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Abstract

:

Mining activity at Taxco produces seven mining waste deposits, which are problematic for the health of the community and for the environment in general. This study targets the Guerrero I mining waste dam (the youngest of the region), located south of Taxco de Alarcon, in the northern portion of Guerrero State, Mexico. This study reports the vertical magnetic susceptibility prospecting results and geochemical characterization of 27 tailing samples from the Guerrero I dam. Results from magnetic techniques provide evidence for different deposit layers of variable mineral composition, in agreement with the lithological column. The short evolution period of this relatively young dam is corroborated by the practically constant and close to 1 S-300 ratio (low oxidation degree of the magnetic mineralogy) and the mainly neutral pH character at the dam’s upper part. Most maximum concentrations of potentially toxic elements are below the maximum permissible levels for agriculture/residential use, except for those of Pb and Zn, with average enrichment factors above 90 and 50 times the corresponding regional background concentrations, respectively. Simple sample preparation and fast magnetic and X-ray fluorescence elemental concentration measurements, together with a suitable systematic sampling distribution, result in an advantageous proxy method for a quick and cost-effective heavy metal evaluation of mining waste dams.
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1. Introduction


Mining is one of Mexico’s most traditional economic activities, practiced since pre-Hispanic times [1], and it is a regional expansion source since colonization. It has been present in the country’s development as an essential modernization and development factor, providing goods to virtually all industries, including construction, metallurgical, steel, chemistry, and electronics.



The Taxco Mining District (TMD) has more than 450 years of mining history. During the colonial epoch (1521–1810), Taxco mines produced large quantities of silver and gold, and were considered among America’s wealthiest mines [2]. This activity has resulted in seven mining waste deposits (El Fraile I, La Concha, El Solar, Guerrero I, Guerrero II, Los Jales, and San Antonio) in the region, encompassing more than 55 million tons [3].



Unavoidably, as the ore bodies are exhausted, or when their exploitation becomes unprofitable, mines are abandoned. Due to erosion, waste materials left in piles or deposited in dams are exposed to the effects of wind and rain. Without a vegetative cover, the waste piles spread their toxic loads into atmospheric and aquatic environments for years afterward [4].



As noted by [5], “…dust levels in the environment near the mines and waste tailings affect the quality of air in communities and agriculture soils”. Moreover, such particles were found at a distance up to 6 km away from the dams [6].



Likewise, as noted by [7], “Metals in tailings are among the most damaging legacies of mining in that they can cascade through the environment into plants and animals and eventually into human food”. These findings are supported by those of [8,9,10].



Therefore, this activity also has some negative impacts on the environment and health (e.g., [2,11,12], and references therein), which are often severe problems for mining districts. Such waste accumulations have a high polluting potential due to the high potential toxic element (PTE) concentrations, as reported in various studies (e.g., [2,11,13,14]). For this reason, the study of the distribution and concentration of potentially toxic elements (PTEs) contained in mining wastes (tailings) is currently an issue of significant relevance [13].



In a metal geochemical investigation from El Fraile I mine tailings, carried out by [11], ten samples collected from different areas on the tailing’s walls, with distinct visible characteristics, were used for chemical and mineralogical analyses. Metal contents were analyzed by inductively coupled plasma mass spectrometry (ICP-MS). High concentrations of Zn, As, Fe, and Pb (20,200, 2052, 13,670, and 22,900 ppm, respectively) with close to neutral pH values were estimated in two out of the ten samples analyzed (Group I). Group II, on the contrary, showed lower concentration values and acidic pH values.



Similarly, in a mineralogical and geochemical investigation of sulfide-bearing tailings from silver mines in Taxco, ref. [2] analyzed 113 samples from the seven mine waste dumps using inductively coupled plasma atomic emission spectroscopy (ICP-AES). As mentioned by [2], “All tailings and waste-rock accumulations show high concentrations of all studied metals, although concentrations are variable suggesting high heterogeneity among the different mine waste impoundments”.



More recently, in a geochemical investigation on the behavior of Cu and sulfur isotopes in the Taxco region, ref. [3] reported the results of twelve surficial samples from five out of the seven tailings of the area, collected from both oxidized and non-oxidized horizons. The determination of total Fe, Cu, Zn, and Pb was performed by flame atomic absorption spectrometry (FAAS). In this study, the author concluded that “Concentrations and isotopic values of sulfur and copper in rocks, tailings, soils, and precipitates, collected in the Taxco mining district, exhibited that the oxidation of both sulfide and copper-bearing minerals, controls the release of metals”.



In the studies mentioned above, the sampling strategy seems to have been based mainly on the waste-dump physical characteristics (color, oxidation state, etc.) on the one hand, and a reduced number of samples per waste dump (10, between 5 and 15, and 2, respectively) on the other, rather than on a systematic and exhaustive approach. The reduced number of samples per waste dump that were taken could be justified because the above-mentioned standard methodologies require ultra-pure facilities, considerable processing time, and are generally expensive due to the high-purity reagents required.



Due to this situation, an alternative and complementary procedure allowing reliable estimation of PTE concentration economically and rapidly is desirable; this would enable economic resources and time to be focused on areas with the most significant impact or interest.



More than two decades ago, different investigations showed the correlation between magnetic susceptibility and heavy metal content [15,16,17,18]. This correlation has been attributed to the incorporation of heavy metal elements into the lattice structure of ferrimagnetic minerals during combustion, or alternatively to their adsorption onto the surface of the ferrimagnetic materials present in the environments [15].



Although magnetic methods are broadly employed at present in most areas of environmental investigation as a proxy for heavy metal pollution in industrial (e.g., [15,16,17]) and urban regions (e.g., [18,19]), mining wastes, however, have hardly been investigated with magnetic methods [20].



Apart from a study carried out in a metallurgical area in San Luis Potosi State, Mexico [21], and those studies accomplished in two western Mexico mining districts [22] and Angangueo [23], magnetic methods have not been systematically employed in the study of mining wastes.



The results of a systematic and exhaustive rock-magnetic and geochemical investigation of the Guerrero I mining waste deposits (the youngest in the region) are presented, highlighting their variations with the dam’s depth. Magnetic, chemical, and physicochemical methods were applied to achieve this goal.




2. Study Area and Historical Background


The TMD is located south of Taxco de Alarcón, the Guerrero State’s northern area (Figure 1). Mineralization in the TMD primarily arises in hydrothermal veins, replacement ores, and stockworks hosted in limestones of the Morelos and Mexcala formations, but also, although less frequently, in the Taxco Schists and Balsas formations [24]. Up to 50 important mineralized structures (500–2000 m in length and 1–10 m in width) have been identified [3].



The TMD’s long mining history of more than 450 years has yielded seven mining waste deposits (El Fraile I, La Concha, El Solar, Guerrero I, Guerrero II, Los Jales, and San Antonio) in the region, encompassing more than 55 million tons [3].



The Guerrero tailings comprise two deposits, Guerrero I and Guerrero II, located at ~3.5 km south-east of Taxco. The Guerrero I dam (~420 m × 300 m × 90 m) contains the entire district’s most recent waste. It has a grayish color; the material is anhydrous and unconsolidated. Guerrero II tailings are oxidized, have an ochre-reddish color, are consolidated, and are widely spread in the riverside and bed of the Xochula creek [3].




3. Materials and Methods


A field campaign was done at the TMD, where twenty-seven tailing samples from the Guerrero I dam were collected. Sampling was carried out from the top to the dam’s base, making it as representative as possible, paying particular attention to the changes in the characteristics between the different horizons, both vertically and horizontally. Figure 2 shows the sampling points at the Guerrero I dam. Samples (~500 g) were placed into labeled and georeferenced polyethylene bags.



Mineralogy identification was carried out by microscopic observation of the samples spread on a petri dish. Sample preparation for magnetic analysis consisted of manually crushing ~250 g of the sample up to a particle size of clay using an agate mortar. Acrylic cubes (23 mm per side) were tightly packed with the pulverized and homogenized samples for magnetic analysis. Sample preparation for geochemical analysis consisted of mixing 3 g of the crushed and homogenized material with 0.5 g of wax-C micro powder (Hoechst) using a precision balance (Scout pro; accuracy 0.01 g). Both components were manually homogenized using the same mortar. Once homogenized, the mix was deposited into a 3 mm diameter stainless-steel die, pressed, and held under up to 20 tons of pressure for two minutes with an Atlas hydraulic press aid (Specac, Washington, DC, USA), obtaining pressed-pellet samples. Finally, for physicochemical analyses, 5 g of the material was dissolved into 50 mL of distilled water and stirred for half an hour so that the salts were dissolved in their entirety.



A set of different magnetic, geochemical, and physicochemical techniques were used to characterize the studied samples: (i) Magnetic susceptibility measurements at low (κLF) and high (κHF) frequency using a Bartington MS2 magnetic susceptibility meter [25].



From these results, the percent frequency-dependent magnetic susceptibility was calculated.


    κ   F D   % =   100 ×     κ   L F   −   κ   H F           κ   L F     ,  



(1)







(ii) Acquisition of stepwise isothermal remanent magnetization (IRM) curves employing an IM-10 (ASC Scientific, Narragansett, RI, USA) pulse magnetizer. Magnetization acquired at 700 mT was taken as the saturation isothermal magnetization (SIRM). (iii) Induction of a backfield magnetization at 300 mT (IRM-0.3 T) for the S-300 ratio estimation, according to the following formula:


    S   - 300   =     I R M   - 0.3   T     S I R M   ,  



(2)







Remanent magnetizations were measured using an Agico JR-6 spinner magnetometer.



The samples’ chemical composition (both major and trace elements) was obtained through energy dispersive (ED) X-ray fluorescence using a 50 kV tube (Xenemetrix, Austin, TX, USA) X-Calibur ED-XRF. An HI 2020 multi-parametric kit was used to determine physical-chemical properties (pH and EC).



All analyses were carried out at the Laboratorio Universitario de Geofísica Ambiental (LUGA) facilities, Instituto de Geofísica Unidad Michoacán.




4. Results


4.1. Physical and Magnetic Results


Based on the sampling strategy followed in this investigation, which focused on taking representative samples of the different recognizable strata in the field, a tentative lithological column of the dam is proposed (Figure 3). It is worth noting that the distribution of the sampling was not at regular intervals, because no extra information would have been obtained, for example, by obtaining twenty samples taken every 1 m from the first 20 m in depth. In addition, one must note that the construction of a representative lithological column would require flat layers over the whole surface of the impoundment—a fact hard to corroborate without obtaining a core.



A series of dark-/light-gray layers characterize the Guerrero I dam surface at its upper part, mainly composed of slightly- to well-consolidated grains, from fine sand grains up to clay grain size. At the dam’s central part (35.0–45.3 m thickness), an alternated partially-/well-consolidated thin-layer sequence (0.1–0.5 m width) with varying colors (dark-/light-gray, gray-reddish, and ochre) is observed. On the contrary, the lower part (48.6–72.1 m) is characterized by six well-consolidated red, ochre-reddish, and green color layers, except at the base, where partially consolidated thin layers are observed. Table 1 summarizes the textural and mineralogical characteristics of the analyzed samples.



Magnetic susceptibility (κ) vertical-survey results for the Guerrero I dam are shown in Figure 4a. From the summit (0.0 m) up to a depth of 19.7 m, κ presents a slight reduction of 23% (1.09 × 10−3–0.84 × 10−3) through this ~20.0 m wide dark-gray layer. Below this stratum underlays two light-gray layers (5.6 and 5.7 m width, respectively) with significantly lower values of 0.145 and 0.166 × 10−3, respectively. A thinner 1.4 m wide dark-gray layer, with almost twice the value (1.96 × 10−3) than the one at the summit, lays below the above-described layers. Within the thin-layer sequence described above, alternating κ values are found up to a depth of 48.6 m. Six intercalated layers (1.0, 1.6, 3.6, 1.0, 3.2, and 2.2 m-width) are also observed within it. A maximum κ value of 4.68 × 10−3 was obtained at a depth of 44.1 m, which corresponds to a 1.2 m wide reddish layer. The last six layers (2.5–6.5 m wide) are mainly characterized by red, ochre-reddish, and green colors with alternating κ values. The last two layers show significantly lower κ values.



The SIRM plot (Figure 4b) shows a similar trend. These variations could be attributed either to variations in concentration or composition of the magnetic mineralogy. However, since κ and SIRM are mostly sensitive to the concentration of the magnetic mineralogy [26], the ratio of SIRM to magnetic susceptibility (SIRM/κ, Figure 4c) depends chiefly on the iron oxides mineralogy, rather than on the concentration [26]. This fact seems to be reflected in the characteristic color of the different layers (see above).



Frequency-dependent magnetic susceptibility (κFD%) shows an antisymmetric trend (Figure 4d) to that followed by κ (Figure 4a). It gradually increases up to 1% within the first two layers from almost a zero value at the top. κFD% reduces to its original value within the following two layers. Within the thin-layer sequence mentioned above, κFD% also shows an alternating behavior between 0 and 0.7%. Finally, in the lowermost part, κFD% shows an antisymmetric trend of κ. These low κFD% values suggest a low (fine particle size) superparamagnetic content, especially in the middle part of the dam. The S-300 ratio, on the contrary, shows a very stable behavior (Figure 4e), with an average value of 0.967, suggesting an almost constant and negligible hematite contribution.




4.2. Physicochemical Results


Regarding the physicochemical parameters, an average, almost neutral, pH of 7.5 was obtained from the summit up to 45.3 m depth (Figure 5b). Figure 5a is again reproduced for comparison purposes. From this point, and up to 52.2 m depth, a zig-zag behavior in the pH values is observed. From this depth up to the dam’s base, an average acidic pH of 2.9 is observed.



While pH is the measurement of a specific ion (i.e., hydrogen) within a sample, electrical conductivity is a non-specific measurement of the concentration of both positively and negatively charged ions within it. As shown in Figure 5c, EC shows an antisymmetric trend to that of pH. This antisymmetric behavior could be likely explained by considering that the presence of any hydrogen ions present in a substance will affect the pH level and, most probably, also influence conductivity levels. Nevertheless, hydrogen ions make up only a small part of the ion concentration measured by a conductivity meter.




4.3. Geochemistry Results


Contrary to the trend followed by κ, Pb concentration shows an increase of almost 100% through the ~20.0 m wide dark-gray upper layer; those of V, Ni, Cu, Zn, and Fe show a slight decrease. Pb concentration abruptly decreases at ~one-third of its initial value within the first light-gray layer, while those of V, Ni, Cu, and Fe show an increase. At the second light-gray layer, Pb, Ni, and Fe concentrations increased, and those of V, Cu, and Zn decreased (Figure 6b–g).



Within the above-described varying-color thin-layer sequence (43.6–27.4 m deep), an alternating concentration value for the six elements mentioned above is also observed, as in the case of κ. Below this sequence, the Pb concentration gradually increases to almost 300% of its initial value at the dam’s bottom, which likely suggests that Pb is percolating towards the base. V and Ni remain practically constant, Zn shows an abrupt fall of nearly 90% within the two uppermost last layers (3.6 and 4.6 m deep), and Cu and Fe present moderate alternating changes.



Following [2], metal concentrations of tailings are compared to regional background concentrations (RBC) of crop soils to determine enrichment ratios of tailings relative to regional pristine soils. Through this comparison, it is evident that the Guerrero I tailings are highly enriched, mainly in Pb and Zn. A summary of the elemental composition and the corresponding statistical description of κ and PTE concentrations in the Guerrero I tailing samples is presented in Table 2.





5. Discussion


Magnetic susceptibility (and SIRM, as well) vertical survey clearly stands out the presence of different layers of variable ferrimagnetic mineral concentration and/or composition. Moreover, within-layer mineral composition differences follow straightforwardly from the SIRM/κ ratio values. These results reinforce the findings of [2,11] regarding the high heterogeneity among the different mines’ waste impoundments.



The results mentioned above are in good agreement with the (pseudo) lithological column proposed; variations in the lithology are followed by variations in the corresponding magnetic susceptibility and/or SIRM values, at least for the profile investigated.



Also, provided a correlation between additional parallel magnetic susceptibility surveys is obtained, one could be confident about the real thickness of the layers and, therefore, the dam’s likely stratigraphy.



However, although obtaining a sedimentary core could provide a precise knowledge of the layers’ thickness, this would not warrant the homogeneity of the layer or its entire flatness over the dam and would require different cores to be obtained.



Unfortunately, waste impoundments are, at least in Mexico, unattended entities and, after some time, used by the inhabitants. However, neither a government nor a particular company would invest time, effort, and economic resources to investigate the dam’s internal structure. This fact highlights the usefulness of magnetic susceptibility, and associated magnetic parameters, as a proxy for the investigation of waste dams.



The dam’s youth is reflected by the practically constant and close to 1 S-300 ratio (low oxidation degree of the magnetic mineralogy), in good agreement with the field observations of [3]. This result is supported by the average, slightly alkaline (7.5), pH value obtained for almost three-quarters of the depth studied, from the summit up to 45.3 m deep (Figure 5b). Only the last quarter, from a depth of ~50 m up to the dam’s base, presents an average acidic (2.9) pH. These two average pH values agree well with those of the unoxidized (T7) and oxidized (T8) tailings samples reported by [3].



From the results presented in the matrix correlation (Table 3), a moderate inverse correlation between Pb and V contents and concentration-dependent magnetic characteristics (κ, SIRM) is observed, in good agreement with previous studies [20,23]. This inverse correlation is also observed between Ni, Cu, and Zn, and depth. This is much more evident in the case of Zn.



On the contrary, a direct correlation holds between Pb and pH, as noted in Section 4.3. This abrupt Pb enhancement could be due to the acid mine drainage (AMD) produced by the oxidation of sulfide minerals [3,11], which led to the release of Pb.



As can be noted, the results presented here agree with those of previous studies. However, the systematic sampling distribution employed in this investigation enables us to obtain a broader view of the concentration and distribution within these deposits.



Additionally, the simple and non-destructive sample preparation, together with fast elemental concentration estimations, represents an advantageous proxy method for a quick and cost-effective evaluation of contamination by heavy metals.



Finally, the comparison of these results against those obtained using similar methodology from an older dam (El Fraile, in preparation), will enable us to investigate the evolution of mining wastes.




6. Conclusions


Magnetic susceptibility (and SIRM, as well) vertical survey highlights different layers of variable ferrimagnetic mineral concentration or composition, in agreement with the (pseudo) lithological column proposed. Within-layer mineral composition differences follow straightforwardly from the ratio SIRM/κ values. The results mentioned above stand out the usefulness of the magnetic methods as a proxy for stratigraphy and mineral composition of a depositional sequence.



The dam’s youth is reflected by the practically constant and close to 1 S-300 ratio (low oxidation degree of the magnetic mineralogy) and the dam’s mainly alkaline pH character. Because of its youth, health hazards are mainly due to the high Pb concentrations at its base.



By comparison with the RBC of crop soils, it is evident that the Guerrero I tailings are highly enriched, mainly in Pb and Zn.



Most maximum PTE concentration values are below the maximum permissible levels for agriculture/residential use, except for those of Pb and Zn.



Simple (and non-destructive) sample preparation and fast elemental concentration estimations, together with a suitable systematic sampling distribution, make XRF measurements an advantageous proxy method for a quick and cost-effective evaluation of contamination by heavy metals.
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Figure 1. Location map of the study area. The hollow star indicates the location of Taxco de Alarcón, while the solid one highlights the Guerrero I tailings. 
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Figure 2. Distribution of the sampling points at the Guerrero I dam. (a) Orthogonal view of the site. (b) Oblique view of the site. 
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Figure 3. Guerrero I lithological column. 
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Figure 4. Concentration- and composition-dependent rock-magnetic parameters (κLF and SIRM), mainly concentration-dependent ratio (SIRM/κLF), and κFD% and S-300 ratio in the vertical ground profile of the Guerrero I dam. The lithological column is again reproduced for comparison purposes. 
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Figure 5. Corresponding physicochemical parameters (pH and EC) in the vertical ground profile of Guerrero I dam. κLF plot (a) is again reproduced for comparison purposes. 
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Figure 6. Associated heavy metal concentrations through the Guerrero I profile. 
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Table 1. Textural and mineralogical characteristics. Py: pyrite; Qz: quartz; Mt: magnetite; Ca: calcite; Gy: gypsum; Mexcala Fm.: Mexcala formation.
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	Depth [m]
	Sample
	Color
	Size
	Consolidation State
	Mineralogy
	Structure





	0.0
	Gro 8-I
	dark gray
	fine sands
	consolidated
	Py + Qz + Mt
	well-defined strata



	19.7
	Gro 10-II
	dark gray
	fine size sands
	slight consolidated
	Py + Qz + Mt
	well-defined strata



	25.3
	Gro 11-II
	light gray
	clays
	well consolidated
	Not observed
	fine lamellae



	31.0
	Gro 9-I
	light gray
	clays
	well consolidated
	Not observed
	fine lamellae and desiccation cracks



	32.4
	Gro 13-II
	dark gray
	fine sands (with few clays)
	slight consolidated
	Qz + Mt + Py + Lithics (Mexcala Fm.)
	



	33.4
	Gro 12-II
	light gray
	fine sands–clays
	consolidated
	Qz + Py + Lithics (Mexcala Fm.)
	fine lamellae



	35.0
	Gro 1-I
	dark gray
	fine sands–clays
	partially consolidated (summit of the dam)
	Qz + Mt
	



	38.7
	Gro 14-II
	dark gray
	fine sands (with few clays)
	consolidated
	Qz + Mt + Py + Ca + Lithics (Mexcala Fm.)
	fine strata and lamellae



	38.9
	Gro 2-I C
	dark gray
	medium size sands–clays
	partially consolidated
	Qz + Mt + Py
	



	39.0
	Gro 15-II
	gray reddish
	fine size sands
	consolidated only superficially (3 cm)
	Qz + Mt + Py + Lithics (Mexcala Fm.)
	



	39.1
	Gro 2-I M
	dark gray
	medium size sands–clays
	partially consolidated
	Qz + Mt + Py
	



	39.3
	Gro 2-I B
	dark gray
	medium size sands–clays
	partially consolidated
	Qz + Mt + Py
	



	39.8
	Gro 3-I
	dark gray with some reddish areas (oxidation)
	medium to fine size sands
	partially consolidated
	Qz + Mt + Py
	



	40.8
	Gro 16-II
	gray
	fine size sands
	consolidated only superficially (3 cm)
	Qz + Mt + Py + Ca + Lithics (Mexcala Fm.)
	



	44.1
	Gro 17-II
	gray
	fine size sands
	consolidated only superficially (3 cm)
	Qz + Mt + Py + Lithics

(Mexcala Fm.) + Gy?
	



	44.1
	Gro 4-I
	reddish
	medium size sands–clays
	partially consolidated
	Qz + Mt + Py + Ca + Gy?
	



	45.3
	Gro 5-I
	reddish
	fine sands–clays
	partially consolidated
	Qz + Mt + Py + Gy?
	



	45.7
	Gro 18-II C
	ochre
	medium to fine size sands
	well consolidated
	Qz + Mt + Py + Gy?
	



	47.9
	Gro 6-I
	light gray
	medium to fine size sands
	consolidated
	Qz + Mt + Py + Ca
	fine strata and lamellae



	48.2
	Gro 18-II B
	ochre
	medium to fine size sands
	consolidated
	Qz + Mt + Py + Gy?
	



	48.6
	Gro 7-I
	yellowish-ochre-reddish
	coarse to fine size sands
	well consolidated
	Qz + Mt + Py + Ca + Gy?
	peak shape structures



	52.2
	Gro 19-II
	dark gray
	fine size sands
	slight consolidated.

It is, apparently, an erosion level and redeposits of upper strata
	Qz + Mt + Py + Lithics (Mexcala Fm.)
	



	56.8
	Gro 20-II
	ochre-reddish
	medium to fine size sands
	well consolidated
	Qz + Mt + Py + Ca
	peak shape structures



	63.3
	Gro 21-II
	reddish
	medium to fine size sands
	well consolidated
	Qz + Mt + Py + Gy?
	peak shape structures



	69.6
	Gro 22-II C
	greenish with some reddish surfaces
	medium to fine size sands
	partially consolidated
	Qz + Mt + Py
	peak shape structures



	72.1
	Gro 22-II M
	greenish with some reddish surfaces
	medium to fine size sands
	partially consolidated
	Qz + Mt + Py
	peak shape structures



	76.0
	Gro 22-II B
	greenish with some reddish surfaces
	medium to fine size sands
	partially consolidated
	Qz + Mt + Py
	peak shape structures
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Table 2. Elemental composition and statistical description of κ and PTE concentrations in the Guerrero I tailing samples. Concentration values are in ppm, except for Fe. RBC: regional background concentration; MPL: maximum permissible levels according to [27]; AEF: average enrichment factor; N.A.: not available.
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Depth

	
Sample

	
κLF

	
Pb

	
V

	
Ni

	
Cu

	
Zn

	
Fe




	
[m]

	

	
[Unitless]

	
[ppm]

	
[ppm]

	
[ppm]

	
[ppm]

	
[ppm]

	
[wt/%]






	
0.0

	
Gro 08

	
1.09 × 10−3

	
3193.4

	
30.0

	
18.7

	
109.8

	
6823.0

	
13.4




	
19.7

	
Gro 10-II

	
8.36 × 10−4

	
7573.3

	
27.8

	
20.2

	
103.6

	
6319.5

	
11.9




	
25.3

	
Gro 11-II

	
1.45 × 10−4

	
1011.7

	
38.2

	
23.6

	
164.9

	
5527.7

	
12.7




	
31.0

	
Gro 09

	
1.66 × 10−4

	
907.2

	
32.7

	
29.0

	
106.0

	
4974.8

	
16.3




	
32.4

	
Gro 13-II

	
1.96 × 10−3

	
1305.7

	
23.6

	
8.2

	
46.5

	
2434.7

	
13.2




	
33.4

	
Gro 12-II

	
1.39 × 10−3

	
780.4

	
23.3

	
8.9

	
51.6

	
2250.8

	
14.1




	
35.0

	
Gro 01

	
2.94 × 10−3

	
707.3

	
26.1

	
17.5

	
102.6

	
6334.7

	
18.5




	
38.7

	
Gro 14-II

	
1.38 × 10−3

	
1316.8

	
16.3

	
21.0

	
62.6

	
5313.8

	
13.0




	
38.9

	
Gro 02_Cima

	
3.32 × 10−3

	
1457.9

	
19.5

	
16.4

	
101.5

	
6770.7

	
19.3




	
39.0

	
Gro 15-II

	
1.24 × 10−3

	
1767.7

	
17.7

	
15.3

	
69.5

	
3152.5

	
11.8




	
39.1

	
Gro 02_med

	
2.23 × 10−3

	
874.7

	
26.8

	
20.6

	
50.3

	
2702.4

	
15.9




	
39.3

	
Gro 02_Base

	
1.79 × 10−3

	
1319.4

	
25.7

	
12.0

	
80.2

	
3842.4

	
16.8




	
39.8

	
Gro 03

	
1.79 × 10−3

	
4065.3

	
28.7

	
17.3

	
134.8

	
8383.8

	
16.3




	
40.8

	
Gro 16-II

	
2.48 × 10−3

	
2428.9

	
24.6

	
15.8

	
30.2

	
1231.0

	
19.1




	
44.1

	
Gro 17-II

	
1.18 × 10−3

	
1528.4

	
28.1

	
13.5

	
49.8

	
3615.4

	
19.1




	
44.1

	
Gro 04

	
4.68 × 10−3

	
1657.4

	
25.8

	
18.0

	
39.8

	
1692.2

	
23.8




	
45.3

	
Gro 05

	
1.59 × 10−3

	
2663.3

	
24.4

	
18.0

	
54.7

	
2102.9

	
20.0




	
45.7

	
Gro 18-II C

	
1.86 × 10−3

	
2027.2

	
25.8

	
12.2

	
66.4

	
819.1

	
17.8




	
47.9

	
Gro 06

	
1.17 × 10−3

	
1072.6

	
29.7

	
15.6

	
52.6

	
3589.3

	
16.8




	
48.2

	
Gro 18-II B

	
1.51 × 10−3

	
3209.4

	
26.2

	
4.6

	
33.2

	
484.5

	
20.0




	
48.6

	
Gro 07

	
1.79 × 10−3

	
1191.2

	
33.8

	
17.3

	
72.0

	
4082.7

	
18.7




	
52.2

	
Gro 19-II

	
1.99 × 10−3

	
1848.0

	
26.4

	
12.1

	
67.5

	
2429.1

	
15.9




	
56.8

	
Gro 20-II

	
5.83 × 10−4

	
1181.1

	
28.1

	
13.5

	
24.8

	
545.0

	
12.3




	
63.3

	
Gro 21-II

	
2.61 × 10−3

	
1823.7

	
29.3

	
10.4

	
73.0

	
586.6

	
17.5




	
69.6

	
Gro 22-II C

	
2.85 × 10−4

	
3409.6

	
29.4

	
11.0

	
74.3

	
528.3

	
11.1




	
72.1

	
Gro 22-II M

	
6.79 × 10−4

	
5817.6

	
36.3

	
13.6

	
31.5

	
509.8

	
8.5




	
76.0

	
Gro 22-II B

	
4.22 × 10−4

	
8958.1

	
36.2

	
8.5

	
47.8

	
445.0

	
16.7




	

	
# samples

	
27

	
27

	
27

	
27

	
27

	
27

	
27




	

	
Average

	
1.6 × 10−03

	
2411.0

	
27.4

	
15.3

	
70.4

	
3240.4

	
15.9




	

	
Standard deviation

	
1.0 × 10−03

	
2058.6

	
5.2

	
5.2

	
33.7

	
2364.7

	
3.5




	

	
Coeff. of variation [%]

	
6.4 × 10−01

	
85.4

	
19.0

	
34.3

	
47.9

	
73.0

	
21.7




	

	
Minimum

	
1.5 × 10−04

	
707.3

	
16.3

	
4.6

	
24.8

	
445.0

	
8.5




	

	
Maximum

	
4.7 × 10−03

	
8958.1

	
38.2

	
29.0

	
164.9

	
8383.8

	
23.8




	

	
Range

	
4.5 × 10−03

	
8250.8

	
21.9

	
24.4

	
140.1

	
7938.8

	
15.3




	

	
Standardized bias

	
2.15

	
4.37

	
0.05

	
0.76

	
2.20

	
1.07

	
−0.10




	

	
Standardized bias

	
1.93

	
4.24

	
0.40

	
0.71

	
1.08

	
−0.88

	
−0.18




	

	
RBC

	
N.A.

	
26

	
40

	
N.A.

	
25

	
64

	
2.7




	

	
MPL

	
N.A.

	
400

	
78

	
1600

	
N.A.

	
N.A.

	
N.A.




	

	
AEF

	
N.A.

	
93

	
0.7

	

	
2.8

	
50.1

	
5.9
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Table 3. Correlation matrix. Concentration values are in ppm, except for Fe [wt./%].
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	Depth [m]
	XLF
	ARM [A/m]
	SIRM [A/m]
	SIRM/XLF [A/m]
	ARM/XLF [A/m]
	SRIM/ARM
	pH
	EC [µs/cm]
	Pb
	V
	Ni
	Cu
	Zn
	Fe





	Depth [m]
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	XLF
	−0.067
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	



	ARM [A/m]
	−0.202
	0.784
	1.000
	
	
	
	
	
	
	
	
	
	
	
	



	SIRM [A/m]
	−0.171
	0.948
	0.760
	1.000
	
	
	
	
	
	
	
	
	
	
	



	SIRM/XLF [A/m]
	−0.473
	−0.251
	−0.096
	−0.024
	1.000
	
	
	
	
	
	
	
	
	
	



	ARM/XLF [A/m]
	−0.460
	−0.334
	0.092
	−0.278
	0.613
	1.000
	
	
	
	
	
	
	
	
	



	SRIM/ARM
	0.311
	0.131
	−0.380
	0.182
	−0.183
	−0.748
	1.000
	
	
	
	
	
	
	
	



	pH
	−0.694
	0.286
	0.403
	0.418
	0.500
	0.346
	−0.195
	1.000
	
	
	
	
	
	
	



	EC [µs/cm]
	0.338
	−0.361
	−0.483
	−0.434
	−0.230
	−0.129
	0.200
	−0.773
	1.000
	
	
	
	
	
	



	Pb
	0.283
	−0.327
	−0.092
	−0.356
	−0.297
	−0.001
	−0.132
	−0.413
	0.324
	1.000
	
	
	
	
	



	V
	0.237
	−0.455
	−0.269
	−0.466
	0.145
	0.397
	−0.253
	−0.361
	0.316
	0.366
	1.000
	
	
	
	



	Ni
	−0.497
	−0.078
	0.158
	0.008
	0.571
	0.627
	−0.427
	0.563
	−0.371
	−0.199
	0.117
	1.000
	
	
	



	Cu
	−0.522
	−0.159
	0.052
	−0.083
	0.520
	0.720
	−0.410
	0.360
	−0.144
	−0.036
	0.228
	0.541
	1.000
	
	



	Zn
	−0.702
	0.040
	0.223
	0.159
	0.415
	0.467
	−0.283
	0.669
	−0.398
	−0.111
	−0.098
	0.606
	0.783
	1.000
	



	Fe
	0.011
	0.682
	0.646
	0.660
	0.010
	−0.069
	−0.226
	0.226
	−0.368
	−0.248
	−0.152
	−0.034
	−0.142
	−0.029
	1.000
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