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a b s t r a c t

We analysed the spatial and temporal distribution of a selection of pesticides in Alpine glaciers used on
the Po Plain in Northern Italy, near the Alps. By analysing a 102-m ice core taken from the Lys Glacier
(Monte Rosa massif, Italy), we highlight historical contamination from the insecticide chlorpyrifos and
the herbicide terbuthylazine, confirming the role of alpine glaciers as temporal sinks.

In addition, we collected meltwater samples from six glaciers distributed along the Alpine Arc during
the summer of 2016, which showed widespread contamination by pesticides. Overall, chlorpyrifos and
terbuthylazine dominated the contaminant fingerprint of all of the studied glaciers, with contamination
peaks occurring at the beginning of the melting season. This highlights the importance of the medium-
range atmospheric transport of these pesticides in connection with agricultural practices in the areas
beneath the Italian Alps, where they are widely applied.

The release of pesticides in meltwater can lead to potential risks to the aquatic ecosystems of head-
water streams, as we demonstrate for chlorpyrifos. This suggests that the medium-range atmospheric
transport of pesticides should be considered as part of regulations to protect the water quality of these
pristine environments.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Evidence of contamination in alpine regions dates back to the
early 1990s when Calamari et al. (1991) suggested the potential for
high mountains to function as regional “cold traps” for persistent
organic pollutants (POPs). Subsequently, this was confirmed by the
work of Daly and Wania (2005) who highlighted the potential of
mountains to act as regional convergence zones for winds and to
produce “altitudinal fractionation” of POPs. There have been
numerous studies reporting the presence of POPs in snow, upland
lakes, and glacial ice (Villa et al., 2014). In Europe, densely popu-
lated areas occur near Alpine regions and this can favour the input
of contaminants that are less persistent than POPs, but which are
still capable of undergoing regional atmospheric transport (Villa
et al., 2003) over distances of up to a few hundred kilometres
from their source areas. It is a common belief that currently used
pesticides (CUPs) are unlikely to persist in the environment to the
same extent as POPs. Indeed, the present authorisation procedures
e by Charles Wong.
for agricultural pesticides include an evaluation of the risks that
pesticide use poses to non-target organisms living on and at the
edge of fields (European Food and Safety Agency (EFSA), 2013).
However, some CUPs still exhibit noticeable persistence. This is the
case for atrazine, alachlor, metolachlor, chlorpyrifos, diazinon,
disulfoton, and chlorothalonil (Muir et al., 2007). Furthermore, the
continuous use of CUPs can lead to a pseudo-persistency phe-
nomenon (Daughton, 2003; Mackay et al., 2014a). In addition, most
CUPs are water soluble, meaning that they will dissolve in precip-
itation more readily than the hydrophobic pesticides used in the
past. This is particularly relevant for temperate mountainous re-
gions that tend to receive high levels of precipitation, which can
favour the wet deposition of CUPs on glaciers. During recent years,
it has become increasingly apparent that airborne dispersion of
CUPs results in these pesticides entering surface waters and nature
reserves in areas relatively far from their areas of use (Guida et al.,
2018). Recently, monitoring studies have reported the presence of
CUPs in glacier meltwaters of the Italian Alps (Ferrario et al., 2017a)
and in glacial lakes of the Pyrenees (Santolaria et al., 2015).
Consequently, there is a need to improve knowledge regarding the
level of contamination of European Alpine environments and the
potential risks posed to these ecosystems. This is in line with
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Directive 2009/128/EC (European Commission, 2009a) on sustain-
able use of pesticides.

In this study, a spatial and temporal analysis of pesticide
contamination was performed using meltwater samples collected
from six alpine glacial streams and a 102-m ice core (Lys Glacier,
Monte Rosa massif). Moreover, the risk that the contamination
poses for aquatic communities was characterised.

2. Materials and methods

2.1. Sampling area

The sampling sites in the European Alps (Figure S-1 in SI) were
the Lys Glacier (Monte Rosa massif, Western Alps), the Morteratsch
Glacier (Bernina Range of the Bündner Alps, Switzerland), the Forni
Glacier (Ortles-Cevedale Group), the Tuckett Glacier (Brenta
Group), the Presena Glacier (Presenella Group) and the Giogo Alto
Glacier (Palla Bianca-Similaun Group). The sampling dates are re-
ported in the Supplementary Information (SI). In each case, 10-L
glacier meltwater samples were collected in 2016 using pre-
cleaned aluminium cans (5 L and 2.5 L), which were kept in a
cooler box during transport and were stored at �20 �C prior to
analysis.

In July 2003, an ice core was collected from the Lys Glacier by
drilling to a depth of 102m. During the drilling operation, all the ice
waste was retained in a chamber above the core barrel, ensuring
the borehole remained clear. This material (ice chips) was collected
and thermally sealed on-site, and subsequently divided into five
samples. Further details of the ice core drilling operation and dating
are provided in SI.

2.2. Chemical analysis

The selection of pesticides listed in Tables Se1 was based on
previous experience (Villa et al., 2001; Villa et al., 2003; Villa et al.,
2006; Villa et al., 2014; Ferrario et al., 2017a) and the Italian Agri-
cultural Information System sales statistics (SIAN, 2017). Analytical
standards were obtained from Dr. Ehrenstofer GmBH (Augsburg,
Germany) and Sigma-Aldrich (St. Louis, USA), and all solvents were
obtained from Merck (residue analysis grade; Merck Darmstadt,
Germany).

Water and ice chip samples were melted at room temperature,
filtered using a glass-fibre filter (GFF; 0.45 mm,Whatman, England),
and extracted by means of solid-phase extraction (SPE) using
Oasis® hydrophilic-lipophilic balanced (HLB) sorbent (Waters,
USA). The extracts were then eluted (under gravity) with 15mL of
methanol, 20mL of acetone:n-hexane (20:80), and 5mL of acetone.
Extraction from the GFFs was performed using a Soxhlet extractor
with n-hexane for 24 h. The extracts were purified using Supel-
clean™ ENVI-Carb SPE (Supelco, USA) and they were subsequently
eluted (under gravity) with 10mL of n-hexane, 10mL of n-hex-
ane:ethyl acetate (60:40), and 5mL of ethyl acetate.

All extracts, concentrated to 25 mL in n-dodecane containing PCB
30 as the internal standard, were analysed using gas
chromatographyemass spectrometry (GCeMS; Agilent Technolo-
gies, CA, USA) in selected ion monitoring (SIM) mode. Details of the
oven program, MS settings, and detection limits are reported in SI.

2.3. Quality control

Accuracy and precision were evaluated by spiking each sample
with a 10-mL mixture of PCB 40 and PCB 128 from 400 pg/mL stock
solution. With the exception of dichlobenil, recoveries were within
acceptable accuracy limits (Tables Se1). Chlorpyrifos was found in
the blanks (generated by filling pre-cleaned bottles with 1 L of
Milli-Q water in the field), which was corrected for by subtracting
the average value of 50 pg/L.

2.4. Risk characterisation

Risk characterisation was performed using the toxicological
exposure ratio (TER) approach (Eq. (1)):

TER ¼ EC50;i =MEC (1)

where EC50;i is the half-maximal effective concentration for the
most sensitive aquatic non-target species i (Daphnia magna for
insecticides and algae for herbicides), and MEC is the measured
environmental concentration (i.e., the level of exposure). EC50;i
data were gathered from the Pesticide Properties DataBase (PPDB;
Lewis et al., 2016). According to Regulation 1107/2009 (European
Commission, 2009b) for pesticides in the EU market, in the first-
tier risk assessment, acceptable risk is indicated where the TER
is> 100 for D. magna and > 10 for algal organisms.

3. Results

3.1. Pesticides in meltwater samples

Pesticide concentrations detected in the meltwater (the sum of
both the dissolved and sorbed phases) collected from the six Alpine
glaciers are reported in Table 1. Given that there were no replicates
of samples, a certain degree of uncertainty is associated with these
data.

Fig. 1 shows the fingerprints of contamination (Calamari et al.,
1994) for the different sampling sites. Fingerprints were calcu-
lated by considering the relative contribution (%) of each chemical
to the overall level of contamination (i.e., the sum of the measured
contaminant concentrations).

3.1.1. Lys Glacier
Lys Glacier was characterised by the presence of chlorpyrifos

(CPY), terbuthylazine (TBZ), metholachlor/s-metholachlor (MTL),
and chlorpyrifos-methyl (CPY-m) in both the early and late summer
samples. Although the total level of contaminationwas comparable
between the two sampling campaigns, some qualitative differences
were identified in the contamination fingerprints. Indeed, the
metabolite desethyl-terbutylazine (d-TBZ) was below the detection
limit in the meltwater collected during early summer, while it was
the most abundant pollutant during late summer (3.57 ng/L). In
contrast, alachlor (ALA) and atrazine (ATR) were only found in the
sample gathered at the end of June (0.59 ng/L and 0.22 ng/L,
respectively).

3.1.2. Morteratsch Glacier
The contamination fingerprint of the meltwater from Morter-

atsch Glacier, which is located further east, was characterised by
the presence of CPY. Indeed, TBZ was only found in the sample
gathered in July (~0.8 ng/L). Moreover, a remarkable reduction in
CPY concentrations was observed between the beginning and the
end of summer (15.4 ng/L and 6.75 ng/L, respectively).

3.1.3. Forni Glacier
A similar decreasing trend was observed in the meltwater

samples from the Forni Glacier (Table 1), where the CPY concen-
tration was 70 ng/L in early July, approximately 20 ng/L in August,
and approximately 7 ng/L in September and October. In addition to
CPY, which was the most abundant pollutant in all meltwater
samples, MTL, CPY-m, TBZ, and d-TBZ were also detected. Specif-
ically, MTL and CPY-m were detected in the meltwater gathered in



Table 1
CUP concentrations (ng/L) in six studied glaciers. Values represent the sum of concentrations measured in both the dissolved and sorbed phases. Not detected (n.d.) indicates
that the chemical concentration was below the detection limit.

Environmental matrix Date Active ingredients (ng/L)

CPY CPY-m TBZ d-TBZ MTL ALA ATR

Lys Glacier
Meltwater Samples 30/06/2016 3.57 0.27 1.38 n.d. 1.1 0.59 0.22

14/09/2016 1.90 0.46 0.72 3.57 0.86 n.d. n.d.
Morteratsch Glacier

06/07/2016 15.4 n.d. 0.8 n.d. n.d. n.d. n.d.
15/09/2016 6.75 n.d. n.d. n.d. n.d. n.d. n.d.

Forni Glacier
01/07/2016 70.3 1.94 n.d. n.d. 2.19 n.d. n.d.
02/08/2016 20.7 2.56 2.27 n.d. 1.14 n.d. n.d.
16/08/2016 17.9 n.d. 2.46 n.d. n.d. n.d. n.d.
19/09/2016 7.91 n.d. n.d. 3.57 n.d. n.d. n.d.
06/10/2016 6.85 n.d. n.d. 1.21 n.d. n.d. n.d.

Presena Glacier
13/07/2016 9.43 n.d. 2.96 n.d. 4.62 n.d. n.d.
14/09/2016 13.0 n.d. 0.51 4.9 n.d. n.d. n.d.

Tucket Glacier
12/07/2016 8.33 n.d. 1.32 3.22 n.d. n.d. n.d.

Giogo Alto Glacier
11/07/2016 11.7 n.d. n.d. n.d. 6.81 n.d. n.d.
20/09/2016 9.76 n.d. n.d. n.d. 1.48 n.d. n.d.

Lys Glacier
Ice chips 1990e1992 1.31 n.d. 1.09 n.d. n.d. n.d. n.d.

1993e1994 5.50 n.d. 0.9 n.d. n.d. n.d. n.d.
1995e1996 2.29 n.d. 1.33 n.d. n.d. n.d. n.d.
1997e1999 32.8 n.d. 1.1 n.d. n.d. n.d. n.d.
2000e2002 1.11 n.d. 2.17 n.d. n.d. n.d. n.d.

Fig. 1. Contamination fingerprints of six investigated glaciers during early and late summer. Bars represent the concentrations of each pesticide as a percentage of the total
concentrations recorded at each sampling site.

C. Rizzi et al. / Environmental Pollution 248 (2019) 659e666 661
July and early August at concentrations within the range of
1.14e2.19 ng/L and 1.94e2.56 ng/L, respectively. During the same
period, the concentration of CPY-m remained stable, while the
concentration of MTL decreased. TBZ was only found in the August
samples, with the range of 2.27e2.46 ng/L, while its main metab-
olite (d-TBZ) was only recorded in the late summer samples. The
concentration of d-TBZ was within the range of 1.21e3.57 ng/L and
showed a significant decrease between September and October.

3.1.4. Presena Glacier
CPY was the most abundant contaminant in meltwater samples

from the Presena Glacier, with concentrations slightly increasing
during the sampling interval (ranging from 9.43 ng/L to 13.0 ng/L).
The contamination fingerprint for this glacier was also
characterised by the presence ofMTL, TBZ, and d-TBZ. MTLwas only
found in early summer, at a concentration of approximately 2.14 ng/
L. In contrast, TBZ was recorded during both sampling campaigns,
but showed a decreasing trend (from 2.96 ng/L to 0.51 ng/L) that
was counteracted by an increase in its metabolite d-TBZ (4.90 ng/L).

3.1.5. Tuckett Glacier
The metabolite d-TBZ was detected in an early summer sample

from the Tuckett Glacier. In particular, the concentration of d-TBZ
(3.22 ng/L) was significantly higher than TBZ (1.32 ng/L) even
thought CPY was the most abundant pollutant (8.33 ng/L). Water
from the Tuckett ablation stream was not sampled during late
summer because of an absence of surface water during the field
survey.
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3.1.6. Giogo Alto Glacier
This glacier was characterised by the presence of CPY and MTL

during both sampling campaigns. The concentrations of CPY were
within the range of 9.76e11.7 ng/L and remained stable. In contrast,
the concentrations of MTL significantly decreased from 6.81 ng/L to
1.48 ng/L during the same period.

3.2. Pesticides in ice

The pesticide concentrations measured in the ice chip samples
collected on Lys Glacier during the growing season are reported in
Table 1. These samples were characterised by the constant presence
of CPY and TBZ. Other chemicals were always below the detection
limit. Levels of CPY were within the range of 1.31e5.50 ng/L from
1990 to 1996, with concentrations peaking during the period
1997e1999 (up to 32.8 ng/L). Levels then decreased during the
period 2000e2002, returning to their initial values. The levels of
TBZ were approximately 1 ng/L between 1990 and 1999, and nearly
doubled during the period 2000e2002.

3.3. Risk characterisation

Table 2 shows the TERs for the detected compounds. In almost
all cases, the TER was > 100 suggesting an acceptable level of risk.
As the exception, the TERs for CPY ranged from 1.42 (Forni Glacier)
to 52.6 (Lys Glacier), indicating an unacceptable level of risk for
aquatic invertebrates.

4. Discussion

The concentrations of pesticides detected in samples taken from
the six studied glaciers showed different spatial and seasonal pat-
terns. These differences can be explained by agricultural land use
on the Po River plain, the meteorological and geographical char-
acteristics of these Alpine areas, and the physical and chemical
properties of the compounds. In particular, the following aspects
explain the high levels of pesticide within the spring snowpack:

- The greatest quantities of pesticides are used during spring and
summer months on growing crops (Estellano et al., 2015).

- Pesticides can move from the sites where they are applied to the
surrounding environment through drift during application and
during post-application volatilisation from the soil (Taylor,1978;
Ferguson et al., 2014). Transport can occur at high altitudes
because of the elevation of the boundary layer during the warm
Table 2
Aquatic toxicity exposure ratios (TERs) for the most sensitive species (D. magna for insect
indicates that compounds were not detected.

Sampling Area Date Toxicity Exposure Ratio

CPY CPY-m

Lys 30/06/2016 28 2220
14/09/2016 52.6 1300

Morteratsch 06/07/2016 6.48 n.r.
15/09/2016 14.8 n.r.

Forni 01/07/2016 1.42 309
02/08/2016 4.82 234
16/08/2016 5.59 n.r.
19/09/2016 12.6 n.r.
06/10/2016 14.6 n.r.

Presena 13/07/2016 10.6 n.r.
14/09/2016 7.7 n.r.

Tucket 12/07/2016 12 n.r.
Giogo Alto 11/07/2016 8.55 n.r.

20/09/2016 10.2 n.r.
season, which enables the greater mixing of air masses (Ketterer
et al., 2014).

- The meteorological conditions during this season (i.e., more
frequent snowfall events and less wind ablation) result in the
accumulation of a thicker snowpack (Kirchgeorg et al., 2016).

- The higher precipitation amounts in spring (Isotta et al., 2014)
lead to more efficient scavenging of pesticides compared to late
summer, when precipitation is less. Consequently, the spring
snowpack has a higher input of CUPs.

Through these processes, the spring peak in pesticide concen-
trations observed in the meltwater samples results from the
melting of snow deposited on the glacier, while pesticides stored in
the underlying ice were detected during the late summer.

The Forni Glacier samples, which were collected more
frequently during the melting period, are useful for understanding
the release of pesticides from the ice-snow matrix. In these melt-
water samples, after the initial peak during July, we observed a
sudden decrease in pesticide concentrations during the summer
(August) followed by a gradual but continuous decline into autumn,
reaching the lowest detected levels in October.

In general, the discharge of organic contaminants from melting
snow depends on the physical and chemical properties of the
molecules and other factors related to the characteristics of the
snowpack, which can be quite variable from site to site. Limiting the
discussion to the chemical properties, Meyer et al. (2009) reported
that water-soluble organic substances, such as herbicides
belonging to the triazine class, are prevalently released at the
beginning of the melting period, while chemicals that are prefer-
entially sorbed onto particles are often released towards the end of
the melting season. In the following sections, data are discussed in
relation to these considerations for each pesticide compound.
4.1. CPY

CPY can be considered a widespread contaminant that is
detected even in remote environments, such as the Arctic
(Hermanson et al., 2005; Hoferkamp et al., 2010) or mountainous
areas (Hageman et al., 2006; Hageman et al., 2010; Santolaria et al.,
2015; Ferrario et al., 2017a; Guida et al., 2018). As shown in Fig. 1,
CPY dominated the contamination fingerprints of the Alpine gla-
ciers. Indeed, accepting the variable concentrations of CPY in space
and time, this compound was detected in all meltwater samples
collected from the Alpine Arc glaciers during 2016.

The lowest CPY concentrations were detected in the Western
icides and algae for herbicides). Unacceptable risk is shown in bold; n.r. (not at risk)

TBZ d-TBZ MTL ALA ATR

8700 n.r. 39100 16900 86400
16700 39200 50000 n.r. n.r.
15000 n.r. n.r. n.r. n.r.
n.r. n.r. n.r. n.r. n.r.
n.r. n.r. 19600 n.r. n.r.
5290 n.r. 37700 n.r. n.r.
4880 n.r. n.r. n.r. n.r.
n.r. 39200 n.r. n.r. n.r.
n.r. 116000 n.r. n.r. n.r.
4050 n.r. 9310 n.r. n.r.
23500 28600 n.r. n.r. n.r.
9090 43500 n.r. n.r. n.r.
n.r. n.r. 6310 n.r. n.r.
n.r. n.r. 29100 n.r. n.r.
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Alps (Lys Glacier). The concentrations measured during 2016 were
in line with those found in the ice-core, indicating a consistent
trend of contamination for this glacier (with the exception of
1997e1999 when peak concentrations occurred). In contrast, the
highest CPY concentrations were measured in meltwater samples
collected at the Forni Glacier, which peaked during July and then
decreasing during the late summer/autumn months. In all other
glacier meltwater samples collected in the Eastern Alps, CPY con-
centrations were intermediate (ranging from 6.75 ng/L to 20.7 ng/
L). This geographical pattern confirms and broadens the earlier
findings of Ferrario et al. (2017a) from 2014; however, the con-
centrations reported here are generally higher. Variability in the
concentrations of CPY has also been reported in samples collected
in the Rocky Mountains (Hageman et al., 2006, 2010). According to
these previous studies, agricultural land use, which can be
considered a proxy for levels of pesticide application, was sug-
gested as being important for explaining the presence and variable
distribution of pesticides at remote sites.

The widespread distribution of CPY throughout the Alpine Arc
can be partially explained by the physical and chemical properties
and half-life of CPY, which influence its potential atmospheric
transport. Mackay et al. (2014b), using the OECD Tool (Wegmann
et al., 2009), produced a simple mass balance model which con-
siders both physical and chemical properties and persistence of
contaminants. Based on this, the calculated characteristic travel
distance (CTD) for CPY is 280e300 km. The CTD can be defined as
the distance travelled by approximately two-thirds of a released
chemical before its deposition and/or transformation.

Other studies have confirmed a CTD of 200e400 km for CPY
(Muir et al., 2004; Hoferkamp et al., 2010; Ferrario et al., 2017a).
This clearly indicates the potential for CPY to travel from the agri-
cultural areas of the Po Valley to the Alps, less than 300 km away.

Previous studies have shown that pollutant emissions from the
Po Valley strongly contribute to their accumulation in glaciers
(Gabrieli et al., 2011; Villa et al., 2014; Kirchgeorg et al., 2016).
Indeed, air masses, mainly originating from the south, favour the
transport of pollutants up into the mountains, where daily cycles of
upslope winds and valley breezes during the warm season
contribute to their atmospheric transport and subsequent
accumulation.

The valleys and foothills of the Eastern Alps are extensively
cultivated to grow fruit trees on which CPY is applied. In the
absence of consumption data for pesticides, sales data (regional
scale) provide a good estimate of the quantities applied to crops.
According to SIAN (2017), which reports sales volumes from1996 to
2012, CPY is among the 10 most-used pesticides in Italy, and shows
an increasing trend (Figure S-2). Regions with the highest use of
CPY, in descending order, are Veneto> Emilia Romagna> Lom-
bardy. The distance of these regions from the investigated glaciers
is compatible with the estimated CTD of CPY. The high emission of
CPY in the Po Valley contributes significantly to the widespread
contamination of Alpine areas, while the variable geographical
distribution of this contaminant might result from regional differ-
ences in its use.

In addition to these geographical trends, seasonal differences
were also observed. For almost all of the investigated glaciers, the
highest concentrations of CPY were measured during early sum-
mer. This pattern was previously highlighted by Ferrario et al.
(2017a) and is related to the melting of the annual snowpack
deposited on the glacier. Short concentration pulses in receiving
water bodies have also been reported as a result of the melting
snowpack (Hageman et al., 2006; Bizzotto et al., 2009; Shahpoury
et al., 2014; Villa et al., 2014).

CPY shows intermediate partitioning properties and thus can be
found in samples both in dissolved form and adsorbed onto
particles. As previously explained, the CPY peak detected at the
beginning of the spring/summer seasonwas likely attributed to the
dissolved CPY fraction, derived from the seasonal melting of the
snowpack. Given its partitioning properties, the consistent pres-
ence of CPY throughout the summer season could be attributed
either to the release of the fraction adsorbed to particles or dis-
solved fraction in melting glacial ice.

The periods during which contaminants are released from snow
and ice in high-altitude zones are critical because melting often
happens when organisms are at a vulnerable stage of development
and during phases of intense biological activity (Meyer and Wania,
2008). Bioconcentration is considered the main chemical uptake
process for macroinvertebrates (Bizzotto et al., 2009; Morselli et al.,
2014) meaning that high concentrations of CPY could represent a
hazard for these organisms.

4.2. CPY-m

Unlike CPY, CPY-m was only found sporadically; CPY-m con-
centrations during 2016 were less than 1 ng/L for the Lys Glacier
and only a few ng/L for the Forni Glacier. The presence of CPY-m in
high mountains has rarely been studied (Guida et al., 2018) and to
the best of our knowledge, the only data available are for Brazilian
mountains where it was present at concentrations less than the
limit of detection which is in contrast to CPY.

The lower application of this compound can be seen in the
pesticide sales data (SIAN, 2017). It also has a low CTD (43 km;
Marino, 2016) that limits its transport potential, which likely ex-
plains its detection only in some areas.

4.3. TBZ and d-TBZ

The concentrations of TBZ ranged from 0.51 ng/L to 2.96 ng/L.
This compound was predominantly detected in those glaciers
nearest to the maize cropping areas of the Po Valley, where this
herbicide is widely applied.

Based on SIAN (2017), TBZ is used extensively in northern Italy,
especially in Lombardy and Veneto (Figure S-3). With a CTD greater
than 150 km (Marino, 2016), TBZ has the capacity to travel from
these regions to more remote alpine sites. Indeed, previous
research has highlighted the potential for the regional-scale at-
mospheric transport of triazines such as TBZ and atrazine (Bossan
et al., 1995). The high solubility of TBZ coupled with high precipi-
tation rates favour its scavenging, thus limiting the potential for
atmospheric transport to more distal Alpine glaciers, such as the
Giogo Alto Glacier, as previously observed by Petit et al. (1997) and
Ferrario et al. (2017a).

As shown in Fig. 1, spatial and temporal differences in the con-
centrations of TBZ were also observed. The highest values for TBZ
were detected at the beginning of the summer season. As previ-
ously described, water-soluble chemicals are usually washed out
early in the melting season. Meyer et al. (2009) confirmed this for
atrazine by demonstrating that over half of the compound is dis-
charged within the first quarter of released meltwater. Because
atrazine is also a Cl-triazine, we can assume similar behaviour for
TBZ.

A strong reduction in the concentration of TBZ was observed
during late summer. In contrast, d-TBZ was the second most
abundant chemical during late summer, with concentrations
reaching 4 ng/L. The formation of d-TBZ results from the degrada-
tion of its parent compound as facilitated by bacteria (Barra
Caracciolo et al., 2001). This biotransformation could occur on the
glaciers themselves by means of supraglacial bacteria in cryoconite
holes, which are considered themost biologically active ecosystems
on glaciers (Ferrario et al., 2017b). Conversely, transformation
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might occur in agricultural fields post-application followed by re-
volatilisation and transport to the glaciers.

4.4. MTL

MTL was found in meltwater samples from four of the six
studied glaciers (the Lys, Forni, Presena, and Giogo Alto glaciers) at
concentrations ranging from 0.86 ng/L to 6.81 ng/L. Based on the
average annual sales volume (SIAN, 2017), MTL is widely used in
northern Italy, particularly in Lombardy and Veneto. Sales data also
show that the volumes of MTL sold in these regions are similar to
TBZ. In fact, the two herbicides are usually used on maize crops as a
mixture at a ratio of 1:1; the concentrations of these two com-
pounds in meltwater samples approximated a ratio of 1 (ranging
from 0.6 to 2). For this reason, a common origin for these con-
taminants can be assumed.

The highest concentrations of MTL were detected for the Giogo
Alto Glacier in July; however, TBZ was not detected on this glacier.
This probably excludes the dual application of MTL and TBZ on
maize in the Po Valley as the emission source. In addition to its use
on maize when mixed with TBZ, sales data processed by the Aus-
trian Agency for Health and Food Safety (Austrian Agency for
Health and Food Safety (AGES), 2012) show that MTL is also
applied on rapeseed, which might therefore represent an alterna-
tive source.

4.5. Other herbicides

Alachlor and atrazine were only detected in the meltwater
sample gathered at the end of June from the Lys Glacier (at con-
centrations of 0.59 ng/L and 0.22 ng/L, respectively). The use of
these herbicides is now forbidden in Europe, meaning their pres-
ence in meltwater probably reflects their past use. Specifically,
atrazine has been banned in Italy since the 1990s and in the EU
since 2003, while alachlor was banned across Europe in 2006.

4.6. Historical trends

The analysis of ice chips collected from the Lys Glacier showed
that the main contaminants across all years were CPY (concentra-
tions ranging from 1 ng/L to 32 ng/L) and TBZ (concentrations
ranging from1 ng/L to 2 ng/L). This finding can be interpreted based
on the historical regional use of these two pesticides (Fig. 2),
particularly in Lombardy and Piedmont, which are the two regions
closest to the sampling site andwhere the local air masses originate
(Gabrieli et al., 2011).

A comparison of CPY and TBZ concentrations found in the ice
samples and sales information shows that the concentration peaks
Fig. 2. Concentrations of pesticides in ice chips and sales
correspond to a marked increase in sales; according to SIAN (2017),
the average annual sales volume of CPY from 1996 to 2002 was 64
tonnes in Piedmont, peaking at 380 tonnes in 1999, and 23 tonnes
in Lombardy. The peak in the sales during 1999 in Piedmont
mirrored an increase in the concentrations of CPY in ice during the
period 1997e1999.

TBZ has been intensively used for many years in the Po Valley,
particularly following the ban of atrazine in 1990 (Bozzo et al.,
2013), and it remains one of the most widely used pesticides in
the Lombardy region. The average annual TBZ sales in Lombardy for
the period 1996e2002 was 392 tonnes (SIAN, 2017). Sales peaked
during 2002, reaching 1727 tonnes, reflected in a doubling of the
concentrations found in the samples. Based on this, we hypothesise
that the intense local use of TBZ on maize cropsdthe major crop
type in the entire Po Valleydis mainly responsible for the
contamination of ice in the study area.

Surprisingly, despite the intensive use of MTL in the Lombardy
region and in Piedmont, and its presence inmeltwater samples, this
herbicide was not detected in the ice samples. Indeed, MTL has
been intensively used worldwide since the 1990s, taking the place
of atrazine in European maize cultivation. It is among the most
applied pesticide in the Po Valley, with average annual sales of 207
tonnes in Lombardy and 78 tonnes in Piedmontdquantities that
are very similar to TBZ. In contrast, the apparent absence of ALA,
ATR, and CPY-m in the ice samples is likely attributable to the low
volume of the melted ice and/or the very limited sales volumes
(and thus application) of these compounds.
4.7. Environmental risk assessment

As reported in Section 3.3, TERs for CPY indicated an unac-
ceptable level of risk for aquatic organisms living in the streams fed
by the studied glaciers. This assessment does not substantially
change if a different approach is taken based on toxicity data and
species sensitivity distributions (SSDs). As specified in Giddings
et al. (2014), the hazardous concentration of CPY for five percent
of crustacean and insect species (HC5) is 34 ng/L and 87 ng/L,
respectively. According to European Chemicals Agency (ECHA)
procedures, when the SSD approach is applied, the trigger value can
be lowered to 5. With a few exceptions, the HC5/MEC ratios were
always below this threshold for D. magna and, in many cases, for
insects. For example, for the Forni Glacier, this ratio was constantly
less than 5 for D. magna between July to October, as was frequently
the case for insects, indicating some general risk to aquatic
invertebrates.

The potential recovery of aquatic invertebrates exposed to CPY is
strongly dependent on the time intervals between exposure
events; the longer the period between exposures, the greater
volumes of CPY and TBZ in Piedmont and Lombardy.
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degree of detoxification and excretion of CPY can occur. Indeed,
Giddings et al. (2014) indicated that the recovery time of the target
enzyme AChE ranges between 1 and 7 days. Based on the risk ratios
for the Forni Glacier, the probability of recovery for invertebrates is
significantly reduced. This is supported by Morselli et al. (2014)
who modelled the release of contaminants from glaciers on an
hourly basis and highlighted that the discharge of pollutants occurs
continuously during the melting season.

According to Clements et al. (2012), the structure of commu-
nities naturally varies along environmental gradients and, conse-
quently, their responses to chemical stressors may be equally
variable. Specifically, these authors stressed that the structure and
composition of macroinvertebrate communities naturally vary
from headwater streams to larger rivers, and suggested that
headwater communities are more sensitive than those in higher-
order reaches. These differences may reflect the preadaptation of
communities in naturally disturbed and highly variable environ-
ments (Rapport, 1995), including higher-order river reaches where
pesticides are typically applied for agriculture. On this basis, while
water quality in lowland rivers may recover from pollution events
over a relatively short period of time, recovery in headwater
streams may require a much longer period.

In the EU, the evaluation of the fate of pesticides in the air fol-
lows the FOCUS AIR guidelines (FOCUS, 2008). Although atmo-
spheric transport distances for pesticides are defined (short-range:
< 1 km;medium-range: 1e1000 km; long-range:> 1000 km), these
guidelines provide no suggestions for evaluating exposure via the
medium-range atmospheric transport (MRAT) processes that are
most relevant to this study. This limitation is acknowledged by the
FOCUS AIR working group, which suggests that more research is
required on MRAT to inform future toxicology exposure
assessments.

5. Conclusions

The occurrence of pesticides in Alpine glaciers supports the
hypothesis that seemingly pristine areas are subject to the accu-
mulation of contaminants originating from agricultural areas, and
that this poses potential risks to high-altitude aquatic ecosystems.
For the glacier environments studied here, we found that CPY
exceeded the acceptable risk threshold during the melting season.
This suggests that MRAT processes should be considered in EU
regulations for pesticides to protect the water quality of alpine
aquatic communities. Indeed, our results reinforce the conclusions
of the FOCUS AIR working group, highlighting the lack of tools
available for the full evaluation of pesticide exposure in alpine
environments.
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