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ABSTRACT Magnetic viscosity (MV) effect is a disturbance to the transient electromagneticmethod (TEM).
This effect will cause slow decay at the intermediate-late time of the TEM responses, leading to erroneous
interpretation. Although there are extensive researches on theMVdistortion to TEMdata, they are focused on
conventional loop source configuration, while little has been studied for grounded-wire source configuration
that has become the essential role for relatively deep-buried targets. Hence, we present the study ofMV effect
on the grounded-wire source TEM data. We first derived the formulas for calculating the secondary field due
toMV effect, based on the Chikazumimodel. The dependence of theMV effect onmodel parameters, such as
resistivity, susceptibility, offset and geometry of the superparamagnetic layer, is then examined to illustrate
the intrinsic physical mechanism ofMV effect.We find that theMV effect on the grounded-wire source TEM
data can be suppressed by adjusting the parameters of the survey design. Thereafter, we propose the method
to quantify the MV effect when estimates of resistivity and susceptibility are available. Finally, the method
for choosing the optimal offset to suppress the MV effect is proposed, which can be used as a guide for the
installation of fieldwork of grounded-wire TEM survey.

INDEX TERMS Grounded-wire source TEM, magnetic viscosity effect, Chikazumi model, physical
mechanism, superparamagnetic.

I. INTRODUCTION
Transient electromagnetic method (TEM) is an important tool
to obtain the electric properties in near-surface detection. The
method can be used in the scenarios of land, marine and
airborne surveys [1]–[3], and has been widely used in mineral
detection, engineering investigation and hydrocarbon explo-
ration [4], [5]. The TEM method uses the grounded-wire
or ungrounded-loop to transmit an electromagnetic signal to
the earth and records the induced electromagnetic field after
the source is switched off. The resistivity of the earth can be
estimated from the recorded signal using inversion or imaging
techniques.

When superparamagnetic (SPM) media are presented in
the subsurface, the magnetic susceptibility will vary with
time. The resulting magnetic viscosity (MV) effect generates
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a secondary electromagnetic field that merges together with
the secondary field from electromagnetic induction. The
attenuation rate of late time TEM response will be greatly
reduced [6]. In some cases, the additional MV signal can be
can be regard as a useful indicator of magnetic targets, such
as the filed of archaeological prospecting, magnetic mineral
investigation, and the detection of glacial till [7]–[11]. MV
signal can also provide the quantitative magnetic information
of survey area with the definition of time-dependent magnetic
susceptibility [12]. However, in most cases, the MV effect
acts as a disturbance to the TEM data. The inversion method
for TEM data is incapable of handling the MV distorted
responses. Therefore, the late time responses in this condition
are commonly discarded, leading to the absence of informa-
tion for the deep target [13], [14]. In addition, if the data
are inverted without considering the MV effect, a spurious
conductive anomaly may be obtained, which will lead to
incorrect delineation of the targets [14], [15].
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The MV effect in the TEM data is caused by the magnetite
and hematite particles with a radius of 0.1-15 um, according
to the results of petrophysical experiments [15]–[19]. Under
a natural condition, the SPM medium originates from basalt,
tuff, and magnetic minerals [20]. Driven by the weathering
denudation, water erosion, ancient cultural activities and the
enrichment of magnetotactic bacteria, the MV effect are
widely distributed in the targets of TEM survey, such as
magnetic metal resources (magnetite, hematite, nickel, etc.),
UXO, and the targets in the permafrost, archaeology investi-
gations [7], [9], [12], [21]–[23]. Therefore, the research of the
mechanism and effect of SPM media on TEM data is critical
for the application of TEM method to these targets.

There have been extensive studies of MV effect on
TEM data. Lee [24] derived the analytical solution of MV
effect based on the Chikazumi model. Kozhevnikov and
Antonov [10], [25] gave the numerical formulas of MV effect
over a layered-earth for the fixed loop and coincided loop
source configuration. Sattel and Mutton [26] presented the
results of MV effect for the airborne TEM survey, based on
the modules of Maxwell package. Macnae [27] compared
the MV effect of the land-based and airborne TEM config-
uration and summarized their regulations and differences.
However, all these researches are based on conventional loop
source TEM configuration, little has been conducted to the
grounded-wire source configuration except that Antonov and
Kozhevnikov [28] derived the formula for calculating the
effect of magnetic relaxation on the horizontal electric field
and cooresponding apparet resistivity. Compared with the
loop source TEM method, the grounded-wire source TEM
configuration is considered to have a larger detecting depth
by using a high power source. The recently developedMTEM
and SOTEM configurations have made the grounded-wire
source TEMmethod widely used in mineral and hydrocarbon
exploration [29], [30]. Therefore, the study of MV effect on
grounded-wire source TEMmethod is important to guarantee
the accuracy of the inversion of the data when SPM medium
is presented.

In this paper, we focused on the MV effect on grounded-
wire source TEM method. We first derive the formula for
calculating the response due to the MV effect based on the
Chikazumi model. Then, we analyze the dependence of MV
effects on the resistivity, susceptibility, offset and the geome-
try of the SPM layer. Finally, we utilize the relative error due
to MV effect to quantify the MV effect and obtain a solution
to suppress the MV effect in a TEM survey. The results in the
paper can be used as a guide for the installation of fieldwork
of grounded-wire TEM survey.

II. BASIC THEORY
A. MAGNETIC SUSCEPTIBILITY FROM
CHIKAZUMI MODEL
The method for calculating the TEM response over the
medium with magnetic viscosity effect is based on mag-
netic susceptibility from Chikazumi model, a mathematical

model to describe the hysteresis characteristics of SPM
grains [31]. The model assumes that the magnetic moments
of ferromagnetic particles decay logarithmically, and has
been verified by rock physical experiments and field cases
[12], [14], [16]. In Chikazumi Model, the magnetization J
of the SPM medium, when withdrawing a constant magnetic
field H0 at t = 0, can be described as:

J (t) = J0
1

ln (τ2/τ1)

×

(∫
+∞

t/τ2

exp (−y)
y

dy−
∫
+∞

t/τ1

exp (−y)
y

dy
)
, (1)

where τ1 and τ2 are the lower and upper constants of the relax-
ation time respectively. Following Lee [32] and Kozhevnikov
and Antonov [33], it is assumed that τ1 = 10−6 and τ2 = 106

in this paper. J0, which is the initial magnetization of the
medium, is related to the magnetic field as J0=χsH0, where
χs is the time-independent static susceptibility. The time-
dependent susceptibility can be expressed as follows through
dividing both sides of equation (A1) by the static magnetic
field H0:

χ (t) = χs
1

ln (τ2/τ1)

∫ t/τ1

t/τ2

exp (−y)
y

dy. (2)

Equation (2) can be simplified by replacing its integral
argument y with t/τ :

χ (t) = χs
1

ln (τ2/τ1)

∫ τ2

τ1

exp (−t/τ)
τ

dτ , (3)

where t denotes the observation time and τ1 � t � τ2.
We can get the frequency-dependent magnetic susceptibility
from equation (2) using Fourier transform

χ (ω) = χs

[
1−

1
ln (τ2/τ1)

ln
(
1+ iωτ2
1+ iωτ1

)]
(4)

where ω is the angular frequency.

B. FORWARD MODELING OF TEM RESPONSE
OVER SPM MEDIUM
In this section, we present two algorithms for calculating
the TEM responses over SPM medium. For comparative
purpose, we first derive the formulas of a homogeneous SPM
half-space using the time-dependent susceptibility, based on
the research of Kozhevnikov and Antonov [33] and assump-
tion that the eddy current and MV effect are two separated
processes. Then we give the recursive equations for the SPM
layered earth by solving the frequency domain Helmholtz
equation with the frequency-dependent susceptibility. The
digital filtering technique is used to transform the frequency
domain response to the time domain.

1) HOMOGENEOUS SPM HALF-SPACE
The formulas for calculating the responses over a homoge-
neous SPMhalf-space are derived directly in the time domain.
Thus, the method is referred as the time-domain solution in
the follow-up discussions. The magnetic induction intensity
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induced on a nonmagnetic half-space by a grounded wire
source with current I0 is

B1 = I0LSM0, (5)

where L is the length of the grounded wire, S is the effective
area of the sensor,M0 is the coefficient of inductance between
the transmitter and the loop on nonmagnetic earth. When a
superparamagnetic object existing in the earth, the induced
magnetic induction intensity is

B2 = I0LSM0χe, (6)

where χe is the effective time-varying susceptibility that is
related to χ (t), the shape of the magnetic object, and the type
of source we adopted. For uniform magnetic half-space, the
effective time-varying susceptibility is [34]:

χe (t) =
[
µ1 − µ0

µ1 + µ0
− 1

]
χ (t) (7)

where µ0 and µ1 are the magnetic permeability of the free
space and half-space, respectively.

The magnetic permeability and susceptibility can be
related as:

µ = 1+ χ (8)

Substituting (8) into (7), the effective time-varying suscep-
tibility becomes:

χe (t) =
2

2+ χs
χ (t) (9)

For most condition, χs � 1, and χe (t) = χ (t).
The total magnetic induction intensity induced in the

receiver can be obtained by superposing B1 and B2:

B = B1 + B2 = I0LSM0 [1+ χe (t)] . (10)

We define the inductance that incorporates the effect of
the superparamagnetic objects and the nonmagnetic earth the
effective inductanceMe,

Me (t) = [1+ χe (t)]M0. (11)

so that the secondary magnetic induction intensity induced in
the receiver can be written with Duhamel’s integral:

B (t) = I (t)M0LS + LS
∫ t

−∞

I (τ )
dMe (t − τ)

dt
dτ. (12)

By incorporating the step-off source waveform and taking
derivatives of both side of equations with respect to time,
the induced voltage in the receiver can be obtained:

Ḃ (t) = −δ (t) I0LSM0 − I0LSMe (t) , (13)

where δ(t) is the Dirac delta function. The first term in
equation (13) is the response due to the eddy current effect
of nonmagnetic earth while the second term is the response
due to the MV effect of the superparamagnetic object. Sub-
stituting (10) into the second term of (13), the response due
to the MV effect can be presented as:

ḂMz (t) = −
1

ln
(
τ2
/
τ1
) I0LSχsµ0

4πr2t
sinϕ. (14)

The detailed derivations are listed in the appendix.

FIGURE 1. The schematic of the TEM measurement over a SPM layered
earth. The red line is the grounded wire source and P in the dashed line
represent the recording station.

2) SPM LAYERED EARTH
In the next step, we consider a layered magnetic model,
as is shown in Fig. 1. Each layer can be characterized by
a vector that includes the resistivity ρ, susceptibility χ and
thickness h. The permeability of the air layer is set as the
susceptibility µ0 in a vacuum. The grounded-wire source is
deployed at the surface of the earth with a length of L and
current of I0. The derivation of the response over SPM layered
earth is performed in the frequency domain, thus the method
is referred as frequency-domain solution in the follow-up
discussions.

The response of the system in Fig. 1 can be calculated in the
frequency domain recursively. We incorporate the frequency-
dependent susceptibility to the frequency-domain vertical
magnetic field and obtain [35]:

Bz (ω) =
µ0I0 [1+ χi (ω)]

4π

×

∫ L/2

−L/2

y
r

∫
∞

0
(1+ rTE ) eu0z

λ2

u0
J1 (λr) dλ, (15)

where

χi (ω) = χis

[
1−

1
ln (τ2/τ1)

ln
(
1+ iωτ2
1+ iωτ1

)]
is the frequency-dependent magnetic susceptibility of layer i,
and

u2i = k2i + λ
2
i (16)

k2i = iωµ0 [1+ χi (ω)] /ρi − ω2µ0 [1+ χi (ω)] εi (17)

is wavenumber, J1 is the first-order Bessel function.
rTE is the reflection coefficient of the layered-earth:

rTE =
Y0 − Ŷ1
Y0 + Ŷ1

(18)

in which

Y0 =
u0
iωµ0

(19)

and the recursive formula of Ŷ1 is:

Ŷi = Yi
Ŷi+1 + Yi tanh (uihi)

Yi + Ŷi+1 tanh (uihi)
(20)
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FIGURE 2. The comparison of the responses from the time domain
solution and frequency solution. (a) the decay curves; (b) the relative
error.

Since the thickness of N th layer is infinite

ŶN = YN =
uN

iω [1+ χ (ω)]µ0
(21)

The time-domain response can be obtained with a digital
filtering method of Cosine transform:

Bz(t) = −
2
π

∫
∞

0
Re [Hz(ω)] cosωtdω. (22)

3) NUMERICAL VALIDATION
To validate the derived formulas for calculating the TEM
response over SPMmedium, we compare the responses from
the two methods above. The length of the grounded-wire
source is 1000 m and the source current is 1 A. The center of
the grounded-wire is set to (0 m, 0 m, 0 m) of the Cartesian
coordinate. The recording station is located at (0 m, 500 m,
0 m). The relative magnetic susceptibility is 0.01 and the
resistivity is set as 100� · m, 1000 � · m and 10000� · m.
As is shown in Fig. 2a, the solutions from the time domain

and frequency domain are in agreement with each other.
We calculate the relative difference using the formula in equa-
tion (23) (Fig. 2b). The results demonstrate that the relative
error is generally less than 5%. The consistency of the two
methods illustrates the correctness of the proposed method.

Relative error=
|Mt −Mb|

Mb
, (23)

TABLE 1. Parameters of the half-space model.

where Mt and Mb represent the response over magnetic and
nonmagnetic half-space respectively.

III. DEPENDENCE OF MV EFFECTS ON MODEL
PARAMETERS
In this section, we analyze how the MV effect varies with the
resistivity, susceptibility, geometry of the earth. The analysis
is based on the formulas derived in the previous section.
We design seven models to examine these dependencies and
the parameters of themodel are shown in TABLE 1. In the for-
ward calculation, the length of the grounded wire is 1000 m
and the current is 1A.

A. RESISTIVITY AND SUSCEPTIBILITY
Fig. 3a compares the responses from the models with differ-
ent susceptibility using the designed model 1, 2 and 3. The
decay curves coincide with each other at the early time and
the departure with each other at late time. The time of the
departure varies with the susceptibility. The larger the sus-
ceptibility is, the earlier the departure will take place. On the
other hand, for the SPM models with the same susceptibility
and different resistivity (model 2, 4 and 5), the decay curves
departure with each other at early time, while coinciding
with each other at the late time (Fig. 3b). When the medium
is more resistive, the coincident point will be at an earlier
time.

The features of decay curves in Fig. 3 reveal the intrinsic
mechanism of the MV effect. Excited by the direct current
in the grounded-wire source, the superparamagnetic grains
will be magnetized to the direction of the primary field.
When the source is switched off at t = 0, the effect of MV
and eddy current will generate two types of secondary field.
The eddy current will induce a secondary field ḂEz and the
magnetization relaxation will generate a secondary filed ḂMz ,
which form the total field after the source is turned off. Both
ḂEz and ḂMz are in the same direction of the primary magnetic
field.

If the resistivity of the model is high enough and the
susceptibility is low enough (e.g. the relative susceptibility
is higher than 0.1 or the resistivity is higher than 1 � · m),
the eddy current effect and MV effect can be assumed to be
independent [33], [36]. The inductive secondary field over a
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FIGURE 3. The decay curves from different models in Table 1. (a) from
models with the same resistivity and different susceptibility; (b) from
models with the same susceptibility and different resistivity.

homogeneous half-space is

BEz (t)=
µ0I0L
4πr2

[
1−

(
1−

3
u3

)
8(u)−

√
2
π

(
3
u

)
e−u

2/2

]
sinϕ,

(24)

where u = 2πr/
√
2πρt · 107, 8(u) is the probability inte-

gral function. The variance of the susceptibility in Fig. 3a has
little effect on the decay curve at the early time. We conclude
that the response due to eddy current is much larger than
that of the MV effect. Thus, the eddy current dominates the
total field at the early time. For the late time, the inductive
secondary field in equation (24) can be approximated as

ḂEz (t) ≈= −
ILµ5/2

0

40π3/2 · ρ
−3/2
1 · t−5/2 · r · sinϕ. (25)

Equation (25) reveals that the decay rate of ḂEz (t) is t
−5/2,

while that of ḂMz (t) is t
−1, as is shown in (14). As the total

field at the late time can be obtained by adding up ḂEz (t)
and ḂMz , the secondary field resulting from the MV effect
dominates at the late time, which is consistent to themodeling
result in Fig. 3b.

B. OFFSET
Fig.4 shows the decay curves from different source-receiver
separation (offset) using model 6, 2 and 7 in Table 1.

FIGURE 4. The decay curves from models with a different offset in Table 1.

The decay rate of curves change at different time for the
responses from different offsets. The larger the offset is,
the latter the changes occur. As is pointed out in the previ-
ous section, the changes of decay rate is due to the domi-
nance of MV effect at late time. Therefore, we simulated the
horizontal distribution of BEz (t) and B

M
z (t) for model 2 in

Table 1, as is shown in Fig. 5 and Fig. 6. The grounded-wire
source is located at (x =0m, y =0m) of the coordinate in
the figure along the direction of x-axis. The length of the
grounded-wire source is 1000m and the source current is 1 A.

The slices of the time derivatives of the magnetic field
at the earth surface indicate that the maximum of ḂEz (t)
migrates away from the source, while the maximum of ḂMz (t)
remains at the source position. The migration is caused by the
horizontal diffusion of the eddy current over time. As both of
the secondary fields attenuate rapidlywith time, themigration
of the maximum inductive field with time will weaken the
dominance of the MV effect at large offset. Thus, the MV
effect in a field survey can be reduced by acquiring the data
at a very large offset.

C. THE GEOMETRY OF SPM LAYER
Next, we discuss the relationship between the geometry of
superparamagnetic layer andMV response. As is indicated in
the previous section, the response due to MV effect dominate
decays more slowly than that due to eddy current. ḂMz be
begins to dominate the late-time response after the instant
when ḂMz is equal to ḂEz . Here, we refer to this instant as tRe
and use it as an indicator to evaluate the influence of MV
effect on the TEM data.

We design a three-layer model and calculate the tRe of
decay curves with variable thickness of overburden and
superparamagnetic layer. The parameters of the model are
shown in Fig. 7 and the responses are calculated at an offset
of 500 m. We disturb the thickness of the parameters D and
H in Fig. 7 and plot tRe in Fig. 8 in a D-H coordinate.
D and H vary from 1 m to 1000 m. As is shown in the
figure, the increase of the thickness of the SPM layer will
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FIGURE 5. Horizontal distribution of the time derivatives of the magnetic
field caused by eddy current at the earth surface. (a) 1ms; (b) 10ms;
(c) 100ms.

monotonously bring forward the reversal of the sign. In addi-
tion, the reversal of sign will definitely occur even if the
thickness of the SPM layer is small (e.g. 10 m). The tRe can
be ranged from 0.01 s to 1s, depending on the thickness of
the overburden layer. Furthermore, tRe will not monotonously
decrease with the increase of the thickness of the overburden
layer. Instead, tRe will first increase and then decrease with
the increase of the thickness of overburden layer.

The ‘‘counter-intuitive’’ reversal of tRe in Fig. 8 can be
revealed by analyzing the intrinsic mechanism of MV effect.
In fact, this phenomenon was first revealed by Kozhevnikov

FIGURE 6. Horizontal distribution of the time derivatives of magnetic field
caused by MV effect at the earth surface. (a) 1ms; (b) 10ms; (c) 100ms.

FIGURE 7. The model parameters of a three-layered model containing a
SMP target layer.

and Antonov when they alaysised the MV response of induc-
tive loop TEM [25]. They gave a convincing analysis of
the this phenomenon with the concept of ‘‘demagnetization
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FIGURE 8. The tRe for the models in Fig. 7 with different D and H .
(a) Both D and H range from 1 m to 1000 m; (b)D ranges from 1 m to
1000 m and fix H=10, the red squares denote the sign reversal time of
decay curves from different buried depth.

effects’’. Considering a layered-earth containing two mag-
netic layers, the primary field generated by a horizontal
grounded-wire source is presented by the red solid line
in Fig. 9. Since the direction of the primary field in the
magnetic layer 1and 2 are vertical and horizontal respectively,
the direction of the magnetization of SPM grains shown
in Fig.9b will be different. For the SPM grain 1 shown
in Fig.9c, the direction of its magnetization is vertical so that
the excited secondary field is opposite to the internal field
of SPM grain 2. Thus, the total effective magnetization will
be reduced. For SPM grain 3, the secondary field is parallel
to the internal field of SPM grain 3. Thus, the total effective
magnetization is strengthened. The phenomenon, in which
the effective magnetization of magnetic object depends on its
shape, is referred as shape demagnetization [37], [38]. Thus,
the total effective magnetization of magnetic object can be
written as M = χ (1− α)H , where α is the factor related
to the shape of the magnetic object. For horizontal magnetic
layer, α = 1/α = 0 when it is horizontally/vertically
magnetized [39]. This is reason why the MV effect due to

FIGURE 9. The magnetization and shape demagnetization mechanism
The primary field in different layers; (b)The magnetization direction of
fine SPM grains; (c) shape demagnetization.

a magnetic layer with certain buried depth is larger than that
on the surface.

IV. QUANTIFICATION OF MV EFFECT ON TEM DATA
To suppress the MV effect in the TEM fieldwork, we quanti-
tatively analyze the influence of MV effect on TEM observa-
tions through theoretical derivation and numerical simulation
results. Based on the difference between non-magnetic half-
space and magnetic half-space, the relative errors caused by
the MV effect, which is calculated with equation (23), can be
calculated as follows:

Relative error (t) =

∣∣∣∣∣ ḂMz (t)ḂEz (t)

∣∣∣∣∣ . (26)

Firstly, we quantify the relative error of the TEM response
when a SPM layer is presented.Substituting equation (14)
and (25) into (26), we have:

lg [Relative error (t)]=
3
2
lg t+lgχs−3 lg r+

3
2
lg ρ3/21 +C

(27)

where C can be calculated with:

C = lg

[
5π1/2

µ
3/2
0 ln (τ2/τ1)

]
.

To validate this quantification, we calculated the relative
difference between the responses of Model 1 and 2 in Table 1,
as is shown in Fig. 10. The relative error caused byMV effect
increases exponentially with time. In the observation time
ranging from 10−3 to10−1 s, the slope of the error curve can
be approximated to t1.5, which is consistent with (27).

In order to study the quantitative relationship between the
relative error and the geo-electrical parameters as well as the
offset parameter in (27), the time,tRe, when ḂMz be begins to
dominate the late-time response was analyzed. At the instant
of tRe, the secondary field caused by MV effect equals to the
secondary field due to electromagnetic induction BMz (tr ) =
BEz (tr ), which makes the relative error at tRe equal to 1.

The quantitative relationship between reversal time, sus-
ceptibility, resistivity and offset can be obtained:

lg tRe = 2 lg r−
2
3
lgχs − lg ρ1 + A (28)

where A = lg
[
ln(τ2/τ1)2/3µ0

5π1/3

]
.
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FIGURE 10. The calculated relative error between the responses of
Model 1 and 2.

FIGURE 11. The variation of tRe with respect to susceptibility and
resistivity. The observing site is set at (0 m, 500 m, 0 m).

If the geo-electrical of survey area is known and tRe can be
estimated from observed data, an arbitrary relative error, such
as 1% or 10%, due to MV effect can be estimated with (27)
and (28). Thus, in next step, we validate equation (28) with
numerical simulation. We disturb the resistivity and suscep-
tibility of half-space model and plot the variation of tRe, as is
shown in Fig. 11. The resistivity varies from 10 to 105� · m
while susceptibility is varied from 10−4 to 10−1. The rela-
tionship between tRe and resistivity, or tRe and susceptibility
can be extracted from Fig. 11, as is shown in Fig. 12 and 13.
The slope of the tRe - resistivity and tRe -susceptibility curve
can be approximated to χ−0.667 and ρ−1, which is consistent
with (28).

Next, we change the offset of the observing site. The sign
reversal time (tRe) of model 1 is shown in Fig. 14. The slope
of the tRe-offset curve can be approximated to r2, which is
consistent with the result of (26). It is worth noting that the
modeling results deviate from the fitting curvewhen the offset
is large. The deviation is due to the fact that equation (28) is
derived based on the approximated solution in (25), which
is only valid at near-field region or late time. Based on the
numerical results in Fig.10-Fig.12, we have verified the valid-
ity of (28). For the half-space model, the influence of MV

FIGURE 12. The tRe for the model with different susceptibility. In the
calculation, the offset is 500m while the resistivity of the model is
10000 �·m. A1 is a constant related to A and the susceptibility of the
model.

FIGURE 13. The tRe for the model with different resistivity. In the
calculation, the offset is 500m while the susceptibility of the model is
0.01. A1 is a constant related to A and the resistivity of the model.

effect on TEM data depends on the offset and geo-electrical
parameters of survey area.

As tRe is closely related to the offset, we can adjust tRe to
be outside the time range of the TEM response by properly
setting the offset when designing the survey. As is shown
in Fig. 14, A3 is a constant that depends on geo-electrical
parameter of the earth. If a prior field experiment or petro-
physical results are available, tRe can be estimated and the
MV effect can be dramatically suppressed by recording the
TEM data at the offset range where the influence of MV
effect is beyond the time range of the response. One thing
should be noted when estimate the susceptibility is that,
according to the work of James, SPM mainly results from
single domain particles while the bigger particles add to static
susceptibility [18].

However, the magnetic half-space model is only suitable
for region covered with thick tuff layer. Driven by the weath-
ering denudation, water erosion, ancient cultural activities
and the enrichment of magnetotactic bacteria, these SPM
grains usually gather on the surface and form a magnetic
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FIGURE 14. The tRe of magnetic half-space earth, model 2. In the
calculation, the offset varies from 10 to 103 m.A3 is a constant related
to A and the geo-electrical parameters of the model.

FIGURE 15. The tRe of magnetic two-layered earth. The thickness of the
first layer is 100 m. The resistivity of the model is 1000 �·m,
the susceptibility of layer 1 and 2 are 0.01 and 0 respectively while the
offset of observing site varying from 10 to 103m.

layer. Thus, a magnetic layered-model is more practical for
actual geological conditions. Given that the SPM grains
mainly originate from shallowmagmatic rocks, such as basalt
and tuff, we consider the relationship between tRe and offset
for the magnetic two-layered model as is shown in Fig. 15.
The thickness of the first layer is 100 m, the resistivity of
the model is 1000 �·m, the susceptibility of the two layers
are 0.01 and 0 respectively while the offset of observing site
varying from 10 to 103m. It is indicated that the slope of
the tRe-offset curve can also be approximated to r2, which
verifies that the conclusions that we draw from half-space
model are still valid for the layered model.

V. A CASE HISTORY IN BAYAN OBO DEPOSIT
In this section, we present a case history in BayanObo deposit
and then analysis the MV effect with pratical TEM data. The
method we proposed for suppressing the MV effect with an
optimal offset will also be tested.

A. GEOLOGICAL SETTING OF BAYAN OBO REGION
The Bayan Obo deposit is an important iron deposit in China,
and also the largest rare earth element (REE) accumulation

FIGURE 16. Geological map of Bayan Obo (China) rare deposit.(modified
from [42]).

in the world. It is located in approximately 150 km north
of Baotou, Inner Mongolia province, China [40]. On the
regional scale, the Bayan Obo region lies in the northern
margin of the North China craton (Figure 16). The strata
exposed in the mining area mainly include Mesoproterozoic
Bayan Obo Group and Archean Paleoproterozoic basement
rocks. The basement is mianly consists of migmatized gneiss,
quartz schist, amphibolite anorthosite and granulite while
the Bayan Obo Group is a suite of low-grade metamorphic
rocks consisting of dolomite, quartzite, slate and carbonatite
and was divided into18 units (H1–H18) [41]. All the iron
orebodies,including east, west, and main orebodies, occur in
the dolomite that can be classified as H8 unit. The main iron
minerals are magnetite and hematite, most of which are in
the form of fine-grained block. The other minerals include
fluorite, aegirine, tremolite, biotite, dolomite, apatite, pyrite,
monazite, bastnaesite, etc.

B. GROUNDED-WIRE TEM SURVEY
From October to November,2019, we carried out a grounded-
wire TEM survey in Bayan Obo deposit. The purpose of
the survey was to prospect the geo-electrical structure of
Bayan Obo region and provided geophysical information for
estimating the REE and iron reserves.

The instrument used for this project was the V8 system
developed by Phoenix Geophysics and a magnetic sensor
(SB-7K) with effective receiving areas of 40,000m2. A bipo-
lar current (duty cycle is 50%) with base frequency of 2.5 Hz
was injected to excite the EM field. Corresponding to the
base frequency, the TEM data at the timescale between 1 and
100 ms were observed.

This project included 11 survey lines with length ranging
from 1km to 8km. We found that the ∂Bz/∂t decay curves
observed in the segment AB of survey line 1 and the segment
CD in survey line 2 (in Figure 17) exhibited a negative slope
with an approximate t−1 time dependence. It should be noted
that AB was located at a tailing hill that has been piled up for
several decades and CD was near the ore deposit. The offset
for survey line 1 and 2 are approximately 270m and 380m,
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FIGURE 17. Layout of the transmitters and survey lines.

FIGURE 18. The observed TEM data that with an approximate t−1 time
dependence (a) The decay curves at site 1200 of survey line 1 and site
1400 of survey line 2. (b)The multi-chanel curves of sites from 920 (site A)
to 1440 (site B).

respectively. According to the previous modeling results of
this paper, these decay curves were similar to MV response
whose late-time decays rate is also t−1 in log-log coordinate
system.

In next step, we identify the MV effect in the observed
TEM data with two methods. One is to study the suc-
ceptibility of the rock and ore in Bayan Obo deposite.
Wang et al.(2016) measured 1146 hand samples from the
orebody, host rock and tailing with proton magnetometer
(G856AX) [43]. A Part of his result are listed in TABLE
2. According to statistics, the average succeptibility of
metamorphic basement, host rock, basite and minerals are
approximately 4600∗10−5SI, 600∗10−5SI, 3500∗10−5SI,

FIGURE 19. The backscattered electron image of tailing sample.

TABLE 2. The Susceptibility of the Rock and Ore samples in Bayan Obo
deposit.

FIGURE 20. The responses due to different transmitters.

28000 ∗10−5SI, respectively. The other is to use the scan-
ning electron microscope to confirme fine-grained magnetic
grains. As shown in Figure 19, the backscattered electron
image of tailing sample confirm the existence of fine hematite
amd pyrite grains. With these two methods and the late-time
decays rate, it is believed that the anomaly observed in survey
line 1 and 2 were result from MV effect.
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In order to to suppress the MV effect in the obsearved
TEM data in survey line 1, we employed a new transmitter,
namely, the transmitter 2 shown in Figure 17. The offset
between transmitter 2 and survey line 1 is 790m. As shown
in Figure 20, MV effect began to dominate the responses due
to transmitter 1at about 10−2s. And the MV response due
to transmitter 2 was suppressed under the noise level. The
inductive eddy effect dominated TEM response in the time
scales between 1 to 50ms.

VI. CONCLUSION
We derive the formulas for calculating the secondary field
of MV effect with a TEM citation. Thereafter, we examine
the dependence of MV effect on model parameters. The MV
effects are then quantified with the relative errors between the
magnetic and nonmagnetic medium. The conclusions are as
follows:

(A1) When the source is turned off, the eddy current and
MV effect will be launched simultaneously. These two pro-
cesses generate the secondary fields that are in the same direc-
tion. The inductive field caused by eddy current is dominant
at the early time, while the secondary field due to the MV
effect dominates the late time, which leads to a a slow decay
rate of t−1 at late time.
(2) The MV effect mainly depends on the resistivity and

susceptibility of the model. The higher the susceptibility or
resistivity is, the earlier MV effect domain the total response.

(3) The influence ofMV effect can be avoided by recording
the TEM data at the proper offset range. When the estimates
of the resistivity and permeability are available, the offset
range can be calculated as use as a guide for the installation
of grounded-wire TEM survey.
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APPENDIX
In the appendix, we present the detailed derivation of the time
solution of TEM response over SPM medium. The deriva-
tion is based on the secondary magnetic induction intensity
induced by the constant current in the transmitter. When we
use the source waveform I (t) that turns off the current at
t = 0

I (t) = I0 [1−H (t)] , (A1)

whereH (t) is the unit Heaviside function. Substituting (A1)
into (12), we can get the magnetic field excited by a step-off
source waveform:

B (t) = I0LS [1−H (t)]M0

+I0LS
∫ t

−∞

dMe (t − τ)
dt

dτ

−I0LS
∫ t

−∞

H (t)
dMe (t − τ)

dt
dτ . (A2)

The Integral with Heaviside function can be simplified as:∫ t
−∞

H (t) dMe(t−τ)
dt dτ =

∫ t
0
dMe(t−τ)

dt dτ . Thus, the integral in
equation (A2) can be calculated explicitly:

B (t) = [1−H (t)] I0LSM0

+I0LS [Me (+∞)−Me(0)]− I0LS [Me (t)−Me (0)] .

(A3)

As χ (t) decreases with the increase of time, χ (+∞) = 0.
We have:

Me (0) = [1+ χe (0)]M0. (A4)

Me (+∞) = M0. (A5)

Substituting (A4) and (A5) to (A3):

B (t) = −H (t) I0LSM0 − I0LSMe (t) . (A6)

In the next step, we take the derivative of both side of
equation (A6) with respect to time and do some algebra,
we obtain the time derivative of the magnetic field:

−Ḃ (t) = δ (t) I0LSM0 + I0LS
dMe (t)
dt

, (A7)

where δ (t) is the Dirac delta function. The first term in (A7)
is due to the eddy current of nonmagnetic earth, while the
second term is due to the MV effect of the superparamagnetic
object. Substituting equation (11) into the second term of
(A7), the response due to the MV effect can be presented as:

ḂM (t) = I0LSM0
dχe (t)
dt

. (A8)

According to equation (3) and (7), the derivative of the
effective susceptibility with respect to time is:

dχe (t)
dt

=
χs

ln (τ2/τ1)
1
t

(
e−t/τ2 − e−t/τ1

)
. (A9)

Since τ1 � t � τ2, e−t/τ2 ≈ 1 and e−t/τ1 can be
neglected, (A9) becomes:

dχe (t)
dt

=
χs

ln (τ2/τ1)
1
t
. (A10)

For a homogeneous nonmagnetic half-space earth, the pri-
mary static magnetic field due to a grounded-wire that ener-
gized by direct current is:

H0 = −
I0LS
4πr2

sinϕ. (A11)

in which r is the distance between the midpoint of the wire
and the receiver and sinϕ = y

/√
x2 + y2.

M0 = −
µ0

4πr2
sinϕ. (A12)

Substituting (A10)∼(A12) to (A8), the response due toMV
effect can be obtained:

ḂMz (t) = −
1

ln
(
τ2
/
τ1
) I0LSχsµ0

4πr2t
sinϕ. (A13)
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