
Environmental
Science
Processes & Impacts

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
fe

br
uá

ra
 2

02
3.

 D
ow

nl
oa

de
d 

on
 4

.1
1.

20
25

 0
:4

4:
14

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Arsenic in Lake G
aDepartment F.-A. Forel for Environmental a

Boulevard Carl-Vogt 66, CH-1205 Geneva,

unige.ch; Sebastian.Wey@etu.unige.ch; jean
bInstitute of Analytical Chemistry of the Czec

Brno, Czech Republic. E-mail: matousek@bi
cService de l’écologie de l’Eau, Geneva, Switze
dMuseo Nacional de Ciencias Naturales, CS

Spain. E-mail: jcmurillo@mncn.csic.es

† Electronic supplementary informa
https://doi.org/10.1039/d2em00431c

Cite this: Environ. Sci.: Processes
Impacts, 2023, 25, 850

Received 23rd October 2022
Accepted 1st February 2023

DOI: 10.1039/d2em00431c

rsc.li/espi

850 | Environ. Sci.: Processes Impac
eneva (Switzerland, France): long
term monitoring, and redox and methylation
speciation in an As unpolluted, oligo-mesotrophic
lake†

Montserrat Filella, *a Sebastian Wey,a Tomáš Matoušek, b Mathieu Coster,c

Juan-Carlos Rodŕıguez-Murillo d and Jean-Luc Loizeau a

Arsenic speciation was followed monthly along the spring productivity period (January–June 2021) in the

Petit Lac (76 m deep) and in April and June 2021 in the Grand Lac (309.7 m deep) of Lake Geneva

(Switzerland/France). Lake Geneva is presently an oligo-mesotrophic lake, and As-unpolluted. The water

column never becomes anoxic but the oxygen saturation at the bottom of the Grand Lac is now below

30% owing to lack of water column mixing since 2012. Thus, this lake offers excellent conditions to

study As behaviour in an unpolluted, oxic freshwater body. The following ‘dissolved’ As species: iAs(III),

iAs(III + V), MA(III), MA(III + V), DMA(III + V), and TMAO were analysed by HG-CT-ICP-MS/MS. Water column

measurements were complemented with occasional sampling in the main rivers feeding the lake and in

the interstitial waters of a sediment core. The presence of MA(III) and TMAO and the predominance of

iAs(V) in lake and river samples has been confirmed as well as the key role of algae in the formation of

organic species. While the total ‘dissolved’ As concentrations showed nearly vertical profiles in the Petit

Lac, As concentrations steadily increase at deeper depths in the Grand Lac due to the lack of mixing and

build up in bottom waters. The evaluation of 25 years of monthly data of ‘dissolved’ As concentrations

showed no significant temporal trends between 1997 and 2021. The observed seasonal character of the

‘dissolved’ As along this period coincides with a lack of seasonality in As mass inventories, pointing to

a seasonal internal cycling of As species in the water column with exchanges between the ‘dissolved’

and ‘particulate’ (i.e., algae) fractions.
Environmental signicance

The presence and fate of arsenic in aquatic environments have been widely studied, but its chemical speciation and cycling in lakes have received relatively little
attention so far. Moreover, most of the lakes studied were shallow, eutrophic, and heavily polluted with arsenic. The present study investigates the behaviour of
arsenic in a natural environment at background concentrations, thus providing a basis to better assess the fate of this element in polluted environments. To this
end, we carefully applied state-of-the-art analytical techniques to the waters of a deep, oligo-mesotrophic, arsenic unpolluted lake that never becomes anoxic.
Collected data on the speciation of arsenic each month during the spring productivity period show that the production and presence of reduced and methylated
As species are mainly biota related. In addition, the availability of 25 years of monthly data on arsenic concentrations in this lake allows us to contextualize our
ndings and provides additional insight into the behaviour of arsenic.
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Introduction

Arsenic (As) is among the trace elements receiving the most
public and scientic attention mainly because of its occurrence
in contaminated groundwater and association with human
health problems. Even though the toxicity of As has been known
for a long time,1 the massive pollution of drinking water by As in
Bangladesh, where as many as 35–50 million people were
exposed to toxic levels,2,3 put As pollution on the environmental
agenda. Moreover, the problem is not restricted to Bangladesh
but is widespread across the planet.4
This journal is © The Royal Society of Chemistry 2023
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Natural sources of environmental As include volcanism,
hydrothermal activity, and weathering of rocks that contain As-
bearing minerals. Anthropogenic activities such as ore smelt-
ing, fossil fuel combustion, and the use of agricultural chem-
icals are also sources of As in the environment. Geogenic As
contamination of groundwater rather than pollution linked to
the intentional use of the element or to the exploitation of other
chemical elements is the largest public health issue for As.

Arsenic can exist in four oxidation states: As(−III), As(0),
As(III), and As(V). Elemental As is rare and traces of arsines have
been detected only in gases released from anoxic systems.5 In
aqueous solutions, As is predominantly found in oxidation
states III and V. Trivalent inorganic As, iAs(III), is in the form of
As(OH)3 over the whole environmental pH range, and iAs(V) as
H2AsO4

− and HAsO4
2−, depending on the water pH (pK 7.03,

http://jess.murdoch.edu.au/jess_home.htm). The thermody-
namically stable form of As in oxygenated water is iAs(V)
and, thus, negligible concentrations of the reduced form
should be present in oxic waters. In practice, however,
although iAs(V) is the dominant species, iAs(III) is always
present. The redox speciation of As has also been found to be
far from thermodynamic equilibrium in anoxic and suldic
environments.6 Arsenic speciation determines the solubility
and the mobility of inorganic As. In the aquatic environment,
iAs(V) and iAs(III) show different behaviours: iAs(V) has
a higher tendency than iAs(III) to be adsorbed onto the surface
of minerals and, therefore, the mobility of iAs(V) in natural
water is constrained, leaving iAs(III) as the more mobile As
oxyanion.7 It is widely accepted that As speciation in surface
waters is linked to photosynthetic activity6 and that
consecutive steps of As(V) reduction to As(III) and oxidative
methylation by cells is a detoxication mechanism
widespread in bacteria,8 algae,9,10 mammals,11,12 etc., with As(V)
probably entering cells by following phosphate pathways due
to structural similarities between the compounds.

Arsenic is also extensively present as an organometallic
species in natural waters. Commonly detected methylated
species in aqueous environments include methylarsonate
(MA(V)), dimethylarsinate (DMA(V)), and trimethylarsine oxide
(TMAO). Methylated As(III) species include methylarsonite
(MA(III)) and dimethylarsinite (DMA(III)). The terms we use for
the various As compounds can be found in Table SI1† 13 and in
the abbreviation list. The presence of these compounds is
linked to the toxicity of inorganic As that makes algae undergo
different processes to reduce As toxicity, including As(V)
reduction, methylation, transformation into arsenosugars or
arsenolipids, chelation of As(III) with glutathione and phy-
tochelatins, as well as excretion from cells.14

Even if the presence and fate of As in the environment have
been extensively studied, its behaviour in lakes has compara-
tively received scant attention. Published studies are summa-
rized in Table 1. Previously studied lakes were generally shallow,
eutrophic and polluted by As, and the number of sampling
campaigns was generally low and sampling frequency limited.
In this study, with the general objectives of (i) improving our
understanding of As cycling in freshwaters by expanding the
type of freshwater bodies studied, and (ii) evaluating the impact
This journal is © The Royal Society of Chemistry 2023
of aspects such as sampling frequency and the meaning and
quality of analytical data used on the results obtained, we have
mainly focused on two aspects: (i) tracking As speciation along
the spring productivity period in an oligo-mesotrophic, As-
unpolluted lake, and (ii) analyzing the temporal trends of As
concentrations in the lake thanks to the existence of 25 years of
monthly data of ‘dissolved’ As concentrations – rather
uncommon information.

Materials and methods
Study site

Lake Geneva is a freshwater lake of glacial origin on the border
of Switzerland and France. With a surface area of 580.1 km2 and
a volume of 89 km3,29 it is among the biggest freshwater lakes in
Central Europe. The lake is oen considered to consist of two
parts (Fig. 1): the Petit Lac, that represents a relatively shallow
part of smaller surface area to the west (max. depth: 76 m and
14% of the surface area), and the Grand Lac, that constitutes the
major part in terms of water surface and volume (max. depth:
309.7 m and 96% of the volume). The lake water residence time
is 11.3 years.29 Lake Geneva's catchment area includes some of
the highest summits in the Alps and covers almost 8000 km2.
The main characteristics of the lake and its watershed are
summarised in Table SI2†.

Lake Geneva has a monomictic regime with infrequent
complete overturns in recent decades. Aer the last entire
mixing of the water column in 2012, mixing in the Grand Lac
has been limited to the upper layer (∼130–150 m depth), pre-
venting oxygen from reaching the lake bottom through mixing,
i.e., oxygen concentrations at the bottom never exceeded 4 mg L−1

during the entire year aer 2016 and sediments remained poorly
oxygenated.29 The Petit Lac mixes entirely once a year, and the
build up of anoxia has never been observed.

Lake Geneva undergoes regular physicochemical, biological
and micropollutant monitoring. Samples across the water
column are taken once a month in the Petit Lac at sampling site
GE3 (6.2197° E/46.2994° N) by the Service de l'Écologie de l'Eau
of the Canton of Geneva (SECOE), Switzerland. Similar analyses
are conducted at least once a month at the sampling location
SHL2 (6.5887° E/46.4527° N), which corresponds to the deepest
point of the lake.29

The phytoplankton community in Lake Geneva shows
a seasonal pattern.30 In early spring, a rst phytoplankton
bloom is followed by an increasing zooplankton community
that exerts heavy grazing pressure on the phytoplankton. This
pattern leads to a clear water phase which usually occurs in
June. However, global warming seems to make this phenom-
enon appear earlier and, in recent years, the clear water phase
has been observed earlier in the season.30

Lake Geneva is fed by more than 60 rivers and streams. All
tributaries longer than 10 km are listed in Table SI3.† Most
incoming water (73%) enters the lake via the River Rhone to the
east. The Rhone River has a glacial-nival regime with high ows
in late spring and summer; water discharge values for the
period 1935–2019 and for 2021 are shown in Fig. SI1.† Four
other tributaries were sampled (Aubonne, Dranse, Venoge, and
Environ. Sci.: Processes Impacts, 2023, 25, 850–869 | 851
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Fig. 1 Lake Geneva (Switzerland/France) with sampling locations for rivers, lake and sediments.
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Versoix) in this study. Their regimes are pluvial with the highest
discharge observed during winter and spring.

Sampling

Lake water. Sampling sites are shown in Fig. 1. Water
samples through the water column were collected monthly
(intervals of 21–35 days) between January and June 2021 at
sampling site GE3. Water samples were taken at ten depths (0,
2.5, 5, 7.5, 10, 15, 20, 30, 50, and 65 m). At SHL2, samples were
taken on 20 April and 14 June 2021 at 13 different depths (0, 5,
10, 15, 20, 25, 30, 35, 50, 100, 150, 200, and 300 m).

Lake water samples were collected with Niskin bottles. Lake
water samples at GE3 were transferred into 125 mL HDPE asks
(Nalgene) and stored refrigerated until further treatment. The
asks were cleaned with acid (1% HNO3) for at least one day,
followed by incubation with Milli-Q water for at least another
day. The asks were further rinsed with lake water from the
corresponding depth before water sampling. Lake water
samples at SHL2 were transferred from the Niskin bottle into
a glass beaker and immediately treated on site. In both cases, 15
mL was ltered using polyethersulfone (PES) lters of pore-size
0.20 mm and single-use syringes (HSWHenke-Ject). The samples
were transferred into trace metal free centrifuge tubes (VWR)
and 150 mL 0.2 M EDTA solution was added per 15 mL sample.
The samples were refrigerated with cooling elements during the
transfer from Geneva to Prague, where speciation analysis was
carried out, and stored at 4 °C aer arrival. Analyses for TMAO,
MA(III) and iAs(III) were performed within 2–10 days from
sampling. Analyses for iAs(III + V), MA(III + V) and DMA(III + V)
were carried out within 3–13 days from sampling. Tests on
preservation andmatrix effects were performed in January 2021,
before the rst lake sampling campaign. The preservation of
ltered samples (0.20 mm) stabilized by 2 mM EDTA and stored
at 4 °C was veried by repeated analyses.
This journal is © The Royal Society of Chemistry 2023
River water. Five tributaries (Rhone, Venoge, Aubonne, Ver-
soix, and Dranse) were sampled from 15–16 April and 22–23
June 2021. Location of the sampling points is given in Fig. 1 and
coordinates are given in Table SI4.† River water samples were
drawn using typical household buckets and treated in the same
manner as lake water samples immediately aer collection.

Sediment pore water. Surface sediment cores were taken on
12 July 2021 at sampling locations C1 (6.2276° E/46.3052° N), C2
(6.2201° E/46.2971° N) and C3 (6.2123° E/46.2888° N), all at
water depths higher than 65 m (Fig. 1). Sediment cores were
taken with a gravity Uwitec-corer (Uwitec, Austria). Holes were
drilled in the PVC coring tubes at distances of 1.5 cm prior to
sampling. Subsequent pore water extraction was carried out
using a Rhizon core solution sampler 5 cm with a membrane
pore size of 0.12–0.18 mm from Rhizosphere Research Products
(Fig. SI2†). Pore water samples were taken at approximately 1, 4,
and 7 cm sediment depth. The surface sediment sample was of
brownish colour, and it can be assumed that it was oxygenated.
The pore water sample at 7 cm depth was taken from the core
where the sediment was coloured black, suggesting reducing
conditions. An additional water sample was taken directly above
the sediment–water interface (supernatant). Aer extraction, 3
mL of pore water followed the treatment described above.

Previous sedimentological studies showed that surface
sediments at this location consist mainly of silts, with 45%
carbonates and 9% organic matter.31

Analysis

Total ‘dissolved’ arsenic. Total ‘dissolved’ As concentrations
(Astot,dis) were measured in all samples by inductively coupled
plasma mass spectrometry (ICP-MS). Analyses of Astot,dis at
sampling site GE3 were carried out as part of the lake moni-
toring by the SECOE with an ICP-MS Agilent 7900 in high energy
He mode. The samples taken in June 2021 at SHL2 and during
Environ. Sci.: Processes Impacts, 2023, 25, 850–869 | 853
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the second river sampling campaign were analysed at the
Institute of Analytical Chemistry of the Czech Academy of
Sciences, Prague, with an ICP-MS/MS Agilent 8900 in O2-mode
(+16 mass shi). River samples collected in April 2021 and all
samples from the sampling campaign at SHL2 on 20 April 2021
were analysed at EPFL, Lausanne (ICP-MS/MS Agilent 8900).

Concentrations of Astot,dis are available at site GE3 from 1997
and are used in this study to evaluate temporal trends. The
concentrations were measured by ICP-MS on a Fisons PQ2+
before 2006, on a Thermo-Fisher X7 II from 2006 to 2015, and
with an ICP-MS Agilent 7900 in high energy Hemode since 2015
at SECOE. The analytical accuracy was followed by analysing the
certied reference materials (CRM) SLRS-4, SLRS-5 and SLRS-6
(National Research Council Canada). The analytical laboratory
is accredited for the analysis of the trace elements in freshwa-
ters (accreditation number: STS245; ISO norm 17 025).

Arsenic speciation. For full details of the analytical method
description and validation see Section SI1†. Analysis of inor-
ganic and methylated As species was conducted following the
method described in Matoušek et al. (2013),32 Garćıa-Figueroa
et al. (2021) 33 and Filella and Matoušek (2022) 34 by hydride
generation (HG) followed by cryotrapping (CT) in a U-tube
under liquid nitrogen. Detection was performed by ICP-MS/MS.
The analysed species were iAs(III), iAs(III + V), MA(III), MA(III + V),
DMA(III + V) and TMAO. The methylated species were identied
based on the production of different methyl substituted
hydrides upon HG and their collection and separation in
a cryotrap where generated arsanes are collected and then
released sequentially according to their boiling points. The
determination of the oxidation state of individual species was
based on the selective generation of trivalent species at pH 6.
iAs(III), MA(III) and TMAO were determined from one aliquot
while the analysis of a second one, pre-reduced with L-cysteine,
gave iAs(III + V), MA(III + V), and DMA(III + V).35 The complete HG-
CT-ICP MS/MS parameters are shown in Table SI5†.

For each series of As speciation analysis, a certied river
water sample (SLRS-6) from the National Research Council of
Canada was included as a quality control.

Other data

Monthly ancillary data (e.g., temperature, pH, conductivity,
concentrations of oxygen, nutrients, and various metals, and
phytoplankton counting) for location GE3 were provided by
SECOE. They cover the period January 1997–December 2021.
The analytical instruments used for metal analyses were
changed twice since 1997. Analyses were performed by ICP-MS
on a Fisons PQ2+ before 2006 and on a Thermo-Fisher X7 II
from 2006 to 2015. Since 2015, concentrations are measured on
an Agilent 7900. Ancillary data for sampling location SHL2 and
ancillary data for sampling location SHL2 were provided by
CARRTEL (Alpine Center for research on trophic networks and
limnic ecosystems), France.

Time series data statistical treatment

Non-parametric methods are required to analyse temporal
trends of trace element concentrations in water because data do
854 | Environ. Sci.: Processes Impacts, 2023, 25, 850–869
not typically follow a normal distribution.36 Thus, temporal
trends can be studied by applying Mann–Kendall (MK) or
seasonal Mann–Kendall (SMK) methods,37,38 depending on the
presence or absence of seasonality in the data. The statistical
signicance of the trends is obtained in MK methods by
applying the Z-statistic test of the sum of signs of the differences
between every pair of values; Z shows a normal distribution, and
therefore, the statistical signicance of the temporal trend can
be evaluated by using the p value. The Kruskall–Wallis test of
equal medians for the data classied by depth and month is
used to test for seasonality.

Fourier power spectra of concentration time series have also
been calculated to conrm seasonality. The REDFIT method
used ts a rst-order autoregressive process (AR(1)) to the
concentration time series to calculate the Fourier spectrum.39

The 95% condence limit of that spectrum is obtained with
a Monte Carlo calculation. Spectral peaks above that condence
limit are considered as statistically signicant.

Calculation programs used for MK and SMK tests are from
https://www.mathworks.com/matlabcentral/leexchange/
11190-mann-kendalltau-b-with-sensmethod-enhanced/
content/ktaub.m adapted by us. Kruskal–Wallis tests and
REDFIT were performed with PAST.40

Results and discussion
Questions related to analytical methods

Quality issues in the analysis of arsenic species. Under the
experimental conditions used, method LODs were assessed to
be 0.9 and 1.2 ng L−1 for iAs(III) and iAs(III + V), respectively, 0.1
ng L−1 for monomethyl species and TMAO and 0.2 ng L−1 for
DMA(III + V). Values for all species were above the LOD in all
analysed samples, with the exception of MA(III) data in January
and February GE3 proles. The uncertainty of the species
concentration data was better than 4% relative standard devi-
ation (RSD) except for TMAO with 11% RSD (see Section SI1 and
Table SI6†).

Rigorous tests on species stability and sample conservation
were performed prior to analysis. Filtered samples (0.20 mm)
stabilized by 2 mM EDTA addition and storage at 4 °C was
proven a suitable strategy for all species including iAs(III) redox
stability at tens of ng L−1 level for several months. This method
was superior to acidication by HNO3 to pH 1 mainly due to
minor method specic issues related to redox speciation based
on pH selectivity of HG (see Section SI1†).

Great care was taken to verify that the small iAs(III) concen-
tration of few tens of ng L−1 present in practically all samples
was not due to an analytical artefact. However, no iAs(III) was
observed in iAs(V) standards, nor in CRM SLRS-6 (acid
conserved to pH 1.5). Additionally, less than 10 ng L−1 was
found in SHL2 prole samples at depths higher than 100 m. All
these facts makes us believe that the presence of low iAs(III)
concentrations is real.

Due to the limited selectivity of the pH selective HG step, 1%
of ‘apparent’ MA(III) and 6% of ‘apparent’ DMA(III) were gener-
ated from pentavalent forms, and assessed from the slopes of
MA(V) and DMA(V) calibrations without prereduction. In all
This journal is © The Royal Society of Chemistry 2023
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Table 2 Concentrations of total dissolved arsenic (Astot.dis) and arsenic species in river samples. Sampling campaign April 2021. All concen-
trations in ng L−1

River Date Time Astot,dis sumAs iAs(V) iAs(III) MA(III + V) DMA(III + V) TMAO

Rhone 16 April 08:50 1190 1247 973 230 5.9 36,2 2.2
09:50 1151 1139 868 225 5.2 38.6 2.4
10:50 1200
11:50 1166
12:50 1204

Aubonne 16 April 16:20 187 161 110 37.2 0.9 11.7 1.1
Dranse 15 April 09:00 134 116 62.2 42.7 0.9 9.3 0.5
Venoge 16 April 15:20 336 207 118 58.5 3.9 23.1 3.1
Versoix 16 April 17:20 219 158 106 25.7 1.6 23.0 1.4
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analysed samples, the proportion of DMA(III)/DMA(III + V)
observed corresponded to this ratio and DMA(III) is believed to
be absent in the samples, probably because this species is
extremely unstable and easy to oxidize.13,41 On the other hand,
a proportion of MA(III)/MA(III + V) higher than 1% and up to 10%
was observed in samples except in January and February,
sufficient to produce a distinctive prole. Caution should be,
however, taken when interpreting MA(III) data, due to extremely
low concentrations (2 ng L−1 As or below) and potentially
limited redox stability (see Section SI1†).

The sum of the concentrations of all investigated As species
(sumAs), i.e. the sum of iAs(III + V), MA(III + V), DMA(III + V) and
TMAO, in G3 was always lower by 0.1–0.26 mg L−1 As (i.e. 8–24%)
than Astot,dis (Tables SI7 and SI8†); a Kruskal–Wallis test per-
formed on both sumAs and Astot,dis shows that the assumption of
equal means among several months can be refused (p value <
0.0001). SumAs and Astot,dis however, closely followed the shape
of the proles along the season. Even an unexpected concentra-
tion drop in March 2021 was simultaneously observed in both,
sumAs and Astot,dis. Similarly, sumAs concentrations were always
lower than Astot,dis in the Grand Lac (Tables SI9 and SI10†). River
samples showed the same behaviour (Tables 2 and 3) as those
from the lake although differences seem to depend on the river
with, for instance, values tending to agree more in the Rhone
River than in other rivers. Astot,dis and sumAs values agreed well
in sediments (Table SI11†). Both the certied and the measured
values of sumAs were lower in SLRS-6 (Table SI6†) than the
Table 3 Concentrations of total dissolved arsenic (Astot.dis) and arsenic
trations in ng L−1

River Date Time Astot,dis sumAs

Rhone 23 June 08:50 908 879
09:50 767 752
10:50 781 743
11:50 721 713
12:50 762 717

Aubonne 22 June 15:30 299 228
Dranse 22 June 19:00 269 212
Venoge 22 June 14:45 846 672
Versoix 22 June 12:50 295 240

This journal is © The Royal Society of Chemistry 2023
certied Astot,dis of 0.57 ± 0.08 mg L−1, value recently conrmed
by a value of 0.58 ± 0.04 mg L−1.42 Three different laboratories
contributed to the obtained values for Astot,dis and the deviation
from sumAs was similar. Discrepancies between Astot,dis and
sumAs had been attributed in the past to As organic compounds
that are non-hydride reactive species,43–46 but it is unclear how
such species could uniformly be present in all samples and also
explain our observations. This discrepancy has no practical
consequence for the conclusions reached in this study.

Quality issues in total ‘dissolved’ As concentrations: histor-
ical data. Total ‘dissolved’ As concentrations (Astot,dis) for the
period 1997 to 2021 are shown in Fig. 2. Three concentration
zones can be observed that differ in precision and in the range
of concentration values (i.e., median values for each period are
statistically different). Each concentration zone corresponds to
one of the three ICP-MS instruments used during the years to
measure trace element concentrations. The effect of the change
of instruments on measured trace element concentrations has
already been discussed for other chemical elements.47 While
improvement in precision is expected, the observed change in
concentration median values remains difficult to explain. Some
extent of positive error due to isobaric interferences cannot be
excluded in older instruments, especially in the case of the pre-
2006 instrument, a quadrupole ICP-MS without collision cell
technology.

Arsenic concentrations in the second period (in red in Fig. 2)
show a marked decrease around 2011. Plotting As values in
species in river samples. Sampling campaign June 2021. All concen-

iAs(V) iAs(III) MA(III + V) DMA(III + V) TMAO

742 68.2 2.4 64.8 1.2
668 58.6 1.6 22.4 1.2
661 56.4 1.5 22.4 1.3
625 52.3 1.5 24.5 1.2
629 52.5 1.7 32.7 1.2
166 27.8 1.6 31.1 1.3
121 22.8 2.1 64.9 0.9
604 51.0 6.5 30.6 6.4
181 33.4 2.5 20.3 2.5

Environ. Sci.: Processes Impacts, 2023, 25, 850–869 | 855
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Fig. 2 (a) Monthly total ‘dissolved’ arsenic concentrations (Astot,dis) at all sampling depths at sampling site GE3 between 1997 and 2021. Different
colours correspond to different analytical instruments (blue, period one; red, period two; green, period three; see text for details). (b) Same data
with values of the CRM simultaneously measured (Astot CRMm) and relative to their certified values (Astot CRMc) (orange: SLRS-4, certified 0.68±

0.06 mg L−1 As; turquoise: SLRS-5, certified 0.413± 0.039 mg L−1 As). (c) Same data after normalisation by using themedian concentration of each
period.
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CRMs measured at the same time as the samples and normal-
ized to their certied value (Fig. 2b, SLRS-4 in orange, and SLRS-
5 in turquoise) clearly shows that the observed decrease is due
to an analytical artefact and is not caused by lake processes.
Thus, period 2 will be excluded in further analysis of the data.
856 | Environ. Sci.: Processes Impacts, 2023, 25, 850–869
Tracking arsenic along the spring productivity period

Setting the context: physical characteristics of the water
column during the spring productivity period. From January to
March, the Petit Lac was well-mixed and the temperature was
constant across the depth (Fig. 3). The water column at
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Vertical profiles of temperature, percentage of O2 saturation, chlorophyll a, dissolved reactive phosphorus (DRP), and total ‘dissolved’
arsenic, Astotal,dis, concentrations in the Petit Lac (point GE3) from January to June 2021.
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sampling site GE3 started to thermally stratify in April when the
surface temperature was close to 9 °C. In June, the lake was well
stratied with a surface temperature of 18.6 °C and
This journal is © The Royal Society of Chemistry 2023
a thermocline situated at around 13 m. No distinct peak in
chlorophyll a could be detected between January and April
(Fig. 3) with concentrations around or below 1 mg L−1 for the two
Environ. Sci.: Processes Impacts, 2023, 25, 850–869 | 857
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Fig. 4 Monthly change in the biomass of phytoplankton groups at
point G3 from January to November 2021 and corresponding change
of invAstot,dis in the water column. Specific As mass inventories of
Astot,dis were calculated by adding concentrations in layers of a virtual
column of 1 dm2 section area and the height of the corresponding
layer. CON: conjugatophyceae, CHL: chlorophyceae, DIA: diatoms;
XAN: xantophyceae, CHR: chrysophyceae, CRY: cryptophyceae; DIN:
dinophyceae, and CYA: cyanophyceae.
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rst months of the year. During April sampling, the highest
concentrations of chlorophyll a were observed at 14.2 m and
they generally decreased with depth. Concentrations decreased
sharply between April and May. In June, chlorophyll a concentra-
tions peaked at 9.8 m. This peak was followed by a sharp decline
and, similar to May, concentrations approached 0 mg L−1 at the
bottom of the lake. A monthly change in the biomass of the
different phytoplankton groups is shown in Fig. 4. This gure
includes data for the whole year 2021. While the water was evenly
saturated in oxygen across the depth from January to March, it
became oversaturated in April (Fig. 3). In May, surface waters were
slightly oversaturated with oxygen and the onset of oxygen deple-
tion could be observed towards the bottom of the lake. This
tendency was further pronounced in June, with values reaching
144% oxygen saturation at 5 m and 66% at the bottom of the lake.
Dissolved reactive phosphorous (DRP) concentrations in surface
waters were highest in February, with concentrations of 5.5 mg L−1

at the surface (Fig. 3). In March, a drop in concentrations could be
observed with concentrations across the prole approximately
constant (around 2.0 mg L−1). During the following months, DRP
concentrations remained below 3.5 mg L−1 except for the lowest
sampling depth (65 m), where concentrations increased every
month, reaching the highest concentration observed across all
samples of 7.8 mg L−1.

In the Grand Lac, surface water temperatures were higher in
June than in April (Fig. 5). This difference was limited to the
surface layer, since below around 30 m, temperature proles
were reasonably similar between April and June. At the bottom
of the lake, the water temperature was about 6 °C for both
858 | Environ. Sci.: Processes Impacts, 2023, 25, 850–869
months. Chlorophyll a concentrations (Fig. 5) were higher in
April than in June, with peaks observed at about the same depth
(∼12 m). Surface water in June showed the higher oxygen
saturation compared to that in April. Proles of oxygen satu-
ration were relatively similar below 50m, with aminimum value
of less than 30% reached at the bottom of the lake.

Total ‘dissolved’ arsenic proles and mass inventories.
Vertical Astot,dis (and sumAs) concentration proles were
measured from January to June in the Petit Lac (Fig. 3 and
Tables SI7 and SI8†). In March, concentrations weremuch lower
than in February and April. The effect is clearly shown in Fig. 3.
In fact, the concentrations of Astot,dis in March were signi-
cantly different from data from all other months (pairwise
Wilcoxon test, p < 0.01). In the Grand Lac, lower As concentra-
tions were observed in the surface water compared with the
deeper water layers (Fig. 5 and Tables SI9 and SI10†). Concen-
trations increased starting between 100 m and 150 m and
showed a considerable similarity between sampling dates.
While Astot,dis was reasonably constant across the rst 100 m of
the water column on 20 April, a drop in concentration could be
observed at 15 m on the second sampling date, with a subse-
quent recovery back to similar concentrations at further depths.

Specic As mass inventories, invAstot,dis, i.e. the mass of
Astot,dis in an ideal water column of 1 dm2 section area were
calculated by adding the mass of Astot,dis in the different layers
resulting from the product of Astot,dis concentrations multiplied
by the thickness of the corresponding layer. This parameter
provides an indirect estimation of the incorporation of As into
the ‘particulate’ phase, essentially phytoplankton, assuming
that, at a given time, no sedimentation occurs. The results are
shown in Fig. 4 for the Petit Lac where a clear decrease in As in
March is observed, well correlated with an increase in algae
growth. Specic As mass inventories for 2021 and the previous
six years (all As ‘dissolved’ concentrations measured with the
same instrument) are shown in Fig. SI3†, showing a high vari-
ability among the years. However, a Kruskal–Wallis test showed
no seasonality of invAstot,dis along these years (p = 0.092).
Specic As mass inventories in the Grand Lac, invAstot,dis, for
the rst 70 m gave very similar values to those of the Petit Lac:
778 mg dm−2 vs. 772 in April and 764 mg dm−2 vs. 754 in June,
respectively.

Arsenic redox and methylation speciation. Proles of all
arsenic species are shown in Fig. 6 and 7 for the Petit Lac and
the Grand Lac, respectively. The corresponding values are given
in Tables SI12, SI13 and SI14.† A detailed description of the
proles for each species at both sampling points can be found
in Section SI2†.

Monthly follow-up in the Petit Lac. Solute concentration
proles are functions of the physical (mixing and stratication)
and biogeochemical (production and degradation) processes
taking place. When winter conditions prevailed at the begin-
ning of the lake sampling campaign at GE3, the water column
was well mixed and well oxygenated and with very low photo-
synthetic activity. As expected, concentration proles were
constant with depth, with a predominant presence of iAs(V) (820
ng L−1 vs. < 25 ng L−1 iAs(III)). DMA(III + V) concentrations were
slightly above 10 ng L−1. This corroborates previous
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Vertical profiles of temperature, percentage of O2 saturation, chlorophyll a, and total dissolved arsenic, Astotal,dis in the Grand Lac (point
SHL2) in April (blue) and June (orange) 2021.
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observations (Table 1) that showed that, contrary to thermody-
namic predictions, iAs(III) is present under oxic conditions
either because it is very resilient to oxidation, or because of the
presence of a source, or both. It is well known that iAs(III)
oxidation by oxygen is extremely slow (e.g., only a few percent of
As(III) is oxidised within seven days in the presence of air48) but
As(III) is also subject to photo-oxidation49 which could result in
relatively low As(III) residence times; for instance, 0.7 to 3 days
under the conditions of the Pacic Ocean.10 However, fast
photo-oxidation like that observed in boreal lakes50 requires the
presence of high concentrations of specic types of dissolved
organic matter – which is not the case in Lake Geneva.51

Possible sources of iAs(III), and also of methylated species even
under winter conditions, could be produced by photosynthetic
activity, even if very low, and minor diffusion from sediments.

The Petit Lac was still entirely vertically mixed in March with
concentrations of iAs(V) being lower than in January–February
(about 650 ng L−1) but higher for iAs(III) and DMA(III + V) (65 and
39 ng L−1, respectively). Phosphorous concentrations dropped,
This journal is © The Royal Society of Chemistry 2023
and chlorophyll a and phytoplankton biomass increased, all
signs of biological activity. Weather conditions were favourable
for algal growth because it was unusually warm at the beginning
of March 2021 and insolation was above average (https://
www.meteosuisse.admin.ch/home/service-et-publications/
publications.html). A clear drop in sumAs occurred in March.
This drop was also observed in Astot,dis, supporting that it was
not due to an analytical error or artefact. The drop
corresponded to a steep decrease in As(V) not compensated by
the increase in other dissolved As-containing species. This
suggests that, at this sampling date, As(V) had ‘moved’ from
the ‘dissolved’ fraction to the ‘particulate’ one but with a very
limited release of iAs(III) and DMA(III + V). Algal blooms could,
thus, cause drops in Astot,dis by incorporation into algae, but
these episodes can be easily missed in monthly sampling
campaigns. This phenomenon has been observed in laboratory
experiments with Closterium aciculare.52 At the current level of
knowledge, it is not possible to relate the observed As retention
inside algae to specic phytoplankton species in the lake.
Environ. Sci.: Processes Impacts, 2023, 25, 850–869 | 859
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Fig. 6 Vertical profiles of As species (iAs(V), iAs(III), MA(III + V), MA(III), DMA(III + V), and TMAO) concentrations in the Petit Lac (point GE3) from
January to June 2021.
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Patterns of As biotransformation differ across phytoplankton
species53 with some algal species transforming iAs(V) efficiently
into iAs(III) with rapid excretion into the culture medium, while
860 | Environ. Sci.: Processes Impacts, 2023, 25, 850–869
others accumulate iAs(V) inside their cells or biotransform it
into methylated and other organic As species. Those in the lake
might belong to both categories.
This journal is © The Royal Society of Chemistry 2023
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In April, surface waters started to stratify at both sampling
locations GE3 and SHL2 but mixing still occurred. Surface
depletion of iAs(V) continued, and a minimum was observed at
GE3 at 7.5 m, but this time a peak in iAs(III) appeared at the
same depth. The rst algal spring bloom seems to be dominated
by a build-up of iAs(III), which agrees with observations in the
literature.22,52 According to Hellweger et al. (2003),9 the build-up
of iAs(III) is typical for non-P-depleted water bodies. The rela-
tionship As–P is further discussed below. The decrease in
invAsdis,tot observed in March 2021 quickly recovered in April,
further supporting the view that As had been retained inside
algae in March. Although it is risky to draw many conclusions
from invAsdis,tot values because they are a measure of both the
amount retained in the oating algae at the moment of
sampling and of any possible net losses of As by sedimentation
of dead-algae and As in inorganic colloidal particles, in this case
the quick recovery can safely be attributed to algae retention. It
needs to be mentioned that the annual evolution of invAsdis,tot
is very variable (Fig. SI3†) and important biological mechanisms
can be missed if sampling is too widely spaced.

DMA(III + V) concentrations doubled from March to April,
indicating strong production similar to iAs(III), but the two
species showed a very different prole. While the iAs(III) prole
was typical of a compound with a source at 7.5 m, the DMA(III +
V) prole was close to vertical. Values observed in surface water
at SHL2 of samples taken on the same day showed a similar
tendency. This would suggest that water mixing was faster
than the point production for DMA(III + V). Although mecha-
nisms of methylation by microalgae remain controversial,14

DMA(V) is the nal excreted product according to the classical
Challenger mechanism54 and in possible alternative mecha-
nisms. The Challenger mechanism includes reduction of
iAs(V) into iAs(III) and successive oxidative and reductive
methylation steps.

At the end of May, iAs(V) concentrations recovered, and
iAs(III) and DMA(III + V) concentrations decreased compared with
those in April. Aer the rst algal bloom, the lake was in the
clear water phase, a moment between the early spring bloom of
algae and the second, summer algal bloom.30 This is an inter-
esting situation where mechanisms at play are mostly decom-
position reactions in the absence of an active source. Anderson
and Bruland (1991) 16 showed that the degradation rate of
DMA(V) spiked into waters collected before and aer the lake's
overturn is very different, the rate being much faster under oxic
conditions. DMA(V) degraded into iAs(V). Probably, bacterial
processes become important but they remain largely unex-
plored in oxic waters. For instance, Maki et al. (2005) 55 showed
that the biomass of DMA(V) decomposing bacteria peaked
approximately onemonth aer the peak in chlorophyll a in Lake
Kahokugata, Japan, but these bacteria, producing iAs(V), needed
anaerobic, dark conditions.

The origin of MA(III + V) remains unclear. These species
showed different dynamics from DMA(III + V). MA(III) and MA(V)
are intermediate species formed inside algae but not the nal
products according to Challenger's and other mechanisms.
MA(III + V) in lake waters could be either released directly from
some algae or might be a microbial decomposition product of
This journal is © The Royal Society of Chemistry 2023
DMA(III + V) in the water. Microbial DMA demethylation had
been demonstrated in soils, but not in aquatic systems until
Giovannoni et al. (2019) 56 showed that the most abundant non-
photosynthetic plankton in the oceans, SAR11 bacteria, are able
to remove the methyl groups from dimethyl arsenate, releasing
monomethyl As and iAs(V) back to the water. MA(III) has seldom
been measured in freshwaters.20–22

In June, a new productivity period peaked (Fig. 4). iAs(V)
concentrations in surface water were depleted and high
DMA(III + V) and iAs(III) concentrations were established again.
Observations at sampling site GE3 showed that the DMA(III + V)
concentration was higher in June than in April, whereas iAs(III)
concentrations showed the reverse trend (Fig. 6). This might
be related to the molar iAs(V) : P ratio, which was higher in
April than in June (and higher in March than in May). Even if
many studies have investigated the role of nutrient availability
in the production of As species, it is uncertain how phosphate
availability inuences their production in different algae.57

Algae take up more phosphate than needed during the early
phases of algal blooms (luxury uptake)9 and, simultaneously,
large quantities of iAs(V) can enter the cells via the same
pathway. In oceans, it has been postulated that a high iAs(V) : P
ratio causes toxic stress on phytoplankton, promoting fast
transformation into iAs(III) and slow methylation.46 Kuhn and
Sigg (1993) 17 proposed this hypothesis in eutrophic Lake
Greifen (ratios < 0.001) to explain the absence of methylated
species, but high DMA(III + V) concentrations were observed in
Lake Biwa with high iAs(V):phosphate ratios.22 The molar
iAs(V) : P ratio at GE3 in Lake Geneva ranged between 0.07 and
0.25 during the sampling period. These ratios are far higher
than the ratios covered by ocean studies.46 It is possible that
a higher iAs(V) stress was exerted on algal communities during
the rst algal bloom in March and April compared with the
second bloom in May–June, which could explain the higher
concentration of DMA(III + V) in June in comparison with that
in April. It is also possible, however, that differences in algae
species present in the rst and second blooms explain the
observations.

TMAO has seldom been analysed in surface waters. It was
included in none of the studies in Table 1. Like MA(III + V),
TMAO showed a decreasing trend between January and March
at sampling site GE3 (Fig. 6). Increases in surface water began in
May. In addition to MA(V) and DMA(V), As(III) methylation
products also include less toxic As species such as TMAO and
volatile trimethylarsine (TMA).58–60 Savage et al. (2018) 61

observed that seawater samples spiked with DMA(V) led to an
enhanced production and volatilisation of TMA into the
gaseous phase, with TMAO as a probable intermediate in the
aqueous phase. A similar process could lead to observed
concentrations of TMAO in lakes.20 Concentrations of TMAO in
January were higher than concentrations of MA(III + V) and
DMA(III + V). This observation, considered in the context of the
evolution of TMAO concentrations along the studied period,
points to TMAO being a rather stable compound, resistant to
the processes guiding the system back to the dominance of
iAs(V), and whose main fate would be its transformation into
volatile TMA. In addition, note that our analytical method
Environ. Sci.: Processes Impacts, 2023, 25, 850–869 | 861
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Fig. 7 Vertical profiles of As species (iAs(V), iAs(III), MA(III,V), MA(III), DMA(III,V), and TMAO) concentrations in the Grand Lac (point SHL2) in April
(blue) and June (orange) 2021.
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cannot distinguish dissolved TMA and TMAO. TMAO is ubiq-
uitous in atmospheric particles;62 a signicant source being
pesticides in soils.63
862 | Environ. Sci.: Processes Impacts, 2023, 25, 850–869
As speciation in lake bottom waters: lessons from the Grand Lac.
The observed dynamics of As speciation at the bottom of Lake
Geneva were distinct from the photic zone. In 2021, iAs(V)
This journal is © The Royal Society of Chemistry 2023
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concentrations at GE3 at 65 m increased once lake stratication
was established. Concentrations reached 936 ng L−1 in June,
which represented 94% of sumAs. The results at the lake's
deepest point (SHL2) conrmed iAs(V) dominance at sampling
depths below the photic zone (Fig. 7). At both sampling dates
(April and June), iAs(V) made up more than 95% of sumAs from
100 m towards the bottom of the lake. At 300 m, independent of
the sampling date, the iAs(V) concentration reached almost 2000
ng L−1, representing 99% of sumAs. The predominance of iAs(V)
agrees with what has been described in the literature: iAs(V) is
the dominant species below the photic layer10,64 in oceans and
in freshwaters. For instance, iAs(V) was the main species in the
hypolimnion in the highly eutrophic Lake Greifen throughout
the whole season,17 and the observed increase in sumAs with
depth in both eutrophic and mesotrophic basins of Lake Biwa
in summer was attributed to an increase in iAs(V).22 The
predominance of iAs(V) in lake waters far from the productivity
zone is in agreement with thermodynamic predictions and
strongly supports the biological origin of iAs(III) when present.
On the other hand, increasing iAs(V) concentrations with depth
is a direct consequence of the lack of entire lake mixing. Winter
mixing remained limited to 145 m in 2021, the depth was
reached on 2 March 2021.29

While methylated species were evenly distributed across the
water column in winter months, differences between the
surface water and the bottom layer were established as soon as
the lake stratied (Fig. 6). Even if all methylated species showed
proles that resulted from a source in the epilimnion, their
shape depended on the species considered. For instance, in
June DMA(III + V) concentrations quickly approached a steady
concentration with depth, whereas MA(III + V) and TMAO
approached their minimum values more slowly at both
sampling locations (Fig. 6 and 7). It can thus be assumed that
methylated species are subject to decomposition at different
rates, with rates for DMA(III + V) transformation being higher
than for TMAO. It is interesting that DMA(III + V) values did not
approach zero but remained around 15 ng L−1 in the deepest
parts of the lake.
Exchange of arsenic species between sediment porewaters
and the water column

Even if the number of samples was low and they reected the
unavoidable heterogeneity of lake sediments, concentration
proles of As species in the three sediment cores sampled at
GE3 provide some interesting information. First, Astot,dis
concentrations in the supernatant waters of the three cores were
similar: 1.10 mg L−1 (C1), 1.14 mg L−1 (C2), and 1.38 mg L−1 (C3)
versus 1.15 mg L−1 at 65 m depth in July, but they were always
higher below the sediment water interface than in the super-
natant water (for instance, 1.98 mg L−1 (C1), 5.95 mg L−1 (C2),
and 9.52 mg L−1 (C3) at 2 cm depth) which implies a subsequent
input of ‘dissolved’ As from the sediments to the water column.
Secondly, this input is fed by iAs(III) and iAs(V) species since
both species show higher concentrations in the interstitial
waters compared with in the water column. The most probable
This journal is © The Royal Society of Chemistry 2023
source of ‘dissolved’ As is the release from the decomposition of
sedimented algae, although a contribution from the release
from settling iron oxyhydroxides cannot be excluded. A detailed
discussion of these mechanisms is, however, entirely outside
the scope of this study. Thirdly, Astot,dis in porewaters did not
show similar proles in the three sediment cores (Table SI11†),
and proles also differed for most of the As species measured
among sediments (Fig. 8, Table SI15†) but some common
patterns were observed: MA(III + V) proles showed no diffusion
or a very weak one and DMA(III + V) and TMAO clearly pointed to
a net ux from the water column to the sediments, contrary to
iAs(V) and iAs(III). This suggests that DMA(III, V) and TMAO are
only – or predominantly – formed in algae.

A rough calculation of diffusion uxes has been attempted
by applying Ficks's rst law. In the steady state, the ux close to
the sediment–water interface is equal to the product of the
concentration gradient in the sediment pore waters and the
diffusion coefficient of the substance considered. The concen-
tration gradients were calculated from points at 1 and 4 cm
depth in the sediments. The calculated uxes are given in Table
4. Diffusion coefficients for As(OH)3 and HAsO4

2−, 11.6 × 10−6

cm2 s−1 and 7.27 × 10−6 cm2 s−1, respectively, are from ref. 65.
No corrections for porosity or temperature dependence of the
diffusion coefficients were considered since our calculations are
only intended to provide a rough quantitative estimation. The
mass of As in a 1 dm2 layer closer to the lake bottom (57.5 to 75m)
decreased from 136 (January) to 117 mg (March), and increased
from March to June (150 mg in 98 days, which means 33 mg). This
corresponds to a mean increase of 3.90× 10−5 ng cm−2 s−1, which
is in the same order ofmagnitude as the estimated diffusion uxes
of iAs using Fick's Law. This conrms that the order of magnitude
of the estimated ux values is correct.
A complementary insight into arsenic in Lake Geneva
tributaries and its possible contribution to lake observations

Astot,dis concentrations in the main tributaries to Lake Geneva
were in the range 130–1200 ng L−1 (Tables 2 and 3) which is
congruent with concentrations in stream waters in Europe;
median value: 630 ng L−1.66 Concentrations in the Rhone River
were higher than those in the lake in April but lower than those
in June. Concentrations found in other tributaries were gener-
ally lower. The high Astot,dis detected in the Rhone River can be
the result of catchment area of the Rhone including areas with
elevated natural As concentrations.67 In June, concentrations in
all rivers might have been strongly inuenced by weather
conditions before the sampling date: heavy thunderstorms
occurred at the beginning of June (https://www.meteosuisse.
admin.ch/home/service-et-publications/publications.html),
and rivers were highly turbid and coloured brownish when
sampled. The differences in Astot,dis between the two sampling
dates in the Rhone River can be related to the differences in
water discharge: 73–75 m3 s−1 in April and 504–541 m3 s−1 in
June (points marked with arrows in Fig. SI1†) and could be
attributed to a dilution effect, but the establishment of
a sound concentration-discharge relationship – usually
Environ. Sci.: Processes Impacts, 2023, 25, 850–869 | 863
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Fig. 8 Concentrations of total dissolved arsenic (Astot,dis), iAs(V), iAs(III), MA(III + V), DMA(III + V), and TMAO concentrations in sediment pore waters
and the overlying supernatant water in three cores (C1 (blue), C2 (orange), and C3 (grey)) in the Petit Lac, 12 July 2021.
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following a power law function68 – would require high frequency
discharge data (available) and concentration data (outside
current measuring device capabilities) over long periods of
864 | Environ. Sci.: Processes Impacts, 2023, 25, 850–869
time. Knowledge of such relationships at least for the main
tributaries would be essential, for instance, in order to
establish a mass balance of the lake.
This journal is © The Royal Society of Chemistry 2023
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Table 4 Diffusion fluxes from sediments calculated from Fick’s first
law and diffusion coefficients of 11.6 × 10−6 cm2 s−1 for iAs(III) and 7.27
× 10−6 cm2 s−1 for iAs(V).65 No porosity correction applied. A negative
value means a flux from sediment to water

Core iAs(III)/ng cm−2 s−1 iAs(V)/ng cm−2 s−1

C1 –3.46 × 10−6 –9.91 × 10−6

C2 –3.79 × 10−5 –3.93 × 10−6

C3 3.94 × 10−6 1.37 × 10−6
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The major fraction of ‘dissolved’ As in the tributaries in
April and June consisted of iAs(V) (Tables 2 and 3). The domi-
nance of iAs(V) has been observed when rivers are oxygenated,69

as is in the case of most of the rivers considered (e.g., all
sampling sites had an oxygen saturation higher than 90% in
the Rhone River70). The Rhone carried a considerable amount
of iAs(III) in April. Possible phytoplanktonic activity can be
hypothesised as the cause since high densities of diatoms
prevail in the Rhone even in winter months.70 As(III) concen-
trations were lower in June when high discharge and turbidity
do not favour algal development. While MA(III + V) and TMAO
constituted only minor contributions to the sum of As species,
concentrations of DMA(III + V) were higher. In April, DMA(III + V)
concentrations in all samples were lower than concentrations
of iAs(III). In June, however, the situation depended on the river
considered. The presence of organic species implies either
a certain degree of photosynthetic activity in the water or soil
or an anthropogenic origin. In this context, the River Venoge
deserves a particular mention because it is known to be
polluted by a diversity of substances.71 Despite organic As
species being detected and measured in all rivers, given their
concentration levels and lability, they do not seem to represent
a signicant input to the lake. Therefore, the presence of
methylated species in the lake can be considered as the
exclusive result of internal processes.
Temporal trends and seasonality of the total ‘dissolved’
arsenic, 1997–2021

Assessment of seasonality at each depth in each of the periods
mentioned above (Fig. 2a) and in the whole data revealed
signicant differences (p < 0.05) between monthly concentra-
tion median values in different zones of the epilimnion in the
three periods (Tables SI16a and SI16b†).

To eliminate step changes between periods, which prevented
all data from being treated together for temporal trend assess-
ment, concentrations were normalized by subtracting the cor-
responding period median value in each datum (Fig. 2c). When
the resulting time series was analysed for seasonality at each
depth, statistically signicant differences between months at
every depth (except at 30 m) suggested seasonality (Table
SI16a†). A Kruskall–Wallis test applied to all depths simulta-
neously (excluding or including period 2) gave a very signicant
value (p = 9.73 × 10−22 and 1.10 × 10−31, respectively), also
indicating seasonality. Seasonality should also manifest by the
presence of a signicant annual peak in the Fourier series
This journal is © The Royal Society of Chemistry 2023
spectrum at a frequency of 0.00274 day−1, as was the case at 0 m
depth (Fig. SI4†).

Both the normalized time series and the time series for each
period showed no signicant temporal trend (absolute SMK Z
values less than 1.96, Tables SI17a and SI17b†), indicating that
concentrations of As remained stationary in the Petit Lac
between 1997 and 2021.

The lack of temporal trends of ‘dissolved’ As concentrations
in the Petit Lac from 1997 to 2021 (with and without including
2006–2015 data) suggests that possible inputs from anthropo-
genic activities such as mining, use of As in agricultural
chemicals, or atmospheric deposition are very minor in the lake
watershed. No variation in geogenic inputs that could be
derived, for instance, from changes in weathering rates linked
to climate change seems to exist either.

Understanding seasonality results of total ‘dissolved’ As is
not entirely straightforward. Methods applied to Astot,dis
concentrations (Kruskall–Wallis with 12 ‘seasons’ and Fourier
power spectra) over 1997–2021 point to a seasonal behaviour
of As concentrations in the Petit Lac (i.e., understanding
‘seasonal’ behaviour here as differences between median
values of monthly concentrations in the entire period). At rst
sight, this is not surprising for an element that is actively
cycled through phytoplankton, which shows a clear seasonal
succession. In Fig. 3, however, Astot,dis proles look essentially
vertical and not affected by this cycling. Moreover, specic As
mass inventories for 2015–2021 (Fig. SI3†) show no seasonal
character. The total ‘dissolved’ As remaining relatively
constant, despite the presence and concentration levels of
‘dissolved’ As species being extremely dependent on algal
cycling (as discussed in the previous sections), points to
a strong internal species cycling, with exchanges between the
‘dissolved’ and ‘particulate’ fractions, but with few net As
‘losses’ and at a steady-state situation.

Specic As mass inventories for the rst 70 m show similar
values for the Petit Lac and Grand Lac, suggesting similar
behaviours in this zone. The above situation does not apply,
however, to the whole water column in the Grand Lac where the
lack of water column mixing since 2012 has led to a steady
increase in ‘dissolved’ As concentration with depth. Similar
accumulation has been reported for other elements such as
germanium34 and silica.29

Lessons learned

Arsenic behaviour in surface waters is very complex due to the
redox equilibria involved and the formation of a myriad of
alkylated species. The consequence is that our understanding
heavily relies on the quality of the analytical methods applied,
and on the spatial and temporal (frequency) of the sampling.
This study clearly highlights some of these aspects, not always
considered in previous studies:

(1) The study of temporal trends of concentrations requires
data over long periods of time to be available. In the case of
trace elements, this is problematic because of the lack of such
series and because of the oen-ignored effect of analytical
constraints in the acquisition of such data over the years. In this
Environ. Sci.: Processes Impacts, 2023, 25, 850–869 | 865
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study, the possibility of having access to original analytical data
including CRM results has allowed their evaluation, which is
somewhat unusual. Adequate quality data tackling allows us to
state that ‘dissolved’ As concentrations in Lake Geneva have
remained stationary between 1997 and 2021.

(2) State-of-the-art analytical methods are needed in speciation
measurements. In particular, great care needs to be taken at the
analytical level to ensure the stability of the different species and
the absence of measurement artefacts. The steps needed to ensure
the preservation of samples are described in detail for application
to future studies. Our approach has allowed us to reliably follow
the dynamics of iAs(V), iAs(III), DMA(III + V), MA(III + V) and TMAO in
the water column and measure them in river and sediment
interstitial waters. We have conrmed the presence of MA(III) and
TMAO in lake and river samples and the predominance of iAs(V) in
most waters.

(3) ‘Dissolved’ vs. ‘particulate’ fractions. This study, as with
most previous studies, deals with ‘dissolved’ As, meaning the As
that is passed through a lter of a certain pore size. This implies
that, if the ‘particulate’ compartment actively participates in the
processes taking place (e.g., through algae in the lake), our
interpretation of the results necessarily includes a ‘black-box’.
This leads to an undesirable degree of speculation when dis-
cussing the information obtained.

(4) The role of algae in As speciation in oxic lakes is widely
conrmed. Which are the algae involved, as well as the possible
role of bacteria in oxic systems remain, however, open questions.

(5) Sampling frequency. In lakes, monthly sampling is not
sufficient to adequately follow relevant physical, chemical and
biological processes, many of them beingmuch faster. It follows
that studies with even lower sampling frequency, as for instance
one sampling campaign in summer and one in winter (Table 1),
will only be able to provide very limited information.

(6) Inter-year variability. Although, by denition, seasonal
variations occur every year, the intensity and temporal location
of some processes – particularly biological processes depending
on climatic conditions – vary from year to year. This introduces
a factor which hinders extrapolation of the results obtained in
studies covering only one or a limited number of years. The
effects of inter-year variability and modications linked to
climate change need to be considered in future studies.
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B. M. Adair, Z. Drobná, D. J. Thomas, M. Stýblo and
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67 H.-R. Pfeifer, A. Häussermann, J. C. Lavanchy and W. Halter,
Distribution and behavior of arsenic in soils and waters in
the vicinity of the former gold-arsenic mine of Salanfe,
Western Switzerland, J. Geochem. Explor., 2007, 93, 121–
134, DOI: 10.1016/j.gexplo.2007.01.001.

68 S. E. Godsey, J. W. Kirchner and D. W. Clow, Concentration–
discharge relationships reect chemostatic characteristics of
US catchments, Hydrol. Processes, 2009, 23, 1844–1864, DOI:
10.1002/hyp.7315.

69 W. Baeyens, A. de Brauwere, N. Brion, M. D. Gieter and
M. Leermakers, Arsenic speciation in the River Zenne,
Belgium, Sci. Total Environ., 2007, 384, 409–419, DOI:
10.1016/j.scitotenv.2007.05.044.

70 R. Bernard, F. Straub, L. Vuataz and M. Balet, Le Rhône –
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des séediments sur la qualitée de l’eau - Surveillance
écotoxicologique de la qualitée de la rivière Venoge, Aqua
Gas, 2016, 4, 56–63, https://www.dora.lib4ri.ch/eawag/
islandora/object/eawag:10561.
Environ. Sci.: Processes Impacts, 2023, 25, 850–869 | 869

https://doi.org/10.1016/j.scitotenv.2015.02.085
https://doi.org/10.1016/j.scitotenv.2015.02.085
https://doi.org/10.1016/S0045-6535(00)00137-5
https://doi.org/10.1016/S0045-6535(00)00137-5
https://doi.org/10.1038/s41598-019-48477-7
https://doi.org/10.1038/s41598-019-48477-7
https://doi.org/10.1021/cr60115a003
https://doi.org/10.1002/aoc.696
https://doi.org/10.1128/mBio.00246-19
https://doi.org/10.1128/mBio.00246-19
https://doi.org/10.1021/es504074z
https://doi.org/10.1002/aoc.590060416
https://doi.org/10.1002/(SICI)1099-0739(199902)13:2&lt;127::AID-AOC810&gt;3.0.CO;2-K
https://doi.org/10.1002/(SICI)1099-0739(199902)13:2&lt;127::AID-AOC810&gt;3.0.CO;2-K
https://doi.org/10.1104/pp.111.178947
https://doi.org/10.1021/acs.est.7b06456
https://doi.org/10.1021/acs.est.7b06456
https://doi.org/10.1021/acs.est.5b02328
https://doi.org/10.1021/acs.est.5b02328
https://doi.org/10.1016/0004-6981(87)90284-8
https://doi.org/10.1016/0004-6981(87)90284-8
https://doi.org/10.4319/lo.1979.24.3.0440
https://doi.org/10.4319/lo.1979.24.3.0440
https://doi.org/10.1016/j.gca.2012.12.004
https://doi.org/10.1016/j.gexplo.2007.01.001
https://doi.org/10.1002/hyp.7315
https://doi.org/10.1016/j.scitotenv.2007.05.044
http://www.vs.ch/documents/19415/1603474/Qualit%E9deseauxduRh%F4neenavald%3FEvionnaz%2Ccampagne2017/acc4aecb-7ad8-46e3-be60-777eb16fc8ad?t=.now?long
http://www.vs.ch/documents/19415/1603474/Qualit%E9deseauxduRh%F4neenavald%3FEvionnaz%2Ccampagne2017/acc4aecb-7ad8-46e3-be60-777eb16fc8ad?t=.now?long
http://www.vs.ch/documents/19415/1603474/Qualit%E9deseauxduRh%F4neenavald%3FEvionnaz%2Ccampagne2017/acc4aecb-7ad8-46e3-be60-777eb16fc8ad?t=.now?long
http://www.vs.ch/documents/19415/1603474/Qualit%E9deseauxduRh%F4neenavald%3FEvionnaz%2Ccampagne2017/acc4aecb-7ad8-46e3-be60-777eb16fc8ad?t=.now?long
https://www.dora.lib4ri.ch/eawag/islandora/object/eawag:10561
https://www.dora.lib4ri.ch/eawag/islandora/object/eawag:10561
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2em00431c

	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c

	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c

	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c
	Arsenic in Lake Geneva (Switzerland, France): long term monitoring, and redox and methylation speciation in an As unpolluted, oligo-mesotrophic lakeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2em00431c


