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Abstract

Background: OECD TG 309 “Aerobic Mineralisation in Surface Water” (OECD Test Guideline 309 (2004)) is currently
used in regulation for the assessment of the persistence of chemicals in surface water. The test is performed in a
batch under defined conditions. Processes which might be relevant for the fate of a chemical in surface water like
direct and indirect photolysis are not addressed. In order to study the impact of sunlight on the fate in surface water,
pendimethalin, a herbicidal active substance with known sensitivity to aqueous photolysis, was used. This was tested
in an experiment based on OECD 309, but scaled up to 900 L size with a 1.40 m water column and irradiated with
special lamps in order to monitor the fate of the substance at different water depths, in comparison to dark controls.

Results: Pendimethalin degraded significantly under the applied test conditions. The test setups with exposure to
simulated sunlight showed a significant faster degradation compared to the dark experiments. Application of 900 g
sediment (1% of test system) to the test system further increased the degradation rate. In the simulated sunlight set-
ups a faster degradation was observed in the upper water layer, hence, the concentration of the photolysis products
were highest in the upper water layer, where the highest light intensity was measured. With decreasing light intensity
in deeper water layers photolysis products were still detected at a water depth of 125 cm. Mineralisation up to 22%
of the applied radioactivity was observed. In the dark controls neither significant amounts of photolysis products nor
any mineralisation were detected. Among the different sampling depths no significant differences were observed.

It was further observed that the dark controls became anaerobic at the end of the incubation time. This has been
observed previously in standard laboratory tests according to OECD 309.

Conclusions: The study proves that for a substance sensitive to photolysis like pendimethalin, exposure to simulated
sunlight leads to a significantly reduced degradation half-life (DegTs) in surface water compared to the dark control.
In the standard test according to OECD guideline 309 the influence of photolytical degradation is not considered and
thus the laboratory test can lead to the overestimation of the persistence of a chemical in surface water and conse-
quently to a false-positive evaluation in the overall PBT assessment (ECHA Guidance on Information Requirements
and Chemical Safety Assessment 2004), when only the results of the standard OECD 309 study are considered.
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batch analysis to measure biodegradation under defined
conditions. It is conducted with and without sediment
but the effect of suspended solids on the degradation rate
of chemicals in the test is unclear [2]. A major point of
criticism is the missing guidance for a specific experi-
mental setup. The current guideline allows too much var-
iability of the experimental setup, which has a significant
influence on the results [3]. As a consequence studies
according to OECD 309 can be simple or very complex
[2]. Further it was stated that an OECD 309 test is rather
an expensive hydrolysis test and that substances that are
not readily biodegradable are likely to fulfil the persis-
tence criterion for water unless they are hydrolyzed [4].

Processes like direct and indirect photolysis, which
might be relevant for the fate of a chemical in surface
water, are not addressed. The guideline allows “diffuse
light” but does not specify any concrete light conditions.
Thus, most studies are conducted in the absence of light.
Several publications prove the relevance of photolysis
beside biodegradation in natural surface water for the
fate of selected organic substances [5-7]. If the assess-
ment of persistence [8] in surface water is triggered by
the result of the OECD 309 study only, substances which
are hydrolytically stable but sensitive to photolysis might
be falsely assessed as persistent, not only for surface
water but also within the overall PBT assessment accord-
ing to ECHA [8].

For pesticide registration, direct photolysis studies are
mandatory, indirect photolysis studies optional. However,
the primary purpose of these tests is not to determine
rate constants, which are considered later in the exposure
assessment, but to get information on the occurrence of
potentially stable transformation products. These would
have to be considered for further risk assessment in reg-
istration approval processes.

Direct photolysis can be an important degradation
process in the water phase. Only wavelengths of UV/vis-
ible light (290-800 nm) are considered in those tests as
they represent the sunlight spectrum. As a consequence,
chemicals that absorb light of this wavelength range can
undergo direct photolysis in the water phase. Indirect
photolysis in natural water is tested in the same way as
direct photolysis, except that water from a natural sys-
tem or natural water with nitrate or simulated natural
water is used instead of a sterile aqueous buffer system
[9]. In contrast to direct photolysis, indirect photolysis is
governed initially by the spectroscopic properties of the
natural water. In general, both indirect and direct pho-
tolysis can proceed simultaneously [10]. However, there
is no requirement regarding the water quality param-
eters for testing indirect photolysis. Castro-Jiménez and
Van de Meent [11] have reviewed the available literature
on photolytic degradation of chemical substances under
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environmental conditions and concluded that light
absorption in natural water is significantly lower than
measured in laboratory water, with photodegradation
about 30 times slower in typical fresh water. The relative
importance of direct photolysis versus indirect photoly-
sis varies and is dependent both on the substance and the
media. Indirect photodegradation is stimulated in natu-
ral environmental waters by the presence of dissolved
organic matter or nitrate which is not present in pure lab-
oratory water. In natural waters, which have to be used
for OECD 309, both processes can be relevant but in the
standard OECD 309 setup the influence of light on the
degradation of the test item is not considered.

In the case of plant protection products the exposure
of a small freshwater body with sediment at the edge of
an agricultural field via spray drift, run-off or drainage is
highly relevant. Hence, beside the photolytical processes
in the upper layer of a water body, there is a particular
relevance to investigate as to which water depth direct
and indirect photolysis might contribute to degradation
since the light intensity decreases with water depth.

To study the influence of light on the degradation of a
test substance in different water layers requires a modi-
fied test system. As a major modification the size of the
test system had to be increased by orders of magnitude
to be able to investigate processes in water depths below
1 m. One further modification from OECD 309 is the
static test performance, which is needed to analyse pro-
cesses in different water layers. OECD 309 requires per-
manent mixing of the test vessels by shaking or stirring,
but in the present study this would not comply with the
study aim. Nevertheless, the test system should still fol-
low the basic principles of OECD 309 with regard to test
medium, test temperature, application rate, sampling and
chemical analysis and maximum incubation time. A labo-
ratory OECD 309 study with pendimethalin was already
conducted and with a half-life of 193 days a poor degra-
dation of pendimethalin was observed under standard
conditions, including stirring [12].

Stainless steel containers with the shape of a vertically
cut cylinder were filled with surface water taken from a
natural lake and maintained at 20 °C. Sampling of dif-
ferent water depths were performed without disturbing
the water body significantly. Pelagic as well as suspended
sediment setups were tested in parallel, whereby in the
absence of mechanical mixing the suspended sediment
settled within a few days at the bottom of the test vessel.
To study the influence of light, a set of two test vessels
were exposed to simulated sunlight while two further test
vessels were incubated under dark conditions.

As test substance the herbicide pendimethalin (CAS
No. 40487-42-1) was selected based on its substance
intrinsic properties. Pendimethalin is hydrolytically
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stable but susceptible to aqueous photolysis with half-
lives of 1.5 to 5 days under continuous irradiation over
a testing period of 15 days in a photolysis study accord-
ing to OECD 316 [12]. In addition, pendimethalin has a
low water solubility (0.3 mg/L at 20 °C) and a very high
adsorption to organic matter with a mean K, value
of 13,792 mL/g [12]. In water/sediment systems pen-
dimethalin rapidly partitions into the sediment [12]. The
14C-labelling of the test substance enables the determi-
nation of the degradation route as well as to establish a
mass balance which is an important parameter in such a
large size simulation system.

Methods

Test and reference substances

For the study a mixture of non radiolabeled pendimetha-
lin (99.5%, BASF SE) and '*C-radiolabelled pendimethalin
(phenyl-ring-u-'*C labelled, specific activity 10.7 MBq/
mg, radiochemical purity 99.2%, BASF SE) was used. Ref-
erence standards for pendimethalin metabolites 2,6-Dini-
tro-3,4-dimethylaniline (purity 96.1%, “M455H032”),
1-(1-ethylpropyl)-5,6-dimethyl-7-nitro-1H-benzimida-
zole (purity 99.0%, “M455H029”), 4,5-dimethyl-3-ni-
tro-N2-(pentan-3-yl)benzene-1,2-diamine (purity 98%,
“M455H033”) and 2-methyl-3,5-dinitro-4-(pentan-3-
ylamino)benzoic acid (purity 98.2%, “M455H001”) were
provided by BASF SE to support the identification of the
detected degradation products. For chemical structures
see Additional file 1: Table S7.

As a control substance *C-labelled sodium benzoate
(phenyl-ring-u-'*C labelled, specific activity 12.84 MBq/
mg, American Radiolabeled Chemicals) was used to
prove the viability of the aqueous system as proposed by
OECD 309 [1].

Test system

Surface water

The study was conducted using Hennesee lake water, an
artificial fresh water lake in Germany 51° 19’ 57" N, 8° 15/
48" O, with woodland around the lake. The water system
was sampled from Hennesee lake on December 1st, 2017.
For details of the sampling see Additional file 1: Table S1.
The key characteristics of the surface water are shown in
Additional file 1: Table S2.

Local sediment was sampled at the same place and
sieved <2 mm. The sediment was sampled frequently and
data from previous years show no significant change of
the sediment over time (see Additional file 1: Table S4).

To monitor the microbial activity of the sampled
water, 250 mL from each vessel were transferred to an
erlenmeyer type glass flasks with a capacity of 0.5 L and
treated with *C-sodium benzoate at a concentration of
12 pg/L/38.5 kBq per flask. The flasks were sealed with
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ground joint caps equipped with a gas inlet and outlet.
The inlet was connected gas-tight to a gas supply, which
continuously supplies moistened CO,-free air in order to
ensure aerobic incubation conditions. The lids outlet was
connected to two wash bottles filled with 2 M NaOH to
trap '*CO, from mineralization of the sodium benzoate.
At test end further water was taken from the 900 L test
vessels and tested again as described above.

Test setup and incubation

The test setup consisted of 4 test vessels with a size of
about 1000 L each. They were made of stainless steel
in the form of a vertically cut cylinder. The height of
the cylinder was 140 cm and the surface are was about
0.7 m2. The test vessels were placed in temperature con-
trolled containers with two test vessels per container.
The space in between container and test vessel was filled
with water. The test temperature in the container was
set to 20°+ 2 °C. It was placed on weighing scales, which
allowed control of the volume to a precision of 1 L.

900 L of the test water were pumped through a 100 pm
mesh filter directly into each of the test vessels. Two ves-
sels, one in each container, were additionally applied with
900 g sediment dry matter, corresponding to 1 g dry mat-
ter per liter. As the vessels were not stirred or shaken, the
sediment settled and on the application day the water
was almost clear again.

The test vessels in one container were covered with a
stainless steel lid to protect from light. The two vessels in
the other container were covered with a lid of borosilicate
glass and exposed continuously to simulated sunlight to
study the influence of sunlight on the fate of pendimeth-
alin. The light source was an Osram HQI-TS 2000 W
metal halide lamp. Light spectrum and —intensity were
measured by a UV/VIS spectrometer (BLACK-Comet,
Stellarnet) and evaluated with the software SpectraWiz.
The sunlight spectrum as well as sunlight intensity
(633 W/m?) were measured at noon on July 18th 2017
with the same instrumentation. The lamp was installed at
200 cm distance from the water surface, the light inten-
sity measured at the center of the water surface at test
start was 1222 W/m?. The light spectrum at the water
surface under the glass lid showed a wavelength cut off at
290 nm (see Additional file 1: Fig. S2). The spectrum was
comparable to natural sunlight between 290 to 800 nm
with the exception of a peak at 535 nm which is caused
by the metal halide lamp (see Additional file 1: Fig. S1).
Since pendimethalin shows no absorbance at this wave-
length (UV-spectrum pendimethalin see [12, 13]) this
emission peak is considered not relevant for the test.

So finally, four different test setups were prepared: (a)
water without sediment (pelagic) with sunlight simu-
lation (PS), (b) water with suspended sediment with
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sunlight simulation (SSS), (c) water without sediment in
the dark (PD) and d) water with suspended sediment in
the dark (SSD). All test vessels were incubated at 20 °C
for 60 days.

Sampling

In order to avoid water losses by evaporation the test ves-
sels exposed to simulated sunlight were covered by a lid
of borosilicatglass. The space between the water surface
and the borosilicatglass lid was connected to wash bottles
which were filled with ethylene glycol, 1 M H,SO, and
2 M NaOH, respectively. The gas in the headspace was
permanently sucked through the wash bottles in order to
trap volatile degradation products and *CO,. Gas trap-
ping from the dark vessels was performed in the same
way as described for the irradiated vessel.

Sampling was performed at 5 different water depths
with minimum disturbance of the water body in order to
avoid mixing the layers. For this purpose five 5 stainless
steel tubes with an outer diameter of 8 mm but of differ-
ent length were installed in each test vessel. Through the
tubes at depths of 5 cm, 35 ¢cm, 65 cm, 95 cm and 125 cm
samples were taken by sucking water into bottles. The
first 200 mL were discarded at each sampling. Figure 1
shows the sampling tubes before the container was filled
with water.

The test was performed with a mixture of *C-labelled
pendimethalin and non-labelled pendimethalin at an
initial pendimethalin concentration of about 94 pg/L
(49 MBq per test vessel). Considering the surface area
of the test vessel, the applied amount would correspond
to a direct overspray of an agricultural use rate of 1.1 kg
pendimethalin per ha. The test substance was applied
dissolved in 4500 mL with acetonitrile which is equal to
0.5% solvent application per water volume of a test vessel.
After application, the vessels were manually stirred with
a 1 m stainless steel paddle to homogenously distribute
the test substance in the water body. The concentration
of pendimethalin measured directly after application in
different water depths proved a homogenous distribu-
tion at test start (see Additional file 1: Table S5). Samples
were taken at 0, 1, 3, 7, 10, 14, 22, 30 and 58 days after
treatment from all vessels at the five sampling depths.
Duplicate sampling was performed for each sample. At
each sampling water parameters pH, temperature, oxy-
gen content and redox potential were measured in the
test vessels.

Sample processing

To determine dissolved 14COz, an aliquot of each water
sample was acidified with concentrated HCI. The amount
of *CO, released was calculated from the difference of
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Fig. 1 Steel tubes for water sampling at different depths without
disturbing the water body

radioactivity measured by LSC (liquid scintillation count-
ing) before and after acidification of the sample.

Another aliquot of the water samples from the pelagic
test setups were diluted 1:1 with methanol for stabiliza-
tion. Samples from the suspended sediment setups were
centrifuged (28,000xg) before stabilization. Aliquots
from the stabilized samples were measured by LSC for
dissolved radioactivity.

Radioactivity in liquid samples was determined with
Hidex Instruments 300SL liquid scintillation counters
(LSC). 1 mL of the stabilised water samples was mixed
with 4 mL of Ultima Gold (Perkin Elmer) as scintillator.

Quantification of pendimethalin and metabolites was
done by radio-TLC and LC-MS. Pendimethalin was
quantified by mass spectrometric analysis with a limit
of detection (LOD) of 0.01 pg/L and a limit of quantita-
tion (LOQ) of 0.05 pg/L. Metabolites were identified by
comparison with retention times of reference substances.
Details of the analytical methods are given in the Addi-
tional file 1.

Kinetic evaluation
Kinetic analysis and calculation of DegT;, and DegTy,
values were performed with the kinetic evaluation tool
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CAKE, following the recommendations of the FOCUS
kinetics working group [14]. CAKE version 1.4 (Release)
running on R version 2.15.1 (2012-06-22) [6] was used.

Kinetic analysis and calculation of DegT, and DegT,,
values were performed for each setup individually. In
a first step an average concentration was calculated for
each test vessel since the concentration measured in the
different depths varied. But for a kinetic calculation over
the entire test vessel, one concentration is necessary to be
calculated for each sampling time. In order to calculate
the average concentration it was assumed that the con-
centration measured for each water depth is representa-
tive of a 30 cm water layer, in this case 15 cm above and
15 c¢cm below the sampling depth. Since the uppermost
sampling was carried out at a depth of only 5 cm, this
sample consequently only represents a total of a 20 cm
water layer with 15 cm below but only 5 cm above the
sampling depth. A water layer of 30 cm in a cylindric ves-
sel of 140 cm hight represents the 30/140s part of the
entire vessel. Accordingly for the averaging the concen-
tration values from the different layers were weighted
according to the part of the total volume that they rep-
resent. So a 30 cm layer was weighted with 30/140 while
the upper layer of 20 cm was weighted with 20/140 only.
In total this result in one average concentration for the
vessel. Kinetic calculations were performed based on
the average vessel concentration calculated as described
above.

Results and discussion

Test system parameters

Viability of test water

Viability controls by determination of the mineralization
of *C-sodium benzoate as reference standard were per-
formed at test start and test end to monitor the micro-
bial activity of the test waters as suggested in OECD 309
(see chapter 3.2). The viability control showed a miner-
alization of more than 50% within 14 days after test ini-
tiation, indicating an active microbial community in
water directly after field sampling. At test end after 58
days, the viability check showed only a minor decrease
of activity in the test water from the simulated sunlight
setups, whereas activity in the test water from the dark
setup decreased significantly. The water from the dark
pelagic setup showed a mineralization of only 10% within
14 days which indicates a significant decrease of micro-
bial activity.

At the same time a drop in oxygen concentration and
redox potential in the dark setups was observed from
30 days onwards, accompanied by a strong anaero-
bic smell of the test water in the dark setups at test end
and the water colour turned black (see Additional file 1:
Fig. S3). Furthermore, on the surface of the water in the
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dark setups a gel-like substance had formed a closed layer
of 1-2 cm thickness (see Additional file 1: Fig. S4).

In the setups with simulated sunlight neither visible
change of the water nor an anaerobic smell was observed
until test end. Oxygen content and redox potential slowly
decreased but did not drop as observed in the dark set-
ups. For details of water parameters see Additional file 1:
Table Se.

Simulated sunlight

The light intensity was measured at each sampling depth
up to the 125 cm water column directly in the test ves-
sel. For the measurement, the Stellarnet sensor was
attached to a rod and immersed in the water to the sam-
pling depths. The filter cap, which is needed for measure-
ments at this light intensity, protects the sensor from the
water. The glass fibre connection from the sensor to the
detector is waterproof. Results presented in Additional
file 1: Fig. S5 show a significant decrease to about half
the intensity at the 125 cm depth relative to the inten-
sity measured at the water surface. The reason for this
decrease was not analysed in further detail.

Temperature

The water temperature of 20 °C+2 °C could only be
maintained in the dark setup. In the vessels with sun-
light simulation the temperature measured in 5 cm water
depth ranged between 27° and 28 °C. This is caused by
the sunlight simulation that, beside light, introduced also
a lot of thermal energy. In the absence of mechanical
mixing of the water body, the temperature of the upper
water layer increased to 28 °C. In order to record the ver-
tical temperature profile, the temperature was measured
in 10 cm steps up to 130 cm. Figure S6 in Additional file 1
shows that the elevated temperature was limited to the
upper 20 cm of the test vessel. The temperature in the
water body below 20 cm was homogenously 20 °C+2 °C.

Distribution of radioactivity and mass balance

The recovered radioactivity in all setups ranged from
734% AR (applied radioactivity) to 106.3% AR. The
results of simulated sunlight and dark setup showed sig-
nificant differences.

In the simulated sunlight setups a trend to decreasing
recoveries with time was observed. The radioactivity dis-
solved in the water phase after acidification decreased
from 100% at test start to just 50% after 58 days. On the
other hand, dissolved '*CO, released by acidification,
increased up to 22% AR at test end indicating minerali-
zation of pendimethalin. This might be a reason for the
low recovery from sunlight simulation setups as that
level of mineralisation was unexpected and the sam-
pling procedure was not specifically designed to keep
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14C0, dissolved in the water sample. Losses might have
occurred while sucking the water by vacuum in the sam-
pling bottles. In the volatile traps connected to the test
vessels less than 0.4% AR was collected in any of the set-
ups, no pendimethalin was detected. So, *CO, produced
by mineralization stayed dissolved in the water phase.

However, losses of volatiles, in particular *CO,, can-
not be avoided completely in simulation systems of about
1 m? size. This is supported by the results from the dark
setups, where recovery was much better after 58 days.
Some variations were observed during incubation but
without a clear trend. The recovered radioactivity was
almost entirely detected in the water after acidification.
Neither dissolved *CO, nor significant amounts of radi-
oactivity in the volatile traps were found at any time. This
is a significant difference to the setups with simulated
sunlight exposure, where relevant mineralization of pen-
dimethalin was observed.

The sediment from the suspended sediment setups
was sampled only at test end. Amounts of 4.4% (SSS) and
7.7% AR (SSD) were found in the sediment. This is in line
with the sorption coefficient [12], which theoretically
estimates an amount of 3 to 9% AR in the sediment in the
given system and indicates a more or less homogeneous
distribution of pendimethalin in the test systems at the
end of the study duration.

Degradation behaviour of pendimethalin

Quantification of parent pendimethalin was based on
LC-MS analysis. In the simulated sunlight setups the
pendimethalin concentration reduced within 30 days to
less than 2% of the initially applied concentration. The
samples from different water depths were very similar in
concentration. This is not surprising as there was perma-
nent exchange between the water layers by diffusion.

In the dark setups degradation was slower compared
to the simulated sunlight setups. Independent of the
decrease of microbial activity and oxygen concentra-
tion, a slow degradation of pendimethalin was expected
from the results of the standard OECD 309 laboratory
test, which was also conducted in dark conditions [12].
In the SSD setup, the pendimethalin concentration varies
through the water layers but the overall degradation was
faster than in the dark pelagic setup. The concentration at
day 58 in the SSD setup decreased below 1% of the initial
concentration while in the PD experiment 21% of the ini-
tially applied pendimethalin was still present.

Degradation profile of pendimethalin under different
incubation conditions

Radio-TLC were used for metabolic profiling due to
its analytical sensitivity and potential to detect also
unknown metabolites where no reference standards are
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available. Pendimethalin could not be separated chro-
matographically from the metabolites M455H029 and
M455H033 (see “Test and reference substances” section).
Thus, the signal at this Rf represent the sum of at least
those three substances. The metabolites M455H001 and
M455H032 were separated by radio-TLC.

The metabolic degradation profiles of pendimethalin
differ significantly in the simulated sunlight and dark
setups. In both dark setups the pendimethalin concen-
tration detected by radio-TLC matches very good with
the values determined by LC-MS. This indicates on the
other hand that no significant amounts of metabolites
M455H029 and M455H033 were present in the samples
as this would have increased the radio-TLC-signal of
pendimethalin by co-elution.

M455H001 was found only at day 58 with 4.7% and
6% AR (average values over all water layers), M455H032
was found only in the PD setup with 8% AR but not in
the SSD setup. Total unidentified radioactivity, e.g. where
the Rf-value could not be assigned to one of the available
reference standards, became significant at day 30 and
increased until day 58 to 44.6% AR in the PD setup. In the
SSD setup this fraction was already present at day 10 and
increased to 67% AR at day 58.

In the simulated sunlight setups the pendimethalin
amounts determined by radio-TLC match with the LC—
MS measurements, except for day 7 and day 10. At these
days, radio-TLC detected up to 28% more radioactivity
at the pendimethalin Rf than expected according to LC—
MS measurement. This was probably due to metabolites
M455H029 and M455H033 being present in the samples
in which case they would co-elute with pendimethalin
and increase radioactivity at this retention time.

The sample from day 14 was not considered as those
data from LC-MS were already classified as outliers (see
Additional file 1: Table S8) which was confirmed by the
radio-TLC analyses.

M455H001 was found only in minor amounts up to 5%
AR in certain samples. M455H032 was detected from day
3 (SSS) and day 7 (PS). It increased until day 14 to 13.8%
AR and 14.7% AR and then decreased to 0% and 4% AR
at day 58. Total unidentified radioactivity appeared at day
3 in both setups and increased to a maximum of 36.7%
at day 22 (SSS) and 43.7% AR at day 30 (PS) before it
decreased slowly.

Relevance of direct and indirect photolysis

Metabolite M455H032 is described in the literature [12,
15] as photolysis product of pendimethalin. This is con-
firmed by the present study as it was detected in the sim-
ulated sunlight setups only. Decreasing amounts after day
14 prove that M455H032 was further degraded under the
test conditions.
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M455H033 is also a known photolysis product of pen-
dimethalin [15]. If M455H032 was found, M455H033
should have been detected as well. Unfortunately there
is no direct proof since M455H033 co-eluted with parent
pendimethalin on radio-TLC. Nevertheless, as described
above, deviations between pendimethalin determined by
LC-MS and pendimethalin detected by radio-TLC, were
observed only in the simulated sunlight setups for day 7
and day 10. These are the samples were also M455H032
was detected and it is assumed that the observed devia-
tion might be due to co-eluting M455H033. At least it is
a further indication that photolysis was a relevant process
for the fate of pendimethalin in the simulated sunlight
setups.

In both simulated sunlight experiments, maximum
amounts of M455H032 were always determined in the
top 5 cm water layer. Since this was the case from more
than 40 individual samples this is a further indication
that M455H032 is a photolysis product because the irra-
diation energy was highest in the top water layer. How-
ever, it was also found in deeper water layers. That makes
sense because as shown in Additional file 1: Fig. S5 the
irradiation energy in the water body did not decrease to
zero until the 125 cm depth and thus photolysis products
should be detectable in all water layers. Indirect photoly-
sis might have been a relevant process as well. Dissolved
salts and humic substances might have acted as sensi-
tizers to further increase photolytic degradation [9, 10].
However, the actual experimental setup was not capable
to distinguish between direct and indirect photolysis.

A further result of simulated sunlight application is the
significantly increased mineralization of pendimethalin
(see “Distribution of radioactivity and mass balance” sec-
tion) whereas in both dark setups no mineralization was
observed up to day 58.

Kinetic evaluation

Averaged concentrations for the different experimental
setups

Table 1 shows the calculated average data used for kinetic
evaluation. For the PS setup one outlier was identified at
day 14 and corresponding data were not considered for
any kinetic evaluation. The degradation plots are shown
in Fig. 2.

The test setups with exposure to simulated sunlight
showed a significant faster degradation of parent pen-
dimethalin compared to the dark setups. Detection of
known photolysis products of pendimethalin in the sim-
ulated sunlight setups and absence of those products in
the dark setups are further evidence for the relevance of
photolysis processes for the fate of pendimethalin under
the applied conditions. Application of 1% sediment to the
test systems further increased the degradation rate. The
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Table 1 Pendimethalin concentration (weighted average)
in pg/L used for kinetic evaluation

Time (days) PS PD SSS SSD

0 101.7 100.3 99.9 100.1
1 98.6 99.6 1024 105.5
3 87.0 96.8 77.8 894
7 64.8 102.0 526 69.6
10 549 86.3 380 76.5
14 71.2% 726 436 72.2
22 6.4 62.5 49 42.0
30 1.0 516 1.0 134
58 0.1 213 0.0 0.1

*Classified outlier, not considered for kinetic evaluation

degradation endpoints determined based on the aver-
age system concentrations are presented in Table 2. The
half-lives presented in Table 2 are valid for the experi-
mental setups only. If transferred to certain field and sun-
light conditions, the irradiation energy of the simulated
sunlight and the applied continuous irradiation, with-
out day/night rhythm, have to be taken into account in
case of recalculations considering specific outdoor light
scenarios.

Influence of sampling depths on degradation kinetics

Degradation kinetics were also calculated for the concen-
tration curve of each individual sampling depth, though it
was understood that the water layers are not independent
but connected systems with the potential of substance
exchange e.g. by diffusion. Nevertheless, the evaluation
shows further differences between the test setups.

In the dark setups no trend for depths dependent deg-
radation kinetics was observed. Kinetic behaviour was
similar at all sampling depths.

In the PS setup only minor differences were observed
in the different layers. The degradation in the top layer
was slightly faster than in the other layers. The same
could be observed in the SSS setup, but with significant
faster degradation in the upper layer (see Additional
file 1: Table S8). The results of the calculated best-fit
DegTs, and DegT,, values for pendimethalin (SFO-
kinetic model) are shown in Table 3.

Potential reasons for the faster disappearance in the
upper layer are the simulated sunlight and the increased
temperature of that water layer. As described above
there is a strong indication of relevant photolysis in the
SSS setups. The photolysis product M455H032 has been
identified and the maximum concentration has been
found in the upper water layer, where light intensity was
highest. This would explain the higher dissipation rate
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Fig. 2 Single first order degradation kinetics of pendimethalin under different incubation conditions (weigthed mean over all water layers,
evaluation with CAKE [17])

Table 2 Average degradation kinetics (best fit: SFO-kinetics, CAKE evaluation tool) across the test setups

Test setup DegT;, (days) DegTy, (days) Coefficient of determination (r?)  Chi? error (%)
PS 8.38 27.84 0.9795 9613
SSS 752 2497 0.9684 11.72
PD 28.83 95.77 0.9603 5.448
SSD 15.52 5154 0.9389 11.27

Table 3 degradation kinetics (SFO-kinetic, CAKE model) for different sampling depths at SSS setup

Test setup: SSS (cm) Dis*T5, (days) Dis*Ty, (days) Coefficient of determination (r?)  Chi? error (%)
5 5.789 19.23 0.9685 13.11
35 7174 23.83 0.9683 1042
65 7616 253 0.965 10.49
95 8318 27.63 0.9566 13.13
125 8.179 2717 0.9443 12.55

*'Dis" instead of “Deg” because substance exchange between the layers is possible

of pendimethalin in the upper water layer but does not The influence of the elevated temperature can be esti-
allow a numerical estimation of the influence of the deg- mated by the Q10 factor [16]. Q10 is the factor of the
radation kinetics. increase of the degradation rate at an increase of the tem-

perature by 10 °C. It has been derived for soil degradation
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studies but is in principle a physical parameter and can
serve as a rough estimate also in water. In the current
experiment the temperature in the upper layer was meas-
ured to be almost 28 °C on the water surface with linear
decrease to 20 °C at a depth of 20 cm (see Additional
file 1: Fig. S6). Thus, the average temperature in the top
20 cm can be estimated to 24 °C which is 4 °C above the
lower water layers. Following the Q10 theory, the factor
Q4 has to be calculated by 2.58(4/10) =1.46. That means
that the half-life normalized to 20 °C can be estimated by

DegT5, = 5.789 days (at 24 °C) x 1.46
= 8.45 days (at 20°C)

This estimated half-life fits well to the degradation
kinetics determined for the lower water layers. However,
since the water layers were not independent systems, the
reason for the increased degradation kinetics is assumed
to be a mixture of the effects described above.

Conclusions

From the results obtained it can be concluded that pen-
dimethalin degraded rapidly in a water—sediment envi-
ronment and also in surface water without sediment.
Application of simulated sunlight was a highly important
factor for the degradation rate and route of pendimetha-
lin and also for the test system stability.

Decreasing light intensity in deeper water layers
resulted in slightly slower degradation rates of pen-
dimethalin. However, although metabolites from pen-
dimethalin photolysis were detected at maximum
concentration in the upper water layer, they were found
in all water layers sampled. This indicated that photoly-
sis was a relevant process for the fate of pendimethalin
within the entire 140 cm water body. The relevance of
simulated sunlight is supported by the fact that in the
simultaneously conducted dark setups a lower dissipa-
tion rate in the upper water layer was observed and no
photolysis products were detected at all. Further, with
simulated sunlight considerable mineralization of pen-
dimethalin was observed while no mineralization was
found in dark setups at any time. The results confirm
the non-persistence of pendimethalin in aerobic surface
water under the influence of sunlight since the half-life of
pendimethalin was clearly below the ECHA persistence
trigger of 40 days for water [8].

For a substance that is known to be sensitive to
aqueous photolysis like pendimethalin, results from
a surface water degradation test under the influence
of simulated sunlight are very different from those
obtained from the same experiment but under dark
conditions. This was proven in the current study and
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holds true for the degradation rate and degradation
route. Standard TG OECD309, which represents the
standard test guideline for “Surface Water-Simulation
Biodegradation Test” allows exposure to “diffuse light”
without any further definition of the light quality and
thus prefers dark conditions. As OECD 309 is the rele-
vant test guideline for persistency assessment in surface
water under REACH, this leads to an overestimation of
persistency of hydrolytically stable, but photolytically
sensitive substances in the overall PBT assessment for
chemicals [8].

The study further showed that simulated sunlight helps
to keep the test system stable and aerobic. Formation
of a jelly phase in the dark test system is also frequently
observed in the usual laboratory setup in standard OECD
309 testing. Although it is not studied so far what influ-
ence the jelly phase might have on substance degradation
(e.g. by formation of non-extractable-residues).

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512302-020-00402-w.

Additional file 1. Supplementary tables and figures and details on
chemical analysis.
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