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Recently arsenic contamination and its environmental and human health problems have been raising

concerns worldwide. The occurrence of natural high levels of arsenic contamination has generally

been reported for low altitude environments. Here we report a study conducted to assess the extent

of arsenic mobilisation/transportation from previously identified arsenic source areas in a high

altitude cirque of the Pyrenees as well as the potential contribution of As by snow. The

concentration of arsenic in sediments of several tributaries was enriched up to about ten folds due to

mobilisation of arsenic from the source areas within the catchment. The highest arsenic

enrichments ere found in an area dominated by quartzite and slate formation in the southern side of

the basin, and it generally diminished towards the major lake downstream, possible due to mixing

with sediments from non-source areas. At these sites arsenic exceeded the hazard quotient (HQ)

limits for the protection of aquatic life. The potential hazard of the As-enriched sediments may be

further enhanced outside the catchment as samples collected downstream the cirque have also shown

arsenic concentration exceeding HQ unity. The arsenic concentrations in the water collected at

a number of sites exceeded its guide value for the protection of aquatic life. The potential As

contribution by snow in the area was low and was largely of lithospheric origin. The PCA analysis

showed strong association of arsenic in sediments with the sediment mineralogical composition

(Fe2O3, TiO2 and Mn). Arsenic in water was positively correlated with its concentration in

the sediments and could potentially increase if the environmental/climate conditions change.
1. Introduction

Among the trace elements arsenic (As) has received much

attention since its recognition in the 1990s as a naturally occur-

ring contaminant in many parts of the world.1 Arsenic in water is

potentially toxic to biota and is a hazard to human health due to

its carcinogenic nature.2 For example, arsenic in groundwater in

Bangladesh, West Bengal in India and other parts of Southeast

Asia3 as well as in regions of Europe, North and South Amer-

ica4,5 has become a major hazard to the health of people using

these waters. The source of arsenic contamination in these

regions is, however, the presence of arsenic-rich bedrock.
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readers form the environmental community. This manuscript prese

contaminant, and its transportation from source areas in a high alt

Additionally, we also present original data on potential contributio
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Slate and phyllite rocks generally contain significant amounts

of arsenic, associated with sulfide and sulfosalt minerals.4,6 Pyrite

is a common sulfide mineral known to host arsenic in most

rocks.7 Weathering of arsenic-bearing bedrock is considered to

be the dominant source of As in lake sediments.8 Local envi-

ronmental conditions can release sediment-bound arsenic

via both acidity and redox-driven dissolution processes.9,10

While arsenic in groundwater and associated environmental

and human health problems have received considerable scientific

attention (e.g. Smith et al.,2 Charlet and Polya3 and Smedley and

Kinniburgh4), studies of its occurrence or geochemical behaviour

in high altitude environments are rare.11 Relatively high As

concentrations (13–26 mg As L�1) have, however, been measured

in spring waters from the Panticosa Resort area (1700 m a.s.l.) in

the Central Pyrenees.12 Likewise lake bottom sediment concen-

trations as high as 339 mg As kg�1 were reported for Lake

Respomuso at an altitude of 2130 m.13 This is a very high level of

As which exceeds most sediment quality criteria for the protection
ebate widely throughout the scientific and public community.

de sites gives the paper the novelty that would attract and benefit

nts novel data on natural enrichment with arsenic, a hazardous

itude environment, a subject weakly addressed in the literature.

n of arsenic by snow.
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of aquatic life and can have potentially deleterious effects on the

aquatic resources as well as the wider environment.2

The burden of As in remote high altitude water bodies may

arise from geogenic and atmospheric sources (e.g. long range

transport from burning of fossil fuels);1 however, the relationship

between its concentrations in water and sediments or the

lithology in such environments has not entirely been established.

The study reported herein makes use of data from a broader

survey of trace elements occurrence in Lake Respomuso area, the

Central Pyrenees.14 The work showed distribution and a general

source of a number of trace elements in the catchment. However,

questions with regard to mobilisation/transportation and atmo-

spheric deposition of arsenic still remain open. The main focus of

this paper is to further ascertain the source of arsenic in the

catchment and to establish the link between the arsenic source

and its distribution. For this we assess the enrichment of arsenic

in the catchment sediments as well as the bottom sediments of the

main lake. The degree of sediment arsenic enrichment around the

source and non-source areas as well as its relationship with lake

bottom sediments should help to establish the source of arsenic

and its transportation within the catchment. Also, some snow-

arsenic data are presented to determine the contribution, if any,

of atmospheric arsenic deposition.

1.1 Study site

Piedrafita cirque is a postglacial high altitude cirque (2200 m) in

the Central Pyrenees, Spain (42.79–42.83 N, 0.23–0.30 W; NASA
Fig. 1 Digital elevation model of Piedrafita cirque (Central Pyrenees) with hy

sampling sites. The areas with high sediment (A)/water (B and A) arsenic co

Geology of the area is after Arag€ues et al.16
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World Wind v1.4) (Fig. 1). The cirque is snow covered during

a large part of the year, with snow deposits generally lasting until

the mid-summer. The sediments of these water bodies are

dominated by relatively coarse materials, comprising fragmented

rocks, small stones, and coarse and fine material. A detailed

description of the area is presented elsewhere.14

The area is dominated by a granitic core (Cauterets–Panticosa)

in its northern side, which is surrounded by a low-grade meta-

morphic aureole affecting mainly the limestone and detritic

materials (Fig. 1). It has significant presence of W–Au skarn

deposits,17 and pyrite in vein-type mineralisation located near the

southernmost part of the catchment,18 with arsenic concentra-

tions in pyrite of 250 � 40 mg kg�1.19 This represents a relatively

significant source of As in the catchment geology. No significant

industrial or extensive agricultural activities exist in the

surrounding area. The water from the catchment area is used for

hydroelectricity generation, potable and irrigation purposes in

the valley below.
2. Methodology

Water and sediment samples were collected during a sampling

campaign in July 2006. The sampling was intended to cover all

significant streams, ponds and lakes in the cirque which feed into

Lake Respomuso (Fig. 1). The sediments were collected from

lakesides and tributaries with a clean polythene trowel at

a maximum sample depth of 5 cm. At a number of locations,
drological and geological features and the location of sediment and water

ntent are enclosed in squares. Radar map of SW Europe is from JPL.15
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particularly in small streams the limited sediment deposition

meant the sample depth was <5 cm. At each sampling location

10–12 randomly selected sediment subsamples were collected to

make a composite sample. The water samples were collected

from the same locations as the sediment samples. All samples

(sediment and water) were stored at <5 �C before being prepared

for analysis.

Additionally 19 surface (0–2 cm) and subsurface (5–7 cm)

samples were collected from different snow profiles on the inside

and exterior slopes of the cirque (altitudes ranging from

1700–2200 m a.s.l., sites not included in map), in July 2006 and

March 2008, respectively. Each profile was constituted of depo-

sitional layers, which is expected to reconstitute the aerial

deposition of As during different snow events and interperiods,

since the seasonal snow starts to accumulate on the slopes. The

snow sampled in July 2006 was from a remaining snow patch at

the south side of Lake Respomuso. The snow sampling followed

a clean procedure to avoid contamination. The samples were

kept until melting in sampling plastic bags, then transferred to

Sterilin sample tubes and kept at <4 �C until their laboratory

analysis.
2.1 Sample preparation and digestion

The sediment samples were dried at 40 �C for 48 h and sieved

through a 2 mm nylon sieve. As the resulted fraction had a large

variation both, between and within samples, it was ground with

a ceramic pestle and mortar to pass through a 1 mm sieve. This

was considered necessary to minimise subsample errors which

may arise from the large variation seen in the <2 mm fraction. All

water and snow-melt samples were filtered through 0.45 mm

cellulose nitrate filter membranes and then acidified to pH < 2

using Aristar grade HNO3.

The sediment samples (<1 mm), in duplicate, were digested by

following USEPA Method 3050B.20 Organic matter was esti-

mated as percentage loss on ignition (LOI) from 3 g sediment at

550 �C for 4 h.
2.2 Trace elements analysis

The sediment digestates were analysed by ICP-AES, while the

water and snow-melt samples were analysed using an ICP-MS.

Both sediment and water samples were analysed for As and Mn,

using standard ICP-AES/MS operating conditions and QA/QC

protocols. Manganese was included due to its general association

with geogenic occurrence of arsenic.21 To determine the validity

of the extraction and analysis procedures three replicates of

certified reference material (CRM) SRM-2704 and three repli-

cates of procedural (laboratory) blank were included in each

digestion batch. The results were reliable, with % variability

between replicates being <5%, and the relative standard devia-

tion (% RSD, 1s) being <2%. The percentage recovery of Mn was

generally within the acceptable range for the test used. For As,

the recovery figure of 66% (range 64.2–66.2%) was low but

consistent. This suggests that the digestion procedure was less

effective in the dissolution of As from its bearing minerals. The

ICP-AES was highly sensitive for the two elements in terms of its

detection limits and reproducibility.
This journal is ª The Royal Society of Chemistry 2009
For water analysis by ICP-MS, % RSD for both As and Mn

was <5%, and both elements were well above their detection

limits, based upon their background measurements in 2% Aristar

HNO3.

2.3 Major components analysis

Major components in the sediments were determined by X-ray

fluorescence (XRF) spectrometry. A portion of 5–6 g of ground

sediment sample was prepared as lithium tetraborate melt and

analysed for SiO2, Al2O3, Fe2O3, TiO2, CaO, MgO, K2O, Na2O

and P2O5. Fusions were performed in Pt–Au crucibles. Calibra-

tion was carried out using certified reference materials from

South Africa Bureau of Standards, SACCRM (SARM 52) and

from National Research Council of Canada, NRCC (SO-3,

SO-4, HISS-1, MESS-3 and PACS-2). The analytical uncer-

tainties for all major components lie within �10% of the certified

values.

2.4 Data processing

The statistical analysis of the data from both sediment and water

analyses included data standardisation (mean, m ¼ 0 and stan-

dard deviation, s ¼ 1) and principal component analysis (PCA).

The Varimax rotation was applied to factor solutions in the

PCA in order to maximise the variance captured by the loading

components.22 To examine the correlation between the arsenic

content in water and sediment, nonparametric Spearman rank

correlation (r) and nonparametric regression with distance

weighted least squares fit line were applied. Because the data in

this case showed a log-normal distribution, it required log10

transformation before the analysis. The statistical processing

was performed in STATISTICA and SPSS packages for

Windows.

3. Results and discussion

3.1 Arsenic in sediments

The pseudo-total content of As and Mn, and the total content of

the major components measured in the sediments are displayed

in Table 1. Both As and Mn showed a wide range, possibly

a reflection of their natural variability in the catchment rocks

and/or the different rock weathering rates. Among the major

components, oxides of Ca and Na showed largest variation while

Si and Al were uniformly distributed in the catchment (Table 1),

reflecting the basin geology (Fig. 1). The weathering indicator

oxides such as Al2O3, K2O and MgO23 were also uniformly

distributed (Table 1), suggesting a similar weathering pattern in

the basin.

Arsenic in the sediments ranged from 2.48 to 161.2 mg kg�1,

with a mean value of 49.7 mg kg�1 (Table 1). The Mn content

ranged from 141.6–5622.7 mg kg�1, with a relatively high mean

value (1171 mg kg�1). The highest values for both elements were

found on the south slopes of the basin, in the area surrounding

Llena Cantal Lake (Fig. 1). The mean content of arsenic in the

sediments (�50 mg As kg�1) is much higher than its world

average in river sediments (�5 mg kg�1) and its crustal (�1.5 mg

kg�1) or slate (�18 mg kg�1) abundances.24 Also, compared to

other reference water bodies, the level of As in the sediments is
J. Environ. Monit., 2009, 11, 1973–1981 | 1975



Table 1 Descriptive statistics of arsenic, manganese (mg kg�1) and major elements (% mass–mass) in surface sediments (<1 mm) of Piedrafita cirquea

As Mn Fe2O3 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2

Min 2.48 141.6 3.25 0.14 1.12 10.81 52.23 0.06 1.65 0.31 0.42
Max 161.2 5622.7 8.57 2.38 2.95 17.01 73.11 0.30 3.66 16.55 1.01
Mean 49.7 1171.0 5.35 1.00 1.97 14.34 63.12 0.15 2.63 3.50 0.70
Std dev 42.2 1293.6 1.56 0.71 0.58 1.81 6.40 0.07 0.55 4.30 0.20
CV (%) 84.9 110.5 29.1 70.1 29.3 12.6 10.1 45.5 21.1 122.7 28.7

a N (number of samples) ¼ 24.
higher than that reported for other pristine sites in Europe,

North and South America (Table 2). However, the mean As

concentration in the lake catchment sediments was lower than

that at some sites with significant human impacts (e.g. landfill

and mine tailings) (Table 2).

Clearly, the catchment sediments contain significant levels of

arsenic which could potentially become bioavailable. These levels

may be further enhanced, as changes in the local climate could

increase the erosion of catchment slopes, as has been reported for

other parts of the Pyrenees.29

Arsenic source. For the purpose of identifying mineral sources

of arsenic, multivariate analysis of the whole dataset (As, Mn,

major element oxides and organic matter) was carried out using

the principal component analysis (PCA).

The first three principal components together accounted for

more than 75% of the total variation. Arsenic in water plotted in

the same cluster with As, Mn, Fe2O3 and minerogenic Ti in the

sediments and displayed a clear positive loading on PC1 in the

projection of PC1/PC2 and PC1/PC3 (Fig. 2). This lead us to

interpret the first PC as the component that overall influences the

arsenic source. The high positive correlation of arsenic and

associated elements (Fe, Mn and Ti) with the first principal

component (Fig. 2) provides a strong evidence of its geogenic

origin in the catchment. This is not surprising as redox sensitive

Fe–Mn and lithophile (Ti) oxy/hydroxides are known arsenic-

rich mineral components,30 and hence they play a major role in

arsenic distribution in sediments.

On the other hand, the loading of Na2O at the negative side of

the first group/component means that areas within the catchment
Table 2 Comparison of mean and range of As concentrations (mg kg�1)
in sediments from the Respomuso catchment with sediments from other
contaminated and naturally uncontaminated sitesa

Location As/mg kg�1 Reference

This study* 49.69
(2.48–161.24)

—

Lake Respomuso, Spain* 87.30
(15.30–339.50)

Lavilla et al.13

33 Lakes in South Norway
(preindustrial values)*

2.56 Rognerud et al.25

Nahuel Huapi Lake,
Argentina*

4.82 Ribeiro-Guevara
et al.26

Canadian sediments* 68 (6–100) Ollson27

Lake in Maine+ 201.50 Nikolaidis et al.28

Rat Lake, Canada++ 820 Ollson27

a The symbol * indicates natural, uncontaminated sites. Sites with
anthropogenic contamination: +landfill and ++mine tailings.
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dominated by Na2O-type mineralogy are least likely to have any

significant arsenic source. The organic matter (measured as LOI)

plots independently (Fig. 2). This clearly shows that organic

matter has no significant control over the arsenic distribution

(either directly or indirectly) in the catchment. Since organic

matter is known to sequester anthropogenic inputs of trace

elements as well those locally mobilised, the lack of any rela-

tionship with arsenic (Fig. 2) further supports the hypothesis of

arsenic being of geogenic origin.

Arsenic transportation from the source and its potential hazard

in surface sediments. In order to determine the degree of sediment

contamination with a given metal/metalloid, and hence to

confidently discriminate its sources, a common practice is to

calculate enrichment factors, which can be defined as the ratio

between the sample concentration of a metal/metalloid and its

natural background concentration.31 In general authors refer to

world average values of elements in shales and/or crustal

composition for the determination of anthropogenic enrich-

ments. Yet the nature of our data which are representative of

local geology (natural background levels) could mislead the
Fig. 2 Principal component analysis plot of arsenic, manganese, %

organic matter (LOI) and major sediment mineral components. The plot

shows correlation between the elements and principal components in the

projection of principal components 1, 2 and 1, 3. PC1 represents the

component explaining arsenic origin. Elements with prefix s or w repre-

sent sediment and water, respectively.

This journal is ª The Royal Society of Chemistry 2009



interpretation. To overcome this difficulty we reported arsenic

concentrations with reference to aluminium, which is

a commonly used background normaliser.32 The relatively

constant distribution of aluminium oxide in the sediments from

our dataset (Al %SD ¼ 12.6) meant it is a better suited estimator

of natural metal enrichment than using literature reference

values. The level by which surface sediments were enriched by

arsenic was therefore estimated as the ratio of its measured

concentration to that of aluminium oxide level at each location.

On average, the enrichment of the sediments with arsenic in

Piedrafita cirque was about 3.8 (�3 SD) folds compared with the

lowest (baseline) level as predicted by aluminium. The plots of

arsenic enrichment at each site (Fig. 3) show three significantly

different levels of enrichment (ANOVA F ¼ 86.5, p < 0.01) in

Piedrafita cirque. A relatively low enrichment level was recorded

in sites generally from the northern slopes of the cirque, which is

dominated by the ‘‘Panticosa–Cauterets’’ granitic bedrock

(Fig. 1). Whilst this arsenic enrichment was significantly less than

that found in the rest of the areas, its concentrations were still

significantly above the average arsenic concentration in granite

of 1.3 mg kg�1 at most locations.24 This suggests a relatively high

background arsenic content in granite at these sites. A markedly

higher enrichment level, of up to about 6–10 folds, was recorded

on the locations receiving sediments from the southernmost

slopes of the cirque (Fig. 3). This area has high presence of ‘‘Sia

serie’’ slate, quartzite and limestone materials (Fig. 1). Arsenic is

commonly known to be a guide element of slate/shale rocks or

their sulfide minerals such as pyrite, realgar and orpiment.24,33
Fig. 3 Variation in enrichment with natural arsenic (As normalised to Al

Piedrafita cirque. Numbers represent sampling locations and enrichment v

enrichment levels to areas with different geology of the cirque.

This journal is ª The Royal Society of Chemistry 2009
Weathering of these rock types could therefore be the primary

source for relatively high arsenic enrichment of the sediments at

these locations. Finally, an intermediary level of arsenic enrich-

ment, of about 3–6 folds, was recorded in sites in the axial

contact valley collecting sediments from both the northern

plutonic granite and the southern, metamorphic side of Pie-

drafita cirque (i.e. low and high arsenic areas, respectively, Fig. 3

and Fig. 1).

It is also important to mention that most high enrichment

levels in sediments are from upstream locations of the cirque, and

their values generally decreased downstream (Fig. 3). A clear

example is Llena Cantal Lake and its output stream from the

south side of the cirque (i.e. locations 22, 24, 25 and 26, Fig. 3).

This group of sites is characterised by relatively high sediment As

enrichment. The mineral components with a strong influence

here are Fe2O3, TiO2 and possibly MnO2 as indicated by the

association of Mn in the PCA plot (Fig. 2). This clearly shows

a spatial distribution of sediment arsenic enrichment with the

source being concentrated in the headwaters, especially from the

southernmost slopes of Piedrafita cirque (Fig. 1). The general

decrease of arsenic enrichment along the stream courses implies

that arsenic-rich sediments are mobilised/transported from

localised sources into the cirque and follow a progressive dilution

by mixing with sediments from adjacent areas downstream. This

assumption is also supported by relatively lower enrichment

levels calculated for the Lake Respomuso bed sediments

(locations 11 and 30, Fig. 3) as well as the enrichment level of

1.84 calculated for the upper sediments (<5 cm) of a core
2O3, mg kg�1) of sediments along the different stream courses/lakes of

alues (in brackets). The embedded graph shows the association of As

J. Environ. Monit., 2009, 11, 1973–1981 | 1977



Fig. 4 (a) Classification of sediment sampling locations according to the

hazard quotient (HQ). HQ is expressed as a ratio between sediment

arsenic concentrations and the probable effect level (PEL) value, as given

by Smith et al.36 The locations are as in Fig. 1. Bu and AL represent Bubal

Lake and Aguas Limpias stream, respectively, both downstream

Respomuso reservoir. Sites with HQ > 5 from the south side of the basin

are enclosed. (b) Arsenic concentrations in water at sampled locations.

The lines across the plot represent the current WHO guide value for

arsenic in drinking water and the Canadian guide value for the protection

of aquatic life. Locations from the south slopes which exceed these guide

values are enclosed.
collected from the central part of the same lake in 2002 (not

shown in map). This also suggests that arsenic association with

fine grain sediments and its transportation through sediment

sorting downstream may be relatively limited in the studied area

and may be governed by the shallow and rapid nature of the

streams in this relatively small catchment.

Aluminium has been largely used as normaliser element for the

prediction of background values of trace elements from which

anthropogenic enrichments are calculated.32,34 The lack of metal–

Al relationship shown by our results suggests, however, that

alternative elements, such as titanium (Fig. 2), may be a better

estimator of anthropogenic enrichment in areas of complex

geology.

Hazard quotient assessment. High background levels of

potentially toxic trace elements (e.g. As, Cd) in sediment may

pose risk to the aquatic ecosystem and its biota and they could

also be released into the overlying water column. Although little

is known about the degree of risk of major contaminants such as

arsenic at high altitudes, a preliminary insight of its relative risk

is attempted in this section. Relative risk to benthic fauna due to

sediment condition was evaluated by using the widely used

hazard quotient (HQ) approach. Hazard quotient represents the

ratio of the concentration of a chemical to the concentration at

which no adverse effects of any kind are expected.35 For the

computation of HQs, the arsenic concentration at each site was

divided by the value of probable effect level (PEL) as suggested

by Smith et al.36 The reliability of this guideline has been outlined

by H€ubner et al.37 When HQs are less than one, negligible risks

are expected, while an HQ value exceeding the unity (i.e., 1)

suggests a receptor may be at unacceptable risk. The higher the

hazard quotient is, the more likely that an adverse effect will

occur as a result of exposure to the chemical. HQs greater than 10

suggest a major potential risk.35 This approach is useful in

identifying areas of high or low risk situations.38

The locations with arsenic HQs greater than 1.0 based on

PEL in surface sediments of Piedrafita cirque are displayed in

Fig. 4a. The sites 7, 8, 9 and 10, all located on the granitic half

of the cirque (Fig. 1), had HQs less than unity, which classifies

them as ‘‘lowest priority sites’’. Except these sites, all other

sampled locations exceeded sediment HQ of 1. Lake Respomuso

sediments (i.e. locations 11 and 30) also exceeded the unity

although the northern side of the lake receiving sediments from

granite bedrock (location 11 in Fig. 1) to much lesser extent

(Fig. 4a). Furthermore, a sediment core extracted in 2002 from

Respomuso Lake bed had HQ ¼ 1.9 in the <5 cm sediment

depth (see also Lavilla et al.13). This might indicate a relatively

substantial background risk to benthic biota from arsenic. In

a hot spot area represented by Llena Cantal lake sub-catchment,

at an altitude of �2450 m a.s.l (Fig. 1), the HQ for arsenic

varied from 5 to about 10 (Fig. 4a), being close to the As source

area. In theory this area would be classified as a ‘‘high priority

site’’ with the greatest potential to cause ecological damage. As

the sampled sediments are from well aerated stream/lake

environments, arsenic bioavailability and its potential to cause

biological effects may be further enhanced.39 This is largely

because in highly oxidised sediments, as the metal-binding sites

of particles become saturated the sediment toxicity is likely to

increase.39
1978 | J. Environ. Monit., 2009, 11, 1973–1981
The fairly elevated sediment arsenic in Piedrafita cirque then

raises a question whether this contamination may extend further

downstream. Sediment samples collected during summer 2005 in

Aguas Limpias stream (�9 km downstream Lake Respomuso)

before flowing through the first populated area (Sallent de

G�allego) as well as from Bubal, a reservoir lake �18 km down-

stream (not included in map), showed arsenic HQ of about two

and one, respectively, which is within the HQ range values

recorded inside the cirque (Fig. 4a). This clearly indicates that the

extent to which arsenic enriched sediment transportation from

the source areas and hence the potential biological effects are

likely to be extended beyond the geographical limits of the cir-

que. The major caution in this interpretation resides yet in the
This journal is ª The Royal Society of Chemistry 2009



Table 4 Mean and range As water concentrations in the Respomuso
catchment and other pristine sites across the world (all values are in
mg L�1)

Location As Reference

This studya 3.40 (0.06–14.22)
South Patagonia lakes,

Argentinaa
n.d. to <1.20 Markert et al.45

Lake Ransaren, Swedena 0.18 Salbu and Steinnes46

152 Headwater lakes in
Finlanda

0.08–5.20 Tarvainen et al.47

European tundra lakesa <0.10 to 0.30 Moiseenko and Gashkina48

River water (baseline) 0.83 Vaughan24

a Reference natural concentrations (high altitudes or latitudes).

Fig. 5 Nonparametric regression (distance weighted least squares) fit

line on scatter plot and frequency plots for arsenic in water against

sediment. Spearman r ¼ 0.661, p < 0.01.
potential development of natural tolerance by the benthic biota

to the relatively high background levels.40 Certainly further study

would be required to understand the pathways and the effects of

arsenic bioaccumulation at these altitudes.

3.2 Potential contribution of arsenic by snow

While the analysis of arsenic enrichment showed localised arsenic

sources, it also suggests that atmospheric input of arsenic is not

likely to be significant in the cirque. The 3 snow samples collected

from the remaining snow patches during July 2006 sampling

campaign averaged 0.06 mg As L�1. Furthermore, the 16 fresh

surface and subsurface samples collected during late March 2008

had low levels of As (<0.005 to 0.079 mg As L�1; mean As ¼
0.02 mg L�1). All subsurface snow–arsenic contents are similar to

values reported for other unpolluted sites such as Mt Everest firn

core41 (Table 3), which implies that long range transport of

arsenic contributed by snow in the area must be very limited.

Besides, a positive linear relationship of arsenic with the

manganese in the snow (r2¼ 0.67; p < 0.05) suggests arsenic being

largely of crustal origin.44 While these preliminary data may be

limited to make a general conclusion, it seems that aerial arsenic

contribution, while low, lies largely on the natural deposition of

weathered lithospheric dust especially during warmer periods

between snow events.

3.3 Relationship between arsenic in sediment and water

Arsenic concentrations in the aquatic phase were generally low,

ranging from 0.06 to 14.22 mg L�1 (Fig. 4b). The Spanish regu-

latory limit as well as the WHO guide value for As in drinking

water is 10 mg L�1, while the Canadian guide value for the

protection of aquatic life is set at 5 mg L�1. The mean As

concentration in the catchment streams and small lakes (Table

4), as well as in the main waterbody, lake Respomuso (locations

11 and 30 in Fig. 1) is well within its limit for drinking water as

well as for its guide value for the protection of aquatic life;

however, the WHO limit was exceeded at site 18 (14.22 mg L�1),

and its concentration at site 19 was close to the limit (Fig. 4b).

Additionally, sites 13, 20 and 25 also exceeded if the Canadian

guide value for the protection of aquatic life is to be considered.

These sites (i.e. 13, 18, 19, 20 and 25) receive runoff from a sub-

catchment on slate–quartzite bedrock from the SE and S slopes

of the cirque, surrounded by the peaks of Gran Facha, Zare and

Forqueta (Fig. 1). This may explain the relatively high As found

in the water, as these rocks are known to host trace elements-

bearing minerals such as pyrite and other sulfides.33 It is plausible
Table 3 Comparison of mean arsenic content (mg L�1) in the snow
samples collected in the Pyrenees with snow from areas of North
America, Europe and Asia

Location As/mg L�1 Reference

This study (July 2006) 0.06 —
This study (March 2008) 0.02 —
Filtered snow near Ni factory,

N Europe
0.02–3.3 Reimann et al.42

Mt Everest, surface snow 0.18 Kang et al.41

Mt Everest, firn core 0.03 Kang et al.41

Arctic Atqasuk, surface snow 0.11 Douglas and Sturm43
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that the presence of skarn deposits (i.e. deposits occurring at the

contact of granites with limestone), rich in As-bearing minerals,

reported in the metamorphic aureole in the area18 may also

account for the relatively high arsenic in the water.

Arsenic in the Respomuso catchment water is generally higher

than the riverine water baseline24 and its concentrations pub-

lished for other pristine sites in Europe, North and South

America (Table 4). This may present risk to local biota. While

atmospheric input of arsenic in the catchment through snow is

fairly low, the PCA provided a strong evidence for arsenic being

largely of geogenic origin, arising mainly from natural weath-

ering of parental rock and the mobilisation of sediment As via

mineralisation processes. Arsenic in water also plotted in the

geogenic group of elements (Fig. 2) indicating its close associa-

tion with arsenic in sediments. A nonparametric Spearman

correlation coefficient (r) showed a positive relationship between

As in the two compartments (r ¼ 0.66, p < 0.01, Fig. 5)

strengthening our hypothesis of arsenic in water being of geo-

genic origin. However, the absence of a well-defined regression fit

line is consistent with our findings of localised As sources along

the stream courses. It is entirely plausible that the geochemical

oxidation of exposed arsenic-bearing sulfides under the oxic

condition of the shallow and highly dynamic streams may be

responsible for the release of arsenic from the sediments/

rocks.49,50 Further research is, however, required to assess the
J. Environ. Monit., 2009, 11, 1973–1981 | 1979



extent and nature of arsenic mobilisation processes which control

its release from the localised sources identified in this study.
4. Conclusions

Clearly, this study has established a baseline dataset of natural

arsenic levels and its distribution in a high altitude environment.

The findings show that the arsenic levels in the Piedrafita cirque

are relatively high compared to other similar high altitude/high

latitude sites.

The As enrichment levels were usually higher in the headwater

sediments than in the lower basin streams and lakes, largely

because the source was found concentrated in the headwater

areas, characterised by quartzite and slate bedrock, which are

known to host consistent amounts of metal-bearing minerals.

The levels of arsenic enrichment in sediments from the southern

side of Piedrafita cirque were significantly higher than those

found in the rest of the area, indicative of consistent natural

contamination in this area.

Arsenic in the sediments constitutes a considerable burden in

the cirque, as its level exceeds the hazard quotient unity for the

protection of aquatic life at most sites. HQ exceeding unity has

also been found in two locations downstream the cirque catch-

ment pointing out to a potential extension of the risk beyond

its borders. The relatively large sediment As store poses

a possible ecological risk, as it could be mobilised due to changes

(e.g. acidity, redox) in the local environment. Further study is

required to assess to what extent the levels of arsenic from

Piedrafita cirque can affect the local biota as well as the human

populations downstream using its water.

The distribution of arsenic and its relationship with other

major elements/components (Mn, TiO2 and Fe2O3) and the

absence of any relationship with the organic matter indicate that

the source of arsenic in the catchment is geogenic. As for the

presence of some high arsenic concentrations in the water, the

results indicate that it most likely resulted from natural weath-

ering from the surrounding metal-rich geology as well as its

mobilisation from arsenic-bearing minerals in the sediments. The

analysis of snow suggests that long range transport/deposition of

arsenic is relatively limited in the area and likely originated in the

weathered dust from within or outside the catchment.
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