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Lake Respomuso is a dammed lake of glacial origin at 2200 m altitude in the Central Pyrenees. This study
investigated the source of a number of trace elements (As, Cd, Co, Cu, Mn, Ni, Pb and Zn) in its catchment and
their possible link to the local geology. Altogether 24 sediment and 29 water samples were collected from all
major streams feeding the lake. The sediments were analysed for trace elements, major mineral components,
minerals and organic matter whilst water samples were analysed for dissolved metal concentrations.
The trace element levels in the catchment sediment and water were relatively high compared to other
similar altitude sites, with concentrations in the headwaters being generally higher than in the lower basin
because of the source being concentrated in these areas. The principal component analysis revealed that the
source of sediment-bound trace elements in the Lake Respomuso catchment is geogenic, and originated
possibly in the sulphide minerals from slate formations.
Except at one site, none of the water samples exceeded the WHO drinking water guideline for arsenic.
Arsenic in water was significantly correlated with its concentration in the sediments, possibly due to the
oxidation of arsenic bearing minerals. The dissolved concentrations of all other trace elements were generally
lower than theWHO drinking water guide values and they were not related to their sediment concentrations.
The As, Cd, Ni contents in sediment from several catchment streams exceeded their sediment quality thresholds.
This geogenic sourcemay pose risk to the stability of fragile local biodiversity and to thewider environment in the
valley bellow particularly if the metals are mobilised, possibly due to environmental change.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

High altitude lakes are generally oligotrophic; they are located
commonly on non-sedimentary basins and remain ice-covered
during a large part of the year. The hydrochemistry (e.g. nutrients
and trace elements) of these water bodies is predominantly
influenced by the lithology of their catchment i.e. the geological
structure, the mineralogical/chemical composition of the rocks, the
proportions of rock types and the weathering resistance (Lewin and
Macklin, 1987). The biogeochemical cycling of trace elements in such
environments is generally governed by a weathering-limited regime
(Stallard and Edmond, 1983), with aqueous concentration often not
more than 1–2 µg L−1 (Markert et al., 1997).

The geogenic inputs of trace elements to high altitude pristine
lakes may be enhanced by change in the local environment, e.g. acid
deposition and climate change (Román-Ross et al., 2002), which may

enhance the weathering of metal-bearing minerals. Examples of such
enhanced weathering related metal inputs are however rare in the
literature (Zakharova et al., 2007).

Atmospheric deposition of air pollutants from industrialised areas,
however, can also add a significant trace element burden to high
altitude lakes as indicated by trace element levels in rainwater, snow
(McBean and Nikleva,1986; Schnoor and Stumm,1986; Halstead et al.,
2000) and the sediment cores (Rose and Rippey, 2002; Yang and Rose,
2005; Han et al., 2007).

The burden of trace elements may have potential implications for
the ecological status of these pristine lakes as well as thewider remote
environments because of their persistence and toxicity (Klavins et al.,
2000; Yuan et al., 2004). Whilst the burden of trace elements in high
altitude water bodies can arise from geogenic and atmospheric
sources, the relationship between their concentrations in water and
sediments or the lithology has not been entirely established.

A previous study reported the presence of metal rich minerals near
Piedrafita cirque area — a remote high altitude cirque in the Central
Pyrenees (Subías et al., 1993). This study was therefore designed to
ascertain the extent and distribution of a number of trace elements
within the Lake Respomuso catchment and the relationship they
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might have with the sediment mineral composition. The specific
objectives of this study reported here were:

(a) To assess the level of As, Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn in
catchment sediments;

(b) To determine the relationship between metal concentrations in
the sediments and their mineral composition so as to assess the
nature of the source; and

(c) To investigate if the water column metal concentrations are
related to their sediment counterparts.

2. Geological and hydrological settings

Lake Respomuso is a remote high-altitude (2130 m) lake of post-
glacial origin, which is located in the Central Pyrenees (Spain). The
lake lies in the Piedrafita cirque (42.79–42.83N, 0.23–0.30W), which
is surrounded by high summits, some of them N3000 m a.s.l. The
24.80 km2 catchment includes many ponds and small lakes which
through a network of streams feed Lake Respomuso (Fig. 1). These
waterbodies are typical headwater streams/ponds and their

streambed is composed of boulders, cobbles and coarse sand.
Riparian vegetation is poor and consists mainly of grasses and Rho-
dodendron shrubs. The average annual precipitation for the catch-
ment is 1352 mm, with the lake mean annual outflow of 75 hm3

(MMA, 2006).
The lake drains to the west through Aguas Limpias stream and to

the south-west through an underground pipe feeding Lanuza hydro-
electric power plant downstream. Thewater from this lake is also used
for drinking and irrigation purposes in the valley below.

The catchment is dominatedby thegranitic coreof Cauteretes at north,
shaped by limestone and detritic materials affected by low-grade
metamorphism (Fig. 1). There has been reports of significant presence
of F–Zn–Pb vein-type deposits near the catchment, which are developed
in the limestone and detritic rocks of upper Devonian age (Subías, 1993).
These deposits contain fluorite (CaF2), sphalerite, galena (PbS), pyrite
(FeS2), chalcopyrite (CuFeS2), siderite (FeCO3) and green and white
fluorite (Subías, 1993). Pyrite in the veins has arsenic concentrations of
250±40 mg kg−1, while the detritic hosting rock arsenic content is
relatively smaller (87.5±0.5mg kg−1) andmore consistent (Subías et al.,
1993).

Fig. 1. Hydrological and geological maps of Piedrafita cirque, the Central Pyrenees.
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3. Materials and methods

3.1. Sampling strategy and sample preparation

The sampling strategy was designed to cover all significant water
courses and their bottom sediments. This included all significant
tributaries, ponds and lakes which fed into Lake Respomuso (Fig. 2).
Altogether 24 sediment and 29 water samples were collected in July
2006. The sediment sampleswere collected from same locations as the
water samples, except in situations where sediment collectionwas not
feasible (see Table 1 and Fig. 2). The stream/pond bottom comprised of
broken rocks, coarse sands and fine material. As the rocks or coarse
material were not expected to relate to metals in the water column,
sampling deliberately targeted the finer fraction. The sediment
samples were collected using a polythene trowel, with a maximum
sample depth of 5 cm. Each sediment sample included 10–12 randomly
selected subsamples.

The sediment samples were dried at 40 °C for 2 days and sieved
through a 2 mm sieve. Given the large variation in particle size within
the fine fraction sampled and between the samples, they were further
ground to b1 mm. Water samples were collected directly into Sterilin
sample bottles. All water samples were prepared for analysis by
filtering through 0.45 µm cellulose nitrate membrane and then
acidified to pH b2 using Aristar HNO3. The filtered and acidified
samples were stored at b5 °C until their analysis. The sediments were
digested by following the procedure as outlined in US EPA Method
3050B for ICP-AES (US EPA, 1999). Organic matter content was
estimated gravimetrically as percent loss on ignition (% LOI) at 550 °C
for 4 h (Rowell, 1994).

3.2. Trace, major elements and mineral analyses

All digested sediment samples were analysed by inductively
coupled plasma atomic emission spectrometry (ICP-AES), while the
water samples were analysed by inductively coupled plasma — mass
spectrometry (ICP-MS). Both sediment and water samples were
analysed for As, Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn using standard ICP-
AES/MS operating conditions. The analyses followed standard proce-
dures and QA/QC protocols.

Major elements in sediments were characterised by X-ray fluores-
cence spectrometry (XRF). A portion of 5–6 g of ground sediment was
prepared as lithium tetraborate melt for the determination of major
components (SiO2, Al2O3, Fe2O3, TiO2, CaO, MgO, K2O, Na2O and P2O5).
Fusions were performed in Pt–Au crucibles. Calibration was carried out
using certified reference materials from National Research Council of
Canada, NRCC (SO-3, SO-4, HISS-1, MESS-3 and PACS-2, soils and
sediments) and from South Africa Bureau of Standards, SACCRM (SARM
52, stream sediment). The recovery figures for the reference materials
were within an acceptable range for all major elements (±10%).

The sediment mineralogy was characterised by X-ray powder
diffraction analysis (XRD). All sampleswere ground to powder and the
mountswere examined in a SiemensD5000 diffractometer using Cu K-
α radiation operated at 40 kV, 30 mA. The samples were routinely run
from 2.0 to 70.0 degrees with a step size of 0.02° and application time
of 4 s. Mineral phases were identified by comparing diffraction
patterns with the reference standards in the electronic database
JCPDS-ICDD. The definition of the intensity peakswas carried out using
standards in the electronic archive JCPDS (Joint Committee on Powder
Diffraction Standards), compiled by the International Centre for

Fig. 2. Respomuso lake catchment and the location of sampling sites.
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Diffraction Data (ICDD). The XRD data was analysed in a semi-
quantitative way, i.e. mainly for the purpose of identifying minerals.
Quartz was the dominant mineral and showed great homogeneity
among samples, therefore had to be excluded from the final Principal
Component Analysis (PCA).

3.3. Quality assurance protocol

Tomaintain integrity of the results several quality control protocols
were implemented. For sediment trace element analysis, replicated
certified reference materials NIST 2704 (Buffalo River sediment) and
procedural blanks were included in each digestion batch. Additionally
a given samplewas analysed several times during the analysis run. The
analysis was highly precise with % coefficient of variability (%CV)
between replicates being b5% and % relative standard deviation, RSD
(1σ) between measurements of the same sample b2%.

The percentage recovery of Cd, Co, Cu, Mn, Ni, Pb and Zn were
generally within the limit for the test used (US EPA,1999). For As and Cr,
the recovery figures of 66% and 62%, respectively were low. This suggests
that thedigestionprocedurewas less effective in thedissolutionofAs and
Cr bearingminerals. It is however known that theUSEPA3050Bdigestion
method recovers significantly lower As and Cr compared to aqua-regia
and HF based digestion procedures (Scancar et al., 2000; Tighe et al.,
2004). Nevertheless the significantly lower recoveries of As and Crmean
that these two elements may have been underestimated in the
catchment sediment.

All reagents were of ultra-pure quality (Aristar grade). Stock standard
solutionswereMerckCertificateAA standards.Ultra-pure (Milli-Q)water
was used in all samples, standard solutions, and dilutions as appropriate.

3.4. Statistical analysis

The data from both sediment and water analyses were manipu-
lated in SPSS 15 package and R (v. 2.5.1) for Windows for statistical

analysis, including data normalization and principal component
analysis (PCA). PCA was run on the correlation matrix. An orthogonal
Varimax rotationwas applied to factor solutions. This is used to rotate
the axes so that they fit better through the variable cluster
(Tabachnick and Fidell, 2007). PCA is a powerful tool for identifying
latent relationships that are not readily evident from simple
correlation analysis (Hooda et al., 1997). Pearson product moment
correlation coefficient (r) was used to examine the relationship
between trace elements content in water and sediment. The dataset
for this analysis were Log transformed.

4. Results and discussion

4.1. Trace elements in sediments

The “total” content of the trace elements, measured in the
sediments from the various locations of the Lake Respomuso
catchment, is presented in Table 1. The concentrations displayed a
wide range, both within and between the elements, possibly a
reflection of their natural variability in the catchment rocks. Among
the elements Cr and Cd showed least variability while Mn, Cu, As and
Pb show a considerable variability in their distribution within the
catchment (Table 1). While the contents of Co, Cr, Cu and Ni show
variability in their distribution in the catchment sediments, they are
generally not high for such environments. Likewise, the mean Pb
content (36.5 mg kg−1) seems to suggest no real cause of concern,
although as high as 152.2 mg Pb kg−1 was measured at one of the
sampling locations (Table 1). The sediment Zn content (32.0–183.7mg
kg−1) is higher than Pb; this however may be due to its higher
concentration in the local rock material or because of its greater
solubility or weathering of Zn-bearing minerals compared to Pb.

With the exception of Pb, the Llena Cantal Lake site showed clearly
the highest metal contents whilst the highest amount of Pb was
measured at La Facha lakes. The mean concentrations of As, Cd and Ni
found in this study were higher than the values reported for other
pristine sites in Europe, North and South America (Rognerud et al.,
2000; Birch et al., 1996).

4.2. Occurrences and sources of trace elements

Trace elements in sediments can be of geogenic origin as well
sequestered from anthropogenic inputs and/or local mobilisation. To
determine the nature of metal source in the catchment sediments, the
sediment metal content and its mineral composition together with
the percentage organic matter were analysed by principal component
analysis (PCA). PCA is an ordination method in which linear
combinations of the original variables are created that characterise
maximum possible variance in the data (Scott and Clarke, 2000). The
variables in the first principal component (PC1) will explain the most
variation, and their weightings help identify what contribute most to
the differences between the individual cases/sites (Dytham, 2003).
The first three principal components (PC1-3) together accounted for
more than 72% of the total variation in the dataset, i.e. sediment metal
contents and its mineral composition (PCA output matrix not shown).
The interrelationship among the elements and the minerals is
displayed in the projection of components 1 and 2 and 1 and 3,
respectively (Fig. 3a and b). As can be seen from Fig. 3 As, Cd, Cu, Co,
Ni, Pb and Zn in the sediment cluster together with Fe2O3 and Mn on
the positive side of the first component. Likewise the lithophiles Ti
and P are associated to the same cluster. This clustering of the trace
elements and metal-bearing minerals, e.g. Fe2O3, TiO2, P2O5 (Fig. 3),
shows that the elements are of geogenic origin.

The highest loadings on the second component (PC2) were
positively related with Al2O3, chlorite, MgO, amphibole, albite, Illite,
suggesting a common source of these components (Fig. 3). The organic
matter (LOI) clusters apart, close to the positive side of the third

Table 1
Total content of trace elements (mg kg− 1) in the b1 mm sediment fraction of Lake
Respomuso catchment (number of samples, n=24) together with the US EPA ERL
and ERM recommended limits (SQGs, 1999).

Site no. As Cd Co Cr Cu Mn Ni Pb Zn

2 37.02 1.75 12.62 24.59 11.80 941.89 19.34 37.63 118.71
3 23.64 1.45 10.61 20.44 9.85 883.50 18.39 24.03 67.97
4 22.83 1.31 10.30 21.83 7.15 919.94 19.28 19.41 61.43
6 25.53 1.69 10.38 42.65 8.91 357.10 15.88 53.95 105.19
7 6.68 1.46 6.49 24.59 2.60 141.55 9.57 33.03 47.73
8 2.48 1.22 10.33 51.24 5.08 257.59 16.78 31.00 76.55
9 13.64 1.25 8.84 40.10 0.08 225.21 12.85 10.93 51.5
10 7.32 1.23 9.99 40.15 3.22 274.24 13.98 21.41 60.9
11 17.19 1.59 11.14 44.32 7.31 347.90 16.78 42.52 91.85
13 55.55 2.01 9.20 25.31 7.16 327.79 21.61 14.66 51.15
14 27.43 2.11 14.94 42.78 20.75 323.18 27.87 152.20 183.73
15 23.72 1.44 11.33 23.40 10.01 406.62 14.28 37.07 123.21
17 21.78 1.65 13.42 19.23 8.29 463.36 21.03 15.19 32.01
18 46.20 1.86 7.30 19.28 1.98 307.63 15.15 19.99 36.53
19 55.21 2.23 15.89 29.04 15.57 1134.48 28.03 17.91 67.37
20 52.53 2.22 13.76 29.94 10.32 760.67 25.41 19.64 76.04
21 95.54 3.18 20.97 33.20 30.47 1557.25 31.89 60.59 113.77
22 135.60 3.21 38.97 41.52 51.32 5622.67 53.50 68.72 133.62
24 161.24 3.25 26.24 44.51 20.53 3250.99 37.82 48.23 69.13
25 104.80 2.55 27.20 34.79 29.74 2324.55 48.68 31.26 85.77
26 59.97 2.29 13.73 28.06 12.58 1394.33 31.72 18.08 65.10
28 107.51 2.28 10.62 20.25 14.82 813.72 17.06 23.35 72.32
29 41.49 1.44 17.56 27.00 12.70 2987.41 18.02 35.79 80.34
30 47.64 1.60 15.76 28.50 12.99 2081.15 19.88 38.45 95.80
Mean 49.69 1.93 14.48 31.53 13.13 1171.03 23.12 36.46 81.99
SD 42.17 0.62 7.40 9.62 11.23 1293.62 10.98 28.92 34.53
CV(%) 84.9 32.1 51.1 30.5 85.5 110.5 47.5 79.3 42.1
ERL 8.2 1.2 – 80 34 – 21 47 150
ERM 70 9.6 – 370 270 – 52 218 410

ERL — Effects range low.
ERM — Effects range median.
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component (PC3) but with no visible relationship to the rest of the
components, including the trace elements. This means that organic
matter had no significant contribution (either directly or indirectly
through mobilisation control) to the total trace elements burden into
the catchment. This provides further evidence of the trace elements
being of geogenic-origin. The sediment organicmatter contents would
have clustered with the elements had it sequestered them which is
expected in situations where their source is largely either anthro-
pogenic or their significant contribution is also from the local mobi-
lisation processes.

The positive correlation among As, Pb and Cd is hardly surprising
since they exhibit similar geochemical behaviour with regard to the
internal growth of the crystal lattice and the formation of rocks (Liu,
1987). In general the main sources of natural As are hydrothermal and
magmatic ore deposits, in granites or metamorphic rocks where it can
occur in association with other elements such as Fe, Co, Ni and Cu in
sulphide minerals including arseno-pyrite or mispickel (FeAsS), realgar
(AsS), and orpiment (As2S3) (O'Day, 2006; Wang and Mulligan, 2006;
Ritter et al., 2002). Likewise, some shales, sandstones and phosphate
rocks (Baur and Onishi, 1978) often contain significant amounts of

Fig. 4. Biplot of sites projected to principal components 1 and 2. The site numbers correspond to Fig. 2 (sites 21, 22, 24 and 25 — Lake Llena Cantal and the output stream).

Fig. 3. PCAof tracemetals,major components andminerals in the sediments. Correlation between the elements and principal components: (a) in theprojection of components 1 and2,
and (b) in the projection of components 1 and 3. LOI indicates % organic matter.
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arsenic.Naturalweatheringprocesses can result in significant amountof
arsenic and other metals being mobilised (Camarero et al., 2004). The
occurrences of these forms of minerals have been reported near the
catchment ranging from monomineralic fluorite ores to polymetallic
deposits with abundant fluorite containing dark-sphalerite+galena+
pyrite+chalcopyrite (Subías et al., 1997).

To help locate the source sites of the trace elements in sediments
the plots of the principal component scores for the locations in the

planes of components 1 and 2 are displayed in Fig. 4. Lalor and Zhang
(2001) have proposed that greater score distances from the vector
origin in the projections are an indication of anomalously high and
localised metal sources. Large scores on the first component therefore
should indicate their source location in the catchment. This is the case
for site 22 in a cluster of sites 21–25 (Fig. 4). Site 22 is located at the
southernmost side of Lake Llena Cantalwhereas site 24 is from the east
side of this lake (Figs. 1 and 2). In the outflow stream of this lake lies
site 25, about 500 m downstream. This stream merges with Campo
Plano stream (with its headwater in the east) and site 21 lies after their
confluence before draining into Lake Respomuso (Fig. 2). It seems
therefore that the area surrounding Lake Llena Cantal is the main
source of trace metal bearing minerals (and hence their sediment
content) in the catchment. The parent rock here is dominated by
quartzite and “Sia serie” slates, suggesting that these formations may
have a number of trace element-bearing rocks/minerals possibly
associated with sulphides in the slate deposits.

4.3. Trace elements in water and their relationship with the sediment
composition

The content of trace metals in the sediments are although
relatively high, their concentrations in the aquatic phase are relatively
low. Table 2 presents the concentrations of the trace elements inwater
for the sampling sites. Concentrations of dissolved Cd, Co, Cr, Cu, Mn,
Ni, Pb and Zn were low at most sites; however, arsenic as high as
14.22 μg L−1 was measured, which can be a cause for concern as it
exceeds the WHO guide value for drinking water (10 μg As L−1). The
mean As concentration, however, was well within the US and EU
regulatory As limit for drinking water (Table 2).

The As, Cd, Cu, Ni, Pb and Zn concentrations in the Respomuso
catchment water were higher than the freshwater world average
(Margalef, 1983; Kabata-Pendias and Mukherjee, 2007) and other
remote pristinewater bodies (Salbu and Steinnes, 1995; Markert et al.,
1997; Tarvainen et al., 1997). The As concentrations in the Respomuso
catchment water, however, are far higher than those reported for
other pristine and not contaminated sites (Moiseenko and Gashkina,
2007; Vazquez et al., 2004). This may present a risk to arsenic
sensitive biota in the catchment.

Table 2
Concentration of trace elements (µg L−1) inwater samples collected from theRespomuso
lake catchment.

Site no. As Cd Co Cr Cu Mn Ni Pb Zn

1 0.06 0.08 0.04 0.76 2.43 6.68 1.56 0.44 10.26
2 1.89 0.23 0.11 0.54 33.48 5.88 4.30 2.50 22.19
4 2.21 0.27 0.18 0.87 46.80 6.24 12.51 1.62 30.11
5 1.88 0.16 0.07 0.61 26.30 2.68 1.82 1.57 7.90
6 1.31 0.05 0.08 0.34 26.38 3.49 2.35 0.48 5.17
8 0.29 0.06 0.03 0.48 3.83 1.38 1.59 0.13 5.77
9 2.74 0.04 0.08 0.79 28.25 3.15 3.16 3.39 3.90
10 2.45 0.05 0.12 0.65 22.23 2.85 2.48 0.56 3.35
12 4.15 0.06 0.11 0.37 6.46 0.96 2.77 0.20 3.81
13 5.54 0.12 0.06 0.28 6.95 1.53 1.99 0.28 10.48
14 0.35 0.03 0.02 0.14 0.98 1.66 0.87 0.07 3.14
15 0.25 0.06 0.05 0.22 2.21 1.47 2.34 0.23 5.47
16 0.84 0.08 0.17 0.79 3.08 8.63 19.96 1.15 16.72
17 0.96 0.03 0.01 0.13 1.37 0.42 0.94 0.04 2.43
18 14.22 0.04 0.02 0.18 0.93 0.49 0.88 0.18 2.86
19 9.65 0.13 0.03 0.28 2.63 2.74 0.86 0.15 4.16
20 5.77 0.07 0.04 0.26 1.85 1.07 1.91 0.67 4.61
21 4.13 0.06 0.07 0.21 3.68 2.52 3.58 0.10 3.80
22 3.80 0.05 0.10 0.21 2.21 1.84 1.97 0.15 4.64
23 3.94 0.08 0.04 0.20 1.09 1.58 0.98 0.09 2.94
24 3.04 0.99 0.26 1.03 35.38 10.55 38.61 2.01 545.74
25 5.48 0.58 0.27 0.42 21.49 8.21 29.26 2.24 57.96
26 4.33 0.06 0.03 0.25 2.51 0.80 1.08 0.11 3.65
27 4.13 0.03 0.03 0.20 3.18 0.59 0.54 0.09 2.14
28 3.51 0.04 0.12 0.27 2.34 5.14 3.34 0.27 5.37
29 2.39 0.03 0.09 0.18 2.64 1.93 2.42 0.05 2.13
30 2.52 0.04 0.02 0.14 1.08 1.24 1.04 0.06 2.36
Mean
(n=27)

3.40 0.13 0.08 0.40 10.81 3.17 5.37 0.70 28.63

Standard
deviation

3.04 0.21 0.07 0.26 13.50 2.78 9.26 0.91 104.02

CV (%) 89.4 161.5 87.5 65.0 124.9 87.7 172.4 130.0 363.3

Fig. 5. Principal component analysis of trace metals in water of Respomuso catchment, with correlation between the elements in the projection of principal components 1 and 2.
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The correlation analysis between trace elements in the sediments
and their counterparts in the water samples showed that with the
exception of As, that showed a positive correlation between its content
inwater and sediment (r=0.59, pb0.001), the other elements had no
correlation between the two compartments. This suggests that
elements other than As are not readily mobilised/solubilised from
their mineral phases in the sediments. Given the local geochemical
conditions (e.g. shallow, oxic, oligotrophic running water) reductive
(chemical or microbial) release of As is least likely a mechanism of its
mobilisation from arsenic-bearing sediment minerals. This then raises
a question as towhy arsenic inwater should relate to its content in the
sediment, particularly when no such relationship was found for the
other trace elements. The oxidation of arsenic-rich pyrite however has
been suggested as a possible mechanism of As release from sediments
(Das et al., 1996; Chowdhury et al., 1999). Clearly arsenic in the
Respomuso catchment presents a contrasting geochemical behaviour
compared to Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn. This was supported by an
analysis of correlation between trace elements determined in the
catchment water, where except arsenic all the other elements were
highly correlatedwith each other (data not shown). The PCAplot of the
water metal concentration data clearly shows this disparity between
arsenic and other trace element, as they cluster apart on the projected
components (Fig. 5).

4.4. Sediment quality assessment

Significant elevation of trace metals/metalloids in sediments may
pose a risk to the benthic biota and could become source of metal/
metalloids release into the overlying water column. Although the direct
effects of sediment metal concentrations on the biota were not targeted
in this study, the potential ecological effects were evaluated by following
a widely used US EPA procedure for sediment quality assessment. This
procedure entails sediment quality guidelines (SQGs) — ERL (Effects
Range Low) and ERM (Effects Range — Median). ERL is the 10th
percentile of the effects database, below which harmful effects on
aquatic biota are rarely observed. Whereas ERM represents the 50th
percentile values in the effects data, indicative of concentrations above
which harmful effects are often observed (SQG,1999). The ERL and ERM
sediment quality guidelines are not toxicity thresholds instead they
estimate safe concentrations, below which toxicity is least likely (SQG,
1999).

Arsenic exceeded the ERL threshold (but not ERM) at 67% of the
sites investigated. This increases the incidence of adverse biological
effects by 11.1% (SQG, 1999). In 21% of the sites, As exceeded the ERM
limit; this increases the incidence of effects by 63% (Table 3). All high
As concentrations were found on the south side of Lake Respomuso,
within the small basin of Lake Llena Cantal. This suggests that the
highest potential for As in the sediments to cause some ecological
damage is within this area. Since the digestion procedure used did not
fully recover arsenic from the reference sediment, it is possible that its
concentration in the catchment sediment may have been under-
estimated. It is therefore entirely plausible that the above-mentioned
potential ecological implications may have been underestimated. This
is important as arsenic is classified as a priority pollutant by the US EPA

with carcinogenic classification (USEPA, 1999), and is also a List II
substance under the EU Dangerous Substances Directive (EU, 2006).

Cadmium exceeded the ERL limit in all study sites. (Table 3). This
means the incidence of effects increased to 36.6% (SQG,1999). Highest
cadmium was found in two regions: 2.28–3.25 mg kg−1 at Lake
Campo Plano (Fig. 2) and its outflow stream, and 2.01–2.23 mg kg−1

at La Facha lakes and their common outflow stream (Fig. 2). None of
the investigated sites, however, exceeded the ERM criterion for Cd.

Nickel exceeded the ERL threshold at 38% of the sites, with an
increase of the incidence of effects to 16.7%. At 4% of the sampling sites
Ni exceeded the ERM limit, with similar % incidence as for ERL (Table
3). Overall, Ni exceeding SQGs showed two trends: a 21.61–28.03 mg
kg−1 range in the La Facha lakes basin and about twice this
concentration, reaching the ERM limit for Llena Cantal lakes basin
(Fig. 2). It should be noted that the ERM criterion for Ni is less reliable
compared to Cd and As in predicting the probability of its potential
adverse effects (SQG, 1999). The concentrations of Cr, Cu, Pb and Zn in
the sediments did not exceed the SQG limits for sediments, and these
limits have not been proposed for elements like Co and Mn.

5. Conclusions

The findings show that the trace element levels in the Respomuso
catchment are relatively high compared to other similar high altitude
catchments. The sediments-bound trace elements constitute a
considerable metal burden in the high altitude Respomuso catchment.
This is particularly important for As, Cd and Ni as their levels exceed
the sediment quality guidelines. The relatively large sediment–metal
store can pose an ecological risk, particularly if sediment-bound
metals are mobilised, e.g. due to local environmental change.

The metal concentrations were usually higher in the headwater
sediments than in the lower basin streams and lakes, with the sources
found concentrated in the area surrounding Lake Llena Cantal on the
southern slopes of the basin. This area is dominated by quartzite and ‘Sia
Serie’ slates bedrock, both known to be rich in metal-bearing minerals.
The distribution of trace elements (As, Cd, Ni, Cu, Cr, Co, Mn, Pb and Zn)
and their relationships with the major elements and mineral compo-
nents evaluated by PCA showed that the metals are of geogenic origin.

The relatively high contents of trace elements in the sediments
were not entirely reflected in their water concentrations. In fact, with
the exception of arsenic, sediment-bound trace elements had no
relationship with their counterparts in water samples collected from
the same locations. As for the presence of relatively high arsenic
concentrations in water, it may have resulted from its higher mobility
from the sediments or surrounding metal rich geology under the oxic
condition of the streams.
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