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Abstract This study aims at investigating heavy metal
mobility and bioavailability in sediments from the
Mexicana and Jaralito streams, Northern Mexico. A
chemical partition analysis (sequential extraction) was
performed to determine geochemical phases in which
metals are found. Geoaccumulation index (Igeo) and
enrichment factor values were obtained from analytical
results and geochemical baseline data. Sediments
showed high concentrations (mg/kg) of Cd (below de-
tection limit, BDL-3.50), Cr (3–41), Cu (238–1090), Fe
(41267–61033), Mn (678–1143), Ni (18–35), Pb (51–
124), and Zn (116–356). Metal concentrations in geo-
chemical phases exhibited the following order:
residual > interchangeable > Fe/Mn oxide > carbonate >
organic matter/sulfide. Both streams presented high

degree of enrichment for Cu, Fe, Mn, Ni, Pb, and Zn,
indicating anthropic origin of these metals. Metal mo-
bilities in Jaralito and the Mexicana were Fe > Cu >
Mn > Pb > Zn > N i > Cr and Fe > Cu > Mn >
Zn > Ni > Pb > Cr > Cd, respectively. Jaralito and the
Mexicana sediments exhibit a mostly gravel-sandy tex-
ture with higher metal contents than in fine fractions.
Sediment Geoaccumulation index values suggest that
Jaralito features moderate to strong contamination by
Ni, Pb, and Cu, whereas the Mexicana features strong
contamination by Cd, Cu, Pb, and moderate contamina-
tion by Ni, Pb, and Zn. The quality criteria comparisons
(LEL and SEL) indicate these areas are contaminated by
metals and represent a substantial environmental risk
because of high metal mobility and availability. Future
studies on water chemistry and biota are needed to fully
assess pollution impact in the Jaralito and Mexicana
streams. The probability of adverse biological effects
from high metal levels in those streams confirms the
urgency of implementing effective environmental man-
agement practices.

Keywords Metals . Mobility . Bioavailability . Mine
activities . Sediments

1 Introduction

Aquatic sediments contaminated with heavy metals
have attracted considerable public attention in recent
years. Heavy metals are introduced into an aquatic eco-
system through natural or anthropogenic sources (Idriss
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and Ahmad 2013). Some heavy metals are considered
pollutants because of their high toxicity, persistence, and
to the fact that they are likely to accumulate in aquatic
organisms (Ghrefat et al. 2011). Sediments are capable
of accumulating heavy metals that enter the aquatic
systems. Changes in the physicochemical conditions of
the sediments can mobilize and release the metals into
the stream water. The study of sediments in an aquatic
ecosystem allows the complete evaluation of a polluted
site because it is the endpoint of most of the deposited
contaminants from the water column by precipitation
(Montalvo et al. 2014). Mining activities are considered
to be one of the main anthropogenic sources of heavy
metals in aquatic environments. The extraction and pro-
cessing of minerals, as well as the mining waste with
remaining metal contents, are regarded as major sources
of pollution with respect to aquatic ecosystems. Most of
the contaminants generated by mining activity, such as
metals, are harmful to flora and fauna (both terrestrial
and aquatic). Leachates and mining waste in particular
cause deterioration of ecosystems (Smouni et al. 2010).

In Mexico, the mining industry is one of the econom-
ic activities with greatest tradition. The mining is mostly
metalliferous and primarily dedicated to the production
of Cu, Zn, Ag, and Pb. The Cananea Mining District is
located in the state of Sonora, Mexico, and is considered
one of the largest deposits of copper ore in the world.
The mine waste with the associated district covers ap-
proximately 1000 ha and has been generated over the
course of many decades of copper ore exploitation.
Mining wastes have severely affected water quality in
the San Pedro, Sonora, and Bacanuchi rivers due to the
introduction of ferrous-cupric acid wastes with high
levels of toxic metals and acidity (Gómez-Álvarez
et al. 2007). The streams Mexicana and Jaralito are
located in the area of Cananea, Sonora, and they are
affected by the mining activities. The Mexicana stream
empties into one of the tailings dams, and the Jaralito
stream constitutes one of the many tributaries flowing
into the Bacanuchi river. Previous studies (Gómez-
Álvarez et al. 2009) reported that there are metal pollu-
tion problems in the Bacanuchi river, which is a tribu-
tary of the Sonora river and is considered a source of
water for different populations located along the river
channel, including the city of Hermosillo, the capital of
the state of Sonora. Currently, several studies have
attempted to assess the quality of water and sediments
affected by the mining activity in the region of Cananea,
Sonora. However, these have been mainly focused on

evaluating the content of total metals in the sediment,
which can provide misleading information with regard
to measuring pollution levels.

In the sediments, metals can be found in different
chemical forms and can exhibit diverse physical and
chemical behaviors with respect to their mobility, bio-
availability, and toxicity. Therefore, it is important to
quantify the different chemical species of a metal bound
to the sediment. This in order to obtain information
regarding the possible transport, deposition, and release
into the environment processes the metal may undergo
downstream (Xiangdong et al. 2000). Sediments con-
centrate metals from aquatic systems, and they represent
an appropriate and strategic medium for monitoring
contamination. Studies of major and trace elements in
the sediments and assessments of sediment quality are
consequently critical steps in evaluating environmental
pollution (Giuliani et al. 2011). Determining the total
content of metals in the sediment may be useful for the
characterization of contamination. However, identifying
the chemical speciation of the metals by use of selective
extraction agents provides further information about the
behavior of metals in the sediment and helps to assess
the environmental impact of contaminated sediment
(Ogunfowokan et al. 2013). The sequential extraction
technique has been used to study the different
chemical forms and the possible associations be-
tween metals and components of the sediment.
This method is based on a process known as
fractionation, in which a sequential series of
extractants with increasing extraction power are
used to selectively dissolve different forms in the
solid phase or mineralogical fractions (Hongrui
et al. 2011).

The existing sequential extraction techniques include
the methods created by Tessier et al. (1979) and the
Community Bureau of Reference (BCR). The differ-
ences between these methods are minimal, with varia-
tions mainly in the chemical extractants and the opera-
tion conditions (Hongrui et al. 2011). The sequential
extraction method provides more thorough information
on the distribution of inorganic constituents (metals)
among different forms of sediment and allows the pre-
diction of their behavior under certain changing physi-
cochemical conditions (Xiangdong et al. 2001).
Geochemical parameters, such as the enrichment factor
and the geochemical index, have been successfully used
to estimate the anthropogenic impact on sediment
(Cevik et al. 2009; Mayuri and Nema 2012). The main
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objectives of this paper are (i) to study metal distribution
in different geochemical fractions of surface sediments
from streams connected to mining areas, (ii) to estimate
the degree of contamination on the basis of
geoaccumulation and pollution indexes, (iii) to evaluate
and quantify the metals that may be available to biota
and humans (bioavailability and potential mobility), and
(iv) to contribute to the study of aquatic ecosystems
contaminated by mining activities in arid and semiarid
regions in Mexico.

2 Materials and Methods

2.1 Study Area

The Cananea Mining District is located in the state of
Sonora, Mexico. It is considered one of the largest
copper ore deposits in the world and has produced more
than 1.4 × 109-kg Cu and smaller quantities of Au, Ag,
Pb, and Zn through several years of mining operations.
The main deposits contain pyrite, chalcopyrite, and
bornite, as well as smaller quantities of galena. The area
of the current mine covers approximately 12 to 16 km2.
The resulting mine waste covers approximately 1000 ha
and has been generated through the exploitation of
copper ore in the Cananea Mining District. The munic-
ipality of Cananea is located in the north of the state of
Sonora, Mexico, at an elevation of 1654 m above sea
level (Fig. 1) in a mountainous area. The largest moun-
tains are El Manzanal, Los Ajos, La Elenita, and La
Mariquita. The Jaralito and Mexicana streams originate
near the town of Cananea, Sonora, at an elevation of
1600 m above sea level. The Mexican sampling site is
located approximately 6 km from the center of mine
operations, while for the Jaralito sampling site that dis-
tance is 9 km.

The Mexicana flows east, and the Jaralito first flows
east then south. The Mexicana stream belongs to the
Sonora river-Arizpe basin. It is considered an intermit-
tent stream of water, and its length is approximately
5.6 km. It receives input from other intermittent cur-
rents, such as BLa Bombita,^ and flows into the tailings
management facility (INEGI 2010). The Jaralito stream
is situated in Bacanuchi river basin, which has a catch-
ment area of 1431 km2, and is the first tributary of the
Sonora river. The Jaralito receives various streams and
empties into BLa Bellota^ river, BLa Bellota river is one
of the many streams that drain the western flank of the

BSierra de Manzanal^ mountain range that are tributaries
of the Bacanuchi river (INEGI 1985).

The climate in the region is semi-arid, and vegetation
is sparse. The annual maximum, minimum, and mean
temperatures in the area are 25, 10, and 18 °C, respec-
tively. Previous studies documented that there are pol-
lution problems associated with metals in the Bacanuchi
river, a tributary of the Sonora river, which is one of the
most important sources of water to many small towns
and to the city of Hermosillo, the largest city in the state
of Sonora (Gómez-Álvarez et al. 2009).

2.2 Sample Collection and Analysis

Sampling was conducted in June 2012. In total, 18
samples were collected by use of a polyethylene corer.
Each of the sediment samples was divided into three
sub-samples, which were taken from the top 10 cm of
sediment from the Mexicana and Jaralito streams.
Hydrogen potential (pH) and electric conductivity
(EC) were measured using a portable pHmeter and
conductometer (Thermo Scientific Orion 3-star bench-
top pH meter) according to the methodology recom-
mended by Mudroch and Azcue (1995). Sediment sam-
ples were transported on ice to the laboratory. Sediment
samples were dried at room temperature for 48 h and
ground to a less than 100 mesh size using a porcelain
mortar. Textural studies were conducted using the meth-
odology recommended by Folk (1980). The sediment
samples were separated into fractions with respect to
particle size: (1) >2 mm, (2) 2–0.063 mm, (3) 0.063–
0.004 mm, (4) <0.004 mm. The four fractions represent
gravel, sand, silt, and clay. The sulfate content was
determined through precipitation using BaCl2 (AOAC
International 1999; Method 980.02). Sequential extrac-
tion was used to study the chemical partitioning of the
sediment. The procedure involved preparing a compos-
ite sample per zone by taking 25 % by weight of each of
the stations for each of the zones separately. This was
performed to obtain a representative sample for each
zone and to carry out the chemical partition study.

2.3 Chemical Speciation

One of the most used sequential extraction methods for
assessing metal partitioning in sediments was developed
by Tessier et al. (1979) (Ramos-Gómez et al. 2012; Liu
et al. 2014; Mortatti et al. 2015). Such a method was
used in this study to achieve the metal partition into the
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following fractions: (1) fraction I (interchangeable):
sediment was extracted at a pH of 7.0 using 1 M
MgCl2 for 1 h at room temperature; (2) fraction II
(bound to carbonates): residue from step (1) was extract-
ed using 1 M CH3COONa at a pH of 5 for 6 h at room
temperature; (3) fraction III (Fe/Mn oxides): residue
from step (2) was extracted with 0.04 M NH2OH.HCl
in 25 % (v/v) acetic acid at 96 ± 3 °C for 6 h; (4) fraction
IV (organic matter and sulfides): residue from step (3)
was extracted with 30%H2O2 and 0.02MHNO3 at 85
± 2 °C for 2 h with occasional agitation. Then, 30 %
H2O2 and 0.02 M HNO3 were added and heated again
to 85 ± 2 °C for 3 h. Later, it was cooled down to room
temperature, 3.2 M ammonium acetate in 20 % (v/v)
HNO3 was added and it was continuously agitated for
30 min; (5) fraction V (residual phase): A total digestion
was carried out using a mixture of HF-HClO4 (5:1).
After each extraction, the sample was centrifuged to
10,000 rpm for 30 min at room temperature.
Supernatant was separated using a pipette, transferred
to a volumetric flask and then the volume was made up
to 50 mL with deionized (DI) water. The sediment was

washed with DI water and centrifuged once more; the
washing water was thrown away. The determination of
the metal concentrations for the five fractions was car-
ried out using flame atomic absorption spectroscopy
(Perkin Elmer Model AAnalyst 400). The total concen-
tration of each metal was calculated by adding the
concentration obtained in each of the fractions: ex-
changeable, carbonates, Fe and Mn oxides, organic
matter/sulfides, and residual.

2.4 Quality Control

Sediment samples were analyzed in duplicate. The
agreement of the results is within ±5 %. In every case,
blanks reactive were run in triplicate. Results obtained
were below the detection limit for all metals. The certi-
fied reference material NIST 2702 (Inorganic in Marine
Sediment) was digested and analyzed along with the
sediment samples to validate the accuracy of sample
preparation and analysis, and to verify the sequential
extraction method. Recovery observed for metal con-
centrations in reference material fell in the range of 91–

Fig. 1 Location of the study area and sampling sites
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101 %, which can be considered acceptable (Vasyukova
et al. 2010). For analysis by the atomic absorption
technique, five standards were employed to obtain a
calibration curve for each one of the metals, and a
correlation coefficient (r > 0.9990) was obtained.
Standards and blanks were treated similarly to the sed-
iment samples to reduce matrix interferences and con-
tamination during analysis. The detection limits (DL)
(mg/kg) for each metal fraction are shown in Table 1.
All reagents were of analytical grade or Merck quality.
Deionized water (DI) was used in all the experiments.
The equipment used to collect the sediment samples and
the glassware were cleaned by soaking in a 20 % (v/v)
HNO3 solution for 3 days and then rinsed with DI water
to minimize potential contamination.

2.5 Normalized Enrichment Factor
and Geo-accumulation Index

The normalized enrichment factor (EF) to establish met-
al concentration above uncontaminated background
levels is used to evaluate the anthropogenic impact on
a sediment (Dickinson et al. 1996). Elements that are
most often used as reference are Al and Fe
(Chabukdhara and Nema 2012). In this study, the metal
concentrations were normalized to the textural charac-
teristic of sediments with respect to Al. The advantage
of using Al instead of Fe is that the former is mostly
associated with the aluminosilicate fraction, which is the
carrier phase of the dominant metals in the sediment. Al
is highly refractory and its concentration is not usually
influenced by anthropogenic forces (Schropp and
Windom 1988). The EF is calculated using the follow-
ing formula (Vuković et al. 2011; Asma et al. 2013):

EF ¼ Me=Alð Þsample= Me=Alð ÞBackground ð1Þ
where (Me/Al)sample is the metal to Al ratio in the
samples of interest and (Me/Al)Background is the

geochemical background value of the metal to Al
ratio. The regional geochemical background values
for the metals are as follows (S.G.M. 2013): Al
(6.17 %), Fe (3.98 %), Cu (78.6 mg/kg), Cd
(0.77 mg/kg), Cr (74.17 mg/kg), Mn (896.6 mg/kg),
Ni (18.9 mg/kg), Pb (65.28 mg/kg), and Zn
(153.7 mg/kg). An EF value close to 1 indicates
that a given metal may be entirely from back-
ground materials or natural weathering processes,
whereas an EF values greater than 1 denotes that a
significant portion of trace metal is delivered from
non-crustal materials and, consequently, anthropo-
genic sources are likely an important contributor
(Szefer et al. 1996).

The geoaccumulation index (Igeo), a widely used
empirical relationship for evaluating the degree of metal
contamination in sediment in aquatic environments
(Ogunfowokan et al. 2013), was applied to evaluate
the contamination status of the studied area. The Igeo,
originally defined by Müller (1969), is a quantitative
measure of the metal pollution in aquatic sediments. The
method assesses the degree of metal pollution in terms
of seven enrichment classes based on increasing numer-
ical values of the index. This index is calculated as
follows:

Igeo ¼ log2 Cn=1:5Bn½ � ð2Þ

where Cn is the measured concentration in mg kg−1 of
the element in the sample, and Bn is the geochemical
background value of the element in mg kg−1. The factor
1.5 is the factor used for lithological variations of metals
in the sediments (Chabukdhara and Nema 2012). Müller
(1969) evaluated the level of metal contamination on the
basis of Igeo numerical value by using seven different
grades: if Igeo ≤ 0 not contaminated; 0 < Igeo <1, unpol-
luted to moderately polluted; 1 < Igeo <2, moderately
polluted; 2 < Igeo <3, moderate to heavily polluted;
3 < Igeo <4, heavily polluted; 4 < Igeo <5, largely very

Table 1 Detection limits (DL) (mg/kg) for each metal per fraction

Fraction Cd Cr Cu Fe Mn Ni Pb Zn

Exchangeable 0.01 0.03 0.01 0.01 0.02 0.002 0.01 0.03

Carbonates 0.005 0.05 0.02 0.005 0.004 0.01 0.003 0.02

Fe-Mn oxides 0.02 0.02 0.03 0.01 0.003 0.004 0.001 0.04

Organic matter/sulfides 0.04 0.01 0.02 0.01 0.03 0.01 0.002 0.08

Residual 0.03 0.01 0.01 0.001 0.003 0.01 0.002 0.04
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heavily polluted; and Igeo ≥ 5, very heavily polluted,
respectively.

3 Results and Discussion

3.1 Sediment Characteristics

Sediments collected in Jaralito and Mexicana
streams have a mostly gravel-sandy texture, and,
to a lesser extent, a fine texture (silt and clay).
The latter fraction (<0.002 mm) represents less
than 4 % of the total. Gravel and sand fractions
predominate in most sampling stations, comprising
between 36.60 to 80 % and 19.79 to 62.85 wt%,
respectively. It has been reported that variations in
particle size of different types of sediment are
directly related to water motion patterns (Baptista
Neto et al. 2006). The observed difference in
textural parameters of the Jaralito and the
Mexican sediments shows that such parameters
are mainly dependent on the dynamic processes
affecting the region under study.

The distribution of metals among the different
particle size fractions indicates that gravel fraction
plays a very important role as a store of metals. In
this fraction, metal content fluctuated according to the
following percentages: Cu (40–78 %), Ni (48–84 %),
Cr (36–78 %), Cd (38–66 %), Mn (33–83 %), Pb
(27–82 %), Zn (40–81 %), and Fe (36–77 %).
Significant amounts of metals were also observed in
the sand fraction: Cu (22–53 %), Ni (15–51 %), Cr
(22–58 %), Cd (32–57 %), Mn (17–62 %), Pb (17–
64 %), Zn (19–54 %), and Fe (22–50 %). It can be
seen that the content of metals in the gravel and sand
fractions are greater than the fine fractions for all
samples of sediment from the Jaralito and Mexicana
streams. Other studies have reported similar behaviors
(Combest 1991; Meza-Montenegro et al. 2012.).
These exceptions show that the metal concentrations
were not controlled solely by particle size, but other
parameters such as chemical and mineralogical com-
position of the sediment (De Gregori et al. 1996).
This behavior is contrary to that reported in other
studies, where the contents of metals in soils and
sediments tend to be higher with decreasing particle
size (Wei and Yang 2010; Han et al. 2012; Gonzales
et al. 2014).

3.2 Physical and Chemical Parameters

Table 2 presents the results of the physical-chemical
analysis of the sediment in the Jaralito and Mexicana
streams. In regard to the pH, the sediment in the
Mexicana stream presented lower values (2.38 to 3.22)
in comparison with the Jaralito stream (4.18 to 7.84).
TheMexicana stream directly receives acidic infiltration
originating from mining. An acidic pH can encourage
mobilization of metals due to the high solubility, where-
as the slightly alkaline pH values, such as those detected
in the Jaralito (J1 and J2), severely limit the mobility of
metals due to the low solubility (Pérez-González 2005).
The pH of a system is the most influential factor in the
mobilization of metals due to hydrolysis reactions of the
cations, which increases the solubility in such a way that
at a neutral or basic pH, minerals are poorly soluble.
Thus, metal mobility is inversely proportional to the pH
of the sediment (Ramos-Gómez et al. 2012). Acidic
conditions favor the residence of metals in the solution,
which amplifies the water pollution, and can cause the
dissolution of other minerals that contain metals that are
highly toxic to biota.

The highest values of electrical conductivity (E.C.)
were detected in the Mexicana stream at the M2 andM3
stations (36120 to 94200 μS/cm) (Table 2). The lowest
values were observed in the Jaralito stream (J1, J2), with
values of 367 and 494 μS/cm. The high values of E.C.
are due to the high activity of the hydrogen ion (low pH
value), which is a major component in the acid waste. A
high E.C. also favors the complexation of metals be-
cause it involves a high salt content, therefore involving
anions. The overall concentration of sulfates ranged
from 44 to 849 mg/L. The highest value was observed
in the Mexicana stream (849 mg/L). The high values of
sulfates are due primarily to the mining activity in areas
adjacent to the Mexicana stream. The most important
deposits located in the region of Cananea, Sonora, con-
sist of copper porphyry and volcanic rocks, which con-
tain abundant sulfurous minerals (Cendejas-Cruz et al.
1998). Pagnanelli et al. (2004) reported that the metal-
lurgical processes for the production of copper (as is the
case in the region of Cananea, Sonora) from sulfurous
mineral deposits generate large piles of sulfide-rich
waste rock. This may be the source of the acid mine
drainage (AMD), which is characterized by high con-
centrations of sulfate and iron, low pH and high con-
centrations of metals. Therefore, AMD potentially rep-
resents a risk to the environment (Lu et al. 2005).
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3.3 Total Concentrations of Metals in the Sediment

Sediments are considered a latent deposit of metals and
can release metals into the water column when the
physical and chemical conditions change. The total
concentrations of the eight metals in the sediments are
listed in Table 2. The concentration values (mg/kg) in
the two streams fluctuated within the following ranges:
Cd (<BDL-3.50), Cr (3.1–41), Cu (238–1090), Fe
(41267–61033), Mn (678–1143), Ni (18–35), Pb (51–
124), and Zn (116–356). The sediments in the Mexicana
stream yielded the highest values (mg/kg) of most of the
metals (except Cr and Fe): Cd 3.50; Cu 1090; Mn 1143;
Ni 35; Pb 124, and Zn 356. The Jaralito stream yielded
the highest values for Cr and Fe, with values of 41 and
61033 mg/kg, respectively. The behavior of the total
metal concentrations in the Mexicana stream was as
follows: Fe >Mn > Cu > Zn > Pb > Ni > Cr > Cd. The
Jaralito stream presented the following order:
Fe >Mn > Cu > Zn > Pb > Cr > Ni > Cd. These patterns
were similar to sediments from other regions, but Cr
and Ni were generally lower (Table 3).

The spatial behavior of the concentration levels of
metals does not show a definite pattern with the pollu-
tion source (the mine). This may be due to the fact that
the sampling stations in this study are structured so that
they are chemically and physically different but perhaps
not spaced far enough to identify different behavior that
gradually decreases away from the source of contami-
nation. However, analyzing the data between the two
effluents in this study shows that Mexicana, due to the
structure of the channels, is most clearly influenced by
the mining activities. This is observed in the highly
acidic pH condition (2.38 to 3.22), the high concentra-
tions of metals (Cd, Cu, Fe, Mn, Ni, Pb, Zn) and

sulfates, and the high electrical conductivity (Table 2).
In the Jaralito, it can be observed that the J3 station is
significantly influenced by the contaminant source
(mining) because it featured a low pH (4.18) and high
levels of metals (Cu, Fe, Mn, Pb, Zn), sulfates and
electrical conductivity with respect to the J1 and J2
stations. Moreover, the variation in the concentra-
tion of total metals can be due to differences in
the source, the prevailing physical and chemical
conditions, and the chemical reactions (adsorption,
precipitation, and redox conditions) that may occur
in the sediment (Jain et al. 2008).

3.4 Metals on Geochemical Fractions of Sediments

The individual speciation fractions of Cd, Cr, Cu, Fe,
Mn, Ni, Pb, and Zn expressed as percentages of their
total concentrations are shown in Fig. 2. Fraction I.
Exchangeable. This fraction represents highly bioavail-
able metals by virtue that metal adsorption relates to
changes in water ionic composition that may affect
adsorption-desorption processes and mobility of metals
(Fuentes et al. 2008). Therefore, the availability index is
high because the metal can be solubilized with only
slight changes in the environmental conditions of the
sediment, such as a reduction in pH or Eh (Dang et al.
2002). It is therefore of great importance to provide very
special attention to the exchangeable fraction because
metals in this fraction can be toxic to aquatic organisms
(Davutluoglu et al. 2011). In the Jaralito stream, the
minimum and maximum concentrations (mg/kg) of the
metals were as follows: Cd and Pb (BDL), Cr (0.20–
0.30), Cu (BDL-2.0), Fe (6–11), Mn (15–79), Ni (BDL-
3.60), and Zn (1.80–25). The highest metal values by
sampling station were in the following order:

Table 2 Physicochemical parameters of surface sediments of the Jaralito (J) and Mexicana (M)

Station pH E. C.a

(μS/cm)
SO4

−2

(mg/L)
Cd
mg/kg

Cr
mg/kg

Cu
mg/kg

Fe
mg/kg

Mn
mg/kg

Ni
mg/kg

Pb
mg/kg

Zn
mg/kg

J1 7.84 367 48 BDL 41 238 52825 1027 22 51 146

J2 7.71 494 44 BDL 41 314 41267 724 29 51 116

J3 4.18 3334 54 BDL 3.7 351 61033 1116 27 81 166

M1 3.22 1080 77 BDL. 3.1 243 51328 1143 18 114 206

M2 2.38 94200 883 3.2 5.2 1074 46342 684 35 94 356

M3 2.49 36120 849 3.50 8.2 1090 41552 678 25 124 332

BDL below detection limit
a Electric conductivity
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J3 > J2 > J1, and the percentages of Mn, Zn, Cu, Cr, and
Ni were 7.0, 17.0, 0.58, 5.48, and 12.31 with respect to
the totals (Fig. 2).

The mobility behavior was the following:
Mn>Zn > Fe >Ni >Cu. In theMexicana stream, themin-
imum and maximum concentrations (mg/kg) were Pb
(BDL), Cd (BDL-4), Cr (0.20–5), Cu (24–879), Fe (8–
1200), Mn (78–532), Ni (BDL-19), and Zn (9.25–248).
Station M3 featured the highest values of Cd, Cr, Cu, Fe,
Mn, Ni, and Zn, representing percentage values of 100,
61.12, 80.68, 2.89, 78.40, 64.13, and 72.57 with respect to
the totals. With regard to the non-detectable values of Pb
(BDL), it is possible Pb may bound in an insoluble com-
pound, such as sulfate. However, it can be observed that
the Mexicana stream exhibited higher values of metals in
comparison with the Jaralito stream, and it also featured
h igh mob i l i t y, w i t h t he fo l l ow ing o rde r :
Fe >Cu >Mn>Zn >Ni >Cr >Cd. However, it is impor-
tant to emphasize that both streams contain a major burden
of metals in the exchangeable fraction; this behavior has
been observed in other studies in aquatic ecosystems con-
taminated by anthropogenic activity (Jain et al. 2008;
Khorasanipour et al. 2011).

Fraction II. Carbonates It has been reported that the
fractions introduced by human activity include the
exchangeable fraction and the fraction coupled with
carbonates (Singh et al. 2005). Dang et al. (2002)
reported that in the fraction of carbonates, the metals
can precipitate or co-precipitate and are susceptible
to pH changes. Metals bound to carbonates are
sensitive to changes in pH, where the lowering of
pH is associated with the release of metal cations.
The minimum and maximum concentrations (mg/kg)
in the Jaralito stream were as follows: Cd and Ni
(BDL), Cr (0.10–1.0), Cu (11–19), Fe (11–111), Mn
(18–143), Pb (BDL-4.65), and Zn (3–4). The Cr, Cu,
Mn, Pb, and Zn values presented the highest per-
centages: 2.56, 5.89, 13.93, 9.13, and 3.0 with re-
spect to the totals (Fig. 2). In the Mexicana stream,
the minimum and maximum concentrations (mg/kg)
were as follows: Cd and Ni (BDL), Cr (BDL-0.20),
Cu (7.0–32), Fe (20–220), Mn (8–16), Pb (BDL-10),
and Zn (2.0–8.0). The M3 and M2 stations had the
highest levels of Cu, Mn, Pb, and Zn, featuring
percentage values of 1.83, 2.34, 8.06, and 2.11 with
respect to the totals. This behavior is similar to those
that have been observed in other contaminated aquat-
ic ecosystems (Chandra et al. 2003; Jain et al. 2007).T
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It is important to highlight that in the Jaralito stream
there is a high mobility of potentially harmful metals in
the following order: Mn > Fe > Cu > Pb > Zn > Cr. In the
Mexicana stream, much higher levels of metals with
regard to Jaralito were observed. The mobility of the
metals was as follows: Fe > Cu >Mn > Pb > Zn > Cr. It
was found that there is a high mobility of all the metals
in the carbonate fraction in both streams and that the
mobility was much higher in the Mexicana stream. The
Cd and Ni featured lower values than the BDL, which
means that they present in other geochemical forms (for
example, oxides and silicates) and are not available.
However, high values of metals were detected in this

fraction, and due to its high mobility, this fraction can be
considered a significant source of metals because they
can return to the surface waters of the studied streams.

Fraction III. Oxides of Iron and Manganese The metals
that are adsorbed or co-precipitated in the oxides of the
Fe/Mn fraction are unstable under reducing conditions;
thus, they can redissolve into the water column and be
highly mobile (Jain et al. 2008). Consequently, this
fraction is also considered a potential source of harmful
metals in the sediment of the Jaralito and the Mexicana
streams. The minimum and maximum concentrations
(mg/kg) in the Jaralito stream were as follows: Cd
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Fig. 2 Distribution of Cu, Cr, Fe,
Mn, Ni, Pb, and Zn in sediments
of Jaralito (J) and Mexicana (M)
streams using sequential
extractions
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(BDL), Cr (1.0–1.60), Cu (73–160), Fe (3825–6350),
Mn (313–429), Ni (1–3), Pb (5–13), and Zn (13–23)
(Fig. 2). The percentage values were as follows: Cr (43),
Cu (47), Fe (10), Mn (47), Ni (10), Pb (21), and Zn (15)
with respect to the totals. In the Mexicana stream, the
minimum and maximum concentrations (mg/kg) were
as follows: Cd (BDL), Cr (1.5–1.9), Cu (59–69), Fe
(6375–10500), Mn (22–775), Ni (0.5–2), Pb (8–8),
and Zn (11–21). The M3 and M2 stations had the
highest values of Cu, Cr, Fe, Mn, Pb, and Zn, with
percentage values of 24, 49, 24, 68, 9, and 10 with
respect to the totals. Cd was not present at detectable
levels (<BDL) in either stream. Amajority of the studied
metals were present at higher values in this fraction than
in the exchangeable and carbonate fractions. This is
because the Mexicana stream features ferrous-cupric
acid wastes, in which iron precipitation can occur as
hydroxide by increasing the pH (>3), which causes the
adsorption and co-precipitation of other metals as well
(Hudson-Edwards et al. 1999). Consequently, this pro-
cess increases the metal levels in the sediment. Metals
such as Cu, Pb, Zn, and Mn can form stable complexes
with Fe and Mn oxides (Bibi et al. 2007). In both
streams, there is a high mobility of metals in this frac-
t i o n , a n d t h e i r b e h a v i o r i s a s f o l l ow s :
Fe >Mn > Cu > Zn > Pb > Ni > Cr. The Fe-Mn oxide
fraction has a scavenging effect and may provide a sink
for heavy metals. The release of metals from the matrix
is most likely to be affected by the pH and redox
potential (Jain et al. 2008).

Fraction IV. Organic Matter/Sulfides The minimum
and maximum concentrations (mg/kg) in the Jaralito
stream were as follows: Cd and Pb (BDL), Cr (0.6–
1.4), Cu (20–24), Fe (16–429), Mn (25–154), Ni (4–5),
and Zn (4–6). In theMexicana stream, the minimum and
maximum concentrations (mg/kg) were as follows: Cd
and Pb (BDL), Cr (1–2), Cu (15–34), Fe (75–276), Mn
(5–116), Ni (3–4), and Zn (3–6) (Fig. 2). The levels of
metals in this fraction in both streams were lower than
those detected in the Fe/Mn oxide fraction. Similar
results have been observed in other studies as well
(Chandra et al. 2003; Khorasanipour et al. 2011). With
regard to mobility, both streams featured similar behav-
iors (Fe >Mn >Cu > Zn > Pb >Cr >Ni). The Fe/Mn ox-
ide and organic/sulfide fractions are considered among
the most important components in the adsorption of
metals in sediments. Some studies have reported high
concentrations of metals associated with organic matter

(Ramos et al. 1999; Fan et al. 2002), such as Xiangdong
et al. (2001), who reported that Cu could easily form
complexes with organic matter due to the high stability
of Cu-organic compounds.

Fraction V. Residual The residual fraction contains
metals that are inert and contained within the crystalline
structure of some primary and secondary minerals
(Ramos-Gómez et al. 2012). Metals associated with this
fraction are stable and are not soluble under normal
environmental conditions. Therefore, they cannot have
an impact on the surface water quality, nor are they
biologically available (Idriss and Ahmad 2013).
Consequently, it is expected that residual metals act as
an inert phase. In general, the highest concentration
levels of the eight metals in both streams were detected
in this fraction (Fig. 2). The Jaralito stream exhibited the
following percentages: Cr (13–93), Cu (42–57), Fe (89–
92), Mn (37–51), Ni (65–77), Pb (70–90), and Zn (67–
79). The Mexicana stream exhibited the following per-
centages: Cd (100), Cr (2–8), Cu (9–57), Fe (72–87),
Mn (14–18), Ni (21–67), Pb (85–93), and Zn (21–82).
Similar results have been reported in other studies
(Galán et al. 2003; Alvarenga et al. 2008).

3.5 Metals in the Non-residual Fraction (I, II, III, IV)

The non-residual metal fraction was analyzed because
this fraction is more bioavailable than the residual one
(González et al. 1998; Ryan et al. 2002). In the Jaralito
stream, the percentages of the eight metals in the non-
residual fraction were as follows: Cr (7–86), Cu (43–
58), Fe (8–11), Mn (49–63), Ni (23–34), Pb (9–30), and
Zn (20–32). The proportion of metals (except for Cd)
that are highly bioavailable is significant. In the
Mexicana stream, the percentages were as follows: Cd
(BDL-100), Cr (91–98), Cu (42–91), Fe (12–28), Mn
(82–85), Ni (32–78), Pb (7–14.5), and Zn (18–78). Cd
presented percentage levels of 100 % in fraction I
(interchangeable) in the Mexicana stream (stations M1,
M2, and M3). The potential mobilities of the metals in
the non-residual fraction in the Jaralito stream and in the
M e x i c a n a s t r e a m w e r e a s f o l l o w s :
F e > C u > M n > P b > Z n > N i > C r a n d
Fe >Cu >Mn >Zn >Ni > Pb > Cr > Cd, respectively. In
both streams, there is a significant contribution of an-
thropogenic metals that are highly mobile and thus
bioavailable. These metals therefore can have a detri-
mental effect on the biota.
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3.6 Normalized Enrichment Factor
and Geo-accumulation Index

The calculation of EF values normalized to the average
crustal value of the Earth has been severely criticized
because the sediments have been affected by geogenic
variations resulting from the different formation pro-
cesses of the rocks and the sediments, which alter the
ratio of the elements in the crust (Reimann and De
Caritat 2000; Bourennane et al. 2010). To obtain reliable
results that can be interpreted in a more realistic manner
in the present study, the composition of the elements
present in the crust of the study area was considered
(S.G.M. 2013). The results indicate that the Jaralito
stream exhibited a high degree of enrichment in Cu
(2.78–4.44), Fe (0.99–1.53), Mn (0.77–1.24), Ni (1.0–
1.44), Pb (0.74–1.26), and Zn (0.72–1.08) at a majority
of the sampling stations (Table 4). Therefore, enrich-
ment is anthropogenic in origin. The low values for Cd
and Cr (EF < 1) suggest that they are related to a
lithogenic source. In the Mexicana stream, the results
indicate high degrees of enrichment in Cd (4.29–5.26),
Cu (2.93–16.04), Cr (0.34–0.47), Fe (1.20–1.22), Mn
(0.88–1.21), Ni (0.90–1.78), Pb (1.33–1.67), and Zn
(1.27–2.51) in a majority of the sampling stations and
are also anthropogenic in origin.

The enrichment factor (EF) results obtained in this
study were compared to those reported in the sedi-
ments of the Wuding River (Longjiang et al. 2011).
The Wuding River has been enriched with Cd (2.56–
4.64), Cr (1.79–2.53), Ni (1.09–2.68), Zn (1.05–1.64),
Pb (0.82–1.05), Cu (0.76–1.05) and Mn (0.74–0.96).
The results indicate that the Mexican presented higher
EF values for Cd, Cu, Mn, Pb and Zn. However, EF
values for Cr and Ni, were higher for the Wuding
River. In the case of the Jaralito, EF values for Cu,
Mn, and Pb were higher than those reported for the
Wuding River. Wang et al. (2008) reported EF for the
Pearl River Estuary: Cu (0.75–1.98), Cr (1.21–6.06),
Pb (0.93–4.39), Ni (0.88–1.84), and Zn (0.61–1.97).
For the Mexican, the values of EF of Cu and Zn
were higher than those reported for the Pearl River
Estuary. However, EF values for Cr, Pb and Ni were
higher in the Pearl River Estuary. In the case of the
Jaralito, EF values (except Cu), were higher in the
Pearl River Estuary. Ghrefat et al. (2011), reported
enrichment factors in sediments of Kafrain Dam: Cd
(48.5), Cu (1.65), Cr (2.24), Mn (1.09), Pb (9.25), Ni
(1.93), and Zn (1.58). EF values for Cu and Mn in

the sediments of the Jaralito and the Mexican are
higher than those reported in the sediments of
Kafrain Dam.

The Igeo values obtained in the present study are
shown in Table 4. Based on the classification system
developed by Müller (1969), the sediments of the
Jaralito stream do not show contamination by Cd, Cr,
Fe, Mn, and Zn. However, there is a moderate to strong
contamination by Ni and Pb, and a strong contamination
by Cu. The Mexicana stream features significant con-
tamination by Cd, Cu, and Pb, and moderate contami-
nation by Ni, Pb, and Zn. However, the sediments vary
between not contaminated and moderately contaminat-
edwith respect to Fe. Similar results were reported in the
Wuding River for Cd, Cr, and Ni (Longjiang et al.
2011); In the sediments of Kafrain Dam for Pb, Cd,
and Zn (Ghrefat et al. 2011); as well as in the sediments
of the Hindon River (Chabukdhara and Nema 2012).
Jaralito and the Mexicana streams do not show contam-
ination by Cr (values < 0).

3.7 Correlation Analysis

In order to analyze the relationship between particle size
and metals, a correlation analysis was performed.
Because most parameters are not normally distributed,
the Spearman’s correlation coefficient of was used. The
results indicate that there is an association of Fe and Mn
with gravel fraction (r = 0.37 and 0.71) (Table 5). While
for the sand fraction, Cu, Pb, and Zn (r = 0.43 to 0.66),
Fe and Mn (r −0.37 and −0.71). Cu, Pb, and Zn had a
negative correlation with gravel fraction (−0.43 to
−0.66). With the exception of Cr, Fe, and Mn, Cu, Pb,
and Zn showed negative correlations with pH (r = −0.77
to −0.94). Cu, Ni, Pb, and Zn showed a positive corre-
lation with each other (r = 0.54 to 0.81). Positive corre-
lations between metals may be an indication of the
common sources of these metals. From this, it could
be said that the main source can be derived from the
mining activity that exists in the region. Fe and Mn
showed very poor correlations with respect to sulfates,
as well as with Cr, Cu, Ni, Pb, and Zn. Negative corre-
lations between metals indicate that these metals are
derived from different sources or dissimilar sedimento-
logical properties. Metals that showed a positive corre-
lation with the E.C. were Cu, Ni, Pb, and Zn (r = 0.49 to
0.89) (except for Cr, Fe and Mn). Cr, Cu, Pb, and Zn
showed very marked correlations with sulfates (r = 0.52
to 1.00). Most metals have a strong positive correlation
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with sulfate, suggesting that the main chemical associa-
tion is as sulfates. About the Cd was not possible to
determine this correlation indicator because most of the
data are below the detection limit.

3.8 Sediment Quality Standards

Sediment quality standards are very important for the
protection of organisms in aquatic ecosystems and can

be used to assess sediment ecosystem health. In the
present study, a comparison was conducted with the
quality criteria for the metals in the contaminated sedi-
ments (low effect level, LEL) and highly contaminated
sediments (severe effect level, SEL) that are considered
highly toxic to aquatic life, as reported by Long and
Morgan (1990) and Persaud et al. (1993). If the LEL is
exceeded, the metal can moderately impact the health of
biota, and if the SEL is exceeded, the metal can severely

Table 4 Enrichment factors and Geoaccumulation index of the analyzed sampling sites from Jaralito (J) and Mexicana (M)

Sampling
sites

Enrichment factors

Cd Cr Cu Fe Mn Ni Pb Zn

J1 – 0.57 2.78 1.22 1.05 1.07 0.74 0.87

J2 – 0.56 3.82 0.99 0.77 1.35 0.75 0.72

J3 – 0.76 4.44 1.53 1.24 1.44 1.26 1.08

M1 – 0.34 2.93 1.22 1.21 0.90 1.67 1.27

M2 4.29 0.36 14.11 1.20 0.79 1.78 1.50 2.39

M3 5.26 0.47 16.04 1.21 0.88 1.40 1.33 2.51

Sampling
Sites

Geoaccumulation index

Cd Cr Cu Fe Mn Ni Pb Zn

J1 −0.58 −1.2 2.31 −0.03 −0.07 0.3 1.12 −0.38
J2 0 −1.29 2.71 −0.39 −0.58 0.57 1.1 −0.71
J3 −0.58 −0.91 2.86 0.18 0.05 0.6 1.78 −0.19
M1 −2,58 −1.99 2.34 −0.07 0.08 −0.01 2.26 0.11

M2 3.42 −2.03 4.48 −0.22 −0.66 0.85 1.98 0.9

M3 3.54 −1.83 4.5 −0.38 −0.67 0.34 1.65 0.81

Table 5 Spearman’s correlation matrix between physical and chemical parameters, grain size and total metals of surface sediment

pH E.C. SO4
2 Cr Cu Fe Mn Ni Pb Zn Gravel Sand Silt Clay

pH 1.00

E.C. −0.94* 1.00

SO4
2− −0.94* 0.89* 1.00

Cr 0.52 −0.46- −0.52 1.00

Cu −0.77* 0.89* 0.66 −0.14 1.00

Fe 0.26 −0.14 −0.03 −0.43 −0.37 1.00

Mn 0.43 −0.49 −0.37 −0.52 −0.71* 0.66 1.00

Ni −0.31 0.49 0.14 0.23 0.54 −0.37 −0.54 1.00

Pb −0.81* 0.70** 0.81* −0.59 0.61 −0.14 −0.23 −0.23 1.00

Zn −0.94* 0.89* 1.00* −0.52 0.66 −0.03 −0.37 0.14 0.81* 1.00

Gravel 0.54 −0.43 −0.66 −0.20 −0.43 0.37 0.71** 0.03 −0.55 −0.66 1.00

Sand −0.54 0.43 0.66 0.20 0.43 −0.37 −0.71** −0.03 0.55 0.66 −1.00* 1.00

Silt −0.09 −0.03 0.37 −0.01 −0.31 0.37 0.03 −0.31 0.06 0.37 −0.54 0.54 1.00

Clay −0.06 −0.09 0.32 0.10 −0.35 0.23 −0.03 −0.29 0.01 0.32 −0.58 0.58 0.99* 1.00

*Significant at 0.05 level; **significant at 0.1 level
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impact the health of biota (Table 6). The results of the
metal concentrations (except Cd) in the Jaralito stream
exceeded the LEL criteria values, meaning that they can
moderately impact the health of biota. Furthermore, the
concentrations of Cu, Fe, and Mn exceeded the SEL
criteria; consequently, they can severely impact the
health of biota (Bibi et al. 2007) (Table 6). In the
Mexicana stream, the observed metal levels (except
Cr) exceeded the values defined in the LEL criteria,
therefore moderately impacting the health of biota. In
the Mexicana stream, the metals Cu, Fe, and Mn
exceeded the SEL criteria, suggesting severe effects on
the biota.

4 Conclusions

High concentrations of total metals were present in the
fo l lowing order : ( i ) the Mexicana s t ream:
Fe >Mn >Cu > Zn > Pb >Ni > Cr > Cd; (ii) the Jaralito
stream: Fe >Mn >Cu > Zn > Pb >Cr >Ni > Cd. Jaralito
and the Mexicana sediments exhibit a mostly gravel-
sandy texture with higher metal contents than in fine
fractions for those sampling sites.

The study of chemical partitioning (via sequential
extraction) revealed that the order of the geochemical
phases were as follows: residual > interchangeable > Fe/
Mn oxides > carbonates > organic matter/sulfides. The
residual fraction presented the highest values of all the

metals in the studied sediment. However, a significant
percentage of metals was associated with the non-
residual fraction, representing anthropogenic contribu-
tions due to mining activity in the region.

The mobility potentials of metals in the non-residual
fraction in the Jaralito stream and in the Mexicana
s t r e a m w e r e a s f o l l o w s :
F e > C u > M n > P b > Z n > N i > C r a n d
Fe > Cu >Mn > Zn > Ni > Pb > Cr > Cd, respectively.
Therefore, they should be evaluated in terms of the
levels of metal contamination in the sediments. The
Jaralito exhibited significant enrichments in Cu, Fe,
Mn, Ni, Pb, and Zn, and the Mexicana exhibited signif-
icant enrichments in Cd, Cu, Fe, Mn, Ni, Pb, and Zn.
The results indicate that both streams exceeded the
reference values (EF < 1), indicating that these enrich-
ments are of anthropogenic origin.

The values of the geoaccumulation index (Igeo)
showed that sediments in the Jaralito stream are not
contaminated by Cr, Fe, Mn, and Zn, which come from
a lithogenic source. Nonetheless, there is moderate to
strong contamination by Ni and Pb, and also a strong
contamination by Cu. In the Mexicana, there is strong
contamination by Cd, Cu, Pb, and moderate contamina-
tion by Ni, Pb, and Zn.

A comparison to sediment quality criteria (LEL and
SEL) indicates the sediments from the Jaralito and the
Mexicana streams can be regarded as contaminated by
potentially harmful metals, which likely has a detrimen-
tal effect on the biota.

The information generated in this study represents
the beginning of the establishment of reference metal
levels for sediment in semi-arid ecosystems in the state
of Sonora, Mexico. The obtained information will ide-
ally help the regional and federal authorities cope with
the current environmental regulations and may be useful
in planning remediation activities, such as proper dis-
posal and management of mining waste, at mine sites
that pollute aquatic ecosystems. Similarly, based on this
study, it is expected that the local and federal authorities
will recognize the importance of introducing reclama-
tion plans and measures into the mine life planning.
This, for preventing future environmental and societal
risks associated with improper mines and mine facilities
closure practices, like the ones actually observed across
Mexico.

Future studies on water chemistry, biota, and other
factors are needed to fully assess the pollution in the
Mexicana and the Jaralito streams. Moreover, the

Table 6 Concentration comparison (mg/kg) of total metals (ex-
cept Fe) with respect to the Sediment Quality Criteria LEL and
SEL (Long and Morgan (1990); Persaud et al. (1993))

Metal Low effect
level (LEL)

Severe effect
level (SEL)

The
Jaralito
stream

The
Mexicana
stream

Cd 0.6 10 BDLa 3.5

Cr 26 110 41 8.2

Cu 16 110 351 1090

Fe
(-
%)

2 4 6.1 5.1

Mn 460 1100 1116 1143

Ni 16 75 29 35

Pb 31 250 81 124

Zn 120 820 166 356

a BDL (below detection limit)
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possibility of adverse biological effects fromCd, Cu, Fe,
Mn, Ni, Pb, and Zn implied by the observed levels of
contamination in parts of the Mexicana and Jaralito
streams confirms the urgency for implementing effec-
tive environmental management practices and regula-
tions. These studies are of special importance due to the
recent acid waste leak that occurred on August 6, 2014,
in the Buenavista Copper Mining property located near
Cananea, Sonora, Mexico. The effects of this incident
have not yet been fully evaluated. This study establishes
a precedent in the region and can serve as a starting point
to evaluate the actual impact of the acid breach.
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