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Abstract

:

This paper investigates the mineralogical and geochemical characteristics, as well as the possible sources, of gold, silver, platinum group elements (PGE), copper, and lead found in the beach sands along Egypt’s Mediterranean coast. Using scanning electron microscopy and electron probe micro-analysis, this study determines the morphology and micro-chemistry of separated grains to assess their economic potential and how various minerals respond to different transport distances. The analysis reveals that gold grains are of high purity (94.11 to 98.55 wt.%; average 96 wt.% Au) and are alloyed with Ag (1.28–2.32 wt.%) and Cu (0.16–3.15 wt.%). Two types of gold grains were identified, indicating differences in transport distances. Variations in morphology, surface features, inclusion types, rims, and chemistry of the native metals, including gold grains, suggest differences in composition, weathering degree, transport distance, deposit types, and host rocks. The average Ag concentration in gold grains (1.86 wt.%) suggests a link to mesothermal or supergene deposits. Most silver, copper, and lead grains are spherical, with some variations in shape. Silver grains have 71.66–95.34 wt.% Ag (avg. 82.67 wt.%). Copper grains have 92.54–98.42 wt.% Cu (avg. 94.22 wt.%). Lead grains contain 74.22–84.45 wt.% Pb (avg. 79.26 wt.%). The identified platinum group minerals (PGM) belong to the Pt–Fe alloys and sperrylite, both of which are PPGE-bearing minerals. These metals likely originate from the weathering of upstream Nile tributaries surrounded by igneous and metamorphic rocks from Ethiopian and Central African regions, with a minor contribution from the Egyptian Eastern Desert Mountains.
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1. Introduction


Coastal regions are significant for black sand deposit exploration worldwide because of their high concentration of strategic minerals [1]. Black sand deposits, also known as heavy-mineral placer sands, are a type of placer deposit that contain a high concentration of heavy minerals such as magnetite, ilmenite, zircon, garnet, rutile, cassiterite, and monazite [1,2,3,4]. These deposits are typically found in beach environments, where they are formed through the sorting and concentration of heavy minerals by wave and current activity [3,4]. These deposits are often found in Pliocene to Holocene unconsolidated, siliciclastic sands of marine–aeolian origin [1]. The provenance of these minerals is often from igneous–metamorphic rocks [2,3,4]. The mineralogical composition of black sands is crucial as it directly influences the geochemical characteristics and overall economic viability of the deposits [4]. Several studies have reported the presence of precious, base metal, and rare earth element minerals in worldwide beach placer deposits, including India [5], Bangladesh [6], Sri Lanka [7], the United States [8], Mexico [9], Ecuador [2], Greece [4,10], and Brazil [11]. These studies have shown that the mineralogical and geochemical characteristics vary significantly, based on the depositional environment, material source, and post-depositional processes [3,6,9,10,12].



Precious metals, such as gold (Au), silver (Ag), and platinum group elements (PGE), such as platinum (Pt), palladium (Pd), and rhodium (Rh), have long been valued commercially. Their use in electronics, catalysis, jewelry, and medical applications has expanded in application in recent years [13,14]. Base metals like copper (Cu) and lead (Pb) are also economically important since they are used in a range of industries, including construction, transportation, and energy. Au, Ag, PGE, Cu, and Pb can be found in a variety of mineral deposits and host rocks [15,16,17]. They are found in beach placer deposits as grains mixed with heavy minerals [18,19,20,21,22].



The morphology of placer mineral grains can indicate the source rock’s location [18,19,21,22,23,24,25]. Knight et al. [26] found that placer gold in Otego, New Zealand, came from various sources. Studying the size and shape of placer gold, silver, and PGE grains provides valuable information [8,23,24,25,27]. Nikiforova [23] used morphogenetic criteria to identify placer gold sources in Siberia. Mineralogical attributes and alloy chemistry can suggest mineralization sources [8,14,27,28,29,30]. Placer mineralogy concerns ore material sources, changes during migration, economic value, and properties of ore sands [30]. Allochthonous placers may have multiple sources, while autochthonous placers often have a single source [21,30,31].



In Egypt, the Mediterranean coast has been a focus of recent interest due to the existence of black sand deposits, which are present either as beach sediments or in the form of coastal sand dunes. These deposits are known for their substantial reserves of heavy minerals such as ilmenite, hematite, rutile, magnetite, zircon, garnet, and monazite [12,32]. The mineralogical and geochemical characteristics of these minerals in the black sands of Egypt’s Mediterranean coast have been the spotlight of many investigations over the years [33,34,35,36,37,38,39]. These studies have focused on insight into the origin, distribution, and concentration of these minerals and their economic potential. Some studies have also investigated the environmental impact of mining these minerals [12]. The black sands of Egypt’s Mediterranean coast are not simply a source of economic heavy minerals but also a promising source of precious and base metals. The presence of gold, silver, PGE, and rare earth elements (REEs) in the black sands has been reported in several studies [12,34,35,37]. The concentration of these metals in the black sands varies depending on the location and mineralogy of the sands. Abdel-Karim and El-Shafey [37] concluded that minor gold grains with traces of newly recorded minerals ferrotapiolite, cinnabar, native lead, chromite, and chevkinite are readily detectable in the separated cassiterite concentrate. Previous research found that precious and base metals’ (Au, Ag, Cu, Pb, and PGE) mineral grains are primarily associated with cassiterite mineral [12,32], but comprehensive mineralogical and micro-chemical characterization of this mineral fraction is still missing.



Because they are so variable and so dispersed in distribution, generalizing their potential source is remarkably problematic. The significant diversity of minerals recorded in recent Nile sediments is because the Nile River drains vast areas of varying lithology [40,41,42]. Most Egyptian beach deposits are derived from basement rocks of the higher reaches of the Nile River and its major tributaries. Predominantly, these black sand deposits have two types of parent rocks, the metamorphic rock of the Ethiopian plateau drained by Atbara and the Blue Nile in addition to the igneous rocks of the Equatorial plateau drained by the White Nile and its tributaries [40,41,42,43]. El-Kammar et al. [35] proposed that the cassiterite minerals originated from a muscovite–granitic source of White Nile provenance. Moustafa et al. [44] attributed the origin of gold, silver, and Pb minerals of Nile sediments to the drainage basin of the Nile at the Abyssinian plateau, where the gold occurs in typical hydrothermal deposits associated with felsic igneous intrusions. Some volcanogenic massive sulfide (VMS) deposits are known as gold deposits with different associations such as Au-Zn-Pb-Ag-Sb and Au-Cu-Bi-Co [45]. The VMS deposits are found throughout the Nubian Shield, including northern Ethiopia [46].



However, research on the mineralogical and geochemical attributes of the precious and base metal minerals found in the black sands of the Egyptian Mediterranean coast is ongoing. Understanding these characteristics is essential for environmentally responsible mining methods. Therefore, this article aims to fill the knowledge gap about the mineralogy and micro-chemical characterization of the precious and base metal minerals found in these black sand deposits. Our study aimed to address the following research questions: (i) What are the major mineral phases and their abundance in the black sands of the study area? (ii) What is the chemical composition of the precious and base metal minerals’ grains? (iii) What are the implications of the mineralogical and geochemical attributes of these minerals’ grains for their economic potential? (iv) How do different minerals respond to large- or small-scale transport? The results are expected to provide new insights into the mineral resource potential of the black sands along the Mediterranean coast of Egypt and contribute to the bigger understanding of the distribution and genesis of heavy-mineral deposits in the region.




2. Materials and Methods


2.1. Study Area


The majority of beach placer mining operations in northern Egypt have been on a small scale, except in a few locations, such as Rosetta, Abu Khashaba, El Burrullus Lake, Damietta, and El Arish (Figure 1a). Abu Khashaba (Figure 1b) is one of the most important localities in terms of strategic and economic heavy minerals, which are required for industrial exploitation in the nuclear industry as well as other metallurgical and engineering industries. The beach deposits in the Abu Khashaba area are primarily composed of fine-grained quartz sands with a high heavy minerals’ concentration. The Egyptian black sand in this area contains vast reserves of economic metals-rich heavy minerals such as ilmenite, magnetite, garnet, zircon, rutile, and monazite with subordinate cassiterite. Minor Au, Ag, Cu, Pb, and PGMs are frequently detected in the latter metal concentrate [12,32]. Recently, the Nuclear Materials Authority launched an industrial plan to exploit the black sands at Rosetta town and Abu Khashaba village. The investigated area is located on the Mediterranean Sea coast east of the Rosetta distributary mouth, northwest of El-Burullus Lake, between longitudes 30°25′48″ and 30°33′00″ E and latitudes 31°26′42″ and 31°27′18″ N (Figure 1). This area is virtually rectangular in shape, parallel to the shoreline, measuring 10 km long and 1 km wide. It is divided into northern and southern sectors by the El-Sahel drain (Figure 1b). The northern sector, particularly the nearshore area, has a high concentration of black sand. The current work focused on the southern sector, which is bounded to the north by the El-Sahel drain and to the south by an international highway. It is distinguished by its diluted homogeneous sediments that are rich in clay and organic matter.




2.2. Sampling and Mineral Separation


A total of 306 samples were collected in the coastal plain sector. The samples were taken at a depth of 1 m at the intersections of a grid pattern 200 m × 200 m (Figure 1c). The collected samples were distributed along six profiles parallel to the shoreline (A, B, C, D, E, and F). Every profile is made up of 51 samples.



The mineral separation was performed according to Abdel-Karim and El-Shafey [37] and is depicted in Figure S1. A simple flow sheet was used to concentrate heavy minerals from field samples weighing approximately 6.5 kg. The non-magnetic fraction obtained from the bulk sample treatment using the Reading cross-belt magnetic separator (Reading, Lismore, Australia) represents 6.77 wt.% of the cross-belt feed and approximately 0.26 wt.% of raw sands. It contained monazite, zircon, leucoxene, and rutile, as well as trace economic minerals (such as cassiterite, xenotime, and uranothorite) and metals (such as gold, silver, PGE, copper, and lead). The non-magnetic fraction was divided into two subfractions using a Wilfley shaking table (Wilfley, Wellingborough, UK) under the condition illustrated by Abdel-Karim and Barakat [38]. The concentrate subfraction contained zircon, rutile, and leucoxene, while the top strip subfraction contained monazite, cassiterite, trace economic minerals, and a few zircon grains. Under the same conditions, the concentrate subfractions were re-treated twice.



The two subfractions were magnetically separated using a high-intensity induced roll magnetic separator (Carpco MIH (13) 231–100, Carpco Inc., Ceres, CA, USA) to separate the top strip subfraction into a monazite concentrate (magnetic) and cassiterite and also trace minerals and zircon concentrates (non-magnetic), which were then re-treated under the same conditions to ensure the complete separation of monazite in the magnetic concentrate. On the other hand, the zircon, rutile, and leucoxene subfraction was magnetically separated into a leucoxene concentrate (magnetic) and zircon and a rutile concentrate (non-magnetic). Cassiterite, trace metals, and a zircon concentrate were electrostatically separated to separate cassiterite and trace metals as conductor fractions and zircon as non-conductor fractions. The bulk zircon and rutile concentrate was electrostatically separated to separate rutile in the conductor fraction and zircon in the non-conductor fraction. Complete separation cannot be obtained by a single stage of treatment; thus, repeated treatments of the products are usually necessary. So, four runs were carried out for conductor and non-conductor fractions to complete the separation of zircon and rutile from each other. The recovery of the total economic minerals of ore dressing techniques was 95.10 wt.%, which is considered a good recovery.




2.3. Microscopic Study and Mineral Chemistry


The different minerals of gold, silver, PGE, copper, and lead in the cassiterite subfraction were counted and estimated under a binocular stereomicroscope and transmitted polarizing light microscope. Morphological characteristics (size, shape, outline, surface, color, rim, and inclusions) of the studied grains were described, following the criteria adopted by Townley et al. [19].



The quantitative mineral chemistry was determined using an Electron Probe Micro-Analyzer (EMPA) (JXA-8900R Superprobe electron micro-analyzer, JEOL, Freising, Germany). This analysis was conducted on 25 polished mineral grains (4 each of gold, silver, PGE, copper, and lead, 2 of ochrolite, and 3 of sperrylite) at the Nevada University, Las Vegas, NV, USA. The EMPA, equipped with a lanthanum boride cathode, operated at 20 kV and 38 nA with a beam diameter of 3 µm and PC version software Probe for EMPA (https://www.probesoftware.com/, Probe Software Inc., Eugene, OR, USA). The analyzed mineral grains were assessed for major constituents such as Au, Ag, PGE, Cu, and Pb, as well as minor elements. Standards for calibration included well-characterized oxide (Fe2O3), metal (Au, Ag, Au–Ag alloys products), and chalcogenide (FeS2, ZnS, CuFeS2, PbSe). The minimum detection limits were 0.05 wt.%, except for Te (0.09), Se (0.2), Pb (0.08), Zn (0.06), S (0.08), and Sb (0.2). The ZAF correction approach for the matrix effect was used to rectify the data. More details of the EMPA analysis and ZAF correction were described by Ul-Hamid et al. [47].



The semi-quantitative mineral chemistry of these grains (4 gold, 3 silver, 6 copper, 10 lead, and 4 PGE) was also determined using an environmental scanning electron microscope (SEM) and energy dispersive spectrometer (EDS) techniques (SEM model XL 30, 3.5 nm resolution) (SEM/EDX, XL 30 ESEM, Philips Co., Amsterdam, The Netherlands). SEM/EDX analyses were conducted to examine the morphological characteristics and elemental composition of these minerals. EDX measurements were performed on carbon-coated grains at the laboratories of the Nuclear Materials Authority of Egypt. Operating conditions included low vacuum, 25 kV accelerating voltage, 25 s counting time, and imaging with a BSE detector. The EPMA primarily analyzed the central parts of the grains to compare the bulk chemical composition with the SEM-EDX data.





3. Results


3.1. Minerals of the Precious Metals


The mineralogical contents of Egyptian black sands are divided into two groups: the gangue group (quartz, feldspars, amphiboles, pyroxenes, epidote, and micas) and the economic minerals group (ilmenite and its alteration product leucoxene, magnetite, garnet, zircon, rutile, and monazite, as well as cassiterite, thorite, uranothorite, xenotime, and many other precious and base metal mineral grains such as gold, silver, PGE, native copper, and lead). A detailed description of the mineralogical analysis program used for each collected sample via combined operations was reported by Abdel-Karim et al. [12]. Table S1 shows the average concentrations of the cassiterite concentrate (wt.%) in the top meter of the collected sample profiles (A–F) (Figure 1c). The determined morphological characteristics (size, shape, outline, surface, color, rim, and inclusions) of the studied Au, Ag, PGMs, Cu, and Pb mineral grains are summarized in Table 1.



3.1.1. Gold


The gold grains were malleable and ductile, and the majority had a plate-like shape (Table 1; Figure 2a). Gold grains were represented by discoid (0.06–0.10 mm in diameter), elongated and ornamented (0.07–0.13 mm length, and 0.05–0.09 mm width), spherical (0.05–0.14 mm in diameter), flaky (0.05 × 0.15 mm), and even wire-like (0.10–0.30 mm length, 0.008–0.010 mm width) particles (Figure 2b–d) (Table 1). Ductile and malleable grains were drawn into thin wires and thin sheets (Figure 2d) (Table 1).



Figure 2e,f show the presence of gold as verified by BSE images. The nuggets contained faceted areas with small crystal shapes as well as fine inclusions and holes (Figure 2f). The chemical compositions (EMPA) of the studied gold mineral grains range from 94.11 to 98.55 wt.% Au (av. 96 wt.%) with detectable Ag (1.28–2.32 wt.%) and Cu (0.16–5.15 wt.%) elements (Table 2). SEM/EDX data showed trace impurities of Si (0.28–2.58 wt.%), Cu (0.20–2.08 wt.%), and Mg, detected in only one analysis (0.67 wt.%).




3.1.2. Silver


Silver was represented by sheaf-like (0.03 × 0.15 to 0.70 × 0.20 mm) and spherical grains (0.04 × 0.04 to 0.13 × 0.13 mm) (Figure 3a,b, Table 1). The spherical grains were mostly tarnished with black silver sulfide (Acanthite, Ag2S). The silver grain rims were commonly absent. Sometimes, silver grains enclosed fine inclusions of PGM (Figure 3a,b). The chemical compositions of the studied silver mineral grains were typically highly variable in Ag (71.66–95.34 wt.%), Pb (1.50–6.72 wt.%), and Ir (0.11–8.86 wt.%) (Table 3). Small values of Ni (1.06–3.50 wt.%) and FeT (1.04–3.67 wt.%) were detected in the silver composition. Selenium was detected in two analyses (3.16 and 4.67 wt.%). SEM/EDX data (Figure 3c, Table 3) showed that silver grains’ composition contained many impurities, notably, Pb, Ir, Si, and Ca. The apparent variability in the silver grain analysis in both EMPA and SEM/EDX data could point to different sources.




3.1.3. Platinum Group Minerals (PGM)


Platinum alloy and sperrylite mineral were found as silvery white grains separated from the cassiterite concentrate. Platinum alloy formed angular plates to elongated grains (0.13 × 0.4 to 0.2 × 0.5 mm, Table 1, Figure 4a). Sperrylite mineral is a platinum arsenide mineral (PtAs2) containing more than the half wt.% Pt. It is an opaque metallic tin-white mineral with a brilliant metallic luster. Sperrylite was found as white, elongated grains and euhedral crystals of varying size and shape (0.22 × 0.06 mm) (Table 1, Figure 4b). Regarding the EMPA data, the studied PPGE grains commonly ranged in Pt (42.89–45.76 wt.%). These grains also included fewer amounts of Os (24.67–28.44 wt.%), Ru (13.32–16.11 wt.%), and Ir (8.13–11.07 wt.%). Traces of Pb (av. 4.71 wt.%) and Fe (0.12 wt.%) were also detected in the composition of PPGE alloy grains (Table 4). Only Pt and As were present in highly detectable amounts in most grains of the sperrylite mineral (55.17 and 42.14 wt.% on average) (Table 5).





3.2. Base Metals


3.2.1. Minerals of Copper


Copper minerals’ grains picked from the cassiterite concentrate included native copper and cuprite. Native copper formed minor amounts of non-magnetic particles that had commonly abnormal spherical-shape grains (0.05 × 0.05 to 0.20 × 0.10 mm). However, ovoid, drop, cocoon, and bone-like grains were observed (Figure 5a–d, Table 1). The copper grains were black and brown to red in color. Most of these grains were massive, whereas some of them contained voids. They sometimes contained minor inclusions of quartz, sphene, and Mn-Ni minerals (Mn-, Ni-bearing goethite?). Polished sections of spherical native copper grains are shown in Figure 5e–h. Copper grains were commonly varied in size, shape, rims, and color. They included red non-magnetic homogeneous black and red grains (Figure 5e), black grains with relics of red copper cores (Figure 5f), or, vice versa, red grains with black cores (Figure 5g). Some grains had voids within them. Grain rims were black in color and ranged from continuous to discontinuous or even absent. The thickness of the grain rims varied (20–40 m, Figure 5g,h). Cuprite grains (Cu2O) were subrounded grains (0.10 × 0.02 mm) with a brownish black color. Grain aggregates formed and were observed (Figure 5h). The current native copper grains were relatively pure, according to EMPA (90.8–98.42 wt.%). Minor impurities of Si (av. 0.73 wt.%), Zn (av. 0.56 wt.%), FeT (0.92 wt.%), Ni (Av. 1.15 wt.%), and S (1.10 wt.%) and traces of Ag (av. 0.35 wt.%) were also detected (Table 6). The copper composition contained small amounts of Ca (av. 1.01 wt.%) and Cl (av. 0.79 wt.%), according to SEM/EDX data (Figure 5). The trace element concentrations in the analyzed grains may indicate that these elements were hosted by copper grains. Cuprite grains contained less Cu, Si, and FeT than native copper grains (Table 6).




3.2.2. Minerals of Lead


Lead minerals included four varieties: native lead, galena, ochrolite, and minium. Native lead grains were represented by spherical, ovoid (0.4 × 0.4 to 0.15 × 0.10 mm), drop-like (0.03 × 0.01 to 0.10 × 0.04 mm), and cocoon-like (0.05 × 0.02 mm) grains (Table 1). Their color varied between straw yellow and light brown (Figure 6a,b). The lead grains, like gold, were soft, ductile, and malleable; therefore, the grains were capable of being drawn into thin wires and hammered into thin sheets. Polished sections had a shiny surface when first cut, but it tarnished (rusted) and became dull after a month when exposed to atmospheric air. Lead grains that were polished had spherical and drop-like shapes. They occasionally contained fine spherical grains of reddish copper and whitish silver (Figure 6c,d), as well as traces of Si, Fe, Ca, Ti, Mg, P, Cr, and Cu, detected through chemical analysis (Table 7). The lead grain rims were black in color and usually continuous to discontinuous or absent. The thickness of the grain rims varied (5–20 μm, Figure 6c,d). Galena formed dull grey to greenish prismatic (0.08 × 0.40 mm) and cubic (0.10 × 0.10 mm) grains (Figure 6e). Ochrolite (PbSbO2Cl) is considered an oxidation product of other lead minerals [48]. Ochrolite is a light to vivid red and may have brown-to-yellow tints (Figure 6f). It varied in grain shapes from elongated (0.01 × 0.03 mm) particles to subrounded or rounded grains (0.07 × 0.07 mm). Minium mineral grains had varied shapes, but exhibited a brownish tint (Figure 6g,h). Regarding the chemical analysis data, the studied native lead grains were relatively variable in composition (65.15–93.23 wt.%). Minor impurities of Si (Av. 4.52 wt.%), Mg (av. 3.12 wt.%), P (av. 1.95 wt.%), Ca (av. 1.86 wt.%), Al (av. 1.75 wt.%), Cr (av. 1.67 wt.%), and Cu (av. 1.54 wt.%) were hosted by lead grains (Table 7, Figure 6i). According to EMPA, Sb was the only element (17.16 wt.% on the average), other than Pb (av. 75.12 wt.%), present in high concentrations of the ochrolite mineral grains. Other impurities were normally represented by Cu (av. 0.54 wt.%), Si (av. 1.06 wt.%), Cl (av. 1.93 wt.%), FeT (av. 1.49 wt.%), and Al (av. 0.71 wt.%), indicating their hosting by ochrolite grains (Figure 6f). Strong similarities of both EMPA and SEM analyses of the ochrolite mineral were observed (Table 8 and Figure 6f).






4. Discussion


4.1. Mineral Transport and Reworking


In this study, we investigated how mineral grains are modified in the beach environment through wave and current reworking. Stewart et al. [22] demonstrated that gold grains derived directly from crystalline rock sources can maintain their original composition over long distances in a river system, with only minor development of replacement rims. This suggests that recrystallization can occur during residence, likely due to rapid tectonic uplift, resulting in successive recycling into new sedimentary environments. However, the environment in North Africa is different, and gold particles in this region are compositionally stable in the absence of mechanical modification. We examined the degree of rounding, polishing, and bending of metal particles in concentrates to estimate the relative distance that the grains were transported from their source. Most of these observations were made with a binocular microscope, which limited the resolution of grain and surface features.



Morphological characteristics were applied to the placer gold grains [19,23,25], which gave good significance to some of these features. Some particles exhibited classic features of significant transport (Figure 2a,b). These grains were rounded to oval and, in many cases, elongated. The outline was regular, and the surface topography was smooth, suggesting long-distance transport [19]. However, Figure 2c depicts gold crystals with well-defined ridges and straight edges, having very irregular outlines and topographic surfaces. Additionally, they had elongated and ornamented microfolded thin flakes. These particles had morphological characteristics that are usually associated with no transport or short distances to the sources [19]. Figure 2d shows gold hammered rod-like or wires with angular edges, which appeared to be formed by primary morphology rather than physical processes (e.g., milling formed the flakes). All these features suggest multiple sources and different distances to the source/sources of the investigated placer gold. Corrosion pits and ornamented microfolds appeared on gold grain surfaces (Figure 2c), possibly due to weathering in the surficial environment [49,50].



Silver grains were typically spherical in shape, with minor elongated and sheaf-like grains (Table 1, Figure 3). Copper and lead grains varied in shape and size, including spherical, ovoid, drop, cocoon, and bone-like grains (Table 1, Figure 5 and Figure 6). The variability in grain morphology and size of these metals may indicate different sources, transport distances, general climate history, and/or landscape evolution. These features are consistent with those described by Knight et al. [26] and Townley et al. [19]. The investigated metals were mostly found as flattened plate or rod-shaped grains in the Nile beach placer, likely due to the low hydraulic equivalence of these grains [12] or poor sorting with high contrast between light and heavy minerals. This distinguishing feature is likely due to the strong hydraulic state of the water producing equidimensional grains, whereas the low hydraulic state produces flattened plate or rod-shaped grains. Most current mineral grains become polished and free of contamination after a long transport (apart from a few that can be located through chemical analysis), while others are completely lost before reaching the influx or undergo changes to their chemical composition during transport [35].



A critical question arises here regarding the presence of native lead (do the spherical particles sound like smelted lead?) and copper, both of which are unstable in the surface environment and rare in nature as native metals. It is highly probable that the native Pb and Cu grains found in the samples originated from anthropogenic sources. Industrial activity in the Nile Delta has been well documented to cause heavy metal contamination, including Pb and Cu [51,52,53].



Parallel laminations are visible in the catchment area’s coastal plain; they are most visible on medium- and fine-sand beaches, where they are enhanced by the sorting of light minerals and dark, heavy minerals into alternating layers. As a result, a series of laminations produces alternating light and dark bands. The laminations are caused by variations in the wave’s transporting power. The dark heavy-mineral concentration results from these grains being more difficult to transport than those of lower density, causing them to settle out first and form the bottom of an individual lamination.




4.2. Sources of the Precious and Base Metal Minerals


4.2.1. Grain Rims and Grain Inclusions


Submicroscopic grain rims and inclusions can be identified by analyzing increased levels of certain elements in existing metals, which can help distinguish various sources [40]. However, due to gold’s inert nature, the grain rims of the analyzed gold particles were often nonexistent (Figure 2). Nonetheless, some grains did exhibit rim-like enrichments that were found along fractures inside the grains (Figure 2a,f). These gold-enriched rims are a common characteristic of placer gold grains [18], and their formation process is allogenic in nature [54]. Rims on authigenic gold were not expected to be seen, since this type of gold forms in equilibrium with surface conditions, much like rims. Therefore, we needed to determine whether the particles that suggested an authigenic origin exhibited rims or whether they were just flakes. The large transport distances that these particles typically undergo, combined with the effects described by Stewart et al. [22], can ultimately obliterate the original Ag-rich core of the particle, which may be what we were observing in the present gold grains. Similar conclusions were reported by Marquez-Zavalia et al. [28] on placer gold deposits in the San Luis Range of Argentina. Although gold is commonly crystalline, after traveling in a fluvial system, no crystal faces were preserved in the grains we analyzed, likely due to their long traveling distances.



To move from gold to other metals, some restructuring was required. Additionally, it was helpful to differentiate among the various types of rims. For instance, Au-rich rims result from Ag removal, while Pb and Cu rims form due to chemical alteration. In general, any interaction between gold and magnetite can result in the shedding of gold particles that contain magnetite. However, the current observed magnetite inclusions did not appear to represent impacted particles from sedimentary processes. These inclusions lacked certain textural features such as voids around them and they were not digested by impaction.



Distinct rims could be observed in the investigated copper and lead grains. These rims were usually black or brown in color and were either continuous or discontinuous. The thickness of the rims varied from 20–40 µm in copper (Figure 5h) to 5–20 µm in lead (Figure 6c,d). The differences in rim color and thickness can be explained by variations in the composition and weathering surfaces of the grains, as well as the transport distance from the source.



Previous studies provided valuable insights into element impurities and mineral inclusions in gold, which have been used to link placer sources [21,55] or to identify inclusion signatures associated with gold from specific types of deposits, such as calc-alkalic or alkalic porphyry Cu–Au deposits [56,57,58]. The submicroscopic inclusions or impurities present in our studied grains varied according to the type of minerals and source rocks. Some gold grains contained impurities of Si, Cu, and Fe. These impurities were similar to those found in the San Luis Range, Argentina [28]. Impurities of Zn, Pb, and Ni were evident in the copper grains we studied, while Ti, Ca, and Si impurities were present in the lead grains. Additionally, impurities of Ti, Fe, and PGE were detected in the silver grains, whereas PGM and sperrylite grains contained small amounts of Au (1.89 wt.%) and minor amounts of Si, Fe, and Cu.



The presence of Si, Fe, and Ti impurities indicated a wide range of igneous (mafic–ultramafic complexes) and metamorphic rocks (schists, gneisses, and amphibolites). Fe (Ilmenite) and PGM were found in alluvial minerals of the Freetown Layered Complex in Sierra Leone [29]. In Cameroon, Fe (magnetite) with traces of Cr and V was detected as impurities in placer gold grains, which was attributed to a strong interaction between hot reducing ore fluids and local mafic lithologies [59]. Apachite, galena, PGM, and ilmenite were also detected in sulfide of mafic–ultramafic cumulates. Arrojadite and quartz are primary minerals in granite pegmatites in the Mount Wills region of Northeastern Victoria, Australia [60]. Therefore, the variation in grain impurities may indicate the variability of source rocks. These submicroscopic impurities were identified based on elevated Si, Fe, Ti, Cu, Ag, etc. contents in gold, silver, copper, and lead ± PPGMs (Table 1, Table 2, Table 3, Table 4, Table 5, Table 6, Table 7 and Table 8), which also distinguished different sources of these metals. Similar impurities were found in detrital heavy-mineral assemblages from rivers and tributaries in the Nile River drainage basin [40].




4.2.2. Micro-Chemical Signature


Native gold can form a solid solution with Ag and a partial solution with elements such as Cu, Fe, As, and Bi, among others. The composition of gold grains in active stream sediments or placer deposits can provide insights into the type of deposit from which they eroded. The core of gold grains recovered from active sediments retains the original composition of their source hydrothermal system [19]. The gold chemistry presented in Table 2 demonstrates that notable contents of Ag (av. 1.86 wt.%) and Cu (av. 1.87 wt.%) were present as the most useful discrimination elements. The observed content of Ag in the gold was likely due to the presence of electrum (a naturally occurring Au–Ag alloy) (Table 2), which is commonly associated with magmatic sulfides that are widely distributed in the mafic–ultramafic rocks of upstream Nile drainages [61]. Silver is generally a constant companion element of native gold in all types of deposits; its concentration varies from 0.2 to 30 wt.% [62]. It is considered the principal impurity in gold [63]. The Abu Khashaba placer deposits contained 1.3–2.3 wt.% with an average of 1.9 wt.% Ag. The high Ag contents are characteristic of gold–silver deposits, where low fineness gold is combined with high Ag phases up to native silver. Most gold grains worldwide contain appreciable amounts of Ag [22,28,49]. Gold formed by secondary, near-surface processes has a very low Ag content (<1%). Our gold grains had an average of 1.86 wt.% Ag (Table 2), indicating an affinity with epithermal or secondary, near-surface deposits. Copper is the second most often occurring element among impurities in native gold, following silver. The Cu content in gold alloys is primarily influenced by the Cu content in fluids and the nature of the Au–Cu–Ag alloy [64]. The examined gold grains had an average of 1.87 wt.% Cu (Table 2). Cu concentrations in gold alloys can range from trace amounts to over 1% [65]. While previously associated mainly with porphyry-epithermal systems, Cu-bearing gold (up to 0.8%) has now been linked to orogenic mineralization as well [65].



Native copper is commonly associated with sphalerite, millerite, galena, and Ni–Cu deposits (Table 1 and Table 6). All these mineral deposits are dominant in ultramafic–mafic intrusions [66]. The alteration of primary Cu-bearing sulfide minerals has been linked to native copper [67]. Some minerals common in the secondary oxidized zone include oxides of copper (cuprite), sulfates of lead (anglesite, PbSO4), copper (chrysocolla), lead (cerussite, PbCO3), and native metals (Au, Ag, Cu, and Pb). Cuprite is an oxide mineral composed of copper oxide (Cu2O) and is a minor ore of copper. Cuprite is typically formed in veins as an oxidation product of copper sulfides [68].



Native lead is extremely rare due to the unstable nature of metallic lead in the surface environment. It commonly contains minor amounts of apachite (average 1.54 wt.% Cu, average 4.52 wt.% Si), ilmenite (average 1.65 wt.% Fe, average 0.77 wt.% Ti), and titanite (average 1.86 wt.% Ca, 0.77 wt.% Ti, average 4.52 wt.% Si), as shown in Table 1 and Table 7. Cerussite is a lead carbonate mineral (PbCO3) that is usually found in the oxidized zone of lead ore deposits. It is a very common weathering product of galena and other lead ore minerals. Anglesite occurs as an oxidation product of primary lead sulfide ore (such as galena) in the upper parts of mineral lodes, where they have been affected by weathering processes [69].



PGE are divided into two subgroups based on their chemical composition: the iridium-rich group (IPGE), consisting of Ir, Os, and Ru, and the palladium-rich group (PPGM), consisting of Rh, Pt, and Pd [14,70]. The studied PGE grains were Pt–Fe alloys connected to the PPGE subgroup, with an average composition of 45.05 wt.% Pt (Table 4). The analyzed sperrylite grains were the Au-bearing As–Pt type (Table 5). Holwell et al. [66] reported that PGE-dominant deposits are often found in layered ultramafic–mafic complexes that are situated in the Nubian shield areas. The existence of PGM in the Alaskan-type mafic–ultramafic intrusions of the Yubdo area of Western Ethiopia and its surrounding alluvium deposits has been highlighted in several publications [71,72,73], emphasizing the intrusions’ potential for hosting PGE mineralization.




4.2.3. Fineness Data for Au–Ag and Au–Ag–Cu Alloys


Natural gold grains display a wide range of compositions, particularly in their silver content, reflecting the various solid–solution substitutions in gold–silver alloys [50]. The composition of gold is usually expressed as fineness, calculated as 1000 × Au/(Au + Ag). According to Morrison et al. [74], gold–silver alloys with a fineness greater than 800 are considered gold, whereas those with a fineness between 200 and 800 are electrum and those with a fineness less than 200 are silver. Based on the range of gold fineness values, Morrison et al. [74] classified major deposits into six categories, namely, Archaean, Slate Belt, Plutonic, Porphyry, Volcanogenic, and Epithermal deposits, with gold-fineness values of 940 (780–1000), 920 (800–1000), 825 (650–970), 700–1000 (650–1000), 650–850 (520–870), and 440–1000 (0–1000), respectively.



Low silver content in ores and higher gold-fineness values in these environments can be attributed to sulfidation as the primary mechanism of ore deposition. The sulfidation of wall rocks destabilizes only the bisulfide complexes of gold and silver, as stated by Morrison et al. [74]. The fineness and trace-element contents of gold grains have been used to categorize hypogene gold deposits and identify their placer sources. The analyzed gold grains showed a narrow range of composition (96.4–99.9 wt.%), particularly with respect to silver content (Au/Ag ratio: 40.6–77), and most had a narrow and high range of fineness values (976–987), with an average of 981. These values are comparable to those found in the environments of Archaean (quartz veins and replacement mafic, komatiitic, and metamorphic rocks), Plutonic (auriferous quartz veins in granitoid hosts and metamorphic wall rocks), and Slate Belt (meta-sedimentary rocks) [74]. These placer deposits are characterized by a high range and average fineness and are commonly associated with Cu–PGE deposits (Table 2 and Table 5), which are widely exposed in the weathered basement terrains of the Central African Province, Ethiopian Highlands, and Red Sea Hills.



Given that alloying metals can produce a variety of colors, gold is distinctive among the precious metals in that way. While it already has a rich, natural yellow color, alloying it with copper changes the hue to pink, rose, and red, while alloying it with any other white or grey metal tends to bleach the yellow color to white [75]. Alloying with silver (and cadmium) gives the gold a greenish color; such alloys are sometimes referred to as green gold. The analyzed gold–silver–copper samples fell into the red-yellow color field of relatively more than 18 ct. (Figure 7) [75].



The analyzed samples had a high Au content, ranging from 87–100 wt.%, with a low Cu and Ag content. This composition suggests that the leaching of Ag and Cu may have occurred from particles of gold alloy in the surficial environment, as was reported at the Zolotaya Gora deposit in the Urals [76] and the Wheaton Creek of the Dease Lake District, southern British Columbia, Coquihalla District [26].





4.3. Implications for Ore Sources and Their Exploration Approaches for Nubian Shield Covered Areas


The sediments of the Nile River are rich in a variety of minerals due to the diverse lithology of the extensive river catchment area [41,42]. Most primary gold deposits in the world are either lode deposits from quartz or intrusion-related deposits [77]. Lodes are typically found in basalt or felsic intrusive rocks such as granite and are sourced by the dehydration of basalt or metasomatic ultramafic during metamorphism (such as serpentinites). Intrusive-related gold is generally found in granites, porphyry, or quartz dikes [78]. Moustafa et al. [44] attributed the origin of Au, Ag, and Pb minerals in Nile sediments to the drainage basin of the Nile at the Abyssinian plateau, where gold occurs in typical hydrothermal deposits associated with felsic igneous intrusions. This type of gold is usually associated with quartz and sulfides. Some VMS deposits are known as gold-bearing deposits while others are referred to as Cu–Zn–Pb deposits. Johnson et al. [46] reported that VMS deposits are present in many locations in the Nubian shield, including northern Ethiopia.



Silver is more chemically active than gold and infrequently found as a native element mineral. It is usually associated with quartz, gold, copper, and sulfide minerals. Placer deposits rarely contain considerable amounts of Ag [25,59]. Most native silver is found in hydrothermal veins, but it can also be derived through the decomposition of sulfides in lead or zinc deposits [79]. In the studied samples, silver contained impurities of Pb, Se, Ir, Fe, and Ni (Table 3). Under exogenous conditions, in the oxidizing zone of sulfide deposits, native silver results from the decomposition of sulfide minerals [44]. Under surface conditions, native silver is less stable than gold. Ni and Ir may be related to the magmatic Ni-Cu-PGE sulfides, which are usually sited within nearby mafic–ultramafic complexes [80]. The mafic–ultramafic complexes are almost exclusively distributed in the Nubian Shield in Ethiopia, Eritrea, and Sudan [81,82].



Placer PGE deposits worldwide are typically dominated by Pt–Fe or Os–Ir–Ru alloys [83]. The PGE grains investigated in this study (Table 4) were of the Pt–Fe alloy type and had lower values of Pt × 100/(Pt + Ir + Os) (ranging from 50.5 to 55.3), which were relatively similar to those associated with less-fractionated source rocks emplaced as cold large sheets of the Alpine type, such as those found in New Guinea, Atlin, and Tasmania (ophiolite) [84]. However, we cannot exclude the probability that the present PGE deposits derived from the weathering of the wide-spreading chromitites–ophiolite complexes of the Nubian shield [85]. The angular shape and protuberances of the Pt nuggets are presented as evidence of the nuggets’ growth in the lateritic soil or around unaltered or altered chromite grains in the disintegration environment of the ultramafic or serpentinite rocks [84]. Sperrylite (PtAs2) (Table 5) is challenging to understand how a grain can be considered to have formed during transportation. It was reported to be the only abundant PGM in dunite [86]. Augustithis [86] commented on the endurance of sperrylite to chemical leaching in the birbirite, which resulted from the hydration and silicification of ophiolitic serpentinite. Ottemann and Augustithis [87] suggested that Pt nuggets grow in the lateritic soil by sperrylite agglomeration. PGM can enter solution at low temperatures under acid conditions with a high electrical conductivity, potentially forming easily accessible concentrations with economic significance [88]. PGE oxides in laterites may result from the alteration of magmatic PGM alloys and the primary crystallization of oxides in lateritic conditions, contributing to the redistribution and enrichment of PGE in laterite [89]. In situ growth of Pt–Ir–Fe–Ni alloy nuggets is possible within Ni laterites from the Dominican Republic, with multistage PGE grains forming during serpentinization and lateritization [90].



The occurrence of copper and lead was similar to those found in metamorphic terrains of the southern Nile River drainages, as reported by Moustafa et al. [44]. Furthermore, Cu-rich sulfides have also been associated with the hydrothermal leaching of mafic rocks, while native copper may be linked to the alteration of primary Cu-bearing sulfide minerals [67,91].



Regarding the Nubian shield areas, Schneiderman [40] concluded that the heavy-mineral assemblages (including studied metals) from the Nile River drainage basin reflected their origins in three petrologically and tectonically distinct source terrains that supply sediment to the Nile River and Delta (Abu Khashaba area). These sources comprise the (i) White Nile, which carries assemblages derived from amphibolites and granulites of the Central African Province, (ii) Blue Nile and Atbara rivers, which carry assemblages derived from basalts of the Ethiopian Highlands, and (iii) wadis (dry riverbeds), which drain the Red Sea Hills (e.g., basement rocks) and carry assemblages eroded from ophiolitic complexes, calc-alkaline volcanics, granitoids, and minor metapelites.



The origin of Abu Khashaba placer precious and base metal minerals’ grains is determined by their mineralogy and geochemistry. Gold that originated from basalts and metasomatized ophiolitic ultramafic rocks is similar to gold that eroded from alkali and tholeiitic basalts in the Ethiopian Highlands and were carried by the Blue Nile and Atbara rivers or from ophiolitic complexes that belong to the basement rocks of the Red Sea Hills in Ethiopia, Eritrea, Sudan, and Egypt. Copper and lead associated with sedimentary rocks deposited in ocean basins and/or granitic porphyry, as well as the PGEs that originated from ultramafic–mafic complexes and Alaskan-type mafic–ultramafic intrusions, are analogous to the placers eroded from wadis draining the basement rocks of the Red Sea Hills dominated by the aforementioned assemblages. These results may reflect the lithologic heterogeneity of the source terrains, similar to the Abu Khasbaba area in Northern Egypt. These findings partially align with those of Siegel et al. [43] and Moustafa et al. [44], who suggested two primary source rocks for the heavy minerals in northern Egypt: the metamorphic rocks of the Ethiopian plateau drained by Atbara and Blue Nile and the igneous rocks of the Equatorial plateau drained by the White Nile and its tributaries. Therefore, the detected platinum and, to a lesser extent, gold were probably derived partly from the upper drainage basins of the Nile at the main Central Equatorial lakes, particularly from Uganda and Ethiopia. Moreover, the volcanic provenance of the Blue Nile and Atbara is likely another source for the recorded copper and platinum deposits. The basement of the Egyptian Eastern Desert should not be excluded as a likely source for some of these placers. Similar results were recorded for the Au and Ag minerals of northern Egypt [44].





5. Conclusions


This study presents the first comprehensive measurement of the mineralogy and micro-chemical characterization of precious and base metal minerals in black sand deposits along Egypt’s Mediterranean coast. Based on our findings, we draw the following key conclusions:




	(1)

	
The high Au content (94–99 wt.%) and gold fineness value are consistent with Au–Ag sulfidation deposits that originate from the weathered basement terrains of Central Africa, Ethiopian Highlands, and Red Sea Hills. The narrow range of gold composition, high fineness, and association with Cu–PGE deposits suggest that the minerals are similar to those found in Neoproterozoic plutonic and meta-sedimentary rocks, which are commonly found in the Nubian shield covered areas.




	(2)

	
The investigated gold grains are allogenic in nature; rims on authigenic gold are not recorded because that gold forms in equilibrium with surface conditions, exactly like rims. This feature is owed to the enormous transport distances that are frequently associated with the effect that eventually obliterates the original particle’s Ag-rich core. Pb and Cu rims form as a result of chemical alteration.




	(3)

	
The studied PGE grains are Pt–Fe alloys connected to the PPGE subgroup and dominated by Pt (45.05 wt.%). The analyzed sperrylite grains are Au-bearing As–Pt type. Their source can be related to ultramafic–mafic complexes and Alaskan-type mafic–ultramafic intrusions.




	(4)

	
The variations in the morphology, surfaces, inclusion types, rims, and micro-chemistry of the grains investigated could reflect differences in their lithologies, weathering surfaces, transport distances, and multiple source provenances.




	(5)

	
Minerals that are unstable in the surface environment are one of this study’s highlights. Native copper may be of an anthropogenic origin. The same is true for lead because, even if a native lead (spherical particles sound like smelted lead) source existed considerably further upstream, the chances of a malleable and reactive metal surviving should be zero. Furthermore, the accompanying galena is a common mineral that is neither chemically nor physically resilient.
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Figure 1. Satellite map showing: (a) the location of black sand deposits on Egypt’s Mediterranean coast; (b) the locations of Abu Khashaba beach area; (c) sampling profiles. 
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Figure 2. Stereomicrographs showing the shape of gold grains: (a) gold grains of different colors (maybe due to the variable inclusions), sizes, and shapes; they enclose straight or folded bands of various inclusions; (b) regular and irregular outline, and regular and irregular topography discoid; (c) elongated and ornamented micro folded flakes; (d) hammered rod-like or wires; (e) SEM/EDX and BSE image of subrounded discoid grain contains minor inclusion of Si and Cu; (f) SEM/EDX and BSE image of nuggets with small crystal shapes of some faceted areas and holes (arrowed). 
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Figure 3. (a,b) Stereomicrographs showing spherical and platy silver grains; (c) SEM/EDX and BSE images of the analyzed silver grains. 
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Figure 4. (a,b) Stereomicrographs showing silvery white grains of IPGMs’ alloy grains and sperrylite; (c,d) SEM/EDX and BSE images of the analyzed PGMs’ grain and sperrylite euhedral crystal. 
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Figure 5. (a–d) Stereomicrographs showing black and red copper grains with different habits; (e–h) stereomicrographs of polished sections of spherical copper grains of variable sizes, shapes, and rims; (i,j) EDX and BSE images of copper and cuprite grains. 
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Figure 6. Stereomicrographs of native lead grains showing: (a) spherical, elongated, and drop-like; (b) straw yellow and blackish spherical; (c,d) polished sections of lead grains; (e) galena grains; (f) ochrolite grains; (g,h) minium mineral grains; (i) SEM/EDX and BSE images of the analyzed native lead (grains 1–8 Table 7). 
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Figure 7. Plot of composition of the studied Au–Ag–Cu alloy particles on a phase schematic color diagram. 
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Table 1. Morphological characteristics of gold, silver, copper, lead, and PGMs’ mineral grains in Abu Khashaba placer deposits using the criteria adopted by Townley et al. [19].
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Mineral Grains

	
Size (µm)

	
Shape

	
Outline

	
Surface

	
Color

	
Rim

	
Inclusions






	
Gold

	
0.12 × 0.13 to 0.2 × 0.32

	
Angular,

subangular (abraded)

	
Irregular, regular

	
Regular,

irregular

	
Pale to dark yellow

	
Discontinuous to absent

	
Apachite




	
0.08 × 0.25 to 0.15 × 0.30

	
Subround,

elongate

	
Irregular

	
Regular,

irregular

	
Pale to very dark yellow

	
Absent to discontinuous

	
Quartz




	
0.12 × 0.15 to 0.18 × 0.21

	
Round to

well round

	
Regular, irregular

	
Regular

	
Pale to very dark yellow

	
Absent to discontinuous

	
Magnetite,

Cu




	
0.06 × 0.10

	
Discoid

	
Regular

	
Regular

	
Pale yellow to yellow

	
Absent

	
Apachite




	
0.05 × 0.15

	
Flake

	
Regular, irregular

	
Very regular

(folded)

	
Pale yellow to yellow

	
Absent

	
-




	
0.008 × 0.10 to 0.010 × 0.30

	
Rod-like

	
Regular, irregular

	
Regular

(hammered)

	
Pale yellow to yellow

	
Absent

	
-




	
Silver

	
0.03 × 0.15 to 0.70 × 0.20

	
Elongate,

sheaf-like

	
Regular,

irregular

	
Regular,

irregular

	
Shiny black

	
Sometimes present

	
Quartz, acanthite (argentite)




	
0.04 × 0.04 to 0.13 × 0.13

	
Sphere

	
Regular

	
Regular

	
Silvery white

	
Absent

	
Quartz, platinum,

ilmenite, titanite




	
PGMs

	
0.13 × 0.4 to 0.2 × 0.5

	
Angular to

elongate

	
Regular,

irregular

	
Regular,

irregular

	
Silvery white

	
-

	
Arrojadite,

ilmenite




	
0.12 × 0.05 to 0.22 × 0.06

	
Elongate particles, euhedral crystals

	
Regular,

irregular

	
Regular,

irregular

	
White

	
-

	
Apachite,

galena




	
Copper

	
0.05 × 0.05 to 0.12 × 0.12,

0.10 × 0.05 to 0.20 × 0.10

	
Sphere to

ovoid

	
Regular

	
Regular

	
Reddish brown to black

	
Continuous to

discontinuous

	
Quartz,

titanite,

sphalerite




	
0.05 × 0.03 to 0.08 × 0.05

	
Drop-like

	
Regular

	
Regular

	
Dark brown to black

	
Continuous to

discontinuous

	
Millerite,

galena




	
0.07 × 0.03,

0.17 × 0.04 to 0.10 × 0.02

	
Cocoon to

bone-like

	
Regular

	
Regular

	
Brown to black

	
Absent

	
Quartz,

magnetite,

sphalerite




	
Lead

	
0.4 × 0.4 to 0.10 × 0.10,

0.0.7 × 0.04 to 0.15 × 0.10

	
Sphere to ovoid

	
Regular

	
Regular

	
Straw yellow to light brown

	
Continuous to

discontinuous

	
Apachite,

ilmenite




	
0.03 × 0.01 to 0.10 × 0.04

	
Drop-like

	
Regular

	
Regular

	
Dark brown to black

	
Continuous to

discontinuous

	
Titanite




	
0.05 × 0.02

	
Cocoon

	
Regular

	
Regular

	
Straw yellow to red.

	
Discontinuous

	
Apachite











 





Table 2. Chemical analysis using EMPA and SEM/EDX data (wt.%) of native gold grains.
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Element

	
EMPA

	
SEM/EDX




	
G.11

	
G.12

	
G.13

	
G.14

	
Av.4

	
G.1

	
G.2

	
G.3

	
G.4

	
Av.4






	
Au

	
94.11

	
96.21

	
95.18

	
98.55

	
96.01

	
99.02

	
98.20

	
95.47

	
95.90

	
97.15




	
Ag

	
2.32

	
2.10

	
1.76

	
1.28

	
1.86

	
0.10

	
1.02

	
0.50

	
0.66

	
0.57




	
Cu

	
3.15

	
1.43

	
1.45

	
0.16

	
1.87

	
0.20

	
0.50

	
2.08

	
0.86

	
0.91




	
Si

	
-

	
-

	
-

	
-

	
-

	
0.68

	
0.28

	
1.28

	
2.58

	
1.20




	
Mg

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.67

	
-

	
0.67




	
Total

	
99.58

	
99.74

	
98.39

	
99.99

	
99.73

	
100.00

	
100.00

	
100.00

	
100.00

	
-




	
Fineness

	
975.94

	
978.64

	
981.84

	
987.18

	
981

	
993.2

	
997.2

	
959.7

	
965.6

	
978.9











 





Table 3. Chemical analysis using EMPA and SEM/EDX data (wt.%) of native silver grains.
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Element

	
EMPA

	
SEM/EDX




	
G.21

	
G.22

	
G.23

	
G.24

	
Av.4

	
G.1

	
G.2

	
G.3

	
Av.3






	
Ag

	
75.56

	
88.13

	
71.66

	
95.34

	
82.67

	
98.42

	
45.64

	
53.05

	
65.70




	
Pb

	
3.85

	
5.57

	
6.14

	
1.50

	
4.27

	
-

	
4.48

	
6.72

	
5.60




	
Ir

	
9.86

	
3.75

	
8.46

	
0.11

	
5.55

	
-

	
16.83

	
-

	
16.83




	
Se

	
3.16

	
-

	
4.67

	
-

	
3.93

	
-

	
4.47

	
-

	
4.47




	
Ga

	
-

	
-

	
-

	
-

	
-

	
-

	
4.25

	
-

	
4.25




	
Si

	
-

	
-

	
-

	
-

	
-

	
1.58

	
19.33

	
17.31

	
12.74




	
Y

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
8.62

	
8.62




	
Ca

	
-

	
-

	
-

	
-

	
-

	
-

	
4.82

	
6.22

	
5.52




	
Ti

	
-

	
-

	
-

	
-

	
-

	
-

	
0.18

	
0.55

	
0.37




	
FeT

	
3.12

	
0.68

	
3.67

	
1.04

	
2.13

	
-

	
-

	
1.55

	
1.55




	
Ni

	
1.45

	
1.32

	
3.50

	
1.06

	
1.83

	
-

	
-

	
2.17

	
2.17




	
Bi

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
3.81

	
3.81




	
Total

	
98.00

	
99.45

	
99.10

	
99.05

	
100.38

	
100.00

	
100.00

	
100.00

	
-











 





Table 4. Chemical analysis using EMPA and SEM/EDX data (wt.%) of PPGM alloy grains.
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Element

	
EMPA

	
SEM/EDX




	
G.61

	
G.62

	
G.63

	
G.64

	
Av.4

	
G.1

	
G.2

	
Av.2






	
Pt

	
40.88

	
44.54

	
45.76

	
42.89

	
43.52

	
43.67

	
46.41

	
45.05




	
Ru

	
16.11

	
13.32

	
13.65

	
15.32

	
14.60

	
15.93

	
12.45

	
14.19




	
Os

	
28.44

	
24.67

	
26.43

	
25.65

	
26.30

	
26.50

	
25.18

	
25.84




	
Ir

	
8.13

	
11.07

	
10.53

	
10.43

	
10.07

	
9.09

	
10.22

	
9.66




	
Cu

	
0.11

	
0.10

	
0.14

	
0.10

	
0.12

	
-

	
-

	
-




	
Pb

	
5.21

	
4.98

	
3.38

	
5.26

	
4.71

	
4.81

	
5.71

	
5.26




	
FeT

	
0.10

	
0.12

	
0.10

	
0.15

	
0.12

	
-

	
-

	
-




	
Total

	
98.91

	
98.80

	
99.99

	
99.80

	
99.94

	
100.00

	
100.00

	
100.00




	
100Pt/(Pt+Ir+Os)

	
52.78

	
50.45

	
55.32

	
54.31

	
54.47

	
55.10

	
56.73

	
55.93











 





Table 5. Chemical analysis using EMPA and SEM/EDX data (wt.%) of sperrylite grains.
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Element

	
EMPA

	
SEM/EDX




	
G.71

	
G.72

	
G.73

	
Av.3

	
G.1

	
G.2

	
Av.2






	
Pt

	
54.76

	
55.87

	
54.88

	
55.17

	
56.42

	
55.54

	
55.98




	
As

	
42.55

	
41.21

	
42.65

	
42.14

	
41.79

	
43.44

	
42.62




	
Au

	
1.54

	
1.78

	
1.89

	
1.74

	
1.75

	
1.02

	
1.39




	
FeT

	
0.18

	
0.10

	
0.15

	
0.11

	
-

	
-

	
-




	
Ca

	
0.15

	
0.54

	
0.18

	
0.29

	
0.04

	
-

	
0.04




	
S

	
0.22

	
0.20

	
0.15

	
0.19

	
-

	
-

	
-




	
Total

	
99.40

	
99.70

	
99.90

	
99.64

	
100.00

	
100.00

	
100.00











 





Table 6. Chemical analysis using EMPA and SEM/EDX data (wt.%) of native copper and cuprite grains.
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Element

	
EMPA

	
SEM/EDX




	
Native Copper

	
Cuprite




	
G.31

	
G.32

	
G.33

	
G.34

	
Av. 4

	
G.1

	
G.2

	
G.3

	
G.4

	
Av. 4

	
G.1

	
G.2

	
G.3

	
Av. 3






	
Cu

	
90.78

	
95.14

	
92.54

	
98.42

	
94.22

	
98.12

	
91.68

	
99.25

	
79.16

	
92.05

	
85.50

	
83.93

	
85.72

	
85.07




	
O

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
11. 22

	
10.05

	
10.03

	
10.43




	
Ag

	
0.55

	
0.43

	
0.21

	
0.20

	
0.35

	
0.67

	
-

	
-

	
-

	
0.67

	
-

	
-

	
-

	
-




	
Ca

	
-

	
-

	
-

	
-

	
-

	
1.22

	
0.73

	
-

	
0.98

	
1.01

	
-

	
-

	
-

	
-




	
Al

	
1.30

	
0.30

	
1.10

	
0.50

	
0.80

	
-

	
0.63

	
-

	
4.57

	
2.6

	
-

	
-

	
-

	
-




	
Si

	
1.00

	
0.20

	
1.00

	
-

	
0.73

	
-

	
1.97

	
-

	
6.59

	
4.28

	
0.25

	
0.55

	
0.10

	
0.30




	
S

	
1.50

	
1.00

	
0.80

	
-

	
1.10

	
-

	
1.24

	
-

	
1.60

	
1.42

	
-

	
-

	
-

	
-




	
Ti

	
-

	
-

	
-

	
-

	
-

	
-

	
1.48

	
-

	
2.39

	
0.89

	
-

	
-

	
-

	
-




	
FeT

	
1.89

	
0.55

	
1.08

	
0.17

	
0.92

	
-

	
0.80

	
-

	
1.72

	
1.94

	
0.27

	
0.85

	
0.15

	
0.42




	
Ni

	
1.15

	
1.22

	
1.74

	
0.50

	
1.15

	
-

	
0.40

	
-

	
0.72

	
0.28

	
-

	
-

	
-

	
-




	
Zn

	
1.00

	
0.48

	
0.53

	
0.23

	
0.56

	
-

	
1.68

	
-

	
3.84

	
0.56

	
-

	
-

	
-

	
-




	
Cl

	
-

	
-

	
-

	
-

	
-

	
-

	
0.63

	
0.75

	
1.00

	
0.79

	
2.69

	
4.22

	
3.92

	
3.61




	
Sr

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.07

	
0.40

	
0.08

	
0.18




	
Total

	
99.18

	
99.32

	
99.00

	
99.56

	
99.83

	
100.00

	
100.00

	
100.00

	
-

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00











 





Table 7. Chemical analysis using EMPA and SEM/EDX data (wt.%) of spherical grains’ native lead grains.






Table 7. Chemical analysis using EMPA and SEM/EDX data (wt.%) of spherical grains’ native lead grains.





	
Element

	
EMPA

	
SEM/EDX




	
G.41

	
G.42

	
G.43

	
G.44

	
Av.4

	
G.1

	
G.2

	
G.3

	
G.4

	
G.5

	
G.6

	
G.7

	
G.8

	
Av.8






	
Pb

	
93.23

	
74.22

	
84.45

	
65.15

	
79.26

	
100.0

	
97.10

	
75.52

	
83.91

	
83.24

	
63.54

	
59.64

	
93.86

	
81.75




	
Si

	
2.16

	
6.61

	
1.17

	
8.16

	
4.52

	
-

	
2.90

	
3.90

	
4.40

	
1.97

	
9.44

	
1.77

	
3.95

	
4.05




	
Mg

	
0.40

	
4.43

	
6.12

	
3.12

	
3.52

	
-

	
-

	
2.41

	
5.54

	
7.43

	
1.71

	
11.57

	
-

	
5.73




	
Al

	
0.33

	
1.10

	
1.43

	
4.13

	
1.75

	
-

	
-

	
1.14

	
1.96

	
2.56

	
3.85

	
4.40

	
-

	
2.78




	
P

	
1.21

	
2.15

	
0.20

	
4.25

	
1.95

	
-

	
-

	
6.60

	
-

	
-

	
7.72

	
-

	
-

	
7.16




	
Ca

	
1.32

	
2.28

	
2.50

	
1.34

	
1.86

	
-

	
-

	
8.36

	
0.98

	
1.43

	
10.32

	
0.36

	
1.19

	
3.77




	
Ti

	
0.32

	
0.30

	
0.34

	
2.13

	
0.77

	
-

	
-

	
0.67

	
-

	
-

	
-

	
20.44

	
-

	
10.56




	
FeT

	
0.11

	
3.66

	
0.50

	
2.33

	
1.65

	
-

	
-

	
1.39

	
-

	
-

	
3.42

	
-

	
-

	
2.41




	
Cr

	
0.60

	
2.22

	
2.06

	
1.78

	
1.67

	
-

	
-

	
-

	
2.17

	
2.42

	
-

	
-

	
-

	
2.30




	
Cu

	
0.40

	
2.43

	
1.16

	
2.17

	
1.54

	
-

	
-

	
-

	
1.05

	
0.95

	
-

	
1.72

	
-

	
1.24




	
Total

	
100.08

	
99.31

	
99.93

	
98.56

	
98.49

	
100.0

	
100.0

	
100.00

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
-











 





Table 8. Chemical analysis using EMPA and SEM/EDX data (wt.%) of spherical grains of ochrolite mineral.






Table 8. Chemical analysis using EMPA and SEM/EDX data (wt.%) of spherical grains of ochrolite mineral.





	
Element

	
EMPA

	
SEM/EDX




	
G.51

	
G.52

	
Av.2

	
G.1

	
G.2

	
Av.2






	
Pb

	
74.12

	
76.13

	
75.12

	
75.43

	
75.15

	
75.04




	
Sb

	
17.34

	
16.98

	
17.16

	
18.13

	
18.65

	
18.39




	
Si

	
0.88

	
1.23

	
1.06

	
0.90

	
1.30

	
1.10




	
Al

	
0.68

	
0.73

	
0.71

	
0.78

	
0.57

	
0.68




	
Ti

	
0.56

	
0.65

	
0.61

	
0.69

	
0.73

	
0.71




	
FeT

	
1.43

	
1.54

	
1.49

	
1.12

	
1.66

	
1.39




	
Cu

	
0.42

	
0.65

	
0.54

	
0.22

	
0.57

	
0.40




	
Sr

	
0.11

	
0.23

	
0.17

	
0.27

	
-

	
0.27




	
Cl

	
2.54

	
1.32

	
1.93

	
2.45

	
1.90

	
2.18




	
Total

	
98.08

	
99.46

	
98.79

	
100.00

	
100.00

	
-
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