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Summary
Geoelectric techniques are applied for exploration of copper-porphyry mineralization in North
Kazakhstan. A combined EM and Induced Polarisation method is chosen to delineate anomalies
in the underground. The workflow comprises steps like: EM acquisition, quality control,
preconditioning, inversion, interpretation and Principle Component Analysis. Inversion
processing is done via a finite elements method solving the Cole-Cole formula simulating
Maxwell’s equations. 1D inversion results serve as input for the 3D inversion. Principle
Component Analysis (n-dimensional clustering and distance weighting) and computation of
composite geoelectric parameters enhance the discrimination power. The delineated anomalies
reflect zones of sulphide mineralization, controlled by NW and NE trending faults. Several
targets were proposed based on the EMS-IP data for further test drilling. Two boreholes
demonstrated sources of elevated polarisation: copper-molybdene mineralization and a strong
extensive pyrite halo. The latter is part of the so-called ‘pyrite shell’, typical for large copperporphyry systems. The 3D on EM anomalies give complementary information on volume and
distribution of the mineral resources. EMS-IP is a cost-effective investigation tool that deserves
more attention in geoscience projects.
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Introduction
Currently, more than 65% of the world's copper reserves and about 60% of its world production, as
well as more than 60% of molybdene reserves and about 70% of its production, are accounted by socalled copper-molybdene porphyric deposits (Sillitoe, 2010). These deposits are characterized by large
volumes of low grade Cu (Mo, Au) mineralization and presence of disseminated vertical stockworktype of occurrence. Various commercial deposits of this type are located in Kazakhstan.
EM investigation method is applied to prospect for sulphide mineralization that is characterised by
abnormal induced polarisation (IP) combined with low specific electrical resistance (SER). A pulsed
electrical reconnaissance method was chosen with a grounded source / receiver setup (Davydenko et
al 2015, Belova et al 2019). Electromagnetic sensing and induced polarization (EMS-IP) technology
highlights anomalies caused by polarization effects due to higher concentration ore minerals in the
shallow subsurface (<1km).
The exploration site with the numerous Cu, Au and Mo occurrences and anomalies is located in
northern Kazakhstan, about 150km NE of the capital Astana (Mongol NW). The area was
systematically studied since the 1950s. Many boreholes drilled there intersect intervals with
potentially economic resources of copper, molybdene and gold. Results of geophysical investigations
carried out in 2018 were used to delineate several new sites for exploration drilling. Test wells on
several IP anomalies confirmed presence of copper-molybdenum or copper-bearing pyrite
mineralisations. The amplitude of the mapped geoelectric anomalies are however not always linearly
related to the concentration of the expected sulphide mineralization. Therefore interpretation on a
case-by-case basis stays necessary.
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Combined resistivity and induced polarisation method
The EMS-IP method is a pulsed EM investigation method. The earth is electrically excited via the
input current in dipole A-B and eddy currents in the wiring of that dipole A-B, while the potential
difference is recorded by receiver electrodes (M-N) at a certain distance. The voltage difference is
monitored over time (125ms interval). The transmission process (galvanic and induction) is also
recorded during the “current-off” phase. It permits to register EM induction and induced polarisation
effects. The EMS-IP workflow significantly augments the information obtained by the direct current
geoelectric method and offers the possibility to observe comprehensively the lithological structure
along the EM transect. Beside high-resistive geobodies it also is influenced by response of:
permafrost, basalts, hydrocarbon traps, salts.
Geologic setting
The EM study covers three zones of interest as shown on the overview geological map (Figure 1). All
IP trajectories are located within the granitoid intrusion which belongs to the Ordovician Krykkuduk
complex. It is host to important gold (Yolymbet, Bestube, Aksu, etc.) and copper (Kyzyl-Tu and
Bozshakol) deposits in northern Kazakhstan (Seltman 2013). Intrusion is bounded by Ordovician
tuffs, interlayered with basalt and andesite lavas. Granitoids are intersected by Silurian dykes, sills,
and by a large body of dacite porphyry and breccias (centre of geologic map). There are two
northwest-striking fault zones controlling the quartz-tourmaline stockworks and breccias, associated
with several extensive IP anomalies, but that were already identified in soviet times (Figure 1).

Figure 1: On the left - the geological map (a) of the study area with the outline of three EMS-IP surveys (dashed brown
lines). Note the direction of the dyke swarms along major fault trends that is seen back also in the outline of the mapped
polarization anomalies. In the middle - Resistivity (b) and polarization (d) maps based on 1D inversion at depths of 50-100
m. The retained models are input for the 3D inversion scheme. On the right - Maps of the distribution of apparent resistance
(c) and polarization for later decay times (e) based on the results of the principle component analysis that combines several
diagnostic EM parameters (time derivatives).

Geoelectric surveying and data processing
The acquired EMS-IP data was quality checked and pre-conditioned for further digital processing.
Inverse modelling was done to establish a preferred geologic model to explain best the measured EM
results.
Inversion processing
The inversion uses the Cole-Cole formula (Cole et al. 1941) in a finite element scheme to simulate the
Maxwell’s equations. It describes the processes of polarization caused by polarization (IP) in terms of
the frequency variance of the electrical resistance of the environment (Pelton et al. 1978):

Where the specific electrical resistance is:
is resistance at a constant current; i is an imaginary unit;
 is the circular frequency,  is the polarisation coefficient of the environment (between 0 - 1), is
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constant time of polarization (relaxation time); c is a parameter that determines the width of the
exponential spectrum of the transitional characteristics of the measured potential in the receiver station
(normalised voltage between 0 -1).
The inversion uses a finite-element approach to solve the forward modelling performed in the
ITEM-IP software package. The mathematical basis is published by Persova et al. (2011, 2012 and
2013). The inversion was done in two stage: first 1D and its results are used as input for the
subsequent 3D modelling. A horizontal-layered 1.5 model was used as an initial (S) starting model
that is iterative updated. A small cut-off threshold value between the forward modelled and observed
data controls termination of the iterative process and thus governs the retained earth model of the
inversion process. The average deviation between the observed and the modelled decay curves was
7.6%.
Fifteen direct solution tasks were executed by the inversion algorithm, implementing a sequential
change in model parameters relative to the initial staring model (S). This was done for each of the two
parameters separately: resistance (R0) and polarization coefficient (). Limits have been set for model
data. If the changeable parameter was beyond this limit, the value of the limit was assigned.
Assessment of sensitivity to geoelectric properties along the transect was done. Model response
curves and their derivatives were evaluated for a number of models in which the values of resistance
and polarization changed. The variability of the resistivity and polarization coefficients are captured
by the time derivatives of the geoelectric transition process.
From the calculations it is clear that the change of the resistivity does not significantly vary the
amplitude of the temporal derivative transition process (measured change in potential difference in
receiver electrodes over time: d(DU)/dt), but it shifts the graph itself on the time axis. When the
polarization parameter is altered in the d(DU)/dt curve, there is a significant change in the values of
the maximum and minimum, as well as for the average value from the IP component to the end of the
transition curve (28.5 - 100 ms).
Principle Component Analysis (PCA) allows to co-render composite multi-attributes (Veeken and
Van Moerkerken 2013) and provides a means to augment the discrimination power of the EM dataset
(Belova et al. 2019). But also guided and joint inversion may increase the resolution of the method
(Veeken 2019) as it helps to prevent the algorithm to get stuck in a local minimum (cf Nemtsova et al.
2019).
EMS-IP survey results
3D inversion of the data at depths up to 500 m in the area of the trial open pit, shows the northwest
trending anomaly, which broadly coincides with the swarm of mineralized porphyry dykes (Figure 2).
It was interpreted as the feeding channel for the ore bodies, hosted by the plate-shaped breccias in the
upper part of the deposit. The 365m borehole was drilled in the central part of the anomaly; in the
interval of 348-362m it intersected Cu-Mo mineralization hosted by the shear zone.
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Figure 2: On the left the polarization map (a) at a depth of 500 m based on 3D inversion. Conjugate faulting controls the
outline of the mapped anomalies. MN17 well reached the top of the anomaly and showed Cu-Mo mineralization hosted by
the shear zone. On the right - earth model section along profile 13. (b) SER based on results of 1D inversion; (c)
Polarization using a proper 3D inversion approach. Note the difference in anomaly for resistivity and polarization. Circular
shape of polarization anomaly in map view is related to intrusive nature of rising hydrothermal fluids.

In the northwest corner of the investigation site 3D geoelectric inversion was capable resolving a
large buried polarization object of great vertical extent (not less than 700m from the surface, Figure
2). The anomaly was confirmed by the 316m deep borehole, that intersected the halo of intense
pyritization, accompanied by increased concentrations of Cu, Ag, Pb, Zn and Au. This phenomenon is
interpreted as the ‘pyrite shell’ , typical for so-called “blind” porphyry-style mineralization located
just north of the borehole. While the polarization model allows delineating the zone of sulphidization,
the resistivity model demonstrated a certain correlation with the lithology and an imprint from the
trough-like depression structure. The IP response gives a better discrimination of the target feature.
Conclusions
An EMS-IP electric geophysical survey has been conducted in northern Kazakhstan over coppermolybdene mining sites. The resistivity inversion and its sensitivity to the transition and decay curves
of the geoelectric sections was assessed. The results of the study are summarised as follows:











A Cole-Cole finite difference inversion scheme was used to interpret the EMP-IP dataset.
Inversion was performed in two stages, whereby the 1D results formed input for the 3D
inversion exercise. Buried geobodies with abnormally high polarisation values are
documented, that coincide with zones of increased sulphurization.
The 3D inversion used a horizontal layered starting model and resulted in vertical geobodies
that are in-line with the geologic model of vertical mineralization stockworks. Moreover the
mapped IP anomaly has an outline indicative for fault system segmentation.
The 1D inversion models demonstrate accurate results for a depth up to 150-200m and
characterize areas with contrasting copper mineralization. The modeling delineates zones of
high polarization and reduced resistance, interpreted as zones of high sulphidization; except
where it corresponds to areas of decreased polarization, interpreted as zones of oxidation.
The 3D inversion model allows delineation of the large “blind” polarization anomalies,
interpreted as potential economic zones of sulphidization. Three such zones were delineated
and partly verified by test drilling: 1) the northwest-striking zone below the Open Pit area, 2)
the zone north from the Open Pit area, and 3) the northwest-striking zone in the northwest
corner of the investigation site.
Further sensitivity assessment was done with the aid of Principle Component Analysis. The
mapped structures were given special attention and this effort led to the maturation of three
new boreholes that proved presence of higher metal ore concentrations in depth. The PCA
polarisation parameter proved very useful to outline geological meaningful bodies in the
subsurface. These anomalies have been calibrated by two later drilled shallow wells, serving
as support for the positive prediction value of EMS-IP method.
The results of the EMS-IP geoelectric surveys should be used for delineation of mining targets
and future exploration; the two first priority targets include the supposed large “blind” bodies
of porphyry-type sulphidization, located in the north parts of the Mongol North-West and
North sites.
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