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Abstract This paper describes a method for estimating the
continuation of ore bodies at depth based on concentration-
volume (C-V) fractal modeling of the pyrite thermoelectric
coefficient in the Pujon gold deposit, Democratic People’s
Republic of Korea. The method is first established using
data in the Kumjomdong area, a well-explored brownfield,
and it is then applied to estimate the continuation of ore
bodies at depth in the Pyongsandok area, a less-explored
greenfield. The methodology consists of four steps: (1) 3D
modeling of ore bodies using surface geological mapping,
mining tunnels in different levels, and a borehole dataset;
(2) 3D modeling of thermoelectricity coefficients from
Au-bearing pyrites based on discrete smooth interpolation
and C-V fractal techniques; (3) determination of levels used
for calculation of the thermoelectric parameter of pyrite
by C-V fractal modeling instead of traditional levels; and
(4) determination of the thermoelectric parameter vertical
gradient of pyrite reflecting the variation characteristics of
pyrite thermoelectricity in the Pujon deposit. The results
indicate that (1) pyrites in the Pujon deposit are dominantly
P-type, and it is not reasonable to use traditional levels
to calculate the thermoelectric parameter of pyrite; (2)
thresholds determined by C-V fractal modeling can be used
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as levels to calculate the thermoelectric parameter of pyrite;
(3) the thermoelectric parameter vertical gradient of pyrite
ranges from 1 to 2 in the Pujon deposit; and (4) ore body
Pyongsan No. 9 extends 85 m to 235 m downward from the
current borehole location.

Keywords Thermoelectricity coefficient of pyrite - DSI -
C-V fractal - Pujon gold deposit

1 Introduction

Pyrite is one of the most common Au-bearing sulfides
in hydrothermal gold deposits, and its typomorphic
characteristics such as crystalline behavior,
thermoelectricity, and chemical composition are generally
controlled by different physicochemical environments
during formation (Abraitis et al. 2004; Li et al. 2012,
2020; Shen et al. 2013; Wang et al. 2016, 2022; Alam
et al. 2023). Thus, typomorphic characteristics of pyrite
can be used not only in studying the genesis of gold
deposits, but also for exploration, particularly for deep ore
predictions. Typomorphic characteristics of pyrite such as
thermoelectricity in different ore bodies or different ore-
forming stages can be analyzed in metallogenic studies to
support mineral prospecting (Shen et al. 2013; Xue et al.
2014; Wang et al. 2016, 2019, 2021; Geng et al. 2018; Alam
et al. 2019; Wu et al. 2021, 2024).

In previous studies of pyrite thermoelectricity, the
pyrite thermoelectric parameter (Xnp) is typically
calculated based on thermoelectric coefficients using
four constant levels with certain intervals, and the values
of Xnp are then used to calculate the vertical gradient
of Xnp (VH) and estimate the erosional level of gold
deposits (y) as an empirical formula (Xue et al. 2014;
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Wang et al. 2016). However, it may be unreasonable to
use four constant levels in the empirical formula even
in cases of either dominant P-type or dominant N-type
pyrites, because the range of values is quite different
from the typical cases. Different gold deposits may have
their own levels of thermoelectric coefficients of pyrite
in the samples used to calculate the pyrite thermoelectric
parameter.

Most previous investigations (Wang et al. 2016, 2021;
Geng et al. 2018; Alam et al. 2019; Wu et al. 2021, 2024)
have focused on case studies using well-established
methods in this field, and studies on the development
of more sophisticated methods using measured
thermoelectric coefficient data have not been reported.
Thus, studies are needed to develop improved methods
using thermoelectric coefficient data for pyrite to calculate
parameters representing the continuation of ore bodies at
depth, ensuring that the results are highly consistent with
the measured data in the study area.

In the Pujon deposit, the Kumjomdong, West
Kumjomdong, and Wondong areas around the
Kumjomdong fault are relatively well explored, and
the continuation of ore bodies at depth has largely been
clarified. Meanwhile, the Pyongsandok area around the
Kurumryong fault has been less explored and is considered
to be a promising area in the Pujon deposit. Thus, the
identification of more gold reserves at depth is critical
for the development of the Pujon gold mine. The present
study mainly focuses on the thermoelectric characteristics
of gold-bearing pyrite and its application to deep ore
estimation in the Pujon deposit.

In this paper, we address the question of how we can
estimate the continuation of ore bodies at depth using
pyrite thermoelectricity in the Pujon gold deposit,
where pyrites are dominantly P-type. The main aims of
the paper are (1) to establish the method to calculate
the thermoelectric parameter of pyrite using thresholds
determined by C-V fractal modeling, (2) to determine the
appropriate thermoelectric parameter vertical gradient
of pyrite in the Pujon deposit, and (3) to estimate the
continuation of the ore body Pyongsan No. 9 at depth.

In the geosciences, fractal models have been used to
explain the spatial distributions of geological features,
and several fractal models have been developed and
successfully adopted to study spatial features related to
mineralization, such as geological controls (Bazargani
et al. 2025) and geochemical anomalies (Pourgholam
et al. 2021; Sadeghi 2021; Hosseini et al. 2022; Yilmaz
et al. 2022; Pourgholam et al. 2024). Considering the
previous literature and recent studies, geological features
such as geochemical anomalies and fault distribution have
fractal dimensions. In the current study, we used a data-
driven C-V fractal model for discretization of spatially
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continuous values of pyrite thermoelectricity in order
to obtain discretized levels used for calculation of the
thermoelectric parameter of pyrite.

1.1 Geological setting

The Pujon deposit is situated in Chail district of Pujon
county, South Hamgyong Province, Democratic People’s
Republic (DPR) of Korea. The study area is tectonically
located on the eastern part of the Pujongang fault zone,
Rangnim Massif, Sino-Korean Craton (Fig. 1). The Pujon
deposit borders the Hyesan-Riwon Basin on the east, and it
is located near the contact between the Rangnim Massif and
Hyesan-Riwon Basin. This region is considered to be one
of the most abundant areas of polymetallic mineralization
in DPR Korea because of the complexity and superposition
of geological structures and diversity of magmatism (Paek
et al. 1993). This area was selected for three practical rea-
sons: (1) it is necessary to answer the question of whether
ore bodies are continuous at depth, (2) pyrite is a principal
mineral occurring in the study area, and (3) geological data-
sets such as borehole data are readily available. The study
area can be divided into the Kumjomdong, West Kumjom-
dong, Wondong, and Pyonsandok districts.

The geology of the study area essentially consists of
granite gneiss (Neoarchean Rangnim Group) and granitic
intrusions (Neoarchean Ryonhwasan Complex) (Fig. 2).
In addition, some dykes of the Jurassic Tanchon Complex
are intruded into the NE-trending fissures. The rocks of
the Rangnim Group are small and irregularly shaped. NS-,
EW-, NE-, and NW-trending fault systems are developed in
this area. The NS-trending fault system is 1 km wide and
200 km long and consists of the Pujongang fault zone and
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Fig. 1 Location of the study area (the red box indicates the location
of the study area). TFB, Tumangang Fold Belt; KM, Kwanmo Mas-
sif; KMB, Kilju-Myongchon Basin; HRB, Hyesan-Riwon Basin; RM,
Rangnim Massif; PB, Phyongnam Basin (Paek et al. 1993)
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Fig. 2 Geological map of the
study area
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some faults parallel to it. This fault system acts as a path-
way in the mineralization. The EW-trending fault system
was formed just before the NE-trending fault system, and
it acts as a pathway and partly as traps in the mineraliza-
tion. The NE-trending fault system with length varying from
hundreds of meters to 2000 m and width of 10 m played
the most important role in the mineralization. It involves
Kumjomdong, Tohwadong and 6.15 faults. They are mainly
NEE-trending, with dips of 50° to 70° to the NNW. The
NW-trending fault system with width varying from 10 to
20 m and length of 400—1000 m is not essentially related to
the mineralization. The formation sequence of different fault
systems in this area is NS-, EW-, NE-, and NW-trending.
The rocks in the NE-trending fault system were highly frac-
tured by other fault systems, and ore-bearing quartz veins
were intruded into the fissures to form the mineralization.

1.2 Deposit features

The gold deposit contains more than 20 gold-bearing veins,
which are divided into two groups: an auriferous quartz
type involved in the fault fissures, and a silicification type
occurring at the top and bottom of the fault fissures (Choe
et al. 2011). Silicification is the main type, and all but veins
Nos. 2 and 3 occur in the silicification zones. Vein No. 1
was formed by the penetration of a quartz vein and sulfide

veinlets into fractured breccia zones within parent rocks
filling in the ore-bearing structures with a strike of 75° to
80°. Vein No. 6 was formed by the penetration of auriferous
quartz veins and sulfide veinlets into fissures along the
footwalls of ore-transporting structures and micro-fissures
in the parent rocks. This is a large deposit, and the Au grade
is high. The shapes of ore bodies differ slightly from place
to place. There are many lenticular quartz veins in the west,
and irregular silicification types are rich in the east. The
veins generally occur as an echelon in the plane maps.

The length of ore bodies in the direction of the strike is
about 4 km, and the veins are continuous with a range of
2.3 km. The maximum width is 31.5 m in the silicification
zones and 10.5 m in the quartz veins. Ore bodies consist of
quartz and a small amount of sulfides. The quartz occurs
with two colors—white and gray—and the gay quartz is rich
in the lower level of ore bodies. Sulfides are involved in ore
bodies with an average of 5%. The auriferous quartz veins
are lenticular with a short length and thick width of 0.5 m on
average. The thickness of ore bodies in K-feldspathization
and silicification zones varies from 5 to 20 m, with an
average of 7 m, and they continue for a length of 300-400 m
in the direction of the strike. Vein No. 6 in the Kumjomdong
district occurs in ore bodies of auriferous sulfides + quartz
+ silicification. The ore-bearing and Au-bearing ratios are
22.5% and 61.7%, respectively. The maximum Au grade is
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24.29 g/t and the ratio of natural gold is 30%—40%. The
Au grade of the deposit is 4-10 g/t, with an average of
6.67 g/t. The ore minerals are quite different in the deposit.
The metal ore minerals include pyrite, chalcopyrite, native
gold, native silver, galena, sphalerite, hematite, magnetite,
molybdenite, and siderite. The nonmetal ore minerals are
quartz, K-feldspar, chlorite, epidote, muscovite, and sericite.
The secondary minerals include limonite, chalcocite,
covellite, azurite, bornite, calcite, and ankerite. Natural gold
is involved in almost all the minerals such as white and gray
quartz, pyrite, chalcopyrite, and galena, but the content is
different from minerals. The maximum Au grade is 100 g/t
in chalcopyrite, 150 g/t in galena, and tens of grams per
tonne in pyrite. The size of Au particles varies from 0.01
to 0.8 mm, with 60%—-70% in the range of 0.06—0.2 mm.
Most of the Au crystals (more than 70%) have dendritic
and ameboid shapes. The Au/Ag ratio is relatively low
compared with other gold deposits in our country. The
gold is closely related to the copper, and the Au grade is
proportional to the Cu grade in the direction of the strike.
The main sulfides are chalcopyrite and pyrite. In addition,
metal minerals including galena, sphalerite, hematite, and
limonite are present. Galena is rich in the lower level of
the deposit. Pyrite is the primary Au-bearing mineral in the
Pujon deposit. With regard to gold, fracture-filled boundary
gold occurs more often than inclusion gold. In the current
study, pyrite is considered to be an indicator for estimating
the continuation of ore bodies at depth in the Pujon deposit.

Pyrite occurs in almost all the Au ore bodies, and it is rich
in massive rocks with small gold and silver crystals. Pyrite
does not include As, and it is rich in nickel and copper. The
mineralization in the deposit is characterized by K-feldspar,
auriferous sulfide, a barren quartz vein, and calcite. Au
mineralization was formed in the stage of auriferous sulfide.
The parent rocks around the ore bodies are characterized by
K-feldsparthization, chloritization, and sericitization. The
genesis of the deposit is considered to be hypothermal and
mesothermal.

2 Methods

The methodology used in the current study includes
the measurements of the thermoelectric properties of
pyrite using a thermoelectric coefficient measuring
instrument, discrete smooth interpolation (DSI) modeling
of thermoelectric data, and concentration-volume (C-V)
modeling. DSI was implemented in GOCAD software and
C-V modeling in MATLAB software.
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2.1 Thermoelectricity of pyrites
2.1.1 Thermoelectric theory

Pyrite is a typical semiconductor mineral, and under different
temperature conditions, it generates a thermal electric
force known as the Seebeck effect. The thermoelectric
phenomenon is strongly dependent on the chemical
composition of pyrites, and the thermoelectric coefficient
of pyrite can be calculated as follows (Shao et al. 1990):

a= +E +'MV 1
ity —to\"°C ) M

where f;; and - are the hot-end and cold-end temperature,
respectively. The positive and negative sign of E is correlated
with the positive and negative properties of the carriers with
a certain conduction type, and the conduction type can be
either N-type or P-type. The values of a and the conduction
type of pyrite are influenced by isomorphous impurities
in the composition of pyrite, defects in crystal structure,
density, and external excitation conditions (e.g., temperature
and pressure gradients). The pyrite thermoelectricity can
be used as an indicator of the depth of the ore-forming
processes, because these factors are influenced by conditions
at the depth of ore formation (Abraitis et al. 2004; Zhang
et al. 2010; Shen et al. 2013; Wang et al. 2016).

2.1.2 Measurement of thermoelectric properties of pyrite

The thermoelectric properties of the pyrite samples were
measured using the THERMO-24 thermoelectric coefficient
measuring instrument at the Ore Deposits Laboratory, Kim
IT Sung University. The temperatures of the cold end and
hot end were set to 20°C and 80°C, respectively. Twenty
grains of pyrites per sample were selected for measurement,
and each grain was larger than 0.2 mm. The measurement
data are summarized in Table 1. The thermoelectricity
measurements were obtained from 1957 grains of pyrites
from a total of 45 samples from 11 ore bodies of 27 different
levels of the Pujon deposit. The data indicate that N- and
P-type pyrites comprise on average 1.4% and 98.6%,
respectively.

Therefore, most of the pyrites in the Pujon deposit are
P-type, and N-type pyrites are measured only in some ore
bodies of Wondong and West Kumjomdong and in ore body
No. 12 of Kumjomdong. The statistics regarding P-type
thermoelectricity are summarized in Table 2.
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Table 1 Measured thermoelectric data of pyrites from the Pujon deposit
Ore body Level (m)  N-type thermoelectricity,a(uV -°C™") ~ N (%)  P-type thermoelectricity,a(uV -°C™") P (%)
Maximum Minimum Average Maximum Minimum Average

Wondong No.1 1441 - - - - 215.9 98.5 136.9 100
Wondong No.5 1392 -25.8 -170.4 -1159 6.3 207.8 52.8 1254 93.7
Wondong No.5 1336 -26.4 -221.5 -85.9 46.1 215.5 46.7 148.3 539
West Kumjomdong No.1 1390 - - - - 240.8 77.9 148.8 100
West Kumjomdong No.1 1352 -85.4 -197.2 —160.9 9 197.8 74.3 121.7 91
Kumjomdong No. 6 1775 - - - - 181.2 87.9 122.8 100
Kumjomdong No. 6 1748 - - - - 201.4 107.8 141.6 100
Kumjomdong No. 6 1722 - - - - 136.1 81.5 108.4 100
Kumjomdong No. 6 1694 - - - - 303.7 97.6 164.2 100
Kumjomdong No. 6 1682 - - - - 278.0 106.0 167.7 100
Kumjomdong No. 6 1628 - - - - 132.9 67.2 109.7 100
Kumjomdong No. 1 1583 - - - - 146.6 109.7 129.5 100
Kumjomdong No. 2 1635 - - - - 216.8 125.8 159.5 100
Kumjomdong No. 2 1591 - - - - 162.2 91.0 127.2 100
Kumjomdong No. 14 1913 - - - - 231.5 119.8 159.5 100
Kumjomdong No. 14 1902 - - - - 453.7 163.8 232.2 100
Kumjomdong No. 14 1900 - - - - 139.6 96.5 118.7 100
Kumjomdong No. 14 1877 - - - - 148.1 98.5 120.5 100
Kumjomdong No. 14 1863 - - - - 186.2 90.7 128.5 100
Kumjomdong No. 14 1856 - - - - 195.6 99.2 139.20 100
Kumjomdong No. 14 1801 - - - - 157.2 98.7 127.2 100
Kumjomdong No. 14 1775 - - - - 178.8 81.4 127.2 100
Kumjomdong No. 15 1856 - - - - 180.9 68.7 1144 100
Kumjomdong No. 12 1941 - - - - 169.0 76.1 120.7 100
Kumjomdong No. 12 1902 - - - - 182.9 69.9 112.6 100
Kumjomdong No. 12 1888 - - - - 219.2 73.1 144.4 100
Kumjomdong No. 12 1881 -56.9 —287.2 -175.4 68.6 184.8 53.3 131.4 31.4
Kumjomdong No. 12 1873 - - - - 165.6 81.3 130.0 100
Kumjomdong No. 11 1815 - - - - 217.2 111.3 154.9 100
Kumjomdong No. 7 1710 - - - - 161.8 88.8 1234 100
Tal?le 2 Statistics (.)f‘P—typ © Number of samples Minimum Median Maximum Mean Std Variance
pyrite thermoelectricity

43 21.04 127.41 232.19 132.02 32.13 1032.54

2.1.3 Variations in pyrite thermoelectric coefficients
in the Pujon gold deposit

The regression line for the average thermoelectric coef-
ficients of the pyrite in levels can be plotted as shown in
Fig. 3. The regression line indicates that the average ther-
moelectric coefficients of the pyrite in the Pujon deposit
increase at depth. This is consistent with the thermoelectric
theory, and the thermoelectric coefficients of the pyrite can
be used to estimate the continuation of ore bodies at depth.

The thermoelectric parameter of the pyrite (Xnp) can be
calculated based on the thermoelectric coefficient (Yang and

Zhang 1991; Shen et al. 2013; Xue et al. 2014; Wang et al.
2016):

Xnp = (2f; + fu) — (fiv +2fv). 2

where f corresponds to the levels of thermoelectric
coefficients of pyrites in the samples as follows: f;
represents o >400 pV/°C, f;; represents a in the range of
200400 pV/°C, fyy; represents « in the range 0-200 pV/°C,
fiv represents a in the range of 0 to —200 pV/°C, and fy
represents o < —200 pV/°C. It is inappropriate to calculate
the values of Xnp of pyrites in the Pujon gold deposit using
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the same flevels as in Eq. (2), because most of the measured
thermoelectric data are P-type, and levels of thermoelectric
coefficients of pyrites can be different from deposits. In
the case of the Pujon gold deposit, the lower boundaries of
almost all ore bodies have been approximately determined
by drilling. It is necessary to determine alternative levels
of thermoelectric coefficients of pyrites in the samples
corresponding to the Pujon gold deposit instead of
traditional levels used in Eq. (2). In the current study, new
levels of thermoelectric coefficients of pyrites to calculate
the thermoelectric parameter of pyrite were determined by
C-V fractal modeling.

2.2 C-V fractal modeling
2.2.1 Building datasets

The datasets available for 3D modeling in the Pujon
deposit area include 1:2000 scale geologic data, a digi-
tal elevation model (DEM), an exploratory engineering
layout plan per level at 100 m, 50 m, 0 m, —45 m, —90 m,
—145 m, —185 m, and —225 m, and related prospecting
line profile maps. These datasets were used to model the
ore bodies and geology in the Pujon deposit area in 3D.
The X coordinates of the model area range from 270,646
to 276,943 m, the Y coordinates from 1,951,780 to
1,954,370 m, and the Z coordinates from 930 to 2140 m.
The model area at the surface measures 16.32 km?, and the

a A cell-centered b A corner point
<Y SGrid cell SGrid cell
I
IIND
lﬁ)
4 Section (u,é)’g‘ z
A node, i )
a grid point] “ point w(x,y,z) — < |
\
point v(x,y,z) ™N ]
N
\ N ol o
% A
¥ Property point T point u(x,y,z)
X0,yo0,20 o Grid point (Node) Origin (xo,y0,20)

Fig. 4 Graphical examples of an SGrid object and its components: a SGrid and its step-vectors, and b SGrid and its end-points (Micromine

2015)
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total volume of the Sgrid is 6300x2590x1210 m? (Fig. 4).
The 3D ore body model region contains ore bodies Nos.
1,2, 10, 12, and 13, which represents 12% of the volume
of the 3D block model of the study area.

Thermoelectric coefficient data from the Pujon deposit
are discrete and sparse, and therefore it is impossible to use
geostatistical techniques because we cannot calculate the
semivariograms in the horizontal and vertical directions
in 3D space. Therefore, the discrete smooth interpolation
(DSI) technique in GOCAD was applied to build 3D
geological and thermoelectricity models.

2.2.2 DSI method and SGrid

Geological processes such as mineralization occur in
3D, and they are better represented by their geological
signatures in 3D datasets. Thus, geological modeling is
best modeled in 3D versus 2D space. However, regional-
scale 3D geological modeling is rarely feasible, mainly
because regional-scale public-domain 3D datasets over
large areas are generally not available (Xiao et al. 2015).
On the other hand, deposit-scale 3D datasets for specific
areas are occasionally available, and can be used for
delineating further drilling targets at the deposit scale. In
addition, commercial 3D GIS products such as GOCAD,
Surpac, and Micromine (Geovia 2015; Micromine
2015; Wang et al. 2020) have become widely available,
and this has led to the development of 3D geological
models, particularly at detailed scales (Xiao et al. 2015;
Mohammadpour et al. 2021; Deng et al. 2022). One of
the main challenges in 3D geological modeling based
on 3D GIS is to efficiently incorporate 3D predictive
models within 3D GIS, because most commercial 3D
GIS software does not include corresponding models,
modules, and tools for 3D geological modeling (Li et al.
2016).

GOCAD is a software program which uses DSI as the
core interpolation algorithm (Mallet 2002). It can be used
to build a surface or subsurface element with a triangular
grid structure, and can be reconstructed using ArcGIS
and other GIS software (Perrouty and Lindsay 2014). The
basic element of the DSI method is the establishment of
a connected network among discretization points in 3D
space. If the values of network points meet the constraint
criteria, the values at unsampled points can be obtained
by computing linear equations (Mallet 2002). DSI is
particularly suitable for 3D implicit spatial modeling of
natural objects combining explicit spatial distribution
of geological properties and usually sampled at a few
discrete locations such as drill holes.

In this study, we use SGrid in GOCAD 2015 software
to build a 3D geological model according to the need
for 3D modeling after building datasets in the ArcGIS

10.4 platform. An SGrid object is a flexible, 3D grid for
modeling properties, computing reservoir volumes, and
creating flow simulations in GOCAD. An SGrid object
can contain property values either at the center or the
corners of its cells. The dimensions of the SGrid are
defined by its origin, the three axes, the number of points
along each axis, and the three step vectors of each cell
(Fig. 4). This object is important in reservoir geology and
engineering, where anisotropy plays a significant role in
hydrocarbon migration and accumulation. In this case,
we use SGrid as the main object for 3D modeling of the
thermoelectric coefficient of pyrites.

2.2.3 C-V fractal modeling theory for threshold
calculation

The C-V fractal model in 3D space proposed by Afzal
et al. (2011) was based on the concentration-area fractal
model proposed by Cheng et al. (1994) and used by other
researchers (Yousefi et al. 2015; Chen et al. 2018; Sadeghi
2021; Yilmaz et al. 2022; Hosseini et al. 2023) to separate
geochemical anomalies from background in 2D space.
Various researchers demonstrated that the C-V fractal
model in 3D space could be used for distinguishing and
identifying the mineralizations in their study areas (Afzal
et al. 2011; Wang et al. 2013; Zuo et al. 2015; Karaman
et al. 2021; Zhang et al. 2021; Paravarzar et al. 2023; Ullah
et al. 2023; Heidari et al. 2024). The C-V fractal model can
be expressed as follows (Afzal et al. 2011):

V(p < v)oop™;V(p > v)cop™®, (3)

where V(p <v) and V(p > v) denote two volumes with
concentration values (p) less than or equal to and greater
than or equal to, respectively, the value (v), which represents
that threshold of a zone (volume); and a, and a, are fractal
dimensions.

The C-V fractal method has also been used to calculate
thresholds and delineate mineralized zones, and the
thresholds calculated from the C-V fractal model are useful
for mapping the boundaries between different ore zones
(Afzal et al. 2013; Wang et al. 2013; Li et al. 2016). In
the current study, the C-V fractal model was implemented
to calculate thresholds of the thermoelectricity data of
pyrites.

2.2.4 Modeling the distribution of the thermoelectric
coefficients of pyrite in 3D
The P-type thermoelectric coefficients of pyrite were

interpolated using DSI based on a 3D grid cell size of
31x35x24 m’. The total number of Sgrid cells is
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Fig. 5 Sgrid of thermoelectric coefficient by DSI

Table 3 The X, Y coordinates and thermoelectric coefficient thresh-
olds of pyrite calculated by C-V fractal modeling

No. X Y Thermoelectric
coefficient
thresholds

1 3.82 13.82 45.49

2 4.39 13.82 80.99

3 4.77 13.80 117.53

4 4.93 12.38 138.38

5 5.22 6.22 184.68

Table 4 The coefficients of fitting lines (Y = mx + b) in the C-V
fractal model

No. m b Goodness
of fit (R)
1 —0.00002 13.82 0.92
2 —0.00029 13.82 0.99
3 -0.03 13.95 0.96
4 —8.69 55.25 0.94
5 -21.34 117.59 0.92
6 —11.54 66.46 0.95

200 % 80 x 50 =2800,000. We constructed the 3D model of
pyrite thermoelectric coefficients using DSI (Fig. 5).

C-V thresholds and their classification numbers were
calculated in the MATLAB R2015a platform (Tables 3 and
4). The goodness of fit is based on the correlation coeffi-
cient R. The standard for the goodness of fit in C-V fractal
modeling was set to R = 0.9 (Fig. 6).
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Fig. 6 C-V fractal model of pyrite thermoelectric coefficients

The SGrid cells within the range of 138.38-184.48
uV - °C~! P-type thermoelectric coefficients are consist-
ent with the 3D modeling results of ore bodies from the
geological database (Fig. 7).

The Au grade DSI was applied to validate the results
of C-V fractal modeling (Fig. 7). The distribution of Au
grade did not obey normal distribution and it was impos-
sible to directly use the geostatistical techniques such
as kriging. Some additional steps including logarithmic
transformation would be needed and variogram function
should be subjectively fitted. To reduce the subjectivity
in the interpolation, we used DSI instead of geostatistical
techniques. As shown in Fig. 8, the Au grade of ore body
No. 12 by DSI increases at depth, although it is smaller
than the grade in the upper levels. This suggests good
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Fig. 8 Ore body No.12 grade DSI map in longitudinal section

vertical continuity of ore body No. 12 at depth and good
consistency with C-V results.

2.3 Calculation of Xnp and VH using thresholds
from C-V fractal modeling

2.3.1 Calculation of Xnp vertical gradient

We used the thresholds from C-V fractal modeling instead
of the levels of thermoelectric coefficients of pyrite in

the samples in Eq. (2). The levels fi, fi;, fiy» and fy, used
to calculate the pyrite thermoelectric parameter (Xnp) in
Eq. (2) may be unsuitable for the case of the Pujon gold
deposit because most of the thermoelectric coefficient
data are P-type, and the deep continuation of ore bodies
in some parts of the study area is certain by drilling
data. Therefore, we attempted to calculate the pyrite
thermoelectric parameter (Xnp) using the thresholds from
C-V fractal modeling instead of traditional levels in Eq. (2).
The continuation of ore bodies at depth was estimated by

@ Springer



1386

Acta Geochim (2025) 44:1377-1394

the pyrite thermoelectric parameter, and the result was
compared with the real lower boundaries of ore bodies
confirmed by drilling data.

Data must be measured in more than two levels in order
to determine the continuation of ore bodies at depth by the
pyrite thermoelectric parameter, and thus we calculated val-
ues only for ore bodies of Wondong No. 5, West Kumjom-
dong No.1, and Kumjomdong Nos. 2, 6, 12, and 14 with
more than two levels. The five thresholds determined by
C-V fractal modeling are 185, 138, 117, 81, and 45, and
thus, six intervals can be created using these five levels.

However, only five intervals are necessary to calculate the
pyrite thermoelectric parameter. The measured thermoelec-
tric coefficient data were assigned to six intervals and their
percentage in each interval was determined. Two intervals
were merged into one so that they would reflect variation
characteristics of thermoelectric coefficient data in the upper
and lower levels, and five intervals were finally prepared for
future calculation.

Three threshold groups were used to calculate the Xnp:
group 1 [185, 138, 81, 45], group 2 [185, 138, 117, 81],
and group 3 [185, 138, 117, 45]. The pyrite thermoelectric

Table 5 Calculated Xnp and continuation of ore bodies at depth in Pujon deposit

Ore bodies Group Altitude (m) Xnp Continuation (m) Measured lower Calculated lower Error (m)
level (m) level (m)
Wondong No. 5 1 1392 8.56 191.03 1190.00 1201.00 —11.00
1336 —52.94
2 1392 —25.23 237.56 1190.00 1154.47 35.53
1336 —66.67
3 1392 -21.62 238.65 1190.00 1153.38 36.62
1336 —63.73
West Kumjomdong No. 1 1 1390 72.99 151.41 1250.00 1238.59 11.41
1352 4.48
2 1390 49.64 106.36 1250.00 1283.64 —33.64
1352 —-39.55
3 1390 51.10 107.02 1250.00 1282.98 —32.98
1352 —-38.06
Kumjomdong No. 2 1 1635 90.19 191.53 1550.00 1443.47 106.53
1591 23.53
2 1635 90.19 130.24 1550.00 1504.76 45.24
1591 -7.84
3 1635 94.12 134.69 1550.00 1500.31 49.69
1591 -1.96
Kumjomdong No. 6 1 1694 104.35 185.39 1460.00 1508.61 —48.61
1628 —4.00
2 1748 44.00 248.14 1460.00 1499.86 —39.86
1628 —74.00
3 1748 44.00 256.84 1460.00 1491.16 -31.16
1628 —70.00
Kumjomdong No. 12 1 1888 63.27 151.83 1750.00 1736.18 13.82
1873 —127.45
2 1888 40.82 133.34 1750.00 1754.66 —4.66
1873 —135.29
3 1888 42.86 125.05 1750.00 1762.95 —12.95
1873 —133.33
Kumjomdong No. 14 1 1913 100.00 225.00 1700.00 1688.00 12.00
1863 33.33
2 1902 188.00 208.40 1700.00 1693.60 6.40
1801 0
3 1902 188.00 208.40 1700.00 1693.60 6.40
1801 0
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parameter and the continuation of ore bodies at depth were
calculated using these three groups in Table 5.

To validate the calculations, the lower levels measured
by drilling were compared with the levels calculated
by Xnp determined using three groups in Table 5. The
comparative results show that the calculated lower levels
of ore bodies are basically consistent with the measured
data by drilling, and the new levels can be used to
determine the continuation of ore bodies at depth in the
Pujon deposit, although there are some errors and they are
different from levels. In Table 5, the negative errors mean
that calculated values are greater than the measured ones.
Meanwhile, the calculated lower levels by the traditional
levels were greatly different from the measured values,
and this shows that the traditional levels cannot be used
to calculate the Xnp and the continuation of ore bodies at
depth in the Pujon gold deposit.

The errors between the measured and calculated values
are different from ore bodies in different groups. In group
1, the minimum errors are measured for Wondong No. 5
and West Kumjomdong No. 1. Kumjomdong Nos. 2 and 12
have the minimum errors in group 2, and Kumjomdong No.
6 in group 3. Kumjomdong No. 14 has the minimum errors
in groups 2 and 3. It results from the fact that Xnp values
are different from levels and ore bodies and the variation in
the levels used to calculate the Xnp is different between the
upper and lower levels.

2.3.2 Calculation of Xnp vertical gradient

Table 5 gives some of the results with relatively small
errors. In real practice, however, we cannot use the levels
with minimum errors to calculate the Xnp because the lower
levels of ore bodies at depth may be generally unknown.

In this study, we determined which intervals of Xnp
vertical gradients resulted in the minimum errors in different
levels. To calculate the continuation of ore bodies at depth
by Xnp, the Xnp values in the upper levels must be greater
than those in the lower levels, and the calculation should
be done in all pair levels satisfying the condition. The ore
bodies with only two levels such as Wondong No. 5, West
Kumjomdong No. 1, and Kumjomdong No. 2 are excluded,
so the ore bodies with different levels such as Kumjomdong
Nos. 6, 12, and 14 should be selected to calculate the Xnp
values in all possible pair levels. If the Xnp vertical gradient
is extremely high or low, it will be greatly different from
the measured values, and we should select appropriate
intervals by considering the continuation characteristics
of the ore bodies at depth in the Pujon deposit so that
accurate calculations can be achieved and can also be used
to calculate the continuation of ore bodies at depth in new
areas. It is also important to validate the calculation results

in cases with only two levels such as Wondong No. 5, West
Kumjomdong No. 1, and Kumjomdong No. 2.

Although Table 5 gives some of the results with relatively
small errors in two levels, some ore bodies with different
levels such as Kumjomdong Nos. 6, 12, and 14 give different
results in all possible pair levels of which Xnp values in
the upper and lower levels are satisfied to calculate the
continuation of ore bodies at depth. The calculation results
in all possible levels of Kumjomdong No. 14 are shown in
Table 6. The result in group 3 was the same in group 2. The
bold values in Table 6 indicate relatively small errors, and
Xnp vertical gradients were 1.33 and 1.56 in group 1 and
1.93, 1.12, and 1.86 in group 2.

As shown in Table 6, the results reveal that the Xnp
vertical gradient VH ranges from 1 to 2 when the calculation
of continuation at depth results in the minimum errors. The
variation characteristics of the Xnp of ore bodies shown
in Table 5 is considered and summarized in Table 7. The
VH values in Table 7 ranges from 0.74 to 2.35. Although
this range cannot be used as an absolute criterion because
the error ranges are different from each other, the trend in
the range may be an important criterion for calculating the
continuation at depth.

The VH values with relatively small errors also range
from 1 to 2 in Table 6, indicating that the ore bodies in
the Pujon deposit could continue at depth with this kind
of variation characteristic in Xnp. Table 7 also shows the
VH values with an error of 0. The VH values range from
0.85 to 1.95 for ore bodies except for Kumjomdong No. 2.
The VH outlier value of Kumjomdong No. 2 might be the
result of possible mistakes in sampling and preparation or
measurement errors because of incorrect handling. If the VH
values calculated between the upper and lower levels range
from 1 to 2 when estimating the continuation of ore bodies at
depth by using pyrite thermoelectric properties in the Pujon
deposit, then the calculation results could be reliable. Thus,
it is concluded that only two levels with VH values ranging
from 1 to 2 should be selected to calculate the continuation
of ore bodies at depth.

3 Results

In the current study, the method established for the Pujon
deposit was applied to estimate the continuation of ore
bodies at depth in the Pyongsandok area.

3.1 Characteristics of ore bodies in Pyongsandok

The ore bodies in the Pyongsandok deposit are located at an
altitude of 2100 m near the ridge of Puksupaek range, 20 km

from Pujon deposit. The country rocks in Pyongsandok are
the same as in the Pujon deposit, and they are mainly alaskite
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Table 6 Xnp vertical gradient (VH) calculated in different groups of Kumjomdong No.14

Group Selected altitudes (m) Xnp intervals Continuation (m) Measured Calculated Errors (m) VH (Xnp
lower level (m) lower level (m) vertical

gradient)
1 1913~900 100.00~4.00 40.60 1700.00 1872.40 —172.40 7.38
1913~1877 100.00~9.00 118.50 1700.00 1794.50 —94.50 2.53
1913~1863 100.00~33.00 225.00 1700.00 1688.00 12.00 1.33
1913~1856 100.00~46.00 319.20 1700.00 1593.80 106.20 0.94
1913~1801 100.00~30.00 480.00 1700.00 1433.00 267.00 0.62
1913~1775 100.00~30.00 595.10 1700.00 1317.90 382.10 0.50
1902~ 1900 188.00~4.00 4.20 1700.00 1897.80 —-197.80 92.00
1902~ 1877 188.00~9.00 54.10 1700.00 1847.90 —147.90 7.16
1902~ 1863 188.00~33.00 97.80 1700.00 1804.20 —104.20 3.96
1902~ 1856 188.00~46.00 126.10 1700.00 1775.90 —75.90 3.07
1902~1801 188.00~30.00 248.00 1700.00 1654.00 46.00 1.56
1902~ 1775 188.00~30.00 312.70 1700.00 1589.30 110.70 1.24
1863 ~1801 33.00~30.00 4340.00 1700.00 —2477.00 4177.00 0.05
1863~1775 33.00~30.00 7084.00 1700.00 —5221.00 6921.00 0.03
1856~1801 46.00~30.00 825.00 1700.00 1031.00 669.00 0.29
1856~1775 46.00~30.00 1248.00 1700.00 608.00 1092.00 0.19
2 1913~1900 100.00 ~—40.00 27.90 1700.00 1885.10 —185.10 10.76
1913~1877 100.00~-29.00 83.50 1700.00 1829.50 —129.50 3.59
1913~1863 100.00 ~3.00 154.70 1700.00 1758.30 —58.30 1.93
1913~1856 100.00~36.00 266.00 1700.00 1647.00 53.00 1.12
1913~1801 100.00~0 336.00 1700.00 1577.00 123.00 0.89
1913~1775 100.00~9.00 453.40 1700.00 1459.60 240.40 0.66
1902~ 1900 188.00 ~—40.00 3.40 1700.00 1898.60 —198.60 114.00
1902~ 1877 188.00~—-29.00 44.60 1700.00 1857.40 —157.40 8.69
1902~ 1863 188.00~3.00 81.80 1700.00 1820.20 —120.20 4.74
1902~ 1856 188.00~36.00 117.20 1700.00 1784.80 —84.80 3.31
1902~1801 188.00~0 208.40 1700.00 1693.60 6.40 1.86
1902~ 1775 188.00~9.00 274.80 1700.00 1627.20 72.80 1.41
1863 ~1801 33.00~0 4154.00 1700.00 —2291.00 3991.00 0.04
1856 ~1801 46.00~0 363.00 1700.00 1493.00 207.00 0.64
1856~1775 46.00~9.00 706.70 1700.00 1149.30 550.70 0.33

The bold numbers indicate values with very small errors

of the Ryonhwasan complex. Most ore bodies in Pyongsan-
dok are gently inclined with a SW or NS strike. However,
Pyongsan Nos. 9 and 10 exist within steeply inclined fault
zones, and they occur as an echelon with a length of 2000 m
from west to east and a width of 800 m from south to north.
They are divided into three groups: quartz veins, quartz-
sulfide, and quartz-silicification zones. Ore bodies can be
also divided into gently inclined and steeply inclined. The
former intrudes into gray and brown fault zones, and the
latter mainly exists in the hanging walls or footwalls of a
shungite fault. Pyongsan Nos. 9 and 10 intrude into steeply
inclined faults, and they are quartz-silicification zones. The
metal ore minerals include pyrites, chalcopyrite, and galena.
The nonmetal ore minerals are quartz, K-feldspar, chlorite,
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and carbonates. The parent rocks around the ore bodies are
characterized by silicification, sericitization, chloritization,
and K-feldsparthization. Pyongsan No. 9 is located in the
east of ore body No. 4 and occurs as fractured and contorted
quartz veins.

The strike of the ore body is 160°, with dips varying from
35° to 40° and thickness of 0.6 m, and the average grade is
6.27 g/t with a maximum of 11.83 g/t. There is a brown-
colored fault gouge with a width of 0.02—0.03 m in the foot-
wall of the ore bodies where pyrites are oxidized as limo-
nites. The parent rocks in the hanging walls and footwalls of
ore bodies are medium- or fine-grained alaskite which have
undergone silicification and kaolinization (Fig. 9).
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Table 7 .Va.riation Ore bodies Group Altitude (m) Xnp Error (m) VH VH with
characteristics of Xnp of ore error of 0
bodies in Pujon deposit
Wondong No. 5 1 1392 8.56 —11.00 1.09 1.03
1336 -52.94
2 1392 -25.23 35.53 0.74 0.87
1336 —66.67
3 1392 -21.62 36.62 0.75 0.88
1336 —63.73
West Kumjomdong No. 1 1 1390 72.99 11.41 1.80 1.95
1352 4.48
2 1390 49.64 -33.64 2.35 1.78
1352 -39.55
3 1390 51.10 -32.98 2.35 1.79
1352 —38.06
Kumjomdong No. 2 1 1635 90.19 106.53 1.52 3.41
1591 23.53
2 1635 90.19 45.24 2.23 3.41
1591 —7.84
3 1635 94.12 49.69 2.18 3.46
1591 -1.96
Kumjomdong No. 6 1 1694 104.35 —48.61 1.64 1.30
1628 —4.00
2 1748 44.00 -39.86 0.98 0.85
1628 -74.00
3 1748 44.00 -31.16 0.95 0.85
1628 —=70.00
Kumjomdong No. 12 1 1888 63.27 13.82 1.73 1.91
1873 —127.45
2 1888 40.82 —4.66 1.81 1.75
1873 -135.29
3 1888 42.86 —12.95 1.94 1.76
1873 —133.33
Kumjomdong No. 14 1 1913 100.00 12.00 1.34 1.41
1863 33.33
2 1902 188.00 6.40 1.94 1.41
1801 0
3 1902 188.00 6.40 1.76 1.92
1801 0

It is currently unclear whether Pyongsan No. 9 either cut
other gently inclined ore bodies or acted as a path to form
them, because drilling has not yet been implemented. The
gold in ore minerals in Pyongsan No. 9 is closely related to
pyrites, just as the ore bodies in the Pujon deposit. The par-
ent rocks and their alterations in Pyongsan No. 9 are also the
same as in the ore bodies of the Pujon deposit. In addition,
measurement data for the pyrite thermoelectric coefficients
in this area have the same characteristics as the prevail-
ing percentage of P-type and similar intervals in the Pujon
deposit. Therefore, it is possible to estimate the continuation

of ore bodies at depth by the methodology established using
pyrite thermoelectricity in the Pujon deposit.

3.2 Continuation of ore body Pyongsan No. 9 at depth

At this time, borehole No. 518 has already been drilled to
study the continuation of ore bodies and reserves at depth,
and the altitude of its location was 2180 m. Thermoelectric-
ity measurements were made from the samples from lev-
els at 2150 m and 2100 m to validate the continuation of
ore bodies at the location of drilling design. The grains of
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Fig. 9 Outcrops and boundaries between ore bodies and parent rocks
in Pyongsan No. 9

are smaller than the range of 1 to 2 determined in the
Pujon deposit.

To reduce this kind of error, the continuations at depth
were estimated in the cases with VH values of 1, 1.5, and 2
(Table 10). The calculated VH values (0.63 and 0.69) were
close to 1, and we could select the continuation at depth
with a VH value of 1. Its average was 315 m and indicates
that Pyongsan No. 9 continues 315 m to 455 m at depth at
an altitude of 2150 m.

3.3 Validation

The drilling design predicted the possibility of finding an ore
body at an altitude of 1920 m by considering the inclined
continuation of the ore body. It was supposed that the ore
body would continue at depth with the same strike and dip as

Table 8 Thermoelectricity data and analysis of pyrites from two levels of Pyongsan No.9

No. Altitude (m) ay/(uV -°C™h Percent (%) ap/(uV-°C™h Percent (%)
Maximum Minimum Average Maximum Minimum Average
1 2150 - - - - 247.30 107.40 167.94 100.00
2 2100 - - - - 234.50 101.00 155.47 100.00
Table 9. Results of continuation Group  Altitude (m) f, f, f, fs  Xnp Continuation (m)  Erosion (%) VH
calculation
1 2150 32.00 5200 O 0 116.00 499.30 21.00 0.63
2100 6.70 7095 O 0 84.36
2 2150 3200 52.00 1.60 O 11440 45550 21.40 0.69
2100 6.70 7095 446 O 79.89
Ta!)le 10 Continuation at depth Group Altitude (m) Continuation (m) Lower level (m)
estimated by VH values
1 1.5 2 1 1.5 2
1 2150-2100 316.00 210.67 158.00 1834.00 1939.30 1992.00
2 2150-2100 314.40 209.60 157.20 1835.60 1940.00 1992.80

pyrites from the two levels were prepared for measurements
of thermoelectricity, and the results are given in Table 8.
The continuation of ore body Pyongsan No. 9 at depth
was estimated by levels determined using C-V fractal mod-
eling in the Pujon deposit (Table 9). As shown in Table 9,
the continuation lengths were estimated as 499.3 m in
group 1 and 455.5 in group 2. The erosional ratio at an
altitude of 2150 m was almost 21%, and the VH values
were 0.63 and 0.69, respectively. This indicates that the
calculation results may include some errors, because they
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on the surface. The calculation results show that the Pyong-
san No. 9 would continue 315-455 m at depth to an altitude
of 1835-1695 m, meaning that the ore body would be found
at an altitude of 1920 m if the current drilling were contin-
ued according to the original design.

To validate the prediction results, the drilling contin-
ued and the predicted ore body was found at an altitude
of about 1920 m. Its thickness was 2.8 m and the gold
reserve was 456 kg, with an average grade of 2.57 g/t.
The borehole section is shown in Fig. 10. By the calcula-
tion, ore body Pyongsan No. 9 extends 85 m to 235 m
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Fig. 10 Longitudinal section map of borehole No. 518

downward from the current borehole location and indi-
cates that the ore body could continue to an altitude of
at least 1835 m. The drilling result is consistent with the
prediction by the calculation of pyrite thermoelectricity,
which shows that the method is feasible for estimating
continuation at depth of ore bodies and for the design of
future drilling based on the thermoelectric parameter of
pyrite calculated by C-V fractal modeling.

4 Discussion

Analysis of the thermoelectric properties of pyrites can
provide information about the depth of ore-forming,
mineralization degree, and the medium conditions during
the formation of deposits, and thus can aid in finding blind
ore bodies. The thermoelectric conductive type of pyrite
has certain instructive significance to the erosion depth of
the ore body. Differences in the thermoelectric properties
of pyrite essentially reflect physical and chemical changes
during the migration of the ore-forming solution (Geng
et al. 2018). According to the vertical zoning sequence of
the primary halo in general hydrothermal deposits, halos
of Co and Ni often exist in the lower part of the ore body,
while those of S and As exist in the upper part. Co and Ni
are present as isomorphic substitutes for Fe?*, resulting in
N-type conductivity of pyrite. Meanwhile, replacement of
S with As and Sb leads to P-type conductivity. In general,

the zoning of thermoelectric conductivity in the vertical
direction is as follows: upper part of the ore body, P-type;
central part, P+N type; and lower part, N-type.

We determined the thermoelectric coefficient values
of the pyrite from the Pujon deposit. The thermoelectric
conduction type is characterized as P>>N, with some
small fluctuations. The percentage of P-type pyrite (P %) is
between 93.7% and 100%, and the thermoelectric coefficient
of pyrite ranges from 21.04 to 232.19 pV/°C. This indicates
the upper part of ore bodies and shows that pyrite formed
under conditions of low temperature and sulfur enrichment
(Geng et al. 2018). As shown in Fig. 3, the regression line
for the average thermoelectric coefficients of the pyrite
in levels of the Pujon deposit increase at depth. This is
consistent with the thermoelectric theory and indicates that
the thermoelectric coefficients of the pyrite can be used to
estimate the continuation of ore bodies at depth.

In addition, according to the statistical analysis of the
shape of pyrite crystals (Ri and Rim 2001), the percentage
of cubic and pentagonal-dodecahedral forms is 49.8% and
36.8%, respectively, in the middle part of the deposit, and
86.29% and 0.29% in the upper part. In the environment
of mineral formation, low temperature and pressure, low
concentrations of sulfur and iron, and simple components
lead to the formation of cubic pyrites due to the slow
speed of pyrite crystallization. Meanwhile, relatively
high temperature and pressure is suitable for pentagonal-
dodecahedral formation. Therefore, in the Pujon deposit,
the shape of the pyrite crystals represents the upper and
middle part of the deposit and is consistent with the results
by thermoelectric coefficient values.

In this work, we calculated the pyrite thermoelectric
parameter (Xnp) using the thresholds from C-V fractal
modeling instead of traditional levels, and the continuation
of ore bodies at depth was estimated by the pyrite
thermoelectric parameter, mainly because most of the
thermoelectric coefficient data were P-type. The result
was compared with the real lower boundaries of ore
bodies confirmed by drilling data. Our methodology can
be used in other gold camps in the world if pyrite is the
chief Au-bearing mineral. However, the levels determined
by C-V fractal modeling would be different from one
deposit to another. The levels used to calculate the pyrite
thermoelectric parameter should be determined by
considering the specific conditions of the study area. The
application of our methodology would be limited to the
deposits where measuring the thermoelectric properties
of pyrite is possible throughout the whole deposit. The
number of measurement points should be sufficient and their
distribution should reflect all levels of the deposit. Thus, our
methodology would be useful for estimating the continuation
of ore bodies at depth within and around the deposits where
mining is in progress.
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The VH outlier value of some ore bodies such as
Kumjomdong No. 2 might be the result of possible mistakes
in sampling and preparation or measurement errors because
of incorrect handling. In addition, possible errors can be
attributed to Sgrid modeling in GOCAD such as selection of
voxel size and fitness criteria of regression segments in C-V
fractal modeling. Therefore, it is important to set reasonable
parameters in GOCAD modeling and C-V fractal modeling
using proper techniques such as trial-and-error to reduce
possible errors in our methodology.

5 Conclusions

The Pyongsandok area in the northern part of the Pujon
deposit is a relatively less-explored area and is considered
to be a promising region in the study area. Thus, the main
aim of the current study was to estimate the continuation of
ore bodies at depth using the thermoelectric characteristics
of gold-bearing pyrite. Specifically, our focus was on
answering the question as to how we could estimate
the continuation of ore bodies at depth using pyrite
thermoelectricity in the Pujon gold deposit where pyrites
are dominantly P-type. For this purpose, we created a
method including four steps: (1) 3D modeling of ore
bodies using surface geological mapping, mining tunnels
in different levels, and a borehole dataset; (2) 3D modeling
of thermoelectric coefficients from Au-bearing pyrites
based on discrete smooth interpolation and concentration-
volume fractal techniques; (3) determination of levels used
for calculation of the thermoelectric parameter of pyrite
by C-V fractal modeling instead of traditional levels; and
(4) determination of the thermoelectric parameter vertical
gradient of pyrite reflecting the variation characteristics of
pyrite thermoelectricity in the Pujon deposit.

The method was first established using data from the
Kumjomdong area, a well-explored brownfield, and it was
then applied to estimate the continuation of ore bodies at
depth in the Pyongsandok area, a less-explored greenfield.
The Au grade DSI was applied to validate the results of C-V
fractal modeling.

The research results show that (1) pyrites in the Pujon
deposit are dominantly P-type, unlike most case studies in
this field, and it is not reasonable to use traditional levels
to calculate the thermoelectric parameter of pyrite; (2)
thresholds determined by C-V fractal modeling can be used
as levels to calculate the thermoelectric parameter of pyrite;
(3) the thermoelectric parameter vertical gradient of pyrite
ranges from 1 to 2 in the Pujon deposit; and (4) ore body
Pyongsan No. 9 extends 85 m to 235 m downward from the
current borehole location.
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