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Abstract: Precambrian igneous rocks (851-873 Ma) occur in Pocheon City, Korea. These rocks —
crystallized during magmatic differentiation —formed vanadiferous titanomagnetite (VIM) de-
posit. Vanadium is a crucial element in vanadium redox flow batteries that are most appropriate for
large-scale energy storage systems. We investigated the VIM deposit to evaluate its size and the
possible presence of a hidden orebody. We demonstrated laboratory experiments of density, sus-
ceptibility, resistivity, and chargeability of the Precambrian igneous rocks to enhance the interpre-
tation accuracy of geophysical surveys. The rocks consisting of underground ore (UO), discovered
ore (DO), gabbro (GA), monzodiorite (MD), and quartz monzodiorite (QMD) were sampled from
drilling cores and outcrops. The average density values were UO: 4.57 g/cm?, DO: 3.63 g/cm?, GA:
3.26 g/cm?, MD: 3.18 g/cm?, and QMD: 2.85 g/cm?. The average susceptibility values were UO: 0.8175
SI, DO: 0.2317 SI, GA: 0.0780, MD: 0.0126 SI, and QMD: 0.0007. The average resistivity values were
UO: 2 Om, DO: 36 Om, GA: 257 Om, MD: 45710Qm, and QMD: 7801 QOm. The chargeability values
were UO: 143 mV/V, DO: 108 mV/V, GA: 79 mV/V, MD: 42 mV/V, and QMD: 9 mV/V. We found
that the properties of the mineralized rocks are considerably different from those of the surrounding
rocks. This result may facilitate the mineral exploration of VIM deposits.

Keywords: Precambrian igneous rock; geophysical property; laboratory measurement

1. Introduction

Precambrian igneous rocks —known as the Gonamsan intrusion—occur in the north-
west part of Korea and were formed in ca. 851-873 Ma [1]. Vanadiferous titanomagnetite
(VIM) deposits are mined in the Gonamsan intrusion. They represent a great source of
vanadium, which is used in the production of alloys, ceramics, glasses, pigments, and
vanadium redox flow batteries (VRBs) [2]. The latter, in particular, are suitable for large-
scale energy storage systems (ESSs) [3]. The demand for VRBs is likely to increase in the
future, given the commitments to the goals of global carbon neutrality [2]. A stable supply
chain of vanadium can represent one of the most critical issues in terms of national indus-
trial growth.

We have carried out research on VIM deposits since 2019, among which the
Gonamsan intrusion was our first research site. Mineral exploration consists of geological
mapping, geochemical and geophysical surveying, and drilling. The exploration strategy
depends on both the exploration budget and objective [4]. We established a strategy for
the VIM deposit and conducted geological mapping, geochemical surveys, aero-mag-
netic surveys, electrical resistivity tomography, and drilling [5,6]. We collected typical
rocks of the Gonamsan intrusion from drilled cores and outcrops.

The quality of geophysical modeling, geology differentiation, and machine-learning-
based prediction of potential orebodies can be improved by constructing a rich dataset of
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geophysical properties. To this end, we performed an extensive investigation to charac-
terize the rock density, susceptibility, resistivity, and chargeability, which were associated
to gravity surveys, magnetic surveys, electrical resistivity tomography/electromagnetic
surveys, and induced polarization surveys, respectively.

2. Materials and Methods

We generated a three-dimensional (3D) geological model of the area in the Gonamsan
intrusion to understand both the geologic and topographic characteristics. The modeling
was based on KIGAM'’s geologic map of Korea at a scale of 1:50,000 [7]. The simulations
were performed using Paradigm SKUA-GOCAD 19. Figure 1 shows the generated 3D ge-
ological model with a location map of the survey site.

2.1. Geology

Gonamsan intrusion is located in Pocheon (Korea), and this area consists of five geo-
logic units (Figure 1). Paleo-Proterozoic schist (1.9 Ga) forms the basement rock where all
age data of the rocks were obtained by SHRIMP zircon U-Pb analysis [7]. The schist is
intruded by Neo-Proterozoic Gonamsan intrusion (851-873 Ma) [1]. The Gonamsan intru-
sion extends horizontally for 3 km in the north-south direction and 1.5 km in the east-
west direction. The typical characteristics of magmatic differentiation in the Gonamsan
intrusion were confirmed by the geologic mapping of outcrops/mine and petrography of
drilling cores. The Gonamsan intrusion was divided into ore, oxide gabbro, monzodiorite-
monzogabbro, and quartz monzodiorite [8]. Devonian Misan formation (447-337 Ma),
consisting of metamorphic sedimentary rocks, occurs southwest of the Precambrian
schist. Cretaceous Myeongseongsan granite (110-114 Ma) is in contact with the northeast
face of the Gonamsan intrusion. Cretaceous Geumhaksan andesite and Cretaceous
Dongmgkgol tuff were formed via volcanism northwest of the Precambrian schist. North
northeast (NNE) — south southwest (SSW) and north northwest (NNW) — south southeast
(SSE) striking faults were observed in this area.

Stratiform and lens-shaped VIM ores were observed in the Gonamsan intrusion. It
was suggested that the VTM ores were mineralized by fractional crystallization of the
mafic magma forming the intrusion, where stratiform and lens-shaped ores are located in
both its lower and upper zones [8]. Underground mining of the Gwanin magnetite mine
produces iron and titanium concentrates from high-grade stratiform ore, and a separation
technique is being developed for vanadium.
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Figure 1. Three-dimensional geologic model of the Gonamsan intrusion area.
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2.2. Rock Samples

Figure 2 shows the rock samples collected from the underground ores and drilling
cores in the Gonamsan intrusion to retrieve geophysical properties under laboratory con-
ditions. Since the Gonamsan intrusion consists of mafic rocks, we classified the rock types
by petrography based on the ratio of mafic minerals to felsic minerals related to magmatic
differentiation. Compared to other rocks, the VTM ores exhibited strong magnetism when
examined using magnets. We collected samples of representative rock types consisting of
underground ore (UO, 55 samples), discovered ore (DO, 55 samples), gabbro (GA, 40 sam-
ples), monzodiorite (MD, 49 samples), and quartz monzodiorite (QMD, 60 samples). DO
was newly discovered in our study using both an aero-magnetic survey and drilling in
2020 [5].

The mafic minerals in UO, DO, and GA were prominently abundant compared to
those in MD and QMD. Moreover, the proportion of mafic minerals in MD was higher
than that in QMD. UO and DO exhibit strong magnetism, differently from GA, MD, and
QMD.

(d)

Figure 2. Rock samples of the Gonamsan intrusion for laboratory experiments: (a) underground
ore, (b) discovered ore, (c) gabbro, (d) monzodiorite, and (e) quartz monzodiorite.

2.3. Laboratory Measurement System

Figure 3 illustrates the laboratory measurement system. Geophysical properties (den-
sity, susceptibility, resistivity, and chargeability) were evaluated to understand the geo-
physical characteristic of the rocks. Such understanding is required for geophysical inter-
pretation and geology differentiation from field geophysical survey data.

Magnetite is the most abundant among the VIM ores, and its geophysical properties
are distinct compared to those of silicates [9]. Knowledge of these properties is, thus, use-
ful for determining the boundaries between the potential orebody and the host rocks us-
ing gravity, magnetic, electrical resistivity tomography, and induced polarization surveys
carried out in the field. Rock density, defined as mass per unit volume, depends on the
specific gravities of the main minerals and pores and is estimated by the buoyancy method
using information on both the dehydrated grain mass and water-saturated mass. The dry
density (Dary; g/cm?®) was estimated as [10]:

M

Diw =021 (1)

sat N
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where Ms is the dehydrated grain mass (g), and M« is the water-saturated mass (g).

Figure 3a shows the density measurement system. The dehydrated grain mass was
measured in air after dehydrating the rock samples in an oven at 110 °C for 24 h. The
water-saturated mass was measured in the air after saturating the rock samples with a
NaCl 0.001 M aqueous solution using a vacuum pump, in which the aqueous solution was
injected in the rocks at a constant rate. The mass was measured using an electronic scale
(x0.01 g).

The susceptibility (k, dimensionless), that is, the ratio of magnetization of the rocks
to the magnetic field strength, is defined as:

k=— @)

where M indicates the magnetization (A/m), and H the magnetic field intensity (A/m).

As the magnetite in the VIM ores is ferromagnetic, magnetic surveying is the most
important among the geophysical tools. The susceptibility of the rock samples was meas-
ured using a MS3 susceptibility meter, Bartington, Oxfordshire Withney, England and an
MS2F field surface probe Bartington, Oxfordshire Withney, England, as shown in Figure
3b. The system is able to measure rock susceptibility up to 21 SI and has a resolution of 2
x 1076 SI.

Resistivity (p) is an electrical property that describes the ability to impede electric
current when direct current (DC) is injected into the rock. It mainly depends on the min-
eral types and porosity of the rock [11] and can be expressed as (Qm):

S
=Rx— 3
P I 3)

where R is the measured resistance while injecting DC (Q), S is cross-section area of rock
(m?), and L is its length (m).

Chargeability (m) refers to the electric charge that remains at the interface between
polarized minerals and pore water in rock after shutting off DC injection during a resis-
tivity measurement. It is defined as (mV/V):

V @

p

m=

where Vs is the measured voltage after shutting off DC injection (V), and V) is the meas-
ured voltage during DC injection (V).

Many metallic minerals are more electrically conductive and capacitive compared to
gangue minerals [9,12]. A time-domain-induced polarization survey that acquires both
resistivity and chargeability data is an effective tool for mineral exploration [13]. Resistiv-
ity and chargeability were measured using a SI 1287, Solartron metrology, West Sussex,
England (Figure 3c).

Figure 3d demonstrates the X-ray fluorescence (XRF) analysis, which entailed the use
of an Delta professional and an XRF portable workstation, Olympus, Tokyo, Japan,. We
selected five rock samples, representative of each rock type, to acquire and both the XRF
data and their geophysical properties. We comprehensively characterized both types of
data, as the characterization can improve our insights when conducting geophysical sur-
veys of VIM deposits.
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Figure 3. Laboratory measurement system for (a) density, (b) susceptibility, (c) resistivity/chargea-
bility, and (d) X-ray fluorescence.

3. Results and Discussion

We characterized the geophysical properties of the rock samples by plotting histo-
grams and calculating means and standard deviations. Figure 4 shows the results relative
to density. The values for UO and DO were remarkably high compared to those of the
other rock samples (Figure 4a,b). The average densities of UO and DO were 140% and
111% higher than those of GA, respectively. Ore minerals consisting of magnetite and il-
menite were abundant in UO and DO, as seen from Figure 2a,b. The specific gravity of the
ore minerals is markedly higher than that of gangue minerals. Thus, the high density is
caused by the presence of ore minerals in the rock samples. From this perspective, it is
reasonable to suggest that the ore grade of UO was higher but more variable than that of
DO given the higher mean and standard deviation of UO.

The average density of GA was higher than that of MD, as shown in Figure 4c,d.
Moreover, Figure 4e illustrates that the mean QMD was the smallest among the rock sam-
ples. Mafic minerals (major) and the disseminated ore minerals (minor) were mainly ob-
served in GA and MD (Figure 2c,d), whereas felsic minerals in QMD were the most abun-
dant among the three types of rock samples (Figure 2e). The specific gravity of mafic min-
erals is higher than that of felsic minerals. The density variations of GA, MD, and QMD
were associated with their magmatic differentiation. The standard deviation of the MD
samples was the largest among the rock samples. This finding indicates that the mineral
composition of MD is relatively distinct from that of the ore minerals to the felsic minerals
compared to other rock samples. Therefore, we suggest that the gravity survey is effective
in exploring the hidden VTM orebody and investigating the magmatic differentiation of
the Gonamsan intrusion.
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Figure 4. Histograms of density of rocks including mean (u) and standard deviation (o) of (a) un-
derground ore, (b) discovered ore, (c) gabbro, (d) monzodiorite, and (e) quartz monzodiorite.

Figure 5 shows the histograms and statistics of susceptibility. The susceptibility of
UO was the largest; the average susceptibilities of UO and DO were 1048% and 297%
larger than that of GA, as displayed in Figure 5a—c. The susceptibility contrast between
the UO and DO was more remarkable than the density contrast. The susceptibility ranges
of DO and GA overlapped in Figure 5b,c, respectively. Figure 5b indicates that the stand-
ard deviation of DO is the highest. The content variation between DO was the largest of
the rock samples because the susceptibility difference is sensitive to the content of mag-
netite (ferromagnetic minerals).

The average susceptibilities of GA and MD are 11,109% and 1791% larger than that
of QMD, respectively (see Figure 5c—e). Although disseminated ore minerals were ob-
served in several GA and MD samples (Figure 2¢,d), ore minerals are extremely rare in
QMD. Therefore, we suggest that the magnetic survey results imaging the subsurface sus-
ceptibility differences are more effective than the gravity survey results for detecting the
hidden VIM orebody.
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Figure 5. Histograms of susceptibility of rocks including mean (i) and standard deviation (o) of
(a) underground ore, (b) discovered ore, (c) gabbro, (d) monzodiorite, and (e) quartz monzodio-
rite.

The resistivity difference of the rocks was displayed using a logarithmic scale (Figure
6). The resistivity of UO and DO was relatively lower than that of GA (Figure 6a—c). In
particular, the average resistivity and standard deviation of UO were the lowest, as seen
from Figure 6a. The standard deviation of the UO was lower than that of the DO stemmed
from the susceptibility results. The presence of ore minerals is a major factor that lowers
the resistivity of rocks because ore minerals are good conductors.

The resistivity of GA was lower than that of MD and QMD (Figure 6¢c—e). The two
GA samples had a resistivity <10 Qm. In the two samples, the ore mineral content was
similar to that of UO or DO. The resistivities of MD and QMD were higher than those of
the other rock samples, as illustrated in Figure 6d,e. Therefore, we surmise that rocks can
be classified into ores and host rocks using a resistivity threshold of 10 Qm.
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Figure 6. Histograms of logarithmic resistivity of rocks including mean (u) and standard deviation
(o) of (a) underground ore, (b) discovered ore, (c) gabbro, (d) monzodiorite, and (e) quartz monzo-
diorite.
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Figure 7 displays the histograms and statistics of chargeability. The chargeability of
UO was the largest among the rock samples, as shown in Figure 7a. The average charge-
ability of UO and DO was 181% and 136% larger than that of GA, respectively (see Figure
7a—c). In contrast, the chargeability between UO and DO was less remarkable than the
other properties.

The chargeability of GA and MD was 870% and 461% larger than that of QMD, re-
spectively (see Figure 7c—e). The patterns of this property were identical to those of other
properties; however, the chargeability of the rock samples, except for QMD, overlapped
in the range of 40 to 80 mV/V. Hence, we suggest that the chargeability facilitates the iden-
tification of ore minerals, but it is less sensitive to changes in the content of ore minerals.
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Figure 7. Histograms of chargeability of rocks including mean (u) and standard deviation (o) of (a)
underground ore, (b) discovered ore, (c) gabbro, (d) monzodiorite, and (e) quartz monzodiorite.

Figure 8 shows rock slab images, potable XRF analysis results, and geophysical prop-
erties of the five kinds of rock samples (UO9, DO1-1, GA1, MD19-2, QMD3-3). The ore
minerals were abundant in the rock slabs of UO9 and DO1-1 in which their metallic con-
tents (Fe, Ti, and V) were higher than that in GA1 (Figure 8a—c). The ore minerals were
disseminated in GA1 and MD19-2 but were not evidenced in QMD3-3, as seen from Figure
8c—e. Moreover, the metallic contents of GA1 and MD 19-2 were higher than that of
QMD3-3.

The density and susceptibility of UO9 and DO1-1 were prominently higher than
those of GA1 (Figure 8a—c). These patterns were identical to those of the electrical proper-
ties of UO9 and GALl. In addition, the patterns were in accordance with the results of GA1
and MD19-2 and with the results of QMD3-3 (Figure 8c—e). It is reasonable to suggest that
the geophysical properties of the rocks in the Gonamsan intrusion were the most depend-
ent on the ore mineral content. However, the resistivity and chargeability of DO1-1 were
the same and were lower than those of GA1, respectively. It is necessary to further study
the discordance between the chemical and electrical properties.
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Figure 8. Rock slabs images, potable X-ray fluorescence analysis results, and geophysical properties
of five kinds of rock samples showing (a) underground ore, (b) discovered ore, (c) gabbro, (d)
monzodiorite, and (e) quartz monzodiorite.

The densities of both magnetite and ilmenite are obviously different from those of
major minerals in mafic intrusions [9]. Moreover, the magnetite is the most typical ferro-
magnetic material. The densities and susceptibility of UO were distributed within the
properties ranges of magnetite ores in Bushveld deposit, South Africa and Taihe iron
deposit, China [14,15]. The ranges of the properties of DO were inlcuded in those of
titanomagnetite ores in New Zeleand [16]. Therefore, we determined that UO and DO
were classified as the ores.

However, the properties of DO were much lower than those of UO in Figures 4 and
5. Additionally, the metallic contents (iron, titanium, and vanaduim) in DO1-1 were
obviously small compared to those of UO9 in Figure 8. Thus, we considered that the ore
minerals in UO were more abundant than those of DO.

The properties of GA were higher than gabbro [17]. The ranges of the properties were
involved in those of magnetite gabbro [14]. Moreover, there is a considerable overlap of
the properties between GA and DO in Figures 4 and 5. Moreover, the metallic contents
of GA1 were higher than those of MD19-2 and QMD3-3 in Figure 8. It was considered
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that the ore minerals in GA were more than MD, QMD, and the common gabbro. In order
to compare the contents of the ore minerals, more geochemical data are required.

4. Conclusions

We retrieved and characterized the geophysical properties of rock samples in the
Gonamsan intrusion (Korea) using data from laboratory experiments. All geophysical
properties depend on the quantity of ore minerals. We provided the geophysical criteria
to identify the boundaries between the hidden orebody and host rocks in the geophysical
surveys. Geophysical criteria in terms of both density and susceptibility were more salient
than those in terms of electrical properties. Both gravity and magnetic surveys have been
shown to be effective for mineral exploration in VTM deposits. The vertical resolution of
gravity and magnetic surveys is physically far lower than that of electrical/electromag-
netic surveys. Thus, we can execute an effective mineral exploration in the VTM deposits
by integrating multiple geophysical data using our geophysical characterization of the
rocks.
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