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Abstract In order to protect conifer logs against attacks
from the striped ambrosia beetle (Trypodendron lineatum)
during spring in Swiss forests, logs are treated with the
insecticide cypermethrin. Rainfall can cause the insecticide
to leach into the ground, potentially threatening the
groundwater quality. Forest groundwater is widely used for
drinking water, which means that any contaminants within
it should be avoided. This study assesses the risk of
groundwater contamination in field conditions. The two
study areas are located on unconsolidated sediments
(Censieres, or CS) and on karstic rocks (Grand Bochat, or
GB). An analytical method was developed to determine the
concentration of cypermethrin and its degradation products
3-PBA and DCVA in water samples. Intensive rainfall was
simulated in order to mimic a situation that threatens
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groundwater. The study’s results show that, when treated
according to the manufacturer’s instructions, a certain
amount of insecticide was leached during the first rainfall
event (2.2 g or 4.4 % of the applied cypermethrin). This
leaching threatens groundwater quality, but can be avoided
by decreasing the pesticide amount applied while main-
taining a satisfactory protection. The insecticide amount
that reached the groundwater was very low and was related
to simulated rainfall, not natural rainfall. In Censiéres, only
one groundwater sample presented a cypermethrin con-
centration (4 pg/l). In Grand Bochat, after a simulated
rainfall of 36 mm, 3.3 % of the insecticide (5 g) was lea-
ched and 0.05 % of the total applied insecticide amount
(corresponding to 1.5 % of the leached insecticide) reached
the groundwater under the epikarst layer.

Keywords Cypermethrin - Logs - Insecticide treatment -
Groundwater contamination

Introduction

Swiss forests are widely exploited for wood production,
with the cutting of trees mainly occurring from November
to March. Trees are then stored in stacks of logs, without
branches but with the bark, generally next to the forest
roads. From March to May, when the temperature increa-
ses, stacks of logs are vulnerable to attack by the striped
ambrosia beetle (Trypodendron lineatum), which hollows
out galleries inside the trunks to a depth of up to approx-
imately 5 cm in which it lays its eggs. In Switzerland, one
conifer, the spruce (Picea abies), is affected by this dete-
rioration. The quality and value of the hollowed wood is
reduced, which could cause economic losses of up to 50 %.
To protect the spruce against beetle damage, a treatment
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with the insecticide cypermethrin is widely applied at the
beginning of the spring.

Forest soils are generally well developed and rich with
organic matter (Gobat et al. 2003) and allow good filtration
of rain water. Atmospheric pollutants contained in the
percolating water are held on the soil particles and the
organic matter. Consequently, groundwater is particularly
well protected in forests (Neary et al. 2009). Furthermore,
while most forests in Switzerland are extensively exploited,
the logging activity does not introduce a lot of pollutants
and the soil quality is well preserved. The groundwater
quality in forests is generally good and, in many regions,
the spring water exploited for drinking water does not need
any treatment. For these reasons, it is important to maintain
the high groundwater quality.

During rainfall, and after treatment against the beetle, an
amount of insecticide on the logs’ surface could be solu-
bilised in rainwater, drip from the logs into the ground,
percolate in the subsurface, and potentially reach the
groundwater. It is not known what amount of insecticide
could flow from the wood, what amount could be retained
in the soil, and what amount could reach the groundwater
and finally a drinking water catchment. In order to avoid
contaminating wells, Swiss laws protect the groundwater
quality in the catchment area. It is forbidden to treat
conifers logs with cypermethrin inside the inner protection
zones (zone S in Switzerland). It is not known whether the
protection zones are adapted to protect groundwater against
an insecticide contamination. In unconsolidated sediments,
the protection zone should define a perimeter in such a way
that groundwater requires at least 10 days to flow from the
outer boundary of the zone to the well (minimum 100 m).
In these regions, the protection zones are small areas
around the wells and do not impose great restrictions for
woodsmen. In karstic rocks the variations of flow velocities
mean that the protection zones are determined based on
local hydrogeological, geomorphological and pedological
characteristics. In these regions, the protection zones
recover enormous surfaces and the activities of woodsmen
are highly restricted.

Cypermethrin in the environment is degraded by phys-
ical, chemical or biological processes (Calvet 2005). These
processes create other molecules, called degradation pro-
ducts. The properties of these molecules, especially the
toxicity, are not well known (World Health Organization,
IPCS 1989). The present study proposed that the degra-
dation products of cypermethrin have high toxicity and
should not be found in drinking water. A laboratory ana-
lytical method was developed to analyse the cypermethrin
and the main degradation products, the 3-phenoxybenzoic
acid (3-PBA) and the 3-(2,2-dichlorovinyl)-2,2-dimethyl
cyclopropanecarboxylic acid (DCVA) (Liu et al. 2007), in
water samples. According to Swiss law, the groundwater is
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considered contaminated when the concentration of the
pesticide or its relevant metabolites exceeds 0.1 pg/l.

This study assesses, in field conditions, the contamina-
tion risk for groundwater water during the days after a
cypermethrin treatment. A stack of logs was treated with
cypermethrin in each of two study field sites that accurately
represent the geological characteristics of unconsolidated
sediments and karstic rocks. Water samples were collected
between the logs and the ground to determine which
insecticide amount was leached from the logs. Samples
were also collected in the unsaturated zone of the soil and
in groundwater in order to determine which insecticide
amount could reach the groundwater and contaminate a
well.

General features of the studied areas
Geographical situation

Two typical areas were chosen, one on unconsolidated
sediments and one on karstic rocks. Most of the uncon-
solidated sediments in Switzerland are located on the
Central Plateau and most of the karstic rocks in the Jura
Mountains. Logging is an important economic activity in
both regions. The first site, called “Censiéres” (CS), is
located in the canton of Vaud, near the city of Lausanne on
the Central Plateau (Fig. 1) at 900 m above sea level
(Swiss Coordinate System: 543'990/158'280). The second
site, called “Grand Bochat” (GB), is located in the canton
of Neuchatel, near the city of Neuchatel in the Jura
Mountains (Fig. 1) at 1,100 m above sea level (Swiss
Coordinate System: 544'550/206'650).

Hydrogeological situation

The CS area subsoil, presented in Fig. 2a, is composed of a
porous formation of unconsolidated sediments located on
an impermeable molasse layer. At the treatment location,
the thickness of the porous formation does not exceed 5 m.
A local aquifer develops in the unconsolidated sediments
with a 4.7 m water table depth, the groundwater flow is
controlled by the topography. A spring is located 160 m
downstream site, at an altitude that is 18 m lower than the
treatment site. Two piezometers are installed at, respec-
tively, 15 and 60 m distance of the stack of logs between
the treatment site and the spring, enabling it to reach the
saturated zone of the aquifer. According to the protection
zone, the treatment site should be located outside the
spring’s protection zone, although not outside of a hypo-
thetical pumping that would take place in the piezometers.
The insecticide leaching during rainfalls seeps vertically
with the percolating water and could well reach the
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aquifer’s saturated zone and then move with the ground-
water to finally reach the piezometers and the spring.

The GB area, represented in Fig. 2b, is located on kar-
stic rocks, which drains the percolating water very quickly.
The hydrogeology of the area was already widely studied
(Savoy 2007; Perrin 2003; Madec 1999). A cave goes
down under 15 m of the epikarst. A known infiltration area,
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Fig. 1 Geographical situation of the studied areas (Swisstopo 2004).
CS Censieres, on the Swiss Plateau, GB Grand Bochat, in the Jura
Mountains
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where the place of treatment is located, is connected to the
cave; an impermeable inclined layer turns the percolating
water toward an outlet inside the cave. The water takes
approximately 30 min to reach the cave. At the outlet, the
groundwater drips from a surface of about 4 m? in the
ceiling. Accordingly, samples of water that cross the soil
and the epikarst layer can be collected inside the cave. The
water that drips from the cave ceiling infiltrates the cave
floor and continues. All of the water infiltrated under the
stack of logs is assumed to reach the outlet inside the cave
(Madec 1999). This small hydrogeological system does not
contain a permanent saturated zone.

Pedological situation

The soils of the studied sites are classified according to the
World Reference Base of Soil Resources (IUSS Working
Group 2006) and the humus layers are classified according
to European Reference Base for Humus Form (Zanella
et al. 2011). The soil of the CS area is a Haplic Cambisol
(Dystric), which is representative of the main forest soils
on the Central Plateau in Switzerland. It consists of four
horizons (A, AS, S and C) according to the French Réfé-
rentiel pédologique 2008 (Baize and Girard 2009). The first
three horizons are rich in organic matter (3—10 %). The pH
(KCl) is around 4.5. The texture of horizons A, AS and S is
sandy loam and for horizon C it is loamy sand. The humus
layer is a mull that is mainly composed of dead leaves. The
soil is very homogenous and the infiltration can be con-
sidered constant.

The soil of GB area lies on a geological formation of
limestone pavement (limestone eroded and cracked), which
causes high heterogeneity. Three main different types of
soil are formed according to the position on this substrate.
In the cracks is Leptic Cambisol (Calcaric), up to 60 cm
deep, which is composed of two horizons, A and B. This

(b) @ Cracked epikarst
—
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¥
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Fig. 2 a Cross-section of the study area CS. An aquifer is under the stack of logs on an impermeable layer of molasse. b Cross-section of the
study area GB (Modified after Savoy 2007). The water infiltrated on the treatment site flows towards an outlet in a cave at a depth of 15 m
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soil is decarbonated, the texture is silty loam and the pH
(KCl) is between 6.0 and 6.8. Lithic, Folic Leptosol (Eu-
tric) and Leptic Histosol (Eutric) are located on the flat
areas between the cracks and are 5-20 cm thick. The
humus layer types are dysmull and amphi.

Materials and methods
Cypermethrin

Cypermethrin is widely used to protect spruce logs against
attacks by the striped ambrosia beetle. This insecticide
belongs to the family of the synthetic pyrethroids, which
contain the chemical active substance of pyrethrin. The
properties that follow come from Liu et al. (2007), Oudou
and Hansen (2002), Zhou and Rowland (1995) and the
World Health Organization (World Health Organization,
IPCS 1989). The chemical formula of cypermethrin is
Cy,H9O3NCl, and the molar mass is 416.3 g. Cyper-
methrin is composed of eight stereoisomers. Cypermethrin
is slightly soluble because the solubility in water is
4-10 pg/l. The Henry constant is 2 x 1072 Pa m*/mol ",
which means that it is almost not volatile. The logarithm of
its soil organic carbon water partitioning coefficient (log
K,) is approximately 4.5, which gives it a very high ten-
dency to be adsorbed on the soil particles. The logarithm of
cypermethrin’s octanol-water partitioning coefficient (log
K,.,) is around 5, which means it tends to be accumulated
in the living organisms. Cypermethrin does not remain in
the soil for a long time and it is quickly degraded into other
molecules because the half-life in the soil is between 7 and
50 days. According to these properties (high K. and K,
and low half-life), cypermethrin is supposed to have a very
low mobility in the environment. Cypermethrin is highly
toxic for beetles, fishes and aquatic invertebrates (Friberg-
Jensen et al. 2003; Liu et al. 2005; Adam 2011). It is
moderately toxic for humans by dermal adsorption or
ingestion (German Federal Environment Agency 2005;
Leng et al. 2003; Heudorf and Angerer 2001; Vijverberg
and van den Bercken 1990).

In this study, the cypermethrin used to treat the logs is
produced by the manufacturer Sintagro. It contains
100 mg/1 of Zeta-cypermethrin ({-CYP; CAS: 52315-07-8)
and the rest of the product is composed of xylol (CAS:
1330-20-7). The L-CYP is composed of four stereoisomers.
It should be dissolved in water (0.05 %) before being
applied to the logs according to the manufacturer’s
instructions.

Cypermethrin is degraded in the soil by physical,
chemical and biological processes (Xie et al. 2008; Leng
et al. 1998). The degradation pathway is illustrated in
Fig. 3. The cypermethrin molecule is broken down into
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two degradation products, the o-cyano-3-phenoxybenzyl
alcohol, which reacts to produce 3-PBA, and the cis- or
trans-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane car-
boxylic acid (cis- and trans-DCVA), according to the iso-
mer geometry. The properties of these molecules are not
very well known because few studies have focused on the
degradation products of pyrethroids in the environment
(Xie et al. 2008). Nevertheless, they can be described as
organic acids and, consequently, more soluble in water
than cypermethrin. The acid’s mobility in the soils depends
on the soil pH. The lower the pH, the less mobile the
organic acids. Their toxicity is also not well known. Based
on the actual knowledge on the degradation products, it is
hard to say whether the degradation products are more or
less susceptible to contaminate groundwater than cyper-
methrin in the experimental conditions.

Analysis of the compounds

Standards of {-CYP, 3-PBA and DCVA, as surrogate
standards and derivatisation reagents, were obtained from
Dr Ehrenstorfer Gmbh (Augsburg, Germany). The surro-
gate standards are used for recovery purposes and are the
deuterated cypermethrin D6 (CYP D6) for the {-CYP, the
2-phenoxybenzoic acid (2-PBA) for the 3-PBA and the
3-(2,2-dibromorovinyl)-2,2-dimethyl cyclopropanecarbox-
ylic acid (DBVA) for the DCVA. The derivatisation
reagent is the N-tert-butyldimethylsilyl-N-methyltrifluoro-
acetamide (MTBSTFA). The laboratory analytical method
developed in this study is based on the methods of Adam
(2011), Hladik et al. (2009) and Angerer and Ritter (1997).

All water samples were collected in glass bottles to
prevent adsorption of cypermethrin (Hladik et al. 2009; Lee
et al. 2002). The volume of the samples was approximately
250 ml. {-CYP, 3-PBA and cis-and trans-DCVA concen-
trations are determined in water samples. Surrogates dis-
solved in methanol are added to the sample. {-CYP is
extracted by liquid-liquid extraction directly in the glass
sampling bottle to avoid losses. Dichloromethane (DCM) is
added and the sampling bottle is vigorously hand-shaken.
After a short time, DCM, being at the bottom of the bottle,
is recovered with a pipette. DCM is passed through anhy-
drous sodium and recovered in a balloon. This operation,
from the DCM addition to the recovery in the balloon, is
repeated two more times. DCM is then evaporated to
dryness and recovered with 0.5 ml of isooctane. The
sample is injected in a gas chromatography-electron cap-
ture detector (GC-ECD) for the detection and quantifica-
tion of {-CYP. The GC-ECD is more sensitive than the gas
chromatography—mass spectrometer (GC-MS) because
chlorine atoms are present in the cypermethrin molecule
(Fig. 3) and the GC-ECD is particularly sensitive to
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Fig. 3 Cypermethrin
degradation in soil. The
molecules analysed in this study
are the cypermethrin, the 3-PBA
and the cis- and trans-DCVA
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halogens. {-CYP concentrations in the results are the sum
of the four isomers.

The water that remains after the {-CYP extraction by
DCM is filtered and acidified with HCI to reach a pH
between 2 and 2.5. The degradation products are extracted
by solid phase extraction on a C18 cartridge of 6 ml. The
elution is done with 6 ml of DCM. The volume of the
extract is then reduced to 1 ml and 50 pl of the derivati-
sation reagent, the MTBSTFA, is added. The derivatisation
reaction was notably studied by Raeppel et al. (2011). The
extract is put in an oven for 1 h at 60 °C and then evap-
orated to dryness and recovered with 0.5 ml of isooctane.
The sample is first injected in a GC-ECD for the detection
of DCVA and then in a GC-MS for the detection of
3-PBA. The DCVA concentrations in the results are the
sum of the cis- and trans-DCVA.

The analytical method was repeated three times, adding
standards and surrogates in mineral water. The limits of
detection with a sample of 250 ml are 30, 80 and 30 ng/l
and the recuperation rates were 99.3 + 5, 106.8 & 15 and
110.5 £ 8 % for {-CYP, 3-PBA and DCVA, respectively.

In soil samples, only (-CYP was determined. After
adding CYP D6 in 20 g soil samples, {-CYP is extracted
with DCM in a mechanical stirrer. Extracts are purified by
adsorption chromatography on Florisil. {-CYP is quantified
by GC-ECD. The recuperation rate is 93.1 % and the limit
of detection is 0.7 ng/g (Adam 2011).

Treatment of logs
At the CS site, according to the instructions given by the

manufacturer during correspondence, a mixture of 0.45 %
of commercial product and 99.55 % of water was prepared

Cypermethrin

HC
Sc==ch — o //
\
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@/\
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phenoxybenzyl alcohol

0

HiC <
C—CH C—OH
o

Cis- or trans-DCVA

for the treatment and 2.5 1 of the mixture was applied to
protect 1 m® of wood. The concentration of application was
450 mg/l and 50 g of {-CYP was applied on the 44 m® of
the stack of logs and introduced into the environment.
Using this method, a large amount of insecticide dripped
from the logs into the ground during the treatment. This
amount polluted the soil and did not protect the wood
against beetle attacks. The treatment was done on 21 April,
2010.

At the GB site, the treatment was applied according to
the experience of the woodsmen of the city of Neuchatel.
To treat 30 m> of conifers logs, 51 of the mixture was
used. Only 5 g of {-CYP was applied and introduced into
the environment. Using this method, the logs were
impregnated and almost no insecticide dripped from the
logs into the ground during the treatment. At the CS site,
7.5 times less (-C'YP per m® of logs was applied than at the
GB site. The treatment was done on 23 May, 2011.

Rainfall characteristics

Field experiments depend on the meteorology. Intensive
rainfall was simulated in order to mimic threatening con-
ditions for groundwater. In both experiments, the simulated
rainfall was the first event that occurred after the treatment.
The rain intensity was assumed to be constant across all the
sprinkled area. The water used for the simulation was
spring water, the pH of which ranged between 5.5 and 6
with HCL. Natural rainfalls that occurred after the simula-
tions did not reach the same intensity as the simulated
rainfalls (Fig. 4).

At the CS site, the rain simulation installation consisted
of a 3 m® water tank, a pump and three rotating sprinklers.

@ Springer
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Fig. 4 Rainfalls and concentrations of {-CYP, 3-PBA and DCVA (only at the GB site) in water dripping from the logs. The rainfalls in blue are
the natural rainfalls. The rainfalls in red are the simulated rainfalls. The CS site is represented on the left and the GB site on the right

This system covered about 100 m* Three rainfall events
were simulated, on the 23rd, 26th and 27th of April, 2010.
The first rainfall simulation was realised 2 days after the
treatment. A rainfall intensity of 30 mm/day was applied
on the 100 m? at each rainfall simulation. At the GB site,
the rain simulation system consisted in a pool of 4 m* (with
a tank to fill it), a pump and seven garden sprinklers
arranged in hexagonal form. This installation covered
about 150 m>. A rainfall intensity of 36 mm/day was
applied on 25 May, 2011 in two parts, the first between
1245 and 1345 hours (27 mm) and the second, after filling
the pool, between 1440 and 1500 hours (9 mm). After the
rain simulation, excess water of the pool (around 2 m3) was
emptied as far as possible from the pool. Unfortunately, the
emptying place was connected to the outlet inside the cave
and an outflow increase due to this operation was observed.

Sampling

Water samples were collected between the stack of logs
and the soil surface, with a tarp at the CS site and a half
pipe 15 cm of diameter at the GB site. To enable this, the
stacks of logs were raised by about 50 cm. The water
collected represented the water that runs off the surface of
the logs and dripped from the logs before arriving on the
soil. Samples were collected after rainfall events.

@ Springer

Geibe et al. (2006) and Landon et al. (1999) studied the
sample collection of soil water samples in the unsaturated
zone. In order to collect soil water solution under the stack
of logs, two stainless steel suction lysimeters were posi-
tioned 15 and 45 cm deep in the soil at the CS site and one
was positioned 40 cm deep in the soil at the GB site inside
a crack in the limestone pavement. The choice of stainless
steel material instead of ceramic was necessary to avoid
adsorption on the lysimeters. Samples were collected by
applying a depression with a manual vacuum pump. The
soil had to be very moist in order to collect samples.

At the CS site, groundwater samples were collected in
the saturated zone of the aquifer in the piezometers and in
the spring. With an automatic sampler, 25 ml were col-
lected every 2 h throughout a 24-h period in one sampling
bottle. One sample was collected each day from the day
after the treatment (22 April) until 15 May in the first
piezometer; in the second piezometer from the day after the
treatment (22 April) until 26 May; and from 27 days after
the treatment (18 May) until 26 May in the spring. At the
GB site, the groundwater dripping from the cave ceiling
was caught with a tarp. This tarp was turned toward a
gauged can, for which the ratio of water level/outflow was
calibrated. The water level was measured continuously
with a pressure transducer and the water flow was deducted
from this high. The tarp was assumed to have caught the
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totality of the outflow. This system is based on the method
used by Pronk et al. (2008). During the rain simulation
experiment, nine samples were collected by hand, after
which the samples were collected in the can with an
automatic sampler. A total of 90 ml of water were sampled
every 2 h and put in the same sampling bottle on three
separate occasions. Therefore, one sample is done each 6 h.
For protocol and financial reasons, it was not possible to
analyse all the samples. The most interesting samples for
groundwater contamination were those when the flow was
maximal. Thanks to the measure of the flow, the samples
corresponding to the maximal outflow in the cave can be
identified.

At the end of each experiment, about one and half -
months after the treatment, four soil samples at the CS site
and three at the GB site were sampled with an auger at
different depths and the concentration of cypermethrin was
determined in the laboratory. At the CS site, the soil
sampling was repeated about 1 year after the treatment.

Results
Water dripping from the logs into the ground

At the CS site, only concentrations of {-CYP and 3-PBA
were determined. The {-CYP concentration was greater
during the first two simulated rainfalls (Fig. 4). The con-
centration is already much lower (750 pg/l during the first
rainfall) than the initial concentration during the treatment
(450 mg/l). Assuming a constant concentration during the
first rainfall, approximately 2.2 g of {-CYP were leached,
which corresponds to 4.4 % of the total applied (-CYP.
Between the first and third rainfalls, the concentration of (-
CYP decreased drastically and then varied between 0.3 and
14.8 pg/l. 3-PBA concentrations greater than 100 pg/l
were also observed on 27 April (third simulated rainfall), 2
May and 8 May. Otherwise, the concentration varies
between 1 and 7 pg/l.

At the GB site, concentrations of {-CYP, 3-PBA and
DCVA were determined. The (-CYP concentration was
relatively stable throughout the study, at around 15 pg/l.
Note that water was not sampled at all rainfall events (only
four samples were taken during the study). A small
decrease of concentrations of 3-PBA and DCVA was
observed between the beginning and the end of the study
(Fig. 4). Contrary to the experiment at the CS site, con-
centrations greater than 100 pg/l during the first rainfall
events were not observed. Knowing the water head of the
rainfall simulated on the stack of logs (36 mm) and the
surface recovered by the stack of logs and assuming a
constant {-CYP concentration in water dripping from the

logs, the leached {-CYP during the rain simulation was
around 54 mg. The insecticide amount applied on the logs
was 5 g. The cypermethrin leached during the rainfall
simulation experiment was 1.08 % of the total applied -
CYP.

Water in the unsaturated zone

Samples were collected with suction lysimeters in the
unsaturated zone of the soil. This sampling methodology
did not make it possible to collect a sufficient volume for
microconcentrations analysis. The volume collected was
always less than 50 ml and charged with suspended mat-
ters. Under these conditions, the obtained results cannot be
accurately interpreted.

Groundwater

At the CS site, 60 samples were collected in both piez-
ometers and in the spring and concentrations of {-CYP and
3-PBA were determined. Only one sample presented a
significant concentration of {-CYP (4 pg/l). This sample
was collected on 26 April, 2010 in the first piezometer,
which is installed 15 m from the bottom of the stack of
logs, 3 days after the first rainfall simulation. The insecti-
cide in this sample probably corresponded to the insecti-
cide intensively leached during this rain. The water
dripping from the logs presented a concentration around
750 pg/l and the adsorption process in the soil was not
efficient enough to adsorb the totality of the {-CYP before
reaching the saturated zone of the aquifer. No 3-PBA was
found in this sample, but the concentration in the water
dripping from the logs during the first rainfall is unknown.
The concentrations of (-CYP and 3-PBA of the 59 other
analysed samples were below the detection limit.

At the GB site, nine samples were collected during the
simulated rainfall inside the cave and concentrations of (-
CYP, 3-PBA and DCVA were determined. The water
transfer time through the epikarst layer was very short: an
outflow increase was observed 39 min after the beginning
of the rain simulation. The outflow measure inside the cave
makes it possible to analyse water flow variations under the
epikarst. Three flow peaks were observed (Fig. 5a): the two
first were caused by the rain simulation, realised in two
parts. The third peak was due to the emptying of the water
excess of the pool. Unfortunately, the alimentation zone of
the outlet inside the cave was not known perfectly and this
emptying was done in this zone. The maximal (-CYP
concentration was 1.2 ng/l and was observed at almost the
same time as the maximal flow due to simulated rain
recharge (Fig. 5a). During the second flow peak, an
increase of cypermethrin concentration was also observed.

@ Springer



3282

Environ Earth Sci (2015) 73:3275-3284

5 — 15
(a) | | ® Cypermethrin L
— Outflow F
S 4 12
S - T
N -
c 3 -9 \}E’
o L
5 24 —6 E
= 1E - O
[0} L
2 14 3
o | R L
O . L% SOy
: T T T T T T 1 0
g8 8 8 8 8 8 8 &8 8 3
-~ (Y] [s2] <t 0 «© N~ © [} o
o e N e e T e
Time

Fig. 5 a Cypermethrin concentration in water samples collected
inside the cave at the GB site during the rain simulation experiment.
The outflow is represented in blue. The third flow increase was due to
the emptying of the excess water. The legal concentration limit for

Assuming a linear concentration evolution between two
samples catching and knowing the output flow in the cave,
the total cypermethrin amount found in the cave was cal-
culated as 450 pg. The total applied cypermethrin was 5 g:
cypermethrin found in the cave represented 9 x 107>
times the cypermethrin applied on the logs. It represented
0.8 % of cypermethrin leached during this rainfall (54 mg).

The maximal concentration for 3-PBA was almost the
same as cypermethrin (1.3 pg/l) and the total amount found
inside the cave during the experiment was calculated at
450 pg (Fig. 5b). The maximal concentration arrived
slightly before the maximal flow. The maximal concen-
tration for DCVA was 4.3 pg/l and arrived at the same time
as the maximal outflow. The adsorption in the soil seemed
less effective for DCVA. In all, 1500 pg of DCVA reached
the outlet inside the cave during the rainfall simulation
experiment.

Fourteen samples were analysed during the rest of the
study. None presented a measurable concentration of (-
CYP, 3-PBA or DCVA, even though the concentration in
water dripping from the logs was almost constant
throughout the study. This observation was probably due to
the fact that the totality of the infiltration zone connected to
the outlet inside the cave is sprinkled during natural rain-
falls, while only a small area was concerned by the simu-
lation experiment. A certain insecticide amount probably
reached the outlet inside the cave, although it was more
diluted and the concentrations were below the detection
limits.

Soil matrix

At the CS site, two soil cores were done with an auger: one
took place in June 2010, one and half month after the
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drinking water is 0.1 pg/l. b Concentration of 3-PBA and DCVA in
water samples collected inside the cave at the GB site during the rain
simulation experiment

Table 1 (-CYP concentrations

; N . Horizon Concentration
in soil samples at the CS site (ng/ke)
2010 2011
A (0-10 cm) 71.5 25.3
AS (10-30 cm) 75 0.6
S (30-65 cm) 925 0.6
C (>65 cm) 45 2
Table 2 {-CYP concentrations Horizon Concentration
in soil samples at the GB site (ng/ke)
2011
Humus 10.6
A (045cm) 13.8

B (>45cm) 5.1

treatment; and another in July 2011, 1 year after the
treatment. One sample of each horizon was analysed and
the {-CYP concentration was determined. The results are
presented in Table 1. {-CYP was indeed adsorbed in the
soil, which explains why only small concentrations are
found in groundwater. The (-CYP concentrations
decreased 1 year after the treatment, but a certain amount
was always present in the soil. The degradation rate was
not efficient enough to eliminate the total insecticide
amount.

At the GB site, a soil core was also done one and half
month after the treatment (see Table 2 for results). Con-
centrations were lower than at the CS site, probably
because of the insecticide amount applied during the
treatment, which was indeed lower at the GB site than at
the CS site. Cypermethrin adsorption took place mainly in
the humus layer and in the horizon A.



Environ Earth Sci (2015) 73:3275-3284

3283

Discussion
Water dripping from the logs into the ground

The main difference between the two experiments was the
greater concentrations of {-CYP and 3-PBA observed at the
CS site, which did not occur at the GB site. This difference
was probably due to the way the treatment was conducted
and the amount of insecticide applied. At the CS site, 7.5
times more (-CYP was applied per m> of logs than at the
GB site. A higher amount was leached during the first
rainfall event at CS site; this leaching can be decreased by
treating it with less insecticide, as at GB site. Note that the
protection against the beetle was also as effective as at the
GB site.

The {-CYP degradation seemed to occur on the logs.
The degradation products were found in the water dripping
from the logs throughout the study. The commercial
product used in this study probably contained degradation
products, because the higher concentrations were observed
at the beginning of the experiments.

Repartition of the cypermethrin between the different
mediums

It was possible to calculate the repartition of the cyper-
methrin and its degradation products between the different
mediums (on the logs’ surface, on soil particles and in
groundwater) after the rain simulation of 36 mm at the GB
site. To calculate this repartition, taking into account the
degradation products, the degradation products amounts
were added to the (-CYP amount. After the rain simulation
experiment, 3.3 % of the applied cypermethrin dripped into
the ground and 0.05 % reached the groundwater. About
98.5 % of the leached insecticide was retained in the soil,
while 96.7 % of the total amount was not leached and
probably stayed on the log surface.

The distribution of cypermethrin between groundwa-
ter and soil depends on many parameters, and in par-
ticular the hydrogeological situation, the soil pH and
composition, the organic matter content and the
groundwater composition. Cypermethrin concentrations
in the groundwater below the karstic rocks were signif-
icantly higher in the experiments than groundwater
below the porous subsoil. However, it was not possible
to define a significant relationship between the other
measured parameters and the distribution of cyper-
methrin between the different mediums. Although it was
not specifically evaluated, the hydrogeological condi-
tions may have the largest influence on the transport of
cypermethrin from the soil to groundwater.

Contamination of drinking water?

Based on the obtained results, it is presumed that the risk of
drinking water contamination by (-CYP (according the
Swiss law (0.1 pg/l) is low under the present conditions in
the experimental sites. In the experiments, an amount of
insecticide reached the groundwater and sometimes
exceeded 0.1 pg/l. However, the pesticide was never found
in potential catchments. At the CS site, cypermethrin was
only found in the first piezometer, near the treatment site,
and never in the other piezometer nor in the spring. If the
water had been caught in the spring, no drinking water
contamination would have occurred. Moreover, the insec-
ticide found in groundwater samples was never found after
natural rainfalls, but after artificial events only. Natural
rainfalls probably dilute the pesticide and the concentration
reduces to below the detection limit. Even in a very vul-
nerable situation, such as that of karstic rocks at the GB
site, it represents only a small ratio, the greater amount of
infiltrated pesticide not crossing the soil layer (99.2 %).

The experiments described in this study were achieved
while strictly abiding the manufacturer’s instructions (GB
site) or using less pesticide (CS site). In the CS site
experiments, the protection against beetles was successful.
It is important to abide the instructions and to not to
increase the applied pesticide. It does not necessarily
improve the protection, but it could increase the percolat-
ing amount and the risk to groundwater.

Conclusion

This study observed that the main cypermethrin amount
was not leached and did not threaten groundwater. By
applying the recommendations of the manufacturer, a
certain insecticide amount was leached into the ground
during the treatment and the first rainfall (4.4 % of the
applied insecticide). Decreasing the insecticide amount
applied—as at the GB site, where 7.5 times less {-CYP per
m? of logs is used than at the CS site—the leaching during
the first rainfall decreased significantly. In this case, after a
simulated rainfall of 36, 165 mg of insecticide (or 3.3 % of
the total insecticide amount) dripped from the logs. Using
this method, protection against the beetle was also effec-
tive. Thus, the treatment method also has an influence and
it is possible to minimise the cypermethrin leaching into
the soil by decreasing the amount of insecticide applied.
Cypermethrin is well adsorbed in the soil. The concen-
trations found in the aquifer at the CS site and under the
epikarst at GB site are much lower than the concentration
in leached water. Degradation products also appear to be
well adsorbed. At the CS site, 3-PBA was never found in
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the aquifer; at the GB site, concentrations of 3-PBA and
DCVA were much lower in water dripping from the logs.
The mobility of both of degradation products depends on
the acidity of the soil, although the adsorption always
seems to occur in the soil at GB site with a pH between 6
and 6.8. The cypermethrin adsorption was confirmed by the
soil core samples presenting cypermethrin concentrations
at the end of the experiments.

Finally, in porous media, the amount of insecticide that
can reach the aquifer is very low. Therefore, the risk to
groundwater used for drinking water is very low after
treating the logs with cypermethrin respecting the restric-
tions in the protection zones. In karstic media, the experi-
ment realised in this study shows that cypermethrin and its
degradation products can reach the groundwater, but the
amount is very low and the main amount is retained in the
soil, despite the vulnerability of the system.
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