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Abstract

:

Sediment compositions and enrichment patterns are investigated in an urban reach of a bedrock river, the Miño River passing through Ourense City, Spain. This study focuses on the trace element distribution in different fractions to gain insights into trace element enrichment. To assess enrichment, a context-specific approach was employed, based on the mean, the standard deviation of the estimated background, and the empirical rule, avoiding the pitfalls of general and arbitrary thresholds. Notably, the <0.063 mm and <2 mm fractions showed differential accumulation patterns. Both fractions serve to detect enrichments that can be indicative of contamination, but they measure different things, the maturity of sediments and postdepositional processes being key factors in understanding the sediment composition and enrichments. These findings also highlight the role of rock cavities, particularly those hosting permanent deposits, as traps for trace elements and their potential significance in assessing environmental enrichment. This work contributes to understanding sediment compositions and enrichment dynamics in bedrock rivers. It also underscores the significance of considering site-specific approaches for enrichment assessment and the necessity for further research to unravel the mechanisms driving differential accumulation within distinct depositional environments.
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1. Introduction


Bedrock rivers [1] carve their paths through solid rock formations, exhibiting distinctive morphological and hydrological characteristics. Bedrock rivers, formally defined as those where a significant portion of the land–river interface boundary consists of exposed bedrock [2], are characterized by a transport capacity within the channel that exceeds the quantity of sediment transported to the river [3]. Unlike alluvial rivers, bedrock rivers directly incise into the underlying bedrock, playing a pivotal role in shaping landscapes over geological timescales [4]. While most environmental studies on riverine geochemistry focus on alluvial rivers, where the channel bed and bank materials consist of loose unconsolidated sediments, the geochemistry of bedrock rivers remains relatively understudied.



Certain trace elements, such as Cu, Pb, or Sn, have been intimately associated with human activities since the dawn of civilization [5]. Particularly, the advent of industrialization and the mid-20th century’s “Great Acceleration” [6] has triggered an unprecedented release of trace elements into the environment. Despite the mitigation efforts through environmental protection policies and measures [7], these elements continue to pose potential risks to ecosystems and human health, often referred to as industrial metals [8], risk elements [9], or potentially toxic elements [10]. Elements like Cr, Cu, Hg, Ni, Pb, and Zn in the urban environment [11] are pivotal indicators for understanding human–nature relationships. Their study in urban effluents is critical for assessing water protection and waste management policies [12].



Environmental assessments of fluvial sediments often involve anthropogenic elements naturally present in the environment. To distinguish the natural and non-natural sources contributing to the sediment composition, differentiating geochemical signals [13] that may cause composition variability is imperative. Concerning natural contents (i.e., “amount-of-substance of a component divided by the mass of the system” [14]), it is widely acknowledged that the chemical composition of the source rock and the particle-size distribution significantly contribute to the natural variation in sediment composition [15], hindering the identification of human inputs.



To discern anthropogenic contributions, normalization is a common practice for minimizing the effects of natural variability in order to discern anthropogenic contributions [16]. Many authors concur that among the natural controlling factors influencing sediment content variability [16,17,18], particle size plays a pivotal role. To mitigate the particle-size effect, the separation of the fine fraction (particle size <0.063 mm) is the most common physical normalization method [19]. However, some researchers argue that size normalization through the exclusion of the fine fraction can introduce bias due to the omission of minerals that can substantially influence trace element sediment contents [3,9]. Some studies also report that fine-grained sediments from bedrock rivers have a limited influence on the trace element composition [3,20].



Numerous techniques have been developed for estimating background values [21] and identifying content values that significantly deviate from the natural reference (enrichments). With the aim of improving background estimation and achieving a more precise identification of enrichments, this study presents a comparative analysis between two commonly used particle-size fractions: the <2 mm fraction, containing sand, silt, and clays (gravels were excluded from samples), and the fine fraction (<0.063 mm). A site-specific investigation is conducted to discern the differences and similarities between these two fractions.




2. Materials and Methods


2.1. Surveyed Area


The Miño River (Minho in Portuguese) constitutes a major watercourse within the NW Iberian Massif, located in the Iberian Peninsula. Stretching over a length of 315 km, it flows through a drainage area encompassing approximately 17,619 km2 [22], alongside its principal tributary, the Sil River. Due to the importance of this tributary, it is often referred to as the Miño-Sil system or the Miño-Sil River. This system sustains an annual average flow of 340 m3 s−1 (from 2011 to 2019, [23]), ultimately discharging its waters into the Atlantic Ocean. The final 78 km of its course delineate the border between Spain and Portugal.



This study was conducted in a mid-urban stretch of the river as it courses through the town of Ourense in Spain, following an east–west direction. The study area encompasses a 2 km segment of a bedrock channel characterized by siliceous materials, predominantly consisting of alkaline granitoids, granodiorites, schists, and Quaternary deposits (old fluvial terraces) [24]. At this location, the river maintains an average elevation of 100 m a.s.l., a very gentle water mass gradient of 0.07%, and an annual average flow (2010–2019) of 244 m3 s−1 [23]. The annual total precipitation ranges between 500 and 1000 mm, with a pronounced decline in summer (2012–2020). The monthly average temperature varies from 5 to 25 °C, with an annual average of 15 °C (2011–2020 [25]).



Human activities have significantly transformed the surveyed river stretch, as shown in Figure 1. The municipality of Ourense falls under Eurostat’s classification [26] of “cities” (with at least 50% of the population residing in urban centers), according to the degree of urbanization (DEGURBA). Its immediate urban vicinity boasts a population density of approximately 1240 inhabitants per km2 [27]. Significant alterations relevant to this stretch are closely associated with dams that regulate water flow and alter base levels. Upstream, the Velle dam, constructed in 1966, has a capacity of 17 hm3. Downstream, the Castrelo de Miño dam, built in 1969, possesses a capacity of 60 hm3 [28]. Both dams are utilized for hydroelectric power generation. Additionally, the presence of bridges interconnecting urban zones, promenades, and structures, along with the area’s notable thermal springs, attracts both locals and tourists to thermal facilities.




2.2. Sample Collection and Processing


Sampling was conducted in two distinct campaigns. In the first campaign, a total of 12 samples were acquired from surface sediments (0–5 cm) confined within potholes and other rock cavities, hereafter referred to as POT samples. These cavities were strategically located along the riverbank in areas commonly submerged, and the sampling took place during a period of low flow in the summer season. In the subsequent campaign, a profile reaching a depth of 24 cm was collected from within a pothole (COR samples). This profile was subsequently divided into 2 cm intervals. The collected samples underwent oven drying at a temperature of 45 ± 5 °C until a constant weight was achieved. Following drying, the samples were subjected to sieving through 2 mm and 0.063 mm sieves to separate the <2 mm fraction (referred to as F2) and the <0.063 mm fraction (referred to as F63), respectively.




2.3. Determination of Sediment Composition


The samples were commissioned to the Center for Scientific-Technological Research Support (CACTI-UVigo), an ISO 9001-certified laboratory [31], for compositional analysis. The <2 mm fraction was analyzed using X-ray fluorescence, while the <0.063 mm fraction, due to its limited quantity, underwent analysis using optical emission inductively coupled plasma spectrometry (ICP-OES). The chosen target elements for the analysis included As, Cr, Cu, Ni, Pb, and Zn, as these elements are commonly associated with human activities. Additionally, Al, Ca, Fe, Rb, and Y were selected as reference elements. Aluminum and Fe were chosen as reference elements due to their widespread use [32]. Rb was recommended as a reference element for sediment normalization by [33]. Calcium was selected to represent minor constituents in source rocks, and Y was chosen based on its demonstrated effectiveness in previous studies involving the normalization of rare earth elements in the region [34]. However, an initial assessment of the data raised concerns regarding a significant non-natural enrichment of Fe, particularly in the core sediments within a pothole (up to 12% in the COR12 sample). Additionally, during the sampling process, the presence of red coloring attributed to iron-debris, i.e., construction and demolition waste dumped in the river in the past, was evident at the base of the cavity, indicating oxidation. Consequently, Fe was excluded as a reference element due to its potential to violate the requirement that reference elements should not be significantly affected by human sources [16].




2.4. Data Treatment


The compositional data analysis was conducted using Statgraphics Centurion 18 software (©Statgraphics Technologies, Inc., The Planins, VA, USA). In the initial exploratory data analysis, robust non-parametric methodologies were preferred. While a normal distribution is typically assumed for natural compositions, factors such as diverse lithologies or contamination can introduce deviations from normality. Therefore, non-parametric statistical techniques were deemed more suitable for the preliminary analysis. In this context, the Kruskal–Wallis test was employed to identify differences and similarities between subsets, and Tukey inner fences were utilized to identify outliers. Outliers were defined as values falling outside the range determined by Q1 − 1.5IQR to Q3 + 1.5IQR, where IQR represents the interquartile range between the first quartile (Q1, 25th percentile) and the third quartile (Q3, 75th percentile).



Parametric statistics were selectively applied only to subsets exhibiting confirmed normal distribution characteristics. For instance, least-squares simple regression was employed to model background functions. Background estimation involved the use of background functions [9,21], established by regressing the content of a specific target element (dependent variable, y-coordinate) against that of a reference element (independent variable, x-coordinate). Least-squares simple regression facilitated the calculation of the background as a linear function (BGf), as illustrated in Equation (1):


[TE]BG = a[RE] + b,



(1)




where [TE]BG represents the theoretical background content of a specific target element (TE) calculated based on the content of a reference element (RE), “a” denotes the slope of the function and “b” indicates the intercept. It is important to note that this approach was undertaken after confirming that deviations from normality within the dataset could be attributed to identifiable outliers (further details on this will be provided in the results section).



After deriving the background functions (BGfs), the subsequent assessment was conducted through enrichment factor (EF) analysis [35]. As the BGfs were computed using data from the study’s dataset and the reference element was obtained from the same study area, the term “local enrichment factor” (LEF) is employed here. The LEFs were calculated using Equation (2):


LEF = [TE]/[TE]BG = [TE]/(a[RE] + b),



(2)




where [TE] represents the measured content of the designated target element (TE).



The Local Enrichment Factor (LEF) is calculated for each sample and varies based on the content of the reference element (RE). Various criteria have been employed to define contamination. In this study, the assessment relies on the term “enrichment” (when measured values exceed expected levels), and thresholds are determined through the LEF, the empirical rule (one-tail normal distribution), and the average and relative standard deviation (RSD = SD/mean) of background samples (those involved in the background function). The empirical rule was selected because it is a statistical guideline that describes the approximate percentage of data values falling within certain standard deviation intervals of a normal distribution. This approach enables classification into four categories:




	
Background: LEFs below the threshold of 1 + RSD. Theoretically, any value within the normal mode (background) has an 84% probability of falling below this threshold (one-tail normal distribution). The probability of belonging to a different population (enrichment) is below 26%.



	
Negligible/Suspected Enrichment: LEFs ranging between 1 + RSD (84% probability) and 1 + 2RSD (97.5% probability). Values within this range have a 13.5% probability of belonging to the normal (background) mode, indicating an 86.5% potential for enrichment.



	
Probable Enrichment: LEFs between 1 + 2RSD and 1 + 3RSD. This range encompasses only 2.35% of the normal (background) mode, resulting in a 97.65% likelihood of being from a different population.



	
Secure Enrichment: LEFs exceeding 1 + 3RSD, a limit encompassing 99.85% of conceivable values within the normal (background) mode. Thus, the probability of any value exceeding this threshold and belonging to the background population is less than 0.15%.








Importantly, it is essential to emphasize that enrichment does not inherently indicate risk or harm; rather, it serves as a gauge of potential human-induced contributions to sediment composition, thereby facilitating functions such as contamination identification and tracing. Risk assessment lies beyond the scope of this study.





3. Results and Discussion


The surveyed area encompasses a bedrock river characterized by the prevalent exposure of boulders, cobble, and pebbles, which constitute widespread and dominant components of the sediment. During the sampling process, materials exceeding 5 cm in size were excluded. The remaining sediments underwent particle size analysis, revealing the following median distributions: 29.2% gravel (>2 mm), 47.6% sands (ranging between 2 and 0.063 mm), and 0.5% fines (<0.063 mm). It is noteworthy that the fine fraction was notably limited, accounting for 0.2% to 5.9% of the dry weight.



3.1. Preliminary Data Analysis


Table 1 provides a summarized overview of the elemental composition of the samples. The initial analysis focused on exploring similarities and disparities between the contents of the two analyzed fractions, namely, <2 mm (F2) and <0.063 mm (F63). This investigation employed two distinct methods to evaluate the similarities and differences within the datasets. First, an F-Test (ANOVA) was utilized to discern any significant disparities among the means, maintaining a 5% significance level. Concurrently, a Kruskal–Wallis test was employed to compare the medians with a 95% confidence level.



The results from both tests indicated that only As, Ni, and Zn exhibited statistically significant differences (p-value < 0.05) between the fractions. Notably, these differences suggest an enrichment trend within the fine fraction (F63), as depicted in Figure 2 and detailed in Table 1. While Cu and Pb displayed apparent differences in medians that also suggested enrichment within the fine fraction, no statistically significant differences were observed in these cases. It is worth highlighting that the element Cr appears to demonstrate a consistent presence regardless of the size-fraction.



Regarding data normality, it is worth noting that only Cr (within the F2 fraction), as well as Ni and Zn (in both the F2 and F63 fractions), exhibited standardized skewness and kurtosis values within the range of −2 to +2. An iterative process was employed, involving the removal of outliers according to Tukey’s inner fences, until no outliers remained within the dataset; the majority of samples remained (with a maximum of six outliers for As in the F2 fraction). In general, across all elements, the subset devoid of outliers displayed standardized skewness and kurtosis well within the range consistent with a normal distribution (+2 to −2). There were only two exceptions with slightly elevated standardized skewness values, namely, As (within F63), with a value of 2.1, and Cu (within F2), with a value of 2.2. Overall, it can be inferred that the majority of the data adhered to a normal distribution, with departures from normality attributed to a limited number of easily identifiable instances.




3.2. Estimation of the Background


Assuming a normal distribution of background contents for target elements (as estimated by the subset devoid of outliers), background functions were computed using iterative least-squares regression. This process involved regressing the target element (dependent variable) against a specific reference element (independent variable) iteratively. Unusual residuals (Studentized residuals greater than 2) were progressively excluded in each iteration, repeating until no such unusual residuals remained within the model. The selection of background functions was based on the following criteria: (i) a correlation coefficient (R) greater than 0.5, (ii) the presence of a number of samples within the regression model (after the iterative removal of unusual residuals) exceeding 50% of the dataset, and (iii) the scrutiny of bi-plots (TE vs. RE) to avoid spurious correlations [15].



Figure 3 illustrates graphical representations of selected examples from the iterative least squares correlation outputs. The complete analysis, along with the database, has been included as supplementary material. It is crucial to exercise caution when employing this approach for background estimation, as highlighted in previous research [13]. Specifically, Figure 3D provides a clear example, where the correlation between Cr (dependent variable) and Rb (independent variable) displays a respectable correlation coefficient of 0.722 and a reasonable number of samples (14, equivalent to 58% of the dataset). However, the distribution depicted in the plot exhibits characteristics that could be interpreted as bi-modal or indicative of the summation of two distinct populations. Consequently, this observation raises questions about the validity of using least squares regression, which assumes data normality. The resulting background functions derived from this methodology are detailed in Table 2.



The background function serves as an empirical representation of the potential background that each sample can exhibit based on its association with a reference element. Furthermore, the background content can be estimated from the samples included in the regression. Thus, the background population can be statistically characterized by its mean and standard deviation (SD), as detailed in Table 2.



The sediment samples under study generally exhibit elevated contents compared to various references (Table 1) on a global scale (UCC, [36]), in regional contexts (Galician sedimentary soils, [38]), and even in comparison with the composition of local granites [37]. This disparity is particularly pronounced in the <0.063 fraction, as expected due to the fine fraction’s tendency to concentrate trace elements. An exception is observed with Cr, where the estimated background contents remain consistent across fractions (Table 1), resembling the contents found in Galician sedimentary soils and local granites and falling below the global reference of the upper continental crust.



The presence of granitic rock formations, along with associated mineralization (often associated with granitic rock formations), and the influence of regional geological structures such as faults and folds could potentially create favorable conditions for the concentration of trace elements. Additionally, it is essential to acknowledge that the samples originate from potholes and other rock cavities, which experience inundation during the wet season and subsequent evaporation in the summer. This phenomenon can facilitate the precipitation of dissolved solids and the development of authigenic secondary minerals like Fe and Mn oxyhydroxides, capable of capturing trace elements [39]. It is also prudent to consider the impact of the region’s geothermal activity and hydrothermal systems, which may contribute to the occurrence of these elements [40]. The surveyed urban stretch of the Miño River in this study has reported up to 39 thermal springs [41]. Furthermore, prior investigations have identified the enrichment of actinoids (particularly Th) in sediments, potentially linked to hydrothermal activity in the area [42]. It is essential to emphasize that this assessment remains speculative in nature, and further research is warranted to unravel the true controlling factors and their impact on sediment composition.




3.3. Thresholds


When evaluating the significance of enrichment factors, it is common to apply a classification scheme to distinguish between enrichment and background levels. Various researchers have proposed distinct classification criteria for this purpose.



For instance, Hakanson [43] introduced a classification for contamination factors (Cf), consisting of four levels: Cf <1 indicating low contamination, 1 ≤ Cf < 3 reflecting moderate contamination, 3 ≤ Cf < 6 representing considerable contamination, and Cf ≥6 signifying very high contamination. Yongming et al. [44] established a classification with five levels for enrichment factors (EF): EF <2 denoting deficiency to minimal enrichment, 2 ≤ EF < 5 indicating moderate enrichment, 5 ≤ EF < 20 representing significant enrichment, 20 ≤ EF < 40 reflecting very high enrichment, and EF >40 characterizing extremely high enrichment. Mora et al. [45] simplified Hakanson’s criterion [43] for normalized enrichment factors (NEFs), categorizing as follows: NEF ≤2 suggests negligible to low contamination, 2 < NEF ≤ 3 denotes moderate contamination, and NEF >3 indicates certain to severe contamination. More recently, Li et al. [46] introduced a classification with six levels: EF <1.5 signifies no enrichment, 1.5 ≤ EF < 2 suggests slight enrichment, 2 ≤ EF < 5 indicates moderate enrichment, 5 ≤ EF < 20 reflects severe enrichment, 20 ≤ EF < 40 denotes highly severe enrichment, and EF ≥40 characterizes extremely severe enrichment. Birch [35] also proposed a six-level classification scheme: EF <1.5 for no enrichment, 1.5 < EF < 3.0 for slight enrichment, 3.0 < EF < 5.0 for moderate enrichment, 5.0 < EF < 10 for substantial enrichment, 10 < EF < 25 for high enrichment, and EF >25 for severe enrichment.



The application of automatic arbitrary thresholds for the environmental assessment of enrichment factors has its limitations. A lack of uniform criteria can lead to a variability of outcomes when utilizing the same dataset [35]. Furthermore, these criteria often generalize and do not account for the unique characteristics of the studied area. Matys Grygar and Popelka [9] propose considering percentiles or thresholds derived from the uncertainty of regression, addressing the need for a more tailored approach.



Another common error is equating enrichment with contamination, despite their non-synonymous nature. An example from a previous study in the Artabro Gulf [47] demonstrated elevated Cr, Ni, and V contents in a small river draining into the gulf, attributed to local lithology rather than contamination. This underscores the importance of distinct environmental assessments post-enrichment assessment in order to differentiate between enrichment and contamination.



Acknowledging that the background constitutes a population exhibiting inherent variability [48] and that enrichments manifest as significant deviations from this norm, this study adopted the perspective that enrichment assessment should be rooted in the natural variability of contents, functioning as an estimation technique grounded in statistics [49]. As detailed in the materials and methods section, the established criterion (as presented in Table 3) incorporates the mean, its associated uncertainty (relative standard deviation), and the empirical rule. Thresholds were determined individually for each target element and sample fraction, in accordance with Matys Grygar and Popelka’s suggestion [9]. This approach aims to offer a more refined and statistically justified method for enrichment assessment, acknowledging the context-specific nature of environmental conditions.




3.4. Enrichment Assessment


The calculated thresholds have been visually represented in Figure 4 using a color-coded scheme. Among the elements, those exhibiting a higher frequency of secure enrichment (1 + 3SD) in the F2 fraction include As (5/24 samples), Cu (4/24), and Pb (4/24), while Cr (2/24), Ni, and Zn did not surpass the secure enrichment threshold. In the F63 fraction, the decreasing frequency of secure enrichment is as follows: As (6/24), Ni (3/24), Cr (2/24), Cu (1/24), and Pb (1/24), with Zn lacking LEFs within this range. The majority of COR samples show enrichment in As, Cu, and Pb, indicating an accumulation trend in sediments deposited in this pothole. However, there is not a consistent correspondence between the enrichments in the F2 and F63 fractions. For instance, in the COR11 sample, the LEF for As in the F2 fraction is 76 (secure enrichment), while in the F63 fraction, it stands at 1.0 (background). The elevated As content can be attributed to absorption on Fe-oxides [50] resulting from the weathering of observed Fe-debris. Conversely, in the POT05 sample, the LEF for Ni in the F2 fraction is lower (0.9, background) than that in the F63 fraction (1.9, secure enrichment).



When evaluating the overall distribution of LEFs, two distinct patterns of enrichment emerge: discrepancies between fractions and variations between microenvironments of deposition. This observation underscores the complexity of the enrichment processes at play, highlighting the need for a nuanced interpretation.



Differences in enrichment patterns between fractions are evident, with elements such as As, Cu, and Pb displaying more pronounced enrichment in the F2 fraction, while Cr and Ni exhibit higher enrichment in the F63 fraction. Several factors may contribute to these distinctions. First, the association of Pb with feldspar (orthoclase), as well as the connection of Ni and Zn with micas in granites [9], implies that the erosion of minerals from the bedrock could lead to varied accumulation patterns in different sediment fractions, given the bedrock nature of the surveyed area. Second, post-depositional processes play a role, as Birch [51] suggests that the fine fraction (F63) may exclude elements linked to oxides and oxyhydroxides, which are more prominent in the coarse fraction (F2). Additionally, Miller et al. [3] reported contaminant trace element enrichment downstream of cascades in the bedrock-dominated South Fork New River (USA), attributing this phenomenon to the formation of Fe and Mn oxyhydroxides facilitated by aeration due to turbulent flow.



Regarding different depositional microenvironments, two distinct scenarios emerge: (i) the presence of thick surface sediments confined within shallow rock cavities, likely removed and replenished annually during flood events, and (ii) permanent deposits lodged within deep rock cavities, such as potholes. The cyclical interplay of flooding triggered by rising river levels in the wet season and subsequent evaporation during the summer could potentially account for the heightened LEFs of As, Cu, and Pb observed in the COR samples. This pronounced enrichment within the lowest layer (COR12) of the sediments ensnared within a pothole lends credence to the notion of trace element accumulation facilitated by secondary depositional mechanisms, such as precipitation resulting from evaporation during the dry season. Thus, there is a hypothesis that rock cavities, particularly those capable of retaining permanent deposits like potholes exceeding 20 cm in depth [52], could potentially function as traps for trace elements. However, the underlying causes for the elevated LEFs of Cr and Ni in shallow surface sediments, particularly within the F63 fraction, remain enigmatic. Notably, these two elements did not exhibit a consistent pattern in a preliminary investigation conducted in a small river within the same geographical region [53]. The differential accumulation patterns within distinct depositional environments warrant further comprehensive investigation to fully comprehend the underlying dynamics.





4. Conclusions


In this study, an investigation into the sediment composition, enrichment factors, and patterns of enrichment in a middle urban reach of a bedrock river (Miño River passing through the Town of Ourense, Spain) was conducted. By comprehensively analyzing samples collected from different fractions and depositional microenvironments, valuable insights were gained into the distribution and enrichment of trace elements in the sediments.



This study is rooted in the concept of the “simple general case” [49], which assumes the presence of two overlapping populations. The results revealed the existence of a predominant background population that facilitated background estimation, alongside several extreme values classified as enrichments, which may indicate potential contamination. It is important to note the limitations inherent in the scope of this study, which mean that the outcomes and methodologies should not be directly extrapolated to different regions or broader geographical contexts. Nevertheless, the significance of this study at a specific reach scale is emphasized as it mitigates the complexity of natural variation arising from lithological differences.



The results uncovered notable differences in the element contents between the fractions. This enrichment was not consistent across elements, underscoring the multifaceted factors contributing to the observed patterns. Generally, the fine fraction exhibited a tendency to accumulate higher natural contents of trace elements. However, the most pronounced enrichment factors were observed in the coarser <2 mm fraction. Overall, the findings suggest that both fractions have the capacity to detect and quantify enrichment that may indicate human influence.



It was established that enrichment patterns varied not only between fractions but also within different depositional microenvironments. Rock cavities such as potholes, serving as both temporary and permanent sediment traps, displayed distinctive enrichment signatures, implying the influence of local hydrological and geochemical dynamics. Rock cavities harboring permanent deposits appeared to function as sediment traps, accumulating trace elements. Nevertheless, it is crucial to acknowledge that this study’s findings are confined to a single case. Further research is imperative to gain a comprehensive understanding of accumulation dynamics within rock cavities.



The assessment of enrichment was carried out with meticulous consideration of the natural variability of element contents and adherence to statistical rigor. The limitations associated with the use of arbitrary thresholds for enrichment assessment were duly recognized. Instead, this study opted for a context-specific approach reliant on the mean, the standard deviation, and the empirical rule. This approach was selected to provide a more precise representation of enrichment trends aligned with the unique characteristics of the study area.



This research contributes significantly to an enhanced comprehension of the sediment composition and enrichment patterns in bedrock rivers, illuminating the complexities of element distribution and accumulation in various fractions and depositional microenvironments. The findings underscore the necessity for site-specific approaches to enrichment assessment, transcending generic thresholds. Further investigation is warranted for unravelling the underlying mechanisms governing differential accumulation patterns within distinct depositional environments.
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Figure 1. Geographic map displaying the surveyed river reach, delineating sampling points: (a) the survey area in the European context, (b) the sampling site in the Miño River watershed, (c) detail of the study site and its urban surroundings, (d) zoom of the COR sampling site. Orthophoto sourced from PNOA (Instituto Geográfico Nacional de España, ©IGN), with reference vector layers from HydroRIVERS [29] and HydroBASINS [30]. 
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Figure 2. The box and whisker plots depict the distribution of data for the six target elements analyzed in the study, categorized by the particle-size fraction: <2 mm (F2) and <0.063 mm (F63). Additional boxes for Cu and Pb represent zoomed-in sections. The plot provides insights into the variability and central tendencies of the element contents within each fraction. 
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Figure 3. Exemplary outcomes of the (iterative) least squares regression process. Panels (A,B) illustrate successful regression results, while Panels (C,D) depict unsatisfactory outputs. 
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Figure 4. Calculated enrichment factors for the analyzed samples, distinguished by fraction (<2 mm—f2 and <0.063 mm—f63). The chosen reference element for each target element and particle-size fraction is indicated in parentheses. Enrichment levels are represented using a color code. 
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Table 1. Median contents of target elements in the studied samples differentiated the composition of the <2 mm (F2) and <0.063 mm (F63) fractions. Data in mg kg−1. Some references are also provided for comparison: composition of the Upper Continental Crust (UCC [36]), composition of local granites (Granites, min–max [37]), and composition of Galician sedimentary soils (GZsoils, average ± standard deviation [38]).
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	As
	Cr
	Cu
	Ni
	Pb
	Zn





	F2
	40.8 1
	28.2
	48.4
	23.3 1
	50.3
	91.7 1



	F63
	178.0 1
	26.5
	88.4
	125.5 1
	107.2
	331.9 1



	UCC
	4.8
	92
	28
	47
	17
	67



	Granites
	2.0–6.1
	4.6–19.2
	4.6–7.6
	-
	-
	75–140



	GZsoils
	14.8 ± 12.3
	22.9 ± 12.0
	14.7 ± 11.0
	29.2 ± 16.3
	21.0 ± 3.5
	48.3 ± 22.8







1 Indicates a statistically significant difference between medians with a 95% confidence level (Kruskal–Wallis test).













 





Table 2. Selected Regression Equations (BG Functions) Representing Background in the Form of a Line (general formula: y = ax + b). Regressions were performed on two size-fractions studied: the <2 mm fraction (F2) and the <0.063 mm fraction (F63). The equations below depict the regression models, with “n” representing the number of samples involved in the regression after removing unusual residuals (expressed as a percentage in relation to the total number of samples, indicated within brackets). “R” denotes the correlation coefficient. Additionally, the table includes the mean content and standard deviation (SD) of the samples involved in the regression model.
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	BG Function 1
	n
	R
	Mean 2
	SD 2 (RSD) 3





	As (F2)
	AsBG = 585[Ca] − 74
	16 (70%)
	0.758
	34.3
	23.8 (0.69)



	Cr (F2)
	CrBG = 1.40[Y] − 0.68
	14 (58%)
	0.913
	23.3
	12.1 (0.52)



	Cu (F2)
	CuBG = 32.6[Al] − 136.0
	17 (71%)
	0.688
	47.3
	25.8 (0.55)



	Ni (F2)
	NiBG = 0.36[Y] + 17.32
	20 (83%)
	0.825
	23.9
	3.5 (0.15)



	Pb (F2)
	PbBG = 324[Ca] − 11
	18 (75%)
	0.746
	46.7
	14.4 (0.31)



	Zn (F2)
	ZnBG = 964[Ca] − 70
	20 (83%)
	0.764
	100.0
	39.8 (0.40)



	As (F63)
	AsBG = 199[Al] − 216
	13 (54%)
	0.856
	79.0
	65.5 (0.83)



	Cr (F63)
	CrBG = −7.26[Al] + 38.64
	19 (79%)
	−0.601
	26.7
	3.2 (0.12)



	Cu (F63)
	CuBG = 91.1[Al] − 59.4
	20 (83%)
	0.652
	83.3
	38.1 (0.46)



	Ni (F63)
	NiBG = 5.91[Y] − 13.52
	14 (58%)
	0.977
	102.3
	27.3 (0.27)



	Pb (F63)
	PbBG = 141[Al] − 134
	18 (75%)
	0.815
	86.2
	47.8 (0.55)



	Zn (F63)
	ZnBG = 641[Ca] + 121
	20 (83%)
	0.736
	331.7
	59.5 (0.18)







1 TEBG stands for the empirical background content of each trace element (TE). [RE] is the measured content of each reference element (RE), Contents were considered in mg kg−1 for Rb and Y and in % for Al and Ca. 2 Content units are expressed in mg kg−1. 3 RSD is the relative standard deviation (SD/mean) expressed as a ratio of one.













 





Table 3. Estimated enrichment thresholds for each target element and particle-size fraction.
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F2

	
F63

	

	

	
F2

	
F63






	
As

	
1 + RSD (84%)

	
1.69

	
1.83

	
Ni

	
1 + RSD (84%)

	
1.15

	
1.27




	
1 + 2RSD (97.5%)

	
2.38

	
2.66

	
1 + 2RSD (97.5%)

	
1.30

	
1.54




	
1 + 3RSD (99.85%)

	
3.07

	
3.49

	
1 + 3RSD (99.85%)

	
1.45

	
1.81




	
Cr

	
1 + RSD (84%)

	
1.52

	
1.12

	
Pb

	
1 + RSD (84%)

	
1.31

	
1.55




	
1 + 2RSD (97.5%)

	
2.04

	
1.24

	
1 + 2RSD (97.5%)

	
1.62

	
2.10




	
1 + 3RSD (99.85%)

	
2.56

	
1.36

	
1 + 3RSD (99.85%)

	
1.93

	
2.65




	
Cu

	
1 + RSD (84%)

	
1.55

	
1.46

	
Zn

	
1 + RSD (84%)

	
1.40

	
1.18




	
1 + 2RSD (97.5%)

	
2.10

	
1.92

	
1 + 2RSD (97.5%)

	
1.80

	
1.36




	
1 + 3RSD (99.85%)

	
2.65

	
2.38

	
1 + 3RSD (99.85%)

	
2.20

	
1.54
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