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Abstract

:

Illite-rich sediments from the Laguna Honda wetland, an eutrophicated hypersaline wetland with waters enriched in Mg and Ca surrounded by olive groves in the Guadalquivir Basin River (South Spain), are polluted by elevated concentrations of gold (up to 21.9 ppm) due to agricultural practices. The highest gold contents appear in the shore sediments of the lake, where up to 20 µm homoaggregates of fused gold nanoparticles (AuNp) are found. Small nanoaggregates of up to six fused gold nanoparticles and very few isolated nanoparticles around 1 nm in size can also be observed to form heteroaggregates of AuNp-mica, especially in the deeper sediments in the central part of the wetland, where Au concentrations are lower (up to 1.89 ppm). The high nanoparticle concentration caused by the inappropriate application of pesticides favors nanoparticle collision in the wetland’s Mg- and Ca-rich waters and the fast coagulation and deposition of Au homoaggregates in the gold-rich shore sediment of the lake. The interaction of gold nanoparticles with the abundant illite particles in the wetland’s hypersaline waters promotes the simultaneous formation of low-density Au-illite heteroaggregates, which are transported and deposited in the less-rich-in-gold sediments of the central part of the lake. The small sizes of the isolated AuNp and AuNp-fused contacts of the aggregates suggest modifications in the original nanoparticles involving dissolution processes. The presence of bacterial communities resistant to heavy metal stress (Luteolibacter and Maricaulis), as well as the activity of sulfate-reducing bacteria (SRB) and particularly sulfur-oxidizing bacteria (SOB) communities from the shore sediments, favored the high-Eh and low-pH conditions adequate for the destabilization and transport of AuNp.






Keywords:


gold; nanoparticles; hypersaline wetland; aggregation; dissolution; bacterial influence; Laguna Honda












1. Introduction


The use of gold nanoparticles (AuNp) has been quickly and expansively incorporated into agricultural practices due to its capability to enhance the growth of plants and increase crop yield. The application of AuNp is commonly customized to transport or transfer specific compounds that are accurately delivered to produce accurate fertilization processes and the supply of specific micronutrients or particular pesticide treatments, e.g., [1,2,3,4,5,6].



The extended use of these substances is increasing their environmental exposure; therefore, efforts to understand and report the environmental fate of AuNp are required. The environmental stability of AuNp has been considered very high, but their accumulation and transformations are controlled by environmental variables (e.g., pH, Eh, salinity, aqueous ionic strength, organic matter content, and presence of humic acids, among others) and nanoparticle properties [5,7], which means that some environmental compartments, such as sediments deposited in areas with high agricultural pressure, can become major sinks for these nanoparticles. The environmental state of nanomaterials in aquatic systems is defined by the interplay between the growth, dissolution, and aggregation of nanoparticles [8]. Surette and Nason [9] highlighted the importance of the aggregation of similar (homoaggregation) and dissimilar (heteroaggregation) nanoparticles in the transport and deposition of engineered nanoparticles in aquatic media. When the interactions between heavy metal nanoparticles produce heavier and bigger homoaggregates, the deposition of particles is promoted relative to their transport [10] and nanoparticles end up in sediments near the nanoparticles’ release points. In contrast, if nanoparticles do not aggregate or heteroaggregation with lighter particles occurs, they can persist as mobile particles and be transported far away from the emission points [9,11]. Moreover, although AuNps have been thought to be rather stable to dissolution in many environmental conditions, some experimental studies have revealed that some chemical substances produced by microbial and plant metabolism (such as cyanide or thiosulfate) can promote the oxidation of Au0 nanoparticles and the formation of complexes resulting in Au dissolution in soils, sediments, and aquatic systems [12,13].



Mediterranean olive culture is seriously challenged by the effects of climate change, which has motivated an increase in the use of agrochemicals in order to maintain productivity, resulting in potential environmental hazards [14]. The interest in metal nanoparticles in this sector as a sustainable alternative has grown due to their ability to slowly release nutrients and pesticides in a controlled manner [14,15,16]. Spain is the biggest olive oil manufacturer worldwide [17], and around 1.6 million ha of land in Andalusia (South of Spain) is dedicated to olive culture, especially in the Guadalquivir River Basin of the Jaén and Cordoba provinces [18]. This area is characterized by the presence of frequently eutrophicated wetlands completely surrounded by olive groves, which are usually considered hotspots for controlling the biogeochemical transformations of nutrients (P and N coming from agricultural practices) [19] and can be sensitive systems for the concentration and modification of pesticides that may contain nanoparticles used in olive culture.



Therefore, understanding the transformations that gold nanoparticles undergo in complex environmental systems is a longstanding research problem for predicting the fate of metal nanoparticles in these systems. This study focuses on the modification, concentration, and fate of AuNp, possibly emitted from agrochemicals, in the sediments of a hypersaline wetland enriched with organic matter surrounded by olive groves in the Guadalquivir Basin River (South Spain). We report the images of the biggest AuNp aggregates obtained by means of electron microscopy in sediments from a protected wetland. The main objective of this study is to contribute to research related to the knowledge of factors controlling the transformation of gold nanoparticles in hypersaline detrital sediments, revealing (a) the role of the detrital inputs (micas) in the transport and deposition of the gold nanoparticles via the textural development of different types of aggregates and (b) the influence of the physicochemical conditions of water and sediments controlled by the presence of organic matter and microorganism activity on the hazards for Au mobilization.




2. Materials and Methods


2.1. Study Area and Materials


Laguna Honda wetland is located in one of the chaotic subbetic complexes (CSCs) included in the post-orogenic Guadalquivir River basin at the point of contact with the External Zone of the Betic Cordillera (Figure 1A,B). CSCs include evaporitic Triassic, Cretaceous, and Miocene olistoliths from the External Betic Zone resedimented in the middle Miocene gypsum-rich unit of the Guadalquivir River Basin [20,21,22]. The geological substrate and materials surrounding Laguna Honda wetland are marls, clays, gypsum, and isolated blocks of carbonate rocks (limestone and dolostone) (Figure 1C). A karstic morphogenetic system formed by the dissolution of the evaporitic materials of the area and fed by groundwaters and surface waters gave rise to the Laguna Honda wetland. The floodable area of the wetland is around 8.5 ha, and the catchment area occupies 96.2 ha. The area surrounding the wetland is completely dedicated to the monoculture of olives (Figure 2A). The olive groves are planted on high-slope areas, especially on the southern shores of the wetland lake. Tillage operations in the olive groves comprise the main soil management processes, which permanently maintain the bare soil. This inadequate agricultural practice promotes intense soil degradation processes.



Regarding the bathymetry of the wetland lake, the depth progressively increases from the NE to the SW. A deltaic zone has developed on the northern shores of the lake. This area frequently emerges during drought periods. The deepest area is located in the permanently flooded southern part of the lake, where a depth of 2.5 m is reached.



The sediments of the wetland are colonized by submerged macrophytes, charophytes, and helophytes (Ruppia drepanensis, Chara galioides, Najas marina) [24]. The use of fertilizers in the surrounding olive groves promotes the eutrophication of waters, producing seasonal algal blooms (Figure 2B).



The climate of the area is characterized by semi-arid conditions very close to a subhumid environment, with an average temperature of 12 °C during winter and 30 °C during summer. The average annual rainfall is 551 mm, although this is frequently concentrated in high-intensity rainfall episodes occurring during the wet season (October to May), which alternates with a prolonged dry season [25].



An extended characterization of the wetland origin and hydrochemistry, vegetation composition, mineral sediment constituents, and inhabitant microorganisms can be found in Medina et al. [26,27,28,29]. The wetland waters are hypersaline (salinity around 48 PSU) and alkaline (pH > 9.2) (Table 1). These waters show very elevated electrical conductivity (EC) (up to 73 mS/cm), positive oxidation–reduction potential (ORP) values in the surface waters, and a negative ORP near the bottom of the lake (up to −215). The anionic composition is characterized by very elevated SO42− (>24,000 mg/L) and Cl− (>21,000 mg/L) contents and significantly high cation concentrations of Na+ (up to 11,600 mg/L), Mg2+, and Ca2+ (up to 8700 mg/L and around 1000 mg/L, respectively).



The sediments of the lake are characterized by an upper black silty-clayey layer rich in organic matter (TOC average around 1.44%) and a lower bed rich in clays (TOC average around 0.7%) (Table 2). The sediment pH is lower in the shore zones (up to 6.33) than in the central part of the lake (up to 8.54). The sediment Eh values oscillate between −80.9 mV in the central deep part of the wetland and an average of −13.6 mV in the shore part. High electrical conductivity (up to 17.36 mS/cm) and salinity (2.49 g/L) are also observed in the sediments from the shores.



The microbiological data from Medina et al. [27,28,29] revealed that the sediments from Laguna Honda have a broad microbial diversity. Proteobacteria is the best-represented phylum, with Thioalkalispira-Sulfurivermis, Thiohalophilus, Candidatus Thiobios (and other members of the Chromatiaceae family), and Thiobacillus genera in the shore sediments (up to 24.89) and Salinivibrio and Vibrio in the sediments from the central part of the wetland (up to 10%) (Table 3, Figure 3). Plantomycetota communities are important in deep sediments with Fam. AKAU_sediment_group (17.98%) but are less relevant in shore zones with Fam. Gimesiaceae (4.13%). The phylum Desulfobacterota is present in all the sediments of the lake (up to 14.28%), with Fam. Desulfosarcinaceae, Desulfatiglandaceae, Desulfobacteraceae, Desulfobulbaceae, and Desulfurivibrionaceae. The Chloroflexi phylum is important in sediments richer in organic matter, with members including Anaerolineae and Dehalococcoidia. Emerged sediments are characterized by a significant presence of the genus Sulfurovum from the Campilobacterota phylum (8.95%). Some sediments have significant communities of Acidobacteriota (Aminicenantales), Spirochaetota (Spirochaeta_2), Verrucomicrobiota (Candidatus Omnitrophus, DEV007 and Luteolibacter), Nitrospirota (Thermodesulfovibriona), and Zixibacteria.



The mineralogical composition of the sediments is characterized by high contents of silicates. Illite and chlorite are the main clay minerals in the sediments (around 45%) and define a microlamination that includes grains of quartz, feldspars, organic fragments, aggregates of carbonates (aragonite, calcite, and dolomite), gypsum, and pyrite framboids. Halite, celestine, and anhydrite can be present in minor amounts in some samples.




2.2. Methods


The experimental procedures employed to obtain the physicochemical parameters of the waters and sediments, including X-ray diffraction, as well as the TOC analysis and microbiological characterization indicated in the previous section, are described in Medina et al. [29], and samples were obtained from 24 sampling points (Figure 2C). A network made from two transversal sections was created to select the sampling points: an approximately N–S main section parallel to the elongation of the wetland lake and another approximately E–W section. The sampling points were separated by approximately 150 m in the network. The characterization of the sediments allowed us to distinguish two main groups of materials: sediments from the shore and the central part of the lake. Given the homogeneity of the sediments in each group, nine representative and regularly spaced shore and central sampling points were selected to characterize the presence of gold in the sediments from the Laguna Honda wetland. The presence of gold grains in sediments from these sampling points was assessed using field emission high-resolution scanning electron microscopy (FESEM) and high-resolution transmission electron microscopy (HRTEM). Once checked for the presence of gold particles, the samples were selected for the bulk Au content analysis of the sediment. The selected sampling points for gold analysis are indicated in Table 4. The cores of sediments deposited on the bottom of the lake were taken from a depth of 0 to 30 cm. The cores were obtained using PVC tubes sealed with plugs and stored in a portable cooler at temperatures below 5 °C. The upper part of the cores consisted of dark silty-clay sediments, whereas further down, the cores contained brownish and clay-silty sediments. According to these features, three samples were extracted from each core for the geochemical analysis of gold: an upper segment (up to 3 cm) with dark silty-clay sediments (labelled with number 5 in Table 4), a middle segment of sediments (from around 11 to 14 cm; labelled with number 3 in Table 4), and a deeper segment (from around 27 to 32 cm) with brownish clay-silty sediments (labelled with number 1 in Table 4). Moreover, in order to provide information on the regional background gold concentration, two samples of soils from the olive grove surrounding the wetland and two marly sediments from the CSCs, where Laguna Honda formed, were also selected for geochemical analysis, which included a total of 31 samples.



A Carl Zeiss MERLIN high-resolution scanning electron microscope (FESEM) with EDX analytical capability (Scientific and Technical Instrumentation Centre, CICT, University of Jaén, Spain) was used to obtain analytical and textural data through secondary electron (SE) imaging (see “[30]” for details). For this purpose, sediment samples were mounted on supports and metallized with carbon. In addition, a backscattered electron (BSE) detector was used to complete the characterization of minerals with metallic content.



The nanometric characterization was carried out by means of high-resolution transmission electron microscopy (HRTEM) following the experimental procedure indicated by Nieto et al. [31]. For the compositional characterization of the clays, whose grain size is often outside the resolution of the SEM, transmission electron microscopes (HRTEMs), namely the HAADF FEI TITAN G2 microscope, operating at 300 kV, and the HRTEM HAADF Thermo Fisher TALOS, operating at 200 kV, were used (Scientific Instrumentation Centre, CIC, University of Granada). Chemical analyses of the nanoparticles were performed on powders dispersed over gold or nickel grids in scanning transmission electron microscope mode with an energy-dispersive X-ray spectroscopy (AEM-EDX) microanalysis system.



Samples of sediments for gold analyses were dried at 105 °C for 48 h, ground, and acid-digested using HNO3:H2O2:HCl (6:3:2). After dilution, the total Au concentration was measured using a Thermo Finnigan-High Resolution ICP-MS by ACTLAB Laboratories (Ancaster, ON, Canada) and an ICP-MS with a NexION 300D (CIC, University of Granada). Certified standards were used for quantification (BR-N, GH, DR-N, UB-N, AGV-N, MAG-1, GS-N, and GA). The detection limit was below 1 μg/kg. The absence of drift during the Au analysis was verified by measuring two Au standards (5 and 10 ppb, Cole-Parmer) every ten samples. The standard deviation was always less than 5%.



Microbial DNA was extracted with a DNeasy PowerSoil Kit (Quiagen, Hilden, Germany) and quantified with a QuantiFluor® ONE dsDNA system (Promega, Madison, WI, USA). For the metagenomic sequencing, library preparation of the 16S rDNA gene amplicons was performed following the Illumina protocol (Cod. 15044223 Rev. A) targeting the 16S rDNA gene’s V3 and V4 region. The primers were selected from Klindworth et al. [32]. The following 16S rDNA gene amplicon PCR primer sequences were used [32]: forward primer, 5′TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG3′; reverse primer, 5′GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC3′. Illumina adapter overhang nucleotide sequences were added to the gene-specific sequences. The protocol for 16S rDNA amplification was initiated with microbial genomic DNA (5 ng/μL in 10 mM Tris pH 8.5). The multiplexing step was performed using a Nextera XT Index Kit (FC-131-1096). After a quality check, the libraries were sequenced using a 2 × 300 pb paired-end run (MiSeq Reagent kit v3 (MS-102-3001)) on a MiSeq Sequencer (Illumina, San Diego, CA, USA). The sequence data were checked with the prinseq-lite program [33]. The DADA2 pipeline [34] was used for denoising, paired-end joining, and chimera depletion steps. Sequences were then analyzed using the qiime2 pipeline [35]. Taxonomic affiliations were assigned using the naive Bayesian classifier integrated with the qiime2 plugins and the SILVA_release_132 database [36]. Statistical analysis was carried out with SPSS software version 24 (IBM Corp., Foster City, CA, USA).





3. Results


3.1. Regional Background and Gold Concentration in Sediments


The soil samples surrounding the wetland and the sediments from the CSCs where Laguna Honda formed have Au contents below the detection limit (Table 4).



However, the wetland sediments were enriched in gold. The gold concentrations in the sediments from the Laguna Honda wetland varied according to the sediment location and depth (Table 4). Au was enriched in the sediments from the northern shore. The highest Au contents are found in the upper layer of these sediments (21.90 ppm). The Upper layers of sediments of the central part of the lake have lower Au contents (1.89–0.72 ppm) than the upper layers from the northern shores (up to 2.31 ppm). The Au concentration decreases with sediment depth, with the lowest values varying from 0.63 ppm in the northern sediments to 0.19 ppm in the southern part of the lake.




3.2. FESEM and HRTEM Characterization


The nano- to micrometer characterization of AuNp distribution was performed using scanning and transmission electron microscopy. Transmission electron microscope images of deep sediments from the central part of the wetland, the shore, and emerged sediments revealed the presence of small dispersed nanoaggregated gold nanoparticles between 10 and 40 nm in size (Figure 4) that exhibit a skeletal texture (Figure 4B). A few isolated non-aggregated nanoparticles clearly isolated with a diameter of around 2 to 4 nm can be observed (Figure 5), making it difficult to establish the original size of the emitted nanoparticles.



Most nanoparticles of the dispersed nanoaggregates are fused together, but some others are separated by a space of <1 nm (Figure 5). Figure 4A,C show that the small nanoparticle groups frequently adhere to platy pseudohexagonal crystals of detrital illite (mica) to form heteroaggregates of AuNp-mica. These heteroaggregates are frequently intercalated between the lamination defined by the deposition of the illite grains (Figure 6A).



Shore and emerged sediments were characterized by the presence of large three-dimensional (3D) structures (up to 20 µm) of assembled gold nanoparticle homoaggregates (Figure 6B). The inner part of the 3D structures was made from interconnected one-dimensional (1D) aggregates of fused gold nanoparticles.



One-dimensional aggregates appear as very thin irregular random filaments (a in Figure 6B) or thicker elongated particles around 50 nm wide and up to 1 µm long (b in Figure 6B). Many 1D aggregates had very close contacts or were even fused together (c in Figure 6A), and they are parallelly arranged forming a characteristic inner porous mosaic texture, leaving irregular voids (Figure 6B–F). One-dimensional structures were predominant in most of the gold nanoparticle homoaggregates (e.g., Figure 6B,C), although 2D structures can also be observed in many gold nanoparticle homoaggregates (e.g., Figure 6D). The accumulation of 1D and 2D aggregates was commonly covered by a thin layer of two-dimensional aggregates made from fused gold nanoparticles (d in Figure 6E, e in Figure 6F).





4. Discussion


The fate of gold nanoparticles emitted into aquatic systems is the result of different types of environmental interactions, determining their permanence as suspended particles, their aggregation and deposition in sediments, and their solubility and bioavailability. Physicochemical conditions (temperature, hydrodynamics, Eh, pH, salinity, the presence of reactive ions, etc.) and the occurrence of organic and inorganic particles and nanoparticles are some of the main factors controlling the environmental transformation processes of the emitted gold nanoparticles [12,13,37]. Moreover, possible AuNp biotransformations in systems with high biological activity must be taken into account, in spite of the supposed strong environmental stability of these particles, e.g., [7].



4.1. Origin of the Gold Concentration: Geological Background


From the geological point of view, the Laguna Honda wetland was formed by karstic processes on the sedimentary materials of the chaotic subbetic complexes (CSCs) at the point of contact between the Guadalquivir basin and the External Zone of the Betic Cordillera (Figure 1A,B). Hydrothermal gold deposits or regional placer gold mining have not been described in the available geological information on this region.



Wetland sediments are enriched in gold as regards the Au content of the geological materials in the study area. The chemical analyses of the geological substrate and the soils around the wetland (Table 4) reveal that the background gold concentration of the area is very low. The soil samples surrounding the wetland and the sediments from the CSCs where Laguna Honda formed have Au contents below the detection limit, indicating that the concentration of gold in the wetland sediments is not related to the regional background, suggesting a pollution process.




4.2. Aggregation Processes


Particle deposition is favored when aggregation processes producing large and heavy accumulates occur in low-energy aquatic systems. The importance of aggregation processes has previously been highlighted in experimental studies [11,38,39,40]. These studies predict nanoparticle fate in aquatic environments, mimicking ecosystem complexity in experimental micro- or mesocosmos using physical and chemical determinations of the environmental nanoparticle permanence. However, the fate of the nanoparticles is not frequently documented in images obtained by means of high-resolution electron microscopy techniques. The lack of this type of information is more evident in the accumulation of anthropogenic gold nanoparticles in natural aquatic environments; in spite of this, electron microscopy images allow us to directly observe the geochemical processes affecting their behavior. In this work, electron microscopy reveals morphological differences between the aggregates observed in the sediments from the shore and those from the central part of the Laguna Honda wetland lake, suggesting different types of interactions between gold nanoparticles and detrital sedimentary particles transported to the lake.



4.2.1. Rapid Deposition of Large Au Homoaggregates in the Shore Wetland


This study reports SEM images of large AuNp homoaggregates up to 20 µm in size in the shore and emerged sediments of the lake, where the Au concentrations reach the highest concentrations (up to 21.9 ppm). The homoaggregates of gold nanoparticles observed in the Laguna Honda wetland do not show the same morphologies as those observed in natural Au particles collected in fluvial and lacustrine environments, which are characterized by a bigger size (up to 2 mm), frequently being rounded with the presence of signs of physical transformations occurring during and post-transport. Folded edges, striations, randomly orientated scratches, and pitted cavities are commonly indicative of alluvial transport [41]. With increasing fluvial transport, particles acquire battered and roughened or rounded surface morphologies [41,42,43]. The lack of these morphological features in the Laguna Honda homoaggregates suggests a short transport process.



Surette and Nason [9] showed that homoaggregation is dominant relative to heteroaggregation for most types of gold nanoparticles in river waters. Avellán et al. [7] indicated that the addition of high concentrations of metallic nanoparticles in experimental mesocosmos produces homoaggregation processes. According to the observations of Geitner et al. [44], Avellan et al. [7] suggested that gold nanoparticles should have a similar behavior to other metallic nanoparticles resistant to dissolution, tending to accumulate in stable forms in the sediment compartment of the environment. Yecheskel et al. [45] indicated that the presence of divalent cations (Ca2+ and Mg2+) can enhance AuNp aggregation in the soil columns. Therefore, the presence of large AuNp homoaggregates in the shore and emerged sediments from the Laguna Honda wetland suggests a high collision frequency of gold nanoparticles in the Mg- and Ca-rich waters feeding Laguna Honda lake due to the high particle number and concentration, likely facilitated by the inappropriate application of pesticides, promoting the rapid coagulation of heavy and compact homoaggregates that were quickly deposited in the shores of the lake. Sponge-like Au aggregates formed by chain-like fused structures of AuNps similar to those observed in the shore sediments from Laguna Honda have been described in experiments at high concentrations of added Au nanoparticles [46,47,48], especially in low-pH conditions where aggregated Au chains can be easily condensed from the Au colloid.




4.2.2. Transport of Au-Illite Heteroaggregates to the Central Part of the Wetland


On the other hand, attempts to obtain SEM images of gold aggregates in the permanently flooded sediments from the central part of the lake characterized by lower but still significant Au concentrations (up to 1.89 ppm) were unsuccessful. Gold was only detected in these sediments as scattered particles in the TEM images, frequently adhering to sedimentary illite grains to form small heteroaggregates. Several studies [44,45,46] have revealed that high-pH environments with high availability of illite favor sorption processes, mainly driven by the electrostatic attraction between negatively charged AuNps and positively charged illite edges. Fu et al. [46] provided TEM observations where AuNps were mainly attached to illite edges, as similarly occurs in the illite-rich sediments from Laguna Honda.



Therefore, the presence of illite particles suspended in the waters of Laguna Honda coming from the weathering and transport of the sedimentary surrounding materials can affect the aggregation, transport, and deposition processes of the gold nanoparticles. Medina et al. [29] revealed that the sediments deposited in Laguna Honda are mainly made from silicates, with illite being the most abundant clay mineral (up to 60%), as well as some authigenic carbonates and sulfates. Sastre et al. [49] indicated that erosion in Mediterranean olive groves is reinforced by hilly terrain, bare soil, and high-intensity rainfall. The abundant influx of illite into the Laguna Honda lake was produced by the natural weathering, erosion, and transport of the CSCs surrounding reliefs favored by negative agricultural practices, e.g., [50,51], leading to the absence of vegetation cover in the olive groves surrounding the wetland [29].



The experimental study of Thio et al. [52] showed that aquatic systems with organic matter and high ionic strength and salinity favor the accumulation of gold nanoparticles on the mica surface, whereas, at the same ionic strength, alkaline environments are less favorable for the adhesion of gold nanoparticles. Gallego-Urrea et al. [11] suggested that the presence of illite particles in aquatic systems can produce a differential flocculation process affecting the deposition of gold nanoparticles. Thus, when gold nanoparticles are heteroaggregated with illite particles, low-density flocs are formed, which settle more slowly than the higher-density homoaggregates of gold nanoparticles. The interaction of a significant amount of gold nanoparticles emitted due to the inappropriate application of pesticides with the high influx of illite particles into the hypersaline waters of Laguna Honda facilitated the simultaneous formation of Au-illite heteroaggregates with a lower density than the Au homoaggregates, which are quickly formed and deposited in the shore sediments. Au-illite heteroaggregates were transported into the central part of the lake where the accumulation of additional AuNps increased their density and favored their deposition as scattered particles in the central sediments.





4.3. Dissolution Hazard


Solubilization of AuNps is one of the most important processes that facilitate the entrance of Au into the biogeochemical cycle, with implications for health, safety, and environmental toxicity [13,37]. Monitoring the presence of textural evidence of AuNp dissolution is important to reveal AuNp transformations potentially affecting the bioavailability of these metallic nanoparticles in aquatic environments.



The TEM images reveal an irregular morphology of gold nanoparticles, with a size smaller than that of gold nanoparticles commonly used in pesticides, while they are also frequently fused. Fused nanoparticles are also reported in the SEM images of the large aggregates formed in the shore sediments from the Laguna Honda wetland. Pattadar et al. [53] observed that aggregates with strongly fused contacts between AuNp increase their oxidation potential, which could indicate that fused contacts can be the result of dissolution–precipitation processes associated with the oxidative mobilization of gold. Malejko et al. [5] showed a gradual decrease in the gold nanoparticle size produced by the partial dissolution of nanoparticles used in soils of different crops, which can be followed by a stage of ionic uptake and reformation of nanoparticles and aggregates. The small size of the AuNp observed in HRTEM (10 times smaller than those frequently used in agricultural products, Figure 5) and the presence of fused contacts in the nano- and micro-organization of the aggregates evidenced by SEM and HRTEM images (Figure 4, Figure 5 and Figure 6) suggest that the stability of the AuNp was affected by dissolution processes that modified their original inert properties and affected their behavior. The presence of similar small elemental Au nanoparticles to those observed in the Laguna Honda sediments has been described as a result of gold mobilization processes commonly associated with Au geomicrobiology [54].



Most of the models predicting the fate of gold nanoparticles in natural environments are based on the behavior of experimental systems with low biotic complexity exclusively considering the effect of abiotic transformations, which can lead to misinterpretations about the reactivity of gold particles and their toxicity. However, there is strong evidence that biologically mediated transformations can occur in environments with high biological activity [7,12]. Solubilization via the microbe-mediated oxidation of Au0 and later complexation with different types of ions emitted by microorganisms (e.g., thiosulfate, cyanide) has been proposed in several studies [55,56,57,58]. Sulfur-oxidizing bacteria (SOB) and sulfate-reducing bacteria (SRB) are important microorganism communities populating hypersaline wetlands, determining the sulfur cycle, and playing important roles in the fixation or release of metals, e.g., [30,59]. Dhiman et al. [60] revealed that important communities of SOB exhibit features that promote plant growth, such as the production of hydrogen cyanide, the presence of which minimally affects its microbial activity [61], although some other SOB groups, such as Thiobacillus, are used to remove cyanide from polluted systems. The presence of cyanide in the environment coming from microorganism activity is one of the most important chemical factors promoting the oxidation and complexation of gold [7,56].



In sulfate- and organic matter-rich systems, such as hypersaline wetland environments, the decay of organic matter is mostly related to biologically mediated processes of sulfate reduction, where SRB plays a main role [62,63]. The reduction process culminates with the generation of sulfides, but other stable sulfur phases, which are intermediate in the natural sulfur cycle, such as thiosulfates, are produced. The oxidation of authigenic sulfides mediated by SOB can also produce thiosulfates [64]. Biogenic thiosulfates are frequently used as leaching lixiviants in carbon-rich gold ores due to their ability to oxidize and complex Au0 [52,65,66,67].



Medina et al. [29] revealed the presence of relevant populations of SRB and SOB in the Laguna Honda sediments. SRB from the Desulfobacterota (Desulfatiglandaceae fam. predominant in deep sediments and Desulfobacteraceae, Desulfosarcinaceae, Desulfobulbaceae, and Desulfurivibrionaceae predominant in shallower sediments and emerged areas) and Nitrospirota phyla (C. Thermodesulfovibrionia in shallow sediments) were found in all of the wetland compartments. The metabolism of Desulfobacterota members produces thiosulfate as a sulfur cycle intermediate, e.g., [68], whereas Thermodesulfovibrionia communities are involved in the disproportionation of thiosulfates. SOB from Campylobacteria (Genus Sulfurovum) and Gammaproteobacteria (genera Thiobacillus, Thioalkalispira-Sulfurivermis, Candidatus Thiobios, and other S purple bacteria of the Chromatiaceae family) were abundant in the shore areas of Laguna Honda. Yates et al. [69] revealed that in some microbial electrosynthesis processes, Chromatiaceae microbial communities grow on gold cathodes and can reduce O2 using gold as an electron donor. Therefore, the metabolism of SRB and SOB in the Laguna Honda wetland could provide the environment with different compounds (such as thiosulfate or cyanide) involved in the dissolution and transport of gold and other metals as occurred in the studies of Avellan et al. [12] and McGivney et al. [13]. The presence of very small irregularly shaped gold nanoparticles (Figure 5) and textural evidence of fused particles that can be associated with dissolution in the gold aggregates (Figure 4, Figure 5 and Figure 6) suggest that the gold nanoparticles emitted by nanopesticide treatments of olive groves surrounding the Laguna Honda wetland experienced processes of dissolution. Shore sediments inhabited by an important SOB community and characterized by a high Eh and low pH, likely caused by the microbial production of acid compounds, were especially favorable for the dissolution of scattered gold nanoparticles and heavy homoaggregates. Moreover, the shore sediments almost always contained bacterial communities resistant to heavy metal stress (Luteolibacter and Maricaulis). Luteolibacter has been considered to be a hydrolytic bacteria involved in the dissolution of metals and the decay of polycyclic aromatic hydrocarbon [70,71,72]. Maricaulis possesses membrane-bound proteins able to transport metals [73,74].





5. Conclusions







	
The high gold content of the hypersaline Laguna Honda shore sediments resulted from the formation of heavy AuNp homoaggregates. These aggregates were formed by the high-frequency collision of nanoparticles promoted by the inappropriate application of a high concentration of pesticides.



	
Lighter AuNp-illite heteroaggregates were formed by the interaction of AuNp with a high influx of illite into the lake. The illite input was produced by reinforced erosion processes of the surrounding olive groves produced by negative soil management.



	
AuNp shows micro and nanotextural evidence of instability, such as the very small size of the isolated nanoparticles and fused contacts of particles in the aggregates.



	
The metabolic activity of the important microbial communities of SRB and particularly SOB in the shore sediments displays the ability to provide compounds (such as thiosulfate or cyanide) that decrease the pH and increase the Eh of the sediments. These conditions promote AuNp modification by means of the dissolution process and the transport of gold. Bacterial communities resistant to heavy metal stress (such as Luteolibacter and Maricaulis) can also contribute to AuNp destabilization and transport.












Author Contributions


Conceptualization, A.M.-R., J.J.-M., I.A. and R.J.-E.; methodology, A.M.-R., J.J.-M., I.A. and R.J.-E.; resources, J.J.-M.; writing—original draft preparation, A.M.-R., J.J.-M., I.A. and R.J.-E.; supervision, J.J.-M., I.A. and R.J.-E.; project administration, J.J.-M.; funding acquisition, J.J.-M. All authors have read and agreed to the published version of the manuscript.




Funding


Financial support was provided by the projects “Solubilidad, agregación y fijación mineral de contaminantes agrícolas nanoparticulados de metales: papel de los sedimentos de ambientes lacustres salinos, FEDER UJA 2020 1380934”, “Procesos minerales de fijación y solubilidad de nanopartículas metálicas contaminantes en sedimentos lacustres y fluviales, PAIDI 2020 P20_00990” and the research group RNM-325 of the Junta de Andalucía (Spain).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Arora, S.; Sharma, P.; Kumar, S.; Nayan, R.; Khanna, P.K.; Zaidi, M.G.H. Gold- nanoparticle induced enhancement in growth and seed yield of Brassica juncea. Plant Growth Regul. 2012, 66, 303–310. [Google Scholar] [CrossRef]

	



Alkubaisi, N.A.O.; Aref, N.M.M.A.; Hendi, A.A. Method of Inhibiting Plant Virus Using Gold Nanoparticles. US Patent No. 9198434B1, 1 December 2015. [Google Scholar]

	



Jia, J.P.; Jin, X.Y.; Zhu, L.; Zhang, Z.X.; Liang, W.L.; Wang, G.D.; Zheng, F.; Wu, X.Z.; Xu, H.H. Enhanced intracellular uptake in vitro by glucose-functionalized nanopesticides. New J. Chem. 2017, 41, 11398–11404. [Google Scholar] [CrossRef]

	



Deka, B.; Babu, A.; Baruah, C.; Barthakur, M. Nanopesticides: A Systematic Review of Their Prospects. Manag. Front. Nutr. 2021, 8, 686131. [Google Scholar] [CrossRef] [PubMed]

	



Malejko, J.; Godlewska-Żyłkiewicz, B.; Vanek, T.; Landa, P.; Nath, J.; Dror, I.; Berkowitz, B. Uptake, translocation, weathering and speciation of gold nanoparticles in potato, radish, carrot and lettuce crops. J. Hazard. Mater. 2021, 418, 126219. [Google Scholar] [CrossRef] [PubMed]

	



Hamid, A.; Saleem, S. Role of nanoparticles in management of plant pathogens and scope in plant transgenics for imparting disease resistance. Plant Protect. Sci. 2022, 58, 173–184. [Google Scholar] [CrossRef]

	



Avellan, A.; Simonin, M.; Anderson, S.M.; Geitner, N.K.; Bossa, N.; Spielman-Sun, E.; Bernhardt, E.S.; Castellon, B.T.; Colman, B.P.; Cooper, J.L.; et al. Differential Reactivity of Copper- and Gold-Based Nanomaterials Controls Their Seasonal Biogeochemical Cycling and Fate in a Freshwater Wetland Mesocosm. Environ. Sci. Technol. 2020, 54, 1533–1544. [Google Scholar] [CrossRef] [PubMed]

	



Hochella, M.F.; Mogk, D.W.; Ranville, J.; Allen, I.C.; Luther, G.W.; Marr, L.C.; McGrail, B.P.; Murayama, M.; Qafoku, N.P.; Rosso, K.M.; et al. Natural, incidental, and engineered nanomaterials and their impacts on the Earth system. Science 2019, 363, eaau8299. [Google Scholar] [CrossRef]

	



Surette, M.C.; Nason, J.A. Nanoparticle aggregation in a freshwater river: The role of engineered surface coatings. Environ. Sci. Nano 2019, 6, 540. [Google Scholar] [CrossRef]

	



Sani-Kast, N.; Scheringer, M.; Slomberg, D.; Labille, J.; Praetorius, A.; Ollivier, P.; Hungerbühler, K. Addressing the complexity of water chemistry in environmental fate modeling for engineered nanoparticles. Sci. Total Environ. 2015, 535, 150–159. [Google Scholar] [CrossRef]

	



Gallego-Urrea, J.A.; Hammes, J.; Cornelis, G.; Hassellöv, M. Coagulation and sedimentation of gold nanoparticles and illite in model natural waters: Influence of initial particle concentration. NanoImpact 2016, 3–4, 67–74. [Google Scholar] [CrossRef]

	



Avellan, A.; Simonin, M.; McGivney, E.; Bossa, N.; Spielman-Sun, E.; Rocca, J.D.; Bernhardt, E.S.; Geitner, N.K.; Unrine, J.M.; Wiesner, M.R.; et al. Gold nanoparticle biodissolution by a freshwater macrophyte and its associated microbiome. Nat. Nanotechnol. 2018, 13, 1072–1077. [Google Scholar] [CrossRef] [PubMed]

	



McGivney, E.; Gao, X.; Liu, Y.; Lowry, G.V.; Casman, E.; Gregory, K.B.; VanBriesen, J.M.; Avellan, A. Biogenic Cyanide Production Promotes Dissolution of Gold Nanoparticles in Soil. Environ. Sci. Technol. 2019, 53, 1287–1295. [Google Scholar] [CrossRef] [PubMed]

	



Dias, M.C.; Araújo, M.; Silva, S.; Santos, C. Sustainable Olive Culture under Climate Change: The Potential of Biostimulants. Horticulturae 2022, 8, 1048. [Google Scholar] [CrossRef]

	



Morales-Díaz, A.B.; Ortega-Ortíz, H.; Juárez-Maldonado, A.; Cadenas-Pliego, G.; González-Morales, S.; Benavides-Mendoza, A. Application of nanoelements in plant nutrition and its impact in ecosystems. Adv. Nat. Sci. Nanosci. Nanotechnol. 2017, 8, 013001. [Google Scholar] [CrossRef]

	



Muzzalupo, I.; Badolati, G.; Chiappetta, A.; Picci, N.; Muzzalupo, R. In vitro antifungal activity of Olive (Olea europaea) leaf extracts loaded in chitosan nanoparticles. Front. Bioeng. Biotechnol. 2020, 8, 151. [Google Scholar] [CrossRef] [PubMed]

	



Manetsberger, J.; Caballero Gómez, N.; Benomar, N.; Christie, G.; Abriouel, H. Characterization of the Culturable Sporobiota of Spanish Olive Groves and Its Tolerance toward Environmental Challenges. Microbiol. Spectr. 2023, 31, e0401322. [Google Scholar] [CrossRef] [PubMed]

	



Guerrero-Casado, J.; Rivas, C.; Tortosa, F. The expansion of olive groves is reducing habitat suitability for the Great Bustard Otis tarda and the Little Bustard Tetrax tetrax in Southern Spain: Could Important Bird Areas (IBAs) reduce this expansion? Bird Conserv. Int. 2022, 32, 544–558. [Google Scholar] [CrossRef]

	



de Vicente, I. Biogeochemistry of Mediterranean Wetlands: A Review about the Effects of Water-Level Fluctuations on Phosphorus Cycling and Greenhouse Gas Emissions. Water 2021, 13, 1510. [Google Scholar] [CrossRef]

	



Roldán-García, F.J.; García-Cortés, A. Implicaciones de materiales triásicos en la Depresión del Guadalquivir (Provincias de Córdoba y Jaén). II Congr. Geol. Esp. SGE 1988, 1, 189–192. [Google Scholar]

	



Roldán-García, F.J.; Rodríguez-Fernández, J.; Azañón, J.M. Unidad Olistostrómica, una formación clave para entender la historia neógena de las Zonas Externas de la Cordillera Bética. Geogaceta 2012, 52, 103–106. [Google Scholar]

	



Pérez-Valera, F.; Sánchez-Gómez, M.; Pérez-López, A.; Pérez-Valera, L.A. An evaporite-bearing accretionary complex in the northern front of the Betic-Rif orogen. Tectonics 2017, 36, 1006–1036. [Google Scholar] [CrossRef]

	



Sanz de Galdeano, C. La Cordillera Bética. Editorial Punto Rojo Libros: Sevilla, Spain, 2022. [Google Scholar]

	



Ortega, F.; Guerrero, F. Vegetación de las lagunas y humedales del Alto Guadalquivir. El complejo lagunar de Alcaudete-Valenzuela. In Memoriam al Profesor Dr. Isidoro Ruiz Martínez; Pérez Jiménez, J.M., Ed.; Universidad de Jaén: Jaén, Spain, 2003; pp. 101–106. [Google Scholar]

	



Consejería de Medio Ambiente, Junta de Andalucía. Caracterización Ambiental de Humedales en Andalucía. 2005. Available online: http://www.juntadeandalucia.es (accessed on 10 March 2024).

	



Medina Ruiz, A.; Jiménez-Millán, J.; Abad, I.; Jiménez-Espinosa, R. Registro de eventos contaminantes en los sedimentos del humedal salino de Laguna Honda (Jaén, España). Macla 2019, 24, 79–80. [Google Scholar]

	



Medina Ruiz, A.; Jiménez-Millán, J.; Abad, I.; Jiménez-Espinosa, R.; Gálvez, A.; Grande, M.J. Formación de aragonito mediada por bacterias en el humedal salino de Laguna Honda (Jaén, España). Macla 2022, 26, 118–119. [Google Scholar]

	



Medina Ruiz, A.; Jiménez-Millán, J.; Abad, I.; Jiménez-Espinosa, R.; Gálvez, A.; Grande, M.J. Influencia de los microorganismos en la distribución mineral del humedal salino de Laguna Honda (Jaén, España). Macla 2023, 27, 97–98. [Google Scholar]

	



Medina Ruiz, A.; Jiménez-Millán, J.; Abad, I.; Jiménez-Espinosa, R.; Gálvez, A.; Grande, M.J. Aragonite crystallization in a sulfate-rich hypersaline wetland under dry mediterranean climate (Laguna Honda, Eastern Guadalquivir Basin S Spain). Sci. Total Environ. 2024. submit. [Google Scholar] [CrossRef] [PubMed]

	



Cifuentes, G.R.; Jiménez-Millán, J.; Quevedo, C.P.; Gálvez, A.; Castellanos-Rozo, A.; Jiménez-Espinosa, R. Trace element fixation in sediments rich in organic matter from a saline lake in tropical latitude with hydrothermal inputs (Sochagota Lake, Colombia): The role of bacterial communities. Sci. Total Environ. 2021, 762, 143113. [Google Scholar] [CrossRef] [PubMed]

	



Nieto, F.; Ortega-Huertas, M.; Peacor, D.R.; Aróstegui, J. Evolution of illite/smectite from early diagenesis through incipient metamorphism in sediments of the Basque-Cantabrian Basin. Clays Clay Minerals 1996, 44, 304–323. [Google Scholar] [CrossRef]

	



Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glöckner, F.O. Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013, 41, e1. [Google Scholar] [CrossRef]

	



Schmieder, R.; Edwards, R. Quality control and preprocessing of metagenomic datasets. Bioinform 2011, 27, 863–864. [Google Scholar] [CrossRef]

	



Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.; Holmes, S.P. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [Google Scholar] [CrossRef]

	



Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Lozupone, C.A.; Turnbaugh, P.J.; Fierer, N. Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. USA 2011, 108, 4516–4522. [Google Scholar] [CrossRef]

	



Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, 590–596. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.; Lowry, G.V. Progress towards Standardized and Validated Characterizations for Measuring Physicochemical Properties of Manufactured Nanomaterials Relevant to Nano Health and Safety Risks. NanoImpact 2018, 9, 14–30. [Google Scholar] [CrossRef]

	



Quik, J.T.; Stuart, M.C.; Wouterse, M.; Peijnenburg, W.; Hendriks, A.J.; van de Meent, D. Natural colloids are the dominant factor in the sedimentation of nanoparticles. Environ. Toxicol. Chem. 2012, 31, 1019–1022. [Google Scholar] [CrossRef] [PubMed]

	



Quik, J.T.; Velzeboer, I.; Wouterse, M.; Koelmans, A.A.; van de Meent, D. Heteroaggregation and sedimentation rates for nanomaterials in natural waters. Water Res. 2014, 48, 269–279. [Google Scholar] [CrossRef] [PubMed]

	



Cornelis, G.; Pang, L.; Doolette, C.; Kirby, J.K.; McLaughlin, M.J. Transport of silver nanoparticles in saturated columns of natural soils. Sci. Total Environ. 2013, 463–464, 120–130. [Google Scholar] [CrossRef]

	



Reith, F.; Rea, M.A.; Sawley, P.; Zammit, C.; Nolze, G.; Reith, T.; Rantanen, K.; Bissett, A. Biogeochemical cycling of gold: Transforming gold particles from arctic Finland. Chem. Geol. 2018, 483, 511–529. [Google Scholar] [CrossRef]

	



Alam, M.; Li, S.R.; Santosh, M.; Yuan, M.W. Morphology and chemistry of placer gold in the Bagrote and Dainter streams, northern Pakistan: Implications for provenance and exploration. Geol. J. 2019, 54, 1672–1687. [Google Scholar] [CrossRef]

	



Gerasimov, B. The Use of Typomorphic Features of Placer Gold of the Anabar Region for Determining Its Sources. Minerals 2023, 13, 480. [Google Scholar] [CrossRef]

	



Geitner, N.K.; Cooper, J.L.; Avellan, A.; Castellon, B.T.; Perrotta, B.G.; Bossa, N.; Simonin, M.; Anderson, S.M.; Inoue, S.; Hochella, M.F.; et al. Size-Based Differential Transport, Uptake, and Mass Distribution of Ceria (CeO2) Nanoparticles in Wetland Mesocosms. Environ. Sci. Technol. 2018, 2018, 9768–9776. [Google Scholar] [CrossRef]

	



Yecheskel, Y.; Dror, I.; Berkowitz, B. Effect of Phosphate, Sulfate, Arsenate, and Pyrite on Surface Transformations and Chemical Retention of Gold Nanoparticles (Au−NPs) in Partially Saturated Soil Columns. Environ. Sci. Technol. 2019, 53, 13071–13080. [Google Scholar] [CrossRef]

	



Fu, Y.; Wan, Q.; Qin, Z. The effect of pH on the sorption of gold nanoparticles on illite. Acta Geochim. 2020, 39, 172–180. [Google Scholar] [CrossRef]

	



Zhang, Z.; Li, H.; Zhang, F.; Wu, Y.; Guo, Z.; Zhou, L.; Li, J. Investigation of halide-induced aggregation of Au nanoparticles into spongelike gold. Langmuir 2014, 30, 2648–2659. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, P.; Nie, X.; Qin, Z. Adsorption of gold nanoparticles on illite under high solid/liquid ratio and initial pH conditions. Clay Minerals 2023, 58, 245–257. [Google Scholar] [CrossRef]

	



Sastre, B.; Álvarez, B.; Antón, O.; Pérez, M.Á.; Marques, M.J.; Bienes, R.; García-Díaz, A. Groundcovers in Olive Groves in Semiarid Climates: Are They Always Beneficial? Water 2020, 12, 2230. [Google Scholar] [CrossRef]

	



Repullo-Ruibérriz de Torres, M.A.; Ordóñez-Fernández, R.; Giráldez, J.V.; Márquez-García, J.; Laguna, A.; Carbonell-Bojollo, R. Efficiency of four different seeded plants and native vegetation as cover crops in the control of soil and carbon losses by water erosion in olive orchards. Land Degrad Dev. 2018, 29, 2278–2290. [Google Scholar] [CrossRef]

	



Guimarães, D.V.; Silva, M.L.N.; Beniaich, A.; Pio, R.; Gonzaga, M.I.S.; Avanzi, J.C.; Bispo, D.F.A.; Curi, N. Dynamics and losses of soil organic matter and nutrients by water erosion in cover crop management systems in olive groves, in tropical regions. Soil Tillage Res. 2021, 209, 104863. [Google Scholar] [CrossRef]

	



Thio, B.J.R.; Lee, J.H.; Meredith, C.; Keller, A.A. Measuring the Influence of Solution Chemistry on the Adhesion of Au Nanoparticles to Mica Using Colloid Probe Atomic Force Microscopy. Langmuir 2010, 26, 13995–14003. [Google Scholar] [CrossRef]

	



Pattadar, D.K.; Nambiar, H.N.; Allen, S.L.; Jasinski, J.B.; Zamborini, F.P. Effect of Metal Nanoparticle Aggregate Structure on the Thermodynamics of Oxidative Dissolution. Langmuir 2021, 37, 7320–7327. [Google Scholar] [CrossRef]

	



Shuster, J.; Reith, F. Reflecting on Gold Geomicrobiology Research: Thoughts and Considerations for Future Endeavors. Minerals 2018, 8, 401. [Google Scholar] [CrossRef]

	



Aylmore, M.G.; Muir, D.M. Thiosulfate leaching of gold—A review. Miner. Eng. 2001, 14, 135–174. [Google Scholar] [CrossRef]

	



Dzombak, D.A.; Ghosh, R.S.; Wong-Chong, G.M. Cyanide in Water and Soil: Chemistry, Risk, and Management; CRC Press: Boca Raton, FL, USA, 2005. [Google Scholar]

	



Reith, F.; Lengke, M.F.; Falconer, D.; Craw, D.; Southam, G. The geomicrobiology of gold. ISME J. 2007, 1, 567–584. [Google Scholar] [CrossRef] [PubMed]

	



Rea, M.A.; Zammit, C.M.; Reith, F. Bacterial biofilms on gold grains—Implications for geomicrobial transformations of gold. FEMS Microbiol. Ecol. 2016, 92, fiw082. [Google Scholar] [CrossRef] [PubMed]

	



Quevedo, C.P.; Jiménez-Millán, J.; Cifuentes, G.R.; Gálvez, A.; Castellanos-Rozo, J.; Jiménez-Espinosa, R. The Potential Role of S-and Fe-Cycling Bacteria on the Formation of Fe-Bearing Mineral (Pyrite and Vivianite) in Alluvial Sediments from the Upper Chicamocha River Basin, Colombia. Minerals 2021, 11, 1148. [Google Scholar] [CrossRef]

	



Dhiman, S.; Dubey, R.C.; Maheshwari, D.K.; Kumar, S. Sulfur-oxidizing buffalo dung bacteria enhance growth and yield of Foeniculum vulgare Mill. Can. J. Microbiol. 2019, 65, 377–386. [Google Scholar] [CrossRef] [PubMed]

	



Eom, H.; Hwang, J.H.; Hassan, S.H.A.; Joo, J.H.; Hur, J.H.; Chon, K.; Jeon, B.H.; Song, Y.C.; Chae, K.J.; Oh, S.E. Rapid detection of heavy metal-induced toxicity in water using a fed-batch sulfur-oxidizing bacteria (SOB) bioreactor. J. Microbiol. Methods 2019, 61, 35–42. [Google Scholar] [CrossRef] [PubMed]

	



Sorokin, D.Y.; Zacharova, E.E.; Pimenov, N.V.z.; Tourova, T.P.; Panteleeva, A.N.; Muyzer, G. Sulfidogenesis in hypersaline chloride–sulfate lakes of Kulunda Steppe (Altai, Russia). FEMS Microbiol. Ecol. 2012, 79, 445–453. [Google Scholar] [CrossRef]

	



Qian, J.; Wang, L.; Wu, Y.; Bond, P.L.; Zhang, Y.; Chang, X.; Deng, B.; Wei, L.; Li, Q.; Wang, Q. Free sulfurous acid (FSA) inhibition of biological thiosulfate reduction (BTR) in the sulfur cycle-driven wastewater treatment process. Chemosphere 2017, 176, 212–220. [Google Scholar] [CrossRef]

	



Gao, P.; Fan, K. Sulfur-oxidizing bacteria (SOB) and sulfate-reducing bacteria (SRB) in oil reservoir and biological control of SRB: A review. Arch. Microbiol. 2023, 205, 162. [Google Scholar] [CrossRef]

	



Schippers, A.; Sand, W. Bacterial leaching of metal sulfides proceeds by two indirect mechanisms via thiosulfate or via polysulfides and sulfur. Appl. Environ. Microbiol. 1999, 65, 319–321. [Google Scholar] [CrossRef]

	



Xie, F.; Chen, J.; Wang, J.; Wang, W. Review of gold leaching in thiosulfate-based solutions. Trans. Nonferrous Met. Soc. China 2021, 31, 3506–3529. [Google Scholar] [CrossRef]

	



McNeice, J.; Mahandra, H.; Ghahreman, A. Application of Biogenic Thiosulfate Produced by Methylophaga sulfidovorans for Sustainable Gold Extraction. ACS Sustain. Chem. Eng. 2022, 10, 10034–10046. [Google Scholar] [CrossRef]

	



Murphy, C.L.; Biggerstaff, J.; Eichhorn, A.; Ewing, E.; Shahan, R.; Soriano, D.; Stewart, S.; VanMol, K.; Walker, R.; Walters, P.; et al. Genomic characterization of three novel Desulfobacterota classes expand the metabolic and phylogenetic diversity of the phylum. Environ. Microbiol. 2021, 23, 4326–4343. [Google Scholar] [CrossRef]

	



Yates, M.D.; Eddie, B.J.; Kotloski, N.J.; Lebedev, N.; Malanoski, A.P.; Lin, B.C.; Strycharz-Glaven, S.M.; Tender, L.M. Toward understanding long-distance extracellular electron transport in an electroautotrophic microbial community. Energy Environ. Sci. 2016, 9, 3544–3558. [Google Scholar] [CrossRef]

	



Zadel, U.; Nesme, J.; Michalke, B.; Vestergaard, G.; Plaza, G.A.; Schroeder, P.; Radl, V.; Schloter, M. Changes induced by heavy metals in the plant-associated microbiome of Miscanthus x giganteus. Sci. Total Environ. 2020, 711, 134433. [Google Scholar] [CrossRef] [PubMed]

	



Venkatachalam, S.; Kannan, V.M.; Saritha, V.N.; Loganathachetti, D.S.; Mohan, M.; Krishnan, K.P. Bacterial diversity and community structure along the glacier foreland of Midtre Lovenbreen, Svalbard, Arctic. Ecol. Indic. 2021, 126, 107704. [Google Scholar] [CrossRef]

	



Wang, Q.; Xu, H.; Tang, D.; Ren, P. Insights into coupling between in situ coalbed water geochemical signatures and microbial communities. Int. J. Coal Geol. 2022, 258, 104026. [Google Scholar] [CrossRef]

	



Russell, D.; Kolaj-Robin, O.; Soulimane, T. Maricaulis maris cation diffusion facilitator: Achieving homogeneity through a mixed-micelle approach. Protein Expr. Purif. 2012, 85, 173–180. [Google Scholar] [CrossRef]

	



Kolaj-Robin, O.; Russell, D.; Hayes, K.A.; Pembroke, J.T.; Soulimane, T. Cation Diffusion Facilitator family: Structure and function. FEBS Lett. 2015, 589, 1283–1295. [Google Scholar] [CrossRef]








[image: Toxics 12 00223 g001] 





Figure 1. Location of the study area. (A) Geographical setting and global geological context of the Betic Cordillera and the study area (modified from Figure 3 in Sanz de Galdeano [23]). (B) Geological map of the chaotic subbetic complexes (CSCs) near the study area. (C) Local geological map of the Laguna Honda area. 
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Figure 2. (A) Flooded surface area of Laguna Honda surrounded by olive groves. Location of the sampling points where samples of soils from the surrounding olive groves (OG) and of sediments of the chaotic subbetic complexes (CSC) were taken are indicated in the figure. (B) Seasonal pale pink floating algal mats covering the water surface of Laguna Honda during spring and summer. (C) Location of the sampling points where cores of sediments deposited on the bottom of the lake up to 30 cm deep were taken. 
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Figure 3. Principal coordinates analysis (PCA) of samples for the determination of the bacterial diversity in the sediments from Laguna Honda (modified from Medina et al., [29]). 
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Figure 4. HRTEM images and EDX analyses of the Au-rich sediments. (A–C) Small dispersed groups (nanoaggregates around 10 nm) made from several AuNp (arrows) sometimes adhering to illite (right arrow), in this case forming heteroaggregates of AuNp-mica. Spectra (a1,c1) EDX analyses of the particles shown in (A,C). 
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Figure 5. Details of very small Au nanoparticle groups in HRTEM images and EDX data. (A–C) HRTEM images showing details of small-sized irregularly shaped gold nanoparticles. Spectrum (a1) EDX analysis of the particle indicated in (A). (D) Elemental map (HRTEM-EDX) of Au (image (C)). 
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Figure 6. Secondary electron images of assembled gold nanoparticle aggregates (GNpA). (A) Heteroaggregate AuNp-mica intercalated between the lamination defined by the deposition of the illite grains. Spectrum (a1) EDX analysis of the GNpA indicated in (A). (B) Homoaggregates of fused AuNp interconnected by thin irregular random filaments of Au (a), thicker elongated particles around 50 nm wide and up to 1 µm long (b) or showing many 1D aggregates with very close contacts or even fused together (c), forming a characteristic inner porous mosaic texture leaving irregular voids. (C) Gold nanoparticle homoaggregate where 1D structures are predominant. (D) Gold nanoparticle homoaggregate where 2D structures can be observed. (E) Details of a AuNp homoaggregate with an accumulation of 1D aggregates covered by a thin layer of two-dimensional aggregates made from fused AuNp (d). (F) AuNp showing dissolution marks (arrows) and covered by a thin layer of fused AuNp. Spectrum (f1) EDX analysis of the GNpA indicated in (F). 
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Table 1. Summary of the physicochemical properties of the Laguna Honda column waters. PSU: Practical Salinity Unit, ORP: oxidation and reduction potential (data from Medina et al., [29]).
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	Mean
	Min.
	Max.





	Conductivity
	mS/cm
	71.62
	70.88
	73.00



	Salinity
	PSU
	47.56
	46.97
	48.20



	pH
	
	9.40
	9.20
	9.55



	Eh
	mV
	−132.54
	−165.00
	−111.00



	ORP
	
	−0.30
	−215.00
	150.50



	HCO3−
	mg/L
	24.72
	17.76
	40.63



	CO32−
	mg/L
	67.20
	58.01
	70.42



	Cl−
	mg/L
	21,633.12
	21,370.29
	22,203.93



	NO2−
	mg/L
	2.52
	0.00
	12.59



	Br−
	mg/L
	63.53
	29.34
	72.87



	NO3−
	mg/L
	48.06
	46.84
	50.38



	SO42−
	mg/L
	24,537.05
	24,142.58
	24,840.72



	Na+
	mg/L
	11,461.16
	11,348.04
	11,601.27



	K+
	mg/L
	144.60
	143.10
	147.84



	Ca2+
	mg/L
	1058.25
	1016.64
	1082.41



	Mg2+
	mg/L
	8566.24
	8489.00
	8667.02



	Sr2+
	mg/L
	22.52
	21.07
	24.78







Max: maximum; Min: minimum.













 





Table 2. Summary of the physicochemical properties of the Laguna Honda sediments. TOC: total organic carbon (data from Medina et al., [29]).
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	Mean
	Min.
	Max.





	TOC
	mS/cm
	1.03
	0.17
	2.25



	Salinity
	PSU
	1.83
	1.56
	2.49



	pH
	
	7.54
	6.33
	8.54



	Eh
	mV
	−26.26
	−80.90
	26.40



	Conductivity
	mS/cm
	13.08
	10.48
	17.36



	Chlorite
	%
	5
	1
	21



	Illite
	%
	40
	5
	60



	Quartz
	%
	21
	7
	45



	Calcite
	%
	15
	4
	37



	Gypsum
	%
	12
	0
	72



	Dolomite
	%
	3
	0
	8



	Aragonite
	%
	2
	0
	19



	Halite
	%
	1
	0
	4



	Pyrite
	%
	1
	0
	13







Max: maximum; Min: minimum.













 





Table 3. Relative abundances (%) of sediment microbial communities from Laguna Honda. Location of samples in Figure 2C (data from Medina et al., [29]).
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	Taxonomic Group/Sample
	1
	2
	3
	4
	5
	6
	7





	o__Methanofastidiosales (uncultured)
	2.41
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	o__Methanomassiliicoccales
	0.03
	1.48
	1.12
	2.42
	1.87
	0.38
	0.57



	g__Acetothermiia
	2.39
	0.01
	2.42
	0.20
	0.02
	0.16
	0.01



	g__Aminicenantales
	0.38
	7.93
	1.23
	0.48
	2.26
	0.61
	0.13



	g__Sulfurovum
	0.00
	0.00
	0.18
	0.19
	0.18
	0.06
	8.95



	f__Anaerolineaceae (uncultured)
	0.54
	2.44
	2.21
	1.23
	2.41
	2.12
	1.35



	g__SBR1031
	2.08
	2.48
	0.60
	0.34
	0.63
	1.15
	0.46



	g__GIF3
	0.33
	2.30
	0.24
	0.05
	0.21
	0.25
	0.00



	g__MSBL5
	2.80
	0.93
	4.79
	0.19
	0.36
	0.83
	0.01



	g__Babeliales
	0.06
	0.29
	2.45
	0.29
	0.22
	0.32
	0.19



	g__Desulfatiglans
	1.39
	4.13
	1.93
	1.14
	1.83
	2.23
	0.90



	g__Desulfotignum
	0.00
	0.00
	1.21
	5.74
	0.00
	0.71
	0.34



	f__Desulfosarcinaceae (Others)
	4.06
	1.96
	5.67
	1.52
	4.81
	2.74
	2.70



	f__Desulfosarcinaceae (uncultured)
	0.11
	0.09
	2.59
	0.48
	0.50
	0.63
	0.22



	f__Desulfobulbaceae (Others)
	0.19
	0.61
	0.81
	0.22
	3.12
	0.69
	2.58



	g__MSBL7
	0.98
	0.17
	0.05
	0.00
	0.07
	2.16
	1.38



	g__BD2-11_terrestrial_group
	0.80
	2.57
	0.69
	1.49
	2.59
	2.59
	2.02



	c__Thermodesulfovibrionia
	0.00
	1.71
	1.41
	1.43
	3.76
	1.01
	0.58



	g__AKAU3564_sediment_group
	17.98
	1.24
	0.23
	0.28
	0.12
	0.26
	0.09



	f__Gimesiaceae (uncultured)
	0.00
	0.00
	0.13
	0.00
	0.30
	0.07
	3.93



	g__Maricaulis
	0.05
	0.00
	0.00
	0.00
	0.10
	0.06
	3.16



	g__Magnetovibrio
	0.03
	0.41
	0.42
	0.00
	3.14
	2.09
	0.51



	c__Gammaproteobacteria (Others)
	0.16
	1.85
	0.43
	2.53
	0.80
	4.27
	0.37



	g__Thiobacillus
	0.00
	0.03
	3.51
	0.31
	5.47
	0.47
	6.80



	g__Candidatus_Thiobios
	0.00
	0.00
	0.19
	3.55
	0.03
	0.26
	0.01



	f__Chromatiaceae (uncultured)
	0.00
	0.00
	0.74
	0.07
	8.85
	0.10
	0.20



	g__Thioalkalispira-Sulfurivermis
	0.00
	4.08
	2.47
	0.58
	4.75
	2.90
	4.95



	g__Thiohalophilus
	0.03
	0.00
	0.06
	0.00
	0.16
	5.25
	0.21



	o__Gammaproteobacteria_Incertae_Sedis (uncultured)
	0.02
	0.12
	0.36
	0.21
	1.32
	0.25
	2.74



	g__Salinivibrio
	3.89
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	g__Vibrio
	6.09
	0.00
	0.00
	0.02
	0.00
	0.00
	0.00



	g__Spirochaeta_2
	1.17
	0.17
	0.84
	3.01
	1.26
	0.96
	0.38



	c__Sumerlaeia (uncultured)
	0.71
	7.87
	2.18
	0.51
	1.15
	0.66
	0.67



	g__Candidatus_Omnitrophus
	0.92
	2.59
	2.08
	1.19
	0.90
	2.20
	0.22



	g__DEV007
	0.00
	0.00
	0.09
	2.68
	0.00
	0.07
	0.02



	g__Luteolibacter
	0.05
	0.00
	0.28
	0.31
	4.61
	0.00
	0.33



	g__Zixibacteria
	1.80
	0.00
	0.82
	0.40
	0.12
	2.11
	2.00



	Rest (<2.0%)
	48.55
	52.55
	55.59
	66.98
	42.06
	59.38
	51.03







Samples: 1: LH-10, 2: LH-17, 3: LH-18, 4: LH-1, 5: LH-20, 6: LH-21, 7: LHP.













 





Table 4. Gold concentrations in sediments from the Laguna Honda wetland.
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	Sampling Point
	Depth
	Au 1





	LHP,5
	0–2 cm
	21.90



	LHP,3
	11–13 cm
	2.41



	LHP,1
	30–32 cm
	0.75



	LH-1,5
	2–3 cm
	2.31



	LH-1,3
	13–14 cm
	1.43



	LH-1,1
	27–28 cm
	0.63



	LH-3,5
	2–3 cm
	1.89



	LH-3,3
	13–14 cm
	1.00



	LH-3,1
	27–28 cm
	0.37



	LH-5,5
	2–3 cm
	1.65



	LH-5,3
	13–14 cm
	1.02



	LH-5,1
	27–28 cm
	0.43



	LH-7,5
	2–3 cm
	0.97



	LH-7,3
	13–14 cm
	0.75



	LH-7,1
	27–28 cm
	0.32



	LH-9,5
	2–3 cm
	0.72



	LH-9,3
	13–14 cm
	0.68



	LH-9,1
	27–28 cm
	0.23



	LH-11,5
	2–3 cm
	0.79



	LH-11,3
	13–14 cm
	0.81



	LH-11,1
	27–28 cm
	0.25



	LH-13,5
	2–3 cm
	0.72



	LH-13,3
	13–14 cm
	0.69



	LH-13,1
	27–28 cm
	0.19



	LH-15,5
	2–3 cm
	1.45



	LH-15,3
	13–14 cm
	1