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Abstract Spectral-induced polarization (SIP), which
measures the responses to alternative current of multi-fre-
quencies below 1 kHz, is an excellent technique for
exploring the economic minerals in the ore deposits.
However, the studies on the SIP characteristics of rocks
from ore deposits have rarely been conducted due to the
decline of mining activities. For effective exploration, the
SIP responses of in situ rocks should be recognized first.
Therefore, this study was conducted to understand the
characteristics of the SIP responses depending on the rock
type using the laboratory measurements. Rock samples
were obtained from both host rocks and skarn rocks in the
Gagok Mine which is a typical skarn deposit in South
Korea. The responses of the host rocks, which include
dielectric minerals, were found to depend on the induced
polarization (IP) effect of the compact layer. In contrast,
the responses of the skarn rocks, which were mixtures of
dielectric and metallic minerals, depended on the IP effect
of the diffuse layer. This study clearly demonstrates that
SIP responses are determined by the electrochemical
characteristics of the composing minerals.
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Introduction

Over the past decade, the prices of economic minerals have
dramatically increased worldwide due to imbalances in
supply and demand. Recently, many mineral prospectors
have made concerted efforts to discover new reserves. A
variety of economic and uncertain risks exist in the mineral
exploration business (Singer and Kouda 1999). To reduce
these risks, geophysical exploration, which efficiently
investigates a huge area, is frequently conducted (Olden-
burg and Pratt 2007). For the last 50 years, the induced
polarization (IP) has been known as the best geophysical
exploration method for investigating certain minerals, such
as sulfide metallic minerals, graphite, and alluvial clay
(Seigel et al. 2007).

However, the electromagnetic-coupling problem, which
is caused in the earliest time domain IP, has been recognized
(Hallof 1974; Hohmann et al. 1970). To counter this prob-
lem, various methods were suggested, and it is known that
Spectral-induced polarization (SIP) based on impedance
spectroscopy is the best method (Zonge and Wynn 1975).
The SIP has been applied mineral exploration (Pelton et al.
1978; Vanhala and Peltoniemi 1992) as well as in a variety of
environmental investigations (Jougnot et al. 2010; Kemna
et al. 2004; Revil and Florsch 2010; Vanhala and Soininen
1995; Vanhalaet al. 1992; Weller and Borner 1996; Zhdanov
2008). In addition, research on SIP inversions for numerical
interpretation has been conducted (Ghorbani et al. 2007,
Loke et al. 2006; Routh et al. 1998).

For more effective SIP exploration, the characteristics of
SIP responses according to rock type should be defined
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(Bishop and Emerson 1999; Collett and Katsube 1973;
Emerson 1986; McDowell et al. 2002). However, these
characteristics have rarely been studied since the mining
industry started to decline in the early 1980 s due to the
copper price crash (Matthews and Zonge 2003). Therefore,
this paper is concentrated on identifying these character-
istics using the laboratory measurement of the rocks in the
Gagok Mine.

Geologic setting

The Gagok Mine, which lies in a skarn deposit, is located
in a northeastern district of South Korea. The basement
rock is Proterozoic Hongjaesa granite that is covered by
Cambrian—Ordovician sedimentary formations. The for-
mations of the Choson supergroup consist of the Myobong,
Pungchon, Hawjeol, and Dongjeom formations (Fig. 1).
The Myobong and Pungchon formations include the bulk
of limestone and were intruded by Late Cretaceous quartz
mozonite porphyry (Yun 1979).

The orebodies of the Gagok Mine were formed by
thermal mineralization induced by the skarn. The mine
contains three orebodies: Seongok, Wolgok, and Kumgok.
The orebodies included a variety of sulfide minerals, such
as sphalerite, galena, chalcopyrite, and pyrrhotite. Ores of

measuring 597,351 MT were produced during 1971-1978
and consisted of Zn 3.93 %, Pb 0.21 %, and Cu 0.11 %
(Yun and Einaudi 1982).

Petrography

Rock samples were obtained from drilling cores and out-
crop rocks in the Gagok Mine and were divided into host
rocks (limestone, porphyry, and slate) and skarn rocks
(skarn and ore). The limestone samples were mud-sup-
ported and included massive calcite (Fig. 2a). In addition,
the roundness and sorting of the grains were poor (Fig. 2b).
The porphyry samples had medium-sized grains from 1 to
2 mm (Fig. 2c) and consisted of quartz, orthoclase, and
albite (Fig. 2d). The slate samples were laminated (Fig. 2e)
and consisted of biotite, muscovite, and quartz, and their
grains were silt-sized (Fig. 2f).

Although the skarn samples were primarily green skarn
minerals (Fig. 2g), there were few sulfide minerals, such
as sphalerite and pyrrhotite (Fig. 2h). The sulfide minerals
in the ore samples were relatively abundant compared to
the skarn samples (Fig. 2i, j). Therefore, the host rocks
represented the bulk of dielectric minerals, while there
were both dielectric and conductive minerals in the skarn
rocks.

Fig. 1 Geological map of
Gagok mine area (after Yun and
Einaudi 1982)
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Fig. 2 Images of rock slab and
photomicrograph of each
sample (a, b limestone3, c,

d quartz monzonite porphyryl,
e, f slate3, g, h skarnl, i, j orel)
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Laboratory measurement
Measurement system

The measurement system consisted of a transmitter, two set
of electrodes, and a sample holder. The transmitter (LDT-
10B, Zonge Co.) is a device that transmits electrical power
in the range of 107> to 10 mA using a constant-current
system. The receiver (GDP-32II, Zonge Co.) is an instru-
ment that acquires data as well as controls the waveform of
the source. DC is converted to AC within this unit. The
equipment was designed to obtain measurements in the
frequency range between 10~ and 10° Hz.

The four-electrode method suggested by Park and
Matsui (1998) was used to determine the stable electrical
properties of the rock samples. The electrode and rock
sample were held in close contact by two screws (on dif-
ferent sides) in the acrylic sample holder.

Measurement method

When measuring, it is important to constantly keep the
electrical density in the sample for accurate data acquisi-
tion. The samples were made in cylindrical so that Gauss’s
symmetry was maintained. The water saturation of the
samples complied with the rock standard testing method
using a vacuum pump (Bieniawski and Bernede 1979).
Brine water was used (0.001 M NaCl) with electrical
conductivity similar to that of groundwater.

After saturation, a sample was pulled from the container,
and the surface moisture of the samples was wiped using a
wet towel. The sample and the electrodes, whose filter
paper was soaked with brine (0.01 M NacCl) to reduce the
contact resistance, were installed in the measurement
holder. The water was poured into the bottom of the
measurement holder, and the cover was put on to prevent
evaporation from the sample surface.

The sample was measured when completing the instal-
lation. The lowest measurement frequency, which takes the
longest time, was limited to 0.125 Hz because the SIP data
quality is dependent on measurement time.

Equivalent circuit analysis

The phase and impedance of the polarized rocks change
according to the measurement frequency. The electrical
double layer (EDL) caused variations, which are electro-
chemical reactions at the interface between the mineral and
solution. The variation of the impedance at a frequency
using the complex function is expressed as Eq. 1 (Mac-
donald and Johnson 2005).

@ Springer

2= R(0) — jX(o). (1)

where Z is the measured impedance, R(w) is the resistive
component, X(w) is the capacitance component, and
j=v-L

The real impedance as a pure resistive component is
determined by the electrical conductivity of rocks to direct
current. The imaginary impedance caused by the EDL is
dependent on the electrical capacitance of the EDL
(Macdonald and Johnson 2005). The EDL is divided into a
compact layer and a diffuse layer. The compact layer is
formed by a non-faradic current at high frequencies. The
diffuse layer is formed by a faradic current at low fre-
quencies (Barreto and Dias 2013; Macdonald and Johnson
2005).

The complex impedance of a polarized rock character-
izes an equivalent circuit model (Larsson 2009; Macdonald
and Johnson 2005). The SIP interpretation technique based
on the circuit model is an equivalent circuit analysis. The
real impedance characterizes a resistance and the imagi-
nary characterizes impedance capacitance components,
such as capacitor, Warburg impedance, and constant phase
element. In order to interpret the SIP data of rocks, a
variety of the equivalent circuit has been proposed (Dias
2000).

For this study, Dias’ circuit model (Fig. 3) was applied
because it sufficiently describes the EDL structure (Dias
1972). Z-view (Solatron Co.) program was used to analyze
the SIP data, and iterative method was executed to obtain
the optimized solution.

The SIP parameters are expressed by the impedance
equation described in Eq. 2. Equation 2 is approximated by
Eq. 3, whose two parts are classified into the compact layer
and the diffuse layer (Barreto and Dias 2013). Using these
equations, the SIP parameters were calculated.

Fig. 3 Schematic equivalent circuit diagram of Dias model (after
Dias 1972)
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here, Z* is the impedance at measurement frequency, Z., is
the impedance at infinity frequency, Z, is the impedance at
0 Hz, and m is the chargeability. The chargeability is

Frequency (Hz)

defined as m = R/(R + Rs) = m, + my, where m, is the
chargeability of the compact layer calculated as
m. = mt./t, my is the chargeability of the diffuse layer
calculated as my; = mt./7, 7 is the relaxation time calcu-
lated as T = rCy: T = (R + Rs) Cgand 7" = (a Cy)*, 1,
is the relaxation time of the compact layer calculated as

1. =17 /(14 1), 14 is the relaxation time for the diffuse

layer calculated as 1, =[(t + 7)/1°y"2, 5 is the
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Table 1 SIP properties computed by analyzed parameters

Sample Zy (ohm m) m myy mp NRMSE (%)
Limestonel 7,282 0.2423 0.0640 0.1783 0.6682
Limestone2 9,483 0.3097 0.0555 0.2542 0.8363
Limestone3 9,603 0.3220 0.0521 0.2699 0.9446
Porphyry1 2,754 0.1478 0.0584 0.0893 0.6981
Porphyry2 4,873 0.2447 0.0747 0.1699 0.7174
Porphyry3 12,585 0.2439 0.0563 0.1876 2.6526
Slatel 4,244 0.0854 0.0370 0.0484 0.5169
Slate2 12,194 0.1521 0.0463 0.1059 1.2609
Slate 3 22,452 0.2440 0.1064 0.1377 1.1223
Skarn1 1,447 0.1023 0.0673 0.0350 0.1048
Skarn2 6,745 0.1509 0.0929 0.0580 0.4474
Skarn3 3,033 0.3458 0.1654 0.1804 0.1335
Orel 196 1.0000 0.9954 0.0046 1.5706
Ore2 284 1.0000 0.9990 0.0009 1.2592
Ore3 144 1.0000 0.9957 0.0042 5.4458
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_ o ° o
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T o
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Fig. 5 Fitting curves using the Dias model and modified model from
the result of the Ore3

electrochemical parameter calculated as 5 =a/r, and

u = iot + (iot")"%

Results and discussion

A graph of the phase spectra was made from the mea-
surement results according to rock type. The phase of host
rocks was far smaller at low frequencies below 10> Hz than
at high frequencies (Fig. 4a—c). On the other hand, the
phase of the skarn rocks was relatively bigger compared to
the phase of the host rocks (Fig. 4d, e). Even the phase of

@ Springer

the ores at low frequencies was bigger than at high fre-
quencies. The phase spectra of the host rocks are consid-
ered to correspond with the dielectric phase spectra.
However, the phase spectra of the skarn rocks are different.
The difference is attributed to the effect of the electrode
polarization caused by the sulfide minerals.

The analysis results are summarized as Table 1. The
normalized root mean square error (NRMSE) is used to
indicate the analysis error (Niranjan 2004). The maximum
NRMSE of ores was 13.9233 % when analyzing. Because
the value was too big, the Warburg impedance is replaced
by the CPE. The NRMSE was dramatically decreased to
5.4468 %, and the analysis result was well fitted (Fig. 5).
Therefore, the modification is considered to be effective
because the CPE is relatively more useful for analysis of
the anomalous SIP response compared to other capacitive
components (Katz and Willner 2003).

The resistivity values of host rocks were relatively
higher compared to the skarn rocks. The chargeability
values of the host rocks were directly proportional to the
resistivity value. The chargeability values of the compact
layer were higher than the chargeability of the diffuse
layer. On the other hand, the chargeability values of the
compact layer of the skarn rocks were lower. The
chargeability values of the diffuse layer are dominant in the
case of the ores (Table 1). The proportion between
chargeability and resistivity of the host rocks is explained
by the polarization characteristics of the complex dielectric
constant (Knight and Nur 1987). The chargeability of the
diffuse layer of the skarn rocks is considered to be influ-
enced by the electrode polarization, which is caused by the
sulfide minerals (Dias 2000).

Conclusions

This study was conducted to identify the SIP characteristics
according to rock type in the Gagok Mine. The conclusions
of this study are given as follws:

e The chargeability of the host rocks is directly propor-
tional to the resistivity, and it is larger than that of the
diffuse layer. This is in accordance with the electro-
chemical characteristics between the general dielectric
material and the solution because the host rocks consist
of dielectric minerals, such as silicate and carbonate
minerals.

e There is no relationship between the chargeability and
resistivity of the skarn rocks. In addition, the charge-
ability of the diffuse layer is greater than that of the
compact layer. These observations are considered to be
the effect of electrode polarization caused by the sulfide
minerals.
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e The SIP characteristics of rocks in the Gagok Mine are
dependent on the mineral composition. The dielectric
minerals are influenced by the IP effect of the compact
layer, and the sulfide minerals are affected by the IP
effect of the diffuse layer.
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