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Abstract. Because the precipitation of calcium carbonate 
results in the sequestering of carbon, it frequently has 
been thought that coral reefs function as sinks of global 
atmospheric CO2. However, the precipitation of calcium 
carbonate is accompanied by a shift of pH that results in 
the release of CO/. This release of CO2 is less in buffered 
sea water than fresh water systems; nevertheless, coral 
reefs are sources, not sinks, of atmospheric carbon. Using 
estimated rates of coral reef carbonate production, we 
compute that coral reefs release 0.02 to 0.08 Gt C as CO2 
annually. This is approximately 0.4% to 1.4% of the cur- 
rent anthropogenic CO2 production due to fossil fuel 
combustion. 

Introduction 

CO2 is a major greenhouse gas which is expected to con- 
tribute at least 50%, and perhaps much more (Lashof 
and Ahuja 1990), to projected global warming. Because 
coral reefs are conspicuous depositors of calcium carbon- 
ate (CaCO3), it may be inferred that, by removing car- 
bonate and bicarbonate ions, the process leaves seawater 
over the reef undersaturated in inorganic carbon and 
leads to withdrawal of CO2 from the atmosphere. Thus, 

flourishing coral reefs would serve as a hedge against glo- 
bal warming. 

However, when calcium carbonate is precipitated, 
CO2 is generated rather than consumed (Arrhenius 
1896). During the calcification process, the water be- 
comes more acid due to the removal of bicarbonate and 
carbonate ions, and this change in pH lowers the solubil- 
ity of CO2 (Broecker and Takahashi 1966; Stumm and 
Morgan 1981). The partial pressure of CO2 increases 
and, in an open system, COz escapes to the overlying at- 
mosphere. 
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The calcification reaction is commonly expressed in 
the form (e.g. Stumm and Morgan 1981, p. 171): 

Ca 2 + + 2HCO3 ~CaCO3 + H20 + CO2. 

This simplistic representation of the calcification pro- 
cess has resulted in the assumption that for each mole of 
CaCO 3 deposited, a mole of CO 2 is liberated (e.g., Taylor 
et al. 1991). While this is nearly true in freshwater, the 
process is reduced in buffered seawater, with the result 
that only approximately 0.6 moles of CO 2 are liberated 
per mole of CaCO 3 deposited. 

Our purpose here is to describe in general terms the 
processes which occur during precipitation or dissolution 
of CaCO 3 and to show that, in the marine environment, 
about 0.6 moles of C O  2 will be liberated per mole of 
CaCO3 deposited. In the short term (hours to days), 
some or all of the CO2 liberated during carbonate depo- 
sition may be absorbed by biological processes on the 
reef. However, over extended periods (seasons or longer), 
coral reefs are a contributing source to global atmo- 
spheric CO/, albeit a minor one when compared with cur- 
rent CO/release due to fossil fuel combustion. 

Analysis of carbonate precipitation 

Characterization of the aqueous CO 2 system at a given 
temperature and salinity requires measured or assumed 
values for two variables related to CO2 (Skirrow 1975; 
Smith 1985). Practical measurement variables include 
pH, total alkalinity (TA), dissolved inorganic carbon 
(DIC), and CO2 partial pressure (pCO2). In the para- 
graphs that follow, we will first indicate the composition 
of typical reef waters with respect to inorganic C species 
using estimated average values and pH, and then illus- 
trate the response of those variables to carbonate precip- 
itation in two scenarios. 

Globally-averaged pCO2 of the well-mixed upper 
layer of the ocean is only slightly less than the globally- 
averaged pCO2 of the atmosphere, with a difference of 
less than 10 gatm (Broecker et al. 1979; Volk and Bacas- 
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tow 1989). Although substantial deviations from the glo- 
bal average do occur (Volk and Bacastow 1989; Watson 
et al. 1991), the approximate equilibrium can be used for 
calculations in the regime of coral reefs without signifi- 
cant error. Under the assumed equilibrium conditions, 
the amount of CO2 dissolved in water may be taken to be 
proportional to the atmospheric partial pressure of CO2. 
Because current p C O  2 of the atmosphere is slightly 
greater than 350 gatm (Adams et al. 1990), a value of 
p C O  2 in seawater of 350 gatm may be assumed, and this 
provides one of the requisite variables. The pH of typical 
sea water is approximately 8.2 (Smith 1973; Brown et al. 
1989, p 97). This value provides a second known variable 
and allows the computation of the remaining variables of 
relevance using equations and parameters available in 
standard references (e.g., Skirrow 1975; Stumm and 
Morgan 1981). Our computations consider the major 
ions (carbonate, bicarbonate, hydrogen, and borate) so 
that the aqueous CO2 system is described by eight equa- 
tions in 10 unknowns. Given any two of these unknowns 
(e.g., pCO2 and pH) the remaining eight parameters can 
be solved using algebraic and numerical methods. (Note: 
Derivations of all equations used in the computations 
and listings of the corresponding FORTRAN programs 
are available from J. Ware and M. Reaka-Kudla. The re- 
sults of these computations are summarized in 
Table 1 A.) 

Suppose a volume of this sea water is sealed, with no 
overlying gas layer, so that it cannot exchange CO2 with 
the atmosphere or the surrounding water. If a given 
amount of CaCO3 is precipitated, say 0.05 mM (milli- 
moles per liter), results approximating those in Table 1 B 
would be observed. The pH has decreased to 8.13; this in- 
crease in acidity is accompanied by a decrease in both 
carbonate ICOn-] and bicarbonate [HCO~] concentra- 
tions and an increase in dissolved COy The increase in 
dissolved CO2 causes an increase in pCOz to 409 gatm. 

Table 1. Initial and final conditions of variables after precipitation 
of 0.05 mM of CaCO3 in sea water with an initial pH of 8.2. 
Atmospheric pCO2 is 350 gatm, salinity = 35%0, and temperature 
= 25 ~ C. (Units: mM = millimoles per liter; meq/1 = milliequivalents 
per liter)" 

Conditions Initial Final values 
values 
(A) Sealed Open 

volume volume 
(B) (c) 

Equivalent pCO2 350 409 350 
in water, gatm 

[CO2] ,mM 0.0101 0.0118 0.0101 
[HCO~-], mM 1.726 1.710 1.661 
[CO2-], mM 0.219 0.184 0.203 
pH 8.200 8.128 8.183 
TA, meq/1 2.272 2.172 2.172 
DIC, mM 1.955 1.905 1.874 
ADIC, mM 0 --0.0500 --0.081 

a Constants used in these computations are: pK1=5.9677, 
pK2 =9.0966; pKw= 13.9947; pKB=7.3230 (boron); c~=0.028885 
(CO2 solubility constant) ; / /= 0.012140 (total borate constant) 

The total alkalinity, TA, has decreased by 0.10 meq/1 
(milliequivalents per liter) because the calcium ion has a 
charge of plus 2. DIC has decreased by 0.05 mM, repre- 
senting the loss of carbon to solid CaCO3. Since pCO2 in 
our sealed volume is now higher than that of the sur- 
rounding atmosphere, CO2 would be released if the 
sealed volume were allowed to equilibrate with the atmo- 
sphere. Upon exposure to the atmosphere (Table 1 C), 
pCOz decreases to atmospheric levels, and pH increases 
slightly (to 8.18) but not to the initial level of 8.2. DIC has 
decreased by approximately 0.081 mM from the initial 
value. Clearly, 0.05 mM of this loss in carbon is due the 
carbon deposited in CaCO3. The other 0.031 mM has 
been converted to CO2 gas and has escaped from our vol- 
ume. In other words, for each unit of CO2 lost in the form 
of CaCO3 precipitated in normal sea water, an additional 
0.62 units is lost from the original amount of DIC present 
due to release of CO2. 

This conclusion is robust to variations in pH and 
pCO 2 (varying less than 10% for pH from 8.1 to 8.3 and 
p C O  2 from 300 to 400 gatm), so that our choice of initial 
conditions does not greatly affect the results. Had the 
reaction been run in reverse and calcium carbonate been 
dissolved instead of precipitated, CO2 would have been 
absorbed in exactly the same relative amounts. The spe- 
cific result that only 0.62 moles of CO2 are liberated for 
each mole of CaCO3 precipitated in seawater is due to the 
buffering effect of seawater. In freshwater, approxi- 
mately one mole of CO2 is liberated for each mole of 
CaCO 3 precipitated. That this "0.6 rule" is not a purely 
computational phenomenon has been demonstrated ex- 
perimentally by Wollast et al. (1980). 

Global reef carbonate production estimates 

Most coral reefs appear to show maximal production 
rates of about 10 to 12 kg CaCO 3 m -2 y - i ,  while sub- 
stantial portions of reef flats appear to produce approx- 
imately 4 kg C a C O  3 m -2  y - 1  (Smith and Kinsey 1976; 
Buddemeier and Smith 1988; Kinsey and Hopley 1991). 
These rates may be high in comparison to the metabolic 
performance of reef systems as a whole (which may con- 
tain substantial areas of relatively unproductive inter-reef 
habitat). Consequently, these rates should not be extrap- 
olated to the global area of reefs. A reasonable regional 
average for gross CaCO3 production of reef provinces (as 
defined in Smith 1978) is approximately 1.5 [• kg 
m-Z y-1 (Smith and Kinsey 1976; Smith 1983; Budde- 
meier and Smith 1988; Kinsey and Hopley 1991). As an 
example, the recent study by Hubbard et al. (1990) for an 
entire reef system on St. Croix indicated that total car- 
bonate production averaged 1.2 kg m - 2 y - 1. 

The much higher rates determined for recent reefs dur- 
ing the Holocene transgression (Adey 1978; Davies et al. 
1985; Fairbanks 1989; Chappell and Polach 1990) may be 
viewed as representative upper limits for net reef growth. 
These rates could be renewed if significant sea level rises 
occur in combination with current predictions of global 
temperature increase. However, only those relatively 
small areas of reef development that are presently limited 
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in upward growth by contemporary sea levels and upon 
which increases in global temperature do not exert a neg- 
ative impact would respond with increased growth. For 
the present, therefore, we use a value of 1.5 [_+0.5] kg 
CaC03 m -2 y-1 in the following calculations. 

Limits on CO z 
released by reef carbonate precipitation 

The estimated gross CaCO3 production of 1.5 [+0.5] kg 
m-  2 y-  1 corresponds to 180 [ _ 60] g C m-  2 y-  1 which, 
by the "0.6 rule", would result in the release of 108 
[_+ 36] g C m -2 y-  1 as COz. Smith and Veeh (1989) have 
pointed out that much of the CO2 released during CaCO 3 
precipitation in calcifying ecosystems is taken up by net 
organic production instead of being released to the atmo- 
sphere immediately. As discussed by Crossland et al. 
(1991), reef systems produce about 36 g C m -2 y-  1 in net 
organic production. This figure represents the maximum 
amount of CO2 released by carbonate deposition pro- 
cesses that could be incorporated into organic produc- 
tion. Much of the net organic production must be ex- 
ported from the reef (otherwise organic material would 
accumulate on the reef) and some of this organic matter 
is probably oxidized elsewhere, releasing the COz ab- 
sorbed during calcification. However, for the purposes of 
providing a conservative lower bound, we consider that 
all the net organic production offsets CO2 production 
from calcification. Therefore, as a lower limit, reef car- 
bonate prodcution would release approximately 108 
[+36] - 36=72 [_+36] g C m - 2  y - 1  to  the atmosphere. 

As an upper limit on reef CO2 production, one could 
consider that only the organic material buried in reef sed- 
iments is prevented from oxidation and subsequent re- 
lease of CO2 to the atmosphere. Reef sediments contain 
on the order of 0.4% organic carbon by weight (Cross- 
land et al. 1991), which corresponds to the loss of 6 
[_+ 2] g C m-  z y-  1. It follows that as much as 102 [___ 34] g 
C m -2 y-1 may be released to the atmosphere in re- 
sponse to carbonate production. (Note: The slight reduc- 
tion in uncertainty is due to the fact that the 0.4% figure 
applies not only to the original estimated average but also 
to the original estimated uncertainty). 

Thus, the total range of CO2 released to the atmo- 
sphere by coral reefs appears to be on the order of 36 to 
136 g C m-2 y-1 which, when multiplied by the global 
reef area of 6x  1011 m 2 (Smith 1978), yields 2.2 to 
8.2 x i013g C y-1. Thus, coral reefs probably are con- 
tributing between 0.02 and 0.08 gigatons (Gt) of C as 
CO2 to the atmosphere each year. To put this amount of 
COz release in perspective, the anthropogenic release of 
CO2 by fossil fuel combustion in 1988 was approximately 
5.7 Gt C y -  1 (World Resources 1990, Table 24.4). There- 
fore, coral reefs are adding CO 2 to the atmosphere at 
0.4% to 1.4% of the current rate of anthropogenic pro- 
duction due to fossil fuel combustion. 

We note one other CO2 pathway related to reef 
CaCO3 production. Any carbonate material that is trans- 
ported off the reef and subsequently sinks below the car- 
bonate compensation depth (CCD) will be dissolved with 

a resulting absorption of C O  2. While it may take hun- 
dreds or thousands of years for the absorption of this 
CO2 in mid- to deep-ocean water to affect surface waters 
(Williamson and Holligan 1990), this pathway can be 
considered to be approximately in steady state. In the 
steady-state, this absorption would further decrease the 
contribution of reefs to global atmospheric CO2. If we 
take the figure of Hubbard et al. (/990) that 25% of 
CaCO3 production is transported off-reef and make the 
limiting assumption that all of this material is trans- 
ported below the CCD, the figures quoted above do not 
change appreciably (the range of the total reef contribu- 
tion would be 0.1% to 1.1% of the CO2 released due to 
fossil fuel combustion). 

Discussion 

While we have spoken of coral reefs as releasing C O  2 to 
the atmosphere, this may be, strictly speaking, not cor- 
rect. On the whole, the world's oceans are a sink for the 
CO2 emitted by fossil fuel combustion (Broecker et al. 
1979; Tans et al. 1990). Because it is impossible to deter- 
mine the exact fate of the CO2 emitted by any specific 
process, and because the ocean overall is a net sink for 
COz, a more accurate statement with regard to the fate 
of the CO2 emitted by carbonate precipitation on coral 
reefs is as follows: Over periods of decades, the carbonate 
precipitation on coral reefs results in a reduction in the 
global absorption of COz from the atmosphere to the 
ocean surface waters of between 0.02 to 0.08 Gt C y-1 as 
CO2. On a geological time scale this process cannot con- 
tinue indefinitely without replacement of the carbonate 
ions and a restoration of the pH balance; this is accom- 
plished via various feedback processes associated with 
volcanism, metamorphism, and weathering of terrestrial 
sedimentary rocks (Berner et al. 1983; Marshall et al. 
1988). On the much shorter time scales associated with 
current greenhouse predictions, this global carbon cycle 
does not need to be balanced. Since the total DIC of the 
world's oceans is approximately 38,000 Gt C (Skirrow 
1975), we can be confident that the process described 
above can continue without geochemical limitations for 
at least several centuries, which is the time scale of great- 
est current interest. 

Given the magnitude of current uncertainties about 
the global COz budget (e.g., Tans et al. 1990), it is clear 
that coral reefs are not major participants in global CO2 
balance. Indeed, to our knowledge, the activities of coral 
reef organisms have yet to be included in any world-wide 
CO2 balance equations. Nevertheless, it is important that 
the role of coral reefs in global carbon cycles be accu- 
rately understood. 

In conclusion, we have shown that coral reefs are net 
producers of COz and therefore contribute to the global 
greenhouse effect. It should be emphasized that this pro- 
duction is part of the normal CO2 cycle and that the nat- 
ural greenhouse effect, to which coral reefs have been 
contributing since the Mesozoic, is necessary for main- 
taining the earth's temperature in a range that is capable 
of sustaining life. In contrast, the liberation of CO2 (and 
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o the r  "g reenhouse  gases")  by  fossil  fuel combus t ion ,  
changing  agr icu l tu ra l  pract ices ,  and  o the r  h u m a n  indus-  
t ry  is enhanc ing  this na tu r a l  g reenhouse  effect. On  a glo- 
ba l  scale, the  magn i tude  o f  the reef -genera ted  CO2 is 
smal l  c o m p a r e d  to cur ren t  h u m a n - i n d u c e d  p e r t u r b a -  
t ions.  

Acknowledgement. We thank Dr. R. Buddemeier for helpful dis- 
cussions and comments on an early version of this paper. 

References 

Adams RM, Rosenzweig C, Peart RM, Ritchie JT, McCarl BA, 
Glyer JD, Curry RB, Jones JW, Boote KJ, Allen LH Jr (1990) 
Global climate change and US agriculture. Nature 345:219- 
224 

Adey WH (1978) Coral reef morphogenesis: a multidimensional 
model. Science 202:831-837 

Arrhenius S (1896) On the influence of carbonic acid in the air upon 
the temperature of the ground. Philos Mag J Sci 41:237-276 

Berner RA, Lasaga AC, Garrels RM (1983) The carbonate-silicate 
geochemical cycle and its effect on atmospheric carbon dioxide 
over the past 100 million years. Am J Sci 283:641-683 

Broecker WS, Takahashi T (1966) Calcium carbonate precipitation 
on the Bahama Banks. J Geophys Res 71:1575-1602 

Broecker WS, Takahashi T, Simpson HJ, Peng T-H (1979) Fate of 
fossil fuel carbon dioxide and the global carbon budget. Science 
206:409-418 

Brown J, Colling A, Park D, Phillips J, Roherty D, Wright J (1989) 
Seawater: its composition, properties and behavior. Pergamon, 
Oxford, pp 1-165 

Buddemeier RW, Smith SV (1988) Coral reef growth in an era of 
rapidly rising sea level: predictions and suggestions for long- 
term research. Coral Reefs 7:51-56 

Chappell J, Polach H (1990) Post-glacial sea-level rise from a coral 
record at Huon Peninsula, Papua New Guinea. Nature 349:147- 
149 

Crossland CJ, Hatcher BG, Smith SV (1991) Role of coral reefs in 
global ocean production. Coral Reefs 10:55-64 

Davies PJ, Marshall JF, Hopley D (1985) Relationships between 
reef growth and sea level in the Great Barrier Reef. Proc 5th Int 
Coral Reef Syrup 3:95-103 

Fairbanks RG (1989) A 17,000-year glacio-eustatic sea level record: 
influence of glacial melting rates on the Younger Dryas event 
and deep-ocean circulation. Nature 342:637-642 

Hubbard DK, Miller AI, Scaturo D (1990) Production and cycling 
of calcium carbonate in a shelf-edge reef system (St. Croix, US 
Virgin Islands): Applications to the nature of reef systems in the 
fossil record. J Sediment Petrol 60:335-360 

Kinsey D, Hopley D (1991) The significance of coral reefs as global 
carbon sinks - response to global greenhouse. Palaeogeogr 
Palaeoclimatol Palaeoecol 89:363-377 

Lashof DA, Ahuja DR (1990) Relative contributions of greenhouse 
gas emissions to global warming. Nature 344:529-531 

Marshall HG, Walker JCG, Kuhn WR (1988) Long-term climate 
change and the geochemical cycle of carbon. J Geophys Res 
93:791-801 

Skirrow G (1975) The dissolved gases - carbon dioxide. In: Riley JP, 
Skirrow G (eds) Chemical oceanography, vol 2, 2nd edn. Aca- 
demic Press, London, pp 1-192 

Smith SV (1973) Carbon dioxide dynamics: a record of organic car- 
bon production, respiration, and calcification in the Eniwetok 
reef flat community. Limnol Oceanogr 18:106-120 

Smith SV (1978) Coral-reef area and contributions of reefs to pro- 
cesses and resources of the world's oceans. Nature 273:225-226 

Smith SV (1983) Coral reef calcification. In: Barnes DJ (ed) Perspec- 
tives on coral reefs. Australian Institute of Marine Science, 
Manuka, Australia, pp 240-247 

Smith SV (1985) Physical, chemical and biological characteristics of 
CO2 gas flux across the air water interface. Plant Cell Environ 
8:387-398 

Smith SV, Kinsey DW (1976) Calcium carbonate production, coral 
reef growth, and sea level change. Science 194:937-939 

Smith SV, Veeh HH (1989) Mass balance of biogeochemically active 
materials (C, N, P) in a hypersaline gulf. Estuarine, Coastal Shelf 
Sci 29:195-215 

Stumm W, Morgan JJ (1981) Aquatic chemistry, 2nd edn. Wiley, 
New York, pp 1-780 

Taylor AH, Watson AJ, Ainsworth M, Robertson JE, Turner DR 
(1991) A modelling investigation of the role of phytoplankton in 
the balance of carbon at the surface of the North Atlantic. Glo- 
bal Biogeochem Cycles 5:151-171 

Tans PP, Fung IY, Takahashi T (1990) Observational constraints 
on the global atmospheric COz budget. Science 247:1431-1438 

Volk T, Bacastow R (1989) The changing patterns of zxpCO2 be- 
tween ocean and atmosphere. Global Biogeochem Cycles 3:179- 
189 

Watson AJ, Robinson C, Robinson JE~ leB. Williams PJ, Fasham 
MJR (1991) Spatial variability in the sink for atmospheric car- 
bon dioxide in the North Atlantic. Nature 350:50-53 

Williamson P, Holligan PM (1990) Ocean productivity and climate 
change. Trends Ecol Evol 9:299-303 

Wollast R, Garrels RM, Mackenzie FT (1980) Calcite-seawater 
reactions in ocean surface waters. J Sci 280:831-848 

World Resources Institute (1990) World Resources: 1990-1991. Ox- 
ford University Press, New York, pp 1-383 


