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Abstract

:

Up until the last ten years, remote sensing data and especially high-resolution satellite data and airphotos were mainly used in shallow water mapping. The evolution and low cost of unmanned aerial vehicles (UAVs) provides a new tool for coastal area monitoring. This paper presents the synergistic use of a small commercial UAV and an unmanned surface vehicle (USV) for beachrock mapping in Syros Island, Greece. RGB images collected with a quadcopter were processed using Structure from Motion (SFM) photogrammetry in order to create digital surface models (DSMs) and orthophotos of the coastline. A beachrock lying in shallow waters was detected and mapped using the UAV derived products. At the same time, a USV equipped with a compact side scan sonar (SSS) and bathymetric sonar system, provided the shape of the beachrock by mosaicking the backscatter strength of the SSS. In order to evaluate the results of the UAV and USV data derivatives, the beachrock perimeter and its depth were also mapped using a differential global navigation satellite system (GNSS) receiver. During the fieldwork, samples from the beachrock were collected and analyzed in the laboratory. The mineralogical composition of the bulk samples was determined by powder X-ray diffraction (XRD). Further petrographic study was also performed by petrographic polarizing microscope, macroscope, and scanning electron microscopy (SEM). Beachrock samples are classified as fine to medium grain sandstones and conglomerates. The mineral compositions of their grains and lithoclasts reflect the bedrocks of Syros Island (mainly metamorphic rocks) while a micritic high-Mg calcite constitutes the cement of these rocks.
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1. Introduction


Beachrock is an intertidal beach deposit with a carbonate cement. There are several processes involved in beachrock formation, including direct precipitation from meteoric waters, mixing of marine and meteoric waters, degassing of CO2, evaporation, and microbial carbonate mineral precipitation [1,2,3,4,5]. It is composed in shallow water either on the surface or, more commonly, beneath the littoral/intertidal sediments, by carbonate cementation of beach deposits during stages of shoreline stabilization and it is used as a marker of sea level change [6,7,8,9]. It is an early cemented sedimentary formation usually composed of aragonite or high-magnesium calcite (HMC) [10]. Beachrock outcrops commonly consist of a sequence of bands, which usually dip seawards and may be associated with sedimentary structures and lithofacies indicative for the depositional conditions of the constituent sediments [11]. The extent of beachrock formations can be kilometers long, attain widths of hundreds of meters, and thicknesses of up to several meters. The importance of beachrocks can be summarized in the following main topics: their impacts on coastal evolution [12], their role as sea-level indicators [6,7,8,9], the information they contain regarding the coastal processes of cementation and palaeo-environmental evolution [13,14,15], and the control that they exert on beach hydrodynamics [16,17].



Most of the previous studies about beachrock have mainly focused on the cement material [18,19,20], their possible formation mechanisms [8], and their usefulness as indicators for sea level change [9]. There has been limited research on the use of aerial and marine remote sensing data for the detection and mapping of beachrock formations in shallow water. Different image processing approaches were applied to remotely sensed data (aerial photographs and IKONOS images) in order to identify coastal features/patterns [21]. Electrical resistivity tomography was also used to map a beachrock outcrop in Thassos Island (north Greece), extended both inland, under beach sediments, and seawards, on and below seabed sediments [22].



The first effort to detect and map beachrock using high resolution aerial photographs has been performed more than thirty years ago [23]. A balloon equipped with a video camera and a reflex camera was used in order to collect some photographs and map beachrock on the west coast of Sri Lanka, south of Negombo, from an altitude of 100 m above sea level. In another study [24], vertical and low angle, small format, aerial photographs were commissioned over beachrock units from an ultralight plane. Acquired from a height of ~300 m above ground surface, the airphotos provided a ground resolution of 0.2 m producing a photomosaic at 1:500 scale [24].



There are few, if any, published studies concerning the use of unmanned aerial vehicles (UAVs) for such kind of applications. Recently, some studies focused on the use of UAVs for the topographic monitoring of coastal areas [25]. Small commercial UAVs were used for the mapping of the coastline [25,26] and their accuracy was compared to Lidar data [26,27]. It was proven that imagery and bathymetric information obtained from consumer-grade drones are therefore useful tools to obtain repeatable and low-cost data on shallow-water coral reefs [26]. Low cost, custom-made UAVs have also been used for mapping fish nursery areas [28] and shallow aquatic habitats [29]. There are several types of small commercial UAVs, light enough to be carried in the field by a single person, and all of them present a high cost/benefit ratio. The UAVs are equipped with digital cameras, Global Positioning System (GPS), 3-axes gimbals, inertial measurement unit (IMU), radio link, and a small computer processor [25]. Low cost and lightweight UAVs are highly suitable for coastal monitoring [29,30,31,32,33,34,35,36,37] or for developing and implementing a quick response post-storm survey in coastal areas [38,39]. In similar research, data from UAV photogrammetry were combined with multibeam data in order to map the entire beach topography of the Borghetto coastal area in the region of Liguria, Italy, after two sea storms [40].



As mentioned in the previous paragraphs, several investigations of beachrock outcrops all over the world have been conducted concerning their formation processes, their impact on coastal and marine ecosystems, as well as their use as indicators for sea level changes and recent tectonic activities [8,41,42]. Beachrock locations in Greece have also been studied and referenced by several authors [2,8,9,22,43,44]. The evolution of the UAV technology facilitates multidisciplinary synergies in order to add value and contribute to a more integrated survey. A first attempt to combine datasets derived from remote sensing, engineering geology, and marine geology surveys that were carried out in an embayment has been already successfully performed [45]. Furthermore, in geological remote sensing, there is a lack of multidisciplinary studies paying attention to the synergy of remote sensing technology and classical petrographical or mineralogical analyses. Cross-linking of remote sensing with laboratory analyses deserves more attention and may pay off as being scientifically very fruitful in producing or updating geological maps [46].



In that context, this paper proposes a synergistic use of UAV and unmanned surface vehicle (USV) data and laboratory analyses that ameliorates the geological mapping in coastal areas by gaining deeper knowledge on coastal environment processes and decreasing fieldwork costs. As far as we know, for the first time, remote sensing data from an unmanned aerial vehicle (UAV) and an unmanned surface vehicle (USV) are combined with data derived from petrographic and mineralogical analyses in order to conduct a deep investigation of a beachrock formation in Lotos Gulf, Syros Island, Cyclades, Aegean Sea, Greece. The proposed integrated methodology seeks to answer two key issues that have been raised by the scientific community concerning the beachrocks; the accurate mapping and their consequent use as sea level change indicators and the processes of cementation which are indicative of the mechanism of their formation.



The remainder of the current paper is structured as follows: In the next section, the geology of the study area is described. Section 3 outlines the survey design, Section 4 contains the UAV data processing, the USV data collection and processing, and the sampling procedure during the fieldwork. Section 5 contains the measurements with the global navigation satellite system (GNSS) receiver. Section 6 presents the analytical methods and the results from the mineralogical composition and microstructure, and finally in the Section 7, the discussion and conclusions are presented.




2. Geological Setting


The island of Syros is chiefly made up of rocks of the Blueschist Unit of the Cycladic Massif. This unit is mainly composed of marbles, schists, metabasites, and paragneisses [47], which have been subjected to Eocene (~53 Ma) eclogite- to blueschist-facies metamorphism followed by greenschist-facies retrogression in the late Oligocene–early Miocene [48] about 25–21 Ma. The Blueschist Unit is structurally overlain by the Uppermost Unit, also known as Vari Unit in local literature. The Vari Unit is exposed as a klippen in the southeastern coast of the island and consists mainly of felsic orthogneisses, quartz and quartzofeldspathic schists, mica schists, and metabasic schists, showing no evidence of Eocene high-pressure metamorphism [49]. Particularly, in the Lotos Gulf study area, as shown in Figure 1, there are exposed rocks of the Blueschist Unit and specifically greenschists, marbles, mica schists, and metabasites [47].



The tectonic contact between the Blueschist and the Vari Unit represents a passive normal-sense roof detachment (Vari Detachment), which was formed during northeast-directed ductile extrusion of the former at middle Eocene–Oligocene times [49]. Brittle-stage deformation is associated with the formation of faults resulted by a regional regime of SW-NE to WSW-ENE directed extension.




3. Survey Design


The integrated survey of Syros Island shallow waters beachrock was organized into three phases. During the first phase, a systematic survey of the seafloor using UAV and USV was carried out. The second phase of the survey consisted of the evaluation of the collected data of the UAV and USV using a GNSS receiver and was planned on the results of the first phase. During the third phase, rock samples were collected from specific sites of beachrock for further mineralogical analyses and petrographic studies. This methodological approach provides a cost-effective tool to rapidly survey areas of shallow water beachrock.



RGB images collected with a small commercial quadcopter were processed using Structure from Motion (SFM) photogrammetry in order to create digital surface models and orthophotos of the coastline. A beachrock lying in shallow waters was detected and mapped using the UAV-derived products. At the same time, a custom-made USV equipped with a compact side scan sonar (SSS) and a bathymetric sonar system, provided the exact shape of the beachrock, the latter extracted by mosaicking the backscatter strength of the SSS. SSS backscatter is long proven to be a valuable tool for mapping shallow water environments and is able to accurately delineate marine habitats [50] or any other regions of interest on the seafloor [51]. In order to evaluate the results of the UAV and USV data derivatives, the beachrock perimeter and its depth were also mapped using a differential global navigation satellite system (GNSS) receiver. The existence of different kinds of spatial information, raster data and vector data, points, polygons and polylines, necessitated the use of GIS software for the implementation, harmonization, and integration of the results. Firstly, the usefulness of the GIS is very clearly presented in the case of the GNSS survey. The UAV-derived digital surface models (DSMs) (raster data) were controlled with vector data (GNSS point measurements) and automatic algorithms were used for the vertical accuracy assessment. Furthermore, the USV survey data, SSS mosaic (raster) and bathymetric isolines (vector), point measurements from GNSS campaign, orthophoto and DSM from the UAV image processing, were integrated in GIS and produced the final maps. During the fieldwork, samples from the beachrock were collected for further analysis in the laboratory. The selection of the beachrock samples was based on the macroscopic observation of the lithology in the field. As the study area is quite small, only two samples with different macroscopic characteristics were selected. The mineralogical composition of the bulk samples was determined by powder X-ray diffraction (XRD). Mineralogical analyses and microstructure characterization were also performed using polarizing light microscopy, macroscope, and scanning electron microscopy (SEM).




4. UAV and USV Data Collection and Processing, Field Sampling


Diverse flight campaigns were planned and performed using a DJI Phantom 3 Advanced quadcopter (DJI, Guangdong, China) at different altitudes above ground level (agl). Photogrammetric grids were planned and executed at 20, 25, and 30 m agl, as shown in Figure 2. At the same time, the USV performed multiple waylines parallel to the coastline, in order to collect SSS data. Sample collection from different parts of the beachrock was also performed.



4.1. UAV Data Processing


The diverse datasets from the UAV flight campaigns at three different altitudes were imported in Agisoft’s PhotoScan software. In Figure 2, the allocation of the images acquired at 20 and at 30 m agl is presented. The allocation of the flight performed at 25 m altitude is not presented intentionally as the great number of images creates a confusing image. As described in detail in previous studies [52,53], the software combines computer vision techniques and Structure from Motion (SFM) photogrammetry in order to achieve direct georeferencing or bundle adjustment with ground control points (GCPs) or simple similarity transformation over the whole block without GCPs.



Similar to the traditional stereoscopic photogrammetry, SFM photogrammetry utilizes overlapping images acquired from different viewpoints. The basic difference of SFM photogrammetry to traditional photogrammetric approaches is that SFM determines internal camera geometry, camera position, and orientation automatically, and without the need to specify a priori, a network of targets which have known 3-D positions [54]. All these internal orientation parameters are calculated simultaneously using an iterative bundle adjustment procedure. The bundle adjustment is based on the automatic extraction of common features from a set of multiple overlapping images. As the number of acquired images increase, more and more points are correlated and ameliorate the internal block geometry. The need for a high degree of overlap to cover the full geometry of the object or scene of interest gives rise to the name: structure derived from a moving sensor.



In order to achieve the higher possible accuracy of the derived products, six artificial targets were scattered on the beach in order to be used as GCPs. The coordinates and height of each of these targets were measured using a high-accuracy geodetic GNSS receiver in order to ensure accurate positioning in Greece’s Coordinate System (EGSA 1987, EPSG 2100). The exact location of the ground control points is presented in Figure 2. The GCPs were spread around on the beach and not underwater as the total width of the study area is less than 100 m, as shown in Figure 2, and the relief is flat.



The three different image sets were processed in Agisoft PhotoScan as separate chunks. From the UAV data processing, orthophotos and digital surface models (DSMs) were created, as shown in Figure 3. The exact number of photos captured within every flight and the spatial resolution of the derived products are presented in Table 1. For the three flight campaigns at 20, 25, and 30 m agl, the same GCPs were used. The spatial resolution of the orthophotos ranges from 0.93 to 1.279 cm while the pixel size of the DSMs ranges between 1.86 and 2.558 cm. As the spatial resolution of the three orthophotos was quite similar, it was decided to export all the orthophotos at the same spatial resolution of 1 cm in order to facilitate the comparison. The common spatial resolution of the derived DSMs was decided to be 2 cm. In Figure 3, the orthophotos and the DSMs produced from the UAV data are presented. In the left column, the orthophotos from the images acquired at 20 m, as shown in Figure 3A, 25 m, as shown in Figure 3C, and 30 m, as shown in Figure 3E, and at the right column, the respective DSMs are presented, as shown in Figure 3B,D,F. The DSM from the UAV flight at 25 m agl is presented in Figure 3D. A red ellipse marks an artefact inside the specific DSM. In Figure 3E, the existence of light waves can be seen. Due to those waves the quality of the DSM in Figure 3F is not very high. However, the beachrock can be clearly detected in all the DSMs regardless of the flight altitude and the overall quality of the DSM. The 3-D model from the flight campaign at 20 m agl presented the higher horizontal and vertical accuracy, as shown in Table 2, and it was used for further processing and measurements. The easting (X) error was 2.07482 cm while the northing (Y) was a little higher (2.83607 cm). The altitude error (Z) was 2.245343 cm while the total root mean square error was 4.1752298 cm.



UAV data showed that the beachrock formation is fragmented to one extended and three smaller blocks. In the three DSMs, as shown in Figure 3B,D,F, the fragmented beachrock appears as a low relief ridge on the seabed running parallel/subparallel to the present day coastline. The increase in the flight altitude from 20 m, as shown in Figure 3B, to 30 m, as shown in Figure 3F, did not affect the visibility of the beachrock on DSMs. The four blocks of the fragmented beachrock can be easily distinguished. As the orthophoto and the DSM from lower flights are clearer, they have been used for further processing and measurements. The most laterally extensive block of beachrock lies at the eastern end of the formation and covers an area of 176 square meters, having a maximum length of 30 m and a maximum width of 10 m. The extent of the other three blocks is 27, 10, and 11 square meters, respectively. Those three blocks have a maximum length of 9.8, 4.8, and 3.9 m, and a maximum width of 4, 1.5, and 1 m, respectively.



The orthophotos were further processed using ERDAS IMAGINE software. Different processing techniques, like image enhancement and filtering, were applied to the data in order to enhance the visibility of the beachrock and improve its traceability. In Figure 4, the digitally processed orthophotos of the 20 m agl flight are presented. Figure 4A shows the orthophoto after sharpness and contrast enhancement. More precisely, the image was stretched evenly between plus and minus two standard deviations around the mean and then the contrast was increased about 20%. Figure 4B presents the result of the filtering to the previous orthophoto, as shown in Figure 4A. A standard edge enhancement filter was applied to the image. The fragmented beachrock formation is presented with reddish tones in the orthophotos of Figure 4. The specific color difference facilitates the mapping of the beachrock extents but it does not permit the automatic detection and classification of it. The existence of the specific beachrock is certified, also taking into account all the other data. The black points in Figure 4B represent the GNSS measurements, while points 1 and 2 in Figure 4A represent the positions of the field sampling.



From a coastal morphodynamics point of view, the fragmented beachrock formation constitutes a coastal shallow barrier that influences the local littoral transport processes. As it can be observed in Figure 4A,B, coarse-grained (gravel) sediments have been accumulated between the beachrock and the shoreline. The existence of the beachrock formation locally weakens the incoming wave energy and consequently alters the longshore sediment drift. As the beachrock is fragmented in one extended and three smaller blocks, it cannot serve as an elongated unique barrier and filter wave energy, but as four independent blocks. The deposition and aggregation of coarse-grained sediments follows, in general, the shape of the fragmented beachrock formation. Four separate cones of gravelly material have been deposited between the beachrock and the shoreline while sandy corridors have developed between them. This observation is in accordance with previous work [16].




4.2. USV Data Collection and Processing


Although marine remote sensing surveys are typically performed using research vessels, for the survey of the very shallow water, small surface vehicles are required. USVs are cost effective and easily transported to the field. They are well suited for demanding environments, such as shallow lakes, rivers, aqueducts, canals, and lagoons, and they can reach areas close to piers, pilings, and the extremely shallow waters at the coastal zone [55,56,57,58].



A custom-made, small (1 m long) remotely operated USV was used for retrieving shallow geoacoustic data, as shown in Figure 5C. It offers efficient simultaneous bathymetry and side scan mapping in waters as shallow as 40 cm, allowing surveying in locations and environmental conditions in which deployment of conventional platforms is not practicable or feasible. It features a fully autonomous GPS waypoint-based navigation system with a real-time telemetry link. The USV platform is customizable, allowing it to accept existing GPS/real-time kinematic (RTK) positioning systems, bathymetric sonars, SSS, and video cameras. It is currently equipped with an 83/200 kHz broadband chirp single beam bathymetric sonar and a 455/800 kHz SSS, both integrated in the Lowrance Elite-7 Ti sonar, as shown in Figure 5A, and a hull-mounted High Definition (HD) underwater camera for very shallow seafloor mapping and visual inspection, as shown in Figure 5B. All instrumentation is synchronized and linked to an external high precision GPS system, to offer fully georeferenced and co-registered geoacoustic and video footage data. A video presenting the data collection with the USV can be found in the Supplementary Materials.



The SSS and bathymetric datasets were processed using the ReefMaster software tool (Reef Master Software Ltd, West Sussex, UK). A bathymetric map and an SSS mosaic were also constructed using ReefMaster, as shown in Figure 6. The agreement between the geoacoustically-derived bathymetry data and the GNSS elevation measurements is out of the scope of the current work, as it would need further correction of the bathymetric data with regard to the tidal variations during the sampling period. High backscatter, which is attributed to hard substrate, is presented by light tones on sonographs whilst low backscatter (soft substrate) is presented by dark tones. Figure 6C presents the bathymetric map in the area of beachrocks; the beachrock formations lie at a water depth ranging from 0.0 to 0.7 m. Figure 6D show the SSS mosaic in the area of the beachrock, and Figure 7 presents a detailed SSS sonograph showing the four fragments of the beachrock formation. The four separate beachrock fragments are clearly enough delineated through the relatively higher backscatter intensity compared to the surrounding seafloor. Moreover, the dark-toned acoustic shadow that has developed due to the high incidence angle between the transmitted acoustic signal and the seabed clearly delineates the southern end of the beachrock, as shown in Figure 7.





5. GNSS Measurements


During the fieldwork, 1440 points were collected with a Leica GS08 Plus GNSS receiver. The receiver was used without a dedicated base station, but with differential position corrections from the Metricanet network—through Global System for Mobile Communications (GSM) and real-time kinematic (RTK). Metricanet is the local partner in Greece of HxGN SmartNet. HxGN SmartNet is the GNSS correction service built on the world’s largest reference station network (more than 4000 reference stations based on Leica Geosystems), enabling GNSS-capable devices to quickly determine precise positions even down to the centimeter.



The receiver used in the field is capable of GPS (L1, L2, and L2C frequencies), Globalnaya Navigazionnaya Sputnikovaya Sistema (GLONASS, L1 and L2 frequencies), and Satellite-based Augmentation Systems (SBAS) (Wide Area Augmentation System (WAAS), GPS Aided Geo Augmented Navigation (GAGAN), Multi-functional Satellite Augmentation System (MSAS), and European Geostationary Navigation Overlay Service (EGNOS) systems). The accuracy specifications for this receiver are 10 mm + 1 ppm horizontally and 20 mm + 1 ppm vertically. During the GCPs’ measurements, the horizontal root mean squared error (RMSE) was between 0.6 and 1.0 cm, whereas the vertical RMSE between 1.1 and 1.6 cm.



The majority of the GNSS measurements were taken in the shallow water covering the extent of the fragmented beachrock formation, as shown in Figure 5D. Measurements were also acquired on the “crest line” of the beachrock, producing east to west sections, as shown in Figure 8a. The crest line of the fragmented beachrock formation, ranges between from −0.08 to −0.028 m below sea surface. The beachrock lies in depths between −0.03 to −0.734 m below sea surface.



The DSM of the lower altitude UAV’s flight (20 m) was validated against the GNSS measurements. Comparison between the above two data sets offered the means for calibrating the DSM, suggesting a simple linear regression for correcting the water column effect on the elevation estimations. Figure 8B shows the agreement between the DSM and the GNSS altitudes, with the 1:1 line indicating the linear regression used for the DSM calibration. A further 2nd order polynomial seems to further improve the DSM agreement with the GNSS measurements, but with a negligible effect on the actual results. The root mean squared error (RMSE) of the regression is 6 cm while the R2 is 0.85, suggesting a strong correlation between the DSM and the GNSS elevation values, which suffers though from quite high deviation around the regression line. Further calibration of the UAV-derived elevation model is out of the scope of this work.




6. Mineralogical and Petrographic Analyses


6.1. Analytical Methods


A laboratory qualitative petrographic study of selected samples was conducted by several combined petrographic methods. The bulk mineralogical composition of the studied samples was determined with X-ray diffraction using a Bruker D8 advance diffractometer (with ~3% resolution), equipped with a LynxEye1 detector with Ni-filtered CuKα radiation, accelerating at 40 kV, 40 mA. Random powder mounts were prepared by gently pressing the powder into the cavity holder. The scanning area for bulk mineralogy of specimens covered the 2θ interval 2°–70°, with a scanning angle step size of 0.015° and a time step of 0.1 s. The mineral phases were determined using the DIFFRACplus EVA 12® software (Bruker-AXS, Fitchburg, WI, USA) based on the ICDD Powder Diffraction File of PDF-2 2006. The mineralogical and textural characteristics of the samples were also examined on polished thin sections using a petrographic polarizing microscope (Leica Microsystems, Leitz Wetzlar, Germany). The microfossils have also been observed in polished thin sections under a macroscope Wild Heerbrugg M400.



Furthermore, a petrographic study by a scanning electron microscope SEM JEOL 6300 equipped with an energy dispersive spectrometer (EDS) (accelerating at 20 kV) on gold and/or carbon-coated freshly randomly broken surfaces of samples, as well as on carbon-coated thin sections, was conducted. Secondary electron images (SEI) (on freshly randomly broken surfaces of samples), backscattered electron scanning images (BSE-SEM) (on polished thin sections), as well as BSE-EDS microanalysis (on polished thin sections), are presented in this study.



Two samples of each area were prepared for XRD analysis, petrographic study under polarizing microscope and macroscope, as well as for BSE-SEM analysis, and representative results are presented in this study. Moreover, fragments from the initial collected samples have been broken randomly and five pieces from each area were analyzed using SEM, and representative results are provided.




6.2. Mineralogical Analyses and Microstructures


6.2.1. XRD Analysis


The qualitative analyses by XRD technique, as shown in Figure 9, of the two beachrock collected samples, as shown in Figure 4A, revealed similar mineral phases comprising: quartz, calcite, alkali feldspars (albite), pyroxene, epidote group minerals (epidote, zoisite), green, blue amphibole (glaucophane, actinolite), mica (muscovite and/or illite), and chlorite. These phases reflect the bedrocks of this region in which there were constituents before erosion and weathering (mainly metamorphic rocks of Syros Island).




6.2.2. Petrographic Features under Petrographic Polarizing Microscope and SEM Analysis


Beachrock samples of area 1, as shown in Figure 4A, are classified as fine to medium grain sandstones with clastic texture and good sorting. They consist mainly of sub rounded grains of minerals, lithoclasts, and bioclasts (fragments of mollusk shells, foraminifera, small gastropods, bone fragments, and algae), and are shown in Figure 10A–H. All of these phases are mainly cemented by micritic carbonates.



The dominated grains observed under microscopy are quartz, carbonates, feldspars, pyroxene, and epidote-zoisite, while less abundant phases are mica (muscovite), chlorite, green, blue amphibole (glaucophane, actinolite), garnet, and opaque minerals. Accessory phases of sphene and spinel are also presented in mineral composition. Moreover, fine halite and gypsum detected by SEM to coexist with micritic carbonates, as shown in Figure 11. The presence of halite and gypsum could also be due to sample processing since the sample was air dried and, moreover, these phases were not detected by XRD. The lithoclasts are mainly fragments of mica schists, chlorite schists, and carbonate rocks, mainly marbles derived from the broad area rock units. Quartz crystals exhibit undulose extinction indicating intracrystalline deformation phenomena. Occasionally feldspars show partial transformation to sericite. The occurrence of cracked pyroxene altered to chlorite and filled with oxides and other minerals is frequently observed. Most garnet crystals are intensively cracked and preferentially replaced by chlorite.



Several studies have referenced the different types of cement textures of these rocks [3,14,59,60,61]. In the case of samples of area 1, they have been cemented by micrite carbonates filling pores or forming meniscus bridges between the grains or fragments, as shown in Figure 10D,E. Moreover, the majority of the grains and lithoclasts throughout the microstructure are surrounded by micritic material, as shown in Figure 10E, which is a very frequent cement texture of beachrocks [14], whilst peloidal aggregates are also observed, as shown in Figure 10F. Sometimes recrystallized micrite to sparite is presented, indicating a more stable thermodynamic state, as shown in Figure 10D. The secondary electron image of Figure 11 shows the micritic morphology of cement in beachrocks of area 1. The backscattered electron image, as shown in Figure 12, presents clearly the textural characteristics of microstructure and how cement bonds grains together or coats others. The majority of the detrital carbonate grains of these studied rocks consist of pure calcite mineralogy free of magnesium, as it is observed with the representative EDS spectrum 1 of Figure 12. On the contrary, the cement indicates a magnesium–calcium chemistry.



A number of BSE-EDS microanalyses (~30) of the cement phase of area 1 beachrock have been carried out in several micro-regions, such as in Figure 12, in polished thin section samples, and representatives of these are given in Table 3. The whole wt. % data collected using EDS analysis were used to calculate the mol % of MgCO3, which is present in the cement phase and the extreme and mean values of them are given also in Table 3. The results show that the mol % of MgCO3 in cement phase of samples of area 1 ranges from 4% to 16%, characterizing this as high magnesium calcite (HMC). Generally, the cement phases of such rocks are mainly calcite or aragonite [44,59]. The precipitation and composition of these phases depend on a variety of physicochemical parameters, e.g., temperature, pH, salinity, and Mg2+ concentration. Besides these factors, recent studies revealed that the presence of microorganisms play a severe role in the formation of beachrocks as these enhance the dissolution of carbonate grains, increasing the cation in solution leading to precipitation [4,5]. In the case of area 1, textural characteristics of cement in combination with its HMC composition are probably indicating that the beachrock was formed under marine-vadose conditions [1,13]. The contribution of organism activity to cement formation should not be rejected but further investigation with high-resolution techniques is demanded, e.g., References [4,5].



Beachrock samples of area 2, as shown in Figure 13A–G, can be described as conglomerates comprising mainly of sub angular to sub rounded lithoclasts (epidote-chlorite schists, mica schists, carbonate rocks). The sand matrix participates in lower amounts, presenting similar mineralogical and textural characteristics with sandstones (beachrock samples) of area 1, as shown in Figure 10. Microfossils in the microstructure of these beachrocks were also observed under macroscope and representative images are presented in Figure 13F,G.



The different sorting characteristics of collected beachrock samples of area 2, which are as far apart as a few meters (~20 m) from these of area 1, could be attributed either to a mechanism similar to the one described in above sections or to lower reworking during transporting due to the proximity of an additional source area to the sea coast. The latter could have been a hydrographic system having its estuary in this area and may have contributed to the transporting ability of coarser fragments from different sources (compared to these of area 1), promoting the immature character of these beachrocks.



Concerning the consolidation texture of these rocks, even though the sand acts as cement (between lithoclasts), micritic carbonates have also been precipitated, coating the sand grains and fragments or forming bridges between particles while peloids have also been observed, as shown in Figure 13E. Nevertheless, in the case of area 2 samples, the micritic carbonates around the coarser particles are lesser compared to the fine ones, due to their low surface free energy.



The morphology of micritic cement is presented in the secondary electron image of Figure 14. Elemental mapping was carried out in a part of the micro region of the BSE-SEM image of Figure 15 where cement is coating a quartz grain. In this case of Si, Ca, and Mg analysis, the information of magnesium participation in calcite cement was also provided as in area 1.



Approximately 30 BSE-EDS analyses collected on polished thin sections pointed out that HMC with ~15 mol % MgCO3 in solid solution formed the cement, as shown in Table 3. Representative microanalyses are given in Table 3.



According to the above results, similar texture and cement composition with those of area 1 rocks contribute to the approach that area 2 rock formations are also related to an environment of a marine-vadose zone.






7. Discussion and Conclusions


In this study, a synergy of different geological specialties is proposed, combining UAV and USV data, mineralogical analyses, GNSS measurements, and geographic information systems for the detection, mapping, and further characterization of a fragmented beachrock formation lying on very shallow waters (0–0.7 m) in Lotos beach, Syros Island.



One main concept of this study was to use low-cost, customer-grade UAV and USV equipment as a tool for quick beachrock detection and mapping. The use of low-cost UAVs has been recently exhibited in previous works (e.g., Reference [28]). In the same manner, recreational grade sonars (e.g., the Lowrance fish-finders) are increasingly being used for deriving scientific seafloor mapping (e.g., Reference [62]). Although the beachrock was actually quite well delineated in both the UAV or SSS derived products, especially when outlined by experienced interpreters, their synergistic use proved to be beneficial. If there should be a trade-off between human–effort and detection accuracy, this would most likely favor aerial surveys rather than sidescan surveys due to the difficulty in SSS interpretation. This, however, does not mean that a combination of both the above very low-cost systems would not offer increased beachrock delineation significances. In some cases, SSS could be even more successful in detecting very shallow seabed features than using an aerial survey, especially in very nontransparent waters (i.e., with increased amounts of suspended sediments) or in cases where the sea-surface sun-glint is high, see Figure 3. On the contrary, SFM via UAV imagery offers the means for an easy visual interpretation as it provides images familiar to the human eye, along with a 3-D representation.



It has been proven that both UAV with Structure from Motion photogrammetry, and USV with side scan sonar and echo sounder, can detect and map morphological features in shallow waters where conventional research vessel and platforms cannot be applied. Furthermore, the combination of the petrography and mineralogy analyses with remote sensing methodologies revealed not only the spatial extent of each formation but also the precise composition of the beachrock, giving insights about their formation mechanisms. Finally, GIS technology was necessary for the homogenization and processing of different raster and vector data, and the production of the respective maps.
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Figure 1. The study area. Beachrock lies in Lotos beach, at Kini and Lotos gulf, Syros Island, Aegean Sea, Greece. Left: ASTER Global Digital Elevation Model (ASTER GDEM) covering the whole country at 1:7,500,000 scale. Upper right: Orthophoto of the broader area from the Greek Cadastre with 25 cm spatial resolution at 1:15,000 scale. Lower right: Orthophoto from the Lotos beach created from the unmanned aerial vehicle (UAV) images with 1 cm spatial resolution at 1:2000 scale. 
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Figure 2. UAV image acquisition at 20 and 30 m altitude. The allocation of the ground control points (GCPs) is also presented. The intermediate flight at 25 m is intentionally not presented in the current figure. 
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Figure 3. (A) Orthophoto of the UAV flight at 20 m agl. (B) The respective DSM. (C) Orthophoto of the UAV flight at 25 m agl. (D) The DSM from the UAV flight at 25 m agl. The red ellipse marks an artefact inside the DSM. (E) Orthophoto of the UAV flight at 30 m agl. (F) The respective DSM from the flight at 30 m. Due to the light waves that can be detected in Figure 3E, the quality of the DSM in Figure 3F is quite low. However, the beachrock can still be outlined. 
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Figure 4. (A) Processed orthophoto of Figure 3A after enhancement in sharpness and contrast. The sampling positions are marked with numbers 1 and 2. (B) Result of the filtering application to the previous orthophoto. Black points represent the global navigation satellite system (GNSS) measurements. Coarse-grained sediments have been aggregated between the fragmented beachrock blocks and the shoreline. 






Figure 4. (A) Processed orthophoto of Figure 3A after enhancement in sharpness and contrast. The sampling positions are marked with numbers 1 and 2. (B) Result of the filtering application to the previous orthophoto. Black points represent the global navigation satellite system (GNSS) measurements. Coarse-grained sediments have been aggregated between the fragmented beachrock blocks and the shoreline.



[image: Minerals 08 00534 g004]







[image: Minerals 08 00534 g005 550] 





Figure 5. The equipment used in the fieldwork. (A) The Lowrance topside unit placed inside the unmanned surface vehicle (USV) and (B) the sonar transducer placed under the USV keel. (C) Photo captured from the UAV showing the USV data collection. (D) GNSS measurements in shallow water. 
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Figure 6. Example data from the Lowrance Elite-7 Ti and indicative processing steps in ReefMaster software. (A): part of the USV survey lines with colormap indicating bathymetry, (B): unprocessed bathymetric profile (upper half) and raw side scan sonar (SSS) sonograph (bottom half) as acquired through Lowrance Elite-7 Ti, (C): rough bathymetric map of the area of beachrocks and (D): an example of mosaicked SSS data (incomplete data). 
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Figure 7. (A). A detail of the SSS mosaic (as created in ReefMaster software). (B). The same mosaic annotated according to the extents of the beachrock, as defined by the UAV photomosaic. The beachrock fragments are well delineated as areas of high acoustic backscatter in light tones, followed by a relatively well-developed dark-toned acoustic shadow. 
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Figure 8. (A). GNSS measurements took place around (purple color points) and on the top of the beachrock (cyan color points). (B). Comparison between the GNSS and photogrammetry-derived DSM. The 1:1 line corresponds to the linear regression used for the DSM calibration, while a further 2nd order polynomial provided the best possible fit with the data (R2 ~ 0.85 and root mean squared error (RMSE) = 6 cm). 
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Figure 9. XRD analyses of bulk compositions of representative samples of areas 1 (black color) and 2 (red color); Amp: amphibole (actinolite and glaucophane); Cc: calcite; Chl: chlorite; Ep: (epidote and zoisite); Fsp: feldspar; Mic: mica; Px: pyroxene; Qz: quartz. 
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Figure 10. Photomicrographs of beachrocks of area 1. (A,B): Clastic texture in parallel and cross polarized light (XPL) respectively; (C): Lithoclast of chlorite schist participating in microstructure (XPL); (D): Cement fills pores. Note topically recrystallized micrite to microsparite (arrow) (XPL); (E): Cement as rims of grains and bridges between particles. Note micro-channel of porosity (white line) (XPL); (F): Peloid micritic cement (XPL); (G): Presence of foraminifera and algae in microstructure (x 220); (H): Presence of gastropods in microstructure (x 576). BC: bioclast (mollusk shell); CEM: cement; Cc: calcite; Cpx: clynopyroxene; Fsp: feldspar; Gl: glaucophane; Grt: garnet; LC: lithoclast; Ms: muscovite; Opq: opaque minerals; P: pore; Qz: quartz, Sp: spinel; Zo: zoisite. 






Figure 10. Photomicrographs of beachrocks of area 1. (A,B): Clastic texture in parallel and cross polarized light (XPL) respectively; (C): Lithoclast of chlorite schist participating in microstructure (XPL); (D): Cement fills pores. Note topically recrystallized micrite to microsparite (arrow) (XPL); (E): Cement as rims of grains and bridges between particles. Note micro-channel of porosity (white line) (XPL); (F): Peloid micritic cement (XPL); (G): Presence of foraminifera and algae in microstructure (x 220); (H): Presence of gastropods in microstructure (x 576). BC: bioclast (mollusk shell); CEM: cement; Cc: calcite; Cpx: clynopyroxene; Fsp: feldspar; Gl: glaucophane; Grt: garnet; LC: lithoclast; Ms: muscovite; Opq: opaque minerals; P: pore; Qz: quartz, Sp: spinel; Zo: zoisite.
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Figure 11. Secondary electron images (SEI) of beachrocks collected at area 1, indicating micritic cement in coexistence with halite and gypsum. 






Figure 11. Secondary electron images (SEI) of beachrocks collected at area 1, indicating micritic cement in coexistence with halite and gypsum.



[image: Minerals 08 00534 g011]







[image: Minerals 08 00534 g012 550] 





Figure 12. Backscattered electron scanning image (BSE-SEM) demonstrates the microstructure of beachrocks of area 1. On the same figure, (1) and (2) points indicate the collected data of the accompanying energy dispersive spectrometer (EDS) spectrum. 
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Figure 13. Photomicrographs of beachrock samples collected at area 2. (A,B): Clastic texture in parallel and cross polarized light respectively (XPL); (C): Lithoclast of epidote-chlorite schist participating in microstructure (XPL); (D): Lithoclast of mica schist participating in microstructure (XPL); (E): Cement fills pores, coats grains, and forms bridges between particles. (XPL); (F): Presence of foraminifera and algae in microstructure (x 352); (G): Presence of bone in microstructure (x 640). CEM: cement; Cpx: clynopyroxene; Ep: epidote; Fsp: feldspar; Grt: garnet; LC: lithoclast; Ms: muscovite; P: pore; Zo: zoisite. 
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Figure 14. SEI image of beachrocks collected at area 2 indicating cement morphology. 
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Figure 15. (A): BSE-SEM image indicating textural characteristics of beachrocks of area 2; (B): Selected micro region of Figure 15A for elemental mapping of Si, Ca, and Mg. It is indicating the cement phase around a quartz grain; (C): Distribution of Si (green), Ca (blue), and Mg (red); (D): Distribution of Si (white); (E): Distribution of Ca (white), and (F): Distribution of Mg (white). Note the magnesium participation in the cement phase, but in lower concentrations compared to the calcium one. 
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Table 1. UAV flight campaign characteristics and derived product resolution. DSM: digital surface model.
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	Flight Campaign Altitude
	No of Photos
	Orthophoto Spatial Resolution (m)
	DSM Spatial Resolution (m)





	20
	308
	0.0093
	0.0186



	25
	316
	0.01014
	0.02028



	30
	230
	0.01279
	0.02558
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Table 2. Root mean square error of the ground control points.






Table 2. Root mean square error of the ground control points.





	Flight Campaign Altitude
	X Error (cm)
	Y Error (cm)
	XY Error (cm)
	Z Error (cm)
	Total Error (cm)





	20
	2.07482
	2.83607
	3.520082
	2.245343
	4.1752298
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Table 3. Representative BSE-EDS analysis of cement phase of studied samples. Calculated values of mol % MgCO3 in cement phase. HMC: high-magnesium calcite.






Table 3. Representative BSE-EDS analysis of cement phase of studied samples. Calculated values of mol % MgCO3 in cement phase. HMC: high-magnesium calcite.





	
Sample

	

	
Area 1

	

	

	
Area 2

	




	
Oxide (wt. %)

	
1

	
2

	
3

	
1

	
2

	
3






	
MgO

	
1.71

	
4.00

	
6.33

	
1.95

	
6.05

	
8.16




	
CaO

	
53.88

	
51.20

	
49.27

	
53.75

	
49.45

	
47.04




	
total

	
55.60

	
55.20

	
55.60

	
55.70

	
55.50

	
55.20




	
Number of ions on the base of 3O




	
Mg

	
0.042

	
0.099

	
0.157

	
0.048

	
0.150

	
0.202




	
Ca

	
0.961

	
0.913

	
0.879

	
0.958

	
0.882

	
0.839




	
* Max mol % MgCO3 in HMC

	

	
16

	

	

	
20

	




	
* Min mol % MgCO3 in HMC

	

	
4

	

	

	
5

	




	
* Mean mol % MgCO3 in HMC

	

	
13(±0.6)

	

	

	
15(±0.6)

	








* The whole wt. % data collected from approximately 30 BSE-EDS analyses were used to calculate the mol % of MgCO3 in cement.














© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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