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Abstract

:

Transportation has become a key bottleneck which restricts economic development in Western China. However, during the construction of the western railway, the permafrost problem has plagued railway construction on the Qinghai–Tibet Plateau, and has not yet been resolved. Accurately identifying permafrost by geophysical method is the most effective means to solve this problem. However, the mountainous and plateau terrain in Western China impose huge challenges in collecting geophysical data. To address this issue, this paper proposes an airborne transient electromagnetic method to collect geophysical electromagnetic data to identify permafrost in the mountains and plateaus of Western China. Based on Maxwell’s equations, the forward model of the airborne electromagnetic was derived, and the finite element method was used to calculate the two-dimensional (2D) space electromagnetic responses of different permafrost geo-electrical models. Furthermore, a coupling function was constructed to estimate the distribution of the resistivity of the permafrost by the least-squares fitting algorithm. Comparison between inversion resistivity distribution and the geo-electrical model showed that the proposed airborne transient electromagnetic method was valid for exploring the permafrost in the mountains and the Qinghai–Tibet Plateau in Western China.
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1. Introduction


In order to reduce the economic gap between Eastern and Western China, the National Council established a group for the Development of the Western Region in 2000, and the Vice Premier Jiabao Wen served as the Deputy Leader [1]. Although 20 years have passed, it has not yet achieved the desired results. The main reason is that most of the larger industrial bases are built in Eastern China, whereas only energy bases are built in Western China. The energy bases cannot drive much local economic development. Recently, a new campaign, the “Master Plan for the New Land, Sea, and Western Corridor”, was promulgated by Chinese government in August 2019, with the aim of promoting the deep integration of transportation to serve the economic development of Western China [2]. As is well known, railway transportation is the most important tool in Western China. Therefore, railway construction plays a pivotal role to develop economics in Western China. However, a large amount of permafrost with high thermal sensitivity in these areas would bring great potential dangers to railway transportation [3,4,5,6,7,8,9]. Geophysical data can provide important information to detect the permafrost [10,11,12]. Hence, identifying the geological conditions of the railway subgrade and locating the permafrost are crucial for the railway construction in Western China. Firstly, research on permafrost soil subgrade countries has been done mainly by the United States [13,14], Canada [15,16,17], and Russia [18], and their economies developed strongly during that period, like China presently. These countries are located at higher latitudes, and the distribution of permafrost soil is wide. However, the areas of permafrost distribution were mostly located at plains, and the data used for researching permafrost were relatively easy. However, the research area of permafrost distribution in the Qinghai–Tibet Plateau in China, due to the steep terrain, high altitude, and severe anoxia in mountains, makes it quite difficult to carry out ground surface geophysical exploration along the survey line, as shown in Figure 1.



The purpose of the development of the airborne electromagnetic method was mainly to overcome difficult terrain factors and enhance work efficiency. The US [19] and Australia [20,21,22] are the most successful in applying airborne electromagnetic methods to explore metal, minerals, and resources in remote rural areas with little population. This was a good reference for the investigation of the frozen soil in the Qinghai–Tibet Plateau in China, and it was a good choice to collect geophysical data by airborne electromagnetic method. Although there are few related works in the literature, we tried to do theory research to verify its feasibility to provide the theoretical basis for its application in the future.



Due to the steep terrain and high altitude, it is quite difficult to carry out ground surface geophysical exploration along the survey line. Compared with these contact geophysical methods, the non-contact electromagnetic methods were better solution. The resistivity difference between permafrost and surrounding rock was notable. As a result, one could analyze the resistivity of the permafrost area using the geophysical electromagnetic method to detect the permafrost [23]. According to field test results [24,25] between using the ground surface electromagnetic method and the airborne electromagnetic method, the airborne electromagnetic method was superior to the former because the noise caused by the violent terrain for ground surface electromagnetic was much more serious than for airborne electromagnetic methods. Therefore, it will broaden the application to conduct airborne electromagnetic permafrost detection in mountainous and plateau regions. However, the detection accuracy of airborne electromagnetic method was still an unresolved problem [26].



Recently, the transient electromagnetic method (TEM) was found to be able to accurately detect the depth of permafrost and effectively locate the area of permafrost [27,28]. For example, Yi et al. [29] simulated the freeze–thaw process of thermal karst ponds and lakes in northern Siberia using TEM and found that TEM could perfectly describe the process of freeze–thaw. However, very little work has explored permafrost detection using TEM and other airborne electromagnetic methods, especially for research of permafrost regions in Western China. To address this issue, this paper attempted to study, by using the airborne transient electromagnetic method to explore, the shallow geological problems of permafrost detection in the western plateau cold region by numerical simulation and hoped to provide reliable data for the evaluation of permafrost disasters.




2. Forward Modeling of Airborne Transient Electromagnetic Method


The transient electromagnetic method (TEM) is a kind of time domain method which employs coils with currents as the transmitters to cause the conductive geological body and generate the inductive electromagnetic field. The geological targets can be analyzed by measuring the inductive electromagnetic field. The equipment carried by an aircraft to explore the earth is called the airborne transient electromagnetic method.



2.1. Research on Forward Modeling Theory


The electromagnetic field excited by a magnetic source satisfied the following Maxwell equation [30,31]


  ∇ × H = ( − i ε ω + σ ) E  



(1)






  ∇ × E = i μ ω H +  J m   



(2)




where,  ε ,  μ ,  ω , and  σ  are the permittivity, magnetic permeability, frequency, and conductivity of the medium, respectively;  H  and  E  are the electric and magnetic fields, respectively; and    J m    is the magnetic current density.



The electromagnetic field was divided into a primary field (   H p   ,    E p   ) and a scattering field (   H s   ,    E s   ), and their relationship could be described as


  H =  H p  +  H s   



(3)






  E =  E p  +  E s   



(4)







The primary field satisfies the following equations:


  ∇ ×  H p  = (  ε p  ω +  σ p  )  E p   



(5)






  ∇ ×  E p  = − μ ω  H p  +  J m   



(6)







Combining Equations (1)–(6), the following expressions can be obtained


  ∇ ×  H s  = ( ε ω + σ )  E s  + (  ε s  ω +  σ s  )  E b   



(7)






  ∇ ×  E s  = − μ ω  H s  −  μ s   H b   



(8)




where    ε s  = ε −  ε p   ,    σ s  = σ −  σ p   , and    μ s  = μ −  μ p    indicate the difference of the permittivity, resistivity, and permeability between the background field and the anomalous geological bodies. If the earth is isotropic media, Equations (7) and (8) could be simplified as


  ∇ ×  H s  =  y ^   E s  +  J s   



(9)






  ∇ ×  E s  = − μ ω  H s   



(10)




where    J s  =  σ s   E p    and    y ^  = σ + i ε ω  .



Based on Equations (9) and (10), one could note that the source was governed by the primary electromagnetic field and the conductivity difference in the area of the anomalous geological bodies, which avoided the source singularity. To simplify the expressions in Equations (9) and (10), let  H  and  E  instead of    H s    and    E s   . The curl operator was introduced into Equations (9) and (10) to obtain the following expressions


     (    ∂  H z    ∂ y   −   ∂  H y    ∂ z    )    e →  x  +  (    ∂  H x    ∂ z   −   ∂  H z    ∂ x    )    e →  y  +  (    ∂  H y    ∂ x   −   ∂  H x    ∂ y    )    e →  z      = (  y ^   E x  +  σ s   E  p x   )   e →  x  + (  y ^   E y  +  σ s   E  p y   )   e →  y  + (  y ^   E z  +  σ s   E  p z   )   e →  y     



(11)






     (    ∂  E z    ∂ y   −   ∂  E y    ∂ z    )    e →  x  +  (    ∂  E x    ∂ z   −   ∂  E z    ∂ x    )    e →  y  +  (    ∂  E y    ∂ x   −   ∂  E x    ∂ y    )    e →  z      = −  z ^  [ (  H x  )   e →  x  + (  H y  )   e →  y  + (  H z  )   e →  z  ]    



(12)




where    z ^  = i μ ω  ,    J s  =  σ s   E p   , and    y ^  = σ + i ε ω  .



Based on Equations (11) and (12), a 2D geo-electric model, as shown in Figure 2, was adopted to perform numerical simulations. Let us assume that the electrical property did not vary in the y-direction. In this case, the electrical field, magnetic field, and source should be processed by the Fourier transform


    F ⌒   (  x ,  k y  , z , ω  )  =   ∫   − ∞  ∞  F  (  x , y , z , ω  )   e  − i  k y  y   d y   ,     ∂  F ^    ∂ y   = − i  k y   F ^    



(13)




where   F ^   is the Fourier transform of H or E. Two coupled governing differential equations for     E ^  y    and     H ^  y    can be defined as


        ∂  ∂ x    (   y ^      k e   2      ∂   E ⌒  y    ∂ x    )  +  ∂  ∂ z    (    y ^      k e   2      ∂   E ⌒  y    ∂ z    )  −  y ^    E ⌒  y  + i  k y   [   ∂  ∂ x    (   1     k e   2     )    ∂   H ⌒  y    ∂ z   −  ∂  ∂ z    (   1     k e   2     )    ∂   H ⌒  y    ∂ x    ]        =  σ s    E ⌒   p y     J ⌒   s y   − i  k y   [   ∂  ∂ x    (   1     k e   2     σ s    E ⌒   p x    )  +  ∂  ∂ z    (   1     k e   2     σ s    E ⌒   p z    )   ]       



(14)






       ∂  ∂ x    (    z ^      k e   2      ∂   H ⌒  y    ∂ x    )  +  ∂  ∂ z    (    z ^      k e   2      ∂   H ⌒  y    ∂ z    )  −  z ^    H ⌒  y  + i  k y   [  −  ∂  ∂ x    (   1     k e   2     )    ∂   E ⌒  y    ∂ z   +  ∂  ∂ z    (   1     k e   2     )    ∂   E ⌒  y    ∂ x    ]        =  ∂  ∂ x    (    z ^      k e   2     σ s    E ⌒   p z    )  −  ∂  ∂ z    (    z ^      k e   2     σ s    E ⌒   p x    )       



(15)




where    k 2  = −  z ^   y ^   ,       k e   2   =    k y   2  −  k 2   ,    z ^  = i μ ω  , and    y ^  = σ + i ε ω  . The other components were obtained from the space-derivatives of     E ⌒  y    and     H ⌒  y    as follows


     E ⌒   x  =  1     k e   2     (  − i  k y    ∂    E ⌒   y    ∂ x   −  z ^    ∂    H ⌒   y    ∂ z   −  z ^     J ⌒    s x    )   



(16)






     E ⌒   z  =  1     k e   2     (  − i  k y    ∂    E ⌒   y    ∂ z   +  z ^    ∂    H ⌒   y    ∂ x   −  z ^     J ⌒    s z    )   



(17)






     H ⌒   x  =  1     k e   2     (  − i  k y    ∂    H ⌒   y    ∂ x   +  y ^    ∂    E ⌒   y    ∂ z   + i  k y   z ^     J ⌒    s z    )   



(18)






     H ⌒   z  =  1     k e   2     (  − i  k y    ∂    H ⌒   y    ∂ z   −  y ^    ∂    E ⌒   y    ∂ x   − i  k y   z ^     J ⌒    s x    )   



(19)







The Galerkin method [32] was employed to solve the above equations. Firstly, the isoparametric elements method was used to establish the finite-element equations of the 2D model in Figure 1, because, in the space discretization, the isoparametric elements were flexible to approximate the complex structure in the subsurface formation. In addition, the higher-order interpolation function was able to accurately calculate the space-derivative of      E ⌒   y    and      H ⌒   y    in the finite-element equations. Therefore, a quadratic element with eight nodes, as shown in Figure 3, was adopted for calculating the finite-element equations. In each element,      E ⌒   y    and      H ⌒   y    were expressed by the quadratic interpolation function, and the space-derivative could be described with a linear interpolation function. In each element,   σ , μ , ε   were constant, and the interpolation function was represented with the local coordinates    (  ξ , η  )    [33]. The global coordinates and each component F in the calculation domain could be written as


  x =   ∑  j = 1  8    N j e     x j  , z =   ∑  j = 1  8    N j e     z j  , F =   ∑  j = 1  8    N j e     F j   



(20)






    N i e  =  {     1 4  ( 1 +  ξ i  ξ ) ( 1 +  η i  η ) (  ξ i  ξ +  η i  η − 1 )   ( i = 1 , 3 , 5 , 7 )      1 2  ( 1 −  ξ 2  ) ( 1 +  η i  η )   ( i = 2 , 6 )      1 2  ( 1 −  η 2  ) ( 1 +  ξ i  ξ )   ( i = 4 , 8 )       



(21)




where    N j e    is the quadratic interpolation function of the i-th node in the e-th element.



Applying the Galerkin method to Equations (13) and (14), we obtained the following linear equations:


         ∑   e = 1    N e       ∬    D e     {    ∂  N i e    ∂ x    (    y ^    k e 2      ∂    E ⌒   y    ∂ x    )  +   ∂  N i e    ∂ z    (    y ^    k e 2      ∂    E ⌒   y    ∂ z    )  +  N i e   y ^     E ⌒   y                        +   i  k y     k e 2     (    ∂  N i e    ∂ x     ∂    H ⌒   y    ∂ z   −   ∂  N i e    ∂ z     ∂    H ⌒   y    ∂ x    )   }  d x d z                   = −    ∑   e = 1    N e       ∬    D e     {     σ s   e   N i e     E ⌒    p y   +   i  k y     k e 2     (    ∂  N i e    ∂ x    σ s    e     E ⌒    p x   +   ∂  N i e    ∂ z      σ s   e     E ⌒    p z    )   }  d x d z                   +    ∑   e = 1    N e       ∮   ∂  D e     N i e     H ⌒   l  d l      



(22)






         ∑   e = 1    N e       ∬    D e    {    ∂  N i e    ∂ x    (    z ^    k e 2      ∂    H ⌒   y    ∂ x    )  +   ∂  N i e    ∂ z    (    z ^    k e 2      ∂    H ⌒   y    ∂ z    )  +  N i e   z ^     H ⌒   y                     +   i  k y     k e 2     (  −   ∂  N i e    ∂ x     ∂    E ⌒   y    ∂ z   +   ∂  N i e    ∂ z     ∂    E ⌒   y    ∂ x    )  } d x d z                   = −    ∑   e = 1    N e       ∬    D e     {    z ^    k e 2     (    ∂  N i e    ∂ z    σ s     E ⌒    p x   −   ∂  N i e    ∂ x    σ s     E ⌒    p z    )   }  d x d z                     −    ∑   e = 1    N e       ∮   ∂  D e     N i e     E ⌒   l  d l      



(23)




where the second integrals on the right hand sides are line integrals around the boundary   ∂  D e    of the element regions;    D e   ,      E ⌒   l   , and      H ⌒   l    are the tangential components for   ∂  D e   , respectively; and    N e    is the total number of the finite elements. Finally, the matrix equation was obtained as


  A X = B  



(24)




where   X =  [   E y   ( 1 )  ,  E y   ( 2 )  ⋯  E y   ( N )  ,  H y   ( 1 )  ,  H y   ( 2 )  ⋯  H y   ( N )    ] T     is the electrical and magnetic fields located in the discrete nodes in the model; N is the number of discrete nodes; and B can be regarded as the source item, which is the product of the primary field and the conductivity difference between the background conductivity and the anomalous geological bodies’ conductivity. In fact,    σ s    is not equal to zero only in the areas of the anomalous geological bodies; hence,    E p    can be solved only in the nodes of the anomalous geological bodies.



After calculating the electromagnetic field in the    k y   -domain, the results should be transformed from    k y   -domain to real space by the inverse Fourier transformation [34]. The electromagnetic fields in the y-domain in the real space were evaluated by


  F  (  x , y =  y 0  , z , ω  )  =  1  2 π     ∫   −  k y     k y     F ^   (  x ,  k y  , z , ω  )   e  i  k y  y   d  k y  ,  (   k y  → ∞  )   



(25)







The integration in Equation (25) was carried out by the cubic spline interpolation of the solutions [35] in the logarithmic ware-number domain    k y   .



The electromagnetic field obtained from the above calculations was the frequency domain, and to obtain the electromagnetic field in the time domain we should transform the electromagnetic field in the frequency domain into the electromagnetic field in the time domain. Compared with other transform methods, we could obtain much more accurate results in the later period in the domain by sine and cosine transformation [36], as shown in Equation (26).


  H  ( t )  =  2 π    ∫  0 ∞    I m H  ( ω )   ω  cos ( ω t ) d ω  



(26)







The time derivative of H(s) could be described as Equation (27). In fact, measurement data by the receiving coil was     ∂ H  ( t )    ∂ t    , which is called induced voltage.


    ∂ H  ( t )    ∂ t   = −  2 π    ∫  0 ∞  I m H  ( ω )  sin ( ω t ) d ω  



(27)








2.2. Numerical Simulation One


A large amount of permafrost is distributed in the mountains and on the Qinghai–Tibet Plateau in Western China. The permafrost has high-temperature characteristics [37], which means that it has thermal sensitivity, high ice content, and an easy change from the solid state of ice to the flow state of water. These characteristics would make railway foundations face great danger in spring and autumn seasons [38] especially; the danger of thawing is that it is easy to occur during the period of the spring season due to ice melting. It is crucial to detect the permafrost for the Qinghai–Tibet railway to reduce potential danger during the railway construction. Considering that the permafrost overlays are very common in Western China plateaus, and a low resistivity layer is formed due to ice melting, a typical geo-electrical model, shown in Figure 4, was designed to simulate the responses of the airborne transient electromagnetic methods. In Figure 4, there are two permafrost distributions with different volumes, i.e., 50 m × 100 m and 50 m × 50 m, respectively, and the thickness of the cover layer is 5 m. According to the electrical characteristics of the permafrost, the resistivity in the melting zone of the permafrost was set to 10 Ohm-m, and the resistivity surrounding the rocks was set to 1000 Ohm-m. A central loop style was adopted to collect data; the height of the receiving coil was 30 m and the radius of the transmitting coil was 10 m. In addition, the number of turns was 10 and the working current was 100 A. The transient electromagnetic responses were calculated and are shown in Figure 3. Because Western China is dry all the year round and the shallow surface of the earth is dry, the secondary electromagnetic field was very weak where it was far away from the thawing region, as shown in Figure 4. The curves in Figure 4 are the electromagnetic field of the z-component at the top part, and the rectangle filled with color is the geological model. As can be seen, the airborne transient electromagnetic response along the measured line from left to right is shown in Figure 4, where the electromagnetic anomalous response corresponded to the geo-electric model very well.




2.3. Numerical Simulation Two


As mentioned in introduction, there are severe terrains in the Qinghai–Tibet Plateau in Western China. To address this issue, the following numerical simulation employed a discretized geo-electrical model with a small sunken, as shown in Figure 5. The sunken is usually at a lower level than the surrounding area, and it is often submerged in water during the rainy seasons. Therefore, in winter, the sunken would become frozen soil to gradually form the permafrost. As shown in Figure 5, the ground surface is covered by a low resistivity overlay with a thickness of 5 m. There is one low anomalous area of 30 m × 100 m. Similar to simulation model one, the low resistivity area was set to 10 Ohm-m, and the high resistivity surrounding earth was set to 1000 Ohm-m. The simulation calculation results are described in Figure 5. It can be seen in Figure 5 that three airborne transient electromagnetic responses were observed, and all values of the electromagnetic curves were positive, which was different from model one without the sunken. However, only the middle one of the airborne transient electromagnetic responses was true to simulation model two, whereas the other two were unreal responses. The reason is that the area of sunken was filled with air, whose high resistivity would influence the transient electromagnetic calculation. Compared with the medium of air, the earth medium, distributed in the left and right sides of the sunken, had a relatively low resistivity. As a result, there were two false anomalous responses. The middle anomalous response corresponds to a low resistivity anomalous geological body of permafrost distribution.





3. Airborne Electromagnetic Inversion


Airborne transient electromagnetic inversion continuously adjusted the iterative models to obtain the best responses to fit the forward data indicated by   f ( k , P )   and the observation data indicated by   Δ  z k   . It firstly needed to construct a coupling function [39], as shown in Equation (28),


  ϕ ( P ) =   ∑  k = 1  m     [ Δ  z k  − f ( k , P ) ]  2     



(28)




where   Δ  z k    is the observed data, such as receiving the data of     ∂ H  ( t )    ∂ t     by coil, and   f ( k , P )   represents the theoretical response calculated using Formula (22) to Formula (25) according to the geo-electrical model described by resistivity distribution P (  P :  ρ 1  ,  ρ 2  ,  ρ 3  ,  ρ 4  , ⋯ ,  ρ N  )  . K indicates the number of samples and M represents the total number of sampling points. Applying the Taylor expansion to   f ( k , P )   at p0 and neglecting the terms of the second and higher orders, it yields


  f ( k , P ) ≈ f ( k ,  P  ( 0 )   ) +   ∑  j = 1  n     ∂ f ( k ,  P  ( 0 )   )   ∂  p j      Δ  p j   



(29)




where the superscript (k) means k-th iteration. Considering the misfit φ, Equation (28) should satisfy the following equation


    ∂ ϕ ( P )   ∂  p i     = 2    ∑  k = 1  m   [ Δ  z k  − f ( k ,  P  ( 0 )   ) −   ∑  j = 1  n     ∂ f ( k ,  P  ( 0 )   )   ∂  p j      Δ  p j  ]     ∂ f ( k ,  P  ( 0 )   )   ∂  p i    = 0  



(30)







By introduction of damping operator [39], Equation (31) could be rewritten in a matrix as


   (  A + λ I  )  Δ P = B  



(31)




where    a   i , j    =   ∑  k = 1  m     ∂ f ( k ,  P  ( 0 )   )   ∂  p i      ∂ f ( k ,  P  ( 0 )   )   ∂  p j       ,    b i  =   ∑  k = 1  m     ∂ f ( k ,  P  ( 0 )   )   ∂  p i       [  ( Δ  z k  − f ( k ,  P  ( 0 )   ) )  ]   ,   Δ P = ( Δ  p 1  , ⋯ , Δ  p n  )  ; I is an identity matrix; and  λ  is the damping factor.



3.1. Inversion Numerical Simulation One


Based on forward numerical simulation results of the geological model as described by Figure 4, we processed the forward numerical simulation data by inversion method as mentioned by Formula (32). In the procedure, the calculated result     ∂ H  ( t )    ∂ t     can be regarded as   ∇  z k    in Formula (28). Finally, we got the inversion result, as shown in Figure 6. Compared with the geo-electrical model as described by Figure 4, they match each other very well.




3.2. Inversion Numerical Simulation Two


A similar process as inversion numerical simulation one was done for the forward modeling results by geo-electrical model with terrain, and Figure 7 manifests the inversion result. Comparing the inversion result with the simulated geo-electrical model, one could note that, although terrain fluctuations exist, the airborne transient electromagnetic method was still effective for detecting the permafrost.





4. Conclusions


Railway construction in Western China is very important for economic development. However, the permafrost problem has always plagued the railway construction. It was imperative to explore the distribution of permafrost by geophysical methods to prevent potential geological disaster. According to the terrain characteristics of the Qinghai–Tibet Plateau, a new airborne transient electromagnetic method was developed to investigate two kinds of two geo-electric models: one was flat ground surface, and the other one was undulating ground surface. To achieve forward simulation, a new algorithm that calculated the airborne transient electromagnetic responses was proposed, and the detailed characteristics of the calculated electromagnetic responses of the geo-electrical models were presented. For the purpose of estimating the distribution of the permafrost using the forward modeling data, a coupling function based on the least squares was constructed to fit the observation data and the calculation data. The calculation results of the two simulation models demonstrated that it was feasible to solve the permafrost problem of Qinghai–Tibet Plateau in Western China by the proposed airborne transient electromagnetic method. The location and degree of the permafrost in the simulated models could be effectively recognized. In future plans, the proposed method will be further verified by field data.







Author Contributions


Conceptualization, J.Y. and Z.L.; methodology, B.S. and R.R; Data collection, R.R., L.S. and Z.L.; Analysis, B.S., R.R., and L.S.; writing—original draft preparation, B.S. and Z.L.; writing—review and editing, Z.L. and J.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation (No. 41974151) and (No.41674133), Jiangsu Province Natural Science Foundation (No. BK20181360), Australia Research Council (No. DE190100931) and the Priority Academic Program Development of Jiangsu Higher Education Institutions.




Acknowledgments


We are grateful to the anonymous reviewers.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yang, F.X.; Yang, M.; Xue, B.; Luo, Q. The effects of China’s western development strategy implementation on local ecological economic performance. J. Clean. Prod. 2018, 202, 925–933. [Google Scholar] [CrossRef]

	



Shiu, A.; Li, R.; Woo, C.K. Economic Growth and Infrastructure Investments in Energy and Transportation: A Causality Interpretation of Chinaos Western Development Strategy. Energy J. 2016, 37, 211–222. [Google Scholar] [CrossRef]

	



Jin, H.J.; Wang, S.L.; Lv, L.Z. Features of permafrost degradation in Hinggan Mountains, northeastern China. Sci. Geogr. Sin. 2009, 2, 223–228. [Google Scholar]

	



Li, J.; Sheng, Y.; Wu, J.; Chen, J.; Zhang, X. Probability distribution of permafrost along a transportation corridor in the northeastern Qinghai province of China. Cold Reg. Sci. Technol. 2009, 59, 12–18. [Google Scholar] [CrossRef]

	



Ran, Y.; Li, X.; Cheng, G.; Zhang, T.; Wu, Q.; Jin, H.; Jin, R. Distribution of Permafrost in China: An Overview of Existing Permafrost Maps. Permafr. Periglac. Process. 2012, 23, 322–333. [Google Scholar] [CrossRef]

	



Chang, X.L.; Jin, H.J.; He, R.X.; Jing, H.; Li, G.Y.; Wang, Y.P.; Luo, D.L.; Yu, S.P.; Sun, H.B. Review of Permafrost Monitoring in the Northern Da Hinggan Mountains, Northeast China. J. Glaciol. Geocryol. 2013, 35, 93–100. [Google Scholar]

	



Xu, X.; Zhang, Z.; Wu, Q. Simulation of permafrost changes on the Qinghai–Tibet Plateau, China, over the past three decades. Int. J. Digit. Earth 2017, 10, 522–528. [Google Scholar] [CrossRef]

	



Tropp, M.; Brumerčík, F.; Šteininger, J.; Weis, P.; Glowacz, A. Heat distribution in the deep drawing device components working by high temperatures. IOP Conf. Ser. Mater. Sci. Eng. 2018, 393, 012075. [Google Scholar] [CrossRef]

	



Jin, H.; Jin, X.; He, R.; Luo, D.; Chang, X.; Wang, S.; Marchenko, S.S.; Yang, S.; Yi, C.; Li, S.; et al. Evolution of permafrost in China during the last 20 ka. Sci. China Earth Sci. 2019, 62, 1207–1223. [Google Scholar] [CrossRef]

	



Kneisel, C.; Hauck, C.; Fortier, R.; Moorman, B.J. Advances in geophysical methods for permafrost investigations. Permafr. Periglac. Process. 2008, 19, 157–178. [Google Scholar] [CrossRef]

	



Iuliano, G.; Boz, C.; Cristiano, E.; Duquette, P.; Lugaresi, A.; Oreja-Guevara, C.; Pesch, V. Historical changes of seasonal differences in the frequency of multiple sclerosis clinical attacks: A multicenter study. J. Neurol. 2012, 260, 1258–1262. [Google Scholar] [CrossRef] [PubMed]

	



Wu, T.; Wang, Q.; Watanabe, M.; Chen, J.; Battogtokh, D. Mapping vertical profile of discontinuous permafrost with ground penetrating radar at Nalaikh depression, Mongolia. Environ. Earth Sci. 2009, 56, 1577–1583. [Google Scholar] [CrossRef]

	



Pewe, T.L. Alpine Permafrost in the Contiguous United States: A Review. Arct. Alp. Res. 1983, 15, 145. [Google Scholar] [CrossRef]

	



Smith, S.; Romanovsky, V.E.; Lewkowicz, A.; Burn, C.; Allard, M.; Clow, G.; Yoshikawa, K.; Throop, J. Thermal state of permafrost in North America: A contribution to the international polar year. Permafr. Periglac. Process. 2010, 21, 117–135. [Google Scholar] [CrossRef]

	



Eppler, J.; Kubanski, M.; Sharma, J.; Busler, J. InSAR Monitoring of Transportation Infrastructure in Permafrost Regions. In Proceedings of the GeoQuebec 2015, Québec, QC, Canada, 20–23 September 2015. [Google Scholar]

	



Crampton, C.B. The distribution and thickness of icy permafrost in northeastern British Columbia. Can. J. Earth Sci. 1978, 15, 655–659. [Google Scholar] [CrossRef]

	



Ulitsky, V.M.; Gorodnova, E.V. The Construction of Transport Infrastructure on Permafrost Soils. Procedia Eng. 2017, 189, 421–428. [Google Scholar] [CrossRef]

	



Hilbich, C.; Hauck, C.; Hoelzle, M.; Scherler, M.; Schudel, L.; Völksch, I.; Mühll, D.V.; Mäusbacher, R. Monitoring mountain permafrost evolution using electrical resistivity tomography: A 7-year study of seasonal, annual, and long-term variations at Schilthorn, Swiss Alps. J. Geophys. Res. Space Phys. 2008, 113, 113. [Google Scholar] [CrossRef]

	



Pare, P.; Gribenko, A.; Cox, L.H.; Cuma, M.; Wilson, G.; Zhdanov, M.S.; Legault, J.; Smit, J.; Polome, L. 3D inversion of SPECTREM and ZTEM airborne electromagnetic data from the Pebble Cu–Au–Mo porphyry deposit, Alaska. Explor. Geophys. 2012, 43, 104–115. [Google Scholar] [CrossRef]

	



Costelloe, M.; Roach, I.; Jaireth, S. Mapping sandstone-hosted uranium mineral systems in theCallabonna Sub-basin (South Australia) using AEM. ASEG Ext. Abstr. 2015, 2015, 1–4. [Google Scholar]

	



Mclemore, V.T.; Wilton, T.; Pelizza, M.S. In situ recovery of sandstone-hosted uranium deposits in New Mexico: Past, present, and future issues and potential. New Mex. Geol. 2016, 38, 68–76. [Google Scholar]

	



Kuhar, L.L.; Bunney, K.; Jackson, M.; Austin, P.; Li, J.; Robinson, D.J.; Prommer, H.; Sun, J.; Oram, J.; Rao, A. Assessment of amenability of sandstone-hosted uranium deposit for in-situ recovery. Hydrometallurgy 2018, 179, 157–166. [Google Scholar] [CrossRef]

	



Jinming, L. Geo-Electric Field and Electrical Exploration, 3rd ed.; Geological Publishing House: Beijing, China, 2008; pp. 149–215. [Google Scholar]

	



Yang, S.; Zhang, L. Magnetotelluric 2D finite element forward modeling and coding. Prog. Geophys. 2016, 31, 1010–1016. [Google Scholar]

	



Harada, K.; Wada, K.; Sueyoshi, T.; Fukuda, M. Resistivity structures in alas areas in Central Yakutia, Siberia, and the interpretation of permafrost history. Permafr. Periglac. Process. 2006, 17, 105–118. [Google Scholar] [CrossRef]

	



Hauck, C.; Guglielmin, M.; Isaksen, K.; Mühll, D.V. Applicability of frequency-domain and time-domain electromagnetic methods for mountain permafrost studies. Permafr. Periglac. Process. 2001, 12, 39–52. [Google Scholar] [CrossRef]

	



Yi, S.; Wischnewski, K.; Langer, M.; Muster, S.; Boike, J. Freeze/thaw processes in complex permafrost landscapes of northern Siberia simulated using the TEM ecosystem model: Impact of thermokarst ponds and lakes. Geosci. Model Dev. 2014, 7, 1671–1689. [Google Scholar] [CrossRef]

	



Ward, S.H.; Hohmann, G.W. Electromagnetic Methods in Applied Geophysics; Electromagnetic Theory for Geophysical Applications; Society of Exploration Geophysicists: Tulsa, OK, USA, 1988; Volume 1, pp. 130–311. [Google Scholar]

	



Yuji, M. 2-D electromagnetic modeling by finite-element method. Geophysics 2000, 65, 465–475. [Google Scholar]

	



Marras, S.; Kelly, J.F.; Moragues, M.; Müller, A.; Kopera, M.A.; Vázquez, M.; Giraldo, F.X.; Houzeaux, G.; Jorba, O. A Review of Element-Based Galerkin Methods for Numerical Weather Prediction: Finite Elements, Spectral Elements, and Discontinuous Galerkin. Arch. Comput. Methods Eng. 2016, 23, 673–722. [Google Scholar] [CrossRef]

	



Zienkiewicz, O.C. The finite element method, 3rd ed.; McGraw-Hill: Oxford, UK, 1977; pp. 39–84. [Google Scholar]

	



Everett, M.E.; Edwards, R.N. Transient marine electromagnetics: The 2.5-D forward problem. Geophys. J. R. Astron. Soc. 2010, 113, 545–561. [Google Scholar] [CrossRef]

	



Blatov, I.A.; Zadorin, A.I.; Kitaeva, E.V. Cubic spline interpolation of functions with high gradients in boundary layers. Comput. Math. Math. Phys. 2017, 57, 7–25. [Google Scholar] [CrossRef]

	



Zhao, Y.-W.; Zhu, Z.-Q.; Lu, G.-Y.; Han, B. The optimal digital filters of sine and cosine transforms for geophysical transient electromagnetic method. J. Appl. Geophys. 2018, 150, 267–277. [Google Scholar] [CrossRef]

	



Yi, S.; He, Y.; Guo, X.; Chen, J.; Wu, Q.; Qin, Y.; Ding, Y. The physical properties of coarse-fragment soils and their effects on permafrost dynamics: A case study on the central Qinghai–Tibetan Plateau. Cryosphere 2018, 12, 3067–3083. [Google Scholar] [CrossRef]

	



Peng, X.; Zhang, T.; Frauenfeld, O.W.; Wang, S.; Qiao, L.; Du, R.; Mu, C. Northern Hemisphere Greening in Association with Warming Permafrost. J. Geophys. Res. Biogeosci. 2020, 125, 1–20. [Google Scholar] [CrossRef]

	



Niu, F.; Luo, J.; Lin, Z.; Fang, J.; Liu, M. Thaw-induced slope failures and stability analyses in permafrost regions of the Qinghai-Tibet Plateau, China. Landslides 2016, 13, 55–65. [Google Scholar] [CrossRef]

	



Lochbühler, T.; Doetsch, J.; Brauchler, R.; Linde, N. Structure-coupled joint inversion of geophysical and hydrological data. Geophysics 2013, 78, ID1–ID14. [Google Scholar] [CrossRef]

	



Ekinci, Y.L.; Demirci, A. A Damped Least-Squares Inversion Program for the Interpretation of Schlumberger Sounding Curves. J. Appl. Sci. 2008, 8, 4070–4078. [Google Scholar] [CrossRef]








[image: Electronics 09 01229 g001 550] 





Figure 1. Qinghai–Tibet Plateau, China, and the Qinghai–Tibet railway line. (格尔木-Golmud Railway Station, 南山口-Nanshankou Railway Station, 甘隆-Ganlong Railway Station, 纳赤台-Nachitai Railway Station, 小南川-Xiaonanchuan Railway Station, 玉珠峰-Yuzhu Peak Railway Station, 望昆-Wangkun Railway Station, 不冻泉-Unfreezing spring Railway Station, 楚玛尔河-Chumar River Railway Station, 五道梁-Wudaoliang Railway Station, 秀水河-Xiushuihe Railway Station, 江克栋-Jiangkedong Railway Station, 日阿尺曲-Riachiqu Railway Station, 沱沱河-Ulan Moron Railway Station, 通天河-Tongtian River Railway Station, 雁石坪-Yanshiping Railway Station, 布强格-Buqiangge Railway Station, 唐古拉-Tanggula Railway Station, 扎加藏布-Za’gya Zangbo Railway Station, 托居-U-nyok Chu Railway Station, 安多-Anduo Railway Station, 错那湖-Cona Lake Railway Station, 底吾玛-Diwuma Station, 岗秀-Gangxiu Station, 那曲-Naqu Railway Station, 妥如-Tuoru Station, 古露-Gulog Railway Station, 乌玛塘-U-ma Thang Railway Station, 当雄-Dangxiong Railway Station, 达琼果-Dhachu-go Railway Station, 羊八井-Yangbajing Railway Station, 马乡-Maxiang Railway Station, 拉萨西-Lhasaxi Railway Station, 拉萨-Lasa Railway Station, 普通车站-Ordinary Station, 设有观景台车站-Observation Deck Station, 注: 黑字为无人值守车站-Note: Black letters indicate unattended stations). 
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Figure 2. Two-dimensional geo-electric mode diagram. 
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Figure 3. Points quadrilateral element with curved sides: (left) the   ξ η  -plane and (right) the xz-plane. 
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Figure 4. Geo-electrical simulation model and numerical calculation results. 
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Figure 5. Geo-electrical model with terrain and the forward modelling results. 
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Figure 6. Inversion result of airborne transient electromagnetic response. 
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Figure 7. Inversion result of geo-electrical model with terrain. 
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