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Abstract
Purpose Guadalentin River (SE Spain) has been affected by
tannery industries, where their effluents, containing Cr, were
spilled until 2003. The untreated tannery effluent is character-
ized by the presence of inorganic and organic substances in-
cluding a basic chromium (III) sulfate salt. Chromium con-
tents in sediments represent permanent environmental and hu-
man health risks. The main objectives of this research were to
evaluate the contamination, the spatial distribution, and the
speciation of chromium in the sediments.
Materials and methods In order to determine the degree of Cr
pollution and to evaluate the influence of sediment properties
in the behavior of total Cr, Cr(VI), and Cr(III) concentrations,
a sediment sampling was carried out in a stretch of 1500 m of
the dry riverbed, from 0 to 100 cm deep. Total, soluble, and
exchangeable Cr(III+IV) and Cr(III) were measured using
graphite furnace atomic absorption spectrometry (GFAAS),
and Cr(VI) was selectively extracted by EPA 3060A method.
A physicochemical characterization of the riverbed sediments
was done with the aim of evaluating the influence of some
sediment properties related to the contents of total Cr and its
speciation.

Results and discussion Chromium total concentration was
high in the riverbed (11–11099 mg kg−1) up to 100 cm deep,
exceeding in almost all the study stretch, the background lev-
el, and the generic reference values of Cr for Murcia Province.
The highest degrees of sediment pollution (over 10,000 mg
Cr kg−1) are located 20–50 cm deep, at the first 600 m east of
the city center, and in the last 300 m of the studied area, which
reveals that the Cr contents in sediments are relatively higher
near the discharge point of the tannery facilit ies.
Chromium(III) is the predominant oxidation state with
95.87 % (mean value) of total Cr in the sediments.
Conclusions The results (maximum values 11099 Cr mg kg−1

and 79 Cr(VI) mg kg−1) indicated Cr leaching from the surface
until 100 cm deep. Chromium(VI) represents 4.13 % of total
Cr, so Cr(III) was the predominant oxidation state. The river-
bed sediment pollution by Cr (total) and Cr(VI) was caused by
an anthropogenic activity (tannery industry).

Keywords Chromium . Cr(VI)-contaminated sediments .

Multivariate analysis . Riverbed sediment pollution . Tannery

1 Introduction

Tannery is one of the major sources of Cr pollution in sedi-
ments (Callender 2003; Pawlikowski et al. 2006; Pertsemli
and Voutsa 2007; Dong et al. 2013). The untreated tannery
effluent is characterized by the presence of organic sub-
stances, Cr salts, chloride ions, sulfides, sulfates, and nitrogen
(Bajza and Vrcek 2001), being the basic chromium sulfate
(salt) used for tanning the most important source of Cr(III)
(Thorstensen 1984).

According to Taylor and Diefendorf (1990), the use of Cr
in tanning procedures and the subsequent spill to
soil/sediments or waterbodies accelerate the mobility and
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transport rates of Cr in natural environment. In fact, the
amount of Cr by far exceeds the rates of natural cycle process-
es triggering serious problems in those countries involved in
the tanning industry.

In the surroundings of the Guadalentin River (SE Spain), a
high tannery industry activity has contributed to the contam-
ination of the riverbed sediments due to the use of high waste-
water quantities which were spilled into the river without pre-
vious treatment until 2003.

Guadalentin River does not present a permanent flow rate,
since there is a dam upstream to control the flow and storage
of the water for agricultural use during dry season; only when
the reservoir is full are the doors of the dam open, and the flow
rate can reach 0.20 m3 s−1 maximum. This water flow can
cause a major extension of contamination by Cr in the river
due to the surface runoff and the downstream contaminated
sediment movement. The contamination by Cr of these areas
may constitute a major concern for the (bio)accumulation of
this metal in sediments and plants.

Chromium is found mainly in two oxidation states in the
environment: trivalent Cr(III) and hexavalent Cr(VI).
Hexavalent chromium is mobile and highly toxic for humans
(Bini et al. 2008), and it is considered a skin irritant and an A
class carcinogen by inhalation, whereas Cr(III) can be
immobilized in soils/sediments. According to Fendorf
(1995), Cr(III) has a strong affinity for negatively charged ions
and colloids in soils/sediments and gives sparingly soluble
compounds such as Cr(OH)3. Moreover, Cr(III) has low tox-
icity (James et al. 1997) and it is considered to be an essential
trace element in human metabolism (Lilly et al. 2015).

The behavior of Cr in sediments depends on its chemical
form. Hydrogen chromate ion (HCrO4

−) predominates at pH
<6.5, while chromate ion (CrO4

2−) predominates at pH 6.5
and dichromate ion (Cr2O7

2−) predominates at higher concen-
trations (>10 mM) and at pH from 2 to 6. Dichromate ions
pose a greater health hazard than chromate ions. Because of
the anionic nature of Cr(VI), its adsorption in sediments is
limited due to the predominance of negatively charged ex-
change sites in sediments, while Cr(III) is readily the chemical
form adsorbed (McLean and Bledsoe 1992). Griffin and
Shimp (1978) found that Cr(III) was the least mobile of the
studied metals in sediments at pH 5. In contrast, Cr(III) com-
plexed with soluble organic ligands remaining in the sediment
solution (James and Bartlett 1983).

According to several authors, bioavailability and toxicity of
metals can depend considerably on speciation (Graham et al.
2009; Vink 2009); therefore, the speciation of Cr is particular-
ly important due to the toxicity of Cr(VI) and the
biodependence of Cr(III) in plants, soils, and sediments
(Wang et al. 1997; Mandiwana 2008; Elci et al. 2010).
Moreover, the chemical speciation of Cr is an important facet
of the chemistry of this pollutant with respect to both environ-
mental and plant uptake of metals (Otabbong 1989).

The Cr contents in sediments represent a permanent envi-
ronmental risk because Cr could be re-dissolved in water,
suspended, or transported downstream in the river. Several
agricultural areas are in the surrounding media in the
Guadalentin River resulting in a severe spread of
contamination.

On the other hand, there are no enough studies or informa-
tion about soluble and exchangeable Cr in riverbed sediments
and multivariate statistical analyses relating to sediment char-
acterization and Cr contents, so this research contributes to the
increase in the knowledge of Cr behavior in sediments under a
Mediterranean semiarid climatic condition.

The main objective of this study was to evaluate the influ-
ence of sediment properties in the behavior of total Cr, Cr(VI),
and Cr(III) in a selected stretch of the Guadalentin riverbed
sediments. In addition, the degree of contamination by total Cr
in the river sediments and the identification of hot pots of Cr
pollution and the spatial distribution of Cr(VI) and Cr(III)
were also investigated.

The degree of Cr accumulation, speciation (mobility), and
the characterization of river sediments are presented as the
most important parameters to define the best alternatives/
options to minimize the pollution in the Guadalentin riverbed.

2 Materials and methods

2.1 Site location and sampling

Guadalentin River is the major tributary of the Segura River
(one of the largest Mediterranean basins in Spain). A repre-
sentative stretch has been selected immediately downstream
from the city center of Lorca (Region of Murcia, SE Spain).
The total length was 1500 and 80m of breadth. The area of the
studied zone was 12 ha (Fig. 1).

Surface sediment samples have been collected according to
a regular sampling grid of 2000m2 with a sampling point each
45m and a total of 60 sampling points. This grid was designed
to cover all the area of the river stretch based on the aerial
orthophoto (Fig. 1b). These samples were collected from 0 to
20 cm depth. In addition, other set of sediment samples were
collected at three different depths (0–20, 20–50, 50–100 cm)
in 30 sampling points.

2.2 Laboratory analyses

The collected samples were air-dried for 7 days, passed
through a 2-mm sieve, and homogenized, and then they were
stored in plastic bags at 4 °C prior to laboratory analyses. A
part of each sample was kept without drying for alkaline di-
gestion and Cr(VI) determination.

The sediment samples were analyzed for physical and
chemical properties: pH and electrical conductivity (EC) were
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measured in a 1:1 and 1:5 deionized water/sediment ratio so-
lution, respectively, according to Peech (1965). The equiva-
lent calcium carbonate was determined by the volumetric
method of Bernard’s calcimeter. Total organic carbon (TOC)
was determined by dichromate method (Soil Survey Staff
2004), and total nitrogen (TN) was measured by Kjeldalh
method (Duchaufour 1970). Cation exchange capacity
(CEC) was determined following Roig et al. (1980).
The clay, silt, and sand contents were performed by
the Bouyoucos hydrometer method (Bouyoucos 1936);
previously, the organic matter in the samples was re-
moved by the addition of hydrogen peroxide. Available
P was determined by the method of Burriel-Hernando
(Díez 1982). Exchangeable cations such as K, Ca, and
Mg were measured from CEC extracts with atomic ab-
sorption spectrometer (AAnalyst 800 PerkinElmer,
USA). Nitrate, chloride, and sulfate were measured from

1:5 sediment/water extracts by ion chromatography
(Metrohm 861 Advanced Compact IC, Switzerland).

A split of each sample was ground using an agate mortar
(Retsch RM 100) for 15 min. One gram of ground sample was
digested using 10 mLHNO3 and 10 mLH3ClO4 at 210 °C for
1.5 h in a heating block equipped with a temperature sensor
and a time control panel to ensure digestion. To minimize the
loss by evaporation or volatilization, a recovery system for
gases was used in the procedure. After cooling, the samples
were passed through a 0.2-μm filter for quantitative analysis,
and 0.1 M HCl was added to volume in a 100-mL volumetric
flask (Risser and Baker 1990). The total amounts of Cr were
determined by atomic absorption spectrophotometer
(AAnalyst 800, PerkinElmer USA). Exchangeable Cr was ex-
tracted using CaCl2 0.01 M (Pueyo et al. 2004), while soluble
Cr was extracted using deionized water; after shaking, centri-
fugation, and filtering, exchangeable and soluble Cr were

Fig. 1 a Study area location and b aerial orthophotomap of sampling points
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measured by a graphite furnace atomic absorption spectrom-
eter (GFAAS PerkinElmer, USA) (Ernst 1996). Hexavalent Cr
in sediments was determined by a selective extraction of
Cr(VI) colorimetric method (US EPA 3060A (1996) and
7196 methods (1992)) following the modifications from sev-
eral researchers (Romero et al. 2006; Severiche and Gonzalez
2013). Trivalent chromium was obtained by subtracting the
total Cr and the Cr(VI) contents.

2.3 Quality assurance and quality control

Certified reference material (BAM-U110) from the Federal
Institute for Materials Research and Testing and blanks were
used as quality control samples during the analyses. Reference
material was processed one time every ten sediment samples.
We obtained recoveries of 93–106 % for Cr. Each sediment
sample was prepared in duplicate for total Cr and hexavalent
chromium determination. The relative percent difference of
duplicate results was within 10 %.

2.4 Multivariate statistical analysis

Multivariate analysis methods provide techniques for classi-
fying the interrelationship of sediment characteristics and
metals. Principal component analysis (PCA) and cluster anal-
ysis (CA) are the most common multivariate statistical
methods used in environmental studies (Mendiguchía et al.
2004; Tariq et al. 2006; Gutiérrez-Galindo et al. 2007; Peris
et al. 2008; Acosta et al. 2009).

Descriptive statistics, Spearman correlation coefficient
analysis, PCA, and CAwere performed using the commercial
statistics software package SPSS version 22.0 for Windows.
Prior to statistical analysis, the data set distribution was eval-
uated using the Kolmogorov–Smirnov test; when the distribu-
tion was not normal, the data were log-transformed (Romic
and Romic 2002) before statistical treatment. Spearman cor-
relation coefficient (r) was used to measure the relationship
between two quantitative variables. Multivariable statistical
analyses such as PCA and CAwere used to study the correla-
tions among total Cr, Cr(VI), Cr(III), and sediment properties.

Principal component analysis is widely used to reduce data
and to extract a smaller number of independent factors (prin-
cipal components) and for analyzing relationships among ob-
served variables (Tokalıŏglu and Kartal 2006). It starts with
the correlation matrix describing the dispersion of the original
variables and extracting the eigenvalues and eigenvectors
(Xinwei et al. 2010). Principal component analysis can reduce
the number of correlated variables to a smaller set of orthog-
onal factors (varimax rotation), making it easier to interpret a
given multidimensional system by displaying the correlations
among the original variables (Chandrasekaran et al. 2015).

Cluster analysis classifies a set of observations into two or
more mutually exclusive unknown groups based on a

combination of internal variables. Cluster analysis is often
coupled with PCA to check results and to group individual
parameters and variables (Xinwei et al. 2010).

2.5 Geospatial distribution

Geospatial methods are the most cost-effective tools in under-
standing the location of contaminants which also provide us
with a comprehensive picture about their spatial distribution
over a larger area (Nobi et al. 2010). In the present study,
distribution patterns of Cr, Cr(III), Cr(VI), CaCl2-extractable
Cr, and water-soluble Cr have been mapped using ArcView
3.1. The inverse distance weighted method was adopted for
the interpolation of the data (Celine et al. 2006; Acosta et al.
2011)

3 Results and discussion

3.1 Physicochemical characterization of riverbed sediment

The physicochemical properties of the studied riverbed sedi-
ments are shown in Table 1. The riverbed sediments were
alkaline, and the pH values ranged between 7.5 and 8.6 due
to the presence of carbonates. The calcium carbonate contents
range between 300 and 630 mg kg−1, with a mean value
around 460 mg kg−1 at all the studied depths. The EC repre-
sents medium salinity content, with saline areas over
2 mS cm−1, especially at 20–100 cm deep. The low values
of CEC in the sediments (lower than 10 cmol+kg

−1) indicate a
low capacity for retaining nutrients adsorbed on colloids (clay
and organic matter mainly) and for retaining Cr.

Clay content ranges around 200 mg kg−1 for all samples,
with a higher clay content (210 mg kg−1) at 0–20 cm deep, the
sand content being the most abundant fraction in the riverbed
sediments (mean values of 600mg kg−1). The sediments could
be classified as sandy clay loam (USDA, 2015).

The TOC content is about 10 mg kg−1 in the most part of
the riverbed with a mean value of 13 mg kg−1. A minimum
drop in the TOC contents can be observed with the depth. The
high C/N ratio (mean value 20.1) as a consequence of a very
low amount of TOC in the sediments indicated a high miner-
alization of organic matter with a very poor quality (Brady and
Weil 2008). The TN with contents below 3.0 mg kg−1 and a
mean value of 2.3 mg kg−1 pointed out low values in the
studied riverbed. Average available P concentration in the
sediments was around 5 mg kg−1.

Mean values for the nitrate concentration in the sediments
were 322, 434, and 273 mg kg−1 for each sampling depth.
These values are in accordance with those in agricultural sed-
iments (<500 mg kg−1) (Gómez-Garrido 2014) except some
specific areas where an excessive nitrate content has been
found (over 3000 mg kg−1). This may be explained due to
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several factors as a high C/N (>15) (Andrades 1996) connect-
ed to not enough phosphate content (no detected by ion chro-
matography in the study area) according to Acosta (2008).

Chloride and sulfate contents were very heterogeneous
with values ranging from 4 to 4234 and from 90 to
8082 mg kg−1, respectively, indicating very high sulfate
values mainly at 50–100 cm deep, as it could be expected
since tanning agents (basic chromium sulfates) were used in
the tanning processes according to Pawlikowski et al. (2006).

3.2 Spatial distribution of chromium in the sediments
and identification of environmental risk areas

Figures 2 and 3 depict the geospatial distribution of total Cr,
Cr(VI), Cr(III), and extractable and soluble Cr fractions in the
riverbed sediments, from 0 to 20, 20 to 50, and 50 to 100 cm
deep.

Total Cr concentration was high in the riverbed sediments
(11–11099 mg kg−1) up to 100 cm deep, exceeding in almost
all the study stretch, the background level, and generic refer-
ence values of Cr forMurcia Province (44.6 and 66.0mg kg−1,
respectively) (Martínez and Pérez 2007) and the US
Environmental Protection Agency Sediment Screening
Levels (SSL) for ingestion or inhalation of total Cr
(390 mg kg−1). This observation indicates the sediment pollu-
tion by Cr until 100 cm deep. In addition, Cr contents reported

in the sediments from Guadalentin River were higher than
those determined by several authors (Köleli 2004; Dong et
al. 2013; Lilly et al. 2015).

The highest degrees of sediment pollution (over 10,000 Cr
mg kg−1) were located at 20–50 cm deep at the first 600 m east
of the city center, and in the last 300 m of the studied area.
Figure 2 reveals that the Cr contents in sediments were rela-
tively higher near the discharge (point) of the tannery facility.
This is consistent with the tannery industry location where the
untreated tannery effluent was discharged for decades into the
riverbed. This is one of the most prominent sources of Cr as it
was described in other surveys (Pawlikowski et al. 2006;
Pertsemli and Voutsa 2007).

The results about speciation of Cr (Fig. 3) showed higher
concentrations of Cr(III) than Cr(VI) in all the sediments from
the riverbed. Hexavalent Cr represented only a little fraction of
the total Cr, with a mean value of 4.13 %. Therefore, Cr(III)
was the predominant oxidation state with 95.87 % (mean val-
ue) of total Cr in the sediments. This finding is in accordance
with Thorstensen (1984) who reported the presence of Cr(III)
due to the use of a basic Cr sulfate salt containing Cr(III) for
tanning industry and those reported by Dahl et al. (2013)
where Cr was presented predominantly in the Cr(III) state.

Moreover, a reduction of Cr(VI) to Cr(III) could be pro-
duced in the sediments due to a slightly alkaline pH. Several
researchers indicated that pH is one of the main factors

Table 1 Physicochemical characterization of the riverbed sediments until 100 cm deep

Depth Depth Depth

0–20 cm 20–50 cm 5–-100 cm

Mean (SD) Min-max Mean (SD) Min–max Mean (SD) Min–max

pH 8.07 (0.25) 7.58 – 8.61 8.07 (0.18) 7.65–8.42 8.09 (0.20) 7.68–8.51

EC (mS cm−1) 8.13 (48.97) 0.23–381.00 2.26 (1.68) 0.28–7.20 34.53 (177.63) 0.35–975

CEC (cmol(+) kg−1) 7.19 (1.79) 4.51–13.39 7.18 (1.98) 4.80–13.15 6.64 (1.67) 4.57–11.94

CO3
−2 (mg kg−1) 465 (97) 316–623 457 (101) 292–639 441 (101) 258–603

Clay (mg kg−1) 210 (81) 61–417 198 (72) 62–336 208 (81) 62–434

Silt (mg kg−1) 192 (86) 16–507 195 (89) 19–465 176 (85) 59–451

Sand (mg kg−1) 597 (126) 380–890 605 (116) 414–890 614 (111) 364–785

TOC (mg kg−1) * 14 (5) 6–26 12 (4) 2–21 11 (4) 3–22

N (mg kg−1) 2.9 (0.9) 0.2–6.5 1.7 (0.4) 0.2–2.5 2.3 (0.5) 0.2–2.70

P (mg kg−1)a 5.34 (3.97) 0–20.68 5.16 (5.08) 1.46–22.44 5.1 (7.60) 0.36–39.91

K (mg kg−1)a 141.58 (80.03) 23–434 125.70 (75.34) 15–323 108.63 (59.84) 38–315

Ca (mg kg−1)a 1326.17 (609.52) 342–3504 1434.60 (759.95) 496–4254 1554.60 (1192.80) 687–6893

Mg (mg kg−1)a 307.02 (208.63) 80–862 356.23 (204.83) 61–739 350.73 (246.34) 76–1107

NO3
−, (mg kg−1) 322.29 (904.60) 0–4290.8 434.12 (1064.23) 0–4339.13 273.91 (873.69) 0–4377.95

Cl− (mg kg−1) 476.58 (895.37) 5.36–4234.89 603.60 (910.01) 4.67–3922.31 539.72 (916.61) 10.74–3374.35

SO4
2− (mg kg−1) 3319.38 (2596.33) 90.03–8082.29 3991.82 (2719.24) 0–7899.73 13292.94 (51445.24) 564.42–285330

EC electrical conductivity, TOC total organic carbon, CEC cation exchange capacity
a Extractable fraction of these elements
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affecting the rate and the extent of Cr(VI) reduction (Bartlett
and Kimble 1976; Eary and Rai 1991). However, the presence
of manganese oxides will be able to oxidize Cr(III) to Cr(VI)
and increase the environmental risks (Fendorf and Zasoski
1992; Bartlett and James 1993)

The highest Cr(VI) concentrations were found in the same
areas where high total Cr contents were observed. The maxi-
mum Cr(VI) value (78.92 mg kg−1) was located from 20 to
50 cm deep which could be explained by the leaching process,
since Cr(VI) compounds (e.g., chromate) are quite mobile in
the environment (Dhal et al. 2013).

The concentrations of exchangeable Cr and water-soluble
Cr were low, indicating a very low Cr mobility in the studied
sediments, likely due to the predominance of Cr(III) which is

relatively immobile. The same pattern could be observed for
the total Cr where the highest values were measured in the first
600 m in the riverbed and at 20–50 cm deep. The concentra-
tion of exchangeable fraction of Cr was very similar to the
concentration of water-soluble Cr in the sediments. This fact
points out that the bioavailability of Cr is very low due to the
main presence of the less soluble substances containing
Cr(III).

The highest Cr contamination was located in a small area in
the northwest part of the studied riverbed at 100 cm deep. As it
can be observed in the spatial distribution maps (Figs. 2 and
3), leaching of Cr has happened from the surface (spillage
point) until 100 cm deep with the maximum concentration at
20–50 cm deep.

Fig. 2 Geospatial distribution of a total Cr; b water soluble Cr; c exchangeable Cr
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3.3 Behavior of chromium and their relation
with sediment properties

The results of the PCA of Cr contents and physicochemical
properties of sediment are shown in Table 2. Four principal
components (PCs) with eigenvalues greater than unit were
extracted. Principal component analysis leads to a reduction
of initial dimension of the dataset to four factors which

explains 67.7 % of the data variation. Therefore, these four
factors play a significant role in explaining contamination by
Cr in the riverbed. The communalities shown by the variables
ranged from 28 % for EC to 93 % for total Cr; thus, all the
elements were consequently well represented considering
these four factors.

In detail, principal component 1 (PC1), which has high
loadings of EC (0.41), CEC (0.60), Ca (0.80), Mg (0.76),

Fig. 3 Geospatial distribution and speciation Cr(VI) and Cr(III) in riverbed sediments depending on depth
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Cl− (0.76), NO3
− (0.66), SO4

2− (0.76), and silt (0.75), ac-
counts for 22.72 % of variance, being the most important
component. PC1 could be better explained as salinity suggest-
ing that the presence of salts is related to EC in the studied area
as was supported based on the Spearman correlation matrix
(Table 3). Modest and strong positive Spearman correlations,
according to Fowler et al. (2006), have been found for EC
with Ca (r =0.56, p < 0.01), Mg (r = 0.66, p < 0.01), Cl−

(r=0.71, p<0.01), and SO4
2− (r=0.78, p<0.01).

Figure 4 displays the dendogram from the CA performed
on the analyzed parameters with centroid linkage hierarchical
clustering. The results showed that the studied parameters can
be classified into three major clusters. Cluster 2 includes three
sub-clusters that showed several associations of parameters
with similar behavior in the study area: (1) clay and K; (2)
Mg and Cl− (r=0.79, p<0.01) and C and SO4

2− (r=0.69,
p<0.01) related to silt content; and (3) TN, NO3

−, CEC,
OC, and EC. This cluster (number 2 and subclusters 2 and
3) is in accordance with the observation from PC1 (PCA)

and Spearman correlation (related to anions and cations and
its direct relationship with salinity).

PC2 has high loadings of total Cr (0.93), soluble Cr (0.94),
exchangeable Cr (0.94), Cr(VI) (0.70), and Cr(III) (0.93). It
accounts for 22.33 % of variance and is the most important
component related to Cr content in the riverbed sediments.
This is in concordance with results from CA and Spearman
correlations—cluster number 1 (Fig. 4) that includes these
parameters with strong relationship between total Cr–Cr(III)
and soluble Cr–exchangeable Cr; the highest positive correla-
tion coefficients (Table 3) have been found between Cr and
soluble Cr (r= 0.89, p< 0.01), exchangeable Cr (r= 0.81,
p<0.01), Cr(VI) (r=0.62, p<0.01), and Cr(III) (r=0.99,
p<0.01). Both CA and Spearman correlations indicate a high
correlation and dependence among total Cr, soluble and ex-
changeable fractions, and speciation. Soluble Cr is highly re-
lated to Cr(III) (r=0.89, p<0.01), though Cr(III) present in
sediments is relatively immobile because of its strong affinity
for negatively charged ions and colloids, giving sparingly sol-
uble compounds such as Cr(OH)3, dominating in the pH range
4–8 (Fendorf 1995). Nevertheless, an increment of content of
organic matter could produce Cr(III)-soluble organic com-
plexes (Stein and Schwedt 1994; Walsh 1996) and therefore
enhance the environmental risk.

PC2 and the high correlation coefficients indicate that the
measured concentrations of total Cr, soluble and exchangeable
Cr, Cr(VI), and Cr(III) in the riverbed are not dependent of any
sediment properties, and thus, the contamination by Cr in the
Guadalentin riverbed has an anthropogenic origin mainly due
to tannery effluents.

Several weak relationships (Fowler et al. 2006) between
total Cr and TN or carbonates and soluble and exchangeable
Cr with pH have been found (Table 3), although with low
coefficient correlations. pH is generally known to be the main
factor governing concentration of soluble metals (Ross 1994;
Brallier et al. 1996; Acosta et al. 2011). However, low corre-
lations were found between pH-soluble Cr (r = 0.362,
p<0.01) and pH-exchangeable Cr (r=−0.334, p<0.01) in
the studied sediment. According to Loayza (2008), the con-
centration of water-soluble Cr(VI) increases at pH >8, a value
close to the mean values in the studied sediments.

PC3 was dependent upon OC, CO3
2−, TN, K, and pH and

accounted for 11.87 % of the total variance (Table 2) but with
low ormedium correlation coefficients as it can be observed in
Spearman correlation (Table 3). The presence of OC and TN
in PC3 indicates that a certain amount of N in the sediments is
associated to organic matter (Urbano 2001).

The values of pH and CO3
2− have a correlation coefficient

of r=0.49 (p<0.01). This observation indicates that basic pH
values in the sediments are hugely influenced by CO3

− con-
tents. This relation is supported by CA (Fig. 4) in cluster 3.

Negative correlations between CO3
2− and water-soluble

and exchangeable Cr in the sediments have been displayed

Table 2 Principal component analysis: varimax-rotated factor matrix

Variables PC1 PC2 PC3 PC4 Communalities

TOC −0.09 0.23 0.71 −0.01 0.56

CO3 −0.08 −0.26 −0.67 0.19 0.56

EC 0.41 −0.07 0.33 0.01 0.28

CEC 0.60 0.17 0.07 −0.30 0.49

N 0.38 0.47 0.60 0.19 0.76

Pa −0.01 −0.09 0.17 −0.76 0.61

Ka 0.32 −0.17 0.46 0.05 0.35

Caa 0.80 0.17 0.22 −0.07 0.72

Mga 0.76 0.16 0.05 0.43 0.79

Cl− 0.76 0.18 −0.09 0.12 0.64

NO3
− 0.66 0.35 0.24 −0.03 0.61

SO4
2− 0.76 0.11 0.18 0.01 0.62

pH −0.28 −0.17 −0.73 −0.12 0.65

Clay 0.04 −0.12 0.14 0.87 0.80

Sand −0.63 −0.08 −0.19 −0.67 0.90

Silt 0.75 0.09 0.11 0.28 0.66

Cr(Total) 0.19 0.93 0.16 0.00 0.93

Cr-water soluble 0.12 0.94 0.09 0.04 0.91

Cr-exchangeable 0.18 0.94 0.10 −0.02 0.93

Cr(VI) 0.09 0.70 0.10 0.00 0.51

Cr(III) 0.18 0.93 0.17 0.00 0.92

Eigenvalues 7.44 3.26 1.91 1.60

% Of variance 22.72 22.33 11.87 10.73

Accumulative % 22.72 45.05 56.92 67.65

EC electrical conductivity, TOC total organic carbon, CEC cation ex-
change capacity
a Extractable fraction of these elements
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in Table 3. This could be due to the high CO3
2− concentra-

tions, which promote Cr precipitation and, consequently, its
immobilization in the sediments. Additionally, the mechanism
of increased sequestration is most likely a localized pH effect
at the carbonate surface which promotes the formation of
Cr(OH)3 species. Bioaccessibility of Cr(III) decreases as the
carbonate content increases (r=−0.53, p<0.01). According to
Steward et al. (2013), Cr(III) sequestration is enhanced in
sediments with high levels of carbonates which promotes the
formation of solid-phase Cr(III) hydroxides that are sparingly
soluble, even under acidic conditions. These hydroxides (i.e.,
Cr(OH)3) precipitate and are not easily bioaccesible.

PC4 only explained 10.73 % of the total variance and load-
ed positively on available P, clay, and sand. However, the
correlation among them is very weak (r<0.5) (Table 3), and
therefore, further investigation is needed to elucidate the pos-
sible relation among these soil constituents.

4 Conclusions

High concentrations of Cr and Cr(VI) were found in the stud-
ied riverbed sediments, 11099 and 79 mg kg−1, respectively.
These amounts exceeded in almost all the study stretch, the
background level (44.6 mg kg−1), and reference values of Cr
for Murcia Province (66 mg kg−1). Cr contamination until
100 cm deep was also observed. Based on Cr contents, the
highest degree of sediment pollution was located at 20–50 cm
deep.

Geospatial distribution indicated that the highest degree of
pollution by Cr was located at the first 600 m from the city
center, which is immediately east of the river, and in the last
300 m of the studied area. This revealed that the Cr content in
the sediments was higher near the discharge point of the tan-
nery industry which could be the main prominent source of Cr
in the Guadalentin River.

Hexavalent chromium represented 4.13 % of the total Cr
which indicated that Cr(III) was at the predominant oxidation
state (95.8 %). This was expected since Cr(III) salt is used for
tanning industry.

Pollution by Cr and Cr(VI) in Guadalentin River (SE of
Spain) was related mainly to an anthropogenic origin (tannery
industry), and the geochemical speciation is not associated to
any sediment properties, indicating that the behavior of this
element in the riverbed sediments depends only on the amount
of total Cr in the sediments.
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