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Abstract

Given the potentially important contribution of sea ice on the sequestration of inorganic carbon (TIC)
to deeper water layers, relatively little is known about the distribution of TIC during the formation of
sea ice, and how different ice growth rates might affect the allocation of carbon to ice, water, or air.
To illuminate these carbon dynamics, ice was grown in an experimental seawater tank (1 m?) under
abiotic conditions up to a thickness of 20 cm at three different room temperatures (-40 °C, -25 °C, -
15°C). Carbonate system parameters were determined by discrete sampling of ice cores and water,
as well as continuous measurements by multiple sensors, deployed mainly in the water phase. A
budgetary approach revealed that of the initial total TIC content of the water, only 5 % was located in
the ice phase by the end of the experiment with the slowest growth rate (1 cm/d), while for the
fastest growth rate (12 cm/d), this value increased to over 10 %. As exchange with air was negligible,
the majority of the TIC was located in the under-ice water (90-95 %), highlighting the importance of
brine drainage processes for the distribution of TIC during ice formation, a notion further supported
by the excellent correlation between salinity and TIC in ice and water samples. Sensor measurements
generally supported these findings, despite the difficult conditions the instruments encountered in
the under-ice seawater.
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1 Introduction

While the polar regions are generally considered an important sink for atmospheric carbon dioxide
(CO,), the influence of sea ice on air-sea carbon dynamics is unclear. Originally thought of as an
impermeable lid hindering air-sea gas exchange (Tison et al., 2002), sea ice has been recognised to
play an active part in the marine carbon cycle, as both biological and physico-chemical processes take
place within and around the ice (Vancoppenolle et al., 2013). The sea ice zone is believed to act as a
sink for atmospheric CO, on an annual basis (Rysgaard et al., 2011), whereby the direction and
magnitude of the carbon flux differs between the different stages of the seasonal sea-ice growth and
decay cycle and also depend heavily on the methods used (Vancoppenolle et al., 2013).

For the ice formation period, the model developed by Rysgaard et al. (2011) predicts a release of
CO, to the atmosphere. When ice is formed, the majority of ions and gases present in the original sea
water are expelled from the crystal lattice, whereby liquid brine intrusions with high salinities and
gas concentrations are formed in between ice crystals (Petrich and Eicken, 2010). A small part of the
brine supersaturated in CO, is then predicted to be expelled to the sea-ice surface and to release CO,
to the atmosphere (Rysgaard et al., 2011). This out-gassing of CO, has been confirmed by some field
observations (Geilfus et al., 2013; Miller et al., 2011a) and laboratory experiments (Kotovitch et al.,
2016; Nomura et al., 2006), but contradicts the findings of Anderson et al. (2004), who proposed an
enhanced CO, uptake from the atmosphere during sea ice formation. It has also been argued that the
direction of the CO, flux in the sea ice zone varies depending on the stage of ice formation and the
presence of adjacent areas of open water such as leads and polynyas (Loose et al., 2011).

Sea-ice formation is of further interest, as it has the potential to export carbon to deeper water
layers (Rysgaard et al., 2011; Rysgaard et al., 2007). Carbon dioxide-enriched brine produced during
sea-ice formation could sink to levels below the surface mixed layer and lead to a net annual uptake
of atmospheric CO, of 33 Tg C yr™* (Rysgaard et al., 2011). This uptake could be further enhanced by
the precipitation of calcium carbonate (CaCO;) minerals, namely ikaite. During the formation of
ikaite, CO, is produced, and the ratio of total alkalinity (Ar) to dissolved inorganic carbon (DIC) of the
brine is reduced. Assuming that the CO, enriched brine sinks to deeper water levels while the ikaite
crystals stay in the ice, this would lead to an enrichment of surface water alkalinity during ice melt
(Rysgaard et al., 2007). This, in turn, could result in a higher uptake of atmospheric CO,, on the order
of 83 Tg C yr* according to Rysgaard et al. (2011). However, the importance of ikaite precipitation has
been debated, as has the transport below the mixed layer, which might not be applicable for all sea
ice environments (Loose et al., 2011). Nevertheless, this abiotic carbon pump might become more
relevant in the near future due to the increase in seasonal ice in the Arctic, as was suggested by
Parmentier et al. (2013).

The influence of the ice growth rate on the export of total inorganic carbon (TIC) from the
forming ice has received little attention so far, but some insight might be gained from desalination
studies. It is generally believed that faster ice growth leads to a higher retention of dissolved salts
and gasses within the ice due to a convoluted ice-water interface (Shokr and Sinha, 2015). Given that
inorganic carbon is mostly present in dissolved form in seawater (Zeebe and Wolf-Gladrow, 2001), an
increased retention of TIC during faster ice growth is conceivable. However, the correlation between
TIC and salinity could be disturbed by multiple abiotic and biological processes. Apart from biological
transformations of TIC into organic substances, examples for such processes are the precipitation of
ikaite or the nucleation of CO, gas bubbles, which both lead to inorganic forms of carbon that could
migrate within ice differently from dissolved salts (Vancoppenolle et al., 2013). Furthermore, both
processes are dependent on the in-situ temperature and salinity conditions and are possibly
interconnected: increased CO, partial pressure (pCO,) at high salinities could lead to the formation of
gas bubbles, which in turn could promote the precipitation of ikaite by lowering the pCO, in the brine
(Papadimitriou et al., 2014). Therefore, the deviation of the TIC compared to the salinity signal could
be more pronounced the colder and therefore more saline the brine. Nevertheless, several
experimental and model studies on newly forming ice have found that ikaite precipitation and CO,
outgassing to the atmosphere are small compared to the efflux of dissolved inorganic carbon with
brine to the underlying water (Kotovitch et al., 2016; Moreau et al., 2015; Rysgaard et al., 2007; Sejr

7



et al., 2011). This indicates that the transport in dissolved form is predominant and thus the TIC
signal should largely follow salinity.

In the context of the large uncertainties in the air-ice and ice-water carbon fluxes,
transformation and transport processes within the ice, and the impact of different ice growth rates,
further insight into the carbon dynamics during sea-ice formation is needed. Therefore, several
laboratory experiments were conducted for this study, simulating ice formation at 3 different growth
rates with continuous measurements of CO, system parameters (pH, pCO,) in ice and water. In
addition, the air-ice CO, flux was estimated by a carbon budget approach. For this purpose, water
and ice was sampled at the beginning and the end of each ice growth experiment, and the alkalinity,
TIC content, pH, and salinity of each phase was determined by laboratory analyses.

2 Materials and Methods

2.1 Overview of experiments

To compare the effects of ice formation rates on abiotic carbon dynamics, ice growth experiments
were conducted at three different room temperatures. Information on the CO, system was obtained
by means of in situ sensors installed in the water and the forming sea ice, as well as discrete sampling
of water and ice. The experiments were conducted in a walk-in freezer (Figure 1) containing a water
tank (ca. 1 m®) holding natural seawater (Section 2.2.2).

The first set of experiments was run with stirring in the tank to prevent stratification and ensure
that all deployed sensors would measure seawater representative for the whole body of water.
Having a well-mixed tank further allowed to intercalibrate sensors, namely the pH and pCO, sensors.
For the second set of experiments, the water was not stirred (unless water samples were taken) to
improve the chance of brine plume detection, and to test the impact of stirring on the results of the
previous runs. For these runs, the water was expected to stratify due to density differences. Each
experiment was stopped (i.e. water and ice were sampled) once the ice had reached about 20 cm, to
ensure that the ice was at a comparable formation stage.

The different ambient temperatures (-10 °C, -25 °C, -40 °C) were chosen so as to cover a wide
range of ice growth rates within a temperature range observable in nature. However, due to heat
emission by the instruments and pumps installed in the tank, ice would never fully cover the tank
surface at -10 °C, therefore, the experiments with the slowest ice growth were run at — 15 °C.

An overview of all (attempted) experimental runs is shown in Table 1, including the ambient
temperature at which it was run, stirring of the tank, and sensors installed. The comment section of
the table delineates some of the obstacles encountered during each run, such as sensor data loss due
to technical difficulties. Apart from the runs cancelled due to lack of sufficient ice , some of the
stirred experiments had to be cancelled or repeated since the original stirring system was not
sufficient to prevent stratification in the water during ice formation, and additional pumps had to be
installed. Data obtained from these early runs (and those cancelled for other reasons) are generally
not further discussed in this study, apart from sensor evaluations (Section 3.3) and contamination
considerations (Section 3.1.1).



Table 1. Overview of all conducted runs, including information on the pre-set air temperatures, stirring of the tank, sensors deployed, and difficulties encountered.

Air Temp.

Stirring

Status

Sensors/Parameters’

Comments

Run1 06.10.2016 — -25°C (Yes) Completed, data - pH (SeaFET 248) Insufficient stirring, possibly stratified
13.10.2016 impaired due to - 2 x pCO, (Contros, Franatech) Ice melt sampling bags possibly leaky
insufficient - Oxygen (Aanderaa) Salinity sensor not recording
stirring - Salinity (Aanderaa) Thermistor string faulty
- Thermistor string (faulty) Attempt at chamber ice flux measurement
- Weather station for ambient T, rH, P
- Ambient pCO,/pH,0 (LI-840A)
Run 2 26.10.2016 — -25°C (Yes) Completed, data AsinRun 1, plus: Insufficient stirring, possibly stratified
02.11.2016 impaired due to - pH (SeaFET 245, refurbished) Ice melt sampling bags possibly leaky
insufficient - 3 xDoppler Imagers Attempt at chamber ice flux measurement
stirring - Pressure (RBR)
- Peepersinice
Run 3 13.11.2016 - -10°C (Yes) Cancelled AsinRun 2 Surface never completely covered in ice, partly due to
20.11.2016 incorrect fan settings
Run 4 25.11.2016 - -10°C (Yes) Cancelled AsinRun 2 Cancelled to improve stirring
26.11.2016
Run5 01.12.2016 — -25°C Yes Completed As in Run 2, plus: Two additional pumps to ensure proper stirring
07.12.2016 - 3 x Temperature (RBR) Gaps in (some) sensor data due to power outages
Run 6 13.12.2016 - -40 °C Yes Completed AsinRun5 Gaps and EM interference in (some) sensor data
15.12.2016
Run 7 21.12.2016 - -10°C Yes Cancelled AsinRun5 Lack of ice, tank surface never completely covered
06.01.2017 Contros pump malfunction
Run 8 07.01.2017 - -15°C Yes Completed AsinRun5 Contros (and SeaFET) operated without pump
30.01.2017 Gaps in some sensor data
Only 16 -20 cm of ice
Run 9 08.02.2017 — -25°C No Cancelled As in Run 5 (different set-up), but with a Fully-functioning thermistor string
09.02.2017 new thermistor string Cancelled due to power outages affecting sensors
Run 10 11.02.2017 - -25°C No Completed AsinRun 9 Up to 24 cm of ice
16.02.2017 Slightly warmer by the end (ca. -23 °C) due to malfunctioning
of second condenser unit
Run 11 21.02.2017 - -40°C No Completed AsinRun 9 First couple of hours only -30 °C due to issues with
23.02.2017 condenser unit
Run 12 02.03.2017 - -15°C No Completed AsinRun 9 One SeaFET stopped measuring right before under-ice water
10.03.2017 was sampled

'First water sampling to ice coring/cancellation

’Additional ancillary measurements by sensors (e.g., T) not listed




2.2 Experimental Set-Up

2.2.1 Coldlab

The ice growth experiments were conducted in the cold lab of the Institute of Ocean Sciences in
Sidney BC, a walk-in freezer equipped with three different refrigeration condensers, which could be
set to keep the ambient temperature of the freezer stable at a range of 0 °C to -45 °C. Each
condenser unit is designed to operate over a specific temperature range (0 °C to -20 °C; -20 °Cto -30
°C; -30 °Cto -45 °C). However, the condensers needed to defrost at regular intervals (every ca. 6 h),
during which the unit was brought to a halt. In order to prevent the room temperature to increase
excessively during these periods, a second unit was run simultaneously. This was implemented for
the colder runs (-25 °C and -40°C), so that the temperature never exceeded -20 °C, and -30 °C, i.e. the
maximum capacity of the next most powerful units. In case of the -25 °C runs, the second cooling unit
(designed to operate between -20 °C to -30 °C) was not able to fully defrost during these cycles
starting approximately in the middle of these runs, so that the average temperature was slightly
higher than anticipated (ca. 2 °C by the end of the experiment, Figure 42).

Figure 1: Walk-in freezer (,cold lab‘) inside of which all experiments were conducted. A heatable sampling port (shown in red) allowed
water sampling from outside the lab even after ice had formed.

To monitor the ambient conditions in the cold lab an Arduino microprocessor with a weather
shield was installed, including a temperature and humidity sensor (Measurement Specialties
HTU21D), a barometric pressure sensor (Freescale Semiconductor MPL3115A2), and an ambient light
level sensor (Everlight - ALS-PT19). The latter was predominantly used to determine the presence of
people in the cold lab, since the experiments themselves were conducted in the dark to prevent
potential biological growth. Furthermore, a camera was installed, set to take pictures of the
water/ice surface at regular intervals (Figure 2).

The cold lab is equipped with a plastic water tank (ca. 105 cm x 95 cm x 99 cm, Figure 2), which
was insulated on the sides and open to the top. Thanks to an electric heating pad underneath the
tank it was possible to heat the water from below. However, this was never implemented for the ice
growth experiments in this study, and only used to accelerate the ice melt after each run.

To enable water sampling underneath the formed ice, a heatable sampling system was installed
in the tank, connecting multiple Tygon® tubes from within the tank to a port outside the freezer
(Figure 1). The heating of this sampling port was adjustable and had to be turned on up to 2 hours
before sampling to ensure a steady water flow.
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Camera & 2
( v, i

Figure 2. Equipment inside the cold lab: tank filled with seawater (and covered in ice at the time this picture was taken), insulated on
all sides and open to the top, sampling port for under-ice sampling, thermistor string to measure temperature in water and ice, and a
camera taking pictures of the water/ice surface at regular intervals.

A stirring system was set up in the tank so that the water would be well mixed at all times for the
stirred experiments, and before water was sampled during the unstirred runs. The first part of this
system was made up of a pump connected to PVC tubing arranged in a rectangle at the bottom of
the tank with an opening (i.e. an elbow) on each side (Figure 3). This construct led to the formation
of a vortex across the entire depth of the tank, which could be observed on the water surface.
However, this construct proved to be insufficient in preventing stratification across the water column
during the formation of ice, and therefore, two additional pumps were installed after the first couple
of runs. These pumps were mounted on PVC so as to pump water from ca. 30 cm depth (i.e. just
beneath the ice) to the bottom, leading to a vertical exchange of water. In between runs they were
installed closer to the surface to ensure the mixing of the entire water body.

/’_

Pumps

Stirri . ca. 99 cm
irring system

(PVC tubes) . ¢

ca. 105 cm

' L /
————ca. 95 cm ——8 —

Figure 3. Schematic illustration of the stirring system and sampling port inside the seawater tank. A pump (red) connected to a
rectangular ring of PVC tubes was installed at the bottom of the tank to create a vortex in the water, additional ,vertical* pumps were
added on top to ensure a vertical exchanged between different depths.

2.2.2 Seawater

The seawater utilised in the experiments was collected on June 16 at Ocean Station P20 (50°N,
145°W; see www.waterproperties.ca/linep) at a depth of 5 m, representing North Pacific open ocean
seawater. Salinity, TIC, and A; measured at the first sampling point of Run 1, shortly after the water
was transferred into the cold lab tank is shown in Table 2. Since the water had been stored at room
temperature, its salinity (and likely also TIC and A;) had increased during storage due to evaporation,
and was higher compared to water samples taken at the same time and depth (Table 2). Alkalinity
and TIC values of June 2016 were not yet available at the time of this study, thus values obtained
from the same station and depth in February 2015 are shown as a reference.
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Table 2. Characteristic properties of seawater obtained from the same location and date as the experimental seawater (first sample), of
an earlier cruise, and of the first sample analysed for this study (after four months storage).

Sample Sampling date  Salinity  TIC (umol/kg) A;(umol/kg)
Station P20,5m  16.06.2016 32.5380 - -

Station P20,5m  15.02.2015 32.4411 2010 2155
Run1.1 06.10.2016 33.1411 2135 2232

These parameters were slightly changing during experiments due to evaporation, contamination,
additional seawater and freshwater input (Section 3.1.1). The latter was needed to dilute the
seawater in between runs, as fresher water was lost due to evaporation/sublimation and the
removal of ice cores. The water utilised for this purpose was cold tap water of unknown properties.
Seawater (of the same origin) was also added to the tank on two occasions, since it had also been
removed regularly by water sampling.

To minimise biological activity, the water was filtered through a 1 um filter, and sterilised by a
UV lamp for 24 hours before the start of Run 1. This treatment was repeated for several hours
whenever new seawater was added to the tank, i.e. before Run 8, and 12.

2.3 Water and ice melt samples

In order to calculate a carbon budget (as described below), the seawater and sea ice melts were
sampled and analysed in terms of total inorganic carbon (TIC) content, total alkalinity (A;), salinity,
and pH. The latter analysis was only conducted for the water samples, since, unlike TIC and Ay, pH is a
potential and thus temperature and salinity dependent. This prohibits conclusions on in situ pH (in
the ice-brine structure) based on ice melt pH (Miller et al., 2015).

For each run, water was sampled before the ice was formed (‘pre-ice samples’), and once the ice
had reached a thickness of 20 cm (‘under-ice samples’). For several runs (e.g., Run 5, Run 8, and Run
10), the pre-ice water was sampled twice, to determine the impact of the rapid cooling before each
run on the carbon dynamics. For these runs, the first samples were taken at around 0 °C, and the
second set at -0.5 °Cto -1 °C.

For the stirred runs, most pre-ice sampling was conducted while the room temperature had
already been set to the desired value, i.e. while the water was cooling down relatively quickly. This
might have had an impact on the precision of some of the measurements, due to changing conditions
when measuring replicates. In case of the unstirred runs, water was mixed and cooled down
relatively slowly to about -1°C before pre-ice samples were taken, whereby the temperature was
held relatively stable during sampling. Only after sampling was the stirring system turned off, and the
water left to stratify. For the under-ice samples of the unstirred runs, the stirring system was turned
on at least 2 h before sampling, to ensure adequate mixing of the stratified water column. For all
sampling periods, the sampling port was heated beforehand. In case of the colder runs, the heating
power had to be increased, and the heating period extended. In general, it took 0.5 to 2 h until the
port was open and samples could be obtained.

Ice was sampled by taking ice cores (after under-ice water sampling was conducted), melting
them, and subsequent analysis of the ice melt. For all runs but Run 6, four ice cores were taken from
approximately the same location of the ice cover. These sampling spots were chosen so that different
regions of the ice were sampled, e.g., closer to the rim of the tank versus more in the centre, so that
the potential spatial variability within the ice was captured best (Figure 38). In Run 6, only three ice
cores were recovered.

An overview of all the water and ice samples obtained and analysed during this study is shown in
Table 3, including some samples of unsuccessful runs (marked in yellow) which were later used to
evaluate sensor data (Section 3.3) or contamination (Section 3.1.1) . In some cases, this deviates
from the sampling routine described below, since some of the samples were lost during analysis.
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Table 3. Overview of all water and ice melt sampling periods. Samples marked in yellow were retrieved during unsuccessful runs, and
were only used for sensor evaluation and the assessment of potential contamination sources.

Run Temp. iXi Sampling time

O O 00 00 0 00 00 00 00O OO O Oy O OO U1 L1 L1 L1 L1 L1 L1 N N P P

10
10
10
10
10
10
10
11
11
11
11
11
11
12
12
12
12
12
12

-25°C
-25°C
-25°C
-25°C
-25°C
-25°C
-25°C
-25°C
-25°C
-25°C
-25°C
-25°C
-40°C
-40°C
-40°C
-40°C
-40°C
-15°C
-15°C
-15°C
-15°C
-15°C
-15°C
-15°C
-25°C
-25°C
-25°C
-25°C
-25°C
-25°C
-25°C
-25°C
-25°C
-40°C
-40°C
-40°C
-40°C
-40°C
-40°C
-15°C
-15°C
-15°C
-15°C
-15°C
-15°C

Mixing
stirred
stirred
stirred®
stirred
stirred®
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
stirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred
unstirred

Name

1.1
1.2
13
2.1
23
5.1
5.2
5.3
5.C1
5.C2
5.C3
5.C4
6.1
6.3
6.C1
6.C2
6.C3
8.1
8.2
8.3
8.C1
8.C2
8.C3
8.C4
9.1
9.2
10.1
10.2
10.3
10.C1
10.C2
10.C3
10.C4
11.1
11.3
11.C1
11.C2
11.C3
11.C4
12.1
123
12.C1
12.C2
12.C3
12.C4

Type
Water
Water
Water
Water
Water
Water
Water
Water
Ice melt
Ice melt
Ice melt
Ice melt
Water
Water
Ice melt
Ice melt
Ice melt
Water
Water
Water
Ice melt
Ice melt
Ice melt
Ice melt
Water
Water
Water
Water
Water
Ice melt
Ice melt
Ice melt
Ice melt
Water
Water
Ice melt
Ice melt
Ice melt
Ice melt
Water
Water
Ice melt
Ice melt
Ice melt
Ice melt

Pre-ice 1
Pre-ice 2
Under-ice
Pre-ice 1
Under-ice
Pre-ice 1
Pre-ice 2
Under-ice
Core 1
Core 2
Core 3
Cored
Pre-ice 1
Under-ice
Core 1
Core 2
Core 3
Pre-ice 1
Pre-ice 2
Under-ice
Core 1
Core 2
Core 3
Core 4
Pre-ice 1
Pre-ice 2
Pre-ice 1
Pre-ice 2
Under-ice
Core 1
Core 2
Core 3
Core 4
Pre-ice 1
Under-ice
Core 1
Core 2
Core 3
Core 4
Pre-ice 1
Under-ice
Core 1l
Core 2
Core 3
Core 4

06.10.2016 21:30
07.10.2016 22:30
13.10.2016 20:00
27.10.2016 00:10
02.11.2016 20:30
01.12.2016 18:06
01.12.2016 22:10
07.12.2016 19:33
07.12.2016 22:10
07.12.2016 22:27
07.12.2016 22:44
07.12.2016 23:02
13.12.2016 21:00
15.12.2016 20:13
15.12.2016 23:00
15.12.2016 23:26
15.12.2016 23:47
07.01.2017 18:22
08.01.2017 00:35
30.01.2017 21:52
31.01.2017 00:32
31.01.2017 00:46
31.01.2017 01:05
31.01.2017 01:33
08.02.2017 01:04
08.02.2017 18:44
11.02.2017 20:19
12.02.2017 02:13
16.02.2017 20:13
16.02.2017 21:25
16.02.2017 21:40
16.02.2017 21:55
16.02.2017 22:10
21.02.2017 16:11
23.02.2017 18:04
23.02.2017 20:20
23.02.2017 20:45
23.02.2017 21:00
23.02.2017 21:20
02.03.2017 16:37
10.03.2017 20:30
10.03.2017 22:50
10.03.2017 23:00
10.03.2017 23:20
10.03.2017 23:30

Parameters

TIC (2x), Ar (1x), Sal.

(1x), pH (2x)

TIC (2x), Sal. (1x), pH (4x)

)
TIC (2x), Ar (2x), Sal.
TIC (2x), A7 (2x), Sal.
TIC (2x), Ar (2x), Sal.
TIC (2x), At (2x), Sal.
TIC (2x), At (2x), Sal.
TIC (2x), At (2x), Sal.
TIC (2x), At (2x), Sal.
TIC (2x), At (2x), Sal.
TIC (2x), At (2x), Sal.
TIC (2x), Ar(2x), Sal.
TIC (2x), Ar(2x), Sal.

), A (1x), Sal.
TIC (2x), Ar(1x), Sal.
TIC (2x), Ar(2x), Sal.
TIC (2x), Ar(2x), Sal.
TIC (2x), Ar(2x), Sal.
TIC (2x), Ar(2x), Sal.
TIC (2x), Ar(2x), Sal.
TIC (2x), Ar(2x), Sal.
TIC (2x), Ar(2x), Sal.
TIC (2x), Ar(2x), Sal.
TIC (2x), A7 (2x), Sal.
1(2x), Sal.
. (2x), pH (4x)
. (2x), pH (4x)
. (2x), pH (4x)
. (2x), pH (4x)
. (2x), pH (4x)
. (2x), pH (4x)
. (1x), pH (4x)
1(2x), Sal.
TIC (2x), A7 (2x), Sal.
TIC (1x), Ar(1x), Sal.
TIC (2x), A7 (2x), Sal.
TIC (2x), A7 (2x), Sal.
TIC (2x), Ar(2x), Sal.
TIC (2x), A7 (2x), Sal.
TIC (2x), Ar(2x), Sal.
1(2x), Sal.
2x), Ar(2x), Sal.
1(2x), Sal.

(
(

TIC (2x), A

TIC (2x), A

(
(
(
(
(
(
(
(

TIC (2x), A

(2x), A
(2x), A
TIC (2x), A
(2x), A
(2x), A

2x), Ar(2x), Sal.
2x), Ar(2x), Sal.

(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(2x), pH (4x)

(1x), pH (4x)
(2x), pH (4x)
(2x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(2x), pH (4x)
(2x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
(1x), pH (4x)
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2.3.1 Water sampling

Water was sampled using the aforementioned sampling port, whereby the Tygon® sampling tube
was connected to the sensor head of the SeaFET installed in the middle of the tank (Figure 3). For the
first eight runs, samples were taken in the following order: salinity (1 sample), TIC and A; (2 samples),
and pH (4 samples). Out of concern that the salinity sample might have been compromised by
insufficient flushing of the sampling tube during these runs, and since it appeared to be changing
over the sampling period (Section 3.4.10), salinity was sampled twice for the last four runs, whereby
the second sample was obtained after pH was sampled.

For salinity, the water was sampled using 200 ml borosilicate bottles with plastic screw caps and
inserts for a better seal. The bottles were rinsed three times, and filled up to the bottle shoulder.
Since the sampling tubes might not have been flushed sufficiently before sampling for Runs 1 to 8,
the under-ice samples of these runs might have been too low, as they could have been ‘diluted’ by
sea water left in the tubes. To test this, left-over samples of the two under-ice TIC samples of Run 8
were analysed for salinity, and showed similar (or even lower) numbers. Thus, no correction to the
data of these earlier runs (e.g., using sensor data) was made.

Subsamples for TIC and A; were obtained using 250 ml borosilicate glass bottles, following a
short initial rinse and an overflow of at minimum 1 bottle volume. Subsequently, the headspace was
adjusted (to 2.5 ml) with a headspace remover, samples poisoned with 100 ul of saturated mercuric
chloride, and the bottles closed using a greased glass stopper, in accordance with the standard
operating procedures (Dickson et al., 2007). All samples were stored at 4 °C before analysis.

Reagents:
Mercuric chloride powder (Anachemia) mixed with Milli-Q water to a saturated solution
Grease (Apiezon® M)

For pH, samples were collected directly in the spectrophotometric cells (10 cm path length, two
ports), which were rinsed, flushed for approximately 15 s, and closed without a headspace using two
Teflon® stoppers, as described by Dickson et al. (2007). The cells were placed in a 25 °C incubator for
1 h before analysis so they would reach the desired temperature.

2.3.2 Ice coring and sampling

Ice cores were obtained manually using a Kovacs Mark Il corer (9 cm diameter). After a short visual
inspection and determination of core length inside the cold lab (still at the pre-set temperature), the
cores were placed in gas-impermeable ALTEF® bags and later sealed with C-clamps (Figure 4). The
later procedure was conducted at room temperatures, since the bags appeared to become brittle
and leaky when used at cold temperatures (at least in the case of the -25 °C and -40 °C experiments),
and the clamps were difficult to close under these conditions as they became more rigid.

The cores were evacuated immediately after sealing the bags, using a hand-held pump to
minimise excessive suction and potential loss of gases trapped inside the core, as suggested by Miller
et al. (2015). In the case of Runs 10 to 12 the cores were weighed after evacuation so as to
determine the ice density, using an Ohaus GT4100 balance.

After evacuation, the cores were placed into a dark container and melted overnight at room
temperature. All cores took approximately 24 hours to melt entirely. Once fully melted, the ice melts
were visually examined for ikaite precipitates, mixed, and left to warm up slightly, so as to get a more
homogeneous mixture with less precipitates. Before sampling the melts, accumulated air inside bags
was removed using a syringe. The air volume differed between the melts (ca. 40 — 200 ml), possibly
due to natural heterogeneity (i.e. variability in gas entrapment in ice and brine), inconsistent
evacuation, or, in the case of the higher air volumes, leaky bags or valves leading to uptake of air
during melting.
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Figure 4. Example of an ice core (retrieved during Run 11) placed in an ALTEF® bag and evacuated using a hand-held pump (not shown).

Ice melt samples were then obtained by connecting a short Tygon® tube to the valves of the
bags. At first, two TIC/A; samples were retrieved and treated similarly as the water samples, except
for a slightly smaller overflow (0.5 — 1 bottle volume) due to limitations in ice melt volumes. The rest
of the ice melt was used for salinity samples, whereby 1-2 samples were collected, depending on the
left-over volume.

2.3.3 Chemical analyses

Total inorganic carbon was measured coulometrically using a SOMMA system (Johnson et al., 1993),
run in combination with a UIC coulometer. This system determines TIC following the standard
operating protocol (Dickson et al., 2007), whereby all TIC values were corrected for exchange with
the headspace and the dilution with mercuric chloride. To ensure the accuracy of the measurements,
certified reference materials were measured daily, and all values were corrected accordingly. The
analytical precision of this measurement calculated from differences between duplicate water
samples was about 1 umol/kg for water samples, and 0.5 pmol/kg for ice melt samples.

Reagents:
Silver electrode, platinum electrode, anode, and cathode solution for the coulometer (UIC)
o-Phosphoric acid 85 % (Anachemia), diluted to approx. 8.5 % using Milli-Q water
Potassium iodide (Anachemia)
UHP Nitrogen gas (Praxair)
Certified reference materials (CRM 152 and 160) provided by Andrew Dickson (Scripps
Institute of Oceanography)

Total alkalinity was determined by an open cell titration, following the procedure outlined by Dickson
et al. (2007) and using an automated Dosimat® 665 titrator (Metrohm), a digital thermometer
(National Instruments), and a pH combination electrode (Omega, Model 4841), as well as a signal
amplifier obtained from Andrew Dickson'’s laboratory. The titration endpoints were determined by a
non-linear least squares fit, using custom software developed in Andrew Dickson’s laboratory,
modified to a PC version by the NOAA/PMEL Carbon Group with National Instruments’ Labview.
Sample weight was measured using a Mettler Toledo AT 400 balance. For most analyses, the
accuracy was ensured by calibrating against reference materials at the beginning and end of each
day, except for the earlier runs (up until Run 5), where the system was calibrated only once a day.
The analytical precision of this system (determined as for TIC) was about 4 umol/kg for water
samples, and 3 umol/kg for ice samples, not accounting for measurements that were discarded due
to apparent analytical shortcomings (e.g., insufficient rinsing of apparatus before ice melt analysis).
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Reagents:
Titrant solution of 0.1 mol/kg HCI (JT Baker; diluted using DILUT-IT®), and 0.6 mol/kg NaCl
(Amresco)
Certified reference materials (CRM 152, 160 and 161) provided by Andrew Dickson (Scripps
Institute of Oceanography)

Water sample pH was determined spectrophotometrically with an Agilent 8453 spectroscopy system,
using m-cresol purple as an indicator dye, following best practices (Dickson et al., 2007). Each
absorption measurement was conducted four times and later averaged. All values were corrected for
a potential pH perturbation by the dye addition, using absorption data from ca. 50 samples
measured with the same dye batch, of which only a third were measured during this study, so that
the correction term would be based on a wider range of pH than the one encountered here. The
temperature within the cell was recorded immediately after each spectrophotometric measurement
using a hand-help temperature probe (Fluke 5611T). For some samples, this temperature was up to
0.5 °C lower than the initial 25 °C, possibly due to cooling of the sample while the dye was added and
mixed. Therefore, the measured temperature was used for the pH calculation, as well as for the CO,
system calculations (Sections 2.3.4 and 2.4.8). Since some of the under-ice water salinities were
outside the range for which the dye pK, was defined by Clayton and Byrne (1993), pH was calculated
(on the free pH scale) following Miller et al. (2011a), using the parameterisation by Millero et al.
(2009). The pH values were then converted back to the total scale using the HSO, acidity constant of
Dickson (1990), assuming the sulphate concentrations of the samples were proportional to salinity.

Reagents:
m-cresol indicator dye (Anachemia, lot 780322); 3.0 mmol/L, pH 7.837 + 0.006

Salinity of water and ice melt samples was determined from conductivity using an 8400B salinometer
(Guildline Instruments). The instrument was operated in accordance with the technical manual
(Guildline Instruments, 2005). Samples were acclimatised prior to analysis by placing them into the
analysis chamber at least 24 h beforehand, where the room temperature was kept constant at 1-2 °C
below the salinometer bath temperature (24 °C). The instrument’s accuracy was confirmed by the
daily measurement of a certified standard (IAPSO Seawater Standard).

Reagents:
Certified reference material (IAPSO Seawater Standard)

2.3.4 Water sample CO; System calculation

The program developed by van Heuven et al. (2011) was used to fully determine the CO, system, i.e.
to calculate A; and pCO, from water sample pH and TIC. These calculations were also conducted
using the measure A;in combination with pH and TIC, respectively, but since the A; samples were
likely contaminated (Section 3.1.1), the obtained TIC, pH and, pCO, values differed significantly from
those measured by laboratory analyses, and sensors, respectively (data not shown).

An overview of the input parameters used to compute the CO, system using water sample TIC
and pH is shown in Table 4. The actual input values are found in Table 13. Replicates of water sample
TIC, pH, and salinity were averaged prior to these calculations, and the averaged analysis
temperature of the pH replicates was used as ‘input temperature’. In order to obtain CO, system
values at in-situ temperatures, the temperature recorded by the probe installed at mid-depth was
averaged over the duration of each sampling sessions, and fed into the program as ‘output
temperature’. In case of pressure, the ‘input’ value was set to 0 dbar (i.e. atmospheric pressure),
whereas the ‘output pressure’ was estimated to be 0.55 dbar, accounting for the hydrostatic
pressure of the overlying water at the sampling point inside the tank. However, the effect of this
pressure on the CO, system parameters was negligible.
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Table 4. Overview of the input parameters used to calculate the full CO, system of the water samples.

Input Parameter Data / Parameterisation used

TIC (umol/kg) Measured, averaged

pH (total scale) Measured, averaged

Salinity Measured, (averaged)

Temperature, in (° C) Average pH sample analysis temperature (ca. 25 °C)

Temperature, out (° C) In situ temperature, from temperature sensor (mid-depth),
averaged approximate duration of sampling (40 min)

Pressure, in (dbar) 0, analysis pressure (atmospheric)

Pressure, out (dbar) In situ pressure, estimated from water depth of the sampling
tube outlet (0.55 cm — 0.55 dbar)

Total silicate, phosphate 0 (assumed to be negligible)

K1, K, constants Cai and Wang (1998), see below

KSO,dissociation constants Dickson (1990)

Total boron Uppstrom (1974)

2.3.4.1 Choice of carbonic acid dissociation constants K; and K>
There was no obvious choice for the set of stoichiometric equilibrium constants K; and K, for the
dissociation of carbonic acid in seawater in case of the cold and relatively saline conditions
encountered during this study (Brown et al., 2014). Thus, all 14 options provided by the program of
van Heuven et al. (2011) were tested using the TIC, A;, and pH values measured for the three
sampling periods up until the pre-ice samples of Run 2. After that sampling period, A; was potentially
contaminated (Section 3.1.1), leaving CO, system calculations based on these values irrelevant.

Thanks to the over-determination of the CO, system of these three sampling periods, parameter
values (e.g., pH) calculated based on the measurements of the other two parameters (e.g., TIC and
A;), could be compared to the measured values. This comparison was conducted for all 14 sets of
constants (except for the freshwater choice), using the three pairs of measured parameters (TIC and
Ar; Arand pH; TIC and pH). The pair of constants with the lowest discrepancies between measured
and calculated values, i.e. the constants determined by Cai and Wang (1998), was chosen to be used
for all following CO, system calculation (for both water samples and sensor data). The results of this
analysis are shown in Table 19.

In order to illustrate the impact of the choice of constants, pCO, values were calculated for all 14
sets (except the freshwater option), using all first pre-ice water TIC and pH combinations of Runs 5 to
12 (Figure 5).The constants by Cai and Wang (1998) are highlighted in blue.
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Figure 5. Comparison of pCO, values calculated using pre-ice water sample TIC and pH, and the different sets of carbonic acid
dissociation constants provided by the program of van Heuven et al. (2011). The constants chosen to be utilised for all CO, system
calculations of this study are highlighted in blue.
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2.3.5 Carbon Budget
A carbon budget was set up in order to estimate how the TIC content of the initial, pre-ice seawater
is distributed by the end of each experiment over the three compartments air, water, and ice. For

this purpose, the absolute TIC content (i.e. moles of carbon) of the pre-ice seawater ( )
was compared to the absolute TIC content of the final, under-ice seawater ( ), and the
absolute TIC content of ice ( ). Any differences between these three values were assumed

to originate from exchange with air:

The absolute TIC content of air ( ) was thereby not determined directly, and its sign could
be positive or negative, as carbon could be either released or taken up from the air, respectively.

To calculate the absolute TIC content of each compartment, the TIC content measured for water
and ice melt samples (in umol/kg, Table 7) was multiplied with the estimated mass of each phase. In
case of the pre-ice seawater and the formed ice, the mass was calculated from density and volume of
water ( ) and ice ( ), respectively. The density of the pre-ice seawater ( ) was
calculated from salinity and in situ temperature (Table 17) using the equation of state by Millero and
Poisson (1981). This density was then multiplied with the tank surface ( ) and the water depth
( ), to obtain the initial seawater mass. The water depth was determined after the last pre-ice
water sampling using a tape measure. The water volume was further adjusted by subtracting an
estimate of the volume of all sensors in the tank ( ; Table 15).

For the formed sea ice (equation below), the average density () was estimated from density
measurements conducted during Runs 10 to 12 (Table 16). For this purpose, the mass of the ice cores
was divided by the ice core volume estimated from ice core length and core diameter. Since the
calculated densities did not differ significantly between the three runs and thus the different growth
rates, an overall average was calculated, which was in good agreement with values found in
literature (Timco and Frederking, 1996). The volume of the ice was determined by multiplying the
tank surface ( ) with the average ice core length of each run ( ), accounting for the volume of
sensors frozen into the ice ( )

Since the exact depth of the under-ice seawater could not be determined, its mass was estimated
from the difference of the initial water mass and the mass of the formed ice, and thus the absolute
TIC was calculated in the following way:

To determine the overall uncertainty of this carbon budget, errors were estimated for each
parameter. For some parameters (TIC of ice and water, , ) the error was determined by
calculating the standard deviation/difference of replicate measurements. For all other parameters
( , volumes of sensors, , ), the uncertainty was estimated (Table 14 to 18).

For runs where the water was sampled twice before ice formation, the two separate budgets
were calculated, using the respective TIC, water depth, and water density values. Since water depth
was only measured after the second sampling, the depth for the first budget was estimated,
accounting for loss due to sampling and evaporation. Due to this increased uncertainty for the first
budget, and since the difference between the two budgets was not significant, only the budget using
the second water sampling data is further discussed here. The results of the other budget
computations, as well as input parameters and intermediate steps of the calculations are listed in the
appendix (Tables 14-18).
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2.3.6 Average growth rates calculations
In order to be able to assess the influence of the ice growth rate on the distribution of TIC calculated
in the carbon budget, an average growth rate was calculated by dividing the average ice thickness
(obtained from ice core length measurements) by the duration of each run. The later was
determined to be the difference between the under-ice water sampling point, and the time, where
the whole tank surface was covered in ice, identified using the time series of the tank surface capture
by the camera installed in the cold lab (all dates and times are shown in Table 20).

2.4 Sensors

During all experimental runs a multitude of sensor were deployed in the seawater tank and the cold
lab to measure CO, System, and other characteristic parameters. An overview of these sensors is
shown in Table 5. The following sections describe how these sensors were set-up in the water and
ice, and provide additional information on how the sensor data was obtained and processed.

Table 5. Overview of all sensors deployed in water, ice, and air, and the parameters they recorded.

CONTROS HydroC / CO21l1  pCO2 1 min Tank, 55 cm depth
Temperature, Pressure 1s(Runb5)
FRANATECH CO2 Sensor xCO2 1 min Tank, 55 cm depth (85
Type 3 Temperature 10 min (Runs 2-7) cm for unstirred runs)
2 X SeaFET pH Sensor pH 10 min Tank, 55cm / 85 cm
Temperature 5 min (Runs 9-12) depth
ca. 2 min (Run 5)
3 xRBR T 1050 Temperature 1s Tank,30cm /55 cm / 85
2 s (Runs 9-12) cm depth
Thermistor string Temperature 1 min Air and Tank, 15 depths
AANDERAA Conductivity  Salinity 5s Tank, 55 cm depth
Sensor 4319 Temperature 1s(Runb5)
1 min (Runs 1-4)
AANDERAA Oxygen Oxygen 1 min Tank, 55 cm depth
Optode 4330 Temperature 5s(Run5)
10 min (Runs 1-4)
RBR Solo Pressure Pressure 10s Tank, 55 cm depth
Doppler Imagers Ice thickness 2 MHz Tank, 40 cm depth
LI-840A CO»/H,0 Gas xC02 0.5s Cold lab
Analyzer xH20, Temperature,
Pressure
Weather Station Temperature 1s Cold lab
Pressure
Ambient light
Relative humidity
Peepers (gas Ice pCO, (in combination 45-100h Ice, within top 5-7 cm

equilibration chambers)

with the LI-840A)

2.4.1 Sensor set-up

The set-up of the sensors in the tank differed between unstirred and stirred runs. For the stirred
runs, where the water was well-mixed, the sensors were assumed to measure water samples
representative for the whole tank, no matter at which depth they were installed. Some of these
sensors, namely the three temperature probes, were specifically installed so as to confirm that the
tank was well-mixed and no stratification was taking place (Figure 6). The majority of the other
sensors were installed relatively close together in the middle of the tank during these runs. Three of
the sensors (the HydroC and Franatech CO, sensors, and one SeaFET pH sensor) were even bundled
together, whereby an external pump was attached to the HydroC and further connected to the
SeaFET with a tube, so that both sensors would measure the same water flow. Apart from one of the
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temperature probes, only the second SeaFET and the Doppler Imagers (Doppler sonars to measure
ice thickness) were deployed at the bottom of the tank for these runs.

For the unstirred runs, where water was left to stratify, the Franatech sensors was detached
from the bundle and installed at the bottom of the tank, close to the second SeaFET. This
configuration was chosen so that a second CO, system could be analysed for the bottom of the tank.
However, as there was no additional salinity sensor available, and since the two sensors were not
connected to a pump (leading to poorer response times), this system was mainly used as a
qualitative comparison to the sensors in the middle of the tank.

Sensors within the ice (i.e. the peepers measuring ice pCO,) were installed in the top 5-7 cm of
the water (and later forming ice) for both stirred and unstirred runs. The thermistor string (not
shown in Figure 6) was located relatively close to the sampling port, a bit further apart from all other
sensors (Figure 2).

[ o
35cm pCO2 HydroC
l pCO2 Franatech

¢
55 cm
Salinity
90 cm

Ice depth
Ice pCO2
Oxygen
Sampling tube

~

pH
pCO2 HydroC
pCO2 Franatech

| :

55 cm
Salinity

90 cm

Ice depth
Ice pCO2
Oxygen
Sampling tube

—a—
3
B
S—
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Figure 6. Schematic illustration of sensor set-up in the experimental tank during stirred runs (top) and unstirred runs (bottom), including
approximate depths of the sensors, and the sampling tube (yellow).

2.4.2 Seawater pCO;

Partial pressure of CO, in water was determined by two sensors from different manufacturers. The
first was a CONTROS HydroC sensor, which relies on membrane equilibration and non-dispersive
infrared (NDIR) spectrometry for the measurement of pCO, in water. The equilibrator is responsible
for the separation of the (wet) gas from water, whose CO, content is subsequently analysed in the
NDIR detector using a single-beam dual-wavelength system. The gas is thereby heated to keep the
analysis temperature constant, which ensures that the multiple temperature effects on the
spectrometric analysis are stable (Fietzek et al., 2014).

The gas is continuously circulated between the equilibrator and the detector, apart from short
‘zeroing’ intervals, during which the gas is diverted through a soda lime cartridge instead of the
headspace behind the equilibrator membrane. This leads to the removal of CO, from the gas stream
and, if conducted at regular intervals, the data detected during these periods could theoretically be
used to correct for sensor drift. After each zeroing interval (usually 2 min), the signal requires a
certain recovery period until a new CO, equilibrium is established across the membrane (Figure 7).
Data from this period can be used to assess the response time of the sensor under the prevailing
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conditions as outlined by Fiedler et al. (2013). Values recorded during zero- and recovery periods
were later deleted from the data set, and the pCO, values were linearly interpolated.

x10*

Zero beriod
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Figure 7. Raw (absorption) data of HydroC, illustrating the typical shape of the sensor signal during a zeroing period and the
subsequent recovery. The exponential decay of the signal during the recovery period was used to calculate sensor response time
following Fiedler et al. (2013).

For all experimental runs except Run 8, the HydroCwas connected to an external pump (SBE 5M,
Sea-Bird Scientific), which supplied a continuous flow of water to the membrane, improving the
sensor response time significantly by reducing the static boundary layer in front of the membrane
(Fietzek et al., 2014). During Run 8 the pump was removed, since its power cable broke down due to
corrosion by the end of the previous run.

For this study, the interval between zeroing periods was set to 12 h (as recommended by the
manufacturer) except for Run 8, where the interval was set to 24 h due to the decreased response
time and longer recovery. The data from the zero measurements was not used for a drift correction.
Instead, the pCO, values calculated from pH and TIC of the water samples (Section 3.1.2) were used
to set an off-set to the pCO, curve. This off-set was computed using the pCO, values from pre-ice
water sampling and the interpolated sensor data. Only pre-ice samples were used, since there was
generally a larger error in the TIC and pH of under-ice samples, and the CO, system constants used to
compute pCO, are likely more applicable for the (warmer and less saline) pre-ice samples. A different
off-set was set for each run, whereby for most runs, this off-set was minimal (Table 11).

Response times of the sensor were estimated for each run using the data from selected recovery
periods following Fiedler et al. (2013). The curve fitting approach described by Fiedler et al. (2013)
proved difficult for some of the data, since the pCO, was changing rapidly, and the response time
was rather slow. The curve was particularly difficult to fit to the data obtained during Run 8, when
the response time was very high. The results of these computations should therefore be seen as
estimates, rather than precise values. Nevertheless, they allowed assessing the influence of
biofouling, water temperature, or other potential impacts on the measurement (Section 3.3.1.1).
Furthermore, they were used to conduct a time-lag correction of the pCO, data, as described by
Fiedler et al. (2013). Before conducting this correction, the data had to be smoothed by carefully
applying a moving average filter.

This time-lag correction was thought to be of particular importance, since the corrected pCO,
data was later used in combination with data recorded by the corresponding pH sensor to calculate a
time series of the other CO, system parameters (TIC and A;) for each experimental run (Section
2.4.8). Since the time-lag in the pH measurement is potentially much smaller than for the pCO,
sensors (as no equilibration across a membrane is required), using time-lag corrected pCO, data
could possibly lead to better results (Section 3.3.1.3).

The second instrument deployed to measure water CO, was a Franatech CO, sensor, which
measures CO, using a laser-based system (Atamanchuk et al., 2015). As for the HydroC, the gases are
first separated from the surrounding water by means of a semi-permeable silicone membrane
(Franatech GmBH (2013). It is not clear whether this sensor gives out partial pressure (pCO,) or molar
fraction (xCO,) data, but since the data output is in ppm, it was assumed to be the later. However,
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the instrument does not contain any pressure probe, therefore, the xCO, values were never
converted to pCO,. While the xCO, could have been multiplied by the total pressure at that depth (as
recorded by the pressure sensor), measurements by the HydroC sensor showed that the pressure
behind its silicone membrane was different from the data measured by the pressure sensor, thus the
Franatech xCO, data was left unchanged.

The main purpose of this deployment was to test the functionality of the sensor in comparison
to the HydroC (Section 3.3.1.2). The sensor was also never run in combination with an external
pump, and its response was thus likely rather slow. Therefore, and since it was impossible to
calculate pCO, values, the data obtained from this sensor was used in a more qualitative sense, at
least for the Runs 10 to 12, where this sensor was deployed at a different depth than the HydroC. To
make the data of the two sensors more comparable, an off-set was set to the Franatech xCO, curve
using water sample pCO, (similar as for the HydroC data), neglecting any potential differences
between pCO, and xCO,. Furthermore, a time-lag correction was made for the Franatech data (same
as for HydroC), to account for differences between the sensors related to the potentially slower
response time of the Franatech.

2.4.3 Air pCO;

Molar fractions of CO, and H,0 in air were determined using a LI-840A CO,/H,0 analyser (LI-COR®
Biosciences). This analyser measures xCO, and xH,0 with a single-beam, dual wavelength NDIR
system (LI-COR Inc., 2009). Furthermore, pressure and temperature within the NDIR unit are
recorded, whereby the later is kept constant during the analysis, to minimise temperature effects on
the measurement (similar to the HydroC).

The main purpose of the LI-840A was to determine xCO, (and xH,0) within the peepers (i.e.
silicone gas chambers frozen into the ice; Section 2.4.6). In between peeper analyses, the LI-840A
was connected to a small aquarium air pump to analyse the air within the cold lab. Since this ambient
pCO, was heavily influenced by people working in the lab, the LI-840A measurement was used in
between experimental runs to ensure that the lab air was well re-equilibrated with the outside air,
i.e. the air inside the building in which the cold lab was situated. The LI-840A was calibrated after
each run using a zero (nitrogen), and a span gas (usually 500 ppm CO,).

Reagents:
UHP Nitrogen gas, Praxair
500 ppm CO, gas (certified: 498.8 ppm), Praxair

2.44 Seawater pH

Two SeaFET sensors (Satlantic) were deployed in the tank to determine water pH. The first SeaFET
(Serial Nr. 248) was always located at the bottom of the tank (apart from Run 1 which is not
discussed here), while the second sensor (Serial Nr. 245) was connected to the HydroC sensor and its
external pump. Prior to this study, the SeaFET 245 had been refurbished whereas the SeaFET 248 had
been deployed in a warm tank for approximately 6 months.

The SeaFET sensor measures pH potentiometrically, with an lon Sensitive Field Effect Transistor
(ISFET) as the working electrode, which is connected to two different reference electrodes forming
two potentiometric cells. In case of the first, ‘internal’ cell, the reference is an Ag/AgCl electrode,
which is in contact with the test solution through a liquid junction. The second, ‘external’
potentiometric cell uses a solid state chloride ion selective electrode (CI-ISE) as its reference, which is
directly immersed in the test solution, thus avoiding drift due to variations in the junction potential
over time (Martz et al., 2010). For this external cell, the potential changes with variations in the
chloride concentration of the solution, which have to be accounted for using salinity measurements
in the test solution. Furthermore, pH values obtained from the internal cell appear to be of higher
quality, despite the junction potential, and according to best practice, data from the external cell
should be mainly used as a quality check of the internal cell (Bresnahan Jr et al., 2014). However, for
this study, the (corrected) external pH fit slightly better with the pH data obtained from the water
samples, once an off-set was applied (Figure 22), and the curve also seemed more stable when
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comparing the off-sets calculated for different runs (Table 21). Therefore, these curves were used for
the calculation of the CO, system parameters (Section 2.4.8).

The SeaFETs were set to take 10 measurements every 10 min in the case of the stirred runs and
10 measurements every 5 min for the unstirred ones. The only exception was Run 5, where both
sensors were run to measure continuously. However, this seemed to cause problems with the
batteries and/or power supply to the sensor, which led to periods where the sensors (in particular
SeaFET 248) gave out unreasonably high values (pH > 50). These numbers were deleted from the
data set during data processing. In addition, both sensors stopped measuring at times for reasons yet
to be determined, and had to be re-started, leading to additional gaps in the pH time series.

The SeaFETs further displayed high sensitivity to changes of other sensors, despite grounding in
the tank, and the deployment of sensors designed to minimise electromagnetic interferences. For
instance, disconnecting the thermistor string from its power source lead to a drop in both external
and internal pH observed for both instruments. These jumps in the pH signals were particularly
pronounced during Run 6, where they impaired the quality of the pH data significantly, as they
occurred over a longer time span. Thus, for this run the raw signals were adjusted during post-
processing (Figure 39). While these abrupt changes in pH could theoretically be caused by changes in
the natural system, sensor interference appears to be the more likely cause, given that the jumps
occurred usually at the same time other sensors were modified (e.g., turned on or off). Therefore,
adjusting the pH data (by setting off-sets to parts of the curve) for this run seemed justified. In case
of other runs the interference periods were shorter, and the affected data was simply deleted.

The (adjusted) raw signals of the internal and external cells were converted to pH using
temperature and salinity data from the corresponding sensors, and the equations provided in the
sensor manual (Satlantic LP, 2014). Before doing so, the 10 measurements taken at each sampling
point were averaged, or, in case of Run 5, pH was averaged over ca. 3 min time periods.

Finally, an off-set was applied to the internal and external pH time series, so that the sensor data
would fit the measured water sample pH. This curve-fitting approach was conducted for each run
separately, since the configuration of the other sensors changed slightly in between some of the
runs, likely leading to a different *background signal’ observed by the SeaFETs (Section 3.3.2).

2.4.5 Other water parameters
In addition to the CO, system sensors, multiple other instruments were deployed to monitor physical
or chemical conditions of water and ice.

Temperature was measured on one hand with a string of 15 thermistors (Semitec, 103AT-4),
which could, in theory, be used to measure temperature both in ice and water. However, for the
original version of this thermistors string approximately half the thermistors gave out unreasonable
numbers, possibly due to corrosion. Therefore, it was replaced with a newly-built string after Run 8.
For the new thermistor string, the thermistors were placed at 4 cm intervals in the upper 24 cm of
the string, and at 10 cm intervals below. Since the resolution of the thermistors was rather low (+ 0.3
°C; Mouser Electronics, 2017) the data from the sensors was mainly used to determine temperature
in ice, where the difference in temperature was large.

As the thermistors were not sufficiently precise to determine (potential) stratification in the
water phase, three additional temperature probes (RBR TR 1050) were installed in the tank at three
different depths (Figure 3). The data from these sensors were both used to verify that the tank was
well-mixed during the stirred runs, and to prove the stratification of the water column during the
unstirred ones. Furthermore, the data from the sensor installed at mid-depth was used to conduct
temperature corrections of the SeaFET pH, to calibrate the thermistor strings, and as an input for the
CO, system calculations (Section 2.4.8).

Furthermore, a conductivity sensor (model 4319 by Aanderaa Data Instruments AS) was installed
in the tank, in order to obtain a time series of seawater salinity during the experiments. As this
sensor measures conductivity based on an inductive principle (Aanderaa Data Instruments AS, 2013),
its measurement was influenced by objects installed in its proximity. This instrument was therefore
mounted somewhat apart from the other sensors, but at the same depth. The salinity was calculated
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using the conductivity and temperature recorded by this instrument together with the pressure data
from the corresponding instrument, and the UNESCO equation of state (I0C et al., 2010). The
influence of pressure was thereby negligible. There was, however, a relatively large off-set to the
water sample salinities which had to be corrected. As the sensor seemed to slightly overestimate the
salinity of the under-ice water, the off-set was calculated using only values from pre-ice sampling
points (Figure 41).

A pressure sensor was installed in the tank to monitor the potential pressure build-up in the
water during ice formation (Section 3.4.2). Since the utilised pressure sensor (RBR Solo Pressure) was
calibrated for much larger depths, an off-set was set to the data, using the data from the weather
station in the cold lab, which agreed very well with the pressure recorded at the nearby Victoria
airport, and a small term accounting for the hydrostatic pressure of the overlying water. The off-set
corrected pressure data was further used to correct the salinity sensor data, and to calculate the
sensor CO, system (Section 2.4.8).

The last sensor deployed in the tank was an O, optode 4330 (Aanderaa Data Instruments AS). As
it was impossible to verify the accuracy of this sensor (i.e. no comparison to water sample data), it
was mainly used as a tool to qualitatively ensure that the biological activity in the tank was minimal
(in combination with the pCO, data), particularly in between runs, when new water was added to the
tank. Furthermore, since the temperature probe of this instrument gave out the best values (in
comparison to the temperature probes), the temperature data of this sensor was used for the pH
and CO, system calculations of Run 8, where the temperature probes ran out of battery mid-run. The
0, data of this instrument was corrected for salinity using the equations provided by the
manufacturer (Aanderaa Data Instruments AS, 2012).

2.4.6 Ice xCO: (Peepers)

Silicone gas equilibration chambers were frozen into the ice to measure in situ xCO, following Miller
et al. (2015) and references therein. These so-called ‘peepers’ were made of silicone tubes stabilised
with a spring, and capped with silicone stoppers. All peepers had an inner diameter of 3.8 cm, inner
length (i.e. not accounting for stoppers) of ca. 10 cm, and a silicone thickness of ca. 2 mm. All four
peepers were mounted onto a small rack (Figure 8) to facilitate the immersion into the seawater, and
prevent the peepers from changing their position while ice was forming around them. For most of
the runs, the peepers were deployed 3-4 cm below the water surface, i.e. at an average depth of 5-6
cm. The only exception is Run 8, where the peepers were installed much closer to the surface (less
than 1 cm), possible leading to exchange with the overlying air.

Figure 8. Overview of the peepers used in this study, after (left), and during deployment (right). Numbers indicate the order in which
the four peepers were analysed.

Two stainless steel tubes (outer diameter % in) sealed with quick-connects (Swagelok®) were
inserted into each peeper, which could be connected to the LI-840A gas analyser for each
measurement. For this measurement, the LI-840A was connected to the peepers using Bev-A-Line®
IV tubing (outer diameter % in) connected to stainless steel tubes with attached quick-connects. The
quick-connects attached to the peeper tubes had to be warmed up sufficiently (by hand) before the
connection to the gas analyser loop was possible, which was only possible for the warmer two
temperatures, i.e. at -15 °C, and -25°C. Therefore, no ice pCO, data was available for the coldest runs.
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To circulate the air in the loop between peeper and gas analyser, an Air Cadet Vacuum/Pressure
pump (Thermo Scientific) was attached to the plastic tubing, whereby the flow rate was set to
approximately 0.5 L/min. During each measurement, this pump was started immediately after the
peeper was connected, to ensure that the air within the peeper is captured by the gas analyser.

As gas diffusion across the silicone membrane is expected to be slow at the low temperatures
found within the ice, sampling intervals of 45 to 100 h were chosen, to allow the peepers to
equilibrate with the surrounding ice.

Since the peepers were connected in a closed loop to the gas analyser, the first peak in the xCO,
curve (the peepers were generally enriched in CO, compared to the cold lab air) was assumed to be
representative for the air within the peeper, and thus the system (ice or water) analysed, as
suggested by Miller et al. (2011a). An example peeper measurement of Run 12 is shown in Figure 9,
where at first the cold lab air was measured, and subsequently the four peepers. Red circles indicate
the values assumed to represent xCO, of the air inside the peeper.

Run 12 Measurement 2
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Figure 9. Example of a typical xCO, curve development during a peeper measurement period, and the corresponding cell pressure
measured by the gas analyser. Red circles indicate the first peak recorded for each peeper, which was assumed to be representative of
the air inside the peeper.

The xCO, values obtained from the gas analyser were not converted to pCO,, since the pressure
within the peepers was not measured, and cannot be assumed to be atmospheric. Deviations from
atmospheric pressure could, e.g., arise due to incomplete equilibration of all gases across the peeper
membrane, or from pressure changes within the ice. Furthermore, the pressure recorded by the gas
analyser could not be used to calculate pCO,, even though there was a closed loop between peeper
and analyser. This pressure appeared to (at least partly) reflect different resistances within the tubes,
rather than varying pressure inside the peepers. This was owed to the measurement configuration,
as the pump was installed after the gas analyser and thus drew the air out of the LI-840A, leading to
negative pressure inside the instrument. Therefore, whenever one of the steel tubes connecting a
peeper to the LI-840A was kinked, the pressure measured by the analyser would decrease
significantly (Figure 10).

The setting used for the peeper measurement in ice (i.e. the LI-840A, the pump, and the tubes)
was calibrated in air using a peeper built using gas-impermeable tubing (unknown material, but
during its deployment in Run 2 no CO, diffused into this peeper). The peeper was filled with a
standard gas (500 ppm pCO,, same as for the calibration of the LI-840A), and quickly connected to
the pump/gas analyser system, and measured in the same way as the peeper in the ice/water, i.e. by
starting the pump immediately after the peeper was connected. The peepers themselves were
calibrated in water by measuring them immediately after the pre-ice water was sampled, and
comparing them to the pCO, values calculated from water TIC and pH.
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Figure 10. Time series of cell pressures measured by the gas analyser for each of the four peepers. An arrow indicates where the steel

tube connected to peeper no. 2 was kinked, leading to an increased vacuum inside the gas analyser, i.e. a lower cell pressure.

2.4.7 Ice thickness (Doppler Imagers)

Three 20 MHz single-beam Doppler sonars (Dopbeam, Sontek) were deployed in the tank, facing
upwards to survey the growing ice (Figure 11). These sonars, here usually referred to as ‘Doppler

imagers’, record the backscatter of the emitted sonar signal, as well as a velocity profile (Vagle et al.,
2012). The original idea of this deployment was to test if it was possible to detect brine plumes in the

velocity data of the Dopbeams, and thus learn more about the form and timing of these plumes.

However, the velocity analysis has not yet been completed and is therefore not discussed here. The
backscatter data on the other hand proved very useful in measuring the thickness of the growing ice,

already while the experiments were underway. Since the ice strongly reflected the emitted sonar
signals, the growing ice front could easily be detected in the backscatter (Figure 12), and could
therefore be used to determine when the ice had reached approximately 20 cm, and the run could

be stopped. This made potentially disruptive, manual ice thickness measurements unnecessary. The

backscatter data was further used to compute an ice thickness profile showing the development in

time for each run (Section 3.4.5).

Figure 11. Overview of the three Dopbeams deployed in this study, including their location inside the tank. The later was taken during
a stirred run, where the two pCO, sensors were bundled up with the SeaFET 245.

This thickness profile was obtained by detecting the maximum backscatter values for each point

in time, as illustrated by the black curve in Figure 12. This computation was made for each of the

three Dopbeams, leading to three different ice profiles.
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Figure 12. Exemplary backscatter profile for the entire Run 12 (including the melting of ice). Red indicates high backscatter values, blue
low values. The y-axis indicates the relative difference to the sensor head (facing upwards). The interface between ice and water was
estimated to be located where the backscatter is highest, as indicated by the black line.

2.4.8 Sensor CO; System calculation

Carbonate system calculations were conducted with sensor data, similar to those for the water
samples (Section 2.3.4), using the same software (van Heuven et al., 2011). This program allowed to
compute TIC and A; time series from sensor pH and pCO, data, in combination with ancillary
measurements (temperature, pressure, and salinity). Data was used to compute this CO, system is
shown in Table 6. These calculations were only implemented for the stirred runs, since for the
unstirred experiments the water was likely stratified, and therefore the sensors were likely not
probing the same water.

Table 6. Overview of the input parameters used to calculate the full CO, system time series with sensor data.

' Input Parameters Data / Parameterisation used
pH (total scale) External pH of SeaFET 245, corrected for salinity, temperature, and off-set
to water samples
pCO; (natm) Time-lag corrected HydroC pCO,
Salinity Salinity of Conductivity sensor, corrected for temperature, pressure, and
off-set to water samples
Temperature, in (°C) In situ temperature

Run 5+6: Data of temperature probe installed at 55 cm depth
Run 8: Temperature measured by oxygen optode

Temperature, out (°C) 25 °C (room temperature)

Pressure, in (dbar) Data of pressure sensor, corrected for off-set
Pressure, out (dbar) 0 (atmospheric)

Total silicate, phosphate 0 (assumed to be negligible)

Ky, K5 constants Cai and Wang (1998), see Section 2.3.4.1
KSO,dissociation constants Dickson (1990)

Total bor Uppstrom (1974)
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3 Results and discussion

3.1 Water and ice melt samples
The TIC, A;, and pH values of water and ice melts sampled during the six successful runs are shown in

Table 7, as well as some additional samples (marked in yellow) which were needed to evaluate the

water quality and some of the sensor data (see below).

Table 7. Results of all analysed water samples, including samples obtained during unsuccessful runs (in yellow). Error estimates are
shown for samples where two or more replicates were analysed. For pH samples, the standard deviation of the four replicates was used,

for TIC, Ar, and Salinity the difference between the duplicates, divided by two.

Name
1.1
1.2
1.3
2.1
2.3
5.1
5.2
5.3
5.C1
5.C2
5.C3
5.C4
6.1
6.3
6.C1
6.C2
6.C3
8.1
8.2
8.3
8.C1
8.C2
8.C3
8.C4
9.1
9.2
10.1
10.2
10.3
10.C1
10.C2
10.C3
10.C4
11.1
11.3
11.C1
11.C2
11.C3
11.C4
12.1
12.3
12.C1
12.C2
12.C3
12.C4

TIC [umol/kg]
2134.6
2139.5
2435.8
2183.7
2536.3
2226.7
2229.5
2578.4
810.0
801.4
847.9
817.8
22254
2509.8
1001.7
1062.1
1090.1
2240.8
2243.6
2601.5
616.6
594.1
660.0
603.4
22534
2252.2
2256.1
2255.6
2706.0
815.5
702.6
804.4
730.2
2255.0
2627.1
1103.0
1007.9
1036.5
999.3
2253.4
2710.7
684.3
650.2
651.3
625.2

+ + + + + + + + + + -+ + =+ I+

H+ + + + + + + + I+ 1+

0.03
2.7
0.3
2.0
2.3
0.3
0.4
1.1
0.4
0.1
0.02
0.1
0.1
0.2
0.1
0.1
0.3
0.4
0.2
0.3
1.1
0.3
0.2
0.6
1.5
0.2
0.8
0.7
0.04
0.4
0.1
0.1
0.4
0.2

0.2
0.1
0.1
0.2
0.2
2.2
0.2
0.04
0.2
0.04

A [umol/kg]
2232

2545
2277
2664
2405
2413
2769
881
892
912
879
2424
2711
1083
1132
1173
2380
2387
2741
718
653
739
666
2402
2405
2406
2408
2896
909
771
884
805
2422
2825
1209
1098
1133
1094
2384
2865
745
709
703
673
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Salinity
33.1411
33.1825
37.7661
33.7130
39.0602
33.8256
33.8832
39.1169
12.5300
12.0810
12.8235
12.2177
33.7634
38.0804
15.2175
15.9773
16.4539
33.8110
33.8216
39.2441
9.7974

8.9046

10.2180
9.0329

33.6664
33.6983
33.7593
33.7703
40.5831
12.4870
10.5764
12.1064
10.9354
33.7755
39.3754
16.6271
15.0792
15.4886
15.0012
33.6969
40.5593
10.3941
9.7807

9.7007

9.2962

+ + + + + + 1+

+ 1+

+ I+

0.00001
0.0005
0.0005
0.0007
0.0626
0.0007
0.00002

0.0008

0.0241

0.0017
0.0753

pH (total scale)

7.683 + 0.005
7.685 + 0.0002
7.661 + 0.001
7.622 + 0.002
7.583 + 0.004
7.535 + 0.003
7.530 + 0.001
7.503 + 0.004
7.539 + 0.001
7.522 + 0.003
7.541 + 0.005
7.541 + 0.003
7.532 + 0.004
7.546 + 0.001
7.541 + 0.002
7.552 + 0.002
7.551 + 0.004
7.514 + 0.001
7.560 + 0.005
7.514 + 0.002
7.559 + 0.002
7.526 + 0.001
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Error estimates are given for samples with two or more replicates. Absolute values are not
further discussed here, as they are hard to interpret without further considerations. It is, for
example, futile to compare TIC concentrations of the different runs without at least normalising them
using the corresponding salinity values to account for differences due to evaporation.

Focussing on the error estimates shown in Table 7, it is evident that the uncertainty varied
between the different analyses, and between the different sample points (i.e. pre-ice, under-ice, and
ice melts). For pH, the standard deviation between the 3-4 replicates was quite large for both pre-ice
and under-ice samples, and the precision of the measurement lower than what could have been
expected according to standard operating procedures (Dickson et al., 2007). These discrepancies
might be explained by differences in analysis temperatures in between replicates, although these
were generally low (compared to differences in analysis temperatures of different sampling points).
The remaining variance might be due to issues related to sampling (e.g., entrainment of bubbles,
which were abundant particularly for under-ice samples), or due to changing conditions in the tank.
For the pre-ice samples, this might have been the rapid decrease in water temperatures, while for
under-ice samples, the seawater chemistry itself might have been changing due to brine release
(Section 3.4.10).

In case of the A; samples, the observed differences between replicates was also rather large at
times. This was likely caused by analytical shortcomings, especially for samples where the TIC
replicates showed very similar values, since both TIC and A; were sampled using the same bottles,
and A; is generally the more conservative parameter. The only exception might be sample 12.3,
where both TIC and A; increased for the second replicate (ca. + 4 umol/kg, and +12 umol/kg,
respectively), possible due to brine release during sampling, given that there was also a significant
increase in salinity between the first and second sample (+ 0.15). Such increased brine drainage
during water sampling possibly occurred for most of the runs (Section 3.4.10), explaining the
observed increase in TIC, salinity (if applicable), and partly A; for the second replicate. The only
exception was Run 6, where TIC slightly decreased.

In general, difference between TIC and salinity replicates was relatively low, apart from the
aforementioned under-ice samples. Also, while ice melt samples displayed similar uncertainties as
water samples, for TIC and A; of replicates of the same ice core (salinity was generally only measured
once), the differences between ice cores of the same run was generally high. This variability was
likely caused by differences within the ice, rather than methodical shortcomings.

While it is conceivable that contamination of the ice melts with ambient air (due to insufficient
evacuation or leaks in the sampling bags) could be responsible for differences in ice melt TIC, such
contamination cannot account for the observed differences in ice melt A; and salinity. It is important
to note that such leaks in the bags would likely lead to an overestimation of TIC due to uptake of
ambient CO,, as the ice melts were likely undersaturated with regards to carbon, due to the dilution
of the (high TIC) brine with fresh, low TIC ice. This was also confirmed by a (qualitative) analysis of air
collected from some of the ice melts, which was inserted into the LI-840A gas analyser using a
syringe. The recorded values were significantly lower than ambient xCO, (ca. 200-300 ppm compared
to over 400 ppm), which also confirmed that no (or only little) exchange occurred between samples
and the surrounding air. Furthermore, none of the bags used during Runs 5 to 12 appeared to be
leaking when examined after coring and before sampling the ice melts. Thus, the differences
between cores were probably caused by heterogeneities within the ice, e.g., variable distribution of
brine pockets at the different coring locations.

However, no clear pattern emerged when comparing ice cores of different runs that were
recovered from similar locations (Figure 38). For instance, while for some runs the first core,
retrieved from a location closer to the edge of the ice, was relatively enriched in TIC and salinity (all
unstirred runs), it displayed comparably low values for some of the other runs (e.g., Run 6). This is
not overly surprising, given that several influencing factors differed between the runs, such as the
stirring (the first core was located right above one of the vertical pumps), or the air movement inside
the cold lab. The latter differed for the three ambient temperatures, as the fans of each condenser
unit were installed at a different location inside the cold lab.
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3.1.1 Changes in CO; system parameters in the tank over time

Some of the carbon system parameters changed quite significantly over the entire experimental
period, as was already evident from Table 7, and is further illustrated by Figure 13, which depicts the
development of pH, Ay, and TIC obtained from the first pre-ice water sample of each run. Data
retrieved from failed runs (Run 1, 2, and 9) is included together with data of the six successful
experiments. Under-ice samples were not included in this assessment of temporal changes in the
seawater CO, system, since the CO, system of these samples was impacted by the overlying ice
(Section 3.1.4). All values were salinity-compensated, i.e. standardised to an (arbitrarily chosen)
salinity of 34, neglecting potential changes in salinity due to the addition of tap water or other
sources.
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Figure 13. Development of pre-ice seawater pH, TIC, and Ar over the entire study period. All samples were normalised to a salinity of 34
to illustrate the changes in time due to contamination by external sources.

The most significant change in the system was the increase in Ay after the pre-ice sampling of
Run 2 (obtained on October 25). This steep increase was probably mainly caused by the copper anti-
foul guard installed on the SeaFET 248 during Run 2. This foul guard was later (after Run 2) replaced
by a (plastic) wet cap, but potentially caused a significant increase in (non-carbonate) alkalinity. This
notion is further supported by the fact that after Run 5 (third data point in Figure 13), A; was
relatively stable. The fluctuations in A; after that point were possibly related to the addition of tap
water and seawater (added to the tank before Runs 8 and 12, leading to a relative decrease in Ay), or
other minor sources of contamination inside the cold lab (e.g., metal rods).

Total inorganic carbon appeared to increase steadily over time relative to salinity, which was
probably due to the addition of tap water, which is generally enriched in carbonates compared to
other ions (i.e. salinity). The drop in pH from November to December (from Run 1 to Run 5) was likely
related to the increase in room and water pCO, during this time, which was recorded by both water
pCO, sensors. This increase occurred despite regular aeration of the cold lab, and might have been
caused by increasing pCO, levels in the room where the cold lab was installed in. The fluctuations
after Run 5 might have also been caused by changes in ambient pCO.,.

Notably, the most severe changes in the system seemed to have occurred before the
experiments further discussed in this study (i.e. during Run 1 and Run 2), and the conditions from
Run 5 onwards appear to have been rather constant. Therefore, comparisons between the different
runs (e.g., the carbon budget), are justified. Nevertheless, due to the increase after Run 2, the
absolute A; values were not used for further CO, system calculations, as there was a significant
difference between the A; calculated from pH and TIC, and the measured A; (Figure 14; all measured
samples included and salinity-normalised).
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Figure 14. Difference between measured A of water samples and A calculated from TIC and pH of the samples over the entire study
period.

3.1.2 Water sample CO; system

The results of the CO, system calculations for in situ conditions, using the measured water sample
pH, TIC, salinity, and in situ temperature from the probe installed at mid-depth are shown in Table 8.
Again, these values are hard to interpret without normalisation, and were mostly used as a
comparison to sensor data (Section 3.4). As for the sensor pCO,, the calculated in situ pCO, increased
over time, which is not surprising, given the drop in pH and increase in TIC observed.

Table 8. Results of the CO, system calculations made using all water samples, including samples of unsuccessful runs (in yellow).
Measured (or estimated) input values are indicated by an asterisk.

Ar TIC* pH (in situ) pCO2 (insitu) Temp. (in situ)* Pressure (in situ)*  Salinity*

umol/kg umol/kg totalscale  patm °C dbar
1.1 2244 2135 8.0340 396 0.90 0.55 33.141
1.2 2248 2139 8.0604 369 -0.70 0.55 33.182
1.3 2559 2436 8.0644 416 -2.00 0.55 37.766
2.1 2273 2184 7.9894 446 -0.48 0.55 33.713
2.2 2630 2536 7.9720 540 -2.01 0.55 39.060
5.1 2286 2227 7.8826 586 -0.03 0.55 33.826
5.2 2287 2229 7.8950 566 -1.05 0.55 33.883
5.3 2642 2578 7.8928 658 -2.00 0.55 37.808
6.1 2287 2225 7.8951 567 -0.35 0.55 33.763
6.3 2580 2510 7.9125 612 -2.07 0.55 38.080
8.1 2304 2241 7.9042 559 -0.50 0.55 33.811
8.2 2307 2244 7.9142 544 -1.13 0.55 33.822
8.3 2680 2601 7.9251 618 -1.90 0.55 39.244
9.1 2315 2253 7.9016 565 -0.65 0.55 33.666
9.2 2313 2252 7.9064 556 -1.08 0.55 33.698
10.1 2321 2256 7.9144 548 -0.85 0.55 33.760
10.2 2320 2256 7.9176 543 -1.03 0.55 33.771
10.3 2784 2706 7.9172 657 -2.22 0.55 40.646
11.1 2323 2255 7.9239 536 -0.86 0.55 33.775
11.3 2701 2627 7.9143 640 -2.17 0.55 39.399
12.1 2323 2253 7.9314 526 -0.96 0.55 33.699
12.3 2794 2711 7.9299 639 -2.12 0.55 40.635
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No uncertainties were calculated for the computed A; and pCO, values as it was impossible to
determine the uncertainty caused by the choice of carbonic acid dissociation constants (Section
2.3.4.1). Given the differences in pCO, illustrated by Figure 5 (which was used to compare the
different constants), the related uncertainty might be up to + 10 %, at least for pCO..

3.1.3 Average growth rates

The average growth rates of the six successful runs are listed in Table 9. Interestingly, the growth rate
was quite different for the stirred compared to the unstirred runs, most evidently for the
experiments conducted at -15 °C, where the ice grew much slower when the tank was stirred (Run 8,
average growth rate 0.8 cm/d), than when the stirring was turned off (Run 12, average growth rate
of 2.7 cm/d). The unstirred experiment was also faster in case of the -25 °C runs, although the
difference was less pronounced (3.6 cm/d for the stirred Run 5, 4.6 cm/d for the unstirred Run 10). In
case of the fastest run, the growth rate was even higher for the stirred experiment (Run 6; 11.8
cm/d), whereby this might have been caused by the somewhat delayed start of (unstirred) Run 12,
where ice was grown at -30 °C for the first couple of hours due to malfunctioning of the most
powerful condenser unit (see air temperature profiles in Figure 42). This leads to the conclusion that
during the unstirred runs, where the water was stratified, the ice was generally growing quicker than
for the stirred runs, whereby these differences appear to diminish at colder air temperatures.

Table 9. Average ice growth rates of all six successful runs.

Air Temp. (°C) Stirring Duration (d) Ice thickness (cm) Growth rate(cm/d)‘

-25°C Yes 5.8 21.1 3.6
-40 °C Yes 1.8 21.2 11.8
-15°C Yes 22.5 18.4 0.8
10 -25°C No 4.7 21.6 4.6
11 -40 °C No 2.0 20.9 10.6
12 -15°C No 8.0 21.5 2.7

3.1.4 Relationships between TIC, Ar, and salinity in water and ice melt samples

The relationship between A;, TIC, and salinity are shown in Figure 15, whereby two parameters were
compared at a time. Alkalinity was included in this analysis, despite the potential contamination
(mainly during Run 2; Section 3.1.1), since its signal in ice and water could help determine potential
ikaite precipitation in the ice. As the variability in A; decreased after Run 2, and contamination was
likely less important over the course of each experimental run, a comparison of pre-ice, under-ice
and ice melt samples (using data from all six successful runs) seemed useful. Furthermore, as ratios
between parameters were analysed, dilution (for ice melts) and evaporation effects were accounted
for, since these effects are expected to impact all three parameters in a similar way.

For each set of samples, i.e. pre-ice water, under-ice water and ice melts, a linear regression was
conducted (shown in blue, green, and red, respectively), whereby the line was forced through zero.
The calculated R® values are shown for each regression except pre-ice water samples, where it was
negative for all three comparisons, since these pre-ice water samples displayed all very similar TIC,
A;, and salinity values, leading to a poor fit when forcing the line through zero. However, this was
necessary to compare the ratios of each sample set. In addition, a regression was conducted for the
all data points, whereby its model equation an R? is shown in black.

It is interesting to note that all parameters correlate very well with each other, as can be seen by
the excellent fit of the black curves through all data points for all three plots. The excellent
correlation between TIC and salinity samples is particularly noteworthy, not only because it is the
best fit, but also since it shows that the TIC distribution is closely related to that of salinity. This is a
first indicator that the TIC allocation in the air-ice-water system is dominated by brine processes, and
that gas exchange processes (e.g., across the air-ice interface) are likely minor.
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Figure 15. Relationship between TIC, Ar, and salinity in water and ice melt samples of all successful runs. Trend lines were fit to all data
points (black lines and equations), and through each of the three samples sets (ice melts, pre-ice water, and under-ice water; red, blue,
and green equations). All lines were forced through the origin.

Upon closer examination, some small differences are revealed between the seawater and the ice
melt data. The trends calculated for the later diverges significantly from the overall fit, in particular
when comparing A; to the two other parameters. It appears that A; is relatively enriched in the ice
when ‘normalised’ to salinity (72.3 umol/kg per 1 salinity unit), compared to the overall fit (71.2
pumol/kg to 1). At the same time, TIC seems to be slightly depleted in ice (relative to salinity)
compared to the overall trend line (66.2 umol/kg to 1, compared to 66.4 umol/kg to 1). In contrast to
this, the under-ice water samples appear to be slightly enriched in TIC, and depleted in A; whereby
the deviation from the overall fit is not significant (Figure 15). As a consequence, the A; to TIC ration
is increased in the ice (1.09 to 1), and somewhat decreased in the under-ice water, compared to the
overall trend (1.07 to 1).
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These findings are all indicators that some calcium carbonate (CaCO3; namely ikaite)
precipitation was occurring in the ice. As CaCO;forms, 2 mols of alkalinity are removed from solution
per 1 mol of TIC. These ikaite crystals are expected to stay within the ice while the brine, relatively
enriched in TIC, is still in exchange with the underlying water. Additional TIC might be lost from the
ice to the atmosphere (some removal of CO, is likely required in order to get high enough CO;>
concentrations to form ikaite). This mechanism leads to a relative enrichment of A; in the ice melts,
i.e. a higher A; to TIC ratio, as ikaite dissolves during the melting, and could lead to a relative increase
in TIC in the water underneath due to input of TIC-enriched brine (Jones and Coote, 1981).

However, while all ice melts showed a significant enrichment of A; relative to TIC in comparison
with the overall ratio, there was no clear trend between the average A; to TIC ratio of each run
(averaged over 3-4 cores retrieved), and the ice growth rates or ambient temperatures of the runs
(Table 10). Furthermore, while quantification of potential ikaite concentrations in the ice remained
elusive, as the absolute A; concentrations of the ice melts were too high (Section 3.1.1), this
concentration was likely negligible, given the rather small relative increase in the A::TIC ratio (+ ca.
1.5 %) in ice compared to water samples.

Table 10. Average Ar to TIC ratio calculated for the ice melt data of each run. The error estimate is based on standard deviations
between the Ar to TIC ratios of each core. Average growth rate and room temperature of each run are shown in comparison.

1.074 * 0.008 -40°C 11.8
1.122 s 0.030 -15°C 0.8
10 1.103 s 0.008 -25°C 4.6
11 1.093 s 0.003 -40C 10.6
12 1.084 s 0.007 -15°C 2.7

3.2 Carbon Budget

The results of the carbon budget calculations are shown in Figure 16, more detailed values are listed
in the appendix (Tables 14-18). In the upper panel, the results of the three stirred runs are shown, in
the lower panel those of the three unstirred runs. The uncertainty was larger for the air and water
fractions than in ice, since for those two fractions, some of the data had to be estimated from
differences between other fraction (i.e. the TIC content for the air fraction, and the final water mass
for the under-ice water). In general, uncertainties in the carbon budget were related to uncertainties
in volume and mass calculations rather than TIC concentration measurements.

Unsurprisingly, for both sets of runs, the majority of TIC (88-95 %) was found in the under-ice
water, even more so for the unstirred runs compared to the stirred ones. Only 5-10 % of the TIC was
located on the ice phase (which makes up roughly 20 % of the total mass), and the exchange with air
was negligible. Interestingly, for the later, the flux appeared to be positive for all stirred runs, i.e.
outgassing of CO, to the atmosphere, but negative for all unstirred runs, indicating CO, uptake from
air. However, due to the relatively large uncertainty associated with the air fraction calculation, only
the fluxes of the unstirred Runs 5 and 6 (medium and fast growth) are significantly positive (1.9 £ 1.3
% for Run 5, 1.6 = 1.3 % for Run 6).

The small, positive fluxes observed for the stirred runs are not surprising, given the potentially
high pCO, values in ice brine (Section 3.4.11), and have been reported by others for both
experimental and natural ice (Geilfus et al., 2012; Kotovitch et al., 2016; Miller et al., 2011a; Nomura
et al., 2006). Thus, the potential uptake of CO, by the system during the unstirred experiments is the
more surprising result. However, since none of the three experiments showed a significantly negative
flux (Table 18), this finding might be simply owed to uncertainties in the calculation. Furthermore, it
is possible that the time (ca. 1-3h, Table 20) in between the last sampling and the shutdown of the
stirring system (which coincided with the formation of the first ice), had an impact on the overall
budget, as CO, might have been taken up during this period where the water was cooled down and
mixed. This idea is further supported by the results of the budgets calculated using the first pre-ice
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water samples (retrieved before the cool down period), which showed a lower air CO, fraction, i.e.
less (apparent) outgassing for the stirred runs where pre-ice water was sampled twice (Table 18).
Nonetheless, it is interesting to note that there might have been an influence of the stirring of the
tank on the direction (or at least the extent) of the air-ice/water CO, flux.
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Figure 16. Carbon budget of stirred runs (top) and unstirred runs (bottom). Bars show how much of the total pre-ice seawater TIC ends
up in the final under-ice water, ice, and air, respectively.

The influence of the ice growth rate on the distribution of TIC between water and ice appears to
be relatively straightforward: the higher the growth rate, the higher the TIC fraction remaining in ice,
and the lower the fraction in the under-ice water (Figure 16 and 17), given that the exchange with air
was negligible. The difference between fast and slow runs is particularly pronounced for the ice
fraction, where the remaining TIC fraction is significantly larger for the fastest run (10.4 + 0.6 %)
compared to the slowest run (5.3 £ 0.5 %; both runs stirred).

This finding is in agreement with expectations that higher growth rates lead to less efficient
desalination of the ice, and that TIC largely follows the salinity pattern, which is also evident from the
very good correlation between salinity and TIC shown in Figure 15. However, this budget only
considered average growth rates, and further nuances might be observed when studying the TIC and
ice growth rates over the course of each experiment (Section 3.4.8).
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The data plots shown in Figure 17 further indicates, that the relation between growth rate and
TIC fractions in ice and (under-ice) water is likely non-linear (a logarithmic fit was chosen to illustrate
this), and that there was an off-set between the unstirred and stirred runs (more pronounced for the
under-ice water), likely caused by the different exchange with the air phase, as discussed above. The
actual equations are not further discussed here, as they are merely based on three points each.
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Figure 17. The fraction of initial TIC ending up in water (top) and ice (bottom) as a function of the average growth rate of a run.
Logarithmic curves were fitted to the data to illustrate the non-linearity of this relationship, and the difference between the stirred and
unstirred runs.

3.3 Sensor evaluation
3.3.1 HydroC and Franatech pCO- sensors

3.3.1.1 HydroC Response Time

The estimated response times of the HydroC sensor throughout the experiments are shown in Figure
18. The maximum value was measured during Run 8 at the end of January (ca. 25 min), when the
sensor was deployed without an external pump. This value might still be underestimating the true
response time due to the relatively poor fit of curve to the recovery interval data (Section 2.4.2). A
stark increase in response time from ca. 6 min to over 10 min occurred during Run 2 (end of October
to beginning of November), after which only a gently increase is observable. The response time was
slightly decreased (by about 1 min) when the water temperature was higher, e.g., on December 20,
when the water warmed up to over 10 °C, or by the end of the experiments, when the water was at
about 4 °C.

36



Temperature [° C]

20 - 120

Response time [min]

0 1 1 1 | | 1
Sep/16 Oct Nov Dec Jan/17 Feb Mar

Figure 18. Time series of the estimated HydroC response times. Marker colour indicates the water temperature at the time.

While the slow increase during most of October and after the beginning of November was likely
related to biofouling on the membrane (despite the measures taken to keep the tank abiotic), the
abrupt increase during Run 2 might have had a different, unknown cause. It is worth noting that it
occurred around the same time as the relative steep increase in A; (Section 3.1.1). While the two
changes might be entirely unrelated, it is conceivable that the deployed anti-fouling cap which
caused the increase in A;might have also impaired the sensor membrane.

In retrospect, the HydroC membrane should have probably been exchanged at some point
during the experiments, given that the increase in response time cannot solely be attributed to the
low temperature conditions.

3.3.1.2 Comparison of HydroC and Franatech

A comparison between the HydroC and the Franatech CO, sensor was difficult for the majority of the
runs, since the Franatech sensor was never deployed with an external pump, likely leading to
significant differences in response time. Therefore, the only run which allowed a simple comparison
of the sensors was Run 8 (Figure 19).
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Figure 19. Time series of pCO, and xCO, data recorded by the HydroC and Franatech sensors during Run 8. For this run both sensors
were deployed without an external pump, possibly leading to more comparable response times. An off-set was applied to both curves
so they would fit through the pre-ice water sample data.
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For this run, the two sensors show very similar profiles once an off-set was applied to both
curves. This is noteworthy, since in theory, the two sensors measure different parameters (pCO,
compared to xCO,), although it is possible that the Franatech sensor actually gives out data reflecting
the pCO, of the system rather than the xCO, (Section 2.4.2).

However, when the HydroC and the Franatech pCO, were compared over longer periods of time,
the two sensors gave out rather different results (Figure 20), and there appeared to be a drift in the
Franatech signal over time, at least when all runs (including Run 1 and 2) were considered. For most
of the runs, the largest differences were observed during pCO, maxima and minima. These
discrepancies might be related to the slower response time of the Franatech compared to the
HydroC, a notion supported by the fact that for Run 8, the two sensors show very similarly shaped
curves. Yet the differences did not decrease when the Franatech data was time-lag corrected (yellow
curve in Figure 20). Another possible explanation for these different extremes is the sensitivity of the
Franatech sensor, which might have been simply too low at these (relatively) low pCO, conditions, as
this instrument is built to measure over much larger CO, ranges (Franatech GmBH, 2013).
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Figure 20. Time series of water sample, HydroC and Franatech CO, data for all stirred runs, including unsuccessful ones. An additional
curve (yellow) shows a time-lag corrected version of the Franatech data. For both curves were corrected using an off-set. No off-set was
applied to the HydroC data. Water sample pCO; is shown in purple.

The drift of the Franatech sensor shown in Figure 20 is also apparent when calculating off-sets
between the sensor data and the pCO, values calculated using TIC and pH of pre-ice water samples
(Table 11; only data of successful runs shown). These off-sets were later used to correct the sensor
curves. For the off-set calculations interpolated (in case of the HydroC data) but not time-lag
corrected curves were used, since the time-lag correction had no large impact on the results (see
below). The Franatech sensor showed relatively large differences to the water sample data (66 ppm
on average), whereby this off-set varied in time, i.e. in between runs. The HydroC sensor displayed
no significant off-set to the water sample data (on average 1 patm + 7 patm), apart from Run 8
(where it ran without a pump) and, to a lesser extent, for Run 12. In case of Run 8, the increased
pCO, values relative to the water sample data (+ 33 patm) might have been caused by the localised
heating of the water surrounding the sensor head (which is heated to a temperature of 2 °C). For all
other runs, this heating effect was likely negligible, since the external pump constantly supplied the
sensor with cold water. It is less clear what might have caused the relatively large off-set observed
for Run 12 (-16 patm). Given that the Franatech sensor also displayed a relatively low off-set for this
run (compared to the 2 previous runs), the difference might have been caused by analytical
shortcomings during water sampling and analysis.
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Table 11. Difference between water sample pCO, minus sensor pCO, at the sampling times for all successful runs. Values indicated with
asterisks were not included in the average, as the instrument was operated without a pump at the time. These differences were later
used for off-set corrections of the sensor data.

Sample  HydroC Franatech

5.1 4 66
5.2 7 65
6.1 -1 53
8.1 -32%* 54
8.2 -33* 47
10.1 2 77
10.2 1 77
11.1 2 75
12.1 -16 64
Average 1 66
Std. Dev. 7 11

3.3.1.3 Time lag correction (both sensors)

Exemplary time lag correction curves are shown in Figure 21, calculated using Franatech sensor data
during experimental Run 6. It is evident that the time lag correction has no significant impact on the
shape of the curve, unless the response time used for the correction is set to an unreasonably high
value (e.g., 4 h). Considering the maximum response time calculated for the HydroC sensor (ca. 25
min), a response time larger than 1 h seems inadequate, even for experiments where the sensors
were run without a pump. Furthermore, the time-lag corrected pCO, curves did not seem to fit
better to the water sample data.
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Figure 21. Franatech data during Run 6 illustrating the impact of various time-lag corrections to the data set. Time-lag corrected curves
were computed using response times varying between 30 min and 4 h.

Nevertheless, the CO, system calculations of sensor data (Section 3.4.8) were conducted using
both the ‘original’ HydroC curve (i.e. only interpolated data, but no time lag correction), and a time-
lag corrected versions to assess the impact of the likely asynchronicity between SeaFET and HydroC
on the TIC curve calculations. In the result section of this study, only one time-lag corrected TIC curve
is shown (using a 30 min HydroC response time for Runs 5 and 6, and 1 h for Run 8), additional data is
shown in Figure 43.
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3.3.1.4 Zeroing settings of HydroC

On a side-note, the zero values obtained during the zeroing intervals of the HydroC sensor appeared
to be rather constant in time (data not shown). Taking this into consideration, together with the fact
that these values were never used to correct the sensor data, larger intervals in between zeroing
periods (i.e. more than 12 h) would have probably been beneficial for this study, given the relatively
long recovery periods after each zeroing, and the related loss of data. This would have also facilitated
data processing, as less data interpolation work would have been needed.

3.3.2 SeaFETs
Time series of pH data retrieved from the both SeaFET sensors during the three stirred runs are
shown in Figure 22. Only corrected data is shown, i.e. the temperature-corrected data using pH
measurement of the internal cell, and the external pH curves corrected for temperature and salinity
changes.

While none of the recorded curves fit perfectly with the water sample data, the external pH
curves appeared to agree slightly better, particularly for the pre-ice water samples of Runs 5 and 8,
where the internal pH curves show a much larger increase than observed for the water samples.
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Figure 22. Comparison of SeaFET pH data recorded during stirred runs. Internal and external pH curves for both SeaFETs are shown, all
corrected for temperature, salinity (if applicable), and off-set to pre-ice water sample data (shown in black).
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The two sensors showed rather different outputs, especially for Runs 5 and 8. These
discrepancies might have been caused by actual differences in the tank, given that both sensors were
installed at a different depth. However, data obtained from other sensors (namely the temperature
probes) showed no evidence for stratification in the tank. The differences are therefore likely caused
by sensor drift or electromagnetic interferences. The difference in noise of the sensor signal between
the three experiments was related to two different factors. On one hand, the higher (continuous)
sampling rate during Run 5 caused an increase in noise, whereas the noisier signals recorded for Run
8 were solely related to differential sensor configuration in the cold lab, possibly due to changes of
the power source to the thermistor string.

Thinner lines indicate periods where the sensors were either not functioning, or, in case of the
SeaFET 248 in Run 5, periods where the pH data was unreasonably high (over 50) and therefore
deleted during data processing. Such high pH data was also observed (for shorter amounts of time)
for the SeaFET 245, and during the unstirred runs, where the sensors were set to record at a higher
frequency (every 5 min instead of 10). The cause of these high pH values, as well as the other gaps in
recording remains elusive, particularly since these issues did not occur for both instruments
simultaneously, and considering that they were run with both an external power source and internal
batteries.

Overall, given the sensitivity of the sensors to changes in the electromagnetic environment (see
also Figure 39), the small tank containing a multitude of different sensors was certainly a challenge
for the SeaFETs. While the rapid changes in temperatures during the cooling of the tank and the
subsequent changes in salinity during ice growth represent further difficulties, interferences between
sensors were generally the more pressing issue, and the fastidious recording of changes made to
other instruments turned out to be crucial during the data analysis.

3.3.3 Peepers

3.3.3.1 Calibration of pump/gas analyser-system using standard gas

An example of xCO, values measured during a peeper calibrations ‘in air’, i.e. when an impermeable
peeper was filled with a standard gas (ca. 500 ppm CO,) and measured using the usual gas
analyser/pump set up, is shown in Figure 23.

Pump switched off

550
A g

Pump switched on

500

xCO, [ppm]

400 ¢

02/07/17-12:19  12:20 12:21 12:22

Figure 23. Example of an xCO, curve recorded by the LI-840A gas analyser during the peeper-system calibration using a standard gas
with a certified CO, concentration (500 ppm CO,).

Whenever the pump was switched on (after connecting the peeper), a peak was measured,
followed by a trough, and eventually a period with stabilised values, followed by another peak and
trough when the pump was switched off again. This approximate pattern was observed whenever a
peeper (in water or ice) or even the cold lab air was measured (Figure 9). The first peak and trough
were expected, since the air within a peeper was generally enriched in CO, while the (original) air in

41



the tubes and the gas analyser contained less CO,. Thus, the first peak was assumed to represent the
air within a peeper (only slightly mixed with the air in tubes and analyser), and the trough the air
from tubes and analyser, which would then eventually mix to reach a steady value.

The origin of the second peak is harder to pin down. It is possible that these peaks, and
potentially even the initial ones, were simply an artifact of the system. However, for the 4 air
calibration measurements conducted, the first peak was always at the described 500 ppm (x 1 %).
Two scenarios could lead to these results: either the first peak is solely related to the air within the
peeper (as assumed), or the system-inherent overshoot due to the starting of the pump was
somehow compensated, e.g., by the (slight) mixing of the peeper air with the air within the tubes and
LI-840A. Nevertheless, it is possible that the values measured by the peeper in ice and water (which
were based on the first peak of each measurement) overestimated the CO, within the system.
Therefore, the precision of this measurement was estimated to be around 10 %, based on the
overshoot observed when the pump was turned off, i.e. the second peak.

3.3.3.2 Calibration of peepers in water

Table 12 shows the xCO, values obtained from peeper measurements (averaged for the four
peepers) in the pre-ice water, as well as the corresponding pCO, values calculated from water
samples obtained at the same time. In case of Run 8, the pCO, from water sampling periods 8.1 and
8.2 were averaged, since the peeper calibration measurement was conducted in between the two
sampling points. Furthermore, the difference between the two values (peeper pCO, — water sample
pCO,) is shown.

Table 12. Results from peeper calibrations in water comparing the pCO, calculated from water sample(s) TIC/pH to the measured

peeper xCO, (averaged over the four peepers; error based on standard deviation between the peepers). The error of the water sample
pCO; could be up to 10 % (Section 2.3.4.1).

Sample pCO, from pH/TIC (uatm) Peepers xCO, (ppm) Difference

8.1/8.2 552 641 + 25 +89
9.2 556 596 + 14 +40
111 536 619 + 27 +83
121 526 588 +5 +62

The peepers appear to be overestimating the pCO, in the water for all four calibration
measurements by up to 89 ppm. This might be caused by a possible overestimation of the first peak
by the LI-840A (as discussed above). Another explanation might be the fact that the peeper xCO,
values were never converted to partial pressures, due to a lack in appropriate pressure
measurements (Section 2.4.6). It might also partly be related to incomplete equilibration with the
surrounding water, given the relatively large volume (ca. 115 ml) of the peepers, and the fact that
the measurement was taken after the water had been cooling down, i.e. during a period where the
pCO, was generally decreasing. However, the maximum pCO, recorded by the HydroC sensor never
displayed pCO, as high as the high xCO, values measured by certain of the peepers. Therefore,
insufficient equilibration alone cannot explain the observed values.

This calibration again emphasises the need for a pressure measurement inside the peepers to
enable a conversion to partial pressure. It also highlights the importance of an adequate equilibration
time between peeper measurements, given that temperatures in ice can be much lower than in
water, leading to even slower diffusion rates across the silicone tubes.
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3.4 Sensor data

Time series of sensor parameters for each of the six successful runs are shown in Figures 24 to 35.
The only sensor data not shown in these figures are air temperature records (Figure 42), and peeper
measurements, which are discussed in Section 3.4.11.

The following parameters are shown for all runs:

Water temperature of the 3 temperature probes (ex. Run 8, where the probes ran out of
batteries and temperature of O, optode is shown)

Water pCO, (HydroC and Franatech data)

Water salinity

Water pH (salinity-, temperature- and off-set-corrected external pH of SeaFET 245 for
stirred runs; off-set corrected internal pH of both SeaFETs for unstirred runs)

Air- and (off-set corrected) water pressure

Ice thickness (from all three Dopbeams)

Water O, concentration and saturation

The following parameters were only included for one set of runs:

Stirred runs: TIC and alkalinity calculated from SeaFET 245 pH, and HydroC pCO, (with
and without time-lag corrections)
Unstirred runs: Ice temperatures (no reliable data available for the stirred runs)

It is worth noting, that most of the discussions in this section are qualitative rather than quantitative,
particularly for sensors which were not verified/corrected by corresponding water sample analyses
(i.e. oxygen data), and also for the unstirred runs, where the water sampled by the sensors was not
representative for the whole tank.

3.4.1 Structure of plots

All curves (apart from ice thickness) are shown as lines in the plots. Therefore, gaps in the data are
automatically (linearly) interpolated, and appear as slightly thinner lines in the plots. Such data gaps
were generally related to power outages or power bumps in the cold lab building, apart from the
SeaFET data, where the instruments stopped recording at random times (Section 3.3.2), and for the
HydroC censors, which displays regular gaps due to the deleted zeroing measurements. No gaps are
observed for the temperature and pressure probes, as they ran autonomously with batteries. The
most prominent gaps were related to power outages on the second day of Run 5, the first day of Run
6, and towards the end of Run 8.

Vertical black lines have been plotted for all figures at times where the water was sampled. Also,
water sampling data was included for all corresponding parameters. Additional green vertical lines
have been inserted for the unstirred runs to illustrate when the stirring of the system was turned on
and off. Data outside these black and green lines, respectively, is generally not further discussed here
(apart from qualitative analyses), as the system was likely disturbed at those times.

In general, the y-axis scaling of the different parameters was the same for the each set of runs
(i.e. unstirred and stirred runs), and for some parameters, it was even uniform over all runs.
However, due to the stratification of the water column during the unstirred runs, some of the
parameters varied significantly, and thus a smaller scale had to be applied than for the stirred runs.

Generally, in case of plots displaying water properties, blue lines indicate data of sensors
installed at the bottom of the tank (i.e. at 85 cm depth), red lines data of sensors installed at mid-
depth (ca. 55 cm), and yellow lines data of sensors installed at the top (ca. 30 cm depth). Exceptions
are O, data, and calculated TIC and Ay curves.

43



Run 5 — Medium growth rate (-25 °C), stirred tank
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Figure 24. Time series of various parameters measured during Run 5 (medium growth rate, -25 °C room temperature, stirred tank): Water temperatures at three different depths (averaged over 1 min), pCO, data from two
sensors (off-set corrected) and water samples, salinity from conductivity sensor (off-set and pressure corrected) and water samples, pH from the SeaFET sensor installed at mid-depth (salinity-, temperature- and off-set
corrected external pH data) and pH from water samples. Black vertical lines indicate water sampling times, red curves data obtained from mid-depth (55 cm), blue curves data from the bottom (85 cm depth).
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Run 5 — Medium growth rate (-25 °C), stirred tank, cont.
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Figure 25. Time series of various parameters measured or calculated for Run 5 (medium growth rate, -25 °C room temperature, stirred tank): Pressure in tank (water) and cold lab (measurement malfunctioned from December

12 to 14), water O, concentration and saturation, ice thickness at three locations (from Dopbeams), TIC and Ar calculated from HydroC pCO, data (off-set corrected; with/without time-lag) and TIC/A; from water samples. Black
vertical lines indicate water sampling times.
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Run 6 — High growth rate (-40 °C), stirred tank
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Figure 26. Time series of various parameters measured during Run 6 (fast growth rate, -40 °C room temperature, stirred tank): Water temperatures at three different depths (averaged over 1 min), pCO, data from two sensors
(off-set corrected) and water samples, salinity from conductivity sensor (off-set and pressure corrected) and water samples, pH from the SeaFET sensor installed at mid-depth (salinity-, temperature- and off-set corrected
external pH data) and pH from water samples. Black vertical lines indicate water sampling times, red curves data obtained from mid-depth (55 cm), blue curves data from the bottom (85 cm depth).
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Run 6 — High growth rate (-40 °C), stirred tank, cont.

Pressure [atm]
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Figure 27. Time series of various parameters measured or calculated for Run 6 (high growth rate, -40 °C room temperature, stirred tank): Pressure in tank (water) and cold lab (air), water O, concentration and saturation, ice
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Run 8 — Low growth rate (-15 °C), stirred tank
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Figure 28. Time series of various parameters measured during Run 8 (low growth rate, -15 °C room temperature, stirred tank): Water temperature at mid-depth (from oxygen optode), pCO, data from two sensors (off-set
corrected) and water samples, salinity from conductivity sensor (off-set and pressure corrected) and water samples, pH from the SeaFET sensor installed at mid-depth (salinity-, temperature- and off-set corrected external pH
data) and pH from water samples. Black vertical lines indicate water sampling times, red curves data obtained from mid-depth (55 cm), blue curves data from the bottom (85 cm depth).
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Run 8 — Low growth rate (-15 °C), stirred tank, cont.
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Figure 29. Time series of various parameters measured or calculated for Run 8 (low growth rate, -15 °C room temperature, stirred tank): Pressure in tank (water) and cold lab (air), water O, concentration and saturation, ice
thickness at three locations (from Dopbeams), TIC and Ar calculated from HydroC pCO, data (off-set corrected; with/without time-lag) and TIC/A; from water samples. Black vertical lines indicate water sampling times.
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Run 10 — Medium growth rate (-25 °C), unstirred tank
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Figure 30. Time series of various parameters measured during Run 10 (medium growth rate, -25 °C room temperature, unstirred tank): Water temperatures at three different depths (averaged over 1 min), pCO, data from two
sensors (off-set corrected) and water samples, salinity from conductivity sensor (off-set and pressure corrected) and water samples, pH from both sensors installed at mid-depth (SeaFET 245) and at bottom (SeaFET 248) of tank

(off-set corrected internal pH data) and pH from water samples. Black vertical lines indicate water sampling times, green lines the switch off/on of the stirring system. Red curves show data obtained from mid-depth (55 cm),
blue curves data from the bottom (85 cm depth).
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Run 10 — Medium growth rate (-25 °C), unstirred tank, cont.
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Figure 31. Time series of various parameters measured for Run 10 (medium growth rate, -25 °C room temperature, unstirred tank): Pressure in tank (water) and cold lab (air), water O, concentration and saturation, ice thickness at

three locations (from Dopbeams), ice (and water) temperatures at 13 different depths in the tank (from thermistor string; off-set corrected to water temperature sensor data). Black vertical lines indicate water sampling times, ,
green lines the switch off/on of the stirring system.
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Run 11 - High growth rate (-40 °C), unstirred tank
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Figure 32. Time series of various parameters measured during Run 11 (fast growth rate, -40 °C room temperature, unstirred tank): Water temperatures at three different depths (averaged over 1 min), pCO, data from two
sensors (off-set corrected) and water samples, salinity from conductivity sensor (off-set and pressure corrected) and water samples, pH from both sensors installed at mid-depth (SeaFET 245) and at bottom (SeaFET 248) of tank

(off-set corrected internal pH data) and pH from water samples. Black vertical lines indicate water sampling times, green lines the switch off/on of the stirring system. Red curves show data obtained from mid-depth (55 cm),
blue curves data from the bottom (85 cm depth).
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Run 11 - High growth rate (-40 °C), unstirred tank, cont.
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Figure 33. Time series of various parameters measured for Run 11 (high growth rate, -40 °C room temperature, unstirred tank): Pressure in tank (water) and cold lab (air), water O, concentration and saturation, ice thickness at three

locations (from Dopbeams), ice (and water) temperatures at 13 different depths in the tank (from thermistor string; off-set corrected to water temperature sensor data). Black vertical lines indicate water sampling times, , green
lines the switch off/on of the stirring system.
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Run 12 - Low growth rate (-15 °C), unstirred tank
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Figure 34. Time series of various parameters measured during Run 12 (low growth rate, -15 °C room temperature, unstirred tank): Water temperatures at three different depths (averaged over 1 min), pCO, data from two
sensors (off-set corrected) and water samples, salinity from conductivity sensor (off-set and pressure corrected) and water samples, pH from both sensors installed at mid-depth (SeaFET 245) and at bottom (SeaFET 248) of tank
(off-set corrected internal pH data) and pH from water samples. Black vertical lines indicate water sampling times, green lines the switch off/on of the stirring system. Red curves show data obtained from mid-depth (55 cm),
blue curves data from the bottom (85 cm depth).
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Run 12 - Low growth rate (-15 °C), unstirred tank, cont.
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Figure 35. Time series of various parameters measured for Run 12 (low growth rate, -15 °C room temperature, unstirred tank): Pressure in tank (water) and cold lab (air), water O, concentration and saturation, ice thickness at three

locations (from Dopbeams), ice (and water) temperature sat 13 different depths in the tank (from thermistor string; off-set corrected to water temperature sensor data). Black vertical lines indicate water sampling times, , green
lines the switch off/on of the stirring system.
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3.4.2 Water and air pressures

Comparing the water and air pressure pattern of each run (as was done by using different scales for
the two data sets) reveals that for most of the runs (all except Run 8) there appeared to be some
pressure building up underneath the ice over the course of the runs. This increase in pressure was
comparably small (ca. 0.01 atm at most) and generally smaller than changes related to atmospheric
pressure variations. This pressure build up was likely related to the freezing of the forming ice to the
walls of the tank, prohibiting the ice to float freely. This freezing was apparently not occurring (or less
rigidly) for the warmer Runs 8 and 12, and appeared to be more important for the (stratified)
unstirred runs than for the stirred ones.

A relatively large drop in the values recorded by the pressure sensor (compared to atmospheric
pressure) could be observed by the end of the experiment during water sampling and later again
when ice cores were retrieved, which was likely related to both the relaxation of the built up
pressure and the removal of water mass, i.e. a decrease in hydrostatic pressure on top of the sensor
for which an off-set correction was made, accounting for hydrostatic pressure.

3.4.3 Water temperatures

For the three stirred runs, the water temperature time series looks generally very similar: a stark
decrease down to ca. -1.7 °C (i.e. the freezing temperature of water at the given salinity), followed by
a gentler decrease, due to the gradual decrease of the freezing temperature caused by the increasing
salinity of the water. The same curve was measured for all three temperature probes (also true for
Run 8 up until the point where the sensors ran out of battery), indicating a uniform temperature
profile over the entire depth of the tank, suggesting that the tank was well-mixed, and no
stratification had taken place. While stratification due to salinity differences cannot be precluded
based on this data, it is rather unlikely, given the observed uniformity of the three curves.

In contrast, the three temperature profiles diverged quite significantly for the unstirred runs,
particularly for the colder two Runs 10 and 11 (run at -25, and -40 °C, respectively), where the
temperature located at the bottom of the tank showed significantly lower values at times (down to -
2.3 °Cfor Run 10, and -2.5 °C for Run 11). The temperature collected by this sensor was also
fluctuating quite strongly for these two runs, indicating instabilities in the stratification in time,
possibly due to inconsistent brine input from the ice. The other two temperature probes measured
relatively similar values for both runs, and their curves resembled those recorded during the stirred
runs. The temperature measured by the probe installed at mid-depth appeared to be slightly higher
than for the sensor at the probe, which was likely owed to its proximity to other, heat-producing
sensors (namely the SeaFET and the HydroC). Interestingly, the temperature of the different probes
started deviating only after a certain time, suggesting that initially, the water column was still rather
uniform, despite an ice thickness of ca. 5 cm (for both runs).

The differences between the temperature curves for the warmest unstirred run (Run 12) were
relatively small. While the probe at the bottom of the tank recorded slightly lower values, these were
never more than 0.1 °C colder than for the other two sensors. Also, the values were rather uniform in
time, and no large fluctuations were observed. This suggests a weaker stratification in the tank than
for the colder runs, possibly due to the slower ice growth.

3.4.4 Water salinity
As mentioned before, the (off-set corrected) salinity obtained from the conductivity sensor was
mostly a bit higher than the measured (under-ice) water samples by the end of each run.
Nonetheless, it seemed to match display a similar pattern as the water samples for the different
temperatures, i.e. a larger increase in salinity for the slow growth runs. For the two fastest runs (Run
6, and Run 11), the salinity appeared to increase more or less linearly, while for the slower runs, the
salinity increase seem to slow down over the course of the run, most prominently during the longest
Run 8. Interestingly, the salinity curves appear to mirror the increase in ice thickness, which is also
larger at the beginning of the slower runs but slows down by the end.

While for most of the measured parameters, there is a clear difference between the stirred and
the unstirred runs, the salinity curves of the two sets look rather similar, apart from a slight increase
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in noise in the signal for the unstirred runs. There was also no large change in the salinity signal when
the stirring system was turned on again for the unstirred runs (green line), unlike other parameters
such as pCO, or temperature at the bottom of the tank. This might be at least partly owed to the
conductivity sensor’s measuring principle. Since this conductivity measurement is inductive, the
sensor likely ‘samples’ a larger volume of water than other sensors, i.e. averaging conductivity over a
larger range of depths. This might diminish the influence of stratification. This inductive principle also
meant that the sensor could not be installed at the bottom of the tank, where the walls would
influence the measurement, and where the differences in seawater chemistry appeared to be
largest.

For the majority of the runs (all except the coldest Runs 6 and 11), a slight increase in salinity (+
0.2 at most) was observed during water sampling, and again later during ice coring, which might have
been related to increased brine input from the ice to the water at these points (Section 3.4.10).

3.4.5 Ice thickness
For most of the runs, the ice thickness curves computed from the Dopbeam backscatter data showed
a rather uniform logarithmic increase, apart from differences in final ice thickness, which were also
observed for the retrieved ice cores, and thus related to differential growth patterns across the ice.
The difference in ice thickness was particularly pronounced for the longest Run 8, where some parts
of the ice never reached 20 cm. For this run parts of the ice might have even reached a steady state,
i.e. the warmth provided by the sensors in the water below would balance the cooling from above.
In the case of the two colder unstirred Runs 10 and 11, some irregularities in the maximum
backscatter curves was observed, which might have been related to increased platelet formation or
bubbles underneath the growing ice and could have obscured the true ice-water interface.

3.4.6 Ice temperatures

The measured ice temperatures were generally higher than the recorded air temperature, even for
the thermistor located at the air-ice interface (ca. -25 °C for the -40°C run, -12 °C for the -25 °C run,
and -9 °C for the -15 °C), illustrating the influence of the relatively warm water below. These
minimum ice temperatures decreased during each run as the ice grew thicker until the above
mentioned steady state temperatures were reached. Temperatures increased across the ice towards
the water, whereby the defrost cycles of the condenser units were visible up to a depth of about 8
cm in the case of the -40 °C run, where the temperature difference during these cycles was highest.

3.4.7 Oxygen

As mentioned above, the accuracy of the O, sensor data could not be verified, and the data was
mainly used in comparison to pCO, to detect potential microbial activity. Without biological activity,
the detected O, saturation signal was expected to behave similarly to the observed pCO,, since the
measurement also requires the equilibration of (O,) gas molecules into a membrane (Aanderaa Data
Instruments AS, 2012), at least at the beginning of the runs, where both signals are dominated by the
decrease in temperature (see discussion below). This was usually the case for the stirred runs, and
could even be observed for the initial phase of the unstirred runs.

3.4.8 Water pCO, pH, and TIC

As pCO,, pH and TIC (and A;) are linked by the carbonate system of seawater, it is useful to discuss all
parameters at the same time. Furthermore, since both pCO, and pH are potentials and thus
influenced both by seawater chemistry and physical parameters (namely temperature), it is easier to
obtain insight on the state of the carbonate system from TIC. Such a TIC curve was only calculated for
the stirred runs, as representative salinity measurements were lacking for the unstirred experiments,
whose CO, system is therefore only discussed qualitatively based on the pH and pCO, curves.

A distinct pattern is observable for the pH and pCO, curve obtained for all three stirred runs, as
well as the curves recorded by the sensors at mid-depth in the unstirred runs. It appears as if the two
parameters switch from a phase where temperature is the driving force behind changes to pH and
pCO, to a period where seawater chemistry (namely the input of TIC with brine) becomes the
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dominating influence. During the initial phase where water temperature is still cooling quickly, pCO,
decreases (as could be expected due to higher gas solubility at decreasing temperatures), and pH
increases (due to the decrease in the K,, at lower temperatures). After a certain time, usually less
than 12 h after the last pre-ice water sampling (i.e. after some ice had already formed; Table 20), the
influence of temperature diminishes, and the trend in pH and pCO, is reversed, i.e. pH starts to
decrease, and pCO, to increase, thanks to increasing TIC levels in the water.

It is not astonishing then, that the TIC curves based on these pH and pCO, data show increasing
values over the course of each (stirred) experiment. The only unexpected feature of these curves is
the apparent TIC increase at the beginning of each run, i.e. before the first ice was formed. However,
this is likely an artifact of the measurement and/or the calculations, given that no such increase was
observed in water sample TIC for the runs where the pre-ice water was sampled twice. It could be
related to the potential asynchronicity of the pH and pCO, sensors, which is supported by the fact
that a time-lag correction applied to the pCO, curve appears to somewhat decrease this effect. It
might also be related to shortcomings of the sensor measurements, e.g., due to an overestimation of
the pH increase by the SeaFET (interestingly, the slope of this initial increase appears to differ
between different sensors and the two potentiometric cells of each sensor; Figure 22). Finally, it
could also be caused by the potentially inappropriate parametrisation of the carbonic acid
dissociation constants used for the CO, system calculations, which are not defined for such low
temperatures.

Despite these potential shortcomings, the calculated TIC curves fit rather well to the TIC data
obtained from water sampling, which is quite remarkable, considering no processing (e.g., an off-set)
was applied to the data. The same was already true for most of the recorded pCO, curves which were
fit through the first pre-ice water sample point, whereby these appear to slightly overestimate the
pCO, compared to the water sample data (which again, might be related to the poor choice of
dissociation constants used for the calculation of water sample pCO,). The fit of sensor pH to the
water sample data appears to be poorer, and the pH underestimated by the sensors. However, the
relative change in pH was much lower than for pCO,, i.e. the fit also simply looks worse because of
the scaling of the plots.

Generally, the shape of the three calculated TIC curves of the stirred runs appears to agree quite
well with that of the corresponding salinity curves, albeit under closer inspection, the relative change
seems to be slightly different for salinity and TIC over the course of each experiment (see Figure 36
and discussion below).

In the case of the unstirred experiments, the carbonate chemistry appears to differ significantly
between the two different depths examined. While the quantification of TIC in those systems was
impossible, the recorded (increased) pCO, and (decreased) pH values indicate a much higher TIC
concentration at depth than in the centre of the tank. While the pH curves at depth looked rather
similar for the three different temperatures (although some data was missing in case of the fastest
Run 11), the increase in pCO, was much larger for the two colder runs (Run 10 and 11), than for the
experiment at -15 °C (Run 12). This suggests that either there was generally a higher input of TIC into
the water for the faster runs, which would contradict the findings of Section 3.2based on water
sample TIC, or rather that there was a more distinct stratification of the water column for these runs.

There are two distinct features in pCO, curves of unstirred runs which are rather difficult to
explain. First of all, there appears to be a time in the second quarter of Run 11, where pCO, was
slightly higher at mid-depth than at the bottom. This occurred at a time where pH appears to be
comparable for both depths and coincides with low water temperatures at depth. It is therefore
possible that the system was either better mixed during this period (contradicting the different
temperatures recorded at different depths), or rather that there was a distinct temperature effect on
pCO.. This further illustrates that statement based on pCO, alone are hard to make as this parameter
is influenced by a multitude of factors, as opposed to TIC, which behaves more conservatively.

The second rather unexpected feature is the relatively large and fluctuation increase of pCO, in
the first half of Run 10. Although there were changes to the O, concentration (and saturation) at the
same time, and bacterial activity can never be fully excluded as a possible explanation, changes to
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the entire system (e.g., increased brine input) appear to be the more likely cause, given that multiple
parameters showed fluctuations around that time. This change even affected the backscatter data of
one the Doppler imagers, namely Beam 2, located in the proximity of the sensor bundle (Figure 11).
However, it is difficult to come to a verdict of what might have caused these disruptions, although
the velocity profile data of the Dopbeams might help elucidate this period.

3.4.9 Comparison of TIC and salinity

Given the close relationship between TIC and salinity observed for the water samples (Section 3.1.4),
a closer inspection of these two parameters, and their temporal changes during each of the stirred
runs seemed adequate. Thus, the relative change of these parameters was calculated (relative to the
pre-ice water sample values), and compared (Figure 36). This comparison revealed some differences
between the two parameters not observable by discrete samples.
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Figure 36. Comparison of relative increase in salinity and in calculated TIC curve (no time-lag correction applied), and the corresponding
water sample values for the three stirred runs. All data was normalised to the corresponding value of the first water sample analysed.
It appears as if initially, TIC was increasing more rapidly than salinity, which later catches up with TIC,
and eventually (in the cases of the two faster Runs 5 and 6) even shows a slightly larger overall
change (ca. 2 % more for Run 5, and 1 % for Run 6), which is in agreement with the observed
(positive) air CO, flux estimated during the carbon budget calculations (Section 3.2). In the case of
the warmest and longest Run 8, the two curves appear to converge again by the end of the
experiment, also in agreement with CO, flux calculations. It therefore seems as if there are three
different regimes over the course of the ice formation: initially, a more distinct increase in TIC
compared to salinity (possibly even due to increased CO, uptake from air), followed by a period of
higher salinity input, and eventually convergence of the two parameters. These considerations are
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thereby highly speculative at this point due to the aforementioned shortcomings of the sensor
measurements, as well as the constants used for the TIC curve calculations.

3.4.10 Impact of water and ice sampling

For most of the experiments, there appears to be an increased brine input during under-ice water
sampling and ice coring, observable both for salinity and TIC curves (calculated from pH and pCO,).
While it is not surprising that the relatively large disruption of the system during ice coring would
lead to an increase in brine input, it is not clear why a similar, even more abrupt change was
observable during the water sampling. Interestingly, this apparent brine release does not seem to be
related to the release of built-up pressure alone, as it was not observed for the two coldest Runs 6
and 11, where pressure build-up was highest. It is further worth noting, that a slight increase in
salinity (0.05-0.15 units) was also observed in the water sample analyses of Runs 10 to 12, where two
salinity samples were taken at the beginning and end of each sampling period (Section 3.1). As for
the sensor data, the difference was larger for the slower Runs 10 and 12 (+0.1/+0.15) than for the
faster Run 11 (+ 0.05), but generally small.

3.4.11 Ice xCO; data from peeper measurements

Ice xCO, data obtained from peeper analyses during the four warmer successful runs are shown in
Figure 37. Furthermore, the approximate temperature of the surrounding medium is indicated by the
colours of the markers. Calibration measurements (in water) are also displayed, and can be identified
by their yellow colour. Despite the discussed analytical shortcomings of the peepers (Section 3.3.3), it
is evident, that the pCO, in ice, or rather in the brine within the ice is significantly increased (up to
1600 ppm) compared to air (ca. 450-500 ppm) and water (up to 650 ppm), even when a potential
error of + 10 % is taken into consideration. This is in agreement (if not lower) with peeper
measurements reported for field campaigns (Brown et al., 2015; Miller et al., 2011a; Miller et al.,
2011b).

Due to the large spread of values between the four peepers (up to 800 ppm difference), no
significant difference between the four runs can be detected, with the exception of the constantly
lower xCO, levels observed for Run 8. These were likely caused by the deployment of the peepers at
an insufficient depth, likely leading to exchange of the peepers with the overlying air.

However, while it is difficult to detect differences between the four runs, comparing the
measurements conducted for each run reveals an apparent convergence of the values obtained from
the four different peepers. This is not necessarily related to better equilibration of the peepers by the
end of the runs, since the measurement intervals were more or less constant, and due to the
decreased ice temperatures, the equilibration time is expected to increase be the end of the
experiments, rather than decrease. Thus, this could be related to a convergence of the ice conditions
in time. Also, the average xCO, appears to slightly increase in time for all runs but Run 8, where the
peepers were likely ‘contaminated’ with ambient air. This increase is not surprising, assuming that
the xCO, largely reflects brine xCO,, which is expected to increase the colder the ice, due to increases
in brine salinity.
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Figure 37. Peeper data obtained for the four runs where analysis was possible, i.e. the stirred Runs 5 (-25 °C) and 8 (-15 °C), and the unstirred runs 10 (-25 °C) and 12 (-15 °C). Average peeper depth was 6-7 cm for all runs but Run
8, where peepers likely in exchange with air (avg. depth 4-5 cm). Marker colours indicate water/ice temperature at corresponding peeper depth. Yellow (i.e. warmer) points indicate calibration measurements in water.
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3.5 Synthesis

Despite the differences in reliability or temporal resolution of the manifold discrete and continuous
measurements conducted during this study, a relatively coherent image emerges from the different
data sets concerning the development of the carbonate system when sea ice is grown at different
rates. While the laboratory analyses of discrete water samples provide relatively reliable information
about the water and ice chemistry at the beginning and end of each experiment (at least for TIC, pH
and salinity), the likely less reliable sensor data allows a description of the system in between these
two points.

Water sample analyses and subsequent TIC budget calculations showed that the TIC content
appears to be smaller in ice the slower it forms (5 % of the initial water TIC content for the slowest
ice growth, compared to up to 10 % for faster growth), whereby the concomitant increase in under-
ice water TIC is larger during this slow ice formation, since the exchange with air is minimal. Salinity
and TIC appeared to be closely related for both ice melt and water samples, whereas A; seemed to
be relatively increased in ice and decreased in water, suggesting some ikaite formation.

The TIC curves calculated from off-set corrected pH and pCO, sensor data agree rather well with
the measured discrete samples, and can thus elucidate the TIC pattern in between the two sampling
points. It appears that for the faster two stirred runs (with an average ice growth rate of 11.8 cm/d
and 3.6 cm/d, respectively), the increase in TIC in between the two points was more or less linear,
while for the slowest run (average growth rate of 0.8 cm/d), the TIC curve appeared to flatten out by
the end of the run. In general, uncertainties in calculated CO, system data are not only related to
analytical errors, or from potential sensor drift and asynchronicity between the sensors, respectively,
but also due to the lack of suitable constants to define the system at the low temperatures and high
salinities encountered.

Nevertheless, the calculated TIC curves showed a very similar shape as the ice thickness and
salinity curves, i.e. whenever the ice thickness was increasing rapidly, TIC and salinity in water would
do the same. This suggests that the TIC development in water is dominated by processes releasing
brine from the growing ice. While there were some visible differences between the relative increase
of salinity and TIC water (Figure 36), these differences were small, and would likely disappear once a
steady state thickness is reached (as was nearly the case for Run 8).

Experiments with an unstirred tank revealed that the release of brine from ice led to
stratification in the water column, which was possibly more pronounced for ice was grown at a faster
rate. For these two faster unstirred runs (average growth rate of 10.6 cm/d, and 4.6 cm/d), the
stratification appeared to have led to significantly increased TIC levels at the bottom of the tank
(based on the observed pCO, and pH values), whereas for the slowest unstirred run (2.7 cm/d), the
difference in carbonate chemistry between bottom and centre seemed to be smaller. This suggests
that the ice growth rate has an influence on the distribution of TIC across the water column, and thus
on potential transport of TIC to lower water layers. However, without salinity measurements at
depth and, ideally, a larger experiment tank volume, these findings are highly speculative.

Finally, while the flux from the ice-seawater system to air was difficult to pin down with the
carbon budget approach used, it was significantly positive for two of the six runs (both colder stirred
runs), albeit small. Such a positive flux is in agreement with the xCO, measurements using gas-
equilibration chambers (peepers) deployed relatively close to the air-ice interface, which showed
significantly increased xCO, values compared to the air above (ca. 1400 ppm compared to 500 ppm in
air, on average). However, the uncertainty related to these peeper measurements was rather large,
and could possibly be improved with the addition of a pressure sensor, and potentially even a
temperature probe inside the peepers.
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4 Conclusion and perspectives

Sea ice growth experiments conducted in a cold lab showed that there is a connection between ice
growth rates and the distribution of TIC across the formed ice and the water underneath, which was
evident based on data of discrete water and ice samples, and also visible in continuous time series
recorded by underwater sensors. A budgetary approach showed that at higher growth rates,
relatively more of the initial TIC remains in the ice phase compared to slower growth rates (ca. 10 %
compared to 5 %). This agrees with the expectations that the TIC signal displays a similar behaviour
as salinity, which is also relatively enriched in ice at faster growth rates. This close relationship
between TIC and salinity was further confirmed by their excellent correlation in water and ice melt
samples. For all growth rates, most initial TIC was later found in under-ice water (88 to 94 %,
depending on the growth rate), and the exchange with air was small and generally insignificant. This
ice to air flux was positive for all stirred runs, but negative for all three experiments where the
stirring was turned off and the water left to stratify. Considering the uncertainty even in the direction
of the air-ice flux, ice-air flux measurements need to be included in potential future experiments, or,
at minimum, the large uncertainties for some parameters encountered during the budget
calculations need to be addressed. For a satisfactory assessment of the potential TIC transport down
to deeper water layers, which was suggested by some of the sensor data collected during this study,
the stratification and brine release processes need to be examined more closely, ideally with by the
installation of additional salinity probes in the water and possibly ice. However, some insight into the
brine movement might already be gained by the analysis of the velocity profiles of the Doppler
imagers, which is still underway.
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Appendix
1 Materials and Methods

1.1 Ice core locations

Figure 38. Photographs indicating the location of each analysed ice core for all of the six successful runs
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1.2 Water sample CO: system input

Table 13. Input parameter values used for the CO, system calculations of the discrete water samples

Sample TIC Temperature in  Temperature out Pressure in  Pressure out Salinity
umol/kg totalscale °C °C dbar dbar
1.1 2135 7.6830 24.87 0.90 0.00 0.55 33.14
1.2 2139 7.6851 24.58 -0.70 0.00 0.55 33.18
1.3 2436 7.6612 24.43 -2.00 0.00 0.55 37.77
2.1 2184 7.6216 24.75 -0.48 0.00 0.55 33.71
2.2 2536 7.5728 24.73 -2.01 0.00 0.55 39.06
5.1 2227 7.5354 24.61 -0.03 0.00 0.55 33.83
5.2 2229 7.5297 24.72 -1.05 0.00 0.55 33.88
5.3 2578 7.5033 24.96 -2.00 0.00 0.55 37.81
6.1 2225 7.5394 24.81 -0.35 0.00 0.55 33.76
6.3 2510 7.5221 24.69 -2.07 0.00 0.55 38.08
8.1 2241 7.5415 25.13 -0.50 0.00 0.55 33.81
8.2 2244 7.5406 25.14 -1.13 0.00 0.55 33.82
8.3 2601 7.5318 24.83 -1.90 0.00 0.55 39.24
9.1 2253 7.5461 24.36 -0.65 0.00 0.55 33.67
9.2 2252 7.5405 24.64 -1.08 0.00 0.55 33.70
10.1 2256 7.5521 24.53 -0.85 0.00 0.55 33.76
10.2 2256 7.5507 24.65 -1.03 0.00 0.55 33.77
10.3 2706 7.5138 25.14 -2.22 0.00 0.55 40.65
11.1 2255 7.5596 24.59 -0.86 0.00 0.55 33.77
11.3 2627 7.5137 25.20 -2.17 0.00 0.55 39.40
12.1 2253 7.5594 25.05 -0.96 0.00 0.55 33.70
12.3 2711 7.5262 25.15 -2.12 0.00 0.55 40.63
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1.3 Carbon budget

1.3.1 Water and ice mass

Table 14. Input parameters of the water and ice mass calculations needed for the carbon budget assessment. Errors in water depth measurements are estimated based on errors in repeated measurements, and set
to a higher value for samples where the depth was not directly measured. Ice depths and density errors are based on core standard deviations (see below). Uncertainties regarding ice and water volume and mass
was calculated using a propagation of uncertainty approach, whereby the uncertainty related to water density was neglected, as it was likely insignificant compared to the larger uncertainty in water volumes.

Volume (L) Density (kg/L) Mass (kg)

Water Ice final | Water initial  Corr. for Ice final Corr. for Water Ice final | Water Ice final Water final

initial sensors peepers initial initial (diff)
5 88.5 21.1 883 842 211 210 1.0272 0.91 865 191 674
* 0.5 0.6 5 5 6 6 0.0000 0.02 6 7 9
5.2 88.0 21.1 878 837 211 210 1.0273 0.91 860 191 672
* 0.2 0.6 2 3 6 6 0.0000 0.02 3 7 7
6 89.0 21.2 888 847 211 210 1.0271 0.91 870 192 681
* 0.2 0.8 2 3 8 8 0.0000 0.02 3 8 8
8 89.5 18.4 893 852 183 182 1.0272 0.91 876 166 712
* 0.5 1.5 5 5 15 15 0.0000 0.02 6 14 15
8.2 89.0 18.4 888 847 183 182 1.0272 0.91 870 166 703
* 0.2 1.5 2 3 15 15 0.0000 0.02 3 14 15
10 90.5 21.6 903 862 216 215 1.0271 0.91 886 196 689
* 0.5 1.3 5 5 13 13 0.0000 0.02 6 12 14
10.2 90.0 21.6 898 857 216 215 1.0272 0.91 881 196 3782
* 0.2 1.3 2 3 13 13 0.0000 0.02 3 12 51
11 89.3 20.9 891 850 208 207 1.0272 0.91 873 189 684
* 0.2 0.8 2 3 8 8 0.0000 0.02 3 8 8
12 90.0 21.5 898 857 208 207 1.0271 0.91 881 189 3789
* 0.2 0.7 2 3 7 7 0.0000 0.02 3 7 50
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1.3.1.1 Sensor Volumes (Volume per sensor)

Table 15. Sensor volume values (volume per 1 sensor) used for the water and ice mass calculations needed for the carbon budget
assessment. Values were either estimated or based on values found in the sensor manuals/datasheets. The error was estimated to be 5
% for all sensors, and 10 % for the tank deformations.

Sensor Sensor Volume (from Manuals) Estimate (acc. for cables...) Error
SeaFET 5.41 5.50 0.28
Franatech 1.98 2.00 0.10
Contros 2.36 3.00 0.15
Oxygen + Conductivity 0.50 0.03
Pressure 0.11 0.01
Temperature 0.85 0.26 0.01
Doppler Imager 3.77 4.00 0.20
DI holder 3.14 3.20 0.16
Peeper 0.19 0.20 0.01
Pump system 1.00 0.05
Pumps (small) 1.00 0.05
Tank deformations 5.00 0.50

1.3.1.2 Ice thickness and density

Table 16. Ice core lengths for each collected core and ice densities calculated from ice core volumes and recorded core mass (only
measured for Runs 10 to 12). The average ice density was used for the carbon budget calculation.

Run Core Length(cm) Diameter (cm) Volume (L) Mass (kg) Density (kg/L)

5 1 21.00 9 1.34
2 20.50 9 1.30
3 22.00 9 1.40
4 21.00 9 1.34
6 1 21.00 9 1.34
2 20.50 9 1.30
3 22.00 9 1.40
8 1 17.00 9 1.08
2 18.50 9 1.18
3 20.50 9 1.30
4 17.50 9 1.11
10 1 21.50 9 1.37 1273.00 931
2 23.50 9 1.50 1339.00 896
3 21.00 9 1.34 1245.00 932
4 20.50 9 1.30 1159.26 889
11 1 20.75 9 1.32 1215.45 921
2 20.25 9 1.29 1168.83 907
3 20.50 9 1.30 1180.51 905
4 22.00 9 1.40 1249.44 893
12 1 20.50 9 1.30 1211.00 929
2 22.00 9 1.40 1267.00 905
3 21.75 9 1.38 1283.00 927
4 21.75 9 1.38 1256.00 908
Average 912
Std. Dev. 15
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1.3.1.3 Water density

Table 17. Water density values of pre-ice samples calculated from sample salinities and average water temperatures measured by
temperature probes, using the equation defined by 10C et al. (2010).

Sampling Temperature  Salinity Density
5.1 -0.03 33.83 1.02716
5.2 -1.05 33.88 1.02725
6.1 -0.35 33.76 1.02712
8.1 -0.50 33.81 1.02717
8.2 -1.13 33.82 1.02720
10.1 -0.85 33.76 1.02714
10.2 -1.03 33.77 1.02716
11.1 -0.86 33.78 1.02716
12.1 -0.96 33.70 1.02710

1.3.2 Carbon concentrations and budget

Table 18. Results of the carbon budget calculations (% of pre-ice water TIC that was found in water, ice, and air by the end of each
experiment). TIC concentration values used for the calculation, as well as the calculated total TIC content of each fraction are also
shown. Two separate budgets were calculated for runs where more than one pre-ice sample set was available. Error in TIC
concentrations are estimated from replicate data, uncertainties of the other two parameters were estimated based on propagation of
uncertainties considerations.

Run TIC (umoles/kg)

TIC total (moles)

TIC(% of initial)

Water initial Ice final Water final Water initial Water final Ice final Air Water Ice Air
5 2226.7 819.3 2578.9 1.927 1.74 0.16 0.03 90% 8.1% 2%
* 0.3 20.2 1.1 0.012 0.02 0.01 0.03 1% 03% 1%
5.2 2229.4 819.3 2578.9 1.918 1.72 0.16 0.04 0% 82% 2%
* 0.4 20.2 1.1 0.007 0.02 0.01 0.02 1% 03% 1%
6 22254 1051.3 2510.2 1.937 1.70 0.20 0.03 88% 10.4% 2%
* 0.1 45.2 0.2 0.007 0.02 0.01 0.02 1% 06% 1%
8 2240.8 618.5 2602.1 1.962 1.85 0.10 0.01 94% 52% 1%
* 0.4 29.2 0.3 0.012 0.04 0.01 0.04 2% 05% 2%
8.2 2243.6 618.5 2602.1 1.953 1.83 0.10 0.02 94% 53% 1%
* 0.2 29.2 0.3 0.007 0.04 0.01 0.04 2% 05% 2%
10 2256.1 763.2 2706.0 1.998 1.87 0.15 -0.02 93% 7.5% -1%
* 0.8 55.4 0.0 0.013 0.04 0.01 0.04 2% 0.7% 2%
10.2 2255.6 763.2 2706.0 1.986 1.85 0.15 -0.02 93% 7.5% -1%
* 0.7 55.4 0.0 0.007 0.03 0.01 0.04 2% 0.7% 2%
11 2255.0 1036.7 2627.1 1.970 1.80 0.20 -0.02 91% 10.0% -1%
* 0.2 47.0 2.0 0.007 0.02 0.01 0.03 1% 06% 1%
12 2250.0 652.7 2710.7 1.981 1.87 0.12 -0.02 95% 6.2% -1%
+ 0.2 24.3 2.2 0.007 0.02 0.01 0.02 1% 03% 1%
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1.4 Comparison of carbonic acid dissociation constants

Table 19. Assessment of the 13 different sets of carbonic acid dissociation constants provided by the program of van Heuven et al.
(2011) by comparing the difference between measured water sample CO, system parameters (pH, Ar, TIC) and those calculated from the
other two measured parameters. Only the first three sampling periods were considered for this assessment due to contamination of Ar
for later runs.

Constants 1

Sampling 1.1

pH calc. 7.6147 7.6214 7.6310 7.6360 7.6322 7.6474 7.6353 7.6498 7.6364 7.6334 7.6329 7.6408 7.6396
pH meas. 7.6830 7.6830 7.6830 7.6830 7.6830 7.6830 7.6830 7.6830 7.6830 7.6830 7.6830 7.6830 7.6830
Diff. 0.80% 0.68% 0.61% 0.66% 0.46% 0.62% [0.43% | 0.61% 0.65% 0.65% 0.55% 0.56%
AT calc. 2259 2256 2252 2250 2251 2245 2250 2244 2249 2251 2251 2248 2248
AT meas. 2232 2232 2232 2232 2232 2232 2232 2232 2232 2232 2232 2232 2232
Diff. 1.07% 0.89% 0.79% 0.87% 0.60% 0.81% 0.56% 0.78% 0.84% 0.84% 0.71% 0.73%
TIC calc. 2109 2111 2115 2117 2116 2122 2117 2123 2118 2116 2116 2119 2119
TIC meas. 2135 2135 2135 2135 2135 2135 2135 2135 2135 2135 2135 2135 2135

Diff. (121% 108% 0.90% 0.80% 088% |0.60% 0.82% |0.56% 079% 085% 0.85% 072% 0.74%
Sampling 1.3
pHcale.  7.5798 7.5863 7.5940 7.5980 7.5946 7.6067 7.5952 7.6223 7.5988 7.5930 7.5836 7.6022 7.6008

pH meas. 7.6612 7.6612 7.6612 7.6612 7.6612 7.6612 7.6612 7.6612 7.6612 7.6612 7.6612 7.6612 7.6612
Diff. 0.98% 0.88% 0.82% 0.87% 0.71% 0.86% [0.51% @ 0.81% 0.89% 1.01% 0.77% 0.79%
AT calc. 2582 2579 2575 2573 2575 2569 2574 2562 2573 2575 2579 2571 2572
AT meas. 2545 2545 2545 2545 2545 2545 2545 2545 2545 2545 2545 2545 2545
Diff. 1.33% 1.18% 1.09% 1.16% 0.93% 1.15%  0.66% 1.07% 1.18% | 1.34% 1.01% 1.04%
TIC calc. 2400 2403 2407 2409 2407 2413 2408 2420 2409 2407 2403 2411 2410
TIC meas. 2436 2436 2436 2436 2436 2436 2436 2436 2436 2436 2436 2436 2436

Diff. - 134% 1.19% 1.10% 1.17% 0.94% 1.16% |0.67% 1.08% 1.19% 1.35% 1.02% 1.05%
Sampling 2.1
pH calc. 7.5932 7.5999 7.6092 7.6138 7.6102 7.6249 7.6131 7.6289 7.6142 7.6110 7.6094 7.6187 7.6176

pH meas. 7.6216 7.6216 7.6216 7.6216 7.6216 7.6216 7.6216 7.6216 7.6216 7.6216 7.6216 7.6216 7.6216
Diff. 0.28% 0.16% 0.10% 0.15% 0.04% 0.11% 0.10% 0.10% 0.14% 0.16% 0.04% 0.05%
AT calc. 2287 2285 2281 2279 2281 2275 2280 2274 2279 2280 2281 2278 2278
AT meas. 2277 2277 2277 2277 2277 2277 2277 2277 2277 2277 2277 2277 2277
Diff. 0.36% 0.20% 0.13% 0.19% 0.05% 0.14% 0.12% 0.12% 0.17% 0.20% 0.05% 0.06%
TIC calc. 2173 2176 2179 2181 2180 2185 2181 2186 2181 2180 2179 2183 2182
TIC meas. 2184 2184 2184 2184 2184 2184 2184 2184 2184 2184 2184 2184 2184
Diff. 0.37% 0.21% 0.13% 0.19% 0.06% 0.14% 0.12% 0.12% 0.17% 0.20% 0.05% 0.07%

%

*as listed by van Heuven et al. (2011):

1 = Roy, 1993

2 = Goyet & Poisson

3 = HANSSON, refit BY DICKSON AND MILLERO
4 = MEHRBACH, refit BY DICKSON AND MILLERO
5 = HANSSON and MEHRBACH refit BY DICKSON AND MILLERO
7 = Peng (i.e., original Mehrbach)

9 = Cai and Wang, 1998

10 = Lueker et al, 2000

11 = Mojica Prieto and Millero, 2002

12 = Millero et al, 2002

13 = Millero et al, 2006

14 Millero et al, 2010
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1.5 Events during ice formation experiments

Table 20. Overview of the dates and times of potentially relevant events for each of the 12 conducted runs.

Start of cooling

Stirring off

Sampling 1

Sampling 2

First ice

Stirring on

Sampling 3

Ice coring

Stop of cooling

Surface ice-cover.

07.10.2016 18:00

06.10.2016 21:30

07.10.2016 22:30

08.10.2016 01:00

13.10.2016 20:00

14.10.2016 21:30

26.10.2016 00:25

26.10.2016 00:10

27.10.2016 01:14

27.10.2016 08:00

02.11.2016 20:30

03.11.2016 23:25

03.11.2016 02:20

11.11.2016 20:00

13.11.2016 21:36

16.11.2016 17:23

20.11.2016 21:06

25.11.2016 17:05

25.11.2016 19:23

01.12.2016 17:30

01.12.2016 18:06

01.12.2016 22:10

01.12.2016 18:47

02.12.2016 00:00

07.12.2016 19:33

07.12.2016 22:10

07.12.2016 23:24

13.12.2016 18:00

13.12.2016 21:00

13.12.2016 19:00

14.12.2016 01:00

15.12.2016 20:13

15.12.2016 22:53

16.12.2016 00:15

21.12.2016 22:28

22.12.2016 00:26

22.12.2016 21:49

03.01.2017 19:54

07.01.2017 17:46

07.01.2017 18:22

08.01.2017 00:35

08.01.2017 00:20

08.01.2017 11:00

30.01.2017 21:52

30.01.2017 00:32

31.01.2017 01:39

Ol | N|lo|la|d~|lwW|IN|PF

08.02.2017 21:20

08.02.2017 21:15

08.02.2017 01:04

08.02.2017 18:44

08.02.2017 21:30

08.02.2017 21:45

09.02.2017 21:18

=
o

12.02.2017 03:05

12.02.2017 03:04

11.02.2017 20:19

12.02.2017 02:13

12.02.2017 03:13

12.02.2017 03:33

16.02.2017 18:23

16.02.2017 20:13

16.02.2017 21:25

16.02.2017 22:27

[EnN
[N

21.02.2017 20:20

21.02.2017 18:29

21.02.2017 16:11

21.02.2017 18:30

21.02.2017 19:00

23.02.2017 14:45

23.02.2017 18:04

23.02.2017 20:20

23.02.2017 21:44

=
N

02.03.2017 17:57

02.03.2017 19:04

02.03.2017 16:37

02.03.2017 19:05

02.03.2017 19:20

10.03.2017 17:51

10.03.2017 20:30

10.03.2017 22:50

10.03.2017 23:43
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1.6 Sensor corrections

1.6.1 SeaFETs

Table 21. Overview of the different SeaFET off-sets to water sample data for both sensors during the six successful runs, for both

(corrected and uncorrected) internal and external pH values.

SeaFET 248

Run pH int. pH ext. pH int. Temp. Corr. pH ext. Temp./Sal.corr.
5 0.0377 0.0198 0.0355 0.0317

6 0.0128 -0.0116 0.0007 -0.0016

8 0.0457 0.0236 0.0443 0.0376

10 -0.0153 -0.0376 X X

1 -0.0017 -0.0244 X X

12 0.0333 0.0104 X X

SeaFET 245

Run pH int. pH ext. pH int. Temp. Corr. pH ext. Temp./Sal.corr.
5 -0.0881 -0.0475 -0.0894 -0.0339

6 -0.0774 -0.0445 -0.0883 -0.0345

8 -0.0540 -0.0287 -0.0551 -0.0140

10 -0.0810 -0.0439 X X

11 -0.0784 -0.0440 X X

12 -0.0684 -0.0333 X X
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Figure 39. Time series of internal and external pH signals of SeaFET 245 (top) and SeaFET 248 (bottom), illustrating the correction
conducted to the raw signal to remove impacts due to sensor interferences during experimental Run 6.
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1.6.2 HydroC
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Figure 40. HydroC pCO, curves of Run 8, without any corrections (i.e. including zeroing and recovery periods; blue curve), without
zeroing and recovery data (red), interpolated and averaged (yellow), and additionally off-set corrected.

1.6.3 Conductivity sensor

Conductivity sensor corrections
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Figure 41. Salinity curves calculated from conductivity sensor data, with off-set correction through water sample data (blue; same off-
set for entire curve) and original data (red).

76



2 Results

2.1 Sensor data

2.1.1 Air Temperature in cold lab

Run 5 Run 10
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Figure 42. Time series of air temperature recorded in the cold room by the weather station. Regular temperature increases are related to defrost cycles of the corresponding condenser unit. Note the failure of the
instrument during the first two days of Run 5 and the malfunctioning of the mid-range condenser unit by the end of the two -25 °C runs (i.e. slightly increased average room temperatures).
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2.1.2 Sensor TIC curves

A.6.1.1. Different pCO, time-lag corrections
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Run 8
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Figure 43. TIC (and Ay) curves calculated for the three stirred runs using different response times for the time-lag correction of the

HydroC data.
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