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! Spectral Induced Polarization
2 Induced polarization

¥ Relaxation models

* Mineral liberation analysis
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! Very Fast Simulated Annealing

2 Marquardt-Levenberg

® Robust principal component analysis
* Logratio
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! Maxwell- Wagner polarization
? interfacial

® Displacement currents

* Stern layer

® Electrical double layer (EDL)
® Diffuse layer
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! Electrod polarization (overvoltage)
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Range of ¢ Mean
Rock type values value of ¢
Weathered diorite 0.44-0.72 0.58
Diorite 0.25-0.75 0.53
Marble 0.35-0.69 0.52
Diorite porphyry 0.29-0.41 0.38
Gossan weathered
alluviumm 0.28-0.45 0.35
Gossan 0.14-0.48 0.31
Mineralized diorite 0.20-0.22 0.21
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VFSA-ML 5 VFSA slagy 55l 5l oslizl L Model B (sl o0 obsb sl ol b )V F-Y Jsor

Model VESA VFSA-ML
Parameter

Noise free Noise 1% Noise free Noise 1%
p1 7924.25 9411.33 10000 10111.35
P2 510.45 944.84 500 675.44
p3 5650.52 1470.17 4200 1591.93
m 0.9607 0.947 0.911 0.927
T 0.084 0.0047 0.001 0.0023
c 0.352 0.49 0.5 0.514
t1 53.93 49.73 50 49.94
t, 14.51 53.61 50 45.74
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Coarse-grained pyrite

Fine-grained pyrite

Sample Rho, m; tau, (o m;, tau, Cy
P1 | 1.44E+03 | 0.5282028 | 10701.7 | 1.00E-02 | 1.05E-01 | 1.90E-04 | 2.55E-01
MB2-1180 5> 105E+03 | 1.93E-02 | L.76E+02 | 4.65E-01 | 1.35E-01 | 4.56E-04 | 2.11E-01
PL | 2.20E+03 | 3.16E-01 | 1.71E+01 | 3.67E-01 | 3.72E-01 | 7.74E-03 | 5.45E-01
KBB21. | P2_L | L34E+03 | 1.67E-01 | 5.86E+00 | 2.81E-01 - - -
S30-B9 | P2 2 | 1.67E+03 | 3.96E-01 | 1.41E+02 | 2.57E-01 | 6.37E-02 | 5.99E-04 | 3.31E-01
P2 3 | 458E+03 | 2.21E-01 | 3.40E+00 | 2.37E-01 - - -
KBB2L- P1 | 5.97E+03 | 3.62E-01 | 7.36E+00 | 2.24E-01 - - -
76m P2 | 4.38E+03 | 3.37E-01 | 7.98E+02 | 3.75E-01 | 3.58E-01 | 1.61E+00 | 2.52E-01
P2 1| 3.67E+03 - - - 3.03E-01 | 2.21E-05 | 1.47E-01
6KlE:1$-1H15;2 P2 2 | 3.93E+03 - - - 6.85E-01 | 3.17E-02 | 4.24E-01
P2_3 | 2.95E+03 - - - 6.21E-01 | 3.18E-02 | 3.83E-01
P1 | 6.22E+02 | 6.31E-01 | 3.30E+00 | 2.99E-01 - - -
ElBlall' P2 1 | 2.13E+03 | 2.18E-02 | 3.81E+01 | 6.76E-01 | 2.74E-01 | 3.99E-01 | 2.27E-01
P2 2 | 3.64E+03 | 2.81E-01 | 1.00E+03 | 2.85E-01 | 2.36E-01 | 3.15E-01 | 2.37E-01
KBClL. | P2_L | 2.91E+03 - - - 6.00E-01 | 5.68E-02 | 3.66E-01
H122 P2 2 | 3.14E+03 | 3.76E-01 | 2.86E+00 | 1.99E-01 | 1.50E-01 | 8.00E+01 | 1.92E-01
KBC12- | P1 | 3.03E+03 | 6.59E-01 | 4.92E+04 | 1.59E-01 - - -
R64-588
KBC12- | P2 | 1.69E+03 - - - 3.01E-01 | 3.47E-02 | 3.87E-01
598
P1L | 3.29E+03 - - - 3.01E-01 | 4.92E-02 | 3.18E-01
KsBl%llz' P2_1 | 2.91E+03 - - - 2.63E-01 | 4.27E-01 | 3.01E-01
P2_2 | 3.62E+03 - - - 1.45E-01 | 1.54E-02 | 2.80E-01
KBCB6L. | PL | L.56E+03 | 2.06E-02 | 1.55E+02 | 5.93E-01 | 1.75E-01 | 1.47E-02 | 3.19E-01
87 P2_1 | 4.71E+03 | 7.26E-02 | 9.07E+01 | 6.20E-01 | 3.51E-01 | 2.90E-05 | 1.96E-01
KBCB6L. | P2_L | 2.54E+03 - - - 5.79E-01 | 5.14E-02 | 3.76E-01
131m [ P2 2 | 4.56E+03 - - - 2.85E-01 | 8.86E-02 | 3.53E-01
KBCB61- | Pl | L.70E+03 | 6.22E-02 | 2.34E+01 | 5.44E-01 | 3.16E-01 | 4.47E-02 | 3.73E-01
51%;]32' P2 | 2.35E+03 - - - 2.59E-01 | 3.62E-02 | 3.03E-01
PL | 4.62E+02 | 5.00E-01 | 1.14E+02 | 5.02E-01 | 3.12E-01 | 3.59E-01 | 2.35E-01
KBC13. | P2_L | 451E+02 | 6.53E-01 | 1.28E+02 | 4.24E-01 | 1.95E-01 | 1.02E-02 | 3.65E-01
R47-S103 | P2 2 | 7.20E+02 | 7.43E-01 | 1.02E+03 | 2.84E-01 | 1.21E-01 | 3.07E-03 | 2.98E-01
P2 3 | 2.34E+03 | 524E-01 | 1.94E+03 | 4.19E-01 | 2.63E-01 | 3.39E-02 | 1.93E-01
P2 1| 2.92E+03 | 7.93E-02 | 1.68E+01 | 3.37E-01 | 7.64E-02 | 1.12E-03 | 3.35E-01
KE;S?' P2 2 | 447E+03 | 3.15E-02 | 1.34E+03 | 4.33E-01 | 1.60E-01 | 4.13E-03 | 2.60E-01
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Coarse-grained pyrite Fine-grained pyrite

Sample RhOQ fl ms tau, Cy f2 m, tau, Cy

KBC13- P2_1 | 2.28e3 | 6.33e- | 6.33 | 8.195e-04 | 0.332 | 0.446 | 4.46 | 9.015 0.38
R47-S103 01

KBB21- P1 | 2.878e3 | 0.685 | 19.86 | 1.757e-12 | 0.105 | 0.195 | 5.65 | 2.41e-03 | 0.702
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ol U L e e s oad ool SIP Gl v 1y S5 Slol 8 4y 4z g5 b g el ainlyss

SLS 55 99 il ool i L3 wlalllas a8 LT 51 ,Sus Gk 51wl o iy yiudad SIS

0,18 099 adlate ;3 (5l 1) 55,b 9 (Hsb Cud)d) pode Co

KBB21-530-B9(P1) 5 KBC13-R47-S103(P2_1) slaisei sl SIS Jlsl3 Jsuz ¥-F Jsu

Mineral KBC13-R47- KBB21-S30- KBC13-R47- KBB21-S30-
S103(P2_1)- B9(P1)- S103(P2_1)- B9(P1)- Area%
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Element Max. Min. Mean Med. Mode Var. St.d. Sk. Kurt.
Au (ppb) 4500 1.00 62.08 2.50 1.00 141138.5 375.7 9.52 100.2
Ag (ppm) 5.60 0.15 0.20 0.15 0.15 0.15 0.39 1290 1784
Al (%) 3.93 0.01 0.80 0.56 0.01 0.59 0.77 1.37 1.71
As (ppm) 2550 150 32.68 4.00 1.50 33185 182.2 12.43 168.8
Ba (ppm) 940 750 42.36 30.00 7.50 5255 72.49 9.24 108.8
Be (ppm) 2.50 0.38 0.40 0.38 0.38 0.04 0.19 9.25 91.04
Bi (ppm) 16.00 1.50 1.93 1.50 1.50 2.83 1.68 5.66 37.09
Ca (%) 20.00 0.05 4.84 0.50 20.00 57.30 7.57 1.38 0.10
Cd (ppm) 10.00 0.38 0.45 0.38 0.38 0.46 0.68 13.22 185.2
Co (ppm) 61.00 0.75 9.69 7.00 0.75 89.03 9.44 1.86 4.99
Cr (ppm) 135.00 0.75 14.27 7.50 0.75 374.19 19.34 3.00 12.03
Cu (ppm) 150.00 0.75 17.27 12.00 5.00 408.75 20.22 3.86 20.24
Fe (%) 15.00 0.04 2.78 2.51 0.11 5.02 2.24 1.80 6.84
Hg (ppm) 170.00 750 1556 10.00 10.00 326.95 18.08 5.03 32.44
K (%) 0.66 0.01 0.13 0.10 0.01 0.01 0.12 1.62 3.45
La (ppm) 30.00 7.50 8.50 7.50 7.50 7.92 2.81 5.38 34.21
Mg (%) 6.68 0.01 0.77 0.41 0.03 1.08 1.04 2.88 10.44
Mn(ppm) 1745 20.0 480.2 395 195.0 115951.5 340.5 0.83 0.46
Mo(ppm) 5.00 0.75 1.03 0.75 0.75 0.43 0.65 3.13 10.40
Na (%) 0.07 0.01 0.02 0.01 0.01 0.00 0.01 1.44 1.46
Ni (ppm) 83.00 0.75 19.00 13.00 1.00 340.60 18.46 1.36 1.22
P (ppm) 3090 7.50 571 520 7.50 196779 443.6 1.53 4.94
Pb (ppm) 166.00 1.54 10.90 8.00 1.54 303.06 17.41 5.98 44.27
Sc (ppm) 1.00 0.01 0.02 0.01 0.01 0.01 0.07 10.99 140.3
Sr (ppm) 10.00 1.50 2.03 1.50 1.50 2.31 1.52 3.65 13.43
Ti (ppm) 13.00 0.75 2.24 1.00 0.75 418 2.04 2.17 5.54
U (ppm) 990 1.00 1135 19.00 8.00 36343 190.6 2.25 4.88
V (ppm) 0.15 0.01 0.03 0.01 0.01 0.00 0.03 1.86 2.73
W (ppm) 10.00 7.50 7.60 7.50 7.50 0.25 0.50 464 19.74
Zn (ppm) 144.00 0.75 1854 10.00 1.00 556.68 23.59 2.42 6.76
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Element PC1 PC2 PC3 PC4 PC5

Au 0.04 0.15 -0.07 -0.20 0.52
Al -0.30 0.05 0.01 -0.09 0.06
As 0.09 -0.10 -0.40 -0.36 -0.09
Ba 022 021 0.18 -0.06 -0.16
Ca 0.16 0.36 -0.25 0.03 -0.04
Co 0.28 -0.14 -0.02 -0.01 0.14
Cr -0.25 0.18 0.13 -0.19 0.04
Cu -0.24 0.09 0.07 0.09 -0.07
Fe -0.28 0.02 -0.08 0.15 -0.17
Hg 0.01 -0.04 0.12 -0.58 -0.35
K 024 0.18 0.08 -0.02 -0.34
Mg -0.01 043 -0.23 -0.16 0.02
Mn -0.24 0.04 -0.09 0.18 -0.20
Mo -0.01 0.18 0.29 -0.32 0.27
Na 0.14 033 024 -0.13 -0.02
Ni -024 025 0.18 0.00 -0.10
P -0.28 -0.01 -0.13 -0.01 0.01
Pb 002 013 042 018 0.14
S -0.19 -0.17 023 -0.20 0.12
Sb -0.11 -0.20 0.00 -0.27 -0.37
Sc 024 -0.15 0.18 -0.08 0.05
Sr -0.13 -0.38 0.29 -0.12 0.07
Ti 0.16 008 031 021 -0.32
\ -0.26 0.22 -0.01 -0.14 -0.03
Zn -0.27 0.07 0.06 012 0.01

Variance (%) 417 139 92 6.7 41
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Au 046 -0.05 0.01 0.85 -0.06
Al -0.18 -0.15 -0.05 0.00 -0.12
As 028 0.17 -0.51 -0.13 0.56
Ba 0.11 -0.29 0.17 -0.07 0.03
Ca -0.16 0.64 0.35 0.0/ 0.08
Co -0.14 -0.02 -0.14 0.08 0.06
Cr -0.27 -0.13 -0.26 0.04 -0.21
Cu -0.04 -0.04 -0.13 -0.04 0.37
Fe -0.05 -0.03 -0.04 0.00 -0.01
Hg 0.17 -0.01 0.04 -0.12 0.02
K 0.14 -0.21 0.21 -0.24 -0.06
Mg -0.39 -0.06 -0.02 0.12 -0.05
Mn 0.01 0.10 0.00 -0.03 0.01
Mo 0.15 -0.02 0.07 -0.13 -0.06
Na 020 -0.14 0.26 -0.11 -0.01
Ni -0.14 0.06 -0.36 0.01 -0.11
P -0.05 -0.08 0.11 0.00 -0.09
Pb 031 0.23 -0.22 -0.24 -0.54
S 0.13 0.00 0.07 -0.12 -0.04
Sb 0.14 0.00 0.07 -0.14 -0.06
Sc -0.14 -0.02 0.03 0.06 -0.05
Sr -0.11 046 0.20 0.038 0.05
Ti -0.11 -0.25 0.32 -0.02 0.37
V -0.30 -0.11 -0.10 0.15 -0.07
Zn -0.02 -0.03 -0.09 -0.01 -0.02

Variance (%) 272 19.2 167 111 54
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Abstract

Mineral resource exploration has always been the focus of interest in the field of geoscience and thereby,
various techniques have been developed for this purpose.

The aim of this research work is to investigate whether the spectral induced polarization (SIP) data
modeling and recovering the induced polarization effects from 1-D inversion of frequency domain
helicopter-borne electromagnetic data (HEM-IP) is possible for the purpose of polarizable resource
exploration. Furthermore, the analyses of geological, litho-geochemical and mineralogical data and
ground-based geophysical induced polarization and resistivity (IP-Res.) surveys have been conducted for
validating the result of both the SIP and HEM-IP modeling.

We conducted our case study in the Kervian area located in the southwest of Saqgez city, northwest of
Sanandaj-Sirjan zone. In the study area, gold mineralization is associated with quartz and pyrite minerals.
However, two varieties of pyrite mineral including coarse-grained barren and fine-grained auriferous
mineral have occurred in the study area. The occurrence of sulfide mineral, i.e. pyrite mineral, as well as
the difference between the sizes of pyrite minerals is a favorite target for SIP investigation. Therefore, in
the first step of this research work, we acquired the SIP data from 33 pieces taken from the core samples
of the mineralized zone of Kervian gold deposit. To model the acquired SIP data, we applied different
relaxation models including the Cole-Cole, double-phase generalized Cole-Cole, Deby decomposition
and spherical and ellipsoidal GEMTIP. To recover the relaxation model parameters, we implemented a
least square and combined genetic algorithm and particle swarm optimization (CGAPSO) algorithm. The
results of our research revealed that all of the relaxation models are well fitted to the complex
resistivity/conductivity spectra. However, the recovered model parameters of single phase Cole-Cole and
the double-phase generalized Cole-Cole provide the most reliable information considering the results of
mineralogical evidences. Moreover, the failure of spherical GEMTIP to recover the reliable model
parameter from the measured SIP data has been revealed. In addition, the ellipsoidal GEMTIP modeling
of noisy synthetic data indicates that recovering of either time constant or ellipticity cannot be achieved
well because of the mutual interaction between these relaxation model parameters. However, as a
prominent result of this part of our research, we could to discriminate two varieties of pyrite mineral
using SIP data modeling, successfully. The result of our investigation is also verified using mineral
liberation analysis (MLA) data analysis.

Our investigation, also, revealed that incorporating the SIP data into the HEM data shifts the magnitude
of real part of acquired HEM data in the low frequency and it may get negative value if the IP effect is
strong. This feature could be used as a novel signature for detecting the polarizable formations using
frequency-domain electromagnetic data. Thereby, we developed a hybrid algorithm based on very fast
simulated annealing and Marquardt-Levenberg (VFSA-ML) methods for recovering the corresponding
model parameters from 1-D inversion of HEM data. We applied the code to recover the Cole-Cole model
parameters from the HEM data acquired from Kervian gold deposit successfully. Furthermore, we
implemented the imperialist competitive (ICA) algorithm to recover the SIP model parameters from
synthetic HEM data successfully.

Then, we applied a multivariate statistical robust principal component analysis (PCA) to extract the
multivariate structure of both compositional and log-ratio transformed litho-geochemical data of Kervian
gold deposit.

Robust PCA of untransformed data is not capable of certifying element association. However, in the
robust PCA analysis of transformed data, both varieties of gold mineralization have been revealed. The
first gold occurrence is detected in PC1 and it is associated with Pb, As, Hg, Mo, S and Sb elements in
quartz-sulfide veins. The second one, PC4, could be correlated with quartz veins. The results indicate that
the robust PCA of logratio transformed data improves the interpretation of geochemical data and provides
more reliable information about the gold mineralization of the type sought.

Eventually, the gold potential mapping has been performed by combining the exploratory evidential
maps, i.e., geological, geophysical and geochemical maps, using fuzzy analytic hierarchy process (FAHP)
in the geographic information system (GIS) environment. The main anomaly of Kervian area is detected
using our approach and it is also validated by ground-based geophysical IP-Res. Surveys.

Key words: Spectral induced polarization, HEM, Hybrid VFSA-ML, CGAPSO, Imperialist competitive
algorithm, Robust PCA, Log-ratio transformation, Fuzzy AHP.
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