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Abstract

:

The fixed-wing time-domain airborne electromagnetic method (FTEM) has been widely used in metal mining exploration, groundwater mapping and other fields worldwide, and in recent decades, its use has gradually also become more prevalent in China. The first generation of the fixed-wing time-domain airborne electromagnetic system (iFTEM-I), researched and developed by the Institute of Geophysical and Geochemical Exploration (IGGE), has been demonstrated in recent years. In this article, we introduce the brief working principle and system parameters of iFTEM-I, and we show that the effective prospecting depth of iFTEM-I is up to 350 m, which is indicated by a comparison of the results between iFTEM-I and a ground TEM system (TEM-30B) carried out in Binxian.






Keywords:


iFTEM-I; Binxian; noise level; TEM-30B












1. Introduction


The fixed-wing time-domain airborne electromagnetic method (FTEM) is a geophysical exploration technique [1] which is based on fixed-wing aircraft and equipped with time-domain electromagnetic exploration equipment. INPUT (Induced Pulse Transient) was first introduced in 1959; it was the first time-domain airborne EM system which used semi-sinusoid waves with positive and reverse alternations as transmitter currents and measured the secondary field during the off-time [2,3]. This type of system can be called a pulse system. Few people appreciated the full impact that this development would have on the future of FTEM at that time [3], and in the 50 years after its first introduction, more than 20 FTEM systems (Figure 1) have been developed worldwide, such as QUESTEM, SALTMAP, TEMPEST, SPECTREM, GEOTEM, and MEGTEM [2,3,4,5,6,7,8,9,10,11,12,13,14,15]. These FTEM systems were gradually improved and developed on the basis of the INPUT system or inspired or influenced by its technical principles. They all inherited technical characteristics, except for the SPECTREM system and SALTMAP system.



PROSPECT I was first introduced in 1982, and it was upgraded and modified by the Anglo American Corp, mounted on a DC-3 turbine engine like the SPECTREM system in 1989, and then upgraded to the SPECTREM 2000 system in 1999 [3,7]. The SALTMAP project commenced in 1990 and provided a powerful new tool for land and water resource authorities [11]. Unlike the INPUT system, these two systems employed positive and reverse alternating square waves, transmitters with continuous power supplies, and no off-time, that is, measurements were carried out simultaneously in the presence of the primary field, which means they can be called full-time systems (100 duty cycle systems or on-time systems) [7,11].



The R&D for airborne electromagnetic systems began in China in the late 1950s, but these systems were not developed smoothly for various reasons [15]. The former Changchun College of Geology (now Jilin University), Heilongjiang Geophysical Exploration, and Hubei Geophysical Exploration jointly developed the time-domain pulsed airborne electromagnetic system (M-1) in 1974–1980, which was installed on a Y5 aircraft and tested successfully [13]. The fundamental frequency of the M-1 was 138.9 Hz, the peak transmitter dipole moment was 59,890 Am2, the sensitivity of the receiver probe was 0.66 mV/nT, and the data were received in six channels from 1.0 to 3.6 ms during the off-time period. Jilin University developed and improved the M-2 system based on the M-1 system in 1981–1983, but work was forced to be suspended due to a lack of funds. After this time, the development of FTEM systems in China mostly came to a standstill [13,14].



All of the systems described above are fixed-wing towed-bird systems. With the gradual practicability of many advanced technologies, such as computers, full digital receivers, differential GPS navigation, and so on [9,16], and as the dipole moment increased (the peak transmitter dipole moment was increased from 21 thousand Am2 (INPUT, 1972) to 2.2 moment 2.2 million Am2 (MEGTEM II, 2001)), the detection depth and the ability to distinguish the target body of the systems increased [5], meaning the application scope of the systems could be expanded. By the early 21st century, these systems had been used to carry out millions of kilometers of surveys in Africa, North America, South America, Europe, and Australia, and their application fields had been extended from the original exploration of sulfide ore, uranium, kimberlite, geological mapping, groundwater mapping, erosion zone detection, etc.; however, the most important target was their use in mineral surveys [2,5,6,10,17,18,19,20,21,22,23,24,25,26,27,28,29].



Compared with the successful application of a large portion of the FTEM system internationally, time-domain surveys covered virtually none of China in the beginning of the 21st century. China has large areas of deserts, grasslands, basins, and plains, especially in the northern and western regions, which largely remain underexplored. In those areas, fixed-wing time-domain airborne electromagnetic mineral exploration is suitable because of various advantages of the FTEM system, such as the fact that it is economical, highly efficient, has a large exploration depth, etc., but in this study, an FTEM system was not available, and it was too expensive to rent an advanced foreign FTEM system for use in exploration.



In order to facilitate national geological surveys and mineral exploration, which are urgently needed, and to fill a technical gap in this field at the same time, a new series of R&D projects regarding FTEM systems led by the IGGE have been being carried out since 2007. With the support of the National High-tech R&D Program (863 Program) during the 11th and 12th five-year plan period, the first fixed-wing time-domain airborne electromagnetic measurement system iFTEM-I with complete intellectual property rights has been successfully developed in China through the commitment of all partners. Subsequently, the first flight was carried out in Binxian; then, ground TEM measurements were carried out in the same area to evaluate the results of the flight.



A simple comparison between iFTEM and the typical GEOTEM system is shown in Table 1 [1,5,12,13,14,15,30]. The transmitter dipole moment of iFTEM-I is smaller, and the noise level is larger, which indicate that there is a lot of work, both in terms of increasing the dipole moment and reducing the noise level, that could be done to improve the performance of iFTEM.




2. The iFTEM-I System


iFTEM-I is a time-domain towed-bird transient electromagnetic system, and its working status is shown in Figure 2. The iFTEM-I system is mounted on a Y12-IV aircraft, and the transmitter loop is wound around wing tips, the nose, and the tail of the aircraft. A pulse signal with a certain waveform transmitting through the transmitter coil generates the primary field around it (on-time). Under the excitation of the primary field, the underground anomalous body is induced to produce an induced current, namely an eddy current or secondary current. The eddy current generates the secondary field around the body. Due to the passive excitation of the secondary field and the thermal loss of the induced current inside the body, the secondary field will gradually decay. The receiver bird receives the secondary field signal the whole time. Then, the electrical distribution structure and spatial form of the underground body can be inferred by analyzing the secondary field (off-time) [31].



iFTEM-I is based on the 5 ton load twin-engine Y12-Ⅳ aircraft as a platform. Four turns of transmitter coil are mounted on a set of integrated transmitting brackets. The loop area is 210 m2, and the peak transmitter current is 600 A, which make the peak transmitter dipole moment of the system up to 504,000 Am2.



The transmitting waveform of iFTEM-I is a semi-sinusoidal pulse. The pulse width is 4.15 ms, and the transmitter fundamental frequency is 12.5 Hz or 25 Hz, which can be adjusted manually. Figure 3 shows a half-cycle waveform of iFTEM-I. The next half-cycle waveform has exactly the same shape but is in the opposite direction.



The three-component receiver of iFTEM-I is installed in the receiver bird, which is mounted under the tail of the aircraft and is released and collected via a winch. The receiver bird is located 101 m behind and 59 m below the aircraft during a survey (taking the flight speed of about 230 km/h as a typical example) (Figure 2 and Figure 4). The equivalent receiving area is 19,000 m2. An acquisition system with a base frequency of 25 Hz, a sampling rate of 100 kHz, and a sampling rate of 24 bits will generate approximately 4000 rows per stack, 25 stacks per second, and 5.4 GB data per hour when recording four channels (Rz, Rx, Ry, and transmitter current Rv) synchronously.




3. Survey Flight


3.1. Geological Setting


Binxian is located in the eastern part of Harbin of Heilongjiang province, about 60 km away from Harbin Pingfang airport. There are four survey lines in the survey area; the line spacing is 250 m, and the line direction is 138.9°. It can be seen from Figure 5 that the north-west (NW) parts of the survey lines are Quaternary, the middle parts are mainly reservoir, and the south-east (SE) parts are low-hilly mountains with exposed Yanshan granite. There are no drills or ores, but three hydrogeological drills are located not far from the survey area. The depths of the three hydrogeological drills are from 157 m to 204 m (Figure 6 displays the stratigraphic section of the B21 drill). The data from the drills show that the shallow surface is made up of Quaternary clay and loam with a thickness less than 30 m, and the depths below are made up of Cretaceous sandstone and mudstone. In general, the resistivity of clay, loam, sandstone, and mudstone is lower, while the resistivity of granite is higher.




3.2. Survey Flight and Data Processing


The survey flight was carried out on 18 July 2016. The main parameters of the iFTEM-I system are shown in Table 2. The actual flight path is shown in Figure 5. Four lines were measured in the flight, with an average flight altitude of 202.7 m.



The measured data were stored, processed, and analyzed by using the GSS platform, which was independently developed by the IGGE. The platform not only has large data storage, efficient data access, easy function expansion, a friendly user interface, etc., but also can be used as a general support platform for the development of airborne geophysical or other application software with similar data structures [32]. In addition, some cartographic and data analyses were completed with Surfer, Grapher, Oasis Montaj, and other software. In this article, we mainly processed and analyzed the vertical component, the Z component of the data, because of the technical difficulties in the horizontal component (X, Y).



Due to the very high sampling density of iFTEM, the amount of data acquired in surveys is very large. It is unnecessary to include all these data in the subsequent data processing step, and it would take too much time. Therefore, to ensure the data quality, window data sampling of the data is carried out to reduce the amount of data. In this article, window channel sampling was carried out for data in the off-time period using software. The central times and widths of these sampling windows are shown in Figure 3, with a total of 30 sampling windows, the central times of which range from 4.36 to 14.22 ms (the 0 time starts from the on-time).



The noise level is an important index for the evaluation of the performance of measurement systems. iFTEM-I uses high–altitude flight survey (baseline) data to calculate noise levels. When the measurement system flies at a high true height, such as 1000–2000 m, the transmitter subsystem still works normally at a certain fundamental frequency and transmitter current. At this time, as the distance from the ground is high, the secondary field response generated by the geological body will be very weak. Thus, the response signal collected by the receiving subsystem not only includes the primary field generated by the aircraft metal body, industrial electricity noise, thunder, and other spatial noise, but also includes the dynamic noise generated by the receiver coil cutting the geomagnetic field. The received response signal of the high-altitude flight measurement is statistically calculated, and the noise level of the system is obtained.



The noise level is generally calculated by using the late time channels’ data after being extracted. In this article, the standard deviation method and the peak-to-peak statistical method were used to calculate the late time channels’ noise level.



The formula of the standard deviation method is shown below:


    S  D j  =    1  2 M     ∑   i = j − M   j + M      (   X i  −  X ¯   )   2       



(1)




where    X ¯    is the average of the    X i    over the range    [  j − M , j + M  ]  .   The standard deviation noise estimate   S D   at sample  j  is calculated using a window of 201 points ( M  = 100; in this case, 201 points corresponds to a width of nearly 500 m), and then, the maximum of the last three channels is about 2.7 nT/s.



The peak-to-peak statistical method was adopted to select the last three late channels’ data after being preprocessed (Figure 7). The maximum difference calculated between the maximum peak value and the minimum peak value was taken as the noise level of the data. In this way, the noise level of iFTEM-I, flown in Binxian, was 13 nT/s, which was the noise level of the last three late channels’ data (Figure 7b) after de-noising and correction pretreatment was applied to the measurement data of the high–altitude background field (Figure 7a).



In this article, the peak-to-peak statistical method was the more reasonable choice, because the data used for noise statistics were pre-processed data which were filtered to a certain extent, although the peak-to-peak noise level was higher than the standard deviation noise level.




3.3. Mapping


It is well known that the response value of the vertical component of the TEM varies with the electrical properties of underground materials. In general, high response values usually correspond to low-resistivity materials, while low values correspond to high-resistivity materials. Therefore, the electrical distribution pattern of subsurface materials can be analyzed using the variation characteristics in a planar TEM contour map. In the TEM, with the increase in transient electromagnetic sampling delay, data from early channels to late channels basically reflects geoelectric information from shallow to deep depths. A variation in delay is usually represented by a sampling channel (hereinafter abbreviated as CH). Figure 8 shows the amplitude of the response plane corresponding to CH1, CH5, CH10, and CH15 in the vertical component. It can be seen from Figure 8 that the NW section of the contour corresponds to the low-resistivity area, and the SE section corresponds to the high-resistivity area, which are consistent with the regional geological and hydrological drill data.



Maxwell’s one-dimensional aerial EM inversion module (SVD) was used to calculate the inversion of iFTEM-I data. This approach began with the uniform half-space model, and the first 22 channels of data were selected for inversion according to the noise level of the system. The results were then compared with drill and geological data, and the inversion results were examined using horizontal slices ranging from −20 to −400 m. As seen in Figure 9, the resistivity of the NW section is lower, while in the SE section, it is higher, which is consistent with the NW section’s strong response. The NW section’s resistivities are nearly constant at different depths. Given that this portion is covered by the Quaternary and that the Cretaceous and Quaternary are both shallow at −200 m, it is concluded that the Cretaceous mudstone and sandstone under the thin Quaternary clay and loam are shallow at −400 m in the NW region. While the SE section has higher resistivities, it increases with depth from 140 to around 3000 Ω·m. Due to the fact that this portion is mostly Yanshanian granite, it could be concluded that the shallow section of the SE section is granite at −400 m.





4. Ground TEM Survey


In order to verify the validity of the iFTEM data in the survey area, ground TEM measurements were carried out on the same survey lines. According to the field survey, electromagnetic interference was found in the NW section of the survey line, from things such as human buildings, iron fences, highways, and high-voltage power lines. In the middle section of the survey lines, there was electromagnetic interference from things such as human buildings, an iron fence around the reservoir, etc. Additionally, the electromagnetic interference in the SE section of the survey lines mainly came from the iron guardrail of the reservoir and the cemetery. All of these electromagnetic interferences had significant adverse effects on both the ground and airborne TEM data. In contrast, the central location of the reservoir had relatively lower electromagnetic interference as it was further away from human buildings. Therefore, the ground TEM survey was carried out on the L2100 line when the ice was thick and safe enough in the winter of 2018. The measured point locations are shown in Figure 10. Ground TEM data were acquired using TEM-30B, which was developed by the IGGE. The parameters of TEM-30B were as follows: the size of the transmitter coil frame was 100 m×100 m, the pulse width was 40 ms, the base frequency was 12.5 Hz, the ramp was 70 μs, the transmitter current was 6.3 A, and the stacking times were generally 512, which were increased to 1024 or higher in the area with large interference according to the actual situation. The overlapped loop was used to receive data in 47 channels after on-time, and the gate centers were over the range [0.015 ms, 33.855 ms].



The transmitter was turned off, and data continued to be collected during the ground TEM measurement. The result of this measurement was the noise of the system in the measurement area. In this way, the noise level maximum was 10 nT/s in early sampling channels and below 2 nT/s in middle and late sampling channels, as shown in Figure 11.




5. Results Comparison


The comparison between the L2100 profile response curves of iFTEM-I and TEM-30B is displayed in Figure 12. First, the amplitude of response from TEM-30B is 1 to 2 orders of magnitude larger than that from iFTEM-I, which is related to the measurement methods, device parameters, and mostly the flight altitude. Secondly, ground TEM measurement is easily affected by the interference of cultural buildings, so it was difficult to complete continuous measurements on the line. However, the general trends of the two measurements are basically consistent; the NW side of the survey line has a strong response, corresponding to the clay, loam, sandstone, and mudstone. The SE side’s response is weak, corresponding to granite.



The inversion of TEM-30B data was completed using the one-dimensional inversion method with constraints [33]. In this article, the air and ground TEM data were inverted and compared by focusing on the lake area with less electromagnetic interference (the areas selected are shown in the red box and red dotted line in Figure 10 and Figure 12). According to the inversion results (Figure 13), although the resistivity inversion values of the aerial data are lower, being about 75 m shallower and 250 m deeper, the two sets of data displayed consistency in the stratification of apparent resistivity depth. After comparison, we estimated that iFTEM-I can reach a prospecting depth of 300 to 350 m. Unfortunately, there was no drilling data or other information available to verify this more accurately.



The estimation of the depth of investigation for both TEM data is an important aspect of practical work. Skin depth ( δ ) is a very important concept in electromagnetic exploration; it is generally defined as the depth when the amplitude of the electromagnetic wave decays to 1/e of the ground amplitude in the propagation of underground medium [34].


  δ =    2  σ  μ 0  ω     =     2 ρ T   10  7    8  π 2      ≈ 503   ρ T      



(2)




where  ρ  is the average resistivity in the sample, and  T  is the time of gate center. According to Formula (2), we estimated the skin depth for both airborne and ground data and determined that the depth at the time of the system noise level was the max detection depth of the system in the sample. Finally, the range of investigation depth for airborne TEM data was over 190 m to 600 m at line 2100, and the range of investigation depth for ground TEM data was over 270 m to 700 m at line 2100.




6. Discussion


Y12-IV; aircraft’s commercial load is 800 kg. The weight of the time-domain measurement system is about 410 kg. After the installation of iFTEM-I, the aircraft’s single engine climb rate will reduce to 1 m/s, and the speed will also reduce to about 230 km/h or lower due to the increased wind resistance. Similarly, due to the increase in take-off weight, the flight time will reduce from 5.2 h to about 3.5 h. Considering these aspects, the system can only work in plains or areas with little topography at low and medium elevations, and the survey area should not be too far away from an airport. As a result, we were not able to select an area with better and more typical geological conditions for measurement.



Obviously, in the comparison with the ground time-domain transient electromagnetic method, we proved the validity of each of the method’s measurements in low-interference areas. Additionally, it was shown that by using the fixed-wing time-domain airborne electromagnetic method, a line survey can be completed more quickly. Despite the lower influence of interference on the ground, it is possible to obtain more relatively complete geological information on the survey line. With the improvement of the system performance and signal noise ratio, the advantages of fixed-wing time-domain airborne electromagnetic method will be more noticeable.




7. Conclusions


In this article, we introduced the iFTEM-I system and verified the effectiveness of it by comparing airborne and ground TEM surveys. The successful development of the iFTEM-I system represents important progress in the R&D of the FTEM system of China, in which the goal of preliminary practical application has been reached and the technical gap in this field has been filled. Lots of important data were newly obtained in the survey flight in Binxian. The survey flight provided valuable experience for the subsequent improvement and practical application of the system.
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Figure 1. Overview of FTEM system development milestones from 1959 to 2006. 
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Figure 2. A schematic diagram of iFTEM-I (modified after R&D report of iFTEM-I and Reprinted with permission from Ref. [12]. Copyright 1991 Taylor & Francis). 
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Figure 3. Half-period transmitter waveform of iFTEM-I. The plus symbols below off-time line are the gate centers of extraction windows. 
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Figure 4. Overview of iFTEM-I when it is flying. 
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Figure 5. The overview (a) and zoom (b) of Binxian. 1—Quaternary clay and loam, 2—Paleogene sandy conglomerate and sandstone, 3—Cretaceous mudstone and sandstone, 4—Jurassic rhyolite and tuff, 5—Permian slate and sandstone, 6—Yanshanian granite, 7—flown footprint, 8—reservoir, 9—drills. 
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Figure 6. Stratigraphic section of Binxian B21 drill (modified after internal information). 
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Figure 7. Noise level statistics (peak-to-peak). (a) Baseline data after pre-processing; (b) the last three late channels’ data for baseline data. 
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Figure 8. Contour map of dBz/dt of 4 different sampling channels. (a) CH1; (b) CH5; (c) CH10; (d) CH15. 
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Figure 9. Resistivity plane contour map at different depths: (a) −20 m; (b) −60 m; (c) −100 m; (d) −150 m; (e) −200 m; (f) −250 m; (g) −300 m; (h) −350 m; (i) −400 m. 
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Figure 10. Ground TEM survey diagram. 1—flown footprint, 2—ground TEM survey position, 3—reservoir. 
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Figure 11. The noise level scatter diagram ground TEM measurement. 






Figure 11. The noise level scatter diagram ground TEM measurement.



[image: Minerals 12 00890 g011]







[image: Minerals 12 00890 g012 550] 





Figure 12. Comparison of profile response of L2100 between iFTEM and TEM-30B. (a) Profile response of TEM-30B (27 channels ahead); (b) profile response of iFTEM; (c) radar altitude of iFTEM. Between the red dash lines are the red rectangle areas from Figure 10. 
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Figure 13. Comparison of inversion resistivity depth diagram between (a) iFTEM-I and (b) TEM-30B. The white dash line is the max depth of investigation according to Formula (2) and the peak-to-peak noise level (13 nT/s) in (a), not drawn in (b) because the maximum depth is deeper, and most are out of range. 
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Table 1. Comparison between iFTEM-I and GEOTEM.
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	Model
	iFTEM-I
	GEOTEM





	Aircraft
	Y12-IV
	CASA-212



	Aircraft speed (km/h)
	230
	400



	Peak transmitter dipole moment (Am2)
	504,000
	690,000



	Transmitter waveform
	half sine wave
	half sine wave



	Base frequency
	12.5, 25
	12.5, 25



	Bandwidth
	0–20
	0–10



	Data unit
	dB/dt
	dB/dt or dB



	Noise level (nT/s)
	13
	1–2
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Table 2. iFTEM-I system parameters for the test flight in Binxian.
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	Parameters
	Values





	Transmitter base frequency
	25 Hz



	Transmitter height (VAGL 1)
	210 m



	Receiver bird height (VAGL)
	151 m



	Transmitter–bird horizontal separation
	101 m



	Transmitter peak current
	600 A



	Transmitter pulse width
	4.15 ms



	Loop area
	210 m2



	Number of turns
	4



	Transmitter dipole moment
	504,000 Am2



	Equivalent receiver area
	19,000 m2



	Sampling rate
	100 kHz



	Sampling bits
	24 bits



	Data channels
	Rv, Rz, Rx, Ry, Longitude, Latitude, GPS_time, GPS_Altitude, Radar_altitude



	Gate centers after on-time (post data processing)
	4.36, 4.38, 4.40, 4.43, 4.46, 4.49, 4.53, 4.58, 4.63, 4.70, 4.77, 4.86, 4.96, 5.08, 5.22, 5.38, 5.57, 5.79, 6.04, 6.35, 6.70, 7.12, 7.60, 8.17, 8.83, 9.60, 10.50, 11.55, 12.78, 14.22 ms







1 VAGL represents vertical above ground level.
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