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Abstract

We assess the element pollution level of water reservoir sediments using environmental 

magnetism techniques as a novel approach. Although “La Purísima” Water Reservoir is an 

important source for multiple activities (e.g. recreational, fishing and agricultural) in Guanajuato 

state, it has been receiving for the last centuries a high load of pollutants by mining extraction, 

urbanization and land-use change from the Guanajuato Hydrological Basin. The analyses of 

environmental magnetism, geochemistry, X-ray energy dispersive spectroscopy, scanning 

electron microscopy and multivariate methods were applied to study sediments from the 

reservoir and basin. Accordingly, they indicate the presence of iron oxides (magnetite and 

hematite) and iron sulfides (pyrite and greigite), which evidences relevant differences in particle 

size and concentration within the water reservoir (median mass-specific magnetic susceptibility 

χ = 23.2×10-8 m3/kg), as well as with respect to the river basin sediments (median χ = 88.8×10-8 

m3/kg). The highest enrichment factor EF values (median values of EF = 2–10 for As, Co, Ba, 

Cu, Cd, Ni and EF > 20 for S) are mainly associated with historical mining activities that have 

led to an enrichment of potentially toxic elements on these water reservoir sediments. We 

propose the use of concentration and grain size dependent magnetic parameters, i.e. χ, remanent 

magnetizations and anhysteretic ratios ARM/SIRM and χARM/χ, as proxies for Ba, Co, Cr, Ni, P 

and Pb pollution in these river and water reservoir sediments. Such parameters allow to evaluate 

this sedimentary environment, and similar ones, through useful and convenient proxies.

Keywords: enrichment factor EF; magnetic proxies; mining; multivariate statistics; reservoir 

sediments
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1. Introduction

In the planet there are numerous types of lakes that have different natural origins (tectonic, 

glacial, volcanic, aeolian, fluvial, etc.) and anthropogenic lakes (reservoirs; Wetzel, 2001). 

Lacustrine systems are subjected to the effects of external and internal factors, such as, climate, 

basin hydrology, vegetation cover and land use (Cohen, 2003). Lakes are one of the most 

sensitive continental environments which response to natural and anthropogenic forcing agents 

through physical, chemical and biological changes, which are recorded in their sediments 

(sedimentary facies, geochemistry, microorganisms). These characteristics in sediment materials 

constitute indirect indicators or proxies that allow to study the ecosystem dynamics, 

sedimentary processes and main pollution sources (Fritz, 1996). According to Zahra et al. 

(2014), organic and inorganic pollutants (heavy metals) are mainly introduced into the aquatic 

systems through point sources such as industrial, municipal and domestic wastewater effluents 

as well as diffuse inputs which include surface runoff, erosion and atmospheric deposition.

Environmental magnetism is an interdisciplinary subject that integrates research on a 

wide range of topics (Evans and Heller, 2003). It has grown considerably in the last four 

decades contributing to investigate different issues of climate change, pollution, iron 

biomineralization, and depositional and diagenetic processes in sediments applications (Liu et 

al., 2012). The environmental magnetic approach can briefly be summarized as the investigation 

of magnetic mineralogy in natural and anthropogenic samples by measurement of both their 

induced and remanent magnetization responses when exposed to magnetic fields. The speed of 

magnetic measurements, compared with other types of mineralogical analysis, and their 

nondestructive nature, enables measurement of large numbers of samples, a key advantage in 

obtaining high resolution (spatial and/or temporal) environmental data (Gubbins and Herrero-

Bervera, 2007).

A number of magnetic parameters, such as magnetic susceptibility, remanent 

magnetization, remanent coercivity, anhysteretic ratios, etc., is often measured/calculated in 
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environmental magnetism, and they vary according to the concentration, mineralogy and grain 

size of the magnetic minerals present in specimens. The use of these magnetic parameters as 

proxy for pollution is possible considering the following points: a) the magnetic contribution 

associated with the anthropogenic activities must be distinctive from the background 

contribution of natural magnetic sources; b) relationships between the magnetic properties and 

contaminants have to be established; and c) processes affecting particle transport and 

deposition, as well as postdepositional changes, can be significant (Maher and Thompson, 

1999). Although magnetic susceptibility proved to be a one of the best proxy for contamination 

in a large number of studies, other magnetic parameters have been investigated as indicators of 

anthropogenic pollution (Chaparro et al., 2006). The relationship between magnetic parameters 

and potentially toxic elements (PTE) may not be generalized for all environments, i.e. soils, 

rivers, lakes, urban areas, etc., and therefore this nature has to be explored in detail before using 

different magnetic parameters as pollution proxies (Chaparro et al., 2015b, Mejía-Echeverry et 

al., 2018). Among others, Chaparro et al. (2011, 2012) analyzed the nature and relationship 

between different variables using multivariate analyses and fuzzy tools for magnetic monitoring 

in soils, stream and river sediments. Magnetism studies applied in different continental and 

marine environments (Petrovský et al., 1998; Desenfant et al., 2004; Yang et al., 2007; Franke 

et al., 2009; Horng et al., 2009; Zhang et al., 2012; Chaparro et al., 2015a, Pan et al., 2019, 

Sepúlveda et al., 2019) indicate that this methodology combined with geochemistry (sediment 

quality indicators; Duodu et al., 2016) and other traditional techniques is an effective tool for 

assessing the PTE pollution levels recorded in sediments.

The Lerma-Chapala basin is one of the largest hydrological systems in central Mexico 

(54,448 km2) that concentrates 12.6 million inhabitants with a high economic development. 

However, in this region there is a great concern about the impact of anthropogenic activities on 

water resources (Metcalfe and O’Hara, 1992; Ávila-Pérez et al., 1999; Gutierrez et al., 2009; 

Espinal-Carreón et al., 2013). Special attention is placed on numerous reservoirs because their 

freshwater is used for agricultural irrigation, fishing and as a source for drinking water. 
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Particularly, “La Purísima” water reservoir (PWR; Natural Protected Area: 27 km2) belongs to 

the Guanajuato Hydrological Basin (GHB; Fig. 1), which forms part of the Lerma-Chapala 

drainage basin and its dam is the second largest in the Guanajuato state. This water body was 

built between 1978 and 1979 and since its construction, it has been providing water to irrigate a 

vast agricultural area, acting as a recharge for aquifers and allowing fishing activities. This 

ecosystem fulfills multiple ecological, social and economic functions, but in the last decades 

this reservoir has been strongly impacted by mining, urbanization, domestic wastewater 

discharges and agriculture development from the catchment area. Cano et al. (2000) studied the 

contents of metal(oid)s in five water and sediment samples of La Purísima reservoir and they 

found that As, Pb, Hg and Se, especially in water, overpass the quality standard for aquatic life 

(25, 30, 80 and 180 times, respectively). Indeed, pollution by trace metals from the Guanajuato 

Mining District (GMD), a region that concentrates the principal mineral deposits of the 

catchment area (Mother Lode: Carrillo-Chávez et al., 2003; Fig. 1), was reported by Ramos-

Arroyo and Siebe-Grabach (2006) and Miranda-Avilés et al. (2012). These authors identified a 

serious pollution problem in the region due to historical discharges of mine tailings (since 

1500s). According with the production history, approximately 95 million tons of mineralized 

rock have been extracted and processed by different methods: smelting and amalgamation (from 

1548 to 1905), cyanidation (from 1905 to present), and flotation (from 1946 to present). Some 

elements present in the tailings (As, Cd, Cu, Pb, Se, and Zn, in addition to Hg and cyanide, 

which were added during processing) were released and mobilized into the basin, affecting the 

quality of water and sediments (Ramos-Ramírez, 1991; Mendoza et al., 2006; Miranda-Avilés et 

al., 2009). 

In this study, we assess the pollution level on these sediments using environmental 

magnetism techniques as a novel approach, together with geochemistry and multivariate 

techniques. The specific objectives are: i) to determine the magnetic properties of sediments 

from GHB and PWR; ii) to determine concentrations of PTE in sediments, calculate the 

Enrichment Factor (EF) for each element and the Index of Pollution (PLI) using a regional 
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background and comparing GHB and PWR sediments; iii) to analyze the relationships between 

magnetic parameters and PTE, and iv) to determine the relevant magnetic parameters as proxies 

for PTE pollution, which allows to evaluate the spatial distribution of pollutants. Finally, this 

research is expected to provide useful information about the potential environmental risk 

associated with the presence of toxic elements in a water reservoir in central Mexico.

2. Materials and methods

2.1. Study area

La Purísima water reservoir is located in the Guanajuato state, central Mexico (20°52'41"N; 

101°16'47"W; 1850 m a.s.l.; Fig. 1). It is part of the Lerma-Santiago hydrological basin, one of 

the more extensive and populated in the country. This reservoir is part of the hydrological sub-

basin which is called Guanajuato Hydrological Basin (area: 500 km2; Fig. 1). La Purísima has 

an area of about 8.5 km2 with an elongated shape and a maximum water depth of 26 m, 

increasing from riverine through transitional to lacustrine zones next to the dam. Waters from 

PWR are neutral to alkaline, with pH values varying between 7.0 and 8.7 (mean of 8.2). The 

water reservoir was built between 1978 and 1979 (capacity: 110 Mm3) with the main purposes 

of agricultural irrigation, flooding control and as a recharge for regional and local aquifers of the 

catchment area. Land uses in the region are mining, agriculture and urbanization (Fig. 1). 

According to the geological map from the Servicio Geológico Mexicano (SGM), the 

main lithology is composed of acid and basic igneous rocks (ignimbrite-rhyolite and andesite-

basalt, respectively) of Tertiary age. The area is also characterized by modern sedimentary rocks 

and sediments, including Tertiary conglomerates and Quaternary alluvial deposits. Regional 

rainfall averages 580 mm/year (period 1979-2014) and evapotranspiration reaches a total annual 

value of 2325 mm (data source: Servicio Meteorológico Nacional, SMN). A maximum mean 

temperature of about 23 °C is registered in May while the minimum mean temperature 

corresponds to January with 15.1 °C. The reservoir water level rises during the rainy-warm 

season (June-September) and drops during the dry-warm season (March-May).
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2.2. Sampling, physico-chemical analysis and available data

The sampling campaign was carried out in seventeen sites within the PWR, and in twelve sites 

in the GHB (Fig. 1). In this reservoir, bottom sediments were collected using an Ekman dredger 

in January-September 2017, samples P1/4/6/10/12/13/14/15/16/17/18/19/21/22/23 and R1/2. 

Sediments in the hydrological basin were taken in the river’s beds, using a plastic shovel, and 

they were labeled as samples CLM-001/003/007/009/010/014/015/016/017/018/020/021. The 

collected sediments were placed in polyethylene bags and were dried at room temperature in 

open air for a couple of days in the Environmental Geology Laboratory (División de Ciencias de 

la Vida, Universidad de Guanajuato). Dry material was quartered and sieved (2-mm) to remove 

coarse fraction, and then they were packed and stored in polyethylene bags for measurements.

The particle size fractions (sand, silt and clay) were determined using an hydrometer 

(Bouyoucos, 1962). First, sediment samples were pre-treated with 10% HCl and 30% H2O2 to 

eliminate carbonates and organic matter, respectively. Organic carbon contents were quantified 

by Loss On Ignition (LOI; Heiri et al., 2001), at 550 °C for 3 h.

Available elemental data of the hydrological basin provided by the Servicio Geológico 

Mexicano (2017) were used in this work. Such 14 data were labeled as SGM-

11/12/14/15/16/20/21/22/23/744/745/751/752/753 and correspond to contents of As, Ba, Be, 

Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, P, Pb, and Zn, which are detailed in Table 1.

2.3. Magnetic measurements

The environmental magnetism measurements were carried out in the laboratory of 

Paleomagnetism and Environmental Magnetism at the CIFICEN (UNCPBA, Argentina) and in 

the laboratory of Paleomagnetism and Rock Magnetism at the Centro de Geociencias (UNAM, 

México). The air dried sediments were sub sampled for magnetism studies using plastic 

containers (about 2.3 cm3), and special containers holding ~20 and 100 mg of material for 

magnetic hysteresis and thermomagnetic measurements, respectively. Prior to remanent 
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magnetization measurements, all samples were fixed using sodium silicate to prevent unwanted 

movement of particles.

A total of 29 samples (GHB: n=12; PWR: n=17) were analyzed for magnetic 

susceptibility, ARM and IRM measurements. A reduced number of samples for GHB: n=3 and 

PWR: n=5 were analyzed by magnetic hysteresis; as well as 12 samples (GHB: n=3 and PWR: 

n=9) for thermomagnetic measurements.

Magnetic susceptibility measurements were made using the magnetic susceptibility 

meter MS2 (Bartington Instruments Ltd.) linked to the MS2B dual frequency sensor (0.47 and 

4.7 KHz). These measurements were done on the higher sensitivity range (0.1 x 10-5 SI); and 

they were corrected for drift through five measurement cycles (two air readings and three 

sample readings). The accuracy of the magnetic susceptibility measurement is 1%. The mass-

specific susceptibility (χ), frequency dependent magnetic susceptibility χfd were calculated. The 

anhysteretic remanent magnetization (ARM) was imparted using a device attached to a shielded 

demagnetizer (Molspin Ltd.), superimposing a DC bias field of 90 µT (71.6 A/m) to a peak 

alternating field (AF) of 100 mT, and an AF decay rate of 17 µT per cycle. The remanent 

magnetization was measured with a spinner fluxgate magnetometer (Minispin, Molspin Ltd.). 

Mass-specific anhysteretic susceptibility (χARM) was calculated using linear regression for ARM 

acquired at two DC bias fields of 50 and 90 µT (39.8 and 71.6 A/m). The anhysteretic ratio 

χARM/χ, was also calculated. The isothermal remanent magnetization acquisition (IRM) studies 

were performed using a pulse magnetizer model IM-10-30 (ASC Scientific). Each sample was 

magnetized by exposing it to stepwise incrementing DC fields, from 1.7 mT to 2470 mT. The 

remanent magnetization after each step was measured using the above-mentioned Minispin 

magnetometer. In these measurements, IRM acquisition curves, the remanent acquisition 

coercivity (H1/2), and the saturation of IRM (SIRM= IRM2470mT) were determined using forward 

DC fields. Magnetic hysteresis measurements were carried out using a MicroMagTM 2900 

magnetometer (Alternating Gradient Magnetometer, Princeton Measurements Corporation). 

Related magnetic parameters were determined from these measurements: saturation 
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magnetization (Ms), remanent saturation magnetization (Mr), relative contribution of 

paramagnetic minerals to the Ms (Paramag. Cont.), coercivity field (Hc) and remanent coercivity 

(Hcr). The temperature dependence of high-field magnetization measurements were carried out 

using a laboratory-made horizontal magnetic translation balance. The magnetic field was 0.5 T, 

the temperature was controlled and the force compensated and recorded with a sensor that 

generates an output voltage. Such voltage is recorded using a PicoLog® recorder. 

Measurements were performed in air, and each sample was heated to a temperature of about 700 

°C and then cooled to room temperature (RT) with a controlled heating/cooling rate of 30 °C/ 

min.

The readers unfamiliar with environmental magnetism methods and techniques are 

addressed to consult the practical guides reported by Walden et al. (1999) and Dearing (1999). 

2.4. Geochemical analyses and pollution indices

Near-total concentrations of As, B, Ba, Be, Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, P, Pb, S, 

V, and Zn in the sediments (n= 17) were determined in the Laboratory of Water Geochemistry 

at Centro de Geociencias (CGEO-UNAM) by Inductively Coupled Plasma Atomic Emission 

Spectroscopy (ICP-OES), following the method 6010C by U.S. EPA (2000). Sediment samples 

were digested following the method 3051 (U.S. EPA, 2007). Sediments weighted 0.5 g were 

treated with 10 mL of ultrapure HNO3 (JTBaker), using a microwave oven CEM (MARS 

Xpress) which operated at one ramp (1600 watt), at 120°C for 15 min (holding time: 15 min). 

The accuracy of the results was checked against measurement of an internal blank, a sample 

prepared with a high purity certified standard (QCS-26) and one standard reference material 

(NIST 2710A).

 Two pollution indices were calculated for both PWR (n= 17) and GHB (n= 14) samples. The 

enrichment factor EF defined by Szefer (1998) was calculated for each sample and element 

concentration (x) using the equation EFx
Al= (x/Fe)sample / (x/Fe)background. According to Sutherland 
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(2000), five categories are proposed as minimum (EF < 2), moderate (EF = 2–5), significant (EF 

= 5–20), very high (EF = 20–40) and extremely high enrichment (EF > 40).

On the other hand, the pollution index (PLI, Tomlinson et al., 1980), a composite index 

based on thirteen PTE: As, Ba, Be, Cd, Co, Cr, Cu, Mg, Mn, Ni, P, Pb and Zn was calculated 

using the equation: ; where CHM,i is the concentration of each 𝑃𝐿𝐼 = 𝑛 ∏𝑛
𝑖 = 1(𝐶𝐻𝑀,𝑖 /𝐶𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑,𝑖)

element, and Cbackground,i is the background value for each element.

In this work, the background values were calculated using 14 data from GHB provided by the 

Servicio Geológico Mexicano (2017, Table 1) and the iterative 2-δ technique by Matschullat et 

al. (2000), except for B, S, and V that correspond to the upper continental crust data (UCC, 

Rudnick and Gao, 2003).

2.5. X-ray energy dispersive spectroscopy and scanning electron microscopy

The morphology and elemental composition of sediments were also studied in the 

Laboratory of Centro de Geociencias and at the Laboratorio de Investigación y Caracterización 

de Minerales (Universidad de Guanajuato, México) using magnetic extracts for various 

sediment samples. Particles were identified by a Phillips model XL30 scanning electron 

microscopy (SEM). This microscope also allowed to analyze the elemental composition of each 

specimen by X-ray energy dispersive spectroscopy (EDS) with an EDAX model DX4 (detection 

limit 0.5%).

2.6. Statistical methods

Prior to multivariate analyses, descriptive statistics for magnetic and elemental variables 

were studied. Multivariate analyses were performed using the R free software: R version 3.4.0 

(R Core Team, 2017). The relationships between variables were analyzed by principal 

component analysis (PCA) with matrix correlation; and after this analysis, a non-hierarchical k-

means clustering (CA) with Euclidean distance was performed. The coordinates of the rows 

obtained from PCA were used to build the clusters. All PWR (n = 17) and some GHB (n = 5) 
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samples, and a total of 20 variables were used for these analyses. In particular, the magnetic 

variables were: χ, SIRM, ARM, χARM/χ, ARM/SIRM and SIRM/χ; and EF variables: EFAs, EFBa, 

EFBe, EFCd, EFCo, EFCr, EFCu, EFMg, EFMn, EFNi, EFP, EFPb, EFS and EFZn.

The spatial distribution of χ and ARM/SIRM in the water reservoir was represented in a 

prediction map, which was built through a geostatistical analysis, i.e. the ordinary kriging 

method (OKM). The OKM is one of the most popular interpolation spatial method because it 

considers knowledge of the spatial variation as represented in the variogram function, and do 

not require additional information than the measurement values and their geographic 

coordinates. The spatial continuity and statistical assumptions were verified.

3. Results

3.1. Elemental concentrations, grain size, LOI550 contents and magnetic minerals 

Magnetic parameters and elemental contents evidence differences between sampling 

sites and between PWR and GHB sediments. Such differences can be appreciated in Table 1 and 

Table 2.

All elements for PWR sediments have higher median contents than GHB sediments 

(Fig. 2), such values for PWR are 13.2 mg/kg (As), 28.0 mg/kg (B), 256.7 mg/kg (Ba), 1.8 

mg/kg (Be), 1.5 mg/kg (Cd), 11.6 mg/kg (Co), 42.6 mg/kg (Cr), 30.0 mg/kg (Cu), 28753 mg/kg 

(Fe), 10567 mg/kg (Mg), 784 mg/kg (Mn), 17.8 mg/kg (Ni), 723 mg/kg (P), 28.6 mg/kg (Pb), 

1.8 mg/kg (Be), 7146 mg/kg (S), 98.4 mg/kg (V), 1.8 mg/kg (Be), 91.7 mg/kg (Zn), and 2.2 

(PLI), reaching increments of 12–207% with respect to GHB sediments.

Grain size in PWR sediments is fine, with a dominant silty fraction (61.8-89.8%; Table 2). Clay 

contents vary from 6 to 18% while sand contents show values between 2 and 24.2%. There is 

not a spatial pattern of grain size distribution between different zones into the reservoir. On the 

other hand, LOI550 contents show a spatial pattern with higher values in sediments located in 

deep water zones (P10, 13, 14, 15, 17, 19 and 23; min-max values = 9.5–14.6%) than in littoral 
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areas (P6, 12, 16, 18, 21 and 22; min-max values = 8.8–13.5%), and in riverine/littoral areas 

(P1, P4, R1 and R2; min-max values = 6.2–8.3%; Table 2).

Sediments from GHB, sample CLM-007, have a low coercivity component (H1/2= 57.5 

mT) with a high contribution of 81%, and a high coercivity component (H1/2= 234.4 mT) with a 

low contribution (13%). The acquisition IRM measurements for reservoir sediments, samples 

P15, and P19, show two main magnetic phases (Fig. 3). On one hand, a ferrimagnetic mineral 

component with a contribution to the SIRM of 71–79% characterized by low coercivity (H1/2= 

44.7–52.5 mT) such as magnetite-like minerals, and on the other hand a high coercivity 

component (H1/2= 389.0–457.1 mT) with a low contribution (17–25%) corresponding to 

reported remanent acquisition coercivity values of hematite minerals, which ranges between 28 

and 769 mT with an average value of 270 mT (Peters and Dekkers, 2003).

The thermomagnetic and magnetic hysteresis results confirm the presence of magnetite 

as a main carrier for these sediments (Hc= 12.5–18.9 mT and Hcr= 40.0–49.6 mT for GHB 

sediment samples; and Hc= 7.3–17.8 mT and Hcr= 37.4–49.2 mT for PWR sediments samples, 

Table 1). As observed from magnetic hysteresis loops (Fig. 4b, 4d, 4f), the contribution of 

paramagnetic minerals is a distinctive characteristic between both environments, sediments 

within the reservoir have higher paramagnetic mineral contents (Paramag. Cont.= 36.1–186.8%) 

than river sediments from the catchment (Paramag. Cont.= 8.1–15.5%, Table 1).

Such distinctive difference is evident from thermomagnetic measurements, which 

showed a linear decrease in magnetization up to 400°C only for PWR sediments, reaching a 25–

35% of MRT and a subsequent increase between 400°C and 500°C that is indicative of iron 

sulfides minerals such as pyrite (FeS2) and greigite (Fe3S4, Roberts et al. 2011). This magnetic 

transformation (a pronounced peak) is better expressed in the following order, the deepest PWR 

areas (sample P15, Fig. 4c), deep water areas (P10, and P21), littoral areas (P4), and Guanajuato 

and Chapin river mouths (sample R2, Fig. 4a). On the other hand, there is another decrease in 

magnetization at 550–580°C observed in both PWR and GHB sediments, which is characteristic 

of (titano)magnetite mineral.
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Smaller ferrimagnetic particles are observed in the deepest water levels of PWR by 

analyzing magnetic particle size dependent parameters (χARM/χ and ARM/SIRM). Values of 

anhysteretic ratios are higher (smaller particles) in deep water areas (χARM/χ= 8.9–10.1, and 

ARM/SIRM= 0.045–0.054, for sites P14, P19 and P23) than in littoral and river mouth areas 

(χARM/χ= 4.8–5.1, and ARM/SIRM= 0.015–0.022, for sites P1, R1 and R2). A general 

comparison between the river basin and the reservoir shows coarser magnetic particles in the 

source, i.e. GHB sediments (median χARM/χ= 2.9, and median ARM/SIRM= 0.013), than in the 

deposition area PWR (median χARM/χ= 6.2, and median ARM/SIRM= 0.034; Table 1).

Concentration dependent magnetic parameters, i.e. χ, ARM and SIRM, vary widely 

along the basin, e.g.: χ= 36.7–391.2 ×10-8 m3/kg and SIRM= 7.1–44.3 ×10-3Am2/kg (Table 1). 

There is a distinctive magnetic behavior between sediment source (i.e. GHB) and sedimentary 

deposition (i.e. PWR); sediments from GHB have higher values (median χ= 88.8 ×10-8m3/kg) 

than sediments from the PWR (median χ= 23.2 ×10-8m3/kg Table 1). Concentration of 

ferrimagnetic minerals is four-fold higher for GHB (e.g. median SIRM= 14.7 ×10-3Am2/kg) 

than PWR (e.g. median SIRM= 4.2 ×10-3Am2/kg) sediments.

3.2. SEM observations

The observation by SEM-EDS confirmed the presence of magnetite, pyrite and greigite 

minerals that are displayed in Fig. 5. Although in samples from both deep water (P14) and 

littoral (P1) areas are (titano)magnetite minerals (e.g. Fig. 5d, 5e, 5f), the deep water areas (P14) 

evidence the formation of iron sulfides from piritization reactions, which is possible in anoxic 

sulfate-reducing sedimentary environments.

Spherical framboids with variable diameters of 6–25 μm were observed, composition by 

EDS of individual crystals corresponds to pyrite crystals with atomic molar ratios of Fe to S that 

varied between 0.50 and 0.55. Individual cubo-octahedral crystals (coarser‐grained) of pyrite of 

1–1.5µm and finer particles ranging from 0.3–0.5 µm (possibly greigite crystals) are appreciated 

in Fig. 5a, 5c, 5e.
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3.3. Enrichment factor, pollution index and multivariate analysis

The adverse impact of elements in PWR sediments were analyzed using the enrichment 

factor EF and the pollution index PLI. Most elements for PWR samples have median values of 

EF < 2 (minimum enrichment); except As, Ba, Cd, Ni and S (with EFs of 2.0, 2.7, 2.7, 3.4 and 

83.5; i.e. moderate and extremely high enrichment, respectively). Higher median values are 

observed for GHB compared to PWR samples, only for elements Co, Cr, Cu, Ni and Pb (EFs of 

6.3, 1.6, 2.2, 9.3 and 1.9, respectively). In addition, the composite index PLI based on PTE 

gives median values of 2.2 and 1.9 for PWR and GHB samples, respectively. This index 

indicates how much a sample exceeds the contents of elements for an uncontaminated 

environment, which has a reference PLI value of 1. The PLI gives an assessment of the overall 

pollution status for a sample, and it is a result of the contribution of several PTE. These results 

can be appreciated in Fig. 6.

The principal components analysis with correlation matrix shows the relationships 

between magnetic and geochemical variables, and the first three principal components (PC) 

accounted for a 70.6% of the total variance (Fig. 7a). Ten out of twenty variables contribute to 

the first component (PC1), which are χ, SIRM, χARM/χ, ARM/SIRM, EFBa, EFCo, EFCr, EFNi, EFP 

and EFPb. The concentration dependent magnetic parameters (χ and SIRM) are directly 

correlated with the enrichment of Co, Cr, Ni, and Pb. On the other hand, the grain size 

dependent magnetic parameters (χARM/χ, ARM/SIRM) correlate directly with the enrichment of 

Ba and P. Six out of twenty variables contribute to PC2 (ARM, SIRM/χ, EFMn and EFS) and 

PC3 (EFCd and EFZn) as observed in Fig. 7a. On the other hand, the analysis of magnetic 

parameters with LOI550, sand, silt and clay contents shows that χ, SIRM, ARM, χfd, 

ARM/SIRM and LOI550 contribute to PC1, and sand, silt and clay to PC2. As observed in Fig. 

I and Table II (Supp. Data), LOI550 is directly correlated with ARM/SIRM; and inversely 

correlated with χ, SIRM, χfd and ARM.

Differences between PWR and GHB samples were confirmed by performing a cluster 

analysis using the first five PCs; which retained >90% of the data variance and were used to 
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build the clusters. This very high percentage of the inertia retained by selected PCs allows to 

obtain a stable and clear hierarchy. Three clusters are the optimal partition of samples, the first 

two clusters, as observed in Fig. 7b, are made of twelve PWR samples (cluster 1: P10, P12, P13, 

P14, P15, P16, P17, P18, P19, P21, P22 and P23) and seven PWR and GHB samples (cluster 2: 

P1, P4, P6, R1, R2, CLM-017 and CLM-020). Cluster 1 comprises only samples from the water 

reservoir, and cluster 2 is made of “transitional” areas, such as littoral PWR sites (P1, P4 and 

P6), river mouths (R1 and R2) and river samples (CLM-017 and CLM-020) close to the water 

reservoir (Fig. 1). The third grouping (cluster 3) is made of three GHB samples (CLM-007. 

CLM-009 and CLM-010).

4. Discussion

4.1. Magnetic properties and pollution levels within PWR

Magnetic properties of GHB and PWR sediments indicate the presence of 

(titano)magnetite as the main ferrimagnetic carrier, hematite is also detected but its contribution 

is lower than ferrimagnetic minerals. As expected for a sediment deposition area, sizes of 

ferrimagnetic iron oxides estimated from anhysteretic ratios (χARM/χ, and ARM/SIRM) are 

smaller in the water reservoir than in the hydrological basin, thus favoring the sediment 

adsorption of potentially toxic elements, as reported in river sediments (Chaparro et al., 2004), 

in intertidal sediments (Zhang et al., 2007) and in estuarine sediments (Dessai et al., 2009), 

among others. Rose and Bianchi-Mosquera (1993) studied the adsorption of several elements 

onto goethite and hematite, finding that, under oxidizing conditions at 25°C and at a pH greater 

than 6, the metals are adsorbed in the order Cu > Pb > Zn > Co > Ni > Ag with increasing pH, 

and this order changes to Pb > Zn > Co > Ni > Cu under reducing conditions (Fe2+-goethite). 

Recently, Lasheen et al. (2015) studied nano magnetite and its composite with kaolinite for Cu, 

Pb, Cd, Cr, and Ni adsorption. They proved that the adsorption capacity (of metal ions from 

aqueous solutions) of the magnetic composite increased with time and with higher pH. The 

adsorption capacities of metal in that study followed the order: Cu > Pb > Cr > Cd > Ni. 



16

Furthermore, in this study, dominant finer fractions and high LOI550 contents in the deepest 

zone of the reservoir, which are directly correlated with ARM/SIRM (Table II, Supp. Data) 

contribute to enhance the adsorption of heavy metals onto these sediments, as it was also 

observed by Zahra et al. (2014).

Although paramagnetic minerals such as pyrite evidence an important contribution 

within the water reservoir from magnetic hysteresis (Paramag. Cont. up to 190%, Table 2) and 

thermomagnetic measurements, the contrary occurs for GHB sediments. It is worth of 

mentioning that SEM-EDS studies support this magnetic analysis, showing the presence of 

characteristic spherical framboids (6–25 μm in diameter) composed of individual cubo-

octahedral crystals of pyrite (coarser‐grained) and finer particles (0.3-0.5 µm) of possibly 

greigite crystals, which are well known to form as precursors to pyrite in such environments 

(Roberts et al., 2011). Differences between sediments are also exhibited by mass-specific 

magnetic susceptibility values that decrease from GHB sediments (median χ= 88.8 ×10-8 m3/kg) 

to PWR sediments (median χ= 23.2×10-8 m3/kg). Moreover, in PWR, magnetic concentration 

parameters decrease from littoral sites (χ≈ 60 ×10-8m3/kg) to deep water areas (χ≈ 20 ×10-

8m3/kg) within the water reservoir. Reported χ values of magnetite ferrimagnetic mineral (0.4–

1.1 ×10-3 m3/kg) are approximately a thousand times greater than that of pyrite paramagnetic 

mineral (0.3 ×10-6 m3/kg; Dearing, 1999). In addition, the pyrite mineral contents increase from 

littoral to deep water areas in the water reservoir; the deepest areas (lacustrine zones) reach 

about 26 m and provide alkaline, anoxic and sulfate-reducing sedimentary sub-environments 

where piritization reactions and dissolution of magnetite are possible to take place (Berner, 

1984). In addition to neutral/alkaline waters of PWR, high contents of sulfur are present in these 

sediments, with a median value of 7146 mg/kg (Fig. 2).

Most of the element contents vary within the water reservoir, median contents of As, B, 

Ba, Be, Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, P, Pb, S, and Zn surpass 1.1-4.2 times the background 

values. According to Ramos-Arroyo et al. (2004), ~95 million tons of mineralized rock have 

been extracted and processed by different methods in the mining district of Guanajuato since 
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1548; the elements As, Cd, Cu, Pb, Se, and Zn, that were added during the extraction 

processing, may be hazardous because of their high toxicity. High contents (up to 2%) of 

sulfides and sulfosalts in Guanajuato tailings were reported by Mendoza-Amezquita et al. 

(2006), hence they concluded that Pb, Zn and Cu can be derived from galena (PbS), sphalerite 

(α-ZnS), and chalcopyrite (CuFeS2), respectively. The leaching behavior of tailings from GMD, 

and the potential hazard of mine waste material, was evaluated geochemically by Morton-

Bermea et al. (2004). They found that the trace elements V, Cr, Mn, Co, As, Se, Mo, Cd, Sb, Tl 

and Pb are very likely bounded to secondary minerals, which can be easily dissolved after a 10-

weeks period, and hence liberated these trace elements to the catchment area. The study 

reported by Miranda-Avilés et al. (2012) also provided evidence that anthropogenic metals 

stored in the fluvial plain of Guanajuato River sub-basin represent a major potential source of 

pollutants to surface and groundwater in the Lerma-Santiago basin. They found that 

contamination of Cu, Zn, Sb, and Pb may be attributable to historical discharges of mine tailings 

into Guanajuato River and the use of Cu (CuSO4) in the metallurgical process of amalgamation. 

The anthropogenic metals stored in sediments from GHB, far away from PWR, represent a 

major potential pollution source (Miranda-Avilés et al., 2012), which is confirmed by the 

element enrichments, with median values of EF < 2 and higher ones for As, Ba, Cd, Ni and S, 

and the PLI index (median value of 2.2) of PWR sediments in this study. In the case of Ba and 

V, their content could be related to the presence of some Ba-V-rich feldspars and muscovite in 

phyllite formations into the hydrological basin, as it was reported by Pan and Fleet (1991). 

Comparable values of Ni were reported in the center and north sectors of the GMD by Carrillo-

Chávez et al. (2003). Finally, the high content of P in PWR may be explained by agricultural 

activities, as phosphorus compounds are one of the most common constituents of agrochemical 

additives, such as pesticides and chemical fertilizers used in agriculture. Thus, the “La 

Purísima” water reservoir constitutes a progressive accumulation area of pollutants.

4.2. Magnetic parameters as proxies for pollution
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Magnetic proxies of pollution, such as the well-known magnetic susceptibility, have the 

advantage to be determined with high sensitivity combined with fast laboratory processing; 

sample preparation is easy, laboratory instruments are of relatively low cost, and most 

measurements are nondestructive (Chaparro et al., 2014). The parameter χ is perhaps the best 

and the most used parameter for assessing magnetic concentration in environmental samples, 

which is roughly proportional to the concentration of paramagnetic and ferrimagnetic minerals. 

SIRM and ARM are sensitive to the concentration of only ferromagnetic minerals, but ARM is 

also sensitive to their grain size (Dunlop and Özdemir, 1997). On the other hand, the ratios 

ARM/SIRM and χARM/χ are designed to cancel the effects of magnetic mineral concentration, 

and enhance the signal due to variations in grain size (Liu et al., 2012). χARM/χ is a sensitive 

grain size indicator of magnetite, where values of χARM/χ > 5 are indicative of the presence of 

very small magnetite grains (< 1 μm). This is because χARM is strongly grain size dependent 

(Peters and Dekkers, 2003).

The concentration (χ and SIRM) and grain size (ARM/SIRM and χARM/χ) dependent 

magnetic parameters, organic carbon content (LOI550) and the enrichment of Ba, Co, Cr, Ni, P 

and Pb were identified as the variables with main contribution to the first component in PCA. 

Direct correlations are observed between χ, SIRM, Co, Cr, Ni and Pb; and between 

ARM/SIRM, χARM/χ, Ba, P and LOI550 (Table I and II, Supp. Data). On the other hand, 

parameters ARM and SIRM/χ are inversely correlated with enrichment of Mn and S, which are 

grouped in PC2. In addition, these variables allowed to group the water reservoir and basin 

samples into three well-differentiated clusters. The cluster 1, made of PWR samples, is 

distinctively different of transitional and GHB samples grouped in cluster 2 and 3, respectively. 

Cluster 1 is characterized by lower mean values of concentration parameters (χ, SIRM and 

ARM) and enrichment of Co, Cr, Ni and Pb than the global mean, as well as higher mean values 

of grain size parameters (ARM/SIRM and χARM/χ) and enrichment of Ba, Mn, S and P than the 

global mean. The opposite behavior for mentioned variables is observed in clusters 2 and 3.
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This fact and the relationships between concentration and grain size dependent 

magnetic parameters and enrichment of elements support the use of parameters χ, SIRM, 

ARM/SIRM and χARM/χ as proxies for Ba, Co, Cr, Ni, P and Pb pollution, and the ARM as a 

proxy for Mn and S pollution in GHB and PWR sediments. These magnetic proxies are 

proposed for this study area, and others with similar anthropogenic activities, for metal pollution 

monitoring in water reservoir and river sediments. 

Changes in space for the magnetic proxies χ and ARM/SIRM are represented in Fig. 8. 

Such changes are related with characteristics of depositional (littoral and deep water) areas 

within the water reservoir, the input of available pollutants, and the enrichment of mentioned 

PTE. It is important to take into account that this representation should be considered as a 

geostatistical approximation because of the limited number of sampling sites.

5. Conclusions

Magnetite is the main ferrimagnetic carrier present in sediments from the river basin 

and the water reservoir; however, its concentration is four-fold higher for Guanajuato 

Hydrological Basin sediments than Purísima Water Reservoir sediments and its magnetic grain 

size distribution indicates the presence of fine particles in the water reservoir that favor the 

sediment adsorption of potentially toxic elements.

Among magnetic minerals, the iron oxide hematite, and iron sulfides pyrite and 

(probably) greigite are detected in PWR sediments, especially in deep water areas where early 

diagenesis seems to be more evident. The presence of these paramagnetic minerals within the 

water reservoir indicates magnetic mineral transformations through piritization reactions that 

have led to a decrease in magnetic concentration.

Contamination by As, Cd, Cu, Mn, S, Pb, and Zn are mainly associated to mining 

activities in Guanajuato Hydrological Basin which have affected the environment through 

historical discharges of mine tailings into the main tributaries of the Guanajuato Hydrological 

Basin. In contrast, Co, Cr, Ni and Ba contents in sediments may have a geogenic origin. And the 
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P concentrations may be explained by anthropogenic activities, such as agriculture. Purísima 

Water Reservoir sediments evidence moderate enrichments (median values of EF= 2–5) with 

respect to As, Ba, Cd, Ni and very high enrichment (median values of EF over 20) for S. On the 

other hand, GHB sediments evidence moderate to significant enrichment (EFs of 6.3, 1.6, 2.2, 

9.3 and 1.9, respectively) only with respect to Co, Cr, Cu, Ni and Pb (EFs of 6.3, 1.6, 2.2, 9.3 

and 1.9, respectively); hence, PWR and GHB sediments evidence moderate to significant 

enrichment.

The multivariate analyses for these sediment samples show significant differences 

between GHB and PWR sediments for magnetic grain size and concentration parameters and 

EFs variables. Differences between PWR and GHB samples were determined by cluster 

analysis that allows partitioning the dataset into three clusters as the optimal groups of samples. 

These clusters are made of sediments from deep water (cluster 1), transitional (littoral PWR 

sites, river mouths and river sites close to the water reservoir, cluster 2) and river basin (cluster 

3) areas.

The relationships between concentration and grain size dependent magnetic parameters 

with PTEs allow us to use χ, SIRM, ARM/SIRM and χARM/χ as proxies for Ba, Co, Cr, Ni, P and 

Pb pollution, and the ARM as a proxy for Mn and S pollution in GHB and PWR sediments. 

Therefore, prediction maps using these magnetic proxies provide a useful tool for future studies 

to evaluate and control the environmental health of water reservoirs and lakes.
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Table and figure captions

Table 1. Geochemical (n=14) and magnetic (n=12) parameters of Guanajuato Hydrological 

Basin sediments (GHB). Underlined data (SGM-#) were provided by the Servicio Geológico 

Mexicano (2017).

Table 2. Magnetic, geochemical and index of Purísima Water Reservoir sediments (PWR, 

n=17).

Fig. 1. Location of the study area in Guanajuato state (México). Green points indicate the 

sampling sites (CLM-#) of the sediments in the GHB, black triangles correspond to available 

data provided by the Servicio Geológico Mexicano (SGM-#; Servicio Geológico Mexicano, 

2017), and black points show sampling sites (P-#) in the Purísima Water Reservoir, as well as 

the lithology, land uses and principal tributaries. Red line corresponds to the Mother Lode 

forming part of the Guanajuato Mining District (GMD).

Fig. 2. Representation of descriptive statistics of magnetic and elements variables for GHB and 

PWR sediments. The box delineates interquartile range 25−75%, and the horizontal line in box 

indicates the median. Minimum and maximum values are shown using whiskers, as well as the 

mean value is shown with an open square.

Fig. 3. Isothermal remanent magnetization measurements and gradient of IRM for (a) a GHB 

sample, and (b) PWR samples. Two magnetic phases corresponding to magnetite (Comp. 1; 

H1/2= 44.7–57.5mT) and hematite (Comp. 2; H1/2= 234.4–457.1mT) were determined.

Fig. 4. (a, c, e) Thermomagnetic (heating run: solid line and cooling run: dash line) and (b, d, f) 

magnetic hysteresis (magnetization M and adjusted magnetization adj. M are shown with 

different colors) measurements for GHB and PWR sediment samples.

Fig. 5. SEM observations and elemental quantification by EDS of PWR samples. (a, b, c, e) 

Framboids of pyrite varied from 6-25µm, individual cubo-octahedral crystals are of 1-1.5µm 

and 0.3-0.5µm. (d, f) Among magnetic minerals, (titano)magnetite is also observed.
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Fig. 6. Enrichment factor EF, enrichment categories (proposed by Sutherland, 2000), and index 

PLI for GHB and PWR sediment samples are represented. For reference purposes, concentration 

dependent magnetic parameter χ is displayed. The box delineates interquartile range 25−75%, 

and the horizontal line in box indicates the median. Minimum and maximum values are shown 

using whiskers, as well as the mean value is shown with an open square.

Fig. 7. Multivariate analysis of GHB and PWR sediment samples. (a) Principal component 

analysis; (b) Representation of the cluster analysis on the principal component map. Three 

groups were obtained using five PCs, clusters are highlighted in different colors such as cluster 

1 in black, cluster 2 in red, and cluster 3 in green color.

Fig. 8. Spatial distribution (built through the ordinary kriging method) of (a) mass-specific 

magnetic susceptibility χ and (b) anhysteretic ratio ARM/SIRM of Purísima Water Reservoir 

sediments. The lowest magnetic concentration (low χ-values) and grain size (high ARM/SIRM-

values) are observed in deep water areas, on the contrary, high magnetic concentration and grain 

size correspond to littoral and river mouth areas. These magnetic proxies (χ and ARM/SIRM) of 

PTE pollution are directly correlated with Co, Cr, Ni and Pb; and with Ba and P, respectively.



31



32



33



34



35



36



37



38

Table 1   

Sample
UTM-

W UTM-N As Ba Be Cd Co Cr Cu Fe Mg Mn Ni P Pb Zn Sample UTM-W UTM-N  SIRM ARM ARM χFD ARM/ ARM/SIRM SIRM/ Hc Hcr

Paramag. 
Cont.

   mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg    
10-8 m3 

kg-1
10-3 A m2 

kg-1
10-6 A m2 

kg-1
10-8 m3 

kg-1
10-8 m3 

kg-1 a.u. a.u. kA/m mT mT %
SGM-11 264041 2321919 10.0 164 1.3 0.5 12.5 84.8 37.8 36487 13146 820 20.5 306 25.8 58.1 CLM-001 263693 2330504 47.5 8.8 60.8 72.3 1.1 1.5 0.007 18.5 18.9 -- 8.1
SGM-12 264713 2311521 3.6 277 1.3 0.5 6.6 34.4 16.8 18628 4233 292 5.9 146 20.4 43.3 CLM-003 266052 2330072 95.2 16.7 394.0 579.1 6.7 6.1 0.024 17.6 -- -- --
SGM-14 266825 2318700 6.1 132 1.3 0.5 4.6 28.7 16.9 19426 5363 342 5.4 266 22.7 45.8 CLM-007 263724 2328956 391.2 44.3 228.1 136.2 0.5 0.3 0.005 11.3 12.5 49.6 13.2
SGM-15 270194 2318334 10.7 104 1.3 0.5 11.1 67.4 27.4 31855 9069 438 12.9 379 31.9 78.1 CLM-009 261109 2324586 65.2 10.5 109.8 151.0 1.3 2.3 0.010 16.1 -- -- --
SGM-16 269989 2310176 5.9 66 0.9 0.5 3.2 12.4 11.4 12322 1421 137 3.4 78 15.9 29.2 CLM-010 269738 2327127 36.7 7.1 119.0 162.6 2.2 4.4 0.017 19.5 -- -- --
SGM-20 272563 2315021 6.1 102 1.3 0.5 7.4 42.6 19.3 25044 6495 316 7.2 303 23.8 57.7 CLM-014 265376 2326325 41.5 7.1 96.4 137.7 0.8 3.3 0.014 17.1 -- -- --
SGM-21 277429 2316135 4.8 131 1.8 0.5 5.7 33.5 15.3 22624 5525 210 4.3 230 21.5 47.5 CLM-015 263439 2324363 197.7 29.4 267.8 368.8 3.0 1.9 0.009 14.9 -- -- --
SGM-22 279148 2315479 5.1 168 1.6 0.5 4.6 31.4 15.1 22659 5062 222 4.3 226 25.1 55.5 CLM-016 259824 2321189 109.2 16.1 169.9 233.5 2.0 2.1 0.011 14.7 -- -- --
SGM-23 275386 2310637 4.9 73 1.1 0.5 2.4 14.7 12.8 10142 1602 113 3.4 112 20.7 37.6 CLM-017 264041 2321919 110.6 16.4 188.0 254.6 1.4 2.3 0.011 14.8 -- -- --
SGM-
744 269815 2326280 16.3 101 0.9 3.4 22.4 38.0 14.3 15557 5100 386 23.6 317 44.7 40.2 CLM-018 261790 2316431 73.7 9.0 110.0 184.8 0.9 2.5 0.012 12.3 13.6 40.0 15.5
SGM-
745 269738 2327127 17.1 65 0.9 4.7 30.0 41.7 31.8 19079 6500 647 33.2 366 58.9 78.0 CLM-020 266825 2318700 118.8 24.0 300.0 409.4 2.6 3.4 0.013 20.2 -- -- --
SGM-
751 263724 2328956 23.4 55 0.9 6.0 42.0 89.9 44.9 25502 8500 671 57.5 481 60.9 48.5 CLM-021 263076 2313407 82.3 13.2 318.5 422.2 3.6 5.1 0.024 16.1 -- -- --
SGM-
752 261023 2327612 30.1 34 0.9 6.9 51.4 12.4 56.1 27541 12600 746 99.6 499 70.7 41.4
SGM-
753 261109 2324586 9.7 33 0.9 1.2 47.2 104.7 49.0 26818 10560 568 75.2 202 56.8 33.3

Background values  6.0 73 1.0 0.5 5.7 32.5 16.9 22624 5363 364 4.3 285 25.1 44.5               
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Table 
2  

Sample UTM-W UTM-N  SIRM ARM ARM χFD ARM/ ARM/SIRM SIRM/ Hc Hcr

Paramag. 
Cont LOI550 sand silt clay As B Ba Be Cd Co Cr Cu Fe Mg Mn Ni P Pb S V Zn

   
10-8 m3 

kg-1
10-3 A m2 

kg-1
10-6 A m2 

kg-1
10-8 m3 

kg-1
10-8 m3 

kg-1 a.u. a.u. kA/m mT mT % % % % % mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
P1 263175 2312932 70.1 12.5 260.8 335.8 3.2 4.8 0.021 17.8 13.7 49.2 53.2 6.2 10.2 74.0 15.8 12.2 17.1 164 1.4 2.9 16.0 67.4 37.0 29213 7485 605 29.3 493 40.6 751 130.7 100.3
P4 262929 2312549 63.1 11.7 296.7 370.3 1.5 5.9 0.025 18.5 10.3 37.4 36.1 8.3 16.0 78.0 6.0 12.3 44.0 253 0.7 2.0 15.4 68.6 69.6 33562 14413 683 24.5 745 44.0 1500 133.7 112.7
P6 262908 2312040 28.9 6.0 190.4 229.6 1.8 7.9 0.032 20.7 -- -- -- 11.0 8.0 85.8 6.2 11.6 39.0 260 0.9 1.9 15.2 68.5 60.5 33937 15615 850 26.2 792 38.5 9109 128.9 119.9
P10 262930 2311220 27.2 4.8 190.2 231.2 1.1 8.5 0.039 17.8 17.8 43.8 123.0 12.4 24.0 68.0 8.0 16.5 28.2 259 1.4 1.7 13.6 54.9 41.2 31814 12215 910 21.8 669 32.8 7146 109.5 100.4
P12 262604 2310779 18.0 2.5 89.6 100.5 2.3 5.6 0.036 13.7 -- -- -- 8.8 2.0 89.8 8.2 18.4 36.3 319 1.8 1.7 13.1 51.0 34.8 33091 12070 1182 21.2 845 30.5 10930 110.3 101.6
P13 262948 2309758 20.9 3.2 108.3 118.8 0.4 5.7 0.034 15.4 -- -- -- 13.8 18.0 74.0 8.0 15.6 23.4 257 1.6 1.4 10.7 35.8 22.1 26723 9208 784 14.5 740 22.4 8891 83.7 79.6
P14 262222 2309282 23.2 3.4 184.2 233.7 1.8 10.1 0.054 14.6 -- -- -- 13.1 18.2 63.8 18.0 19.2 30.7 299 3.2 1.5 12.1 48.0 34.7 31295 11266 1113 19.7 793 28.6 10735 102.2 95.1
P15 261774 2309537 15.1 1.7 45.6 60.9 0.6 4.0 0.026 11.4 9.6 46.6 186.8 9.5 18.2 61.8 20.0 19.9 28.8 291 2.1 1.5 11.6 42.2 29.3 31106 12202 980 17.8 512 28.0 10880 98.4 98.1
P16 263677 2310281 28.6 6.0 192.7 237.7 1.3 8.3 0.032 20.9 -- -- -- 9.1 2.2 91.8 6.0 12.9 23.7 192 1.8 1.3 10.3 33.3 14.4 26549 9160 548 11.6 517 20.6 3723 76.6 91.7
P17 261852 2310234 19.4 2.5 72.9 87.0 0.7 4.5 0.029 12.8 -- -- -- 14.6 24.2 63.8 12.0 16.6 28.0 294 1.8 1.4 11.9 40.8 28.2 28731 11274 989 17.6 745 24.0 9425 92.8 89.5
P18 261925 2310782 31.0 4.5 136.5 162.0 1.4 5.2 0.031 14.4 -- -- -- 13.5 8.0 83.8 8.2 9.9 25.1 281 1.5 1.3 10.3 32.9 19.5 24688 9875 780 13.7 680 17.2 8178 74.0 70.7
P19 262402 2310031 19.0 3.1 140.6 169.4 0.9 8.9 0.045 16.6 -- -- -- 11.9 18.0 75.8 6.2 15.1 28.6 244 1.8 1.5 11.5 42.6 30.0 28753 10567 732 17.8 646 29.0 10168 96.9 89.5
P21 263446 2310739 20.3 4.2 146.2 173.4 0.4 8.5 0.035 20.6 7.3 46.5 67.2 13.3 8.0 85.8 6.2 15.1 24.0 231 1.8 1.4 9.7 32.3 28.0 26159 9121 857 12.5 723 21.3 6388 76.0 87.9
P22 263882 2311056 19.3 2.8 100.9 119.8 0.8 6.2 0.037 14.3 -- -- -- 13.2 2.0 87.8 10.2 12.4 24.6 281 1.8 1.3 10.9 34.7 21.2 26622 9913 896 15.1 744 20.3 5974 83.4 83.0
P23 262401 2309318 21.2 3.4 171.0 206.4 1.5 9.8 0.050 16.3 -- -- -- 12.0 18.2 64.0 17.8 11.3 6.5 232 2.1 2.0 10.5 43.1 31.0 23145 6158 603 16.6 494 29.3 5703 105.4 84.4

R1 262861 2313127 73.4 12.6 277.5 358.8 1.5 4.9 0.022 17.1 -- -- -- 7.6 24.0 65.8 10.2 13.2 46.4 229 0.8 1.9 15.4 68.5 68.4 32179 13452 648 27.2 765 44.4 1477 136.1 119.4
R2 265055 2310134 51.5 13.3 201.7 263.8 2.7 5.1 0.015 25.9 -- -- -- 7.7 22.4 63.8 13.8 12.2 6.2 123 1.4 1.5 9.3 29.0 14.8 19581 5354 285 7.7 304 15.3 1105 76.9 74.1

Background values                 6.0 17.0 73 1.0 0.5 5.7 32.5 16.9 22624 5363 364 4.3 285 25.1 62 97.0 44.5
Background values were calculated using 14 GHB samples (Servicio Geológico Mexicano SGM, 2017) and the iterative 2-δ technique by  Matschullat et al. (2000), except for B, S, and V that correspond to the UCC (Rudnick & Gao, 2003)
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Highlights

 Magnetic parameters as proxies for element pollution in water reservoirs.

 Element contamination is mainly associated with historical mining activities.

 Iron oxides and iron sulfides are detected and characterized in water reservoir 

sediments.

 Multivariate analysis for magnetic and enrichment variables shows differences 

between reservoir and basin sediments.


