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Abstract. Organic alkalinity (OrgAlk), the component of total alkalinity (AT) arising from non-inorganic species or 10 

uncharacterized bases, introduces error into calculated carbonate system parameters when AT is used as an input. OrgAlk has 

been identified in Arctic sea ice brines with elevated dissolved organic carbon (DOC) concentrations, suggesting organic 

contributions to AT may also be important in other sea ice environments. Antarctic sea ice brines are reported to contain higher 

DOC concentrations, yet estimating carbonate system components in Antarctic sea ice brines has relied on AT-based 

calculations although no direct OrgAlk measurements exist for Antarctic sea ice brines and the potential magnitude of organic 15 

contributions to Antarctic brine AT remains unknown. This study assesses potential OrgAlk contributions in Antarctic sea ice 

brines using published OrgAlk:DOC relationships as boundary conditions. Applying published OrgAlk:DOC relationships 

spanning 0.06-0.44 to Antarctic sea ice brine DOC concentrations produced a wide range of possible OrgAlk values, 

reinforcing the uncertainty of transferring DOC relationships across environments. These values are not interpreted as 

quantitative estimates of Antarctic sea ice brine OrgAlk, but rather as a sensitivity framework for evaluating plausible 20 

conditions. Sensitivity analyses indicate that unaccounted OrgAlk of this magnitude could affect calculated carbonate system 

parameters, including pCO2, when AT is used as an input parameter. These findings establish current uncertainty boundaries 

for OrgAlk in Antarctic sea ice brines, highlight a significant gap in Antarctic sea ice biogeochemistry and demonstrate the 

need for direct OrgAlk measurements to reduce uncertainty in Antarctic sea ice carbonate system calculations.  

 25 

1 Introduction 

The marine carbonate system is commonly characterized using four measurable parameters: Total alkalinity (AT), dissolved 

inorganic carbon (CT), partial pressure of CO2 (pCO2) and pH. Although AT and CT are frequently used parameters due to their 

quasi-conservative behavior with respect to temperature and pressure, measured AT can be affected by the presence of 

conjugate bases of organic acids. These species interfere with titration measurements and lead to internal inconsistencies in 30 
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carbonate system calculations when AT is used as an input parameter because they are not typically accounted for in 

conventional carbonate system calculations (Kim and Lee, 2009). When AT is used as an input parameter, unaccounted OrgAlk 

can bias calculated carbonate parameters including pH, pCO2, and calcium carbonate (CaCO3) mineral saturation states (Song 

et al., 2020; Hunt et al., 2011; Kuliński et al., 2014; Yang et al., 2015; Kerr et al., 2023a; Hu et al., 2020; Ko et al., 2025). This 

organic alkalinity (OrgAlk) component has been increasingly recognized as an important, but often poorly constrained, 35 

component across aquatic systems globally (Kerr et al., 2021; Song et al., 2020; Fong and Dickson, 2019; Song et al., 2023). 

 

The contribution of OrgAlk varies widely among aquatic systems, reflecting spatial and temporal variability as well as 

differences in dissolved organic matter (DOM) and dissolved organic carbon (DOC) concentration, composition and 

biogeochemical processing. Efforts to measure OrgAlk have resulted in a range of published OrgAlk:DOC values spanning 40 

0.06 to 0.44 across aquatic environments, including estuarine, coastal, tidal, marsh, groundwater and marine systems. Although 

OrgAlk:DOC values overlap among environments, the variability demonstrates that the relationship between DOC and OrgAlk 

is not universal globally and reflects differences in DOM source, transformation, seasonality and acid-base properties (Song 

et al., 2020). Consequently, OrgAlk:DOC relationships developed in one environment may not be directly transferable to other 

systems.  45 

 

Recent measurements in Arctic sea ice brines and under-ice waters, nevertheless, provide the first direct constraints on OrgAlk 

in a sea ice environment. Rush et al. (2026) reported an average OrgAlk:DOC ratio of approximately 0.13 for brine from direct 

OrgAlk measurements (ranges: 0.10-0.17 in brine; 0.03-0.27 in under-ice water; 0.08-0.17 in open ocean water). These 

measurements demonstrated that unaccounted OrgAlk could contribute to uncertainty in carbonate system calculations in high-50 

DOM sea ice environments, with calculated pCO2 differences of up to 84 µatm when AT was used as an input parameter and 

OrgAlk was not considered. These observations indicate that OrgAlk may represent an important component of carbonate 

system uncertainty in high-DOM sea ice environments. The extent to which Arctic-derived OrgAlk:DOC relationships apply 

to Antarctic sea ice, however, remains uncertain because differences in DOM sources, biological processes and physical 

conditions may influence organic acid-base composition. 55 

 

Antarctic sea ice is a chemically distinct environment where OrgAlk may also be important. Although Arctic sea ice brines 

contain elevated DOC (Vancoppenolle et al., 2013 and therein such as Riedel et al., 2008), Antarctic sea ice brines can be 

considerably higher in DOC, with concentrations reaching up to 23.3 mmol L-1 (Thomas et al., 2001). Such high DOC 

concentrations within the Antarctic sea ice system result from its predominantly first-year ice (FYI) regime (Maksym and 60 

Stammerjohn, 2025) that is thinner, warmer, more saline and more mobile than Arctic sea ice (Thomas, 2025). Because most 

Antarctic sea ice is also not land bound, it contains larger, more connected, and more porous brine channels that promote 

microbial activity and facilitate autochthonous DOM accumulation. In contrast to the Arctic, Antarctic sea ice receives little 

terrestrial-derived DOM due to the absence of major riverine inputs (Stedmon et al., 2011). These differences in DOM source 
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and composition suggest that Antarctic sea ice may possess organic acid-base characteristics distinct from those observed in 65 

Arctic, coastal and estuarine systems where most OrgAlk studies have been conducted. Despite these characteristics, OrgAlk 

has not been directly measured in Antarctic sea ice brines. Existing Antarctic carbonate chemistry datasets were primarily 

collected to characterize the inorganic carbonate system in a major CO2 sink region (Delille et al., 2014; Yasunaka et al., 2023) 

rather than constrain OrgAlk.  

 70 

This study assesses the potential contribution of OrgAlk in Antarctic sea ice to place this unknown measurement into the 

broader context of potential uncertainties in carbonate system calculations, including pCO2 estimates and, ultimately, carbon 

fluxes. The Winter Weddell Outflow Study (WWOS) and Ice Station Polarstern (ISPOL) field campaigns provide a rare set of 

DOC together with AT measurements from Antarctic sea ice brines, representing an exceptionally limited dataset for this highly 

concentrated organic matter environment. Because OrgAlk in Antarctic sea ice remains unknown, this study uses published 75 

OrgAlk:DOC relationships to establish boundary conditions for the potential magnitude of OrgAlk and evaluate the possible 

implications for pCO2 calculations in Antarctic sea ice systems. The limitations associated with constraining OrgAlk in 

Antarctic sea ice brines are also assessed, highlighting the current uncertainty surrounding organic contributions to alkalinity 

in this environment. Rather than providing a quantitative estimate of Antarctic OrgAlk, this study establishes the range of 

potential OrgAlk conditions that need to be considered when interpreting carbonate system calculations, including pCO2. The 80 

results identify key observational needs for future measurements required to better constrain OrgAlk and improve 

representation of Southern Ocean carbon cycling in regional and global climate models.  

2 Methods 

2.1 Study Site, Data Acquisition, and Calculations 

The data used in this study were obtained from two Antarctic field campaigns, as shown in Fig. 1: Ice Station Polarstern 85 

(ISPOL) and Winter Weddell Outflow Study (WWOS). The objectives and findings of both expeditions have been extensively 

documented in the literature (see cruise reports: El Naggar et al., 2007; Lemke, 2009). Briefly, ISPOL involved a northward 

drift with a 10×10 km ice floe, comprised of first- and second-year ice in the western Weddell Sea during the spring to summer 

transition (November-January) of 2004-2005 (El Naggar et al., 2007). In contrast, WWOS collected samples from discrete ice 

stations consisting of first- and second-year ice in the northern and northwestern Weddell Sea during the winter to spring 90 

transition (August-October) of 2006 (Lemke, 2009). For both WWOS and ISPOL, the sea ice was generally greater than 70 

cm thick and often greater than 100 cm thick.  
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Figure 1. Study sites and labelled sample locations from the WWOS and ISPOL Antarctica field campaigns in the Weddell Sea area. 95 
Panel (a) is an Antarctic overview map showing the approximate location of the sampling region of both WWOS and ISPOL campaigns 

outlined with the black box. Panel (b) is a zoomed-in map of the sampling region. It shows WWOS brine sampling sites from first- and 

second-year ice, a CTD site, and the ISPOL drift area (dashed black box) that includes brine samples from first- and second-year ice and 

CTD casts. Details of sampling expeditions can be found in published literature and cruise reports (El Naggar et al., 2007; Lemke, 2009). 

 100 

This study uses published measurements of AT, DOC, and salinity from both expeditions (ISPOL: Papadimitriou et al. 2007 

and 2009; WWOS: Norman et al. 2011; Papadimitriou et al. 2012). For both field campaigns, data were filtered to include 

only samples containing AT and DOC. The resulting WWOS dataset comprised 103 brine samples from first year ice, 16 from 

second year ice, and 8 open ocean samples collected during CTD casts. The ISPOL dataset comprised 33 brine samples from 

first year ice, 2 from second year ice, and 18 open ocean samples collected during CTD casts. Although melt ponds and gaps 105 

were explored (ISPOL: Papadimitriou et al. 2009), they were excluded from the present analysis due to the markedly different 

physical and chemical properties. Rather this study focuses exclusively on sea ice brines obtained with the sack hole technique 

(described in detail in Papadimitriou et al. 2007).  

 

Python was used for data processing and visualization of the observational data presented in this paper particularly with the 110 

pandas, cartopy, NumPy, Matplotlib, SciPy, and Seaborn packages. 
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2.2 OrgAlk:DOC Sensitivity Analysis Approach  

Potential OrgAlk was explored using a sensitivity analysis based on published OrgAlk:DOC ratios reported across diverse 

aquatic environments, including open ocean, estuarine, coastal, tidal, marsh and Arctic Ocean sea ice brine waters (Kuliński 

et al., 2014; Ulfsbo et al., 2015; Hammer et al., 2017; Lee et al., 2024; Song et al., 2020; Song et al., 2023; Rush et al., 2026). 115 

Reported OrgAlk:DOC ratios span a wide range across these environments, including 0.12-0.17 in the Baltic Sea (Kuliński et 

al., 2014; Ulfsbo et al., 2015; Hammer et al., 2017), an average of 0.09 in coastal surface waters of the East Sea (Lee et al., 

2024), 0.07-0.28 in tidal and marsh waters of Waquoit Bay, Massachusetts (Song et al., 2020), 0.06-0.44 in estuarine waters 

of the southeastern China Sea (Song et al., 2023), 0.03-0.27 in Arctic Ocean waters and sea ice brines (Rush et al., 2026), and 

0.08-0.12 in humic and fulvic acids (Hammer et al., 2017). The variability across these studies reflects differences in location, 120 

seasonality, and DOM composition. Here, the full published OrgAlk:DOC range was used to constrain the influence of OrgAlk 

in carbonate system studies in Antarctic sea ice brines. Specifically, sensitivity analysis in this investigation included the lower 

and upper bounds of published estuarine observations (0.06 and 0.44), the average Arctic sea ice brine relationship (0.13; Rush 

et al., 2026), and two intermediate values (0.25 and 0.35) to represent potential relationships within the published range.   

3 Results 125 

3.1 Existing Data- DOC Concentrations 

Brine samples collected from first- and second-year ice on the WWOS and ISPOL campaigns had elevated DOC concentrations 

relative to seawater (Fig. 2; Table 1), consistent with previous observations of organic carbon enrichment within sea ice brine 

systems (Thomas et al., 2001). As reported for the WWOS and ISPOL campaigns, brine DOC concentrations ranged from 114 

to 970 µmol kg-1 and from 23 to 343 µmol kg-1, respectively. Comparatively, surface seawater DOC concentrations ranged 130 

from 14 to 76 µmol kg-1 during WWOS and from 29 to 66 µmol kg-1 during ISPOL (Papadimitriou et al. 2007; Norman et al. 

2011). These seawater DOC values were within the typical ranges for Wedell Sea summer and winter conditions (Norman et 

al. 2011, and references therein). 

 

Brine DOC varied substantially across salinity, ice type, and sampling location between the WWOS and ISPOL campaigns. 135 

WWOS generally exhibited higher DOC concentrations and higher values of associated biogeochemical parameters (see 

Norman et al., 2011) compared to ISPOL. Nevertheless, across both campaigns, brine DOC concentration ranges were elevated 

relative to surface seawater, indicating an accumulation of organic matter within sea ice brine systems, and overlapped with 

the DOC concentration range reported for estuarine systems where OrgAlk has been previously investigated. 

https://doi.org/10.5194/egusphere-2026-5346
Preprint. Discussion started: 16 September 2026
c© Author(s) 2026. CC BY 4.0 License.



6 

 

 140 

Figure 2. Dissolved organic carbon as a function of salinity in open ocean and brine samples from the WWOS and ISPOL Antarctica 

field campaigns in the Weddell Sea area.  

 

Table 1. Measured salinity, DOC, and AT in sea ice brine and open ocean samples from the WWOS and ISPOL Weddell Sea field 

campaigns, reported as mean ± standard deviation (range). 145 

Campaign Sample Type n Salinity 
DOC  

(µmol kg-1) 

AT 

(µmol kg-1) 

WWOS Brine from First Year Ice 103 94.3±17.0 

(58.1-134.0) 

307±192 

(114-970) 

6081±1164 

(3912-9054) 

Brine from Second Year Ice 16 92.6±12.6 

(72.0-108.0) 

265±67 

(152-377) 

5724±1100 

(4091-7133) 

 Open Ocean 8 34.5±0.2 

(34.1-34.7) 

36±18 

(14-76) 

2322±19 

(2287-2338) 

ISPOL Brine from First Year Ice 33 52.7±10.4 

(29.4-63.2) 

212±90 

(23-343) 

3668±738 

(1925-4369) 

Brine from Second Year Ice 2 56.7±0.1 

(56.6-56.7) 

224±11 

(216-231) 

3513±62 

(3469-3556) 

Open Ocean 18 34.5±0.1 

(34.3-34.6) 

47±11 

(29-66) 

2336±14 

(2293-2357) 
 

3.2 Parameterized estimates of OrgAlk 

The high DOC concentrations measured in these Antarctic sea ice brines suggest the potential for substantial OrgAlk 

contributions. Therefore, published OrgAlk:DOC ratios (0.06-0.44) spanning diverse marine environments were applied to 
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parameterize OrgAlk as outlined in Sect. 2.2 (Fig. 3; Table 2). This range was originally determined in estuarine systems in a 150 

single study (Song et al., 2023) but encompasses values or ranges from other aquatic environments, including river, ground, 

marsh, tidal, coastal waters and Arctic sea ice brines (Rush et al., 2026; Lee et al., 2024, Song et al., 2020; Hammer et al., 

2017; Ulfsbo et al., 2015; Kuliński et al., 2014). Given the limitations of OrgAlk:DOC relationships (see Sect. 4.2.1 below), 

these calculations provide sensitivity bounds rather than direct estimates of OrgAlk in Antarctic sea ice brines. 

 155 
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Figure 3. Parameterized OrgAlk across the OrgAlk:DOC ratio range reported in previous studies, applied to sea ice brine and open 

ocean samples from the WWOS and ISPOL Antarctica field campaigns. The horizontal line inside the box represents the median and 

the open circles represent outliers. 160 
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Higher OrgAlk values were calculated for brines relative to seawater, directly reflecting elevated DOC concentrations in brine 

compared to seawater. At the lowest applied ratio (0.06), parameterized OrgAlk ranged from 1 to 58 µmol kg-1 in sea ice brine 

and 1 to 5 µmol kg-1 in seawater across both campaigns. At the highest applied ratio (0.44), parameterized OrgAlk ranged from 

10 to 427 µmol kg-1 in sea ice brine and 6 to 33 µmol kg-1 in seawater for both campaigns. Across the full ratio range (0.06 v. 165 

0.44), parameterized OrgAlk differed by a factor of approximately 7 to 8.  

 

WWOS exhibited higher parameterized OrgAlk than ISPOL, again, owing to higher DOC concentrations in the WWOS 

campaign. Within WWOS, mean parameterized OrgAlk was higher in brine from first year ice compared to brine from second 

year ice, although median values were higher in brine from second year ice compared to brine from first year ice. For example, 170 

at the 0.13 OrgAlk:DOC ratio, average parameterized OrgAlk was 40 µmol kg-1 in brine from first year ice and 34 µmol kg-1 

in brine from second year ice whereas median parameterized OrgAlk was 30 and 35 µmol kg-1, respectively. This pattern was 

true across the range of OrgAlk:DOC relationships applied to WWOS brine samples. For ISPOL, both mean and median 

parameterized OrgAlk values were higher in brines from second year ice compared to brine from first year ice. ISPOL brine 

from second year ice, however, is based on a limited number of samples (n=2).  175 
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Table 2. Parameterized OrgAlk across the OrgAlk:DOC ratio range reported in previous studies applied to sea ice brine and open 

ocean samples from the WWOS and ISPOL Antarctica field campaigns, reported as mean ± standard deviation (range, median). 195 

OrgAlk:DOC Ratio 0.06 0.13 0.25 0.35 0.44 

Descriptor 
Low end of 

published 

range 

Arctic sea ice 

brine (Rush 

et al., 2026) 

Intermediate case 

within published 

range 

Intermediate case 

within published 

range 

High end of 

published 

range 

Campaign 
Sample 

Type 
n Parameterized OrgAlk (µmol kg-1) 

WWOS Brine from 

First Year 

Ice 

103 18±12 

(7-58,  

14) 

40±25 

(15-126,  

30) 

77±48 

(29-243,  

57) 

107±67 

(40-340,  

80) 

135±85 

(50-427,  

100) 

Brine from 

Second 

Year Ice 

16 16±4 

(9-23,  

16) 

34±9 

(20-49,  

35) 

66±17 

(38-94,  

67) 

93±23 

(53-132, 

94) 

116±29 

(67-166, 

118) 

Open 

Ocean 

8 2±1 

(1-5,  

2) 

5±2 

(2-10,  

5) 

9±5 

(4-19,  

8) 

13±6 

(5-27, 

11) 

16±8 

(6-33, 

14) 

ISPOL Brine from 

First Year 

Ice 

33 13±5 

(1-21, 

13) 

28±12 

(3-45,  

27) 

53±22 

(6-86, 

53) 

74±31 

(8-120, 

74) 

93±39 

(10-151, 

93) 

Brine from 

Second 

Year Ice 

2 13±1 

(13-14,  

13) 

29±1 

(28-30,  

29) 

56±3 

(54-58,  

56) 

78±4 

(76-81, 

78) 

98±5 

(95-102, 

98) 

Open 

Ocean 

18 3±1 

(2-4, 

3) 

6±1 

(4-9, 

6) 

12±3 

(7-17, 

12) 

16±4 

(10-23, 

16) 

21±5 

(13-29, 

20) 
 

3.3 The parameterized OrgAlk contribution to AT 

The resulting parameterized OrgAlk values were combined with measured AT to assess the potential contribution of OrgAlk 

to AT across WWOS and ISPOL samples (Fig. 4; Table 3). Over the range of OrgAlk:DOC ratios and resulting parameterized 

OrgAlk bounds, OrgAlk could represent a non-negligible fraction of AT in sea ice brines. At the lowest applied ratio 200 

(OrgAlk:DOC = 0.06), the parameterized OrgAlk contribution to AT ranged from 0.1 to 1.2 % in sea ice brine and 0.0 to 0.2 

% in seawater across both field campaigns. At the highest applied ratio (OrgAlk:DOC = 0.44), the parameterized OrgAlk 

contribution to AT ranged from 0.5 to 8.5 % in sea ice brine and 0.3 to 1.5 % in seawater for both campaigns. Across the full 

ratio range (OrgAlk:DOC = 0.06-0.44), the parameterized OrgAlk contribution to AT differed by a factor of approximately 7 

to 9. These differences in scaling between parameterized OrgAlk and its contribution to AT reflect variability in measured AT 205 

across samples. 
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Figure 4. Parameterized OrgAlk as a fraction of total alkalinity across the OrgAlk:DOC ratio range reported in previous studies, 210 
applied to open ocean and brine samples from the WWOS and ISPOL Antarctica field campaigns. The horizontal line inside the box 

represents the median and the open circles represent outliers. 
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Table 3. Parameterized OrgAlk as a fraction of AT across the OrgAlk:DOC ratio range reported in previous studies applied to sea 

ice brine and open ocean samples from the WWOS and ISPOL Antarctica field campaigns, reported as mean ± standard deviation 215 
(range). 

OrgAlk:DOC Ratio 0.06 0.13 0.25 0.35 0.44 

Descriptor 
Low end of 

published 

range 

Arctic sea ice 

brine (Rush 

et al., 2026) 

Intermediate case 

within published 

range 

Intermediate case 

within published 

range 

High end of 

published 

range 

Campaign 
Sample 

Type 
n Parameterized OrgAlk/ AT (%) 

WWOS Brine from 

First Year 

Ice 

103 0.3±0.2 

(0.1-1.2) 

0.7±0.5 

(0.3-2.5) 

1.3±0.9 

(0.5-4.8) 

1.9±1.3 

(0.7-6.7) 

2.3±1.7 

(0.9-8.5) 

Brine from 

Second 

Year Ice 

16 0.3±0.1 

(0.2-0.6) 

0.6±0.2 

(0.4-1.2) 

1.2±0.5 

(0.7-2.3) 

1.7±0.6 

(1.0-3.2) 

2.1±0.8 

(1.3-4.1) 

Open 

Ocean 

8 0.1±0.0 

(0.0-0.2) 

0.2±0.1 

(0.1-0.4) 

0.4±0.2 

(0.1-0.8) 

0.5±0.3 

(0.2-1.2) 

0.7±0.4 

(0.3-1.5) 

ISPOL Brine from 

First Year 

Ice 

33 0.3±0.1 

(0.1-0.5) 

0.7±0.2 

(0.1-1.2) 

1.4±0.5 

(0.3-2.2) 

2.0±0.7 

(0.4-3.1) 

2.5±0.8 

(0.5-4.0) 

Brine from 

Second 

Year Ice 

2 0.4±0.0 

(0.4-0.4) 

0.8±0.0 

(0.8-0.8) 

1.6±0.0 

(1.6-1.6) 

2.2±0.1 

(2.2-2.3) 

2.8±0.1 

(2.7-2.9) 

Open 

Ocean 

18 0.1±0.0 

(0.1-0.2) 

0.3±0.1 

(0.2-0.4) 

0.5±0.1 

(0.3-0.7) 

0.7±0.2 

(0.4-1.0) 

0.9±0.2 

(0.5-1.2) 
 

4 Discussion 

4.1 DOC Sources and Variability Considerations 

Although DOC and other measured biogeochemical parameters (not shown) were higher in WWOS than ISPOL, Norman et 220 

al. (2011) detailed that the organic matter sources were likely the same for both campaigns: the initial parent seawater, the 

underlying seawater and the in-situ production from the sea ice biological assemblages. The higher parameters during WWOS 

are likely a function of seasonal ice growth and decay, with ISPOL sampling the spring to summer transition and WWOS 

sampling the winter to spring transition (Norman et al., 2011).  

 225 

The organic matter composition of Antarctic sea ice differs from many environments where OrgAlk has previously been 

investigated: In contrast to the Arctic Ocean, where DOC often contains a substantial terrigenous (allochthonous) component 
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associated with the large volume of riverine inputs (Stedmon et al., 2011), the Southern Ocean receives relatively little 

terrestrial organic matter and lacks a strong freshwater-derived organic carbon source. Antarctic sea ice is, therefore, dominated 

by autochthonous organic matter produced within the ice that delivers fresh, labile DOC and colored dissolved organic matter 230 

(CDOM) to surface waters (Norman et al., 2011; Fig. 2).  

 

These characteristics distinguish the Antarctic sea ice brines from the coastal and estuarine environments where OrgAlk has 

been most extensively investigated. Even compared to the Arctic sea ice brine OrgAlk study, Antarctic sea ice brine represents 

a chemically distinct and largely unconstrained OrgAlk environment. Because OrgAlk depends not only on DOC concentration 235 

but also on the abundance and chemical properties of organic acid functional groups, the composition of Antarctic sea ice 

DOM represents a key uncertainty when applying existing approaches to constrain OrgAlk. 

4.2 Limitations of Typical Methods to Constrain OrgAlk  

Efforts to constrain the magnitude of OrgAlk and its influence on the carbonate system are challenging in Antarctic sea ice 

brines because existing approaches rely on assumptions that may not be applicable to this environment. Although OrgAlk has 240 

been investigated using multiple approaches, including DOC-based parameterizations and carbonate system 

overdetermination, each method requires information or relationships that are currently poorly constrained for Antarctic sea 

ice brines. Therefore, existing datasets cannot uniquely resolve the magnitude of OrgAlk or its influence on carbonate system 

calculations in this environment. 

4.2.1 Limitations of OrgAlk:DOC Ratio Approaches 245 

OrgAlk can be parameterized from DOC using published OrgAlk:DOC ratios. These relationships, however, vary spatially 

and temporally because chemical composition, not solely DOC concentration, controls the OrgAlk. Variability in DOM source, 

composition, degradation, and mixing produces differences in OrgAlk:DOC ratios among environments (Song et al., 2020). 

Seasonal variability in these relationships has also been observed in estuarine environments, demonstrating that even within a 

single system, a single OrgAlk:DOC ratio may not be representative across different conditions. Given the extreme seasonality 250 

of Antarctic sea ice, it is unlikely a single OrgAlk:DOC ratio would adequately address or represent the potential OrgAlk 

contribution. Therefore, as discussed by Song et al. (2020), accounting for OrgAlk contributions through DOC alone is 

inadequate. 

 

These limitations are particularly relevant in Antarctic sea ice, where the DOC pool is dominated by autochthonous rather than 255 

allochthonous organic matter. Although previous OrgAlk studies have established OrgAlk:DOC ratios in high-DOC 

environments, most OrgAlk studies have focused on coastal, ground, marsh, tidal, estuarine, and oceanic waters (Kuliński et 

al., 2014; Ulfsbo et al., 2015; Hammer et al., 2017; Lee et al., 2024; Song et al., 2020; Song et al., 2023). The only existing 
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investigation of high-DOC sea ice brines were examined in annual Arctic sea ice (Rush et al., 2026), where terrestrial organic 

matter is presumed to have had a strong influence.  260 

 

Moreover, the salinity conditions of Antarctic sea ice brines differ substantially from those represented in previous OrgAlk 

studies. WWOS and ISPOL sea ice brine samples span a salinity range of 29-134 that extends well beyond the range 

investigated in Arctic sea ice brines (29-59) (Rush et al., 2026) and greatly exceeds the salinity conditions examined in 

estuarine and coastal environments (0-38) (Cai et al., 1998, Kuliński et al., 2014; Hernández-Ayon et al., 2007; Yang et al., 265 

2015; Hammer et al., 2017; Song et al., 2020; Song et al., 2023; Kerr et al., 2023a; Kerr et al., 2023b; Hunt et al., 2025; Ko et 

al., 2016; Lee et al., 2024; Ko et al., 2025; Hunt et al., 2011). Therefore, applying OrgAlk relationships derived from these 

systems to Antarctic sea ice brines requires extrapolation beyond the environmental conditions in which those relationships 

were established. 

 270 

Although Arctic sea ice brine provides the closest available comparison by sample type, transferring Arctic organic acid charge 

group concentrations, pKa distributions and OrgAlk:DOC relationships to Antarctic brines assumes similar relationships 

between DOC concentration, organic matter composition and proton-binding capacity. These assumptions remain untested, 

and thus, the markedly different DOC composition and salinity range of Antarctic sea ice brines limits the direct transferability 

of those relationships. Differences in organic matter source, molecular composition, and microbial production may influence 275 

the abundance and reactivity of the proton-binding functional groups that contribute to OrgAlk. 

 

Furthermore, DOC concentration alone does not necessarily translate into a proportional contribution of reactive functional 

groups relevant to OrgAlk. Smaller particles and DOM can aggregate into colloidal structures via a variety of mechanisms 

(Kepkay, 1994) that can reduce the capacity of DOC to contribute to the OrgAlk pool. Consequently, estimating OrgAlk solely 280 

from DOC may over- or under-estimate the contribution of organic matter to AT depending on the structure of the DOC pool. 

 

With the available Antarctic sea ice brine historical data, however, the OrgAlk relationship with DOC was the only approach 

to explore first-order, potential OrgAlk contributions to titration alkalinity in this environment. To this end, we combined the 

range of published OrgAlk:DOC values with the historical data for DOC concentrations in Antarctic sea ice brines. Depending 285 

on the selected OrgAlk:DOC value, parameterized OrgAlk differed substantially (Fig. 3; Table 2). All OrgAlk:DOC values 

suggest that there should be substantial OrgAlk which could represent a significant component of AT in Antarctic sea ice brines 

(Fig. 4; Table 3). Because DOC alone cannot uniquely constrain OrgAlk in Antarctic sea ice brines (Song et al. 2020), the 

above evaluation represents only potential scenarios. Direct measurements of OrgAlk to determine the concentrations of 

specific organic acid functional groups and characterize their acid-base properties are required to constrain the magnitude and 290 

variability of OrgAlk in Antarctic sea ice environments. 
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4.2.2 Limitations to Applying the Carbonate System Overdetermination Approach 

OrgAlk can also be estimated from the overdetermination of the carbonate system when measurements of more than the two 

carbonate system parameters are available. Under this approach, measured AT is compared with AT calculated from CT and pH 295 

(AT,calc). As formulated, AT,calc does not account for the contribution of organic proton acceptors, only for the inorganic 

protolytes in solution (Dickson et al., 2007). Any positive difference of measured AT from AT,calc is termed excess alkalinity 

and is attributed to non-inorganic species. Excess alkalinity is considered conceptually identical to OrgAlk because both 

correspond to uncharacterized bases contributing to AT during the AT titration process (Ko et al., 2025). 

 300 

Application of this approach to Antarctic sea ice brines, however, is limited by several uncertainties. First, historical Antarctic 

datasets rarely contain three or more high-quality carbonate system parameters required for overdetermination, and historical 

measurements are often accompanied by analytical limitations that complicate their ability to resolve OrgAlk assessments. In 

principle, reliable measurements of CT and pH would be sufficient to accurately calculate pCO2 and CaCO3 saturation state, 

eliminating the need to rely on the AT-CT pair. High-quality pH measurements, however, are generally unavailable for Antarctic 305 

sea ice brines. Instead, AT and CT are the carbonate system parameters most commonly measured in sea ice brines. As reported 

in Brown et al. (2014), many Antarctic sea ice brine studies report only two measured carbonate parameters. Even in studies 

where three parameters were measured, the additional parameter was often excluded because of analytical uncertainty or used 

only for internal consistency checks. For example, ISPOL (Papadimitriou et al. 2007) and WWOS (Papadimitriou et al. 2012) 

described analytical methods for the measurement of AT, CT, and pH, but the pH data was not published due to measurement 310 

uncertainty. Any attempt to use these pH measurements for an overdetermination approach would only add additional 

uncertainty that would be propagated across calculations and confound the OrgAlk signal, further limiting the reliability of an 

OrgAlk overdetermination estimate. Consequently, existing datasets cannot uniquely constrain OrgAlk using 

overdetermination. Compared to other studies with more than two measured parameters, Fransson et al. (2011) and Delille et 

al. (2007) used AT and pH carbonate system measurements to evaluate CT or pCO2 internal consistency, respectively. Where 315 

direct pCO2 measurements have been compared with calculated values in Antarctic sea ice brines (Delille et al., 2007; Geilfus 

et al., 2014), differences of approximately ±25 and ±50 µatm, respectively, were reported. These discrepancies demonstrate 

that the uncertainty associated with poorly constrained carbonate system parameters is not negligible. 

 

Second, carbonate system calculations for Antarctic sea ice brines require extrapolation beyond the validity ranges of 320 

commonly used acid-base equilibrium constants. The carbonic acid dissociation constants have been extended to -6 °C and a 

salinity of 100 in seawater-derived brines (Papadimitriou et al., 2018), but some sea ice brine samples from WWOS remain 

outside these ranges. An additional consideration is also the natural brine composition in-situ in comparison with that of the 

experimental brines, which preserved the seawater molar ratios of major ions. There is additional uncertainty from the 

dissociation constants of the other inorganic acid-base systems pertinent to AT (borate, silicate, phosphate, ammonium), which 325 
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have not been determined in brine matrices. These uncertainties introduce additional limitations into calculated carbonate 

system parameters. Ultimately, even if historical Antarctic datasets contained three high-quality carbonate parameters for 

overdetermination, the thermodynamic carbonate system calculations would still not be well-defined for sea ice brine 

conditions. 

 330 

Finally, overdetermination provides only an estimate of the potential impact of OrgAlk on calculated carbonate system 

parameters and relies on a simplified representation of organic acid chemistry. The overdetermination approach indirectly 

estimates the potential contribution of OrgAlk from the difference between measured total alkalinity (AT,meas) and alkalinity 

calculated from CT and pH (AT,calc). This excess alkalinity, however, cannot be interpreted as a direct measurement of OrgAlk 

because the magnitude of the residual depends on uncertainty in AT,calc. As a result, comparing carbonate system calculations 335 

based on CT-AT,meas and CT-AT,calc provides a useful estimate of the potential influence of OrgAlk on calculated carbonate 

variables, but it remains only a hypothetical partitioning of inorganic and organic AT pools rather than a direct representation 

of OrgAlk or its effect on carbonate system variables.  

 

OrgAlk, however, does not act as an independent alkalinity pool that can be removed from, or added to, measured AT. Rather, 340 

organic acid-base groups participate in proton-transfer reactions that proportionally alter the distribution of AT among all 

contributing acid-base systems (Ko et al., 2016; Kerr et al., 2021). Therefore, within the current CO2SYS framework, the most 

appropriate approach for assessing the effects of OrgAlk on calculated carbonate system variables is to leave AT,meas unchanged 

and explicitly incorporate OrgAlk as an additional acid-base system inside the equilibrium calculations using the relevant 

organic acid charge group concentrations and associated pKa values. This approach differs from treating OrgAlk as an 345 

alkalinity contribution that can simply be added to or subtracted from AT,meas as in the hypothetical partitioning described 

above. Ultimately, however, a complete treatment of OrgAlk would require it to be explicitly defined and included within the 

AT equation and parameterized in the same way as the inorganic acid-base systems in seawater, as a function of pH with the 

total concentration and pKa of the relevant organic acid-base systems. Organic acid concentrations and pKa distributions, 

however, remain largely unconstrained in Antarctic sea ice brines. The broad range of pKa values associated with OrgAlk 350 

across aquatic systems highlights this complexity (Hunt et al., 2025) and further limits the ability to uniquely quantify OrgAlk 

contributions to Antarctic sea ice carbonate system calculations.  

4.3 An illustrative sensitivity analysis using an Arctic sea ice brine OrgAlk:DOC relationship 

Because Antarctic OrgAlk cannot be constrained directly for these field campaigns, quantitative estimates of its effect on other 

carbonate system variables are not possible. Nevertheless, an illustrative sensitivity analysis provides context for why resolving 355 

OrgAlk is highly pertinent. Numerous studies have demonstrated that OrgAlk can influence carbonate system calculations 

when AT is used as an input parameter. In systems with unaccounted OrgAlk, calculations using AT and CT will underestimate 

pCO2 and overestimate pH. Calculations using AT and pH as the input parameters can overestimate both pCO2 and CT. In 
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Antarctic sea ice brine studies, AT has frequently been employed as a carbonate parameter measurement in campaigns due to 

its quasi-conservative nature, compared to pH. It is, therefore, critical to ascertain the accuracy of calculated carbonate system 360 

variables given the reliance on AT. Although this assessment is impossible with the Antarctic sea ice brine datasets, it is useful 

to perform a sensitivity analysis as context for the potential magnitude of these effects. This exercise does not represent an 

estimate of carbonate system measurements; rather, it demonstrates the range of possible carbonate system responses under a 

hypothetical OrgAlk scenario to inform future research. 

 365 

For Arctic sea ice brines, Rush et al. (2026) reported directly measured OrgAlk values averaging approximately 16 µmol kg-1 

(range: 10 to 22 µmol kg-1). Correspondingly, the ΔpCO2 (difference between OrgAlk adjusted AT and non-OrgAlk adjusted 

AT) values ranged from -8 to -24 µatm. For both Arctic brine and under-ice water, the directly measured OrgAlk average value 

was 12 µmol kg-1 (range: 2-24 µmol kg-1) with corresponding ΔpCO2 values ranging from -4 to -84 µatm. As a hypothetical 

scaling exercise, applying the Arctic sea ice OrgAlk relationship reported by Rush et al. (2026) of 0.13 µmol kg-1 µM-1 to 370 

Antarctic sea ice brine DOC concentrations would yield parameterized OrgAlk values averaging approximately 37 µmol kg-1 

across WWOS and ISPOL samples (39 and 28 µmol kg-1 for WWOS and ISPOL, respectively) with a range of 3-126 µmol 

kg-1 (Table 2). These values are not interpreted as Antarctic OrgAlk estimates, as the transferability of Arctic OrgAlk 

relationships remains uncertain. Instead, they provide an illustrative range of potential OrgAlk magnitudes at one OrgAlk:DOC 

ratio that can be used to evaluate carbonate system sensitivity (Fig. 5). 375 
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Figure 5. Distribution of measured Arctic and parameterized Antarctic sea ice OrgAlk values. Violin plots show the distribution of 

measured Arctic OrgAlk values from brines and the whole sea ice system (brine and under-ice water) and potential Antarctic brine OrgAlk 

values parameterized using an Arctic sea ice OrgAlk:DOC relationship of 0.13 (Rush et al., 2026). The boxplot horizontal line indicates the 

median and black dots indicate outliers. Arctic brine OrgAlk values (n = 5) had a mean of 16 ± 5 µmol kg⁻¹, median of 15 µmol kg⁻¹, and 380 
range of 10-22 µmol kg⁻¹. The Arctic sea ice system (n = 19) had a mean of 12 ± 6 µmol kg⁻¹, median of 12 µmol kg⁻¹, and range of 2-24 

µmol kg⁻¹. Parameterized Antarctic brine OrgAlk values (n = 154) had a mean of 37 ± 22 µmol kg⁻¹, median of 30 µmol kg⁻¹, and range of 

3-126 µmol kg⁻¹. Antarctic values represent one hypothetical sensitivity scenario and should not be interpreted as direct estimates of Antarctic 

sea ice OrgAlk. 

 385 
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When comparing Arctic and Antarctic brines, the average parameterized OrgAlk in Antarctic brines was approximately 2.3 

times the measured Arctic mean, with individual Antarctic values ranging from approximately 0.3 to 5.7 times the Arctic brine 390 

values. Comparing the broader sea ice system (brine and under-ice water), the average parameterized OrgAlk in Antarctic 

brines was approximately 3.1 times the Arctic mean, with individual values ranging from approximately 1.5 to 5.3 times the 

Arctic brine values (Fig. 5). Scaling the corresponding ΔpCO2 from Arctic sea ice observations suggests that an unaccounted 

OrgAlk contribution of this magnitude will produce measurable shifts in calculated carbonate-system parameters. For brine 

only comparisons, the illustrative scaling corresponds to ΔpCO2 ranges of approximately -2 to -7 µatm based on minimum 395 

scaling, -19 to -56 µatm based on average range scaling and -46 to -137 µatm based on maximum range scaling (Fig. 6). For 

the broader sea ice system, the corresponding illustrative ΔpCO2 ranges extend from approximately -6 to -126 µatm (minimum-

based), -12 to -259 µatm (average-based) and -21 to -441 µatm (maximum-based).  

 

These calculations should not be interpreted as quantitative predictions of ΔpCO2 in Antarctic sea ice brines. The applied 400 

OrgAlk:DOC relationship represents a first-order evaluation that requires validation because the relationship between DOC 

and OrgAlk in Antarctic sea ice remains unknown. The true OrgAlk contribution could vary depending on organic matter 

composition and its acid-base characteristics. These results solely demonstrate that uncertainty in uncharacterized OrgAlk may 

propagate into appreciable uncertainty in carbonate system parameter estimates derived from typical AT-CT input. Ultimately, 

this sensitivity analysis demonstrates that even modest OrgAlk contributions have the potential to influence carbonate system 405 

calculations and highlights the importance of directly constraining organic acid chemistry in Antarctic sea ice brines to quantify 

its potential effect on such calculations. 

 

 

 410 
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Figure 6. Potential ΔpCO2 ranges applying the Arctic sea ice brine OrgAlk:DOC ratio to the Antarctic sea ice system. Shading and 

hatching patterns indicate solely brine and whole sea ice system extrapolations with minimum, average, and maximum range scaling. 

 

4.4 Implications for constraining OrgAlk in Antarctic sea ice brine systems and recommendations for future work 415 

There is a lack of information required to characterize the unique organic acid-base chemistry within Antarctic sea ice brines. 

Closing this gap requires direct measurements of organic acid concentrations and acid-base properties rather than additional 

parameterizations. Therefore, we recommend that future efforts prioritize direct measurements of OrgAlk in Antarctic sea ice 

brines. Direct measurements using the back titration approach will provide the ability to constrain OrgAlk and resolve the 

responsible organic acid charge groups. Coupling these measurements with molecular and chemical characterization of 420 

Antarctic sea ice brines would further elucidate the components of the DOC pool contributing to AT. Although considerable 

work has investigated the role of extracellular polymeric substances (EPS) within the DOM pool in Antarctic sea ice 

(Underwood et al., 2010; Underwood et al., 2013; Deming and Collins, 2017), its contribution to, or its potential to correlate 

with, OrgAlk remains unknown. The EPS pool consists of high-molecular weight polymers containing proton-binding carboxyl 
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and amino groups that could contribute to OrgAlk as they are released by sea ice bacteria and microalgae-binding microbial 425 

aggregates. Establishing whether EPS quantity or composition can serve as a more precise proxy for OrgAlk than bulk DOC 

could complement direct OrgAlk measurements by helping constrain historical data and improve parameterized OrgAlk 

values.  

 

Direct OrgAlk measurements should also be integrated with observations that will allow overdetermination of the carbonate 430 

system of the Antarctic sea ice brine environment. Combining measured OrgAlk with three or more high-quality carbonate 

system input parameters would allow for a carbonate consistency assessment and provide a more rigorous evaluation of how 

OrgAlk influences AT-based calculated carbonate parameters, such as pCO2 and CaCO3 mineral saturation states, in sea ice 

environments. Moreover, projected shifts from multiyear ice to first-year ice in the Arctic (Maslanik et al., 2011) suggest that 

Antarctic sea ice may serve as an important analog for future Arctic sea ice conditions, further emphasizing the need to 435 

constrain OrgAlk effects in Antarctic brine systems. To this end, additional work is also needed to improve carbonate system 

calculations under the extreme sea ice brine conditions. Although carbonic acid dissociation constants have been extended for 

sea ice brine salinity and temperature ranges (Papadimitriou et al., 2018), other equilibrium constants and salinity-dependent 

relationships remain insufficiently defined at such conditions. Improving these parameterizations would reduce uncertainty in 

carbonate system calculations to support an overdetermination approach. 440 

5 Conclusions 

OrgAlk represents a potentially important but poorly constrained and neglected component of the Antarctic sea ice carbonate 

system. This study establishes boundary conditions for potential OrgAlk contributions in Antarctic sea ice brines and 

demonstrates that existing approaches cannot uniquely resolve its magnitude. DOC-based parameterization of OrgAlk is 

limited because OrgAlk:DOC relationships vary with organic matter source, composition, environmental conditions, time, and 445 

space. Additionally, the ability to constrain OrgAlk in Antarctic sea ice brines remains limited by the scarcity of carbonate 

system measurements and the uncertainties associated with carbonate system calculations under extreme brine conditions.  

 

Applying a full range of published OrgAlk:DOC relationships to historical Antarctic sea ice brine DOC concentrations 

provides useful sensitivity scenarios but does not provide a direct estimate of Antarctic sea ice brine OrgAlk. These scenarios 450 

illustrate that plausible OrgAlk contributions could represent a non-negligible fraction of AT in sea ice brines and could 

influence calculated carbonate system parameters, such as pCO2, when AT is used as an input parameter. Accordingly, this 

analysis supports the idea that it is highly pertinent to consider and directly measure OrgAlk in Antarctic sea ice brines. 

Advancing our understanding of CO2 uptake requires addressing such unresolved factors to constrain OrgAlk, refine our 

understanding of polar carbon cycling and enhance the biogeochemical models used to simulate CO2 fluxes in the Southern 455 

Ocean and beyond. 
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