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Impacts of glacial and sea-ice
meltwater, primary production,
and ocean CO2 uptake on ocean
acidification state of waters by
the 79 North Glacier and
northeast Greenland shelf

Agneta Fransson1*, Melissa Chierici2, Mats A. Granskog1,
Paul A. Dodd1 and Colin A. Stedmon3

1Norwegian Polar Institute, Fram Centre, Tromsø, Norway, 2Institute of Marine Research, Fram
Centre, Tromsø, Norway, 3National Institute for Aquatic Resources, Technical University of Denmark,
Kongens Lyngby, Denmark
The waters adjacent to the Nioghalvfjerdsbræ (79 North Glacier, 79NG) are

influenced by Greenland Ice Sheet (GrIS) melt, sea-ice meltwater, and waters on

the adjacent northeast Greenland shelf (NEGS). We investigated ocean

acidification (OA) variables and the role of freshening, primary production, and

air-sea CO2 exchange in Dijmphna Sound (DS) and on the NEGS in the summers

of 2012 and 2016. The upper 150 m consisted of Polar Water with Arctic origin

that was divided into a fresh surface layer (SL<50 m) and a cold halocline layer

(CHL, 50 to 150 m). The layer below 150 m was of Atlantic origin. The SL

freshwater was larger in 2012 than in 2016, mainly originated from local 79NG

(and GrIS) runoff in DS, whereas on the NEGS in both years, it was mainly from

sea-ice melt. The lowest aragonite saturation state (WAr) of 1.13 was found in the

SL in 2012. Biological CO2 drawdown at primary production caused increased

WAr in SL, which compensated for most of theWAr decrease due to the freshwater

dilution of carbonate ions reducing total alkalinity, hence preventing corrosive

conditions. This was most pronounced near the 79NG front in 2012, where

surface stratification was most pronounced coinciding with large glacial

meltwater fractions. Freshening decreased ΩAr by 0.4 at the 79NG front was

compensated by biological CO2 drawdown by ~0.5. In 2016, a well-mixed water

column in DS and NEGS, with dilution by sea-ice meltwater, caused less

compensation on WAr by biological CO2 drawdown than in 2012. In future with

changing climate and changing ocean chemistry, the increased meltwater

effects may overcome the alleviating effects of biological CO2 drawdown on

OA with unfavorable conditions for calcifying organisms. However, our study

also suggests that primary production may be stimulated by stratification from

surface meltwater. In addition, Atlantification and subglacial discharge may result

in upwelling of inorganic nutrients that could promote primary production.

KEYWORDS

Dijmphna Sound, Nioghalvfjerdsbræ, Arctic fjord, total alkalinity, biogeochemical
processes, polar water, nutrients, aragonite saturation
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1 Introduction

Substantial thinning, retreat, and melting of the Greenland Ice

Sheet (GrIS) and Arctic glaciers have been observed over the last

decades (e.g., Rignot et al., 2008; Rignot et al., 2010; Khan et al.,

2014) due to climate change, as resulting in changes in the seawater

chemical composition and carbonate chemistry (e.g., Meire et al.,

2014; Fransson et al., 2015; Henson et al., 2022). Melting of glacier

ice by increased presence and warming of the Atlantic water

(Atlantification) by marine-terminating glaciers in northeast

Greenland fjords have recently been reported (Straneo et al.,

2010; de Steur et al., 2014; Gjelstrup et al., 2022), which will

further act to accelerate GrIS glacial melting. Dijmphna Sound

(DS) is a site of significant meltwater export from the

Nioghalvfjerdsbræ (79 North Glacier; 79NG; von Albedyll et al.,

2021; Figure 1A) and suitable laboratory for the study of the effects

of freshening on the marine carbonate system (or CO2 system).

The carbonate chemistry parameters, including calcium

carbonate (CaCO3) saturation state (W), are key variables to

monitor and assess a change in ocean carbonate chemistry and

ocean acidification (OA) state. W provides information about the

thermodynamic potential for CaCO3 shell dissolution. The calcite

and aragonite forms of CaCO3 are biologically produced and are

rarely formed inorganically. However, the solubility is chemically

controlled and depends on salinity, temperature, pressure, and

carbonate ion concentration. Calcite (Ca) is the stable form and

aragonite (Ar) is the meta-stable form, which is given by their

different solubility products, Ksp. When W >1, the mineral will be

kept in solid state and whenW<1, thermodynamic state, the mineral

will tend to dissolve, also referred to as corrosive condition for

CaCO3. The W value is expressed by the product of concentrations

of calcium ([Ca2+]) and carbonate ions ([CO3
2-]) in seawater

divided by the Ksp at a given temperature (T), practical salinity

(S), and pressure, according to Equation 1:

W = ½CO2−
3 �x½Ca2+�=Ksp (1)

In the ocean, the [CO3
2−] and [Ca2+] control much of the

variability in ΩAr and susceptibility for dissolution.

Previous studies in the Arctic Ocean and fjords in Spitsbergen

and southern Greenland show changes in ocean chemistry with

freshening and that it results in lower Ω, total alkalinity (AT), and

pHT referred to as OA (Chierici and Fransson, 2009; Yamamoto-

Kawai et al., 2009; Azetsu-Scott et al., 2010; Sejr et al., 2011; Azetsu-

Scott et al., 2014; Fransson et al., 2015; Fransson et al., 2016; Ericson

et al., 2019a; Fransson et al., 2020; Henson et al., 2022). Decreasing

Ω and loss in [CO3
2−] will cause damage to CaCO3 shells of

calcifying marine organisms, such as aragonite-shell forming

pteropods, with potentially detrimental effects on organisms and

ecosystem (e.g., Manno et al., 2017; Bednarsěk et al., 2021; Niemi

et al., 2021). However, living calcifying organisms can produce

shells at W<1 but to an energetic cost and lead to unfavorable

conditions (Spalding et al., 2017).

The Arctic Ocean is particularly vulnerable to OA due to the cold

and relatively fresh surface waters from meltwater (glacial and sea-ice

melt) and river runoff that dissolves more atmospheric CO2 than saltier
Frontiers in Marine Science 02
and warmer waters (Chierici and Fransson, 2009). These waters have

locally low pHT and are naturally low in carbonate ions (CO3
2−) and

total alkalinity (AT) due to dilution by large freshwater runoff

(Fransson et al., 2009; Chierici et al., 2011). Consequently, the Arctic

Ocean has the lowest ΩAr compared with the world oceans (e.g.,

Chierici and Fransson, 2009). Increased freshwater runoff from the

GrIS has the potential to further enhance OA both locally in Greenland

fjords (e.g., Henson et al., 2022) and on the shelf (e.g., NEGS). On the

other hand, studies in Arctic fjords have shown that glacial drainage

water from calcareous bedrock can partly mitigate the effect of

freshening due to addition of buffering ions such as [CO3
2−] (Sejr

et al., 2011; Fransson et al., 2015; Fransson et al., 2020). Moreover, sea

ice can also contribute with [CO3
2−] during the dissolution of sea-ice-

derived CaCO3 (ikaite) (Rysgaard et al., 2012; Fransson et al., 2015;

Fransson et al., 2020).

Primary production (PP) results in increased WAr and pHT due

to CO2 (DIC) drawdown in spring/summer, net respiration (i.e.,

CO2 production) decreases WAr and pHT in fall/winter, and

freshwater supply generally lowers WAr and pHT through dilution

of ions (Chierici and Fransson, 2018). Primary and secondary

production in glacier influenced fjords can be stimulated by

meltwater-driven upwelling of nutrient-rich subglacial water

(Apollonio, 1973; Sejr et al., 2011; Lydersen et al., 2014; Meire

et al., 2014; Fransson et al., 2015; Halbach et al., 2019) and addition

of micronutrients (e.g., iron; Bhatia et al., 2013; Hopwood et al.,

2020; Krisch et al., 2021). Moreover, deeper waters that have been

isolated from the surface and accumulated CO2 from organic matter

degradation can be entrained and further decrease Ω and pHT

(Henson et al., 2022).

Observations of carbonate chemistry in the northern Greenland

fjords are scarce due to limited accessibility. Here, we focus on the

water column carbonate chemistry, inorganic nutrients, and OA state

in 2 years in DS and NEGS, next to the 79NG (Figure 1A). Estimates

and evaluation of drivers affecting the carbonate chemistry, OA, and

potential for air-sea CO2 exchange in the upper 50 m in the DS and

NEGS are presented and discussed for the two summers/years, in

relation to freshening and climate change.
2 Study area

The DS and NEGS system are one of the largest outlets of the

northeast Greenland ice stream (NEGIS), extending more than 600 km

into the interior of the GrIS and draining 9% of it (Figure 1B; Thomsen

et al., 1997; Joughin et al., 2001; Khan et al., 2014). The 79NG is a

marine-terminating glacier with two calving fronts and is connected to

GrIS (Figures 1A, B). One front is located south of Hovgaard Island

and is 30–35 km wide. A second front (Spaltegletscher) calves into the

10-km-wide DS (e.g., Thomsen et al., 1997; Mayer et al., 2000; Khan

et al., 2014), which is the focus of this study (Figures 1A, B). The

floating part of the 79NG ice tongue shows strong surface melting

during summer with an annual ablation of 1 m (Thomsen et al., 1997).

The DS is around 60–70 km long from near the sill (at 130 m) to the

79NG front at the fjord head. The upper 150m is the PolarWater (PW;

Gjelstrup et al., 2022), which in this study is divided into two layers; the
frontiersin.org
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relatively fresh surface layer affected by seasonal processes such as

primary production, meltwater, and seasonal warming (SL; 0 to<50m),

and a cold halocline layer (CHL; >50–150 m) at near-freezing

temperatures (q<0°C) with a salinity of approximately 32.5

(Figure 2A). The SL is mainly formed locally and is affected by

glacial meltwater (Thomsen et al., 1997). The layer below 150 m to

bottom consists of water of Atlantic origin (AW; S >34.4, q >0°C;

Gjelstrup et al., 2022).
Frontiers in Marine Science 03
3 Materials and methods

3.1 Sampling and analytical methods

Sampling in the DS and NEGS was performed in 27–28/08/2012

and 3–4/09/2016 onboard R/V Lance, as part of the Norwegian

Polar Institute’s long-term monitoring in the area. The station

locations are presented in Table 1 and Figure 1A. In our study,
B

A

FIGURE 1

(A) Map of study area and location of stations collected in the Dijmphna Sound (DS), the glacier front of Spaltegletscher (a branch of the 79°CNorth
Glacier, 79NG) and on the adjacent Northeast Greenland shelf (NEGS) in 27–28/08/2012 (black dots) and 3–4/09/2016 (yellow circles). Station
numbers in 2012 (black) and 2016 (black italic font) and in 2012 stations #39, #40, and #42 in 2012 were located at the sill of DS. In 2016, there was
no sampling at the sill. Bathymetry is shown in different shades of blue, and white numbers represent the depth of the contour in meters. White
areas on land are glaciers. (B) Aerial view from satellite (Landsat image courtesy of the U.S. Geological Survey) of the area adjacent to the 79NG in
August 2012 including Dijmphna Sound (DS), Northeast Greenland shelf (NEGS), and Greenland Ice Sheet (GrIS). The picture also shows the bedrock
(brown area) and sea ice (white) on the adjacent shelf. The DS was mainly open and interspersed with occasional ice bergs (white squares).
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summer data from DS and 40 km to the east from the sill of DS

represent water on the adjacent NEGS (Figure 1A). Abbreviations

throughout the manuscript are summarized in a glossary table

(Table S1).

Water samples were collected from 8-L Niskin bottles mounted

on a General Oceanics 12-bottle rosette equipped with a

conductivity–temperature–depth sensor (CTD, Sea-Bird SBE

911plus) and a chlorophyll a fluorescence probe (WetLabs).

Water samples were collected (at fixed depths) from the same

Niskin bottles for analysis of salinity, water oxygen isotopic ratio

(d18O-H2O, hereafter referred to as d18O), dissolved inorganic

nutrients, and the carbonate system parameters total inorganic

carbon (DIC) and total alkalinity (AT).

Samples for the analyses of DIC and AT were collected in 250-

mL borosilicate bottles following standard sampling protocols

(Dickson et al., 2007). Samples for AT and DIC were unfiltered.

Upon collection, samples were stored in the dark at 4°CC until
Frontiers in Marine Science 04
analysis onboard within 5 to 12 h, so no preservative HgCl2 was

needed. In 2012 and 2016, DIC was determined onboard by

coulometric titration (Johnson et al., 1985) using a Versatile

Instrument for the Determination of Total inorganic carbon and

titration Alkalinity (VINDTA 3C, Marianda, Germany) and AT

using potentiometric titration with 0.05 M HCl acid and NaCl (35 g

L−1), to have similar ion strength as the samples, on a Metrohm

titration system following the methods described by Mattsdotter-

Bjørk et al. (2014) and Dickson et al. (2007). Additional seawater

samples were taken for post-cruise analyses for AT using a Versatile

Instrument for the Determination of Titration Alkalinity (VINDTA

3S, Marianda, Germany). The precision was ±2 μmol kg−1 for AT

and ±2 μmol kg−1 for DIC, based on replicates of Certified

Reference Material (CRM) regardless of instrumentation. The

accuracies of AT and DIC were controlled against CRM (batch

no. 117) supplied by A. Dickson (San Diego, USA) by applying a

correction factor to the measured values based on the ratio between
B

C

A

FIGURE 2

Potential temperature (⊖, y-axis, °C) against practical salinity (S, x-axis) for (A) Dijmphna Sound (DS) in 2012 (purple squares) and in 2016 (light-green
triangle), the Northeast Greenland shelf (NEGS) in 2012 (red filled circles) and in 2016 (black filled inverted triangle). (B) Depth (m, z-axis) and (C)
d18O (‰, z-axis), in 2012 and 2016, respectively. The light-gray contours show the density (sq) at zero-reference pressure sq, (kg m-3). The mixing
line (dashed black line) shows the dilution line from cold halocline layer (CHL) to the surface layer (SL). Water masses are divided into SL in DS and
on the NEGS, CHL, and the Atlantic water (AW) according to properties after Gjelstrup et al. (2022).
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the certified value and the measured CRM values. The correction

factors were 1.001 ± 0.002 and 1.060 ± 0.002 for AT and

DIC, respectively.

The samples for determination of inorganic nutrients (nitrate,

phosphate, silicic acid) were collected in acid-washed polyethylene

bottles and frozen at −20°C until laboratory analyses using an

autoanalyzer (Skalar) following the approach of Hansen and

Koroleff (1999). The detection limit was 0.06 mmol m−3 for

phosphate ([PO4
3−]), 0.2 mmol m−3 for nitrate ([NO3

−]) (only in
Frontiers in Marine Science 05
2012), and 0.3 mmol m−3 for silicic acid ([Si(OH)4]) concentrations.

In 2016, parts of the nitrate data had large uncertainty (>3s), which
are not included in the manuscript. d18O samples were collected in

40-mL glass vials. Upon sample collection, vials were tightly closed

and sealed with Parafilm®. Measurements in 2012 were done ashore

at the G.G. Hatch Stable Isotope Laboratory (University of Ottawa,

Canada) using isotope ratio mass spectrometry and Vienna

Standard Mean Ocean Water (V-SMOW). The analytical

precision was ±0.05‰ (Epstein and Mayeda, 1953). In 2016, d18O
TABLE 1A Date, location and bottom depth for stations used in the study from 2012 in the fjord of Dijmphna Sound (DS), NE Greenland shelf (NEGS).

Station # Date mm/dd/yyyy Latitude (°N) Longitude (°W) Bottom depth (m) Location

22 08/27/2012 80.00 -15.36 245 NEGS

24 08/27/2012 80.11 -15.70 431 NEGS

25 08/27/2012 80.13 -15.91 217 NEGS

27 08/27/2012 80.16 -16.18 352 NEGS

28 08/27/2012 80.17 -16.38 152 NEGS

29* 08/27/2012 79.81 -20.22 538 DS (79NG)

30 08/28/2012 79.80 -20.09 215 DS (79NG)

31 08/28/2012 79.82 -20.31 327 DS (79NG)

32 08/28/2012 79.89 -20.00 321 DS

33* 08/28/2012 79.96 -19.76 394 DS

34* 08/28/2012 80.00 -19.54 533 DS

35* 08/28/2012 80.05 -19.12 467 DS

36* 08/28/2012 80.08 -18.67 239 DS

37* 08/28/2012 80.10 -18.19 202 DS

38* 08/28/2012 80.13 -17.70 214 DS

39 08/28/2012 80.13 -17.39 156 sill

40 08/28/2012 80.16 -17.33 179 Sill

42 08/28/2012 80.10 -17.40 105 Sill

Stations located near the 79NG glacier front is denoted 79NG. Stations denoted with an asterisk (*) indicate the seven stations that were repeated in 2016 (see also Table 1B).
fr
TABLE 1B Date, location and bottom depth for stations used in the study from 2016 in the fjord of Dijmphna Sound DS, NE Greenland shelf NEGS.

Station # Date mm/dd/yyyy Latitude (°N) Longitude (°W) Bottom depth (m) Location

26* 09/03/2016 80.13 -17.71 217 Sill

27* 09/03/2016 80.10 -18.20 192 in DS

28* 09/04/2016 80.08 -18.66 244 in DS

29* 09/04/2016 80.05 -19.11 462 in DS

30* 09/04/2016 79.99 -19.53 513 in DS

31* 09/04/2016 79.97 -19.76 493 in DS

33* 09/04/2016 79.81 -20.22 530 DS (79NG)

36 09/04/2016 80.13 -16.95 249 NEGS

37 09/04/2016 80.11 -16.24 354 NEGS

Stations located near the 79NG glacier front is denoted 79NG. Stations denoted by asterisk (*) indicate the repeat stations from 2012.
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was measured at National Environment Research Council

Isotope Geosciences Facility at the British Geological Survey

(Keyworth, UK) using a dual-inlet mass spectrometer. Analytical

reproducibility was <0.05‰ based on duplicate analyses against

V-SMOW. Salinity (on the practical salinity scale, dimensionless)

samples were measured onboard using an Autosal® salinometer

(Dauphinee and Klein, 1975) with the precision of ±0.003 (Dodd

et al., 2012).
3.2 Calculations

3.2.1 Carbonate chemistry
The concentrations of AT and DIC, inorganic nutrients

(phosphate and silicic acid), salinity, and temperature were used

as input parameters in a CO2-chemical speciation model (CO2SYS

program, Pierrot et al., 2006) to calculate the full carbonate system

including in situ pHT, fCO2, [CO3
2−], WCa, and WAr. The

calculations were performed using the total hydrogen ion scale

and the hydrogen sulfate ([HSO4
−]) dissociation constant of

Dickson (1990). We used the carbonate system dissolution

constants from Mehrbach et al. (1973) refit by Dickson and

Millero (1987). The solubility constants for CaCO3 are estimated

according to Mucci (1983), where [Ca2+] is proportional to the

salinity (10.28 × S/35 μmol kg−1). The carbonate system constants

were chosen for comparison of ΩAr between previous values in the

same region. However, studies have shown that there may be other

constants that are more suitable for the colder and lower-salinity

water found in this study. Ultimately, the choice of constants relies

on several factors such as the input pair (here AT and DIC), the

target variable (here ΩAr), the research question, and the seawater

properties as demonstrated in many intercomparison studies (e.g.,

Chierici et al., 2004; Orr et al., 2018; Sulpis et al., 2020). Orr et al.

(2018) found that a pair of AT and DIC gave the lowest combined

standard uncertainty in the calculated [CO3
2−], which resulted in a

corresponding uncertainty of ±0.0286 in the calculated ΩAr in the

CO2SYS excel version. The estimate of the temperature and salinity

dependence of the constants (K1 and K2) for carbonic acids should

be suitable for the polar water properties. For example, for fresher

and colder (T<0°CC) polar water, the constants of Roy et al. (1993)

were shown to be more suitable (Chierici and Fransson, 2009). Orr

et al. (2018) also demonstrated that most of the uncertainty is

related to K1 when fCO2 is the target variable and in K2 for

estimates of ΩAr. This is due to the smaller temperature

dependence in ΩAr than for gas solubility (e.g., fCO2) (Orr et al.,

2018; Sulpis et al., 2020). These types of studies are normally

performed by internal consistency using three sets of measured

carbonate system variables, for example, AT, DIC, and pHT

(Chierici and Fransson, 2009). To overcome the lack of a third

carbonate system variable in this study, we investigated the

difference (DΩArMEAS-L) between ΩAr calculated from Lueker

et al. (2000) (ΩArL) and the ones used here (DArMEAS) based on

Dickson and Millero (1987) (Figure S1A). The mean and standard

deviation of DΩArMEAS-L was −0.004 ± 0.001, ranging between

−0.006 and −0.002 (Figure S1B). The largest DΩArMEAS-L of −0.006

was found at −1.5°CC (Figure S1B). This uncertainty is of the same
Frontiers in Marine Science 06
magnitude as the uncertainty in ΩAr derived from the analytical

precision in AT and DIC of ±0.001 and one magnitude smaller

(third decimal) than the findings in Orr et al. (2018), hence having

an insignificant impact on the results.

3.2.2 Freshwater fractions and endmembers
To investigate the local effects of freshwater addition onWAr, the

freshwater content (meteoric and sea-ice meltwater) (FWTOT) was

calculated based on a reference (REF) seawater (SWREF) located at

the boundary between SL and CHL with a salinity (SREF) of 32.5, at

50 m, and the measured salinity of the water sample (SMEAS).

FWTOT =  1 − SMEAS=SREF (2)

AT, S, and T were used to investigate the freshwater

endmembers. Linear regressions of AT vs. S for the different

water layers give the AT freshwater endmember (ATFWEM) at the

intercept at zero (y-axis) salinity, for SL and CHL in the DS and

the NEGS.

Fractions of meteoric water (FGM) and sea-ice meltwater (FSIM)

were estimated in the SL using the relationships between salinity

and d18O, and endmember values for glacial meltwater in the SL

(GM), sea-ice meltwater (SIM), and SWREF (Table 2), following

Equations 3–5 (Macdonald et al., 1999; Chierici et al., 2011).

1 = FREF + FGM + FSIM (3)

S  =  SREFFREF +  SSIMFSIM (4)

d18O = d18OREFFREF + d18OGMFGM + d18OSIMFSIM (5)
3.2.3 Effects of freshwater and primary
production on saturation state

The impact of freshening (DXFW) and inorganic carbon

drawdown by PP (DXBIO) on concentrations of DIC, AT, and

PO4
3- (depicted as X here) was partitioned using the approach

described in Fransson et al. (2001); Fransson et al. (2004), where the

reference concentrations (XREF) were assumed not to be affected by

summer freshening and PP. First, DXFW was estimated by

multiplying FWTOT for each sample in the upper 50 m with the

AT, DIC, and PO4
3− in the SWREF (XREF) according to Equation 6.

Secondly, freshwater-corrected X was calculated by subtracting

DXFW with XREF (Equation 7). These XFW values were used in

CO2SYS (Section 3.2.1) to calculate freshwater corrected ΩAr

(ΩArFW).
TABLE 2 End-member parameter values for salinity and d18O for sea-ice
meltwater (SIM), glacial meltwater (GM) and reference seawater (SWREF).
SWREF values were from this study.

Salinity d18O (‰)

Sea-ice meltwater (SIM) 2.3±1.1 -1.0±0.6

Glacial meltwater (GM) 0 -28±3

Reference seawater (SWREF) 32.5±0.8 -2.5±0.7
f

SIM from melted sea ice in western Fram Strait (Fransson and Chierici, 2023), and GM from
values were from Carlson et al. (2019).
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DXFW =  XREFx FWTOT (6)

XFW = XREF −  DXFW (7)

XBIO and DXBIO were calculated using the change in [PO4
3]

converted to carbon drawdown (DDICBIO) using Redfield (Redfield

et al., 1963) stoichiometry C:P = 106/1 (Equation 8A, 8B) as a proxy

for PP. [PO4
3] was used to avoid potential artefacts resulting from

external nitrogen sources such as atmospheric nitrogen deposition.

The variability in C:P ratios and consequences for the DICBIO are

discussed (see Section 5.2).

DDICBIO = D½PO  3−
4 �x 106 (8A)

XBIO = XREF −  DXBIO (8B)

The AT values are affected only to a minor extent by PP.

However, by the assimilation of NO3
− and hydrogen ions for the

formation of protein during photosynthesis, the AT increases and

was corrected by 1 μmol kg−1 per one unit of NO3
− change (ATBIO).

ATBIO and DICBIO were used as input variables CO2SYS (Section

3.2.1) to obtain values of ΩAr and other carbonate system

parameters that were affected only by biological CO2 drawdown

(ΩArBIO) as for ΩArFW. The resulting net effects on ΩAr of either

freshwater addition (DΩArFW) or biological CO2 drawdown (DΩ
ArBIO) in the DS and on the NEGS were estimated as the difference

between ΩAr in the SWREF (ΩArREF) and the ΩArFW and ΩArBIO,

respectively (Equation 9A, 9B, 9C).

DICBIO =  DICREF − DDICBIO (9A)

DICFW =  DICREF − DDICFW (9B)

ATFW =  ATREF − DATFW (9C)

To investigate the role of other processes (DXDIFF), DXBIO and

DXFW were subtracted from the DICREF and ATREF to obtain XCORR

(Equation 10), which was compared with the measured AT and DIC

(XMEAS) according to Equation 11. A positive DXDIFF suggests a net

addition of [CO3
2−] possibly from the contribution of bedrock-

derived carbonic minerals in the glacial drainage water.

XCORR =  XREF −  DXBIO  –DXFW (10)

DXDIFF = XMEAS –  XCORR (11)

DXGLAC =  FWTOT x XGLAC (12)

where XGLAC is the concentration of AT at zero S (i.e., intercept)

in the linear regression between AT and S. DATGLAC is the change

due to effects of glacial drainage water. The supply of [CO3
2] results

in AT changes with 1 mol and DIC with 2 mol. DDICREST is the

residual (Equation 13), which consists of processes that are not

considered in Equations 9 to 12, such as air-sea CO2 exchange.

DDICREST =  DDICDIFF −  DATGLAC=2 (13)
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All calculated variables derived from Equations 11 to 13 were

depth-integrated (trapezoid) in the SL.

3.2.4 Calculations of N*
The semiconservative tracer N* (mmol m−3) identifies

deviations from conservative behavior between nitrogen and PO4
3

concentrations according to Equation 14 (Deutsch et al., 2001). A

deficit in NO3
− relative to PO4

3− is a signature of denitrification or

anammox and results in negative N* values. On the Arctic shelves,

the CHL is influenced by mineralization of organic matter close to

surface sediments at low oxygen (and low pHT, high CO2)

conditions, which imparts a negative N* signature to this layer

(Anderson et al., 2013). This can be used to trace the CHL

originating from the Arctic Ocean and shelves.

N∗ = NO  −
3 − 16� PO  3−

4 +  2:9 (14)
4 Results

4.1 Physical and chemical properties

In 2012, the salinity of the SL was the lowest, extending down to a

salinity of around 24, whereas the lowest salinity in SL in 2016 was

around 27 (Figure 2A). The warmest and freshest SL was found in DS

in 2012 (Figure 2B). This coincided with the lowest d18O values of less

than −6‰ (Figure 2C). In 2012, the CHL, the potential temperature

(q), and salinity properties were generally similar between the NEGS

and the DS. However, the minimum q was observed on the NEGS in

2016, whereas the DS was warmer in the DS in the same year

(Figures 2A, B). d18O values also clearly differed between the water

layers, where the lowest d18O was found in the SL in 2012 (Figure 2C),

increasing to the CHL with d18O values between −3 and −1‰. The

AW contained the largest d18O values (~0.5‰) and was similar in both

years and areas (Figure 2C).

Vertical and horizontal patterns in the variables were similar

between the 2 years except for more distinct gradients in the SL in

2012 (Figures 3A-F). The effect of summer warming and freshening

in SL was largest in 2012 (T = +2°C) and extended down to 40 m at

the 79NG front (Figures 3A, C). Below the SL, the CHL had near-

freezing temperatures (T<0°C) with a salinity of approximately 32.5

in both 2012 and 2016 (Figures 3C, D). Below CHL, relatively high S

and T water extended to the bottom, which indicated the influence

of AW (Figures 3A-D). d18O values increased with depth, and

toward the sill (−0.4‰) to the NEGS, and varied between the 2

years, with lowest values near the 79NG front down to −8.6‰ and

−5‰ in 2012 and 2016, respectively (Figures 3E, F and Table S1).

[NO3
−] was depleted in the SL and [PO4

3−] varied between

near depletion and 0.63 mmol m−3 and [Si(OH)4] varied between

near depletion and 2 mmol m−3 in both years near the 79NG

front and the outer (stations) of DS and NEGS (Figures 3G–L

and Table S1). Maximum concentrations of [NO3
−] and [PO4

3−]

of 13 mmol m−3 and 1 mmol m−3, respectively, were found in the

AW in DS and NEGS (Figures 3G, H and Table S1).
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AT andDIC values were lowest in the SL, gradually increasing with

depth (Figures 4A-D). The lowest AT and DIC values in both years

were observed near the 79NG front, increasing toward the sill and

NEGS (Figures 4A–D and Table S1). Large DIC values >2,160 μmol kg-

1 were observed below 200 m to the bottom in the DS and on the

NEGS, most evident in 2016 (Figure 4D). In both years, fCO2 was

undersaturated relative to atmospheric values (~415 μatm, Ny-Ålesund

Zeppelin station) in the whole water column (Figures 4E, F). In 2012,

the lowest fCO2 of 138 μatm was found in the SL at the 79NG front

compared with the lowest fCO2 of 269 μatm in 2016 in SL (Figures 4E,
Frontiers in Marine Science 08
F, Table S1). Generally, the surface fCO2 increased from the 79NG

front toward the sill and further onto the NEGS, especially in 2012. The

large differences in fCO2 were also reflected in the variability of pHT,

where the highest pHT of 8.37 was observed in 2012 by the 79NG front

and the corresponding pHT in 2016 of 8.16 (Figures 4G, H and

Table S1).

The WAr values (Figures 4I, J) and WCa (i.e., calcite, Table S1,

around one unit higher relative toWAr) were highest in the relatively

fresh surface at the 79NG front in both years, particularly evident in

2012 (Figure 4J and Table S1). In 2012, WAr varied in the water
B
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FIGURE 3

Section plots in the water column of temperature (T, °C), practical salinity (S), d18O (‰), nitrate ([NO3
-]), mmol m−3, phosphate ([PO4

3-]), mmol m−3,
and silicic acid ([Si(OH)4], mmol m−3, z-axis) concentrations from the 79NG front (distance 0 km) in Dijmphna Sound (DS) to the Northeast
Greenland shelf (NEGS) in 2012 (A, C, E, G, I, K) and 2016 (B, D, F, H, J, L). The white shaded area in (F) and (H) indicates no data. The bottom
depths at stations near the sill (2012: #39, 40, 42, 2016: #26) were between 105 and 159 m and located between 60 to 70 km from the glacier front
(79NG front).
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column between 1.13 in DS and 1.75 in the SL near the 79NG. In the

SL on the NEGS, WAr was 1.22–1.53 (Figure 4I and Table S1). In

2016, WAr varied less throughout the water column than in 2012

and ranged between 1.23 and 1.44 (Figure 4J and Table S1). The

CHL had the lowest WAr values (<1.15) in the DS and at the 79NG

front and were similar in both years (Figure 4J).
4.2 Freshwater fractions and
alkalinity endmembers

There was a large difference in FGM and FSIM in SL between the

2 years (Figures 5A-D). In 2012, the largest FGM (>0.2) was found at

the 79NG front and was insignificant on the NEGS (Figure 5A).

FSIM was largest at the outer DS and on the NEGS (FSIM >0.1,

Figure 5C). In 2016, FGM was lower than 0.1 (Figure 5B) and FSIM
was<0.06 (Figure 5D).
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In SL in DS in 2012 and 2016, the ATFWEM values were 467 ± 18

μmol kg−1 (n = 48) and 411 ± 14 μmol kg−1 (n = 30), respectively

(Figure 6A). On the NEGS, ATFWEM in SL in both years (not shown)

were lower than in DS, with an ATFWEM of 299 ± 15 μmol kg−1 in 2012

(n = 29) and 336 ± 12 μmol kg−1 (n = 8) in 2016. The ATFWEM 2016

values on the NEGS were based on eight values so they should be taken

with caution.

The ATFWEM values were 1,338 ± 6 μmol kg−1 (n = 33) and

1,555 ± 6 μmol kg−1 (n = 24) in 2012 and 2016, correspondingly, in

the CHL in DS. On the NEGS, the CHL ATFWEM were 1,361 ± 6

μmol kg−1 (in 2012, n = 21) and 1,686 ± 3 μmol kg−1 (in 2016, n =

6), hence higher in 2016 but estimated with limited number of data

points, which may bias the ATFWEM estimate.

N* in SL and in the AW was positive and negative in the CHL

(Figure 6B). The most negative N* of −10 μmol L−1) coincided with

the highest CO2 concentration (>24 μmol kg−1) observed in the

CHL, most pronounced on the NEGS (Figure 6B). This indicates
B
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FIGURE 4

Section plots of chemical parameters in the water column of total alkalinity (AT, μmol kg−1), total dissolved inorganic carbon (DIC, μmol kg−1), pHT,
fugacity of carbon dioxide (fCO2, μatm), and aragonite saturation (WArMEAS), from the 79NG front (distance 0 km) in Dijmphna Sound (DS) to the
Northeast Greenland shelf (NEGS) in 2012 (A, C, E, G, I) and 2016 (B, D, F, H, J). The bottom depths at stations near the sill (2012: #39, 40, 42, 2016:
#26) were between 105 and 159 m and located between 60 and 70 km from the glacier front (79NG front).
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that the CHL contained water with a deficit of [NO3
−] relative to

[PO4
3−] as a result of denitrification.
4.3 Effects of drivers

4.3.1 Freshening and primary production
The ΩArFW (decreasing ΩAr) and ΩArBIO (increasing ΩAr) had

almost counteracting effects on ΩArMEAS with increased FWTOT

(Equation 2; Figures 7A, B). It is clear that both ΩArFW and ΩArBIO
Frontiers in Marine Science 10
had a large impact counteracting each other (Figures 7A, B). ΩArFW

had a larger impact on ΩArMEAS than ΩArBIO in both years, and most

evident in 2016. In 2012, most of the ΩArFW was compensated by Ω

ArBIO, whereas in 2016,ΩArFW dominated. There were clear differences

between the 2 years in DWArFW, in both magnitude and the distribution

in the water column along the section (Figures 8A, B). The largest

decrease (negative) of approximately 0.4 in WAr caused by freshening

was observed in 2012 in the SL near the 79NG front (Figure 8A).

However, unexpectedly, this was where the highest ΩArMEAS was

observed (Figure 4I), concurrently with the largest DWArFW,
B

C

D

A

FIGURE 5

The distribution of glacial meltwater fractions (FGM) and sea-ice meltwater fractions (FSIM) in 2012 (A, C) and in 2016 (B, D) from the 79NG front
(distance 0 km) in Dijmphna Sound (DS) to the Northeast Greenland shelf (NEGS). The dark-blue area on the NEGS in 2016 indicates no data.
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indicating that DΩArBIO compensated the negative effects of DWArFW, as

observed also in Figure 7A. In 2012, the DWArFW effect was three times

higher than in 2016 where SL was less stratified than was observed in

2012 (Figure 8B). In 2012, the largest WAr increase due to DΩArBIO of

up to 0.6 was, similar to DWArFW, found at the 79NG front (Figure 8C).

In 2016, high DWArBIO values of 0.5 and 0.3 were only found at two

stations around 20 km and 60 km from the 79NG front, respectively

(Figure 8D). On the NEGS, the increase inΩArMEAS by DΩArBIO was at

most 0.3 in 2012 and 0.1 in 2016 (Figure 8D).

4.3.2 Air-sea exchange and calcium
carbonate dissolution

The integrated DATDIFF and DDICDIFF (Equation 11) were

generally positive (gain) in both years (Figures 9A, B) and in

2012 twice as large as in 2016. The positive DATDIFF and

DDICDIFF suggested a net addition of AT or DIC. Near the 79NG
Frontiers in Marine Science 11
front, the DATDIFF and DATGLAC (Equation 12) were almost of the

same magnitude in both 2012 and 2016, suggesting that most of the

DATDIFF can be explained by glacial water-transported carbonate

minerals or sea-ice-derived ikaite (Figures 9A, B). In DS, sill, and on

the NEGS, DATDIFF and DATGLAC clearly differed up to 1.5 mol C

m-2, particularly observed in 2012 (Figure 9A), implying other

effects than dissolved carbonate minerals. The DDICGLAC explained

around half of the DDICDIFF at 79NG and in the DS in 2012.

In 2012, the DDICREST (Equation 13) was generally positive,

with a maximum of 2.5 mol C m−2 suggesting a DIC gain from

ocean CO2 uptake (Figure 9A). In 2016, the DDICREST varied

between being a loss of DIC (ocean CO2 source) near the 79NG

front and sill and a DIC gain (ocean CO2 uptake) in the

DS (Figure 9B).

The [CO3
2−] related to salinity (S) in DS were generally 10–20

μmol kg−1 higher in 2012 than those in 2016 (Figure 10A). In 2016,
B

A

FIGURE 6

Linear relationships between (A) total alkalinity (AT, μmol kg−1) and practical salinity to derive AT in freshwater end members (ATFWEM, intercept at y-
axis) in two layers for the 2 years; surface layer (SL<50 m, in 2012, blue open circles, ATSL2012 = 54.289xS + 467, R2 = 0.99, n = 55), in 2016, black
cross, ATSL2016 = 46.48xS + 411.08, R2 = 0.97, n = 29; in cold halocline layer (CHL) (2012, orange open circles, ATCHL2012 = 27.4xS + 1338, R2 = 0.96,
n = 29), in 2016, yellow cross, ATCHL2016 = 20.78xS + 1555, R2 = 0.90, n = 24). R2 denotes the coefficient of determination. Linear relationship on the
NEGS (not shown in figure) as follows: ATSL2012 = 59.885xS + 299.31, R² = 0.977; ATSL2016 = 59.646xS + 330.32, R² = 0.9766, ATCHL2012 = 26.043xS +
1376.3, R² = 0.9151, ATCHL2016 = 16.875xS + 1696.7, R² = 0.9452. The variability (B) of the semiconservative tracer N* (color bar, mmol m−3) overlaid
with values and contours of carbon dioxide concentration (CO2, μmol kg−1) from the 79NG front to the NEGS in 2012.
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the DS values were similar to those on the NEGS (Figure 10A). This

suggests that the waters in the DS in 2016 were more influenced by

water from the NEGS than in 2012. In 2016, the low AT:S (<70) at

high d18O (>−4‰) in the DS indicated more seawater influence

(AT:S of 67; Fransson et al., 2020), as was also observed on the

NEGS (Figure 10B). In 2012 in DS, the AT:S was up to 75.5 at a

d18O of −9‰, confirming carbonate minerals contributing to AT in

the meltwater (Figure 10B).

Relations between DATDIFF and d18O and between DDICDIFF

and d18O showed increasing DATDIFF and DDICDIFF with

decreasing d18O (Figures 10C, D). Deviations from the linear

relation at DATDIFF vs. DDICDIFF indicated that processes resulted

in both a loss and a gain, such as air-sea CO2 exchange and CaCO3

dissolution/precipitation (Figure 10E). DATDIFF values above the

regression line indicated the contribution of [CO3
2−], adding to AT

of up to 70 μmol kg−1 (Figure 10E). DDICDIFF values below the

regression line indicated ocean CO2 uptake (increasing DIC but not

AT) from the atmosphere up to 50 μmol kg−1 (Figure 10E).
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5 Discussion

5.1 Comparison with other Arctic fjords
and shelves

Spitsbergen and southern Greenland fjords are experiencing

changes in ocean chemistry due to freshening from glacial

meltwater and sea-ice melt (e.g., Fransson et al., 2015; Fransson

et al., 2016; Ericson et al., 2019a; Cantoni et al., 2020; Fransson et al.,

2020; Henson et al., 2022), which results in lower ΩAr (e.g., Chierici

and Fransson, 2009; Azetsu-Scott et al., 2010; Sejr et al., 2011;

Azetsu-Scott et al., 2014) and threatens the productivity and

biodiversity in these fjords. In our study, both glacial water and

sea-ice melt in SL resulted in decreased WAr, pHT, and decreased

buffering capacity in both years. The DS was affected by a marine-

terminating glacier, with particularly large FGM observed in the SL

near the 79NG front in 2012. This could be caused by the reported

extreme melt that occurred on the GrIS in 2012 (Nghiem et al.,
B

A

FIGURE 7

Aragonite saturation (ΩAr, y-axis) against total freshwater content (FWTOT, x-axis) obtained from AT and DIC (WArMEAS, black open circles, black
regression line), the aragonite saturation due to the freshwater effect (WArFW, blue crosses, blue regression line), and the aragonite saturation due to
the effect of biological CO2 drawdown (WArBIO, green pyramids, green regression line) for (A) 2012 and (B) 2016. Results of linear regression are
shown in the legend and are for 2012: (WArBIO = 1.3579x FWTOT + 1.5048, R² = 0.2814; WArFW = −1.4761x FWTOT + 1.5168, R² = 0.5373; WArMEAS =
−0.1828x FWTOT + 1.5004, R² = 0.0067) and for 2016: (WArBIO = 1.3959x FWTOT + 1.3787, R² = 0.1701; WArMEAS = −1.349x FWTOT + 1.4757, R² =
0.5081; WArFW = −1.4077x FWTOT + 1.3512, R² = 0.8339).
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2012). On the NEGS and in DS in 2016, the freshwater in the SL was

mostly derived from sea-ice melt.

In our study,ΩAr in the SL in DS was oversaturated (ΩAr >1) and

varied between 1.13 and 1.63 in 2012 and between 1.27 and 1.43 in

2016 (Table S2). Henson et al. (2022) found large ΩAr variability

including corrosive conditions in the surface at times in both the

eastern side (ΩAr 0.7–3.1) and western (ΩAr 0.3–3.1) side of

Greenland. In the high-latitude Cumberland Sound, Canada, Turk

et al. (2016) reportedΩAr ranging from 1.9 in the surface to 1.4 in the

subsurface waters. In Kongsfjorden, WAr was always >1, with the
Frontiers in Marine Science 13
lowest WAr in the inner part of the fjord due to glacial meltwater

(Fransson et al., 2016; Cantoni et al., 2020). The combined effect of

freshwater dilution and atmospheric CO2 absorption in

Kongsfjorden decreased ΩAr to values down to 1.07 that negatively

can affect marine calcifiers (Cantoni et al., 2020). We observed the

lowest AT in the warmest and freshest water in 2012, as a signal of

surface warming and dilution by glacial meltwater. In 2012, the

largest glacial meltwater (79NG front, Figure 5A) resulted in the

largest increase in DWArBIO and highest WArMEAS and pHT as well as

the largest decrease in DWArFW (Figure 8). We found that PP
B
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FIGURE 8

Change in DWAr due to freshwater (DWArFW) and biological CO2 drawdown (DWArBIO) in 2012 (A, C) and in 2016 (B, D) in the upper 50 m. Positive
values denote WAr increase and negative values indicate a decrease in WAr compared with the reference water WArREF.
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compensated for decreased ΩAr by 0.6–0.9 due to freshwater

dilution. This implied that meltwater resulted in beneficial

conditions for PP in the SL, perhaps due to stratification resulting

in increased availability of inorganic nutrients. This is similar to the

stratification meltwater-induced spring blooms observed at the sea-

ice edge on the Arctic shelves (e.g., Chierici et al., 2019). This

contrasted with the situation in 2016 when DS was less stratified

and well mixed with water derived from the NEGS where DWArBIO

did not fully compensate for the freshwater dilution by sea-ice

meltwater (FSIM). Impacts on ΩAr due to freshwater and

compensations due to biological CO2 drawdown were also

reported in several West Spitsbergen (Svalbard) fjords; in

Kongsfjorden, Fransson et al. (2016) found that glacial water in

the inner part of Kongsfjorden decreased ΩAr by 0.7 and that PP

compensated for freshwater dilution effects. Ericson et al. (2019a)

found that PP resulted in the largest ΩAr increase of 0.9, observed in

Tempelfjorden in June–August 2015–2017, which compensated for

the decrease in ΩAr due to freshening from dilution of ions due to
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glacial meltwater. In other Greenland fjords and West Spitsbergen

fjords, similar observations were made. Henson et al. (2022) found

that WAr was mainly controlled by PP on the western side of

Greenland whereas meltwater dilution of AT controlled the

eastern side of Greenland. In the Godthåbfjorden (Greenland),

Meire et al. (2015) found that the decreasing effects of AT dilution

may be compensated by photosynthesis in productive Greenland

fjords. However, in the absence of significant biological activity,

diluted AT may lead to reduced ΩAr and corrosive conditions.

On the West Spitsbergen shelf, calcium carbonate dissolution

contributed to a DIC increase of between 0.1 and 0.55 mol C m−2 in

the upper 50 m from January to August based on a similar method

as here (Chierici et al., 2019). This is similar to the DDICGLAC values

in the NEGS (both years) and in DS in 2016, and around half the

size as the DDICGLAC at the 79NG front and DS in 2012

(Figure 9A). One explanation to the twice as high contribution of

carbonate minerals in 2012 at the 79NG front and in DS is the

relatively larger influence of glacial meltwater, which plays a minor
B

A

FIGURE 9

The integrated (trapezoidal) change in AT and DIC (mol C m−2) in the surface layer (SL) from the 79NG front to the Northeast Greenland shelf (NEGS)
shown as DDICDIFF (black), DATDIFF (orange), DATGLAC (gray), DDICGLAC (yellow), and DICREST (blue) in (A) 2012 and (B) in 2016. Positive values denote
a gain and negative values denotes a loss of AT or DIC. The error bars indicate the uncertainty based on cumulative error from the analytical
precision in the measured parameters ( ± 0.14 mol C m−2).
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role on the West Spitsbergen shelf and NEGS. Chierici et al. (2019)

explained that most of the CaCO3 contribution was from advected

CaCO3 shells and from sea-ice meltwater ikaite dissolution.

The DATGLAC varied between 2.6 mol C m−2 at the 79NG front

and 0.9 mol C m−2 on the NEGS (Figure 9A) in our study.

Correspondingly in 2016, the DATGLAC varied between 0.5 mol C

m−2 (NEGS) and 1.2 mol C m−2 in the DS (Figure 9B). In 2012 in

DS, the relation between AT:S and d18O showed that d18O values

lower than −2‰ (−3 to −9‰) corresponded to AT:S between 70

and 75.5 (Figure 10B), which has also been observed in

Tempelfjorden near the glacier front (Fransson et al., 2015;

Fransson et al., 2020).

ATFWEM in SL on the NEGS was (299−336 μmol kg-1), which

was lower than in DS (411–467 μmol kg−1). Sea-ice meltwater in our

study area had an AT value of around 150 μmol kg−1, measured in

melted sea ice in western Fram Strait (Fransson and Chierici, 2023).

This could potentially be another source of buffering ions as

observed in West Spitsbergen fjords such as Tempelfjorden
Frontiers in Marine Science 15
(Fransson et al., 2015; Fransson et al., 2020) and on the West

Spitsbergen shelf (Chierici et al., 2019).

The Arctic rivers contribute substantially to AT in CHL with

reported AT values of Arctic rivers varying between 1,000 and 1,500

μmol kg−1 (e.g., Cooper et al., 2008; Fransson et al., 2001). This is

within the range of ATFWEM estimated in the CHL waters of DS and

NEGS of around 1,340–1,555 μmol kg−1 and 1,360–1,690 μmol

kg−1, respectively. This agrees well with the fact that Arctic rivers are

a major freshwater source in the CHL, as evident from other tracers

such as DOM (Stedmon et al., 2015) and the most negative N* (−10

μmol L−1; Figure 5B; Equation 14) and the highest CO2

concentration (>24 μmol kg−1) (Figure 5B), from mineralized

organic carbon in the CHL (Figure 5B). This is consistent with

the findings by Anderson et al. (2013), which further support the

origin of CHL from the Arctic shelves.

DDICREST (Equation 13) indicated the contribution of air-sea

CO2 exchange to the DIC change, where the positive values in large

parts in DS in 2012 denoted a gain in DIC due to ocean CO2 uptake
B

C D

E

A

FIGURE 10

(A) Carbonate ion concentration ([CO3
2−], μmol kg−1) versus practical salinity for Dijmphna Sound (DS) in 2012 (DS 2012, yellow open circles) and in

2016 (DS 2016, closed black circles), and on the Northeast Greenland shelf (NEGS) in 2012 (NEGS 2012, black cross) and in 2016 (NEGS 2016, black
open circles). (B) Salinity and total alkalinity ratio (AT:S, y-axis) versus d18O (‰, x-axis). (C) DATDIFF (μmol kg−1) versus d18O (‰, x-axis). (D) DDICDIFF

(μmol kg−1) versus d18O (‰, x-axis). (E) DATDIFF (μmol kg−1, y-axis) versus DDICDIFF (μmol kg−1, x-axis). The dashed ovals on (D) show data points
deviating from the regression line. For symbol references see (A). Figures (B–D) show regression lines to indicate deviations and refer to the
following, DS 2012 (yellow); DS 2016 (black); and NEGS 2012 (black dashed). Black arrows in (E) denote the effect of calcium carbonate (CaCO3)
dissolution and air-sea CO2 exchange on DATDIFF and DDICDIFF.
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(Figure 9A). In 2012, the DDICREST was maximum 2.5 mol C m−2

(Figure 9A). Chierici et al. (2019) found that the ocean acted as a

CO2 sink of up to 2.1 mol C m−2 with an average of 1 mol C m−2 on

the West Spitsbergen shelf in August. However, by the end of

August, the ocean showed a CO2 loss to the atmosphere of around

0.7 mol C m−2 (Chierici et al., 2019). In our study, we find a loss of

up to 1.5 mol C m−2 on the NEGS in 2016 (Figure 9B). In

Tempelfjorden, there was estimated an ocean CO2 sink of 0.8 mol

C m−2 in the upper 20 m (Fransson et al., 2015).

Both years had surface fCO2 values that were lower than the

atmospheric CO2 level of 415 μatm (Ny-Ålesund, Zeppelin

Mountain), most pronounced in 2012 where fCO2 was as low as

around 140 μatm at the 79NG front and around 250 μatm on the

NEGS (Figure 4E). In 2016, fCO2 was around 275−300 μatm

throughout the section (Figure 4F). Undersaturated surface fCO2

was caused by both PP and meltwater and resulted in a capacity to

take up atmospheric CO2, particularly in 2012. Meire et al. (2015)

also found surface fCO2 (i.e., pCO2 in their study) values in August

between 100 μatm and 120 μatm at the inner fjord near the GrIS,

which is similar to our values in 2012 at 79NG front. Meire et al.

(2015) explained the low fCO2 caused by high glacial meltwater

input and PP during the summer months. In Tempelfjorden (W.

Spitsbergen), the lowest surface fCO2 was 140 μatm in summer

(Ericson et al., 2019a), similar to our study in 2012. In Young

Sound, NE Greenland, an annual ocean CO2 uptake of 2.7 mol CO2

m−2 yr−1 was estimated by Sejr et al. (2011), which was similar to the

estimated CO2 uptake in Adventfjorden, West Spitsbergen, by

Ericson et al. (2019b). These studies were based on seasonal in

situ fCO2 observations and thus a different time scale than in our

method. We used an integrated approach of drivers in the upper 50

m based on concentrations in a reference water; hence, it is difficult

for direct comparison of the results. However, using our data (fCO2,

S, T) in the surface water (upper 15 m), the atmospheric level of 415

μatm, and the mean August wind speed of 7 m s−1 by Wanninkhof

(2014) flux formulation, we obtained a mean monthly ocean CO2

sink of 0.9 ± 0.2 mol Cm−2 in 2012 and 0.6 ± 0.1 mol C m−2 in 2016.

Assuming 3 months of open water for air-sea exchange, this means

2.7 and 1.8 mol C m−2 for 2012 and 2016, respectively. Similar

estimates were conducted for Tempelfjorden, where the ocean CO2

sink corresponded to 0.11 mol m−2 month−1 and 0.8 mol C m−2 for

the open water period (Fransson et al., 2015). This calculation

shows the potential for our area to act as a CO2 sink caused by both

freshening and PP.
5.2 Uncertainty

Contribution of organic acids to AT in coastal areas, fjords, and

estuaries usually results in high AT at low salinities (Liang et al.,

2020). Organic acids are mainly found in waters with high dissolved

organic matter. To have a significant influence on AT, the

concentrations of acids must be >10 μmol kg−1, and this has been

observed in bays with restricted seawater exchange and large
Frontiers in Marine Science 16
anthropogenic influence (e.g., Liang et al., 2020) and in culture

studies and highly productive coastal sites with high inorganic

[NO3
−] (70 mol kg−1; Ko et al., 2016) and dissolved organic

carbon (DOC; up to 10 times seawater concentrations). In our

study, there was little organic matter supplied by local runoff

(Stedmon et al., 2015) and low-turbidity surface water (Granskog

et al., in review) and we could not observe any clear deviations based

on the AT-S relationship (Figure 6A). Moreover, the largest

deviation from DAT-DDIC relationship was observed in the DDIC
and not in the DAT values (Figures 10C, D). This implies that there is

no clear evidence of organic acids/bases that can influence AT values

to a significant degree. Other studies from Greenland show that the

DOC concentrations in the glacial runoff from the GrIS were low and

at most 15 μmol L−1 (<1 mg L−1) and the DOC originated from river

runoff (Paulsen et al., 2017). In the DS and NEGS, there are no river

runoff; thus, the DOC concentration was likely too low to have any

significant effects on AT in our study.

Carbonate minerals in the SL water samples, derived from the

bedrock (e.g., calcite, dolomite) or sea ice (e.g., ikaite), can be

dissolved during analyses. This can give an increase in AT relative to

S, and we investigated the deviation (excess AT) in the AT–S

relationship (Figure 10E). On a few occasions in our study, we

observed deviation in AT from S coinciding with a positive ATGLAC

(Figure 9) particularly evident near the 79NG front, which is

considered in our approach.

The effect of different C:P ratios on DDICBIO is directly

proportional to the change in the ratio. Studies have shown large

C:P variability connected to temporal and spatial variability,

physical and chemical processes, and the stage and type of bloom

(Anderson and Sarmiento, 1994; Tanioka et al., 2022). There are

few estimates of C:P ratios on the Arctic shelves and fjords partly

because most of the estimates on DICBIO use C:N ratio (Chierici

et al., 2011; Frigstad et al., 2014; Jones et al., 2020). Frigstad et al.

(2014) showed that the C:N ratio ranged from 6.4 to 8.8 due to

regional differences. Since the change is proportional to the change

in the ratio (Treguer et al., 1990), this would cause a change in

DICBIO between 3% and 25%. This agrees with the relative change

to DICBIO caused by the reported C:P variability of ±14 (Anderson

and Sarmiento, 1994) and ±25 (Tanioka et al., 2022), which

translates to a 13% to 24% change in DICBIO.
5.3 Future perspective and climate change

Ongoing warming and increased meltwater due to climate

change will impact drivers and OA. Recently, melting of glacial

ice has been reported due to the increasing presence and warming of

Atlantic water (Atlantification) by marine-terminating glaciers in

northeast Greenland fjords (Straneo et al., 2010; de Steur et al.,

2014; Gjelstrup et al., 2022), which will further accelerate glacier

melt in the GrIS. In June 2020, the Spalte Gletcher drastically split

off from the 79NG and has essentially disappeared (https://eng.geus.

dk/about/news/news-archive/2020/september/glacier), which in
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future can have implications for the hydrography and

biogeochemistry in the DS. Moreover, recent findings report on a

shoaling of AW (de Steur et al., 2023), so Atlantification may play a

greater role in the future. Melting of sea ice on the NEGS could also

increase due to the intrusion of warmer AW. Less sea ice will create

both more freshwater and more open water for potentially higher

CO2 uptake by the ocean. In a scenario of (1) increased freshwater

leading to stronger surface water stratification, such as the situation

in 2012, PP will be stimulated in a more stratified SL. Interestingly,

in our study near the sill, DDICREST changed from the largest

positive value (CO2 uptake from atmosphere) to a negative value

(ocean CO2 source) in both years (Figure 9). This was also the same

location where DΩArBIO changed from high to low values in 2012

(Figure 8C), which can be an effect of decreased stratification in SL

resulting in lower DWArBIO. However, at some point, stratification

may limit the renewal of inorganic nutrients resulting in less

compensatory effect in WAr by PP. Another scenario of (2)

subglacial melting due to Atlantification will cause upwelling and

bring nutrient-rich water to the surface that will stimulate PP and

compensate and increaseWAr. On the other hand, AW is also rich in

DIC as well as AT, which can promote further ocean CO2 uptake.

Another possibility, similar to the situation in 2016, is when

NEGS water was prominent in DS with relatively low WAr (<1.4) in

SL and down to<1.2 in the CHL. Since this water was mixed in the

water column, calcifying organisms have less possibility to escape

unfavorable WAr conditions, as was discussed in Fransson et al.

(2016). Moreover, autumn mixing also brings high CO2 and low ΩAr

subsurface CHL waters to the surface as found in the Canadian Arctic

Archipelago (Chierici et al., 2011). This is also a critical time for

juveniles of some species of calcifying organisms, such as shelled

butterfly snails (Limacina helicina). Projections of the change of OA

state by increased meltwater showed that by accounting only for the

effect of freshening, the projected undersaturation level (ΩAr<1) was

found at FWTOT of 0.35 and corrosive ΩAr conditions would have

been the case without the counteracting biological effect (Figure 7).

Increased glacial melt of the GrIS was measured as the increased

net ablation of 2.2 m + 17% (anomaly) between January and August

2022 measured at Kronprins Christian Land station on northeast

Greenland (Moon et al., 2022). The net ablation was even larger in

the southeast Greenland, of 4.3 m + 21% (anomaly, at Tasiliq),

indicating increased GrIS runoff. Assuming increased net ablation

of the GrIS in the northeast Greenland as in the southern

Greenland, surface freshening with increasingly corrosive

conditions would occur earlier, as was found in the Greenland

fjords by Henson et al. (2022). In 2012, an extremely high loss of

GrIS due to surface melt was discovered by Nghiem et al. (2012).

With the future warming and increased meltwater, our results on

the higher FGM in 2012 than in 2016 and effects onΩAr can possibly

be indicative of future conditions under continued warming.
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In this study, we found that the combined effects of glacial and

sea-ice meltwater dilution resulted in enhanced ocean acidification

in the Dijmphna Sound and Northeast Greenland shelf. However,

in summer low aragonite saturation state was compensated by

biological CO2 drawdown, most evident at the 79NG front in

2012. This was potentially caused by meltwater-induced surface

stratification leading to favorable conditions for phytoplankton

blooms. Surface waters were undersaturated in fCO2 relative to

the atmospheric fCO2 level with relatively large undersaturation

near the 79NG calving front, suggesting a large potential for uptake

of atmospheric CO2 during the ice-free season. The low fCO2 was

mainly a result of a combination of biological CO2 uptake and

dilution due to freshwater. However, so far, there is limited

knowledge about seasonal and interannual variability of the

drivers and the effects on the ocean acidification in North

Greenland fjords. Another observational challenge is the different

characteristics in sill depth, bedrock composition, sea-ice cover, and

biogeochemistry of fjords and coastal systems.

In a future climate of warming and freshening from increased

supply of glacial meltwater and subglacial meltwater, the negative

effect (lowering WAr) on WAr may surpass the positive effect

(increases WAr) due to primary production causing a net WAr

decrease. Apart from biological processes and freshening, other

processes such as physical upwelling of CO2-rich subsurface waters

also decrease WAr. These processes will become affected in a case of

warming, increased freshwater addition, and changes in sea-ice

cover and extent, which will all impose feedbacks on

ocean acidification.

Changes in carbonate chemistry toward more corrosive WAr

conditions have been observed in the Arctic Ocean and on the ice

shelves, related to the loss of sea ice and increased ocean CO2 uptake

(Qi et al., 2022). Polar water is transported southward downstream

along the East Greenland coast, which could also affect the

carbonate system, ocean acidification status, and CO2 uptake in

other Greenland fjords and on the shelf. Greenland (Arctic) fjords

are already facing dramatic changes from global warming, such as

increased runoff from glacier melt. To assess the net impact of

ongoing ocean acidification in the climate-sensitive Arctic shelves

and fjords, it is necessary to understand the complex interplay of

these processes in a changing climate.
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