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a b s t r a c t
Natural ﬁeld induced polarization (NFIP) is a branch of low-frequency electromagnetics designed for detection of
buried polarizable objects from magnetotelluric (MT) data. The conventional approach to the method deals with
normalized MT apparent resistivity. We show that it is more favorable to extract the IP effect from solely electric
(telluric) transfer functions instead. For lateral localization of polarizable bodies it is convenient to work with the
telluric tensor determinant, which does not depend on the rotation of the receiving electric dipoles.
Applicability of the new method was veriﬁed in the course of a large-scale ﬁeld research. The ﬁeld work was conducted in a well-explored area in East Kazakhstan known for the presence of various IP sources such as graphite,
magnetite, and sulﬁde mineralization. A new multichannel processing approach allowed the determination of
the telluric tensor components with very good accuracy. This holds out a hope that in some cases NFIP data
may be used not only for detection of polarizable objects, but also for a rough estimation of their spectral IP
characteristics.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
The idea of applying natural EM ﬁeld for the detection of buried polarizable objects ﬁrst appeared in the second half of the 20th century,
when the magnetotelluric (MT) method was undergoing a period of
rapid development. Since MT method deals with signiﬁcant depths
without any cumbersome transmitters, there was always great interest
in its application for the exploration of deep IP targets. Pioneer papers
on the subject were published by Shaydurov (1967), Ware (1974),
Wu and Wang (1978), and others. From later theoretical investigations,
the most known and notable is that of Gasperikova and Morrison
(2001).
First practical attempts to extract the IP response from ﬁeld MT data
were performed by Keeva Vozoff in late 1960s (Seigel et al., 2007), but
the resolution of the measuring equipment at that time turned out to
be insufﬁcient for the task. Over time, Murali et al. (1980), Yang et al.
(2000, 2008), and Gasperikova et al. (2005) reported limited success
in attempting to do the same, thus giving the ofﬁcial birth to the method
of natural ﬁeld induced polarization (NFIP).
IP concept is based on the fact that intrinsic resistivity ρ(ω) of a polarizable body decreases with frequency ω. In conventional controlledsource IP, where the investigation depth depends only on electrode
arrangement, for any particular survey there always exists a threshold
frequency, below which (within the so-called DC limit) the secondary
induction currents are negligible and all observable changes of
complex-valued apparent resistivity are indicative of IP effects.
⁎ Corresponding author.
E-mail address: nikita.zorin.geophys@gmail.com (N. Zorin).

In magnetotellurics, the depth of investigation depends on frequency, therefore even in a simple layered 1D medium and at arbitrarily low
frequencies an IP response may always be confused with a mere EM
sounding effect caused by penetration of magnetotelluric ﬁeld deeper
into underlying geoelectric strata. A simple and reliable solution of the
problem is to normalize the MT response under study by that at a remote reference site, thus excluding the inﬂuence of the regional 1D
background from the measured data (Gasperikova and Morrison,
2001; Yang et al., 2008). As a result, NFIP anomalies are always relative
and their zero value is freely selectable, which is important to keep in
mind for correct interpretation of measured data.
Feasibility of the existing NFIP technique is proven only for 2D objects (Gasperikova et al., 2005; Yang et al., 2008). Below we show that
this limitation may be overcome by making use of solely electrical (telluric) transfer functions, thus notably expanding potential capabilities
of the method.
Another important constraining factor of NFIP is data accuracy. We
developed a new processing algorithm, which employs all measured
EM components at both local and remote sites, thus increasing the determination accuracy of telluric tensor by several times compared to
the conventional processing approach.
2. Theory
2.1. MT transfer functions
In this subsection we brieﬂy describe some deﬁnitions and properties of several magnetotelluric transfer functions relevant to NFIP method. The following equations represent the fundamentals of MT theory
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and could be found at Berdichevsky and Dmitriev (2008), Chave and
Jones (2012), or any other monograph on the subject.
The topmost MT transfer function is the complex-valued impedance
^ which relates the electric E= (Ex,Ey) and magnetic H= (Hx,Hy)
tensor Z,

2.2. Telluric approach to NFIP
~ eff may be
According to Eq. (2), the normalized effective resistivity ρ
represented as follows

components of horizontal EM ﬁeld at the ground surface as follows






Z xx ðωÞ Z xy ðωÞ
Ex ðωÞ
¼
Ey ðωÞ
Z yx ðωÞ Z yy ðωÞ




H x ðωÞ
:
Hy ðωÞ

~ eff ðωÞ¼
ρ
ð1Þ

The impedance tensor is the only MT transfer function that could be
formally translated into apparent resistivity ρa. The latter is determined
^ components and generally represents a tensor quantity; thus, in
by all Z
complex geological situations it is often convenient to use its effective
value, which could be deﬁned as follows
Z 2eff ðωÞ

detZ ðωÞ
ρeff ðωÞ ¼
¼
;
−iωμ 0
−iωμ 0

ð2Þ

pﬃﬃﬃﬃﬃﬃﬃﬃ
where i ¼ −1; μ 0 is the vacuum permeability, Z eff ðωÞ ¼def
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Z xx ðωÞZ yy ðωÞ−Z xy ðωÞZ yx ðωÞ denotes the effective impedance
^
stands
(Berdichevsky and Dmitriev, 2008), and detZðωÞ ¼def det½ZðωÞ
for the impedance tensor determinant.
If the EM ﬁeld is also measured at a remote reference site, then its
rem
rem
rem
electric Erem = (Erem
= (Hrem
x , Ey ) and magnetic H
x , Hy ) components are related with those at a survey site as follows
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M xx ðωÞ Mxy ðωÞ H rem
H x ðωÞ
x ðωÞ
¼
;
rem
H y ðωÞ
Myx ðωÞ M yy ðωÞ H y ðωÞ

ð3bÞ

^ and M
^ are called telluric tensor and horizontal magnetic tensor,
where T
respectively.
In a 2D medium the EM ﬁeld is decomposed into two independent
modes: in the TE mode the electric ﬁeld is aligned along the strike, whilst
in the TM mode — perpendicular to it. Let the x axis be perpendicular to
strike. Then the introduced MT transfer functions are simpliﬁed to

0 Z xy ðωÞ
;
Z yx ðωÞ 0

ð4aÞ



0
^ 2D ðωÞ ¼ T xx ðωÞ
;
T
0 T yy ðωÞ

ð4bÞ



^ 2D ðωÞ ¼ M xx ðωÞ 0 :
M
0
1

ð4cÞ

^ 2D ðωÞ ¼
Z



Note that Myy(ω) ≡ 1, thus making the 2D TM mode unique in that it
is the only multidimensional MT case with magnetic component Hy being
constant along any survey line. As a result, for the calculation of the
~ TM ðωÞ it is sufﬁcient to measure
normalized TM-mode resistivity ρ
components Ex and Erem
of
magnetotelluric
signal (Gasperikova and
x
Morrison, 2001). At the same time, the TM-polarized 2D geoelectrical
environment is the only case reported to be eligible for NFIP method
so far (Gasperikova et al., 2005; Yang et al., 2008): this coincidence naturally allows suggesting that application of solely electrical MT transfer
functions in a general 3D case may yield better results.

ρeff ðωÞ
detZ ðωÞ
¼
:
ðωÞ detZ rem ðωÞ
ρrem
eff

ð5Þ

Using the properties of square matrix determinant it could be shown
(Appendix A) that
detZ ðωÞdetM ðωÞ¼detT ðωÞ detZ rem ðωÞ;

ð6Þ

~ eff ðωÞ
which yields the following expression for ρ
~ eff ðωÞ¼
ρ

detT ðωÞ
:
detM ðωÞ

ð7Þ

Thus, in an arbitrary 3D case, the normalized effective resistivity
could always be decomposed into two independent complex-value
components — electric detT and magnetic detM. Each of these components over a non-polarizable medium tends to a real constant value at
ω → 0, and hence may be used as a standalone NFIP parameter, on the
~ eff . We will further consider the effective values of the
same basis as ρ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
abovementioned tensors, namely T eff ¼ detT and M eff ¼ detM ,
which carry the same information as the corresponding tensor determinants, but are more convenient for application in practice (e.g. it could
be shown that Teff IP anomalies are similar to those obtained by the application of a conventional rectangular IP/resistivity array with sufﬁciently large electrode spacing).
NFIP measurements are dramatically exposed to EM distortions
caused by secondary induction currents in conductive media (Luo
et al., 2003). As in the case of conventional IP technique, in order to
make such EM effects negligible one should only use the frequencies
low enough to be considered as lying within the DC limit. In the context
of magnetotellurics, this means that the effective skin depth must exceed by far the depth of burial of all local geoelectrical objects, thus technically turning them into subsurface inhomogeneities (from the
standpoint of conventional MT sounding). Hence, for being able to reliably detect a polarizable body, the chosen MT transfer function must be
sensitive to the inherent resistivity of near-surface objects. From the numerous investigations on that subject (Berdichevsky and Dmitriev,
1976; Bahr, 1988; Groom and Bailey, 1991; etc.) we know that the
strong inﬂuence of subsurface inhomogeneities on the apparent resistivity curves (the so-called static shift effect) lies entirely in the electric
ﬁeld and leaves the horizontal magnetic components almost unaffected.
As a result, we may conclude that Teff is much more sensitive to IP effects
~ eff at low
than Meff. From this clearly follows that the magnetic part of ρ
frequencies contains virtually no IP information and may only act as a
source of additional noise for NFIP method.
3. Modeling
This section is aimed to demonstrate the advantages and limitations of the proposed telluric NFIP technique on model examples.
All numerical calculations were made with the help of 3D ﬁniteelement code developed by Mackie (2002), which does not allow
working with frequency-dependent resistivities. Since none of the
bodies in the present model study are polarizable, all the calculated
phase curves represent EM noise for NFIP method. If the phase
value is less than 0.1° (~ 2 mrad) in modulus, it is considered to be
negligibly small and is not plotted on the ﬁgures below to mark out
the “free of EM coupling” period range (DC limit) suitable for
extracting IP information.
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d ln Meff ðωÞ
SMeff ðωÞ≈
 100%:
d ln jρðωÞj

Fig. 1. Model 1. Resistivity cross-section along the line Y = 500 m.

From here on, by the IP sensitivity of a measured function to a given
polarizable body in a particular geoelectrical environment we shall
mean the real quantity S in the following equation
α ðωÞ¼SðωÞφðωÞ;

ð8Þ

where φ is the inherent IP phase of the body with complex resistivity
ρ = | ρ | ⋅ eiφ, and α is the phase of the function under consideration.
Though the IP sensitivity may generally take on arbitrary values (including the negative ones), it is convenient to express S as percent
points.
As with the case of the conventional apparent IP spectra (Pelton
et al., 1978), the IP sensitivity of an MT transfer function may be roughly
represented as the log–log derivative of the function's amplitude with
respect to resistivity of the polarizable body. In such a way, the IP sensitivities of Teff and Meff are approximated as follows

STeff ðωÞ≈



d ln T eff ðωÞ
 100%;
d ln jρðωÞj

ð9aÞ

3

ð9bÞ

For the numerical estimation of various IP sensitivities an additional
forward problem (with the resistivity ρ of the “polarizable” object taking a value two times higher) was computed for every particular
model of the present study, with subsequent application of the
abovementioned expressions.
The 1D background used for all models in this section consists of
three layers. The ﬁrst one has the resistivity of 1000 Ω m and stands
for partially disintegrated metamorphic and/or igneous rocks. With
the thickness of 3 km, this layer hosts all the local buried 3D bodies
(IP targets) of the present study. The second layer of the 1D background
is 75 km thick and represents resistive (5000 Ω m) formations of the
crystalline basement. Third layer is a 100 Ω m half-space.
3.1. Model 1
To begin, let us consider a model with two slightly elongated 3D
bodies placed in the 1D background described above. The conductive
body A and the resistive body B have similar size (200 m × 400 m in
plan view and 270 m thickness) and are both buried at the depth of
160 m as shown in Fig. 1.
The IP sensitivities to the objects A and B of the major telluric and
horizontal magnetic transfer functions calculated for the frequency of
0.08 Hz are shown in Fig. 2 (plan locations of the buried objects are
^ and M
^ is situated in the bottom-left corshaded). The reference site for T
ner of each map and has the coordinates (0, 0). The picture clearly
shows that all the components of horizontal magnetic tensor are absolutely insensitive to the induced polarization effect. In contrast, telluric
tensor components demonstrate considerable values of IP sensitivity:
up to 10–15% over the buried objects. With that, the spatial anomalies
on the top-right map have the best correspondence with the shape

Fig. 2. Model 1. IP sensitivities of several MT transfer functions, f = 0.08 Hz. Polarizable objects are shaded.
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Fig. 3. Model 2. Resistivity cross-section along the line Y = 500 m.

and location of the bodies A and B, thus demonstrating the applicability
of Teff for exploration tasks.
3.2. Model 2
The second model represents a large (600 m × 300 m in plan view
and 160 m thick) subsurface body (Fig. 3) placed in the same layered
background as used above. To get a better insight into the frequency behavior of the described MT transfer functions and their IP sensitivities,

the forward problem was computed for the period range 1–200 s,
which includes the major NFIP frequency interval 0.1–0.01 Hz reported
by Gasperikova and Morrison (2001). The resulting curves, calculated in
the middle point of the model (X = 500 m; Y = 500 m) for 6 different
values of inherent body resistivity ρ, are shown in Fig. 4.
The right half of the picture demonstrates the same result as
discussed above — for all resistivities ρ of the polarizable object, Meff
turns out to be absolutely insensitive to the effect of induced polarization. At the same time, the IP sensitivity of Teff to a conductive body is
very high, but it predictably decreases when the resistivity of the polarizable body exceeds that of the host rock.
The left part of the ﬁgure shows the unwanted phase shifts of Teff and
Meff caused by EM coupling and other effects. From these plots follows
that in a number of geoelectrical situations the low-frequency phase
distortion of Teff is less than that of Meff, which clearly conﬁrms the es^ to NFIP tasks.
sential inapplicability of M
Note that Teff phase anomalies associated with extremely conductive
bodies (two plots in the upper-left corner of Fig. 4) never reach their DC
limit — depending on contrast of the body, the value of low-frequency
EM distortion may easily attain the order of several degrees, thus demonstrating that the application of NFIP method in the vicinity of strong
conductors is severely restricted.

Fig. 4. Model 2. The EM distortion phase curves and the IP sensitivities of Teff and Meff.
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4. Data processing

of the problem related to general causality and minimum-phase proper^ is not in the scope of the present study, however it should be
ties of T

4.1. Automatic processing

mentioned that if the dispersion relations at a chosen site are valid for
^ then they are valid for the telluric tensor T
^ as
the impedance tensor Z,

The conventional way to determine the telluric tensor components
from the measured MT data employs the same robust technique as
the one used for the usual estimation of the impedance tensor (Chave
et al., 1987). For a number of practical problems this approach yields
reasonably good results. However, for our task it is necessary to get
^ which could be attained by making
the highest possible accuracy of T,
use of several EM components recorded simultaneously at different
MT stations (Egbert, 1997).
We have developed a new processing algorithm which uses up to 8
components of the observed MT ﬁeld, namely
n
o
rem
rem
rem
Ex ; Ey ; H x ; H y ; Erem
:
x ; Ey ; H x ; H y

ð10Þ

During the ﬁrst stage, the whole time series of a measured signal is
divided into 20 or less major intervals. Each interval is then split into numerous minor time frames with the corresponding amount of fast Fourier transform calculations: as a result, for each ﬁeld component at every
given frequency we have a large cloud of spectral estimations.
^ is carried out with a conventional
The subsequent determination of T
weighted least-squares method. The key feature of the algorithm is that
^ estimation is deﬁned by the product of
the weighting factor for every T
four intermediate weighting values (two for E and two for Erem) obtained
in the course of the following steps:
1. Calculation of the regular telluric tensor — in this case Erem is taken as
a reference ﬁeld, whilst E is assumed to be noise-contaminated.
2. Calculation of the inverse telluric tensor — in this case E is taken as a
reference, whilst Erem is assumed to be noisy.
3. Usual calculation of the impedance tensor. The weights obtained
during this procedure help to additionally suppress the electric
noise at the survey site.
4. Calculation of the remote impedance tensor, for additional suppression of the noise at the remote electric channels.

well, provided that the reference site of the latter is far from strong
geoelectrical inhomogeneities.
The ﬁnal results obtained during manual processing of the data previously derived by the new multichannel algorithm (black dots in Fig. 5)
are given in Fig. 6. Black curves at the upper and lower parts of the picture represent the resulting spline approximations of Teff amplitude and
phase, respectively. Red line stands for the “predicted phase” derived
from the upper black curve with the help of the dispersion relation;
the picture clearly establishes that the match between this line and
the approximated phase curve is remarkably good. This example demonstrates that making use of the proposed data processing technique
along with modern EM hardware may help to determine the effective
value of telluric tensor at low frequencies with very high accuracy,
which is crucial for NFIP applications.
5. Field study
The experimental ﬁeld study was carried out within the territory of
Rudnoaltaiskiy polymetallic ore belt (East Kazakhstan) in November,
2014. The survey area was chosen for its high state of exploration due
to numerous studies held there before. Some of the relevant geophysical
maps (courtesy of Nord-West Ltd.) are given in Fig. 7. The upper map
shows the IP phase for the frequency 0.6 Hz obtained in 2007 during
the conventional frequency-domain IP/resistivity survey with the use
of a rectangular array (AB = 1500 m; MN = 40 m). The bottom map
represents the resistivity slice at the depth of ~250 m, which is a result
of an extensive areal audiomagnetotelluric survey held in 2010
(Yakovlev et al., 2012).
As could be seen from the picture, the whole area may be roughly divided into three parts — eastern, central, and western — each one

At each step the intermediate weighting factors are determined with
the help of the robust Jack Knife procedure and M-estimation technique
with Huber and Thompson inﬂuence functions (Huber, 1981; Egbert
and Livelybrooks, 1996).
The advantage of the proposed algorithm could be seen from Fig. 5.
The picture shows the Teff amplitude and phase values obtained for 20
intervals of the time series (i.e. there are 20 independent results for
each period) measured at the site EF-1000 (see the experimental ﬁeld
study below). The gray dots represent the values derived from the conventional technique, whilst the new algorithm yielded the values
marked with black. The overall signal-to-noise ratio at the survey site
happened to be sufﬁciently high and the data quality obtained by both
methods is evidently very good. However, the picture clearly shows
that for periods higher than 20 s (which are of the most importance
for NFIP) the scatter of black dots is several times smaller than that of
gray ones, thus demonstrating the superior applicability of the proposed
algorithm for our tasks.
4.2. Manual processing
During the second stage of the data processing routine the dot
clouds shown in Fig. 5 are interpolated with smoothing splines to get
the best-ﬁt approximations for both amplitude and phase of Teff. An important part of the process is manual rejection of spikes and other bad
records due to noisy data. To improve the accuracy of this procedure
we propose the application of the dispersion relations, which are already
widely used for accurate determination of the impedance tensor components (Weidelt, 1972; Boehl et al., 1977; etc.). A detailed description

Fig. 5. Comparison between the conventional processing technique (gray dots) and the
proposed multichannel algorithm (black dots).
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crew members (two geophysicists and a driver) collect all the MT stations and move them to the next sites for another overnight recording.
As a result, the average acquisition time was about 15–20 h per setup:
more than enough to get accurate MT data for the necessary period
range of 1 to 200 s. The ﬁeld setup of every station consisted of two orthogonal electric dipoles, each 100 m long. At the remote reference site
(which was placed approximately 10 km southward from the area
shown in Fig. 7) and at some survey stations as well the horizontal magnetic components were also recorded for the application in the multichannel data processing algorithm. The detailed descriptions of the
results obtained along each line are given below.
5.1. Line AB

Fig. 6. The resulting smooth curves for amplitude (top) and phase (bottom) of Teff. Red line
represents the phase curve predicted by the dispersion relation. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

associated with a large-scale group of IP anomalies. According to this division we decided to carry out the NFIP measurements along the three
lines: AB, CD, and EF (Fig. 7). The survey was conducted with the help
of the standard overnight operating scheme: during the daytime three

Eastern part of the survey area is characterized by the presence of a
large, vertically elongated dark anomaly on the resistivity map (Fig. 7).
According to the prior geological information, this anomaly is caused
by extensive black shale formations of Lower Carboniferous system.
Due to high graphite content, these rocks are also strongly polarizable
(the map displayed in Fig. 7 covers only the very edge of the corresponding IP anomaly). The site was initially thought to be very promising for the NFIP method, since graphite is characterized by a very lowfrequency IP response (Pelton et al., 1978). However, the ﬁrst telluric
measurements made along the line AB demonstrated the opposite.
Fig. 8 displays Teff phase curves measured at sites AB-1250 (gray)
and AB-2000 (black). The unsuitability of NFIP method for such data is
clear: major positive low-frequency phase shifts caused by EM induction make the detection of an IP response absolutely impossible, even
if the latter is strong. The observed effect explicitly conﬁrms the above
conclusion about the restricted applicability of NFIP method in the
vicinity of strong conductors.
5.2. Line CD
Western part of the survey area is characterized by highly resistive rocks (5000–20,000 Ω m), which mostly represent granites

Fig. 7. Maps of the experimental survey area (courtesy of Nord-West Ltd.). Bottom: resistivity slice at approximate depth of 250 m. Top: 0.6 Hz IP phase map of a conventional rectangulararray survey (AB = 1500 m). NFIP measurements were carried out along the thick black lines AB, CD and EF.

Please cite this article as: Zorin, N., et al., A telluric method for natural ﬁeld induced polarization studies, Journal of Applied Geophysics (2015),
http://dx.doi.org/10.1016/j.jappgeo.2015.10.017

N. Zorin et al. / Journal of Applied Geophysics xxx (2015) xxx–xxx

7

Fig. 10. NFIP values and conventional IP phase measured along the line CD.

Fig. 8. Teff phase curves measured at locations AB-1250 (gray) and AB-2000 (black).

and granodiorites of the Carboniferous and Lower Permian systems,
with multiple limestone and wollastonite outliers. According to the
other geophysical maps and the existing understanding of the area,
the source of the IP anomalies crossed by the line CD is most likely
magnetite, titanomagnetite or pyrrhotite mineralization.
The NFIP measurements were carried out at 12 sites along the CD
line. Due to high values of background resistivity, the EM coupling at
all sites is negligible for all periods above 10–20 s (Fig. 9). We used
the estimated Teff values at 40 s because they display the highest accuracy (0.3°–0.6°). The resulting NFIP values are plotted in Fig. 10 (site CD1250 happened to be too close to a major roadway for performing an
MT measurement, and the corresponding record is absent). It should
be noted that the curve was normalized against the ﬁrst measurement,
which is due to the previously discussed fact that NFIP anomalies are always relative. To compare the newly obtained result with that of the
conventional IP survey (Fig. 7) we added the smoothed IP phase values
digitized along the CD line to Fig. 10. Keeping in mind the relative behavior of the measured NFIP curve it appears that the correspondence
between the latter and the conventional IP data is reasonably good.
5.3. Line EF
This line goes across the central part of the survey area shown on Fig.
7. According to prior information, this region mostly consists of Carboniferous gabbro-diorites with widely scattered sulﬁde and polymetallic
mineralizations. Relatively high resistivity of the background medium
allowed the consideration of the period of 10–20 s as a DC limit for all
NFIP measurements, whilst the strong MT variations of the last ﬁeldwork days provided data of very high quality (Fig. 11). As a result, the

Fig. 9. Teff phase curves measured at locations CD-2250 (black) and CD-1000 (gray).

NFIP curve for the period of 30 s plotted in Fig. 9 has an outstanding accuracy of about 0.2°–0.3°. Just as in the previous subsection, the lowest
part of the NFIP curve was assigned a “zero value”; and again, the comparison of two graphs plotted in Fig. 12 clearly demonstrates that the
measured data corresponds well with the results of the conventional
IP survey.
5.4. Spectral NFIP behavior
The remarkable accuracy of the low-frequency Teff phase values
measured along the EF line gave us the idea to examine the spectral behavior of the NFIP response as well. For this purpose we recalculated Teff
at the site EF-1000 using the closely located EF-0 site as a telluric reference to minimize the inﬂuence of the EM coupling and the background
polarizability. The resulting phase curve for the frequency range of
0.001 Hz–0.04 Hz (at higher frequencies the phase inaccuracy rapidly
increases to more than 1°) is plotted in Fig. 13. Since the constant component of the NFIP curve is essentially unknown, we are interested only
in the location of its peak frequency, which could provide information
about the Cole–Cole parameter τ (Pelton et al., 1978). As a result, from
the observed spectral NFIP behavior we may only conclude that the IP
phase curve at the site EF-1000 is characterized by rather high peak frequency (strictly speaking, higher than 0.05 Hz). We also decided to supplement this experiment with a conventional Schlumberger-array
(AB = 1500 m) multifrequency IP survey at the site EF-1000. The
resulting curve (dotted line in Fig. 13) demonstrated the spectral behavior typical for sulﬁde mineralization (Pelton et al., 1978), with the peak
frequency being too high even for the chosen DC frequency range
(0.01 Hz–10 Hz). However, this experiment corresponds well with the
NFIP results above.

Fig. 11. Teff phase curves measured at locations EF-1250 (black) and EF-1000 (gray).
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APPENDIX A
This appendix is dedicated to the derivation of Eq. (6) by using the
^
matrix properties of MT tensors. Let us rewrite the deﬁnitions of Z,
^ rem, T
^ and M
^ given in Eqs. (1) and (3) in matrix form (with the frequency
Z
dependence omitted for the sake of clarity)
^
E ¼ ZH;

ðA:1Þ

Fig. 12. NFIP values and conventional IP phase measured along the line EF.
rem

^
Erem ¼ Z
6. Results and conclusions
In the present paper we have introduced the telluric method of
natural ﬁeld induced polarization. The general idea of the approach
is based on the fact that horizontal magnetic components of MT signal are virtually insensitive to small variations of intrinsic resistivity
and, hence, could not be used for the detection of a polarizable body.
Furthermore, the model study showed that these components are
rather undesirable than just unnecessary, since in many geological
situations they may add signiﬁcant distortion to the NFIP response
due to EM coupling effects.
Making use of solely electric MT components allowed us to circumvent the 2D TM restriction of the previous authors — the model study
and the ﬁeld experiment described above clearly demonstrated the applicability of Teff phase for the detection of arbitrarily shaped polarizable
bodies. As a result, the only remaining geological restriction of the
method is a very high conductivity of either the background medium
or large buried objects, which may cause distortion of Teff at low
frequencies.
The vast majority of modern MT explorations are carried out in
remote reference mode, with the simultaneous recording of both
magnetic and electrical components of MT signal at a remote reference site. Determination of the telluric tensor components from
such measurements could be done without any additional ﬁeld
work, which allows considering NFIP as a useful tool for the extraction of additional IP information from a highly-accurate conventional MT data. However, NFIP measurements may also be carried out on
their own (as an alternative IP method, wherein the signiﬁcant depth
of investigation may be achieved with no need of heavy transmitters). In this case horizontal magnetic components should be recorded only at a remote site and the acquisition time may be shortened to
several hours for every setup (to achieve sufﬁcient accuracy for periods up to 100–200 s), which signiﬁcantly reduces the cost of the
ﬁeld work.

Fig. 13. Spectral IP and NFIP measurements both taken at the site EF-1000.

H rem ;

ðA:2Þ

^ rem ;
E ¼ TE

ðA:3Þ

^ rem :
H ¼ MH

ðA:4Þ

From Eqs. A.2–A.4 for an arbitrary value of the electric vector E we
may write
 rem
  rem 
 rem  ‐1   rem ‐1 
^Z
^
^ H ¼ T
^ rem ¼T
^ Z
^ H rem ¼ T
^Z
^
^Z
^ M
^
H rem ¼ T
M
H:
E¼TE

ðA:5Þ

Comparison of this result with Eq. A.1 yields (after post^
multiplication by M)
^M
^ ≡T
^Z
^ rem :
Z

ðA:6Þ

All MT tensors in Eq. A.6 are square matrices, whence, in consequence of the properties of square matrix determinant, it ﬁnally follows
that
detZdetM¼detTdetZ rem :

ðA:7Þ
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