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Intense land use, driven by mining and agriculture, promotes the dispersal of elements, including potentially toxic ones (PTEs). This dispersal significantly enhances element concentrations in soils, sediments, and water bodies, thereby altering the natural background values of the environment. The objective of this paper is to employ geochemical mapping alongside multivariate statistical methods to establish the baseline values for the Mining Zinc District situated at the boundary of the São Francisco Craton and Brasília Belt. This will facilitate the assessment of spatial variability and determination of reference values for element concentrations in sediment samples, enabling the differentiation between natural and anthropogenic sources of potentially toxic elements. A geochemical database of 1853 sediment samples were assembled from the São Francisco and Paranaíba watersheds for subsequent ICP-OES and ICP-MS analysis. The baseline values were assessed through 3 distinct methods, while the Factor Analysis was employed as a multivariate statistical technique. The findings reveal that the baseline concentrations of Ni (415 mg.kg−1), Cr (137 mg.kg−1), and Co (106 mg.kg−1) were higher than the Investigation Values of CONAMA Resolution n°454/2012. The factor analysis found 6 main factors that explain 75.1% of the total system variance. It also found 8 major geochemical links between these factors: (1) Al, Cs, Ga, Sn, and V; (2) Co, Mg, Ni, and Zn; (3) Cr, Ni, and V; (4) Cs, K, and Rb; (5) As, and Fe; (6) Cd, Pb, and Zn; (7) LREE, Th, and U; and (8) Ba, P, and Sr.
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1 INTRODUCTION
The Vazante Zinc District is a region of complex geological substratum and economic importance (Almeida, 1981; Dardenne et al., 1997; Dardenne, 2000). Its geology is marked by a world-class hypogene zinc silicate deposit, significant sedimentary phosphate resources (Rocinha and Lagamar), and occurrences of high potassium-rich “verdete” rocks (Dardenne, 2000; Monteiro, 2002; Moreira, 2015). The area also hosts over 200 kimberlite/lamproite bodies and the prominent Serra Negra ultramafic alkaline intrusion, which exhibits TiO2 content as high as 34% (Pereira and Fuck, 2005; Pinho et al., 2017). Despite the rich geological context and economy driven by mineral resources, this region has considerable expansion of agricultural business, which constitutes 16.2% of total production and contributes over 4% to the gross domestic product of Minas Gerais state (João Pinheiro, 2019). All those features make this region an important economic pole of Minas Gerais State and, by extension, the Brazilian economy.
The confluence of intensive land use and complex geology creates a significant environmental challenge. These activities primarily affect the environment by dispersing elements, particularly potentially toxic elements, which increase concentrations in soils, sediments, surface water, and groundwater, thereby changing the natural values of the environment (Almeida et al., 2024; Dellamatrice and Monteiro, 2014; Felix et al., 2007; Medeiros Filho et al., 2025; Ribeiro et al., 2007). Consequently, comprehending the geochemical baseline of a specific region is essential for elucidating the geochemical processes that affect land management, especially in areas with significant anthropogenic influence (Almeida et al., 2024; Buccianti et al., 2008; Carranza, 2011; Cheng, 2007; Medeiros Filho et al., 2025; Meloni et al., 2025; Niu et al., 2024; Thornton et al., 2008).
Previous geochemical baseline and background studies typically treat a geologically diverse region as a single unit (Albanese et al., 2007; Meloni et al., 2025; Niu et al., 2024; Salomão et al., 2021; de Vicq et al., 2015), while these works provide valuable geological context, they often lack the detailed, multi-element approach and the robust statistical analysis required to establish a comprehensive geochemical baseline. Also, Brazilian legislation such as CONAMA resolutions 420/2019 (Brasil, 2009), propose that each state define their own Quality Reference Values (QRVs), but they are often defined broadly for an entire state. They do not account for the specific geological and geochemical characteristics of each region, particularly those within a metallogenetic province. The state of Minas Gerais has a vast geological diversity and hosts different mineral deposits. In such environments, the natural concentrations of elements like iron, manganese, chromium, nickel, and cobalt can be naturally elevated due to background geology.
Using a single reference value for the entire state, without considering parental geology, could lead to a misinterpretation, classifying naturally enriched areas as contaminated. A single, area-wide baseline is insufficient in such a setting, as it fails to account for the natural geochemical variability imposed by the distinct underlying lithologies. Specifically, a dedicated study aimed at systematically differentiating the complex geogenic signatures from emerging anthropogenic inputs in the stream sediments of the Vazante District has not yet been undertaken. This knowledge gap, particularly the absence of lithology-controlled baseline values, hinders the development of locally adapted environmental quality standards and effective land management strategies.
To address this challenge, this study employs a methodology that refines the traditional approach by integrating geochemical mapping with two critical components: the application of multivariate statistical analysis and the establishment of lithology-specific baselines. While traditional univariate maps display the distribution of single elements, multivariate techniques like factor analysis can process large, complex datasets to reduce dimensionality and reveal underlying geochemical processes (Albanese et al., 2007; Çavdar et al., 2025; Darnley, 1995; Darnley and Garrett, 1990; Eduardo et al., 2023; Gałuszka, 2007; Jean-Lavenir et al., 2025; Sahoo et al., 2020; Sahoo et al., 2020; Silva-Filho et al., 2014). This approach is crucial for identifying elemental associations and recognizing distinct geochemical patterns from natural, anthropogenic, or mixed sources, which are often undetectable through conventional interpretation (Boente et al., 2018; Buccianti and Grunsky, 2014; Caritat et al., 2018; Liu et al., 2016; Petrik et al., 2017; Talebi et al., 2018).
The establishment of a geochemical baseline of elements has brought attention to their applicability and importance across multiple fields of knowledge, ranging from geological research for mineral exploration and as a guide for those creating environmental policies. Geochemical baseline studies were intensified in the last decades due to a global environmental awareness enhancement and the reinforcement of sustainable principles (Albanese et al., 2007; Almeida et al., 2024; Meloni et al., 2025; Niu et al., 2024; Salomão et al., 2019; 2021; de Vicq et al., 2015). Therefore, the primary objectives of this study are: (1) determine the distribution and behavior of Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu Fe, Ga, Ge, Hf, Hg, In, K, La, Li, ∑LREE, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta, Te, Th, Ti, U, V, W, Y, Zn and Zr in stream sediments of Vazante zinc disctrict using geochemical mapping; (2) employ multivariate analysis to identify the main geochemical associations; (3) establish lithology-specific geochemical baseline ranges for a suite of elements in stream sediments of the study area. This will provide an extensive understanding of the main geological and geochemical processes within a relevant mineral province.
2 STUDY AREA
The Vazante Belt is a structure situated at de southern border of the Brasília Belt, within the context of a collisional Neoproterozoic orogeny located at the western border of the São Francisco Craton (Almeida, 1981; Dardenne et al., 1997; Dardenne, 2000) (Figure 1). This region possesses a notable geotectonic context due to its rich lithological and structural geology (Figure 2). The Vazante Zinc District has a world-class hypogene zinc silicate deposit hosted in dolomitic rocks (Monteiro, 2002). Also, the Rocinha (415 Mt resource, 10%–15% P2O5) and Lagamar (5 Mt resource, 30%–35% P2O5) sedimentary phosphate deposits (fluorapatite) in the Serra de Santa Helena Formation (Bambuí Group) are also worth noteworthy (Dardenne, 2000; Slezak et al., 2013).
[image: Land cover and use maps of a region in Brazil are shown with two panels, labeled B and C. The maps display various land cover types using different colors: forest, non-forest natural formation, forest plantation, water, pastureland, mosaic of different uses, mining, urban areas, and agriculture such as soybean, coffee, and other crops. Black dots indicate stream sediment sampling sites. A small inset map in the top left shows the region's location in Brazil. Major areas like Vazante, Patos de Minas, and Lagoa Grande are labeled.]FIGURE 1 | Location map of the study area (A), overlaid by the land cover and land use classes in 1985 (B) and 2017 (C). Source: (Souza et al., 2020).[image: Geological map of a region in Brazil. Section A shows a small locator map with São Francisco Craton and Tocantins Province highlighted. Section B details the region's lithostratigraphic and mineral resource distribution. Colored areas represent different sedimentary and geological formations, with symbols denoting types of mineral resources such as iron (Fe), zinc (Zn), lead (Pb), and copper (Cu). A legend explains cartographic conventions and resource symbols, while a scale bar and compass rose provide orientation and scale information.]FIGURE 2 | Geotectonically location (A) and geological map (B) of the study area. Source: (Silva et al., 2020).The study area is composed by 6 main lithological unities: (a) Araxá Group, (b) remobilized bedrock); (b) the Outer Zone of the Brasília Belt (Canastra and Ibiá groups); and (c) the São Francisco Craton Zone (Bambuí and Vazante groups) (Uhlein et al., 2012). The allochthonous unit of the Araxá Group consists of gneisses, mica schists, quartzites, and green schists, exhibiting features of ophiolitic mélange, including serpentinites and podiform chromite lenses derived from oceanic crust and upper mantle. The tectonic nappes of metasedimentary rocks on top of the amphibolite facies of the Araxá Group show that inverted metamorphism has happened in the IZ zone. These are subsequently located over the Bambuí Group, which exhibits a low degree of metamorphism (Caby et al., 1991; Uhlein et al., 2012). The Canastra Group consists of carbonaceous phyllites, quartzites and phyllites/schists occasionally severely deformed and exhibits metamorphism up to green schist facies. In contrast the Ibiá Group is composed of metadiamictites and schists (Dias et al., 2018; Uhlein et al., 2012).
The Bambuí Group exhibit amphibolite facies and are partially influenced by Neoproterozoic formation (Dias et al., 2018; Uhlein et al., 2012), also this unit presents small occurrences of “verdete” (high potassic content rocks), which reach about 9.65% of K2O (Moreira, 2015). There are also more than 200 kimberlites and lamproites bodies in the southern and southwestern parts of the area. These are mostly hosted by the Ibiá and Canastra groups, and the Serra Negra (ultramafic alkaline intrusion) with TiO2 levels of about 34% (Pinho et al., 2017).
3 MATERIALS AND METHODS
3.1 Geochemical dataset, sampling, and analytical methods
As a first methodological step, 1,835 samples of bottom sediment were collected from active stream channels by accredited laboratory SGS Geosol® and the Geological Survey of Brazil (SGB/CPRM) as part of the project Geologia e Recursos Minerais das Folhas: Cabeceira Grande, Unaí, Ribeirão Arrojado, Serra da Aldeia, Serra da Tiririca, Paracatu, Guarda-Mor, Arrenegado, Coromandel, Lagamar, Monte Carmelo e Patos de Minas (Pinho et al., 2017). All sample collection, preservation, packaging and analysis protocols were carried out based on the standards published in the 23rd edition of the Standard Methods for Examination of Water and Wastewater of the American Public Health Association (APHA - American Public Health Association, 2017).
Sediment samples were collected as a composite, consisting of 5–10 portions taken along a 50 m rectilinear transect and at a maximum depth of 1 m of the stream channel. All samples were collected with non-metal tools and pre-sieved using a 2 mm nylon strainer. After collection the samples were placed into transparent, and unprinted polyethylene plastic bags. Each bag was then sealed and clearly labeled with a unique identification code. The samples were placed in insulated containers with ice to maintain a temperature of approximately 4 °C and then were transported to the laboratory within the required holding time. The sediment samples were dried at 60 °C and sieved through 80 mesh (<0.175 mm) aperture sieves to access the granulometric range between fine-grained weathering products and coarse-fine fraction minerals as the elemental concentration within the silt and clay fractions of the sediment (Marques et al., 2023; Garrett, 2019; Rose et al., 1979).
For elemental determination, a 0.5 g aliquot of the pulverized material was subjected to a “pseudo-total” digestion with 3 mL of aqua regia (prepared in a 3:1 ratio of concentrated HCl to HNO3). Following digestion, the extracts were diluted to a final volume of 10 mL with deionized water, and filtered for analysis via ICP-OES for major elements and ICP-MS for trace elements (Pinho et al., 2017). The use of two different spectrometric techniques is based on the distinct concentration ranges and characteristics of the target elements. Therefore, the combined use of ICP-OES and ICP-MS is not redundant but rather a strategic approach to optimize accuracy, working range, and cost-effectiveness, ensuring reliable results for both major and trace elements. A total of 50 chemical elements has been analyzed such as: Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu Fe, Ga, Ge, Hf, Hg, In, K, La, Li, ∑LREE, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta, Te, Th, Ti, U, V, W, Y, Zn and Zr.
The stream sediment samples were used to represent the average geochemical composition of all scattered material uphill of the sample collection site and to elucidate the main sources influencing the variety of components within the samples (Darnley, 1995). The accuracy and precision of the analytical procedure were validated through the analysis of replicates of the Certified Reference Material (CRM) OREAS 046 and 047, from ORE RESEARCH & EXPLORATION P/L. Each batch included three control samples: duplicates, replicates, and standard reference materials (SRMs). To investigate elemental variability, about 50 duplicate samples were collected from different locations. These duplicates were then subsampled to create replicated analytical samples, allowing them to assess the variations within both the sampling site and the individual sample. Also, blank samples were used to identify and measure any contamination that may be introduced during the analytical process, from sample collection to laboratory analysis.
3.2 Statistical analysis
The geochemical dataset was preprocessed utilizing Statistica (StatSoft), Microsoft Excel, and CoDaPack (Comas and Thio-Henestrosa, 2011). Robust statistics were applied including univariate and multivariate techniques to reduce dimension, identify major geochemistry trends, and investigate the natural sources of contamination and probable human influence on extreme concentrations of potentially toxic elements in the riverine environment (Grunsky, 2010; Reimann et al., 2002; Reimann et al., 2008). The use of these statistical methods allows the investigation of structures, trends, and associations of the elements studied, helping to understand the geological, physical, and anthropogenic processes that control the sediment geochemistry (Carranza, 2009; 2011; Filzmoser et al., 2009; Filzmoser et al., 2012; Grunsky, 2010; Lapworth et al., 2012; Reimann et al., 2002; Reimann et al., 2008).
3.2.1 Exploratory data analysis
The application of summary statistics, boxplots and normality test constitutes the initial phase of exploratory data analysis, intended to identify predominant trends and structures within data sets (Grunsky, 2010). Fifty elements from stream sediment samples in study area were utilized for univariate statistics in this step. However, Au, B, Ge, In, Na, Re, S, Se, Ta, Te, and Ti were excluded for further multivariate statistical analyses and baseline establishment due to their failure to meet the requisite for detection levels of <30% of censored data (Marques et al., 2023). For parameters undergoing further analysis, we regard the ND value as half of the quantification limit of the analytical method (Sanford et al., 1993).
The Shapiro-Wilk test was conducted at a significance level of 0.05 to evaluate the normality of both raw and log-transformed datasets. In every instance, the results were below significance, confirming that geochemical data have a non-normal distribution due to multiple populations (Grunsky, 2010; Lapworth et al., 2012; Reimann et al., 2008).
Spearman’s correlation (Spearman, 1904) estimates the link between two variables, yielding values between −1 and 1 that indicate the degree of association between them. Utilizing bivariate statistics enables the construction of a correlation matrix to elucidate the probable geochemical associations and provide insights into the elemental groups constituting the principal contributors in the multivariate phase (Reimann et al., 2008). Utilizing Spearman’s correlation (Spearman, 1904), we can identify clusters of geochemical affinities by assessing the degree of link among each element and all others. Moreover, the methodology is crucial for utilizing multivariate statistics, hence improving the elucidation of system variance. Specific properties associated with geological processes can be delineated by identifying the principal correlations among the sampled components.
3.2.2 Factor analysis
Factor analysis is a multivariate statistical technique for interpreting complex geochemical datasets by reducing the dimensionality, transforming many correlated elemental concentration variables into a smaller set (Carranza, 2011; Marques et al., 2023; Reimann et al., 2002; Reimann et al., 2008; Saadati et al., 2020). This simplifies the multivariate data and reveals underlying geochemical processes or associations that are often not apparent from univariate analysis. In stream sediment analysis, these factors can represent distinct geological influences such as the presence of specific mineral types, weathering processes, or anthropogenic contamination, allowing for a more robust interpretation of the data’s spatial patterns.
Factor analysis (FA) were applied as a multivariate method to reduce dimensionality and achieve a better interpretation of the main geochemical associations in stream sediments. The compositional data of stream sediments must be first transformed to avoid the closure effect and the incidence of spurious correlations, as the factor analysis relies on the covariance matrix (Grunsky and de Caritat, 2017; Grunsky and Caritat, 2020). For this purpose, the Center log-ratio (CLR) transformation is applied to achieve a multivariate normal distribution, thereby preventing the non-normality of geochemical data from impacting the covariance matrix (Aitchison, 1982; Aitchison et al., 2000; Reimann et al., 2008). The CLR transformation was applied using the equation that represents the logarithmic ratios for each component based on the geometric mean of all components. Then factor analysis was conducted using the principal component extraction approach and the varimax orthogonal rotation method to enhance result interpretation by simplifying the modified data matrix (Kaiser, 1958). The application required the utilization of the statistical method based on the Kaiser criterion (1958), which considers eigenvalues over 1 as significant.
3.2.3 Baseline values
The geochemical baseline methods are employed to evaluate the baseline values (BV) for 20 elements in the study region, including Al, Ca, Fe, K, Mg, Mn, P, As, Ba, Cd, Co, Cr, Cu, Light Rare Earth Elements (LREE), Ni, Pb, Th, U, V, and Zn (Table 1). The baseline was determined using the median ±2 × median absolute deviation (mMad), Tukey’s Inner Fence (TIF), and percentile-based (90th percentile). The baseline will be represented by concentration ranges encompassing both the upper and lower limits, as delineated by various authors (Gałuszka, 2007; Gałuszka et al., 2013; 2015; Licht, 2020; Matschullat et al., 2000; Reimann et al., 2002; Reimann and de Caritat, 2005; Reimann and de Caritat, 2017; Salomão et al., 2019; Salomão, 2020).
TABLE 1 | Descriptive statistics.	Element	Unit	NDL	% <NDL	Mean	SD	MAD	CV
	Al	%	<0.01	0	1.93	1.43	0.97	74.4
	As	mg kg−1	<1	3.1	6.13	4.90	3.35	80
	Au*	mg kg−1	<0.1	99	-	-	-	-
	B*	mg kg−1	<10	95.8	-	-	-	-
	Ba	mg kg−1	<50	0.2	103	106	52.4	103
	Be	mg kg−1	<0.1	0.9	1.11	1.23	0.60	111
	Bi	mg kg−1	<0.02	0	0.23	0.15	0.1	64.1
	Ca	%	<0.01	3.1	0.08	0.12	0.05	160
	Cd	mg kg−1	<0.01	8.3	0.15	1.59	0.17	1,090
	Ce	mg kg−1	<0.05	0	73.6	65.8	35.2	89.5
	Co	mg kg−1	<0.1	0	14.6	153	9.12	103
	Cr	mg kg−1	<1	0	55.3	164	40.1	297
	Cs	mg kg−1	<0.05	0	1.46	1.30	0.86	88.9
	Cu	mg kg−1	<0.50	0	24.6	14.5	9.69	58.9
	Fe	%	<0.01	0.6	3.9	2.14	1.58	54.8
	Ga	mg kg−1	<0.1	0	7.75	4.75	3.36	61.2
	Ge*	mg kg−1	<0.1	79.4	-	-	-	-
	Hf	mg kg−1	<0.05	20.4	0.19	0.22	0.14	119
	Hg	mg kg−1	<0.01	23.9	0.03	0.03	0.02	96.5
	In*	mg kg−1	<0.02	36.1	-	-	-	-
	K	%	<0.01	0.3	0.16	0.09	0.07	56.2
	La	mg kg−1	<0.1	0	32.1	28.4	16.2	88.3
	Li	mg kg−1	<1	6.9	6.42	55	3.71	78.8
	∑LREE	mg kg−1	<0.01	0	106	92.8	50.9	87.8
	Mg	%	<0.01	3.3	0.1	0.15	0.07	159
	Mn	mg kg−1	<5	0	566	592	413	105
	Mo	mg kg−1	<0.05	0	0.94	1.31	0.59	139
	Na*	%	<0.01	92.7	-	-	-	-
	Nb	mg kg−1	<0.05	0.4	0.86	1.57	0.77	181
	Ni	mg kg−1	<0.50	0	23.8	62.3	15.9	262
	P	mg kg−1	<50	0.7	439	558	246	127
	Pb	mg kg−1	<0.20	0	20.2	21.6	9.14	107
	Rb	mg kg−1	<0.20	0	14.8	12.2	7.40	82.4
	Re*	mg kg−1	<0.1	100	-	-	-	-
	S*	%	<0.01	65.3	-	-	-	-
	Sb	mg kg−1	<0.05	0	0.57	1.75	0.36	309
	Sc	mg kg−1	<0.1	0	6.11	5.10	3.30	83.4
	Se*	mg kg−1	<1	93.3	-	-	-	-
	Sn	mg kg−1	<0.30	0.3	1.59	1.56	0.78	98.2
	Sr	mg kg−1	<0.50	0.4	10.9	28.9	10	2,659
	Ta*	mg kg−1	<0.05	92.1	-	-	-	-
	Te*	mg kg−1	<0.05	67.5	-	-	-	-
	Th	mg kg−1	<0.1	0	9.11	11	51	121
	Ti*	%	<0.01	45.9	-	-	-	-
	U	mg kg−1	<0.05	0	1.21	1.21	0.62	100
	V	mg kg−1	<1	0	56	41.4	28	74.1
	W	mg kg−1	<0.1	28.4	0.32	0.64	0.27	201
	Y	mg kg−1	<0.05	0	8.56	5.81	4.04	67.8
	Zn	mg kg−1	<1	0	46.3	89	26.6	192
	Zr	mg kg−1	<0.5	0.9	9.27	10.7	6.35	116


*indicates parameters with %<NDL, above 30%.
Given the lack of a single, universally accepted method in literature, the approach using multiple statistical techniques was adopted to ensure the robustness of our results. This strategy allowed us to evaluate the consistency of the baseline concentrations derived from different statistical assumptions. This robust, multi-methodological approach reduces the uncertainty inherent in any single technique and provides a solid foundation for distinguishing between natural elemental variations and potential anthropogenic anomalies.
Given the lithological nature of stream sediments, the baseline was computed for each of the six main lithological units in the study area. The calculations were conducted using sampling points spatially arranged over the following lithologies: (a) Monte Carmelo Complex (CMC), (b) Abadia dos Dourados Complex and Araxá Group (CAA), (c) Canastra Group (CAN), (d) Ibiá Group (IBI), (e) Vazante Group (VAZ), and (f) Serra da Saudade Formation.
The mMAD is a more robust methodology that mitigates the influence of outliers by employing the median as a measure of central tendency. Also being a suitable methodology to substitute the ±2σ mean technique, considered as in disuse (Reimann and De Caritat, 2005; Salomão, 2020). We perform the calculation of mMAD using the logarithmic transformation, then retransform the data to the original scale after the analysis and define the geochemical baseline values using Equation 1.
MADy=1.4826·medianiyi−medianjyj∴mMAD=10mediany± 2 ·MADy(1)
As an initial requirement, the TIF method also requires that the data be previously transformed into the logarithmic scale (log10), prior to calculating the lower (LL) and upper (UL) baseline limits using Equations 2 and 3. Upon calculation, the final value is converted back to the original data scale, whether in mg.kg−1 or % and, thereby establishing the baseline value.
TIFLL=10Q1−1,5·AIQ(2)
TIFUL=10Q3+1,5·AIQ(3)
Where: Q1 = 25th Quartile; Q2 = 75th Quartile; AIQ = Q2 – Q1.
4 RESULTS
4.1 Exploratory data analysis and spatial distribution
The research area comprises six primary lithological units whose characteristics influence elemental behavior in the geochemical domain, as shown in the descriptive statistics (Table 1), boxplots (Figure 3) and the spatial distribution maps (Figure 4). The stream sediments originating from crystalline rocks and higher metamorphic grades, such as the Monte Carmelo and Abadia dos Dourados Complexes and the Araxá Group, exhibit higher median values for major elements such as K and Mg within study area (Pinho et al., 2017). Metasedimentary units like the Canastra, Ibiá, Vazante, and Bambuí groups demonstrate higher median values for Al, Fe, Ca, P, and Mn within the study area.
[image: Box plot graph showing the concentration levels of various elements in different samples labeled CMC, CAA, CAN, IBI, VAZ, and SSD. Elements include Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, LREE, Mg, Mn, Ni, P, Pb, Th, U, V, and Zn. Each box plot represents the range, median, and outliers for each element's concentration in parts per million or percentage.]FIGURE 3 | Boxplot graphs of the 6 main lithological units. Dashed and continuous lines represent respectively the upper and lower reference values of CONAMA 454/2012 resolution (Brasil, 2012).[image: Six maps showing the spatial distribution of different elements: Aluminum, Chromium, Iron, Zinc, Light Rare Earth Elements, and Phosphorus. Each map varies in color intensity, indicating concentration levels based on the specified ranges. A key for color coding is provided for each element, with dark orange representing the highest concentrations and light beige the lowest. A scale and north arrow are included for geographic reference.]FIGURE 4 | Spatial distribution of Al, Cr, Fe, Zn, LREE and P over the study area.Elevated concentrations of Al are observed in the northwest and central-southern regions, where lateritic rock strata are substantial. Most rocks in the study area have high concentrations of Fe, except for the Monte Carmelo Complex. The spatial distribution of Fe reveals higher values in the Serra da Saudade formation, the Abadia Araxá Complex, the Serra de Santa Helena formation, and the Alkaline Complex of Santa Helena.
The Monte Carmelo and Abadia dos Dourados Complexes, along with the Araxá Group, have the highest median values for K. The Vazante and Bambuí Groups have elevated median values for Ca. The Serra de Santa Helena and Serra da Saudade formations exhibit elevated median values for P. Also, the Mata da Corda Group and the alkaline rocks of Serra Negra also exhibit high levels of P. Lastly, the highest median Mn values are found in the Vazante and Paranoá Groups and the Serra da Saudade Formation. Quaternary units also show anomalous P concentrations.
Anomalous concentrations of Ni and Cr are located over ultramafic intrusive alkaline rocks, specifically at the Serra Negra and Chapada dos Pilões Formations. Other anomalies are also observed above the Serra da Saudade Formation, from the Bambuí and Mata da Corda Groups. The spatial distribution of Zn resembles that of Cr. The dolomitic rocks of the Serra do Garrote Formation (Vazante Group) show the highest concentrations of Zn.
The sub-basins comprising the lithology of the Serra de Santa Helena Formation, including the Rocinha and Lagamar deposits in the center region of the research area, exhibit anomalies in phosphorus levels. Although increased levels of phosphorus are found over specific lithologies, an anomaly is observed in the northwestern section of the study area over Cenozoic deposits.
The Monte Carmelo and Abadia dos Dourados Complexes along with the Araxá Group, have the highest median values for elements with large ionic radii, such as Ba, Cs, and Rb. The Monte Carmelo Complex, the Paranoá Group’s metasedimentary units, and the Serra da Saudade Formation exhibit the highest median values for Sr.
Among the elements with high ionic valences, including Nb, Th, U, the Light Rare Earth Elements (LREE; La-Ce) and Y exhibit their highest median ranges for the Monte Carmelo and Abadia dos Dourados Complexes, as well as the Araxá Group. The elements Hf and Zr, exhibit their highest median ranges within the metasedimentary units, specifically for Hf in the Serra da Saudade Formation and Zr in the Paranoá Group.
4.2 Multivariate geochemical patterns
Factor analysis reveals six components that explain 75.1% of the variance in the compositional system of stream sediments (Table 2). Factor 1 accounts for 26.4% of the total variance and exhibits strong positive loadings for Co, Mg, Ni, and Zn (Table 3). Conversely, negative loadings show an association among Al, Cs, Ga, Sn, and V. The positive loadings of Factor 1 are spatially distributed (Figure 5) within the Vazante, the Bambuí, and the Mata da Corda Groups, with the highest values in the Serra Negra Intrusive Suite region. The northwest region shows negative loadings of Factor 1, associated with Cenozoic and laterite coverings, while at the northeast portion occurs over detrital sedimentary deposits.
TABLE 2 | Eingenvalues and variance of 6 main factors.	Factors	Geochemistry association	Eigen values	Variance (%)
	1	Al. Cs. Ga. Sn and V (−)/Co. Mg. Ni and Zn (+)	6.06	26.4
	2	Cr and Ni (+)/K and Rb (−)	4.30	18.7
	3	As e Fe (−)	2.79	12.1
	4	Cd. Pb e Zn (+)	1.59	6.91
	5	LREE. Th e U (+)	1.37	5.95
	6	Ba. P e Sr (+)	1.17	5.07


TABLE 3 | Loadings of the main factors for stream sediment samples.	Element	Factor 1	Factor 2	Factor 3	Factor 4	Factor 5	Factor 6
	Al (CLR)	−0.91*	0.06	−0.04	−0.02	−0.11	−0.08
	As (CLR)	0.07	−0.14	−0.82*	0.20	−0.11	−0.02
	Ba (CLR)	0.46	−0.17	0.21	−0.44	−0.02	0.42
	Ca (CLR)	0.27	−0.18	0.31	0.10	−0.25	0.57*
	Cd (CLR)	0.13	0.17	0.12	0.71*	−0.27	0.06
	Co (CLR)	0.81	0.09	−0.10	−0.16	−0.24	−0.06
	Cr (CLR)	−0.18	0.77*	0.15	−0.36	−0.22	−0.15
	Cs (CLR)	−0.57	−0.44	0.29	−0.14	0.21	−0.24
	Fe (CLR)	0.23	0.18	−0.73*	−0.18	−0.27	−0.09
	Ga (CLR)	−0.83*	0.14	0.01	−0.07	0.10	−0.22
	K (CLR)	0.31	−0.85*	0.01	−0.03	−0.04	−0.11
	LREE (CLR)	−0.01	−0.12	0.18	0	0.86*	0.02
	Mg (CLR)	0.60*	−0.22	0.49	−0.14	−0.26	0.10
	Ni (CLR)	0.52*	0.60*	0.09	−0.23	−0.31	0.02
	P (CLR)	−0.05	0.34	−0.29	0.01	−0.20	0.72*
	Pb (CLR)	−0.02	−0.21	−0.12	0.77*	0.13	−0.16
	Rb (CLR)	−0.03	−0.87*	0.19	−0.19	0.20	−0.14
	Sn (CLR)	−0.74*	0.12	0.27	−0.15	0.22	−0.09
	Sr (CLR)	0.30	0.09	0.24	−0.40	0.07	0.65*
	Th (CLR)	−0.10	−0.25	−0.04	−0.13	0.81*	−0.26
	U (CLR)	−0.32	−0.11	0.16	−0.04	0.79*	−0.08
	V (CLR)	−0.61*	0.49*	0.01	−0.27	−0.26	−0.15
	Zn (CLR)	0.54*	−0.14	−0.13	0.46*	−0.33	0.07


Values with * displays the best correlations of the variables with the factor.
[image: Six-panel map series showing spatial data with color gradations indicating different value ranges. Each panel, labeled F1 through F6, displays areas shaded in colors like green, orange, and red to represent specific data intervals. A scale and north arrow are included for orientation.]FIGURE 5 | Spatial distribution of the 6 main factors by sub-basins over the geological basemap from Figure 2.Factor 2 accounts for 18.7% of the overall system variance. It exhibits a strong positive association for Cr, Ni, and V, while the negative values represent the relationship between Cs, K, and Rb. The positive loadings of Factor 2 indicate the spatial arrangement of elements from Serra Negra Intrusive Suite rocks, and the Mata da Corda group. Positive values are also observed over rocks of the Ibiá and Canastra Groups and Cenozoic laterite covers. The negative counterpart of the factor 2 values comprises the association of Cs, K and Rb elements within the following lithological units: Monte Carmelo and Abadia dos Dourados complexes; the mica schists of the Araxá Group; the Serra do Poço Verde and Serra da Lapa Formations of the Vazante group; the Chapada dos Pilões and Paracatu Formations of the Canastra Group and the Serra da Saudade Formation of the Bambuí Group.
Factor 3 represents 12.1% of the system’s total variance and indicates the correlation between As and Fe over rocks from Morro do Ouro member (Paracatu Formation). While Factor 4, accounts for 6.91% of the system’s total variance, has positive loadings that correspond to the association between Cd, Pb, and Zn. The Light Rare Earth Elements (LREE), Th, and U have significant positive associations, as indicated by factor 5, which accounts for 5.95% of the total variance in the system. Another group with significant values for this association is spatially distributed over rocks of the Ibiá Group. Factor 6, representing 5.07% of the total variance of the system, indicates relationships for Ba, P and Sr. Positive loadings are observed near rocks of the Serra Negra Intrusive Suite, over the Mata da Corda Group, and in the northwest portion of the study area.
4.3 The influence of lithology on geochemical baseline values
The baseline values calculated by the main lithological units allow for the evaluation of geological control on the element naturally distributed in the stream sediments. The values suggested for the baseline (Table 4) provided more conservative estimates for the mMad approach compared to the TIF method. Certain values exceed the preventive and investigation values established by CONAMA resolution No. 454/2012 (Brasil, 2012).
TABLE 4 | Baseline values by lithological units according to percentile.	Elm.	Unit	CMC	CAA	CAN
	Q90th	TIF	mMAD	Q90th	TIF	mMAD	Q90th	TIF	mMAD
	Al	%	3.17	6.22	4.42	3.02	7.02	4.56	3.73	5.32	3.47
	Ca	%	0.11	0.19	0.19	0.13	0.28	0.14	0.08	0.11	0.1
	Fe	%	3.75	4.96	3.99	6.69	10.82	8.35	5.79	13.7	8.61
	K	%	0.52	0.68	0.58	0.28	0.43	0.36	0.19	0.47	0.28
	Mg	%	0.24	0.35	0.28	0.22	0.31	0.21	0.07	0.2	0.14
	Mn	mg.kg−1	560	1,215	824	1,318	4,712	2,662	592	2,741	1,303
	P	mg.kg−1	372	900	613	442	953	759	576	1720	991
	As	mg.kg−1	6.19*	14.9*	9.96*	10.1*	24.9**	21**	14*	34.8**	22.7**
	Ba	mg.kg−1	197	385	263	129	226	171	123	242	162
	Cd	mg.kg−1	0.06	0.11	0.10	0.09	0.17	0.09	0.14	0.64*	0.31
	Co	mg.kg−1	15	24.2	16.4	36.4	67.6	44.1	21.1	106	49.4
	Cr	mg.kg−1	53.2*	192**	95.8**	89.2*	132**	94**	64.7*	139**	79.7*
	Cu	mg.kg−1	20.8	54.1*	36.9*	35.3	44.7*	37.2*	36.8*	81.2*	53.3*
	LREE	mg.kg−1	518	1776	1,004	297	807	350	140	339	209
	Ni	mg.kg−1	24.3*	60.6**	41.3**	28*	49.6**	35.2**	27.7*	62.6**	39.2**
	Pb	mg.kg−1	32.2	61.1*	44.4*	22.4	46.3*	29.7	29.8	65.7*	45.5*
	Th	mg.kg−1	66.9	226	104	34.6	108	30.5	12.1	22.2	15.9
	U	mg.kg−1	6.19	16.3	10.6	3.97	14.9	7.6	1.54	2.55	1.92
	V	mg.kg−1	65	112	83.2	139	287	190	89.7	174	113
	Zn	mg.kg−1	38.4	60.6	45.5	53	70.8	55.7	64.7	256*	139*


	Elm.	Unit	IBI	VAZ	SSD
	Q90th	TIF	mMAD	Q90th	TIF	mMAD	Q90th	TIF	mMAD
	Al	%	3.42	8.58	5.35	2.51	3.44	2.53	3.29	6.14	3.95
	Ca	%	0.07	0.17	0.11	0.24	0.92	0.51	0.18	0.36	0.20
	Fe	%	5.23	8.84	7.5	6.54	8.81	7.57	7.26	11.59	8.94
	K	%	0.2	0.38	0.28	0.25	0.43	0.36	0.29	0.6	0.38
	Mg	mg.kg−1	0.13	0.35	0.2	0.14	0.36	0.2	0.31	1.33	0.51
	Mn	mg.kg−1	932	2,880	1,628	1,393	3,902	2,305	1889	6,336	3,646
	P	mg.kg−1	519	1,217	821	562	820	654	1,229	1716	1,220
	As	mg.kg−1	9.49*	17*	9.37*	15*	30.4**	20.5**	10*	22.6**	19.9**
	Ba	mg.kg−1	107	178	140	127	202	157	244	388	263
	Cd	mg.kg−1	0.11	0.64*	0.23	0.47	1.03*	0.59	0.13	0.35	0.2
	Co	mg.kg−1	22.6	59.5	40.1	29.2	68.9	44.5	36.4	75.7	52.2
	Cr	mg.kg−1	72.5*	154**	106**	48*	59.4*	52.2*	113**	277**	144**
	Cu	mg.kg−1	32	65*	48.5*	42.9*	66.7*	53.2*	44.7*	63.9*	51.3*
	LREE	mg.kg−1	116	175	131	130	167	141	141	213	175
	Ni	mg.kg−1	26.4*	71.9**	47.7**	32*	53.3**	41.2**	56.1**	85.6**	61.2**
	Pb	mg.kg−1	18.9	28.4	21.6	53.2*	70.1*	52*	33.7	58.2*	44.4*
	Th	mg.kg−1	8.65	14	10.6	9.66	13.6	11.4	10.7	16.9	13.9
	U	mg.kg−1	1.36	2.51	1.75	1.44	2.03	1.71	1.58	2.48	1.92
	V	mg.kg−1	96.5	213	147.1	70.8	119	87	109	224	154
	Zn	mg.kg−1	52	105	75.2	167*	254*	169*	72	118	94.7


TIF., and mMad methods. Elm, Element; CMC, monte carmelo complex; CAA, Araxá Group and Abadia Complex; CAN, canasta group; IBI, Ibiá Group; VAZ, vazante group; SSD, Serra da Saudade Formation. * (level 2) and ** (level) for values above Conama Resolution n°454/2012 thresholds.
The group of major elements exhibited baseline values exceeding the crustal average in all examined lithologies for Iron and Manganese (Rudnick and Gao, 2003). The Phosphorus values exceed the reference levels for the Canastra Group and Serra da Saudade Formation. The baseline values for trace elements, some of which are potentially toxic ones, exceed the legal Quality Reference Values (Brasil, 2012) in all lithological units for As, Ba, Co, Cr and Ni. As for Cu, higher values occur for the Araxá Abadia Complex, Canastra Group, Ibiá Group, Vazante Group and Serra da Saudade Formation. The element Co exceeds the Investigation Value for the rocks of Canastra Group.
5 DISCUSSION
The exploratory data analysis confirms a strong relationship between elemental concentrations and the underlying lithology. The elevated concentrations of K and Mg in sediments from crystalline and high-grade metamorphic rocks, such as the Monte Carmelo and Abadia dos Dourados Complexes, are likely influenced by granitoid and alkaline rocks (Pereira and Fuck, 2005; Uhlein et al., 2012). The high levels of Ca in the Vazante and Bambuí Groups are consistent with the presence of carbonate rocks (Dias et al., 2018; Moreira, 2015). Similarly, the elevated P in the Serra de Santa Helena Formation is linked to known phosphate deposits, such as Lagamar region (Moreira, 2015) and the alkaline intrusions of Serra Negra, due to the presence of apatite in the rocks’ mineralogy. Conversely, quaternary units exhibit anomalous P concentrations, a phenomenon associated with agricultural activities, particularly soybean planting (Rawlins, 2011; Steegen et al., 2001; Yang et al., 2010). While the high Mn values in the Vazante and Paranoá Groups and the Serra da Saudade Formation may be due to hydrothermal processes (Cevik et al., 2021).
The spatial distribution of Al, Fe, Cr, and V anomalies is related to lateritic cover, suggesting a strong influence of pedogenetic processes where these elements are adsorbed or co-precipitated in clay minerals and oxyhydroxides (Yariv and Cross, 1979; Yariv and Cross, 2001). Ni and Cr linked to ultramafic intrusive alkaline rocks of the Serra Negra and Chapada dos Pilões Formations and also Bambuí and Mata da Corda Group, indicating influence from alkaline metatuffs mineralogy, such as olivine and pyroxene (Klein and Dutrow, 2007; Asniar et al., 2019). The dolomitic rocks of the Serra do Garrote Formation, part of the Vazante group, contain the highest concentrations of Zn, where the main silicate zinc mines are located (Fernandes et al., 2021).
Ba, Cs, and Rb may be associated with the chemistry of primary minerals, such as feldspars (Klein and Dutrow, 2007) from Monte Carmelo and Abadia dos Dourados Complexes along with the Araxá Group. Hydrothermal processes are most likely the cause of the unusual levels of these elements found in the metasedimentary units, primarily in the Vazante Group and Serra da Saudade Formation (Cevik et al., 2021). Also, the Sr is presented in locations influenced by hydrothermalism, as well as in primary minerals from Monte Carmelo Complex and carbonate rocks (Cevik et al., 2021). The concentrations of LREE, U, and Th are elevated relative to the UCC, whereas Y approximates the crustal average, supporting the hypothesis that these elements originate from resistant minerals (Klein and Dutrow, 2007).
Factor analysis effectively grouped elements based on their geochemical behavior. Factor 1 represents two distinct geochemical processes: positive loadings (Co, Mg, Ni, Zn) linked to the influence of hydrothermal zones along shear zone contacts and ultramafic rocks (Cevik et al., 2021), and negative loadings (Al, Cs, Ga, Sn, V) associated with Cenozoic and laterite deposits. The pedogenetic process of laterization, involving the adsorption or co-precipitation of clay minerals and aluminum oxyhydroxides, could potentially influence these factors (Yariv and Cross, 1979; Yariv and Cross, 2001). The spatial distribution of positive loadings of Factor 2 (Cr, Ni and V) over Serra Negra Intrusive Suite rocks and Mata da Corda may be linked with the mafic and ultramafic rocks, as well as the occurrence of resistant minerals like magnetite (Klein and Dutrow, 2007). Positive loadings were also observed over rocks of the Ibiá and Canastra Groups and may be influenced by the presence of kimberlites. The negative association of Factor 2 (Cs, K, Rb) highlights the influence of k-feldspars and micas in certain lithologies (Klein and Dutrow, 2007), reaffirming the role of hydrothermal processes over Monte Carmelo and Abadia dos Dourados complexes and the Araxá, Vazante, Canastra and Bambuí Groups.
The associations in the remaining factors provide further insights. Factor 3 (As, Fe) may be linked to sulfide minerals like arsenopyrite from a mineral paragenesis related to Au deposits (Vilor et al., 2014). The positive loadings of Factor 4 (Cd, Pb, Zn) are strongly influenced by the well-known silicate zinc mineralization in the Vazante Province. Factor 5 (LREE, Th, U) indicates the presence of heavy-resistant minerals like zircon and monazite inherited from the parental rocks (Klein and Dutrow, 2007). Finally, Factor 6 (Ba, P, Sr) reflects lithological sources such as apatite in alkaline intrusions and potentially anthropogenic influences of phosphorus from agricultural fertilizers, particularly in the laterite plateaus.
Establishing the lithology-based baseline calculation highlights the essential relationships between elements and distinct lithotypes, providing a more reliable foundation than a single, regional baseline. The method reveals that elevated concentrations of certain elements are naturally present, such as Co in the Canastra Group, and Cr and Ni in the Serra da Saudade Formation. The baseline values for sediments derived from crystalline and higher metamorphic grade rocks, including the Monte Carmelo Complex, Abadia dos Dourados and the Araxá Group exhibit elevated concentrations of elements such as Th, U and V and Light Rare Earth Elements (LREE). Conversely, metasedimentary rocks, including the Canastra, Vazante, Ibiá and Serra da Saudade formations exhibit elevated baseline values for the elements Mg, P, Cd, Cu and Zn. The largest range of P baseline is found in sediments from the Serra da Saudade formation and Canastra group, the former being a phosphate mineralization. The baselines values offer a significant regional database for monitoring potentially toxic elements (PTE) within the river basin and function as an effective instrument for river impact management.
6 CONCLUSION
This study successfully applied a multi-methodological approach, combining multivariate statistical analysis with a lithology-based baseline calculation, to characterize the geochemical signatures of stream sediments within the study’s metallogenetic province. The primary objectives of reducing data dimensionality and establishing reliable geochemical baseline values were fully achieved. This approach effectively achieved the core objectives of simplifying a high-dimensional dataset and differentiating natural elemental enrichment from potential anthropogenic contamination. The Factor Analysis proved crucial for simplifying the complex dataset, reducing the 20 analyzed elements into six primary factors that collectively account for 75.12% of the total variance. These factors reveal distinct geochemical associations directly linked to specific geological and environmental processes. Factors highlighted the strong influence of mafic/ultramafic rocks (Co, Ni, Cr, Zn) associated with the Serra Negra Intrusive Suite, and hydrothermal activity along shear zones. Furthermore, associations of LREE, Th, and U confirmed the contribution of heavy-resistant minerals inherited from the parental rocks. The analysis confirmed the widespread impact of laterization (Al, Fe, V) and identified the geochemical signature of specific mineralization occurrences, such as the silicate zinc deposits (Zn, Cd, Pb) in the Vazante Group.
The spatial distribution of phosphorus (P), particularly observed in Factor 6, reveals a complex interplay between natural sources (phosphate mineralization and alkaline rocks) and localized anthropogenic dispersal associated with agricultural activity in the laterite plateaus. Crucially, the lithology-specific geochemical baseline demonstrates the strong control of the underlying geology on element concentrations. By calculating the baseline for each major lithological unit, the results showed that the elevated concentrations of elements like As, Co, Cr, and Ni which frequently exceed established national Quality Reference Values (CONAMA 454/2012), are fundamentally natural geological phenomena. In conclusion, this research provides a robust, data-driven framework for managing environmental resources in geologically enriched areas. The established lithology-based baselines serve as an indispensable reference database for monitoring potentially toxic elements (PTEs) and for accurately assessing environmental risk, thereby supporting effective land use planning and regulatory decision-making in the region.
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