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ABSTRACT: Cyclic volatile methyl siloxanes (cVMS) are emitted to
aquatic environments with wastewater effluents. Here, we evaluate the
environmental behavior of three cVMS compounds (octamethylcy-
clotetrasiloxane (D4), decamethylcyclopentasiloxane (D5) and
dodecamethylcyclohexasiloxane (D6)) in a high latitude lake
(Storvannet, 70°N 23°E), experiencing intermittent wastewater
emissions and high latitude environmental conditions (low temper-
atures and seasonal ice cover). Measured cVMS concentrations in lake
water were below detection limits in both March and June 2014.
However, mean concentrations in sediments were 207 ± 30, 3775 ±
973 and 848 ± 211 ng g−1 organic carbon for D4, D5 and D6,
respectively. To rationalize measurements, a fugacity-based model for
lakes (QWASI) was parametrized for Storvannet. The key removal
process for cVMS from the lake was predicted to be advection due to the low hydraulic retention time of the lake, followed by
volatilization. Predicted cVMS behavior was highly sensitive to the partition coefficient between organic carbon and water (KOC)
and its temperature dependence. Predictions indicated lower overall persistence with decreasing temperature due to enhanced
partitioning from sediments to water. Inverse modeling to predict steady-state emissions from cVMS concentrations in sediment
provided unrealistically high emissions, when evaluated against measured concentrations in sewage. However, high
concentrations of cVMS in sediment and low concentrations in water could be explained via a hypothetical dynamic emission
scenario consistent with combined sewer overflows. The study illustrates the importance of considering compound-specific
behavior of emerging contaminants that may differ from legacy organic contaminants.

1. INTRODUCTION

Cyclic volatile methyl siloxanes (cVMS) are used in polymer
production, personal care products (PCPs) and various
technical applications.1−3 The majority of environmental
emissions arise from use of PCPs. Of the three compounds
octamethylcyclotetrasiloxane (D4), decamethylcyclopentasilox-
ane (D5) and dodecamethylcyclohexasiloxane (D6), D4 and
D6 are used in much lesser quantities than D5 which is most
heavily used in PCPs.4 Although removal is efficient (95−99%)
in wastewater treatment plants (WWTPs),5−7 a fraction is also
emitted to aquatic environments.1−3 There are currently no
regulations for use of cVMS, but D4 and D5 were recently
classified as very persistent and very bioaccumulative (vPvB) by
the European Chemicals Agency8 and restrictions for inclusion
in wash-off products have been proposed.9 Relatively high
concentrations of cVMS have been measured in sediment and

biota in aquatic environments close to populated areas.10,11

This can be explained by their hydrophobicity, favoring
partitioning to organic matrices, combined with high usage
and emissions. Aquatic environments with low emissions of
proximal wastewater effluents have shown low or nondetectable
concentrations of cVMS.12,13 However, many sparsely popu-
lated areas (including small communities at high latitudes) have
poor wastewater treatment, resulting in direct discharge and
potentially high local exposure to down-the-drain chem-
icals.14,15 Additionally, there is a need to understand how
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environmental conditions at these latitudes (e.g., low temper-
atures and ice cover) influence cVMS behavior.
Models can complement monitoring studies for organic

contaminants by embodying our conceptual understanding of
system behavior and helping us to identify knowledge gaps.
Several monitoring11,12,14 and modeling16−19 studies have been
reported for cVMS in aquatic environments, but few have
compared model predictions with measurements for a specific
environment. Predictions from a dynamic fugacity-based
multimedia model agreed well with observed cVMS concen-
trations in sediment from the Inner Oslofjord, despite high
uncertainty in emissions.20 Behavior of cVMS in aquatic
environments is generally controlled by advection, hydrolysis,
volatilization and sediment burial, depending on the compound
and the environmental characteristics.18,20 These processes can
be affected by flow rates, water volume and depth, fluxes of
organic matter and temperatures. In addition, seasonal ice cover
was important for predicted concentrations of D5 in the Baltic
Sea.19 Under a hypothetical scenario of complete emission
cessation, overall (global) persistence of cVMS was predicted to
be controlled by dissipation from sediment to water followed
by hydrolysis, with overall half-lives of 1−2 years for D5.21 This
stresses the importance of understanding the behavior and
persistence of cVMS in sediments and the interactions between
the water and sediment compartments.
Here, we investigate the occurrence and behavior of cVMS in

a high latitude lake (Storvannet, 70°N 23°E). This lake was
chosen because (i) cVMS contamination was expected as it
receives emissions of raw sewage through leaks and combined
sewer overflows (CSOs), (ii) the lake is relatively well-studied
from investigations on native Arctic Char (Salvelinus alpinus)
populations22 and persistent organic pollutants (POPs) from
local sources23 and (iii) it is located in a high latitude
environment with low temperatures and seasonal ice cover
providing an opportunity to study the behavior of cVMS under
these conditions. In addition, this study provides a baseline to
assess persistence of cVMS in sediment, as emissions will cease
in the near future with renovations of the local sewer system.

Fugacity-based multimedia modeling24−26 is used as a
mechanistic framework in combination with measurements to
understand the behavior of cVMS in this lake and to explore
the influence of physicochemical properties, environmental
characteristics, and steady-state vs dynamic assumptions.

2. MATERIALS AND METHODS

2.1. Study Site. Storvannet is located in a residential area of
the town of Hammerfest in Northern Norway (Figure 1). It is a
small (0.2 km2, maximum depth 17 m) oligotrophic, non-
stratified lake located 8 m above sea level (Supporting
Information (SI) Table S10). According to the local municipal-
ity, the town had 7225 inhabitants in 2015, of which 3563 live
around Storvannet (70% on the Southwest side and 30% on the
Northeast side). The lake has two inflowing rivers and one
outflow to the nearby marine harbor. The residence time of the
lake is about 9 days in summer and 38 days in winter.27 The
lake is ice covered for approximately 6 months of the year;
often from November to early June. There is no wastewater
treatment in Hammerfest. Untreated sewage from the
population around Storvannet was emitted to the lake through
an underwater diffuser (Site 4, Figure 1) until the early 1970s,
when the wastewater outfall was moved to the harbor.
Currently, a combined sewer system collecting both sewage
and surface runoff runs along both sides of the lake. Even if no
wastewater is intentionally emitted to the lake, unintentional
emissions to the lake occur through leaking pipes and CSOs,
especially during periods with high water flow such as snowmelt
season and heavy rainfall. Hence, the amount of wastewater
actually emitted to Storvannet is unknown.

2.2. Sample Collection. Sampling was carried out in 2014;
March 19−21 when the lake was ice covered (ice thickness 60−
80 cm) and June 23−25 when the lake was ice-free. To assess
spatial variability, samples were collected from four sites within
the lake (water and sediment) and three sites around the
lakeshore (river water and sewage) (Figure 1, SI Tables S1−
S2). All sampling equipment was cleaned thoroughly before use
(SI 1.1), and PCPs were avoided by personnel handling the

Figure 1. Sampling sites in and around Storvannet for lake water and sediment (white), river water (blue) and sewage (green). Yellow areas of the
map indicate populated areas. The embedded map shows the location of Hammerfest in Norway.
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samples. In winter, a manual ice drill was used to make holes in
the ice to carry out the sampling.
Lake water was collected at 3 m depth with a Ruttner 2.0 L

water sampler, and transferred to Duran glass bottles (250 or
500 mL) filled completely to avoid any headspace. River water
samples were collected by immersing a glass bottle under the
water surface. Immediately after retrieving the samples, six
aliquots of 15 mL water were transferred into 22 mL headspace
vials (Teledyne Tekmar) and 10 μL internal standard in
acetone (82 ng mL−1 13C4-D4, 104 ng mL−1 13C5-D5 and 112
ng mL−1 13C6-D6) was added to each vial (SI 1.1).28 Vials were
capped with polytetrafluoroethylene (PTFE) lined butyl rubber
septa (Agilent technologies) and aluminum crimp caps (SUN
Sri). Sewage was collected from three sites at three different
times (08:00, 12:00 and 17:00) at June 25th to evaluate spatial
and diurnal variability. All samples were collected by immersing
a 500 mL Duran glass bottle into the wastewater stream, and
closing it without any headspace. Sediment samples from the
lake were collected with a gravity corer (80 mm inner diameter
(I.D.) in March, 45 mm I.D. in June). The top 1 cm of each
sediment core was transferred to a glass jar. All samples were
transported refrigerated, and water and sewage samples were
prepared and analyzed immediately, while sediment was stored
at −20 °C until sample preparation.
Field blanks of sediment from Sanford Lake (Midland, MI,

May 10th 2012, provided by Dow Corning Corporation) and
bottled mineral water were brought to the field. Water field
blanks were treated in the same way as regular water samples.
Sediment field blanks were exposed during sediment sampling,
and aliquots of the same material were kept in the laboratory
freezer for comparison (hereafter named the reference
sediment). The pH of the water samples was determined in
the laboratory using a WTW pH 3110 meter (SI Table S1).
Aliquots of sediment samples were shipped to ALS Denmark
A/S for determination of dry weight (dw) and total organic
carbon (TOC) content (accredited method DS/EN ISO
13137) (SI Table S2).
2.3. Extraction and Analysis of cVMS. Prior to analysis,

aliquots of 15 mL sewage samples were prepared in the lab the
day after sample collection in the same way as water samples
had been prepared in the field (section 2.2). Water and sewage
samples were subjected to static headspace analysis based on
the method of Sparham et al.28 (all details in SI 1.2.1). All
samples were within calibration curve range except for one
sewage sample (site 3, 08:00), which was diluted 1:10 v:v
sewage:bottled mineral water to reduce the concentration to
within the calibration curve range. Sediment samples were
extracted with a biphasic cold solvent extraction, adapted from
Sparham et al.29 (all details provided in SI 1.2.2). Extracts were
analyzed using a concurrent solvent recondensation large
volume injection (CSR-LVI) technique (SI 1.2.2).30−32

Limits of detection (LOD) and quantification (LOQ) for
cVMS in water and sewage samples were calculated as the
average concentration in field blanks plus three and ten times
the field blank standard deviation, respectively. For sediment
samples, LODs and LOQs were calculated the same way using
procedural (n-hexane) blank samples. As average concen-
trations in blank samples were incorporated into LODs and
LOQs, sample results were not blank-corrected. For sediment
samples, the method detection limit (MDL, SI 1.4)33 was
calculated for comparison to LOQ. Results were not corrected
for the purity of the internal standards.

2.4. Modeling of Physical Transport and Fate. To
model cVMS in Storvannet, a modification of the fugacity-
based multimedia lake model QWASI by Mackay et al.34 was
used. This model simulates exchange processes between air,
water, and sediment, as well as transformation processes within
these media.25,34 Two model versions were applied: (i) a
steady-state version consistent with QWASI v2.8, with
modifications,18 and (ii) a dynamic version allowing for
temporal changes in temperature, water flows, ice cover and
emissions. The models consist of one water and one sediment
compartment assuming these are homogeneous and well mixed.
Previous dynamic developments of the QWASI model20,35 have
allowed annual changes in emissions, and seasonal changes in
environmental conditions, but not episodic emission events.
Here, daily fluctuations in emissions, water temperature and
river inflow were incorporated. The mass balance equations for
water and sediment (SI 1.8) were solved numerically using
Euler’s method (1 h time step).
Model parametrization was based on information about

dimensions, hydrology and meteorology of the lake and its
catchment22,27,36−40 as well as measurements from Storvannet
in 2014 (SI 1.5, Table S10). The steady-state model was run for
four temperature scenarios: (i) 0 °C (winter); (ii) 3.5 °C
(average); (iii) 8 °C (summer) and (iv) 0 °C with air−water
exchange turned off (representing ice cover). In all scenarios, an
average water flow was assumed (and inflow was assumed equal
to the outflow) (Table S10). In the dynamic model, daily
resolved air temperatures, water flow data and ice cover were
used as input (SI 1.5).
Physicochemical properties for cVMS were based on

experimental data (SI 1.6, Table S12). Hydrolysis was assumed
to occur in the aqueous phase only (i.e., not for cVMS sorbed
to particles).1,2,21 Degradation18,20 and partitioning properties
were temperature-adjusted in the steady-state scenarios and on
a daily basis in the dynamic model. Several values have been
reported for cVMS partition coefficients between organic
carbon (OC) and water (KOC)

41−44 and between octanol and
water (KOW).

45,46 Some data have also been reported for the
temperature dependence of KOW (the enthalpy of phase
change, ΔUOW)

47,48 (SI Table S12, Figure S3). However,
measured data for the temperature dependence of KOC has not
yet been reported. The value for ΔUOC was, therefore, assumed
equal to ΔUOW, but the limitation of this is acknowledged.
Baseline model simulations were run with log KOCs = 4.2 and
5.2 for D4 and D5,45 respectively, and ΔUOWs = 7.9 and 29 kJ
mol−1 for D4 and D5, respectively,48 in accordance with
previous model simulations.18−20 The older ΔUOWs

48 were
used rather than the more recent ones45,47 as they provided
results in better agreement with measurements (section 3.2).
However, for evaluation, simulations (including sensitivity
analysis) were also run with the most recent ΔUOWs of 31.9
and 68.8 kJ mol−1 for D4 and D5, respectively.45,47

All input of cVMS was assumed to occur via untreated
discharge directly to lake water. Concentrations in inflowing
rivers were set to zero, and concentrations in air assumed
consistent with measurements from Nordic background sites
(SI Table S12).49,50 However, model predictions are insensitive
to concentrations in air for cVMS due to very high water to air
fugacity gradients.18 The steady-state mass-balance equations in
QWASI were rearranged to yield predicted emissions, given a
concentration in sediment (SI 1.8). The targeted cVMS
concentrations in sediment were the mean of the measured
concentrations (ng g−1 OC) normalized to the measured
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average fraction of OC ( fOC = 5%) (SI Table S12). For
comparison purposes, per capita emission estimates of cVMS to
wastewater for the UK1−3,5,51 were used to estimate emissions
from the population around Storvannet (SI 1.9). Note that
predicted persistence and main elimination processes from
QWASI are independent of emissions.
A sensitivity analysis was conducted with the steady-state

model for selected environmental and physicochemical proper-
ties for which uncertainty was highest (SI Table S10, S12).
System dimensions and flow rates were assumed to be well-
known. Parameters were varied in steps of ±5%, with other
parameters held at their default values, and effects on predicted
concentration in water and sediment recorded. Water temper-
ature of 3.5 °C and constant emissions derived from the inverse
modeling were assumed.
In reality, emissions to Storvannet are not constant, as

assumed in the steady-state model. A hypothetical dynamic
emission scenario was constructed to simulate intermittent
leaks and CSOs (SI 1.7) with the principal intention of
evaluating the plausibility of this scenario as an explanation for
the observed concentrations. Emissions were assumed to be a
hypothetical function of catchment runoff as CSOs are known
to be related to high water flow events (section 2.1).37

3. RESULTS AND DISCUSSION

3.1. Measured Concentrations of cVMS. 3.1.1. Sewage.
All LODs, LOQs, and recoveries are reported in (SI 1.3, Table
S3−S5). D5 was the dominant cVMS in sewage and was above
LOQ in all samples (n = 8), while D4 and D6 were only above
LOQ in 3 and 2 individual samples, respectively (SI Table S6).
This is consistent with other reported results in sewage and
known emission profiles of cVMS where D5 is dominant,
followed by D6 and D4.5,6,52 Large variation in D5
concentrations was observed between sites and sampling
times, ranging from 23.2 ng L−1 (St2, 08:00) to 1415 ng L−1

(St3, 08:00). Site 2 generally displayed lower concentrations
than the other sites, probably due to the lower population on
this side of the lake. Highest concentrations were observed in
the morning (8:00 am) at site 3 for D4 and D5 and at site 1 for
D6. Diurnal variation of cVMS concentrations in sewage has
been reported in the UK with peak concentrations in the
morning and a second peak in the evening.5 Overall,
concentrations of cVMS in the untreated sewage in Hammer-
fest were more comparable to concentrations in WWTP
effluent than influent reported from urban areas in Europe and
North America.5,6,10,28,52,53 This could be explained by a
combination of lower usage rates and higher dilution in the
combined sewer system. Despite measures to limit loss of

cVMS from the sewage samples through hydrolysis and/or
volatilization during storage and transport (refrigerated bottles
with no headspace for maximum 24 h), it is acknowledged that
some loss of cVMS may have occurred prior to preparation of
samples in headspace vials,5,28,54 resulting in slightly under-
estimated concentrations.

3.1.2. Water. All cVMS concentrations in lake water were
below LOD or LOQ, except for D4 in a single replicate of river
water (although this was still below the highest concentrations
measured in an individual field blank). Hence, these results are
not reported and concentrations of cVMS in lake water remain
unknown. Few measured concentrations of cVMS in environ-
mental water samples are available in the literature and they
were not found above detection limits in water from the
Oslofjord.53 This is partly due to difficulties in measuring these
compounds at trace levels in water.28,55

3.1.3. Surface Sediments. As LOQs were higher than
MDLs, LOQs were used as a conservative quantification limit
(SI 1.3, 1.4, SI Table S4). All cVMS compounds were above
LOQ in all sediment samples (Figure 2, SI Tables S7−S9). The
mass of cVMS in the samples were 2−13, 150−2150, and 10−
170 times the average mass of cVMS in the procedural blanks
for D4, D5, and D6, respectively. As results were not blank-
corrected, D4 concentrations could be slightly overestimated
due to the relatively low ratio between the mass of D4 in
samples and blanks. D5 dominated in all samples, followed by
D6 and then D4. Average concentrations of D4, D5, and D6
were 4.4 ± 1.2, 66.2 ± 22.7, and 14.6 ± 4.8 ng g−1 ww in March
(229 ± 8, 3435 ± 631 and 759 ± 142 ng g−1 OC), and 3.9 ±
0.2, 86.5 ± 8.2 and 19.6 ± 1.0 ng g−1 ww in June (186 ± 8,
4115 ± 358 and 937 ± 40 ng g−1 OC), respectively. The dry
weight content was higher and the OC content lower at site 2
than at the other sites (SI Table S2), and the remainder of the
discussion is based on OC-normalized concentrations (Figure
2).
To test for significant differences between samples, F-test

and t test statistics were used as for field blanks (SI 1.1). In
June, concentrations of D5 and D6 were significantly higher at
sites 3 and 4 than at sites 1 and 2 (D5: p = 0.0002−0.04, D6: p
= 0.0002−0.02). Concentrations were also significantly higher
for D5 and D6 at sites 3 and 4 in June than in March (p =
0.01−0.05). CSOs were reported in the southern corner of the
lake in May, and deposits from these events may explain the
higher concentrations at sites 3 and 4 in June. Considering all
sites, there were no statistically significant differences in cVMS
concentrations in sediments between March and June on either
a ng g−1 ww, ng g−1 dw or ng g−1 OC basis (p > 0.05).

Figure 2. Concentrations of D4, D5, and D6 in surface sediments of Storvannet (ng g−1 OC) in March (blue) and June (orange) represented as the
average and standard deviation (error bars) of triplicate samples.
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Concentrations of D5 in Storvannet sediments (ng g−1 OC)
are comparable to sediments in other aquatic systems receiving
wastewater effluents, such as Swedish and South-Norwegian
lakes,12,52 the Humber Estuary11,29 and Lake Pepin,56 but lower
than in the Inner Oslofjord57 and the River Ouse,11,29 and
higher than in the Outer Oslofjord57 and in an Arctic fjord.14

The ratio of D6 to D4 in Storvannet sediments (ratio of 3−6)
is lower than that reported in other systems with comparable
D5 concentrations (often ratios of 10−40).11,52,56,57 This could
indicate a different emission profile (current or historical),
possibly influenced by the lack of wastewater treatment, and/or
a different behavior of cVMS in Storvannet compared to other
aquatic environments.
3.2. Model Predictions and Evaluation. 3.2.1. Steady-

State Baseline Scenario for Storvannet. In the average
temperature scenario (3.5 °C) and assuming ΔUOW = 7.9
and 29 kJ mol−1 for D4 and D5, respectively, removal of cVMS
from Storvannet was dominated by advection from the water
column (63−74% of loss), followed by volatilization (23−28%
of loss) (Figure 3, SI Table S13). This is due to the short

hydraulic residence time in Storvannet (average 16 days)
compared with half-lives of other loss processes. Hydrolysis
slows down at low temperatures and sediment burial is limited
by a low sediment deposition rate (ca. 2 mm y−1, SI Table S10).
Hence, degradation in water was only important for D4, while
degradation in sediment was negligible for all compounds, and
burial only accounted for up to 3.2% of total loss (D6). In other
systems, volatilization (D6 in Lake Ontario, D5 and D6 in
Oslofjord), burial (D6 in Lake Pepin) and hydrolysis (D4 and
D5 in Lake Ontario; D4 in Lake Pepin and Oslofjord) have
been predicted to dominate,18,20 while advection was predicted
to dominate for D5 in Lake Pepin.17,18 Dominance of advection
in Storvannet means that predicted persistence (or chemical
residence time, defined as half-life/ln(2)) does not differ as
much between cVMS compounds as in other systems.18 For all
cVMS, persistence in water (PW) was 10−12 days and
persistence in sediment (PS) 6.2−6.6 years (SI Table S13).
The latter was controlled by sediment burial rather than
degradation in sediments or desorption from sediments.
Differences in the combined overall persistence (POV) (13−
89 days) reflect partitioning between water and sediment for
the three compounds, with longest POV for D6 (SI Table S13).
This is comparable to Lake Pepin, but shorter compared to
Lake Ontario (except for D4, which hydrolyzes quickly in these
warmer systems).18 However, these residence times for Lake
Pepin and Lake Ontario are shorter than those calculated by
Mackay et al.,17 due to an assumed lower active sediment layer
depth, which is directly proportional to sediment residence
time.

Inverse-modeled steady-state emissions of 1.2, 4.7, and 0.2 kg
y−1 were required to match mean measured concentrations in
sediment of 10, 189, and 42 ng g−1 dw for D4, D5 and D6,
respectively, at the average lake temperature (SI Table S13).
The corresponding predicted concentrations in water were 16,
67, and 3 ng L−1 for D4, D5 and D6, respectively (SI Table
S13). These are below our LOQs for D4 and D6, but exceed
the LOQ for D5, although D5 was not detected in lake water
(SI Table S3, section 3.1.2). Compared to emission estimates
derived using the population around Storvannet and per capita
cVMS emissions to wastewater from the UK (0.12, 3.5, and 0.4
kg y−1 for D4, D5 and D6, respectively: SI 1.9), the emission
estimates from the inverse modeling are 10 times higher for D4,
but similar (factor differences of 1.3 and 0.5, respectively) for
D5 and D6. However, only a fraction of the total cVMS in
sewage is expected to go to Storvannet (most will flow to the
main outlet in the harbor), and untreated wastewater
concentrations derived from these emissions (90−450, 2800−
13 700, and 320−1600 ng L−1 for D4, D5, and D6; SI 1.9) are a
minimum of 2−3 times higher than observed in the Storvannet
sewers. If we assume the highest measured cVMS concen-
trations in sewage (52, 1415, and 100 ng L−1 for D4, D5, and
D6, respectively, SI Table S6), steady-state wastewater losses to
the lake of 230−2850 m3 h−1 would be required to achieve the
inverse-modeled emissions. This is inconsistent with our
current knowledge about sewage discharge and leakage rates
(total flow from 7225 people is ca. 60 m3 h−1 assuming 200 L
cap−1 d−1). A possible underestimation of cVMS concentrations
in sewage due to losses during storage for 24 h cannot account
for this deviation.

3.2.2. The Impact of Physicochemical Properties in Cold
Lakes. Predicted cVMS concentrations in sediment were most
sensitive to KOC and ΔUOW and (consequently) to f OC in
sediment, the sediment deposition rate and f OC in suspended
material (SI Figure S4−S9). Due to higher importance of
hydrolysis for D4 than for the other compounds, D4 in
sediment was also sensitive to the temperature dependence of
hydrolysis (Arrhenius activation energy, EA) (SI Figure S7).
Predicted cVMS concentrations in water were much less
sensitive to chemical-specific parameters than concentrations in
sediment (SI Figures S4, S6, S8, S9). They were most sensitive
to the mass transfer coefficients at the air−water interface that
control volatilization. Notably, predicted concentrations of D4
and D5 in sediment were two and three times lower,
respectively, at 3.5 °C when the higher value for ΔUOW (i.e.,
the most recently reported experimental value of this
parameter45,47) was used (SI Figures S4−S7). As the
temperature in Storvannet is low (0−1 °C for 8 months of
the year: SI Table S11, SI Figure S1),40 the effect of
temperature, KOC and ΔUOW for the predicted behavior of
cVMS merits more detailed discussion (for Storvannet and
beyond).
While many organic compounds have negative ΔUOW values

(e.g., −19 to −27.5 kJ mol−1 for PCBs),58 implying increased
partitioning to organic matter at lower temperatures, cVMS
have positive ΔUOW values (SI Table S12) predicting increased
partitioning to water at lower temperatures (Figure 4, SI Figure
S3). This means that the expectation of decreased cVMS
persistence at higher temperatures (due to increased hydrolysis
rates) may be counteracted by a decrease in the dissolved phase
fraction. In the steady-state scenarios, predicted loss through
degradation in water increased with increasing temperature for
D4 (with a concurrent decrease in PW and PS), but remained

Figure 3. Illustration of the mass-balance of D5 in the average baseline
scenario under steady-state, assuming ΔUOW = 29 kJ mol−1.
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relatively constant for D5 and D6 (SI Table S13). Moreover,
overall persistence (POV) was predicted to increase with
increasing temperature for D5 and D6 in the absence of an
ice cover. This can be explained by an increased partitioning to
sediment at higher temperatures where degradation is negligible
and suggests that the effect of temperature on partitioning was
more important than the effect of temperature on hydrolysis.
As the value of ΔUOW controls the slope of the temperature

dependence of KOC, a higher ΔUOW value implies an even more
pronounced partitioning to water at low temperatures (Figure
4, SI Figure S3) (POV for D5 is lower at all temperature
scenarios when using ΔUOW = 68.8 kJ mol−1 compared with 29
kJ mol−1: SI Table S14). The assumption of higher ΔUOW
values also results in higher (and more unrealistic) emission
estimates derived from inverse steady state modeling (15.7 kg
y−1 compared with 4.7 kg y−1 when ΔUOW = 68.8 kJ mol−1

instead of 29 kJ mol−1 for D5 at average temperature) (SI Table
S14). Similarly, it also results in predicted concentrations of D5
in water that are far above our LOQs (SI Table S14). This
suggests that a high effective value of KOC at average lake
temperature would be more consistent with the observed
concentrations of cVMS in Storvannet sediment. This could be
achieved by using either a lower ΔUOW value or a higher KOC
value at reference temperature (SI Figure S3).42,44

Cold lakes not only have low temperatures, but also seasonal
ice covers. The inclusion of an ice cover in the steady-state
scenarios increased the dominant importance of advection
(>90% of loss) and increased PW and POV for all compounds
compared to the ice-free winter scenario, due to cessation of
volatilization (SI Table S13, S14). Thus, the combination of
low temperatures and ice cover development may affect the
persistence of cVMS in complex ways depending on the specific
lake in question (and its dominant removal processes). It has
been shown that the relative importance of various loss
processes will vary with lake characteristics,18 and the effect of
low temperatures and ice cover on cVMS behavior will hence
depend on the specific lake in question, including its emission
scenario. In systems with pronounced temporal variability (i.e.,
seasonality or intermittent emissions), this may not be captured
realistically in steady-state scenarios.

3.2.3. The Impact of Dynamic Emissions. Concentrations of
cVMS in sediments of Storvannet result from intermittent
emissions associated with CSOs (especially during spring
snowmelt). Such a nonsteady-state emission pattern should
generate a higher fugacity ratio between sediment and water for
most of the year, except during CSO events, than predicted
under steady-state conditions with thermodynamic equilibrium
or near-equilibrium conditions (SI Table S13). This implies
that predicted steady-state partitioning from temperature-
adjusted KOCs is not representative for Storvannet for most
of the year. To test the plausibility of this hypothesis, a dynamic
emission scenario was constructed based on river flows (section
2.4) and assuming, in the first instance, ΔUOW = 7.9 and 29 kJ
mol−1 for D4 and D5, respectively. Dynamic predictions over a
three-year period suggest that, for the assumed emission
pattern, concentrations of cVMS in water are generally low
(<LOD), but periodically increase during high flow events (up
to 400 ng L−1 for D5) (Figure 5, SI Figure S10, S11). The

temporal pattern of predicted cVMS concentrations in
sediment is much less variable. Concentrations decrease
gradually during winter low flow periods and rise during high
emission periods as near-surface sediment is replenished with
contaminated material depositing out of the water column.
During low flow periods, the system is far from equilibrium
with high sediment:water fugacity ratios (Figure 5, SI Figure
S10, S11). During periods of high flow (and high emissions),
the fugacity ratio falls below 1 representing net cVMS flux from
water to sediment. The relatively constant predicted concen-
trations in sediment over the long-term reflect the long
persistence of cVMS in this compartment.
Dynamic simulations for D5 using ΔUOW = 68.8 kJ mol−1,

keeping all other parameters (including emissions) unchanged,
resulted in similar concentrations in water, a slight increase in
the sediment to water fugacity ratio between emission events,
and a lower concentration in sediment (SI Figure S12). Also,
the predicted concentrations in sediment decreased with time.
Thus, higher emissions or more frequent CSOs would be

Figure 4. Predicted fractions of cVMS in the water column of
Storvannet (the remaining fraction is predicted to reside in the
sediments) as a function of temperature and ΔUOW at steady-state (SI
Table S13, S14).

Figure 5. Predicted changes in the concentration of D5 in water
(Cwat) and sediment (Csed) in Storvannet over a three-year period
assuming a hypothetical intermittent emission scenario consistent with
CSOs. Also shown is the fugacity ratio between sediment and water
(fsed/fwater) which is <1 during flow events but ≫1 at other times.
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required to maintain the measured D5 concentrations in
sediments due to a higher fraction of chemical in the dissolved
water phases where it is more quickly removed. These
simulations suggest that a higher log KOC of approximately 5
or greater at temperatures relevant for Storvannet gives better
agreement with the observed concentration data than a lower
log KOC. This can be achieved e.g. using a log KOC of 6.2 at 25
°C combined with ΔUOW = 68.8 kJ mol−1 or a log KOC of 5.2 at
25 °C combined with ΔUOW = 29 kJ mol−1. Other
combinations with higher values of KOC and lower values of
ΔUOW may also generate reasonable predicted outcomes.
Although Storvannet is not a typical high latitude lake in

terms of its contamination history, it provides some interesting
insights into the effect of high latitude environmental
conditions on the freshwater behavior of cVMS. Particularly,
it illustrates how a positive ΔUOW value may result in little
change in predicted persistence at lower temperatures. This
contrasts with expected behavior of other pollutants in cold
environments59−61 and challenges the view that organic
contaminants are more persistent in high latitude than in
temperate environments. We recommend that this is taken into
consideration for cVMS in both scientific and regulatory
processes, and similarly for other contaminants of emerging
concern that may behave differently to legacy POPs. Ignoring
this could lead to erroneous conclusions regarding emerging
chemicals of concern and their fate in high latitude environ-
ments. Further research should attempt to reduce the
uncertainties in the temperature dependence of KOC, as well
as the temperature dependence of cVMS hydrolysis. Moreover,
this study illustrates the importance of considering site-specific
parameters such as temperatures, water flows and emission
scenarios which need to be taken into account by scientists and
regulators when interpreting measurements and when extrap-
olating/generalizing to larger areas and regions such as the
Arctic. Mass-balance models are invaluable for understanding
the relative importance of transport and removal mechanisms,
as well as the factors that influence them. For biota residing in
the lake, the intermittent emissions and the low hydraulic
retention time of Storvannet has implications for exposure to
cVMS. For most of the year, the only significant source of
cVMS to biota will be the sediment, even for organisms that are
mainly pelagic. Hence, even if only a small fraction of the total
food intake is from the sediment, this may drive exposure in the
whole food web.
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