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Abstract. The precipitation of ikaite (CaC£6H,0) in polar  and partly dissolve in layers below. Melting of sea ice and
seace is critical to the efficiency of the sea ice-driven carbondissolution of observed concentrations of ikaite would result
pump and potentially important to the global carbon cycle,in meltwater with apCO, of <15 patm. This value is far be-
yet the spatial and temporal occurrence of ikaite within thelow atmospheric values of 390 patm and surface water con-
ice is poorly known. We report unique observations of ikaite centrations of 315 patm. Hence, the meltwater increases the
in unmelted ice and vertical profiles of ikaite abundance andpotential for seawater uptake of GO

concentration in sea ice for the crucial season of winter. Ice
was examined from two locations: a 1 m thick land-fast ice
site and a 0.3 m thick polynya site, both in the Young Sound
area (74N, 20° W) of NE Greenland. Ikaite crystals, rang- 1 Introduction

ing in size from a few um to 700 um, were observed to con-

centrate in the interstices between the ice platelets in botf\S sea ice forms from seawater, dissolved salts are trapped
granular and columnar sea ice. In vertical sea ice profiledn interstitial liquid brine inclusions. Because phase equi-
from both locations, ikaite concentration determined from librium must be maintained between these inclusions and
image analysis, decreased with depth from surface-ice valugdie surrounding ice, the brine becomes increasingly concen-
of 700-900 pmol kg? ice (~25 x 10° crystals kg'?) to val- trated as temperatures decrease. Solid salts begin to precip-
ues of 100200 umol kg ice (1-7x 10° crystals kg't) near itate out of solution, starting with ikaite (CaG®H,O) at

the sea ice—water interface, all of which are much higher (4——2.2°C, mirabilite (NaSQ-10H,0) at—8.2°C and hydro-

10 times) than those reported in the few previous studies. Dihalite (NaCl2H;0) at —23°C (Assur, 1960). The mineral
rect measurements of total alkalinity (TA) in surface |ayersikaite was recently discovered in springtime sea ice in both
fell within the same range as ikaite concentration, whereadiemispheres (Dieckmann et al., 2008, 2010). Ikaite crystals
TA concentrations in the lower half of the sea ice were twice@PPeared to be present throughout the sea ice, but with larger
as high. This depth-related discrepancy suggests interior ic€7ystals and higher abundance in surface layers (Dieckmann

processes where ikaite crystals form in surface sea ice layer@! al-, 2010; Rysgaard etal., 2012; Geilfus etal., 2013). Ikaite
crystals of various sizes and morphologies have been isolated
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708 S. Rysgaard et al.: Ikaite crystal distribution in winter sea ice

from sea ice. They range in size from a few um to large mm-Greenland). Combined with other measurements and model
size crystals; all are highly transparent with rounded rhombiccalculations, the results allow us to relate sea ice formation
morphology and show uniform extinction under crossed po-and melt to the observeslCO, conditions in surface waters,
larized light, suggesting simple, single well-crystalline crys- and hence, the air-sea g@ux.
tals. The specific conditions promoting ikaite precipitation
in sea ice are poorly understood, but if precipitation occurs
during the ice-growing season in the porous lower sea ic® Methods
layer, where the brine volume is greater than 5 % (Weeks and
Ackley, 1986; Golden et al., 1998, 2007; Ehn et al., 2007),2.1 Study site and sampling
then the resulting C@enriched brine will exchange with
seawater via gravity drainage (Notz and Worster, 2009). EarSampling was performed at two locations in the Young
lier work has led to the suggestion that ikaite crystals maySound area (74N, 20° W: Rysgaard and Glud, 2007), NE
remain trapped within the skeletal layer where they act as &reenland, in March 2012 (Fig. 1). The land-fast ice station,
store of TA, becoming a source of excess TA to the ocean watCE | (74°185764 N, 20°18.2749 W), was in the fjord with
ter upon subsequent mineral dissolution during summer melfl10-115 cm thick sea ice covered by 70 cm of snow. Free-
(Nedashkovsky et al., 2009; Rysgaard et al., 2011). This exboard at ICE | was negative, e.g. when a hole was drilled
cess would lower the partial pressure of S@CO,) of sur- through the ice, the ice surface flooded. However, at sites
face waters affected by melting sea ice and cause an increaséthout drilled holes, we did not observe flooding during our
in the air—sea C©flux. experiment and there was a distinct snow—ice interface. On
At this point, the spatial and temporal occurrence of ikaite top of the ice of ICE I, about 8 cm of slush snow at the snow—
precipitates within sea ice is poorly constrained. There isice interface was observed. The new-ice station, POLY |
urgency for increasing the knowledge base, given that thg€74°13.905 N, 20°07.701 W), was situated in a polynya re-
precipitation of CaC@ is implicated in many processes of gion about 3 km off the sharp land-fast ice edge, where sea
global significance, including the sea ice-driven carbon pumpice regularly breaks up in winter. At the time of sampling,
and global carbon cycle (Delille et al., 2007; Rysgaard etPOLY | was 15-30 cm thick and covered by 17 cm of snow.
al., 2007, 2011; Papadimitriou et al., 2012) and pH condi-At POLY | there was negative freeboard too — with about
tions (acidification) in surface waters (Rysgaard et al., 20122 cm of slush snow at the snow—ice interface. At POLY | the
Hare et al., 2013). Quantification of Cag®rystals in sea snow was denser up te8 cm from the ice interface, then a
ice in the few previous studies has been made on meltedbit lighter (newer snow) above. Air temperature during sam-
samples assuming that ikaite will not dissolve if temperaturepling ranged from—20 to —25°C. The polynya site is rep-
is maintained below 4C. In principle, however, dissolution resentative of thin Arctic sea ice, whereas the ICE | location
may also be related to the reaction of ikaite with O@the is representative of fjord ice in the Arctic where there is a
meltwater or with the atmosphere during the melting proce-large source of winter precipitation (snow). Snow was very
dure, which can last for days at low temperature allowing thedry and very cold (unlike Antarctic ice). There was also no
possibility of changing pH in the surroundings of the ikaite surface flooding. ICE | is typical of sea ice in fjords or where
crystal and underestimation of ikaite concentration. Examin-large moisture sources are available to the Arctic winter cli-
ing ikaite in such melted samples also makes it impossiblemate system.
to evaluate spatial distribution within the sea ice matrix on Sea ice cores were extracted using a MARK Il coring
the micrometer to millimeter scale and determine whether orsystem (Kovacs Enterprises). Vertical temperature profiles
not the mineral is entrapped in the ice crystal lattice and thusvere measured with a thermometer (Testo Orion 3-star with

separated from the solution. an Orion 013610MD conductivity cell) in the center of the
Precipitation of ikaite in standard seawater conditions iscores immediately after coring. Sea ice was then cut into
described by 5-10 cm sections, kept cold and brought to the field labora-

tory within 1 h for processing. In the 2@ laboratory, seaice
sections were melted for measurement of bulk salinity with
Brine drainage from sea ice is expected to result in aa conductivity probe (Thermo Orion 3-star with an Orion
removal of dissolved C@along with salts. If precipitated 013610MD conductivity cell, UK) calibrated against a 15N
ikaite crystals become trapped within sea ice interstices, thetCL solution at 20°C. Brine volume in sea ice was calcu-
the reaction in Eq. (1) is pushed to the right in brine, pro- lated according to Cox and Weeks (1983) and lzeppta
viding further potential for CaC®growth. Over time, the and Manninen (1988). Brine salinity was calculated from the
concentration of trapped ikaite crystals could increase. Hereneasured sea ice temperatures and freezing point of seawater
we provide novel tests of these ideas during crucial winter(Unesco, 1978).
conditions by examining ikaite in intact (unmelted) natural  Although there was a lot of snow on the thick fast ice in
sea ice and determining detailed vertical ikaite distributionsthe fjord there was not natural flooding of the surface. When
in the sea ice from two locations in Young Sound (northeastwe installed ocean instruments (drilling through the ice) we

Ca&* 4+ 2HCQ; + 5H;0 < CaCQ- 6H,0+ COy. 1)
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Fig. 1. Study site(A) Greenland showing the study area (box) &Bjithe Young Sound fjord between Wollaston Forland and Clavering
Island. Sea ice coring sites for the land-fast ice location (ICE I) is shown as a red star and the polynya coring site (POLY 1) as a yellow
star. The satellite image showing land-fast ice in the fjord and thin ice—open water conditions in the polynya outside the fjord is from early
March 2012.

created some artificial flooding. A widely distributed snow- to total area ratio. lkaite crystals and other precipitates were
ice interface survey, however, showed that flooding was lim-observed to settle to the glass slide rapidly after ice crystal
ited to only the area immediately surrounding the installedmelt due to their high density. In total, three 20-90 mg sea
instruments. The same was the case for the Polynya site. ice sub-samples were processed from each sea ice section in
triplicates, resulting in 9 replicate images for each 5-10cm
vertical sea ice section.

The abundance and concentrations of crystals were calcu-
lated from the images using the software ImageJ (1.455s). In-
dividual images were brightness/contrast adjusted prior to bi-
nary file conversion. A “close-function” routine then ensured
that crystals were closed before “filling-holes” with black.

(? cmx |6 ;:mx 15?\3 thedn tmolur;ted 0?;9 ks lightly vyarmed An “analyze” routine was then applied to count the crystals
glass piates an iNned 1o 1—omm INICKNESS USIng a My, analyze their area relative to counting area. This ratio
crotome (Leica SM 2010R). Each section was then pho-

; . . ) was multiplied by the area of the melted ice subsample. For
f[ographed (Nikon B70) using pol_anzed_ﬂlters t(_) OIOCumentconcentration estimates of ikaite a cubic form was assumed
ice texture. Subsequently, each thin section was inspected u

. i . ; 'U5r the mineral. Ikaite concentration in sea ice was calcu-
der a stereomicroscope (Leica M125 equipped with a Leicaiad from its volume, density (1.78g ¢, molar weight

DFC 295 gamera andhLe|ca ApplllcatcljoE Splte velr. 4'0_'(_)' SOftf'(208.18 gmot?l), and weight of subsample and converted
ware) to document the vertical and horizontal position o into umol kgL melted sea ice units.

ikaite crystals in sea ice. . ... A seaice core (entire core) from each site was kept at
To document the abundance and concentrations of ikaite

Is | ice. 20-90 f : & usi —20°C for three weeks and brought to the x-ray labora-
crystals in sea ice, 20-90mg of sea ice were cut off, using %ry at the Department of Geological Sciences at the Uni-

stainless steel knife, at three random places within each 5y rsity of Manitoba, Canada. There, 20-90 mg subsamples
10cm sea ice section. These subsamples were weighed arﬁ sea ice were cut randomly from each sea ice section (5—

E:acid _c;rr:tola glass ?“dle _thaf[ re:rs]teld ?Q a (k:)hllledh?_lutmltnhu 0 cm vertical sections) and mounted onto a cold glass slide
ockwith a L cm central viewing holé, then broughtinto the resting on a chilled aluminum block containing a 1 cm cen-

20°C laboratory. There they were inspected intact under Gral viewing hole. The crystals were first examined with a

microscope (Leica DMIL LED) under 100-400 magnifica- polarized light microscope to assess their optical properties

tion as they were also allowed to melt. A few seconds after_ 4« o mounted for x-ray study using a stereo binocular

the sea ice had melted the first image was taken (same car;i

2.2 Analysis

In the cold laboratory £20 to —25°C), correspond-
ing sea ice cores were cut into vertical thick sec-
tions (10cmx 6 cmx 1cm) and horizontal thick sections

d softw. d ived ab This i icroscope. lkaite crystals were selected from each 10cm
era and software as described above). This image was us ction of the sea ice cores from both ICE | and POLY |,

to document. the. amount and concentra_tion of ikaite C.ryStalsdragged across the cold glass slide using a metal probe and
(further details given below). After 2-5 min the second image; . - crsedinto a drop of special purpose sampling oil that re-

was taken and compared with the first one. If crystals WerCtricted sublimation. Each crystal was then scooped up with

d'SSOIIV Ing, thﬁy were aslsL(J)r;er%dU:(;hbe |ka|f[.e. Three randon}i low x-ray scattering micro-loop and instantly transferred
samples, each covering L. € counting area, Weré - ¢, ine nitrogen cold stream-(L0°C) on the x-ray diffraction

imaged in this fashion. The area of the melted sea ice samplﬁ]strument with a magnetic coupling goniometer head. The
was determined after thawing to calculate the counted area
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x-ray diffraction instrument consisted of a Bruker D8 three- were sampled for determination 8CO, and TA concentra-
circle diffractometer equipped with a rotating anode gener-tions. Ice texture, density and photo documentation of ikaite
ator (MoKa X-radiation), multi-layer optics, APEX-Il CCD location in intact ice corers were performed on triplicate sep-
detector, and an Oxford 700 Series liquid-N Cryostream. Thearate cores (ICE |, 17 March: POLY |, 20 March). lkaite
intensities of more than 100 reflections were harvested fromimage analysis for concentration determination was done on
six frame series (each spanning® 1B eitherw or ¢) col- three separate cores collected 18, 20 and 24 March. X-ray
lected to 60 26 using 0.6s per °Lframe with a crystal- diffraction analyses were performed on a separate core col-
to-detector distance of 5cm. In total, 12 crystals (one fromlected 24 March. Samples for bulk salt, TRCO,, ikaite
all ice layers investigated from both ICE | and POLY [) crystal abundance and concentration were processed imme-
were identified through successful indexing of observed x-diately in the field laboratory. Crystals for ikaite determi-
ray diffraction maxima onto known characteristic unit cells. nation on x-ray were kept frozen-20°C) until analysis a

To determine TA and total dissolved inorganic carbon month later. Photo documentation showed that ikaite crystal
(TCOy) concentrations in sea ice, three sea ice cores werenorphology did not change due to storage. Thus, prolonged
cut into 5-10 cm sections and brought to the field laboratoryfreezing period prior analysis should not affect the results
Here, the ice segment was placed immediately in a gas-tightbtained. However, it is important that preservation of TA,
laminated (Nylon, ethylene vinyl alcohol, and polyethylene) TCO, and quantification of ikaite is done in the field. These
plastic bag (Hansen et al., 2000) fitted with a 50 cm gas-samples should not be stored at low temperatures before anal-
tight Tygon tube and a valve for sampling. The weight of the ysis as CaC@could be produced during the storage.
bag containing the sea ice sample was recorded. C6Ig)(1
deionized water (25-50 mL) of known weight and TA and 2.3 FREZCHEM modeling
T CO, concentration was added. The plastic bag was closed
immediately and excess air and deionized water quickly re-The production of ikaite in the sea ice cores was mod-
moved through the valve and weighed. The weight of theeled by FREZCHEM (version 10), an equilibrium chem-
deionized water accounted fer5 % of the sea ice weight. ical thermodynamic model parameterized for concentrated
This processed sea ice was subsequently melted, and ttgelutions (up to 20 molkg! (H20)) and sub-zero temper-
meltwater mixture transferred to a gas-tight vial (12 ml Ex- atures (to—70°C) (Marion et al., 2010). The model uses
etainer, Labco High Wycombe, UK). Any Ca@@rystals  the Pitzer approach correcting for activity coefficients of so-
present in these ice core sections are expected to have digites in concentrated solutions. Our calculation was done by
solved during sample processing and, thus, be included ifollowing the freezing process of seawater with the same
the measured TA anfiCO, concentrations. Standard meth- chemical composition as the local seawater under the local
ods of analysis were use@CO, concentrations were mea- pCO; values; the thermodynamic constants used were the
sured on a coulometer (Johnson et al., 1987), TA by potendefau|t values provided with the model. It should be noted
tiometric titration (Haraldsson et al., 1997), and gaseous CO that FREZCHEM modeling is based on the assumption that
by gas chromatography. Routine analysis of Certified Referchemical species in the sea ice environment (ice, brine, and
ence Materials (provided by A. G. Dickson, Scripps Institu- air) have reached thermodynamic equilibrium, and that most
tion of Oceanography) verified thatCO, and TA concen-  of the thermodynamic constants used in the model were ex-
trations ¢ = 3) could be analyzed withig-1 umol kgt and trapolated to low temperatures rather than being directly de-
+4 pmolkgt, respectively. Bulk concentrations of TA and termined experimentally. Nevertheless, the model has shown
TCO, in the sea iceq;) were calculated aS; = ([CnWm — promising applications in exploring cold geochemical pro-
CaWal/ Wi), whereCp, is the TA orTCO, concentration in ~ cesses associated with seawater freezing among many others
the meltwater mixture, is the weight of the meltwater (Marion et al., 1999, 2010).
mixture, Cy is the TA orTCO, concentration in the deion-
ized water,W, is the weight of the deionized water, amd
is the weight of the sea ice (Rysgaard et al., 2008). 3 Results

Following the bulk determination 6fCO, and TA, the
bulk pCO, and pH (on the total scale) were computed usingSea ice covered the fjord on our arrival, but there was a
the temperature and salinity conditions in the field and a stanpolynya outside the fjord with a distinct ice edge running
dard set of carbonate system equations, excluding nutrientgcross the fjord between Wollaston Forland and Clavering
with the CO2SY'S program of Lewis and Wallace (2012). We Island (Fig. 1). Several freezing and opening incidents were
used the equilibrium constants of Mehrbach et al. (1973) re-observed in this area from satellite images prior to our ar-
fitted by Dickson and Millero (1987, 1989). rival; however, due to low temperatures-o20°C to—36°C

In summary, triplicate cores were collected 18, 20 andand calm conditions, the polynya began to re-freeze prior
24 March for snow and ice thickness determination, ice tem-to our sampling. Due to the insulating effect of the thick
peratures and bulk ice salt concentrations. Measurement&0 cm) snow cover at ICE I, our land-fast station in the fjord,
were performed on the same cores. Triplicate separate coresea ice surface temperature was relatively warhQ°C,

The Cryosphere, 7, 707%18 2013 www.the-cryosphere.net/7/707/2013/
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, g Pk Brine salinity negative freeboard. The fact that we do not observe flood-

N S 0% 120 180 2% ing is probably due to low temperatures (brine or seawater
0 - 0 N . . . . .

A quickly refreezes in the cold snow). Daily images with auto-

matic camera systems (MarinBasis Program, c/o Greenland
Institute of Natural Resources) show that sea ice started to
form locally outside the fjord in early October, and that those
ice floes drifted into the fjord and consolidated with local
ice to form a uniform ice cover that persisted through our
study. Thus, the top layers of ice at ICE | may have been
produced outside the fjord. The ice layer from 35-112cm
consisted of columnar sea ice (Fig. 3d). Microscopic exam-
1004 oot ination of different vertical and horizontal ice thin sections
12 B 40 060005 0o ons oz ous 030 Showed the presence of ikaite crystals throughout the ice col-
Temperature, °C Brine volume (v/v) umn (Fig. 3b, c and e, f). Ikaite crystals were located in the
Bulk salinity Brine salinity interstices between the ice platelets.
N 4080 120 160 200 The sea ice at POLY | was less than one week old when

C 7 D! first sampled. The upper 5cm of the ice consisted of or-

! bicular granular ice crystals, followed by transitional gran-

20 .{F%i 207 szﬂgs\a ular/columnar texture from 5 to 12 cm (Fig. 4a). This upper-
i most layer closely resembles the disc-like granular ice ob-
served in nilas (Ehn et al., 2007) and may be related to freez-

! ing of brine expulsed to the sea ice surface. The transition
| into mainly columnar-like sea ice occurred at around 10—

-20 20

-40 -40 ]

Sea ice, cm

-60 - -60

-80 -80-

-40 - -40

Sea ice, cm

-60 -60

12 cm from the surface and continued to the sea ice—water
interface (29 cm); however, the disorderly structure implies
100 100 intrusion of frazil ice and platelet ice forms, and thus super-
T T 1 1 T AT T T cooling at the ice—ocean interface was a significant factor
-12 -8 -4 0 0.00 0.05 0.10 0.15 0.20 0.25 0.30 . .. . " .
Temperature, °C Brine volume (v/v) in determining the ice structure. Similarly to ICE I, micro-

_ _ _ _ scopic examination of thin ice sections from POLY | re-
Fig. 2. Vertical profiles of sea ice featuregh) Temperature (-0-)  yealed the presence of ikaite crystals throughout the ice col-
and bulk salinity (e-) and(B) brine volume (-0-) and brine salin-,mn (Fig. 4b, c and e, f). Ikaite crystals were again observed
Ity (-e-) at ICE I.(C) Temperature (-0-) and bulk salinityef; and primarily in the interstices between the ice platelets.

(D) brine volume (-0-) and brine salinity«) at POLY 1. Vertical Ikaite crystals become easily visible when the sea ice
dotted line represents the brine volume where sea ice becomes per-
meable. melts. As an example from POLY 1, 19 crystals were ob-
served a few seconds after melting 50 mg of randomly sub-
sampled sea ice (10—20 cm section; Fig. 5a and b). Allowing
with a gradient to—2°C towards the sea ice—water interface the crystals to dissolve for a few minutes before taking an-
(Fig. 2a). Bulk salinities ranged from 10-12 in the top layers other image allowed us to identify ikaite crystals (as the ones
to 4 at the bottom. Calculated brine volumes ranged from lesshat had dissolved; Fig. 5c¢). In this case, the crystal area cov-
that 5% in surface layers to 12 % near the bottom (Fig. 2b);ered 0.48 % of the counting area.
brine salinities, from 150 in the surface sea ice to 33 near the At ICE |, the number of ikaite crystal per kg of melted
water column. At POLY I, our new-ice station in the polynya ice ranged from~25x 10Pkg~! in the upper layers to
where snow cover was thinner (17 cm), surface sea ice tem=~1x 10°kg~! near the ice—water interface (Fig. 6a). At
perature was only-5°C (Fig. 2c) due to the rapid freezing POLY I, similar ikaite abundances were observed in up-
with concurrent heat release and proximity to the water col-per ice layers, whereas abundances near the water column
umn (thin ice of 15-30 cm). Bulk salinities ranged from 10 in reached-7 x 10° kg~ (Fig. 6b). The molar concentration of
surface ice layers to 7 in the lower ice layers (Fig. 2c). Givenikaite per kg melted ice at ICE | decreased with depth from
high bulk salinities and temperatures, brine volumes rangedurface values of 900 pmol kg to 100 pmolkg? near the
from 10 % in the top layers to 20 % in the lower ice layers; ice—water interface. At POLY I, the highest concentrations
brine salinities were lower at ICE |, ranging from 78 at the (700 pmol kg ') were observed at 5-10 cm from the ice sur-
surface to 33 near the water column (Fig. 2d). face, decreasing to:200 umol kg near the water column.
The upper 35cm of sea ice at ICE | was composed of
polygonal granular ice, formed through perculation and re- The crystals (a few pm to 700 um in size) observed in the
freezing of brine and seawater into snow, i.e. snow icesea ice were highly transparent with a rhombic morphol-
(Fig. 3a). The snow ice formation was likely promoted by ogy and showed uniform extinction under cross-polarized

-80 -804
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Fig. 3.Images of sea ice with ikaite crystals, from ICEA, D) Sea Fig. 4. Images of sea ice with ikaite crystals, from POLY(A,
ice texture (polari_zed Iig_ht)CB, E) microscopic images of sea icg. D) Sea ice texture (polarized light)B, E) microscopic image of
Yellow arrows point to ice crystal borders, blue arrows to brine o5 jce. vellow arrows point to ice crystal boarders, blue arrows to
pockets, green arrows to air bubbles and red arrows to ikaite crySpyine pockets, and red arrows to ikaite crystéds.F) Ikaite crystals
tals.(C, F) Ikaite crystals at higher magnificatiof®), (B) and(C) at higher magnificatior(A), (B) and(C) from 0~10 cm section(D),

from 10-20 cm sectior(D), (E) and(F) from 49-59 cm section. (E) and(F) from 10—20 cm section.

light, suggesting that they were simple single crystals. All morphology, and were easily recognized with two significant
x-ray reflections fitted well to a monoclinic C-centered cell variations: the more common thicker rhombs (Fig. 7a) and
with refined cell parameters shown in Table 1. From therather rare thinner plates (Fig. 7b). Whereas ikaite crystals in
general shape, optical properties and unit-cell determinaintact sea ice sometimes were assembled in aggregates such
tion, the crystals examined were ikaite (Hesse aiiggers, as the ones illustrated in Fig. 4e and f, they consisted mostly
1983). The crystals identified as ikaite had a very distinctof isolated rhombic forms and thin plates as observed under
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S. Rysgaard et al.: Ikaite crystal distribution in winter sea ice 713

Ikaite crystal conc., umol/kg Ikaite crystal conc., umol/kg

A 0 400 800 1200 1600 0 400 800 1200 1600
1 L 1 1 L 1 L 1 1 | |
0 0
o i
& 20 -20 gl
" (}; et
= £
§ -40- -40+
o
o o k]
b
»  -60 -60
< -80 |/ -80
100 um A B
-100 - T T T I -100 H ; ; . .
6
B 0 10 20 30 40x10 0 10 20 30 40x10°

Ikaite crystal numbers/kg Ikaite crystal numbers/kg
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._ ~
4 Discussion
- 4.1 Spatial and temporal variability of ikaite
oo occurrence and concentration
C Ikaite concentrations from this study are higher than those

reported previously: 10 times higher than those measured in
spring sea ice from Antarctica (Dieckmann et al., 2008), and
o 4 times higher than in surface summer ice from Fram Strait
(160—240 pmol kg! melted sea ice; Rysgaard et al., 2012).
The differences may be explained in part by differences in
0 = guantification procedure, as our study is unique in employing
immediate analysis in the field without prolonged melting.
The higher values we report may also reflect real differences
between sites and seasons, as we present results for winter
100 um sea ice, while other studies were conducted in spring and
summer with melt already apparent. As a result, a fraction
Fig. 5. Microscopic images of ikaite crystafé) a few seconds af-  of jkaite crystals in the previous studies may already have
ter melting 50 mg sea ice (10-20 cm section) from POLY |. Image been dissolved due to ice warming and melting or lost via

Zﬁﬁ;ese%mls 4a5‘$ryr§?easnsifr:a°gfoirr‘n (: lég,l?;tpﬁ dﬁg‘fﬁﬁgg"'gg ndrine drainage. In addition, ikaite crystals were observed
gel - P g 9 in the week-old POLY | sea ice and even within 1 hour

area (0.48 % of counting area) of the crystél®) Image taken after . L e
( ’ g ) YSIE) Imag in frost flowers and thin ice in an artificially opened lead

2 min showing that crystals are dissolving. . ol IR
(data to be presented elsewhere). This observation indicates
dynamic conditions of ikaite formation even on short

the microscope immediately after ice platelets had meltedimescales. Understanding the dynamics of those processes

(Fig. 5). is an important objective for future studies. Here, we note

Surface TA concentrations of 600—800 pmotkgnelted  that higher concentrations of ikaite in surface sea ice are

sea ice were measured at ICE |, with decreasing concentrgpredicted by the FREZCHEM model (Marion et al., 2010).

tions to 380 pmol kg! melted sea ice in ice layers close to Assuming that a standard seawatee{ 35, [Na'] = 0.4861,

the water column (Fig. 8a).CO; values at ICE | had similar [Kt]=0.01058, [C&']=0.01065 [Md*]=0.05475,

vertical distribution with lower concentrations. At POLY | [CI"]=0.56664, [S@ ]=0.02927, [HCQ]=0.0023;

site, TA values were measured aB800 umolkg?! melted ions concentration unit: mole kg water) freezes in an open

sea ice near the surface, and decreased300 pmol kgt system with pCO, = 320 patm, the FREZCHEM model

melted sea ice near the water column. As at ICE |, the verti-predicts an ikaite concentration of up to 620 umotkgea

cal TCO, concentrations at POLY | were similar to TA, but ice in the cold surface layer of ICE I, decreasing exponen-

with lower values. tially downwards (Fig. 9). Both the concentration range
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Table 1. X-ray diffraction data. Refined unit-cell parameters for
ikaite crystals identified by x-ray diffraction analysis £ Standard A
deviation, R=rhombs, TR=thin plate.

ICE |
Section

cm ahy b c(4) BE) V(A ’\

0-10 R 8808(2) 8313(2) 11.031(2) 110.59(1) 756.1(8)

10-20 R 8.820(2) 8330(2) 11.050(3) 110.57(2) 761.7(4)

20-30 TP 8823(3) 8.326(3) 11.049(4) 110.64(2) 759.6(7)

30-40 R 8813(2) 8.312(2) 11.034(3) 110.60(1) 756.7(4) _n’—
40-50 R 8817(3) 8.312(2) 11.027(3) 110.58(2) 756.6(5) 20
50-60 R 8.812(2) 8.311(1) 11.040(2) 110.58(1) 756.9(6)

60-70 R  8.831(3) 8.320(2) 11.047(3) 110.55(2) 760.1(6)

7080 R  8812(2) 8318(2) 11.031(3) 110.56(2) 757.0(8)

80-90 R  8.819(2) 8.315(2) 11.025(3) 110.57(2) 758.3(5) B
90-100 TP 8.820(2) 8.323(2) 11.049(2) 110.64(1) 759.2(5)

POLY |

Section

cm aky b c(A) BE) V(A

0-10 TP 8816(3) 8.333(2) 11.043(3) 110.68(2) 759.1(6)
10-20 TP 8.810(1) 8.320(1) 11.033(1) 110.58(1) 757.1(2)

20 um

and distribution pattern agreed well with the gmpirical dataFig_ 7. Two most common forms of ikaite in freezing sea ice.
at ICE I. Although the FREZCHEM modeling assumes (a) rhombs,(B) thin plates.

that the system reaches thermodynamic equilibrium and

is always open to a constapiCO,, assumptions that are

not fulfilled under natural conditions, the modeling results 0 0
nevertheless support the observation that ikaite concentration R
increases with decreasing temperature. Seasonally variable -20+
ikaite concentration, with highest values in winter, is thus
expected.

It is a key point as to exactly where the crystals are lo-
cated. If they are in the brine channels then they can poten
tially move with the circulation of brine as the temperatures
change internally in the ice. If they are isolated from larger 80
brine networks and are located at the interstices then they
may remain trapped in the ice as convection occurs. Thiswill 10 4+—m7F0 10—
make a big difference on the exchange through winter and a0 mang A o e
well into spring. Our images document that ikaite crystals
are located between the interstices of the sea ice matrix beFig. 8. Vertical profiles of concentration of total alkalinity (- -o- -)
tween the pure ice platelets. As they are particles they can band dissolved inorganic carbone{} in (A) at ICE | and(B) at
trapped between the small interstitial pore spaces and therd?OLY 1.
fore retained in the ice. In contrast, solutes and gases),CO
as well as organic particles including microorganisms (Junge
et al., 2001; Krembs et al., 2011), can be transported withirfurther alkalinity contribution to the simple melt of ice. These
the brine system. It was possible to see brine motion in theobservations confirm previous hypotheses (Rysgaard et al.,
microscope as small particles and air bubbles moved betweep007, 2009, 2011) that ikaite crystals are trapped within the
the interstices of ice platelets. Increasing the temperature bgea ice matrix, whereas G@eleased through ikaite produc-

a few degrees significantly accelerated the transport velocitytion (Eq. 1) and dissolved within the brine can be lost from
The TA: bulk salinity ratio in sea ice was 844 (ICEl) and  the sea ice. As a result, Cag®tores twice as much TA as
784+ 0.8 (POLY I) as compared with the water column3 T COg, hence TA of the meltwater increases relativé& O,
(ICE ) and 61+ 0.2 (POLY I). Thus, the higher TA-S ratio in sea ice. When ikaite crystals dissolve during sea ice melt,
in sea ice than in seawater shows that Ca@&ease adds a surface watepCO, will decrease. This is important as low

Y
foad

-20 &
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-40— -40

Seaice, cm

-60 -60

-80
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0 the pH values in exterior layers were slightly lower§.5).

The sum of these findings suggests that downward transport
of pH equivalents could be responsible for dissolving ikaite
in the interior ice layers.

Another mechanism that could affect the dissolu-
tion/precipitation dynamics of trapped ikaite crystals in-
volves convective solutes (Worster and Wettlaufer, 1997) en-
40 suring contact between the interior brine system and the un-
derlying water column. C@enriched brine can exchange
with seawater via gravity drainage (Notz and Worster, 2009)
if the brine volume is above 5% to allow vertical ice per-
meability (Cox and Weeks, 1975; Notz and Worster, 2009).
In this study, brine volume fractions were above 5% in the
lower 50 cm of sea ice at ICE |, and throughout the ice col-
-804 umn at POLY I. Thus, the increase in pH in the sea ice layers
close to the water column could be caused by replenishment
of brine with surface seawater (pH 8.1-8.3).

-20 -

Sea ice, cm

-60 -

-100

T T T 4.2 Role of ikaite in seawater CQ system and

0 400 800 1200 1600
gas exchange
Ikaite concentration ymol/kg

Fig. 9. Vertical profiles of ikaite concentration. Measureé-J-and The _observat_ion th_at ikaite_ crystals _are ”apPed within the
FREZCHEM calculated (-0-) at ICE I. sea ice matrix, while C@dissolved in the brine through

ikaite production (Eq. 1) can be mobile (lost from the ice

with brine), means that ikaite crystal formation increases the

amount of CQ available for export beyond that attributed
pCO; values in surface waters will lead to a large £fix solely to the solubility effect. The implication is that, in an
from the atmosphere into the ocean. open system, TA is preferentially stored in the sea ice as

Bulk TA concentrations in surface ice layers (including ikaite, raising the buffering capacity of sea ice (and surface

ikaite crystals) were within the same range as ikaite concenwater) upon melting and subsequent crystal dissolution. With
trations, implying that most of TA is present in the crystal trapped ikaite crystals, ice melt will therefore lead to both
form of ikaite and, thus, trapped within the surface sea icelower surface water salinity angdCO,. As the low pCO;
matrix. In contrast, bulk TA concentrations were higher thanmeltwater remains at the ocean surface due to density strat-
ikaite crystal concentrations in the internal and bottom layerification gradient, C@ flux from the atmosphere to the sur-
of the sea ice at both stations, implying that not all TA in the face will be enhanced (Rysgaard et al., 2012). Based on data
lower ice layers originate from ikaite crystals. One explana-from this study, the melting of sea ice (salinity from Fig. 2,
tion for this finding invokes dissolution or reduced growth TA and TCO, from Fig. 8) at ®C and dissolution of ob-
rate of ikaite in interior ice layers due to exposure to ex- served concentrations of ikaite (Fig. 6) would result in melt-
cess CQ originating from cold upper ice layers, where el- water with apCO, of <15 patm at both sites. This value is
evated brine concentrations of €aand HCQ are higher far below atmospheric values of 390 patm and surface water
due to lower brine volumes. The GQeleased in upper ice concentrations of 315 patm measured in this study. Hence,
could be transported to interior ice layers by downward brinethe meltwater can increase the air—seaQ@take.
drainage. Low pH conditions in interior ice layers have re- During ice growth,pCO; in the brine system will in-
cently been reported for experimental sea ice (Hare et al.crease and reduce pH in interior ice layers. In the surface
2013). Here, vertical pH profiles for bulk ice, as measured atice layer, released COmay escape to the atmosphere or be
near-freezing temperatures, revealed a consistent C-shapédnsported to deeper ice layers by downward brine drainage.
pattern during columnar ice growth, with the highest pH val- Few measurements of air—sea £@uxes have been re-
ues &9) in both the exterior (top and bottom) ice sections ported for winter conditions. Geilfus et al. (2012) detected
and lowest pH{7) in the interior ice sections (Hare et al., no CQ release for ice surface temperatures bele®0°C,
2013). Calculating the vertical pH profile at ICE I, using tem- instead observing a small negative flux (into the sea ice)
perature and bulk salinity (Fig. 2) and TA aftCO, con- of 0.23mmolnT2d~! over sea ice in the Amundsen Gulf,
ditions (Fig. 8) from our winter ice study, yielded a simi- Beaufort Sea. Miller et al. (2011) measured fluctuatingCO
lar C-shaped pH profile with high pH>Q) in surface and fluxes over sea ice with strong downward fluxes in Febru-
bottom ice layers, and lower pH-@) in interior layers. At  ary in the Southern Beaufort Sea. Sejr et al. (2011) observed
POLY I, a C-shaped pH profile was also estimated, althoughthat 99 % ofTCO; in newly forming ice over drilled holes
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in meter thick sea ice was rejected to the underlying seawa- An interesting observation in the polynya region we have
ter in Young Sound, Greenland. The suggestion that most oftudied (Sejr et al., 2011; Papakyriakou et al., 2013) is that
the CQ released through ikaite crystal formation will sink the pCO; levels in the water column are very low, gradu-
towards the seawater in dense brine is consistent with theselly increasing with depth from surface values of 315 patm
several findings. to 360 patm at 80 m. During the present study, the average
The fate of CQ expelled from the sea ice to seawater re- pCO, concentration of the upper 20 m water column was
mains unclear. Dense brine production in the polynya regior335 patm compared to 390 patm in the atmosphere. As melt-
(Anderson et al., 2004) may provide a mechanism to deliveliing 1 m of sea ice will reduceCO, levels by 14 patm in
CO, below the mixed layer, making ikaite production in sea a 20 m water column according to the calculations above,
ice a “carbon pump” that removes GGrom the surface ~4m of sea ice would need to melt locally to explain the
ocean to deeper water layers (Rysgaard et al., 2009, 2011)ow pCO, concentrations in the water column. In polynya
Low-density ice meltwater remaining at the surface will fa- areas the sea ice production is usually much greater than in-
cilitate atmospheric C®deposition as a result of ikaite dis- dicated by the annual sea ice thickness due to the contin-
solution. An air-sea C®flux of —10.6 mmolnt2d—1 has  ued production of ice (McLaren, 2006). The local ice pro-
been reported during spring and summer for the region preduction at POLY | is thus likely responsible for much more
viously (Rysgaard et al., 2012). larger ice growth than the April-May ice thickness of 1.4—
Geilfus et al. (2012) calculated, based on the carbon chemi.6 m usually observed at ICE | (Rysgaard and Glud, 2007).
istry in the sea ice brine in equilibrium partitioning with the Furthermore, the study site is located on the NE Greenland
atmosphere, that melting of a 1.3 m thick sea ice cover withinSea shelf where large amounts of sea ice exported from the
one month in the Beaufort Sea could lead to Cllixes  Arctic Ocean through Fram Strait subsequently melt dur-
ranging from—1.2 to—3.1 mmol nr2d~1, which are com-  ing southward transport toward the Denmark Strait (Vinje,
parable to CQ@ fluxes measured over melt ponds. At ICE I, 2001). Sea ice containing ikaite crystals as observed in the
we calculated the potential influence of melting the entirepresent study may well explain a large part of the [e@O,
ice cover into a 20m thick mixed layer (typical for sum- levels in the upper part of the water column due to melting of
mer conditions at this location) on the @®@ux in the re-  sea ice from previous summer/autumn in the area. Biological
gion, using the measured ice carbon chemistry (salinity ofCO, fixation will also contribute to the atmospheric draw-
6.5, TA of 516 pmol kg?l, TCO; of 406 umolkg?, and av-  down, but constraining this factor is beyond the scope of the
erage temperature of°C) and the initial mixed layer char- present study. The current work nevertheless supports previ-
acteristics (average temperature 600 salinity of 31.7, TA  ous model calculations from the area estimating that melt-
of 2276 umolkg?, and7CO;, of 2101 umolkg?l). The re-  ing of sea ice exported from the Arctic Ocean into the East
sultant conditions in a 20m mixed layer (temperature of Greenland current and the Nordic Seas greatly increases the
0°C, salinity of 30.4, TA of 2184 pmolkgt, and T CO, of seasonal and regional GQptake in the area (Rysgaard et al.,
2013 pmol kg?!) would cause a 14 patm decreasepinOs. 2009). More work is required to determine how applicable
Assuming the melt occurs over one month, the resultanbur results are to other regions of the Arctic (or Antarctic),
air—sea CQ flux to return to pre-melt conditions would be given the variable nature of CaG@mong the few available
—5.9mmolnT2d~1, which falls within the range reported ikaite studies (above references) and the seasonal nature of
previously. pCQOy in ice-free Arctic systems (Mucci et al., 2010; Cai et
This calculation is based on a single melt event and doesl., 2010).
not account for the numerous cycles of sea ice growth
and melt characteristic of polynya systems (Tamura and
Ohshima, 2011; Drucker et al., 2011). The polynya formation5 Conclusions
at POLY I is predominantly governed by mechanical forcing
caused by northerly gales; it has been classified as a windWe report unique observations of ikaite in unmelted ice
driven shelf water system (Pedersen et al., 2010), where seand vertical profiles of ikaite abundance and concentration
ice formation is continuous and rejection of €@ deeper in sea ice for the crucial season of winter. Ikaite crys-
water layer with dense brine occurs (Anderson et al., 2004)tals, ranging in size from a few um to 700 um, were ob-
Ikaite crystals trapped in the forming sea ice will be exportedserved to concentrate in the interstices between the ice
with the ice to melt elsewhere. Such polynya systems are thuplatelets in both granular and columnar sea ice. Their con-
likely to export CQ to depth effectively. Based on results centration decreased with depth from surface-ice values of
presented here, enhanced ice production in winter polynyag00—900 pmol kg ice (~25 x 10° crystalskg?) to values
would add considerable amounts of TA to the surface watersf 100-200 pmol kgt ice (1-7x 10° crystals kg?) near the
in the form of ikaite crystals from sea ice, lowering surface ice—water interface, all of which are much higher (4-10
water pCO, upon ice melt and crystal dissolution, and in- times) than those reported in the few previous studies. Direct
creasing the potential for seawater uptake obCO measurements of TA in surface layers fell within the same
range as ikaite concentration, whereas TA concentrations in
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interior and bottom layers were twice as high. This depth-Dieckmann, G. S., Nehrke, G., Uhlig, C.p@licher, J., Gerland,
related discrepancy suggests interior ice processes where S., Granskog, M. A., and Thomas, D. N.: Brief Communica-
ikaite crystals form in surface sea ice layers and partly dis- tion: Ikaite (CaCQ@-6H,0) discovered in Arctic sea ice, The
solve in internal ice layers. The result is a C-shaped pH pro-  Cryosphere, 4, 227-2300i:10.5194/tc-4-227-201@010.

file with high pH &9) in surface and bottom ice layers, and Dr:‘(:)l:f’;;;'{ (':\:')Z;tgi rs)cl),l ;}”yi?‘i’?tlﬁj\x/ esdijae l'rangoF‘::g'%”e:;‘dgg(;
lower pH (~8) in interior layers. Based on results presented . ' )
here, gnhanced ice production in winter polynyas F\)/vould ad phys. Res. Lett., 38, 1.1750d0i:10.1029/2011GL 04866201 1.

' bl f h f in the f hn, J. K., Hwang, B. J., Galley, R., and Barber D. G.: Investi-
considerable amounts of TA to the surface waters in the form gations of newly formed sea ice in the Cape Bathurst polynya:

of ikaite crystals from sea ice, lowering surface wai€0; 1. Structural, physical, and optical properties, J. Geophys. Res.,

upon ice melt and crystal dissolution, and increasing the po- 112 C05002doi:10.1029/2006JC003702007.

tential for seawater uptake of G0n regions downstream  Geilfus, N.-X., Carnat, G., Papakyriakou, T., Tison, J.-L., Else,

where the ice melts. B., Thomas, H., Shadwick, E., and Delille, B.: Dynamics of
pCO, and related air-sea Cluxes in the Arctic coastal zone
(Amundsen Gulf, Beaufort Sea), J. Geophys. Res., 117, C00G10,
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