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ABSTRACT 

The Lluta river basin (northern Chile) is characterized by anomalously high arsenic contents in soils, typically attributed to natural volcanic processes. The primary 

objective of this research was to evaluate the impact of a historical tailings dam on the elemental content of the Lluta basin soil. The 95th percentiles of total soil 

contents of arsenic, copper, lead, and zinc upstream of the tailings were 197, 17, 438, and 33 mg kg-1, respectively, representing the background contents of elements 

in the basin’s soils. A Kruskal-Wallis analysis comparing arsenic contents in soils upstream and downstream of the tailings provided convincing evidence of 

anthropogenic pollution originating from the dam. This observation is further supported by elevated levels of other chalcophiles (lead and zinc) and increased electrical 

conductivity in the soil. In conclusion, although the Lluta basin soil has naturally occurring high arsenic content, acid drainage from the tailings is causing soil 

pollution, requiring an urgent intervention by the Chilean environmental authorities. 
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INTRODUCTION 

Human exposure to arsenic is a globally concerning issue [1-3]. Some regions 

in the Andes Mountains are characterized by abnormal abundances of arsenic 

[4]. Notably, the Lluta river basin in the Arica and Parinacota Region in northern 

Chile (Figure 1) has remarkably high total soil contents of arsenic (116±9.0 mg 

kg-1) [5], compared to central Chilean soils (13-23 mg kg-1) [6].  

 

Figure 1. General geographical location of the Lluta river basin and the town 

of Arica in the Arica and Parinacota Region in the northernmost part of Chile 

(upper scheme); specific area under study in the Azufre River basin (lower 

scheme).  

The elevated arsenic in the Lluta river basin is primarily attributed to the 

activity of the Tacora volcano [4]. However, historical sulfur mining operations 

may also have contributed. The Azufre (“Azufre” means “sulfur” in Spanish) 

river, a tributary of the Lluta river, originates from the Tacora volcano slopes, 

where sulfur mining was prominent. Although sulfur mining declined in the 

1960s [7], a tailings dam (hereafter “tailings”) remains in the area (Figure 2). 

Arsenic is a chalcophile element, characterized by its affinity for sulfur [8]. 

Consequently, the tailings of sulfur mining may contain considerable arsenic 

contents.  

 

Figure 2. General view of mine tailings under study.  

 The study [5] revealed the high risk of human exposure to arsenic in the Lluta 

river basin. This risk assessment was based on the maximum dose of 0.3 μg As 

kg-1 body weight day-1 [9], which was the most updated value at the time. The 

World Health Organization currently utilizes this value as the threshold of 

arsenic concentration in drinking water, assuming an average body weight of 70 

kg and a daily water consumption of 2 L: 0.3 μg of As kg-1 day-1 × 70 kg / 2 L 

day-1 = 10.5 μg L-1 ≈ 10 μg L-1 [10]. However, since the study [5], the United 

States Environmental Protection Agency [11] and the Panel on Contaminants in 

the Food Chain of the European Food Safety Authority [12] updated the 

maximum dose to 0.06 μg As kg-1 day-1.   

Considering this update, the risk of human exposure to arsenic in the Lluta 

river basin is even higher than previously reported [5], creating an urgent need 

to find strategies for safeguarding the local population from arsenic exposure. 

Furthermore, it is crucial to discern between natural and anthropogenic sources 

of arsenic in the soils under study. If the anthropogenic source of arsenic appears 

notable, the Chilean environmental authorities should establish measures to 

control it.  
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The primary objective of this study was to evaluate the impact of the tailings 

on arsenic contents in the soils of the Lluta River basin. The levels of other 

chalcophiles (copper, lead, and zinc) in the soil were also analyzed to provide a 

comprehensive assessment.   

MATERIALS AND METHODS 

In December 2024, 41 soil samples were taken upstream (transect A1-A41, 

Figure 1) and 20 soil samples were taken downstream (transect B1-B20,  

Figure 1) of the tailings.  The samples were taken 2-3 m from the river course; 

sampling depth was 0-10 cm. To prepare the soil samples for analysis, they were 

placed in paper bags and oven-dried at 40°C for 24 hours. The dried samples 

were ground, passed through a 2 mm mesh, and then homogenized to ensure their 

uniformity. Electrical conductivity and pH (Table 1) were measured in the water 

extract with a soil/water ratio of 1/5 [13].  

 

Table 1. Original data for the sampling points in the Azufre River basin. EC = electrical conductivity. 

Area n pH 
EC, 

dS m-1 

Total As, 

mg kg-1 

Total Cu, 

mg kg-1 

Total Pb, 

mg kg-1 

Total Zn, 

mg kg-1 

A 1 2.9 0.76 198 10.2 679 10 

A 2 3.0 0.99 174 13.2 11 16 

A 3 2.9 0.81 172 14.3 45 20 

A 4 3.3 2.4 123 15.3 34 29 

A 5 3.2 1.5 141 12.0 13 20 

A 6 3.1 1.2 182 10.1 604 11 

A 7 3.0 2.0 193 17.4 66 33 

A 8 3.1 1.1 162 9.9 48 13 

A 9 3.1 1.2 197 13.7 438 20 

A 10 2.8 0.94 199 15.3 216 20 

A 11 3.1 0.76 176 14.4 91 19 

A 12 3.4 0.65 78 15.1 14 14 

A 13 3.2 1.1 151 12.2 106 20 

A 14 3.1 1.6 177 16.8 93 27 

A 15 3.2 2.6 177 19.2 33 35 

A 16 3.1 1.4 183 11.6 41 18 

A 17 3.2 0.85 170 15.5 211 20 

A 18 3.1 1.7 176 14.5 63 24 

A 19 3.3 1.5 139 14.0 70 24 

A 20 3.3 1.0 188 14.8 68 23 

A 21 3.2 0.91 147 11.8 55 17 

A 22 3.2 1.3 155 11.5 37 19 

A 23 3.1 1.1 169 12.9 48 18 

A 24 3.2 2.2 169 11.4 64 24 

A 25 3.0 1.5 197 11.9 145 15 

A 26 3.1 1.5 168 11.5 40 22 

A 27 3.0 1.4 164 11.5 72 22 

A 28 3.1 2.3 150 11.3 39 34 

A 29 3.2 1.9 167 10.8 65 21 

A 30 3.3 0.57 168 12.5 26 16 

A 31 3.1 1.9 172 11.5 76 21 

A 32 2.9 1.7 192 17.9 252 23 

A 33 3.2 0.92 170 12.4 126 16 

A 34 3.1 2.2 176 11.8 85 25 

A 35 3.4 1.0 113 14.3 48 22 

A 36 3.3 1.3 153 13.8 51 23 

A 37 3.2 1.4 150 11.7 36 19 

A 38 3.1 1.4 148 13.3 39 17 

A 39 3.2 1.6 177 11.8 49 19 

A 40 3.1 1.3 170 10.3 72 19 

A 41 3.1 0.88 166 11.6 44 15 
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Table 1 (continued).  

Area n pH 
EC, 

dS m-1 

Total As, 

mg kg-1 

Total Cu, 

mg kg-1 

Total Pb, 

mg kg-1 

Total Zn, 

mg kg-1 

B 1 3.7 1.1 202 12.6 324 63 

B 2 4.6 3.2 197 15.0 372 142 

B 3 2.5 4.0 203 8.8 490 35 

B 4 2.2 7.0 202 9.4 92 858 

B 5 2.9 1.1 184 7.7 888 39 

B 6 2.3 4.2 199 20.4 777 23 

B 7 2.2 7.8 206 8.7 371 859 

B 8 3.2 1.0 188 7.7 931 26 

B 9 2.1 8.5 202 30.8 653 63 

B 10 2.9 1.4 191 6.9 264 10 

B 11 2.9 1.7 196 17.9 449 26 

B 12 2.6 4.8 189 10.0 512 760 

B 13 3.1 2.8 148 5.9 672 19 

B 14 3.0 5.1 174 59.2 579 478 

B 15 2.4 6.1 171 17.1 592 328 

B 16 3.8 5.3 176 40.8 557 105 

B 17 3.9 1.7 161 20.2 525 63 

B 18 5.4 0.89 174 13.1 617 167 

B 19 6.1 5.1 164 19.9 452 264 

B 20 2.8 1.2 166 14.1 467 24 

Samples were digested in boiling nitric acid, followed by the addition of 

perchloric acid. A Teflon plug with a glass reflux tube was used to prevent As 

volatilization during the digestion process [14]. The concentrations of trace 

elements in soils were analyzed using atomic absorption spectroscopy (Agilent, 

USA, model FSAA 240) with the Precision Optimized Measurement Time 

(PROMT) feature. Arsenic measurements were conducted using a hydride 

generator (Table 1).  

Similarly, certified soil reference materials from Wageningen University, 

Holland (ISE 979 and ISE 859), National Research Council, Canada (PACS-3, 

MESS-4), and National Research Center for Certified Reference Materials, 

China (GBW 07411) were used for quality control. These certified reference 

materials were subjected to the same analytical process, yielding experimental 

values for the target trace elements that were within 100±20% of the certified 

values. This demonstrates the excellent accuracy of the analyses conducted.  

A Kruskal-Wallis test was applied, comparing the median contents of elements 

in the soils sampled upstream and downstream of the tailings. The same analysis 

was performed for soil pH and electrical conductivity. 

 RESULTS AND DISCUSSION 

The 95th percentiles of total soil contents of arsenic, copper, lead, and zinc 

upstream of the tailings were 197, 17, 438, and 33 mg kg-1, respectively. 

According to the ISO 19258 [15], these values represent the background 

elemental contents in the soils of the Lluta River basin, due to the absence of any 

anthropogenic activity in this area.   

Notably, the total contents of elements in soils sampled upstream of the tailings 

(location A, Table 2) were statistically lower than in soils sampled downstream 

(location B, Table 2). Furthermore, soils sampled downstream of the tailings 

were statistically more saline compared to soils sampled upstream (Table 2). This 

can be explained by the oxidation of sulfur which generates sulfuric acid, causing 

greater soil salinization compared to unimpacted soils [16]. These observations 

confirm the anthropogenic impact of the tailings on the soils under study.  

Table 2. Effect of tailings on the properties of topsoils (0-10 cm) under study. Sampling locations are presented in Figure 1. The number of data (n), median, range 

(in parentheses), and the p value of the Kruskal-Wallis test are shown. EC = electrical conductivity. 

Sampling point 

or p value 
n pH 

EC, 

dS m-1 

Total As, 

mg kg-1 

Total Cu, 

mg kg-1 

Total Pb, 

mg kg-1 

Total Zn, 

mg kg-1 

A 

 
41 

3.1 

(2.8-3.4) 

1.3 

(0.6-2.6) 

170 

(78-199) 

12 

(9.9-19) 

63 

(11-679) 

20 

(10-35) 

B 20 
2.9 

(2.1-6.1) 

3.6 

(0.9-8.5) 

188 

(148-206) 

13 

(5.9-59) 

518 

(92-931) 

63 

(10-859) 

p value  0.1034 0.0004 0.0027 0.7470 0.0001 0.0001 
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Although acid drainage is expected to cause soil acidification, there was no 

statistically significant difference between pH values in soils sampled upstream 

and downstream of the tailings. However, the dissolution of various silicate 

minerals consumes protons [17], making the soil resistant toward the addition of 

acids. Therefore, protons added to the soil by acid drainage were most probably 

consumed by the dissolution of soil minerals.    

The identification of human exposure pathways to arsenic in high-arsenic 

regions is essential for the implementation of tailored mitigation and remediation 

measures to protect the local populations [18]. This innovative study is the first 

to investigate and identify the historical tailings dam as a pathway causing soil 

pollution from arsenic, lead and zinc. Therefore, the Chilean environmental 

authorities must intervene to protect local populations from excessive arsenic 

exposure. Although the scope of this study may appear geographically limited at 

first glance, the findings can offer valuable insights applicable to other high-

arsenic areas worldwide, thus emphasizing the study’s timeliness, significance, 

and relevance. 

CONCLUSION 

Although the Lluta basin soil has naturally occurring high arsenic content, acid 

drainage from the tailings is causing soil pollution, requiring an urgent 

intervention by the Chilean environmental authorities. 
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