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Abstract. Large attenuation of arsenic is observed in a shallow aquifer in
central Mexico, where the concentration decreases from 91.5 to 11.3 mg/L,
over 1.3 km horizontal distance. To investigate possible mechanisms of
attenuation of this pollutant, we dug a pit between the surface and the
saturated zone. We then described the soil profile and determined arsenic
and iron concentrations in soil samples as a function of depth. Next, we
determined particle size distribution, bulk density, particle density, soil
moisture and porosity of the soil material. We also analyzed arsenic
concentration in the groundwater. The 2.2 m deep profile intersected 4 soil
horizons (A, AB, B1 and B2). We found arsenic accumulation in the B2
horizon, directly overlying the saturated zone. These accumulations
coincide with the thickness of the capillary fringe, revealing that arsenic is
drawn up in the soil profile by capillary rise of arsenic-contaminated
groundwater. Furthermore, arsenic accumulation showed a direct
relationship with iron, likely due to arsenic adsorption on iron oxides.
Results from this study contribute to understanding a capillary-driven
natural attenuation mechanism that removes contaminants from
groundwater by sinking them in the capillary fringe.

1 Introduction
Millions of people around the world are chronically exposed to high levels of arsenic in
water with the mortal risk of suffering from various forms of cancer, among many other
diseases; at least 137 million people in 70 countries consume groundwater contaminated
with arsenic due to the shortage of drinking water [1]. In Latin American countries,
including Mexico, Chile, Bolivia and Argentina, it is estimated that at least 4.5 million
people are exposed to water contaminated with arsenic on values up to 200 times higher
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than the standard value of the World Health Organization (10 μg/L) [2, 3]. In Mexico alone,
it is estimated that 2 million people are exposed to concentrations of arsenic in water above
what is established by environmental regulations (25 μg/L) [4]. Due to its toxic and
carcinogenic effects, and its incidence in many diseases such as diabetes and kidney
damage, it is essential to offer solutions that reduce arsenic contamination. In Matehuala,
San Luis Potosi, where high environmental contamination due to mining and metallurgical
activities occur, large natural attenuation of arsenic has been reported in a shallow aquifer,
where water arsenic contamination decreases from 91.5 to 11.3 mg/L over a 1.3 km
distance [5]. Yet, the mechanisms controlling this attenuation are unknown. The aim of this
research was to identify mechanisms of attenuation of arsenic occurring in Matehuala
analysing the unsaturated and the saturated zones of a soil profile.

2 Materials and methods
A soil pit was dug until reaching the saturated zone (Fig. 1). Soil pit location (100.6394 N,
23.6597 W) was selected to fall within an area where arsenic attenuation in groundwater
had been reported previously [5]. Soil profile was described and soil classification was
carried out according to the WRB system. A total of 22 soil samples were collected to
determine arsenic and iron concentrations using the 6200 USEPA method based on X-ray
fluorescence. Soil samples were collected every 10 cm along the soil profile. Soil moisture
was determined in the field every 10 cm using a soil moisture meter Lutron PMS-714.
Additionally, soil pH was determined in the laboratory using a Thermo-scientific
potentiometer model Orion Versa Star. Particle size distribution of soil samples was
determined by the Bouyoucos hydrometer method after eliminating organic matter with
H2O2 treatment. Bulk density and particle density were determined to estimate soil porosity.
Bulk soil mineralogy was determined by X ray diffraction (XRD) using a Smartlab
diffractometer model Rigaku.

Fig. 1. Soil pit is located in Matehuala, San Luis Potosi, Mexico.

Additionally, one sample of water, from the saturated zone, was collected in an acidwashed bottle. Groundwater was filtered (<0.45 µm) and acidified to pH<2 using HNO 3.
The sample was hermetically sealed and stored at 4°C until analyses. The arsenic
determination analysis was performed by inductively coupled plasma optical emission
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spectroscopy (ICP-EOS). Groundwater pH was measured in the field using a HANNA
multiparameter model HI 9829.

3 Results and discussion
Table 1 shows soil horizons, depth, particle size distribution, bulk density, particle density,
soil moisture and porosity. Soil profile was 220 cm deep, with 4 soil horizons from 0-50 cm
(A soil horizon), 50-100 cm (AB soil horizon), 100-160 cm (B1 soil horizon), and 160-220
cm (B2 soil horizon). The soil profile corresponds to a Calcisol and overlays the saturated
zone. Along the soil profile, particle soil distribution was dominated by silt, followed by
sand and clay. Bulk density increased from topsoil to saturated zone, while particle density
varied only from 2.45 to 2.60 g/cm . Soil moisture increased from 6.1% (very dry) to 50%
(humid), from A to B2 horizon, respectively. In contrast, porosity showed an opposite
trend, decreasing from A horizon (49±0.3%) to B2 horizon (19.3±4.8%). These results
reveal a capillary fringe area that is limited by a change in soil texture between B2 and B1
soil horizons.
3

Table 1. Physical soil properties.

Horizon

Depth
(cm)

Particle size distribution
(%)
Clay

Silt

Sand

Bulk density
(g/cm3)

Particle
density
(g/cm3)

Soil
moisture
(%)

Porosity
(%)

A

0-50

1.4

58.1

40.5

1.53±0.01

2.55±0.03

6.1±4.0

40±0.3

AB

50-100

5.4

52.1

42.5

1.64±0.02

2.45±0.05

10.8±2.7

33±0.6

B1

100-160

17.4

54.1

28.5

1.95±0.02

2.60±0.05

46.6±8.3

25±1.0

B2

160-220

11.4

50.1

38.5

2.03±0.01

2.51±0.09

50.0±0.0

19±4.8

Along the soil profile, soil pH ranged from 7.4 to 7.7, while arsenic concentrations
showed a decreasing behaviour from 100 mg/kg at 10 cm to 20 mg/kg at 140 cm (Fig. 2).
This, likely due to surface deposition of arsenic contaminated particles, such as tailings,
waste rock, and residues, from active and/or historical mining and/or metallurgical
activities in the area [5, 6, 7]. Background concentrations of arsenic in study area ranged
from 4 to 35 mg/kg [8], while the Mexican arsenic guideline for agricultural, urban and
commercial soils is 22 mg/kg, suggesting therefore arsenic contamination in our soil
profile. After 140 cm, arsenic concentration increased sharply up to 340 mg/kg at 160 cm to
decrease again to 80 mg/kg in the saturated zone (Fig. 2). As subsoil contamination was as
thick as the capillary fringe, increased arsenic concentrations in the subsoil were attributed
to capillary rise of arsenic contaminated groundwater, from the saturated zone to the
capillary fringe area. Such a process might occur in a manner similar to the formation of
efflorescent salts in tailing impoundment [9], but, in this case, in a soil profile,
underground, where studies are very scarce and only report the load of heavy metals and
organic contaminants [10,11]. Iron concentrations ranged from 5.30 to 15.8 g/kg showing,
in general, a decreasing behaviour from A horizon to saturated zone, except for a minimum
trend found at 70 cm (Fig. 2). Interestingly, arsenic showed a positive linear correlation to
iron in the B2 horizon (Fig. 3) suggesting that, in this horizon, arsenic accumulates on iron
oxides. Arsenic adsorption on iron oxides is a common in-situ mechanism of
immobilization of arsenic in soils. Bulk soil mineralogy showed that presence of calcite,
dolomite, gypsum, and quartz. Further studies are need to reveal the presence of iron
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oxyhydroxide minerals and/or the chemical soil fractions that effectively immobilized
arsenic on soil. Such information will help to better assess the immobilization of arsenic
along the soil profile.

Fig. 2. Soil profile and arsenic and iron concentrations as a function of depth.

Arsenic concentration in groundwater (60 mg/L) exceeded the WHO's permissible
drinking water standard, demonstrating high arsenic contamination. Groundwater pH was
6.02. Drawing up arsenic from the aquifer to the upper soil horizon by capillary rise of
arsenic contaminated water may explain the large natural attenuation of arsenic observed in
study area. Furthermore, results from this study reveal a capillarity driven natural
attenuation mechanism that removes As from groundwater by sinking it in the capillary
fringe, where studies are scarce and, so far, have focused on heavy metals and organic
contaminants.

Fig. 3. Arsenic concentrations as a function of iron concentrations showing a direct relationship in the
B2 soil horizon which is overlying the saturated zone. The numbers on samples are the sample depth
(cm) from the surface.
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