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Abstract—Stable oxygen isotope ratios of foraminiferal calcite are widely used in paleoceanography to
provide a chronology of temperature changes during ocean history. It was recently demonstrated that the stable
oxygen isotope ratios in planktonic foraminifera are affected by changes of the seawater chemistry carbonate
system: thes*®O of the foraminiferal calcite decreases with increasinggCE@oncentration opH. This paper
provides a simple explanation for seawater chemistry dependent stable oxygen isotope variations in the
planktonic foraminiferaDrbulina universawhich is derived from oxygen isotope partitioning during inorganic
precipitation. The oxygen isotope fractionation between water and the dissolved carbonate Species
[H,CO4] + [HCO3] + [CO3~] decreases with increasimg. Provided that calcium carbonate is formed from

a mixture of the carbonate species in proportion to their relative contributid®) the oxygen isotopic
composition of CaCQalso decreases with increasipfl. The slope of shelb*®0 vs. [CG ] of Orbulina
universaobserved in culture experiments-i$.0022%o. fxmol kg %) ~* (Spero et al., 1997), whereas the slope
derived from inorganic precipitation is0.0024%. {umol kg~ *)~. The theory also provides an explanation of

the nonequilibrium fractionation effects in synthetic carbonates described by Kim and O’Neil (1997) which
can be understood in terms of equilibrium fractionation at diffeptht The results presented here emphasize

that the oxygen isotope fractionation between calcium carbonate and water does not only depend on the
temperature but also on tip# of the solution from which it is formed.Copyright © 1999 Elsevier Science

Ltd

1. INTRODUCTION interpreted as higher temperatures and therefore result in sea
surface temperature (SST) estimates that might be up to 1°C
too high. Correcting for this effect would bring tropical SST
closer to estimates based on other marine proxies, e.g., Sr/Ca
ratios in corals and terrestrial indicators such as snowline and
ice-cores™0.

A comprehension of the effect of seawater carbonate chem-
istry changes on stable oxygen isotopes is necessary before
experimental relationships are utilized for the reconstruction of
ocean history. The aim of this paper is to provide a simple
explanation for the described effect. The results of the inor-
ganic precipitation experiments by McCrea (1950) and Us-
dowski et al. (1991) are examined. It is shown that the oxygen
isotope depletion in, for exampl®rbulina universacan be
explained by a change of the isotopic composition of the
dominant chemical species in solution from which the calcite is
formed.

The basic mechanism can be described as follows: the total
dissolved inorganic carbor®CO, = [CO,] + [H,CO, +
[HCOZ] + [COZ27)) present in solution is mainly in the form of
HCO; at intermediate pH and mainly in the form of §Oat
high pH. Since HCQ is isotopically heavier than the GO
(see the next section and Fig. 3), the oxygen isotopic compo-
sition of the total dissolved carbonate species decreases with
increasingpH. Provided that the calcite is formed from a
mixture of the carbonate species in proportion to their relative
contribution to S= [H,CO;] + [HCO3] + [CO3~] the oxygen
isotopic composition of the calcite also decreases with increas-
ing pH. This hypothesis will be discussed in more detail in
secs. 2 and 4.

*Tel: +49 471 4831 812: Fax+49 471 4831 425: The obtained results suggest that oxygen isotope effects
E-mail: rzeebe!!!@awi-bremerhaven.de. associated with inorganic and biological calcification are quite
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Since the pioneering work of Urey (1947), McCrea (1950), and
Epstein et al. (1953) the use of stable oxygen isotope ratios
(*®0/*0) as a paleotemperature indicator has become a stan-
dard tool in paleoceanography. The isotopic composition of
sedimentary marine carbonates, particularly that of foramini-
feral calcite (CaC@ (e.g., Erez and Luz, 1983; Bouvier-
Soumagnac and Duplessy, 1986; Bemis et al., 1998) is widely
used to reconstruct the temperature of ancient oceans (for
review, see e.g., Emiliani, 1966; Wefer and Berger, 1991). The
interpretation of stable oxygen isotope values as a temperature
proxy is complicated by several factors which have been stud-
ied in the past: the unknowt¥O content of the ancient oceans,
metabolic effects on carbonate precipitation, and the isotopic
preservation of primary oxygen in the carbonates [an overview
has been given by Hoefs (1987)].

In recent culture experiments with living foraminifera a new
key variable influencing stable oxygen isotope partitioning in
foraminifera was discovered: the seawater carbonate chemistry.
Spero et al. (1997) demonstrated that higpét values or
increasing C~ concentrations result in isotopically lighter
shells in the planktonic foraminifer@rbulina universaFig. 1)
andGlobigerina bulloidesIn another series of experiments this
effect was also observed iGlobigerinoides sacculifeland
Globigerinoids ruber(Bijma et al., in press). Consequently,
higherpH values during the last glacial maximum [as indicated
by boron isotope analysis in foraminifera (Sanyal et al., 1995)],
would result in*80 depleted shells. Lowes'®0 values are
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Fig. 1. Oxygen isotopic composition of foraminiferal calci@riu- oH

lina universa as a function of [C& ] (2CO, = const.~ 2032 umol
i a .

kg™). The shells are depleted #i0 as [CG] or pH increases. The Fig. 3. The oxygen isotope partitioning between the dissolved car-

mean slope given by Spero et al. (1997) of st&fio vs [CG ] is bonate species relative to,8: CO, (solid line), H,CO; (dotted line),

—0.0022 + 0.0004%o mol kgjll):ll_m the dark (filled circles) and oy (dashed line), and CD (dotted—dashed line). The fractionation
—0.0015=* 0.0008%0 umol kg™ ")~ * in the light (open circles). is expressed a8 ,0) = [(x_,0) — 1] X 1000, wherex denotes

the respective carbonate species. Since the oxygen reservoir in the
water is more than four orders of magnitude larger than the reservoir of

similar in the case o®rbulina universaThis does not hold true ~ 0xygen contained in the carbonate species, the isotopic composition of
in general as will be discussed in the concluding section. :HZ \t/g?(tt«;r and of each carbonate species does not changphiv(ee
Inorganic oxygen isotope effects observed in quantitative pre- '

cipitation (i.e., none of the carbonate in solution escapes pre-

cipitation) (McCrea, 1950; Usdowski et al., 1991) are com- bonate species GOH,CO,, HCO;, and CG~ (in this paper

pare_d . tc_) effects opserved in no_nquantita]tive_ (slow) CO, refers to aqueous Cp Figure 2displays the concentra-
precipitation of synthetic carbonates (Kim and O’Neil, 1997) tion of the carbonate species as a functiorpbf typical for
which can be explained on the basis of the theory described in ¢, \vater T = 19°C). At low pH aqueous CQis the

this paper. dominant species, whereas HC@ most abundant at inter

mediatepH, and CG™ is the dominant carbonate species in

solution at highpH. The concentration of carbonic acid
Inorganic calcite precipitation in solution consumes calcium, (H,CO,) is small compared to [CE (~0.1%). However,

carbon, and oxygen with a certain isotope ratio from the sur- H,CO, is important for the oxygen isotope equilibrium because

rounding medium. Thus, the isotopic composition of the pre- the exchange between water and the carbonate species occurs

cipitated calcite depends on the isotopic composition of the via carbonic acid. The chemical reactions considered are

source material. Concerning the source of oxygen-bearing com-

pounds for calcification it is therefore necessary to understand CO; + HO = H.CG,,

the chemistry and isotopic composition of the dissolved car- H,CO; =H"' + HCO;,

CO, + OH™ = HCO;,
; CO{ + H' = HCQ;,
H,O0=H" + OH". (1)

2. INORGANIC OXYGEN ISOTOPE PARTITIONING

0 L From the work of McCrea (1950) and Usdowski et al. (1991)
= the isotope partitioning between the carbonate species and
£ water in equilibrium can be calculated (Usdowski and Hoefs,
o
§1
'§ Table 1. Oxygen isotope fractionation factors for the carbonate
§1 species with respect to water (19°C).

S . Species £ (x—t,0)(%0)

10

COx(aq) 57.9

| CO4(g) 41.2 (25°C)
10 H,CO, 39.8
HCO; 34.3
oo 18.4

Fig. 2. The concentration of the dissolved carbonate species as a
function of pH: CO, (solid line), H,CO; (dotted line), HCQ (dashed #Usdowski et al. (1991);
line), and C@~ (dotted—dashed line). The values shown correspondto  ° Kim and O’Neil (1997);
fresh water conditionsT( = 19°C, 3CO, ~ 2 mmol kg™ ). “recalculated after Usdowski et al. (1991).
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S = [H,CO4 + [HCO3] + [CO27] at a givenpH can be
calculated (Fig. 4). It is noticed that S differs froBCO, =

[CO,] + [H,CO + [HCOz] + [COZ]. Thermodynamic
calculations yield a linear relationship betweeng_,, o, and
In S/[CQ,] (Usdowski and Hoefs, 1993):

IN s 10 = —6.10% 1074In(S/[COy]) + 0.03452. )

At a limiting pH = 0 the fractionation factot s _ o, is equal
to the fractionation between J80O; and H,O (all dissolved
1or 1 carbonate is essentially carbonic acid), whereas at a limiting
5+ : PH = 14, as_,0y €QUAISa co2 1,0 (ll dissolved carbonate
2 is essentially carbonate ion). At intermediaid, a(s_,0y
‘ , . ‘ ‘ ‘ largely reflects the fractionation between HC@nd H,O
0 2 4 6 8 10 12 14 (Fig. 4).
PH In summary, the isotopic composition of the sum of the
Fig. 4. The oxygen isotope partitioning between water aneg S species containing the carbonate group (S) is decreasing with
[H,CO4] + [HCO3] + [CO37] as a function ofpH. As pH increases pH. If calcium carbonate is quantitatively precipitated from a
the_ concentration of Ehe carbogate sp_ecies in solution changes from picarbonate—carbonate solution (i.e., none of the carbonate in
V"Ji?%n:xct'égg;;%ﬁc% and CG" resulting in a decrease efs.y0) solution escapes precipitation) the oxygen isotopic composition
of the precipitate is the average of the oxygen present in the
bicarbonate and carbonate at the time of precipitation (McCrea,
1950). Thus, the calcium carbonate simply reflects the isotopic
composition of S and is also decreasing witH. The key
hypothesis of this paper is that also in a nonquantitative pre-
cipitation of biogenic carbonate (foraminiferal calcite) and syn-
thetic carbonate (calcite, whiterite) the calcium carbonate is
built from a mixture of bicarbonate and carbonate proportional
to their respective contributions to S. The validity of this
€(x-H0) = [ @(x-t,0) — 1] X 1000 hypothesis is confirmed by the coincidence of the observed and
calculated slope 0580 vs [CGE ] in foraminiferal calcite and
'S, respectively (next section) and the agreement between oxy-
gen isotope effects observed in synthetic carbonates (Kim and
2[C0%0] + [C0*0] [HLO] O’Neil, 1997) and theoretical predictions (Sec. 4).
a(cog—HZO)zz[Cleoleo] T [0180160] X [H%aO] )

1993). The results are summarized in Fig. 3 and Table 1. [The
value for the fractionation between HGOand water was
recalculated; it differs by 0.8%. from the one given by Us-
dowski et al. (1991) and is the correct value (Usdowski, private
communication).] The fractionation between water and a car-
bonate species is expressed as

with x denoting the respective carbonate species. For example
the fractionation factoty o, 1,0y is given by

3. COMPARISON WITH CULTURE DATA OF

which describes the oxygen isotope partitioning in equilibrium. ORBULINA UNIVERSA

The time to establish oxygen isotope equilibrium in the system

is about 680 minutes gtH 8.3, whereas only ca. 30 s are The results of the oxygen isotope partitioning of inorganic
required to achieve carbon isotope equilibrium [cf. e.g., Us- precipitation discussed in the previous section are compared to
dowski et al. (1991) and Zeebe et al. (1999a)]. It should be shell §*®0 vs [CG ] observed in culture experiments with
emphasized that by far the most oxygen atoms of the system areliving foraminifera (Spero et al., 1997). In order to (a) avoid
contained in HO (the molar ratio of>CO, and [H,0] in complications associated with metabolic effects (such as pho-
seawater is approximately 1:28000). The isotopic composition tosynthesis of the symbiotic algae in light) and (b) ensure that
of the water can therefore be assumed constant which in turn XCO, of the culture medium remained constant, the dark
means that independentpfi the carbonate species equilibrate  experiments of Spero et al. (19973GO, = const. ~ 2032

with the water without changing its isotopic composition. For umol kg~ *) are chosen for comparison. The fractionation fac
instance, as the dominant species in solution changes frogn CO tors reported by Usdowski et al. (1991) refer to a fresh water
to HCG; aspH increases, the water is marginally enriched in  system at 19°C (the dependence on temperature was not exam-
180 because CQis isotopically heavier than HCQD The ined in their experiments). On the other hand, foraminifera
enrichment is, however, virtually equal to zero (ca. 0.0004%.). were cultured in seawater at 22°C. Since both systems exhibit
Since the isotope partitioning in thermodynamic equilibrium different temperatures and salinities, absolute valG&%) of
between two chemical species at specified temperature andthe carbonate species in solution and of the calcite are not
pressure is constant (i.exco,—n,0) = CONst.) the isotopic compared. However, the calculated slope of the fractionation
composition of CQ, H,CO,, HCO; and C&™ is constant over between the major carbonate component in solution (S) and the
the entirepH range (see Fig. 3). Carbon dioxide is the isoto- water can be compared to the slope of foraminiféf&D as a
pically heaviest species followed by,E0, (enriched in*®0 function of [CG5] (Fig. 5). The intercept of the calculated

compared to HCQ and CG "), whereas C&' is the isotopi curve of S (solid line) with the vertical axis is chosen arbitrarily
cally lightest species. Combining the results shown in Figs. 2 whereas the slope is predicted by theory.
and 3 the isotopic fractionation factegs_,,oy between water The observed slope of shedf®0 vs [CGE] in Orbulina

and the sum of the species which contain the carbonate groupuniversais —0.0022+ 0.0004%. tmol kg~ in dark ex
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Fig. 5. Oxygen isotopic composition of foraminiferal calcite (closed/
open circles: dark/high light) and of & [H,CO;] + [HCO3] +
[CO27] vs [CO27] as predicted from theory (solid line). The mean
slope given by Spero et al. (1997) of sh&tfO vs [CG] for their

constan.CO, experiments is-0.0022= (umol kg~ )~ in the dark.
The mean slope predicted from theory-i©.0024+ (umol kg~ )~ 2.

periments, whereas the mean slope of S vs§QQvithin the
interval from 100—100Qumol kg~ * calculated from theory is
—0.0024%o umol kg~*)~*. From this coincidence the follow
ing conclusion is drawn: the depletion &fO in Orbulina

cification proportional to their respective contribution to S.
[Note that this description is simplified—the calculation of the

solution change from mainly HCDO (isotopically heavy) at
intermediatgoH to mainly CE~ (isotopically light) at highpH
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Fig. 6. The oxygen isotope fractionation between calcite and water as
determined by Kim and O’Neil (1997) as a function of temperature and
different initial concentrations of G4 and HCQ : 5 mmol kg * (solid
line), 15 mmol kg'* (dashed line), and 25 mmol kg (dotted—dashed
line). Note thatecacq-H,0) = [¥(caca-r.0) — 1] X 1000 is shown [this
value slightly differs from 18 In(a)].

Kim and O’Neil (1997) thoroughly examined equilibrium
oxygen isotope effects in synthetic carbonates and determined
) s X 4 X new values for the oxygen isotope fractionation between water
unlve_rsawnh increasing carb_onate ion concentration can be gnd several carbonates at low temperatures. Surprisingly, they
explained by the uptake of bicarbonate and carbonate for cal- 5150 found that the isotopic fractionation between water and
well soluble carbonates such as calcite (CgCahd whiterite
(BaCQ;,) increased with increasing initial concentrations of
isotope .partitioning is ngt a simple mass balance calculgtiop, Ca&'/Ba2* and HCQ at a given temperature (Fig. 6Jhey
for details see Usdowski and Hoefs (1993)]. As the species in jyqged these effects to be nonequilibrium fractionations since
there should be only one equilibrium fractionation at any tem-

_perature. However, | suggest that the observed effects are

the isotopic composition of S decreases and so does the iSOtOp'CequiIibrium fractionations expressed at differguitl of the
solution.
In the following discussion calcite is considered, however,
the results presented should hold for carbonates in general as
will be demonstrated for whiterite. Kim and O’Neil (1997)
prepared their solutions by dissolving equimolar concentrations
of CaCl, and NaHCQ in deionized water, with concentrations
ranging from 5 to 25 mmol kg'. Slow precipitation was
promoted by bubbling nitrogen gas through the solution to
remove CQ, therefore increasing the supersaturation of the
solution. Removal of CQis accompanied by increase pH
bonate and carbonate such that the oxygen isotope composition, g [CG ] until a critical state of supersaturation ([(€Q,) is
of the calcite (solid) and of S (dissolved) are equally decreasing reached and calcium carbonate starts to precipitate (no seeds
were used). Since the corresponding critjgllis a function of
the total dissolved inorganic carbon, the critical state of super-
saturation depends on the initial concentration of HCOhis
effect can be illustrated utilizing the concentrations of the
Similar to the comparison described in the preceding section, dissolved carbonate species as a functioptdfshown in Fig.
the results of the inorganic oxygen isotope partitioning (quan- 2. As pH increases, HCQ is converted to C& and the
titative precipitation) are compared to oxygen isotope effects in carbonate ion concentration increases until all dissolved car-
synthetic carbonates that have been precipitated slowly from bonate is essentially carbonate ion. For the composition of the
solution (nonquantitative precipitation) as reported by Kim and solution displayed in Fig. 2YCO, = 2 mmol kg ) pH must
O’Neil (1997). In this case, however, the analysis of the ex- increase to about 8 to reach a critical state of supersaturation of,

composition of the calcite.

It is reasonable to assume that the calcite carries an isotopic

fingerprint of HCQ atpH 6.9 and of C§~ atpH 14. The ratio

of [HCO31/S and [CE /S is 0.9994 and 0.9998 at thegkl
values, respectively, implying that calcification consumes ex-
clusively HCQ, or CG& (all other carbonate species exhibit
negligible contributions to S here). Thus, it is not surprising
that the isotopic composition of the precipitate is decreasing
with increasingpH. However, the presented results suggest
more: the calcite is obviously formed from a mixture of bicar-

with increasing [CG].

4. COMPARISON WITH SYNTHETIC CARBONATES
(SLOW PRECIPITATION)

perimental data is not as straightforward as the analysis of the e.g., [C& ],

culture data ofOrbulina universa

1072 mmol kg *. However, if SCO, is

smaller (corresponding to a lower initial concentration of
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Fig. 7. The oxygen isotope fractionation between water and calcite
(open diamonds), and water and whiterite (filled diamonds) as deter-
mined by Kim and O’Neil (1997) and of S (solid line) as a function of
the initial concentration of HCQ at 19°C. The intercept of the calcu
lated curve was chosen arbitrarily; the supersaturation was sgt=at
2 (see text). A value of 2.59%. was added to the values for whiterite.
In this representation, the values for calcite and whiterite for an initial
concentration of 5 mmol Kg* are identical.

HCO;) pH must increase further to reach the same critical state
of supersaturation.

As described in detail in the Appendix the critigal values
of the solutions studied by Kim and O’Neil (1997) can be
estimated as 7.8, 6.9, and 6.6 for initial concentrations &f Ca
and HCQ of 5, 15, and 25 mmol kg*, respectively. (The
values were calculated for calcite precipitation, assuming a
critical supersaturation o, = 2.) The essential result of the

consideration presented so far is as follows. Provided that the

critical pH represents a megyH at which calcite was precip-
itated and that at evergH oxygen isotope equilibrium was

2005

of the fractionation with increasing initial concentration of
HCO; in solution is almost identical for these minerals. This
result and the fact that experimental results were well repro-
ducible suggest that the described effect is caused by the
solution chemistry rather than by different nonequilibrium (ki-
netic) fractionation effects associated with crystal growth. In
summary, the nonequilibrium fractionation as described by
Kim and O’Neil (1997) can be explained by multiple equilib-
rium fractionations at a single temperature but at diffe et

The results also suggest that the oxygen isotope partitioning
observed in quantitative precipitation experiments (i.e., none of
the carbonate in solution escapes precipitation) as observed by
McCrea (1950) and Usdowski et al. (1991) also holds for
nonquantitative precipitation of synthetic carbonates. This is in
complete analogy to the oxygen isotope effects observed in
Orbulina universa Figure 7 also shows that for lower initial
concentrations (more dilute solutions) the theory predicts fur-
ther decreasing fractionation between water and the carbonates.
However, this effect can only be observed if isotopic equilib-
rium is achieved between the water and the carbonate species at
any pH for which the equilibration time is crucial. The time
required to establish oxygen isotope equilibrium in the system
strongly increases withH. For example, the time required for
99% equilibration is ca. 4 and 100 h pH 7.67 and 10.3,
respectively. It would be very interesting to compare the the-
oretical predictions with the results of experimental work that
takes into account the time required for oxygen isotope equil-
ibration. Experiments as proposed by Kim and O’Neil (1997)
(experiments will be made with extremely dilute solutions in
the future to test that we have indeed reached a limiting value)
are desirable.

5. DISCUSSION AND CONCLUSIONS

On the basis of the theoretical background presented in this

established between the carbonate species and water, it followspaper the observed*®0 variations in foraminifera appear no

from the theory presented in Sec. 2 (cf. Fig. 4), that the isotopic
composition of S and thus of the calcite decreases with critical
pH (or lower initial concentration).

The values of the oxygen isotope fractionation between
calcite/whiterite and water as given by Kim and O’Neil (1997)
for different initial concentrations at 19°C (diamonds) and the
fractionation between S and water as calculated from the crit-
ical pH values at 19°C and a critical supersaturatiosof 2
(solid line) are shown in Fig. 7. In order to plot the values for
calcite and whiterite in the same graph, the difference of the
equilibrium fractionation between calcite and water, and whi-
terite and water{2.59%o0) at 19°C and an initial concentration
of 5 mmol kg * was added to the values for whiterite. It is
emphasized that the intercept of the calculated curve of S with
the vertical axis is chosen arbitrarily. Since the actual critical

longer to be an isolated phenomenon. Stable oxygen isotope
depletions with increasing [CP] or pH are an inevitable
result of changes in the seawater carbonate chemistry. The
described mechanism responsible for oxygen isotope depletion
in carbonates with increasimH should be applicable to ma-
rine (and also fresh water) carbonates built from a mixture of
HCO; and CG~. This may have important consequences for
the interpretation of stable oxygen isotope values as a paleo-
temperature indicator. An increase of seawatdrof 0.2—0.3
units causes a decrease of ca. 0.22—0.33%:%@ of forami
niferal calcite which is usually interpreted as a temperature
increase of the seawater. Applying this relationship to the last
glacial maximum [se&anyalet al. (1995)] estimates of tropical
sea surface temperatures based on foraminiferal oxygen iso-
topes would yield lower SST which is more compatible with

pH values of the experiments are not known, absolute values other proxy data (Spero et al., 1997). In fresh water environ-

cannot be compared. The influence of different critip&
values was examined by varying the supersaturaidretween
1 and 8 which had only a marginal effect on the shape of the

curve. Keeping in mind the assumptions necessary to obtain the

theoretically derived fractionation the calculated curve and the
experimental data show excellent agreement.

Even though the absolute fractionation between water and
CaCQ, and water and BaCgQare quite different, the increase

ments whergopH may have been much more variable in the
past, the effect on stable oxygen isotopes might be even more
pronounced.

It was shown that the effect of carbonate seawater concen-
tration on the stable oxygen isotopes of inorganic calcite is
virtually indistinguishable from the effect observed in the
planktonic foraminiferOrbulina universa This does not hold
for biogenic carbonates in general. For instance, the slope of
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880 vs [CG 7] in Globigerina bulloidesis about twice the reconstruction of paleoclimatic conditions and of the global carbon

slope inOrbulina universa implying that additional mecha- . C)I/_de% F(‘;;%ng)inlife;m 3851'5 ?02_320{ Seioncel o4 851657

. . . P miliani C. sotopic paleotemperaturégienc , — .
nisms such as an internal po_ol or Klnetlc isotope effect_s are Epstein S., Buchsbaum R., Lowenstam H. A.. and Urey H. C. (1953)
active. The described mechanism might also not be applicable "Rrevyised carbonate-water isotopic temperature sgailt. Geol. Soc.

to isotope effects in carbonates which are built mainly from  Am.64, 1315-1326.
CO, as is likely to be the case in corals. McConnaughey (1989) Erez J. and Luz B. (1983) Experimental paleotemperature equation for

showed that isotope depletions in corals can be explained by a, BENSonC 7R e Cener e oot e nger
kinetic effect during the hydroxylation of carbon dioxide Verlag.

(CO, + OH™ — HCO;). The precipitated calcium carbonate  Kim S.-T. and O'Neil J. R. (1997) Equilibrium and nonequilibrium
is therefore not built from HCQ or CG2™ in equilibrium with oxygen isotope effects in synthetic carbonat8gochim. Cosmo-
the surrounding medium which is a prerequisite for the appli-  chim. Acta61, 3461-3475. o o
cation of the mechanism described in this paper. McConnaughey T. (1989%°C and 2O isotopic disequilibrium in

. ) biological carbonates: llln vitro simulation of kinetic isotope ef-
The theory also provides an elegant explanation of the frac-  fects. Geochim. Cosmochim. AcES, 163—171.

tionation effects interpreted to be nonequilibrium effects by McCrea J. M. (1950) On the isotopic chemistry of carbonates and a
Kim and O’Neil (1997). As demonstrated, the oxygen isotopic _ paleotemperature scalé. Chem. Physl8, 849-857. _
fractionation between water and carbonates is not only a func- Plummer L. N. and Busenberg E. (1982) The solubilities of calcite,
tion of temperature but of theH of the solution as well. Kim Zﬁggr? Ite%a?l;]:tigﬁtg;ltﬁéna%igﬁg}igg}éllagf tgeet\gv;/esetgn? gnﬂ@d 90°C
and O’Neil (1997) speculated on an equilibrium system respon-  H,0. Geochim. Cosmochim. Act6, 1011—1040.

sible for the observed isotope effects. This equilibrium system Sanyal A., Hemming N. G., Hanson G. N., and Broecker W. S. (1995)
certainly is the chemistry of the solution. Evidence for a higher pH in the glacial ocean from boron isotopes in

. . foraminifera.Nature 373, 234—-236.
In conclusion, the observed decreasestiO vs [C@ ]in Spero H. J., Bijma J., Lea D. W., and Bemis B. E. (1997) Effect of

Orbulina universacan be explained by a simple mechanism “seawater carbonate concentration on foraminiferal carbon and oxy-
which involves the oxygen isotope partitioning between the  gen isotopesNature 390, 497-500.

dissolved carbonate species in water. The presented resultsStumm W. and Morgan J. J. (1998)juatic Chemistrypp. 800—806.
suggest that the average oxygen present in the dissolved bicar- Wiley.

. o Urey H. C. (1947) The thermodynamic properties of isotopic sub-
bonate and carbonate at the time of precipitation equals the = (- os] Chem. So&S62-581.
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wherey's are activities, [C@ ], is the critical carbonate ion concen-
tration, and logks, = —8.45 is the solubility product of calcite in fresh
water at 19°C (Plummer and Busenberg, 1982). Thus, the critical
carbonate ion concentration is (the calcium concentration is constant
over pH and equal to the initial concentration of (HGD

s2K
- (A2)
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On the other hand, carbonate ion concentration is always given by ~ whereXCO, is the total dissolved inorganic carbon which is approx-
3Co, imately equal to the initial concentration of HGOAssumMingyc2+ =
= - — , (A3) Yeez- = 0.5 [ionic strengths of the solutions used by Kim and O’Neil
1+ [HTYK, + [HTT(KK) (1997) were about 0.05], arsd = 2, the criticalpH values of solutions
where logK, = —6.39 and logk, = —10.39correspond to the first are 7.8, 6.9, and 6.6 for initial concentrations ofCand HCQ of 5,
and second dissociation constants of carbonic acid at 19°C (Plummer 15, and 25 mmol kg*, respectively. That the actual value sf is
and Busenberg, 1982). The critical hydrogen ion concentration can unknown is of minor importance for the key result of the discussion

[CO3]

therefore be calculated from (A2) and (A3): presented in Sec. 4: higher initial concentrations lead to smaller critical
. _ pH values (varying the supersaturatisrmerely results in a shift of all
HH = _K1 n (Kl k|1 3cojca Ivee Yoor critical pH values). The influence of different criticaH values was
H]e = 2 2 2 stKsp ! examined by varying, between 1 and 8 which had only a marginal

(A4) effect on the shape of the curve shown in Fig. 7.



