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A B S T R A C T   

The spatial variability in hydrography (salinity and temperature) and carbonate chemistry (alkalinity - AT, total 
inorganic carbon concentration - CT, pH, CO2 partial pressure - pCO2, and the saturation state of aragonite - ΩAr) 
in high meltwater season (summer) was investigated in four Spitsbergen fjords - Krossfjorden, Kongsfjorden, 
Isfjorden, and Hornsund. It was found that the differences in hydrology entail spatial changes in the CO2 system 
structure. AT decline with decreasing salinity was evident, hence it is clear that freshwater input generally has a 
diluting effect and lowers AT in the surface waters of the Spitsbergen fjords. Significant surface water AT vari
ability (1889–2261 µmol kg− 1) reveals the complexity of the fjords’ systems with multiple freshwater sources 
having different alkalinity end-member characteristics and identifies the mean AT freshwater end-member of 595 
± 84 µmol kg− 1 for the entire region. The effect of AT fluxes from sediments on the bottom water was rather 
insignificant, despite high AT values (2288–2666 μmol kg− 1) observed in the pore waters. Low pCO2 results in 
surface water (200–295 μatm) points to intensive biological production, which can strongly affect the CT values, 
however, is less important for shaping alkalinity. It has also been shown that the freshening of the surface water 
in the fjords reduces significantly ΩAr (an increase in freshwater fraction contribution by 1% causes a decrease in 
ΩAr by 0.022). Although during the polar day, due to low pCO2, ΩAr values are still rather far from 1 (they ranged 
from 1.4 to 2.5), during polar night, when pCO2 values are much higher, ΩAr may drop markedly. This study 
highlights that the use of salinity to estimate the potential alkalinity can carry a high uncertainty, while good 
recognition of the surface water AT variability and its freshwater end-members is key to predict marine CO2 
system changes along with the ongoing freshening of fjords waters due to climate warming.   

1. Introduction 

Over the last several decades an increase in carbon dioxide concen
trations in the atmosphere has been observed, which is mainly caused by 
anthropogenic activities, such as fossil fuels combustion, cement pro
duction, and land-use changes (IPCC, 2019). This results not only in 
global warming but also leads to the enhanced dissolution of CO2 in the 
ocean. It is estimated that the global ocean absorbs about 22% of 
anthropogenic CO2 emissions (Le Quere et al., 2018). Since CO2 dis
solved in seawater forms the diprotic carbonic acid, hydrogen ions are 
released. Although the major fraction of the hydrogen ions is buffered by 
carbonate ions (buffer reaction), a significant fraction stays in the water 
column causing decrease in pH (Eq. (1)). 

CO2(g) ⇔ CO2(aq) ⇔ H2CO3 ⇔ H+ + HCO−
3 ⇔ 2H+ + CO2−

3 (1) 

This phenomenon is known in the scientific literature as “ocean 
acidification” and has been recognized as one of the greatest threats for 
marine ecosystems, especially for calcifying organisms, which at lower 
pH may have difficulties in developing exoskeletons (Gazeau et al., 
2007). The scale of ocean acidification depends on the buffer capacity of 
seawater, which can be approximated with total alkalinity. AT of 
seawater is defined as an excess of proton acceptors - bases, over proton 
donors - acids (Dickson, 1981). Together with the three other parame
ters: pH, pCO2, CT, total alkalinity is the elementary parameter 
describing marine CO2 system. The open ocean surface AT is relatively 
constant, however, in coastal areas the alkalinity is much more variable. 
This is the result of several processes affecting marine CO2 system in 
different, sometimes counteracting ways: freshwater input, calcifica
tion, CaCO3 dissolution, photosynthesis, respiration and AT formation 
and release from sediments in the course of early diagenesis (e.g. 
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denitrification or pyrite formation; Cai et al., 2010; Krumins et al., 2013; 
Brenner et al., 2016; Middelburg, 2019). In the Polar Regions, the sit
uation becomes even more complex, as all processes related to formation 
and transport of the sea ice, melting and calving glaciers can signifi
cantly affect the seawater alkalinity but also other parameters of the 
marine CO2 system. It is worth mentioning that these regions are 
believed to be the most exposed to ocean acidification and consequences 
of climate warming (Meredith et al., 2019). Moreover, they strongly act 
as a sink for atmospheric CO2 thus reducing its negative influence on 
climate. It was estimated that the Arctic Ocean takes up CO2 on the order 
of 66 to 199 Tg C y− 1, which constitutes about 5–14% of the total sink 
for the global ocean (Bates and Mathis, 2009). Additionally, in the Arctic 
coastal regions, the temperature increase leads to several coupled pro
cesses that may affect total alkalinity and thus seawater pH (Shadwick 
et al., 2013). Increased freshwater supply from both direct input of 
glacial ice and meltwater (calving and ablation), precipitation, river 
runoff and sea ice melting (Beszczyńska-Moller et al., 1997; Svendsen 
et al., 2002; Blaszczyk et al., 2013) dilute seawater and lead usually to 
reduction of the buffering capacity (AT) of coastal Arctic waters, which 
induces pH changes. On the other hand, enhanced weathering of silicate 
and carbonate rocks (e.g. dolomite, limestone, and marble) in the 
catchment may partially compensate the dilution effect. Cooper et al. 
(2008) found the average AT for the six largest Arctic to be ~ 1048 µmol 
kg− 1 (for Yukon river, AT can even exceed 2068 µmol kg− 1), however, 
most of the results are still below the values measured for seawater. 
Increased freshwater supply together with the release of nutrients and 
organic matter (OM) pool frozen in permafrost (Schuur et al., 2015) can 
also affect the functioning and structure of marine ecosystems (Li et al., 
2009; Carmack et al., 2016). It was found that freshwater supply can 
have either positive (e.g. enhanced vertical fluxes of macronutrients) or 
negative (e.g. high sediment load that limits light penetration into the 
water column, or strong, near-surface stratification) effect on primary 
production in the Arctic coastal regions (Gerringa et al., 2012; Meire 
et al., 2015; Hopwood et al., 2020) and consequently affect the marine 
CO2 system variability. Additionally, brine rejection and ikaite precip
itation during sea ice formation have the potential to alter the marine 

CO2 system structure. The processes are, however, still poorly under
stood (Rysgaard et al., 2012a; Fransson et al., 2020). 

Although, the Arctic fjords have been discussed as one of the 
“Aquatic Critical Zones (ACZs)” that need intensive and comprehensive 
investigation in the face of continuing global warming (Bianchi et al., 
2020), still relatively little is known about the marine CO2 system 
variability in those regions. Moreover, a small amount of data related to 
this topic is often restricted to individual locations in the fjords, which 
limits broader interpretation (Fransson et al., 2015b; Fransson et al., 
2016; Ericson et al., 2019a; Ericson et al., 2019b). Hence, in this paper, 
we (1) present spatial variability in hydrography (salinity, temperature) 
and carbonate chemistry (AT, CT, pH, pCO2, and the saturation state of 
aragonite - ΩAr) in high meltwater season (summer) in four Spitsbergen 
fjords - Krossfjorden, Kongsfjorden, Isfjorden, and Hornsund; (2) 
compare the results between investigated fjords (e.g. different hydrol
ogy and catchment characteristics); (3) define potential sources of 
alkalinity anomalies in the waters of the studied fjords and (4) investi
gate the effect of seawater freshening (e.g. glacial drainage water, river 
water) on the marine CO2 system structure. 

2. Study area 

A lot of research define the Spitsbergen fjords (Svalbard) as Arctic 
regions mostly affected by the climate change, which is mainly due to 
the progressive increase of the Atlantic water inflow and the so called 
Atlantification of the area (Promińska et al., 2018; Vihtakari et al., 2018; 
Holmes et al., 2019). Therefore, four fjords - Krossfjorden, Kongsfjorden, 
Isfjorden, and Hornsund, located along the west coast of Spitsbergen 
were selected for this study (Fig. 1). The system formed by Krossfjorden 
and Kongsfjorden consists of two submarine channels, which converge 
to a deep glacial basin, the Kongsfjordrenna. The total area of the 
drainage basins of both fjords is 3074 km2, of which 67% of the land area 
in Krossfjorden and 77% in Kongsfjorden is covered by glaciers. These 
are: in Krossfjorden - Lilliehookbroon and five smaller glaciers along its 
eastern coast, and in Kongsfjorden - Kronebreen and Kongsvegen at the 
fjords’ head, Conwaybreen and Blomstrandbreen on the northern coast 

Fig. 1. Location of the sampling stations. Surface water stations are marked in blue, water column profiles and pore water stations are marked in red.  
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(Svendsen et al., 2002). Both fjords are largely influenced by the pres
ence of these tidewater glaciers, thus glacial discharge plays the major 
contribution of fresh water into the fjords (Maclachlan et al., 2011). 
Both these fjords differ in terms of bedrock geology. Krossfjorden is 
comprised of Mesoprotozoic basement – marbles, dolomite marble, mica 
schist and migmatite. In Kongsfjorden, the northern side is also 
comprised of Mesoproterozoic basement, whereas, towards south 
sandstones, silicide carbonate, dolomite, limestone, phyllite and quartz- 
carbonate schist predominate (Streuff, 2013; Husum et al., 2019). Isf
jorden is the largest fjord system on the Spitsbergen (3084 km2) with the 
second largest drainage basin (40% is covered by glaciers and only nine 
tidewater glaciers terminate into the fjord system). Although this is the 
area with the least relative glacier cover on the island (Hagen, 1993), 
glacial melt is still probably the most important freshwater source 
(Nilsen et al., 2008). The bedrock geology is mostly dominated by 
metamorphic and sedimentary rocks in the western area and volcanic 
and metamorphic rocks in the east and northeast areas (Dallmann et al., 
2002). Hornsund is the southernmost, medium-size fjord (311 km2) with 
a complex coastline including a large number of bays (the largest – 
Brepollen) (Beszczyńska-Moller et al., 1997). The entire drainage basin 
area is 1200 km2 and around 67% is covered by 14 glaciers which are the 
main source of freshwater (Blaszczyk et al., 2013). The bedrock in 
Hornsund mainly represents Mesozoic strata consist of phyllite, shales, 
sandstones, and is relatively younger compared to the above described 
fjords (Kim et al., 2020). 

3. Materials and methods 

3.1. Sampling 

Samples were collected from r/v Oceania in summer 2018 in four 
fjords – Krossfjorden, Kongsfjorden, Isfjorden, and Hornsund (sampling 
time: 08.08–10.08, 05.08–08.08, 03.08 and 26.07–01.08, respectively). 
At some stations (Fig. 1, stations marked in blue) sampling was per
formed only from the surface water layer (0–1 m), while at the other 
(Fig. 1 stations marked in red) it also included 5 depths from the water 
column selected based on the salinity profiles, water overlying the 
sediment, and pore water collected using Rhizon samplers from the 
upper 5 cm thick sediment layer. The full set of parameters measured 
within this study included: AT, CT, temperature and salinity. All the 
water samples were collected according to the commonly used tech
niques, described briefly below. 

3.1.1. Salinity and temperature 
Temperature (T) and salinity (S) were measured in situ using a CTD 

SeaBird profiler, 911-Plus. 

3.1.2. CT and AT 
Unfiltered water samples were collected in 250-ml glass bottles 

(avoiding gas exchange), poisoned with 100 μl of the saturated HgCl2 
solution, and stored in a dark at 4 ◦C until analyses. The CT was 
measured in a TOC-L analyzer (Shimadzu Corp., Japan). The measure
ment method is based on sample acidification and detection of the 
evolving CO2 in a nondispersive infrared (NDIR) detector. AT was 
analyzed using an automated, open-cell potentiometric titration system 
developed and provided by A.Dickson (California, San Diego; Dickson 
et al. 2007). The accuracy and precision of the CT and AT measurements 
were verified using the certificated reference material - natural seawater 
obtained from the Marine Physical Laboratory, University of California, 
San Diego. The precision of the CT and AT measurements were ± 7 μmol 
kg− 1 and ± 4 μmol kg− 1, respectively. 

3.1.3. Calculations 
CT, AT, salinity, temperature, and depth (pressure) were used as 

input parameters to the CO2SYS 2.1 software developed by Pierrot et al. 
(2006) to calculate pH, pCO2, and the saturation state of aragonite (ΩAr). 

For calculations the following constants were used: the dissociation 
constants for carbonic acid estimated by Millero (2010), the HSO4

- 

dissociation constant by Dickson (1990), and the borate dissociation 
constant from Uppström (1974). For pH values, the total hydrogen-ion 
scale was applied. 

Freshwater fraction (FF) in samples was calculated using the 
following equation: 

FF = 1 −
Smeas

Sref
(3)  

where: Smeas is the measured S in the surface water sample; Sref = 34.9, 
34.9, and 34.5 (for Hornsund, Kongsfjorsden, and Krossfjorden, 
respectively), which are the mean S values measured in the water col
umn (below the mixing layer) in this study. 

For data visualization, Ocean Data View (Schlitzer, 2002) and 
ORIGIN 2021 Graphing & Analysis were used. 

4. Results 

4.1. Spatial distribution of S, T, AT, CT, pH, pCO2 and ΩAr 

Surface water S in the studied areas varied significantly - from 25.2 
to 35.3 (Fig. 2). In Hornsund S ranged from 26.3 to 35.3, with the lowest 
results in two glacial bays - Brepollen and Burgerbukta (S < 30). S 
increased towards the mouth of the fjord, reaching the typical ocean 
values in the open part. In the Kongsfjorden-Krossfjorden system surface 
salinity was generally lower than in Hornsund, maximum values were 
32.5 and 31.9, respectively. Lower S was found in the inner parts, which 
was especially pronounced in Kongsfjorden. In Krossfjorden salinity was 
also low, however, even in glacial bays (stations KrP.6, 7, and 10) it did 
not drop below 29. In the open part of the fjords S increased and the 
highest was measured at the Kb0 station. In Isfjorden S ranged from 31.2 
to 33.1, however, the number of stations was lower there compared to 
other studied fjords, while side legs of Isfjorden where freshwater 
sources (rivers, glacier fronts) are located have not been sampled. 

The surface T clearly divides the fjords into warmer and colder ones. 
Hornsund, where T ranged from 1.5 to 3.4 ◦C was significantly colder 
than other fjords. In the remaining fjords, the T ranged from 4.2 to 6.7 ◦C 
(Fig. 2). 

Hydrography of the Spitsbergen fjords has been the subject of many 
publications (Pavlov et al., 2013; Promińska et al., 2017; Promińska 
et al., 2018; Skogseth et al., 2020), indicating a very large spatial and 
inter-annual variability of S in these areas, depending on the domination 
of the Sørkapp Current or the West Spitsbergen Current on the West 
Spitsbergen Shelf. Moreover, based on high-resolution CTD measure
ments collected between 2001 and 2015, Promińska et al. (2017) 
observed an increase in variability of temperature and salinity in recent 
years and generally strong influence of freshwater supply from land 
(rivers, melting glaciers) shaping S in the surface layer. This is confirmed 
with our results of S, which are in the range of previously reported data 
by Promińska et al. (2018) and Promińska et al. (2017). 

Spatial distribution of alkalinity in surface waters was characterized 
by pronounced variability. The highest range was observed in Hornsund 
(1889–2261 µmol kg− 1), while the lowest in Isfjorden (2095–2189 µmol 
kg− 1; Fig. 2). Generally, the surface AT followed salinity distribution 
with the lowest values found in the inner parts and glacial bays. It was 
especially pronounced in Kongsfjorden (most of the values below 2000 
µmol kg− 1) and Hornsund (northern part of Brepollen). Obtained AT 
results were (1) slightly lower (in particular in the lower range, probably 
due to the lower salinity) compared to the values previously reported for 
surface waters of the Svalbard fjords: 2130–2240 µmol kg− 1 in Tem
pelfjorden (Fransson et al., 2015b), ~2060 µmol kg− 1 in Adventfjorden 
(Ericson et al., 2019a), 2156–2303 µmol kg− 1 in Kongsfjorden (results 
available for the central and inner part of the fjord only; Fransson et al., 
2016) and (2) slightly higher (probably due to the higher salinity) than 
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surface water minima ~1728 μmol kg− 1 in 2016 and ~1593 μmol kg− 1 

in 2017 obtained by Ericson et al. (2015b) in Tempelfjorden. The AT 
variability observed between the studies follows to a large extent the 
differences in salinity, which makes impossible to detect any regional or 
inter-annual trends. 

The total inorganic carbon concentrations ranged from 1757 to 2065 
µmol kg− 1 in Hornsund, 1731 to 1957 µmol kg− 1 in Kongsfjorden, 1779 
to 1938 µmol kg− 1 in Krossfjorden and 1910 to 1962 µmol kg− 1 in Isf
jorden (Fig. 2). CT had similar spatial variability as AT - in the open parts 
of the fjords CT concentrations were significantly higher than closer to 
the land or glacier fronts. This dependence is particularly visible in 
Hornsund, where in the open part (station H1, HP.1 and HP.2) CT was 
higher than 2200 µmol kg− 1 and in the inner part (Brepollen Bay) it was 
lower than 2000 µmol kg− 1. Fransson et al. (2016) obtained comparable 
results, ranging from 1945 to 2064 µmol kg− 1, however, as for AT, 
literature data are available only for the central and inner part of the 
Kongsfjorden. 

In the investigated fjords pCO2 ranged between 200 and 295 µatm 
(Fig. 3). In Hornsund, pCO2 varied from 207 to 270 µatm, and its spatial 
variability along the fjord axis was minor compared to the glacial bays. 
The same pattern was observed for Krossfjorden, where results ranged 
from 200 to 265 µatm, with lower results observed closer to shore or in 
bays. Different pCO2 spatial variability in surface water was observed in 
Kongsfjorden (212–295 µatm), with generally slightly higher results in 
the northwestern part, and lower pCO2 in the southern and interior 
parts. In Isfjorden pCO2 results ranged from 217 to 280 µatm. pH values 
in surface samples ranged from 8.13 to 8.29. The highest values have 
been estimated for Krossfjorden and especially for glacial bays. In 

Hornsund and Kongsfjorden pH was slightly lower (8.15–8.26 and 
8.13–8.27, respectively). Generally, the pCO2 and pH results are within 
the ranges previously observed for the Spitsbergen fjords. For instance, 
Fransson et al. (2016) based on the S, T, AT, CT, [PO4

3-] and [Si(OH4)] 
results calculated pH and fugacity of CO2 (fCO2) at few stations along the 
Kongsfjorden axis in 2013 and 2014. They found that pH in the upper 50 
m layer oscillated in the ranges: 8.11–8.25 in 2013 and 8.22–8.28 in 
2014, while fCO2 in the surface layer (0–2 m) ranged from 197 to 305 
µatm and from 192 to 235 µatm in 2013 and 2014, respectively. 
Fransson et al. (2016) used fCO2 instead of pCO2, however, the differ
ence between these parameters is insignificant. fCO2 is few µatm lower 
than pCO2, because it accounts for the non-ideal nature of the gas phase 
(e.g. Dickson et al., 2007). 

Aragonite saturation state in the studied area ranged between 1.4 
and 2.5 (Fig. 3). Generally, the spatial variability of ΩAr was prominent. 
In Hornsund, higher values (up to 2.1) were found for the outer part and 
decreased towards the inner part of the fjord having its minimum (1.4) 
close to the glacier front in Brepollen. Significantly higher ΩAr vari
ability, following high changes in pH, was observed in Kongsfjorden 
surface waters, where lower values were found in the northwestern part 
(minimum ΩAr: 1.5) and higher in the southern and inner parts (up to 
2.5). Results in Krossfjorden ranged from 1.9 to 2.4, with higher results 
in the inner part of the fjord. In Isfjorden, ΩAr ranged from 2.0 to 2.5. 
Our results were generally lower than those obtained by Fransson et al. 
(2016) in 2014 in Kongsfjorden (ΩAr = 2.2–2.6), but within the range 
reported in the same study in 2013 in Kongsfjorden (ΩAr = 1.5–2.5), and 
Fransson et al. (2015b) and Ericson et al. (2019b) in Tempelfjorden. 

Fig. 2. Surface variability of salinity, temperature, AT and CT in the Krossfjorden and Kongsfjorden (a), Isfjorden (b) and Hornsund (c).  
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4.2. Vertical distributions of S, T, AT and CT 

Vertical distribution of salinity at all sampling stations had the 
same pattern - high and relatively constant S, ~34.7, in the deep water 
column and its decrease in the surface layer due to mixing of seawater 
with freshwater originating from river runoff and meltwater from 
glaciers and sea ice (Svendsen et al., 2002) (Fig. A.1). However, the 
depth of the surface layer affected by the freshwater input was different 
in each fjord, in Hornsund it was found in the upper 35 m, in Kongsf
jorden − 32 m, and Krossfjorden − 22 m. Moreover, the influence of 
freshwater was of varying intensity in different parts of the fjords. In 
Hornsund and Kongsfjorden S gradient between the surface and deeper 
water was clearly increasing towards the fjords’ interiors. For instance 
in Hornsund, the S of the upper layer in the open part of the fjord was 
33.7 and in the inner part was only 30.6, while S in the water column 
was very stable in whole fjord and ranged from 34.3 to 34.7. Stratifi
cation of water column is typical for Spitsbergen fjords. Promińska 
et al. (2018) based on long-term observations (2001–2015, except for 

2004 and 2005) showed that the thickness of the surface layer during 
summer in Hornsund varied, from a few meters in 2014 to about 70 m 
in 2015. 

The obtained T profiles clearly distinguish investigated fjords - 
Hornsund was colder than Kongsfjorden and Krossfjorden. In Hornsund, 
temperature ranged generally from 1.6 to 3.6 ◦C. The exception was 
station H4 located in Brepollen, where T below 50 m strongly decreased 
towards the bottom (below 0 ◦C). This is due to the occurrence of the sill 
separating deeper parts of Brepollen from the main basin (Promińska 
et al., 2018). The T in the surface layer in Kongsfjorden and Krossfjorden 
was much higher than in Hornsund, and the decrease with depth was 
also more pronounced (from 6.3 to 1.2 ◦C in Kongsfjorden and from 6.0 
to 0.9 ◦C in Krossfjorden). This is due to the greater inflow of Atlantic 
Water and heat transport to both these fjords (Promińska et al., 2017). In 
the case of AT and CT results, a similar shape of vertical profiles as for S 
was observed – in the surface layer values of both parameters were 
significantly lower and more variable than in the deeper parts (Fig. A.1). 
AT and CT in the mixed layer ranged between 2044 and 2258 and 

Fig. 3. Surface variability of pH, pCO2 and ΩAr in the Krossfjorden and Kongsfjorden (a), Isfjorden (b) and Hornsund (c).  
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1890–2094 µmol kg− 1 in Hornsund, 2067–2269 and 1905–2074 µmol 
kg− 1 in Kongsfjorden and 2034–2273 and 1852–2093 µmol kg− 1 in 
Krossfjorden, respectively. Below the mixing layer measured AT and CT 
values were very homogenous and ranged between 2279 and 2288 and 
2092–2120 µmol kg− 1 in Hornsund, 2274–2308 and 2031–2074 µmol 
kg− 1 in Kongsfjorden and 2273–2302 and 2043–2102 µmol kg− 1 in 
Krossfjorden, respectively. Ericson et al. (2019b) observed similar 
pattern during summer 2016 in Tempelfjorden - AT and CT was 
considerably diluted in the surface by the freshwater input, reaching 
minima of ~1728 μmol kg− 1 and ~1593 μmol kg− 1, respectively, while, 
the deep water AT and CT values were ~2324 μmol kg− 1 and ~2187 
μmol kg− 1, respectively. 

4.3. Pore water and sediment-overlying water salinity, AT and CT 

Water samples collected 5 cm above the sediment surface were 
characterized by homogenous salinity at all stations (values ranged from 
34.3 to 34.7; Table A1). In pore waters, however, salinity was generally 
slightly higher (except Kb1 station in the open part of Kongsfjorden), 
and much more variable (from 34.1 to 35.7). For AT and CT the dis
crepancies between values observed in sediment-overlying water and 
pore water were even larger. In the water above the sediment AT was 
rather stable and ranged from 2277 to 2309 µmol kg− 1, while in pore 
waters it was significantly, even a few hundred micromoles, higher 
(2288–2666 µmol kg− 1). In the case of CT, the concentrations in waters 
above the sediment ranged from 2057 to 2132 µmol kg− 1 and were much 
lower from those found in pore waters which varied from 2106 to 3087 
µmol kg− 1 (the highest results found at the shallowest stations in 
Hornsund and Kongsfjorden). This clearly indicates that sediments in 
the studied fjords are the source of both AT and CT for the water column. 

5. Discussion 

Svalbard fjords form an important land–ocean continuum. Global 
warming has put them at the frontlines as particularly vulnerable re
gions, where new steep biogeochemical gradients are unfolding. 
Therefore, they can act as natural laboratories to investigate the impact 
of different stressors, such as increasing freshwater supply or decreasing 
sea ice extent on the marine CO2 system structure and variability. 
Generally, inner parts of the fjords are more Arctic-type regions with less 
saline surface water layer influenced by freshwater input from land, and 
sometimes also with colder and more saline water in the deeper parts (so 
called winter cold water), that is created during sea ice formation, when 
the associated brine is released. While their outer parts are strongly 
influenced by water masses from the shelf – warmer and more saline 
Atlantic Water (AW) or cold Arctic Water (Hop et al., 2002). The studies 
by Promińska et al. (2018) and Promińska et al. (2017) showed that 
interannual variability in hydrography and water mass distribution in 
the studied Arctic fjords is immense. However, in 2018 the influence of 
AW was not very pronounced (Konsgfjorden and Krossfjorden), while 
the extend and gradient of less saline water were distinct, which gave an 
excellent opportunity to study the effect of freshwater - seawater mixing 
on the marine CO2 system variability and alkalinity distribution in 
particular. 

5.1. Alkalinity anomalies 

Total alkalinity is often considered a conservative parameter in 
seawater chemistry, which changes along with salinity. The first major 
attempt to examine correlations of alkalinity with other more commonly 
measured hydrographic parameters was made for the North Atlantic 
Ocean by Brewer et al. (1995). Next, Millero et al. (1998) presented 
extensive research on the surface AT measurements of the major ocean 
basins (Atlantic, Pacific, and Indian Oceans; AT = 51.24S + 520.1). Since 
that time, a significant number of new surface water AT measurements 
have been added to the global data set, thus further estimates to 

determine the relationships of AT with S for different regions have been 
made (e.g. Friis et al., 2003; Lee et al., 2006; Cai et al., 2010; Jiang et al., 
2014; Takahashi et al., 2014). Compared to the relatively simple situa
tion in the open ocean, coastal waters can involve more complex pro
cesses regulating AT distribution. These regions are usually strongly 
influenced by multiple freshwater sources (rivers, melting glaciers), 
which may have different AT concentrations depending on the processes 
occurring in the catchment and its geological structure. Moreover pro
cesses occurring in the water column like calcification, CaCO3 dissolu
tion, or brine formation play a significant role in controlling AT 
distribution in the coastal regions. In addition to that, alkalinity release 
from sediments has been also suggested as key driver shaping the AT 
budget (Fig. 4) (Chen and Wang, 1999; Chen, 2002; Thomas et al., 2009; 
Fennel, 2010; Lukawska-Matuszewska and Graca, 2018). 

5.1.1. Effect of freshwater supply on surface water layer 
Surface water in fjords is influenced by both vertical mixing within 

the water column and horizontal mixing with open ocean water and 
freshwater from various sources - glacier ablation, ice melting, river 
runoff and precipitation. To investigate the effects of freshwater supply, 
the surface water layer (SWL) was defined in this study according to the 
classification of water masses with respect to ranges in temperature and 
salinity found for Spitsbergen fjords by Nilsen et al. (2008): T > 1 ◦C and 
S < 34. This classification will be used throughout Sections 5.1-5.3. 

A decline in AT is evident with decreasing salinity which suggests 

Fig. 4. Crossplots between AT and S results for (a) SWL, water column, bottom 
water and pore water, and (b) SWL only, which was defined according to the 
classification by Nilsen et al. (2008). Lines and marked ranges indicate dilution 
of typical Ocean Water (S = 35 and mean AT = 2315 ± 2 µmol kg− 1 calculated 
based on AT vs S dependence provided by Millero et al. (1998), Lee et al. (2006) 
and Takahashi et al. (2014)) with freshwater having AT ranges defined as: 
Rivers (S = 0 and AT from 232 to 1412 µmol kg− 1) and Meltwater (S = 0 and AT 
from 0 to 600 µmol kg− 1). The AT ranges for Rivers and Meltwater were 
determined based on available literature data for polar regions (presented 
in Table 1). 
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generally lower alkalinity concentrations in freshwater (Fig. 4). How
ever, SWL was also characterized by a pronounced variability of AT and 
its partial decoupling from salinity, which may indicate: (1) multiple 
freshwater sources of different AT end-member values (Cooper et al., 
2008; Takahashi et al., 2014; Tynan et al., 2016) and/or (2) occurrence 
of processes that can affect AT without changing salinity - calcification, 
CaCO3 dissolution, primary production, respiration (Wolf-Gladrow et al. 
2007) and/or (3) occurrence of process that influence both AT and S but 
cause also decoupling between both – processes related to sea ice for
mation and melting e.g. CaCO3 precipitation within the sea ice and thus 
rejection of AT-depleted brine, and the release of excess AT during ice 
melt (Rysgaard et al., 2007; Fransson et al., 2015b). 

Riverine alkalinity end-member depends mainly on the characteris
tics of its catchment (geological structure, land cover or vegetation 
structure). Literature data indicate a wide range of values in the polar 
regions (Table 1). For instance, Cooper et al. (2008) found average AT 
end-member for six Arctic largest rivers to be ~ 1048 µmol kg− 1, in 
Adventdalen (W Spitsbergen) freshwater alkalinity was 243 ± 3 µmol 
kg− 1 (Ericson et al., 2018). However, rivers are not the only source of 
freshwater in the polar regions as there is also a direct inflow of melt
water from glaciers for which AT range from 0 to 600 μmol kg− 1 

(Anderson et al., 2000; Sejr et al., 2011; Rysgaard et al., 2012a; Fransson 
et al., 2015a; Meire et al., 2015; Turk et al., 2016). The multitude of 
freshwater sources that affect the SWL, as well as still insufficient 
identification of their AT end-member values in the Spitsbergen fjords, 
make the interpretation of the variability of alkalinity and, consequently 
of the entire CO2 system, intricate. 

As it is shown in Fig. 4b, the bulk of surface AT results (595 ± 84 
µmol kg− 1) fall within the areas bounded by the dilution lines drawn 
between typical Ocean Water (S = 35 and mean AT = 2315 ± 2 µmol 
kg− 1) and either meltwater (S = 0 and AT between 0 and ~ 600 μmol 
kg− 1) or river water (S = 0 and AT from 232 to 1412 µmol kg− 1) – both 
these AT ranges for freshwater have been identified based on available 
literature data for polar regions (presented in Table 1). A number of 
glaciers located on Spitsbergen cause that meltwater enters the fjords 
either directly (glaciers calving) or feeds rivers. This results in a high 
contribution of meltwater in the freshwater budget and explains that 
most of the obtained AT results follow the mixing pattern between ocean 

water and meltwater. However, some AT values, for example from 
Kongsfjorden and Krossfjorden, are higher than it would appear from 
meltwater influence only (Fig. 4b). This may be due to the bedrock 
characteristics of the fjord’s catchment, which is largely composed of 
carbonate rocks (i.a. marbles, dolomite, limestone, silicide carbonate). 
Weathering, but also abrasion and glaciers calving may deliver car
bonates to coastal zone either in dissolved or in particulate form (Martin 
and Meybeck, 1979). The dissolved fraction (bicarbonate and/or car
bonate ions) contributes directly to AT budget. Particles may be depos
ited to marine sediments, without effect on AT, or dissolved adding to AT 
pool. Carbonate mineral species, such as dolomite are characterized by 
lower solubility than calcite (Middelburg, 2019). Thus, both the quan
tity and quality of the particulate carbonates is crucial for their further 
influence on the seawater alkalinity. Koziorowska et al. (2017) esti
mated that the concentration of particulate carbonates (PIC) in prox
imity to the Kronebeen glacier (Kongsfjorden) is much higher 
(0.19–0.75 mg dm− 3) than in the central and open parts of the fjord 
(0.01–0.07 mg dm− 3). Inorganic carbon concentration was also high in 
surface sediments (up to 45.5 mg g− 1) and authors estimated that gla
ciers were its main source. D’Angelo et al. (2018) measured high export 
to sediments of total particulate matter in the inner part of Kongsfjorden, 
with the highest peak (330 g m− 2 d− 1) during summer. Particles mainly 
consisted of siliciclastic material, and carbonates were the second most 
abundant component (18.4–31.5%). The authors also emphasized that 
shells of living carbonatic organisms were not the main source of par
ticulate carbonates but they likely originated from the clastic sediment 
delivered by Kronebreen and Kongsvegen glaciers. Unfortunately, none 
of these publications (Koziorowska et al., 2017; D’Angelo et al., 2018) 
clearly indicates the further fate of PIC in seawater. Probably it is mostly 
accumulated in sediments (high concentrations), however it is not 
known how much PIC may dissolve in seawater and thus contribute to 
AT. The high variability in bedrock geology (presence of carbonate vs 
non-carbonate rocks) may explain the elevated surface alkalinity in 
some regions, as well as its high variability throughout the fjords. The 
processes that can also significantly influence AT are the formation and 
melting of sea ice. CaCO3 precipitate in the form of ikaite crystals within 
the sea ice cause release of AT-depleted brine. During sea ice melting, 
dissolution of ikaite trapped in the ice matrix may cause enrichment of 

Table 1 
Freshwater alkalinity end-member obtained in this study compared with other polar regions.  

Region AT [µmol kg− 1] Comments* Data source** Reference 

S Alaska 430 – measured Anderson et al. (2000) 
Laptev Sea 1412 – measured Anderson et al. (2004) 
Arctic rivers ~1048 – measured Cooper et al. (2008) 
Young Sound 269–440 – measured Sejr et al. (2011) 
SE Beaufort Sea 797 – extrapolated Shadwick et al. (2011) 
Greenland 242–670 – measured Rysgaard et al. (2012a) 
Bering Sea shelf 1244 – measured Cross et al. (2013) 
East GIN Seas 232 AT + NO3

– extrapolated Takahashi et al. (2014) 
Tempelfjorden 1142 III and IV 2012 extrapolated Fransson et al. (2015b) 

526 September 2013 extrapolated 
0–378 – measured 

SW Greenland 50 ± 20 – measured Meire et al. (2015) 
Cumberland Sound (Canada) 175–600 – measured 

measured 
Turk et al. (2016) 

W Fram Strait 1230 – extrapolated Tynan et al. (2016) 
Nordic Seas 403 – extrapolated 
Adventdalen 243 ± 3 – measured Ericson et al. (2018) 
Tempelfjorden 355 ± 24 2016 extrapolated Ericson et al. (2019b) 

601 ± 42 2017 extrapolated 
Canadian Arctic Archipelago 648 – extrapolated Mears et al. (2020) 
W Spitsbergen 595 ± 84 – extrapolated This study 

* specific information: season, year. 
** direct measurements of freshwater or calculated based on extrapolating the AT vs S relationship to S = 0. 
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surface waters with excess AT. Fransson et al. (2015a) stated that in 
Kongsfjorden, apart from the changes due to salinity and brine rejection, 
the concentrations of CT, AT and CO2 in melted ice were influenced by 
the dissolution of calcium carbonate precipitates (25–55 μmol kg− 1). 
This study looked at the wintertime, however, Rysgaard et al. (2012a) 
showed that in summer, dissolution of the minerals during melting of the 
sea ice can considerably influence the carbonate system of surface water, 
for example, measured pH in melting sea ice was 9.9–10.1, significantly 
higher than the pH of the surface water layer (pH = 8.3–8.4). Moreover, 
Chierici et al. (2019) calculated that in August in the eastern Fram Strait 
and north area of Svalbard, a CT gain caused by shells and/or ikaite 
dissolution (and thus also an increase in AT) ranged from 0.2 mol C m− 2 

in shelf and meltwater influenced domain to 0.7 mol C m− 2 in the 
Atlantic water domain. 

On the other hand, some AT results, were below the line describing 
mixing of ocean water with the freshwater of AT = 0 (Fig. 4b). This may 
be the effect of processes depleting water in AT such as calcification and/ 
or respiration (Wolf-Gladrow et al., 2007). The latter, however, has 
rather minor influence on AT, which additionally in surface water is 
compensated by counteracting effect of primary production. On the 
other hand, calcification has a great potential to affect AT as along with 
one mole of CaCO3 formed two moles of AT are removed. Generally, 
calcifying phytoplankton blooms occur after the spring bloom and or
ganisms can usually sustain growth during summer, but this is not often 
seen in the Arctic Ocean (Tyrrell and Merico, 2004). A key calcyfing 
species of Arctic pelagic ecosystems is free-swimming pteropod mollusc 
Limacina helicina, often located in swarms or forming aggregates in 
surface waters (0–50 m) (Kobayashi, 1974). However, literature data 
indicate its importance in the zooplankton community structure rather 
in Kongsfjorden than in Hornsund waters, as its biomass increases with 
temperature and salinity (Blachowiak-Samolyk et al., 2008; Ormanczyk 
et al., 2017). 

This study provides a unique and comprehensive database and 
significantly improves our knowledge about AT distribution in the west 
Spitsbergen fjords. It reveals the complexity of the fjords’ systems with 
multiple freshwater sources having different AT end-member charac
teristics. Although it is clear that freshwater input with a mean AT of 595 
± 84 µmol kg− 1 (Fig. 4b) generally has a diluting effect and lowers AT in 
the surface waters of the Spitsbergen fjords, full deciphering and 
biogeochemical characterization of individual freshwater end-members 
is impossible based on the present database. This is due to both the 
multitude of freshwater sources and a complex hydrological setting in 
this tidal region. Furthermore, we believe that the increase of AT ob
servations in these fjords may not necessarily guarantee that the tangled 
relationship between AT and S would be unravelled. To do that, it would 
be necessary to construct an AT budget that would take into account 
both the end-member AT concentrations of individual freshwater sour
ces and their water flows, which would allow estimating of reliable flow- 
weighted AT end-member concentrations for individual fjords. However, 
even without such a detailed approach, the database presented in this 
study provides an important insight into the structure and variability of 
the marine CO2 system in the high Arctic fjords during the high melt
water season and consists of a reference for future studies in the region. 

5.1.2. Sediments as a source of alkalinity 
Marine sediments can also play an important role in shaping alka

linity, as some of the OM remineralization processes that occur during 
early diagenesis lead to the AT release (Berner et al., 1970). Aerobic 
remineralization of OM including nitrification of the produced ammo
nium act as an AT sink, while anaerobic remineralization processes (e.g. 
denitrification, manganese, iron and sulphate reduction) in general 
produce AT (Brenner et al., 2016). However, as most of these redox re
actions are reversible, the reduced forms are oxidized when conditions 
turn back to oxic, which makes the net effect for alkalinity is zero. This is 
not the case for denitrification during which nonreactive N2 is produced 
and AT release is permanent. Similarly, the positive net effect for AT 

balance is sustained when the reduced form of Fe is buried in the course 
of pyrite and/or vivianite formation (Gustafsson et al., 2019). In addi
tion, low pH occurring usually in sediments may lead to CaCO3 disso
lution and thus AT release (Brenner et al., 2016). 

In the present study, AT was much higher in pore waters than in the 
sediment overlying waters (Fig. 4a), which indicates sediments as a 
potential source of alkalinity to the water column. In Kongsfjorden, 
important role may play dissolution of carbonates, which are deposited 
in large amounts in the surface sediments (concentration from 17 to 45 
mg g− 1) (Koziorowska et al., 2017). In Hornsund, much lower carbonate 
concentrations (<10 mg g− 1) and higher organic matter content in the 
sediments could suggest higher importance of OM mineralization pro
cesses (Koziorowska et al., 2018). However, in both fjords, large dif
ferences in AT:CT ratios (0.86–1.16 and 0.93–1.15, respectively) would 
indicate the interaction of various processes on the AT values in the pore 
waters. Higher increase of AT than CT indicates the occurrence of pro
cesses such as iron reduction, or CaCO3 dissolution, while lower AT:CT 
ratio – denitrification (slightly lower increase of AT than CT), aerobic 
oxidation of OM (slight decrease of AT and CT production) or processes 
that decrease only AT and CT stays constant (e.g. oxidation of ammonia, 
hydrogen sulphide) (Krumins et al., 2013). Brenner et al. (2016) esti
mated sediment fluxes of AT ranging from 0 to 28.7 mmol m− 2 d− 1 in the 
North Sea, suggesting that OM remineralization is the primary driver for 
the AT release from sediments. Chen and Wang (1999) quantified that 
the East China Sea sediments can produce between 2.9 and 4.9 mmol 
m− 2 d− 1 of AT due to iron and sulfate reduction. Gustafsson et al. (2019) 
estimated AT release of 2.4 mmol m− 2 d− 1 from the Baltic Sea sediments, 
with denitrification as the main source. On the other hand, Miller et al. 
(2017) measured AT flux for deep sediments of East Siberian slope 
(between the Mendeleev and the Lomonosov ridges) to be only 
0.005–0.04 mmol m− 2 d− 1, which confirms that the influence of sedi
ments in open oceans is much smaller than in the coastal regions. In this 
respect it is still unclear how important can be sedimentary AT genera
tion in the Arctic fjords. Although the obtained results do not allow for 
quantification of the net AT release, they clearly show the potential of 
sediments in the Spitsbergen fjords as a source of AT (Fig. 4a). This 
mechanism may add to the AT variability and thus also to the complexity 
of the entire marine CO2 system in the region and as such it requires 
more detailed studies. 

5.2. Influence of increasing freshwater supply on saturation state of 
CaCO3 in the surface water layer 

The saturation state of calcite and aragonite is an important chemical 
indicator, which informs, if solid CaCO3 is chemically unstable and 
prone to dissolution (Ω < 1). It is also commonly used to demonstrate 
the biological consequences of Ocean Acidification, as calcifying or
ganisms have shown to have difficulty in shell formation, and thinning 
of the shells was observed in already living organisms at lower satura
tion states (Comeau et al., 2009; Bednarsek and Ohman, 2015). 
Although the thermodynamic undersaturation is defined for Ω < 1, the 
recent publications have suggested that aragonite forming calcifying 
organisms may have problems even at Ω > 1. For instance, for free- 
swimming pelagic pteropod mollusc Limacina helicina this threshold 
was found for 1.4 (Lischka et al., 2011; Bednarsek et al., 2014). 
Generally, increasing freshwater fraction (FF) reduces seawater AT 
(Fig. 5a). Even if the catchment is rich in carbonate rocks, the riverine AT 
end-members are lower (~1400 µmol kg− 1 according to available data 
for polar regions; Table 1) than seawater AT and consequently, inflow of 
freshwater from land lowers AT in the coastal zone. The FF in the surface 
water layer of studied fjords ranged from − 2 to 24% (one negative value 
results from higher salinity in the sample than the assumed reference 
salinity for this fjord, Sref − 34.49) in Hornsund, 4–10% in Isfjorden, 
1–27% in Kongsfjorden and 1–16% in Krossfjorden. Fig. 5a clearly 
shows that freshwater discharge reduces AT and therefore reduces the 
aragonite saturation state. This general conclusion is evident though 
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Fig. 5. ΩAr as a function of freshwater fraction (FF) contri
bution and alkalinity (a) and pCO2 (b) in the surface water 
layer (all results normalized to a constant temperature of 
4.3 ◦C; the red line shows a linear trend). (c) ΩAr as a function 
of FF contribution, blue dots - values obtained in this study 
(normalized to a constant T = 4.3 ◦C), orange and grey dots – 
mean ΩAr values calculated assuming: AT values obtained in 
this study with FF contribution lower than 2% (orange dot) 
and AT values from the water column (below the mixing 
layer) obtained in this study (grey dot), pCO2 = 370 µatm (an 
annual maximum) and temperature equal to − 0.9 ◦C – the 
latter two measured by Fransson et al. (2015b) in winter 
(March) in Tempelfjorden. Red line indicate linear regres
sion, pink fields indicate 95%, confidence band.   
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high spread of the results suggests high heterogeneity of the AT fresh
water end-members. As ΩAr is also affected by the temperature, the 
average T = 4.3 ◦C was used for all the calculations to unravel the in
fluence of FF on ΩAr. The linear regression for dependency between ΩAr 
and FF has a negative slope of − 0.022, which means that an increase in 
FF by 1% causes a decrease in ΩAr by 0.022. This is slightly lower slope 
than − 0.032 ± 0.003 and − 0.028 ± 0.001 found in 2016 and 2017 in 
Tempelfjorden by Ericson et al. (2019b), but higher than − 0.009 esti
mated by Ericson et al. (2019a) for Adventfjorden. Based on this 
regression, it can be also calculated that the increase in freshwater 
fraction to 41–73% (mean value = 52%) will make the water in fjords 
undersaturated with respect to aragonite (Fig. 5c). This estimation as
sumes that our results are representative for summer period and other 
processes such as primary production or air-sea CO2 exchange remain 
unchanged. Climate warming causes freshening of fjords’ waters which 
may result in ΩA reduction. Blaszczyk et al. (2019) found that 2517 ± 82 
Mt year− 1 of freshwater inflow to Hornsund (mean for the period 
2006–2015), out of which the highest contribution constitutes melt
water runoff 39% and frontal ablation 25%. In addition to FF, ΩAr can 
also be modified by primary production and respiration, both having 
opposing effects. As CO2 is taken up during photosynthesis, pCO2 de
creases, while pH and [CO3

2–] and thus also Ω increase. This is well seen 
in Fig. 5b where despite the increase in FF and decrease in AT, ΩAr re
mains high along with low pCO2. The lowest pCO2 values in this study 
were mostly found in surface waters in the glacial bays close to the 
glacier front (especially in Krossfjorden and Hornsund), which may 
suggest the positive influence of glacial freshwater discharge on primary 
production. Generally, discharge of freshwater from melting glaciers is 
associated with the local suppression of primary production, due to e.g. 
the high stratification, particulate flux, turbidity, or light limitation 
(Hopwood et al., 2020). However, marine-terminating glaciers can in
crease summertime primary production by the enhanced vertical mixing 
in water column, which increases macronutrients availability (Gerringa 
et al., 2012; Meire et al., 2015; Hopwood et al., 2020). However, the 
positive effect of freshwater supply on primary production is not the 
only potential explanation for the lower pCO2 values in glacial bays. 
Recently, many authors pointed out other processes that can explain low 
pCO2 in the inner parts of the fjords, which is commonly observed in 
Arctic fjords (Sejr et al., 2011; Rysgaard et al., 2012b; Meire et al., 2015; 
Torres et al., 2017). First explanation indicates, that meltwater itself can 
be undersaturated with CO2 and thus its inflow may reduce pCO2 of 
seawater. However, Meire et al. (2015) found that this effect has minor 
importance. Moreover, they proposed a different explanation suggesting 
that it can be the thermodynamic effect on the surface water pCO2 

resulting from the mixing of fresh glacial meltwater and ambient saline 
fjord water. Regardless of the process that is responsible for the reduc
tion of pCO2 in the seawater in the inner part of the fjords, this indicates 
that the freshwater supply can both lower ΩAr through a decrease in AT, 
as well as increase it through a decrease in pCO2 (and thus increase in pH 
and [CO3

2–]). However, all these observations refer to the summer period 
when the pCO2 values in the surface water are low (in Tempelfjorden, 
Ericson et al. (2019b) found the lowest values in April-June and 
Fransson et al. (2015b) in September), and the freshwater supply is high. 
During the winter time, pCO2 values increase significantly (no primary 
production, respiration is the dominant process). Fransson et al. (2015b) 
measured maximim 370 µatm in mid-March and Ericson et al. (2019b) 
330 µatm in the late March. Although this shows that seawater was 
undersaturated with CO2 throughout the year, the increase of pCO2 in 
wintertime can significantly affect ΩAr. To simulate the scale of this ef
fect we calculated theoretical ΩAr values for the winter period. This was 
done by using as the input data: (1) the AT values measured in our study 
with FF contribution lower than 2% and (2) AT values from the water 
column (below the mixing layer) obtained in this study and winter time 
pCO2 = 370 µatm and temperatures (–1.6 to –0.3 ◦C, mean T = –0.9 ◦C) – 
both reported by Fransson et al. (2015b) for Tempelfjorden (Fig. 5c). 
The alkalinity values (1 and 2) used for the calculations were chosen to 
best reflect the conditions that can be observed in winter in these areas 
(e.g. wind-induced convection with deep water, negligible freshwater 
fraction contribution). Although this theoretical exercise is undoubtedly 
burdened with uncertainty, it clearly shows that an increase of pCO2 
during wintertime may significantly lower ΩAr to 1.6–1.7. This calcu
lation emphasizes that good recognition of the processes that shape the 
structure of the marine CO2 system and its variability (including sea
sonality) is necessary for understanding and predicting consequences of 
climate changes on the Arctic fjords ecosystems. 

5.3. AT:CT ratio as an indicator of biogeochemical processes 

To determine which biogeochemical processes are responsible for 
shaping the marine CO2 system, the crossplots between AT and CT, with 
pCO2 and pH as an additional variable are often used (Middelburg, 
2019; Middelburg et al., 2020). In this study, the AT:CT ratios ranged 
from 1.07 to 1.12 (average ± SD = 1.10 ± 0.01) in the surface water 
layer, and did not change significantly with salinity, and thus also with 
the distance from the coast and glaciers or rivers (freshwater sources; 
Fig. 6a). The results were in a similar range to those found for shelf areas 
of Southern Greenland (Rysgaard et al., 2012b), but rather in the upper 
range of the AT:CT ratios reported for e.g. Bering Sea or Canadian Arctic 

Fig. 6. The crossplot of AT and CT in the SWL with a range of colour denoting salinity (a) and pCO2 normalized for constant temperature of 4.3 ◦C (b). The isolines 
indicate the AT to CT ratios. Grey fields represent the range of AT:CT values calculated for winter conditions, and the red lines show the mean of these values. 
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Archipelago (Azetsu-Scott et al., 2010). This may indicate that the sur
face seawater in the Spitsbergen fjords was either slightly enriched with 
AT, or depleted in CT, or both, compared to the regions described by 
Azetsu-Scott et al. (2010). Generally, low pCO2 values and their clear 
negative correlation with AT:CT ratios (the lower pCO2 the higher AT:CT, 
Fig. 6b) suggests net community production (primary production minus 
ecosystem respiration) and air-sea CO2 exchange as the main drivers of 
changes in AT:CT ratios. In addition to CT decrease, primary production 
leads also to a small AT increase, which corresponds to H+ uptake 
equivalent to assimilation of nitrates. To estimate the influence of net 
community production on AT:CT ratios the CT values measured in our 
study have been subtracted from those representing winter conditions, 
which have been calculated in a similar way to the presented in chapter 
5.2, namely out of the measured AT and pCO2 of 370 µatm measured by 
Fransson et al. (2015b) in March in Tempelfjorden. Determined in that 
way a cumulative CT loss (ΔCT) caused by net community production 
(cumulative means without gas exchange; NCP-gasex) amounts to 
30–90 µmol kg− 1. In accordance with the Redfield ratio (Redfield et al., 
1963), this cumulative CT loss corresponds to AT increase of 4–14 µmol 
kg− 1. This, in total, causes that the winter AT:CT ratio would oscillate at 
about 1.05–1.08 (average ± SD = 1.07 ± 0.01; red line and grey area in 
Fig. 6a and b). This ΔCT, refers to the period of about 136–149 days, 
which is the time between our sampling and winter time pCO2 mea
surements made by Fransson et al. (2015b) on March 12. Assuming that 
mean thickness of the euphotic zone is about 20 m (range from 1 m to 35 
m for 1% of photosynthetically active radiation in Hornsund and 
Kongsfjorden) (Smoła et al., 2017) the NCP-gasex for the studied area 
ranged from 0.09 to 0.13 g C m− 2 day− 1. The NCP was certainly higher, 
however, the inability to estimate CO2 gas exchange in the corre
sponding period did not allow us for its quantification. Literature data 
indicate that waters in the west Spitsbergen coast are significant CO2 
sink. Józefiak et al. (2021) found that they absorb on average ~ 30 g C 
m− 2 y-1, while Ericson et al. (2019b) calculated that the mean uptake of 
CO2 in Tempelfjorden between June and early August was 0.19 g m− 2 

day− 1. 

6. Conclusions 

Arctic fjords give an excellent opportunity to study the effect of 
seawater freshening related to ongoing global warming and resulting 
from that glaciers retreat on the marine CO2 system. Inner parts of the 
fjords are more Arctic type regions with less saline surface waters due to 
freshwater input from land, while outer parts are strongly influenced by 
ocean water masses from the open shelf. These differences were clearly 
visible in the variability of surface salinity, especially in Hornsund, 
where the influence of more saline water (up to 35.3) from the shelf was 
the most pronounced. The differences in hydrology entail spatial 
changes in the CO2 system structure. In the case of alkalinity, a decline 
with decreasing salinity was evident, hence it is clear that freshwater 
input generally has a diluting effect and lowers AT in the surface waters 
of the Spitsbergen fjords. However, the relationship between AT and S 
was highly heterogeneous. It reveals the complexity of the fjords’ sys
tems with multiple freshwater sources having different AT end-member 
characteristics and identifies the mean AT freshwater end-member of 

595 ± 84 µmol kg− 1 for the entire region. Low pCO2 results in surface 
water (200–295 μatm) indicates occurrence of intensive biological 
production. The latter can strongly affect CT values, however, is less 
important for shaping alkalinity. The effect of AT fluxes from sediments 
on the bottom water was rather insignificant, despite high AT values 
(2288–2666 μmol kg− 1) observed in the pore waters at most of the 
stations. The lack of clear relationship between AT and salinity indicates 
that the use of salinity and temperature to estimate the potential alka
linity of seawater can carry a high uncertainty in the highly dynamic 
Arctic coastal regions. It has been shown that the freshening of the 
surface water layer in the fjords reduces significantly ΩAr. Based on our 
data, an increase in freshwater fraction contribution by 1% causes a 
decrease in ΩAr by 0.022, while the FF of 41–73% makes the water 
undersaturated for aragonite (assuming that other processes, such as 
primary production or air-sea CO2 exchange, remain unchanged). 
Although in summer ΩAr values are still rather far from 1 (they ranged 
from 1.4 to 2.5), during winter, when pCO2 values are much higher, ΩAr 
may drop markedly. 

This study provides an important insight into the structure of the 
marine CO2 system in the high Arctic fjords during the high meltwater 
season and highlights that good recognition of the surface water AT 
variability and its freshwater end-members are the key to predict marine 
CO2 system changes along with the ongoing freshening of fjords waters 
due to climate warming. 
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Fig. A1. Vertical distributions of salinity, temperature, AT, CT in Hornsund (upper panel), Kongsfjorden (middle panel) and Krossfjorden (lower panel).  
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