
The effect of partial dissolution on sea-ice chemical transport: a
combined model–observational study using poly- and
perfluoroalkylated substances (PFAS)
Max Thomas1, Briana Cate1, Jack Garnett2, Inga J. Smith1, Martin Vancoppenolle3, and Crispin Halsall2
1University of Otago, Department of Physics
2Lancaster Environment Centre, Lancaster University
3Sorbonne Université, Laboratoire d’Océanographie et du Climat (LOCEAN), Institut Pierre-Simon-Laplace (IPSL),
CNRS/IRD/MNHN

Correspondence: Max Thomas (max.thomas@otago.ac.nz)

Abstract. We investigate the effect of partial dissolution
on the transport of chemicals in sea ice. Physically plau-
sible mechanisms are added to a brine convection model
that decouple chemicals from convecting brine. The model
is evaluated against a recent observational dataset where a5

suite of qualitatively similar chemicals (poly- and perfluo-
roalkylated substances, PFAS) with quantitatively different
physico-chemical properties were frozen into growing sea
ice. With no decoupling the model performs poorly — failing
to reproduce

:::::::::::::
underestimating

:
the measured concentrations of10

high chain-length PFAS. A decoupling scheme where PFAS
are decoupled from salinity as a constant fraction

::
of

::::
their

::::
brine

::::::::::::
concentration, and a scheme where decoupling is pro-

portional to the brine salinity, give better performance and
bring the model into reasonable agreement with observa-15

tions. A scheme where the decoupling is proportional to the
internal sea-ice surface area performs poorly. All decoupling
schemes capture a general enrichment of longer chained
PFAS and can produce concentrations in the uppermost sea-
ice layers above that of the underlying water concentration,20

as observed. Our results show that decoupling from convect-
ing brine can enrich chemical concentrations in growing sea
ice and can lead to bulk chemical concentrations greater than
that of the liquid from which the sea ice is growing. Brine
convection modelling is useful for predicting the dynamics of25

chemicals with more complex behaviour than sea salt, high-
lighting the potential of these modelling tools for a range of
biogeochemical research.

1 Introduction

Sea ice is a complex, climatically important material, and 30

provides a habitat for a range of micro-organisms (Vancop-
penolle et al., 2013). As sea ice cools, the internal, liquid,
brine becomes concentrated in solutes as more fresh, solid
ice forms (e.g. Assur, 1958; Vancoppenolle et al., 2019). The
increase in brine salinity raises the brine density (Maykut 35

and Light, 1995; Cox and Weeks, 1988), which can drive
brine convection (Notz and Worster, 2008) to supply nu-
trients (Fritsen et al., 1994) as well as harmful pollutants
(Pućko et al., 2010a, b) to sea-ice communities. We can
model salt dynamics and other conservative species (chem- 40

ical species that are completely dissolved and exhibit simi-
lar behaviour to salt) in growing sea ice with good accuracy
and precision (Rees Jones and Worster, 2014; Griewank and
Notz, 2013; Turner et al., 2013; Thomas et al., 2020). How-
ever, modelling chemicals with non-conservative behaviour 45

(chemical species with behaviour that deviates from salt due
to physico-chemical or biological interactions within sea ice)
has received less attention (e.g. Vancoppenolle et al., 2010;
Zhou et al., 2013; Kotovitch et al., 2016). This problem has
broad biogeochemical relevance, with gases such as CO2 (Ti- 50

son et al., 2002) and CH4 (Zhou et al., 2014), macro-nutrients
(Vancoppenolle et al., 2010), iron (Lannuzel et al., 2016), and
stable water isotopes (Eicken, 1998; Smith et al., 2012) all
having potential to behave non-conservatively with respect
to salinity in sea ice. 55

A recent observational study gives us an opportunity to ex-
plore this problem is a systematic way. Garnett et al. (2021)
measured the concentration profiles of a suite of ten poly-
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and perfluoroalkylated substances (PFAS) as they froze into
laboratory grown sea ice. The measured PFAS share acidic
functional groups (carboxylic and sulphonic acids) but ex-
hibit differences in the carbon-chain lengths (ranging from 4
to 12) and their physico-chemical properties (see Table 1,5

where
:::::::::::
octanol–water

:
partitioning coefficients vary by sev-

eral orders of magnitude). Intriguingly, Garnett et al. (2021)
found that short-chain PFAS (carbon chain-lengths <8) be-
haved similarly to the bulk salinity (conservatively), while
long-chain PFAS (carbon-chain lengths ≥8) were enriched10

relative to the bulk salinity. Further, long-chained PFAS
tended to be even more enriched in the shallowest measured
sea-ice layer, and in some cases had bulk concentrations
greater than that of the underlying water.

:
It

::
is

::::::::
plausible

:::
that

:::::
PFAS

::::
were

::::
not

::::::::
perfectly

::::::::
dissolved

::
in

::::::
sea-ice

:::::
brine

::::::
during15

::::
these

:::::::::::
experiments.

::::
The

::::::::
extreme

::::
cold

::::
and

::::
high

:::::::
salinity

::
of

::::
brine

:::
has

::::::::
potential

::
to

:::::
drive

::::::
solutes

:::::
from

:::::::
solution,

:::::
while

:::
the

::::::
surface

:::::
active

:::::::::
properties

::
of

:::::
PFAS

:::::
could

:::::
cause

:::::
them

::
to

::::
stick

::
to

::::::
internal

::::
ice

:::::::
surfaces.

:
Given that brine convection is the

dominant process redistributing solutes in growing sea ice20

(Notz and Worster, 2009), we hypothesise that the physico-
chemical properties of the PFAS have partially decoupled
them from the convecting brine, and that this decoupling has
caused the observed deviations from conservative behavior.

Here, we test that hypothesis by using observations of25

PFAS (Section 2.1) to evaluate a brine convection model
(Section 2.2.1). We ran three simulations that include plau-
sible mechanisms of decoupling and tune each mechanism
against the observations (Section 2.2.2). Comparing the
model performance to the observations allows us to test our30

hypothesis
:::
and

:::::::
identify

:::
the

:::::
likely

:::::::
factors

:::::::::
controlling

:::::
PFAS

::::::::
dynamics

::
in

::::
our

:::::::::::
experimental

::::::
system

:
(Section 3)and to .

::::::
Finally,

:::
in

::::::
Section

::
4
::::

we
:
provide insights into how brine

convection parameterisations can be adapted to model non-
conservative chemicals in sea ice(Section 4).35

2 Methods

2.1 Observations

The PFAS observations were collected during two sea-ice
freeze experiments performed using the Roland von Glasow
Air-Sea-Ice Chamber (Thomas et al., 2021) where sea ice40

was grown from NaCl water. Results and methods are pre-
sented in full in Garnett et al. (2021). Two experiments were
conducted (Freeze-1: air temperature −35 oC, 3 days, 17
cm final sea ice thickness; Freeze-2: air temperature −18
oC, 7 days, 26 cm final sea ice thickness), with samples ex-45

tracted using the Cottier et al. (1999) method at the end of
the growth phase, sectioned vertically, and measured for bulk
NaCl and PFAS concentrations (Table 1). Following Garnett
et al. (2021) we omit the lowest sea-ice layer from our anal-
ysis due to a sampling bias, and we exclude one PFAS (6:250

FTSA) as the reported concentrations are described as ‘semi-

quantitative’. We are left with measurements of bulk sea-ice
concentration for NaCl and nine PFAS. The Freeze-1 and
Freeze-2 depth profiles were subsampled into nine and eight
vertical layers, respectively, giving 17 measured samples. We 55

therefore have 17 measurements of bulk concentration, csi,
for NaCl and 153 for PFAS. The concentration of the exper-
iment water was measured three times when the system was
fully liquid, and we use the mean and standard deviation of
these as the concentration before freeze up, co, and uncer- 60

tainty on that concentration, δ(co), respectively. The uncer-
tainty on a single measurement, δ(csi), is taken to be the me-
dian standard deviation of the measurements of the fully liq-
uid ocean because these have repeat samples. We normalise
the concentration of NaCl and each PFAS to co and estimate 65

the uncertainty on the normalised concentration by propaga-
tion of the measurement uncertainty. Normalising the con-
centrations allows us to compare the behavior of PFAS to
each other and to NaCl. A full list of chemicals and selected
key physico-chemical properties are given in Table 1. 70

2.2 Modelling

2.2.1 Model set-up

The model used was previously presented in Thomas et al.
(2020), where brine dynamics parameterisations (Rees Jones
and Worster, 2014; Griewank and Notz, 2013; Turner et al., 75

2013) based on Rayleigh number physics (Wells et al., 2011)
were shown to perform well. The model has been used on
several occasions to model tracers assumed to be perfectly
dissolved in sea-ice brine (Thomas et al., 2020, 2021; Gar-
nett et al., 2019), and has been used to investigate the sensi- 80

tivity to imperfect dissolution for rhodamine (Thomas et al.,
2020). We used the brine convection parameterisation pre-
sented by Griewank and Notz (2013) because it has a set
of well evaluated tuning parameters, independent of our ex-
perimental system (Griewank and Notz, 2015), that allow 85

us to test the robustness of our results to tuning (Section 4
and Supplementary Information). We tuned the parameteri-
sation by varying the critical Rayleigh number, Rac, and de-
salination strength, ϵ, and evaluated the pairs using the bias
and mean absolute deviation between the modelled and mea- 90

sured salinity profiles. We chose the pair Rac = 4.69 and
ϵ= 0.00438 kg(m3s)−1 which gave a bias of less than 1 %
and a weighted mean absolute deviation of 4 % when com-
pared to the 17 measurements of sea-ice bulk salinity. The
model is initialised such that each sea-ice layer has the same 95

bulk salinity and PFAS concentration as the underlying wa-
ter, so the initial normalised concentration profile is identical
for NaCl and each PFAS. Freeze-1 and Freeze-2 are mod-
elled separately using temperature profiles and sea-ice thick-
ness measured in each experiment (presented previously in 100

Garnett et al. (2019)). The model has 50 layers and a timestep
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Table 1. PFAS used in this study. Initial water concentrations, co, and analytical uncertainties, δ(co) and δ(csi), were taken from Garnett
et al. (2021). NC is the carbon-chain length. KOW ::::::::

log10KOW is a measure of partitioning between a organic and aqueous phaseand is a log
exponent†. The best tuning parameters for each decoupling method (α, Section 2.2.2) are also given.

PFAS co / δ(co) / δ(csi)/ NC K†
OW ::::::::

log10K
†
OW:

αB αC / αD /
ng/L ng/L ng/L 10−5 kg.cm−2 10−3 kg.g−1

PFBS 41.2 0.4 1.2 4 3.9 0.2 5.8 1.8
PFPeA 39.6 0.9 1.1 5 3.43 0.25 5.8 2.2
PFHxA 31.8 0.4 1.3 6 4.06 0.24 5.8 2.0
PFHpA 40.2 0.3 3.3 7 4.67 0.00 5.2 1.0
PFOA 38.6 0.2 0.7 8 5.30 0.63 7.6 6.4
PFOS 25.0 0.7 1.3 8 6.43 0.59 7.3 5.8
PFNA 24.0 0.5 0.5 9 5.92 0.76 8.8 8.3

PFUnDA 13.6 0.6 5.4 11 7.15 0.88 12 11
PFDoDA 10.7 0.8 6.6 12 7.77 0.81 9.7 9.3

†KOW =
coctanol
cwater

where coctanol and cwater are the concentrations of a PFAS dissolved in octanol and water, respectively. We present
log10KOW for readability. Values were gathered from Smith et al. (2016).

of 5 minutes. Chemicals are advected using

∂csi
∂t

=−w
∂cbr
∂z

, (1)

where w is the upwards brine velocity calculated using the
Griewank and Notz (2015) parameterisation as described in
Thomas et al. (2020) and cbr is the concentration of the5

chemical dissolved in brine. For salinity, cbr is a function
of the local temperature (Weast, 1971). For PFAS,
csi
ϕ

=
::::

cbr=
csi
ϕ

− c+c
:: s (2)

where ϕ is the brine fraction. Equation 2 expresses that the

::
the

::::::
choice

:::
of

:::::::
splitting

:::
the

:
dissolved-in-brine PFAS pool is10

split into a mobile (cbr) and a stationary phase (cs).

2.2.2 Methods of decoupling

For salt or other fully-mobile tracers cs would be zero.

:
is
::::::

zero,
::::::::
reducing

:::
to

::::::::
cbr =

csi
ϕ ::::::

which
:::

is
::::::::

normally
:::::

used

::::::::::::::::::::::
(e.g. Cox and Weeks, 1988)

:
.15

2.2.2
:::::::
Methods

:::
of

:::::::::
decoupling

For PFAS, cs may be non-zero because of decoupling pro-
cesses, where the term ‘decoupling’ here refers to a physical
or chemical (or in other systems biological) process which
removes PFAS from the free dissolved phase, thus prevent-20

ing advection alongside brine in our model. We express the
stationary phase as a fraction of the total brine concentration,
such that

cs = γcsi/ϕ, (3)

where γ is decoupling parameter; with the condition that25

cs ⩽ cbr. As a first step (Method A), we model PFAS with
no decoupling, such that

γ = 0. (4)

Method A uses the same parameterisations as salt – so
PFAS should behave identically to NaCl –

::::::
models

:::::
PFAS 30

::::
using

:::
the

:::::
same

:::::::::
numerical

::::::
scheme

:::
as

::::::
salinity,

::
is
:::

the
:::::::

obvious

:::::
choice

::::
for

:::::::::
modelling

::::::
solute

:::::::::
dynamics,

:
and serves as a

quality control for other model scenarios (Methods B to
D) involving decoupling mechanisms

::::::
because

:::::
PFAS

::::::
should

::::::
behave

:::::::::
identically

::
to

::::
NaCl. 35

Our simplest decoupling mechanism (Method B) alters the
concentration of PFAS in brine as a constant fraction.

γ = αB, (5)

where αB is a free tuning parameter derived separately for
each PFAS. Next (Method C), motivated by the surface ac- 40

tive properties of PFAS, which tend to adsorb to surfaces
(Grannas et al., 2013), the brine PFAS was fractionated

::::::::
decoupled

:
to the stationary phase proportionately to the in-

ternal sea-ice surface area,

γ = αCAsi(θ), (6) 45

where αC is a free tuning parameter, and Asi(θ) is the in-
ternal sea-ice surface area as a function of the temperature,
θ, as given by Krembs et al. (2000) for columnar sea ice
(see Thomas et al., 2020, Equation B1). Finally (Method
D), we fractionate

:::::::
decouple

:
the brine PFAS concentration 50

as a function of brine salinity, motivated by tendency of high
ionic strength solutions to drive out solutes such as PFAS

:::::::::::::::::::
(e.g. Freire et al., 2005),

γ = αDSbr(θ), (7)

where αD is a free tuning parameter. 55

While the brine salinity (Rees Jones and Worster, 2014;
Weast, 1971) and internal surface area (Krembs et al., 2000)
are both functions of temperature, the functional form is ap-
proximately opposite, with brine salinity decreasing and sur-
face area increasing with temperature. We get 60
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:::
We

:::::::
choose

:
α, for methods B to D and for each

PFAS, by running the model using 100 values of α and
selecting that which minimised the absolute biasbetween
the measurements and

::::::
picking

:::
the

::::
best

::::::::::
performing

:::
α.

:::
The

::::::::::
performance

::::
was

::::::::
quantified

:::::
using

:::
the

::::
bias,

::
b,

:::::
taken

::
to

::
be

:::
the5

:::
sum

::
of
:::
the

::::::::
residuals

:::
for

::::
each

:::::::::::
measurement

::::::
relative

::
to
:::
the

:
co-

located model layer
:::::
depth at the end of the model run (Figure

1).
:::::::::
simulation.

:::
The

::::
best

:::::::::
performing

::
α

::::
gives

::
b

:::::
closest

::
to

::
0.

:
For

each method, short-chained PFAS tend to produce lower α,
and the two longest chained PFAS always give the highest α10

(Table 1, Figure 1).

3 Results

With no decoupling (Method A, using Equation 4) we see
a systematic difference between the measured and modelled
PFAS concentrations (Figure 2, a to c;

::::
and

::
3). NaCl con-15

centrations are captured well (following salinity tuning in
Section 2.2.1). All of the PFAS model lines are identical
to that of NaCl but the observations shift to higher concen-
trations as the carbon-chain length moves from low (more
blue) to high(more yellow)

:
to

::::
high, and some of the mea-20

sured concentrations in the upper layer are above 1 (Figure
2, a and b). This shift is reflected in the correlation of mea-
sured and modelled concentrations, with lower chain lengths
and NaCl clustered around the 1 to 1 line (perfect model be-
havior) but with longer chain lengths tending to lie above25

the 1 to 1 line (Figure 2c). We use a weighted least squares

::::::
(WLS) regression of modelled vs measured concentration to
quantify the model performance, using the inverse variance
for each measurement as the weights. Good model behav-
ior is taken to be a gradient, k, consistent with 1 (ideally30

within a standard error and at minimum within 95 % confi-
dence intervals, 95%CI), and a high coefficient of determina-
tion, r2. The variability in the observations is barely captured
(r2 = 0.15), with the highest model concentrations less than
0.5 and the observations systematically above this for some35

of the long-chained PFAS. Though the gradient is consistent
with 1 (k = 0.93± 0.16,95%CI[0.57, 1.28]), the uncertainty
is such that k is poorly constrained. This regression is poor
and motivates further model development.

Method B (using Equation 5) shifts the modelled PFAS40

concentrations higher (Figure 2, d to f). Model lines for the
PFAS profiles can now be distinguished from each other
and from NaCl but remain similar in shape. Longer chained
PFAS have moved further from the NaCl profile and for
PFUnDA and PFDoDA (chain lengths 11 and 12, respec-45

tively) concentrations rise above 1 near the upper interface.
The regression is dramatically improved, with r2 = 0.66 and
k = 0.91± 0.05 (95%CI[0.80,1.01]).

Surface area mediated decoupling (Method C, using Equa-
tion 6) also shifts the modelled PFAS concentrations higher50

(Figure 2, g to i). The profile shape is different to that of
Method B. Moving from the lower interface up, we see a re-

gion of constant PFAS concentration, then a decline in con-
centration, a region of near constant concentration, and fi-
nally an increase near the upper interface (see also Figure 55

3). To minimise |b|, αC has become large enough to cause
near total decoupling of PFAS near the lower interface where
surface area is largest. This behavior is not observed, leading
to an overestimation of PFAS

::::::
Method

::
C

:::::::::::
overestimates

:::::
PFAS

in the lower sea ice and poor performance by the Method C 60

regression
::
the

::::::::
regresion

::
is

::::
poor

:
(r2 = 0.29, k = 0.44± 0.06,

95%CI[0.33,0.55]).
Brine salinity mediated decoupling (Method D, using

Equation 7), as with Methods B and C, shifts the mod-
elled PFAS concentrations higher (Figure 2, j to l). Moving 65

upwards from the lower interface, concentration decreases
sharply, then rises steadily until near the upper interface, then
increases sharply towards the upper interface. The largest up-
per layer concentrations are predicted by Method D, reaching
1.25. The Method D regression (r2 = 0.67, k = 0.89± 0.05, 70

95%CI[0.79,0.99]) performs better than Methods A and C.
Method D performs marginally worse than Method B with
regards to gradient but captures slightly more of the variabil-
ity.

We return now to our hypothesis that, in the experiments 75

of Garnett et al. (2021), the physico-chemical properties of
the PFAS decoupled them from convecting brine, resulting
in deviations from behaviour conservative with salinity. The
results for Method B are consistent with our hypothesis.
The simple decoupling, implemented in a brine convection 80

model, was sufficient to bring the modelled concentrations
into quantitative agreement with the observations. Further,
decoupling within brine and brine convection (particularly
Method D) gave PFAS concentrations significantly above
that of the underlying water, similar to the observations. 85

4 Discussion

Methods C and D provide further insights into the mecha-
nism of the decoupling. To explore the differences between
the methods we take just one profile (PFOA for Freeze-1)
and show the performance of each method alongside the 90

observations (Figure 3). The change in bulk PFAS con-
centration is proportional to the vertical brine PFAS gra-
dient when using the Griewank and Notz (2013) scheme
(Equation 1). Decoupling by surface area (Method C) was
not a useful method in this case study as it could not 95

::::::::
performed

::::::
worse

:::::
than

::::::::
Methods

::
B
::::

and
:::

D,
:::::::

failing
::
to

:
si-

multaneously reproduce the shape and magnitude of the
PFAS concentrations

::::::::::
observations,

::::::::::
particularly

::::
near

::
the

:::::
lower

:::::::
interface. Method C differs from Method B by including
a dependence of the decoupling on internal sea-ice sur- 100

face area, which increases non-linearly with temperature
(Krembs et al., 2000). The profile shapes for Method C were
qualitatively different to the observations and to Method
B, and Method C performed quantitatively poorly, with the
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Figure 1. Absolute
::::
Model

::::::
tuning

::
for

::::
each

:::::
PFAS.

::::
The bias, |b|

:
b,

:::
was

::::::::
calculated

::
as

:::
the

:::
sum

::
of
:::

the
::::::::
difference

:
between measurements and

:::::::
co-located

:
model with a range of

::::
layers

::
in

::::
three tuning parameters, α,

::::
runs.

::::
Each

::::
panel

:::::
shows

::::::
results for Methods B

:
a

::::::
different

:::::::::
decoupling

::::::
method:

::
a)

:::::
simple

:::::::::
decoupling, C

::::
tuned

::::
using

::::
αB;

::
b)

:::::
surface

::::
area

::::::::
adsorption,

::::
tuned

:::::
using

:::
αC; and D

:
c)
::::::
salinity

:::::::
mediated

:::::::::
decoupling,

:::::
tuned

::::
using

:::
αD.

::
The

::::
best

::::::::
performing

::
α

:::
give

::
b
:::::
closest

::
to

:
0
:::::
(black

::::
line).

constant concentrations near the lower interface contributing
most to the poorer performance. Towards the base of the sea
ice the PFAS are nearly completely decoupled due to the
high surface area, so the vertical brine PFAS concentration
gradient is near 0, causing little change in bulk PFAS con-5

centration with brine convection. Bulk concentration there-
fore fixes at near the underlying water concentration until the
sea ice grows, cools, and the surface area decreases (Figure
3). Method C cannot simulate the general increase in PFAS
concentrations without unrealistically distorting their distri-10

bution. The results in this paper
:::::
These

::::::
results indicate that

surface acting properties linked to internal surface area of
the sea ice was unlikely to control the behavior of PFAS in
these experiments. Method D

::::::
Method

:::
D

:::::::::
(Equation

:::
7)

:
differs from Method B by15

including a
::::::::
(Equation

:::
5)

:::
by

::::::::
including

:::
an

:::::::
explicit

:
depen-

dence of the decoupling on the brine salinity,
:::
Sbr:

(which de-
creases non-linearly with temperature. Higher brine salinities

::::::::
increasing

:::::::::::
temperature).

:::::
With

::::::
Method

:::
D,

:::::
higher

::::
Sbr near the

upper interface reduce the vertical brine PFAS concentrations20

::::::
reduces

:::
the

:::::
PFAS

:::::::::::::
concentrations

::
in

:::::
brine most in the upper

layers, and lead to
::::::
causing

:
preferential retention of PFAS

higher in the sea ice . Method D performs similarly to
Method B, though bulk concentrations are increased near
the upper interface and reduced near the lower interface25

relative to Method B (Figure 3) – consistent with the vertical
brine salinity profile. Method D marginally fails one of our
tests, where the

::::::
(Figure

:::
3).

:::::::
Despite

::::
this,

::::::::
Methods

:::
B

:::
and

:
D
::::

are
::::::
similar

:::
in

::::::
terms

::
of

::::::
profile

::::::
shape

::::
and

::::::::::
quantitative

:::::::::::
performance.

::::
This

::::::::
similarity

:::::
arises

::::::::
because

::::::
Method

::
B
::::

also30

:::::::
includes

:
a
::::::::
(implicit)

::::::::::
dependence

::
on

::::
Sbr.::::

The
::::::
product

::::::
γcsi/ϕ

::::::::
(Equation

::
2)

::::::::
increases

::::
with

:::
Sbr:::

(for
::::
both

::::::::
methods)

:::::::
because

:
ϕ

::::::
linearly

:::::
scales

::::
with

::::
Sbr.:::::

After
::::::
tuning,

::::
both

:::::::
methods

:::::::
simulate

::::::
similar

::::::::
dynamics.

::::
The

:
gradient of the modelled concentra-

tions
::::
using

:::::::
Method

::
D

:
regressed against the measurements 35

is just inconsistent with 1 at 95 % confidence. However,
given the improvement in model performance with Method
D relative to Method A, and the similar performance be-
tween Methods B (which passed our tests

:::::::
produced

:
a
:::::::
gradient

::::::::
consistent

::::
with

:
1) and D, our results do not rule out increased 40

brine salinity
::
are

:::::::::
consistent

::::
with

::::::::
increased

:::
Sbr:

driving PFAS
out of solutions as

:::::::
solution

::
as

::::::
being

:
an important decou-

pling mechanism in our study.
::::
Both

:::::::
methods

::::
are

::::
able

::
to

::::
bring

:::
the

::::::
model

:::
into

:::::::::
reasonable

:::::::::
agreement

::::
with

:::
the

:::::::
available

::::::::::
observations

::::
and

::::::
further

::::::::::::
measurements

:::::
would

:::
be

::::::
needed

::
to 45

:::::::
robustly

:::::::::
distinguish

:::::::
Methods

::
B

::::
and

::
D.

:::
We

:::::
return

::::
now

::
to

:::
our

::::::::::
hypothesis

::::
that,

::
in

:::
the

::::::::::
experiments

::
of

:::::::::::::::::
Garnett et al. (2021),

:::
the

:::::::::::::::
physico-chemical

:::::::::
properties

::
of

::
the

::::::
PFAS

:::::::::
decoupled

::::
them

:::::
from

:::::::::
convecting

::::::
brine,

:::::::
resulting

::
in

::::::::
deviations

:::::
from

::::::::
behaviour

:::::::::::
conservative

::::
with

:::::::
salinity.

:::
The 50

:::::
results

:::
for

::::::::
Method

::
B

:::
are

:::::::::
consistent

:::::
with

:::
our

::::::::::
hypothesis.

:::
The

::::::
simple

::::::::::
decoupling,

:::::::::::
implemented

:::
in

:
a
:::::
brine

:::::::::
convection

::::::
model,

::::
was

::::::::
sufficient

:::
to

:::::
bring

:::
the

::::::::
modelled

::::::::::::
concentrations

:::
into

::::::::::
quantitative

:::::::::
agreement

:::::
with

:::
the

:::::::::::
observations.

:::::::
Further,

:::::::::
decoupling

::::::
within

:::::
brine

:::
and

:::::
brine

::::::::::
convection

::::::::::
(particularly 55

::::::
Method

:::
D)

:::::
gave

:::::
PFAS

:::::::::::::
concentrations

:::::::::::
significantly

:::::
above

:::
that

::
of

:::
the

:::::::::
underlying

::::::
water,

::::::
similar

::
to

:::
the

:::::::::::
observations.

4
:::::::::
Discussion

How general are our results? How robust is the brine convec-
tion tuning, and can our methods be applied to thicker sea 60

ice, other PFAS, and other chemicals? We tuned the model
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Figure 2. Comparison of modelled and measured concentration for: Method A, perfectly dissolved chemicals (a, b, c); Method B, simple
partitioning

::::::::
decoupling (d, e, f); Method C, surface area adsorption (g, h, i); and Method D, salting out

:::::
salinity

:::::::
mediated

:::::::::
decoupling (j, k,

l). Depth profiles are shown for freeze
::::
Freeze

:
1 (a, d, g, j) and freeze

:::::
Freeze

:
2 (b, e, h, k). Modelled against measured concentrations are

shown in panels c, f, i, and l, alongside the best fit weighted least squares
:::::
(WLS) regression (black line, gradient k with one standard error

and coefficient of determination r2 shown in legend) and the theoretical 1 to 1 line for perfect model behavior (dotted black). Concentration
for the profiles is given on a log scale to highlight separation between the profiles.
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Figure 3. Comparison of modelled (lines) and measured (squares)
PFOA concentration in Freeze 1 for each method. Modelled NaCl
is also shown (black line).

for this set of observations using NaCl measurements from
the same samples as the PFAS measurements, which were
extracted using the Cottier et al. (1999) method. While this
method is the best sampling method we are aware of for
young sea ice, retaining more brine than cores, it may still5

underestimate the sea-ice bulk salinity, causing the tuning
:
.
:
A

::::
brine

::::
loss

:::::
driven

::::::::
sampling

::::
bias

::::
may

:::::
impact

::::::
PFAS

::::::::
differently

::
to

::::
salt.

::
If

:::::
PFAS

:::::
were

:::::::::::
preferentially

::::::::
retained,

:::
the

::::::::
observed

:::::::::
enrichment

::
in
::::

the
:::
sea

::::
ice

::::::
would

:::::::::::
overestimate

:::
the

:::
in

:::
situ

:::::
value.

:::::
Also,

::::::
tuning

::
to

:::::::
samples

:::::::
affected

:::
by

::::
this

::::
bias

:::::
would10

::::
cause

::::
the

::::::
tuning parameters to give too much desalination

(Thomas et al., 2021). Griewank and Notz (2015) present
tuning parameters that perform well against observations
when redistributing salt in simulations of Arctic sea ice,
and we test the robustness of our tuning by running a par-15

allel set of model runs and analyses using the Griewank
and Notz (2015) tuning parameters (Supplementary Infor-
mation, Figures 1 and 2). Our conclusions are robust, with
Method A performing poorly, Methods B and D improving
model performance, and Method C performing poorly; and20

longer chained PFAS generally giving larger values of α. The
Griewank and Notz (2015) parameters perform worse than
those derived for this study, but this is unsurprising and does
not reflect poorly on the Griewank and Notz (2015) param-
eters, given we tuned to salinity measurements made along-25

side the PFAS measurements.
Turning to the application of these results to thicker sea

ice, we expect our results to generalise to thicker growing
sea ice because brine convection will remain the dominant
redistributor of solutes (Notz and Worster, 2009), with the30

Figure 4. The octanol–water partitioning coefficient,
KOW::::::::

log10KOW, against the derived tuning parameter for
Method B, αB, for each PFAS. Symbols are as in Figure 2. The
black line shows the linear regression of KOW ::::::::

log10KOW against
αB, and the coefficient of determination is given in the legend.

caveat that the increased complexity in natural environments
(transient periods of melt conditions, cracks in the sea ice,
flooding of the surface) could significantly alter the redistri-
bution of solutes beyond that driven by brine convection.

For Method B (which performed satisfactorily) the tun- 35

ing parameters derived for the PFAS, αB, are associated with
the physico-chemical properties, as evidenced by the non-
random ordering of αB with chain length (Table 1, Figure
1). The partitioning coefficients presented (KOW:::::::::

log10KOW

in Table 1) tend to increase with chain length and are cor- 40

related with αB (Figure 4, r2 = 0.72, p < 0.05). This re-
sult builds confidence that our tuning parameters reflect real
physico–chemical properties of the studied PFAS (though
we acknowledge that organic–aqueous partitioning is of only
indirect relevance to our experimental system).

:::
We

::::
also 45

::::::::
calculated

::::
this

::::::::::
correlation

:::
for

:::
αD:::::::

(which
::::
also

:::::::::
performed

::::
well)

::::
and

:::
for

::::
αB ::::

and
:::
αD:::::::

against
::::
NC ::::

(not
:::::::
shown).

::::
The

:::::::::
correlations

:::
are

:::
all

:::::::::
significant

::
at

::
95

:::
%

:::::::::
confidence

:::
and

:::::
range

::::
from

:::::::::
r2 = 0.70

::
to

:::::::::
r2 = 0.81.

:
In our experimental system,

with close to neutral pH, all PFAS in this study exist in 50

their anionic form as conjugate bases. We therefore have
some confidence that, for PFAS not investigated here, tak-
ing the tuning parameter for the nearest chain length would
be a useful approximation in natural seawater environments.
For other chemicals, the different physico-chemical proper- 55

ties would necessitate re-tuning and possibly different func-
tional forms for deriving γ

:::::::::
decoupling, but the frameworks
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proposed for Method B (and possibly D)
:::
here

:
would be a

useful starting point.
This study focused on PFAS, large organic pollutants, but

the implications are more general. Many chemicals of inter-
est behave differently to sea salt during sea-ice growth. Am-5

monia (Hoog et al., 2007), helium, and neon (Hood et al.,
1998; Namiot and Bukhgalter, 1965) are partially incorpo-
rated within the ice matrix; isotopologues of water frac-
tionate at ice–liquid interfaces (Lehmann and Siegenthaler,
1991); nutrients are consumed and remineralised (Vancop-10

penolle et al., 2010; Fritsen et al., 1994); gasses partition

::::::::
effervesce

:
to bubbles and float upwards (Zhou et al., 2014;

Kotovitch et al., 2016); and exopolymeric substances stick to
internal surfaces Krembs et al. (2011)

:::::::::::::::::
(Krembs et al., 2011).

We show here that quantitative agreement can be achieved for15

non-conservative chemicals in growing sea ice using brine
convection modelling, highlighting the usefulness of these
numerical tools to a range of biogeochmical sea-ice research
areas.

5 Conclusions20

A sea-ice brine convection model can reproduce observations
of poly- and perfluoroalkylated substances (PFAS) freezing
into sea ice, providing a term is introduced that partially de-
couples PFAS from the moving brine. PFAS with longer car-
bon chains behaved less conservatively

::::
were

:::::::
enriched

:
with25

respect to salinityand required larger decoupling parameters
. ,

::::::::::
sometimes

:::
to

:::::
levels

::::::
above

::::
the

::::::::::
underlying

::::::
water,

::
in

:::::::::::
observations.

:::::
Larger

::::::::::
decoupling

:::::::::
parameters

::::
were

:::::::
required

::
to

:::::::
simulate

:::
this

:::::::::
behaviour.

:::::::::::
Decoupling

:::::::
methods

::::
with

:::::::
primary

:::::::::
dependence

::::
on

::::
the

:::::
brine

:::::::
salinity

::::::::::
performed

:::::
well,

::::
and30

:::::::::::
outperformed

::
a
::::::::::
decoupling

::::::
method

::::
that

:::::::::
depended

:::
on

:::
the

::::::
internal

:::::::
sea-ice

::::::
surface

:::::
area.

:
Our results demonstrate that

brine convection models are powerful tools beyond pre-
dicting sea-ice salinity. Complex, biogeochemical problems
can benefit from the accurate, physically-based advection of35

brine predicted by current parameterisations.
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sule at https://doi.org/10.24433/CO.6237417.v1.

Author contributions. MT designed the research and wrote the40

manuscript. BC helped MT with the model runs and analysis. JG
and CH provided expertise on the chemical properties. MV helped
with the theoretical framework. IS won the funding and helped MT
supervise BC. All authors reviewed the research and helped develop
the manuscript.45

Competing interests. The authors declare no competing interests.

Acknowledgements. MT’s time on this research was partly sup-
ported by the Deep South National Science Challenge (Ministry of
Business Innovation and Employment contract number C01X1412)
and the Antarctic Science Platform’s Project 4: Sea Ice and Car- 50

bon Cycle Feedbacks (University of Otago subcontract 19424 from
Victoria University of Wellington’s ASP P4 contract with Antarc-
tica New Zealand through their Ministry of Business Innovation
and Employment Strategic Science Investment Fund Programmes
Investment Contract, contract number ANTA1801). The University 55

of Otago Department of Physics 2021 Summer Research Scholar-
ship scheme provided financial support for BC’s involvement in this
research.

References

Assur, A.: Composition of sea ice and its tensile strength, Arctic sea 60

ice, 598, 106–138, 1958.
Cottier, F., Eicken, H., and Wadhams, P.: Linkages between salinity

and brine channel distribution in young sea ice, Journal of Geo-
physical Research: Oceans (1978–2012), 104, 15 859–15 871,
https://doi.org/10.1029/1999JC900128, 1999. 65

Cox, G. F. and Weeks, W. F.: Numerical simulations of the pro-
file properties of undeformed first-year sea ice during the growth
season, Journal of Geophysical Research, 93, 12 449–12 460,
https://doi.org/10.1029/JC093iC10p12449, 1988.

Eicken, H.: Deriving modes and rates of ice growth in the 70

Weddell Sea from microstructural, salinity, and stable-
isotope data., Antarctic Research Series, 74, 89–122,
https://doi.org/10.1029/AR074p0089, 1998.

Freire, M. G., Razzouk, A., Mokbel, I., Jose, J., Marrucho, I. M.,
and Coutinho, J. A.: Solubility of hexafluorobenzene in aqueous 75

salt solutions from (280 to 340) K, Journal of Chemical & En-
gineering Data, 50, 237–242, https://doi.org/10.1021/je049707h,
2005.

Fritsen, C., Lytle, V., Ackley, S., and Sullivan, C.: Autumn
bloom of Antarctic pack-ice algae, Science, 266, 782–784, 80

https://doi.org/10.1126/science.266.5186.782, 1994.
Garnett, J., Halsall, C., Thomas, M., France, J., Kaiser, J.,

Graf, C., Leeson, A., and Wynn, P.: Mechanistic insight
into the uptake and fate of persistent organic pollutants in
sea ice, Environmental science & technology, 53, 6757–6764, 85

https://doi.org/10.1021/acs.est.9b00967, 2019.
Garnett, J., Halsall, C., Thomas, M., Crabeck, O., France, J., Jo-

erss, H., Ebinghaus, R., Kaiser, J., Leeson, A., and Wynn, P. M.:
Investigating the uptake and fate of poly-and perfluoroalkylated
substances (PFAS) in sea ice using an experimental sea ice 90

chamber, Environmental Science & Technology, 55, 9601–9608,
https://doi.org/10.1021/acs.est.1c01645, 2021.

Grannas, A. M., Bogdal, C., Hageman, K. J., Halsall, C., Harner,
T., Hung, H., Kallenborn, R., Klán, P., Klánová, J., Macdonald,
R. W., et al.: The role of the global cryosphere in the fate of 95

organic contaminants, Atmospheric Chemistry and Physics, 13,
3271–3305, https://doi.org/10.5194/acp-13-3271-2013, 2013.

Griewank, P. J. and Notz, D.: Insights into brine dynamics and sea
ice desalination from a 1-D model study of gravity drainage,
Journal of Geophysical Research: Oceans, 118, 3370–3386, 100

https://doi.org/10.1002/jgrc.20247, 2013.

https://doi.org/10.1029/1999JC900128
https://doi.org/10.1029/JC093iC10p12449
https://doi.org/10.1029/AR074p0089
https://doi.org/10.1021/je049707h
https://doi.org/10.1126/science.266.5186.782
https://doi.org/10.1021/acs.est.9b00967
https://doi.org/10.1021/acs.est.1c01645
https://doi.org/10.5194/acp-13-3271-2013
https://doi.org/10.1002/jgrc.20247


Thomas et al.: The effect of partial dissolution on sea-ice chemical transport 9

Griewank, P. J. and Notz, D.: A 1-D modelling study
of Arctic sea-ice salinity, The Cryosphere, 9, 305–329,
https://doi.org/10.5194/tc-9-305-2015, 2015.

Hood, E., Howes, B., and Jenkins, W.: Dissolved gas dy-
namics in perennially ice-covered Lake Fryxell, Antarc-5

tica, Limnology and Oceanography, 43, 265–272,
https://doi.org/10.4319/lo.1998.43.2.0265, 1998.

Hoog, I., Mitra, S. K., Diehl, K., and Borrmann, S.: Laboratory stud-
ies about the interaction of ammonia with ice crystals at temper-
atures between 0 and- 20 C, Journal of atmospheric chemistry,10

57, 73–84, https://doi.org/10.1007/s10874-007-9063-0, 2007.
Kotovitch, M., Moreau, S., Zhou, J., Vancoppenolle, M., Dieck-

mann, G. S., Evers, K.-U., Van der Linden, F., Thomas, D. N.,
Tison, J.-L., and Delille, B.: Air-ice carbon pathways inferred
from a sea ice tank experiment, Elementa Science of the Anthro-15

pocene, 4, 2016.
Krembs, C., Gradinger, R., and Spindler, M.: Implications

of brine channel geometry and surface area for the inter-
action of sympagic organisms in Arctic sea ice, Journal
of Experimental Marine Biology and Ecology, 243, 55–80,20

https://doi.org/10.1016/S0022-0981(99)00111-2, 2000.
Krembs, C., Eicken, H., and Deming, J. W.: Exopolymer alteration

of physical properties of sea ice and implications for ice habit-
ability and biogeochemistry in a warmer Arctic, Proceedings of
the National Academy of Sciences, 108, 3653–3658, 2011.25

Lannuzel, D., Vancoppenolle, M., van Der Merwe, P., De Jong, J.,
Meiners, K. M., Grotti, M., Nishioka, J., and Schoemann, V.:
Iron in sea ice: Review and new insightsIron in sea ice: Re-
view and new insights, Elementa: Science of the Anthropocene,
4, https://doi.org/10.12952/journal.elementa.000130, 2016.30

Lehmann, M. and Siegenthaler, U.: Equilibrium
oxygen-and hydrogen-isotope fractionation between
ice and water, Journal of Glaciology, 37, 23–26,
https://doi.org/10.3189/S0022143000042751, 1991.

Maykut, G. and Light, B.: Refractive-index measurements in freez-35

ing sea-ice and sodium chloride brines, Applied optics, 34, 950–
961, https://doi.org/10.1364/AO.34.000950, 1995.

Namiot, A. Y. and Bukhgalter, E.: Clathrates formed by
gases in ice, Journal of Structural Chemistry, 6, 873–874,
https://doi.org/10.1007/BF00747111, 1965.40

Notz, D. and Worster, M. G.: In situ measurements of the evolu-
tion of young sea ice, Journal of Geophysical Research: Oceans
(1978-2012), 113, https://doi.org/10.1029/2007JC004333, 2008.

Notz, D. and Worster, M. G.: Desalination processes of sea ice re-
visited, Journal of Geophysical Research: Oceans (1978-2012),45

114, https://doi.org/10.1029/2008JC004885, 2009.
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