

Late Devonian conodonts were found from the red chert of the Gorhi (Tomurtogoo, et al. 

2005). 

Based on Hangay Hentey terrain, however, the study area is the smallest 2*2 [km] mentioned 

that past geological studies have mainly focused on gold and other mineral exploration in 

Yamaat area. Geological setting development, geological mapping, and prospecting for these 

commodities was carried out in 1952 at a scale of 1: 200000 by Borodyaev.G.Y., at al and 

in 1965-1967 at a scale of 1:50000 by G. I. Milin et al.,1967. 

After that direct research was carried out more focused on gold deposit in 1981-1985 at a 

scale of 1:25000 by А. I. Marcov et al., 1985. Interestingly, the placer gold was modified on 

the last geological map in 2016 at a scale of 1:5000 geology map were modified placer gold 

(Gantumur. 2016) The history of research is schematically shown in Fig 9. 
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Fig 9. The location map of the Yamaat area in Mongolia, and the database that was 

collected by searchers from 1952 to 2017 can be seen on the detailed timeline. 

Mongolian map is sourced from the Google Map. 

9.1.2 The geological setting 

In 1:5000 geology map were modified placer gold resource and distribution in Appendix 

geology map (Gantumur. 2016). Geological map in the mine included the following: alluvial 

sediment, proturium sediment, Placer gold deposit, lower Permian Gazar formation, lower-

middle carboniferous three types of the rock, lower Devonian, quarts-sericite alteration, 

Quartz vein, Dike, diorite and gabbro-diorite, fault, arsenic soil anomaly>100, cold 

mineralization in a trench, Soil-Au ppm, Placer-Au ppm. Besides, section line from A to B 

is located on the geology map of the line_2 by the Pole Dipole in TDIP, geoelectrical survey. 

9.1.3 Gold-bearing minerals in the exploration area 

At present, in the territory of Mongolia, several potential gold metallogenic and gold-bearing 

belts are identified. Noted of them are considered to be as high gold potential belts: North 

Khentii, Bayanhongor, South Khentii, Mongolian Altai, and Olon Ovoot belts and shown in 

Fig 10, types of gold mineralization in Mongolia (Jargalan. 2016). In addition, Yamaat area 

is located South Khentii as well as granitoid related gold. Host rocks in North Khentii were 

distributed regionally metamorphosed rocks and granite intrusive, gold type is Au quartz 

vein in our research area (Dejidmaa and Badarch. 2005). 
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Fig 10. Distribution gold mineralization types in Mongolia (Jargalan. 2016). 

9.1.4 Rock physical parameters measured on core samples 

The petrophysical properties of the bedrock have not been fully clarified. However, more 

mentioned a cataclastic granite, the reason of which is that diorite porphyry, andesite 

porphyry from into bedrock is that included gold mineralization as well to separate between 

cataclastic granite, diorite porphyry, andesite porphyry and rhyolite in bedrock. The physical 

properties were collected to identify the physical characteristics of a core sample drilled in 

the study area. For quantitative data analysis, 79 core samples were taken from the previously 

mentioned four different lithologies and their resistivity and chargeability values were 

measured. An apparent resistivity and a chargeability measurement are usually performed 

together. Also, magnetic susceptibility measurement is a different technique. The most 

common application is mineral exploration well as there is a growing interest in these 

techniques for engineering and environmental applications. In search same that we used 

Sample Core IP Tester SCIT and the Multi-Parameter Probe MPP tools of the 

Instrumentation GDD Inc. Resistivity Ohmm and chargeability mV/V measurements were 

carried out using the GDD Sample Core IP Tester SCIP (Circe. 2006) and magnetic 

susceptibility was carried out using the MPP. Those parameters were measured on core 

samples shown in Appendix measurement dataset. 
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9.2 Geostatistical method development result 

9.2.1 Fuzzy C-means clustering algorithm  

Firstly, in non-hierarchical cluster analysis, we choose the number of clusters that we want 

to classify, for instance, our research is suggested four numbers of clusters. In similarly 

research they introduced that an integrated clustering approach is suggested for the 

interpretation of petrophysical properties measured on core samples. The predefined number 

of clusters is assumed based on both geological information available at the site and the SSE 

sum of squared error analysis of the input dataset (Szabó, et al. 2019). After that, the FCM 

algorithm will start by randomly selecting centroids cluster centres to group the multi-

dimensional data objects into the required number of clusters. A line is then shown separating 

the multi-dimensional dataset into the clusters based on their proximity to the centroids. The 

algorithm will then reposition the centroid relative to all the points within each cluster. The 

centroids and points in a cluster will adjust through all iterations, resulting in optimized 

clusters. The result of this analysis is the segmentation of data points into two or more 

clusters. In general, the equation of the FCM algorithm is based on the minimization of an 

objective function called C-means function (Prasad, et al. 2016). It can be shown to be  
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where V is the matrix of cluster centres to be determined, X is the matrix of input multi-

dimensional data, U is the matrix of fuzzy membership degree values, c is the number of 

clusters, and nc is the number of input multi-dimensional data points. The distance between 

each multi-dimensional data object and cluster centre is denoted by Euclidean norm L2 

norm. L2 norm can be calculated as 
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in Eq.18, xj is the jth vector of the multi-dimensional measured dataset, m is a fuzzуness 

coefficient we used m=2 while it had been suggested by several researchers. vi is ith cluster 

centre, uij is the degree of membership degree value. Afterward, the necessary condition for 

a minimizing Eq.18 can be derived as calculate the cluster centers 
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future more, an optimal solution with c partitions can be determined the update membership 

matrix in an iterative process 

 






























c

1k

1)2/(m

k
v

j
x

i
v

j
x

1

ij
u , 

(21) 

whereas k is the iteration step. In the time of the clustering process, the FCM algorithm 

searches for optimized clustering centres i.e. the most typical values of resistivity and 

chargeability of different rock types, and updates membership matrix by minimizing the 

objective function iteratively. I verified based on the clustering results between an apparent 

resistivity and a magnetic susceptibility that the rocks can be divided into two main clusters 

(cataclastic granite and diorite porphyry) in the field area. 

9.2.2  Results of clustering between am apparent resistivity and a magnetic 

susceptibility 

The main purpose of the work was to determine the geometry and extent of known 

mineralized zones using two physical parameters and to identify the new classification of 

the rocks. The bedrock in the area consists mainly of lower Permian Carboniferous 

cataclastic granite that has partially been transformed into diorite porphyry, andesite 

porphyry, and rhyolite, intrusive dolerite dykes can also be expected in the area. The physical 

rock properties were collected to identify the physical characteristics of a core sample drilled 

in the study area. In this case, we considered meanly distributing for the cataclastic granite 

and diorite porphyry. For quantitative data analysis, there were measured 50 core samples 

from 2 different lithologies for resistivity and magnetic susceptibility shown in Fig 11. 
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Fig 11. Raw measured resistivity and magnetic susceptibility data of the core sample in the 

research area. 

Iteration is the repetition of a process to generate a possible unbounded sequence of 

outcomes.  More important in the FCM, we used a technique to iterate between two physical 

properties measured on the core sample in the research area seen iteration count = 30 in Fig 

12. As well, high detailed data processing could be opportunity by considering iteration in 

FCM when planning the dataset of physical proprieties. 

 

Fig 12. Circles Iteration points of the Fuzzy C- mean algorithm FCM were defined. 
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The different rock physical data set is used because to increase the classification of physical 

properties rocks in the research area. The results of the FCM on the dataset of the physical 

properties divided 2 the clusters and new centres seen in Fig 13. 

 

Fig 13. Cluster centres are defined by the Fuzzy C-mean clustering algorithm. Circles Raw 

measured data, colour circles. 

The first cluster A is the cataclastic granite by low value also second cluster B is the diorite 

porphyry by high value in Table 4. 

Table 4. The centres between the resistivity and magnetic susceptibility. 

Clusters Name of the rock Resistivity [Ohmm] 
Magnetic susceptibility 

 [SI 10-3] 

A Cataclastic granite 3100.34 0.87 

B Diorite Porphyry 8500.95 1.13 

The result of fuzzy C-mean has pointed to the new centre of the cataclastic granite and diorite 

porphyry. In the future, the next step forward may be reasonable to integrate magnetic 

susceptibility, chargeability, and resistivity data for obtaining more reliable petrophysical 

models of the subsurface. The result of the FCM will be used to improve the quality of final 

geological and geophysical models. 
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From the above results, I declare: THESIS STATEMENT 1 

a. I proved using Fuzzy C-mean cluster analysis that Cataclastic Granite and Diorite 

Porphyry can be distinguished based on the resistivity and magnetic susceptibility of 

the core samples taken in the Yamaat mine area. 

b. Using Fuzzy C-mean analysis, I calculated that the centre value of Diorite Porphyry 

resistivity is 8500 ohmm and the centre value of its magnetic susceptibility is 0.00113 

SI units and these are significantly higher than in the case of Cataclastic Granite, 

which has a centre value of resistivity 3100 ohmm and has a centre value of magnetic 

susceptibility 0.00087 SI units. 

9.2.3 Results of clustering between an apparent resistivity and an apparent 

chargeability  

It should be noted that, for metallic particles, there is a strong relationship between the 

response of the resistivity values and that of the IP values. Based on the raw resistivity and 

chargeability measurements, the separation of the different rock types cannot be carried out 

easily. Therefore, FCM algorithm is applied to better describe the dataset. First, an apparent 

resistivity and an apparent chargeability data measured on the core sample is plotted in Fig 

14. Resistivity ranges from 592 ohmm to 18751 ohmm and chargeability range from 

1.73mV/V to 34.36 mV/V. 

 

Fig 14. Raw measured resistivity and chargeability data of the core samples. 
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In our data processing, the objective function is calculated. The iteration process is run for 

22 steps as can be seen in Fig 15. As the result has demonstrated that in the iterative there 

could be advantages.  

For example, less time is spent, to build more approximated values and to easily manage 

within the multi-dimensional data set. Furthermore, usually to improve the result of the data 

processing could be opportunities by considering iteration in FCM on the dataset of physical 

properties. The iteration process should be run until the minimum of the objective function 

is found. 

 

Fig 15. Circles iteration points of the Fuzzy C- mean algorithm FCM were defined by 

equation 18. 

Once the objective function of the FCM algorithm is minimized, the number of clusters and 

their centres are optimally chosen along with the matrix U (Bora, et al. 2014). In this study, 

we used the well-known Euclidean norm L2 as a distance measure. Based on the available 

resistivity and chargeability dataset, FCM managed to distinguish four cluster centres. 

The four resulting cluster centres can be associated with cataclastic granite, diorite porphyry, 

rhyolite, and andesite porphyry in the bedrock that is present in the area of investigation.  
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The correlation between different physical properties and the content of rocks is determined 

by the FCM algorithm. The decrease of the chargeability in the function of the resistivity is 

seen through the positions of cluster centres denoted by the A, B, C, D in Fig 16. 

 

Fig 16. Cluster centres defined by the Fuzzy C-mean clustering algorithm. Circles Raw 

measured data, colour circles, A - Rhyolite, B - Cataclastic granite, C - Diorite 

Porphyry, D - Andesite Porphyry 

As the research has demonstrated that the FCM algorithm was effectively applied to 

distinguish the numerical classification of the bedrock of the area based on the properties of 

rock collected from core samples. As well pre-chosen rocks rhyolite, cataclastic granite, 

diorite porphyry, and andesite porphyry were identified by FCM algorithm cluster centres. 

In the research area, we can get approximate numerical values for each rock type. The 

application of the FCM algorithm furthermore allows the analysis of trends such as the 

resistivity is increasing from rhyolite to cataclastic granite to diorite porphyry until andesite 

porphyry, while chargeability is changing reversely with resistivity. 

The following centres were found optimized values for the four different rock types in the 

area in Table 5. We can see that resistivity increases from rhyolite to andesite porphyry and 

changeability decreases. 
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Table 5. The centres between resistivity and chargeability. 

Clusters 
Name of the 

rock 

Resistivity 

[ohmm] 

Chargeability 

[mV/V] 

Corrected conductivity 

[S.mV.sec/V.m] 

A Rhyolite 2467 17 6.8 

B Cataclastc granite 5822 12 2.0 

C Diorite Porphyry 11590 
     3 

0.2 

D Andesite Porphyry 18094 2 0.1 

The main purpose had been interested in the physical properties of the gold mineralization 

cataclastic granite. Interestingly, it is not max and min values, also approximately values of 

the cataclastic granite are defined by the 5822 [Ohmm] and 12 [mV/V]. As a consequence, 

the FCM algorithm is a powerful technique in clustering multi-parameter datasets. In further 

research, several geophysical parameters will be involved in the same procedure to increase 

the performance of cluster analysis and improve the reliability of rock typing. 

From the above results, I declare: THESIS STATEMENT 2 

a. I proved using Fuzzy C-mean cluster analysis that Rhyolite, Cataclastic Granite, 

Diorite Porphyry, and Andesite Porphyry can be distinguished from each other based 

on the resistivity and chargeability of the core samples taken in the Yamaat mine 

area. 

b. Using Fuzzy C-mean analysis, I calculated that the centre value of Rhyolite resistivity 

is 2467 ohmm and the centre value of its chargeability is 17 mV/V,  the centre value 

of Cataclastic Granite resistivity is 5822 ohmm and the centre value of its 

chargeability is 12 mV/V, the centre value of Diorite Porphyry resistivity is 11590 m 

and the centre value of its chargeability is 3 mV/V, and the centre value of Andesite 

Porphyry resistivity is 18094 ohmm and the centre value of its chargeability is 2 

mV/V.  
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10. ESTIMATION OF THE ORE CONCENTRATION USING THE TIME 

CONSTANT SPECTRUM 

10.1  The TAU transformation 

Turai (1985) presented some reference processing algorithms for IP data processing. 

However, their methods were designed for the IP method and mainly focused on time-

domain characteristics. Combining this method and tools of the inverse problem theory a 

general algorithm for the determination of the time-constant spectra of the polarization data 

is available for the general case of continuous spectra. As part of this process, several key 

issues must be addressed: a time constant, a time constant spectrum of the polarization, 

weighted amplitude value (WAV), a TDIP decay curve, an apparent chargeability 

calculation, and modelling. 

The apparent polarization curves (𝜂𝑎(𝑡)) can be constructed from the measured time-domain 

IP data. The strictly monotonously decreasing function can generally be written as an integral 

transform of (𝑤(𝜏)) functions. The modelling of the problem was formulated by Turai 

(Turai. 1985). 

 

𝜂𝑎(𝑡) = ∫ 𝑤(𝜏)𝑒−𝑡/𝜏𝑑𝜏.

∞

𝑜

  (22) 

In Eq. 22, t is the time after turning off the excitation current, τ is the time-constant, 

and 𝑤(𝜏) is the time-constant spectrum 

 

∫ 𝑤(𝜏)𝑑𝜏 = 1.

∞

𝑜

  (23) 

The aim is to determine the time-constant spectrum that contains all the basic polarization 

effects and can be obtained with the TAU-transformation introduced 

 
𝑤(𝜏) = 𝑇𝐴𝑈[𝜂𝑎(𝑡)], 

(24) 

the TAU-transformation is solved as an inverse problem. Since the modelling (see Eq. 22) 

is nonlinear, so the inverse problem will be only approximately linear. 
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10.2  Methods for solving the TAU transformation 

10.2.1 Application of the Monte Carlo method 

Monte Carlo inversion techniques were first used by geoscientists more than 30 years ago. 

Since that time they have been applied to a wide range of problems, from the inversion of 

free oscillation data for the whole Earth seismic structure to studies at the meter-scale lengths 

encountered in exploration seismology. This paper traces the development and application 

of Monte Carlo methods for inverse problems in the Earth sciences and in particular 

geophysics  (Mosegaard and Sambridge. 2002) as well, Inverse problem theory is the 

mathematical theory describing how information about a parameterized physical system can 

be derived from observational data, theoretical relationships between model parameters and 

data, and prior information (Mosegaard and Tarantola. 1995).  In the chapter, approximate 

the TAU transforms for line spectra developing by the Monte Carlo. A general equation can 

be written in a discrete linear equation system based on the TAU transform (Turai and 

Dobróka. 2011) and see Eq. 22. 

 
𝜂𝑎 = 𝐸𝑤, 

(25) 

where ηa is vector of polarizability data, w is vector of the amplitudes of the time constant 

spectrum, E is the exponential weight matrix: 

 
𝐸𝑘,𝑖 = 𝑒𝑥𝑝 (

−𝑡𝑘
𝜏𝑖

), 𝑘 = 1,… , 𝑘𝑚𝑎𝑥;  𝑖 = 1,… , 𝐼𝑚𝑎𝑥;  𝑘𝑚𝑎𝑥 = 𝐼𝑚𝑎𝑥. (26) 

Also, the equation can be transposed the spectra of the time constant as a vector by the 

 
𝑤 = 𝐸−1𝜂𝑎. 

(27) 

An algorithm is being joint by Monte Carlo. Random sampling numerical integration by the 

 

∫ 𝑤(𝜏)𝑑𝜏 = (𝜏𝑖
𝑚𝑎𝑥 − 𝜏𝑖

𝑚𝑖𝑛)
1

𝑁

𝜏𝑖
𝑚𝑎𝑥

𝜏𝑖
𝑚𝑖𝑛

∑𝑤(𝜏𝑖)

𝑁

𝑖=1

. 
(28) 

In Eq. 28. take N samples from a uniform distribution in the interval (𝜏𝑖
𝑚𝑎𝑥 − 𝜏𝑖

𝑚𝑖𝑛).  Monte 

Carlo is a random search method in which models are drawn uniformly at random. In a 

Monte Carlo inversion, each model parameter is allowed to vary within a predefined search 

interval (determined a priori). Thus for each model parameter 𝑤𝑖  is the line spectra of time-

constant we define 

 
𝑤𝑖

𝑚𝑖𝑛 ≤ 𝑤𝑖 ≤ 𝑤𝑖
𝑚𝑎𝑥 .  

(29) 
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A random number is drawn from a uniform distribution U[0,1] and is then mapped into a 

model parameter. As an example assume that the random number is rn, then the new model 

parameter value can be given as 

 
𝑤𝑖

𝑛𝑒𝑤 = 𝑤𝑖
𝑚𝑖𝑛 + (𝑟𝑛) ∗ (𝑤𝑖

𝑚𝑎𝑥 − 𝑤𝑖
𝑚𝑖𝑛). 

(30) 

A new random model vector can be generated by random perturbation of a specific number 

of model parameters in the model vector. Other types of approaches can be taken to make 

Monte Carlo inversion more practical in many applications. For instance, we may be able to 

find reasonable answers if the search space is reduced. Also, we may be able to describe the 

search window utilizing a pdf (possibly a Gaussian with small variance) rather than a 

uniform distribution, based on prior information. If no prior information is available to 

narrow the search width, the best we can do is to introduce a new factor called the search 

increment to define model parameter resolution. Thus for each model parameter 𝑤𝑖, we 

define a ∆𝑤𝑖 

Monte Carlo Methods such that the total number of possible values that the model parameter 

can take is given by 

 
𝑁𝑖 =

(𝑤𝑖
𝑚𝑎𝑥 − 𝑤𝑖

𝑚𝑖𝑛)

∆𝑤𝑖
.  (31) 

Next, a random number (rn) drawn from U[0,1] is mapped to an integer (say irn) between 1 

and N, i.e. 

 𝑖𝑟𝑛 = 𝑁𝑖 ∗ 𝑟𝑛, (32) 

and then we compute the new model parameter as 

 
𝑤𝑖

𝑛𝑒𝑤 = 𝑤𝑖
𝑚𝑖𝑛 + (𝑖𝑟𝑛) ∗ (𝑤𝑖

𝑚𝑎𝑥 − 𝑤𝑖
𝑚𝑖𝑛). 

(33) 

For large values of ∆𝑤𝑖, the resolution will be poor, but it may be easier to solve the best 

model. Similarly, for small values of ∆𝑤𝑖, we may expect good resolution but it may take 

enormous computing time. In a geophysical inversion, geological components are 

considered more important on the method. In this case, we have used the following special 

technique. Consider the analytical TAU transform 

 

𝜂𝑎(𝑡) = ∫ 𝑤(𝜏)𝑒−𝑡/𝜏𝑑𝜏.

∞

𝑜

 
(34) 

After discretization, the following form is obtained 
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𝜂𝑎(𝑡𝑘) = ∑ 𝑤𝑖

𝐼𝑚𝑎𝑥

𝑖=1

𝑒𝑥𝑝 (
−𝑡𝑘
𝜏𝑖

) , 
(35) 

where tk is reference time of the k-th polarizability sample, wi is the amplitude of the i-th 

component, τi is the time constant of the i-th component, and Imax is number of exponential 

components. Generate Imax random numbers in the interval (τmax – τmin). Let these random 

numbers be the values of the time constants (τi,rnd). For each τi,rnd value, let a M number of 

random numbers be generated in the interval (wmax – 0). Consider these random numbers as 

the wi,rnd amplitudes of the τi,rnd time-constant component. Repeat the above N times from 

τi,rnd generation. In this way, we perform (Imax x N x M) random generation. For each pair 

(τi,rnd, wi,rnd), calculate the polarizability curve obtained by random generation. 

 

𝜂𝑎(𝑡𝑘)𝑟𝑛𝑑
𝑛,𝑚 = ∑ 𝑤𝑖,𝑟𝑛𝑑

𝑛,𝑚

𝐼𝑚𝑎𝑥

𝑖=1

𝑒𝑥𝑝 (
−𝑡𝑘
𝜏𝑖,𝑟𝑛𝑑
𝑛 ) , n = 1, … , N;  m = 1,… ,M.   

(36) 

From the randomly generated polarizability curves, select the one with the smallest data 

distance (Dmin) from the measured polarizability curve. The time constants and amplitudes 

of this curve give the discrete time constant spectrum 

 
(𝜏𝑖,𝑟𝑛𝑑

𝐷𝑚𝑖𝑛 , 𝑤𝑖,𝑟𝑛𝑑
𝐷𝑚𝑖𝑛), 𝑖 = 1,… , 𝐼𝑚𝑎𝑥. 

(37) 

10.2.2  The well-determined inversion solution 

The inverse theory is simply the set of methods used to extract useful inferences about the 

geological structure from physical measurements. To solve the inverse problem, knowledge 

of the so-called problem is needed. In the case of the IP method, this is given as a Fredholm 

integral of the 1st kind 

 

𝜂𝑎(𝑡) = ∫ 𝑤(𝜏)𝑒−𝑡/𝜏𝑑𝜏,

∞

𝑜

 
(38) 

where  is the time constant, 𝑤(𝜏)is the time constant spectrum. The inverse of the equation 

is called the TAU-transform, giving 

 𝑤(𝜏) = 𝑇𝐴𝑈[𝜂(𝑡)],  (39) 

which is an important quantity characterizing the rock continuum and contains all the 

important information regarding the medium (Turai. 2011). By definition, for the spectral 

amplitude function the inequality 𝑤(𝜏) ≥ 0 valid. 
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The  𝜏-spectrum has two main types, such as continuous- and line spectrum. One of the most 

frequently used spectrum type is the line spectrum. In this case the time constant spectrum 

takes the form 

 

𝑤(𝜏) = ∑ 𝑤𝑚𝛿(𝜏 − 𝜏𝑚),

𝑀

𝑚=1

 
(40) 

where 𝜏𝑚 is the time constant belonging to the m-th spectrum line and  𝛿(𝜏 − 𝜏𝑚) is the 

Dirac delta localized to 𝜏𝑚. The integral equation (in Eq. 38) gives the following form 

 

𝜂𝑎(𝑡) = ∑𝑤𝑚𝑒𝑥𝑝 (−
𝑡

𝜏𝑚
) ,

𝑀

𝑚=1

 
(41) 

where the integration feature of the Dirac delta has been applied. In Eq. 41. 𝑤𝑚 is the spectral 

amplitude belonging the 𝜏𝑚 the time constant (the m-th spectral line). This equation can be 

considered the formula for the case of the line spectrum giving the 𝜂𝑎(𝑡𝑘) apparent 

polarization value in the k-th measurement time point 𝑡𝑘 

 
𝜂𝑎

𝑐𝑎𝑙𝑐(𝑡𝑘) = ∑ 𝑤𝑚𝑒𝑥𝑝(−𝑡𝑘/𝜏𝑚), (𝑘 = 1, . . . , 𝑁).

𝑀

𝑚=1

 
(42) 

In the nomenclature of the inverse problem theory, these are the calculated data. In Eq. 42. 

can also be written in Matrix-vector form as 

 𝜂 𝑎
𝑐𝑎𝑙𝑐 = 𝐸 �⃗⃗� , (43) 

where  𝜂 𝑎
𝑐𝑎𝑙𝑐 is an n=N-dimensional vector 

𝜂 𝑎
𝑐𝑎𝑙𝑐 = (𝜂𝑎1, 𝜂𝑎2, . . . , 𝜂𝑎𝑁)𝑇 , 

�⃗⃗�  is an M dimensional vector (Model parameters) 

�⃗⃗� = (𝑤1, 𝑤2, . . . , 𝑤𝑀)𝑇, 

and 𝐸 is an NxM dimensional matrix  with the elements 

𝐸𝑘𝑚 = 𝑒𝑥𝑝 (−
𝑡𝑘
𝜏𝑚

). 

Using the terminology of the inverse problem theory this can be considered the so-called 

Jacobi matrix, using Eq. (42) a formal definition gives 
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𝐺𝑘𝑚 =
𝜕𝜂𝑘

𝑐𝑎𝑙𝑐

𝜕𝑤𝑚
= 𝐸𝑘𝑚. 

(44) 

To determine the elements of the �⃗⃗�  spectral amplitudes one has to relate the 𝜂 𝑎
𝑐𝑎𝑙𝑐calculated 

and the 𝜂 𝑎
𝑐𝑎𝑙𝑐 measured apparent polarization data in the framework of an inverse problem. 

The simplest case of defining the inverse problem is to equate the two data vectors. 

Assuming that N=M this is an inhomogeneous algebraic equation with the solution 

 �⃗⃗� = 𝐸−1𝜂 𝑎
𝑚𝑒𝑎𝑠, (45) 

where 𝐸−1 is the inverse matrix. In this case, we can speak about the well-determined inverse 

problem. Though this problem seems to be simple and stable, there is no reason to expect 

positive values for the elements of the �⃗⃗�  spectral amplitude vector. A common way to ensure 

the positive solution is to introduce the transformation 

 𝑣 = 𝑙𝑜𝑔(�⃗⃗� ) = (𝑙𝑜𝑔(𝑤1), 𝑙𝑜𝑔(𝑤2), . . . , 𝑙𝑜𝑔(𝑤𝑀)). 
(46) 

In this case, the problem takes the form 

 𝜂 𝑎
𝑐𝑎𝑙𝑐 = 𝐸 𝑒𝑥𝑝(𝑣 ), 

(47) 

which is a nonlinear function of the elements of the new (transformed) model parameter 

vector. In a more convenient notation (common in inverse problem theory) we can write 

 
𝜂 𝑐𝑎𝑙𝑐 = 𝑔 (�⃗⃗� ), 

(48) 

where 𝑔  is a nonlinear function of the �⃗⃗�  model parameters. In the framework of linear 

inversion, this formula should be linearized around an appropriate �⃗⃗� 𝑜 point of the model 

space. 

Assuming �⃗⃗� 𝑜to be near to the solution, we can approximate the function 𝑔   at a point 𝑚 =

(�⃗⃗� 𝑜 + 𝛿 �⃗⃗� ) with its truncated Taylor series 

 

𝜂𝑘
𝑐𝑎𝑙𝑐(�⃗⃗� 𝑜 + 𝛿 �⃗⃗� ) = 𝑔𝑘(�⃗⃗� 𝑜) + ∑(

𝜕𝑔𝑘

𝜕𝑚𝑗
)

�⃗⃗⃗� 𝑜

𝑀

𝑗=1

𝛿 𝑚𝑗 . 
(49) 

Introducing the 

 
𝐺𝑘𝑗 = (

𝜕𝑔𝑘

𝜕𝑚𝑗
)

�⃗⃗⃗� 𝑜

, (50) 
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Jacobi matrix and the notation  𝜂𝑘
(𝑜)

= 𝑔𝑘(𝑚0) one finds 

 

𝜂𝑘
𝑐𝑎𝑙𝑐 = 𝜂𝑘

(𝑜)
+ ∑𝐺𝑘𝑗𝛿 𝑚𝑗,

𝑀

𝑗=1

 
(51) 

or in matrix-vector form 

 𝜂 𝑐𝑎𝑙𝑐 = 𝜂 (𝑜) + 𝐺𝛿 �⃗⃗� . (52) 

In the framework of the well-determined inverse problem we equate the 𝜂 𝑚𝑒𝑎𝑠 measured and 

𝜂 𝑐𝑎𝑙𝑐 calculated data  

 𝜂 𝑚𝑒𝑎𝑠 = 𝜂 (𝑜) + 𝐺𝛿 �⃗⃗� , (53) 

or introducing the notation  𝛿𝜂 = 𝜂 (𝑚𝑒𝑎𝑠) − 𝜂 (𝑜)we find the linearized equation 

 
 𝐺𝛿 �⃗⃗� = 𝛿𝜂 . (54) 

This is again an inhomogeneous linear algebraic set of the equation with the solution 

 𝛿 �⃗⃗� = 𝐺−1 𝛿𝜂 . (55) 

The new parameter vector is calculated in the iterative procedure 

 
�⃗⃗� 𝑛𝑒𝑤 = �⃗⃗� 𝑜𝑙𝑑 + 𝛿�⃗⃗� , 

(56) 

continued until a proper stop criterion is met. 

Taking into account Eq. (46), (47) and (48), the Eq. (50) can be written as 

  

𝐺𝑘𝑗 = (
𝜕𝜂𝑘

𝑐𝑎𝑙𝑐

𝜕𝑣𝑗
)

�⃗⃗⃗� 𝑜

= (
𝜕𝜂𝑘

𝑐𝑎𝑙𝑐

𝜕(𝑙𝑜𝑔𝑤𝑗)
)

�⃗⃗⃗� 𝑜

= (𝑤𝑗

𝜕𝜂𝑘
𝑐𝑎𝑙𝑐

𝜕𝑤𝑗
)

�⃗⃗⃗� 𝑜

= 𝑤𝑗 (
𝜕𝜂𝑘

𝑐𝑎𝑙𝑐

𝜕𝑤𝑗
)

�⃗⃗⃗� 𝑜

, 
(57) 

or taking Eq. (44) into account 

 𝐺𝑘𝑗 = (
𝜕𝜂𝑘

𝑐𝑎𝑙𝑐

𝜕𝑣𝑗
)

�⃗⃗⃗� 𝑜

= 𝑤𝑗𝐸𝑘𝑗. 
(58) 

As 𝐸𝑘𝑗 is the Jacobi matrix belonging to the original (non-transformed 𝑤𝑗) model parameters 

 𝐸𝑘𝑗 = 𝐺𝑘𝑗
𝑛𝑜𝑛−𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑

, 
(59) 

using Eq. (38) we can write a relationship between the Jacobi matrices belonging to the 

transformed and non-transformed model parameters 

 𝐺𝑘𝑗
𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑

= 𝑤𝑗𝐺𝑘𝑗
𝑛𝑜𝑛−𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑

. 
(60) 
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Note that the model parameters in Eq. (56) can have negative values, but the actual (physical) 

model parameters  

 𝑤𝑗 = 𝑒𝑥𝑝(𝑣𝑗), (61) 

are always positive. 

10.2.3  The overdetermined inversion solution 

The solution of the well-determined inverse problem is highly sensitive to the measurement 

noise. Because of this reason, the so-called overdetermined inversion methods (when the N 

number of measurement data is greater than the M number of unknown model parameters) 

is more frequently used in inversion. 

To solve the TAU-transform problem the overdetermined inverse problem theory can 

successfully be used. The starting point is again being Eq.38 governing the problem 

 

𝜂𝑎(𝑡) = ∫ 𝑤(𝜏)𝑒−𝑡/𝜏𝑑𝜏

∞

𝑜

, (62) 

and the series expansion inversion method (developed at the Geophysics department) is 

applied. In constructing a general algorithm for the determination of the TAU-transform we 

write the 𝑤(𝜏) spectrum function in the form of series expansion 

 

𝑤(𝜏) = ∑ 𝐵𝑞

𝑄

𝑞=1

𝛷𝑞(𝜏), 
(63) 

where 𝛷𝑞is the q-th base function and 𝐵𝑞is the corresponding expansion coefficient. The 

𝛷𝑞(𝜏) indicates a known set of basis functions (containing Q elements). Combining the 

above equations, we find 

 

𝜂𝑎(𝑡) = ∫ ∑𝐵𝑞

𝑄

𝑞=1

𝛷𝑞(𝜏)𝑒
−𝑡/𝜏𝑑𝜏

∞

𝑜

= ∑ 𝐵𝑞

𝑄

𝑞=1

∫ 𝛷𝑞(𝜏)𝑒
−𝑡/𝜏𝑑𝜏,

∞

𝑜

 
(64) 

which provides the (theoretical) apparent polarizability values at the 𝑡 = {𝑡1, 𝑡2, … , 𝑡𝑁} set 

of measurement times (N is the number of measured data). Let us introduce the notation 𝐺𝑘𝑞  

Jacobi matrix as 

 

𝐺𝑘𝑞 = ∫ 𝛷𝑞(𝜏)𝑒
−
𝑡𝑘
𝜏 𝑑𝜏,

∞

𝑜

 
(65) 

we have 
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𝜂𝑘
𝑐𝑎𝑙𝑐 = ∑ 𝐵𝑞

𝑄

𝑞=1

𝐺𝑘𝑞 . 
(66) 

With the use of cell-wise constant basis functions 

( )

( )
q1 if abs

q
0 else

 
   


, (  being the half-length of the interval around the point q ) the 

Jacobian matrix obtains the simple form for the interval of interest 

 

𝐺𝑘𝑞 = ∫ 𝑒𝑥𝑝(−
𝑡

𝜏

𝜏𝑞+𝛥

𝜏𝑞−𝛥

) 𝑑𝜏, 
(67) 

which can be calculated by numeric integration. So in the (66) problem formula contains 

only the 𝐵𝑞 expansion coefficients, as unknowns. The calculated apparent polarizability data 

can be written also in vector form as 

 
𝜂 𝑐𝑎𝑙𝑐 = 𝐺 �⃗� . 

(68) 

In formulating the inverse problem, the next step is introducing the deviation vector between 

measured and calculated data 

 
𝑒 = 𝜂 𝑚𝑒𝑎𝑠 − 𝜂 𝑐𝑎𝑙𝑐 = 𝜂 𝑚𝑒𝑎𝑠 − 𝐺�⃗� . 

(69) 

The objective function of the inverse problem can be defined as its norm. To obtain more 

stability during the inversion the Gaussian least squares method is frequently used 

minimizing the L2 norm: E=‖𝑒 ‖=min 

 

𝐸 = ∑ 𝑒𝑘
2

𝑁

𝑘=1

= 𝑒𝑇𝑒

= ∑ (𝜂𝑘
𝑚𝑒𝑎𝑠 − ∑𝐵𝑖

𝑄

𝑖=1

𝐺𝑘𝑖) ∗ (𝜂𝑘
𝑚𝑒𝑎𝑠 − ∑𝐵𝑗

𝑄

𝑗=1

𝐺𝑘𝑗)

𝑁

𝑘=1

= 𝑚𝑖𝑛, 

(70) 

or 
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𝐸 = ∑(𝜂𝑘
𝑚𝑒𝑎𝑠)2

𝑁

𝑘=1

− ∑(𝜂𝑘
𝑚𝑒𝑎𝑠)∑𝐵𝑖

𝑄

𝑖=1

𝐺𝑘𝑖

𝑁

𝑘=1

− ∑(𝜂𝑘
𝑚𝑒𝑎𝑠)∑𝐵𝑗

𝑄

𝑗=1

𝐺𝑘𝑗 + ∑ ∑∑𝐵𝑖𝐺𝑘𝑖 𝐵𝑗𝐺𝑘𝑗 .

𝑄

𝐽=1

𝑄

𝑖=1

𝑁

𝑘=1

𝑁

𝑘=1

 

(71) 

The minimum of this objective function is given by the conditions  
𝜕𝐸(𝐵1,…,𝐵𝑄)

𝜕𝐵ℓ
= 0  for all 

 ℓ = 1,2, … , 𝑄. Performing this differentiation term by term and taking into account that the 

series expansion coefficient is an independent variable 
𝜕𝐵𝑗

𝜕𝐵ℓ
= 𝛿𝑗ℓ {1 𝑖𝑓 𝑗 = 1 𝑜𝑟 0 𝑖𝑓 𝑗 ≠ 1} 

after some algebra we find 

 
0 =

 𝜕𝐸(𝐵1, … , 𝐵𝑄)

𝜕𝐵ℓ

= −∑(𝜂𝑘
𝑚𝑒𝑎𝑠)∑𝐺𝑘𝑖

𝜕𝐵𝑖

𝜕𝐵ℓ

𝑄

𝑖=1

𝑁

𝑘=1

− ∑(𝜂𝑘
𝑚𝑒𝑎𝑠)∑𝐺𝑘𝑗

𝑄

𝑗=1

𝜕𝐵𝑗

𝜕𝐵ℓ

𝑁

𝑘=1

+ ∑ ∑∑𝐺𝑘𝑖 𝐺𝑘𝑗 

𝑄

𝐽=1

(𝐵𝑖

𝜕𝐵𝑗

𝜕𝐵ℓ
+ 𝐵𝑗

𝜕𝐵𝑖

𝜕𝐵ℓ
)

𝑄

𝑖=1

𝑁

𝑘=1

= −∑(𝜂𝑘
𝑚𝑒𝑎𝑠)∑𝐺𝑘𝑖𝛿𝑖ℓ

𝑄

𝑖=1

𝑁

𝑘=1

− ∑(𝜂𝑘
𝑚𝑒𝑎𝑠)∑𝐺𝑘𝑗

𝑄

𝑗=1

𝛿𝑗ℓ

𝑁

𝑘=1

+ ∑ ∑∑𝐺𝑘𝑖 𝐺𝑘𝑗 

𝑄

𝐽=1

𝐵𝑖𝛿𝑖ℓ + ∑ ∑∑𝐺𝑘𝑖 𝐺𝑘𝑗 

𝑄

𝐽=1

𝑄

𝑖=1

𝑁

𝑘=1

𝐵𝑗𝛿𝑗ℓ ,

𝑄

𝑖=1

𝑁

𝑘=1

 

(72) 

using the equality 𝐺𝑘ℓ = ∑ 𝐺𝑘𝑗 𝛿𝑗ℓ
𝑄
𝑗=1  the normal equation follows 

    

∑ 𝐵𝑞 ∑ 𝐺𝑘𝑞 𝐺𝑘𝑙 

𝑁

𝑘=1

𝑄

𝑞=1

= ∑(𝜂𝑘
𝑚𝑒𝑎𝑠)𝐺𝑘ℓ

𝑁

𝑘=1

 , 
(73) 
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or in matrix-vector form 

 
𝐺𝑇𝐺 �⃗� = 𝐺𝑇𝜂 𝑚𝑒𝑎𝑠. 

(74) 

Solving the normal equation, we have the following estimate for the model parameters (the 

series expansion coefficients) as a function of the measurement data 

 
�⃗� = (𝐺𝑇𝐺)−1𝐺𝑇𝜂 𝑚𝑒𝑎𝑠. 

(75) 

In the knowledge of the expansion coefficients the time constant spectrum can be calculated 

by using the formula 

 

𝑤(𝜏) = ∑ 𝐵𝑞

𝑄

𝑞=1

𝛷𝑞(𝜏). 
(76) 

In the above algorithm, the positivity of the spectral amplitudes was not ensured. To fulfill 

this requirement we have to ensure the positivity of the 𝐵𝑞 expansion coefficients. We can 

follow a similar algorithm introduced in 9.2.2 that means introducing the new model 

parameter 

 
𝑏𝑞 = 𝑙𝑜𝑔(𝐵𝑞), 

(77) 

using the new unknowns Eq. (76) takes the form 

 

𝑤(𝜏) = ∑ exp (𝑏𝑞)

𝑄

𝑞=1

𝛷𝑞(𝜏), 
(78) 

which is a nonlinear expression resulting nonlinearity also in the problem. Therefore, we 

have to linearize the problem.  Inserting the expression (78) to Eq. (62) we find 

 

𝜂(𝑡𝑘) = ∑ exp(𝑏𝑞)

𝑄

𝑞=1

∫ 𝛷(𝜏) exp (−
𝑡𝑘
𝜏
)

∞

0

 𝑑𝜏 = 𝑔𝑘(�⃗� ), 
(79) 

where kg denotes the nonlinear function. The formula should be linearized around an 

appropriate o
m


 point of the model space. Assuming �⃗� 𝑜 to be near to the solution, we can 

approximate the function 𝑔  at a point �⃗� = �⃗� 𝑜 + 𝛿 �⃗�  with its truncated Taylor series 

 

𝜂𝑘
𝑐𝑎𝑙𝑐(�⃗� 𝑜 + 𝛿 �⃗� ) = 𝑔𝑘(�⃗� 𝑜) + ∑ (

𝜕𝑔𝑘

𝜕𝑏𝑗
)
�⃗� 𝑜

𝑀

𝑗=1

𝛿 𝑏𝑗 ,  
(80) 

introducing the 
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𝐺𝑘𝑗 = (

𝜕𝑔𝑘

𝜕𝑏𝑗
)

�⃗� 𝑜

, (81) 

Jacobi matrix and the notation 𝜂𝑘
(𝑜)

= 𝑔𝑘(�⃗� 0) one finds 

 
𝜂𝑘

𝑐𝑎𝑙𝑐 = 𝜂𝑘
(𝑜)

+ ∑ 𝐺𝑘𝑗𝛿 𝑏𝑗

𝑀

𝑗=1
, 

(82) 

or in matrix-vector form 

 
𝜂 𝑐𝑎𝑙𝑐 = 𝜂 (𝑜) + 𝐺𝛿 �⃗� . 

(83) 

The deviation vector 

 

𝑒 = 𝜂 𝑚𝑒𝑎𝑠 − 𝜂 𝑐𝑎𝑙𝑐 = 𝜂 𝑚𝑒𝑎𝑠 − 𝜂 (𝑜) − 𝐺𝛿 �⃗� , 
(84) 

introducing 𝛿𝜂 = 𝜂 (𝑚𝑒𝑎𝑠) − 𝜂 (𝑜) Eq. (84) can be written as 

 
𝑒 = 𝛿𝜂 − 𝐺𝛿 �⃗� . 

(85) 

Selecting the L2 norm for defining the objective function one finds 

 

𝐸 = 𝑒 𝑇𝑒 = ∑(𝛿𝜂𝑘 − ∑𝐺𝑘𝑖

𝑄

𝑖=1

𝑁

𝑘=1

𝛿𝑏𝑖) (𝛿𝜂𝑘 − ∑𝐺𝑘𝑗𝛿𝑏𝑗

𝑄

𝑗=1

) = 𝑚𝑖𝑛. 
(86) 

The minimization results in the normal equation 

 
𝐺𝑇  𝐺𝛿�⃗� = 𝐺𝑇𝛿𝜂  ,  

(87) 

giving the solution 

 
𝛿�⃗� = (𝐺𝑇𝐺)−1𝐺𝑇𝛿𝜂 . 

(88) 

The typical step of the iterative procedure for solving the nonlinear inverse problem is 

 
�⃗� 𝑛𝑒𝑤 = �⃗� 𝑜𝑙𝑑 + 𝛿 �⃗� . 

(89) 

This is repeated until a proper stop criterion is met. Using Eq. (81) it can be seen that the 

Jacobi matrix belonging to the nonlinear inverse problem 

 𝐺𝑘𝑗
𝑛𝑜𝑛𝑙𝑖𝑛 = (

𝜕𝑔𝑘

𝜕𝑏𝑗
)

�⃗� 𝑜

= (
𝜕𝜂𝑘

𝑐𝑎𝑙𝑐

𝜕𝑙𝑜𝑔(𝐵𝑗)
)

�⃗� 𝑜

= 𝐵𝑗 (
𝜕𝜂𝑘

𝑐𝑎𝑙𝑐

𝜕𝐵𝑗
)

�⃗� 𝑜

, (90) 

using the coordinate version of the Eq. (68) formula  
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𝜂𝑘
𝑐𝑎𝑙𝑐 = ∑𝐺𝑘𝑗

𝑙𝑖𝑛

𝑄

𝑗=1

𝐵𝑗 , 
(91) 

the Jacobi matrix belonging to the linear inverse problem can be written as 

 𝐺𝑘𝑗
𝑙𝑖𝑛 = (

𝜕𝜂𝑘
𝑐𝑎𝑙𝑐

𝜕𝐵𝑗
)

�⃗� 0

, (92) 

so it can be concluded that 

 𝐺𝑘𝑗
𝑛𝑜𝑛𝑙𝑖𝑛 = 𝐵𝑗 (

𝜕𝜂𝑘
𝑐𝑎𝑙𝑐

𝜕𝐵𝑗
)
�⃗� 𝑜

= 𝐵𝑗𝐺𝑘𝑗
𝑙𝑖𝑛. (93) 

This observation is useful in program development, because having a computer program for 

the linear problem, it can be applied for the nonlinear case with the only modification of the 

Jacobi matrix shown by Eq. (93). 

10.3 IP parameters indicating the magnitude of the ore concentration 

10.3.1  Weighted amplitude value WAV 

Induced Polarization is a very useful geophysical method not only in ore exploration but 

(Wait. 1959), (Keller and Frischknecht. 1966), in the detection and characterization of 

environmental spots particularly for waste sites and soil contamination. The solution of these 

environmental problems was developed based on approximate the TAU transform of time-

domain IP (Turai. 2004). The main types of polarization mechanisms by the help of τn time-

constant value shows geological sources of the polarization: 

 filtration polarization – caused by soil and rocks with a conductive fluid, 

 membrane polarization – caused by soil and rocks with disperse clay and water, 

 electrochemical or redox polarization - caused by a chemical agent with thigh 

reactivity for oxidation polarization or reduction, 

 metallic polarization - caused by metallic components in porous rocks with 

conductive fluid. 

According to field measurement experience (Turai. 2011), the time constants of filtration 

and membrane polarization are less than 1 second, while the time constants of redox and 

metallic polarization (which occur in ore deposits) are greater than 1 second. 

The main components of ore deposits are connected with the main types of polarization, so 

we can raise the effect of higher time-constants (connected with chemical and metallic 
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components), and similarly, we can reduce the lower time-constant effect (connected with 

non - ore components, water and disperse clay) using the simple weighting procedure 

 𝑊𝐴𝑉(𝜏𝑛) = 𝜏𝑛𝑤(𝜏𝑛). (94) 

The Weighted Amplitude Value (WAV) section shows the region of polarizing ore 

components, so we can estimate the level of the ore concentration using the following 

practically scale of WAV: 

 ore concentration level is very high – WAV is higher than 0.2 (20%), 

 ore concentration level is high - WAV is between 0.1 (10%) and 0.2 (20%), 

 ore concentration level is medium – WAV is between 0.05 (5%) and 0.1 (10%), 

 ore concentration level is small – WAV is between 0.02 (2%) and 0.05 (5%),  

 no significant ore concentration - WAV is lower than 0.02 (2%). 

10.3.2 Corrected apparent conductivity 

The electrical conductivity of minerals varies over many orders of magnitude. It depends 

upon many factors, including rock type, porosity, connectivity of pores, nature of the fluid, 

and metallic content of the solid matrix. A very rough indication of the range of conductivity 

for rocks and minerals is following (Palacky. 1988). 

The electrical conductivity of rocks  

 Igneous rocks: approximately from 10-6 to 10-3[S/m]. 

 Freshwater: approximately from 10-2 to 1 [S/m]. 

 Ore minerals: approximately from 1 to 104 [S/m]. 

o Seawater: approximately from 1 to 10 [S/m]. 

o Graphite: approximately from 500 to 1500 [S/m]. 

 Sedimentary rocks: approximately from 10-4 to 1 [S/m]. 

o Limestone –min values. 

o Clay –max values. 

Factors that will INCREASE the conductivity of a rock: 

 The porosity and pore saturation are larger. 

 Increase the salinity of the pore fluid - more ions to conduct electricity. 

 Fracture rock to create extra pathways for current flow. 

 Add clay minerals. 
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 Keep fluid content constant, but improve interconnection between pores. 

 Factors that will DECREASE the conductivity of a rock: 

 Lower salinity of pore fluid.  

 Compaction - less pathways for electric current flow. 

 Lithification - block pores by deposition of minerals. 

 Keep fluid content constant, but decrease the connection between pores. 

Considering another way (Turai. 2011), the IP effect appears with low apparent resistivity 

(𝜌𝑎) and high  an apparent polarizability, can be defined as the time-constant dependent 

corrected apparent conductivity of the media (𝜎𝑐𝑜𝑟𝑟(𝜏)) as a product of time-constant 

spectrum (𝑤(𝜏)) and apparent conductivity (𝜎𝑎 = 1/𝜌𝑎) 

 𝜎𝑐𝑜𝑟𝑟(𝜏) = 𝜎𝑎𝑤(𝜏) =
𝑤(𝜏)

𝜌𝑎
. (95) 

Ore concentration level of the rocks can be estimated on a second way using the corrected 

apparent conductivity parameter for estimation. If the corrected conductivity value is 

approximately 50–100 milliSiemens/meter (mS/m) the rock has a medium ore concentration. 

11. METHOD DEVELOPMENT FOR THE TAU TRASFORMATION OF 

POLE-DIPOLE IP MEASUREMENTS AND ITS FIELD APPLICATION 

IN MONGOLIA 

11.1 Pole-dipole IP measurement in Mongolia 

We are using the field result of the TDIP data measured on the Yamaat gold exploration field 

in Mongolia. Multichannel IP profiles were measured in pole-dipole electrode array using 

Elrec Pro instrument.  At each IP profile, there were 1443 discrete measured space points in 

line_2, the potential electrode spacing was 20m, and the total length of profile 1.2 km. 

Similarly, there were 1378 discrete measured space points in line_3, 1228 discrete measured 

space points in line_4, and 813 discrete measured space points in line_5. All the 

measurement lines are shown on the location map in Fig 17. 
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Fig 17. The Yamaat gold deposit in location map, Mongolia. The pole-dipole profile from 2 

to 4 and drilled points (used core samples), inside the black square is research area 4 

Sq.km 

11.2 Method for determining the number of discrete IP components 

The development of inversion-based methods plays an important role in Geophysical data 

processing. My research aims to apply a combination of data processing solution and 

inversion tools to develop new methods of scientific value. 
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The new methods will be tested using near-surface data sets to examine their validity. In the 

following solution using the Monte Carlo method, the solution of well determined (WD) 

inverse problem and that belonging to the overdetermined inverse problem will be specially 

considered in this chapter. 

11.3 Development of the time constant spectrum calculation for pole-dipole 

IP measurements using the Monte Carlo method 

11.3.1 The Algorithm of the developed method 

The problem is defined as a Fredholm integral of the 1st kind: 

 𝜂𝑎(𝑡) = ∫ 𝑤(𝜏) exp (−
𝑡

𝜏
) 𝑑𝜏

∞

0

. (96) 

After discretization, the following form is obtained: 

 𝜂𝑎(𝑡𝑘) = ∑ 𝑤𝑖

𝐼𝑚𝑎𝑥

𝑖=1

𝑒𝑥𝑝 (
−𝑡𝑘
𝜏𝑖

) , (97) 

where tk  is the reference time of the k-th polarizability sample,  wi is the amplitude of the 

i-th component, τi  is the time constant of the i-th component, Imax is the number of the 

polarization components. In the framework of the Monte Carlo simulation, we generate Imax 

random numbers in the interval (τmin, τmax) and let these random numbers be the values of 

the time constants (τi,rnd). For each τi,rnd value we generate a M large number of random 

numbers of spectral amplitude in the interval (0,wmax). 

We consider these random numbers as the wi,rnd amplitudes of the τi,rnd time-constant 

component in Eq. (97) and Eq. (35). Repeat the above N times for τi,rnd generation. In this 

way, we perform (Imax x N x M) random generation. For each pair (τi,rnd, wi,rnd), we calculate 

the polarizability curve obtained by random generation: 

 𝜂𝑎(𝑡𝑘)𝑟𝑛𝑑
𝑛,𝑚 = ∑ 𝑤𝑖,𝑟𝑛𝑑

𝑛,𝑚

𝐼𝑚𝑎𝑥

𝑖=1

𝑒𝑥𝑝 (
−𝑡𝑘
𝜏𝑖,𝑟𝑛𝑑
𝑛 ) , n = 1, … , N;  m = 1,… ,M.  (98) 

From the randomly generated polarizability curves, we select the one with the smallest data 

distance (Dmin) from the measured polarizability curve in Eq. (98) and Eq. (36). The time 

constants and amplitudes of this curve give the discrete time constant spectrum 
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 (𝜏𝑖,𝑟𝑛𝑑
𝐷𝑚𝑖𝑛 , 𝑤𝑖,𝑟𝑛𝑑

𝐷𝑚𝑖𝑛), 𝑖 = 1, … , 𝐼𝑚𝑎𝑥. (99) 

11.3.2 Testing results on field measured area  

To test the Monte Carlo solution measurement points in the data set of Line_2 were chosen. 

The data set contains apparent polarization data measured at 1443 measurement points, each 

sampled in 20-time points. For a detailed analysis, the first measurement point was selected. 

The time data along which the 𝜂𝑎(𝑡𝑘) values  were measured are  

𝑡𝑘 =(0.28      0.36      0.44      0.52       0.6      0.68      0.76      0.84      0.92         1      1.08      

1.16      1.24      1.32       1.4      1.48      1.56      1.64      1.72       1.8) (sec), 

the apparent polarizations 

𝜂𝑎= (7.66      6.92      6.18      5.77      5.26      4.64      4.36       4.1      3.87      3.61      3.47      

3.35      3.16      3.02      2.85      2.68      2.71      2.56      2.34      2.29) (mV/V). 

We determined the time constant data (𝜏𝑖,𝑟𝑛𝑑) in this measurement point by the random 

generation in Monte Carlo simulation assuming various (Imax=(2, 3, …10) numbers of 

characteristic polarization. The solutions (with a minimum value of the D data distance) are 

shown in Table 6, and SN is serial number. 

Table 6. The Monte Carlo results of the optimal time constants at various Imax number 

 (𝜏𝑚𝑎𝑥 =20 sec) 

SN of 

the 

TAU 

Imax=2 Imax=3 Imax=4 Imax=5 Imax=6 Imax=7 Imax=8 Imax=9 Imax=10 

1 0.95 0.70 0.88 0.19 0.97 0.28 3.93 0.59 0.49 

2 5.93 5.74 12.40 0.40 0.98 0.62 6.08 0.76 3.78 

3  6.13 14.76 3.20 5.87 1.53 7.60 1.12 5.35 

4   15.20 5.58 7.02 4.43 13.97 1.17 7.68 

5    8.92 9.20 12.89 14.47 1.99 7.82 

6     15.27 13.89 16.48 2.68 8.90 

7      17.08 17.44 3.95 10.68 

8       17.47 4.44 12.57 

9        10.71 13.50 

10         14.73 

To define the components of the spectral amplitude, for each τi,rnd value, M large number 

of random numbers were generated in the interval (0-wmax). Using 1000x2000 random Monte 
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Carlo simulations at all Imax numbers, the spectral amplitudes 𝑤𝑖,𝑟𝑛𝑑
𝐷𝑚𝑖𝑛  belonging to the 

minimum of the D data distance are shown in Table 7. 

Table 7. The results of spectral amplitudes (𝑤𝑚𝑎𝑥 =10 mV/V) by the Monte Carlo solution. 

SN of 

w 
Imax=2 Imax=3 Imax=4 Imax=5 Imax=6 Imax=7 Imax=8 Imax=9 Imax=10 

1 7.50 7.73 7.57 10.88 0.71 0.06 0.55 1.32 0.27 

2 1.38 1.88 0.87 0.45 0.64 0.78 0.23 1.29 2.29 

3  0.27 0.49 9.85 0.55 1.44 0.71 0.71 0.46 

4   0.06 0.81 0.37 5.44 1.44 0.96 0.12 

5    1.59 0.17 1.84 6.63 4.58 1.10 

6     6.40 0.08 1.75 0.21 0.31 

7      1.42 0.03 0.43 0.10 

8       0.99 0.39 3.85 

9        0.45 0.83 

10         1.07 

The WAV parameters (in mVsec/V) have been calculated by the product between the time 

constants (𝜏𝑖,𝑟𝑛𝑑) and the spectral amplitudes (𝑤𝑖 𝑟𝑛𝑑)  are shown in Table 8. 

Table 8. The results of the WAV (mVsec/V) by the Monte Carlo solution. 

SN of the 

component 
Imax=2 Imax=3 Imax=4 Imax=5 Imax=6 Imax=7 Imax=8 Imax=9 Imax=10 

1 7.12 5.42 6.69 2.11 0.69 0.02 2.17 0.78 0.13 

2 8.18 10.79 10.83 0.18 0.63 0.49 1.37 0.97 8.68 

3  1.65 7.24 31.47 3.24 2.20 5.37 0.79 2.47 

4   0.97 4.53 2.58 24.08 20.07 1.13 0.95 

5    14.18 1.61 23.69 96.03 9.12 8.60 

6     97.68 1.09 28.81 0.56 2.72 

7      24.18 0.53 1.70 1.11 

8       17.30 1.73 48.34 

9        4.84 11.20 

10                 15.71 

The quality of inversion results is characterized by the distance between the measured data 

and calculated data using the solution spectral amplitudes and time constants by the random 

generation in MC, as it is presented in Table 9. 

Table 9. The result of the distance between measured and calculated data of an apparent 

polarization. 

D [%] 

Imax=2 Imax=3 Imax=4 Imax=5 Imax=6 Imax=7 Imax=8 Imax=9 Imax=10 

5 3 4 5 9 9 16 38 42 



 Geoelectrical method development for exploration of natural resources 

67 
 

For each pair (τi,rnd, wi,rnd) the polarizability curve obtained by random generation as well as 

the fit between the measured and calculated apparent polarization curves were determined. 

The best results with D=3.86% was found at Imax=3. The relevant fit is shown in Fig 20. 

 

Fig 18. Result of the Monte Carlo solution: Imax=3 number of polarization components. 

N=2000 is the number of the randomly generated of the time constants (in the τmin 

=0.01 and τmax =20 sec interval), M=1000 is the number of the randomly generated w 

spectral amplitudes (in the wmin=0 and wmax=10 mV/V interval). 

The fits between the measured and calculated data of an apparent polarization curve 

belonging to components (from Imax=2 to Imax=10) as it is shown in Fig.19. 
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Fig 19. Result of the Monte Carlo solution: On the left are the IP decay curves from Imax=2 

to Imax=10, the horizontal axes are measurement time sec and the vertical axes are the 

apparent polarizability (mV/V), the fit between the measured and the calculated data is 

D%. (The MC simulations were made between 𝜏𝑚𝑖𝑛=0.01 sec to 𝜏𝑚𝑎𝑥=20 sec and 𝑤𝑚𝑖𝑛=0 

mV/V to 𝑤𝑚𝑎𝑥=10 mV/V). On the right are the time constant spectral from Imax=2 to 

Imax=10 is shown, the horizontal axes are the time constants in sec, vertical axes are the 

spectral amplitudes in mV/V (IP components). 
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From the above results, I declare: THESIS STATEMENT 3 

a. I have established the solution of the TAU-transformation using non linearized 

Monte Carlo method in the thesis using the field measured pole-dipole TDIP dataset. 

The amplitudes and the time constants of the time constant spectrum were defined 

by double random generation of the Monte Carlo techniques. Besides the relationship 

between measured and calculated data in the decay time interval was successfully 

determined. 

b. I applied and tested the new method presented in Thesis 3a on the Yamaat gold 

deposit and I found that the polarization has 3 main components in this area. Based 

on this, polymetallic ore formation is probable. The concentration of the ore mineral 

with the smallest time constant is only small, while in the case of ore mineral with 

the medium time constant, both the medium and high concentration areas appear, and 

in the case of ore mineral with the high time constant medium and high 

concentrations are dominant. 

11.4 Development of the time constant spectrum calculation for pole-dipole 

IP measurements using well-determined inversion solution 

11.4.1 Presentation of the developed method 

The algorithm of well-determined inversion was discussed in chapter 9.2.1 The problem was 

given in its general form as a Fredholm integral of the 1st kind 

 

𝜂𝑎(𝑡) = ∫ 𝑤(𝜏)𝑒−𝑡/𝜏𝑑𝜏

∞

𝑜

, (100) 

where i is the time constant, ( )w   is the time constant spectrum. In the case of the most 

frequently used line spectrum, the time constant spectrum is written as 

 

𝑤(𝜏) = ∑ 𝑤𝑚𝛿(𝜏 − 𝜏𝑚)

𝑀

𝑚=1

, 
(101) 

where 𝜏𝑚 is the time constant belonging to the m-th spectrum line and 𝛿(𝜏 − 𝜏𝑚) is the Dirac 

delta localized to 𝜏𝑚. For line spectra, the integral Eq. (100) and Eq. (38) gives the form 

 
𝜂𝑎

𝑐𝑎𝑙𝑐(𝑡𝑘) = ∑ 𝑤𝑚 𝑒𝑥𝑝 (−
𝑡𝑘

𝜏𝑚
)

𝑀

𝑚=1
,  k= 1,..., N, 

(102) 
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where 𝑤𝑚 is the  spectral amplitude belonging the 𝜏𝑚 the time constant (the m-th spectral 

line). 𝜂𝑎(𝑡𝑘) apparent polarization value in the k-th measurement time point 𝑡𝑘. This 

expression of the problem can also be written in a matrix-vector form as 

 𝜂 𝑎
𝑐𝑎𝑙𝑐 = 𝐸 �⃗⃗� , (103) 

where 𝜂 𝑎
𝑐𝑎𝑙𝑐 is an N-dimensional vector 

 
𝜂 𝑎

𝑐𝑎𝑙𝑐 = (𝜂𝑎1, 𝜂𝑎2, . . . , 𝜂𝑎3)
𝑇 , 

(104) 

𝑤 is an M-dimensional vector  

 
�⃗⃗� = (𝑤1, 𝑤2, . . . , 𝑤𝑀)𝑇, 

(105) 

and  𝐸 is an NxM dimensional matrix  with the elements 

 𝐸𝑘𝑚 = 𝑒𝑥𝑝(−𝑡𝑘/𝜏𝑚). 
(106) 

Assuming that N=M the solution of the well-determined inverse problem needs only a simple 

matrix inversion resulting in the form 

 �⃗⃗� = 𝐸−1𝜂 𝑎
𝑚𝑒𝑎𝑠, (107) 

where 𝐸−1is the inverse matrix. 

11.4.2 Testing results on field measured data  

To test the well-determined inversion method, the data set Line2 measured in Mongolia was 

applied. The data set contains apparent polarization data measured at 1443 measurement 

points, each sampled in 20-time points. The time data along which the 𝜂𝑎(𝑡𝑘)  values were 

measured are 

t = (0.28      0.36      0.44      0.52       0.6      0.68      0.76      0.84      0.92         1      1.08      

1.16      1.24      1.32       1.4      1.48      1.56      1.64      1.72       1.8) (sec). 

For the sake of simplicity, we choose the time constant data  𝑡𝑘 = 𝜏𝑘  and use the apparent 

polarization data belonging to the first measurement point 

𝜂𝑎= (7.66      6.92      6.18      5.77      5.26      4.64      4.36       4.1      3.87      3.61      3.47      

3.35      3.16      3.02      2.85      2.68      2.71      2.56      2.34      2.29) (mV/V). 

Before seeking a solution of the well-determined inverse problem it is necessary to check 

the condition number of the 𝐸 matrix. With the above choice of 𝑡𝑘 and 𝜏𝑘  the condition 
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number is 2.8012e+18. This means that Eq. (103) and Eq. (43) is ill-conditioned, the 

inversion of the matrix is numerically unstable. 

To solve the problem, the Singular Value Decomposition (SVD) method can be used 

 𝐸 = 𝑈 𝑆 𝑉𝑇, (108) 

where  𝑆  is the diagonal matrix of the singular values, 𝑈 contains the left-, 𝑉  contains the 

right singular vectors, respectively. Using the three matrices a pseudo-inverse 𝐸𝑔𝑒𝑛.𝑖𝑛𝑣 =

𝑉 𝑆𝑔𝑒𝑛.𝑖𝑛𝑣 𝑈𝑇 can be defined. There is a possibility to build a stable pseudo inverse by 

excluding the singular values below a properly chosen threshold (and cancelling also the 

relevant column of the left- and right singular matrices). 

The result is 

( )kw  = (1016) * (1.60 0.59 -0.42 -1.18 -1.42 -1.67 -1.35 -1.18 -1.04 -0.80 -

0.76  -0.59 -0.62 -0.59 -0.45 -0.44 -0.16 0.16 0.64  0.18), 

where the threshold of singular values was 1.e-16 (default in Matlab). It can be seen, that 

though the result is numerically stable, it is quite unphysical: the spectral amplitudes are 

extremely large and some of them are negative. Using a much higher threshold of the singular 

values (0.001) the result  

( )kw  = (0.59 0.44 0.25 0.03 -0.22 -0.52 -0.82 -1.10 -1.33 -1.49 -1.57 -

1.57  -1.51 -1.40 -1.25 -1.07 -0.87 -0.67 -0.47 -0.27). Contains more physical 

values, except negative numbers. 

To exclude negative spectral amplitudes, a common way (suggested in Eq. (46) of chapter 

9.2.2.) is to introduce the transformation 𝑣 = 𝑙𝑜𝑔(�⃗⃗� ) = (𝑙𝑜𝑔(𝑤1), 𝑙𝑜𝑔(𝑤2), . . . , 𝑙𝑜𝑔(𝑤𝑀)). 

Using the linearized inversion algorithm presented in 9.2.2. we calculate the new Jacob 

matrix 

𝐺𝑘𝑗
𝑡𝑟𝑎𝑛𝑠𝑓

= 𝑤𝑗𝐸𝑘𝑗, 

and return to the original unknowns as 𝑤𝑗 = 𝑒𝑥𝑝(𝑣𝑗). Using this transformation, we again 

solve the inverse problem utilizing the SVD method (the measurement data set, as well as 

time and the TAU data, are the same, as above). The solution is physically acceptable 

𝑤(𝜏𝑘)= (1.81 1.55 1.28 1.03 0.80 0.60 0.44 0.33 0.26 0.23 0.21

 0.21 0.22 0.25 0.29 0.34 0.42 0.51 0.63 0.76). 
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The fit between the measured and calculated data (using the 𝑤(𝑡𝑘) spectral amplitudes in 

modelling) is shown in Fig 20. 

 

Fig 20. Result of well-determined inversion: M=N. 

From the above results, I declare: THESIS STATEMENT 4 

a. I have developed the solution of the TAU transformation based on the linearized 

inversion (well-determined inverse problem) method for estimating IP components 

(unknown parameters) for exploration of natural reseources from the Pole-Dipole 

data set. I have integrated a logarithmic transformation and the Singular Value 

Decomposition (SVD) into this algorithm. In this way, spectral amplitudes were 

calculated by this method. 

b. As an example, I tested the method presented in Thesis 4.a, on the first measured 

point in line2. It was found that the use of the logarithmic transformation ensures 

stable positive values of the spectral amplitudes. 
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11.5 Development of the time constant spectrum calculation for pole-dipole 

IP measurements using overdetermined inversion solution 

11.5.1 Presentation of the developed method 

In chapter 9.2.3. we gave the TAU transform using the series expansion based inversion 

method. In this approach, we write the 𝑤(𝜏) spectrum function in the form 

 

𝑤(𝜏) = ∑ 𝐵𝑞

𝑄

𝑞=1

𝛷𝑞(𝜏), 
(109) 

and the problem is formulated as 

 𝜂𝑘
𝑐𝑎𝑙𝑐 = ∑ 𝐵𝑞

𝑄
𝑞=1 𝐺𝑘𝑞, 

(110) 

with the Jacobi matrix 

 

𝐺𝑘𝑞 = ∫ 𝛷𝑞(𝜏)𝑒
−
𝑡𝑘
𝜏 𝑑𝜏,

∞

𝑜

 (111) 

in formulating the inverse problem, the next step is introducing the deviation vector between 

measured and calculated data 

 
𝑒 = 𝜂 𝑚𝑒𝑎𝑠 − 𝜂 𝑐𝑎𝑙𝑐 = 𝜂 𝑚𝑒𝑎𝑠 − 𝐺�⃗� , 

(112) 

in the framework of the Gaussian least squares method the L2 norm E=‖𝑒 ‖ is minimized 

resulting in the normal equation 

 
𝐺𝑇𝐺 �⃗� = 𝐺𝑇𝜂 𝑚𝑒𝑎𝑠, 

(113) 

with the solution 

 
�⃗� = (𝐺𝑇𝐺)−1𝐺𝑇𝜂 𝑚𝑒𝑎𝑠, 

(114) 

in the above algorithm, the positivity of the spectral amplitudes is not ensured. To fulfil this 

requirement, we used the transformation 

 𝑏𝑞 = 𝑙𝑜𝑔(𝐵𝑞), 
(115) 

resulting in the nonlinearity of the series expansion 

 

𝑤(𝜏) = ∑ exp (𝑏𝑞)

𝑄

𝑞=1

𝛷𝑞(𝜏), 
(116) 

and the modelling formula 
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𝜂(𝑡𝑘) = ∑ exp(𝑏𝑞)

𝑄

𝑞=1

∫ 𝛷(𝜏) exp (−
𝑡𝑘
𝜏
)

∞

0

 𝑑𝜏, 
(117) 

using the standard linearization procedure, we derived the normal equation of the Gaussian 

least squares 

 
𝐺𝑇𝐺 𝛿�⃗� = 𝐺𝑇𝛿𝜂 , 

(118) 

with the solution 

 
𝛿�⃗� = (𝐺𝑇𝐺)−1𝐺𝑇𝛿𝜂 , 

(119) 

and the updating formula 

 
�⃗� 𝑛𝑒𝑤 = �⃗� 𝑜𝑙𝑑 + 𝛿 �⃗� . 

(120) 

It was observed that the Jacobi matrices belonging to the transformed (nonlinear) and the 

original (linear) algorithms are related as 

 
𝐺𝑘𝑗

𝑛𝑜𝑛𝑙𝑖𝑛 = 𝐵𝑗𝐺𝑘𝑗
𝑙𝑖𝑛. 

(121) 

This algorithm Eq. (121) and Eq. (93) will be used in the inversion of the IP data set measured 

along Line 2 in Mongolia. 

11.5.2 Testing results on field measured data 

The measurement time vector is the same as in chapter 10.4.2 

t = (0.28      0.36      0.44      0.52       0.6      0.68      0.76      0.84      0.92         1      1.08      

1.16      1.24      1.32       1.4      1.48      1.56      1.64      1.72       1.8) (sec). 

The time constant data are defined in various inversion tests with different dimension M. In 

all cases the smaller TAU is 𝜏𝑚𝑖𝑛= 0.28 (sec), because no measurement data at an earlier 

time, consequently smaller time constants are not resolved. The maximal value of the time 

constant is under discussion, so it will be selected as 𝜏𝑚𝑎𝑥 = 5, 𝜏𝑚𝑎𝑥= 10 and 𝜏𝑚𝑎𝑥= 15 (sec). 

The 𝜏𝑖 elements of time constant vector are determined by using the formula 

 𝑞 = (𝜏𝑚𝑎𝑥/𝑡𝑚𝑖𝑛)
(1/(𝑀−1)), 𝜏0 = 𝜏𝑚𝑎𝑥/(𝑞

𝑀), 𝜏𝑖 = 𝜏0 𝑞𝑖, 𝑖 = (1, . . . , 𝑀). (122) 

ensuring a logarithmically equidistant set of 𝜏𝑖 with the given 𝜏𝑚𝑖𝑛 and 𝜏𝑚𝑎𝑥 at various M 

dimensions of the time constant vector (the same is the number of unknowns). The quality 

of inversion results is characterized by the distance between the measured data and calculated 

data using the inverted spectral amplitudes 



 Geoelectrical method development for exploration of natural resources 

76 
 

 

𝐷 = √
1

𝑁
∑(1 −

𝜂𝑘
𝑐𝑎𝑙𝑐

𝜂𝑘
𝑚𝑒𝑎𝑠)

2
𝑁

𝑘=1

∗ 100. (123) 

In the first test of the overdetermined inversion algorithm on field data we choose again the 

apparent polarization data belonging to the first measurement point of Line 2 

𝜂𝑎= (7.66      6.92      6.18      5.77      5.26      4.64      4.36       4.1      3.87      3.61      3.47      

3.35      3.16      3.02      2.85      2.68      2.71      2.56      2.34      2.29). 

The results of the inversion are presented in Table 10. 

Table 10. Inversion results using 𝜏𝑚𝑎𝑥 = 5 sec with various number of unknowns (M). 

M 𝝉𝒊, 𝒘𝒊 1 2 3 4 5 6 7 8 9 10 D(%) 

10 
𝜏𝑖 0.28 0.39 0.53 0.73 1 1.4 1.9 2.6 3.6 5 

6.34 
𝑤𝑖  1.2 6.1 0.07 0.05 0.06 0.14 1.0 3.2 0.21 0.079 

9 
𝜏𝑖 0.28 0.4 0.58 0.83 1.2 1.7 2.4 3.5 5  

6.35 
𝑤𝑖  1.9 5.5 0.06 0.05 0.07 0.24 3.9 0.39 0.11  

8 
𝜏𝑖 0.28 0.42 0.64 0.96 1.5 2.2 3.3 5   

6.37 
𝑤𝑖  2.6 4.9 0.058 0.056 0.13 3.0 1.4 0.14   

7 
𝜏𝑖 0.28 0.45 0.73 1.2 1.9 3.1 5    

6.39 
𝑤𝑖  3.2 4.4 0.064 0.1 1.8 2.6 0.12    

6 
𝜏𝑖 0.28 0.5 0.89 1.6 2.8 5     

6.42 
𝑤𝑖  3.8 4.1 0.084 0.44 3.8 0.099     

5 
𝜏𝑖 0.28 0.58 1.2 2.4 5      

6.46 
𝑤𝑖  4.6 3.7 0.091 3.2 0.87      

4 
𝜏𝑖 0.28 0.73 1.9 5       

6.51 
𝑤𝑖  5.2 3.7 1.6 2       

3 
𝜏𝑖 0.28 1.2 5        

6.64 
𝑤𝑖  6.4 4.6 1.9        

2 
𝜏𝑖 0.28 5         

25.6 
𝑤𝑖  12.1 3.8         

It can be seen that 3 or 4 main polarization amplitudes at the relevant characteristic decay 

times appear at all choice of the number of unknowns. This feature can be observed in the 

tests with M=(10,…,5). If we calculate the weighted average of the first two (bold) data 

 
�̂�𝑘 =

𝑤1
𝑘𝜏1

𝑘 + 𝑤2
𝑘𝜏2

𝑘

𝜏1
𝑘 + 𝜏2

𝑘 , 𝑘 = (10, . . . ,5), (124) 

we find 

�̂�𝑘 = (4.05, 4.02, 3.98, 3.94, 3.99, 3.99), 
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which shows the existence of a characteristic polarization amplitude ˆ .w 4 0 in the [0, 0.6] 

sec decay time interval. Another characteristic polarization amplitude was calculated in the 

following 

�̂�𝑘 = (2.25, 2.43, 2.38, 2.55, 2.29, 2.57), 

giving �̂� ≈ 2.41 around �̂� ≈ 2.33 (sec). 

The fit between the measured and calculated data (using the 𝑤(𝜏𝑘) estimated spectral 

amplitudes in modelling) is similar for all tests (except that belonging to the non-physical 

M=2). As it is shown in Fig. 21, the fit is good even in the (worst) case of M=3. 

 

Fig 21. Result of the overdetermined inversion: M=3. 𝜏𝑚𝑎𝑥 =5 (sec). 

The inversion test was repeated with 𝜏𝑚𝑎𝑥 =10 (sec). The results are shown in Table 11. It 

can be seen again that 3 or 4 main polarization amplitudes appear at relevant characteristic 

decay times. This feature can be observed in the tests with M=(10,…,5). If we calculate the 

weighted average, we find for the first two columns (bold) 

�̂�𝑘 = (3.98, 4.00, 3.98, 3.94, 3.95, 4.05), 

which shows the existence of a characteristic polarization amplitude of  ˆ .w 3 98 in the [0, 

0.68] sec decay time interval. The algorithm was tested another characteristic polarization 

amplitude at increased the higher TAU value. 

ŵk = (2.08, 2.49, 1.90, 2.40, 3.27, 2.08), 
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giving ŵ ≈ 2.37 around τ̂ ≈ 2.89 (sec). It can be stated that the two main polarization 

amplitudes are nearly the same, as in the case of τmax = 5 (sec). 

Table 11. Inversion results using 𝜏𝑚𝑎𝑥 = 10 sec with various number of unknowns (M). 

M 𝛕𝐢, 𝐰𝐢 1 2 3 4 5 6 7 8 9 10 D(%) 

10 
τi 0.28 0.42 0.62 0.92 1.37 2.04 3.04 4.52 6.72 10 

6.37 
wi 2.42 5.02 0.06 0.05 0.12 2.45 1.82 0.15 0.06 0.04 

9 
τi 0.28 0.44 0.68 1.07 1.67 2.62 4.09 6.4 10  

6.38 
wi 2.84 4.75 0.06 0.08 0.51 3.76 0.14 0.05 0.03  

8 
τi 0.28 0.78 1.30 2.16 3.60 6.00 10    

6.41 
wi 3.51 4.19 0.05 0.10 3.05 1.21 0.12 0.06   

7 
τi 0.28 0.51 0.92 1.67 3.04 5.51 10    

6.43 
wi 3.95 3.94 0.08 1.11 3.11 0.09 0.04    

6 
τi 0.28 0.57 1.17 2.39 4.89 10     

6.46 
wi 4.59 3.63 0.09 3.27 0.73 0.11     

5 
τi 0.28 0.68 1.67 4.09 10      

6.50 
wi 5.06 3.64 1.28 2.41 0.08      

4 
τi 0.28 0.92 3.04 10       

6.55 
wi 5.68 4.41 1.47 1.04       

3 
τi 0.28 1.67 10        

6.81 
wi 7.02 5.86 0.46        

2 
τi 0.28 10         

32.9 
wi 13.4 3.38         

The fit between the measured and calculated data (using the w(τk) estimated spectral 

amplitudes in modelling) is similar for all tests (except that belonging to the non-physical 

M=2) and the same as in Fig. 22. 

 

Fig 22. Result of the overdetermined inversion: M=3. 𝜏𝑚𝑎𝑥 =10 (sec). 
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Another inversion test was considered with τmax=15 (sec). The results are shown in Table 12. 

It can be seen again that 3, 4, or 5 main polarization amplitudes appear at relevant 

characteristic decay times.  

This feature can be observed in the tests with M= (10…,6). If we calculate the weighted 

average by using the previous equation, we find 

ŵk = (4.00, 3.93, 4.00, 3.90, 4.10), 

which shows the existence of a characteristic polarization amplitude of ŵk ≈ 3.99 in the [0, 

0.62] sec decay time interval. 

Table 12. Inversion results using 𝜏𝑚𝑎𝑥 = 15 sec with various number of unknowns (M) 

M 𝛕𝐢, 𝐰𝐢 1 2 3 4 5 6 7 8 9 10 D(%) 

10 
τi 0.28 0.44 0.68 1.06 1.64 2.56 3.98 6.19 9.64 15.0 

6.38 
wi 2.82 4.76 0.06 0.08 0.42 3.85 0.15 0.06 0.04 0.03 

9 
τi 0.28 0.46 0.76 1.25 2.05 3.37 5.54 9.12 15.0  

6.4 
wi 3.41 4.25 0.06 0.10 2.71 1.56 0.12 0.06 0.04  

8 
τi 0.28 0.49 0.87 1.54 2.72 4.81 8.49 15.0   

6.42 
wi 3.76 4.13 0.08 0.41 3.78 0.10 0.04 0.03   

7 
τi 0.28 0.54 1.06 2.05 3.98 7.73 15.0    

6.45 
wi 4.38 3.66 0.09 2.62 1.49 0.11 0.06    

6 
τi 0.28 0.62 1.38 3.05 6.77 15.0     

6.47 
wi 4.74 3.80 0.27 3.50 0.08 0.04     

5 
τi 0.28 0.76 2.05 5.54 15.0      

6.52 
wi 5.33 3.74 1.80 1.55 0.12      

4 
τi 0.28 1.06 3.98 15.0       

6.58 
wi 5.87 5.02 0.66 1.11       

3 
τi 0.28 2.05 15.0        

7.56 
wi 7.89 5.61 0.0003        

2 
τi 0.28 15.0         

35.39 
wi 13.8 3.24         

The algorithm was tested another characteristic polarization amplitude at the higher TAU 

values 

ŵk = (2.51, 2.00, 2.56, 1.79, 2.50), 

giving ŵ ≈ 2.27 around τ̂ ≈ 2.48 (sec). It can be stated that the two main polarization 

amplitudes are nearly the same, as in the case of τmax = 5 and τmax = 10 sec shown Fig 23. 
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Fig 23. Result of the overdetermined inversion: M=3. 𝜏𝑚𝑎𝑥 =15 (sec). 

In an over-determined inverse problem, the fit between the measured and calculated data 

(using the w(τk) estimated spectral amplitudes in modelling) are similar for all tests (except 

that belonging to the nonphysical M=2, and the physical from M=3 to M=10). As it is shown 

in Fig. 24. 
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Fig 24. Result of the overdetermined inversion: from M=2 to M=10, horizontal axes is 

measurement time points sec and vertical axes is an apparent polarization (mV/V), 

𝜏𝑚𝑎𝑥=5(sec). 

It was being demonstrated that 3 or 4 main polarization amplitudes at the relevant 

characteristic time constants appear at various choices of the number of unknowns and 

calculated the eigenvalue of the SVD at 3 and 4 main polarizations. In matrix form, the 

singular values S are related to a real m × n matrix E, in the case that used matrix: E= 3:20, 

and E=4:20. 

M=3 when eigenvalues = (4.2321, 0.6289, 0.1411) 

M=4 when eigenvalues = (4.8000, 0.7517, 0.1375, 0.0157) 
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From the above results, I declare: THESIS STATEMENT 5 

a. I developed a stable algorithm to solve TAU-transformation through the 

overdetermined series expansion inversion-based inversion method for estimating 

the spectral amplitudes. The algorithm is a stabilized version of the method, 

originally introduced at the Department of Geophysics (Turai and Dobróka. 2011) 

modified by introducing a logarithmic transformation of the unknown to ensure 

positive expansion coefficients in the geophysical inverse problem. 

b. As an example, I confirmed the method presented in Thesis 5.a, on the first measured 

point in line2. The weighted average of the spectral amplitude was calculated. Based 

on this, it is shown that the main polarization amplitude is nearly the same at a 

different time constant intervals. It was demonstrated that 3 or 4 main polarization 

amplitudes at the relevant characteristic time constants appear at a various choice of 

the number of unknowns. 

11.6 Qualification of ore formation based on the TAU transformation of 

field pole-dipole IP measurements 

In this section, we present the field results given by the Monte Carlo method using in-field 

induced polarization data. The TDIP data set was measured over the gold mineralization 

zone of the Yamaat area in Mongolia. The Pole-dipole electrode system in the TDIP was 

used for IP survey in various lines. At the 2nd IP profile (line_2) there were 1443 discrete 

measurement points, the potential electrode spacing was 20m. The profile (of the total length 

of 1.2 km) is shown in the geological map (Fig 11) and also in the location map (Fig 19). 

11.6.1 Analysis of time constant spectra and WAV parameter distributions under 

the measured profile 

The interpretation of the Monte Carlo results is summarized in the following. Figure 25 

shows four vertical sections. The reference points of the measurements are shown in the top 

section. The 2nd section below shows the change in the distance between the measured data 

and calculated data. It can be seen from this section that the fit between the measured and 

calculated data is very good up to a penetration depth of 100 m, but below this level, the fit 

deteriorates as the depth increases. The 3rd section of Fig 25 shows the distribution of the 

measured apparent polarizability, and the 4th section shows the distribution of the apparent 
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polarizability calculated by Monte Carlo simulation. Comparing these two sections, it can 

be stated that the Monte Carlo simulation gave a good image of the distribution of the 

measured data. Thus, it can be concluded that the Monte Carlo solution of the TAU 

transformation is very well suited for the theoretical calculation of IP data. 

A detailed Monte Carlo analysis of the data set measured in line_2 can show us the 

distribution of the ore concentration. For this purpose, the algorithm of the MC introduced 

in 10.3.1 is followed in processing all of the apparent polarization data set. Based on the 

result of the investigation presented in section 10.3.2 the Imax=3 choice of the characteristic 

time constants (the optimum in Table 10) was investigated. As a result, the distribution 

(vertical map) of the Tau1 (the small), Tau2 (the medium), and Tau3 (the high) time constants 

(between τ_min=0.01 and τ_max=20 sec) were achieved (Fig 26). 

A similar calculation was made to calculate the distribution (vertical map) of the w1 (the 

small), w2 (the medium), and w3 (the high) spectral amplitudes (between w_min=0 and 

w_max=10 mV/V/sec). The result is shown in Fig. 27. 

In the knowledge of TAU (time constant) and w (spectral amplitude values), WAV 

parameter can be calculated as their product. Fig 28 presents the distribution (vertical map) 

of the WAV under line_2. The ore concentrations in interpretation were introduced as 

follows: no significant ore concentration if WAV is lower than 2%, small if WAV is between 

2% and 5%, medium if WAV is between 5% and 10%, high if WAV is between 10% and 

20%, and very high if WAV is higher than 20%. 

The first section of Fig. 28 shows the distribution of the WAV1 parameter calculated from 

the smallest time constants Tau1 and spectral amplitude w1. This parameter is proportional 

to the concentration of the first polarization component of the ore formation. The distribution 

of the time constant (Tau1) of the first polarization component is shown in the first section 

of Fig. 26, and its spectral amplitude (w1) is shown in the first section of Fig. 27. Examining 

these sections, it can be stated that the time constant of the first component is small (between 

0.01 sec and 5 sec), while its spectral amplitude is relatively high (above 4 mV/V/sec in most 

of the section). From the first section of Fig. 28, it can be seen that the ore formation causing 

low time constant polarization occurs only scattered below line 2 with low concentration at 

the near-surface and at the deeper levels between the 0m and 400m horizontal distances, 

while in some places reaches the medium concentration. 
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The time-constant distribution (Tau2) of the second component of the ore formation is shown 

in the second section of Fig. 26, while the distribution of the spectral amplitude (w2) is 

shown in the second section of Fig. 27. The time constant of this second component is already 

significantly higher than that of the first component, but its spectral amplitude is generally 

smaller. Based on the distribution of the WAV2 parameter of the second component of the 

ore formation (see the second section of Fig 28), low, medium, and sometimes high ore 

concentration is probable in about half of the space below line 2. 

The time-constant distribution (Tau3) of the third component of the ore formation is shown 

in the bottom section of Fig. 26, and the spectral amplitude distribution (w3) is shown in the 

bottom section of Fig. 27. The time constant of the third component is the highest (usually 

above 5 sec) and the spectral amplitude is the smallest (below 6 mV/V/sec). Based on the 

third section of Figure 28 (WAV3), it can be concluded that the third ore component can also 

occur at low, medium, high, and at some places very high concentrations below the second 

measured line. 

Since there are three dominant time-constant components in the exploration area, the ore 

formation is presumably polymetallic. The average WAV distribution shown in the bottom 

section of Figure 28 can be used to estimate the average ore concentration. Based on this 

section, it can be concluded that the area below line 2 is perspective for further ore 

exploration, as low, medium and in some places, high concentrations of ore are potential in 

almost half of the examined depth interval. These anomalies are well correlated with the 

alteration zone, sulphide mineralization, and other polymetallic mineralization in granite 

massive. Besides, the expansion and contraction of the anomalies can be controlled by those 

results. It is worth noting, the hydrothermal process and fault system are likely linked to the 

anomalies of the WAV. 
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Fig 25. Result of the Monte Carlo solution: in the first pseudo section the measurement points are shown in the line_2, in the second pseudo 

section the fit between the measurement and the calculated data are displayed (data distance D=30%), in the third pseudo section the measured 

apparent polarization in mV/V are shown, while in the last pseudo section the calculated apparent polarization in mV/V can be seen. The 

horizontal axes show profile length in m, the vertical axes show depth in m.
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Fig 26. Result of the Monte Carlo solution: the TAU (time constant in a sec) distributions under line_2. The Imax=3 main polarization 

components are searched between 𝜏𝑚𝑖𝑛=0.01 sec to 𝜏𝑚𝑎𝑥=20 sec and 𝑤𝑚𝑖𝑛=0 (mV/V) to 𝑤𝑚𝑎𝑥=10 (mV/V). The distribution of the optimal Tau1, 

Tau2, and Tau3 time constants are shown in the 1st, the 2nd, and the 3rd sections, respectively. The horizontal axes are profile length in m and the 

vertical axes are depth in m. 
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Fig 27. Result of the Monte Carlo solution: w (the spectral amplitude in mV/V) distributions under line_2. The Imax=3 main polarization 

components are searched between 𝜏𝑚𝑖𝑛=0.01 sec to 𝜏𝑚𝑎𝑥=20 sec and 𝑤𝑚𝑖𝑛=0 (mV/V) to 𝑤𝑚𝑎𝑥=10 (mV/V). The distribution of the optimal w1, 

w2, and w3 spectral amplitudes are shown in the 1st, 2
nd, and 3rd sections, respectively.  The horizontal axes are profile length in m and the vertical 

axes are depth in m. 
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Fig 28. Result of the Monte Carlo solution: the WAV distributions in (mVsec/V) under line_2. The Imax=3 main polarization components are 

searched between 𝜏𝑚𝑖𝑛=0.01 sec to 𝜏𝑚𝑎𝑥=20 sec and 𝑤𝑚𝑖𝑛=0 (mV/V) to 𝑤𝑚𝑎𝑥=10 (mV/V). The distribution of the optimal WAV1, WAV2, and 

WAV3 parameters are shown in the 1st, the 2nd, and the 3rd sections, respectively.    Colour code: white - no significant ore concentration if WAV 

is lower than 2%, light blue - ore concentration is small if WAV is between 2% and 5%, yellow - ore concentration is medium if WAV is between 

5% and 10%, red - ore concentration is high if WAV is between 10% and 20%, brown - ore concentration is very high if WAV is higher than 

20%. The horizontal axes are profile length and the vertical axes are depth in m. 
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11.6.2 The lateral extension of the analysis of WAV parameter distributions on the 

measured area. 

As it is shown in Fig. 17 there are three parallel measurement lines (lines 2, 3, and 4) in the 

measurement area giving the possibility of the lateral extension of the Monte Carlo 

simulations. The distributions of the WAV parameter are shown in Fig 29 at three depth 

levels. 

Three multichannel arrays with 1443 discrete points (line_2), with 1228 discrete points 

(line_3), and with 813 discrete points at 20-meter spacing were placed in a complex 

geological structure. As well nearly line_2 (see Fig. 17) the DHYA19 was drilled in June 

2013 with the depth of the hole 210.00 m and the main detected rocks were cataclastic 

granite, diorite porphyry, rhyolite, and quaternary sediment. The rocks were very actively 

altered by silica, silicate, chlorite, and biotite. In the framework of the Monte Carlo 

simulation, a good agreement was found between the result of the WAV distribution and the 

lithological information. 

In Fig 31 the horizontal extension of WAV data is shown in three depth levels (50m, 100m, 

and 150m). It can be stated on the level 50m that the distribution of the average WAV 

parameter proportional to the average ore concentration changes in the range from 1.24% to 

15.31%. The high concentration is distributed between the line_3 and line_4 (between 700m 

and 800m profile distance). The medium (5%-10%), the small (2%-5%), and the no 

significant  (less than 2% ) intervals of ore concentration were detected on the depth level 

50m. Whereas on the level 100m,  the average WAV range changes from 0.92% to 13.91%, 

we can see that there are small and medium ore concentrations. We investigated also the 

depth level of 150m, where the average WAV range changes from 1.17% to 23%. Based on 

the result, it is clear that high and medium ore concentration zones are well correlated with 

the polymetallic sulfide mineralization in the Yamaat gold deposit.
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Fig 29. Result of the Monte Carlo solution: contour map of the WAV (mV/V) between lines 2 and 4 at the depth levels of 50m, 100m, and 150m. 

The horizontal axes are profile length in m and the vertical axes are line number (The distance between adjacent lines is 50m). 
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From the above results, I declare: THESIS STATEMENT 6 

a. I have calculated the time constant spectra and WAV parameters based on the 

Monte Carlo solution over the measured pole-dipole IP profiles. As a result 

of the analysis, the 2D parameter section (vertical map of the WAV) was built 

along the line_2. 

b. The time constant spectra and WAV parameter distributions were calculated 

in the measured area based on the Monte Carlo solution. As a result of the 

analysis, WAV parameter maps were calculated for an area between lines 2, 

3, and 4 at the depth level of 50m, 100m, and 150m. 

11.6.3 Summary interpretation of pole-dipole IP measurements to classify ore 

formation  

In this study, different techniques (the Monte Carlo solution, the well-determined inverse 

problem, and the series expansion inversion method) were tested on the pole dipole IP dataset 

shown in Fig 30. In thesis 3, we investigated the solution of the TAU-transformation using 

the Monte Carlo method. As the research has demonstrated the time constant and spectral 

amplitude was successfully defined by this method and tested these on the field dataset 

(TDIP). The solution has been tested on the 𝝉𝒎𝒊𝒏= 0,01 in sec, 𝝉𝒎𝒂𝒙 = 20 sec and 𝒘𝒎𝒊𝒏 = 0 

in mV/V, 𝒘𝒎𝒂𝒙 = 10 in mV/V as well had been searched by the random generation with 

components from Imax=2 to Imax=10. The optimal (minimum data distance) results were found 

at 3 or 4 components (Imax=3 or Imax=4) of the main polarization with characteristic 

spectral amplitudes and time constants. In the Monte Carlo method, based on the fit between 

the measured and the calculated data significantly different results were found. For instance, 

the data distance value at the Imax=10 is very high (D=42.25%). However, the value at the 

Imax=3 is the smallest showing the optimal number of polarization components with 

minimization error (D=3.86%). Thus the detailed 2D parameter distributions were drawn 

using 3 components (Imax=3). The ore concentrations in interpretation were connected to 

the WAV parameter given by the Monte Carlo solution:  no significant ore concentration if 

WAV is lower than 2%, small if WAV is between 2% and 5%, medium if WAV is between 

5% and 10%, high if WAV is between 10% and 20%, brown and very high if WAV is higher 

than 20%. 
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Fig 30. Solutions of the TAU-transformation using the Monte Carlo method, well 

determined, and serious expansion inverse method. 

In thesis 4, searching the solution for the TAU-transformation using the well-determined 

inverse problem the unknown parameters (spectral amplitude) were determined by several 

mathematical tools and were tested at the first point on the line_2 in Yamaat area. The 

solution has been defined at 20 components (M=20) and the fit between the measured and 
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calculated data was calculated. The distance between measured and calculated IP curves was 

6.45% which is physically acceptable 

In thesis 5, for the solutions of the TAU-transformation the overdetermined series expansion 

inversion method was applied and the time constant spectra were calculated by this inverse 

technique. The solution had been tested at τmax = 5, 10, and 15 sec and the spectral amplitudes 

were determined for the components between M=2 and M=10. The fit between the measured 

and the calculated data using 3 components (M=3) were 6.64% when τmax =5, 6.81% when 

τmax=10, and 7.56% when τmax=15. 

From the above results, I declare: THESIS STATEMENT 7 

I summarized the interpretation of pole-dipole IP measurements to classify the ore formation. 

Based on this, it can be concluded that the type of ore formation is polymetallic with probably 

3 components. The concentration of the ore mineral with the largest time constant is the 

highest. Of course, the specific types of the ore minerals can only be determined by further 

drilling-based geological exploration and geochemical analysis. 

12. CONCLUSION  

Geophysical data processing has been an important and effective tool in ore exploration. The 

recovered images from the geophysical survey are interpreted by geologists to understand 

the near-surface geological structures and to guide further exploration activities such as 

spotting drill holes. Geophysical data processing, however, does not always provide an 

exactly near-surface image that reliably reflects the structural and physical properties of the 

target due to many reasons. In this dissertation the following parts were investigated: the 

FCM algorithm, non-linearized Monte Carlo, linearized Gaussian method (well-determined 

inverse problem), and linearized Gaussian least square method (Over-determined inverse 

problem). As the research has demonstrated, the FCM algorithm was effectively applied to 

distinguish the numerical classification of the bedrock of the area based on the properties of 

rock collected from core samples. As well as pre-chosen rocks (rhyolite, cataclastic granite, 

diorite porphyry, and andesite porphyry) were identified by the FCM algorithm (cluster 

centres). In the research area, we can get approximate numerical values for each rock type. 

As a consequence, we suggest applying a fuzzy C mean algorithm to classify the physical 

properties of rocks hiding valuable raw materials. FCM algorithm can determine a 
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correlation between physical properties, which can be used to improve the geological and 

geophysical model of the investigated area.  

I presented the solution of the TAU-transformation using non linearized Monte Carlo method 

applied for a field measured pole-dipole TDIP dataset. The spectral amplitudes (IP 

components) and time constants were defined by double random generation of the Monte 

Carlo techniques. Based on the result of MC the WAV (Weighted Amplitude Value) was 

calculated. Based on the results of the research new data analysis of TDIP data was 

suggested. Furthermore, to improve the geological and geophysical model in the field survey 

the borehole information was involved. 

 

I also investigated the solution TAU-transformation using the linearized Gaussian inversion 

method (well-determined problem). By using a variant of the inverse technique, I further 

generalized the combination of several mathematical tools with an inversion algorithm. The 

time constant spectrum was determined by the LSQ method. I developed the solution for the 

TAU-transformation using the linearized Gaussian inversion method (over-determined 

inverse problem). The serious expansion-based inversion method was used to calculate the 

expansion coefficients using a logarithmic transformation of the unknowns for stabilizing 

the procedure. I suggested the investigated solution to data processing for the multichannel 

array in TDIP.  

A very significant application of the results can be in the energy segment in the field of direct 

hydrocarbon research (Turai. 2012b) where the IP method is suitable for the detection of 

productive hydrocarbon storage structures. Positive IP anomalies can be measured due to 

pyritization in the boundary zone of productive hydrocarbon reservoirs. Pyritization is 

caused by the chemical reaction of hydrogen sulfide produced by oil-eating bacteria and the 

iron oxide content of the overlying rocks. Within the annular IP anomaly, there is a deep 

hydrocarbon storage reservoir. The hydrocarbon exploration well should be drilled in the 

middle of the IP anomaly. If no IP anomaly is measurable, hydrocarbon exploration well will 

likely be unproductive. The IP data processing methods presented in the dissertation can also 

be applied in the case of hydrocarbon explorations. 
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14. APPENDIX  

The raw dataset of the physical properties on core sample in Yamaat area. 

№ DH 
Depth 

[m] 
Rock name 

Magnetic 

susceptibility 

[SI*10-3] 

Resistivity 

[ohmm] 

Chargeability 

[mV/V] 

1 27 277.8 Andesite Porphyry 0.42 18520 1.73 

2 5 320 Andesite Porphyry 1.31 16800 3.39 

3 25 109.5 Andesite Porphyry 0.98 18500 2.35 

4 25 110.5 Andesite Porphyry 0.21 12246 2.64 

5 19 178.5 Andesite Porphyry 0.78 18751 2.87 

6 19 180.4 Andesite Porphyry 0.81 11564 2.54 

7 19 181.3 Andesite Porphyry 0.78 10874 2.61 

8 19 182.4 Andesite Porphyry 0.84 17854 2.54 

9 26 151.5 Andesite Porphyry 0.82 18521 2.63 

10 26 152.5 Andesite Porphyry 1.30 12451 2.45 

11 26 153 Andesite Porphyry 1.32 18745 2.34 

12 3 221.3 Andesite Porphyry 0.22 6012 14.3 

13 27 279.6 Diorite Porphyry 2.54 2756 28.8 

14 14 206.5 Diorite Porphyry 1.50 3128 18.8 

15 14 220.5 Diorite Porphyry 1.40 2689 19.5 

16 16 118.8 Diorite Porphyry 1.90 2981 16.5 

17 16 127.4 Diorite Porphyry 1.50 4582 14.5 

18 16 129.3 Diorite Porphyry 0.80 5364 16.5 

19 10 60.5 Diorite Porphyry 1.35 4182 12.5 

20 10 65.8 Diorite Porphyry 1.54 2597 20.8 

21 10 73.4 Diorite Porphyry 1.60 5854 14.6 

22 10 90.8 Diorite Porphyry 1.90 6421 13.5 

23 19 193.1 Diorite Porphyry 0.24 3516 16.5 

24 23 31 Diorite Porphyry 0.30 8177 19.46 

25 16 83 Diorite Porphyry 0.33 3443 12.75 

26 8 63.7 Diorite Porphyry 1.01 3815 12.5 

27 16 125 Diorite Porphyry 0.38 7251 8.76 

28 17 37.7 Diorite Porphyry 0.55 3112 11.4 

29 19 193.2 Diorite Porphyry 1.20 3800 12.5 

30 21 46 Diorite Porphyry 0.21 7803 12.87 

31 14 227.5 Diorite Porphyry 0.38 5813 17.46 

32 27 191.2 Diorite Porphyry 1.05 592 14.5 

33 27 150.4 Cataclastic granite 1.60 4035 11.76 

34 27 105.8 Cataclastic granite 1.36 7637 1.73 

35 27 194 Cataclastic granite 0.93 5698 5.9 

36 19 373.2 Cataclastic granite 0.42 1444 17.91 

37 22 45.7 Cataclastic granite 1.41 5170 10.81 

38 19 146 Cataclastic granite 0.97 5337 5.16 

39 19 55.9 Cataclastic granite 0.21 4844 10.63 

40 12 195.7 Cataclastic granite 0.70 12853 1.77 

41 8 64.2 Cataclastic granite 0.28 2517 17.44 

42 4 36 Cataclastic granite 0.81 4439 14.8 
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43 4 73.2 Cataclastic granite 2.68 11110 4.83 

44 20 126.5 Cataclastic granite 0.51 16822 1.84 

45 1 40.8 Cataclastic granite 1.45 1364 8.69 

46 12 150 Cataclastic granite 0.51 8090 3.92 

47 28 72.7 Cataclastic granite 1.98 6291 4.8 

48 28 41.2 Cataclastic granite 1.43 1021 9.42 

49 22 174.3 Cataclastic granite 0.18 1469 11.93 

50 23 126.3 Cataclastic granite 0.05 1546 5.05 

51 5 270.2 Cataclastic granite 0.65 5627 5.32 

52 5 271.3 Cataclastic granite 2.93 4072 4.2 

53 20 228 Cataclastic granite 1.48 8422 6.48 

54 14 146 Cataclastic granite 0.02 1290 12.47 

55 21 72.2 Cataclastic granite 0.07 2593 27.67 

56 27 147.5 Cataclastic granite 0.51 5229 34.36 

57 27 240 Cataclastic granite 0.02 1280 14.4 

58 27 240.5 Cataclastic granite 0.01 1129 25.79 

59 18 33.8 Cataclastic granite 0.11 3363 4.5 

60 1 140 Cataclastic granite 2.58 7691 4.13 

61 25 43 Cataclastic granite 0.09 2996 4.78 

62 26 161.5 Cataclastic granite 0.31 1826 8.1 

63 6 108 Rhyolite 0.03 1713 31.87 

64 24 10.5 Rhyolite 0.08 2314 31.5 

65 24 15.5 Rhyolite 0.05 1542 21.5 

66 24 18.5 Rhyolite 0.02 1846 21.3 

67 24 71.5 Rhyolite 0.50 2841 19.5 

68 24 73.5 Rhyolite 0.80 2631 18.74 

69 24 82.5 Rhyolite 0.92 2782 18.51 

70 24 86.5 Rhyolite 1.20 2894 16.4 

71 12 156.5 Rhyolite 1.30 3256 17.8 

72 12 157.1 Rhyolite 1.63 2488 16.8 

73 12 133.2 Rhyolite 1.94 2645 19.1 

74 6 106.5 Rhyolite 1.96 2945 16.5 

75 6 107.5 Rhyolite 1.51 2163 18.9 

76 6 112.5 Rhyolite 1.62 4712 19.5 

77 6 113 Rhyolite 1.74 4513 23.5 

78 24 21.8 Rhyolite 0.81 3451 22.1 

79 24 81 Rhyolite 1.12 3295 23.9 
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Geology map of the Yamaat area in Mongolia, (Gantumur. 2016). 

 

 


