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Abstract: In the economically developed Beijing-Tianjin-Hebei region, magnetotelluric data are
susceptible to contamination from cultural noise, which can be caused, for example, by urban stray
currents, high-speed railways, or high-voltage lines. The multiple remote references method is an
effective tool that can be used to suppress interference and improve signal-to-noise ratios. Therefore,
this paper first introduces the basic principles of multiple remote references and then takes high-speed
railway noise as an example. The characteristics of the time domain and frequency domain of the
high-speed railway noise signals are analyzed. Then, we use two remote reference stations (with
a single remote reference and multiple remote references) to process the data interfering with the
high-speed railway and compare the results. Finally, the multiple remote references method is used
to process the data for the entire section. Coupled with the known geological and seismic data, the
inversion results well-reflect the deep underground geological structure.

Keywords: magnetotellurics; multiple remote references; high-speed railway noise; denoising;
electromagnetic; inversion

1. Introduction

The magnetotelluric (MT) method is an exploration tool that calculates impedance
by observing the natural instantaneous electromagnetic field on the ground, allowing
one to study the electrical structure of the underground rock [1-6]. The MT method has
the advantages of deep exploration, easy operation, and a lack of shielding from high-
resistance layers, meaning that it can be used in research fields investigating topics such
as lithospheric structures, oil and gas exploration, seismic prediction, and geothermal
exploration [7-10]. Therefore, in the process of deep geothermal exploration in the Jizhong
depression, the MT method was used to detect deep geological structures and regional
structural frameworks.

However, as a natural electromagnetic field, the MT signal source is susceptible
to various human electromagnetic noises, such as urban stray currents, high-speed rail-
ways (HSR), high-voltage transmission lines, communication towers, and highways in
the Beijing-Tianjin-Hebei economically developed area, which leads to the existence of
non-planar incident electromagnetic waves in the MT signals and biased MT transfer
functions [11,12]. Among these types of noise, electromagnetic noise due to HSR has
an especially strong signal and wide interference range. Therefore, it has been studied
with respect to the interference produced in electromagnetic observatories [13] and in MT
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soundings [14]. Modern techniques for optimal noise removal in MT studies include the
cross-power spectrum impedance method [15], the remote reference method (RR) [16], the
robust method [17], Hilbert -Huang transform [18], wavelet transform [19], mathematical
morphology filtering [20], the blind source separation method [21], and so on. At present,
the most effective method is the robust combined with RR method [22-24]. The RR method
deploys one or more remote reference stations simultaneously at a distance from the local
station and uses the remote reference signal (normally the magnetic signal) to eliminate
the noise of the local station. This method effectively suppresses strong noise, especially
near-field interference caused by industrial electromagnetic noise [25]. The robust method
weights the data according to the magnitude of the residual power spectrum of the obser-
vation error and reduces the weight of the anomalies so that they have minimal effect on
the estimation of the impedance function [17].

In order to collect high-quality magnetotelluric data on the Jizhong depression, we
took the Beijing—Guangzhou high-speed railway (BGHSR) as an example and arranged
several MT stations at the same time. In this paper, first, some properties (the time domain
and frequency domain) of the HSR noise are discussed. Next, MT data processing examples
with remote reference stations are provided. Finally, we use multiple remote references
(MRR) technology to process the MT data of the entire profile.

2. Overview of the Experiment

The experimental site is located in the north-central Jizhong depression, which is a
graben basin that developed in the North China Craton from the Mesozoic to Cenozoic.
The strata, moving from the lower to the upper, in the Jizhong depression include the
Archaean Eonothem, Palaeoproterozoic Eonothem, Mesoproterozoic Erathem, Upper Pro-
terozoic (including the Changcheng and Jixian systems), Paleogene System (including the
Kongdian, Shahejie and Dongying formations), Neogene System (including the Guantao
and Minghuazhen formations) and Quaternary System (the Pingyuan formation) [26]. The
main lithologies of the Archaean and Palaeoproterozoic Eonothems are gneiss, with a
resistivity of 100 (dm, the Mesoproterozoic Erathem and Upper Proterozoic are carbonates,
with a resistivity of 517 OOm, the Paleogene and Neogene Systems are mudstones and
sandstones, with a resistivity between 3 and 9 (dm, and the Quaternary System includes
gravels, sandstones and clays, with a resistivity of 20 Qm [27,28].

We chose the Beijing-Guangzhou HSR (BGHSR) as the interference source for this
experiment. BGHSR runs through the entire Jizhong depression, connecting Beijing and
Guangzhou with a total length of 2298 km and an operating speed of 300 km per hour.
There are nearly 200 trains that operate every day from 6 o’clock to 24 o’clock local time.
A train passes by every few minutes. Its traction power supply system uses 25 kV, 50 Hz
single-phase alternating current (AC) to provide electric energy to the train. The basic
principle is that the traction substation changes the high voltage of the grid into 25 kV AC
in the contact network. The electric locomotive receives current through the sliding contact
of the pantograph—catenary system, flows into the rail through the high-voltage side of the
vehicle-mounted traction transformer, and then returns to the traction substation from the
rail to form the current loop [29]. The instantaneous value of the traction current is close to
1000 A, which greatly increases the rail current. Ideally, the rail current will return to the
traction substation through the rail. However, rail aging causes leakage onto the ground
and generates strong electromagnetic noise signals [11,23].

In the experiment, MT data were collected at locations situated 500 m, 1 km, 1.5 km,
2km, 3 km and 5 km from the BGHSR near Sanlipu Village, Gaobeidian City, Hebei
Province (stations 1, 2, 3, 4, 5 and 6). Then, at different distances and in different directions
and geological conditions, we set up two remote reference stations (stations 7 and 8) at
places where human interference is less significant and acquired data simultaneously
(Figure 1). The distances between stations 1 and 7 and stations 1 and 8 were 280 km and
200 km, respectively.
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Figure 1. Simplified geological map of the Jizhong depression and the location of the MT stations.

The instrument used was a MTU-5A magnetotelluric acquisition system produced
by the Canada Phoenix Company. A nonpolarized electrode was used to receive the
electric field signal, and an inductive magnetic sensor MTC-50 was used to receive the
magnetic field signal. Each station is arranged in a north—south layout for five-component
acquisition. The north and the east correspond to the x and y directions, respectively, and
z is perpendicular to the ground (Ex and Ey are electrical fields, and Hx, Hy and Hz are

magnetic fields). The acquisition time was approximately 22 h.

3. Characteristics of HSR Noise

Figure 2 shows the time series of the Ey components collected by stations 1-6 at around
12 noon on 19 April 2019, local time. In the time series for the distance of 0.5 km to 5 km
from the railway line, we can see impulse, charging-discharging, and triangular-wave
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noise. The curve jump is obvious, and its amplitude is several times or several orders of
magnitude that of the natural field signals. Such noises will cause an incorrect estimation
of the transfer function. As the distance increases, the noise amplitude gradually decreases,
but there are still noise signals at 5 km. Figure 3 illustrates the five components collected
by station 2 at around 12 noon on 19 April 2019, local time. The HSR noise has almost the
same effect on all the components. The 12 h time series (Figure 4) recorded by station 2
from 19 to 20 April 2019, local time, shows that there are almost no impulse, charging—
discharging, or triangular-wave signals from 0 am to 6 am, and the amplitude is several
times or several orders of magnitude smaller than that of the HSR operation period at
noon. This is because various equipment of the HSR is being overhauled and trains are not
running during this time. Therefore, it is better to conduct measurements at night so as to
avoid HSR noise.
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Figure 2. The 4 min time series of Ey recorded at stations 1-6.

Figure 5 shows the frequency domain curves of different distances from the BGHSR.
Figure 5a,b shows the apparent resistivity and phase in the y—x direction. It can be seen
that the curve of station 1 is distorted from 100 Hz. For stations 2-6, the apparent resistivity
and phase curves tend to overlap in the frequency range from hundreds of Hz to 10 Hz.
The apparent resistivity curve below 10 Hz first decreases and then rises at a slope of nearly
45 degrees, and the phase curve tends towards —180 degrees. These are the near-field and
transition zones defined by the controlled-source audio-frequency magnetotelluric method
(CSAMT) [30-32]. As the distance increases, the frequency entering the transition zone
gradually decreases, and the curves gradually separate. The apparent resistivity in the
frequency range below 0.01 Hz decreases, the phase begins to rise, and the curves gradually
return to normal and tend to overlap again. Figure 5c,d shows the electric field spectra
in two directions. The high-frequency and low-frequency bands tend to overlap, which
indicates a normal transfer function curve. In the mid-frequency band of 10-0.01 Hz, the
electric field curve in the two directions and the yx apparent resistivity curve show the same
trend of change, which first decreases and then rises sharply before gradually returning to
normal after 0.01 Hz. Figure 6 shows the amplitude of the magnetic field. The left is Hx, and
the right is Hy. Stations 2 and 5 exhibit HSR noise signals, while stations 7 and 8 are remote
references and do not exhibit HSR interference signals. The amplitudes of stations 2 and 5
are very similar. Correspondingly, the amplitudes of stations 7 and 8 are very similar. The
magnetic field amplitudes of stations 2 and 5 are almost an order of magnitude higher than
those of stations 7 and 8 in the 10-0.01 Hz band, but these four stations are relatively close
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in terms of the other frequency bands. From the above analysis, it can be seen that BGHSR

mainly interferes with the MT signals in the mid-frequency band of 10-0.01 Hz.
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4. Effect of the Remote Reference Method (RR)

4.1. Principle of Single RR and Multiple RRs
The cross-power spectral density matrix (PSD) with RR [33], with a size of (7, 7), is

shown below: }
H,H;

HLH;
H,H?
H,E*
H,E;
H,R*

HyH;
HyH?
H,E}
HyE;
Hy R}

H,H:
H,E*
H,E;
H,R*

E(E:
EXE}
E.R:

EyE}
EyR:

RyR:

HeRP HyRP HR) ExRP EyRY ReRP RyRY |

where the asterisk denotes the complex conjugate, and R is the magnetic or electric field of
remote reference. Then, the transfer function can be written as [15,33]:

TF = ER * HR "},

Ty Ty . . . § .
H,R* E.R* E,R H,R* HyR

where TF = | Zyy Zy, |,ER = x x =y x},HR:{ x Uy Sy |
Zyx Zyy IIZR; EXR; EYR; H xR; HyR*

This assumes that the signals of the local stations and RR are homologous and cor-
related, while the noise is uncorrelated. Thus, the PSD of the uncorrelated noise is close
to zero, while only the correlated signals are retained in the ER and HR, playing a role
in denoising.

The PSD matrix, including MRR, has a size of (5 + n*2,5 + n* 2), and n is the number
of remote reference. Then, the transfer function can be written as [34,35]:

HR1 ]~
TF = [ER1 --- ERn] e
HRn
4.2. Effect of MRR

Figure 7 shows the results of station 2 (located 1 km away from the BGHSR) with
respect to different RR stations. The red curves are the results of the single station (SS)
without a remote reference. The apparent resistivity and phase curves are smooth and
continuous. However, in the 1-0.01 Hz frequency band, the resistivity increases, with a
slope of 45 degrees, and the phase tend to be —180 degrees. The near-field effect is obvious,
which is inconsistent with the actual geological conditions. The blue curves are the results
of nocturnal data (nd), which refer to the time period from 0 am to 6 am local time. Because
there is no train running, the noise signal is weak. The near-field effect is more significantly
improved, but the effect is not great in the 0.05-10 Hz frequency band. The magenta curves
and green curves are the results of station 8 (RR8) and station 7 (RR7) shown as the RR.
Except for the frequency band near 0.1 Hz, the near-field interference is not corrected, and
the RR denoising effect of the other frequency bands is good. The black curves are the
results for stations 7 and 8 shown as MRR. From the high- to low-frequency bands, there
are only a few frequency jumps, but the other frequency points of the curves are convergent,
the trend is obvious, and near-field interference is basically eliminated. It can be seen from
this trend that the RR method greatly improves the data quality, and the MRR are more
effective in removing various types of interference.
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Figure 7. Plots of apparent resistivity and phase data of station 2. Red curves denote the single
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reference (RR8), green curves denote station 7 as a remote reference (RR7), and black curves denote
stations 7 and 8 as remote references (MRR7&8). (a) Comparison of ss and MRR. (b) Comparison of
nd and MRR. (c¢) Comparison of RR7 and MRR. (d) Comparison of RR8 and MRR.

5. Results of MT Profile Experiment

In order to verify the effect of the MRR method, we arranged an MT survey line
(AA’) from Matou Town, Zhuozhou City, to Liujie Township, Yongqing County, Langfang
City (Figure 1). This survey line passes along the BGHSR, Beijing—Jiujiang Railway and
Beijing—Xiong’an Intercity Railway and through densely populated cities such as Zhuozhou
and Gu’an. Human interference of various types is particularly strong. In order to reduce
the influence of cultural noise, the positions of some sites are offset at a certain distance
according to the surrounding interference. The distance between the stations is approxi-
mately 1 km. There are a total of 60 stations with a total length of approximately 60 km. In
this area, much exploration work has been done for many years. Figure 8a shows a known
seismic survey profile near AA’. Many deep wells have been drilled. This enables us to
gain a deeper understanding of the cap layer structure and base structure of the area.
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We used the impedance tensor decomposition technique for the profile data and
calculated the direction of the electrical principal axis. After rotating the impedance tensor
towards the geo-electric strike direction, the data of the transverse electric (TE) and traverse
magnetic (TM) modes were obtained. The nonlinear conjugate gradient method (NLCG)
implemented in WinGlink software was used for two-dimensional inversion [36]. The
frequency range we used was 433-0.001 Hz. Frist, the poor-quality data were removed,
and then the 2D inversion of the TM, TE and TM + TE modes of the apparent resistivity
and impedance phases were performed [37,38]. The initial model was constructed with a
uniform half-space of 100 (dm. The data were inverted with the regularization parameter
T = 10. The inversion results of the three modes were analyzed by referring to the geological
and geophysical information of the survey area. Finally, the TM + TE mode inversion result
was selected because it was more consistent with the actual geological conditions. The
inversion of the MRR data was completed with an RMS misfit of 2.34 after 99 iterations.
The inversion of the SS data was completed with an RMS misfit of 2.24 after 103 iterations.
In general, a sharp change in resistivity is often a sign of fracture or lithologic interface,
where a slow change corresponds to a stable and uniform electrical layer. Therefore, the
image of the contoured resistivity section can reflect the distribution law of the resistivity of
the underground half-space medium along the survey line, that is, the electrical structure
model of the profile. Figure 8b is a two-dimensional inversion section based on data with
MRR, which clearly shows the lithologic units. From west to east, it corresponds to the
Beijing sag, Daxing uplift, Langgu sag, Niutuo uplift and Baxian sag.

The upper part of the section, where the resistivity value is very low and uniform,
is exactly the Langgu and Baxian sag, where the Cenozoic deposits are very thick. The
resistivity value also reflects the shallow-buried Daxing and Niutuo uplifts.

Figure 8a is a seismic section very close to AA’ [26,39], and the average wave speed
is approximately 3000 m/s. It shows that the reflected underground structure is almost
the same as that in Figure 8b. Figure 8b shows the inversion result of the data with MRR
(7and 8). The depth of the bedrock interface in the figure and the seismic profile are
basically the same. Figure 8c shows the inversion result of the data for a single station,
which reflects the tectonic units to a certain extent, but the horizontal partition is not
obvious, and the vertical stratification is not clear. The low-resistivity layer in the crust at
a depth of more than 10 km underground is not reflected [40]. The bedrock interface is
deeper [41].

6. Discussion and Conclusions

BGHSR noise has a fixed shape in the time domain waveform, and the amplitude is
very large, which can be observed from the electromagnetic field. The interfering signals
between each station or between all components of the same station are highly correlated,
but the polarization directions are different. These features can provide a basis for removing
the noise of HSR.

From the definition of CSAMT, the high-frequency band of the HSR noise signals
above 10 Hz is in the far field, which approaches the MT assumption of quasi-homogeneous
fields and is included as part of the MT signals. Therefore, the signals in this frequency
band are enhanced [23]. The mid-frequency band (10-0.01 Hz) enters the transition zone
and near zone, causing the field source effect. There is no HSR noise in the low-frequency
band, and the MT signals are restored to quasi-homogeneous fields.

When station 7 or station 8 is used as an RR, the near-field interference is not effectively
removed. In the frequency band near 0.1 Hz, the so-called “dead band” [42,43], it is likely
that the natural field signal in this frequency band will be weak, and the denoising ability
of RR is also reduced, resulting in unreliable data.

We analyzed the noise signals of the BGHSR in the time domain and frequency domain
and found that they are mainly impulse, charging-discharging and triangular-wave noises.
The distance of the interference exceeds 5 km, and the interference frequency band is mainly
in the range of 10-0.01 Hz.
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The MRR method [34,35] is better than the single-RR method [15,33], since it can
remove human interference more effectively and obtain high-quality MT data.

Although the MRR method has an ideal effect in removing interference, it is not a
panacea. When one data point in the remote reference data is not good or has less coherence
with the station data, the result may be inferior to the single remote reference. In the future,
we will consider how to select remote reference data of different frequencies, and the remote
reference data frequency bands with poor denoising effects will not be involved in the
calculation so as to improve the noise removal effect. The farther away the noise sources
are, the smaller their impact on the data is. Therefore, it is also very important to arrange
instruments in the field as far away as possible so as to avoid noise sources.
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