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Abstract. At the present time, little is known about how (FREZCHEM model calculation) for why ikaite is the solid
broad salinity and temperature ranges are for seawater thephase CaC@mineral that precipitates during seawater freez-
modynamic models that are functions of absolute salin-ing.

ity (S4), temperature ) and pressure ). Such mod-
els rely on fixed compositional ratios of the major compo-
nents (e.g., Na/Cl, Mg/Cl, Ca/Cl, STI, etc.). As sea-
water evaporates or freezes, solid phases [e.g., G&LOr
CaSQ2H,0(s)] will eventually precipitate. This will change
the compositional ratios, and these salinity models will no
longer be applicable. A future complicating factor is the
lowering of seawater pH as the atmospheric partial pres
sures o?CQincrease. Xgeochemical mol?:iel (FRFI)EZCHIEM) “C"?" salinity(S)], temperature_:(*) and pressgreF(), such as

was used to quantify the,-7 boundaries atP=0.1MPa Feistel (2003, 2008) and Fe.lstel and Marlon (2007).. Mod-
and the range of these boundaries for future atmospherit(if‘IS that are used rely on fixed Chem'cal composition ra-
COy increases. An omega supersaturation model for CgaCOt'OS (Na/Cl, Ca/Mg, CI/HCQ, etc., Millero et al,, 2908)'
minerals based on pseudo-homogeneous nucleation was e{Z\-S seawater evaporates or freezes, eventually solid phases

tended from 25-40C to 3C. CaCQ minerals were the such as aragonjite ((.:a.@D calcite (Ca_CQ),. or ikaite
boundary defining minerals (first to precipitate) between(caqoﬁHz.O) wil prgupltate. When prempl_tatlon happens,
3°C (at $4=104gkgl) and 40C (at S4=66gkgL). At the fixed ratios of various soluble species will change and the

2.82C, calcite(CaC@) transitioned to ikaite(CaCgH,0)  Seawater salinityS,) model will no longer be applicable.

as the dominant boundary defining mineral for colder tem- /ragonite and calcite are generally the first solid phase
peratures, which culminated in a low temperature bound-Salts that precipitate during seawater evaporation (Pytkowicz,
ary of —4.93C. Increasing atmospheric G&om 385.atm 1973; McCaffrey et al., 1987; Maldonado et al., 1992; Morse
(390 MPa) (m Year 2008) to 5503“’“ (557 MPa) (In Year et aI., 1997; Zuddus and MUCCi, 1998; Hardie, 2003; MiIIero,
2100) would increase th&, and t boundaries as much as 2007; Morse et al., 2007). Aragonite and calcite have iden-
11gkg™! and 0.66C, respectively. The model-calculated tical chemical compositions, but differ in their crystal struc-
calcite-ikaite transiti(;n temperature of 2°®is in excel- tures and solubilities. How to handle these carbonates with
lent agreement with ikaite formation in natural environments chemical thermodynamic models is problematic because sur-
that occurs at temperatures ofG3or lower. Furthermore, face seawater is always supersaturated with these minerals.

these results provide a quantitative theoretical explanatior] 0rtunately, Morse and He (1993) have experimental data
that calculates the degree of supersaturationgt the point

where CaC@ minerals will start to precipitate from seawa-

Correspondence td5. M. Marion ter. Unfortunately, these datasets are only defined for 25 and
BY (giles.marion@dri.edu) 40°C.

1 Introduction

At the present time, little is known about how broad salin-
ity and temperature ranges are for seawater thermodynamic
models that are functions of absolute salinify { [or prac-
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Table 1. Initial ion composition of the seawater sample solutions using the Pitzer approach (Pitzer, 1991, 1995).
(54=35.147 gkg'l). The model has a temperature range<ef70 to 25C and

a pressure range of 0.1 to 100 MPa (1 to 1000 bars) (Mar-
ion and Farren, 1999; Marion, 2001, 2002; Marion et al.,

Cation Initial Molality ~ Anion Initial Molality -
2003, 2005, 2006, 2008, 2009a, b; Marion and Kargel,
Na“  0.48606 cr 0.56577 2008). The current version of the model is parameterized for
Mgt 0.05474 5@_ 0.02926 the Na-K-Mg-Ca-Fe(ll)-Fe(lll)-Al-H-CI-Br-S@-NO3-OH-
Cet  0.01066 Br 0.00087 HCO3-CO3-CO,-00-CH4-Si-H,O system and includes 95
K+ 0.01058 Alkalinity  0.00228 solid phases including ice, 15 chloride minerals, 35 sulfate
minerals, 15 carbonate minerals, five solid-phase acids, three
& Alkalinity = HCOZ +2(CO§_ + Mgcog+CaC@)+OH‘ + nitrate minerals, six acid salts, five iron oxide/hydroxides,
MgOH™ in equivalents/kg(HO). Everything else in Table 1 four aluminum hydroxides, two silica minerals, two bromide
are moles/kg(HO). sinks, and two gas hydrates. Inputs to the model are 1kg

H>0, individual ion concentrations (Table 1), temperature,

~and pressure. Outputs include equilibrium compositions,

A controversy that dates back a century deals withpy density, water activity, and many other physicochemi-
whether calcite or ikaite precipitates during seawater freeztg| properties (Marion and Kargel, 2008). Working copies
ing (Ringer, 1906; Gitterman, 1937; Assur, 1958; Richard-of previously-published FREZCHEM models are available

mann et al., 2008). Recently, for the first time, experimen- This Pitzer-based model was used in Feistel and Mar-

tal measurements in Antarctic sea ice discovered ikaite crySion (2007) to extend afis-7-P model (Feistel, 2003) from

tals had formed during seawater freezing (Dieckmann et al.g, =42 gkg 1 to 110 gkg* and the cold temperature bound-
2008). But how supersaturated calcite and saturated ikaitgyy from—2 to —7°C. This model contains calcite, aragonite,
can be integrated into a theoretical model still remains anyaterite, and ikaite chemistries. What FREZCHEM currently

open question. lacks in addressing the objectives of this paper is how to cope

Another complicating factor for the long-term application \yith cacQ supersaturation in seawater, which we will ad-
of ranges forS,-T-P models is the global rise of atmo- yress below.

spheric CQ partial pressure from a pre-industrial (1750—
1800) level of 28Qwatm, to 385uatm in 2008, and poten- 2.2 Seawater properties
tially to 550uatm in 2100 Kttp://www.esrl.noaa.gov/gmd/
ccgg/trendd/ Such CQ trends will affect seawater pH and The seawater molalities [moles kg{@)~, m] that will
carbonate mineral solubilities that will altéy-7-P appli- drive our simulations are taken from Millero et al. (2008)
cability boundaries. (Table 1). What is classified as alkalinity in Table 1 is “fixed”
The specific objectives of this paper were to (1) estab-through charge balance with the other listed constituents.
lish salinity-temperature boundaries f85-7-P models at  These tabular values will only change wh&nchanges. As
P=0.1MPa (Earth surface pressure), (2) establish the rang& and/orPco, change, these tabular values can cause minor
of these boundaries for future atmosphericdfcreases, changes orf,4, unless solid phases start to precipitate. The
and (3) reconcile, if possible, the controversy dealing withminor effect on changing, during 7 and Pco, change is
calcite-ikaite equilibrium during seawater freezing. estimated to be about 0.04%, based on soluble carbon con-
tents, which can be safely ignored. Whether we represent the
] S4 values as 35.147 g/kg or as 35.133 g/kg is minor. On the
2 Methods and materials other hand, ag and/orPco, change, the individual alkalin-
ity constituents (Table 1 footnote) can make major changes

The S4-T boundaries for seawatef,-7-P models will d -
. i . . . due to the effects oPco, andT on controlling pH. For ex-
be established with a theoretical chemical thermodynamic CO. gp

model called FREZCHEM (Marion and Kargel, 2008). The agnogg atSA_?tSi;;%kg _mtglggzl—fiatm, tE_T pHH att
composition of seawater will be based on a newly establisheé1 i IS equal to ©. V_V' -£1€-4m, while p ‘T"
standard composition based &p (Millero et al., 2008). And ~ 0°C is equal to 8.056 with C§:4.04e—5m_. These major
finally, CaCQ supersaturation at precipitation will be inte- changes are factored into model calculations. In addition

grated into FREZCHEM based on a pseudo-homogeneou!® these ions, we also included B(QP.00033m. Sev-
nucleation model (Morse and He, 1993). eral minor constituents (3, B(OH),, F~) were excluded

from our simulations. Overall, there was a small decrease
21 EREZCHEM Model in the standards, from 35.165gkg? (Practical Salinity

$§=35.00) to the model-used 35.147 gRg Our research
The FREZCHEM model is an equilibrium chemical thermo- efforts will focus exclusively on Absolute SalinitySg).
dynamic model parameterized for concentrated electrolytelo convertS, to S (Practical Salinity on the 1978 scale),
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one can use the relationships=(35/(35.16504 g kg')) mineral in natural seawater started to precipitate, likely either
54=0.99530754/(g kg~ 1)(Millero et al., 2008). Through- as calcite or aragonite with Mg substitutions. Tki&alcite)
out the text, we will represent atmospheric £i@ units of  is a reference point based on the equilibrium of pure calcite.
patm (=MPa/1.01325) aBco,. But the FREZCHEM model  Despite the fact that Eq. (2) is defined in terms of calcite, the
actually uses fugacityfco,) in model calculations. IAP(CaCQ) only predicts that an undefined Cag@ineral

_ . will precipitate. In what follows, we will use:
2.3 CaCGs nucleation/supersaturation

There are distinct differences among homogeneous, pseuddAP(CaCQ) = Q(calcite) x K (calcite) =
homogeneous, and heterogeneous nucleation and preCipé'Z(aragonitex K (aragonite ©)
tation of CaC@ minerals. Homogeneous precipitation of
CaCQ occurs in the absence of pre-existing precipitationto calculate the IAP(CaC#) at the point where a CaGO
surfaces (solid or soluble phases). Pseudo-homogeneous predneral will start to precipitate. We could also have used
cipitation occurs on soluble colloidal particles, microbes, an aragonite reference stat& (aragonite)]. But in either
planktonic debris, and POC or reaction vessel surfacesase, the IAP(CaC§) is identical (Eq. 3). Effectively,
(Morse and He, 1993). Heterogeneous precipitation occursAP(CaCQ) is the equilibrium constant for CaG@ninerals
on pre-existing mineral solid phases. Heterogeneous preciph seawater. We will primarily run the FREZCHEM model at
itation is relevant where carbonate solid phases are in closa fixed T under the evaporation option, whergeis steadily
contact with supersaturated waters (e.g., in shallow waters oincreasing because water is being removed, until our model-
in the presence of biotic carbonates). We will focus our atten-calculated IAP agrees with the empirical IAP (Cag€ui-
tion in this paper primarily on pseudo-homogeneous CaCO librium constant) of Eq. (3) (or another mineral). At this
precipitation using the Morse and He (1993) experimentalpoint, the calculated salinity (S represents the boundary
data developed from natural seawater that likely containedor our S,-T-P model because a CaG@r another) mineral
surfaces (soluble and reaction vessel) for Ca@@cipita-  has started to precipitate. We will also run the FREZCHEM
tion. We will also discuss two examples of heterogeneousmodel under the freezing option to establish the lower tem-
precipitation that can be important in the interpretation of perature boundary for th&,-7- P model.
experiments with added crystals, and seawater environments Bear in mind that while Eq. (3) specifically addresses
with natural crystals. CaCQ mineral formation, this concept integrated into the
In the seawater literature, it has long been known thatFREZCHEM model does not preclude the possibility that
seawater is supersaturated with carbonate minerals such @ther minerals (with other ions) could precipitate first during
calcite and aragonite (Morse and Mackenzie, 1990; Millerothe evaporation or freezing process. Where solutions have
and Sohn, 1992; Millero, 2007; Morse et al., 2007). Tradi- become supersaturated with respect to specific minerals, the
tionally, the degree of supersaturation was described by th&# REZCHEM model selects the solid phase that minimizes

omega {2) concept: the Ca (or other ion) concentration as the most thermody-
namically stable mineral. “CaCG{Das defined in Eq. (3) is
2 =I1AP/K (1) the only solid phase in the FREZCHEM model that is al-

where IAP is the calculated ion activity product [e.g., Iovyed to persist at the supersgturat_ed level before precipi-
(aca)(aco,)] for a specific mineral (e.g., calcite), adis the tating. _On the other haqd, coping with t_he degree of super-
solubility product for the mineral. For examplg, for cal- ~ Saturation associated with Eq. (3) required that we remove
cite atS,=35.147 gkg! andr=25°C is calculated to be 5.6 Several carbonate minerals from the FREZCHEM mineral
with the FREZCHEM model (IAP=1.856e—&,=3.312¢—9). database, including aragonite (Cag)Ovaterite (CaC@),
The seawater sample is 5.6-fold supersaturated with respeétolomite [CaMg(C@)2], magnesite (MgC®), and hydro-
to calcite. While this is interesting, it provides no clue as to Magnesite [3MgCeMg(OH),3H,0]. These minerals, ex-
when such a seawater sample would actually start to precipcePt for aragonite that is a factor in Eq. (3), do not precipitate
itate a carbonate mineral during the evaporation or freezindr®m seawater despite their supersaturation. So, removing
process asy increases. them from the mineral database is perfectly valid for seawa-
John Morse and colleagues (Morse and He, 1993; Morsd®' simulations. Retention of the latter carbonate minerals in

et al., 2007) have developed an empirical omega model thaf REZCHEM would lead to th_eir precipitation rathgrthan the
is geared to estimating the point where carbonate mineral§upersaturated “CaGOas defined in Eg. (3). As pointed out

will actually start to precipitate as a function fand 7. In above, “CaCQ@" likely represents either aragonite or calcite.
this case, the omega concept is defined as:

Q(calcite = IAP(CaCQ)/K (calcite) (2) 3 Results

In Eqg. (2), the IAP is based on experimental measurementén Fig. 1 are the experimental data that degtalcite) as
and theoretical calculations at the point where a “CgCO a function ofS4 at 25 and 40C under pseudo-homogeneous
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Absolute Salinity (g/kg) Fig. 2. The pseudo-homogeneous nucleation boundarie$ f6fF -

P models in Year 2008 (solid lines) and potentially in Year 2100
Fig. 1. The experimental data for supersaturation omega(calciteXdashed lines).
(Morse and He, 1993; Morse et al., 2007) necessary for pseudo-
homogeneous nucleation of Cag® seawater at 2% (circles)

and 40C (squares), and an extrapolation 0 (Fig. 2). Aragonite is likely the dominant CaG@nineral be-

tween 8 and 4TC, and calcite is likely the dominant CaGO

nucleation (Morse and He, 1993; Morse et al., 2007). Themngral between 3 and’@ (Mozse etal., 2007). Note that
. in this temperature range of 3-40, the boundary increases
S values of the original data were converted$g values

(Fig. 1) byS,=1.004715 (g kgl) S. We fit a linear equation Wi.th decrgasing temperature bec_ause the solubility of GaCO
o these data, which is given by: minerals increases with decreasing temperature.
At a temperature of 2.8Z, the FREZCHEM model pre-
dicts that ikaite should start precipitating instead of CaCO
Q (calcite=—14.6128+0.09804F +-0.12960%5 4 Because ikaite solubility decreases with decreasing temper-
(T in K) 4) ature, the slope of the curve changes from that for CaCO
solubility (Fig. 2).

Whererz (Coefﬁcient of determination):o_gzz' and SE (Stan- Now to establish the lower temperature Iimit, we needed

dard error)=0.54 (Steel et al., 1997). The three coefficients irfo extend the calculations to the point where minerals start

Eq. (4) (and Fig. 1) are all statistically significant at th#%  Pprecipitating at cold temperatures. If we start at@&with

chance of a Type | error (Steel et al., 1997). ExtrapolationS4=35.147 gkg?, then lowering temperature will eventu-

of the equation to €C is also depicted in Fig. 1. The equa- ally reach the “ice line” in Fig. 2 at=—1.9°C. Ice forma-

tion fits to data at 25 and 4@ seem reasonably good. The tion, per se, does not limit the range 8f-7-P models

extrapolation to lower temperatures will be examined belowbecause relatively pure ice forms concentrating all solution

(see Sect. 4 on Discussion). phase constituents equally, therefore leaving ratios such as
Now given an equation that allows one to calculate Ca/Mg unchanged. But as temperature continues to changes

Q(Cak:ite) as a function oS4 andT (Eq 4)’ we can estimate below —1.9°C, the freeZing process will follow the ice line

the IAP(CaCQ) of Eq. (3). Next, we ran the FREZCHEM changing rapidly in§ until it hits the ikaite line at-4.93C

model under the evaporation process, at a fRethd a start- ~ With S4=87.3gkg* (Fig. 2). The lower limit for all phases

ing $4=35.147 g kg?, until the model-calculated IAP equi- thatlead to ice formation is-4.93°C.

librated with IAP(CaCQ) of Eq. (3) to form carbonates, or The atmospheric C® has changed historically from

other minerals. This process allowed us to pldgeand T 280uatm in pre-industrial years, to 3g&tm in 2008, and

limits where solid phase minerals start to form. The resultspotentially to 55Q.atm by 2100 fjttp://www.esrl.noaa.gov/

of these calculations for Year 2008 with @€885uatm are  gmd/ccgg/trendy/ The corresponding increases o,

given in Fig. 2 (solid lines). As an example, for a temper- in surface ocean water results in a decrease in seawater

ature of 20C with initial $,=35.147 gkg?!, we evaporated pH (at S4=35gkg?, r=25°C) from 8.38 in pre-industrial

the solution with FREZCHEM until CaCfstarted to pre- years, to 8.27 in 2008, and to 8.14 in 2100 (Fig. 3).

cipitate ats,=83.1 gkg?, which sets the boundary limit for These pH values were estimated with the FREZCHEM

an S,-T-P model atT=20°C andS,=83.1gkg®. Similar model that defines pH=logio(H"), where the parenthe-

calculations established the boundary between 3 an@ 40 ses define M activity. In contrast, had we estimated pH

Ocean Sci., 5, 285391, 2009 www.ocean-sci.net/5/285/2009/
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9.0 4 Discussion
| Years 1750-1800 . _ .
Pre-Industrial Our efforts have resulted in placirfy -7 boundaries for us-
Year 2008 ing Sa-T-P models atP=0.1 MPa, which was the primary
purpose of this paper. But Figs. 1 and 2 deal with pseudo-

8.5 47 J7 Year 2100
\N homogeneous nucleation of solid phase CaC®cCaf-
\\\ frey et al. (1987) estimated that Cag®tarts precipitating

Igs.oi from seawater at 1.8-fold brine concentration at a tempera-
] ture of~31°C. Those experiments were made at the Morton

m 45 Bahamas solar salt production facility on Great Inagua Is-
;5] ® 35 land in the Bahamas and represent heterogeneous nucleation
a2 Sp because of the shallow depths that likely contain CaCO
. 15 solid phases (likely aragonite) nucleation sites. Multiplying
las 1.8x35 leads to a salinity of 63gkd at the point where
70— T CaCQ; starts to precipitate. This result compares to a salin-
200 250 300 350 400 450 500 550 600

ity of 73gkg! at 31°C under pseudo-homogeneous nucle-
ation (Fig. 2). Gitterman (1937) examined Cagforma-
tion resulting from seawater freezing where his experimen-
tal aqueous solutionss§=33.34 gkg!) were likely seeded
with calcite crystals (Marion, 2001). His first experimental
point, after freezing started at -2@®, was at—3.5°C where

using the seawater scale (SWS) (Millero, 2001) that define@CQ was clearly precipitating. Because he seeded the
pH(SWS)=-log;o[H*++HSQO; +HF], where the brackets de- agueous phase with Ca@@rystals, this represents hetero-
fine concentrations. then ?he corresponding pH values arg&neous nucleation. The brine concentration factor between

8.13, 8.02, and 7.88, respectively, about 0.25 pH units lower~1-8 and—3.5°C is 2.0-fold, which represents a maximum
than the pH values in Fig. 3. Either scale can be used to de€oncentration factor because Cagtould have started pre-
fine pH in seawater. But, caution must be used to assure corf!Pitating atany temperature betwee.8 and-3.5°C. The
sistency in how the pH options are defined and subsequerﬁo'm is that heterogeneous nucleation at a temperature that

applications to H equilibria. See Millero (2001) for more c0uld be as low as-3.5°C still led to a lower brine con-
details on pH scale variability. centration than was the case for ikaite that precipitated at a

Changings,, especially lower values, will have a major (€mperature of-4.9°C under pseudo-homogeneous precipi-
influence on the relationship of GGand pH (Fig. 3). The tation (F|g. 2). He_terogeneous nucl_eathn in the presence of
Baltic Sea is a classic case where seawsieis highly vari- ~ ©aCQ minerals will reduce the applicability range §f-7"-
able, from below 1gkg in the coastal lagoons, over 8— P models. Unfortunately, the data_to pla_cg a broad range on
12gkg ! in the central Gotland Sea, to about 25 gkat heterogeneous nucleation is relatively limited. Fortunately,

the Danish Straits, with significant temporal variability from PSeudo-homogeneous nucleation (Fig. 2) is more realistic for

the daily to the decadal (climatological) time scales (see e.gth€ bulk of Earth seawater. The experimental data for Fig-

online figures of Feistel et al., 2008). In addition, brackish Ure 1 were based on natural seawater that probably contained

Baltic seawater contains anomalously high Ca@®ncen- soluble nucleation sites associated with clay particles, mi-
trations (Rohde, 1966; Millero and Kremling, 1976: Feistel CroPes, planktonic debris, and POC, which is why Morse and
and Weinreben, 2008). He (1993) defined the process as pseudo-homogeneous nu-

A decreasing pH due to increasing atmospheric;CO cleation of CaC@. This is an appropriate nucleation process

will cause CaC@ minerals to increase in solubility, which O natural seawater, which we modeled in Fig. 2. _

will increase the salinity-temperature boundaries by up to What is perhaps most intriguing about the theoretical
11gkg ! and 0.66C by 2100 (dashed lines, Fig. 2). Also, model calculations is that the model predicts a transition
interestingly, the model predicts that gypsum (CaS0) from CaCQ (probaply calcite) to ikait(_a at a temperature
should be the boundary precipitating mineral between 0 and®f 2-82C and a salinity of 104 g/kg (Fig. 2). Natural oc-
6°C in 2100 (Fig. 2). We also made an approximation CUrrences of ikaite appear to have water temperatures of
of where gypsum should start to first precipitate between3 C Or lower (Pauley, 1963; Bischoff et al., 1993; Larsen,

2008 and 2100, which is 84 =109.5gkg!, 1=2.95C, and 1994; Omelon et al., 2001), which is in excellent agreement
COy,=450uatm. with our model calculation. In the Dieckmann et al. (2008)

paper that recently identified ikaite formation in sea ice,
great care was taken to keep the temperature of the iso-
lated ikaite crystals between 0 antd2during sample analy-

ses because ikaite easily decomposes at higher temperatures

CO, uatm

Fig. 3. Model calculated seawater pH values as a function of
CO, patm for S values of 5-45 g kgl at 25°C.

www.ocean-sci.net/5/285/2009/ Ocean Sci., 5, 2882009
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forming calcite crystals (Omelon et al., 2001; Dieckmann Feistel, R. and Marion, G. M.: A Gibbs-Pitzer function for high-
et al., 2008). At the transition temperature of 282the salinity seawater thermodynamics, Progr. Ocean., 74, 515-539,
Q(calcite) value is 25.9, meaning that calcite is 25.9-fold su-  2007.

persaturated. The fact that this higt{calcite) value accu- Feistel, R. and Weinreben, S.: Is Practical Salinity conservative in
rately predicts the transition from supersaturated calcite to_ the lB";'t'C NSea? t?cga”c"gg\'/s' 50, 7%_8[\‘]2'_ ZSOtO? 4 Evolution of
saturated ikaite at°® is strong support for the broad-range " c'oc N NaUSEN, 5., ahd Tasmund, .. State and Evoution o
equation for(calcite) (Eq. 4 gFig.plp) in which we extend(gd the Baltic Sea, 1952—-2005. A Detailed 50-Year Survey of Mete-

o orology and Climate, Physics, Chemistry, Biology, and Marine
the temperature from 25-40 to 3'C and salinity from 35~ Environment, John Wiley & Sons, Inc., Hoboken, NJ, 2008.

70g/kg .(Fig. 1to 104 g/kg (FiQ: 2). Furthermore, th'iS result Gitterman, K. E.: Thermal analysis of sea water, CRREL TL 287,
argues in favor of ikaite formation during the freezing pro-  USACRREL, Hanover, New Hampshire, 1937.
cess, which, as we mentioned earlier, has been controversiglardie, L. A.: Secular variations in Precambrian seawater chemistry
for over a century (Ringer, 1906; Gitterman, 1937; Assur, and the timing of Precambrian aragonite seas and calcite seas,
1958; Richardson, 1976; Weeks and Ackley, 1982; Marion, Geology, 31, 785-788, 2003.
2001; Dieckmann et al., 2008). The fact that the theoret-Larsen, D.: Origin and paleoenvironmental significance of calcite
ical FREZCHEM model can quantitatively predict Cag£O pseudomorphs after ikaite in the Oligocene Creede Formation,
mineral formation in seawater across a broad ranggyef " ?(;)Iora:o, é ?:ecé Rce;_s., _AGé’ 583_303’ 1393" L and Schott. 1.
values is a major step forward in geochemical modeling. aldonado, C. F. E., Girolr, G., Dandurand, J. L., and Schott, J.:
A limitati ¢ t is that th tion f timati The dissolution of calcite in seawater from°40 90°C at atmo-
imitation, at présent, IS that the equation for esimating spheric pressure and 35%. salinity, Chem. Geol., 97, 113-123,
Q(calcite) is based on seawatdy that works well for
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