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Abstract The presence of arsenic (As) in surface water

constitutes an important environmental risk, where mobil-

ity and adsorption processes are responsible for its behavior

in the sediment–water interface. Therefore, the assessment

of adsorption, mobility and water availability of arsenic in

freshwater sediments, with agricultural, livestock and

urban soil uses was performed. Arsenic concentrations in

sediments ranged from 5.4 to 15.9 mg kg-1 (total) and 2.8

to 6.5 mg kg-1 (labile), and those of iron and manganese

were 11,563–23,500 and 140.6–662.1 mg kg-1, respec-

tively. The As levels in water were significantly lower than

those of sediments. Results would suggest that As co-pre-

cipitation and adsorption on Fe oxides are probably the

major route of immobilization, determining its low lability.

Manganese did not present an outstanding contribution to

the retention, and cation-exchange capacity, pH and

organic matter of sediments did not show an influence on

the mobility of As.

Keywords Arsenic � Surface sediment � Adsorption �
Mobility

Introduction

The presence of As in surface and groundwater is a global

problem, which is associated with the diseases Chronic

Endemic Regional Hydroarsenicism (HACRE in Spanish)

and also with cancer in different organs (skin, lung, liver),

affecting the population exposed to this metalloid through

drinking water (Heck et al. 2009; Mandal and Suzuki

2002). In Argentina, the maximum limit of As in water is

10 lg L-1 (CAA 2007; WHO 2006), and in some locations

it is known that levels of arsenic in groundwater and sur-

face water exceed this limit. The mobility of arsenic (As) in

the freshwater–sediment interface is relevant to assess the

impact on the water column, mainly in water bodies with

probable use as drinking water, livestock water and/or crop

irrigation (Pérez Carrera and Fernández Cirelli 2005;

Puntoriero et al. 2015; Rosso et al. 2011). Mobility from

soils and sediments is the combined result of biogeo-

chemical processes linked to hydrological factors (Fendorf

et al. 2008), having influence on their geochemistry. In this

way, changes in water chemistry (pH, redox potential,

conductivity and temperature) and certain parameters of

sediments (organic matter—OM, cation-exchange capac-

ity—CEC, grain size, pH) result in the release of As from

solid phases by several desorption pathways. Arsenic

mobility in freshwater environments is influenced mainly

by adsorption on iron oxides and hydroxides, and probably

those with aluminum and manganese oxides (De Mello

et al. 2006; Root et al. 2007; Ma et al. 2015). Iron oxides

have been mainly recognized as effective As scavengers; in

fact, the co-precipitation of arsenic with these ligands is

used as an effective treatment technology of remediation,

due to the remotion of As (Smedley et al. 2005; Mohan and

Pittman 2007). Besides, the arsenic mobility is closely

related to the labile fraction, the unstable fraction, in soils
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and sediments, being important in terms of environmental

contamination, since it may easily be available for

organisms.

In Chaco-Pampean plain, the source of As in ground-

water has been attributed to the presence of volcanic ash

and glass associated with loessic sediments of the region

(Smedley et al. 2005; Nicolli et al. 2012; Puntoriero et al.

2014). The study area presents loessic sediments with low

percentages of fragments of volcanic glass with little

weathering degree (Martı́nez and Osterrieth 2013). Several

creeks of the Buenos Aires Province present a close rela-

tionship with groundwater, due to a water inflow induced

by the effects of the pumping of water wells (Martı́n and

Garcı́a 2009). Based on this influence, the knowledge of

the mobility of contaminants in surface water is relevant

since the mobile–labile fraction could contribute with

contaminants to groundwater, affecting its chemical quality

(Kruse et al. 2004).

Evaluations of mobility of As in surface waters have not

been carried out in this area; they were only performed in

underground waters of industrial areas of the south of the

province (Bahı́a Blanca city; Paoloni et al. 2009; Puccia

et al. 2015) and rural areas of the central and northern

Chaco-Pampean plain (Smedley et al. 2005).

The aim of this study was to evaluate adsorption,

mobility and water availability of As in freshwater sedi-

ments, with agricultural, livestock and urban soil uses.

Materials and methods

Study area and sampling sites

El Durazno creek is located in the southeast of the Buenos

Aires Province (38�100S 57�500W, Argentina), in the

Chaco-Pampean plain, with a slope between 0.3 and 0.7%

(Kruse 1986). Due to the low slope of the area, the

downward flow or vertical movement (leaching of con-

tamination and percolation) is more prevalent than those of

horizontal (runoff), being the infiltration process a key

factor in the water balance (Quiroz Londoño et al. 2012).

The texture of sediment creek corresponds to silt associated

with fine sand and low percentages of clay; they are

characterized by a fine particle size, \0.1 mm, being

mainly\0.05 mm (Cohen 2014).

The climate of the region is classified as semi-humid,

with annual precipitation values ranging from 703 to

1400 mm per year, with an average of 943 mm (Romanelli

et al. 2011). Climatic, geological and geomorphological

features of Chaco-Pampean plain allow the development of

highly productive agricultural soils, being one of the areas

with the greatest agricultural development in Argentina. In

the studied watershed, the Rural Zone presents important

agricultural activities, which are highly dependent on the

availability of both surface and underground water

resources (Quiroz Londoño et al. 2012). The El Durazno

creek watershed is characterized by agricultural and live-

stock activities, involving the use of phosphate fertilizers,

which can be a potential anthropogenic source of arsenic to

the environment (Tremearne and Jacob 1941; Benson et al.

2014). The watershed of El Durazno creek presents

heterogeneous areas based on the activities conducted on

their margins. There are urbanized areas (road, power lines,

sewage, residential buildings of low and high density, with

dispersed and continuous distribution), touristic–recre-

ational areas (recreation parks, beach resorts) and agricul-

tural and livestock areas. Sampling sites were established

along the creek, from its origin, at the Rural Zone (with a

significant agricultural livestock and use of pesticides and

fertilizers), to its mouth at the Coast Zone (without farming

and/or livestock), going through the city, Urban Zone. The

sampling was conducted in March of 2014, with a record of

rainfall of 219.47 mm, corresponding to a period of low

precipitations.

Sampling of water and sediments

Surface sediment samples (n = 3 by site) were collected

by PVC cores (10 cm in length), and creek surface water

(n = 3 by site) collection was performed with polypropy-

lene bottles (250 mL). Bottles and cores were previously

washed with HNO3 1% and rinsed with distilled water.

Sediments were dried at room temperature until constant

weight and then homogenized in porcelain mortar, keeping

in plastic bags until analyses. The core sample of Urban

Zone presented different texture, being subsampling, indi-

cated by Urban Zone (a) (the upper layer) and Urban Zone

(b) (the deeper layer), and they were analyzed individually.

Samples of water were acidified (2 mL HCl 30%w/w,

Merck) and immediately were taken, ascorbic acid (Sigma-

Aldrich) was added to prevent oxidation; they were kept at

4 �C until analyses.

Determination of total and labile As in sediments

To determine total As, 1 g of dry sediment was digested

with concentrated perchloric (HClO4, Merck) and nitric

(HNO3, Merck) acids (1:3) in glycerin bath to reduce the

volume to 1 mL (FAO/SIDA 1983). After that, the samples

were diluted to final volume with nitric acid (1%). Total As

was determined by atomic absorption spectroscopy (AAS)

with graphite furnace mode, using the Shimadzu AA-6800

equipment. The standard curve was performed using a

stock solution of As (1000 mg L-1, Titrisol, Merck).

Blanks of reactive and Certified Reference Material (CRM

marine sediments MESS-3, National Research Council of
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Canada) were treated under the same conditions of sam-

ples. Concentrations of As determined in the CRM were in

accordance with those certified values (p\ 0.05). The

recovery of standard was 95%, and the limit of detection

was 5 lg kg-1. The analyses were performed by duplicate,

and the results were expressed in mg kg-1 in dry weight.

To determine the labile fraction of As, 1 g of sediment

was treated with 50 mL of hydrochloric acid (HCl 1M),

shaken during 24 h and then centrifuged at 5000 rpm

during 5 min, extracting the supernatant (Luoma 1990).

Arsenic was determined by AAS with flame mode. The

recovery of standard was 90%, and the limit of detection

was 0.05 mg kg-1. The analyses were performed by

duplicate, and the results were expressed as mg kg-1 in dry

weight.

Determination of total As in water

Ten milliliters of sample was treated with 2 mL of sodium

sulfite (Na2SO3, 2M Sigma-Aldrich) and 5 mL of

hydrochloric acid (HCl 30%w/w, Merck) and heated to 90�
during 30 min; this procedure reduces all As to As3?. After

that, the samples were cooled to room temperature

(20–25 �C) and measurements were performed by anodic

stripping voltammetry (Bodewig et al. 1982). The limit of

detection was 0.5 lg L-1, and the results were expressed

in lg L-1. A standard curve was performed with a stock

solution of As (1000 mg L-1, Merck Titrisol), and blank of

reactive was treated under the same conditions of samples.

In order to validate the results, standard recovery was

carried out obtaining values of 102.3 ± 3.1%. Arsenic(III)

was measured in water samples without the treatment of

the reduction process (Bodewig et al. 1982).

Determination of chemical parameters in sediments

and water

The pH of water was determined by potentiometry using a

multiparameter analyzer (Horiba U-10), and dissolved

oxygen was determined by the method of Winkler

(Strickland and Parsons 1972).

In sediments, iron (Fe) and manganese (Mn) concen-

trations were determined by AAS in the acidic extraction

obtained in the determination of total As, using flame and

graphite furnace modes, respectively. The limits of detec-

tion were 0.05 mg kg-1 for Fe and 5 lg kg-1 for Mn. The

concentrations of soluble phosphates (SP) were determined

by the acid yellow vanadomolybdophosphoric method by

UV–visible spectroscopy (Carrasquero and Adams 2011).

Concentrations of Fe, Mn and SP were expressed in

mg kg-1. The pH determination in sediments was per-

formed applying the potentiometric method with water

mixture (1 g:10 mL) (Fields and Parrot 1972). The

technique of Walkley–Black was applied to determine the

oxidizable organic matter (OM), using potassium dichro-

mate as oxidant (Walkley and Black 1934), and the results

were expressed in percentage. The cation-exchange

capacity (CEC) was determined by the ammonium acetate

method (IRAM-SAGyP 29577-1 2012), and the results

were expressed in meq 100 g-1.

Statistical analyses

Median and standard error were calculated for As levels in

water and sediments and chemical parameters.

Homoscedasticity of data was checked by the Levene test

(p\ 0.05) (Zar 2010). The differences of As and chemical

parameters among matrices, fractions and sampling sites

were performed by Kruskal–Wallis test. All analyses were

conducted with Statistica 6.0 (Statsoft, Inc.).

Results and discussion

The textural characteristic of the analyzed sediments cor-

responded to fine grain size (clay and silt). The texture of

the cores was vertically homogeneous except in the Urban

Zone, where two different colors/textures were observed;

the top half [5 cm, Urban Zone (a)] was silty loam sedi-

ment (dark black–brown coloration, 4.8 ± 0.4% of organic

matter), while the lower half [5 cm, Urban Zone (b)] cor-

responded to silty clay sediment (clear brown–beige color,

1.1 ± 0.1% of organic matter). Sediment maximum con-

centrations of total As (15.9 ± 0.6 mg kg-1) were found in

Urban Zone (b), that is, the finest grain size fraction, being

significantly higher (p\ 0.05) to the values found in the

other sampling sites, even in the upper section of the same

zone (Table 1). The concentrations of As were similar or

lower than data reported for surface sediments (loess with

similar texture) of the Chaco-Pampean plain:

3–18 mg kg-1 (Smedley et al. 2005), 6–25 mg kg-1 (Ni-

colli et al. 2012) and 0.25–28 mg kg-1 (Rosso et al. 2013).

Sediments are source and sink of As; in addition, they are

the most important route of exposure for those aquatic

organisms closely associated with them. Therefore, to

assess the mobility of this metalloid to water column and

pore water is relevant to the aquatic environment. Related

to labile concentrations of As, the maximum levels were

also found in Urban Zone (b) (6.5 ± 0.5 mg kg-1)

(Table 1), with 41% of lability. This median value was

significantly higher (p\ 0.05) than those found in Rural

and Coast Zones, and very similar to the fraction (a).

Besides, the highest percentage of lability was found in

Urban Zone (a) (96%). The significantly higher (p\ 0.05)

concentrations of Fe in fraction (b) than those found in

fraction (a), and the percentage of lability in both fractions
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(Fig. 1), would suggest that levels of As in water found in

this sampling site would be released from sediments of the

upper section; however, those maximum levels of total As

in sediments were found in the deeper fraction (Table 1).

The result found in this zone could be associated with the

higher levels of Fe, suggesting the close relationship

between As and Fe. The importance of Fe(III) oxyhy-

droxides in sediments was established as primary sorbents

for inorganic As in oxidized conditions (Smedley and

Kinniburgh 2002; Stollenwerk 2003; Root et al. 2007).

Some studies have also associated the presence of As with

Mn oxide (Smedley et al. 2005; Chapagain et al. 2009;

Borgnino et al. 2012). Moreover, analyses of chemical

fractionation found that As is present in the residual frac-

tion with highest percentages, coinciding with the high

amount of Fe and Mn (Sarkar et al. 2014). Based on Mn

levels found in both fractions (Table 2), being significantly

higher (p\ 0.05) in Urban Zone (a), it would be possible

to suggest that Mn oxides may be involved on the

adsorption of As in sediments, even though in a lower

degree than Fe. This greater participation of Fe oxides in

the adsorption of As with respect to those of Mn was also

informed by Smedley et al. (2005) in sediments of the

Chaco-Pampean areas. In addition, it has been demon-

strated that the adsorption of As on iron oxides plays a

dominant role in oxidizing environments (De Mello et al.

2006; Cordos et al. 2006; US/EPA 2007; Müller et al.

2007; Root et al. 2007); being remarkable that the sedi-

ments in the study area are strongly oxidized (Smedley and

Kinniburgh 2002). Even, the relationship between con-

centrations of Fe and Mn showed the opposite trend, where

the maximum levels of Fe coincide with the minimum of

Mn, mainly in Urban Zone (b) (Table 2). Likewise, these

maximum concentrations coincided with the highest levels

of total and labile As in sediments. The significantly lower

As levels in water (p\ 0.05) would seem to indicate very

low available concentrations in relation to those found in

the labile fraction of the sediments (Table 1), where Rural

Zone presented the highest availability, meaning dissolved

As in the water column. However, besides the percentages

of lability and As concentrations in sediments (both in

mg kg-1), levels in water (expressed in lg L-1) would be

indicating that its mobility to the water column has been

considerably low in all sampling sites.

The OM percentages presented similar values among

sampling sites with the exception of Urban Zone (b), which

was significantly lower (p\ 0.05) (Table 2); additionally,

this parameter presented an inverse relationship with Fe

content, coinciding the lowest percentage with the highest

concentration of this element. Furthermore, the lowest OM

value coincided with the highest concentrations of total and

labile As in sediments (Table 1). Moreover, some studies

have reported that large amounts of OM and a low Fe oxide

content should favor As leaching from soils and sediments

(De Mello et al. 2006). The result obtained would indicate

that OM would not be responsible, or in minor relevance,

of the adsorption processes of As, due to the sediments

presented higher levels of Fe. Chen et al. (2002) reported

that OM tends to be poorly correlated with total As in

surface sediments, when they were compared with Fe, Al,

and P, suggesting that its contribution to the As retention in

soils and sediments is limited. By other way, Zan et al.

(2014) assessing adsorption processes of As in sediments

of Chinese lakes, informed that binding capacity of Fe and

Table 1 Arsenic concentrations found in sediments (median ± standard error, dry weight) and in water (median ± standard error) of the

sampling sites along of the creek El Durazno

Sampling sites Total As (S) (mg kg-1) Labile As (S) (mg kg-1) (lability percentage) Total As(W) (lg L-1) Arsenic (III) (W) (lg L-1)

Coast Zone 7.4 ± 0.9 4.8 ± 1.1 (66%) 17.4 ± 0.2 2.4 ± 0.2

Urban Zone (a) 6.8 ± 0.3 6.1 ± 0.6 (96%) 6.6 ± 0.6 1.0 ± 0.0

Urban Zone (b) 15.9 ± 0.6 6.5 ± 0.5 (41%) 6.6 ± 0.6 1.0 ± 0.0

Rural Zone 5.4 ± 0.3 2.8 ± 0.2 (52%) 34.6 ± 0.4 2.3 ± 0.1

Urban Zone (a), upper layer of core sample; Urban Zone (b), deeper layer of core sample; (S), sediment; (W), water

Fe
(x1000)

Mn
(x100)

%OM pH P(soluble) Total As
(sed) 

Labile As
(sed)

As
(water)
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Coast Zone
Urban Zone b
Urban Zone a
Rural Zone

Fig. 1 Distribution of total and labile arsenic (mg kg-1), organic

matter (%), pH, soluble phosphorus (mg kg-1), iron (mg kg-1) and

manganese (mg kg-1) in sediments, and total arsenic in water

(lg L-1) in the sampling sites studied
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Mn (hydro)oxides was stronger than carbonates, organic

matter and sulfides.

In the Urban Zone (b), the maximum concentrations of

SP in sediments (Table 2) were observed and coincided

with the highest total As levels (Table 1); however, a direct

relationship between them was not found. Phosphate, with

similar chemical characteristics to As, tends also to pre-

cipitate with Fe (Smedley and Kinniburgh 2002). The

dominant surface complex of arsenate is consistent with

infrared studies of phosphate on iron (hydr)oxides (Parfitt

et al. 1975; Arai and Sparks 2001), a factor supporting the

analogous strong retention of phosphate.

Related to pH, both matrices analyzed showed alkaline

values (water: 7.2–7.7; sediments: 7.6–9.0) (Table 2),

without significant differences between sampling sites

(p[ 0.05); the same situation was found for dissolved

oxygen (8.1–9.9 mg L-1). Consequently, a relationship of

pH (sediments and water) and dissolved oxygen with labile

and total As concentrations, in both matrices, was not found.

The maximum pH in sediment (9.0 in Rural Zone) coincided

with its lower levels of total As, and the highest concentra-

tions in water. Casiot et al. (2007) reported that in alkaline

water As is adsorbed on Fe oxyhydroxides and consequently

limits its solubility. Likewise pH, the minimum values of

CEC (Table 2) were also found in this zone, and a correlation

with lability was not found. Contrary to the result found in

this study, a positive correlation between CEC and As

adsorption was reported (Li et al. 2011). Meanwhile, Cha-

pagain et al. (2009) suggested that CEC does not have a

direct influence on electrostatic retention, although a posi-

tive correlation As vs CEC was found, but they associated

with clay content. Likewise, the exchange capacities

obtained were in agreement with published ranges for the

area: 8–23 cmol kg-1 (=meq 100 g-1) (Morrás 1995) and

30–40 meq 100 g-1 (Martı́nez and Osterrieth 2013).

Meanwhile, the levels of total As in surface waters were

significantly lower (p\ 0.05) than those found in sedi-

ments (Table 1), being the highest total As concentration in

Rural Zone (34.6 ± 0.4 lg L-1) and the lowest in those

from Urban Zone (6.6 ± 0.6 lg L-1). The water As con-

centrations of both sampling sites were lower than infor-

mation reported for other freshwater watersheds from the

Buenos Aires Province (140–171 lg L-1, Rosso et al.

2013; 58–413 lg L-1, Volpedo et al. (2012) and Punto-

riero et al. (2014). Furthermore, the concentrations found in

this study and those published for Buenos Aires Province

were lower than levels in groundwater with naturally high

concentrations and harmful consequences to human health

(groundwater of northern La Pampa Province

[7490 lg L-1, Smedley et al. 2005; shallow aquifer from

Santiago del Estero Province \4.8 mg L-1; Bundschuh

et al. 2004).

To complement the results of total As obtained in water,

concentrations of As(III) were also determined, being

between 1.0 ± 0.0 and 2.4 ± 0.2 lg L-1. These values are

represented as a lower percentage of the total concentra-

tions (6–15%) found; related to the higher toxicity of

As(III) with respect to As (V), it is important to highlight it.

Conclusion

The As concentrations in water were lower than those found

in sediments, with different order of magnitude, even the

As(III) levels were negligible. The preliminary findings

suggest that the co-precipitation and adsorption on iron

oxides would be the major route of immobilization of As in

sediments; meanwhile, Mn did not present an outstanding

contribution to the retention. CEC, pH and OM of sediments

did not show an influence on the mobility of As. Finally, the

different uses of the surrounding soils to the creek did not

evidence and influence on the adsorption and mobility of

As; the natural mineral composition, mainly those associ-

ated with Fe and Mn, would define both processes.
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