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Abstract

:

The Qingchengzi orefield is an important polymetallic ore concentration zone in the northern margin of the North China Craton (NCC). The region has significant metallogenic potential for deep mining. Many areas with gold mineralization have been found in the shallow area of Taoyuan–Xiaotongjiapuzi–Linjiasandaogou in the east of the Qingchengzi orefield. To assess the distribution of mineralization levels, we carried out deep exploration using the transient electromagnetic method (TEM). A superconductive quantum interference device (SQUID) magnetometer and a conventional induction coil were used for field data acquisition. The SQUID data inversion results reflect the bottom interface of the high-conductivity area, the fold state of the underlying dolomite marble stratum, and the deep structural characteristics of the syncline. Secondary crumples appear in the inversion results of the southern segment of TEM, which is inferred as a favorable area for deep gold mineralization. Negative values appear in the SQUID data of some stations, to varying degrees. This induced polarization phenomenon may be related to deep gold mineralization.
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1. Introduction


The Qingchengzi orefield is in the northern margin of the North China Craton (NCC) (Figure 1). There are many gold deposits, such as Baiyun, Xiaotongjiapuzi, and Linjiasandaogou, and there is good deep metallogenic potential [1,2,3,4,5]. Some geophysical exploration studies have been carried out in this area in the early stage. Among them, MT (Magnetotelluric method) and AMT (Audiofrequency magnetotelluric method) investigations are mainly focused on the large structural framework of the orefield [6]. A small number of CSAMT (Controlled source audiofrequency magnetotelluric method) and IP (Induced polarization) projects are used for shallow target detection [7,8]. Regional gravity and magnetic data are mainly used to delineate and analyze anomalies caused by granite and faults [9]. Recently, a comprehensive survey of airborne magnetotelluric, airborne transient electromagnetic, and airborne magnetic methods has been carried out in the Qingchengzi ore concentration area [1,10]. However, the nature, spatial distribution, and deep characteristics of the ore-controlling structures and faults in this mining area are still not clear. It is necessary to refine the detection of the deep geological structure to provide an effective basis for deep gold mineralization. Research on deep prospecting methods is a research hotspot at present [11,12,13,14,15,16,17]. This paper attempts to obtain the structural information related to deep gold mineralization through the application of high-temperature superconductive quantum interference device (SQUID) transient electromagnetics(TEM).




2. Geological Setting


The region has experienced many tectonic activities and magmatic emplacement [18]. The geological structure is complex, dominated by fold structure and characterized by multistage superposition [19] (Figure 2). The Qingchengzi orefield is in the depression zone, along the axis of the Paleoproterozoic Liaodong Rift. The Liaodong Rift is an intercontinental rift developed on the basement of the Archean Craton in North China. After a long evolution, it has deposited thick Liaohe Group strata. The lower part is the volcaniclastic rock formation of the Langzishan Formation and the Lieryu Formation. The middle part is the carbonate formation of the Dashiqiao Formation. The upper part is the terrigenous clastic rock formation of the Gaixian Formation.



A set of strata of the Gaojiayu Formation, Dashiqiao Formation, and Gaixian Formation, belonging to the Proterozoic Liaohe Group metamorphic rock series, is exposed (Figure 2). The ore-bearing rocks are mainly biotite granulite, silicified marble, and an interlayer fracture zone at the contact point with the mica schist of the Gaixian Formation in the third member, and four and five layers of the Dashiqiao Formation. The interlayer fracture zone has been completely or mostly replaced by strong silicified rocks. The structure in the mining area is typical of the northwest Jianshanzi Fault. The fault zone starts from Yangjialing in the south, extends northwestward to the Baiyun gold mine, through the north of Xiaotongjiapuzi and Taoyuan, and extends intermittently for 15 km. It is the main gold ore-controlling structural belt in the mining area.




3. Materials and Methods


3.1. Materials


Because the scale of the target gold ore body and associated quartz vein or pyrite in the study area is small compared with the surrounding rock, it is difficult to detect the ore body directly. Therefore, the ore-bearing strata and ore-controlling structures are the main targets of TEM exploration. These geological targets mainly include Gaixian Formation schist, Dashiqiao Formation marble, and fault and fracture zones. These strata and structures are closely related to the mineralization of the region [19,20,21,22,23]. The existing physical property data show that there are obvious resistivity differences between the main target geological bodies. Using the transient electromagnetic method (TEM) is effective for these physical property conditions [24].



TEM lines were performed in the Qingchengzi orefield. The TEM survey line, named P2, is one profile to explore the geological structure of the striped area of Taoyuan–Linjiasandaogou–Yangshu (see Figure 2). The length of P2 is nearly 10 km, with survey points ranging from 0 to 386. The survey point interval is 50 m. Fixed-loop configurations were used in the field data collection. Ten 400 by 900 m transmitting loops were used for measuring points at different positions, powered with 20 A, using the Crone transmitter. The base frequency was 2.5 Hz (time base was 100 ms). The ramp time was 1000 μs, and a quartz clock synchronous mode was chosen. Time channels ranged from 54 μs to 87.655 ms. In addition, the anti-interference measures of multiple stack times and multiple repeated observation times were adopted in data acquisition, which can obtain better original data and improve the reliability of late time channels.



Figure 3 shows the corresponding relationship between a single transmitting loop and its measuring points during field measurement. After the measurement of a station in the loop was completed, the next transmitting loop was arranged, and the measuring points of the continuation part of the measuring line were implemented.



The transmitting system was the PEM (Pulse Electromagnetic) system (CDR2, Crone Company, Mississauga, ON, Canada), consisting of a 7 kW gasoline generator, a rectifier, a transmitter, and the loop laid on the surface of the earth. The maximum power of the transmitter is 4.8 kW, and its maximum voltage and current are 230 V and 30 A, respectively. The synchronization mode between transmitter and receiver was a quartz clock. The receiver was a Crone Digital PEM. The SQUID magnetometer (GXCD-2, Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences, Langfang, Hebei, China) and PEM coil were used as the sensors. The SQUID magnetometer was cooled with liquid nitrogen at 77 K in a Dewar, and the current volume of a broadband non-magnetic Dewar is 2.5 L.



The current version of the SQUID magnetometer performs with noise (60 fT/), slew rate (0.8 mT/S), dynamic range (100 dB), sensitivity (6.25 mV/nT), and bandwidth (DC-20 kHz) [25,26,27,28,29,30,31,32], which effectively accompanies the Canadian Crone PEM system.




3.2. Methods


The TEM method is an important geophysical prospecting method for metal mineral exploration. This method usually generates a stable primary field with a current in the ground transmitting loop, and then uses current shutdown to stimulate the underground medium and target to generate a secondary field that decays with time. The conductivity of the underground medium can be obtained by observing the attenuation of the secondary field with a TEM sensor. The conventional TEM uses an induction coil to measure the induced electromotive force, or the derivative of the induced magnetic field. In shallow detection, the induced magnetic field changes, and the measurement of its derivative is effective. However, for deep targets, when the change in magnetic field gradient is less than noise, the measurement of the magnetic field derivative cannot meet the requirements [33,34]. A superconductive quantum interference device (SQUID) magnetometer can directly measure the induced magnetic field and has a good signal-to-noise ratio at low frequency [35,36,37]. As the induced magnetic field decays more slowly than its derivative, SQUID can measure the effective observation time longer than the conventional induction coil, and obtain more reliable late data. High signal-to-noise ratio at low frequency can ensure the resolution of deep targets. Previous studies have shown that the TEM based on a SQUID magnetometer has significant advantages in deep exploration [35,36]. Therefore, the SQUID TEM was selected to detect the deep geological structure. In this paper, SQUID TEM was compared with conventional coil TEM. The research results give the electrical characteristics of the deep geological structure in the Taoyuan–Xiaotongjiapuzi–Linjiasandaogou area. This study can also provide a basis for the study of stratigraphic and tectonic evolution.



The TEM method uses a transmission loop to send a primary magnetic field underground, and a current pulse square wave is supplied by the transmission loop. When the trailing edge of the square wave falls, a primary magnetic field that can propagate to the underground is generated. Under the excitation of the primary magnetic field, the geological body will produce eddy current.



For geological prospecting, the attenuation process of the eddy current field is measured by instruments on the surface, and the strength change in the secondary field is used to judge the distribution of underground resistivity. The spectrum information of square wave ramp time is rich, so the spectrum of the secondary field induced by the geological body is also rich [38,39]. In the TEM, the high-frequency component is dominant in the early stage data, reflecting shallow information. Low-frequency components are dominant in late-stage data, reflecting deep geological information.



The data processing of SQUID TEM is based on magnetic field components, and its response simulation is realized by digital filtering technology. For the sake of verifying its accuracy, the analytical solution of the transient electromagnetic dB/dt response is compared with the discrete derivative of the magnetic field response with respect to time. For uniform half-space, the analytical expression of the transient electromagnetic dB/dt response can be written as follows:
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where ρ is the resistivity of the half-space, a is the radius of the transmitting loop, I0 is the transmitting current, μ0 = 4π × 10−7 is the permeability in vacuum,   u =      μ 0    2 ρ t     a  , t is the sampling time, and   ϕ  ( u )  =    2 π       ∫ 0 u    e  −  t 2  / 2   d t      is the probability integral.



A uniform half-space and H-type model were used for calculation and analysis, respectively, where the resistivity of uniform half-space was 100 Ω·m. Parameters of the H-type model are shown in Table 1. The transmitting loop has an equivalent radius of 200 m, the transmitting current is 1A, and the receiver is located at the center of the loop. The calculation results of the uniform half-space model and H-type model are shown in Figure 4a,b, respectively. It can be observed from the figure that the responses derived from the derivative of the SQUID TEM magnetic field are in good agreement with dB/dt, and the mean square relative errors of the half-space model and H-type model are 0.26% and 1.52%, respectively, which meet the accuracy requirements of the SQUID TEM simulation algorithm.





4. Results


The field data acquisition included both IGGE (Institute of Geophysical and Geochemical Exploration) SQUID and PEM coil receiving sensors. Figure 5 shows the measured TEM decay curves of the two sensors, giving a comparison of the data from the two sensors at different positions on the survey line. Figure 5a shows the original decay curve of the SQUID data, and Figure 5b shows the original decay curve of the coil data.



It can be observed from the figure that the measured B-field data of the SQUID span four orders of magnitude, from early to late time channels, while the dB/dt data span six orders of magnitude, and the attenuation of the B-field data is significantly slower than that of the dB/dt data. The amplitude of the B-field at late channels is approximately 100 pt, while the response amplitude of time channels exceeding 10 ms in the dB/dt data is generally lower than 10 nV. Therefore, the number of reliable data of SQUID that can be used in the inversion is more than the dB/dt data. The time channel of the SQUID data available for inversion generally exceeds 50 ms, while most dB/dt data do not exceed 30 ms. Therefore, the SQUID data contain more late signals. The comparison results show that the attenuation of the B-field data measured by SQUID is slower than that of the dB/dt data, and has a stronger response value, higher signal-to-noise ratio, and more available channels in the late time data.



Figure 6 shows the field SQUID TEM plot curves of points from 90 to 386. In general, the profile curve is smooth and the data quality is good. It can be observed from the profile curve that the transient response value of section 90–250 is generally high, reflecting the good conductivity of the formation in this section.



The 90–386 point segment was selected for inversion, where the data containing the polarization effect were not involved in the inversion.



A pseudo-2D inversion method was adopted for data processing and interpretation. The apparent resistivity was calculated according to the full-field resistivity calculation method of transient magnetic fields, and then the apparent depth was calculated according to the eddy current diffusion velocity of smoke ring theory. The transverse same depth layer is divided into several thick plate-like conductive media with finite lengths using the finite-length thick plate program for forward fitting, and the depth resistivity correction to obtain the final depth resistivity geoelectric section, and determine the distribution of underground electrical structures. This inversion method takes into account the lateral variation in adjacent measuring stations, which makes the calculation results more reasonable [40]. In the inversion, the start model is the result of full-field apparent resistivity, and the constraints are mainly applied to the conductivity difference between adjacent thick plates. The vertical cell numbers is 36, corresponding to the time channels, and the transverse cells are 50 m, corresponding to the survey point intervals. The comparison between the measured curves and the inversion fitting curves is shown in Figure 6. Although the early time channel fitting of 190–250 measuring points is not ideal, the inversion curves on other measuring points fit well with the measured curves, and the overall fitting error is 6.266%, indicating the rationality and reliability of the inversion results.



Figure 7 is a comparison diagram of the SQUID data inversion results and induction coil data inversion results on the same TEM line. Figure 7a is the inversion apparent resistivity section of the induction coil, and Figure 7b is the inversion resistivity section of SQUID. In the comparison figure, blue indicates low resistance and red indicates high resistance. The two results (Figure 7) reflect the same electrical structure. In the inversion results, the overlying high-resistivity stratum is the reflection of the schist of the Gaixian Formation, which is mainly caused by sillimanite biotite schist, biotite schist, and biotite granulite. The middle blue low-resistivity layer is the overall reflection of the third member of the Dashiqiao Formation. Its low-resistivity characteristics are mainly caused by graphite bearing marble and a fault fracture zone. The lower stratum is Dashiqiao section 2, which is dolomitic marble with high resistivity. It can be observed from the figure that the horizontal distribution of the stratum is uneven, and the interface fluctuates greatly, which mainly reflects the fold shape of the stratum in the compression environment.



It can also be observed from Figure 7 that the inversion results of the two types of data are different in some places. First, the inversion depth of the SQUID data is greater than that of the induction coil data. In the conductive area of sections 160–250, the average inversion depth of the induction coil is approximately 1000 m, which fails to reflect the bottom interface of the conductive area. However, the effective inversion depth of the SQUID inversion results in this section exceeds 2000 m, which clearly reflects the folding state of the bottom interface of graphite-containing marble and the lower dolomite marble stratum, and demonstrates the advantages of the SQUID magnetometer in the conductive area. In sections 90–240, the SQUID inversion results reflect the structural characteristics of the stratigraphic syncline, but it is difficult to draw this conclusion due to the lack of lower stratigraphic information in the induction coil inversion results.



Second, the inversion results of the SQUID and induction coil data show resistivity discontinuities below 156 points. We speculate that this result is due to the fracture in the syncline core under compression, which is more obvious in the SQUID inversion results.



Third, the two inversion results show a low-resistivity area below the 120–140 point section, but the induction coil shows low resistance only at the depth of 200–600 m, and the resistivity value below becomes higher. The SQUID data inversion results show this part of the low-resistivity area extending to a greater depth.



Fourth, there is a conductive layer of graphite-containing marble at the depth of 300–400 m in the shallow part of the 250–340 point section. Both results are shown, and the coil inversion results are more obvious. It is likely that this outcome is mainly due to the shallow part of the high-resistivity area. The derivative of the induced magnetic field observed by the coil is more sensitive than the magnetic field itself [33].




5. Discussion


In the TEM-measured data, there is an inverse sign phenomenon in some measured point data [41,42,43]. The original curve does not decay as gradually as a positive value as the curve in Figure 5, but decays rapidly to a negative value from the middle channel to the late channel. Some curves even decay from a positive value to a negative value, and then become a positive value. The reason for these outcomes may be the induced polarization phenomenon of pyritization under the condition of magnetic polarization, due to fracture and alteration under the measuring point [42]. Previous studies have shown that the existence of gold in this area is positively correlated with pyrite, and the polarization phenomenon in the late stage also reflects the pyritization that may be related to gold mineralization in the deep areas. Therefore, the polarization effect produced by pyritization can be considered to be related to gold mineralization. Therefore, the polarization phenomenon in the late stage of the TEM curve has indicative significance and important research value.



Figure 8a is the original decay curve of SQUID, and Figure 8b is the original attenuation curve of the induction coil at the same point. The polarization phenomena with different negative values are listed in Figure 8a. The negative values occur at different times, and to different degrees. In the induction coil data, this phenomenon is only obvious in the curve of point 62, and the negative value phenomenon in the curves of other measuring points is slightly displayed, but its value is equivalent to the noise level, and is not obvious.



To better understand the difference in the polarization phenomenon between the SQUID data and induced coil data, comparative tests under different launch time base conditions were carried out. To analyze the law of the polarization phenomenon, the SQUID and coil data were compared under different time base conditions. Figure 9 presents the original curve of the two sensors under different launch time base conditions, showing the comparison of the SQUID and coil data. Figure 9a shows the original curve of the SQUID data and Figure 9b shows the original curve of the coil data. The negative part has been taken as positive in the figure and drawn with a dashed line. The figure shows that under different timebase, negative values appear in the SQUID data, while the coil data only display noise at late time channels, and the existence of the polarization phenomenon cannot be observed. In addition, the time channels of negative values in different time bases of the SQUID data are basically the same, and the amplitude of negative values is different. It is speculated that this outcome may be caused by the different charging times of the polarizer, due to different time bases.




6. Conclusions







	
The stratigraphic structure below the TEM section is generally a syncline structure, and there are secondary crumpled structures at the marble stratigraphic interface of the Dashiqiao Formation, with a depth of about 1500 m in the section 90–230 on the south side of the section, which is characterized by high resistivity. The 90–230 section is a high-conductivity area below 1500 m, which reflects the graphite-bearing marble and fracture zone of the Dashiqiao Formation, and is speculated to be a favorable area for deep gold mineralization. Negative values appear in the SQUID data of some stations, to varying degrees. This polarization phenomenon may be related to deep mineralization.



	
The deep prospecting test carried out in the Qingchengzi ore concentration area shows that the SQUID TEM system has the advantages of the direct measurement of B-field, a long effective observation time, a high signal-to-noise ratio, and a significant exploration depth, especially in the conductive area. In the shallow detection of the high-resistance region, the dB/dt data are more sensitive to the conductive layer than the B-field data. The dB/dt data inversion results show the conductive layer more clearly than the B-field data in the high-resistivity region.



	
Due to the obvious electrical difference in each lithology and stratum in the Qingchengzi ore concentration area, TEM has good application preconditions, and its inversion results can clearly reflect the fold shape of the stratum interface and the developed faults. Applying a large emission magnetic moment, a long time base, and a SQUID sensor has achieved good exploration outcomes.
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Figure 1. Regional tectonic diagram in eastern Liaoning (modified from [5]). (a) Location of the study area in the North China Craton. (b) The tectonic unit of the study area. 
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Figure 2. Geological map of Qingchengzi orefield and TEM stations (modified from [16]). 
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Figure 3. Schematic diagram of transmitting loop and TEM stations. 
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Figure 4. Comparison of SQUID TEM response and dB/dt response. (a) Uniform half-space, (b) H-type model. 
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Figure 5. Comparison of SQUID magnetometer and coil decay curves. (a) TEM decay curves of IGGE SQUID data; (b) TEM decay curves of PEM coil data. 






Figure 5. Comparison of SQUID magnetometer and coil decay curves. (a) TEM decay curves of IGGE SQUID data; (b) TEM decay curves of PEM coil data.



[image: Minerals 12 00102 g005]







[image: Minerals 12 00102 g006 550] 





Figure 6. Plot curves of SQUID magnetometer TEM data. 
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Figure 7. Inversion results comparison between SQUID magnetometer data and coil data. (a) Inversion results of induction coil data; (b) inversion results of SQUID data. 
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Figure 8. Comparison of SQUID magnetometer and coil decay curves (polarization phenomenon). (a) TEM decay curves of IGGE SQUID data; (b) TEM decay curves of PEM coil data. 
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Figure 9. Comparison of SQUID and coil decay curves with different time base. (a) TEM decay curves of IGGE SQUID data; (b) TEM decay curves of PEM coil data. 
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Table 1. Parameters of H-type model.
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	Parameters
	Layer 1
	Layer 2
	Layer 3





	H (m)
	300
	100
	-



	ρ (Ω·m)
	100
	10
	100
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