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• Sea-ice CO2-carbonate chemistry: 

	
considerations and caveats	

• Fall/freeze-up data	

• Sea-ice brines	

• Sea-ice chemistry	

• Melt ponds and interface waters	

• Impacts on underlying water column	
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Seasonal changes in generic sea-ice impacted shelf	
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Sea-ice CO2-carbonate chemistry	




Dissolved inorganic carbon (DIC)	

• DIC = [HCO3

-] + [CO3
2-] + [CO2*]	  

Total Alkalinity (TA)	

• TA = [HCO3

-] + 2[CO3
2-] + 	


[B(OH)-] +  [OH-] – [H-]	


Observed or calculated	

seawater CO2-carbonate 	

chemistry	


Partial pressure of CO2	

• pCO2 or fCO2	


pH	

• -log10 [H+]  	


Sea-ice CO2-carbonate chemistry	

CO2-carbonate chemistry considerations	


CO2atm + H2O = [CO2*]sea = HCO3
-] + [H+] = [CO3

2-] + [H+] 	
 	
(1)	


Bates et al, OCB Meeting 2014	
Image: Zeebe and Wolf-Gladrow 2001	




Sea-ice CO2-carbonate chemistry	

Caveats associated with sea-ice CO2 carbonate chemistry	


Thermodynamic Issues	

1.  Uncertainty with dissociation 

constants for waters less than 1°C and 
salinity of 25	


2.  Low ionic strength of sea-ice 
meltwaters 	


3.  High ionic strength of sea-ice brines	

	

Measurement Issues 	

4. 	
Higher salinity, open ocean 
	
seawater certified reference 
	
materials  	


5. 	
Calibration to low salinity waters	

	

Calculation Issues 	

6. 	
What is the inaccuracy of 	
computing 
	
pCO2, pH, etc in sea-ice?	
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pCO2 observed and calculated comparison	




Physical Processes	

1. 	
Brine rejection	

2.  Sea-ice gas exchange with air and 

seawater (after ice formation)	

3. 	
Precipitation/oblation	

4. 	
Sea-ice melting (end of season)	

	

Biological/biogeochemical processes	

5.  	
Primary production	

6. 	
Respiration	

	
Net Ecosystem Metabolism (NEP)	


	

7. 	
CaCO3 formation (e.g., Ikaite 
	
formation)	


8. 	
CaCO3 dissolution	

	
Net Ecosystem Calcification (NEC)	
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Physical and Biological Processes in Sea-Ice	

Primary drivers of sea-ice CO2	
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Physical and Biological Processes in Sea-Ice	
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NEM = NEP + NEP	




Formation of CaCO3	

e.g., Killawee et al., 1998; Tisone et al., 2002; Papadimitriou et al., 2004; Dieckmann 
et al., 2008; Thomas et al., 2013 	


Physical and Biological Processes in Sea-Ice	

Ikaite formation	
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~0.5 to 19 mg CaCO3 L-1	




Formation of CaCO3	


Physical and Biological Processes in Sea-Ice	

CaCO3 formation	


Sogaard et al., 2013	
 Miller et al., 2011b	
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~0.1 to 0.8 mg CaCO3 L-1	
 ~0.2 to 2.5 mg CaCO3 L-1	




Sea-ice CO2-carbonate chemistry	
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Physical Processes	

1.  Brine rejection	
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Sea-ice formation/freeze-up	




Sea-ice CO2-carbonate chemistry	


Miller et al., 2011b	


Brines	
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Sea-ice formation/freeze-up	




Sea-ice CO2-carbonate chemistry	
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Sea-ice formation/freeze-up	

Brines	


Filled Symbols: DIC	

Open Symbols: TA	


Excess TA in brines	




Sea-ice CO2-carbonate chemistry	


Miller et al., 2011b	


Brine rejection	
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Sea-ice formation/freeze-up	


Removal of DIC and 
TA from brines	


Miller et al., 2011b	




Sea-ice CO2-carbonate chemistry	


Omar et al., 2005	


Brine rejection	
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Increase in DIC in 
water column	


Physical Processes	

1.  Brine rejection	


2.  During freeze-up, the 
formation of high salinity 
brines appears to drive a large 
uptake of CO2 from the 
atmosphere and downward 
flux of dissolved inorganic 
carbon (DIC) with cold dense 
waters formed during brine 
rejection (e.g., Anderson et al., 
2004; Omar et al., 2005; 
Rysgaard et al., 2007). 	


Omar et al 2005	
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Sea-ice formation/freeze-up	
 Brines	


~500 to 8000 µatm	


Miller et al., 2011b	




Winter Observations	


Sea-ice CO2-carbonate chemistry	
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Sea-ice CO2-carbonate chemistry	
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Table 1. Summary of measured and calculated pCO2 values reported in sea-ice brine, sea-ice and melt 
ponds. The studies are arranged in seasonal order from fall to spring observations where possible. In most 
cases, pCO2, pH, Ωcalcite, and Ωaragonite were calculated from TA and DIC, or from pCO2 and pH. In the cases 
where values were reported in the original study, salinity and temperature values of 4 and 0°C were used in 
the calculations. (from Bates et al., 2014).	


Sea-ice Brines	

_____________________________________________________________________	

	


Study	
 	
 	
Location 	
 	
Period 	
 	
Season 	
pCO2 (µatm) 	
pH 	
         Ωcalcite 	
Ωaragonite	

_____________________________________________________________________	

Brine	

Miller et al., 2011a 	
Arctic 	
Nov. to Dec 	
Fall 	
 	
 	
<1 	
 	
12.4 	
 	
22.5 	
 	
4.6 	
 	
2	

Miller et al., 2011b 	
Arctic 	
Dec to Mar 	
Winter 	
~800 to 12,000 	
8.2 to 7.1 	
11.9-1.3 	
0.8-7.4 	
1,6	

Miller et al., 2011b 	
Arctic 	
April to June 	
Spring 	
~800 to 12,000 	
8.2 to 7.1 	
1.3-11.9 	
0.8-7.4 	
1,6	

Geilfus et al. 2012a 	
Arctic 	
April 	
 	
Spring 	
465 to 1834 	
8.0 	
 	
3.0 	
 	
1.6 	
 	
1,3,4	
	

Geilfus et al. 2012a 	
Arctic 	
May 	
 	
 	
Spring 	
147 to 888	
 	
8.2 	
 	
1.5 	
 	
<0.1 	
 	
1,3,4,5	

Delille et al., 2007 	
Antarctic 	
November	
 	
Spring 	
~100	
 	
 	
9.42 	
 	
>20 	
 	
>6 	
 	
1,3,5	

Delille et al., 2007 	
Antarctic 	
December	
 	
Spring 	
~420	
 	
 	
8.38 	
 	
3.4 	
 	
1.8 	
 	
1,3,5	

Geilfus et al. 2012a 	
Arctic 	
June 	
 	
 	
Spring 	
0 to 180 	
 	
8.3 	
 	
0.1 	
 	
<0.1 	
 	
1,4,5	

Geilfus et al. 2014 	
Arctic 	
June 	
 	
 	
Spring 	
20 to 389	

Fransson et al 2011 	
Antarctic 	
Dec. to Jan	
 	
Spring 	
9 to 210 	
 	
9.3-8.3 	
3.7-14.8 	
2.3-9.3 	
2	

________________________________________________________________________________________	  
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Sea-ice CO2-carbonate chemistry	


Miller et al., 2011a	
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Winter Observations	




Sea-ice CO2-carbonate chemistry	
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Bates et al, OCB Meeting 2014	


Miller et al 2011a	


Winter Observations	


~500 to 14,000 µatm	




Spring Observations	


Sea-ice CO2-carbonate chemistry	
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Sea-ice CO2-carbonate chemistry	
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Table 1. Summary of measured and calculated pCO2 values reported in sea-ice brine, sea-ice and melt 
ponds. The studies are arranged in seasonal order from fall to spring observations where possible (from 
Bates et al., 2014).	


Sea-ice	


_____________________________________________________________________	

	


Study	
 	
 	
Location 	
 	
Period 	
 	
Season 	
pCO2 (µatm) 	
pH 	
         Ωcalcite 	
Ωaragonite	

_____________________________________________________________________	

Sea-Ice	

Miller et al., 2011a 	
Arctic 	
Nov. to Dec 	
Fall 	
 	
 	
<1 	
 	
8.20 	
 	
0.42 	
 	
0.25 	
 	
2,8,10	

Miller et al., 2011a 	
Arctic 	
Nov. to Dec 	
Fall 	
 	
 	
<1 	
 	
8.97 	
 	
1.75 	
 	
0.96 	
 	
2,9,10	

Rysgaard et al. 2007 	
Arctic 	
March 	
 	
Spring 	
<1 to 6 	
 	
9.1-10.4 	
1.6-5.5 	
0.86-3.0 	
2,1	

Crabeck et al. 2014 	
Arctic 	
March 	
 	
Spring 	
60 to 330 (1) 	
 	
	

Miller et al., 2011b 	
Arctic 	
April to June 	
Spring 	
103 to 197 	
7.7-7.97 	
<0.1 	
 	
<0.1 	
 	
	

Sejr et al. 2011 	
        Greenland	
March/April 	
Spring 	
165 and 195 	
 	
 	
 	
 	
 	
 	
1,7	

Rysgaard et al. 2007 	
Arctic 	
April	
 	
 	
Spring 	
204 to 522 	
7.36-7.8 	
<0.05 	
<0.05 	
2,10	

Delille et al., 2007 	
Antarctic 	
Nov. to Dec 	
Spring 	
<10 to 420 	
8.0-8.7 	
0.5 	
 	
0.3-0.19 	
1,3,5	

Sogaard et al., 2013 	
Arctic 	
April	
 	
 	
Spring 	
<2 to ~10 	
 	
 	
 	
 	
 	
 	
 	
2,4	

Sogaard et al., 2013 	
Arctic 	
May 	
 	
 	
Spring 	
~5 to ~145 	
 	
 	
 	
 	
 	
 	
2,4	

Geilfus et al. 2012a 	
Arctic 	
June 	
 	
 	
Spring 	
50 to 1800 	
8.4-6.2 	
0.56-<0.1   0.3-<0.1 	
1 	
	

Fransson et al 2011 	
Antarctic 	
Dec. to Jan	
 	
Spring 	
<10 	
 	
	
 	
9.3 	
 	
14.8 	
 	
9.3 	
 	
	
2	

Rysgaard et al. 2011 	
Arctic 	
not given 	
 	
Spring 	
< 1 	
 	
 	
10.0 	
 	
<0.1 	
 	
<0.1 	
 	
2 	
	

Rysgaard et al. 2011 	
Antarctic 	
not given 	
 	
Spring 	
< 1 	
 	
 	
10.0 	
 	
<0.1 	
 	
<0.1 	
 	
2	

________________________________________________________________________________________	
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Sea-ice formation/freeze-up	
 Sea-ice	
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Table 1. Summary of measured and calculated pCO2 values reported in sea-ice brine, sea-ice and melt 
ponds. The studies are arranged in seasonal order from fall to spring observations where possible (from 
Bates et al., 2014).	
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2,8,10	

Miller et al., 2011a 	
Arctic 	
Nov. to Dec 	
Fall 	
 	
 	
<1 	
 	
8.97 	
 	
1.75 	
 	
0.96 	
 	
2,9,10	

Rysgaard et al. 2007 	
Arctic 	
March 	
 	
Spring 	
<1 to 6 	
 	
9.1-10.4 	
1.6-5.5 	
0.86-3.0 	
2,1	

Crabeck et al. 2014 	
Arctic 	
March 	
 	
Spring 	
60 to 330 (1) 	
 	
	

Miller et al., 2011b 	
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April to June 	
Spring 	
103 to 197 	
7.7-7.97 	
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Sejr et al. 2011 	
        Greenland	
March/April 	
Spring 	
165 and 195 	
 	
 	
 	
 	
 	
 	
1,7	

Rysgaard et al. 2007 	
Arctic 	
April	
 	
 	
Spring 	
204 to 522 	
7.36-7.8 	
<0.05 	
<0.05 	
2,10	

Delille et al., 2007 	
Antarctic 	
Nov. to Dec 	
Spring 	
<10 to 420 	
8.0-8.7 	
0.5 	
 	
0.3-0.19 	
1,3,5	

Sogaard et al., 2013 	
Arctic 	
April	
 	
 	
Spring 	
<2 to ~10 	
 	
 	
 	
 	
 	
 	
 	
2,4	

Sogaard et al., 2013 	
Arctic 	
May 	
 	
 	
Spring 	
~5 to ~145 	
 	
 	
 	
 	
 	
 	
2,4	

Geilfus et al. 2012a 	
Arctic 	
June 	
 	
 	
Spring 	
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8.4-6.2 	
0.56-<0.1   0.3-<0.1 	
1 	
	

Fransson et al 2011 	
Antarctic 	
Dec. to Jan	
 	
Spring 	
<10 	
 	
	
 	
9.3 	
 	
14.8 	
 	
9.3 	
 	
	
2	

Rysgaard et al. 2011 	
Arctic 	
not given 	
 	
Spring 	
< 1 	
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<0.1 	
 	
<0.1 	
 	
2 	
	

Rysgaard et al. 2011 	
Antarctic 	
not given 	
 	
Spring 	
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Spring Conditions	


• Alkaline brines	

	

• Acidic sea-ice 
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Geilfus et al 2012	
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Geilfus et al., 2012	
 Miller et al., 2011b	
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seasonal decrease of pCO2 in brines	
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Table 1. Summary of measured and calculated pCO2 values reported in sea-ice brine, sea-ice and melt 
ponds. The studies are arranged in seasonal order from fall to spring observations where possible. In most 
cases, pCO2, pH, Ωcalcite, and Ωaragonite were calculated from TA and DIC, or from pCO2 and pH. In the cases 
where values were reported in the original study, salinity and temperature values of 4 and 0°C were used in 
the calculations. (from Bates et al., 2014).	


Sea-ice Brines	

_____________________________________________________________________	

	


Study	
 	
 	
Location 	
 	
Period 	
 	
Season 	
pCO2 (µatm) 	
pH 	
         Ωcalcite 	
Ωaragonite	

_____________________________________________________________________	

Brine	

Miller et al., 2011a 	
Arctic 	
Nov. to Dec 	
Fall 	
 	
 	
<1 	
 	
12.4 	
 	
22.5 	
 	
4.6 	
 	
2	

Miller et al., 2011b 	
Arctic 	
Dec to Mar 	
Winter 	
~800 to 12,000 	
8.2 to 7.1 	
11.9-1.3 	
0.8-7.4 	
1,6	

Miller et al., 2011b 	
Arctic 	
April to June 	
Spring 	
~800 to 12,000 	
8.2 to 7.1 	
1.3-11.9 	
0.8-7.4 	
1,6	

Geilfus et al. 2012a 	
Arctic 	
April 	
 	
Spring 	
465 to 1834 	
8.0 	
 	
3.0 	
 	
1.6 	
 	
1,3,4	
	

Geilfus et al. 2012a 	
Arctic 	
May 	
 	
 	
Spring 	
147 to 888	
 	
8.2 	
 	
1.5 	
 	
<0.1 	
 	
1,3,4,5	

Delille et al., 2007 	
Antarctic 	
November	
 	
Spring 	
~100	
 	
 	
9.42 	
 	
>20 	
 	
>6 	
 	
1,3,5	

Delille et al., 2007 	
Antarctic 	
December	
 	
Spring 	
~420	
 	
 	
8.38 	
 	
3.4 	
 	
1.8 	
 	
1,3,5	

Geilfus et al. 2012a 	
Arctic 	
June 	
 	
 	
Spring 	
0 to 180 	
 	
8.3 	
 	
0.1 	
 	
<0.1 	
 	
1,4,5	

Geilfus et al. 2014 	
Arctic 	
June 	
 	
 	
Spring 	
20 to 389	

Fransson et al 2011 	
Antarctic 	
Dec. to Jan	
 	
Spring 	
9 to 210 	
 	
9.3-8.3 	
3.7-14.8 	
2.3-9.3 	
2	

________________________________________________________________________________________	  
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Table 1. Summary of measured and calculated pCO2 values reported in sea-ice brine, sea-ice and melt 
ponds. The studies are arranged in seasonal order from fall to spring observations where possible (from 
Bates et al., 2014).	


Sea-ice	
_____________________________________________________________________	

	


Study	
 	
 	
Location 	
 	
Period 	
 	
Season 	
pCO2 (µatm) 	
pH 	
         Ωcalcite 	
Ωaragonite	

_____________________________________________________________________	

Sea-Ice	

Miller et al., 2011a 	
Arctic 	
Nov. to Dec 	
Fall 	
 	
 	
<1 	
 	
8.20 	
 	
0.42 	
 	
0.25 	
 	
2,8,10	

Miller et al., 2011a 	
Arctic 	
Nov. to Dec 	
Fall 	
 	
 	
<1 	
 	
8.97 	
 	
1.75 	
 	
0.96 	
 	
2,9,10	

Rysgaard et al. 2007 	
Arctic 	
March 	
 	
Spring 	
<1 to 6 	
 	
9.1-10.4 	
1.6-5.5 	
0.86-3.0 	
2,1	

Crabeck et al. 2014 	
Arctic 	
March 	
 	
Spring 	
60 to 330 (1) 	
 	
	

Miller et al., 2011b 	
Arctic 	
April to June 	
Spring 	
103 to 197 	
7.7-7.97 	
<0.1 	
 	
<0.1 	
 	
	

Sejr et al. 2011 	
        Greenland	
March/April 	
Spring 	
165 and 195 	
 	
 	
 	
 	
 	
 	
1,7	

Rysgaard et al. 2007 	
Arctic 	
April	
 	
 	
Spring 	
204 to 522 	
7.36-7.8 	
<0.05 	
<0.05 	
2,10	

Delille et al., 2007 	
Antarctic 	
Nov. to Dec 	
Spring 	
<10 to 420 	
8.0-8.7 	
0.5 	
 	
0.3-0.19 	
1,3,5	

Sogaard et al., 2013 	
Arctic 	
April	
 	
 	
Spring 	
<2 to ~10 	
 	
 	
 	
 	
 	
 	
 	
2,4	

Sogaard et al., 2013 	
Arctic 	
May 	
 	
 	
Spring 	
~5 to ~145 	
 	
 	
 	
 	
 	
 	
2,4	

Geilfus et al. 2012a 	
Arctic 	
June 	
 	
 	
Spring 	
50 to 1800 	
8.4-6.2 	
0.56-<0.1   0.3-<0.1 	
1 	
	

Fransson et al 2011 	
Antarctic 	
Dec. to Jan	
 	
Spring 	
<10 	
 	
	
 	
9.3 	
 	
14.8 	
 	
9.3 	
 	
	
2	

Rysgaard et al. 2011 	
Arctic 	
not given 	
 	
Spring 	
< 1 	
 	
 	
10.0 	
 	
<0.1 	
 	
<0.1 	
 	
2 	
	

Rysgaard et al. 2011 	
Antarctic 	
not given 	
 	
Spring 	
< 1 	
 	
 	
10.0 	
 	
<0.1 	
 	
<0.1 	
 	
2	

________________________________________________________________________________________	
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Sea-ice melt ponds	

_____________________________________________________________________	

	


Study	
 	
 	
Location 	
 	
Period 	
Season 	
pCO2 (µatm) 	
pH 	
         Ωcalcite 	
Ωaragonite	

_____________________________________________________________________	

	

Ice melt ponds	

Geilfus et al. 2012a 	
Arctic 	
June 	
 	
Spring 	
79 to 348 	
 	
n/a 	
         n/a 	
 	
n/a 	
 	
 	
2 	
	

this study (acidic type)Arctic 	
June/July 	
Spring 	
355-1516 	
 	
7.4 to 6.1    <0.1 	
<0.1 	
 	
 	
2	

this study (alkaline) 	
Arctic 	
June/July 	
Spring 	
<1 to 60 	
 	
10.8 to 8.6  2.6 to 0.2  1.5 to <0.1 	
2	

________________________________________________________________________________________	
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• Sea-ice CO2-carbonate chemistry:	

	
some issues and caveats with limited data	


• Fall/freeze-up data	

	
very limited data	


• Sea-ice chemistry	

	
relatively low pCO2 (<100-400 µatm)	


• Sea-ice brines	

	
highly variable pCO2 (<1-2,000 µatm)	


• Melt ponds and interface waters	

	
alkaline and acidic melt ponds	


• Impacts on underlying water column	

	
ocean acidification and NCP impacts	


	

	


Conclusions	

Sea-ice CO2-carbonate chemistry	



