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Abstract
Impact to streams that receive runoffs from the abundant abandoned artisan-scale mines disseminated throughout the middle 
and upper Sonora river basin in central Sonora state, Northwestern Mexico, was evaluated by determining total concentra-
tions, enrichment factor (EF), geoaccumulation index (Igeo) and geochemical and granulometric fractionations of heavy 
metals (Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn) in sediment of those streams. Total concentrations of As were also determined. 
Excluding Fe, the metal found in highest concentrations in all sites was Mn. Findings indicate that sediment enrichment is 
moderate only for Pb (3.76) and Zn (3.68) in 1 point, and for Cu (3.61) in a different site, out of the 11 points under study. 
Enrichment is absent or minimal for the remaining elements and sites. Maximum contamination levels as established by Igeo 
were moderate for Cu (1.14) and lower than moderate for Cu (0.77) and Pb (0.32) in one site each; and absent for all other 
elements and sites. The granulometric analyses found a close correlation between the percent mass composition of sedi-
ment in gravel, sand, clay and silt, and the distributions of metal content in those compartments, with the exception for Cu 
and, to a lesser extent, Pb. The geochemical fractionation indicates the metal found in the exchangeable fraction in a highest 
proportion was Mn, while the highest percent in the reducible fraction corresponds to Pb and Mn. At present, sediments of 
streams in the middle and upper Sonora River basin show a low or null impact on their quality by the sporadic runoffs from 
abandoned artisan mines they receive.
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Introduction

Mining activity has historically been abundant in the middle 
and upper Sonora River basin, located in the state of Sonora, 
Northwestern Mexico. As a result, there are a large number 
of small abandoned mines and tailings whose ephemeral 
runoffs are captured by short-lived streams that flow into the 
river. Large-scale mining is also present in the region. Actu-
ally, one of the largest active copper extraction operations 

in the world is located in the City of Cananea, Sonora, near 
the sources of the Sonora and San Pedro Rivers. Several 
chemical spills that have adversely affected sediment and 
water quality in both rivers’ basins have been caused by 
mining activity in the region (G ٕómez-Álvarez et al. 2007, 
2009, 2011). Contamination of the Sonora river waters and 
sediments, whenever detected, has been solely attributed to 
the large-scale mining operations located in the Cananea 
area while a probable contribution from abandoned artisan 
mines or other sources has been overlooked. The analysis 
of sediment in streams that receive runoffs from small-scale 
artisan extraction or processing mining operations in state 
of abandonment is used in this research to assess a potential 
contribution of such remnants to the spread of trace metal 
contamination into the main course of the Sonora River. It 
is important to mention that 60% of water concessions in 
the Sonora River basin are dedicated to public urban use, 
followed by agriculture with a 31% (Pineda et al. 2014).
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Leaching processes in abandoned or operating mines and 
tailings caused acidic runoffs, known as acid mine drain-
age (AMD). AMD forms through a series of microbially 
catalyzed oxidation reactions of sulfurous minerals that 
become exposed to surface weathering conditions by mineral 
extraction and processing operations (Johnson and Hallberg 
2005; Sheoran and Sheoran 2006; Anawar 2013; Simate and 
Ndlova 2014). AMD can lead to the dissemination of metals 
and metalloids through surface and groundwater, and to their 
accumulation in sediments at potentially dangerous levels.

The accumulation of trace metals in sediments by pre-
cipitation, coprecipitation and sorption processes (McGregor 
et al. 1998; Berger et al. 2000) attenuates their mobilization 
by reducing their levels in the liquid phase. Remobilization 
of trace metals from sediments, however, can result in water 
concentration levels potentially toxic to humans and living 
organisms (Long et al. 1996; Fichet et al. 1998; Cukrov et al. 
2008).

In view of this, it is important to evaluate inorganic pol-
lutant concentrations in sediments and to establish the chem-
ical fractions to which they are associated, to determine how 
susceptible they are to becoming mobilized through redis-
solution or resuspension processes originated by the natural 
conditions of the region or anthropogenic factors.

Persistence of metals in the environment allows their 
concentrations in waterbodies and sediments to become a 
valuable tool in assessing levels of ecological disturbance 
and establishing the natural or anthropogenic origin of their 
presence in temporal and spatial contexts (Leung and Jiao 
2006; Ouyang et al. 2006; Cukrov et al. 2008). Nevertheless, 
the mere quantification of total metal concentrations does 
not, on its own, offer conclusive indications of the level of 
contamination existing in superficial layers of soil or sedi-
ments. This can be better accomplished by use of parameters 
such as the enrichment factor (EF) and the geoaccumulation 
index (Igeo) that take into account the mineralogical charac-
teristics of the native natural context.

Furthermore, it should be emphasized that total concen-
trations in sediments are also insufficient for estimating the 
degree of contamination that can be induced in waterbodies 
by the potential remobilization of metals (Fan et al. 2002). 
More accurate information on pollutant mobility and avail-
ability can be obtained by sequential extraction techniques 
directed at establishing the distribution of trace elements in 
the different geochemical fractions of a solid (Lopez and 
Mandado 2002).

Unfortunately, the lack of a standard technique for con-
ducting partition studies makes the comparison of results 
complex and difficult. In view of this, a sequential parti-
tioning three-step method known as BCR was designed. 
The procedure calls for the successive extraction of the 
metal fraction present in the acid-soluble phase, composed 
mainly of carbonates; the reducible phase, comprised by Fe 

and Mn oxides, and the oxidizable phase, which includes 
organic matter and sulfides (López and Mandado 2002). The 
sequential extraction method used in this research, described 
by Rauret et al. (2000), is a modified version of the BCR 
method that requires an additional final stage for the chemi-
cal digestion of the residual material from the three previous 
extractions.

The objective of this research is to evaluate the potential 
impact on sediment quality in streams that receive runoffs 
from small abandoned artisan mines and tailings in the 
Sonora River basin as a means to determine whether the 
ubiquitous presence of such vestiges may contribute to the 
contamination of the Sonora River, located in a semi-arid 
region of Northwestern Mexico. Metal content distribution 
in geochemical and granulometric fractions was also estab-
lished for 5 of the 11 sampling sites under study to obtain 
information on the likelihood that metals present in sedi-
ments become mobilized through dissolution or suspension 
into the aqueous phase.

Study area

The study was conducted in Mexico, in the northwestern 
state of Sonora, which by its latitude, is part of an arid strip 
that encircles the world. The climate in the region is hot 
semi-arid and watercourses are ephemeral. Sediment sam-
ples were collected from streams in the upper and middle 
Sonora River basin, in the central region of the state (Fig. 1), 
that potentially receive runoffs from abandoned artisan-scale 
mining operations located near their banks. Mining has been 
endemic in this area since the time of the Spanish coloniza-
tion and today is a fundamental aspect of the state economy.

It is also important to stress that the natural flow of 
underground waters can potentially lixiviate minerals from 
unexploited deposits that finally arrive to the watercourses. 
Actually, the Sonora river is perennial in some sections due 
to the outcropping of underground water. This implies that 
the potential of river sediment contamination from natu-
ral sources exists. The Mexican Geological Service (SGM 
2013) has determined that the primary inputs naturally 
reaching the riverbed include elements such as barium, cad-
mium, copper, chromium, iron, manganese, sodium, lead, 
nickel and antimony. Places particularly vulnerable to this 
kind of pollution are located in the middle and upper sec-
tions of the Sonora River basin.

The Sonora river is the main source of water for human 
consumption and economical activities in the central val-
leys of the state of Sonora, where a number of communi-
ties, including the state capital with a population greater 
than 800,000 inhabitants, are located (Gómez-Alvarez et al. 
2009).
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Materials and methods

Sample collection and analysis

Abandoned mines considered in this project are located at a 
linear distance of 10 km or less from the Sonora river course. 
Thirty-three sediment samples were taken from the beds of 
ten streams. Samples from the most southern stream were 
taken at two points; one upstream and the other downstream 
from the abandoned mine “8 Hermanos”. In all other cases, 
samples were taken downstream from an identified potential 
source of contamination. Sampling sites are located along 
142 km of the Sonora River basin, between the towns of 
Arizpe to the north and Guadalupe de Ures to the south, in 
the state of Sonora, Mexico. Streambeds under study were 
completely dry when samples were taken. Representative 
samples were collected from sediment surface layer, between 
0 and 10 cm in depth; using 10 cm in diameter polyethylene 
sediment corers (Gómez-Álvarez et al. 2011). Samplers were 

manually inserted into the sediment by means of a rotational 
movement; the material surrounding the samplers’ exterior 
was manually removed and then corers were lifted, taking 
the appropriate measures to prevent material in their interi-
ors from exiting. Each sample was transferred into a properly 
labeled 1-L plastic bottle. In total, three separate samples per 
site were taken; one at the center and one near each edge of 
the streambeds. Such samples were employed to obtain a 
composite sample that was later used in chemical analyses.

Composite sediment samples were analyzed to determine: 
(1) total concentration of arsenic (As), cadmium (Cd), cobalt 
(Co), chromium (Cr), copper (Cu), iron (Fe), manganese 
(Mn), nickel (Ni), lead (Pb) and zinc (Zn); (2) metal con-
centrations in four granulometric fractions according to the 
criterion established by Folk (1980); (3) metal concentration 
in three geochemical fractions by the modified BCR method 
for sequential extraction described by Rauret et al. (2000); 
(4) sulfur (S) as sulfate  (SO4

−2) by the EPA 375.4 method 
(1978). In addition, hydrogen potential was measured by the 

Fig. 1  Map showing the location in the middle and upper Sonora River basin of the 11 sampling sites considered in this research. The location 
of the Sonora River basin in Northwestern Mexico is shown in the box to the right
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method of Mudroch and Azcue (1995) in each of the three 
individual samples from each site. The granulometric and 
geoachemical analyses were performed in only 5 out of the 
11 samples.

Analysis of total heavy metals and geochemical 
fractionation (sequential extraction)

Sediment samples were totally digested with an acid mixture 
 (HNO3–HF–HClO4) in Teflon vessels. Residues were then 
dissolved with  HNO3 and boric acid (2%) (Agemian and 
Chau 1975). Total concentrations of Cd, Co, Cr, Cu, Fe, Mn, 
Ni, Pb and Zn were analyzed by atomic absorption spec-
trometry (AAS) using a Perkin Elmer Analyst 400 equip-
ment. Arsenic was determined through chemical digestion 
using  HNO3 and  H2SO4 according to the method outlined 
by Gómez-Álvarez (2004), and extracts were analyzed by 
inductively coupled plasma spectrometry (ICP) (Detection 
Limit, 0.004 mg/kg). Chemical analyses were performed 
in duplicates. The accuracy and precision of the analytical 
process were evaluated by making use of the certified ref-
erence standard NIST 2702 (Inorganic Marine Sediment). 
The standard was analyzed in triplicates after being subject 
to the same digestion processes as sediment samples. Per-
cent of metal mass recovery for the NIST reference stand-
ard was within 91–106% of the reference concentrations, 
which is acceptable. Chemical digestion blanks were also 
used in triplicates. The calibration curves needed in the AAS 
analyses were obtained using five concentration standards 
for each metal. Correlation coefficients of 0.9990 or higher 
were attained.

Sequential extractions were conducted by a series of 
consecutive chemical digestions on sediment samples in 
accordance with the modified BCR method from Rauret 
et al. (2000) to obtain separate extracts for each geochemi-
cal fraction. The first extraction is aimed at the removal of 
exchangeable species using 0.11 mol/L acetic acid. Subse-
quently, reducible species are extracted with a 0.5 mol/L 
hydroxylammonium chloride solution. Both of the former 
processes are performed at room temperature. Oxidable 
compounds are then separated through a two-step diges-
tion. The first step requires the use of a 8.8 mol/L hydrogen 
peroxide solution and heating to 85 °C; the second employs 
1.0 mol/L ammonium acetate at room temperature. Final 
residue from all previous extractions was also subject to a 
chemical digestion with aqua regia for the removal of chemi-
cal species bonded to silicates. Digestion extracts of all frac-
tions were analyzed by AAS. Detection Limits (DL) (mg/kg) 
for each metal fraction were: exchangeable: Fe (0.01), Mn 
(0.02), Ni (0.002), Pb (0.01), Zn (0.03), Cd (0.01), Cu (0.01), 
Cr (0.03); Fe–Mn oxides: Fe (0.01), Mn (0.003), Ni (0.004), 
Pb (0.001), Zn (0.04), Cd (0.02), Cu (0.03), Cr (0.02); 
organic matter/sulfides: Fe (0.01), Mn (0.03), Ni (0.01), Pb 

(0.002), Zn (0.08), Cd (0.04), Cu (0.02), Cr (0.01); residual: 
Fe (0.01), Mn (0.003), Ni (0.01), Pb (0.002), Zn (0.04), Cd 
(0.03), Cu (0.01), Cr (0.01).

Granulometric analysis

A granulometric analysis was carried out to obtain the abso-
lute concentration of the elements of interest in four texture 
categories, based on particle size, in which the total mass of 
each sample was divided (Folk 1980). Samples used were 
from the same sites for which a metal fractionation analy-
sis in geochemical phases was also performed. These sites 
are “8 Hermanos Downstream”, “Arizpe”, “Huépac”, “El 
Lavadero”, and “Sinoquipe”. The texture categories that 
were analyzed are gravel (with a mesh particle size > 10); 
sands (> 230 and < 10); silt (> 325 and < 230) and clays 
(< 325). Sample material in the range of > 325 to < 230 was 
only recovered for the sites “Arizpe” and “Huépac”. The 
percentage distribution of their total contents among these 
categories was also determined.

Normalization studies

The natural or anthropogenic source and the contamination 
level of metals in sediments were established by calculating 
the values of the enrichment factor (EF) and the Index of 
geoaccumulation (Igeo) at all sites where metal concentra-
tions were above the analytical detection limit. Enrichment 
factor is calculated by the equation:

where the ratio (M/R)sample denotes the relationship of the 
concentrations of the metal or metalloid of interest (M) and 
the element designated as reference (R) in a particular sam-
ple. The fraction (M/R)background, on the other hand, defines 
the value of the same ratio, but this time using the values 
corresponding to the respective background sediment con-
centrations in the study area. Traditionally, the average con-
tents of the different elements in the earth’s crust have been 
used as background values. However, some authors believe 
that subsoil concentrations can be used as background 
concentrations at a local level in relation to higher layers 
(Nowrouzi and Pourkhabbaz 2014; Barbieri 2016). The level 
of enrichment in sediments and soils is categorized, based 
on the range in which the EF value of a particular metal 
situates, as absent (EF < 1), minimal (1 < EF < 3), moderate 
(3 < EF < 5), moderately severe (5 < EF < 10), very severe 
(10 < EF < 25), or extremely severe (EF > 50) (Chen et al. 
2007; Ghrefat 2011; Barbieri 2016).

(1)EF =

(

M

R

)

sample
(

M

R

)

background

,
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The Geoaccumulation Index (Igeo) was defined by Muller 
(1969) to evaluate pollution levels in sediments by compar-
ing current to preindustrial metal concentrations; but has 
also been applied to the study of soil and dust contamina-
tion. The magnitude of Igeo is determined by the following 
equation:

where M and B denote the sample and background concen-
trations, respectively, of the metal of interest. The use of 
factor 1.5 accounts for possible fluctuations in background 
concentrations originated by lithological variations. Igeo 
assesses the metal contamination status of a soil or sediment 
by relating its numerical value to a specific level of contami-
nation as follows: uncontaminated (Igeo < 0), not contami-
nated to moderately contaminated (0 < Igeo < 1), moderately 
contaminated (1 < Igeo < 2), moderate to heavily contami-
nated (2 < Igeo < 3), heavily contaminated (3 < Igeo < 4), 
from strong to extremely contaminated (4 < Igeo < 5), 
extremely contaminated (Igeo > 5) (Muller 1969; Ghrefat 
2011; Barbieri 2016). The active sediment concentrations 
reported by the Mexican Geological Service (SGM 2013) 
in streams located within a radius of 2–5 km from sampling 
points were used as background concentrations in EF and 
Igeo calculations.

Results and discussion

Heavy metals

The trace metal or metalloid concentration of water in con-
tact with sediment depends on multiple physicochemical and 
biological factors which together influence and determine 

(2)Igeo = log2

[

M

1.5B

]

,

the magnitude of sorption–desorption; precipitation, copre-
cipitation and dissolution; or oxidation–reduction pro-
cesses (Benjamin 2002). In particular, the concentrations 
and chemical characteristics of a metal species present in 
solid and liquid phases that are in contact with each other, 
are a fundamental factor underlying the driving force that 
promotes mobilization processes, and that determine the 
magnitude and direction of such processes as the system 
approaches equilibrium. The total concentrations found in 
the analyzed sediments are shown in Table 1. The element 
found at a highest concentration was Fe, as it would be 
expected, with a range of 0.86–4.03%. Mn and Zn followed 
with concentrations ranging from 98.14 to 638.71 mg/kg, 
and between 25.20 and 124.60 mg/kg, respectively.

The highest Fe, Co, Cr, and Ni concentrations were found 
at the site “8 Hermanos Upstream”; as well as some of the 
highest for Cu, Mn and Pb. This sampling point is located 
at a short distance upstream of the abandoned mine “8 Her-
manos”, as opposed to all the rest, which are downstream of 
an identified abandoned mine or mineral processing opera-
tion. It was included in this project to be used as reference. 
The abandoned mine “8 Hermanos” and processing plant 
“El Lavadero” were the only vestiges of mining operations 
that could be accessed; so that the corresponding samples, 
downstream and upstream in the case of “8 Hermanos” 
mine, were taken at a short distance from the mine. This 
does not exclude the possibility that the streams that cap-
ture the eventual runoffs generated from both sites may also 
receive discharges from other mines, abandoned or in opera-
tion, located upstream of the sampling points analyzed in 
this study.

The highest concentrations of As and Cu were detected at 
the site “8 Hermanos Downstream”; and this may be related 
to its proximity to the abandoned mine “8 Hermanos”. The 
highest concentrations of Zn, Pb and Mn were reported in 

Table 1  pH and total metal, metalloid and sulfate concentrations in mg/kg (with the exception of Fe in which case is expressed as percentage) in 
sediments of streams receiving sporadic runoffs from abandoned mines

ND Below detection limit

Site pH Sulfates As Cd Co Cr Cu Fe (%) Mn Ni Pb Zn

El Picacho 7.23 400.00 1.43 ND ND 7.34 15.81 1.57 256.84 0.56 39.42 49.39
Huepac 7.33 2,500.00 0.20 ND ND 6.99 21.49 1.08 142.38 ND 36.15 35.98
El Bagote 7.63 800.00 0.20 ND ND 9.55 10.88 0.86 98.14 0.53 22.23 25.20
Arizpe 7.91 1,500.00 1.77 ND 10.16 15.78 35.83 3.71 449.20 9.36 25.71 124.60
El Lavadero 7.48 ND 0.43 ND ND 8.24 19.31 1.03 249.68 ND 50.33 114.03
Sinoquipe 7.50 2,100.00 2.68 ND ND 12.04 21.88 2.77 475.93 ND 68.76 62.36
El Rebaje 7.66 2,200.00 1.85 ND 7.50 21.94 24.99 4.02 638.71 7.50 23.27 61.93
Banamichi 7.50 1,500.00 0.82 ND 0.58 10.17 17.15 2.13 342.92 15.98 40.59 50.86
El Rodeo 7.30 ND 1.08 ND ND 10.15 19.23 2.23 339.12 0.53 37.29 82.51
8 Hermanos Downstream 7.12 1,300.00 10.77 ND 4.86 20.50 45.59 3.45 544.92 8.36 37.68 106.56
8 Hermanos Upstream 7.20 2,100.00 0.48 ND 11.67 27.89 35.29 4.03 495.16 20.20 55.64 46.96
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“Arizpe”, “Sinoquipe” and “El Rebaje”, respectively. “El 
Lavadero” showed relatively high concentrations of Zn and 
Pb compared to the rest of the sampling points.

Table 2 shows the sediment concentration ranges for met-
als and metalloids in the sites under study, and the respective 
content levels in places around the world exhibiting evident 
signs of strong contamination. The maximum concentrations 
obtained in this research in no case exceeded the maximum 
values in those sites and are substantially lower than those 
found in certain sites of the Sonora River basin affected by 
large-scale copper mining activity during periods of high 
sediment contamination. Particularly, concentration ranges 
of Cd, Cr, Fe and Mn are lower than those found in sedi-
ments from the streams “El Jaralito” and “La Mexicana” 
in 2012; when such watercourses were receptors of acidic 
runoffs from mining activity in the region (Aguilar-Hinojosa 
et al. 2016). Also, the maximum concentrations of Cd, Cr, 
Cu, Fe, Mn, Pb and Zn are much lower than those reported in 
sediment of the Abelardo L. Rodríguez dam, in Hermosillo 
(Gómez-Álvarez et al. 2011), situated in the middle course 
of the Sonora River.

Total sulfates

Sulfate is found in almost all natural waters and can be 
produced by the oxidation of sulfurous minerals that are 
removed from subsoil by mining activities. The maximum 
sulfate concentration was only 2,500.00 mg/kg (0.25%) in 
the site “Huepac” (Table 1). This indicates that, at least 
recently, no appreciable contributions of this oxyanion 
have occurred. The results obtained were lower than those 
detected in the San Pedro river sediment (4.51–5.63%) in 
2006, a watercourse that has been impacted by the mining 
activity of the region (Gómez-Alvarez et al. 2011). Low 
streambed concentrations of sulfate suggest the absence of 
AMD in the water that has recently flowed through those 
streams, and with it, a diminished capacity to disperse cati-
onic contaminants.

Hydrogen potential

The average sediment pH at each site is shown in Table 1. 
In all cases, pH is circumneutral or slightly alkaline, rang-
ing from 7.1 to 8.0. The pH of pure water in contact with 
air is 5.2 because of the dissolution of atmospheric  CO2, 
and the formation and dissociation of carbonic acid. The 
normal pH of uncontaminated surface continental waters 
falls in the range approximately from 6.0 to 9.0. Slightly 
alkaline pH levels as the ones observed may be indicative 
of the existence of some acid neutralization capacity in the 
sediment; probably originated by a significant presence of 
minerals such as calcite, dolomite or aluminosilacates (Ana-
war 2013). On the other hand, this highlights the fact that 

sediments in the sections of the streams that were investi-
gated have not been exposed, at least recently, to acidic flows 
(Gómez–Álvarez et al. 2007).

Several factors may contribute to mitigate the dispersion 
and deposition of metal contaminants in sediments. Among 
these are the magnitude of potentially acid runoffs and 
the dimension of the mines or tailings that generate them. 
Thanks to the semi-arid climate of the region, it is expected 
that rainfall scarcity will contribute to the formation of rela-
tively low volumes of acid mine drainage (AMD) and only 
if the mineralogical characteristics of exposed subsurface 
materials in mines and tailings are currently suitable for such 
process to occur (Anawar 2013). This despite the fact that 
high temperatures, prevalent in hot semi-arid areas, enhance 
microbial sulphur-reducing activity (Masson et al. 2007). 
Furthermore, the torrential character of precipitation during 
summer, typical of arid zones, would favor the dilution of 
acid runoffs that might be generated (Chapman et al. 1983; 
Hudson-Edwards et al. 1996; Gomez-Alvarez 2007).

Another factor likely influencing AMD generation is the 
exposure time of mining waste to weathering conditions, 
especially considering that these mining operations are rela-
tively small or very small. It is certainly not easy to deter-
mine the antiquity of the abandoned mines in this area; how-
ever, it is possible that reiterative leaching processes taking 
place during long periods have resulted in a poor capacity to 
emit acid runoffs at present and, consequently, in a decline 
in metal mobility. In this regard, it would be necessary to 
perform mineralogical analyses in the accumulations of 
residual material and pits to determine their current capacity 
to generate acid mine drainage and to quantify the presence 
of metals and metalloids susceptible of becoming mobilized 
by it. Another factor that favors mitigation of AMD adverse 
effects is the distance between the emission point and the 
location of the study site. The abandoned mines considered 
in this project are located at a linear distance of 5 km or less 
from the river bed. However, only the sampling points “8 
Hermanos Upstream”, “8 Hermanos Downstream” and “El 
Lavadero” were much closer to a potential contamination 
source than to the river, while the opposite was true for the 
rest. Nevertheless, the fact that very similar pH levels were 
observed in all sampling sites suggests that a diminished 
capacity to produce AMD currently exists in the mining 
sites near the streams under study at current environmental 
conditions.

In any case, pH levels in the analyzed sediments indicate 
limited propensity to induce the mobilization of metallic 
cations; furthermore, metal retention capacity of soils is 
expected to achieve its maximum at circumneutral pH (Bur-
gos et al. 2006). The mobilization of oxyanions, on the other 
hand, such as those formed by arsenic, could potentially be 
favored. The mobilization or remobilization of arsenic oxy-
anions from sediments is a function of the solubility of the 
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chemical species to which they are bound. In addition, it is 
also strongly influenced by the feasibility that a negative 
charge be generated on the surface of insoluble metal oxides 
to which oxyanions may be adhered by sorption processes. 
Metal oxides’ surface charge is controlled by the pH of the 
liquid phase engulfing them and the chemical structure of 
the sorbent (Magalhaes 2002; Guzmán et al. 2016). In this 
sense, it has been established that in general the metallic 
arsenites are more soluble than their corresponding arsenates 
and that arsenites tent to be adsorbed in a lower proportion 
by metal oxides than arsenates at circumneutral pH (Magal-
haes 2002).

Granulometric fractionation

The mass content distributions into granulometric fractions 
of Co, Cr, Cu, Fe, Ni, Mn, Pb and Zn were determined in 
sediment samples from five sites, namely “Arizpe”, “8 Her-
manos Downstream”, “Huépac”, “El Lavadero” and “Sino-
quipe”. Cd was excluded from the analyses because its total 
concentration was below detection limit in all sampling 
points. This was also the case for Co and Ni in “Huepac”, 
“El Lavadero”, and “Sinoquipe”. In total, 34 mass partitions 
were obtained for the individual metals in the sites where 
their total concentrations were quantifiable. To establish the 
distribution of a particular metal among sediment particle 
size categories, it is necessary to take into account its abso-
lute concentration in each granulometric compartment, as 
well as the amount of sediment material present in those 
partitions relative to the whole sample. This is why the per-
cent distribution of a metal across particle size categories 
does not necessarily correspond to the magnitude of absolute 
concentrations in such fractions.

Sediment material was classified into for particle size 
fractions shown in Table 3, namely gravel (with a mesh 
particle size > 10), sands (> 230 and < 10), silt (> 325 and 
< 230) and clays (< 325). Sediment mass was mostly found 
to be constituted by sand or gravel. Clays and silt repre-
sent less than 1.12 and 0.53% of the sediment material in 
individual samples, respectively. Collectively, 66.9% of all 
sample material was comprised of sand and 32% of gravel. 

Table 3  Percent distribution of sediment mass based on grain size

Site Grain size category

Gravel Sand Silt Clay

8 Hermanos downstream 42.4 56.4 0.21 0.98
Arizpe 30.6 69.0 0.10 0.31
Huépac 13.0 85.7 0.20 1.1
El Lavadero 28.6 69.9 0.52 0.98
Sinoquipe 46.6 52.5 0.00 0.97
Weighed average 32.0 66.9 0.21 0.87
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These two strata encompass more than 98.9% of the com-
bined mass of samples from all sites. Clays and silt only 
constitute 0.9 and 0.2%, respectively.

As much as 62.9% of the combined mass of all metals 
was found to be present in the sand compartment. This is 
because most of sediment is constituted by sand (Table 3) 
and because 44.2% of the individual metal mass distribu-
tions show their highest absolute concentration in a grain 
size range within the sand fraction (Table 4). Absolute metal 
concentrations in the gravel fraction are low compared to 
those observed in other grain size ranges; however, the sig-
nificant amount of gravel in relative terms ensues that 35.4% 
of the overall metal content be contained in it. Clay and 
silt fractions only represent 1.4 and 0.3% of the total metal 
content in sediments despite the fact that 26.5% of the indi-
vidual metal mass distributions show their highest absolute 
concentration in the clay fraction.

The Pearson correlation coefficient for the percent mass 
distribution of each metal into the four texture compartments 
in a particular site (Table 4) with respect to that of the sedi-
ment material (Table 3) was higher than 0.96 in 29 out of 
the 34 metal distributions under study. Interestingly, correla-
tion coefficients for Cu in Huépac, Arizpe, El Lavadero, and 
8 Hermanos Downstream were 0.26, 0.34, 0.60, and 0.70, 
respectively. In these sites, the percent of total Cu present in 
clays fluctuated between 33.2 and 57.6%; an extraordinarily 
high proportion compared to those observed for the rest of 
the metals and in relation to the proportion of clay content 
in sediments. The correlation obtained for Pb in Arizpe was 
0.79, with a high percent of its content in sands (82.3%) 
that greatly exceeds the apportionment of sand in the sedi-
ment for this site (56.4%); and a low percentage (11.38%) in 
gravel, which constitute 42.4% of the sediment.

These results indicate that, from a granulometric stand-
point, only Cu, by virtue of being present at high relative lev-
els in clay in four of the sites, and to a much lesser extent Pb, 

are potentially susceptible to remobilization into the aqueous 
phase by dissolution or suspension processes. However, in 
establishing the likelihood that a metal can become eventu-
ally present at high levels in the aqueous phase, the total 
concentration in the sediment has to be taken into account 
and not only its partition. In other words, a metal like Mn 
may have a greater potential for remobilization than Cu and 
Pb, despite only a small fraction of its total mass is present 
in clay or silt, due to its total concentrations being relatively 
high. Percent distribution based on sediment texture of the 
joint mass of samples from all sites and of the global metal 
content correlate by a Pearson coefficient of 1. Fe constitutes 
97.8% of the total metal mass identified in these analyses; 
however, since its distribution according to sediment texture 
in the individual samples, closely matched that of samples’ 
sediment mass (Table 3), the change in the correlation factor 
formerly mentioned is negligible when Fe is excluded from 
calculations.

Geochemical fractionation

The distribution of trace metals in the different geochemi-
cal fractions of a sediment may be indicative of the degree 
to which they are prone to be incorporated into the liquid 
phase and, thus, become dispersed and bioavailable (Har-
rison et al. 1981). The percent mass distribution among 
the different fractions of individual elements in each site is 
shown in Table 5. The designations I, II, III, and RF in the 
table denote the metal geochemical fractions that are (1) eas-
ily removable via ion-exchange reactions or associated with 
carbonates, (2) associated to oxide of Fe and Mn (reduc-
ible fraction), (3) contained in organic matter and sulfides 
(oxidizable fraction), and (4) those present in the residual 
compartment forming silicates, respectively.

Table 5  Percent mass distribution among the different fractions of individual elements in each site

ND Below detection limit
a Residual fraction

Element 8 Hermanos downstream Arizpe Huepac El Lavadero Sinoquipe

I II III RFa I II III RFa I II III RFa I II III RFa I II III RFa

Cd ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND
Co ND 30.5 ND 69.5 ND 6.0 24.0 70.0 ND ND ND ND ND ND ND ND ND ND ND ND
Cr 13.9 8.8 4.7 72.7 ND 11.1 ND 88.9 18.0 26.2 3.3 52.5 ND ND 8.1 91.9 ND 37.9 17.2 44.8
Cu 1.5 0.99 5.3 92.3 ND 0.74 2.2 97.1 ND ND 11.9 88.1 ND ND 2.9 97.1 ND 0.79 7.1 92.1
Fe 0.20 3.3 0.60 95.9 0.07 2.8 1.1 96.1 0.26 5.9 1.9 92.0 0.26 4.8 3.6 91.4 0.07 3.7 2.2 94.0
Ni ND ND 5.3 94.7 ND 11.1 ND 88.9 ND ND ND ND ND ND ND ND ND ND ND ND
Mn 34.8 21.8 2.4 41.0 33.5 25.2 4.1 37.2 22.6 33.5 3.7 40.2 23.1 22.0 5.7 49.2 34.6 43.3 0.48 21.6
Pb ND 45.8 ND 54.2 ND 23.3 ND 76.7 ND 41.5 58.5 ND ND 59.4 ND 40.6 ND 16.6 57.1 26.2
Zn 7.3 11.6 5.8 75.3 7.4 25.6 12.0 54.9 7.2 9.2 9.2 74.5 24.7 15.1 11.7 48.5 3.8 10.7 12.0 73.6
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Fraction I: exchangeable and carbonate-associated fraction

This geochemical compartment comprises metals weakly 
bound to mineral surfaces by electrostatic forces, and metals 
precipitated or coprecipitated with carbonates that can be 
easily mobilized by pH reduction and variations in solution 
composition. Percentage contents below 10% of total mass 
of the individual metals or “below detection limit” were 
76.5% of all observations for fraction I. The highest per-
cent levels observed in this fraction fluctuated between 22.6 
and 34.8% for Mn. In general, 31.9% of Mn, considering all 
samples as a whole, is in fraction I, while this proportion is 
11.3% for Zn and 6.5% for Cr.

Fraction II: reducible fraction

This fraction constitutes a sink for heavy metals. It com-
prises metals that form coatings or isolated particles through 
coprecipitation, adsorption, ion exchange, surface complex 
formation, and lattice penetration processes in Fe and Mn 
oxy-hydroxides, which are stable minerals under oxic con-
ditions (Filgueiras et al. 2002). The highest percent for Pb, 
in relative terms, was found in fraction II considering all 
samples as a whole. Mn percent in fraction II fluctuated 
between 21.8 and 43.3%. The relatively high total concen-
tration of Mn and its abundance in fractions I and II seems 
to be indicative of a significant presence of carbonates and 
oxi-hydroxides, that may confer the high acid-neutralizing 
capacity to sediments that accounts for the circumneutral 
and slightly alkaline pH observed in all sites (Calmano et al. 
1993). Percentage contents below 10% or “below detection 
limit” were 44% of all values for fraction II.

Fraction III: oxidizable fraction

This fraction is not very mobile and comprises trace metals 
associated with organic matter and sulfides (Filgueiras et al. 
2002). Percentage contents below 10% or “below detection 
limit” were 76.5% of all observations for fraction III. The 
highest Pb mass distribution percentage is found in frac-
tion III in “Huepac” (58.5%) and in “Sinoquipe” (57.11%). 
An important proportion of the overall Co (16.24%) and Zn 
(10.20%) is in this fraction.

Residual fraction

This is the most stable fraction since metals are an integral 
part of the chemical lattice of silicate minerals and con-
sequently immune to dissolution by pH or ionic strength 
changes or by oxidation–reduction processes. In general, the 
highest mass distribution percent, in absolute terms for Co, 
Cr, Cu, Fe, Ni and Zn, and in relative terms for Mn, was 
found in residual fraction. The maximum percent for Cr, 

falling in the range of 44.8–91.9%; for Zn, between 48.5 and 
75.4%, and for Co in the two points where its total concen-
tration was not below the detection limit, were also found in 
this fraction. In total, 30 out of 34 quantifiable mass content 
distributions showed the highest percentage, either absolute 
or relative, in RF. Content levels above 50% comprise 70.6% 
of the results for fraction RF. In fact, Pb and Mn were the 
only elements for which the highest distribution percent-
ages were not found exclusively in fraction RF; only the site 
“8 Hermanos Downstream” and “Arizpe” have their highest 
Pb percentage levels in this fraction. A mass distribution 
percent for individual metals greater than 50% in fraction 
RF allows to assume that such elements are unlikely to be 
appreciably dispersed, even when extraordinary events take 
place, such as a sudden pH drop in the water column sedi-
ments are in contact with. Furthermore, when the weighed 
concentration of all elements in the different geochemical 
fractions of the five sampling sites was considered (Table 6), 
as much as 94.5% of the total metal mass was in the residual 
fraction. However, these data should be taken with caution 
since the content of Fe, by representing 98.9% of the total 
mass of the metals analyzed, introduces an important bias 
in the calculations.

Excluding Fe, the residual fraction still contains 44.71% 
of the overall remaining metals mass, while fractions I, II 
and III constitute 23.5, 25.5 and 6.26%, respectively. The 
propensity of a metal to become remobilized by pH changes 
taking place in the water column that is in contact with the 
sediment increases as the proportion of the total mass pre-
sent in the exchangeable and reducible phases also increases. 
Based on this, Mn, Zn, Cr and Pb can be deemed as the most 
susceptible to being potentially mobilized.

Enrichment factor

Given the lack of official regulations that define sediment 
quality on the basis of total content of individual elements, 

Table 6  Weighed percent mass distribution of metals in geochemical 
fractions considering the five sampling sites combined. For Co and 
Ni, the information considered only corresponds to the two sites in 
which their total concentrations were above detection limit

ND Below detection limit

Element I II III RF Total

Co ND 13.9 16.2 69.8 100.0
Cr 6.5 15.7 6.2 71.7 100.0
Cu 0.47 0.62 5.1 93.8 100.0
Fe 0.14 3.6 1.5 94.8 100.0
Mn 31.9 29.0 2.9 36.2 100.0
Ni ND 5.9 2.5 91.6 100.0
Pb ND 36.4 27.6 36.0 100.0
Zn 11.3 16.1 10.2 62.4 100.0
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it is possible to compare the concentration obtained in a 
particular area with those observed in similar environments 
that have been strongly impacted by anthropogenic activities 
or unusual natural phenomena. It is important to mention 
that high concentration in sediments may be due to sampling 
sites being located in mineralized zones and not necessarily 
to high levels of contamination from either anthropogenic 
or natural sources. In this research, EF was used to evaluate 
the potential anthropogenic contribution over natural metal 
content levels (Table 7). The determination of this param-
eter was omitted for Fe since the concentrations of this ele-
ment were taken as reference (Ghrefat 2011). Those cases 
in which it was not possible to calculate the EF because 
sample concentration of the respective element was below 
the detection limit are indicated as “ND” (below detection 
limit) on Table 7.

In interpreting EF results, it is important to consider that 
an EF between 0.5 and 1.5 indicates that the concentration 
of a given metal is mainly the result of geological material 
weathering, whereas values exceeding 1.5 reveal the pres-
ence of anthropogenic inputs or from other sources (Tang 
et al. 2010). In addition, an EF lower than one shows the 
absence of enrichment, one between 1 and 3 is indicative 
of a minimal enrichment level, and those between 3 and 5 
of a moderate enrichment (Chen et al. 2007; Ghrefat 2011; 
Barbieri 2016).

The maximum EFs were found in “El Bagote”, and were 
3.76 for Pb and 3.68 for Zn. The EF for Cu in “8 Hermanos 
Downstream” was 3.61. The aforementioned instances were 
the only cases in which values higher than 3, revealing of 
a moderate level of enrichment, were obtained. The lowest 
EF´s were found at the sites “El Rebaje” and “El Lavadero, 

Table 7  EF values per element 
and sampling site (figures 
greater than 1 are shown in bold 
type)

EF values in bold indicate a quantifiable level of enrichment in sediment by a particular metal. EF values 
lower than 1 express absence of enrichment
ND Below detection limit

Site As Cd Co Cr Cu Mn Ni Pb Zn

Arizpe 0.07 ND 0.55 0.18 1.1 0.64 0.44 1.9 1.4
El Rebaje 0.05 ND 0.40 0.58 0.94 0.53 0.38 0.66 0.56
Sinoquipe 0.10 ND ND 0.90 0.88 1.0 ND 2.6 1.1
El Picacho 0.12 ND ND 0.64 1.7 0.74 0.09 1.4 1.4
Banamichi 0.09 ND 0.07 0.82 1.5 0.65 2.4 1.4 1.2
Huepac 0.03 ND NA 0.44 2.1 0.56 ND 2.5 1.3
El Lavadero 0.07 ND ND 0.55 0.93 0.57 ND 0.46 0.50
El Rodeo 0.21 ND ND 0.24 0.63 1.3 0.1 1.8 2.7
El Bagote 0.17 ND ND 0.53 0.93 1.2 0.38 3.8 3.7
8 Hermanos Downstream 0.84 ND 0.53 0.42 3.6 0.81 0.75 0.97 1.5
8 Hermanos Upstream 0.03 ND 1.1 0.49 2.4 0.63 1.5 1.2 0.55

Table 8  Igeo values per element and sampling site (figures greater than zero are shown in bold type)

Igeo values in bold indicate a quantifiable level of metal contamination in sediment by a particular metal. Igeo values lower than zero express 
absence of contamination
ND below detection limit

Site As Cd Co Cr Cu Fe Mn Ni Pb Zn

Arizpe − 4.5 ND − 1.5 − 3.1 − 0.43 − 0.62 − 1.3 − 1.8 0.32 − 0.19
El Rebaje − 4.4 ND − 1.4 − 0.87 − 0.19 − 0.09 − 1.0 − 1.5 − 0.70 − 0.93
Sinoquipe − 4.1 ND ND − 0.96 − 0.99 − 0.80 − 0.77 ND 0.56 − 0.67
El Picacho − 4.3 ND ND − 1.9 − 0.56 − 1.3 − 1.7 − 4.7 − 0.82 − 0.82
Banamichi − 4.2 ND − 4.5 − 0.97 − 0.07 − 0.68 − 1.3 0.6 − 0.22 − 0.37
Huepac − 7.8 ND ND − 3.8 − 1.6 − 2.6 − 3.4 ND − 1.3 − 2.2
El Lavadero − 5.5 ND ND − 2.5 − 1.8 − 1.7 − 2.5 ND − 2.8 − 2.7
El Rodeo − 4.2 ND ND − 4.0 − 2.6 − 2.0 − 1.5 − 5.0 − 1.1 − 0.52
El Bagote − 6.3 ND ND − 4.6 − 3.8 − 3.7 − 3.5 − 5.1 − 1.8 − 1.8
8 Hermanos Downstream − 0.97 ND − 1.6 − 2.0 1.1 − 0.72 − 1.0 − 1.1 − 0.76 − 0.16
8 Hermanos Upstream − 5.5 ND − 0.36 − 1.5 0.77 − 0.49 − 1.2 0.1 − 0.19 − 1.3
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where the absence of enrichment was corroborated by EFs 
lower than one for all the elements. “El Rebaje” is located 
at the northern end of the study area and it is particularly 
interesting that their total concentrations, for the most part, 
are at high or medium level in comparison with the rest of 
the sites. It is also noteworthy that the low values of EF for 
“El Lavadero” site were obtained despite its proximity to 
the abandoned process facility of the same name, where a 
significant alteration to the natural environment is still vis-
ible today. Furthermore, “El Lavadero” exhibits the second 
highest total concentration of Zn and the third highest of Pb 
among all sampling sites (Table 1).

In nine sampling sites, at least one element showed an 
EF higher than 1.5, which is indicative of inputs from likely 
anthropogenic sources. In five of these sites, two metals had 
such a characteristic while in the remaining four only one. 
The elements that exhibited an EF greater than 1.5 are Cu, 
Ni, Pb and Zn. The EFs for Pb and Zn showed this particu-
larity in five and two sampling points, respectively; further-
more, in the two points in which the EF of Zn is greater 
than 1.5 so it is that of Pb. Such sites are “El Bagote” and 
“El Rodeo”. The EF of Pb and Cu in “Huepac” are 2.50 and 
2.07, respectively. The other two sampling sites where the 
EFs of two metals exceeded 1.5 are “Banamichi” and “8 
Brothers Downstream”. In both sites, the EFs in question 
correspond to Cu and Ni. The EFs of Cu in “El Picacho” and 
“8 Hermanos Upstream” and of Pb in “Arizpe” and “Sino-
quipe” exceed 1.5. In last four sites, only one metal showed 
an EF greater than 1.5.

The EFs obtained make possible to reiterate that total 
concentration alone is not adequate to evaluate the magni-
tude of contributions due to causes other than weathering of 
the parent material. This can be explained by the fact that EF 
is calculated in the context of the background concentration 
levels of the elements of interest and not only in terms of 
their total concentrations.

Geoaccumulation index (Igeo)

The Igeos for all sites and elements of interest, including 
Fe, are shown in Table 8. These results stand out for their 
low value; specifically, when the anthropogenic character of 
the ecological impact that Igeo refers to is considered. Igeos 
shown as “ND” designate those cases in which the sediment 
total concentration of the specific element was below the 
detection limit. Igeos lower than zero or labeled as “ND” 
are 104 out of the 110 results obtained. They include all 
data related to As, Cd, Co, Cr, Fe, Mn and Zn, and eight 
of those related to Cu, Ni and Pb, respectively. Values of 
a magnitude between 0 and 1 (shown in bold in Table 8) 
that show a null to moderate degree of contamination were 
5; 1 for Cu, 2 for Pb and 2 for Ni. The highest Igeo was 
for Cu in the site “8 Hermanos Downstream” and fell in 

the range of 1 to 2. Based on these results, only “8 Herma-
nos Downstream” shows a moderate level of contamination 
and only with respect to Cu. The levels of contamination 
between absent and moderate by Pb are present in “Arizpe” 
and “Sinoquipe”, by Ni in “Banamichi”, and by Cu and Ni 
in “8 Hermanos Upstream”. Remarkably, “El Bagote” was 
found to be ostensibly uncontaminated despite exhibiting 
the two highest values of EF, one for Pb and the other for 
Zn, of all sampling points; placing the degree of enrichment 
for such metals at a moderate level. This seems to suggest 
that the cause of the observed Pb and Zn enrichment in that 
particular site is fundamentally mineralogical weathering 
rather than anthropogenic activities. The site “8 Hermanos 
Downstream” showed minimal contamination by Cu regard-
less of an EF for this metal very similar to those for Pb and 
Zn in “El Bagote”.

Conclusions

Sediments of streams in the middle and upper Sonora River 
basin show a low or null impact on their quality at present 
by the sporadic runoffs from abandoned artisan mines that 
they receive. Metal concentrations are substantially lower 
than those that have been observed during certain periods 
in similar watercourses of the same basin due to large-scale 
mining operations’ questionable wastewater management 
practices. This is apparent from maximum EFs indicating 
a moderate level of enrichment only for Cu, Pb, and Zn in 
only three of the eleven sites under study, while EFs for As, 
Cd, Co, Cr, Mn and Ni are overwhelmingly lower than one. 
Additionally, Igeo for As, Cd, Co, Cr, Fe, Mn, and Zn, and 
most of those for Cu, Ni, and Pb indicate the absence of 
contamination by these metals in the respective sites. The 
highest Igeo, indicative of a moderate level of contamina-
tion, was for Cu in the site “8 Hermanos Downstream”. The 
low level of contamination and the circumneutral or slightly 
alkaline pH found in sediments in spite of the ubiquity of 
abandoned small artisan mines in the region can be attrib-
uted to the scarcity of precipitation due to the arid climate 
of the region. This condition greatly limits the formation of 
AMD and, consequently, traces metal mobilization.

The geochemical partition study shows that, when the 
joint metal mass in the five sites that were studied is con-
sidered, most of Co, Cr, Cu, Fe, Ni, and Zn are contained in 
the residual fraction. The metal found in the exchangeable 
fraction in a highest proportion was Mn, while the highest 
percents in the reducible fraction correspond to Pb and Mn. 
Metals contained at a relatively significant proportion in the 
oxidizable fraction are Pb, Co, and Zn. In this scenario, Mn, 
Zn, Cr, and Pb are the most susceptible to become poten-
tially mobilized.
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The granulometric study shows that for all metals, except 
for Cu and, to a much lesser extent, Pb, mass distribution 
correlates to the proportion of mass distribution of the sedi-
ment into the four texture categories of gravel, sand, silt 
and clays. Since sand and gravel constitute more than 97% 
of sediment mass in all sites, from a granulometric stance, 
Cu and Pb are the most susceptible to potentially undergo 
mobilization into the aqueous phase.
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