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Overview

This draft document describes a study to identifyatxdata, and new thermodynamic measurementseaded to
improve chemical speciation models of seawaterdapen the Pitzer equations. Papers describingppkcation
of the model to seawater should be consulted mudisions of its current accuracy with regard tapH other
gquantities at different temperatures and saliniigeg., Millero and Pierrot, 1998; Waters and Mile2013). The
ultimate aim of model development is to createch tfeat meets the needs of chemical oceanographerany
sub-disciplines — from estuarine water quality &ep-oceanography — and which is also the equiteotarious
empirical relationships (such as in CO2SYS, focalating the speciation of the marine carbonatéesysthat
have been developed for particular ranges of $alamd temperature and which assume a normal seawat
composition.

Our approach is a simple one: we have ranked (kigbdowest) the magnitudes of the contributiofhithe binary
and ternary interactions in the Pitzer activityfioent model to calculated pH ("total" scale) ahé C4" x CO;*
activity product (as a surrogate of the degreeatifration with respect to calcite or aragonite)e Thlculated
quantities will be most sensitive to errors in kiighest ranked contributions. We then briefly sumigsathe
thermodynamic data from which each of the inteceictiarameters in the model have been determinexschion 5
recommendations for new measurements, based upagartkings and summaries, are made.

It is expected that later versions of this docunvétitextend the study to include buffer solutiamsed for the
calibration of pH instruments, the effects of tenagpeare (in greater detail than covered here), tlexts of
pressure, and minor interactions in the Pitzer rhotleeawater that are currently set to zero.

It is hoped that this document will stimulate dission and, particularly, encourage those reseamipg with a
capability to measure thermodynamic propertiedexfteolyte solutions (especially water and solutiévities, and
thermal properties) to act on some of the recomiaggmus made here and so contribute to a betterichém
speciation model for seawater. Please contact me(SClegg), or the Chair of WG145 (David Turner,
david.turner@marine.gu.se) if you wish to do so.



1. Background

The form in which a trace element or other compoonéseawater is present, and its tendency to rdapends on
its activity. This is the product of its concentration (usuafiglality, m) and an activity coefficient] which is a
complex function of temperature, pressure, anaisaljor, more generally, solution composition).tislthat
concentrations are generally expressed as molgpef geawater by marine chemists, rather than iglalt
conversion between the two scales is straightfatwanportant reactions in seawater include compieraf
trace metals (by a variety of ligands), and acigebequilibria — for example with carbonate, boratégphate, and
fluoride ions. Take, for example, this general tieac

A@g) * Bag < Gag 1)

The thermodynamid<) and stoichiometric*) equilibrium constants are defined by:
K = yCmC/ (A mA -yB mB) (2a)
K* = mC/(mA-mB) = K- (yA -yB/yC) (2b)

The thermodynamic equilibrium constant varies wéttmperature and pressure only. The produnatfor any
species is itactivity. The commonly measured stoichiometric equilibrconstant, which expresses speciation in
terms of concentration directly, varies with saatcomposition as expressed in the activity coiefficterm in eq
(2b). Thus, if the values &f are known for the reactions of interest, the cleahequilibria in natural waters of any
composition can be determined if the activity ciméghtsy of the reactants and products can be calculatesl. T
Pitzer model is used for this purpose (Pitzer, 1984 application to the chemistry of natural watis described

by Clegg and Whitfield (1991), and its applicattorseawater by Clegg and Whitfield (1995) and imyngapers

by Millero and co-workers (Waters and Millero, 2048d references therein).

The Pitzer model equations contain sets of parasetdich are functions &f andP, of two kinds: “pure”
solution parameter${°?, C..>") whose values are determined by fitting to datasédutions containing single
electrolytes consisting of cation 'c' and aniaraiatl “mixture” parameter$x;, yi;) whose values are determined
from measurements containing typically two diffdrelectrolytes with a common ion (i.e., c-c'-agea'-c). There
are also a small number of parameters for theaot®ns of uncharged solute species 'n' (e.gselienteraction
Ann) @nd for interactions between uncharged soluteisp@nd ions (.0 ¢, An s andl,.,). The data that are used
to build a model of a relatively complex mixtureebuwas seawater include: solvent and solute aesyiapparent
molar enthalpies and heat capacities (yieldingstv@tion of the model parameters with temperaljr@apparent
molar volumes (the variation of the parameters wigssurd®), salt solubilities, liquid/liquid phase partitiiog,
equilibrium partial pressures of volatile solutesd others.

The major effort in constructing a Pitzer modeldiory solution is the determination of the paramesdues,
including the resolution of differences betweeromgistent sets of data, obtaining approximate gatdie
parameters for which there are no data, and reglatitertainties in calculated properties to thashé data upon
which the model is based. There are a great massilge model parameters in a model of seawatehwhi
contains the solute specie$, Ma’, K*, Mg?*, Ca”*, SF*, CI, Br, OH, HCOy, B(OH),, HSQ,, SQ7, CO;7,
CO,, and B(OH). However, it is the ions present at the highesteatrations that have the greatest influence on
the activity coefficientsy| of all species. The dominant ions are, first,*,NAg”, CI, and SQ@, followed by
ca* and K, and then HCQ. This reduces the number of chemical systemsnibedl to be studied, and
parameters determined, to obtain an accurate métisl. document addresses the question: what ifie@nadn
the Pitzer model (i.e., the parameters and thetdetawere determined from) are the calculated piHcalcium
carbonate saturation in seawater most sensitivel'te?answer to this question tells us where — biclwpure
solutions and mixtures — to focus our efforts ithgaing available thermodynamic data and making new
measurements to improve the accuracy of the model.

The sensitivity calculations are described in thgtisection. They have been carried out for S seziwvater at 25
°C. Data needs for other temperatures are discuisditiually for each of the key chemical systewmsritified for
further work. The two quantities for which sensttas are assessed are pH on the total scale édefiaere on a



molality basis, rather than mol per kg of seawaterthat 10" = mH* + mHSQy), and the activity product of &a
and CQ? ions (representing a calculation of calcite ogardte saturation in seawater).
2. Description of the Calculations

The base composition of seawater for these calonkafto yield a calculated pH of close to 8) igegi below. The
temperature is 2%C, and all concentrations are molalities (noles per kg of pure water).

mH  0.60239E-08 mBr  0.87202E-03
mNa  0.48614E+00 mB(OH)4 0.10053E-03
mMg  0.54742E-01 mF  0.70815E-04

mCa  0.10657E-01 mOH  0.38699E-05

mK  0.10580E-01 mHSO4 0.17643E-08
mSr  0.93961E-04 mB(OH)3 0.32706E-03
mCl  0.56578E+00 mCO2  0.10524E-04
mSO4 0.29264E-01 mHF  0.13039E-09

mHCO3 0.18852E-02
mCO3 0.23350E-03

The sensitivity calculations were carried out bijisg each parameter (or group in the casg’’sf and ¢&** for

+/— interactions) successively to zero, and thealcglating the equilibrium composition of the gystto yield pH
and the activity product of aand CQ (aCa- aCOs). The differences from the case in which all pasters are
included were then noted. Section 3 shows thetsefarl pH, ordered by the strength of the influeramth in
absolute terms and also normalised to unity foistrengest influence (Na CO;” interactions). We have used the
Clegg and Whitfield (1995) seawater model for theedeulations (plus parameters from Harvie eti8@) for the
components of the carbonate system). The resultsbieen should be broadly applicable to all Pitzedels of
seawater. Note that parameters that are equataarzéhe model (either intentionally, or simplydagise their
values are unknown) will not appear in the tables.

We believe that, for some of the interactions idiext in the tables below as high sensitivity, het
thermodynamic data (new measurements) will be resedéhat parameters can be determined more "debyirat
all temperatures of interest’@® or below, up to about 4C). We put "accurately” in quotes because its exact
definition for each interaction — i.e., how accaret accurate enough? — requires sensitivity aealisrelate
uncertainties in the data to which a parametettegifto the effect on the calculated quantityrgérest.

The main papers describing the Pitzer model of agavdeveloped by Millero and co-workers (the "Miam
model) are Waters and Millero (2013) (seawater oviticarbonate), and before that Millero and Pigi1688)
(with carbonate). In between these studies Milkgral. (2007) published measurements of carbanidt a
dissociation in NaCl(aq) from 0 to 5G and up to 6 mol kK made by potentiometric titration. They combiniee t
results with those of several other studies toeéve parameters for Na CO;> and N4 - HCOy interactions up
to 250°C. The purpose of the work was to enable calculatto be extended to hydrothermal brines. It da4r
whether current (i.e., 2016) seawater model ofévillhas been revised to include these new parasneter

A new notes for non-modellers: electromotive fofemf) measurements yield activities of the speteshich the
two electrodes are sensitive (usuallyahd Cl, although SG electrodes can be used too). Osmotic coefficients
(¢, from isopiestic measurements) yield water adtigitvhich are the other main source of data fronchvbation-
anion interaction parameters are determined foit saates. Measured enthalpies of dilutiag;H) yield the first
differential of solute or solvent activities witbgpect to temperature, and heat capacitigsy{€ld the second
differential with respect to temperature. Thusz&itmodels to calculate activities of solvent apldtes as a
function of concentration, and over a range of terafures, are most tightly constrained by a contizinaf
activities and osmotic coefficients, and thermahda

3. Resultsfor pH
In the table belowApH(Tot)" is the change in calculated pH on theltstale at 25C caused by setting the Pitzer



model parameters for the indicated interactioneim zand re-calculating the equilibrium speciatbthe artificial
seawater solution. It is an absolute value (the efghe change has not been retained). The quayghi(Tot) is a
simple measure of the sensitivity of the modelleld@ errors and uncertainties associated with @stehaction.
The column ApH(Tot,norm)" presents the same information, butmradised to unity for the maximum case (the
cation-anion interaction Na CQO;”, row 1). Blank lines at the 10% and 1% levelth@ApH(Tot,norm) column
have been added, for convenience. There are noté®mext page regarding the sources of paranfetetse first
25 interactions below, which correspondgfiH(Tot) > 0.001699.

id i nteraction ApH(Tot) ApH(Tot,norm spl sp2 sp3
1 B(ca), C(ca) (+- ) 0.1601630 1.0000000 0 NA CO3

2 B(ca), C(ca) (+- ) 0.1243410 0.7763403 5 MG CO3

3 B(ca), C(ca) (+- ) 0.1115020 0.6961782 7 H CL

4 B(ca), C(ca) (+- ) 0.0749040 0.4676735 6 CA CO3

5 B(ca), C(ca) (+- ) 0.0314830 0.1965685 0 NA S04

6 B(ca), C(ca) (+- ) 0.0193950 0.1210953 8 NA HSO4
7 B(ca), C(ca) (+- ) 0.0176810 0.1103937 9 NA CL

8 B(ca), C(ca) (+- ) 0.0168680 0.1053177 1 MG HCO3
9 B(ca), C(ca) (+- ) 0.0125590 0.0784138 7 MG CL

10 B(ca), C(ca) (+- ) 0.0121900 0.0761099 6 MG  HSO4
11 B(ca), C(ca) (+- ) 0.0118770 0.0741557 0 MG SoO4
12 Theta(cc’) (++ ) 0.0118050 0.0737061 6 H NA

13 B(ca), C(ca) (+- ) 0.0116420 0.0726884 5 NA HCO3
14 B(ca), C(ca) (+- ) 0.0110350 0.0688985 6 MG  B(OH)4
15 Theta(aa') (-- ) 0.0096530 0.0602698 5 CL HCO3
16 B(ca), C(ca) (+- ) 0.0087650 0.0547255 0 CA HCO3
17 Theta(aa’) (-- ) 0.0080200 0.0500739 9 CL B(OHM4
18 Theta(aa’) (-- ) 0.0068000 0.0424567 5 CL CO3
19 B(ca), C(ca) (+- ) 0.0054880 0.0342650 9 CA B(OH)4
20 B(ca), C(ca) (+- ) 0.0041460 0.0258861 3 K CO3

21 Theta(cc’) (++ ) 0.0036810 0.0229828 4 H MG

22 B(ca), C(ca) (+- ) 0.0025500 0.0159212 8 CA CL

23 B(ca), C(ca) (+- ) 0.0023300 0.0145476 8 CA HSO4
24 Theta(@aa’) (-- ) 0.0022080 0.0137859 6 CL S04
25 Lambda(N,c) (n+ ) 0.0016990 0.0106079 4 CO2 NA
26 B(ca), C(ca) (+- ) 0.0013530 0.0084476 H S04

27 Psi(aa'c) (--+) 0.0011750 0.0073362 CL HCO3 NA
28 B(ca), C(ca) (+- ) 0.0011450 0.0071489 CA S04
29 Lambda(N,a) (n- ) 0.0010750 0.0067119 B(OH)3 S04
30 B(ca), C(ca) (+- ) 0.0010470 0.0065370 NA  OH

31 B(ca), C(ca) (+- ) 0.0008480 0.0052946 NA  B(OH)4

32 Psi(aa’c) (--+) 0.0008470 0.0052883
33 Psi(aa'c) (--+) 0.0007080 0.0044205
34 Theta(aa’) (-- ) 0.0006640 0.0041457
35 B(ca), C(ca) (+- ) 0.0006590 0.0041145
36 Theta(cc’) (++ ) 0.0006580 0.0041083
37 Lambda(N,c) (n+ ) 0.0006460 0.0040333
38 Psi(cc'a) (++-) 0.0003680 0.0022976
39 Theta(aa’) (-- ) 0.0003510 0.0021915
40 Lambda(N,c) (n+ ) 0.0003400 0.0021228
41 B(ca), C(ca) (+- ) 0.0003240 0.0020229
42 Theta(aa’) (-- ) 0.0003010 0.0018793
43 Psi(aa'’c) (--+) 0.0002230 0.0013923
44 B(ca), C(ca) (+- ) 0.0001950 0.0012175
45 B(ca), C(ca) (+- ) 0.0001840 0.0011488
46 Theta(aa’) (-- ) 0.0001670 0.0010426
47 Psi(aa'’c) (--+) 0.0001620 0.0010114
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H NA CL
so4  co3
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CL HSO4 NA

Below are notes on the sources of data for therdifft interactions in the table. In the model treet been used for
these calculations, the interactions of fand C&" with CO;” are included as parameters rather than equilibrium
constants (in contrast to the approach used iMiaei model, which is the focus of the discussi@end). It is



assumed that, for the purpose of these calculatibagesults are equivalent. The sources of dadePéazer
parameters quoted below are those for the Miamiaiod

1. Na — CQ (+/-): the source is Peiper and Pitzer (1982) yTihelude emf data from several souragsiqH, and
C, (G, at 25°C only). Fitted emfs at C and 50C show deviations of about 1 mV, apparently dughéo
assumption of constai"ﬁ:p. Peiper and Pitzer state: "Although accurate theymamic information beyond 323 K
is severely lacking, there is a need to measurbehécapacity of aqueous J8&; and NaHCQ@ solutions and
their mixtures with NaCl and other salts at moiditin excess of 1 mol Kgat 298.15 K and at all molalities at
temperatures other than 298.15 K. In combinatiah wifew additional measurements of the enthalmilofion at
298.15 K for solutions in excess of 1 mol'kgxtremely accurate thermodynamics for this systéirbe
obtained."

2, 4. Mg and Ca — C®(+/-): the Miami model includes these interactiagson pair formation (although earlier
versions appear to use strong interactions betteefiee ions instead). Millero and Pierrot (19§8e equations
for these and other ion pairs in their Table K@ A + CT). They appear to refer to Millero and Roy (1993 )pa
source. These authors refer to Thurmond and Mil[&883) but that paper is for 26 only. | suggest that
measurements are needed to determine the iongawmstants over a rangeTofAre emfs best for this?

3. H — CI (+/-): the source for the Miami model iar@pbell et al. (1993). They fitted emf data of Hatand co-
workers and Bates and Bower (1954) (see p. 22&uofgbell et al., 1993). The Campbell et al. parameise

stated as being valid from 0-180. The fit appears to have ignored (i.e., not idell) Aq;H, and G measurements
(the latter have been determined at 10, 25 arf€4y Allred and Woolley (1981), and afG by Patterson et
al.(2001)). It seems likely that an improved Pitardel for HClq) is possible, but new measurements are not high
priority.

5. Na — SQ (+/-): the Miami model uses parameters of HolnmekMesmer (1986) (acc. to Waters and Millero,
2013). More recently Rard et al. (2000) have redithe Pitzer model from abouf® to 50°C. No heat capacities
appear to have been measured belo’C28p to the year 1999 or so (none are cited by Baadl). Some further
measurements in this range (0 -°€% would be valuable.

6. Na — HSQ (+/-): Waters and Millero (2013) cite Hovey andptéz (1990) as the source of parameters, but no
values are given (there are just blanks in théieda Campbell et al. (1993) determined these parars as

functions of temperature from emf measurementsickdon (1990) (in artificial seawater) by assuniingt
parameters for Mg, C&* and K — HSQ' interactions were invariant with However, the treatment of these other
bisulphates is different in Waters and Milleroislhot obvious what to suggest here: other emf oreasents in
mixtures at lowl? G, of H,SO,-N&,SO, mixtures at lowl?

7. Na-ClI (+/-): Waters and Millero use Archer's treant (Archer, 1992). This includeg Gata at 274 and 278 K,
but only a very few heats of dilution below Z5. There have been some new measurements sincerArphper,
notably the study of Archer and Carter (2000) of temperature £ It may be sensible to compare some
representative data with the model.

8. Mg — HCQ (+/-): according to Millero and Pierrot (1998) tiig(HCOs), parameters were recalculated using
the results of Millero and Thurmond (1983) and@mky valid at 25°C.

9. Mg — CI (+/-): Waters and Millero (2013) list démla and Pitzer (1983) as the source. These audippear
simply to have fitted Pitzer parameters af@5rom Rard and Miller (1981), and values at highémom Rogers
and Pitzer (1981). This does not seem likely toltés accurate predictions of interactions beld@. In the
comprehensive study by Wang et al. (1998) someifiggpoint depression data were included, althabghe
appears (from their table) to be only a singleo$&t, data below 258C (at 283 K, by Eigen and Wicke (1951)).
Further measurements of &t low temperatures may be worthwhile, but permgighe highest priority.

10. Mg — HSQ (+/-): the parameters in Waters and Millero (204:@) taken from Rard and Clegg (1999) and are
for 25°C only. The earlier Millero and Pierrot (1998) papites a submitted ms. by Pierrot et al. (1998) states
a range of validity of 0 — 5fC. However, this other study appears never to baea published, and Millero and



Pierrot (1998) only tabulate parameters fofQxiting Harvie et al. (1984) as source. Measuramtrat yield this
interaction at temperatures other tharfQ%re needed.

11. Mg - SQ (+/-): Waters and Millero (2013) list Phutela d@?itzer (1986) as the source. Their paper is mainly
concerned with high although their Pitzer model does yield osmotidfiaents at the freezing point in good
agreement with measurements. It isn't clear framghper what — if any — lowthermal data there are. | think we
can assume that there are nod&ta below 28C, so new measurements would be valuable.

12. H — Na (++): Waters and Millero (2013) cite Caraplet al. (1993) who fitted results from the Hadrand
Owen (1958) textbook, though the real source &lyiko be Harned and Mannweiler (1935) emf data 60°C)
for "ionized water in NaCl solutions”. Robinsor®8D) (who also addresses the temperature effeélissystem)
is cited too. There is probably no need for nevadat

13. Na — HCQ (+/-): the source is Peiper and Pitzer (1982).itéee (1) above.

14. Mg — B(OH), (+/-): Millero and Pierrot (1998) take their paeters are taken from Simonson et al. (1987a)
("1987b" in their paper, not 1988 as stated). Taimmeters are valid from 5 to 5. Simonson et al. measured
emfs in a cell without liquid junction. A?) term is used because of the ion pairing thatstakace. The nature of
the solutions, and the analysis, means that threrdependencies on other data.

15. Cl — HCQ (— -): Millero and Pierrot (1998) take parame®ericos (aNdO¢i-coz; Wei-Hcoz-na @NAdyei-coz-na)
from Roy et al. (1982) and Peiper and Pitzer (1988 parameters are stated to be reliable fromndD{C.
Peiper and Pitzer, whose paper follows that of &agl. in the printed journal, treats all the résuRoy et al.'s
experiments were at 5, 25, and’@5

16. Ca —HCQ (+/-): Millero and Pierrot (1998) state that th&€3a(HCQ), parameters are taken from Harvie et al.
(1984) and are only valid at 26. Harvie et al. analysed calcite solubilities inuamber of mixtures to obtain
estimates of these parameters, but note discregsaand state a need for further data. This oughe texplored.

17. Cl — B(OHY), (- -): Millero and Pierrot (1998) determin®d,-g(orsandyci-gonya-nafrom 0 to 45°C from the
work of Owen and King (1943) and Hershey et é#88@). Measured emfs (5 to 85) are not tabulated by Owen
and King, but coefficients of fitted equations green. From their description, there appear todreessystematic
deviations. However, the results are from Kingéstt (Yale University), and the original measuretniamne
tabulated there. Hershey et al. (1986) used a gldsdectrode and made measurements 8€2ily. Solutions
including M¢* and C4&" ions were studied by them.

18. Cl = CQ; (— -): see item (15) above.
19. Ca — B(OH) (+/-): see item (14) above (the study of Simorestoal. (1987) included Ghas well as M§).

20. K = CG; (+/-): Millero and Pierrot (1998) adopt paramewetermined by Simonson et al. (1987b). The lowest
temperature in their experiments is 338 K, and thsyparameter values for 298.15 K from anothelystim their
discussion Simonson et al. report comparing exttessmodynamic properties with those calculated from
previously reported parameters (Roy et al., 1984)78.15 K. (Roy et al. measured emfs in cellsaairtg K, Cl,
CO;, and HCQ from 5 to 45°C.) Simonson et al. (1987b) also note that sombedf choices of fitting parameters
are somewhat arbitrary, and suggest further dataeeded to more directly determine values {@® and

KHCO:;.

21. Mg - H (+ +): Waters and Millero (2013) adopt paeters from the study of Roy et al. (1980) on H-®lg-
H,O solutions. They measured emfs from 5 t6@5There will be dependencies on the parametersfoséiClyg
and MgClaqy

22. Ca — CI (+/-): the parameters used by Waters aifldriv1(2013) come from Greenberg and Moller (1989)
which appear to be a partial re-fit of work oridipalone by Moller (1988). Moller's study adoptgaaeters of
Phutela and Pitzer (1983), from 25 to 280 Moller's study is for high temperatures. It islvknown that the
activity data for CaG(aq) cannot be accurately fitted by the Pitzer rhbegond 4 mol kg or so. Our interest is
mainly in lower concentrations. It seems possib& the model parameters adopted by Waters andrivli{R013)
will not be accurate at low temperatures.



23. Ca —HSQ (+/-): Waters and Millero (2013) list their paraers for this interaction as coming from Harvie et
al. (1984) (a 25C value), but with "Data extrapolated to tempemdwther than 25 °C using calorimetric data
from Pitzer (1991)." The Pitzer reference is hiskbohapter (imctivity Coefficientsin Electrolyte Solutions, 2™
Edn.). | haven't been able to find any relevardrimiation there, and the note of Waters and Millgypears to
refer to CaS@and not the bisulphate. This set of parametersldiperhaps be treated as being “@%nly".

24. Cl -SQ (- -): Waters and Millero (2013) use the°5value of Harvie et al. (1984). However, Millenoda
Pierrot (1998) cite the studies of Moller (19883 & reenberg and Moller (1989). The latter appayardé a fixed
value of this parameter for temperatures belowG(but this is not the same as Harvie et al.'se)aluconclude
that the variation with temperature of this paraméet not known, though it also may not be sigaific

25. CO, — Na (neutral +): Millero and Pierrot (1998) takeir values (“from 0 to 58C") from the study of Peiper

and Pitzer (1982), see item 1.

The same calculation as that above has also begedcaut for pH on the free scale (pH(free) = 1ogH")), see
below. Almost the only difference from the samecuakdtion for pH on the total scale is that intei@ts which
significantly affect the activity coefficients of3@, and S@* do not influence pH(free). Thus, they do not appea
in the list below. (The most important of theseiattions are those of Hg@nd SG* with cations Naand

Mg?*)

nteraction ApH(free)

0.160145 1.0

0.139389 0.87039
0.124346 0.77645
0.074904 0.46772
0.024422 0.15249
0.017312 0.10810
0.016877 0.10538

I

1 B(ca), C(ca) (+-
2 B(ca), C(ca) (+-
3 B(ca), C(ca) (+-
4 B(ca), C(ca) (+ -
5 B(ca), C(ca) (+-
6 B(ca), C(ca) (+-
7 B(ca), C(ca) (+-

— N N N N N

8 Theta(cc’) (++ ) 0.015202 0.09492
9 B(ca), C(ca) (+- ) 0.011647 0.07272
10 B(ca), C(ca) (+- ) 0.011033 0.06889
11 Theta(aa’) (-- ) 0.009652 0.06027
12 B(ca), C(ca) (+- ) 0.008768 0.05475
13 Theta(aa’) (-- ) 0.008018 0.05006
14 Theta(aa’) (-- ) 0.006801 0.04246
15 B(ca), C(ca) (+- ) 0.005492 0.03429

16 Theta(cc') (++ ) 0.004754

17 B(ca), C(ca) (+ -
18 B(ca), C(ca) (+ -
19 B(ca), C(ca) (+ -

20 B(ca), C(ca) (+

21 Lambda(N,c) (n+)

) 0.004147
) 0.003576
) 0.003496
-) 0.001748

0.02968
0.02589
0.02232
0.02183
0.01091

0.001698 0.01060

22 Psi(aa'c) (--+) 0.001174 0.00733

23 Lambda(N,a) (n- )

24 B(ca), C(ca) (+
25 B(ca), C(ca) (+

-)  0.001044
-) 0.000852

0.001066 0.00665

0.00651
0.00532

26 Theta(cc) (++ ) 0.000850 0.00530
27 Psi(aa’c)  (--+) 0.000843 0.00526
28 Psi(aa’c) (--+) 0.000706 0.00440

29 Lambda(N,c) (n+ )

30 Psi(cc'a) (++-) 0.000476
31 B(ca), C(ca) (+- ) 0.000447 0.00279
) 0.000353 0.00220

32 Theta(aa') (--
33 Lambda(N,c) (n+ )

34 B(ca), C(ca) (+

35 Theta(aa') (--

36 B(ca), C(ca) (+
37 B(ca), C(ca) (+

-) 0.000324

0.000648 0.00404

0.00297

0.000339 0.00211

0.00202

) 0.000303 0.00189

- ) 0.000238
- ) 0.000231

0.00148
0.00144

38 Psi(aa’c) (--+) 0.000224 0.00139

39 B(ca), C(ca) (+

40 Theta(aa') (- -

-) 0.000195

0.00121

) 0.000166 0.00103

ApH(free,norm spl sp2 sp3
NA COo3
H CL
MG CcOo3
CA CO3
NA CL
MG CL
MG HCO3
H NA
NA HCO3
MG  B(OH)4
CL HCO3
CA HCO3
CL  B(OH)4
CL CO3
CA  B(OH)4
H MG
K CcOo3
NA SO4
CA CL
H S04
CO2 NA
CL HCO3 NA
B(OH)3 S04
NA OH
NA  B(OH)4
H CA

CL HCO3 MG
CL COo3 NA

B(OH)3 NA

H NA CL
K CL

S04  CO3
co2 MG
CA SO4

cL OH

H BR

MG  SO4
CL B(OH)4 NA
K  B(OH)4
S04  HCO3



interaction

41 Psi(cc'a) (++-)
42 B(ca), C(ca) (+- ) 0.000137 0.00085
43 Lambda(N,c) (n+ ) 0.000115 0.00071
44 Psi(cc'a) (++-) 0.000101 0.00063
45 Lambda(N,a) (n-) 0.000094 0.00058
46 Lambda(N,a) (n- ) 0.000094 0.00058
47 Theta(aa’) (-- ) 0.000079 0.00049
48 Psi(aa'c) (--+) 0.000072 0.00044

49 B(ca), C(ca) (+- ) 0.000065 0.00040
50 Lambda(N,c) (n+ ) 0.000065 0.00040

0.000144 0.00089

4. Resultsfor Calcium Carbonate Activity

ApH(free)

ApH(free,norm spl

H
K

sp2 sp3

MG CL
HCO3

B(OH)3 K

H

CO2
CO2
S04
SO4
K

CO2

NA  SO4
cL
S04
B(OH)4
HCO3 MG
S04
CA

These sensitivity calculations (below) were donthansame way as for pH: the parameters for eatieof
interactions in the table below were set to zend, then the equilibrium speciation in the systeoaleulated for
each case. In the table belond(aCaCQ)" is the change in the logarithm (base 10) ofdhleulatedaCa- aCO;
activity product at 28C caused by setting the parameters for the indidateraction to zero. It is an absolute
value (I have not retained the sign of the chanbes quantity is a simple measure of the sengjtvi the
modelled activity product to errors and uncertamtssociated with each interaction. The column

"Alg(aCaCQ)(norm)" presents the same information, but norsealito unity for the maximum case (the cation-

anion interaction Ga- CI, row 1).

The column id(pH) is the pH sensitivity ranking fbe same interaction. Thus, high rankings in ha#ind id(pH)
columns — for example for Na CO;* — mean that the interaction is very importantdoth quantities.

id id(pH) interaction
1 22 B(ca),C(ca) (+-) 0.4367960
2 1 B(ca),C(ca) (+-) 0.1685990
3 2 B(ca),C(ca) (+-) 0.1314670
4 4 B(ca),C(ca) (+-) 0.0815200
5 7 B(ca),C(ca) (+-) 0.0541200
6 9 B(ca),C(ca) (+-) 0.0383910
7 - Theta(cc) (++ ) 0.0294980
8 28 B(ca),C(ca) (+- ) 0.0174600
9 14 B(ca),C(ca) (+-) 0.0098750
10 5 B(ca),C(ca) (+- ) 0.0079440
11 8 B(ca),C(ca) (+-) 0.0076660
12 18 Theta(@a') (-- ) 0.0072220
13 17 Theta(aa) (-- ) 0.0071760
14 16 B(ca), C(ca) (+- ) 0.0061650
15 13 B(ca), C(ca) (+- ) 0.0052490
16 19 B(ca), C(ca) (+- ) 0.0051440
17 15 Theta(aa) (-- ) 0.0044120
18 20 B(ca), C(ca) (+- ) 0.0043480

19 25 Lambda(n,c) (n+ ) 0.0013000
20 41 B(ca), C(ca) (+- ) 0.0009660
21 29 Lambda(n,c) (n-) 0.0009500
22 30 B(ca),C(ca) (+-) 0.0009310
23 - Psi(cc'a) (++-) 0.0008970
24 31 B(ca),C(ca) (+-) 0.0007620
25 33 Psi(cca) (--+) 0.0007380
26 B(ca), C(ca) (+- ) 0.0005900

Lambda(n,c) (n+ ) 0.0005770
28 33 Psi(cca) (--+) 0.0005390
29 - Psi(cc'a) (++-) 0.0004490
30 11  B(ca),C(ca) (+- ) 0.0004410

Alg(aCaCO3;) Alg(aCaCOgz)(norm) spl sp2 3
1.00000000 CA  CL
0.38599026 NA  CO3
0.30098032 MG  CO3
0.18663175 CA  CO3

0.12390223 NA CL

0.08789229 MG CL
0.06753267 NA CA

0.00995430 K

0.03997289 CA  SO4
0.02260781 MG  B(OH)4
0.01818698 NA  SO4
0.01755053 MG  HCO3
0.01653403 CL CO3
0.01642872 CL  B(OH)4
0.01411414 CA  HCO3
0.01201705 NA  HCO3
0.01177666 CA  B(OH)4
0.01010083 CL  HCO3
co3
CO2 NA

0.00297622

0.00221156 K CL

0.00217493

B(OH)3 S04

0.00213143 NA OH
0.00205359 NA CA CL

0.00174452 NA
0.00168958 CL

B(OH)4
CO3 NA

0.00135074 CA BR

0.00132098
0.00123399 CL
0.00102794 NA CA
0.00100962 MG

B(OH)3 NA
HCO3 NA
S04
sS04



Interactions ranked 18 and higher have an effeet 6 of the most important interaction CaCl"). All of these
interactions, with the exception of £a SQ* and N& - C&*, are also in the top 25 of those affecting pH. The
sources of the parameters for these interactiandescribed in section 3 above. Details for Ca&8® below:

7. Na - Ca (+ +): the value of this parameter inhami model is fixed, and was determined in thelgtaf
Moller (1988). It was determined from solubilitytdand was found to be satisfactory over a veryewahge of
temperatures. There appear to be some isopiestapaur pressure data at room temperature (and sgine
temperature studies) from which the parameter cbeldetermined independently. (See the references i
Gruszkiewicz et al., 2007).

8. Ca — SQ (+/-): Waters and Millero (2013) list Harvie et €1984) as the source of the parameter valueSor 2
°C. In the same way as for the HS@teraction (see item 23 in the previous secttbey add "Data extrapolated
to temperatures other than 25 °C using calorimefata from Pitzer (1991)" which implies that thegmaeters for
this interaction vary with temperature. The Pitaference is his book chapter Aativity Coefficientsin
Electrolyte Solutions, o Edn.), see Table 13 in that work.

5. Draft Recommendations for New M easur ements

The sensitivitie®\pH(Tot) andAlg(aCaCQ) listed in the tables are relative, not absolliteey simply establish a
ranking of the magnitude of the contributions & thfferent interactions to the calculation of th quantities.
One might expect, perhaps, that a change in trerper(s) for a particular interaction of 10% migatise
changes in the contributions ApH(Tot) andAlg(aCaCQ) of the order of 10% of those listed (because the
sensitivity calculations involved a 100% changei}, this has not yet been investigated. Howeverkingron the
assumption that obvious or likely data gaps idesttiin the notes above should be addressed inrties of
sensitivity (the rank order in the tables), thédeing "top ten" interactions are suggested fotHar measurement
and investigation.

() Na' - HCOy and N4 - CO, interactions. See the text for item 1 in the pEtisa. It seems sensible to follow
the recommendations of Peiper and Pitzer (1982dibtere, and quoted again below:

Recommendation: "there is a need to measure the heat capacitgusfaus NgCO; and NaHCQ solutions and
their mixtures with NaCl and other salts at moiditin excess of 1 mol Kgat 298.15 K and at all molalities at
temperatures other than 298.15 K."

(i) CaCly(aq) — literature data for the thermodynamic proeerof solutions of this salt seem to be almostey
for 25°C and above. Thus the Spencer et al. (1990) loyeeature Pitzer model parameterised’G&I
interactions for T < 28C by making use of freezing point data.

Recommendation: C, measurements for molalities up to 4-6 mol leg different temperatures below %5,

(iii) Mg** - CO and C4&" - COs” interactions. Harvie et al. (1984) determined tla& €CQO,* ion-pairing
constant (at 28C) from a consideration of calcite solubilitiesimater and NaCl(aq) at various fixed p§@nd
from emf measurements of Reardon and Langmuirdl9hese authors studied both ion pairs, in erpents
from 10 to 50°C in aqueous BCO; solutions, and obtained th& jas functions of temperature.

Recommendation: emf studies of HCI in NaCl and b&O; media at temperatures below 25

(iv) Na;SQy(aq) — this salt is quite insoluble (1.97 mol'la 25°C, falling to about 0.35 atT), but
supersaturated solutions can be produced. Thenetdappear to be any,@ata below 25C.

Recommendation: C, measurements at different temperatures belo%C2&p to (or beyond) saturation with
respect to the solid salt.

(v) Na" - HSQ, interactions. The variation of these parametetis teimperature in the Miami model (see note 6 in
section 3 above) involves a number of assumptiData at other temperatures are needed.

Recommendation: C, of H,SO,-N&SO, aqueous solution mixtures, and emfs 6fN-SO,2-CI solutions, at
different temperatures, in the range 0 td@0If the emf measurements could be made usindphatie electrode
in place of the chloride one, @ould be omitted from the solutions. This woulehgiify the modelling and
probably reduce the uncertainties in the fittechpaaters.



(vi) Mg®* - HCOy interactions. Values of the parameters appeae @vhilable for 28C only, and were
determined from emf measurements of carbonic agigation in N&Mg?**-ClI” aqueous solutions by Millero and
Thurmond (1983).

Recommendation: further emf measurements, similar to those ofévidland Thurmond (1983), at temperatures
other than 25C.

(vii) MgCl (aqg) — as noted in item 9 in section 3, there aplyears to be one set of measurg(€10°C) below
25°C. Given the dependence of the determination afrpaters for other interactions — for example?MdHCO;
as described above — on an accurate treatment Gf,Mgfurther data for low temperatures would be wortihevh

Recommendation: C, measurements for molalities at differ@ifrom 0 to 40°C, especially below 2%C.

(viii) Mg?* - HSQy interactions. There appear to be parameters f6€ 2ZHly. The recommendation below is
similar to that for Na- HSO4, with Mg replacing N&

Recommendation: C, of H,SO,-MgSQ, aqueous solution mixtures, and emfs 6ﬂ\H’g2+-SO42'-CI' solutions, at
different temperatures, in the range 0 td@0If the emf measurements could be made usinfpaate electrode
in place of the chloride one, @ould be omitted from the solutions. This woulahgiify the modelling and
probably reduce the uncertainties in the fittechpaaters.

(ix) Cat* - SQ7 interactions. First derivatives with respect tmperature of two parametefsicasos PPcaso) are
listed by Pitzer (1991; Table 13), with a maximomulality of 0.02. It is clear from the discussionNloller (1988)
of the determination of these parameters (fromtslity data) that it is difficult or impossible wetermine them
uniquely. CaS@Na,SO, solutions were her favoured system. Some discussgarding further work, and
whether MgSQ.q can be used as an analogue in some way, is needed.

Recommendation: nothing yet.

(X) MgSQyaq— there don't appear to be thermal data belof¥C2and the existing Pitzer parameterisations fisr th
solute are mainly intended for 25 and above.

Recommendation: new G measurements for molalities at different tempeestfrom 0 to 40C, especially below
25°C.
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