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Abstract

The Mallina Basin in Western Australia, situated in the central part of the Pilbara Craton which is one of the world's oldest
cratons, is a structurally deposited basin subjected to multiple episodes of deformation and magmatic intrusion. The Calvert gold
deposit in Mallina Basin is heavily covered by Quaternary, thus, it is hardly to identify any distinct mineralization indicators, and
there is no any significant progress in exploration so far. The SQ-3C dual frequency induced polarization facility that is
developed by China is introduced to carry out the dual frequency IP survey, the author’s team have tested all the types of different
rock samples to collect the geophysical parameters in the Calvert area, and the selection of suitable facility and working
frequency is based on the geological characters of the Calvert deposit and the geophysical parameters of rocks, and some
processes are undertaken to weaken the interference triggered by the electromagnetic coupling, and an IP anomaly zone was
delineated. Through the drilling program in the IP anomaly zone, a gold ore body that has the same orientation with the IP
anomaly zone was controlled; this result demonstrated the dual frequency IP survey is effective in the local area and provide an
efficient technical method for the mineralization prospecting, and this geophysical survey project sets an example for the familiar
type of gold deposit in the local area.
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1. Introduction

The Pilbara Craton in Western Australia, influenced by
multiple tectonic and magmatic events, presents favorable
conditions for mineralization [1, 2]. However, most of the
Craton is covered by Quaternary, and the surface indications
of mineralization are rare, demanding effective exploration
methods to detect concealed ore bodies and achieve break-
throughs in resources exploration.

The Dual frequency Induced Polarization Instrument,

invented by Academician He Jishan with complete inde-
pendent intellectual property rights, has been widely ap-
plied in various mineral exploration projects in China over
the years, and have successfully found various types of
concealed metal mineralization in different areas, including
epithermal gold mineralization and porphyry copper
polymetallic mineralization,

demonstrating excellent exploration results [3-10]. In this
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study, based on the geological, topographical, and physical
conditions of the area, a dual frequency induced polariza-
tion survey was conducted. One induced polarization
anomaly was identified, and through drilling verification, a
concealed gold ore body (mineralization) was newly dis-
covered. This indicates the effectiveness of the dual fre-
quency induced polarization in detecting blind ore bodies
in the region and showcases its broad application prospects.

2. Geological Background

The Pilbara Craton in Western Australia is one of the
world's oldest cratons, characterized by a series of intense
tectonic deformations and magmatic activities in the gran-
ite-greenstone belts [11-16]. Within its secondary structural
units, the Pilbara Craton, primarily composed of the De Grey
Group sedimentary rocks and the Whim Creek greenstone belt,
has experienced multiple episodes of deformation.
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Figure 1. Geology and Structure of Mallina basin, Central Pilbara (Modified after Bierwirth, 2002).

1 — Fortescue Group; 2 — Sherlock Intrusion and Millindinna Complex; 3 — Whim Creek Group and Bookingarra Group; 4 — De Grey Group; 5
— Mallina Formation; 6 — Constantine Formation; 7 — Cleaverville Formation; 8 — Pilbara Well Greenstone belt; 9 — Opaline Well Granite; 10 —
Satarist Granite; 11 — Portree Granitoid Complex; 12 — Peawah Granodiorite; 13 — Harding Granitoid Complex; 14 — Caines Well Granitoid
Complex; 15 — Yule Granitoid Complex; 16 —Granitoid Belt; 17 — Greenstone Belt; 18 — Shear Zone; 19 — Gold deposit

The Mallina Basin, situated in the central part of the Pilbara
Craton, is a structurally deposited basin subjected to multiple
episodes of deformation and magmatic intrusion. Exposed
formations mainly consist of thin-bedded, fine to medi-
um-grained sandstones and shales of the Mallina Formation,
overlying coarse-grained feldspar-quartz sandstones and
wacke of the Constantine Formation [17]. The Mallina Shear

50

Zone cuts across the Mallina Basin, with its main body
showing near-vertical or south-dipping attitudes, displaying
signs of southward shear displacement. The swollen part of
the Mallina Shear Zone is the primary location for gold min-
eralization, serving as a hotspot for gold exploration. Various
gold deposits of varying scales and types have been discov-
ered within the shear zone and its southern secondary struc-
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tural zones. Intrusive rocks primarily include alkaline granites,
high-magnesium diorites, and high-potassium diorite granites,
with the largest Portree Granite Complex distributed in the
northern part of the basin, intruding at 294646 Ma [18].

The Calvert Gold Deposit is located at the eastern extension
of the Mallina Shear Zone intersecting with the Wohler Shear
Zone. The terrain is flat, with surface coverings such as aeolian
sands, alluvium, colluvium, and calcrete. The geological for-
mations mainly consist of low-grade metamorphic sandstones
and shales of the Mallina Group, primarily trending east-west.
Secondary structures are predominantly north-south trending,
with occasional exposures of small-scale shear structures and
near-vertical folds. Magmatic activity in the area is limited,
with only a few granite complexes observed.

Previous researchers conducted a series of prospecting works,
including surface geology, induced polarization traverses, and
soil geochemistry, in the area. Traditional geological work
yielded limited success due to scarce outcrops and a lack of
prominent mineralization indicators. Induced polarization
traverses faced challenges such as strong induction coupling
and severe anthropogenic interference, failing to achieve the
expected exploration results. Soil geochemistry revealed
anomalous Au-As element combinations, suggesting that this
anomaly is located at the intersection of two major structural
zones, indicating a favorable mineralization background.

3. Physical Characteristics of the Area

The ore bodies mainly consist of sandstone and shale,
containing minerals such as pyrite, magnetite, arsenopyrite,
quartz, and calcite. The wall rocks primarily comprise con-
glomerate sandstone and fine sandstone, containing quartz,
feldspar, calcite, and biotite. Metal sulfides within the ore
bodies are abundant and positively correlated with gold min-
eralization. Therefore, delineating anomalies induced by
metal sulfides through induced polarization surveys can
identify significant exploration targets, guiding geological
exploration indirectly.

Data collected from various rock samples, including core
samples from the surrounding area and surface-collected rock
(ore) samples (Table 1), show that the ore-rock amplitude fre-
quency ranges from 2.4% to 8.4%, with an arithmetic mean of
3.9%, and resistivity ranges from 26 to 390 Q-m, with an av-
erage resistivity of 200 Q'm. The frequency of wall rocks
ranges from 0.7% to 3.2%, with an arithmetic mean of 1.93%.
The resistivity of sandstone and shale ranges from 15 to 210
Q-m, with an average resistivity of 95 Q-m, while the resistivity
of granite mixed rock ranges from 165 to 870 Q-m, with an
average resistivity of 470 Q-m. Overall, there are significant
differences in frequency and resistivity between ore-bearing
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rocks and wall rocks. Ore bodies exhibit high polarization and
medium resistivity characteristics, sandstone and shale show
low polarization and low resistivity characteristics, while
granite mixed rocks display low polarization and high resistiv-
ity characteristics. The distinct electrical differences between
ore-bearing rocks and wall rocks provide a geophysical basis
for electromagnetic surveys [19]. Indirect exploration can be
achieved by identifying anomalies reflecting metal sulfides
with high polarization and medium resistivity.
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Figure 2. The amplitude-frequency and gold grade correlation
curve.

Overall, there is a positive correlation between rock sample
frequency, gold grade, and pyrite content. The average gold
grade of ore samples generally correlates positively with fre-
quency (Figure 2). There is considerable variation in pyrite
content between ore and wall rocks, which also correlates pos-
itively with gold grade. This suggests that conducting dual
frequency induced polarization surveys, verifying geochemical
anomalies, and searching for gold mines in the area are feasible,
as they have a solid geophysical exploration foundation.

The gold grade of ore samples generally exhibits an ap-
proximate positive correlation with frequency. Using the
Gaussian curve fitting method, the correlation function be-
tween frequency and gold grade is represented by: f(x) =
3.085 * exp{-[(x-3.078)/2.631]2}, where f(x) represents the
frequency curve and x represents the gold grade. Generally,
the higher the pyrite content, the higher the frequency.
However, the frequency is not only related to the amount of
pyrite but also to its distribution and ore-bearing lithology.
Generally, shale-rich lithologies contain more pyrite in blocky
or banded forms, resulting in more pronounced induced po-
larization characteristics of the ore samples (Table 2).
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Lithology

Pyrites-quartz sandstone
Pyrites shale

Siltstone

sale

wacke

Granite complex

Ore Type

Quartz Veins

Quartz Veins

Quartz Veins

Wacke

Wacke

Shale

Quartz Veins

Quartz Veins

Quartz Veins

Shale

Shale

Shale

Shale + Quartz \Veins
Shale

Shale + Quartz \Veins
Shale + Quartz Veins
Quartz Veins

Quartz Veins

Shale

Siltstone

Shale+Siltstone

Table 1. Statistics of physical parameters for rock in exploration area.

Samples Amplitude-Frequency

(Pieces)

18
20
4

50
66
10

(%)

2.4~45
2.6~8.4
1~1.6

1.3~3.2
0.7~2.4
1.2~4.1

Amplitude-Frequency
Arithmetic mean

Resistivity

RS () Arithmetic mean

3.38 65~390 210
4.42 26~350 192
1.33 15~140 83
2.07 32~210 125
1.57 19~120 75
2.75 165~870 470

Table 2. Statistics of the amplitude-frequency and gold grade.

Lithology Description

Pyrites 2%~3%, minor shale

minor shale

Quartz veins 50%, shale 50%

Quartz veins 5%

Minor shale, Quartz veins 5%

Au Grade (ppm) Amplitude-Frequency (Fs)

0.69 1.23

1 3.30

Few carbonate veins, strongly deformed, pyrites 5%

Quartz veins 95%

Quartz veins 60%, shale 40%
Minor shale breccia, fine pyrites 5%

Quartz veins 60%, fractured

1.28 1.60

1.86 2.60

Few carbonate veins, strongly deformed, pyrites 5% 2.59 3.65

Quartz veins 5%~8%, massive pyrites 5%

Porphyry breccia in the quartz veins

3 4.40

Fractured, quartz-carbonate veins 30%, pyrites 1%~2%

Shale breccia in the quartz veins
Shale breccia in the quartz veins, pyrites 8%

Quartz veins in the shale, fractured

Minor pyrophyllitization,

Quartz veins 5%

Shale 30%, quartz veins 15%, siltstone 55%

Massive pyrites 7-8%

4. Field Work Methods

The success of geophysical exploration depends heavily on

3.6 3.14

4 3.53

the rational arrangement of field work, the appropriate selec-
tion of methods, the establishment of reliable technical pa-
rameters, and the implementation of effective interference
suppression measures. In the exploration conducted in the
Calvert area, Australia, the domestically developed SQ-3C
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dual frequency induced polarization instrument was utilized.
It employed a dual frequency configuration of 4 Hz and 4/13
Hz, along with a dipole-dipole array. Additionally, a series of
measures were taken to reduce electromagnetic coupling
effects, ultimately achieving satisfactory exploration results.

4.1. Field Work Arrangement

Geophysical surveys were conducted using a regular grid
layout of 100m = 20m (Figure 3), with survey lines perpen-
dicular to the main structural direction. RTK positioning was
employed for the survey point locations, with a dipole spacing
of 40m and a separation factor of 3. Recording points were
positioned at the midpoint between receiving electrodes, and
the observed parameters included apparent frequency and
apparent resistivity. A total of 11 survey lines and 484 survey
points were completed.

4.2. Selection of Work Devices

For electrical surveys, commonly used devices include the
gradient array and the dipole-dipole array [20]. While the
gradient array is widely used in China due to its convenience
in field operations and high measurement efficiency, it also
suffers from strong electromagnetic coupling effects in
low-resistance areas and complex anomaly shapes when the
polarization body is not in the center of the array [21].

In comparison, the dipole-dipole array offers several ad-
vantages over the gradient array:

1) The dipole-dipole profile reflects various types and po-
sitions of polarization bodies effectively. Different positions
of electrodes in the dipole-dipole array facilitate better po-
larization status, resulting in more distinct polarization
anomalies. Profiles with multiple positions and different di-
pole spacings can be used to draw cross-sectional maps, re-
flecting the attitude and morphology of polarization bodies
more accurately.

2) The dipole-dipole array features completely separate
supply and measurement electrodes, offering stronger re-
sistance to inductive coupling effects compared to the gradi-
ent array [22, 23].

3) Although anomalies observed with the dipole-dipole
array may be more complex than those with the gradient array,
the larger data volume and more comprehensive information
make it easier to identify induced polarization anomalies [24].

4) The dipole-dipole array exhibits better resolution for
steeply dipping polarization bodies compared to the gradient
array.

In the early stages, induced polarization surveys were
conducted using the gradient array with a 3000m dipole
spacing in the Mallina Basin. However, the lengths of the
oxidized ore bodies in the area are mostly tens of meters, and
the depths of primary ore occurrence are mostly within 300m.
The large dipole spacing directly led to a decrease in anomaly
resolution, resulting in unsatisfactory exploration results and
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failed mineral identification during subsequent drilling veri-
fication. Reducing the dipole spacing requires additional
supply electrodes and a reduction in the number of adjacent
survey lines, severely affecting work efficiency. Considering
the steep dip of ore bodies and the low surface resistivity of
the area (10-40 Q-'m), the dipole-dipole array demonstrates
superior resolution for steeply dipping bodies and stronger
resistance to low-resistance shielding compared to the gra-
dient array [25]. Therefore, the dipole-dipole array was cho-
sen for this study.

L 1 1 1 1 1 1 1 1 1 1

N

|GDA84 Zone50 @ Survey Point @ I

0 100 200 300 400

T T T T T T T T T T

Figure 3. Dipole-dipole array.

4.3. Selection of Work Frequency Bands

The main ore-bearing rocks in the area have high sulfide
content, often occurring in fine-grained disseminated forms.
Selecting the high-frequency band of the dual frequency in-
duced polarization method can yield strong frequency anom-
alies. To obtain accurate measurements, at least four cycles of
the dual frequency signal are generally required, making the
high-frequency band more efficient. The maximum operating
frequency of the dipole array is calculated using the following
formula:

100
fmax < Ps (F/z)z

)

180
(n+1)-a

fmax S:DS( )2 (2)
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In the equation, a represents the length of the dipole (in
meters); n is the isolation factor; ps denotes the earth resis-
tivity in Q-m; AB stands for the electrode distance (in meters);
fmax 1S the high-frequency of the dual-frequency set (in
Hertz). The SQ-3C dual-frequency induced polarization in-
strument has four operational frequency sets: (1, 1/13 Hz), (2,
2/13 Hz), (4, 4/13 Hz), and (8, 8/13 Hz). Considering the
factors mentioned above, based on the calculation results, the
dual-frequency 2-point set with a frequency of (4, 4/13 Hz)
was ultimately chosen for the survey.

4.4. Measures to Reduce Electromagnetic
Coupling Effects

Considering that electromagnetic coupling phenomena are
difficult to completely avoid in electrical surveying, in addi-
tion to using dipole-dipole arrays with stronger an-
ti-interference capabilities [26], the following measures have
been taken to reduce electromagnetic coupling effects:

1) Reduction of Grounding Resistance: Multiple electrodes
are connected in parallel to increase the contact area between
the soil and electrode rods. Additionally, a large amount of
saltwater is poured at the supply electrode positions to de-
crease grounding resistance, enhance conductivity, reduce
energy consumption on grounding resistance, improve the
efficiency of power utilization, and ensure the stability of
measurement data.

2) Use of More Stable Measurement Electrodes: Copper
electrodes with chemically stable properties are selected as
measurement electrodes to enhance their stability. During
measurements, the electrodes are maintained by sprinkling
saltwater to ensure that the inter-electrode grounding re-
sistance is less than 2000 Q-'m, thereby guaranteeing the
quality of observation data.

3) Avoidance of Operation During Rainy Days and
Crossing of Wires through Water to Reduce Capacitive Cou-
pling Effects: The capacitive coupling effect of the di-
pole-dipole array is calculated using the following formula
[27-32]:

AF, = 2nf.Ran(n + 1)(n + 2) In (n+1)* 3)

nn+2)

In the equation, AFs represents the intensity of the capacitive
coupling effect error; n is the isolation factor; a is the length of
the dipole, in meters (m); R is the grounding resistance, in ohms
(Q); ¢ is the distributed capacitance of the wire, in picofarads
(PF); f is the frequency, in hertz (Hz). The relative error in
amplitude-frequency caused by capacitive coupling effects of
the four high-frequency bands of the dual frequency induced
polarization instrument is calculated separately using the for-
mula. The parameter values are set as follows: ¢ = 20 pF, R =
1000 Q, a =100 m, and n = 3. The results of the calculation of
the relative error in amplitude-frequency caused by capacitive
coupling effects are shown in Table 2.

The calculation results in Table 2 indicate that the capaci-

tive coupling effect is generally insignificant. However, when
the wires are submerged in water or laid on relatively damp
ground, the distributed capacitance ¢ can be tens of times
higher than that in dry conditions, resulting in a significant
increase in the capacitive coupling effect. Therefore, it is
necessary to avoid working in wet conditions after rain to
minimize the effects of capacitive coupling during fieldwork.

Despite the possibility of electromagnetic coupling inter-
ference in the area, practical experience has shown that by
implementing the aforementioned three measures, the impact
has been minimized within a controllable range, ensuring the
quality of measurement data.

5. Interpretation of Results and Drilling
Verification

The dual frequency induced polarization survey revealed
prominent apparent frequency anomalies (Figure 4), and
drilling verification confirmed the presence of a significant
industrial ore body. This demonstrates that the dual frequency
induced polarization method is an effective and feasible
means of identifying gold blind ore bodies associated with
sulfides in the area, providing substantial technical support for
mineral exploration breakthroughs in the region.

5.1. Electrokinetic Anomaly Characteristics

The anomalies, concentrated along a north-south trend in
the central part of the survey area, exhibit high intensities with
apparent frequency (Fs) values close to 4%. Anomalous zones
in the southwest of the area remain unclosed, suggesting the
possible extension of polarized bodies in that direction. De-
fining anomalies with an apparent frequency value of 3.1%, a
closed anomalous zone, designated as Al, measuring 300
meters long in the north-south direction and 250 meters wide
in the east-west direction, corresponding to a mid-resistance
anomaly, was delineated. While magmatic intrusions are rare
at the surface, the high-resistance anomalies observed in the
northwest (Figure 4b) may reflect deep-seated rock or intru-
sion bodies. The widespread mid-to-low resistance anomalies
reflect the predominance of turbidite deposits composed
mainly of sandstone, shale, and siltstone in the geological
strata. The north-south trending gradient of resistance anom-
alies suggests possible shear effects in the strata, indicating
the presence of secondary structures. From the analysis of
resistance anomalies, it cannot be ruled out that mineralized
bodies in this area may be closely related to magmatic activity.
The Calvert area is located at the intersection of two regional
faults, with no apparent signs of magmatic activity at the
surface. Similar to the Opaline Well deposit (Figure 1), a
fault-controlled gold deposit located at the intersection of
regional faults in the Mallina Basin, the structural character-
istics of the Calvert area are comparable. Based on apparent
frequency anomaly A1, combined with the results of physical
property measurements, it is speculated that a shallow-level
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gold mineralized body may exist in the Calvert area. The Al
anomaly zone identified during this geophysical survey will
be prioritized as a key exploration target area in the subse-

quent exploration work, with drilling verification work being
the primary focus.

18 17 19 20 21 21 22 23 24 26 28 27 28 28 30 31 33 35 38F/%

95 240 200 278 205 315 330 350 373 300 405 418 434 454 475 498 528 622 802A/(0+m)

Figure 4. Dual frequency IP apparent amplitude frequency (a) and resistivity plane (b).

5.2. Drilling Verification Results

Based on the distribution range, scale, and intensity of the
geophysical anomaly target area Al, the first batch of five
shallow drilling verification projects were set up along the Al
anomaly zone within the area. Drilling was conducted at
depths of up to 75 meters along the 100-meter grid lines. All
five boreholes encountered mineralization (Figure 5). Sub-
sequently, a second batch of denser control and peripheral
exploration drilling projects were initiated (Figure 5) to ex-
plore the continuity and extension of the ore body. The results
indicated that the vast majority of mineralized boreholes were
located within the Al anomaly zone, with only two boreholes
outside the anomaly zone boundaries encountering minerali-
zation. The drilling results confirmed the presence of a
north-south trending gold industrial ore body within the area,
which is stratiform in nature, with an average grade of 1.2 g/t,
an average thickness of 24.5 meters, and dip angles ranging
from 35<to 43< The ore body exhibits a high content of pyrite
(>1%) while the surrounding rock content drops to back-
ground level. The extent of the ore body aligns closely with
the Al anomaly zone.
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Figure 5. The geophysical anomaly and ore body and drill holes
layout.

1 Drill holes with intersection; 2 Drill holes without intersection; 3
Mineralization boundary; 4 Anomaly zone Al
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6. Conclusion

1

2)

3)

4)

There are significant electrical differences between the
ore and wall rocks in the Calvert area, and indirect ex-
ploration can be achieved by delineating induced po-
larization anomalies. The geological prerequisites for
conducting induced polarization measurements exist
within the area.

In areas where magmatic activity is not significant, gold
mineralization associated with metallic sulfides tends to
occur in areas of structural intersection enlargement.
The dual frequency induced polarization method can be
used in such areas to indirectly explore gold minerali-
zation using anomalies in apparent frequency and re-
sistivity.

The Pilbara Craton region exhibits relatively high con-
sistency in topography and geomorphology. The effec-
tive selection of geophysical equipment, working fre-
quency groups, and measures to reduce electromagnetic
coupling interference in this work are tailored to local
conditions and have achieved good results. This work
has important implications for conducting similar in-
duced polarization surveys in areas with high sulfide
content in the Pilbara Craton region.

The verification results of drilling projects directly
confirm the feasibility of the dual frequency induced
polarization method in locating blind ore bodies in areas
with severe surface cover in the Pilbara Craton region of
Australia. Introducing newly developed geophysical
methods and instruments from China into a mining
powerhouse country opens up new possibilities for fu-
ture exploration work in the region, promising to
change the landscape of exploration activities in the
area.
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IP

: Induced Polarization

PPM: Parts Per Million
FS: Amplitude-Frequency
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