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Abstract

Induced Polarization (IP) is one of the Geophysical methods that utilize the polarization properties of the rocks for
metallic mineral exploration. The problems are how to distinguish the metallic minerals deposit based on the
chargeability. The physical modeling of IP is used to study the behavior of TDIP response. The study of a simple
mathematical model is carried out to obtain the theoretical curves which are presented as the subsurface parameter.
These curves are used as a reference to assess the result of physical modeling. The laboratory physical modeling uses
a tank model with a size of (200x100x70) cm?, with a block as a target and water as a host medium. The results show
laboratory physical modeling which has been made is quietly good. The approximate position and geometry of the
target can be identified. The resistivity inversion modeling is sensitive to recognizing the geometry and position,
while the chargeability inversion is on the distribution of metallic minerals. The quantitative correlation between
chargeability and iron-ore content is obtained by Dipole-dipole and Wenner confiquration. Both are connected
exponentially, with a different exponential constant for different block targets.
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INTRODUCTION

Metallic minerals are well known as the metal base material and are almost used in industry
to meet human needs. Attempts to obtain metallic mineral reserves continue to do. The research
of electrical polarization effects in a rock that was developed by Schlumberger in 1911 became
the foundation development of Induced Polarization (IP) methods [1,2]. With the development
of tools and the theoretical understanding of electrical properties, the method is more reliable
than metallic mineral prospecting tools [3-6]. Currently, in metal mineral exploration activities,
the use of IP methods becomes a necessity. This method is better than other geophysical
methods due to its accuracy in depicting the distribution of polarized regions caused by the
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presence of metallic mineral deposits [7,8]. Apart from prospecting for metal minerals, the IP
method is also commonly used for geotechnical studies to determine the clay content in the
subsurface or the physical properties of the subsurface layer [8-12]. In the IP method, it is known
the induced polarization in the time domain hereinafter called Time Domain Induced
Polarization (TDIP). The chargeability as TDIP response which is formulated and distinguishes
subsurface polarizability is indicative of metallic minerals [5,13].

Physical modeling is widely used by other researchers to obtain a resolution of resistivity
in a variety of configurations, examine the disseminated or massive mineral [7], or evaluate the
depth penetration in sounding measurement [7,14,15]. Physical modeling can also be used as a
reliability examiner of measurement instruments and measurement methods. The use of
physical modeling laboratory to determine the behavior of TDIP responses as metal mineral
content in the target was done in the study. Preliminary studies showed that the TDIP response
resulting from the measurement of physical models is comparable to the level of iron-ore in the
target [5,16]. The use of water as the host medium and block target represents the subsurface
properties of the medium. The use of Dipole-dipole and Wenner electrode configurations gives
an overview of measurement techniques that influence the TDIP response [17]. Results show
that the TDIP response surface is caused by these conditions studied, so the TDIP response
behavior on physical modeling can be well understood. In this study, mathematical modeling
is also used as a reference for assessing the effectiveness of physical modeling in obtaining TDIP
response. In addition, inversion modeling is applied to analyze the results of the physical
modeling.

The purpose of the physical modeling of the laboratory is to obtain a quantitative
relationship between TDIP response and metallic mineral deposits, by analyzing the behavior
of TDIP response to changing iron-ore content in the subsurface target. The mathematical
formulation is made to the physical model conditions. The goal is to obtain the theoretical curves
that present subsurface parameter relationships with TDIP response. Furthermore, these curves
are used as a reference and evaluation of the success of the physical modeling laboratory. The
success of physical modeling was also evaluated by the results of the inversion Res2Dinv
suitability of the condition of the model.

METHOD
Laboratory Physical Modeling Techniques

Laboratory physical model is made in a glass container (tank model) with a size of 200cm
x 100cm x 70cm. Stainless steel wire with 1 mm of diameter and 10 cm of length is used as
current electrodes. Nonpolarizable electrodes are made from a pen that is contained in a CuSOs
solution. Copper wire is inserted into it as the potential porous pot electrode of Cu-CuSO.a.
Based on the test result, the porous pot electrode works very well in physical modeling [17]. The
current and potential electrodes are set on a wood that has been marked with the same distance,
so the point spaces will always fix to make the data acquisition easier. Each electrode is given a
number that shows the position of the measurement point. Water is used as a host medium due
to its very small chargeability value, which is close to zero [13, 18-20].

The Measurement of TDIP Response

The midpoint of 0 is used as a reference measurement. The target is placed at the midpoint
and is positioned 2 cm below the surface of the water. TDIP response measurements use IP-
Meter Syscal Junior IRIS Instruments 568 series that can be used to measure chargeability and
resistivity. TDIP response measurements were carried out on the surface of the water.
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Figure 1. Illustration measurements on physical modeling laboratory with the block
target (a) (5x20), (b) (20x5), and (c) (40x5), varying in iron-ore content. Water is used as a host
medium. At each target applied Dipole-dipole and Wenner configuration spaced 5cm to get
TDIP response data

The whole target applied Dipole-dipole and Wenner configuration spaced 5 cm. Block size
(40cmx20cm x5cm) with iron-ore levels of 20%, 40%, 60, 70%, and 80% respectively is used as a
target. The measurements illustration can be seen in Figure 1. The data obtained is apparent
chargeability and resistivity that were measured at the surface. Meanwhile, the parameter data
subsurface shows the true resistivity and chargeability of the host and the target, the target
geometry, and measurement electrode arrangement, spacing, and n. Calibration of measuring
instruments is carried out as a standard procedure [18]. The true resistivity and chargeability
host medium obtained from the measurement of water use Soil Resistivity Box (SRB) as shown
in Table 1.

Table 1. The TDIP response value of the target and host medium in the physical modeling
laboratory is used as an input in the forward modeling.

Iron-ore content  Fe-total content Targets Host medium
(%) (%) 0 (Ohm-m) m(ms) o (Ohm-m) m (ms)
20 7.07 16.18 1.48 36.63 0
40 14.13 16.40 1.97 36.63 0
60 21.20 10.40 1.65 36.63 0
70 24.80 11.20 2.62 36.63 0
80 28.30 8.61 4.23 36.63 0

0 = resistivity m = chargeability

Mathematical Formulation of the Target

The formulation of TDIP response is through the model sphere or block with a host
homogeneous isotropic medium. Response due to the target in a homogeneous isotropic
medium was obtained by solving the Laplace equation 7>V = 0 with the boundary condition.
Settlement for the sphere model with radius R is the IP response of two potentials at the surface.

Pa _ p1=py \ p3 [ (2x*=d*)

e [1+(p1+2p2)R ((x2+d2)5,2)] (1)
2 2_ 42

me = 3| | p? | B @

my (p1+2p3) (x2+d?)

Where x is the distance of the center of the sphere against the receiving surface, d is the depth
of the sphere, 01, 02 and mi, m2 are resistivity and chargeability on medium and spheres
respectively. In addition, ma, p. are apparent chargeability and resistivity measured surface
respectively.
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The TDIP responses i.e., resistivity and chargeability (equations 1 and 2) are expressed as a
curve which is a description of changes in TDIP response laterally. In this study, the software
Res2DMod [21-23] has been selected as the forward modeling process. The forward modeling
yield curve describes the relationship between TDIP response to the subsurface parameters and
measurement techniques. The theoretical response curves are to be modeled subsurface with
the subsurface parameter values and a particular electrode configuration. The data in Table 1
were used as forward modeling. The theoretical TDIP response was obtained for all values of #.

In this study, theoretical curve stimulation results from various spacing at the same depth,
while also at different depths in the same spacing. The comparison of these curves can be used
to select the appropriate spacing on the desired target depth. The selection of spacing used and
the target depth in the laboratory physical modeling is based on the result of stimulation in
theoretical curves. The physical modeling laboratory was created from a block target at a depth
of 2 cm. TDIP response curves theoretically generate maximum value at 5 cm spacing.
Therefore, it is most appropriate when 5 cm in spacing is used [17,24]. The result of theoretical
curve stimulation shows that it can be applied in the true field, by paying attention to the
selection of the most suitable spacing to find the target with the desired depth. This will greatly
help the design survey field.

RESULTS AND DISCUSSION

This study measured the target at a depth of 2 cm with Dipole-dipole and Wenner
configurations. Target block sizes are 20x5, 40x5, and 5x20. The 5x20 block is 5 cm in width and
20 cm in height. The 20x5 is 20 cm in width and 5 cm in height. Meanwhile, the 40x5 block is 40
cm in width and 5 cm in height.

Matching the curve

Good results were obtained from measurements of resistivity and chargeability on physical
modeling created. The first reference to the theoretical shape of the curve is symmetrical. The
symmetry measurement results were seen in all n. The results of all the curves on the target are
coherent. The maximum amplitude of the curve lies at the midpoint, i.e., the top of the target.
Between theoretical and measurement results show good agreement for all levels of iron-ore.
Figure 2 is the theoretical and measuring curves at a 5x20 block target, 20% iron-ore content
with Wenner configuration. A good correlation is shown by the results of measurement and
theory. All the measurement curves show a positive correlation to iron- ore content in the target
both for Dipole-dipole and Wenner configuration. It is found that the greater of iron-ore content
of the measured block target, the greater the average amplitude of the chargeability
measurement result.

The measurement of the resistivity parameter in the block target also shows a good result
(Figure 2b). All the curves are coherent and symmetrical at zero point. The high response is
observed in zero point at all n with amplitude fluctuation in the range of 30-50 Ohm-m. There
is no significant amplitude variation of resistivity response to the changing of iron-ore content.
At all iron-ore contents, the resistivity response shows a relatively constant value. The
fluctuating amplitudes appear at a value of 37 Ohm-m on the left-right side consistently in all
iron-ore contents which show resistivity value as host medium resistivity.

The amplitude of the theoretical resistivity curve decreases due to the value of target
resistivity which is smaller than host medium resistivity. The theoretical results show the
amplitude drops due to the value of host medium resistivity. The measurement resistivity
curves show increases in amplitude. It is caused by the polarization phenomenon on the block
target surface. The polarization effect on the highly conductive target which is sunk in the water
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as a conductive host medium causes the resistivity value of the target to increase [25,26]. It
commonly happens in physical modeling using host fluid or very conductive medium
[14,15,17,27,28].

Chargeability {ms)

Resistivity (Ohm-m)

20 40 60

<« (a) = e Gt ® w0 (b) 20

]
Position (m) Position (m)
Figure 2. (a) The chargeability and (b)resistivity measurement curve and theoretical curve of
the block target (5x20) with 20% iron-ore content, Wenner configuration, for n=1 to 3. n=1, T:

theoretical curve for n=1 and n=1, U: measurement for n=1.

The curve matching with the measurement result in this research is done to assess the
accuracy of physical modeling in describing the subsurface condition. The suitability of
theoretical response and measurement is shown by the difference between both. The average
difference of block target is 15.3% and 19.7% for Dipole-dipole configuration and 14.7% and
19.3% for Wenner configuration. The average difference between theoretical and measurement
values in laboratory physical modeling in this research is less than 20%. It shows that the
physical modeling which has been made in this research is quietly good. The difference in
resistivity value is less than the chargeability value. In general, incompatibility on chargeability
value is bigger than in resistivity value both on Dipole-dipole and Wenner configurations. It is
caused by the accuracy of Syscal as a measurement tool used [22,29].

Inversion Modeling

One of the processing steps on IP measurement data is inversion to obtain true resistivity
and chargeability value. The inversion of TDIP measured data in physical modeling is done by
Res2DInv software [22,23]. The use of Res2DInv for inversion in this research is based on some
considerations. First, the software resolution on block model distribution is used to generate the
inversion initial model which affects the geometry interpretation [22]. In addition, the Res2DInv
software is able to make the smallest block model as rectangular model with % of side length
from the smallest electrode space. The rules applied in laboratory physical modeling is 5 cm of
space, thus, the smallest block model which can be generated by the software is a rectangular
with size of 1,25 x 1,25 cm?. The width of block model is 5 cm. Because of the block target size is
bigger than 1.25 cm, the target dimension will be well detected. However, the software has some
weaknesses, that is if the input data has large range, the inversion will be unstable, thus the
damping factor should be upgraded. Also, it can cause quietly big RMS error [21,22].
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Figure 3. The example of inversion modeling (a) resistivity and (b) chargeability, block target
(40x5), iron-ore content 40%, Dipole-dipole configuration, n=1-8. The rectangular line is the
block target position

The resistivity value of the block is 16 Ohm-m and water is 36,63 Ohm-m. The inversion
result for the 40x5 block model is shown in Figure 3. The result at block targets of 5x20 and 20x5
is almost the same. High anomalies appear precisely in the block position. The geometry
boundaries are suitable for anomaly boundaries. The host medium around it has a value of 30-
35 Ohm-m, making it suitable with the true resistivity value of water. The position and geometry
of the target block can be obtained from the resistivity inversion. From these results, it can be
stated that the physical modeling which has been made is quietly good because it can bring out
subsurface parameters very well. Although the resistivity contrast of the block target and host
medium is not too big, the position and geometry are described very well in the resistivity
inversion modeling. The block target boundaries to the host medium are described as suitable
with the anomaly boundaries. The chargeability inversion modeling shows a similar result. A
high chargeability value indicates a high content of iron-ore. The high chargeability value is
concentrated in the center part of the target. Resistivity inversion modeling is sensitive in
describing geometry, while chargeability is more sensitive in describing distribution. The result
of inversion modeling from the measured TDIP data also can be used to assess the effectiveness
of laboratory physical modeling in describing the TDIP response behavior.

20%, (b) 40%, (c) 60%, (d) 70%, and (e) 80%, Dipole-dipole configuration; n=1-8. Rectangular
line is the block target position in subsurface.
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The measurement of TDIP response is carried out on block target with various content. The
inversion modeling result of Dipole-dipole configuration with a 20x5 block target using iron-
ore content of 20%, 40%, 60%, 70%, and 80% are shown in Figures 4 and 5 respectively.

s hstation 5 RS sl = 025
0 50

50 B o ap  sW

=0 20

150 cm

Figure 5. The chargeability inversion result with Dipole-dipole configuration, block target
(20x5) for iron-ore content (a) 20%, (b) 40%, (c) 60%, (d) 70%, (e) 80%. The rectangular line is
the block target position in the subsurface.

At all iron-ore contents, the resistivity anomalies appear very clear and consistent. The
boundaries of resistivity anomaly precisely show the depth and block target geometry (Figure
4). In the inversion modeling of resistivity, block target resistivity and position are described
very well. Resistivity changes due to the changing of iron-ore content at the block target. Its
value ranges from 60 to 120 Ohm-m, meanwhile surrounding it is the host medium with various
resistivity values from 15 — 40 Ohm-m. The result of resistivity inversion modeling for the 40x5
block target almost shows the same result.

Figure 5 is the result of chargeability inversion on the 20x5 target block with iron-ore
content from 20% to 80% using the Dipole-dipole configuration. Chargeability anomaly is seen
exactly in the block target position for all iron-ore content consistently. The width of the target
is seen at all content and shown at values boundary of 2-6 ms. The high chargeability is located
at the center of the target body for all iron-ore content. At Wenner configuration, the position
and width of the block target appear in inversion modeling results. The chargeability parameter
really shows the increased value due to the increase of mineral content in the target. The
strongest chargeability anomaly is 80% of iron-ore content. The same result is found in the block
target of 5x20 and 40x5. The result of resistivity inversion modeling always describes the target
geometry and position. Chargeability inversion modeling, thus, can show the width and depth
of the target, but it is not sensitive to geometry. The presence of consistency of chargeability
anomaly changes due to the changes of iron-ore, showing that both are connected directly.

The Slicing of Inversion Modeling

The slicing at various depths from inversion modeling of measurement data is done to
obtain a quantitative correlation of TDIP response to iron-ore content. The depth slicing is made
by inversion modeling result as shown at Table 2. The slicing names for inversion modeling
results are d1-d§ for Dipole-dipole configuration and w1-w8 for Wenner configuration.

This step is applied to all inversion results by using measurement data. The result of
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inversion modeling is a block target with Dipole-dipole configuration and Wenner
configuration for all iron-ore contents. The TDIP response curves to iron-ore content are
obtained from all slices. For example, a slice of 48 is chosen for the Dipole-dipole configuration
because the slice is crossing through the center of the block (Figure 6).

Table 2. Depth incision inversion results

Dipole-dipole configuration Wenner configuration
Incision Depth (cm) Incision Depth (cm)
d1 -0.214 wl -0.313
d2 -0.427 w2 -0.625
d3 -1.282 w3 -1.875
d4 -2.179 w4 -3.188
d5 -3.166 wbh -4.631
de -4.252 wbé -6.219
d7 -5.446 w7 -7.966
ds8 -6.759 w8 -9.888

From the curves in Figure 6a, it can be seen that the greater the iron-ore content in the block
target, the greater the value of the TDIP response is, as shown by its amplitude. It occurs both
on the Dipole-dipole configuration and Wenner configuration. The width of the curve indicates
the width of the block target for the Dipole-dipole configuration. The curve at iron-ore content
ranges from 20% to 80% are coherent with each other with maximum value at zero point. It
shows that the strongest value of TDIP response is at the middle peak of the target and it is
smaller on the side of the target with all iron-ore content. The results are suitable with the
hypothesis that the greater the metallic mineral content, the greater the TDIP response is.

Resistivity (Ohm-m)

Chargeability {ms)

60 (a) -40 40 60 -60 (b) -40 -20 (] 20 40 60

Position (m)

Position (m)

Figure 6. The curves of (a) chargeability and (b) resistivity of depth slicing d8 for Dipole-

dipole configuration. Laboratory physical modeling for block target (20x5) with iron-ore
content 20%, 40%, 60%, 70%, and 80%.

The slice of the inversion resistivity curve in Figure 6b shows no specific pattern of the
amplitude to iron-ore content. At ore contents of 20% and 40%, the amplitude increases.
However, at the content of 60%, it decreases but it increases again at the iron-ore content of 70%.
After that, it decreases again in the iron-ore content of 80%. The width of the curve shows the
width of the target for the Dipole-dipole configuration. The slicing of chargeability and
resistivity curves of the 5x20 and 40x5 block targets have also been generated as shown in Figure
6.
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Figure 7. The graph correlates (a) chargeability and (b) resistivity to iron-ore content in 20x5

block target of Dipole-dipole configuration, at slicing 48, d3 until 48 of depth slicing.

The quantitative correlation between TDIP responses to the iron-ore content is obtained
from the slicing of inversion results, shown in Figures 7a and 7b, as the result of chargeability
and resistivity parameters. The curve in Figure 7a shows a coherent and congruent curve for all
depths which are obtained from the Dipole-dipole configuration and Wenner configuration.
The same values are shown on 20% of iron-ore content. It shows that the smaller of iron-ore
content, the smaller the chargeability value will be and evenly spread in parts of target.

The graph of chargeability increases gradually from small iron-ore contents, starting from
70% and rapidly increases with slope more than 80%. The characteristics of that curve by
Apparao and Sarma are expressed as the boundary of disseminated and massive minerals. The
boundaries are obtained in this research is 70% of iron-ore content. If the iron-ore content in the
target is less than 70%, that target is disseminated minerals. But if the target is greater than 70%,
the target is massive minerals. If it is expressed in Fe-total, the boundary between disseminated
and massive minerals in 25% of iron-ore contents will be obtained.

The similar curve as in Figure 7 is obtained for 5x20 and 40x5 block targets. However, the
chargeability correlates exponentially to the of iron-ore contents (Table 3). All the curves are
identical and show exponential correlation with different exponential index. From all the
curves, the boundaries between massive and disseminated minerals showed 70% of iron-ore
and 25% of Fe-total. The result of resistivity parameter is different as shown in Figure 7b, in
which the resistivity value in all contents show almost the same values. It shows that the
variable that affecting resistivity is not only dominated by metallic mineral contents. Porosity,
clay content, temperature, and some factors do influence the resistivity value.

This research used resistivity value for target and host medium as shown in Table 1. The
resistivity contrast ranges from 2.2 to 4.2 Ohm-m. The ideal resistivity contrast in the physical
modeling is 100 [25]. Although the resistivity contrast is small, the results of inversion modeling
for block target is quietly good. The linkage between resistivity and iron-ore content in the target
cannot be obtained from laboratory physical modeling. The resistivity method is sensitive to
determine the geometry, while the IP method is more sensitive to know the metallic mineral
content in the subsurface. Because of that, in IP survey with metallic mineral target is difficult
to be interpretated based on resistivity value only. To know the presence of metallic minerals in
the survey area, it should be observed from the value and distribution of chargeability.
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Table 3. The quantitative relationship chargeability to iron-ore and Fe-total content at block
targets

Dipole-dipole Configuration Wenner Configuration
Targets Iron-ore Fe-total Iron-ore Fe-total

x) (X) () (x)

Block  m=0.11 exp (0.034)x m=0.11 exp (0.097)x" m=0.09 exp (0.02)x  m=0.09 exp (0.058)x
(5x20)

Block  m=0.04 exp (0.09)x m=0.04 exp (0.26)x" m=0.21 exp (0.055)x m=0.21 exp (0.16)x’
(20x5)

Block m=0.92 exp (0.032)x m=0.92 exp (0.09)x’ - -

(40x5)

m: chargeability (ms), x and x’: iron-ore and Fe-total content (% volume)

CONCLUSION

The theoretical curves which have been derived from the mathematical formulation of the
subsurface model are suitable to be used as examiners for the success of laboratory physical
modeling. The test result shows that the laboratory physical modeling which has been made is
quietly good. The result of inversion modeling on the block model also shows a similar result.
Because of that, the physical modeling which has been made is effective to understand the
behavior of TDIP response. The subsurface parameter includes position and geometry which
can be identified by the result of inversion modeling from laboratory physical modeling data.
The resistivity inversion modeling is more sensitive to identifying the geometry and position of
the target, while the chargeability inversion is more sensitive to identify the distribution of
metallic minerals in the target. From the result of laboratory physical modeling, the boundary
of disseminated and massive minerals can be obtained with an amount of 70% in iron-ore. This
research obtains a quantitative correlation between chargeability and iron-ore content in several
targets with Dipole-dipole and Wenner configurations. Both are connected exponentially with
a different exponential index for a different target. Meanwhile, the correlation between
resistivity and metallic mineral content in the target has not been obtained quantitatively from
physical modeling. The handling procedure of physical modeling has been resulted for the time
domain IP method and to determine the correlation between TDIP responses to the iron-ore
content. This procedure is expected to become standard procedure for handling the physical
modeling of the IP method in the time domain.
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