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ABSTRACT

Airborne geophysical methods offer a substantial advantage
compared to ground-based techniques in exploring territories of
different sizes, ranging from entire metallogenic provinces to
the deposit scale, including those hosting critical minerals.
An airborne method with measurements of natural magnetic
field variations, known as audio frequency magnetotellurics
(a passive field method), significantly increases the depth of in-
vestigation and expands the resistivity detection range compared
with some controlled-source primary-field methods. We de-
scribe the technical solutions used in an airborne electromag-
netic passive system with a mobile sensor of the total magnetic
field variations and the stationary sensor of electric field varia-
tions, and its applications to recovering the complex geology of
hydrothermal-magmatic systems often associated with critical

minerals. The system’s ability to explore depths, typically be-
ginning from the near-surface and down to 1–2 km, by record-
ing responses in three orthogonal inductive coils over a broad
bandwidth from 22 Hz to 21,000 Hz allows for mapping
resistivities across a broad range. This capability is crucial
for obtaining more comprehensive exploration models. Field
case studies of the natural field system include application in
exploring for unconformity uranium mineralization, along with
other associated minerals, epithermal gold and polymetallic-
bearing structures, and ferromanganese and polymetallic depos-
its formed in a continental rift valley. An extra case study involv-
ing kimberlites was incorporated as a proven example of the
natural field system’s capability in conducting near-surface
and deep investigations. The case histories illustrate the airborne
natural electromagnetic field technology capabilities in recover-
ing geoelectric models and their specific patterns.

INTRODUCTION

Airborne electromagnetics (AEM) is commonly used in mineral
exploration programs to map resistivity and detect geologic targets

of interest. However, AEM systems’ different measurement princi-
ples and technical designs have varying advantages and limitations

in their exploration capabilities and practical usage under different

geoelectrical conditions. The depth of investigation of AEM sys-
tems with controlled primary-field sources is limited, particularly

in conductive environments or in the presence of conductive over-
burden, and is highly dependent on system orientation (Allard,
2007). Furthermore, the detectable range of resistivity for most
common “off-time” time-domain systems only covers the range
of resistivity variations, approximately, below 1000 Ωm, and is lim-
ited in the detection of highly conductive mineral assemblages
(Annan et al., 1996; Smith, 2001), although the use of “on-time”
data can potentially expand the time-domain detectability range
by about a decade at the high- and low-conductivity extremes

Manuscript received by the Editor 14 April 2023; revised manuscript received 26 August 2023; published ahead of production 25 September 2023; published
online 12 December 2023.

1Expert Geophysics Limited, Aurora, Ontario, Canada. E-mail: alexander@expertgeophysics.com (corresponding author); andrei@expertgeophysics.com;
robert@expertgeophysics.com.

2Qazaq Geophysics, Zhezkazgan, Kazakhstan. E-mail: sergey.belyakov@kazakhmys.kz; nurganym.esimkhanova@kazakhmys.kz.
© 2024 The Authors. Published by the Society of Exploration Geophysicists. All article content, except where otherwise noted (including republished

material), is licensed under a Creative Commons Attribution-ShareAlike 4.0 International License (CC BY-SA). See https://creativecommons.org/licenses/
by-sa/4.0/. Distribution or reproduction of this work in whole or in part commercially or noncommercially requires full attribution of the original publication,
including its digital object identifier (DOI). Derivatives of this work must carry the same license.

WB13

GEOPHYSICS, VOL. 89, NO. 1 (JANUARY-FEBRUARY 2024); P. WB13–WB23, 15 FIGS.
10.1190/GEO2023-0224.1

D
ow

nl
oa

de
d 

01
/1

0/
24

 to
 9

9.
25

5.
16

5.
93

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
S

E
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/p
ag

e/
po

lic
ie

s/
te

rm
s

D
O

I:1
0.

11
90

/g
eo

20
23

-0
22

4.
1

https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1190%2Fgeo2023-0224.1&domain=pdf&date_stamp=2023-12-12


(Smith and Annan, 1998). Diagnostic limitations also exist in a
“tipper” type of audio frequency magnetotellurics (AFMAG)
system, which is only sensitive to conductivity contrasts, not abso-
lute conductivities, limiting the ability to obtain a comprehensive
geoelectrical characterization (Jansen and Cristall, 2017). In addi-
tion, some “tipper” type systems can lack a remote reference station
(used for providing bias-free data) and have a limited frequency
bandwidth with a comparatively small number of frequencies
(Legault et.al., 2009; Lo et al., 2009). Furthermore, any required
tilt corrections for the data of a single component can be imprecise
(Kuzmin et al., 2010), especially over rugged terrain.
The MobileMT system is a recent advancement in passive airborne

electromagnetic technology. This airborne electromagnetic system ex-
ploiting natural electromagnetic (EM) fields is an efficient tool for
mineral exploration in various geologic and geoelectrical terrains,
with anomalous features evident on our sections at depths between
1 km and 2 km, depending on the environment’s overall conductance.
The broad bandwidth for recording responses has allowed us to obtain
inverted (with 2D models) resistivities from 1 Ωm, confirmed by
direct comparison with ground MT (Prikhodko et al., 2022), to
20,000Ωm, in a field example presented subsequently. The case stud-

ies from MobileMT surveys are presented over areas with known and
possible mineral deposits, occurrences, and mineralization-controlling
structures. The recovered resistivity-depth images are compared with
conceptual geologic models of the mineralization systems, which il-
lustrate the system’s capabilities in imaging mineralization-control-
ling structures and their diverse geometries and wide resistivity range.

KEY TECHNICAL SOLUTIONS AND DATA
PROCESSING

The operating principle of the airborne natural-field MobileMT
EM technology is a combination of magnetotelluric (MT) and mag-
netovariational concepts (Prikhodko et al., 2022). The measuring
system includes two main parts (Figure 1):

1) Three orthogonal dB/dT inductive coils fixed rigidly to each
other (Figure 1b) in a drop-shaped shell towed 97 m below
the helicopter. Variations of the magnetic field (H-field) mea-
sured by the inductive receiver are recorded digitally in an
acquisition system placed inside a helicopter. It is unneces-
sary to monitor or control the tilt precisely because the meas-
urement system provides total-field data.

2) Two pairs of independent grounded orthogonal electric lines
positioned a fewmeters apart (Figure 1a) for measuring “main”
and “reference” variations of the electric field (E-field). The
electrodes separation is, typically, 100 m but depends on
the natural signal level. The data from the stationary measure-
ment system are recorded similarly to the mobile H-field ac-
quisition system. One of the reasons for choosing electrical
components for reference is the capacity to control the natural
signal strength by changing the length of the dipoles.

The electrical base station consists of two orthogonal pairs of
grounded lines with simultaneous but independent data acquisition
channels. One is used as a reference for applying the cross-spectral
technique, in a similar fashion to that described by Labson et al.
(1985), to remove auto-power bias distortions. The denoised and
corrected E-field data represent the primary natural EM field var-
iations. They facilitate the separation of the time-variance from the
space-variance of the measured fields (like in MV).
The preference for using electric field variations at the base sta-

tion versus magnetic field is supported by field experiments in the
Sierra Nevada of California, where the electric field reference was
used “because the signal-to-noise ratio (S/N) for the electric field
measurements was much higher than the S/N for the magnetic field”
(Labson et al., 1985).
In addition, the combination of magnetic (H) and electric (E)

fields variations allows the use of the concept of the admittance ten-
sor introduced by Thomas Cantwell in 1960 as Y ¼ H=E
(Cantwell, 1960; Jones, 2017) and, ultimately, the calculation of
apparent conductivities corresponding to different frequency bands:

σðωÞ ¼ μωjY2j; (1)

where μ is the magnetic permeability of free space and ω is the
angular frequency.
Having magnetic and electric field data variations measured in

different relative orientations and in different relative directions,
magnitudes of total H and E vectors independent of the sensors’
spatial attitudes are calculated at the same frequency and time as

Figure 1. MobileMT system in survey configuration. (a) Schematic
representation of a base station, which includes two pairs of indepen-
dent grounded orthogonal electric lines in the same position, (b) shows
a schematic representation of three orthogonal dB/dT inductive coils.
These are in the tear-drop shaped housing (or bird) towed by a 97 m
cable attached to a helicopter. The system also has a magnetometer
to measure total magnetic intensity of the earth’s field (not further
discussed in this paper).
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jHðfÞj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðHzðfÞ2 þHxðfÞ2 þHyðfÞ2

q
Þ; (2)

jEðfÞj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðExðfÞ2 þ EyðfÞ2Þ

q
; (3)

where f is frequency, H and E are the total vectors of the magnetic
and electric fields, HðzxyÞ and EðxyÞ are the magnetic and electric
fields in orthogonal directions, respectively.
The calculations follow the methodology outlined by Kuzmin et al.

(2010). However, in the MobileMT context, electric field components
are used at the base station instead of usingmagnetic field components.
The vector components HðfÞ and EðfÞ are compared, and the

attitude-invariant properties of the relating tensors are calculated.
Like another AFMAG prototype, AirMT (Kuzmin et al., 2010,
Prikhodko et al., 2022), the 3D vector of magnetic field variations
can be correlated with changes in the vector derived from the hori-
zontal components at a base station. However, in the case of Mo-
bileMT, the latter components are of the electric field. The relation
between the two vectors HðfÞ and EðfÞ can be expressed through
the 3 × 2 matrix tensor (T):2

4Hx
Hy
Hz

#
¼

2
4TxxTxy
TyxTyy
TzxTzy

3
5�Ex

Ey

�
: (4)

Given that the electromagnetic wave is treated as a planewave, it is
possible to establish a coordinate system for which the 3D magnetic
complex vector can be represented as two 2D vectors, one real and
one imaginary, with the third coordinate component set to zero. The
resulting 2D vectors can be processed by known methods used in the
ground MT method for processing 2D electric vectors (Vozoff, 1972)
and incorporating of a reference signal (Anav et al., 1976). In the
result of the processing, a determinant of the T matrix defining rela-
tion between the HðfÞ and EðfÞ vectors is calculated. This determi-
nant is independent of the sensors (ground and in the air) orientation
and reflects the relationship between signal energies at ground and
airborne survey locations. It is one in homogeneous regions but
changes in the presence of lateral conductivity variations (Kuzmin
et al, 2010). Because the rotation invariant parameters do not require
an attitude correction to remove the mixing effect of horizontal fields
with vertical field components, the S/N is higher than in tipper mea-
surements in the air (Legault and Fisk, 2012). During an aerial survey,
the distance between the magnetic and electric field receivers varies
between a few and 30–40 km.Measurements at longer distances have
yet to be tested. However, a very long separation between the receiv-
ers will most strongly affect data corresponding to high frequencies,
which may be critically important depending on the exploration task
and geoelectrical conditions.
The EM field variations are measured in 22 Hz–21 kHz frequency

range. The natural EM field in this frequency range is primarily a
consequence of atmospheric electric discharges that accompany thun-
derstorms on a global scale (Labson et al., 1985). The time-series data
(Figure 2) are digitized and recorded at a 73,728 Hz sampling rate,
with data synchronized by the global positioning system (GPS) tim-
ing. One measurement “station” along a survey line results from time
series data acquisition, conversions to the frequency domain and aver-
aging of the resulting data for 1.5 s or 2 s (selectable). The averaging
results in a 40–50m station spacing at 90 km/hour the nominal aircraft
speed. The distance between stations in the final databases is usually

12–15 m (depending on the flight speed), resulting from the contin-
uously moving and overlapping time window (1.5 or 2 s) during the
time series processing.
The signals of two denoised horizontal electric components, and

three magnetic components, are processed with the MT response
functions based on linear relations between components of the elec-
tric and magnetic fields. The fast Fourier transform technique is ap-
plied to the merged recordings with the calculation of six admittance
matrices of the relations between the magnetic and electrical signals
in a set of serial frequency windows. The total frequency range is
typically divided into 30 windows, as shown in Figure 3. The fre-
quency window widths correspond to the length of the vertical lines
on the graph. The frequency windows and their centers are custom-
izable depending on the frequency of anthropogenic sources and
other external noise if it exists.
The actual set of frequencies accepted for the final databases de-

pends on the natural signal strength during each survey and the
characteristics of external electromagnetic noise if present. The typ-
ical number of accepted apparent conductivities for a survey is in
the range of 12–20.
Station-to-station static correction of the airborne EM data is not

required due to the constant position of the E-field measurement
system and the absence of measurements of galvanically distorted
electric fields between stations. However, the static shift between
survey blocks with different positions of the E-field base station
is essential (Sattel et al., 2019). Prior resistivity data from a survey

Figure 2. Time series data recorded simultaneously during approxi-
mately 30ms by three orthogonal inductive coils in the air (H-field) and
by two orthogonal pairs of grounded lines (E-field).
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region can be used as a reference for overall data calibration. In
practice, apparent conductivity data calibration, or correction, is
not required when more-or-less uniform overburden covers an area.
However, it is essential when comparatively significant changes in
the near-surface geoelectrical conditions exist. Apparent conductiv-
ities acquired during MobileMT surveys, such as the field examples
in the paper, are checked to see if their average resistivity is con-
sistent with the known or estimated average in a region.
This airborne electromagnetic technology offers several advantages,

such as: (1) its ability to investigate a wide depth range (from the near-
surface to 1–2 km and deeper if a geologic environment is highly
resistive); (2) sensitivity to geoelectrical boundaries in any direction
(from horizontal to vertical); (3) sensitivity across a broad range of
resistivities (confirmed by direct comparison with ground MT and re-
covered in 2D models) from 1Ωm (Prikhodko et al., 2022) to approx-
imately 20,000 Ωm, in the case study from the Athabasca Basin
subsequently); and (4) high spatial and depth resolution. Furthermore,
the MobileMT data output relies less on terrain clearance than systems
with controlled-source transmitters. Figure 4a shows the variation of
the receiver altitude over an area with very rugged relief (between
2700 m and 4000 m above sea level, ASL) and the calculated apparent
conductivities corresponding to low (Figure 4b) and high frequencies

(Figure 4c). There is negligible influence of the terrain clearance on the
apparent conductivity data. In more typical surveys, the nominal
receiver height above the surface is 60–70 m.
Data from MobileMT surveys have been compared directly with

other airborne EM technologies, and MobileMT, with its broad range
of frequencies, is capable of covering the depth range generally
achieved by three other methods — tipper AFMAG, time-domain
and very low frequency (VLF) (Moul and Witherly, 2020). A com-
parison of MobileMT and airborne time-domain controlled-source
data (Figure 5) shows a strong correlation between geologic features
evident on the color grid generated from 256 Hz MobileMTwindow
and profiles from a roughly comparable time window measured with
the VTEMATDS system. In this case, the tops of conductive zones in
the area are located between 70 m and 120 m, as interpreted from a

Figure 3. Typical MobileMT data frequency windows with centers
from 26.3 at the channel 1 to 21,542.5 Hz at the channel 30.

Figure 4. Illustration of the lack of artifacts associated with terrain clearance on the calculated apparent conductivity data: (a) distance between
MobileMT H-field receiver and the surface over a survey area; (b) apparent conductivity color grid, from 34 Hz data; and (c) apparent con-
ductivity color grid, 4290 Hz. These data are from a MobileMT survey in Colorado.

Figure 5. MobileMTapparent conductivity color grid (256 Hz) with
overlapped VTEM dB/dt profiles in the 0.145–1.333 ms off-time
range in the log-linear scale with the largest amplitude 17.5 pV/
(A * m4) (Porcupine mining district, Ontario, Canada).
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low-frequency ground resistivity survey and confirmed by drilling
(Kaminski et al., 2011).

DATA INVERSIONS

Conjugate gradient adaptive unconstrained 1D
inversion

A nonlinear least-squares iterative 1D inversion algorithm based
on the conjugate gradient method with the adaptive regularization
and weighting of the inverted parameters (Zhdanov, 2002) can be
used to invert apparent conductivities derived from the natural
EM fields variations data. This is most useful for the rapid generation
of resistivity depth images. These can be used for preliminary inter-
pretation and to identify “bad points” induced by external noise
sources or associated with low-amplitude natural fields at one or
more frequencies. The depth images also can be used to select data
for further inversions and preliminary estimation of the depth of in-
vestigation based on the sensitivity or Jacobian matrix (Christiansen
and Auken, 2012). If applicable, the 1Dmodel can be further used for
developing a data static correction strategy.

MARE2DEM nonlinear adaptive finite-element
inversion

MARE2DEM is a freely available source code based on a goal-
oriented adaptive finite-element algorithm that computes highly
accurate solutions for 2.5D MT problems (Key, 2016). We have
developed tools to generate MobileMT data input files and develop
unstructured triangular element grids for all survey lines to use in
the MARE2DEM code. This enables the inversion of large amounts
of airborne electromagnetic data. The 2021 version of MARE2-
DEM is capable of handling MobileMT data specifically because
it includes the option of a stationary base used as the E-field for
all measurement stations along a survey line.
The unstructured finite-element triangular grids (meshes) provide

high geometric flexibility during the inversion process. This way of
subsurface media discretization is highly efficient in modelling
complex and highly variable structures (Key and Weiss, 2006) and
relevant to MobileMT total-field data because it is sensitive to geo-
electrical boundaries at any orientation.

FIELD EXAMPLES

Almost all field examples presented here are taken from Mobi-
leMT surveys conducted as part of exploration programs for various
commodities, such as critical minerals. The case study of a known
kimberlite pipe in Ontario, however, is based on data acquired dur-
ing a test survey.
This case study example in which we use the 1D inversion of

apparent conductivity data, and all others presented, use MARE2-
DEM. A uniform half-space was the starting model for all the 1D
and 2D inversions of the processed apparent conductivity data.

Lake Timiskaming kimberlite field (north-eastern
Ontario, Canada)

The KL-01 kimberlite was discovered, along with other pipes, in
the Klock and van Nostrand townships by Contact Diamond Corp.
in 2004, using a combination of till sampling and geophysical meth-
ods. The Geological Survey of Canada also studied the kimberlite

pipe in 2005, using volcanoclastic kimberlite breccia samples from
diamond drill core (McClenaghan et al., 2008). The KL-01 kimber-
lite is covered by 1–4 m of till, as noted by McClenaghan et al.
(2008), but according to the core logging from hole KL01-1, the
thickness of overburden/boulders is 13.7 m (Sobie, 2004). The bed-
rock geology in the vicinity of the kimberlite consists of Paleopro-
terozoic rocks of the Lorrain and Gowganda formation. The
kimberlite body (approximately 150 m × 300 m) has an elongated
morphology following an azimuth at 325° parallel to the trend of the
Kerry Lake fault (McClenaghan et al., 2008).
In 2021, Expert Geophysics Limited flew a test survey over the

KL-01 and KL-22 kimberlite pipes with a modified system called
MobileMTm that has a GPS antenna and two magnetic sensors on
the same housing (bird) that are used for the three inductive receiver
coils. The effective areas of the inductive coils and the total weight
of the towed system are reduced versus a standard MobileMT. Re-
sults of the survey over the KL-22 pipe are presented by Prikhodko
et al. (2022). This paper presents the results for KL-01, located 5 km
from KL-22. The positions of the historic drillholes are presented
over an image of the MobileMT apparent conductivity calculated
from the 5381 Hz data (Figure 6). Of the two drillholes, KL01-D4
and KL01-1 intersected hypabyssal kimberlite (containing baked
and concentrically zoned limestone xenoliths), and KL01-1 inter-
sected tuffisitic kimberlite breccia with nonmagmatic inter clast
matrix below 375 m ASL.
The one-dimensional inversions used the same starting model for

each measurement station. All 200 layers had a thickness of 20 m, and
the resistivity of all layers was set to the average resistivity for all 16
accepted frequencies (in the range 102–17,099 Hz) along line L4060
(location shown in Figure 6). The estimated logarithmic convergence
(eln), as defined by Zhdanov (2009), is the square of the difference
between the natural logarithm of the observed (obs) and predicted (pr)
resistivity data. This quantity was generally between 0.0145–0.0178
(Figure 7), considering these fits reasonable for MobileMT data. The
data inversion results demonstrate the MobileMT system’s capability
to detect the kimberlite pipe.

Figure 6. Color grid of the apparent conductivity calculated from
5381 Hz data over the area around the KL-01 kimberlite pipe, with
the position of drillholes and the survey line L4060.
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Athabasca basin (Canada, mono- and polymetallic
unconformity-associated uranium mineralization)

The Athabasca basin contains diverse deposits in terms of their
shapes, sizes, and compositions, and has been reviewed by Jefferson

et al. (2007). These deposits can range from uranium monometallic
veins “ingress style”, typically found in the basement, to polyme-
tallic (complex) lenses located just above or straddling the uncon-
formity (U/C) “egress style”. The mineralization can contain
varying amounts of Ni, Co, As, Pb, and trace amounts of Au, Pt,
Cu, REEs, and Fe. The deposits often are associated with the highly
conductive graphitic zones below the U/C. Weakly conductive clay
alteration features or highly resistive silicification in the overlying
sediments can indicate the alteration that accompanies the deposits
(Mwenifumbo et al., 2004).
Figure 8 shows, in the top part, the project area (from the Virgin

River shear zone) with the vertical derivative of the magnetics and
conductive structures (red lines). The map is taken from Baselode
Energy Corp. (2020). Also marked on the map is the location of two
lines, L3760 and L3840. The bottom part of Figure 8 shows the
resistivity section derived from 2D inversions for L3760 and two
conductive structures (A1 and A2) marked in the section. The right
structure A2 is indicated to outcrop. These structures have been in-
terpreted to be approximately 600 m apart along this line. They
were mapped across a strike length of approximately 7 km and
are identified as fault zones with depths of up to 1 km. The
MobileMT data revealed “bifurcating and subparallel structures that
were previously not observed” (Baselode Energy Corp., 2020).
Structures such as these were considered prospective for uranium
and were “targeting vectors” for an “upcoming drill campaign”
(Baselode Energy Corp., 2020). This field example highlights
how the MobileMT system can resolve two conductors about 600 m
apart, one of which is indicated to outcrop and could extend to ap-
proximately 1 km deep. It also illustrates how the data can advance
an exploration program.
The case study presented in Figure 9 shows another case from

the Athabasca Basin, located between the McArthur River Mine
and the Millennium deposits in the southeastern part of the basin.
The position of the U/C is confirmed by a drillhole drilled after the
airborne EM survey (Figure 9). The MobileMT data enables the
identification of surficial moderately conductive quaternary gla-
cial till sediments, highly resistive Paleoproterozoic Athabasca
Group sandstones, and conductive Archean to Paleoproterozoic
graphitic faults in the basement. The top of the conductive material
in the basement provides a reasonable estimate for the U/C depth,
as confirmed by drilling shown in Figure 9 (Basin Uranium
Corp., 2023).

Kendyktas Ridge (Southern Kazakhstan, epithermal
polymetallic deposits)

Copper, copper-gold, and copper-molybdenum deposits in the
Kendyktas Ridge (Central Asian Ordovician magmatic arc) in
south-central Kazakhstan are commonly associated with stock-
work style and veins (Zientek et al., 2014). The region hosts sev-
eral typical deposits, such as Chatyrkul (544,200t of copper),
Jaisan, Ungurli, and Aktasty. Approximately half of the minerali-
zation in the deposits is associated with metasomatically altered
granitoids, and half occurs as quartz-chalcopyrite and quartz-cal-
cite-chalcopyrite veins. The known deposits in the region are posi-
tioned over subalkaline intrusives of Devonian age (Zhadrinsky
intrusive complex), which underly the older late Ordovician gran-
ites in the areas of the Ungurli ore field and the Jaisan deposit. The
Devonian subalkaline intrusive rocks were defined as highly resis-
tive from the results of historical IP surveys in the region. The

Figure 7. Example of MobileMT data inversion with 1D layered
earth model along a survey line L4060 crossing KL-01 kimberlite
pipe (Ontario). From top to bottom: MobileMT apparent conduc-
tivity data for a set of frequencies from 102 Hz to 17,099 Hz; log
convergence profile; inverted resistivity-depth image up to 2 km depth
from the surface; inverted resistivity-depth image up to 800 m depth
from the surface.
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Figure 8. Map of the survey area showing the vertical derivative of the magnetics, conductive axes, and the location of profiles L3760 and
L3840 (top). The resistivity section along MobileMT survey line L3760 showing the ability to resolve two separate conductors about 600 m
apart (reinverted in 2D and modified from Baselode Energy Corp., 2020).
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results of the MobileMT survey show electri-
cally resistive dome structures at depth, which
are interpreted as intrusives of the Zhadrinsky
complex and resistive “vents” resembling a ver-
tical pipe that coincides with the position of the
known ore zones of the Ungurli Cu-Mo-Au de-
posit (Figure 10). A plan view of the survey at a
depth slice of 750 m ASL (Figure 11) shows re-
sistive features associated with ore zones of the
Ungurli and the Jaisan deposits. The resistive
features in Figure 10 are similar in form to those
on a conceptual geologic model (Figure 12) of
magmatic-hydrothermal systems that produce
porphyry and related epithermal ore deposits.
The model developed by Heinrich (2005) is
based on general geologic observations, exper-
imental thermodynamic data, and quantitative
fluid inclusion microanalyses of mineral sys-
tems worldwide.
This case study exemplifies the ability of natu-

ral-field airborne electromagnetic technology to
identify deep and near-surface petrophysical pat-
terns associated with structures that control min-
eralization.

Uspensky rift ore belt (Central Kazakh-
stan, ferromanganese and polymetallic
ores)

The mineralization type in the Uspensky
continental rift valley comprises Fe-Mg strati-
form lenses, with superimposed polymetallic
zinc, lead, barium, copper and associated mer-
cury, cadmium, silver, antimony, thallium, in-
dium occurring at the comparatively near-
surface contact between the volcano-sediment
layers and the overlying alluvium (Askarova
et al., 2021). The permeable late Devonian tuffs,
sandstone, conglomerates, and alevrolites (la-
beled (D3fm-a and -b in Figure 13) unconform-
ably overly the middle Devonian alevrolites and
sandstones (labeled D2gv-D3fr). Quaternary sedi-
ments in the area are ubiquitous, with a thickness
of up to 25 m. According to the formation con-
ditions, they are divided into alluvial, alluvial-
proluvial, deluvial-proluvial, and lacustrine. It
is important to note that on the surface conduc-
tive salt deposits (salt-pans) are predominant in
low-lying areas.
The main ore minerals of the stratiform iron-

manganese, and polymetallic lead-zinc-barite
and copper ores are interbedded within the
porous argillite-siliceous-limestone package of
rocks and the minerals include hematite, barite,
galenite, sphalerite, pyrite, and chalcopyrite. The
mineralization is considered multistaged — hy-
drothermal-sedimentary, hydrothermal-metaso-
matic, and hydrothermal — vein (Askarova
et al., 2021).

Figure 9. Resistivity-depth section along a survey line in the eastern part of the Atha-
basca Basin with a drillhole position showing the U/C and conductors clearly mapped
below the U/C.

Figure 10. Apparent conductivity profiles and resistivity section along a line crossing
known ore zones (U0, U1, and U2) of the epithermal deposit Ungurli in the area of
Kondyktas Ridge.

Figure 11. Resistivity-depth slice corresponded to 750 m ASL also showing the posi-
tion of the survey line from Figure 10, positions of known ore zones from Ungurli and
Jaisan deposits, and geologically mapped faults.
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The MobileMT survey, executed in 2022, covered 140 sq. km,
including the area of the East Atabay deposit. During the survey,
there was a strong signal across the natural electromagnetic spec-
trum from 22–5662 Hz, and no “dead band” gap near 2000 Hz.
Figure 14 shows apparent resistivities, measured (dots) and calcu-
lated (lines) corresponding to 20 windows in this frequency range.
Each resistivity curve relates to different stations along survey line
L1540, which crosses the deposit (Figure 15).
Drilling information has been used to construct a geologic model

of the East Atabay deposit. The deposit lies within a Fe-Mg zone
stretching from the surface to more than 700 m deep. The copper
zone is positioned in the depth range from 300 m to 600 m below
the surface (Figure 15). The very near-surface conductors reflect the
alluvium sediments and, most likely, a salt-pan on the south end of
the line. The other conductive zone below 800 m ASL is in the per-
meable stratigraphic horizon containing the ore-bearing rocks and is
centered on the top of the Cu body identified in the drilling. This
case study highlights the ability of the natural field airborne electro-
magnetic technology to recover complex geologic structures, distin-
guish between conductors at various depth levels, beginning from
the near-surface, and also shows an ability to aid in mineral explo-
ration.

Figure 13. Schematic representation of geologic map and a color map of a resistivity-depth slice at 600 m ASL. The conductive feature in red
is ascribed to the East Atabay deposit.

Figure 12. Schematic representation of generalized cross-section
model of a magmatic-hydrothermal system (after Heinrich, 2005).
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CONCLUSION

Advancements in natural field airborne electromagnetic techniques
have resulted in improved exploration abilities. The described
“passive” field electromagnetic system measures magnetic and elec-
tric field variations in the expanded frequency range that spans three
decades of frequency using up to 30 comparatively narrow frequency
windows. A mobile receiver measures magnetic-field variations in
three orthogonal directions, and a stationary receiver measures elec-
tric fields at a base station, including a remote reference set of mea-
surements. The provided case studies illustrate the technology’s
capacity to investigate depths from near-surface up to more than
1 km. They also demonstrate its capability to identify geoelectrical
boundaries of different geometries and detect resistivity differentia-
tions across a wide range of resistivities. In the examples we have
presented, the resistivities are as low as 45Ωm (Figure 4) and as high
as 20,000 Ωm (Figure 8). The system has successfully detected

known reserves or prospects at the East Atabay, and Ungurli, and
a kimberlite pipe. The Atabay deposit, KL-01 pipe and the depth
to the top of the conductor below the U/C in the eastern Athabasca
have all been drill tested. The high spatial resolution of the passive
field system was demonstrated by a survey over comparatively thin
subvertical conductors with a recovered thickness of 200 m in the
Virgin River shear zone and over 150–200 m width of the kimberlite
pipe. Although the electrical resistivity of rocks and minerals can
exhibit wide variation, the broadband airborne electromagnetic tech-
nology can be useful provided that the petrophysical differences
occur within the range covered by the depth of investigation and
measured frequency range.
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