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Abstract

:

The genesis of deeply buried deposits in the Duobaoshan ore district, the largest porphyry-related Cu-Mo-Au ore field in northeastern China, is not well understood and their exploration is lacking because the fine velocity structure of this region is not comprehensively understood. Herein, first-arrival seismic travel times were picked along a deep seismic reflection profile and inverted using the tomographic method to obtain a detailed velocity profile of the upper 2900 m of the crust beneath this region. The profile showed that the velocity varied from 1900 to 6100 m/s and that the crust was subdivided into five parts by two low-velocity (2500–4000 m/s) blocks. Based on previous studies, the boundaries between the high-speed and low-speed bodies were interpreted as hidden fractures, and the 5000–6100 m/s parts were interpreted as concealed granite bodies in these sections. Porphyry copper deposits in the Duobaoshan ore district were related to the occulted granite bodies, and epithermal Au deposits were associated with the occulted fracture zones. Comprehensive evaluation of hydrothermal activity, regional magnetic anomalies, and deposit distribution indicated that the hidden fractures served as channels for ore-related magmas. Combining previous research on the Duobaoshan ore district with our results of the high-velocity interface, we infer that the prospecting range of the Tongshan deposit is below the depth of 1000 m.
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1. Introduction


Research on the continuity of deep metallogenic bodies and exploration of deeply buried mineral resources is gaining global academic attention. Economic development has led to the depletion of shallow metal ore bodies, and deeply buried metal ores have emerged as the main targets of mining activities [1]. Currently, mining activities can only be carried out up to depths of approximately 1 km; therefore, it is necessary to study underground structures at depths of 1–3 km so as to locate and develop deeper deposits. At present, the delineation of the spatial distribution of metallogenic systems (1–3 km) is not sufficiently detailed. Porphyry copper deposits are of great economic value, supplying approximately 75%, 90%, and 20% of global copper, molybdenum, and gold, respectively [2,3,4]. The Duobaoshan ore district is one of the largest Cu-Mo-Au ore fields in northeastern (NE) China; it contains unique minerals and has developed multiple phases of copper- and gold-dominated mineralization [5,6,7,8,9]. Major magmatic phases were coeval with ore formation, including (1) Early Ordovician (485–73 Ma) porphyry-type Cu-Mo-(Au), (2) Early-Middle Triassic (246–229 Ma) porphyry-related epithermal Au-(Cu-Mo), and (3) Early Jurassic (177–173 Ma) Fe-Cu skarn mineralization [10].



The Duobaoshan ore district is large and highly complex, with magmatic mineralization spanning over 300 Ma. The oldest magmatic mineralization events occurred during the Early Ordovician, and the youngest mineralization and magmatism developed during the Early-Middle Jurassic and Late Cretaceous, respectively [11]. The mineralization is governed by the surrounding rocks and tectonics and involves the superposition and modification of multiple phases of hydrothermal activity, which is very complex in the Duobaoshan ore district. Therefore, the shallow surface structure of the area requires elucidation to provide strong constraints for the study of multi-phase magmatic mineralization. The existence of the porphyry body is the most important evidence of porphyry copper ore. Previous studies of the Tongshan deposit have not dealt with the depth of porphyry body burial, and only a few porphyry branches have been found in boreholes [6,12].



In geophysical exploration, seismology offers the advantage of high accuracy; the detailed information carried by seismic waves through Earth’s interior can be processed through mathematical and physical methods to obtain subsurface tectonic and lithological characteristics. Since the 1980s, a new field of seismology, seismic tomography, has been developed based on medical computerized tomography techniques to capture the spatial distribution of physical parameters (e.g., velocity, attenuation coefficient) within Earth’s interior. The active source method is an efficient approach to obtain the subsurface velocity structure; it employs the first-arrival wave travel time data of deep seismic reflection profiles [13,14,15,16].



The seismic data are generated from blast excitation in deep wells with small trace distances and long alignments, and therefore, inversion results based on these data are higher than those based on passive seismic data. First-arrival seismic data carry detailed tectonic information on the velocity structure and interface variations in the upper crust. The fine velocity structure can reveal the upper interface and undulatory patterns of concealed rocks as well as the distribution of fracture systems [14]. Understanding these fracture systems and occulted rock bodies is crucial to the interpretation of mineralization in ore districts. In this study, seismic tomography was used to obtain the fine shallow velocity structure based on first-arrival travel time data; the aim was to provide precise constraints for the exploration of major porphyry bodies and blind deposits in the Tongshan deposit and elucidate the shallow structure of the Duobaoshan ore district to study the mineralization.




2. Geological Setting


2.1. Regional Geology


The Duobaoshan ore district is located in Heilongjiang Province in NE China. It is a part of the eastern section of the Central Asian Orogenic Belt (CAOB), which is associated with the accretion of ophiolites, island arc, and microcontinental blocks [17,18,19,20,21]. NE China consists of the Erguna Block in the north, the Xing’an Block and Songneng Block in the central region, and the Jiamusi Block in the east [15,22,23,24]. NE China has experienced different stages of evolution under three tectonic regimes, namely, those of the Paleo-Asian Ocean, Mongol-Okhotsk Ocean, and Paleo-Pacific Ocean [15,18,19,25,26].



The Greater Xing’an Range, located in the eastern part of the CAOB, consists mainly of the Erguna Block, Xing’an Block, and Songneng Block. The geotectonic framework and tectonic unit layout of the Greater Xing’an Range were mainly formed during the evolution of the Paleo-Asian Ocean [19]. The Duobaoshan ore field is located in the northeastern part of NE China (Figure 1A), at the confluence of the Greater Xing’an Range and Lesser Xing’an Range. NE China recorded multiphase magmatism during the development of the Paleo-Asian Ocean, Mongol-Okhotsk Ocean, and Paleo-Pacific Ocean [5,12,22,27,28,29,30].



The Duobaoshan ore district is situated in Heihe City, Heilongjiang Province, where several magmatic-hydrothermal deposits are developed, including the Duobaoshan and Tongshan porphyry Cu-Mo-(Au) deposits (Figure 2) [22,29,31], the Xiaoduobaoshan and Sankuanggou Fe-Cu skarn deposits [27,28,32], and the Zhengguang and Sandaowanzi Zhengguang epithermal Au deposits from the late Yanshanian [33,34,35].



The Duobaoshan and Tongshan porphyry Cu-Mo-(Au) deposits are underlain by andesites of the Middle Ordovician Duobaoshan Group, and the intrusive rocks associated with the mineralization are the Caledonian granodiorite body or granodiorite porphyry complex [36]. The mineralization-hosting strata of the Sankuanggou Fe-Cu skarn deposit are mainly of the Middle Ordovician Duobaoshan Group andesite type, and the intrusive rocks associated with the mineralization are plagioclase and granodiorite from the early Yanshanian [37,38]. The late Yanshanian gold deposits in the area are mainly hosted by andesites of the Middle Ordovician Duobaoshan Formation and acidic volcanic rocks of the Lower Cretaceous Longjiang Formation. The intrusive bodies related to mineralization are small intrusive bodies and veins of ultra-shallow or subvolcanic facies.




2.2. Ore District Geology


The stratigraphy of the Duobaoshan ore district consists of Ordovician and Silurian volcanic-terrestrial clastic rocks and sandy mudstone. It includes the Paleozoic Duobaoshan Formation, Luohe Formation, Niqiuhe Formation, Yaosangnan Formation, Mesozoic volcanic rocks, and a series of granite bodies with different ages and characteristics. The granites primarily consist of granodiorite, orthoclase granite, alkali granite, and diorite [1]. The intrusive rocks in the Duobaoshan ore district can be grouped into three intervals, namely, the Early Paleozoic, Late Paleozoic, and Mesozoic. The Early Paleozoic granite is mainly composed of amphibolite and diorite, and the rocks are mainly distributed in the central part of the study area in the western part of Huolongmen village and the northeastern part of Yikete.



The granite, which exhibits a zircon SHRIMP U-Pb age of 440.6 Ma, intruded into the Duobaoshan Group andesite leading to alteration, which is visible in the form of rock strains, with weak chloritization and sericitization. The granite exposures occupy an area of approximately 23 km2. The Late Paleozoic granite is mainly composed of alkali-long-orthoclase granite, with a small amount of granite amphibolite and diorite granite. The rocks are widely distributed and exposed in the southern part of Huolongmen Town, Beigang, and the northeastern part of Yikete, mainly in the form of rock strains. The exposures occupy an area of approximately 104 km2, and exhibit zircon SHRIMP U-Pb ages of 291.5~310.7 Ma. The Mesozoic granites are mainly distributed in the eastern part of Huolongmen Town and exhibit a zircon SHRIMP U-Pb age of 175.2 Ma; they are mainly composed of granitic amphibolite [1].



The Duobaoshan or district exhibits three groups of faults (NW–SE-, E–W-, and NE–SE-trending faults), which have developed because the region has experienced three major tectonic events (Figure 1B). The NW–SE-trending faults are the main ore-controlling structures in the Duobaoshan ore district (Figure 1B) [37,39,40]. The influence of the Caledonian tectonomagmatic activity on the underlying regional tectonic pattern is mainly manifested as NW-oriented tectonics, which played an important role in the formation of porphyry-type copper deposits. The Hercynian tectonic movements, which are mainly manifested as the NEE-oriented tectonics, only rarely resulted in mineralization of economic value. The Yanshanian movement can be divided into early and late Yanshanian phases of movement. The early phase inherited the NEE-oriented tectonics of the Hercynian phase, whereas the late phase exhibited the deep and large NE-oriented left-slip tectonics. The Yanshanian movement had destructive effects on the early porphyry deposits but had obvious enriching effects on gold mineralization [36].





3. Tomographic Inversion


3.1. Fundamental Principles


First-arrival seismic tomography is based on the fluctuation equation theory, which can be regarded as an approximation of ray theory under certain conditions. It is a method used to describe the propagation path, travel time, and velocity of seismic waves in subsurface media. Huygens’, Fermat’s, and Snell’s theorems explain the propagation law of seismic waves in subsurface media. The propagation paths and travel times of seismic waves differ depending on the subsurface medium. The equation for the travel time of seismic waves can be expressed as:


  T =    ∫  s o u r c e   r e c e i v e r     1 v     d s  



(1)




where T is the travel time of the seismic wave from the gunpoint to the checkpoint, v is the seismic wave velocity, and s denotes the ray path length [41]. In practice, the first-arrival time and velocity are nonlinear, and to find them, Equation (1) needs to be linearized [42], such that


  v ( x ) = v (  x 0  ) + δ v ( x )  



(2)




where   v  (   x 0   )    is the background velocity and   δ v  ( x )    is the value of the velocity perturbation at point  x . When   δ v  ( x )  ≪ v  (   x 0   )   , the change in initial arrival time is linearly related to the amount of velocity perturbation [43]. Let the seismic wave propagation path   s =  s 0  + δ s   after the perturbation and the travel time   T =  T 0  + δ T  . Then Equation (1) can be rewritten as


  T =    ∫   S 0  +  δ S      [   1  v (  x 0  ) + δ v ( x )    ]     d s  



(3)







Expanding Equation (3) geometrically and neglecting the binomial, we obtain


    T =    ∫   S 0  +  δ S      [   1  v (  x 0  )   −   δ v    v 2  (  x 0  )    ]     d s + o ( δ  v 2  )     =    ∫   S 0      [   1  v (  x 0  )   −   δ v    v 2  (  x 0  )    ]     d s +    ∫   δ S      [   1  v (  x 0  )   −   δ v    v 2  (  x 0  )    ]     d s + o ( δ  v 2  )    



(4)







According to Fermat’s theorem,   ∂ T / ∂ s = 0  . Thus, the seismic wave walk time disturbance is


  T =    ∫   S 0      [   1  v (  x 0  )   −   δ v    v 2  (  x 0  )    ]     d s + o ( δ  v 2  )  



(5)







This can be expressed in matrix form as


  δ T = A δ V  



(6)




where   δ T     is the difference between the actual travel time and the calculated travel time of the model,   δ V   is the velocity perturbation of the grid node, and   A     is the Jacobi matrix containing information on the observation mode and ray path. The element    a  i k   = ∂  T i  / ∂  V k    denotes the velocity derivative of the travel time of the ith ray with respect to the kth grid node.



Therefore, it is necessary to obtain a velocity perturbation that minimizes the walk-time perturbation (residual) so as to obtain a model that most closely reflects the true subsurface velocity.




3.2. Seismic Data Acquisition


In this study, first-arrival travel time data of the deep seismic reflection profile (205 km) were used for seismic tomography to obtain a fine shallow velocity structure. We collected the deep seismic reflection data in 2019 using the French Sercel 428XL recording system with 24-bit digital geophones. The NE–SW-oriented deep seismic profile starts at Heihe City, passes through the towns of Xiaoyangqi and Handaqi and the Duobaoshan ore district, and ends at Jiagedaqi. We used three types of explosive sources (24 kg, 96 kg, and 480 kg) to obtain high-resolution seismic data. The data from the 24 kg shots were acquired using a 200 m interval, whereas data from the 96 kg and 480 kg shots were acquired using larger intervals of 1000 m to collect deeper signals.




3.3. First-Arrival Seismic Tomography Inversion


We used the Chinese seismic data processing software “ToModel” to perform the tomographic inversion calculations. The software is based on the fluctuation equation for fast step wavefront tracking, which improves the accuracy and efficiency of the model orthorectification, and applies the wavelet transform to the laminar inversion [14]. The process of tomography consists of five main steps: data preprocessing, first-arrival time picking, first-arrival time editing, initial model building, and tomographic inversion (Figure 3).



	
Data preprocessing. The seismic data were first decoded to change the format of the seismic instrument field record (e.g., SEG-D) to the format for seismic data processing. The observation system and the trace header were then loaded. The next step was to determine the linear correction parameters and check the first-arrival wave of all shots.



	
First-arrival travel time picking. In this study, a combination of “automatic pickup” and “manual modification” was used to pick the first-arrival wave through cross-correlation of adjacent channels. The first-arrival seismic data were then adjusted according to the actual information of all shots to ensure accurate tomographic inversion results.



	
First-arrival travel time editing (Figure 4). After converting the coordinates, seismic traces with first-arrival travel times less than 0 were removed, followed by interception of data within the shot point range. Subsequently, bad traces were removed under the display of first-arrival seismic data with the offset time.



	
Initial model building. Displaying the first-arrival data with the offset time, the initial model parameters were determined according to the inflection point of the time-distance curve, and the initial model was established using the delay-time method. The horizontal grid size of the initial model is generally 1/2 that of the trace interval, while the vertical grid size is 1/4 that of the trace interval.



	
Tomographic inversion. Input of walk time data and the established initial model was performed for carrying out tomographic inversion to obtain the shallow velocity structure.







3.4. Parameters of Tomographic Inversion and Analysis of Tomography Results


The first-arrival time is displayed as a function of the shot-receiver distance and time (Figure 5A). Considering the acquisition parameters and inversion time, we selected a 25 × 12.5 m rectangular grid to build an initial model. In this study, we used a nonlinear iterative inversion technique, with the aim of making the inversion results independent of the initial model. Furthermore, considering the iterative efficiency and other issues (topographic conditions, geological conditions, and accuracy of inversion results), the initial model had a layered structure in which velocity increased from the surface downward; the interfaces of the layers were parallel to the undulating terrain. The initial model (Figure 5B) defined four layers from the surface downward. These layers had velocities of 1500 m/s, 2500 m/s, 4000 m/s, and 6000 m/s and corresponding thicknesses of 387 m, 800 m, 1400 m, and 125 m.



The input time data and established initial model were used for the inversion. The parameters of the inversion were set as follows: the orders of the wavelet transform in the X and Z directions were 4 and 1, respectively. The inversion was iterated 10 times, and the velocity variation range was 340~6000 m/s. As a result, we obtained the theoretical inversion of the first-arrival time, ray density, and inversion velocity model.



Based on the mean squared difference of each iteration during the tomographic inversion, we could graph the inversion iteration convergence curve (Figure 6). Figure 6 shows that the mean squared deviation of the initial iterations converges rapidly and decreases fast, whereas that of the last few iterations tends to be smooth. After 10 iterations, the mean squared variance (walk time residual) was within 20 ms, from 136.51 ms to 14.28 ms, with an improvement rate of more than 90%. To a certain extent, this indicated that the inversion results were credible.



As shown in Figure 7, the actual first-arrival times (i.e., the picked first-arrivals times, shown by the red part of Figure 7A) and the theoretical first-arrival times (i.e., the first-arrival times calculated by inversion, shown by the blue part of Figure 7B) were superimposed and displayed in a full-alignment manner. Preliminary inspection indicated that the first-arrival times calculated by inversion were in good accordance with the actual times, indicating that the inversion results and are in good agreement with those of the actual model.





4. Tomography Results


4.1. Ray Density Distribution


The distribution of the ray density can be used to determine the reliability of the grid velocity inversion; in general, the greater the ray density, the higher its accuracy. In contrast, the velocities of the grids not crossed by ray paths are derived from extrapolation of the values of other grids and are therefore less reliable. The reliability of the inversion can also be ascertained based on whether the ray path penetrates the interface or goes beyond the surface. If the ray penetrates the interface and then turns back and bounces out of the surface, the depth and velocity set by the initial model are not reasonable. The ray distribution map of the final inversion results (Figure 8B) shows that the rays do not go beyond the surface and do not fold back into the bottom boundary of the interface, which indicates that the initial model setup is reasonable. The ray distribution map of the final inversion results (Figure 8B) is not uniform, with a higher ray density in the central portion of the profile and a lower ray density at the two ends, and not all grids have dense ray crossings. The ray densities in the Duobaoshan ore district exceed 1000 rays per grid unit, which enables a superior tomographic result of the velocity structure of the Duobaoshan ore district.




4.2. Tomography Profile


In this study, a 205 km velocity profile was prepared based on first-arrival seismic tomography inversion (Figure 8A). The profile is SE-NW oriented and crosses the Duobaoshan ore district. Overall, the tomography profile exhibits a trend of increasing velocity with depth in the vertical direction and undulating high-velocity interfaces in the horizontal direction. In this profile, velocity varies from 1900 to 6100 m/s, and the inversion depth reaches 2900 m. The velocity profile is subdivided into five parts by two low-velocity blocks. The first part is located the Jiagedaqi section (0–30 km), where the velocity varies between 3000 m/s and 6000 m/s. There are no distinct low-velocity zones in this part, and the high-velocity body is located at a depth of approximately 400 m, with a gentle undulating interface. The second part is the Woduhe section (30–75 km), which has distinct low-velocity zones on the surface, with velocity varying between 2500 and 6000 m/s. The high-velocity body is buried at greater depths (100–1000 m), with an interface that is more undulating than that of the Jiagedaqi section. The third section is the Duobaoshan section (75–110 km), where the high velocity body is buried at a shallow depth and partially exposed at the surface; it is the main part of the porphyry copper deposit in the Duobaoshan ore district, and exhibits velocities of 3900–6100 m/s. The fourth section is the Handaqi section (110–160 km), which is the region with the lowest velocities in the whole profile; it exhibits velocities varying between 1900 m/s and 6000 m/s. The last part, the Huolongmen section, which ranges from 160 to 205 km, is the location of the main gold deposits (points); the high-velocity body is buried at a depth of 250–1200 m.





5. Discussion


5.1. Structure of Velocity Profile


In the velocity profile of first-arrival seismic tomography inversion (Figure 9C), the lateral boundaries between high- and low-velocity bodies are visible in the Duobaoshan and Huolongmen sections. The Handiqi section of the velocity profile crosses volcanic granite-like rocks and the Nenjiang Quaternary sedimentary strata from south to north. The location of the granite is consistent with the projection of the high-velocity body in the inversion section (Figure 9D). Moreover, the Nenjiang sedimentary outcrop corresponds to the low-velocity body (Figure 9D).



The ore-controlling structures in the Duobaoshan ore district are mainly NW-, NE-, and SN-trending fractures and folds. The porphyry Cu-Mo-(Au) ore formed during the Caledonian and the Si-Cu-Fe-(Au) ore formed during the early Yanshanian under the control of the NW arc tectonic zone. The gold deposits formed during the late Yanshanian are controlled by NE-, NW-, and near-SN-trending fractures, especially at the confluences of multiple fracture groups [43]. The velocities were generally lower than those of the surrounding rocks in the fractured areas and concealed fracture zones [14].



In combination with the outcrops of fracture zones in the geological profile (Figure 9B), the velocity profile can be used to infer the locations of the occult fractures. Typically, magmatic rocks within the granitic polymetallic zone exhibit velocities greater than 4000 m/s [44]. In summary, the parts of the velocity profile with velocities below 3500 m/s represent sedimentary strata and Quaternary overburden, the parts with velocities of 3500–5000 m/s may represent magmatic and metamorphic rocks, and parts with velocities of 5000–6100 m/s represent concealed granite bodies.



The Duobaoshan ore district involves multiple phases of magmatism and copper and gold mineralization [45]. The Cu (Au) mineralization during the middle Caledonian and early Yanshanian is associated with intermediate and hypabyssal intrusions, and the gold mineralization during the late Yanshanian is primarily related to ultra-shallow magmatic intrusions [46]. Intrusive rocks such as granite, orthogranite, alkali granite, amphibolite, and granite porphyry outcropped in the Duobaoshan ore district [47].



In the velocity profile (Figure 9C), the interface of the high-velocity body is highly undulating and is related to multi-phase magmatism. Since the locations of granitic outcrops within the Duobaoshan ore district correspond with and the undulations in the interface of the high-velocity rock bodies beneath the Duobaoshan porphyry deposit, we can preliminarily infer that multiple phases of magmatic intrusion modified pre-existing geological formations.



The deposits in the Duobaoshan ore district have a regular spatial distribution. The northwestern portion of the Duobaoshan ore district mainly exhibits Fe-Cu skarn deposits, the central portion exhibits porphyry Cu-Mo-(Au) deposits, and the southeastern portion exhibits epithermal Au deposits. The Duobaoshan and Tongshan porphyry Cu-Mo deposits are the products of early Paleozoic magmatism and are closely related to granodiorite porphyry and amphibolite. The mineralized material of the Fe-Cu skarn deposits originates from the mineralized granodiorite rock body [10].



In the velocity profile of first-arrival seismic tomography inversion (Figure 9C), the porphyry copper and silica deposits are observed at shallow depths beneath the occulted granite bodies. The volume of the occulted granite bodies below the silica deposits is small, whereas that below the porphyry deposits is large. The epithermal gold deposits are controlled by intrusive contact zones and NE-oriented fractures, which are distributed in the occulted fracture zones in the velocity profile. Based on the spatial distribution characteristics and velocity structure of each type of deposit, we can infer that the distribution of porphyry copper deposits and diorite deposits in the Duobaoshan ore district is related to occulted granite bodies, while the distribution of the epithermal gold deposits is related to the occulted fracture zones.




5.2. Depth of Porphyry Body Burial at the Tongshan Deposit


The depth of the Tongshan deposit limits the comprehensive exploration of the deposit and the study of its genesis. The porphyry body is the most important marker of the porphyry copper deposit. Previous studies did not identify a porphyry body; only granitic porphyry veins were found in core samples from drill holes, but the exact depth of the porphyry body was not identified due to the limited depth of the drill holes [6]. The Duobaoshan porphyry Cu-Mo-(Au) deposit located close to the Tongshan deposit, where the intrusion ages of the granodiorite and granodiorite porphyry are 485–478 Ma and 477–474 Ma, respectively [5,7,46]. Geochemical data show that they are enriched in LREE and LILE and deficient in HFSE.



LA-ICP-MS zircon dating has indicated that the age of the granodiorite from the Tongshan deposit is 478–476 Ma [46,47]. A branch of the granodiorite porphyry was located in a drill hole, and zircon U-Pb dating indicated that the age of the porphyry was 471 Ma [48]. Geochemical analysis revealed that the granitoids within the Tongshan and Duobaoshan porphyry Cu-Mo-(Au) deposits have similar geochemical characteristics and ages, and therefore, these deposits are contemporaneous. Currently, the Duobaoshan deposit has been more extensively studied than the Tongshan deposit. In this work, we selected the Duobaoshan section (Figure 10A) from the tomography results and provided a basis to identify the porphyry body of the Tongshan deposit based on the velocity characteristics of the porphyry body of the Duobaoshan deposit.



The porphyry body and branch of the Duobaoshan deposit are exposed at elevations of 100–50 m, and the porphyry body has a significant tendency to expand downwards with the main body to an elevation of −200 m [39]. In the velocity profile (Figure 10B), a high-velocity mass (5800 m/s) is noted approximately 450 m below the Duobaoshan porphyry Cu-Mo-(Au) deposit, which is similar to the elevation of the porphyry body in actual production. Previously, only a few granite porphyry branches were observed at an elevation of −800 m during exploration drilling [6], so the porphyry bodies should be at lower elevations. In Figure 10B, a high-velocity body (>5800 m/s) can be observed below the Tongshan deposit at an elevation of −1000 m. Taken together, these velocity features suggest that the porphyry body in the Tongshan deposit is likely buried at an elevation of about −1000 m; the critical exploration area should be below the elevation −1000 m.



The Tongshan Fault is a post-formation fracture that truncates the Tongshan deposit in the Duobaoshan ore district [48]. As shown in Figure 10B, the high-velocity bodies below the Duobaoshan and Tongshan deposits are penetrated by the low-velocity zone of the fracture, and the high-velocity bodies extend downward and are connected at depth. Taken together, the similar ages, geochemical characteristics, and velocity structures [48,49] of the porphyry bodies below the Duobaoshan and the Tongshan deposits indicate that they may be connected at depth.




5.3. Indication of Mineralization


The copper and gold deposits in the Duobaoshan ore district are magmatic-hydrothermal deposits; magmatic intrusion and hydrothermal activity are crucial controls for mineralization in this region. Seven magmatic phases have been identified from data collected on the age of magmatic rocks in the Duobaoshan ore district: (1) Middle and Late Cambrian (506−491 Ma); (2) Early and Middle Ordovician (485−471 Ma) and ~462 Ma; (3) Late Ordovician (450−447 Ma); (4) Early Carboniferous and Late Carboniferous − Early Permian (351−345 Ma) and 323−291 Ma; (5) Middle and Late Triassic (244−223 Ma); (6) Early, Middle, and Late Jurassic (178−168 Ma) and ~150 Ma; and (7) Early Cretaceous (~112 Ma) [10]. The Duobaoshan ore district underwent at least three major metallogenic events: (1) Early Ordovician (485−473 Ma) porphyritic Cu-Mo-(Au) mineralization, (2) Early Middle Triassic (246−229) shallow hydrothermal Au-(Cu-Mo) mineralization, and (3) Early Jurassic (177−173 Ma) Fe-Cu skarn mineralization [33].



The Tongshan porphyry Cu-Mo-(Au) deposit and Zhengguang epithermal Au deposit may be associated with multiple mineralization phases. In the Duobaoshan ore district, the transport and concentration of hydrothermal fluids are closely related to the fracture system in this mineralization area; the most extensive mineralization in the region occurs at the fracture intersection [28], reflecting the succession of mineral-controlling structures and mineralization.



In the Greater Xing’an Range, a string of pearl-like magnetic anomalies is distributed along the Heihe-Hegenshan suture zone [50], which runs from Qiqihar, through Gannan, to the Nengjiang River, and then divides into two branches to Huma and Heihe. As shown in Figure 9A, there are distinct high magnetic anomalies in the Duobaoshan and Huolongmen regions. Combined with the low-velocity fracture zones identified below the ore district (Figure 9C), the copper and gold deposits fall within the high magnetic anomaly zone. The beaded high magnetic anomalies may be caused by intrusive rocks or magnetic minerals emplaced along the fractures, while the narrow vein-shaped low magnetic anomalies may be due to reduced magnetic properties of the rocks within the fracture zones [51].



The magnetic field values are generally in the range of tens to hundreds of nT, indicating the existence of mineral-controlling fracture structures and various intrusive bodies or veins along with the fracture intrusions. The fractures can serve as channels for the transport of mineralized hydrothermal fluids and provide favorable conditions for mineralization. Regional geological data show that many NW-, NE-, and SN-trending fractures are developed, and these fractures are the ore-controlling structures in the Duobaoshan ore district [52,53]. When taken together, the magmatic intrusive activities closely related to the copper and gold hydrothermal deposits, the regional magnetic anomaly characteristics, and the distribution of deposits indicate that the identified occult fractures may have provided a channel for the transport of magma associated with mineralization in the Duobaoshan ore district.





6. Conclusions


	
In the Duobaoshan ore district, the first-arrival seismic tomography profile shows multiple phases of undulating changes at the high-velocity interface, which may be related to multiple phases of magmatic activity. Based on the spatial distribution characteristics and velocity structure of each type of deposit, we can infer that the distribution of diorite and porphyry copper deposits in the Duobaoshan ore district is related to the occulted granite bodies, whereas the distribution of the epithermal Au deposits is related to the occulted fracture zones.



	
The velocity profile suggests that the porphyry body in the Tongshan deposit is likely buried at an elevation of approximately −1000 m, and the critical exploration area should therefore be below this elevation. The similar ages, geochemical characteristics, and velocity structures of the porphyry bodies indicate that they may be connected below the Duobaoshan and Tongshan deposits.



	
The velocity profile shows that there are several groups of occulted fractures beneath the deposits, and the strongest mineralization in the region occurs at the fracture−tectonic intersection. The copper and gold deposits, which are closely related to magmatic activities, fall within the high magnetic anomaly zone in the Duobaoshan ore district. The occulted fractures may have provided a channel for the transport of magma associated with mineralization.
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Figure 1. (A) Regional geophysical anomalies of the Duobaoshan ore district and adjacent regions. (B) Regional geological map of the Duobaoshan ore district and adjacent regions. 
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Figure 2. Magmatism and mineralization of the main deposits in the Duobaoshan ore district [10]. 
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Figure 3. Flow chart of tomographic inversion processing. 
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Figure 4. Example of first-arrival travel time picking (Red line represents the picked first-arrival travel time). The position is shown in Figure 1B with Typical CHAN. 
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Figure 5. (A) Results of the conversion of coordinates of the deep seismic profile (shot-receiver distance and time). (B) Initial model. 
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Figure 6. Iterative convergence curves of the tomographic inversion. 
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Figure 7. (A) Picked first-arrival times (red) and (B) theoretical first-arrival times (blue) after tomographic inversion. 
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Figure 8. Tomographic inversion results. (A) Velocity profile of first-arrival seismic tomography inversion. (B) Ray pathways of first-arrival seismic tomography inversion. 
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Figure 9. Tomographic inversion results and interpretation. (A) Magnetic anomalies along deep seismic profile. (B) Geological profile. (C) Velocity profile of first-arrival seismic tomography inversion. (D) Interpretation of velocity structure. 
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Figure 10. Velocity profile of the Tongshan and Duobaoshan porphyry Cu-Mo-(Au) deposits. (A) Velocity profile of first-arrival seismic tomography inversion (B) Interpretation of velocity structure. 
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