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ABSTRACT

In recent years Chile has experienced a significant increase in mining activities, which has resulted in an increase in waste generation. The dispersion of these
residues in the air, water and soil has led to negative changes in the environment.

This main objective of this study is to identify the influence of the copper mine Los Pelambres (station E2) located in the Choapa River Basin (IV Region
Coquimbo). To achieve this goal we performed an analysis of the physical and chemical composition of sediment samples in the summer season taken from the
rithron to potamon areas of the watershed. River sediments can provide information and influence the degree of pollution in a given area due to mining discharges.
The analysis was based on two types of determinations: total metal content, which provides an assessment of the level of contamination, and studies of different
chemicals in which the metal is associated with the sediment.

The results of this study showed that station E2 (Cuncumen River) has a particular behavior in the basin, showing higher content of metallic trace elements;
for example, the concentration of Cu (total fraction) was 4814.1 pgg™'. In the rest of the stations the metal content was less than in E2 (total Cu from 42.4 pgg!
in E1 to 136.2 pgg™ in ES), therefore it is concluded that there is no direct influence of the mining activity of Los Pelambres station (E2) in the rest of the basin.

BCR sequential extraction of sediments, developed under the auspices of the Community Bureau of Reference, indicated metal mobility. Metal mobility is
closely associated with the chemical conditions of the system. In general, metals that could have greatest mobility in the basin are: Cu, Cd, Zn and Mn, found in

the soluble acid fraction, together with oxidant (organic matter) and reducing (Fe and Mn oxides) conditions.

The cluster analysis of the total fraction of metal content in sediments indicates that the mine discharge site (E2), has a unique behavior in the basin. Station
E2 showed a similarity below 50%, while the rest of the basin showed a similarity above 70%.

Overall the results indicate that the Los Pelambres Mine is not a direct source of heavy metals in the Choapa River Basin, which does not imply that station E2
(Cuncumen River) has no influence on the metal content of sediments. To determine the area of this season, the study area should be narrowed to Cuncumen River
(E2) section of the Choapa River Basin, since the physical conditions of the system, hydrographic conditions and climatic do not allow a high rate of discharge and
mobility of heavy metals from the mining area with high discharge to the last station (Huentelauquen).

Keywords: Heavy metals, sequential extraction (BCR), river sediments, Choapa Basin.

INTRODUCTION

In recent years Chile has experienced a significant increase in mining
activities, which has resulted in an increase in waste generation. The dispersion
of these residues in the air, water and soil has led to negative changes in the
environment 3.

The largest copper deposits in Chile are located in the Andes foothills or
areas, which requires the collection centers to use rivers as water sources for
their processes, returning lower quality water to cause them natural, due to the
incorporation of chemical waste tailings with various minerals such as arsenic,
copper, manganese, iron, lead and zinc' which can cause negative impacts in
areas adjacent to the area of mineral extraction and water bodies, soils and
vegetation®.

The importance of the study of heavy metals in water and sediments is
due to their high toxicity, high persistence and rapid accumulation by living
organisms. More important is the analysis of heavy metals in sediments,
because they act as carriers and potential sources of contamination, acting
as a reservoir. The relevance of the sediments for studies of environmental
quality is given by the adverse effects that may occur in aquatic organisms and
the environment. Contaminated sediments are in direct contact with the biota,
especially the benthic organisms they provide with habitat and food, leading
to toxic effects and allowing the bioaccumulation of contaminant species,
determining their potential transfer through food chains and eventually harm
to human health!’. Heavy metals not only will affect the environmental health
of an aquatic system directly, they can also do so indirectly by their ability
to release pollutants into the water column, making them available to the
organisms living in it.

Chemical reactions and hydrodynamic mechanisms occur through the
sediment/water interface, where the major chemical reactions occur that
determine the mobility of nutrients and contaminating species®®.

In comparison with measurements of total metal concentrations,
investigations of metal speciation in sediments are more important in providing
sufficient information concerning their bioavailability and toxicity, as these
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characteristics are often dependent on chemical form or chemical species'*-'2
Numerous methods have been developed to determine these associations; these
procedures are usually based on the sequential extraction of solid samples
with various reactants under defined experimental conditions. One is the
BCR fractionation, developed under the auspices of the Community Bureau
of Reference. This constitutes a great advantage, since the available reference
material allows quality control of measurements'*'®. The Choapa River basin
belongs to the IV Region of Coquimbo, Chile and is situated in the southern
part of the province of Choapa. The area under mining activity is reduced but of
great economic importance due to the extraction of copper and gold, although
the latter is extracted to a lesser extent', the main copper deposit is the Los
Pelambres Mine, which has been in operation since 1999.

In this study we analyzed the environmental impact caused by mining
of copper in the aquatic environment of the Choapa River Basin, which can
be evaluated through distribution of metallic trace elements in sediments
(sequential extraction procedure). Further data treatment was carried out by
cluster analysis (CA) in order to describe similarities between stations and to
group the sampling points according their pollution content!’.

EXPERIMENTAL

Study area and sampling

Samples were taken in January 2008 in summer, which is a season charac-
terized by low water flow and an increased drought. During this period metal
concentrations increase because there is no dilution capacity as in the case of
high water flow rate, which is considered a time of environmental risk.

As shown in Figure 1 and 2 sediment samples from Choapa were collected
at different points in the basin; selection was based on hydrologic criteria: ri-
thron, very steep areas, therefore of high sediment transport, high-speed cur-
rent, substrates larger rivers and boxed. And potamon finer, softer and pending
sedimentation processes where the substrate is important because the flow rate
also tends to be lower oxygen concentration and sandy substrates, which pro-
duce sedimentation due to the decrease in slope.

2353



J. Chil. Chem. Soc., 59, N° 1 (2014)

To determine the distribution of these sites six sampling points were cho-
sen: one station without human intervention (rithron: E1), two in the field of
middle rithron to characterize the sediments (E2-E3) and a third in the sector
which produces potamon increased sedimentation (E4-E5-E6). Site E2 Choapa
from Choapa Basin is influenced by the Los Pelambres Mine.

We sampled sediments in each station in triplicate (1 kg each, collected in
polyethylene flasks) according to the protocol for sediments'®, which requires
collecting samples with a plastic shovel from the top 10 of the superficial
sediment zone. At each sampling site, triplicate samples were collected and
mixed to ensure that each site sample was representative. Sediment samples
sealed in plastic bags and placed in portable cooler at 4°C.
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Figure 1. Hydrological criteria to select sampling sites.

Figure 2. Distribution of sites in Choapa Basin. E1: Cuncumen; E2:
Cuncumen River; E3: Salamanca; E4: Black Bridge; ES: Illapel River; E6:
Huentelauquen.

Pretreatment of samples

All samples were transported to laboratory and subsequently stored in a
freezer at -20°C upon analysis. Samples were defrosted and dried at temperature
below 40°C to constant weight. Representative sample for each point by
quartering method was obtained and then samples were sieved to collect <63
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microns grain size fraction which has a strong association with metals'.

Characterization of Sediments

In situ, three type of analysis were carried out on these samples, namely
electrical conductivity (EC), pH and redox potential (Eh) using a portable
multiparameter (VWR multi3401).

In the laboratory, Walkley-Black method was used to determine organic
carbon content, following the procedure described by Sadzawka? and water
soluble phosphorus was determine by the Olsen method>*!.

Total metals determination

For total fraction determination of metals: Al, Cd, Cu, Cr, Fe, Mn, Mo, Ni,
Pb and Zn, 3 g sediment was digested with a mixture of 7 mL HNO, (suprapur,
Merck) + 21 mL HCI (suprapur, Merck), with stirring for 2 h at 90 + 5°C.
Metals were analyzed by ICP-OES (Perkin Elmer Co, Optima-3300XI). All
the analyses were compared with reference sediment (river sediment GBW
08301).

Metal fractionation

The sediments samples were subjected to sequential extraction according
to the BCR scheme!*?!"??, using specific reagents of different extracting power
to obtain the following operationally defines four fractions for Al, Cu, Cr, Fe,
Mn, Ni, Pb and Zn in sediments: acetic acid-soluble, exchangeable and bound
to carbonates (label fraction) (20 mL of 0.11 molL"' HOAc shaking, for 16 h),
soluble in reducing conditions (20 mL of 0.50 molL"' NH,OHxHCI adjusted
to pH 2 with HNO,, shaking for 16 h), soluble in oxidizing conditions (10 mL
of 30% m/v H,0,, digestion and extraction with 25 mL of 1 molL"' NH,OAc
pH 5, shaking for 16 h), and residual fraction (10 mL aqua regia, digestion
for 16 h). About 1 g of each sediment was accurately weighed in duplicate
in a 50 mL centrifuge tube. Extract to separate each of the steps A, B and
C, centrifuged at 3500 rpm for 30 min (centrifuge model Bocco U-320). The
residual fraction D was treated in a conical flask with Teflon lid on a hot plate
to reflux temperature and 90 + 5°C. The supernatant was separated, filtered
and finally stored in polyethylene bottles at 4°C until analysis by ICP-OES.
The residues were washed with 10 mL distilled water and the washing was
discarded. The centrifuge tubes were weighed for volume correction after each
step'®?2. The concentration of elements was determined by a calibration curve
using standards (Titrisol, Merck). Metals were analyzed by ICP-OES (Perkin
Elmer Co, Optima-3300XI). The accuracy of the extraction procedure was
checked using a certified reference material (river sediment GBW 08301).

Statistical analysis

In this study the statistical analysis of the results was based on Cluster
Analysis (CA)". CA was performed from the original data in order to reduce
the variant biases. The Furthest Neighbor method was applied and dissimilarly
by City-Block distance.

RESULTS AND DISCUSSION

Chemical properties of sediments

Table 1 shows some of the general properties of sediments in the six sites.
All samples showed similar pH values (6.60-7.93), being close to neutral, and
in the expected range for most subaqueous marine and non-marine sediments
(6-8)%. The more acidic pH corresponded to site E2, which may be due to
the presence of acidic properties of metals such as Fe and Al due to acid rock
drainage (ARD) that occurs in mining sectors. The ARD is based on the surface
or subsurface drainage of hydrogen generated by the oxidation of sulfides,
including pyrite (FeS,) oxidation, among others*. The EC showed high values
at station E2, E4 and E6 which would indicate discharge of ions or soluble salts
to the sediment. E1 station was the only station having oxidizing conditions
due to the high material removal by the effect of slope, the sediment in the other
stations was anoxic. Organic carbon content was higher in ES site realizing the
urban contribution highlights. In general degradation of organic carbon may
cause a decrease in pH and Eh reducing release together with oxides of Fe
and Al, freeing some metals adsorbed on these oxides; however, is necessary
to consider that some metals can be adsorbed forming chelates'®. On the other
hand, the content of water soluble (available) phosphorus sites include E4 and
ES, because urban diffuse pollution inputs.



Table 1. Properties of six sampling sites of sediments in Choapa Basin.

. Y% Water soluble
Ve | P28 | asm |y | OrEamie | Phosphorous
El 7.63 0.13 113 0.41 6.5
E2 6.60 1.47 =251 2.20 18.4
E3 7.47 1.96 -189 1.28 18,4
E4 7.53 1.99 -80 2.20 34.8
E5 7.47 3.15 -223 4.45 45.7
E6 7.93 1.39 -224 2.15 18.3

Heavy metals determination: Total fraction

Precision and accuracy of the analytical procedure were controlled by the
reference material (river sediment GBW 08301), indicating good agreement
between certified and analytical values (recovery over 90%, table 2). Replicate
measurements of reference material and sediment samples at least <10%.
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Table 2. Comparison of the results of the reference material (river sediment
GBW 08301) with certifies data (ugg™); the detection limits are indicated (ngL™").

Elements Certified Measurement Recovery Delti;clgon Precision
value value (%) (mgL) (%)
Cd 2.45 2.33 95 0.77 7
Zn 2.51 2.26 90 0.16 5
Cr 90 84 93 5.43 8
Cu 53 51 96 3.33 7
Ni 32 30 92 4.58 9
Mo 975 932 96 0.15 9
Fe 39400 34096 87 1.05 7

In relation to total fraction of heavy metals, table 3 shows that the higher
elemental concentrations were found for Al, Fe and Mn with relatively similar
levels throughout the basin, indicating litogenic characteristics®*?*. E2 mining
site was the station that showed the highest values, especially Cu and Zn. How
is speared in sites with mining activities'. Those do not seem to be moved along
the basin. Mo was under the detection limit in the most of sites. From these data
is possible to establish the following order the metals at station E2 as follows:
Fe>Al>Cu>Mn>Zn>Cr>Cd>Mo, remaining relatively similar distribution in
the other sites.

Table 3. Heavy metal concentration in sediments, pseudo total fraction, in six sampling stations, of Choapa River Basin.

Sampling Metal concentration (ngg™)

stations cd Zn Cr Cu Ni Pb Al Mn Mo Fe
El 0.9 53.1 80.1 424 48.6 8.9 6797.5 793.3 <LD 21656.6
E2 32 91.0 79.1 4814.1 51.9 17.0 15649.1 | 1671.6 <LD 34623.3
E3 1.3 77.1 196.2 78.1 112.6 11.6 10746.1 659.9 <LD 29154.4
E4 1.2 56.7 96.3 70.3 559 8.3 8977.1 765.0 6.7 27463.4
E5 1.0 32.8 62.9 136.2 38.0 4.5 6200.7 356.8 <LD 26070.9
E6 1.3 62.7 128.7 90.0 71.5 9.8 10317.1 | 470.0 10.0 29351.0

The correlations performed between stations (considering total metal concentration), via a cluster analysis as shown in Figure 3. Station E2 (Cuncumen
River) has more different behavior of others because it is a tributary of Choapa that is the point of discharge of Los Pelambres Mine. The other station important
differences is E6 (Huentelauquen) that is in the more low slope and there are the most influence by the antropic pollution dependent of the urban activities.
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Figure 3. Dendrogram of Choapa River Basin.

Sequential extraction of heavy metal in sediments

The objective pursued by applying a sequential extraction methodology is
to determine as accurately as possible, the distribution of trace elements present
in the solid sample, from fractions of different physical-chemical nature. In this
distribution is called speciation, and it was found that the elemental distribution
determined by applying a method of this type have a direct relationship with
the chamber geochemical and bioavailability of the chemical elements in
naturals conditions?".

Determining speciation profiles, i.e., the distribution of trace elements
between different solid fractions allows a deeper understanding of both the
potential bioavailability of these elements and their biological availability?*’

Te BCR protocol fractionates the metals into target phases: namely
exchangeable and bound to carbonates (A); reducible (bound to Fe and Mn
oxides) (B), and the oxidizable (bound to organic matter and sulphides) (C).
The residues contains the residual metals bound to the minerals and they only
soluble in the mixture of strong acids, aqua regia (pseudototal metal), HNO, +
HCIO, + HF (total metal) (D).

A check on the results of BCR sequential extraction procedure was
performed by comparing the sum of the four fractions (A+B+C and D) with
total concentration. The recovery of the sequential extraction was calculated
as follows:

A+B+C+D

total concentration of metal

Recavery (%) = x 100

The concentration of the ten metals in the six stations from Choapa basins
in each extraction stage of the BCR procedure are shown in table 4. The results
shown in table 4 indicate that the sums of the four fractions are in agreement
with the pseudo total metal concentrations with satisfactory recoveries (80.5-
117.5%).

In figure 4 is shows heavy metal (Al, Cu, Cr, Fe, Mn, Ni, Pb and Zn)
fractions in sediments.
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Figure 4. Heavy metal distribution in four different fractions: A: water
soluble metals and weak acids; B: metals associated with aluminum and iron
oxides; C: metals associated to organic matter; D: residuals metals fraction.

In figure 4 we can observe that the metals: Al, Cu, Cr, Fe, Mn, Ni, Pb and
Zn were distributed in all the sites and in all the fractions of sediments.

Aluminum, Chromium, Iron and Nickel

Figure 4 shows that in these elements, the predominant fraction was the
reducing fraction (B) and residual one (D), while the water and acid-soluble
fraction representing the labile form was the least important (A). Aluminum

J. Chil. Chem. Soc., 59, N° 1 (2014)

residual fraction mean was 75.53% ranged between 84.16 (E4) and 64.11 (E2),
while reducing fraction (B) mean was 13.58 ranged 3.26 (E4) and 25.40 (E2).
Chromium residual fraction (D) mean was 85.66 ranged between 70.49 (E4)
and 87.33 (ES), while reducing fraction (B) average was 8.67 ranged between
0.61 (E1) and 26.70 (E4). Iron residual fraction (D) mean was 79.35 ranged
between 79.58 (E6) and 93.66 (E1), while reducing fraction (B) mean was
12.57 ranged between 0.74 (ES) and 13.61 (E5). Nickel residual fraction (D)
mean was 70.13 ranged between 84-16 (E6) and 50-47 (El), while reducing
fraction (B) mean was 12.29 ranged between 7.39 (ES) and 20.38 (E4). These
results shown that the most non-mobilisable metals were Al, Fe, Cr and Ni at
the residual fraction D, especially for Al and Fe showed that these metals are
strongly bound to minerals and resistant components of the solid matrix?!:!-33.
This behavior was similar in all the stations.

Copper and Zinc

Cu and Zn concentration is distributed in all the fractions and in all of
sites in similar concentration, except in E2 site. In this sampling site soluble
fraction CuA is 42.24% and fraction for reducing conditions CuB is 35.37%, in
less concentration is CuC 19.32%. In the station E4 oxidant fractions CuC was
important 58.64%. This suggest that copper is mainly bound to organic matter
and sulphides, the high stability constant of organic-Cu compounds results in
stable complex formation between Cu and organic carbon’. Zn concentration
in E2 sampling site soluble fraction ZnA and fraction for oxidant conditions
ZnB, were important, 60.11% and 20.12% respectively. In stations ES and E6
residual fractions was important, both in similar percentage, 44.49 and 44.75%
respectively. These results show that Cu and Zn are accumulate in the site (E2)
with mining influence, Los Pelambres Mining, but there is not distribution of
metals to the other sites in the Basin.

Lead

Lead concentration is mainly distributed between the reducing fraction,
PbB, in a range between 6.99% (ES) and 23.58% (E6). In station E2 soluble
fraction (PbA) was the most important 78.33%, because the mining influence,
it is distributed in little concentration in E3 (0.6%) and E4 (0.5%). Pb was
distributed along the basins in the oxidizable fraction indicating Pb is strongly
bound to Fe and Mn oxides, this is in agree with several studies®’** which
have shown that Fe and Mn hydrous oxides are important scavengers in all
samples. Residual fraction (E3) 26.95% and 21.28% (E6). For other fractions
percentages are dispersed and lees than 20%.

Manganese

Manganese concentration is unevenly distributed between the soluble
fraction (MnA), in a range between 17.65% (E1) and 62.31% (E2), and 6.72%
residual fraction (E1) and 55.76% (E6). For other fractions percentages are
dispersed and lees than 20%, except MnB in E1, 30.18%. The high percentage
of Mn in weakly-bound fractions was probably due to its special affinity to
carbonate, indicating the considerable amounts of Mn may be released into
water following non-exchange process and dissociation of Mn-carbonate phase
if basins conditions became more acid®.

CONCLUSIONS

- In the sediment of Choapa River were found mainly Al, Fe, Mn, Cu
and Zn, indicating that the basin has a natural and mining influence, depending
on the sampling station, highlighting the station E1 (Cuncumen) mainly
influenced by litogenic conditions, while E2 station has a mining influence.

- BCR sequential extraction indicates that in general, the metals may
be at higher environmental importance are: Cu, Mn, and Zn because they can
be transfer into the water column, depending on the chemical and physical
conditions water system (pH, Eh, %OC, transfer rate, etc.).

- Cluster analysis (CA) shows it is possible that the formation of 3
or 4 groups, where E2 station was different with respect to the other stations.

- The low transport capacity of metals since E2 site from the rest
of stations could be are due to alkali and reduced sediment conditions which
provides slightly soluble species / precipitate species.
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