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Abstract

:

In this research, drone-based photogrammetry was utilized for mapping geology with the objective of mineral exploration in the Shahzadeh Abbas Cu deposit, Kerman province, Iran. Cu mineralization is of vein-type and follows geological structures. A low-cost drone was used to collect geological data. A spatial resolution of 3.26 cm was achieved by considering a flight altitude of 70 m. To reach the accuracy of less than 5 cm, 70% lateral and 80% front image overlaps were applied and 220 temporary ground control points (TGCPs) were used in an area of 2.02 km2. TGCPs were accurately positioned using DGPS-RTK measurements. Agisoft PhotoScan software was used for photogrammetric processing. The orthophoto product was performed for outlining geological units through visual interpretation. The digital elevation model (DEM) was converted to a hill-shade model in ArcGIS software to extract the geological structures such as faults and dikes. A draft geology map was prepared using orthophoto and hill-shade images to minimize the time and cost of the subsequent field work. Rock sampling was carried out and Cu-bearing veins were specified through field investigations. The geology map was finalized based on field work data and petrology studies. The geological survey indicated that diabase dikes with a northwest–southeast strike often host Cu mineralization in the study area. The position of Cu-bearing dikes was delineated for the next stage of the exploration program. This research demonstrated the time- and cost-effectiveness of using drone-based photogrammetry for preparing base geology maps for the exploration of vein-type mineralization in far districts with rough topography.
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1. Introduction


Remote sensing technology has experienced great advances in the exploration of mineral deposits in recent years. The application of some geoscience sensors such as ASTER, Landsat ETM+/OLI, and Sentinel-2 MSI is common in most mineral exploration campaigns because of their worldwide coverage and free and openly available data [1,2,3]. The study of airborne/spaceborne data is often applied in the initial parts of mineral exploration programs. These studies can be directly focused on mineral mapping using multispectral/hyperspectral imaging instruments such as ASTER and Hyperion [4,5,6,7,8]. Some remotely sensed data such as Landsat ETM+/OLI, Sentinel, SPOT, and IRS can be used for geological and structural mapping [9,10,11,12]. Geology maps are permanently used in various scales from mineral exploration to mine exploitation. Nowadays, precise geology maps can be prepared thanks to high resolution images provided by airborne/spaceborne imagery and the development of image processing techniques. However, the application of aircraft and high-resolution satellite images is mainly limited due to the high cost and unavailability of data. Today, drone photogrammetry is gradually replacing traditional ground-based and conventional aircraft-based mapping, especially in inaccessible areas [13,14].



Drone photogrammetry has opened up a new perspective in aerial surveying for geology and mining purposes. The literature review indicates rapid progress in the use of drones in the mining industry, from mineral exploration to mine exploitation. A semi-automated method was applied for mapping geological faults using an eight-rotor octocopter in Piccaninny Point on the east coast of Tasmania, Australia [15]. Drone-based photogrammetry was used to document rock outcrops in the surface quarry Lehôtka pod Brehmi, Slovakia [16]. Mapping the mine pit and creation of 3D geological models was carried out using a quadcopter in the Penjamon mine, Malaysia [17]. This study demonstrated the application of inexpensive drones in mining and mineral exploration. Unmanned aerial systems (UAS) can offer a low-cost and easy-to-use method for supporting open-pit mining and restoration monitoring [18,19]. UAS imagery accomplished the monitoring of opencast mining restoration with accurate spatial and thematic information in an active calcareous sandstone quarry located in central Catalonia, Spain [18]. A combination of ground- and drone-based photogrammetry and hyperspectral VNIR, SWIR, and LWIR imaging was employed to obtain more efficient ground surveys in the Naundorf quarry in the Freiberg mining district, Saxony (Germany) [20]. Magnetometry survey and hyperspectral imaging were carried out using multi-sensor drones in two mining areas of Central Finland [14]. Results showed that multi-copters with lower altitude and speed provide higher resolution data compared to fixed-wing UAS. Fixed-wing UAS with higher height and speed has longer endurance, so covers larger areas in a short time. A fixed-wing unmanned aerial vehicle (UAV) and two quadcopters were utilized to establish drone-based 3D outcrop models in the Aptian carbonate platform to basin transition of the Maestrat Basin (Spain) [21]. This research showed the application of combining 3D outcrop models with field data for reservoir modeling in oil and gas exploration and production. Drone-based photogrammetry specified the acidic dikes associated with gold deposits in the Beishan area of Gansu, China [22]. An unmanned aircraft was used to evaluate the stability of artificial slopes of the Laže 1 quarry in Slovenia [23]. Topographic modeling and structural geological mapping of a limestone quarry were accomplished using UAVs in combination with terrestrial laser scanning in southern Hungary [24].



The Kerman Cenozoic magmatic belt (KCMB) hosts several well-known Cu deposits of Iran such as Sar Cheshmeh, Meiduk, and Darrehzar [25,26,27]. Porphyry- and vein-type Cu mineralization are widespread in the KCMB. Porphyry Cu deposits are discoverable due to their large hydrothermal alteration halos through remote sensing studies [2,6,28,29]. Vein-type Cu mineralization is geologically controlled by faults and fractures that present no noticeable spectral features for conducting remote sensing investigations. Thus, the reconnaissance of favorable geological structures such as faults and joints can increase the chance of succeeding in field work. These structural lineaments can be accurately derived from remotely sensed data to prepare a precise geology map. A geology map with structural details can help find mineralized veins.



This study aims to conduct a large-scale geological mapping using drone-based photogrammetry to facilitate mineral exploration in the Shahzadeh Abbas Cu deposit. Shahzadeh Abbas Cu deposit is situated 28 km east of the large Sar Cheshmeh Cu porphyry mine, Kerman province, Iran. Vein-type Cu mineralization occurs in joints and fractures. The topography of the study area is rough, which causes difficulties for field investigation and geological survey. Thus, drone-based imagery was undertaken to project geological features on a base geology map. In this research, several photogrammetry products are prepared to complete field work data to specify mineralized zones for future studies.




2. Geological Setting


The Shahzadeh Abbas area is situated in the southern part of the Tertiary Urumieh–Dokhtar magmatic belt, in the center of the KCMB. Cu deposits in the KCMB of Iran are genetically related to Miocene porphyries (Figure 1a) [23,24,25]. The porphyries were intruded and emplaced into Eocene volcanic–sedimentary successions to form associated Cu deposits [26,30,31]. The Eocene volcanic–sedimentary rocks involve basalt, andesite, trachyandesite, trachybasalt, rhyolite, agglomerate, tuffs, lava flows, and sedimentary rocks. The Miocene intrusive rocks are granite, granodiorite, diorite, and monzonite. The oldest and youngest exposed rocks are the upper Lower Eocene volcanic rocks and the Quaternary alluvial deposits and gravel fans, respectively. Some well-known Cu deposits are situated in this area (Figure 1b). The study area is located in an Eocene volcanic–sedimentary complex comprised mainly of volcaniclastics, basalt, basaltic andesite, andesite, porphyritic andesite, trachyandesite, and sedimentary rocks (Figure 1c).




3. Materials and Methods


Geology maps are one of the essential requirements of any mineral exploration campaign. Remotely sensed data are generally used for preparing geology maps. In the case of vein-type mineralization, drone imagery can provide high-resolution images suitable for deriving geological and structural information according to mineral exploration objectives. This research attempts to show the capability of drones for establishing base geology maps for the exploration of vein-type Cu deposits. Five main parts were considered to reach the research target, including (1) setting the flight parameters and flying the drone, (2) acquiring and processing images, (3) creating a draft geology map, (4) performing field work, and (5) finalizing the geology map.



3.1. Platform Type and Flight Settings


Commercial multi-rotor platforms have been successfully used for geological applications [14,15,20]. In this research, a DJI Phantom 4 Pro V2.0 (Da-Jiang Innovations Science & Technology Co., Ltd., Shenzhen, China) was used with its original sensors (Figure 2a). This lightweight quadcopter enables high-resolution imagery with an acceptable time flight to cover more area compared to common heavier hexacopter and octocopter platforms. It carries a built-in 1-inch 20 Megapixels CMOS camera (Da-Jiang Innovations Science & Technology Co., Ltd., Shenzhen, China) on a gimbal. The camera’s lens offers a field of view (FOV) of 84′ with a focal length range of 8.8 mm/24 mm (35 mm format equivalent) and aperture f/2.8–f/11, with autofocus.



The flight path was designed in DJIGo software (v4.0, Da-Jiang Innovations Science & Technology Co., Ltd., Shenzhen, China). A minimum of 70% side and 80% front image overlaps were applied to have an accuracy of less than 5 cm. The flight was performed at an altitude of 70 m (flight speed of 72 kph) to meet a spatial resolution of less than 10 cm. The other flight settings were carried out using the DroneDeploy application (v2.66, Infatics Inc., Santa Clara, CA, USA).




3.2. Data Acquisition and Analysis


The built-in GPS of the DJI Phantom 4 Pro V2.0 helps to geo-tag the acquired images for general applications. However, a grid of temporary ground control points (TGCPs) or markers is necessary to improve the accuracy of geometrical corrections. An accuracy of less than 5 cm was aimed for geological mapping. Accordingly, 220 TGCPs were considered to ascertain the accuracy requirements. TGCPs were marked in the form of red color crosses on the ground surface (Figure 2b). They were accurately positioned using a ground-based real-time kinematic–differential global positioning system (RTK-DGPS) from the SOUTH Galaxy receiver (G1+, South group, Guangzhou, China) (Figure 2c). Besides, five checkpoints with known coordinates were considered to estimate the overall accuracy of the orthomosaic image of the whole area. Several types of calibration targets, namely bar target, Slanted Edge Test, and Siemens star are generally performed to assess the spatial resolution of UAVs. The Siemens star enables the spatial resolution to be measured in all directions for the flight path of the UAV [32]. A Siemens star target on a flat surface was used to determine the spatial resolution of the CMOS camera (Figure 2d) [32,33].



The number of acquired images is a function of the area size and image overlap. After the aerial survey, Agisoft PhotoScan software (v1.4.4, Agisoft LLC, Saint Petersburg, Russia) was applied for photogrammetric processing. Essential data including discrete images and camera locations were loaded from the drone to the software to initialize the photogrammetry procedure. The World Geodetic System 1984 (WGS84) was selected as the datum. Camera locations and matching points were used to align images and establish a sparse point cloud model. The model includes a set of aligned discrete images and must be converted to a georeferenced dense-point cloud model.



Several methods are available for satisfying the georeferencing task such as direct georeferencing using the onboard raw GNSS (GNSSNAV) data, direct georeferencing using Post-Processed Kinematic single-frequency carrier-phase without in situ ground support, direct georeferencing using Post-Processed Kinematic double-frequency carrier-phase GNSS data with in situ ground support, and indirect georeferencing using Ground Control Points (GCPs) [34]. Although the application of indirect georeferencing using GCPs needs time-consuming intense field work, it offers the most accurate solution [34]. After constructing the sparse point cloud model, the georeferencing task was performed using 220 TGCPs. As a result, a dense point-cloud model was built in the next step. A dense point-cloud model is a single display of all acquired images that are connected based on calculating the depth information for each camera location. The mesh and digital elevation (DEM) models are normally built from the dense-point cloud model. The mesh model that is a display of surface and/or volume of objects was reconstructed. Both the mesh and DEM models can be used to build the orthophoto image (Orthomosaic).




3.3. Geology Map Preparation


Geology maps with as many details as possible can increase the efficiency of mineral exploration programs. Drone-based imagery provides worthy information for the instantaneous discrimination of lithology before undertaking the geological survey. Thus, a draft (first edition) geology map can be prepared based on photogrammetry products to save the time and cost of the field work. If the drone is equipped with a multispectral or hyperspectral sensor, mineral mapping can be carried out in addition to lithological mapping [20].



Minerals and rocks usually exhibit spectral features in the short wavelength infrared (SWIR) region of the electromagnetic spectrum [4,5,8,9]. Visible bands cannot offer vital information for discriminating rock and minerals. The CMOS camera of DJI Phantom 4 Pro V2.0 provides RGB images that are not released as individual blue, green, and red bands. This shortcoming makes it impossible to apply image processing methods, but these high-resolution images can be applied for geological and structural mapping [15,16,22,24].



The visual interpretation of images can be performed based on the color changes of rock units and can lead to the primary discrimination of lithology in the study area. Therefore, the first edition of the geology map (draft geology map) can be produced. The accuracy of the draft geology map depends on the experience of the image interpreter(s). High resolution images can also be utilized for extracting lineament features from photogrammetric products. The draft geology map is finalized after conducting field work but it can be applied to plan the subsequent geological survey.



In this research, the orthophoto image was created using the mesh model for providing the draft geology map. The orthophoto image was loaded into ArcGIS software (v10.7, Environmental Systems Research Institute-Esri, Redlands, CA, USA) to establish the draft geology map of the study area. Primary polygons of geological units were created based on visual interpretation of the orthophoto image. These polygons were edited and finalized after conducting the field work. Since mineralized veins are controlled by lineament features such as faults and dikes, surveying the geological structures is vital for the exploration of vein-type Cu mineralization in the Shahzadeh Abbas deposit. Thus, a hill-shade model was created from the DEM model in the ArcGIS software and was applied for the extraction of lineament features.




3.4. Field Data Collection


Field investigation and laboratory studies are essential parts of a mineral exploration program. A geological survey was undertaken considering the draft geology map. Rock samples were gathered from predefined locations to verify the lithology and to check the possible mineralized zones. Thin section studies were performed to specify rock types. Finally, field work data and ground truth were used to finalize the geology map of the study area.





4. Results and Discussion


4.1. Mineralization Type and Exploration Key


The Shahzadeh Abbas deposit is situated on the KCMB. The region has been influenced by magmatic evolutions in Eocene. Plutonic rocks are responsible for forming porphyry and/or vein-type Cu mineralization. Faults and fractures made a fair medium for the circulation of hydrothermal fluids and facilitated the distribution of Cu mineralization. The vein-type Cu mineralization has occurred in the Shahzadeh Abbas deposit. Therefore, determining the exact location of lineament features such as faults, joints, and dikes can assist the identification of mineralized zones in the rough topography of the study area.




4.2. Achievements of Flight Settings


Reducing flight altitude is essential to increase the spatial resolution for the accurate determination of geological boundaries and position of faults. However, it increases the time of aerial survey and image processing procedure. The higher image resolution of UAVs compared to satellite images can lead to more accurate structural information being derived [15,20,35,36,37]. The flight was performed at an altitude of 70 m. Therefore, the spatial resolution of 3.26 cm was calculated using the Siemens star target. This spatial resolution satisfied the required accuracy for outlining the lithology and especially geological lineaments. Flight lines were designed to have 70% lateral and 80% front overlaps. In Figure 3a, the blue color demonstrates the area with excellent image overlap. Therefore, a perfect image overlap with no gap was achieved in an area of 2.02 km2. About 4018 images were acquired to build the dense-point cloud model. Georeferencing the dense-point cloud model was accomplished using 220 TGCPs (about one TGCP per hectare). Figure 3b exhibits the distribution of TGCPs in the study area. A root mean square error (RMSE) of 2.91 cm was measured for the TGCPs. The RMSE of 3.96 cm was obtained for five checkpoints that satisfied the required accuracy of less than 5 cm for the orthophoto (orthomosaic) image.




4.3. Analysis of Orthophoto Map and Hill-Shade Model


CMOS camera of DJI Phantom 4 Pro V2.0 is an RGB sensor. The camera acquires RGB images that are comparable with true color composites (TCCs) of Landsat ETM+/OLI or Sentinel. TCCs of medium resolution spaceborne sensors are used for geological mapping but the higher resolution of the CMOS camera helped to outline geological features more accurately.



The orthophoto image, which was derived from dense point-cloud, is presented in Figure 4a. The image provides a useful insight into the lithology of the study area. Rock units were specified based on their color differences. Geology boundaries were delineated thanks to the high resolution of the image. Primary polygons of rock units were drawn using ArcGIS software. The hill-shade image was utilized to extract lineament structures for detecting vein-type mineralization. The structural layer of the draft geology map was prepared using ArcGIS software. Figure 4b shows the location of structural features in the study area. To finalize the geology map, a geological survey was conducted. Considering the draft geology map, the situation of rock samples was defined based on a time and cost-effective plan to accomplish the field work.




4.4. Field Work and Finalizing the Geology Map


Various outcrops of igneous rocks (e.g., andesite, porphyry andesite, basaltic andesite, and basalt), pyroclastic rocks (e.g., crystal tuff, lapilli tuff, lithic tuff, and agglomerate), and sedimentary rocks such as fossilized limestone were observed during the geological survey. Dikes with different thicknesses can also be seen in the study area, which are the only outcrops of intruded rocks.



Igneous rocks include basalt, basaltic andesitic, and andesite belonging to Eocene volcanic activities. These rocks have generally undergone propylitic alteration. Basalt is generally black–brown; the freshly broken surface appears grey to black (Figure 5a). Pores are often filled by secondary minerals such as calcite and quartz. Olivine, pyroxene, and plagioclase are seen in thin sections (Figure 5b,c).



Basaltic andesite shows a porphyritic texture with a very fine to glassy groundmass. They are burnt brown to purple in weathered surface and the color of the freshly broken surface is gray to dark gray (Figure 6a). The main minerals are pyroxene, olivine, and plagioclase (Figure 6b,c). Rocks are intensively fractured. Fractures may be filled with veins containing calcite, epidote, quartz, or iron oxide. Weak Cu mineralization is seen in some epidote veins but probably has no economic importance (Figure 6a).



Andesite is the most common igneous rock in the study area. This rock is sometimes seen with a porphyritic texture and fine-grained groundmass (Figure 7a). Weathered and freshly broken surfaces are brown–pale green and gray, respectively. The main minerals are feldspar (especially plagioclase) and less pyroxene (Figure 7b,c). Manganese and iron oxide dendrites are sometimes found on the rock surface.



A variety of tuffs as well as agglomerate form the pyroclastic unit. The tuffs are light gray and light purple on the freshly broken surface, while on the weathered surface they are brown to red (Figure 7d). The main minerals are plagioclase and quartz. Agglomerates are mainly composed of different types of lavas (mainly andesitic lavas) that are cemented by volcanic ash (Figure 7e).



Secondary intrusive phases in the form of dikes are responsible for vein-type Cu mineralization in the study area. The general trend of the dikes is northwest–southeast and they are mostly of gabbro–diorite porphyry type. Gabbro–diorite porphyry dikes have a fine-grained groundmass and are light green to yellow on the weathered surface (Figure 8a). The color of the freshly broken surface is greenish-gray. Plagioclase, pyroxene, and olivine are the main minerals (Figure 8b,c). These dikes usually show no Cu mineralization.



Field observation shows Cu mineralization has often occurred in the diabase dikes (Figure 8d). Diabase dikes (trachybasalt porphyry) are generally darker than gabbro–diorite porphyry dikes. These dikes are olive-green to dark brown and the color of the freshly broken surface is dark green to black (Figure 8d). These rocks are generally composed of fine-grained plagioclase with porphyroids of alkali feldspars (Figure 8e,f).



Figure 3b shows the location of lineament features such as dikes in the rough topography of the study area. The general trend of dikes is northwest–southeast. Diabase dikes follow a similar trend but the northeast–southwest direction is also seen in some locations. The thickness of diabase dikes varies between 0.5 m and 1 m. Some epidote veins with a northwest–southeast strike also exhibit Cu mineralization. These veins may not be economically significant.



Figure 9 shows the geology map of the study area based on aerial photogrammetry and geological surveys. Primary geology polygons that were drawn using the orthophoto image were modified based on field work data. Dikes with Cu mineralization were marked on the geology map for the next steps of the mineral exploration program (Figure 9). Based on the finalized geology map, most Cu-bearing dikes have a northwest–southeast trend. Cu minerals on the surface are seen in the form of malachite (Figure 8d).





5. Conclusions


Remote sensing studies have been successfully used for mineral exploration in recent decades. Geology maps with different scales are prepared in mineral exploration campaigns. High-resolution imagery can be essential for geological studies and the exploration of vein-type Cu deposits, especially in far mountainous areas. Drone-borne imagery has facilitated topography and geology mapping, especially in far regions and difficult terrains. To use drones, flight parameters must be defined depending on surveying purpose(s). Usually, spatial resolution and the accuracy of photogrammetric products are two main factors that must be controlled by setting flight parameters. Flight height and image overlap ensure the desired accuracy and spatial resolution. Providing a precise geology map with appropriate accuracy is essential for the exploration of vein-type Cu mineralization. Vein-type Cu deposits are structurally controlled by faults and fractures with different thicknesses. A spatial resolution of about 5 cm is recommended to delineate structural lineaments. A flight altitude of 70 m should be considered to satisfy this resolution. Orthophoto images and DEM models are two main products of drone photogrammetry that are used for extracting geological units and structures. The orthophoto image is appropriate for outlining the geological units. DEM models must be converted to the hill-shade model for extracting the geological structures such as faults and dikes. Geological structures such as faults and dikes must be verified for finding Cu mineralization through field work. Thus, having the accurate location of structural lineaments is so important to save time and the cost of field work. Accuracy less than 5 cm is suggested for constructing the base geology map. To meet this accuracy, 70% side and 80% front image overlaps with a network of TGCPs should be considered. It is recommended to have at least one TGCP per hectare. These flight settings led to reaching an accuracy of about 3.96 cm in the Shahzadeh Abbas deposit. Vein-type Cu mineralization in the Shahzadeh Abbas deposit has often occurred in diabase dikes. It is proposed to focus on diabase dikes mainly with northwest–southeast orientations in the next stage of the exploration program. Hydrothermal alteration is a widespread geological feature in the KCMB. Detecting various types of alteration is valuable, especially for the exploration of porphyry Cu deposits. Considering the maximum payload of the supposed drone, it is possible to add a sensor with a wider spectral range to enhance alteration zones in the areas with similar geological settings.
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Figure 1. (a) Relief map of Cenozoic volcanic belts [27], (b) simplified geology map of the KCMB [25], and (c) geology map of the study area [27]. 
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Figure 2. (a) DJI Phantom 4 Pro V2.0, (b) TGCP (marker), (c) SOUTH Galaxy G1+ receiver on a benchmark, and (d) Siemens star target. 
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Figure 3. (a) Camera locations and image overlap, and (b) distribution of TGCPs in the study area. 
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Figure 4. (a) Orthophoto image of the study area, and (b) hill-shade model containing lineament features. 
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Figure 5. (a) Outcrop of basalt, (b,c) thin section shows olivine and plagioclase minerals inside secondary calcite in XPL and PPL modes, respectively. Cal: calcite, Oli: olivine, and Pl: plagioclase. 
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Figure 6. (a) Outcrop of basaltic andesite with epidote veins, (b,c) thin section shows olivine, plagioclase, clinopyroxene, and epidote minerals in XPL and PPL modes, respectively. Cal: calcite, CPx: clinopyroxene, Ep: epidote, Oli: olivine, and Pl: plagioclase. 
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Figure 7. (a) Andesite porphyry, (b,c) thin section shows plagioclase and chlorite minerals in XPL and PPL modes, respectively, (d) red tuff, and (e) agglomerate. Chl: chlorite and Pl: plagioclase. 
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[image: Minerals 11 00585 g007]







[image: Minerals 11 00585 g008 550] 





Figure 8. (a) Outcrop of micro dioritic gabbro dike intruded into a red tuff sequence, (b,c) thin section shows plagioclase and olivine minerals in XPL and PPL modes, respectively, (d) outcrop of a diabase dike containing Cu mineralization, (e,f) thin section shows plagioclase and feldspar minerals in XPL and PPL modes. Fel: feldspar, Oli: olivine, and Pl: plagioclase. 
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Figure 9. Geology map of the Shahzadeh Abbas deposit. 
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