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Abstract: The submarine tufa columns of Ikka Fjord in Southwest Greenland have been studied
during multiple field campaigns since 1995. The fjord contains close to thousand columns previ-
ously shown to consist of the metastable carbonate mineral ikaite (CaCOj3-6H,0), which requires
near-freezing conditions to remain stable over longer periods of time. During a field campaign to
Ikka Fjord in the summer of 2019, seawater temperatures of 6-9 °C and visual physical changes to
the columns were observed. These are the highest recorded seawater temperatures measured in
Ikka Fjord in over three decades of research. In response, three selected columns at three different
locations were sampled at their bases, middle, and top sections for mineralogical analysis. These
samples were supplemented by a four further column samples and an extensive hydrographical
campaign during fieldwork in the summer 2021. Here, we report the results of the mineralogi-
cal analyses performed by X-ray diffraction and p-Raman Spectroscopy on these column samples.
The results show that the columns analysed now consist of the less hydrated carbonate minerals,
monohydrocalcite (CaCO3-H;0), aragonite, and calcite (CaCOs3). One of the columns has com-
pletely altered into monohydrocalcite, whereas the other columns have crusts of ikaite and cores
of monohydrocalcite & aragonite and calcite. This change is interpreted as a dehydration reaction
and mineral alteration from ikaite to monohydrocalcite continuing to aragonite + calcite in response
to being bathed in warming seawater. Hydrographic profilers and static dataloggers recorded sea-
water temperatures of 4-8 °C in the column-containing fjord areas during June-August 2021. The
upper parts of the columns are particularly exposed to temperatures > 6 °C, considered to be the
long-term stability threshold of ikaite in Tkka Fjord. The mineral dehydration reactions are irre-
versible. It is therefore predicted in a warming Arctic, ikaite will only appear as new growth on the
columns for a short period, and that with time, the columns of Ikka Fjord will change mineralogy
into mainly monohydrocalcite.
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1. Introduction

The marine Ikka Fjord in Southwest Greenland (Figure 1) has been subject to a mul-
titude of scientific expeditions since 1995 thanks to the existence of nearly one thousand
submarine tufa columns in the shallow inner part of the fjord (Figure 2) e.g., [1]. These were
identified by mineralogist Hans Pauly to consist of a previously unknown mineral of the
chemical formula CaCO3-6H;0 [2,3]. The compound calcium carbonate hexahydrate had
long been known by chemists from laboratory experiments e.g., [4]. Following his discovery
of the compound as a new mineral, Hans Pauly decided to name it ‘ikaite” after the fjord,
using its old spelling of Ika Fjord [2], which was in use at the time. A sampling campaign
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of columns and their abundant and diverse biological life by biologist Henning Thing and
divers from the naval base Grennedal in 1994, kicked off a biological-geological expedition
from the University of Copenhagen in 1995 simultaneously with a geophysical expedition
from Imperial College in London, UK [5]. From 1996 onwards, all expeditions and research
on the columns has been carried out as a joint venture called the ‘IKKA project’. The
multi-disciplinary research conducted in Ikka Fjord over the years has included zoology,
botany, microbiology, hydrology, sedimentology, marine geophysics, geochemistry, isotope
geology, petrology, mineralogy, and oceanography. Several parameters have been studied
on regular intervals over the 27 years of research within the IKKA project, including the
number and distribution of columns, mineral composition, and temperature and salinity
profiles of Ikka Fjord, combined with a substantial archive of photo and video records of
the columns e.g., [1,6-11]. The temporal datasets allow observations and conclusions to be
made regarding changes to the columns over almost three decades. The work presented
here focuses on the observed mineralogical and physical changes to the columns, and
changes in seawater temperature. With Arctic regions already experiencing a warming by
a factor 4 compared to the rest of the globe [12], and with ikaite columns being protected
under Greenland legislation [13], a future scenario concerning the fate of the columns in a
warming climate is included in this work.
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Figure 1. Location of Ikka Fjord in Greenland. Red and blue-coloured areas mark the Grennedal-Tka
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igneous complex, and grey areas consist of old Archean gneissic rocks.
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Figure 2. Bathymetric map of Ikka Fjord showing all positions of columns and marks the three areas

where column samples were taken in 2019, plus the positions of the ten HOBO dataloggers, and of
the Atoll and the Obelisk column areas.

2. Mineralogical and Geological Background

Ikaite has been shown through experiments to have a stability field at kbar-high
pressures and low temperatures [14], i.e., P-T conditions that are not met on Earth. When
encountered in nature, it is always as a metastable phase that formed in place of the
thermodynamically more stable anhydrous calcium carbonate minerals (CaCQO3), calcite,
aragonite, and vaterite e.g., [15,16]. Various parameters have been identified to ener-
getically favour precipitation of ikaite over calcite, which can vary from one setting to
another. In the case of Ikka Fjord, the main parameters are identified to be (1) low water
temperatures < 6 °C, (2) Mg in seawater inhibiting calcite, (3) supersaturation with respect
to ikaite, (4) dominance of CaCO3" ions in solution, and (5) possibly the assistance of bacte-
ria aiding, enhancing, or protecting ikaite growth [6,17-20]. The proposed model for the
formation of ikaite in Ikka Fjord (Figure 3) involves a mixing of (1) Ca* ions from seawater
with (2) pH 10-11 groundwater of sodium bicarbonate-carbonate composition providing
the CO52~ ions leading to ikaite saturation and precipitation [1,6,18]. The alkaline ground-
water stems from fluid-rock reactions inside the Grennedal-Tka igneous complex (Figure 1)
by dissolution of Na-rich nepheline syenites and Ca- and Fe-rich carbonatites [21-23].
Mapping of the columns illustrate how the distribution of the columns in Ikka Fjord is
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constrained by the outcrop of the Grennedal-Tka complex [8,11,24], with no column growth
detected where the bedrock beyond changes to old Archean gneisses (Figure 2). Several
faults and dikes cut the Grennedal-Tka complex and one major fault is considered to run
down the centre of Ikka Fjord [25]. Early-on, Pauly (1963) [2,3] suggested the columns were
forming over springs seeping through fractures in the seabed of Ikka Fjord. As no glaciers
are calving into Ikka Fjord and with several subsurface thresholds preventing icebergs
from entering the fjord, the sedimentary cover of the floor of the fjord is relatively thin
and permeable and is punctuated by rock outcrops, which further allow groundwater to
seep through (Figure 3) [8]. Indeed, both groundwater and air are seen to escape from the
columns (Figure 4a), and when cut, large volumes of groundwater stream out and new
growth of ikaite starts to form almost immediately (Figure 4b) [1,6]. As the groundwater
has a lower density than seawater, the growth is upwards, enabling columns to grow up
to the halocline, some being 2-3 m below sea surface (Figure 3), where brackish water
no longer supplies sufficient Ca* ions [1,6] for ikaite formation. In total, 938 columns of
size 0.5 to 20 m tall were mapped from a multibeam sonar survey (Figure 2) providing
GPS position, depth, and height of all individual identifiable columns as they appeared
in 2019 [11]. Columns have been observed to grow up to 0.5 m per year (Figure 4b) and
are therefore likely to be continuously growing and/or changing shape [6]. Column water
was sampled from the two column areas, the Atoll and Lejrfeltet (Figure 2) [6], and other
columns have been monitored with probes for O,, light, and pH [9,10]. The temperature of
the sampled column water is stable around 3—4 °C [9]. At in-situ temperatures, the Atoll col-
umn water had pH 10.5 and Lejrfeltet column water had pH 10.2 reflecting minor variations
in sodium concentration and alkalinity [6,18,19]. The presence of minor concentrations
of orthophosphate in the column water (<25 ppm) was previously speculated to be the
controlling factor inhibiting calcite [6,18,19] formation. However, Tollefsen et al. (2018) [20]
showed that it was in fact Mg in seawater that has the controlling role of inhibiting calcite
growth in the Ikka Fjord system. There is clear line between calcite and ikaite growth as a
function of Mg concentration and pH, with 5-30 mmol/kg Mg and high pH > 9 favouring
ikaite in experiments at 5 °C [20]. The long-term stability temperature of ikaite is difficult to
establish due to its metastable character and the various factors that can affect the kinetics
favouring ikaite. In summers of 1995-1997, seawater temperatures never surpassed 6 °C,
and the actively growing columns were found to consist of 98-100% ikaite [1,6]. In contrast,
the broken-off pieces of columns lying on the seabed in 1995-1997 were identified to consist
of mainly monohydrocalcite (MHC) with minor aragonite, calcite, and Mg-carbonates [7].
Ikaite has been shown in laboratory experiments to nucleate up to 35 °C [26], but it is the
long-term stability of ikaite at elevated temperatures that is of concern for the columns of
Ikka Fjord. Visual inspections of physically altered columns in 2018 and a field campaign
with divers in the summer-autumn of 2019 reaffirmed these concerns. Water temperatures
of 6-9 °C were measured from bottom to top among the columns both in June and Septem-
ber 2019 [11], i.e., above the previously established temperature stability threshold for ikaite
in Ikka Fjord. For how long the warming of the seawater in the fjord has taken place is
uncertain. Hansen et al. (2011) [9] reported normal low seawater temperatures in Ikka
Fjord during 2007-2009, whereas Trampe et al. (2016) [10] registered a mean temperature of
7.5 °C and a max. temperature of 9.4 °C at the top of a selected column during a seven-day
campaign in August 2013.
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Figure 3. Proposed model for the formation of tufa columns over submarine springs in Ikka Fjord.
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(b)

Figure 4. (a) Photo showing the air bubbles and groundwater escaping from the columns in 2022, and

(b) the new growth of ikaite on a column that was last cut in 1997. Photo credits: Bengt Liljebladh (a)
and Uli Kunz (b).
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3. Methods
3.1. Column Sampling Process

Column sampling in Ikka Fjord was performed by Royal Danish Navy divers on
22-23 June 2019 and by professional divers from SUBMARIS during 12-22 August 2021. In the
2019 sampling campaign, the divers cut off 20 cm to 80 cm long pieces of three columns at three
locations in Ikka Fjord (C1-C3 in Figure 2) (see GPS positions in Seaman et al., 2022 [11]). The
divers collected samples from the bottom, middle, and top sections of the three columns, adding
up to nine samples in total. They were instructed to look for the most freshly white parts of
the columns to check if new growth still consisted of ikaite. Seawater temperature and depth
was recorded by the divers at each of the nine sampling sites together with video recording
of the sampling process. The samples were carried in nets to a Rigid-Hulled Inflatable Boat
(RHIB) at the surface and immediately stored in a cool box. After sampling each column, the
cool box containing the column samples were transported back to the Danish navy vessel F360
HVIDBJJRNEN and transferred to a —18 °C freezer. The freezer stayed onboard HVIDBJJR-
NEN under supervision of the navy crew until arrival in Reykjavik port in July 2019, where the
freezer with columns was transported to the University of Iceland. Selected samples were taken
out and kept frozen in a cool box during transportation by Icelandair Cargo to the University of
Copenhagen in Denmark for mineral analysis.

The column sampling conducted during August 2021 was performed by marine
biologist Uli Kunz and maritime archaeologist Florian Huber, both professional divers and
underwater photographers from the company SUBMARIS. The aim was to collect potential
new growth on the column sampling points from 2019. However, this turned out difficult
because none of the sampling points were marked for future reference on collection nor
were easily recognizable two years later. In the end, four 20-70 cm length column pieces
were sampled from the approximate column sampling areas of 2019 (Figure 2). Column
1-2021 was taken at 12 m water depth from the C2 area of 2019, column 2-2021 was sampled
at 4.5 m water depth from the C3 area of 2019, and column 3-2021 was sampled at 13 m
water depth at the C1 area of 2019. Finally, column 4-2021 was taken at 14-15 m water
depth at the C3 area of 2019 (see map in Figure 2). The columns were transported in a cool
box with frozen cooling blocks to a freezer at the nearby military Station Grennedal. From
here they were transported as frozen goods by Royal Arctic Line to Aarhus University
in Denmark, where they were stored in a —20 °C freezer until further mineral analysis
in 2022.

Note that the depths recorded by divers at the time of sampling and that the tidal
water in Ikka Fjord could be up to 2-3 m different to tidal datum depth. In 2019, columns 1
and 3 were sampled at high tide, whereas column 2 was sampled as the tide was dropping.
The sampling in 2021 was performed during rising tide with an increase of maximum 0.5 m
sea level during the sampling time.

3.2. Mineral Analysis

In order to identify the minerals present in the nine column pieces collected in 2019 and
the four column pieces collected in 2021, powder X-ray diffraction (XRD) patterns for the
samples were measured at the University of Copenhagen with a Bruker-AXS D8 Advance
diffractometer equipped with a Cu X-ray tube, a primary beam Gelll monochromator
(wavelength 1.54059 A) and a silicon-strip LynxEye detector with an opening of 3.3°. The
measurements were made in reflection mode, employing the Bragg-Brentano technique,
with a fixed divergence of the primary beam (0.25°), a measuring step of 0.2° 26, and a
time per step of 0.5 s. Measurements ranged between 10°-45° 20 using a rotating sample
holder. The quantitative analysis was made with the use of Rietveld refinement [27,28].
The program used for the Rietveld refinement was Topas version VI [29]. In calculations,
the scale factors, unit cell parameters, and preferred orientation parameters (for ikaite and
calcite) were refined. The starting crystal structure data for minerals were taken from the
ICSD database [30]. As ikaite is known to be sensitive to high temperatures, the samples
were kept in a freezer until immediately before analysis. In addition, the sample holders



Minerals 2022, 12, 1430

8 of 20

from the XRD instrument were kept in the freezer until analysis. Short analytical runs of
approximately 16 min from 10° to 45° were used to minimize the risk of transformation
of ikaite during analysis. This approach proved to be an efficient method to study ikaite
samples in previous XRD studies [18].

Laser-induced p-Raman measurements were carried out at defined temperatures on a
slice of column 1-2021 at 21 4= 1 °C and selected pieces of the 2019 columns at —20 £ 0.1 °C
using a Horiba (Jobin Yvon) LabRam HR Evolution Raman spectrometer at the Earth and
Environmental Science Department of the University of Gothenburg. The samples were
exited with an air-cooled frequency-doubled 532 nm NdYAG laser utilizing an Olympus
10x objective. The lateral resolution of the unpolarized confocal laser beam was on the
order of 10 pm. Spectra were generated in the ranges of 50-1300 cm ! and 3000-3600 cm !
utilizing an 1800 grooves/cm grating and a thermoelectric cooling electron multiplier CCD
including a front illuminated 1600 x 200 pixel chip. Spectral resolution on the sample is in
the order of 1 cm~!. The wavenumber calibration was done using the 520.7 cm~! Raman
band on a polished silicon wafer with a wavenumber accuracy usually better than 0.5 cm 1.
Minor samples for Raman analysis were stored in a fluid-cooled cold stage kept at —20 °C
(Figure 5) to ensure no alteration was taking place during analysis. A MHCS120G cold
stage from Microptic® with a MDTC600 temperature controller and MCH-6L water chiller
for cooling was used. Frozen seawater attached to the columns was chipped off in a cool
room, melted, and then poured into the container holding the sample. The surface was
polished and kept free of ice. The lid of the fluid-ice container was made of a CaF,, Raman
grade polished window (Crystran Ltd., Poole, UK) allowing the transmission of the Raman
laser beam (Figure 5b).

(a) (b)

Figure 5. (a) Setup of Raman analysis of column samples at the University of Gothenburg using (b) a

fluid-cooled container to maintain a temperature of —20 °C during analysis.

3.3. Seawater Measurements

Seawater measurements in June and September 2019 were performed by the divers
from the Royal Danish Navy on the vessel F360 HVIDBJORNEN and their SCUBAPRO
Digital 330 M diving computers with +1 °C accuracy. Before diving in September 2019, the
diving computer was calibrated against a laboratory thermometer with £0.1 °C accuracy.
For further description see Seaman et al. (2022) [11].
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Oceanographer Jesper Sano Hejdal of HydroCharting Aps, conducted a total of
78 CTD profiles from inner Ikka Fjord along its entire 13 km length into the larger Arsuk
Fjord (Figure 1) during the period 26-30 June 2021 (Supplementary Material S1). A Valeport
Swift SVD Conductivity-Temperature-Depth (CTD) probe was used for this study with an
accuracy of £0.05 mS/cm for conductivity, +0.01 °C for temperature, and £0.005 bar for
pressure (depth). In addition, ten HOBO ONSET dataloggers were deployed du-ring the
CTD profiling operation at ten different positions in Ikka Fjord (S1-510 in Figure 2). The
dataloggers measure temperature with an accuracy of £0.53 °C at 30 min intervals. Five of
the dataloggers were retrieved and their depth of deployment recorded by the SUBMARIS
divers on 20-21 August 2021, of which four dataloggers were running normally and their
data downloaded. The remaining five dataloggers will be retrieved in summer 2023.

4. Results

A total of 41 samples extracted from the 2019 and 2021 column pieces were analysed
by X-ray diffraction (XRD) (see Table 1). New sample pieces were cut from the 2019 co-
lumns for p-Raman spectroscopy analysis to obtain high-resolution spectra of columnar
ikaite, monohydrocalcite (MHC), aragonite, and calcite, and to compare with the previously
obtained XRD data. The raw data of the 78 CTD profiles and the four HOBO datalogger
data are provided in Supplementary Materials S1 and S2, respectively. All four column
samples collected in 2021, and the top and mid-section of column 3 collected in 2019 were
photographed with the 3D-program Scaniverse. The six 3D-photograph files are provided
in Supplementary Material S3. Selected data of the minerals identified by XRD analysis
are provided in Supplementary Material S4, and raw data from all the Raman analyses in
Supplementary Material S5.

Table 1. XRD Results of tufa column samples from Ikka Fjord *. Relative proportions in wt%.

Sample ID Depth (m) Temp. (°C) Ikaite Monohydrocalcite Calcite Aragonite
2019-1-1A 13.3 6 68.5 (7) 294 (7) 2.2 (5)

2019-1-1B 133 6 77.4 (7) 22.6 (7)

2019-1-2A 10.3 8 93.3 (4) 6.7 (4)

2019-1-2B 10.3 8 100

2019-1-2C 10.3 8 99.9 (5) 0.1 (5)

2019-1-2D 10.3 8 100

2019-1-3A 6.0 7 100

2019-1-3B 6.0 7 100

2019-1-3C 6.0 7 100

2019-1-3D 6.0 7 99.8 (3) 02(3)

2019-1-3E 6.0 7 100

2019-1-3F 6.0 7 100

2019-2-1A 10.0 7 100

2019-2-1B 10.0 7 100

2019-2-1C 10.0 7 100

2019-2-2A 6.5 7 95.4 (4) 46 (4)
2019-2-2B 6.5 7 79.6 (5) 05 (2) 19.9 (5)
2019-2-2C 6.5 7 100

2019-2-3A 2.7 9 100

2019-2-3B 2.7 9 100
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Table 1. Cont.

Sample ID Depth (m) Temp. (°C) Ikaite Monohydrocalcite Calcite Aragonite
2019-2-3C 2.7 9 99.8 (5) 0.2 (5)
2019-2-3D 2.7 9 95.7 (8) 2.3(8) 2.0(3)
2019-3-1A 13.3 8 98.2 (6) 1.8 (6)
2019-3-1B 13.3 8 99.1 (2) 0.6 (2) 0.3 (1)
2019-3-2A 10.1 8 99.7 (1) 0.3 (1)
2019-3-2B 10.1 8 99.3 (1) 0.5 (1) 0.2 (1)
2019-3-2C 10.1 8 99.8 (1) 0.2 (1)
2019-3-2D 10.1 8 100
2019-3-2E 10.1 8 100
2019-3-2F 10.1 8 100
2019-3-3A 3.9 9 94.9 (3) 4.7 (3) 0.4 (1)
2019-3-3B 39 9 95.5 (4) 1.7 (1) 0.9 (1) 1.9 (4)
2019-3-3C 3.9 9 99.4 (1) 0.6 (1)
2019-3-3D 3.9 9 98.2 (5) 0.2 (1) 1.6 (5)
2022-1a-r 12.0 n.d. 100

2022-1b-c ** 12.0 n.d. 99.9 (8) 0.1(8)
2022-2a-r 4.5 n.d. 99.2 (2) 0.8 (2)
2022-2b-c 4.5 n.d. 73.4 (2) 26.6 (2)
2022-3a-r 13.0 n.d. 93.7 (4) 3.9 4) 2.4 (3)
2022-3b-c 13.0 n.d. 87.0 (5) 1.6 (2) 11.4 (5)
2022-4a-r 14-15 n.d. 100

* Sample ID with -r: sample from rim, and -c: sample from centre of column, n.d.: no data registered. The number
in parentheses are standard deviations referring to the last digit. ** Contains some minor unidentified phase(s).

4.1. X-ray Diffraction

Table 1 shows the results of the 2019 and 2021 columnar mineral analysis with XRD.
For the 2019 columns, the number of analyses reflects the size of the column sample with
more analyses being carried out on the larger samples. Aim was made at analysing areas
with visual differences with respect to colour and structure, bearing in mind the divers
were instructed to sample the ‘freshest’-looking mineral growth. For the 2021 columns,
analysis was carried out on slices of the columns with one sample from the rim (crust)
and one from the centre, respectively. Results of the fresh-looking 2019 columns show
most of the samples to consist of ikaite with a few exceptions. In column 1, an altered
part of mixed ikaite and MHC was found at the bottom corresponding to 13.3 m water
depth (Table 1). The mid and top sections were pure ikaite. In column 2, the middle part
from 6.5 m depth was the most altered with the presence of 80-95 wt% MHC together
with 5-20 wt% ara-gonite, whereas the bottom section consisted of pure ikaite. The top
section from 2.7 m depth had minor MHC and calcite. Column 3 had a bottom and a
mid-section made of ikaite. The top section from 3.9 m depth had ikaite as the main mineral
constituent (95-100 wt%) together with minor MHC (2-5 wt%), aragonite (<2 wt%), and
calcite (<1 wt%) (Table 1). Results of the 2021 columns illustrate that whereas the outer rim
(crust) of the older columns can still consist of 100% ikaite, core parts in these columns were
either partly or completely altered into MHC (27-100 wt%) + aragonite (<11 wt%) and
calcite (<4 wt%). In the oldest looking column 3, based on its coverage by coralline algae
(see 3D-photo in Supplementary Material S3), no ikaite was detected. Its rim (crust) was
mainly MHC and the core a mix of MHC, aragonite, and calcite in subsequent order based
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on amount (Table 1). Representative XRD powder diagrams and Rietveld quantitative
phase analysis of pure ikaite and monohydrocalcite, and mixed phases including aragonite
and calcite are provided in Supplementary Material S4.

4.2. Raman Spectrometry

With the availability of XRD results of the different mineral phases in columns 1-3 of
2019, new samples were taken from the same areas of the mid and top sections of column 3
and analysed with a p-Raman spectrometer. The mineral ikaite was not included in the
Raman mineral database, therefore our own spectra of ikaite were obtained and compared
with literature results e.g., [31]. Through this, high-quality spectra were obtained of ikaite,
MHC, and aragonite (Figure 6a—c). Monohydrocalcite and aragonite spectra were included
in the Raman mineral database and thus could be identified by matching against these
database references. To obtain a pure calcite of columnar origin, a piece of the column was
taken out and left to dry at room temperature with no fluids present. This ensured a 100%
conversion into calcite within a couple of days (Figure 6d).
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Figure 6. Results of Raman analysis of minerals of columnar origin from Ikka Fjord of (a) ikaite,
(b) monohydrocalcite, (c) aragonite, (d) calcite, and the OH-region of (e) ikaite, and (f) monohydrocalcite.
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Samples were run until sufficient statistics were recorded showing how the different
peaks (e.g., lattice peaks, C-O bond, and peaks in the OH-region) are shifted between
columnar ikaite, MHC, aragonite, and calcite, respectively (see Figure 6a—d). As an example,
the C-O bond shifted position from c. 1071 cm~! to 1067 cm~! from ikaite to MHC,
and from 1085 cm ™! to 1086 cm ™! from aragonite to calcite (Figure 6a—d). Peaks in the
OH-region of 3000-3600 cm~! were only present for the hydrated minerals, ikaite and
monohydrocalcite. Tkaite had three peaks at c. 3180, 3260, and 3430 cm ™!, respectively, for
a frozen sample (Figure 6e), whereas monohydrocalcite had a broader peak area between c.
3200 and 3300 cm ™! (Figure 6f) for an unfrozen sample. Text files (.txt) with the raw data
for all six spectra can be found in Supplementary Material S5.

The analysis then progressed onto column 1 sampled in August 2021. Instead of spot
samples, seven points across a cut slice of the column were investigated (Figure 7). The
cutting of the columnar slice of column 1-2021 took place in a —18 °C cold laboratory, and
the column slice was frozen together with seawater from Arsuk Fjord, the neighbouring
fjord of Ikka Fjord (Figure 1), and photographed before analysis (Figure 7). As no cooling
options were possible for this size of sample during Raman analysis, the analysis time
was kept to two hours. From visual inspection, there were two differently coloured areas
of the column (Figure 7). One encompassed a more greyish part found only at the rim,
whereas a white more massive-looking part encompassed the main column (Figure 7). In
addition, greenish areas were found throughout the column, which are assumed to be
biologically coloured by algae and bacteria. As observed by spot analysis by XRD, the grey
rim consisted of ikaite, whereas the central part was made up of MHC with an estimated
distribution of 5-10 vol% ikaite and the remaining 90-95 vol% consisting of MHC (Figure 7).
To date, only column 1 of the 2021 columns has been analysed by p-Raman spectrometry.
The raw data of the Raman analysis of these seven points including the OH-region are
provided as text files in Supplementary Material S5.

Monohydrocalcite

Figure 7. Photograph of the columnar slice of Column 1-2021 investigated with Raman at seven spots
(red circles). Ikaite growth were found in the grey areas marked with red lines. The remaining spots
were identified as monohydrocalcite.

4.3. CTD and Temperature (SCUBA and HOBO) Measurements

Figure 8a shows the compiled results of the CTD casts carried out in the inner part
of Ikka Fjord, where the columns are found. The remaining casts were taken further
out in the deeper parts of Ikka Fjord (<175 m) and into the much deeper Arsuk Fjord
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(300-600 m depth) for comparison (Figures 1 and 8b). As the profiles in Figure 8a illustrate,
the top brackish layer reached a temperature up to 14 °C and a salinity close to 0 PSU,
i.e., almost pure freshwater. The column growth stops a few meters below sea surface
depending on the tide with 2 m on average (Figure 3). Hence, the column growth zone
ranges approximately from 2 m down to 22 m’s water depth. In this columnar growth zone,
the temperature ranges from 6-8 °C at the top and narrows into approximately 3 °C at the
bottom (Figure 8a). The salinity data is more varied in the upper part of the water column
but shows the same trend of narrowing into a single value of a salinity of approximately
33 PSU at the bottom close to the seabed (Figure 8a).
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Figure 8. (a) CTD profiles (C24 and C25) from south of the Arsuk Island in Figure 1, (b) CTD profiles
(C21 and C40) in outer Ikka Fjord in Figure 1, and (c) all CTD profiles in the inner part of Ikka Fjord
with temperatures marked in blue and salinities in black.
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The temperature results of the four HOBO dataloggers deployed in seawater are
shown in Figure 9 and illustrate that the three shallowest (S3 at 12 m, 54 at 8.5 m, and
S8 at 14 m water depth) all follow the same trend of temperature fluctuations from when
they were deployed in end June 2021 to end August 2021. They vary between 3.8-6.3 °C,
4.2-8.2°C, and 4.3-8.1 °C for S3, 54, and S8, respectively (Figure 9). In contrast, datalogger
57 deployed at 20.8 m water depth showed a slow but consistent increase in temperature
of 3.3 to 4.1 °C during the 3-month summer period of 2021 (Figure 9 and Supplementary
Material S2).

28 05 12 19 26 02 09 16
July August

Figure 9. Compiled temperature profiles of the four HOBO dataloggers in summer of 2021.

4.4. Photo Comparison of Selected Columns from 1995-97 to Present Day

The Atoll and the Obelisk are two distinctive groups of columns that are easily rec-
ognized and easy to re-locate (Figure 2). The Atoll stands out as a massive almost eight-
meter-wide structure, which divers can stand on at the lowest tides (20-30 cm below water
surface). These columns were among those chosen for comparison of the visual changes
that have happened to the columns over almost three decades from 1995-97 to 2021-22
(Figure 10a—d). The visual changes are both with respect to colour, the surface of the
columns, and the biological life living on them. The seabed around the Atoll and the
Obelisk is situated at around 10.5 m water deep, i.e., the columns are approximately eight
meters tall. Both groups of columns are registered with GPS position, height, and their
growth potential in Seaman et al. (2022) [11]. These two groups of columns are among the
ones that have reached 100% of the growth potential, i.e., they cannot grow any taller [11].
What most of the columns of Ikka Fjord have in common is a change in colour from snowy
white material to more yellowish, a more porous surface, and a lack of algae and macro-
fauna on the columns (Figure 10e,f and 3D photographs in Supplementary Material S3).
In the nineties, the columns were teeming with biological life and had coral-reef appear-
ances [1,32], whereas today, they appear ‘dead’. The Atoll shows signs of erosion on
the top with structures standing out at the surface that have not been observed before
(Figure 10a,b). In the nineties, the Atoll was covered in snowy white powder on the top
that could be wafted up by hand and it supported a thriving community of blue mus-
sels (Muytilus edulis) [32]. Sea urchins were plentiful in past years, grazing up and down
the flanks of the columns [32], but they appear sparser in population by the summer of
2022. Furthermore, the columns look now to be devoid of the encrusting coralline al-
gae, Lithothamnion, and Clathromorphum, and other algae growth (Figure 10a-d). Larger
columns had filamentous algae growth, too, which is now largely gone. The top of the
columns by summer 2022 were observed to be lacking the rosettes and crests at their tips
(Figure 4a) because they are devoid of much of the sugary white crystal accumulations of
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fresh ikaite precipitation known from the nineties (Figure 10e). Instead, they are now made
of solid-looking massive material (Figure 10f). New biological studies and the initiation of
a monitoring programme are scheduled for summer 2023 to describe the macrofauna and
flora of the columns and follow biological changes henceforth.

Figure 10. Comparison of the Atoll column in (a) summer of 1995 with (b) July 2022, (c) the Obelisk
column row from the period 1995-97 compared to (d) the Obelisk in July 2022, (e) the tip of the
columns as they were commonly observed in 1995-97 covered in fresh white ikaite powder, and
(f) the side wall of the Atoll as it appeared in August 2021 yellowish and more porous surface. Photo
credits: Richard Martin (a,c,e), Paul Seaman (b), Bengt Liljebladh (d), and Florian Huber (f).
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5. Discussion

The first task was to verify if new mineral growth on the columns still consists
of ikaite. Despite the summer of 2019 having the highest seawater temperatures ever
recorded in Ikka Fjord since 1995, the results of this study indicate that ikaite is still
precipitating as the primary mineral. This fits well with precipitation experiments of
ikaite carried out in the laboratory. Several studies have reported ikaite forming at >6 °C
e.g., [16,18,26,33-35] with Tollefsen et al. (2020) [26] reporting a hitherto highest tempera-
ture record of 35 °C. For many of these experiments, an inhibitor of calcite is included
to stabilize ikaite precipitation at higher temperatures, e.g., orthophosphate [16,18,33] or
magnesium [18,20]. Other factors favouring ikaite precipitation include a CaCl, /Na,CO3
ratio &~ 1 [34], possibly Mg?*/Ca®*ratios < 14 and a pH > 8.3 in solution [35], and a high
citrate concentration [36]. Recent research found ikaite nucleation to be enhanced by the
presence of mineral surfaces of quartz and mica [37]. Supersaturated solutions generally
favour metastable phases like ikaite e.g., [4,18,34,35,38]. In Ikka Fjord, the Mg2+ ions of
seawater act as an inhibitor of calcite and favour ikaite precipitation, whereas seawater
S0,42~ ions were shown to have no effect [20]. It cannot be ruled out that the presence
of orthophosphate in the column water and the bacterial biofilms observed enveloping
ikaite crystals might also aid in its long-term stability in Ikka Fjord [6,17,19]. Nevertheless,
clearly a threshold has been surpassed for the stability of ikaite in the columns of Ikka Fjord
as seen from the mineral analytical results of XRD and Raman and visual inspections of
the columns from year 2018 onwards. For the first time, actively growing columns have
been observed to consist mainly of other minerals than ikaite, in this case, MHC with
either minor aragonite and/or calcite. The order of alteration at present goes from ikaite to
MHC, and from MHC to aragonite and/or calcite for the tufa columns of Ikka Fjord. We
interpret these dehydration reactions going from highly hydrated ikaite (CaCO3-6H,0) to
less hydrated MHC (CaCOs3-H,O) to aragonite/calcite (CaCO3) as a response to warming
seawater. Whether aragonite in time will turn into the thermodynamically more stable
calcite (CaCQOs) cannot be determined from our results. The columns have previously
been described to contain minor calcium carbonate of biological origin as seen from 14C-
results [6]. Thus, whether the <4 wt% calcite observed in samples is a product of mineral
alteration or of biological origin cannot be said, but the <20 wt% of aragonite is too large a
proportion of the sample to be attributed to biology. In the past, the difference between the
actively growing co-lumns made of ikaite compared to the broken-off pieces of columns
composed of MHC, has been attributed to their connection or disconnection to the column
water carrying the ‘protective’ orthophosphate of 9-25 ppm [6,7]. We have no reason to
suspect the columns have less inflow of column water fed from meteoric water falling
over the surrounding mountains. The multibeam survey of Seaman et al. (2022) [11]
found 938 columns surpassing the approximately 650 columns mapped in 1995-96. Both
instrumentation and resolution of the column mapping have benefitted from improved
technology over three decades, but Seaman et al. (2022) [11] concluded the hydrological
system feeding the submarine springs to run as effectively as in the nineties. If anything,
the past years of Southwest Greenland, summers in particular, have been wetter and colder
than on average [39,40] and hence, no shortage of meteoric water to supply the column
water is expected. The hydrological profiles of Ikka Fjord and Arsuk Fjord of summer 2021
do not match the high seawater temperatures of 2019, and neither does the four HOBO
dataloggers deployed from June to August 2021. There are shorter periods of >6 °C and
mainly the upper parts of the columns are exposed to elevated temperatures of 6-8 °C,
but not the whole seawater column as observed in 2019 [11]. At the bottom of the inner
reaches of Ikka Fjord and at depth in the hydrological profiles of outer Ikka Fjord and
Arsuk Fjord, low temperatures of 0-2 °C and salinities of 33-34 PSU were observed in 2021,
equivalent to data in the past [9]. From our data there is no sign of a warming of seawater
in the deeper currents in this area of Southwest Greenland. This leads us to conclude that
other parameters are at play for controlling the seawater temperature in inner Ikka Fjord,
where the columns are found. The inner fjord is relatively shallow, <30 m’s depth, and
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water exchange with the coastal zone is restricted by the complicated topography with
submarine sills and narrow channels. In addition, the strong stratification with freshwater
from run-off on top limits the vertical diffusion and gives the fjord an estuarine character.
The sills block icebergs from entering the inner part of the fjord, and strong meteorological
forcing is required to exchange the basin water with coastal water. This makes the inner
fjord more sensitive for other sources of heating, which needs to be explored further.

The slow mineral dehydration taking place in the seawater of Ikka Fjord fits well
with laboratory data, where the temperature difference of precipitation and alteration, and
the presence or absence of fluids are of importance e.g., [35]. The relatively incremental
increase of temperature observed for Ikka Fjord, supports ikaite altering into MHC in a
seawater environment. In contrast, when ikaite tufa samples are left above water and/or at
ambient temperature, a direct change into calcite and a collapse of the column after several
hours or days are observed [6,9]. The Mg?* concentration of seawater inhibits both calcite
and vaterite e.g., [41], but not aragonite e.g., [42] and can explain why aragonite is found as
an alteration mineral in the columns. Monohydrocalcite is a metastable phase like ikaite
and has been observed from experiments to be forming up to 100 °C [43,44]. At ambient
temperature, it will either turn into calcite in Mg-free fluids over weeks or months, and
into aragonite over >25 days in the presence of Mg-carrying fluids [33,45-48]. It is therefore
not surprising to see aragonite forming and making up to 20 wt% of a column sample,
although we assume the alteration from MHC to aragonite is going slower at the seawater
temperatures of Ikka Fjord that from our observation has not surpassed 10 °C around the
columns. It has been a matter of debate at which temperature ikaite alters into calcite,
enforced by thermodynamics and of relevance for the paleoclimate conditions at which
pseudomorphs after ikaite are formed e.g., [49]. From in situ temperature measurements
of sediments hosting ikaite crystals, a temperature of 4 °C has been suggested [49], and
references therein. Whether ikaite is now forming pseudomorphs in Ikka Fjord, made of
MHC and/or aragonite and calcite in the altered columns has not been investigated. If
with time the decomposition of ikaite takes place above 4 °C or at 6 °C, as observations
suggests in Ikka Fjord, then this supports the observed mineral changes in the tufa columns
as a response to a warming of seawater in Ikka Fjord. Our results suggest that the amount
of energy added to the system by heat influences what alteration products are formed.
Incremental increases in temperature lead to a slow dehydration reaction forming other
metastable CaCOs3 phases instead of a direct alteration into calcite.

The Arctic Amplification is already having a marked effect on the Arctic region as
documented in the recent study of Rantanen et al. (2022) [12], who found an average of
four times faster warming of the Arctic than the rest of the globe for the period 1979-2021.
As the tufa columns of Ikka Fjord are under protection by legislation of the Government
of Greenland [13] and restrictions apply to sailing and diving among the columns, it is
relevant to make predictions for the future of these unique columns. With the data at hand,
we foresee a further alteration of ikaite into MHC as stated above, beyond the alteration
that has already taken place unless cold seawater < 6 °C is continuously supplied. The
mineral alteration means a decrease in molar volumes from ikaite of 113.55 cm?/mol [50]
to MHC of 48.70 cm3/mol [51] or 16.23 cm?®/mol [52], while the aragonite-calcite trans-
formation means an increase in molar volume from aragonite (34.05 cm®/mol) to calcite
(36.926 cm3/mol) [53], but nevertheless a major volume reduction from the original ikaite.
This loss of volume is likely the reason for the columns appearing fragile and easily broken,
as was observed during the sampling in 2019. Therefore, utmost care should be taken when
diving among the columns. An unguarded safety line can potentially cut several columns.
New growth of ikaite will still be active on the columns at the same rate as in the past,
supported by the data of Seaman et al. (2022) [11], but the presence of ikaite will be short
lived if seawater temperatures go beyond 6 °C for longer time periods (weeks or months).

6. Conclusions

e New growth on the tufa columns of Ikka Fjord still consists of ikaite.
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e However, older parts of actively growing columns now consist of monohydrocalcite
and minor aragonite. Calcite only appears in trace amounts (<4 wt%). This suggests
a slow dehydration of ikaite to monohydrocalcite, and from monohydrocalcite to
aragonite in response to warming seawater > 6 °C, which is considered the long-term
stability temperature threshold for ikaite in Ikka Fjord. The Mg?* of seawater inhibits
calcite and favours ikaite, monohydrocalcite, and aragonite.

e  Elevated seawater temperatures > 6 °C of inner Ikka Fjord were found only for shorter
time periods in the summer of 2021 and in the upper part of the water column sur-
rounding the column garden. This contrasts with the warmer seawater temperatures
of 6-9 °C for the whole water column measured in June and September 2019. An
exchange of seawater with new cold seawater from the outer fjord, crossing all shal-
low submarine thresholds of the inner fjord, must have happened in between 2019
and 2021.

e  The visual changes to columns compared to 1995-97 is striking and worrying. Co-
lumns are devoid of the fresh ikaite powder at their tips, and a colour change from
white to yellow has taken place. Biological life on the surface of the columns is
absent or diminished, and the columns have thereby lost their spectacular coral reef
appearances of the nineties.

e  We recommend a continuous monitoring of Ikka Fjord on maximum 5 years interval
with respect to the mineralogy of the tufa columns and of the biological life inhabiting
the columns. Monthly CTD measurements in inner and outer Ikka Fjord are recom-
mended to monitor changes in seawater temperatures. Supplemented every five years
by a new mapping survey of the number and distribution of tufa columns.
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