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Motivation	


• Average  pH  of  the  world’s  oceans  is  
about  8.2,  and  is  buffered  by  calcium  
carbonate;	

• About  0.1  pH  unit  decline  since  late  
1980s  due  to  increasing  CO2  	
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Ca2+ + CO3
2− → CaCO3(s)

   

Ω = Ca 
2 + [ ] CO 3 2 - [ ] 
K 

Ω > 1 = precipitation 
Ω = 1 = equilibrium 
Ω < 1 = dissolution 

CaCO3  saturation  state	


In seawater: Changes in [Ca2+] are small à changes in W largely 
controlled by changes of [CO3

2-]	



Ø  [CO2] ↑ à [CO3
2-] ↓à CaCO3 dissolution ↑ 	



Ø  [CO2] ↓ à [CO3
2-]↑à CaCO3 precipitation ↑	





Modeling  Flux  and  Dissolution  of  CaCO3  	
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CaCO3  and  POC  fluxes  in  previous  studies	


	
  Berelson	
  et	
  
al,	
  2007	
  

Feely	
  et	
  al,	
  
2004	
  

Honjo	
  et	
  al,	
  
2008	
  

Gangsto	
  et	
  
al,	
  2008	
  

Dunne	
  et	
  
al,	
  2012	
  

Dunne	
  et	
  
al.,	
  2007	
  

annual	
  caco3_prod	
  
(PgCaCO3/yr)	
  	
  	
   0.5-­‐1.6	
   0.8-­‐1.4	
   0.57	
  
	
  total	
  remin	
  
(PgCaCO3/yr)	
  	
  	
   0.38	
  

remin	
  (0-­‐2000m)	
  
(PgCaCO3/yr)	
  	
  	
  	
   0.18	
  
total	
  burial	
  

(PgCaCO3/yr)	
  	
  	
   0.1-­‐0.14	
  
caco3_flux	
  out	
  100m	
  

(PgCaCO3/yr)	
  	
  	
   0.41	
   0.371	
   0.52	
  
caco3_flux,	
  2000m	
  

(PgCaCO3/yr)	
  	
  	
   0.6	
   0.4	
   0.41	
   0.39	
   0.29	
  
annual	
  caco3_prod	
  

(PgCaCO3/yr)	
  	
  	
   0.4-­‐1.8	
   5.73	
   9.6	
  

Ø  Lack  of  observational  data;  	

Ø  Large  uncertainties  remain.	




Vertical  Profiles	
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Blue:  control  case;    Red:  with  Ω  feedback	


Examples  of  changes  in  CaCO3  flux  and  remineralization  	
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CaCO3  dissolution  rate  increases  when  undersaturated	




Sediment  burial  of  CaCO3	


Standard  CESM:  all  CaCO3  gets  
buried  in  sediments  shallower  
than  3300  m  and  dissolves  in  
deeper  sediments	

	

Modification:  CaCO3  dissolves  
if  undersaturated.  CaCO3  gets  
buried  in  sediments  shallower  
than  saturation  depth.	




Simulation  results	


	
  Berelson	
  
et	
  al,	
  2007	
  

Feely	
  et	
  
al,	
  2004	
  

Honjo	
  et	
  
al,	
  2008	
  

Gangsto	
  
et	
  al,	
  
2008	
  

Dunne	
  
et	
  al,	
  
2012	
  

Dunne	
  et	
  
al.,	
  2007	
   control	
   OA-­‐run	
  

annual	
  caco3_prod	
  
(PgCaCO3/yr)	
  	
  	
   0.5-­‐1.6	
   0.8-­‐1.4	
   0.57	
   1.29	
   0.71	
  
	
  total	
  remin	
  
(PgCaCO3/yr)	
  	
  	
   0.38	
   1.133	
   0.55	
  

remin	
  (0-­‐2000m)	
  
(PgCaCO3/yr)	
  	
  	
  	
   0.18	
   0.84	
   0.22	
  
total	
  burial	
  

(PgCaCO3/yr)	
  	
  	
   0.1-­‐0.14	
   0.15	
   0.15	
  
caco3_flux	
  out	
  

100m	
  (PgCaCO3/yr)	
  	
  	
   0.41	
   0.371	
   0.52	
   0.92	
   0.64	
  
caco3_flux,	
  2000m	
  

(PgCaCO3/yr)	
  	
  	
   0.6	
   0.4	
   0.41	
   0.39	
   0.29	
   0.35	
   0.4	
  
POC	
  export	
  at	
  
100m	
  (PgC/yr)	
  	
  	
   0.4-­‐1.8	
   5.73	
   9.6	
   7.29	
   7.27	
  

Ø  CaCO3  production  is  reduced  to  maintain  alkalinity  balance;	

Ø  ~  21%  of  CaCO3  produced  is  buried,  and  ~45%  dissolved  in  bo\om  cells.	




CaCO3  flux	


Ø  More  CaCO3  fluxes  below  ~1000m;	

Ø  CaCO3  dissolution  increases  in  undersaturated  conditions	




Changes  in  DIC  distribution	


Ø  DIC  concentrations  slightly  decrease  in  surface  seawater  and  increase  
in  deeper  waters;	


Ø  Changes  in  DIC  concentrations  and  alkalinity  are  small.	




Saturation  Depth	


and calcite (from coccolithophorids and fora-
minifera) neutralizes anthropogenic CO2 and
adds to TA via the reaction

CO2 ! CaCO3 ! H2O72HCO3
" !Ca2! (1)

The primary contributors to this reaction are the
carbonate shells of marine plankton that are
produced in the euphotic zone. Upon death,
these carbonate tests fall through the water col-
umn and are either dissolved or deposited in
shallow or deep-sea sediments. As the oceans
become enriched in anthropogenic CO2, the
locations and extent of dissolution will increase
as a function of the decrease in the calcium
carbonate (CaCO3) saturation state. Until re-
cently, it had been commonly thought that the
dissolution of pelagic CaCO3 particles primar-
ily occurs at great depths below the calcite
saturation depth (6). However, recent analyses
of the global carbonate budget and carbonate
data for the global oceans (7–9) have indicated
that perhaps as much as 60 to 80% of the
CaCO3 that is exported out of the surface ocean
dissolves in the upper 1000 m.
Calcite and aragonite saturation in the

global oceans. The degree of saturation of
seawater with respect to aragonite and calcite
(#arg or #cal) is the ion product of the
concentrations of calcium and carbonate ions,
at the in situ temperature, salinity, and pres-

sure, divided by the stoichiometric solubility
product (K*sp) for those conditions

#arg$[Ca2!][CO3
2"]/K*sparg (2)

#cal$[Ca2!][CO3
2"]/K*spcal (3)

where the calcium concentration is estimated
from the salinity, and the carbonate ion con-
centration is calculated from the DIC and TA
data. Because the calcium- to-salinity ratio in
seawater does not vary by more than 1.5%,
variations in the ratio of [CO3

2"] to the stoi-
chiometric solubility product primarily gov-
ern the degree of saturation of seawater with
respect to aragonite and calcite (Fig. 2).
There is pronounced shoaling of both the
aragonite and calcite saturation horizons from
the Atlantic through the Indian to the Pacific
Oceans because of the higher DIC/TA ratios
in the intermediate and deep waters of the
Indian and Pacific relative to the Atlantic.
This is due to the cumulative enrichment of
DIC relative to TA resulting from respiration
processes as ocean water circulates along the
deep conveyor belt from the Atlantic to Indi-
an and Pacific (10, 11). The intermediate
waters of the North Pacific show evidence for
undersaturation in the shallow waters from
200 to 1000 m, where they have also been
affected by anthropogenic CO2 (12). Surpris-
ingly, portions of the northern Indian Ocean

and southeastern Atlantic Ocean are also un-
dersaturated with respect to aragonite at shal-
low depths, and this region also appears to be
increasing in areal extent as a consequence of
anthropogenic CO2 accumulations (13–15).
This can best be shown by plotting vertical
sections of the present-day (solid line) and
preindustrial (dashed line) saturation hori-
zons superimposed on the anthropogenic CO2

contours from data collected along the axis of
the three basins (Fig. 3). The preindustrial
levels are calculated by subtracting the an-
thropogenic CO2 values from the total DIC.
A comparison of the preindustrial and
present-day saturation horizons reveals sev-
eral distinct regions where the undersatura-
tion zone has expanded. In regions between
20°N and 50°N in the North Atlantic Ocean,
the aragonite saturation horizon for the pre-
industrial era is nearly the same as today (Fig.
3). In the eastern South and North Atlantic,
however, the aragonite saturation horizon has
migrated upward by approximately 80 to
150 m between 50°S and 15°N. In the Indian
Ocean, saturation depths have shoaled increas-
ingly north of 30°S, so that aragonite saturation
depths in the Arabian Sea and Bay of Bengal
are now 100 to 200 m shallower than in prein-
dustrial times. In the Pacific, the upward migra-
tion of the aragonite saturation horizon is be-
tween 30 and 80 m south of 38°S and between
30 and 100 m north of 3°N. The calcite satura-
tion horizon has also shoaled by about 40 to
100 m north of 20°N in the North Pacific. Such
shoaling is due to the effects of anthropogenic
CO2 ventilation and biological respiration pro-
cesses in the intermediate waters. This also
implies that the dissolution of CaCO3 particles
will likely increase as the waters become in-
creasingly undersaturated over time.
CaCO3 dissolution. The amount of CaCO3

dissolved in a subsurface water parcel (%CaCO3)
is estimated from changes in TA by subtracting
out the preformed TA concentration and correct-
ing for the TA decrease resulting from the release
of protons during the oxidation of organic matter
(12, 13) according to the equation

%CaCO3(&mol kg–1) $

0.5 ' (TAMEAS–TA°) !

0.63(0.0941 ' AOU) (4)

where TAMEAS is the measured TA, TA° is
the preformed TA, and AOU is apparent ox-
ygen utilization. The second term on the
right-hand side accounts for the decrease in
TA resulting from the oxidation of organic
matter by using AOU [O2 (saturated values at
a given temperature and salinity) – O2 (mea-
sured)] and the N/O2 ratio ($ 0.094 ( 0.02)
(16). A coefficient of 0.63 proposed by Ka-
namori and Ikegami (17) is used to account
for TA contributions from the oxidation of
organic nitrogen, phosphorus, and sulfur. The

Fig. 2. Distribution of (A) aragonite and (B) calcite saturation depth (# $ 1) in the global oceans.
The pressure effect on the solubility is estimated from the equation of Mucci (31) that includes the
adjustments to the constants recommended by Millero (45). The level at which aragonite and
calcite are in thermodynamic equilibrium is known as the saturation depth. When the degree of
saturation, #, is greater than 1, seawater is supersaturated with aragonite and calcite; conversely,
seawater is undersaturated with respect to these minerals when # ) 1. This depth is significantly
shallower for aragonite than for calcite, because aragonite is more soluble in seawater than calcite.
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(Feely  et  al.,  2004)	


Changes of CaCO3 dissolution 
profiles lead to changes of [CO3

2-]. 
This changes Ω and saturation 
depths.	




CaCO3  Burial	


simulations/Biotic/HOWTO-Biotic.html). The saturation state
with respect to calcite was determined using the United
Nations Educational, Scientific and Cultural Organization
[1987] algorithm. See auxiliary material for the surface and
bottom input values used in this study.1

[12] Maps of the bottom depth and the saturation state
of bottom water (W) are shown in Figures 1a and 1b,

respectively. To be consistent with the limitations of the
sediment data sets, our analysis is restricted to water depths
greater than 1000 m and latitudes between 67!S and 67!N.
The decrease in W between the North Atlantic and North
Pacific reflects the build-up of respired CO2 along the path of
the deep circulation while higher values of W are seen above
relatively shallow areas of the seafloor. Our primary con-
straints come from sediment CaCO3 content (Figure 1d) and
burial fluxes of CaCO3 (Figure 1c) and lithogenic material
(Figure 1e) compiled from sediment observations [Seiter
et al., 2004; Dunne et al., 2007]. Additionally, we show

Figure 1. Global maps of observation-based bottom properties and fluxes. (a) Bottom depth (m).
(b) Calcite saturation state of bottom water (W). (c) Burial flux of CaCO3 based on sediment observations.
(d) CaCO3 content of modern sediment (%) based on sediment observations. (e) Burial flux of lithogenic
material based on sediment observations. (f) Initial estimate for the flux of organic carbon to the ocean bot-
tom derived from the satellite based synthesis of Dunne et al. [2007]. All maps are based on a 1! " 1! grid.
Accumulation rate synthesis for CaCO3 and lithogenic material is from Dunne et al. [2007], based on the
sediment composition work of Seiter et al. [2004] and accumulation rate information from Jahnke
[1996], M. Zabel (personal communication, 2006) and D. Archer (personal communication, 2006).

1Auxiliary material data sets are available at ftp://ftp.agu.org/apend/gb/
2010GB003935. Other auxiliary material files are in the HTML.
doi:10.1029/2010GB003935.

DUNNE ET AL.: CALCITE CYCLING FROM SEDIMENT CONTROLS GB3023GB3023

3 of 14

(Dunne  et  al.,  2012)	


Ø  CaCO3  burial  flux  increases  
in  Atlantic  Ocean  and  
decreases  in  Pacific  Ocean,  
controlled  by  the  saturation  
state  in  the  bo\om  cell  
above  sediments.	
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be\er	


worse	




Changes  of  saturation  depths  due  to  increasing  CO2	


Saturation  Depth	


Increasing  CO2  since  1850  
leads  to  shoaling  lysocline  
in  N.  Pacific  and  Southern  
Ocean	




CaCO3  burial	


Ø  Since  1850,  Changes  in  Ω  and  [DIC]  mainly  happen  in  upper  ocean,  
where  Ω>1	


Ø  There  is  no  significant  changes  in  the  amount  of  CaCO3  burial	




Summary	

Ø With  Modifications:	


§  Simulation  CaCO3  fluxes  (2000m  and  bo\om)  basically  agree  with  
previous  studies;	


§  Distribution  of  CaCO3  burial  changes:  increased  burial  in  Atlantic  
Ocean	


§  Small  changes  in  DIC  and  alkalinity  distributions	


Ø  1850-­‐‑2009:  	


Ø  Increasing  CO2  mainly  affected  the  upper  ocean,  where  Ω  >1.  
There  is  no  significant  changes  in  CaCO3  dissolution  	


Ø Next  Step:  	

§  Incorporating  explicit  calcifiers,  	

§  Incorporating  effects  of  Ω  on  calcification	

§  Studying  impacts  of  ocean  acidification  on  the  carbon  cycle  on  

longer  timescales.	






Dissolution  Length  Scale	

Dissolution  of  CaCO3  in  standard  CESM/BEC:	


DECAY_CaCO3        =  exp(-­‐‑dz(k)  /  (scalelength*P_CaCO3%diss))	


	
DECAY_CaCO3  is  remineralization  length  scale  of  CaCO3;  dz  
is  the  thickness;  P_CaCO3%diss  is  dissolution  length;  scalelength  is  a  
parameter  varying  with  depth	


	
	

Dissolution  of  CaCO3  in  modified  CESM/BEC:	


DECAY_CaCO3        =  exp(-­‐‑dz(k)  *  max(c0,  1-­‐‑OMEGA_CALC)  /  
(scalelength*P_CaCO3%diss))  	


	
	


	
 	
	




Pre-­‐‑industrial  part:  POC  flux	





