UNITED STATES

PB 220 464

DEPARTMENT OF THE INTERIOR

GEOLOGICAL SURVEY .

WATEQ, A COMPUTER PROGRAM FOR CALCULATING
CHEMICAL EQUILIBRIA OF NATURAL WATERS

By

Blair F. Jones

May 1973

e

Program Number:

. Dponsor:
. Equipment:
.. Operating System:

Language:

: Alfred H. Truesdell

REPRODUCED BY — -
NATIONAL TECHNICAL
INFORMATION SERVICE

U.S. DEPARTMERT OF COMMERC
SPRINGFIELD, VA. 22161 ¢

C 737

C. L. €hrist, W. Back
IBM 360/65

IBM System 360

PL/L

L

IV S Boas - it

TNTF AR T rema. L

I




e et

BIBLIOGRAPHIC DATA 1. Report No. 2. 3. Recipient’s Accession No.

SHEET USGS-WRD-73-007 PAa-320 4464
4. Title and Subtitle 5. Report Date

WATEQ, a computer program for calculating chemical equilibria May 1973

of natural waters :

6.

7. Author(s) 8. Performing Organization Rept.
Alfred H. Truesdell and Blair F. Jones No.
10, Project/Task/Work Unit No.

9. Performing Organization Name and Address

U.S. Geological Survey

ot . G No.
10th 4 F Sts., N.W. 1 Commct/_ rant No
Washington, D.C. 202hk

12. Sponsoring Organization Name and Address 13. Type of Report & Period
Covered

U.S. Geological Survey : .

19th and F Sts., N.W. 57

Washington, D.C. 202kl

15. Supplementary Notes

16. Abstracts
" The computer program, WATEQ, calculates the equilibrium distribution of in-

organic aqueous species of major and important minor elements in natural waters using
the chemical analysis and in situ measurements of temperature, pH and redox potential.
From this model, the states of reaction of the water with solid and-gaseous:phases
are calculated. Thermodynamic stabilities of aqueous species, minerals and gases
have been selected from a careful consideration of all available experimental data.

The program is written in PL-1 for IBM 360 computers.

17. Key Words and Document Analysis. 170. Descriptors

Computer programs, Water chemistry, Equilibrium, temperature, hydrogen ion
concentration, oxidation-reduction potential, thermodynamics, mineralogy,

trace elements

-

17b. Identifiers/Open-Ended Terms

17¢c. COSATI Field/Group 02K

18. Availability Statement 19.. Security Class (This 21. No. of Pages
’ Report) ’
s 4 s s UNCLASSIFIED
No restriction on distribution 20. Security Class (This |22. Pricg
Page ) i .o
%JNCLASSIFIED ) i
USCOMM-DC 14952-P72

FORM NTIS-35 (REV. 3-72)




T Aoy e

"TABLE OF CONTENTS

Page
: Iﬁtfodﬁction and Acknowledgments -« - - = = B 2
Mass Action Equilibrium Equations = = = = = =~ = = = = < - - - - 3
_ Activity Coefficients - = = = = = = —— - - - I 5
| ' The Debye-Huckel Theory = — = = = = = = = = = = = = = = = = = '>7
The MacInnes Assumption — — = = =~ = = = ~ e e e - - _‘_' 8
'Solutibn of>Mass Action and Mass Balance Equations - -~ - ; --- - 10
" Ion Ratios e e e mm e e e - - - = ----- 13
Acfivity Products and Solubility Products = = = = = = = = = = = = 14
Effects of Temperature and Pressure" e R 16
Redox Reactions - = = « = =~ ---- - - e e e e e - - 18
Géé Partial Pressures - - = = -~ e e e e e e e m e - 20
Activity of Water - - - = = = = = B T T
- Inpﬁt e e e e e et et e .. —— - ‘-'- - - ;_7 - - % -- 21
References — = = = = = = = = = = = 0 — = . m—m mm .- - - - 23
Appendixés-— - —————— - e e e e e e e - - ;.- -~ 50
| Appendix 1. Glossary of Identifiers - - — = = - - - - - - - _50-
Appendix 2. Job Cards, Computer Program, Data tables, and

Sample Input Cards = = =~ - = ~ = - - —— - 54

III




whe

* TABLES

Noteg = = = — = = = = = == =« === =-=====-"

Parameters of the Debye-Huckel equation - - - = =

Single ion activity coefficients at 25°C from a 2 parameter

(table) Debye-Huckel type equation (DH) used in WATEQ

..compared with mean salt (MS), Stokes—Robinson (SR)

single ion activity coefficient - - --==="=-==

Analytiéal‘expressions for log K(T) used in WATEQ .

and other

48

49



AT AT A A e

e RO AT O e 31

‘ vt e actdvicos
WATEQ, a computer program for calculating '

" chemical equilibria of natural waters
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‘Abstract. The computer program, WATEQ, calculat;s the equilibrium

i Ll

distribution of inorganic aqueous species of major and important minor

_elements in natural waters using the chemical analysis and in situ

: measurements of . temperature, pH and redox potential. From this model,

the states of reaction of the water with solid and gaseous phases are
ST :‘ it

calculated Thermodynamic stabilities of aqueous species, minerals and
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gases have been selected from a careful consideration of all available

experimental data. The program is written in PL-1 for IBM 360 computers.
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INTRODUCTION AND ACKNOWLEDGMENTS
The ehemistry of water-rock interactions is determined; dnppartpy -

: /
: LY : .
the Eéatéé"/ 6f the water with regard to possible reactions. TiTheraeactdon

“li;é;; a deseriptien stating that a water is undersaturated, orssuper-
~ Batufated with fespeet to a solid phase or to a gas:at, acgpg;;g-irxppggg;gpge.

gtates may Be eéaleulated frem an équilibrium chemical modglopftﬁbewygé:gr

aﬁa H‘@m the stabilities 6f phases with which 1t may -react. THhecexaminatden
of reastlon states may Buggest the origim of dissnlved,gggggggggggsag@d

. #8818t in the predietion of the ehemical effects of ;BIQHE}degggrppggggggégp,
reeharge and ir¥ipatioen. Although the use of inoxganiceggg;;gp;ggmm@ggg;s‘

’ _f@i’: Eh’ proecesses 6.’&' ﬁiﬁgiél gdlution and pretipitatioh:gggggtppgggggeaawgm-
zﬁléﬁé deseription of these precesses, an equilibrinm-.m..Qééliigsaaugggﬁglrggf-
erence. It ean indisate which processes are impossible 5§9r saggleenywater-

¥oek System and Bugpest whieh processes may control water .cempesitians.and

[}

whieh p'a:-aéééséé a¥e 86 hindered bty kinetic factors ithat :ghe“ﬁahgg'rcgggggggigég@é
a¥e indifferent to them. | |

_ @aieuiatiéﬁg of the states of saturatiom of na:t:ural“;gqt&g;s“q:gqhnggu—
erals are e@apii@at‘éa by the nekessity of comsidering :331 af tthe rfaeters
whieh affeet the aetivity of the ions imvolved in the snolutien e@q@};gﬁga.
Gae simple appreach fer multicomponent water solutions s »gp ASTHRe tthe
existence of eomplexes whose fermation is described by nm&mg@p SHRTRS~
8ions and to assume that the aetivity coefficients of :simple sions Amd een-
plexes ean be deseribed by equations a@mamg' azm.ly an the temraratiuke and
@ fenetion of ehe water eompesition, the jomic stremgth. Fhe jumhar &f

, peggablé jons, complexes, and minerals and the mecessity of diaration for

-ran ¢
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the solution of simﬁltaneous equations and the calculation of activity
coefficients makes the use of computer methods a near necessity.

This report is an attempt to provide a general computer program, for
the calculation of chemical equilibria in natural wafers at low temperatures,
that may be expanded and.updated by the user as additional staﬁility data
on complexes and minerals become available. Our thanks are extended to Ivan
Barnes whose earlier program (Barnes and Clatke, 1969) suggested the format,
and to C. L. Christ, J. Haas, G. M. Lafon, F. J. Pearson, Jr., Y. Karaka and

E. A. Jenne for data and for corrections to the program. We are especially

grateful to Manuel Nathenson for checking the thermodynamic data. The

thermodynamic approach has been influenced by Carrels and Christ (1965), Sillen _
and Martell (1964), and Denbigh (1957). ﬁany readers find the app;oach famil- .
iar and they may wish to omit the next sections in which the minimum thermo-
dynamic theory necessary to explain the calculations is presented.

The study was financed inrpart by the Defense Advanced.Research Projects -
Agency of the Department of Defense under-Order no. 1813, Amenéﬁénf no. 1.
MASS ACTION EQUILIBRIUM EQUATIONS

In a mixture at equilibrium, the activities of the chemical species
present are related by a set of mass action equilibrium equations (Garrels
and Christ, 1965, p. 6, 342; Denbigh, 1957, p. 138, 307). For each possible
reaction of the forﬁ, |

aA+bB=cc+&b, Q)

in vwhich lower case letters are. the ‘stoichiometric coefficients of the

chemical species represented by the upper case letters, there is a mass

action equation of the form,
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{In this gquation, K iis the mass Action or @quilibziun censtant and the
thrackets xepresent activities. For equilibzria dnvolving low pressure
BAses, the -partial pressue of the gas may he used -instead of activity
and dar g&%&-aa&uf&u_é solution equilibria, activities and partial pressures
may ke wsed -in the same equation. | |

| , "Tfte &ép;i,l;ishaiﬂn constants may he derived £zom é&netimentél neasurement
©of concentrations :in a series of @quilibrium mixtures of different total
concentration with extrapolation to Anfinite dilution. Alternatively,
the experimental @oncentr@t_ions may be corrected to activities by means of

&empilationsof experimentatly derived equilibrium constants have been made.

by $£klen and Martel (1964), Barnes, Helgeson, and Ellls (1966), Ellis
@867) and Helgason £1969). | B
fEhe equilibrium constant for a xeaction may also e derived from the
étérhdarcd £ree energy change of that zeaction. For the xeaction given by
sauatien 1, the sun é:ff ¢h@ standard free anergies of formation, AGZ, of the
xreactants times thedr steichiemetric coefficients ds the standard free
enezgy change of reaction; o
255 ¢ MO0 F A HED - (@ 264 4 b A6,B) - ®
fihis is related to the equilibrium constant @_f- the reaction by the equationm,
265 = 2303 BT log X , - %)

in wihich R ds the gas constant and T the absolute temperature. By the

#
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use of these equations, experimental eﬁuilibriqm data may be related to
thermochemical data derived from calorimetric measurements. Useful N
compilations of standard free energies of formation (and other thermochemical
data) have been made by the National Bureau of Standards (Rossini and
others, 1952; Wagman and others, 1968 and 1969) and: by Latimer (1952),
Garrels and Christ (1965), Robie and Waldbaqm (1968) and Helgeson (1969).

No ‘single source of equilibrium constants or thé;mochemical data is of
sufficient scope or of recent enough publication to include all of the data

relevant to near-surface rock-water reactions. The data contained in WATEQ

(Table 1) is from a compilation in preparation by the.authors of this program

and M. Nathenson.

TABLE 1 NEAR HERE

PRI SN

- The effect of temperature and pressure on mass action equations will

be considered in a later section.

ACTIVITY COEFFICIENTS

"In the limit of infinite dilution, ail ionic activities appfoach ionié

concentrations, and‘activity coefficients (defined as the ratios of
T '

activities to concentrationsyapproach unity. This is-a consequence of the
definition of the standard state for ions in solution. Tﬁis property is
useful in experimental stddies“where mass action e#pressions>written using
concentrations may be éxtrapolatéd to infinite dilutioﬁfto yield equilibrium
constants but gives no qlué to-acfivity coefficienté in ¥eal solutions of
finite concentration. In.real solutions of more than a fgw components, it.

is necessary to use single-ion activities and single ion activity

coefficients. These are formally defined by the equation,

5
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R and m, are respectively the activity, the activity'
th

coefficient and the molality of the i ion. The convention that activities

in which a

are dimensionless requires that single ion'activity coefficients have
dimensions of molality—l.

Single—ion activities and single—ion'activity coefficients cannot be
defined-thermodynamically or exactly measured or calculated, because
measurement of the activity (and therefore the chemical potential) of a
single.charged‘ion would require the measurement of the finite free energy
change of the solution resulting from a finite change in concentration of
the single charged ion while the concentrations of all other ions and the
::electrical potential of the phase‘are held constant. This is obviously
impossible. We must, therefore, use non-thermodynamic models to evaluate
single-ion activity coefficients. The reader should be awareﬂof the
additional uncertainties introduced by this approach.

Two models have been used in WATEQ for the calculation of single-ion
:act1v1ty coeff1c1ents, the Debye-Hﬂckel equation and the MacInnes assumption.
These are not the only models available but are perhaps the most widely used
and are, in most cases, consistent with the functions uSed to correct
experimental determinations to infinite dilution. The Debye-Huckel theory
provides an eguation which describes single—ion activity coefficient
'hehavior of ions in dilute solutions and which can_be extended with adjustable
parameters to more concentrated solutions. The MaclInnes assumption provides
information on the behavior of single ion activities at higher concentrations

- with which to fit the parameters of the extended Debye-Hiickel equation.
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The Debye-Hiickel theory

The Debye and Huckel theorf considers the effect, on the free energy
of a single ion,vof electrical interactions-with.other ions by assuming
that oppositély charged ions can be considered as forming a spherical
shell around the ion. This assumption is valid only for very dilute
solutions énd activity coefficients derived'froﬁ the theory deviate
increasingly from experimental results as the concentration increases.

The originél equation (Robinson and Stokes, 1959, p. 229) states that

Az2 V1
' 1+Ba/1I h

where A and B are conétants depending'only on the dieleciric'constant,
density and temperature, z is the ionic charge, and>I is the ionic strength
(defined as half the sﬁm of the ﬁfoducﬁs'of:the molality and the square of
the charge of all ions in the solﬁtion), and contains one parameter, a, the
"hydrated ion size" that must be estimated from experimental data.’ Tﬁe

extended form of the equation (Robinson and Stokes, 1959, p. 231),

Az2 V1 . s
log vy = — , + b1 , _ )
-~ 1+BavI C :

adds a second adjustable parameter which allows fo; the effect of the
decrease in concentration of solvent in concentrated solutions. This
equation is used in_WATEQ for major ions with a and b values calculated
from experimental mean salt single-ion activity coefficients (see latef)
and for minor ions with values of a from Kielland (1936) and b éet to zero.
The constants A and B are calculated from the dielectric constant, density

and température by the equations (Hamer, 1968),




. Then

1.82483 x 105 q1/2

-1/2
moles
(e‘.l‘):’/2

(105 g H20)1/2 (8)

A=

, g ,1/2 _ _
50,2916 ng d en ! more=1/2
(eT) :

B - (103 g H,0)1/2 (9)

where d 1is the density of water (Keenan and Keyes, 1935); T is the
absolute temperature and € is the dielectric constant of water (Malmberg

and Maryott 1956, Akerlof and Oshery, 1950)

The MacInnes Assumption

In order to assign the adjustable parametere in equation }' it is
necessary to know the variation of single ion activity coefficients with
donic strength in a eingle solution. Experimental values are available
for the mean molal activity coefficients, Y%, of many salts and if the
activity coefficient of one ion can be calculated then others may be
- derived from it. The MacInnes assumption (MacInnes, 1939)'tnat tne single
‘ion activity coefficients of X' and.Cl- are equal to eaeh.othet ano to the

mean activity coefficient of KCl allows this to be done. By definition,

' =. 2 - . ' )
_ Yo Y- vy : - e
If
Yegaa = %t < Ye1™ S an
2 ° .
Yo + - £ NaCl o . (12)
.y - Na v ’
Yz ka1 o
R X | |
. Ca - Y% ke :
and ' ' .
- Y2
y, - = = KBr and so forth. ' (14)
Br Y+ KC1
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In deriving these "mean-salt" .activity-coefficients one must be careful to’.

R - Do e
avoid solutions in which the ions are highly associated. In calculating

-, - for example;

1504— 'YtK So-ﬂcannot be used: because of .the formation of:as:
the KSOE ion pair. In this case, the most reasonable values of YSO can
be obtained from v, .o 550, > Y+0501, -and Yager” by the*relation, C20
¥3. Yz
Lom o = -%C8280y  #RCL . :1e mass balance equ.
‘YSOZ— o 4 o (15)
e  Yxescl

LU Y

Even here, the results must be used with caution because Cs+ and C1~ may

be weakly associated and YSO'—- values derived in this way may be somewhat
K, Ko 20770

i
e

too high at high ionic strengthsrm‘m +
- — !
. oy

R

Values of a and b for.majet“ions obtained from computer fitting of

calcelated meaﬁ salt activity.coefficients .as well: as.values 6f'a0 for minor
iqns'derived ftom‘Kieliand (1936) are:shown in:Table.2..lculeved from e
-;,Singlefionlactivity;coefficients.have been calculated for eoneentrated
single-salt solutions by sselofzthelStokes—Robinsonsequation (Bates and
others,»1970).,-Where_comparisons_are;possible,nthese:values;agree reasonably
with activity_coefficients based .on mean salt”calculations.,”Ie-Iable 2,
values of siﬁgle—ion aCtivity coefficients used.in-WATEQ afe:compared with

mean salt coefficients -and those calculated.by Bates.and others-(1970).

. H o fiver disscclation canstany ol carbool wlid.
TABLE 2 NEAR HERE = . .. -oncentrabions of ien oairs is accomplished by o
O TR for wéak acid species, but utilizing tie oiono-d

The use of any model of single—ion actlvity coefficients based on

a SURRS SR B 3

experimental measurements made on single salt solutions requlres the

Ll T U T O N S i L_.,...-,,\ FRIV G

ﬂssﬂmption that at a glven temperature activ1ty coefficients in 51mple

[N s A D PO uu.x_.. FRVTSY ,-«ALLU, 4.

91




-dplution are cequal ‘€0 ERE8e 2in CeBiptEx SeotutLoas CHE tthessame:donic: strength.
8 18 xreasonable lincéﬂuéeséékueﬂoﬁs Dbut-tl—imztédeame;mencﬂ ‘work.- in

. &gp&gnt.zat_qd (€=21x moIaI)“mii!édeéféeﬁeélyﬁesgéiuwoﬁsl’iﬁdieaces tthat it is
rPc?t %'l‘wcays -txue, -Theeéxﬁentoefcﬁeviaéion* f?om*ionicS‘s’t@éngthdd,ependence

- {8 small except ,forAIoﬁs~tﬁatcdif£er£gt’eét1yiin8é&zea'ahdﬁhydr'ation‘ such as

IH-". émd .,CLs'+. ‘:It sis CéﬁEeutﬁging,nBoﬁevér Lehatst €orumodel siinw which‘.all. ion _

Asspciations are gcons&aeired\(és*inv WAf.FEQ)tf&ﬁéfi;edaév&atdonsr havep proved to

be H%gnificant (PthbwiEzaﬁﬁdi\Kés‘é’ér ! 3.969 ¥éatts<.and- -Marshall,: > 1970)

o~ S

For further dis. cussionﬁandc%mparisenc ofa aet‘ivityc Q:@efficiente equations »

PP

§g.e I;:u_gsdell and. Jones({1969)

§@LUTL0N OF :MASS - ACTION-AND A8 S: BALANCES EQUATIONS
Computatlon of “solutionsx Bpeciest d&stributiomi&%complishe& b)L means .
| of 2 chemical model {GaTEELe Ml Thonpson, 1962) using analytical =
Eggg@ggrat ions, .experinentals %1utcfﬂril equildbrium: Tonstants ,-anasst dalance
quations, and :the:meastredpd, T FHstributtor bfemntond o’ sreale dacid
gpecies is calculated: t“-ifr”stfIﬁ-"omtctb’t-al::ahalﬁedt%dtfcentafamcns »-ithe ‘pH- and
: agtixva.ty coeff:,cients of*“l-’nd\l-\fi&ral“?s”pécieos cﬁ&ﬂqutei ~b)€-sa.licate
EEIHlHPH?; -
_ _ Eafdio,s éiixt#3§35§£o; ' S | ,'<:(16) .
and - HafiioF &gt #5510, (-(17)
The ggggg‘r;»g:;’eyt:ion cof eaelf P.?peé}eslsisiacﬂeulatecr Tfont! thécwtab.bﬁ analytlcal
g8necentration, the pH:and: ﬁx@%ﬁwitf%bef—&z@lamtsuoﬁ ﬁl@%ﬁeﬁes. F:From

the preceding equations,

: - - 10TH
“WMgigior " Yss10n Sl
Kp - = _ : (1(18)
“Misisi0, Wisisio, :

1010
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Py,5105  YH,S10;
Kz = (19)

Uyy510;  TH3S10%

The wass balance equation for total silica (silicic acid and silicate ions)
is

gy total T “H,S10, T TH3Si0; T TH,Si0h (20)

The mass action equations can be combined with the mass balance equation

to solve for mHuSiOu’

.1 .
mH“Sio = Si total (21)
4 pH 2pH
1+ K; 10 X; Ko 10
YH,510, +
YH3810, YH,810,
304V 201Uy

quSiOq is then substituted into‘ghe mass action equations to solve for
mH3S10: and mHZSiOE—' The activity coefficients are calculated.from the
ionic strength by an iterative procedure. The same method is employéd
for phosphate, borate and sulfide species, and to obtain the carbénaﬁé-
bicarbonate distribution from pH and'the'alialinity determiﬁation; after
correction for other weak acid radicals (if the alkalinity has been
corrected during the chemical analysis, this step may be bypassed in the
program). The concentration of HyCO3 is calculated from the re-computed
bicarbonate molality and the first dissociation constant of carbonic acid.
Calculation of the concentrations of ion péirs is accomplished by a
procedure similar to that for weak acid spécies,.but utilizing the analyzed
or computed values for the anion cpncentrations in place of the pH, and
employing equilibrium asgociation constants. The calculations may be

{llustrated for the calcium ion species. The major ion pairing reactions

11




are

t

catt + 00" = caoH'

ca’t + HCO; = CaHCO}
ca™ + co7 = caco3
ca't + S0, = CaSOf .

From equations 22-25, equilibrium

- are

- a. .+
K = CaOH
'aCa++.aOH_
3CaHCOS
Kp = ———— o
3ca’t 2uco;
a, °
K3 = CaC03
ac, ++ aco3
a o
_ Zcaso
Ky = —>4%
aC ++ aSOq
From these equations the expressions,
Kl aOH— mCa-H- YCaH
BcaoH" Ycaor
K2 3pco3 Beat™ Yeatt
™ CaHCOy —
Ycancos
K3 aco-- mCd++ Yc ++
Bcacog ~
Ycaco$
o Ky ago— et Yot
Casoy, =

YCaSOﬂ

12

- @2}

(23}

(28)
@25)

constants for the association reactions

(26) |
@7
L @8)

(29)

(30)

(31)

32)

AR s
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may be substituted into the mass balance for calcium

Dca total - “ca’’ ' Zcaont * Pcancol * ®cacoy * ®casos

£
=i

to obtain an expression for free (uncomplexed) Cé++ ion,

Tca total
m = (34)
Kia...~ K> - Ky a..— Ky a . —
1+ o+ °H+ + aHC-:_—?_i + Cos S0y
YcaoH YcaHco;  YcaCo$ YGasu,

In actuality, these computations in WATEQ also include phosphaﬁe speéies.
The computed concentration of free calcium ion, B ts is substituted back
into the mass action expressions to solvé for the concentrations of ion
pairs. The concentrations assigned to ion pairs and weak acids reduce the

concentrations of the free ions and change the ionic strength and therefore

the activity coefficients. The corrected values are calculated by iteration.’

In each iteration, the program reduces if necessary the molalities of the

free anions, HCOE, COE-, SOZ-, Cl_, F—, and POZ__ and recalculates the

fonic strength and the activity coefficients. Then the calculations of free.
Ca++ and Ca complexes along with similar célculafions for Na, K, Mg, Fe, and
H complexes are repeated. When the sums of all‘wéak acids, coﬁpiex ions
and free ions for all anions agree with the ahalyficéihvalﬁes within Q.S

v

percent the iteration is stopped.

10N RATIOS

When the chemical model is complete, it is useful to calculate molal
toncentration ratios and ion activity ratios for plotting on water
Co=position and mineral stability diagrams, respectively. Comparison of
these ratios with those of related waters can suggest possible origins of

13




dissolved constituents and possible controls by wineral reactions. A

number of these ratios are calculated in WATEQ.

ACTIVITY PRODUCTS AND SOLUBILITY PRODUCTS
The equilibrium of a solid phase with an aqueous solution can be
characterized by a mass action equation. For a solid of formula AX which

-dissolves to form ions A and X-, this expression is

8A+ ax...

K== )

T %
where K is the equilibrium constant of solubility. If the.solid is a pure
substance, not a solid solution, its activity is equal to one because it

. is in its standard state (Garrels and Christ, 1965, p. 5) and the

expression for the equilibrium constant reduces to the "solubility prqduct",

Ksp = ag+ ay- . T @8
In hydrolysis reactions, water is considered explicitly as ps:t of the

reactioﬁ. In the solution of quartz to form silicic acid, for exémplé,

2 quartz * 2820 = Hl,sm.; - (37

the water is written as part of the reaction and its actlvity appears in
the equilibrium expression. .
A vater sample when collected is usually no longer in contact with
‘mineral phases and these phases may not be accessible to observatlon. It
is of interest then-to determine with what mineral phases the water is

saturated or nearly so. The calculated activities of the dissolved ions

in a water may be combined to produce the'appropriate activity product

which may be compared with the solubility equilibrium constant to show the
degree of saturation of the water with each mineral considered.

14
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This comparison may be made by means of the ratio of the activity
product to the equilibrium solubility product which is given in the program
os "AP/K" and "“LOG AP/K" and by means of fhe free energy change of the
reaction, AGp (which-is zero at equilibrium). This is given as "DELGRf in

the program. These quantities are related.by the expression

4Gy = 2.303RT log(AP/K) . | . (38)
Some mineral formulas contain a relatively large number of atdms,and
the AGR values for these minerals will'déviaté fromvzero more rapidly with

dilution or concéntration than will those for minerals with simple formulas.

This can be illustrated by comparing the activity prbduct of dolomite, Ao+

++a2y==, With that of calcite, a, 44 If a water initially

g | co§">
daturated with both minerals is diluted with pure watef, AGR dolomite will
be twice AGR calcite. To correct this, AGR values aré divided by the
number of negative chargés in the formula of the mineréi and pfeséntéd as
(for want of a better label) "PER EQUIV" AGR.

The compilation of a consistent set of stability constants for minerals
suffers from several uncertainties. The standard enthalpy of formation and
dtandard entropy'of most minerals have been measured by calérimefric
uethods, and the staﬁdard free energy of formation calculated from these
Quantities is often referenced to the‘free energies of formation of the
¢lesents rather than the ions formed on.solutidn of the-mineral. The
conbination of such values with those for solution species involving aqueous
lons nmay lead to erroneous stability constants. The use of experimental
solubility products or resulting free energy values ié free from this

latonuiatency. The main uncertainty in the use of these data lies in the

15
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precise definition of reactants and products involved in the experiment,

and in the difficulty of reversing the equilibrium.

Because of these uncertainties,'the logarithms of the maximum and

- minimum solubility products are calculated in WATEQ and presented in

addition to the logarithm of the most probable value for visual comparison

with the logarithm of the activity product. Because of space limitations

-only the most probable solubility product is used in calculating values

of AP/K, lég (AP/K), AGR, and AGR pef equivalent. Enthalpy values and
‘solubility products used in the program, togethér with the'sodrces of all

data, are given in table 1.

--EFFECTS OF TEMPERATURE AND PRESSURE

In the relationships developed in the previous sections temperature
and pressure have been assumed constant and their effect on the equilibria

has not been discussed. The great majority of experimental determinations

of equilibrium constants and free energy values have been made at 25°C and,

particularly for solution equilibria, data at other temperatures ﬁay be
entirely lacking. If expgriménts have been made over a_widé range of
temperatures.or if complete ;hermochemical data are availaBle.for all;
species of a reaction then the.equilibrium constant ﬁay'be expressed as a

power function of the absolute temperature

o log K=A+ BT+ C/T+ D log T, _ (39)
in which one or more coefficients may be zero. Where this type of
expression was available in the literature if_has been used in WATEQ

(Table 4). If experimental determinations at only two or three temperatures

TABLE 4 NEAR HERE
' 16




are available a linear. dependence of log K with the reciprocal of the
-absolute temperature may be_indicated~(i.e,,>B»and D are zero in eq. 39)
-which is equivalent to a constant value of the enthalpy (heat content) ... -

| change of the reaction, AH. This is expressed by the Van't Hoff relationm,

-.l,\ A u -
< MM ( 1 1

log K = log Ky = s m - - (40)

T T
T

4n’which Tr is the reference temperature(298.15° K:(='25°C) in WATEQ)'and
the constants A and C in eq. 39 are equal to UINWY TELOK LOUSLAbTLL e

PRSI -4 it A. _ R VRIS R IR T b
log KT HTr "and —EEE—— . I
L. .2.3RT 2.3R

PSS S - 2 AR SRR I S A TR TR D A g S U -

cesuned sanie ke ol

[STRR

respectively. . biore T _ _
ST S0 U SR b - SRR PSR 1 | F U 2y TR

The enthalpy change of reactlon can be obtained by determlning the

TSRS T -1

'-'slope of a plot of experlmental values of log K versus (l/T),
I O T

from tabulated values of the standard enthalpy of formatlon of the species

H PO

1n the reaction u51ng a relatlon analogous to eq. 3 or from direct

e

measurements. The enthalpy of reaction at 25°C has been calculated for-
most of ‘the equlllbrla used in &ATEQ (Table l):and eq. 40 is used to
‘calculate the value of the equillbrlum constant for the temperature of the
;watet; For a few reactions in which data at temperatures other than 25°C
was not available the 25°C value of the equilibrium constant is used at
-éll temperatures. = . . L - G0 U4 mernss OR@NT T8 gieun it
'EéThe”effect of pressure has not been calculated in ﬁATEQ because the
necessity of inputing a measured pH value virtually limits WATEQ to
surface and near surface waters and because much necessary data is not

avallable for ion pairs. Correlations suggested by Ellis and McFadden (1972)

allow the calculation of the pressure effect on equilibria involving only

17




‘minerals and simple ions (not ion pairs) to be made fér ta@Fperituves to

250°C. These calculations suggest that for pressures less than & few

- hundred atmosphere, pressure effects are not large.

. REDOX REACTIONS

Oxidation-reduction equilibria have been treated i Ehé Safe manner
as other reactions in WATEQ. Tq achievé cﬁis, the measured Eh value o:.
the Eh value calculéted from the measured concentratien of disselved oxygen
is converted to the negative logarithm of the conVéhti@ﬁél é%tivity of the

electron (or pE) by the relation,

'pE = Eh/(2.303RI/F), @)
in which (2.303RT/F) is the Nernst slope. pE is related o Gl Qmventiomal
activity of the electron by- - .

a_ = 10°PE R 72)
This equation is similar to that assumed for pH and becauge tbéth

measurements have an unknown liquid junction potential, tlie TEB4ELoASOGE

 pE to electron activity and of pH to hydrogen ion avtitiity czPeeqyailly
: uncertéin. It is ﬁééessary, however, to use théseIfdxiéféﬁsddéﬁéieethhe
‘uncertainty. The standard free energy and enthalpy Sf téRellijdsaeddesdecteron

-in aqueous solution are -zero by convention. The xuvnveitionaleblectaon

20 0

activity thus ranges from 10 <~ to 10+2 while the ddtealcelebtavone ackdvity
is axbout‘lo_60 to.lO-loo. These - conventions are‘di§é§§§éd5by5$lm¥emﬂ#hd

Martell (1964) and by Truesdell (1968)

18




An advantage of the use of electron activity is it is not necessary

to set up separate redox equilibrium expressions. For example, the

equiiibﬁium between Fe++ and Fe+++ is expressed by a conventional equilibrium

constant, |

| g EeT e )
Bpett '

snd the value of the'equiiibrium constant maf be calculated from G;,Fe+++

and G°,Fe++ (Gg,electron = 0 by convention). Other redox esuilibria are

treated similarly and the method of calculation of the eoncentration of

ion pairs involving iron is the same as for non redox-~active metals._ |

In natural waters that contact the atmosphere the dissolved oxygen

(DOX) content may have been measured in addition to or in place of the Eh.

If the dissolved oxygen has been measured it is read into the program after

the normal data as a statement, "DOX = (ppm dissolved oxygeﬁ),". Two

ﬁalues of pE are calculated in WATEQ from the relation,

pE = - log K - pH - 0.5 log aH 0 + 0.25 log 3p0x ‘ -(44)

in which log K values are from thermodynamic data ("PE CALC O") and from

the empirical Eh-pH relation for waters in contact with the atmosphere

cited by Garrels and Christ (1965, p. 137) (“EMPIR PE 0") and DOX

activities are on a molal scale. If a DOX measurement is given without
an Eh value, the value of PE CALC O is used through the program. If
instead; EMPIR PE O is to be-adopted, the statement "EMPOX = 1 " is added

to the optional data.
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estimate the degree of internal redox'equilibrium. ‘Two such pairs are

sulfide-sulfate and ammonia-nitrate, The equilibrium between sulfide and

sulfate can be-written,

HyS + 4 Hy0 = SOy~ + 10 H' 4 § e-, . o (45)

" and the mass action €xpression can pe rearranged to give

.pg = (log K,f log_asoz-'- log aHZS,- 10 pH - § log aHZO)/B' B (46)

Similarly, the equilibrium between ammonium ang nitrate yields the

. expression

S 4 | E

These' quantities, PE CALG g and PE CALC N are calculated in WATEQ.

GAS. PARTIAL PRESSURES

the water analysis. The partial pressure of COZ’ 02, and CH4‘afe oéloulated

from the following equationé,

log PCO2 ='log K + log aHCO3 + log a4 ~ log 3,0 | (48)

log P02 = log K' + 2 log aHZO + 4 pH + 4 PE, and _ .(49)
= - " - - - .

log PCHq log K" + log aHCOE 9 pPH - 9 pE ~ 3 log aHZO' . (SQ)

ACTIVITY OF WATER °

The activity of water is calculated in WATEQ by the approximate

relation (Garrels and Christ, 1965, p. 66)

20




B

-where Z L is the sum of the molalities of dissolved anions, cations and

neutral speeies. The equation yields reasonable values if T L is less
than 4m. _ i | B
INPUT ' o o

Ii Gl § O RIS . -
Input to WAIEQ consists of a complete chemical analysis of the water

sample and field measurements of its temperature and pH. If available,

measurements of Eh dlssolved oxygen as well as some trace element analyses

 may be 1ncluded In order to allow the inc1u91on of optional data, the

last space on the f1rst card is coded with ISTDAIA which is the number of

cards containlng the necessary data including the normal chem1ca1 analysxs

" and the sample description- Cards after the chemical analy31s are used

for optional-data. A blank card must be included after each data Set to
separate data sets. The required data is coded in free field (i.e.,'qne,
space between each number) in the following order. See list of identifiers

CNY

for detailed descriptidns.

Card 1 ~ SAMPLE DESCRIPTION (79 spaces) S J-ISTDATA (Space 80)
Card 2 - TEMP, PH, EEM (1n volts, code 9.9 if data is not avallable),
FLAG ( = 'PPM', 'MG/L', 'MEQ/L' or’ 'MOL/L )

Card 3 . Chemical analysis in PPM, MG/L, MEQ/L df’MoL/L'(set FLAG)

in the order Ca, Mg, Na, K, Cl, S0,, HCO,, Fe, H,S, CO5,

B, PO,, Al, F, NO

8102, NHQ, 4 3°
Succeediné Cards Other data (identifier, equality sign, numerical
| value and comma) including: "DENS = ," (if-not specified,

density is set equal to one); if alkalinlty is corrected for

21




T T
E——

- ——— e -

non-carbonate alkalinity "CORALK = 1," (omitted if not

Last Card BLANK

corrected); electrical potential (volts) of the Eh cell

including the calomel reference electrode "EHMC = 2"

electrical potential (volts) of the Eh cell with Zobell's
solution for calibratioﬂ, "EMFZSCE = ,"; ppm of
dissolved oxygen, "DOX = ,“; and certain trace elements

including Li (I = 80), Sr (I = 87), Ba (I = 89) in the

'form,'"CUNITS(I) = ,". A semicolon in place of a comma

follows the last data statement. -

Sample sets of data are given with the resulting printout after the

program.

22
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Table 1. Reactions and thermodynémic data

! ‘Reaction Hineral or

v Numoer Species Kame
-0 _ ie’f
1 reor™
2 reot’
-3 Fe(oH);
4 FeSor
s iec1**
6 Feulﬁ
? FeCl}
8 FeS0§
9 Biderite
10 | &égnéaite
‘1 velemite
12 Caleite
13-, H3Si0y
24 Bp810,
15 PO,
16 . HpRO,
17 .©  Annydrite
18 . Gypsua
19 Brueite
20 Cnrysotile
21 Aragonite
22 MF
23 €as0d
24 dé@ﬁ*

v
®

Reaction

- Fe+++ +e

1 "t

d
[
+

Hy0 = FeOH'' + e + H'

1

1,0 = FeoH' + u'

o
»
+

-,'

3
1

+

3 H0 = Fe(OH); + 3 B'

t "t
+

S0, = FeSOp + e

g
L]
+

cl” = recitt + &

+2Cl” = FeCly + e

°t "t

4+ 3Cl” = FeCl + e

1

4+ S0, = FeSO§
Feto; = Fe'' + co3”
MgCO; = Mg’ ' + CO3

+Mg T

CaMp(C03), = Ca'' +2 Co3
CaCoy = Ca'' + CO3
5100 = H3Si0, + H'
5100 = 2 H' + HpS105
e Y0, = HPO,
2 u¥ + PO, " = HaPO,
Cas0, = ca't + s05”
CaS0,.2H,0 % catt + S0, -+ 2 Hy0
Ng(OH),= Mg’ + 2 OH
Hg3Siz05(0H)y + 5 H20 =

Sugtt 42 15105 + 6 oW
€Calo, ; ca™t '

u%ﬂ

ca't + 50, = Casof

a,‘&"H-

+ C03~

+F = MgF'

+ OH = MgoH'

30

log K-

~13.013

~15.473

-9.319 .

~29.458
© - 8.886
-11.600
-10.919

~11.925

2.200

-11.738

‘~'8.029

. -_17.000' R

" -8.370

-9.930

_ 521.6i9
12.346

' 19.553
-4.637
~£.848

\ ~11.204

'~51.800

-8.305
1.820
- 2.309

2.600

Stig

9700
20115
13218

32995
15920

18152

560

-5328

6169

~-8290

~ -3190

8935
29714

-3530

- =4520

-3769
. 261
-850

27585

-2959
4674
1650

2140




25
26
27
28

29

30
31

32

a3

34

$35
36

37

38

39
40
41

42
437

44

H2BO3

NHj

- Forsterite

Diopside

" Clinoenstatite

NaHPOy,

Tremolite

KHPO,

-rigHPOS

baHPOﬁ

HCO3

:'Sepiolite

Talc
Hydromagnesite
Adularia
Albite
Anorthite
Analcime

K Mica

Phlogopite

H3BO§ = H' + HpBO;

NHY = NHS + H'

HMgaS104 + & H20 = 2 Mg'T + H,S108 + 4 OH™

CaMgSis0g + 6 H0 = Ca' ' + Mg't + 2 Hy5102
+ 4 OH
. ++ . ° -
MgS103 + 3'Hp0 = Mg'' + H,S108 + 2 OH

Na' + HPO, = NaHPO;

-9.240
~9.252
-27.694

-36.106

-16.658

1.200

CayMlgsSig0a2 (OH), + 22 Hp0 = 2 Ca't + 5 Mg™ -139.426

+°8 H,S10C + 14 OH
K + PO, = KHPOL
Hg++ +-HPO:- = MgHPOS
ca't + HPO, = CaHPOJ
H,CO3 = HCO; + '
Mg2S1307, sOH-3H0 + 4.5 Hy0 =

gtt + 3 H,S100 + 4 OH

 Mg3Si4010(OH)z + 10 H0 = 3 Mg’

+ & H,S10% + 6 OH
Mgs (CO3)y (OH) 2°4H0 = SMgtt + 4 co3~
+ 2 OH + 4 Hx0

KALSi30g + 8 Hp0 = K' + AL(OH)y + 3 M,5108

NaAlS1305 + 8 HyO = Na© + AL(OH)j + 3 HyS103

CaAl;Sip0g + 8 Hp0 = Ca'' + 2 AL(OH)j
+ 2 HyS108 '
NaAlS1,0g-HpO + 5 H,0 = Na© + AL(OH)
+ 2 H,S$100 '
KAL35130;(0H); + 12 Ha0 = K + 3 AL(OW)S
+ 3 H,S105 + 2 H'
KMg3A1S130, g (OH); + 10 Hp0 = K©

+ 3 Mg™ & AL(OW); + 3 W,5100 + 6 OH™

31

-1.090
2.870

2.739

-6.379
. =40.079

-60.933
-36.762

=20.573

-18.002

-19.424

~12.701

. =-49.102

No Data

3224
12480
4870

21100

6675

90215

3300
3300
1976
26532

45065
-25520

30820 .

25896

17530

18206 .

67860




45

46

47

48

49

50

51

52

53

34

55

' 56

57

58
59

Illite

Kaolinite
Halloysite

Beidellite |

Cﬁlofite

Alunite

Gibbsite
(crystalline)

Boehmite

Pyrophylite

Phillipsite
Erionite'
Clinoptilolite

Mordenite

Nahcolite

Trona

- Al;S1,0,4(OH), + 12 Hy0 = 2 AL(OH),

K eMg.25Al2, 3513 s010(0H)2 + 11.2 Hy0 -

6 K+ .25 mg™ 4+ 2.3 a1(om)7

+ 3.5 K,510 + 1.2 1
Al2S1505(0H), + 7 Hy0 = 2 AL(OH),

+ 2 H,5105 +2 8"
A1,51,05(0H),, + 7 H,0 = 2 AL(OH),

+2 H,5100 + 2 W _
(Na,K,3 Mg) 331, 5351, (10,0 (OH), +.12 K0 =

.33 (Na, k.2 Mgyt + 2.33 Al (OH);

+3.67 B,5100 + 2 H*
MggAl,S130, ) (OH)g + 10 H,0 = |

5 Hg™ 4 2 AL(OH)] + 3 B,5107 + 8 oK
KAL, (50,0, (0H)g = K* + 3 A1 4+ 2 507 % 6 on™

AL(oH); = ™ 4 3 on”

Al0(oH) + K0 = ar" 4 3 0"

+ 4 H,s5100 + 2 B

Na sK cA1S1305-H,0 + 7 H,0 +

-5 ¥+ .5 K+ aLom)] + 3 B,sI0

" NaAlSiy 0g.38,0 + 6 H,0 =

Na' + AL(OH), + 3.5 H,Si00
(K,Na) AlSi50;,-3.5 H,0 + 8.5 Hy0 =

®.¥2)" + AL(OH), + 5 B, s107
(Ra,K) AlSi, 50,123 H0 + 8 H0 =

(Na,K) ¥ + AL(OR); + 4.5 H,S103

NaHCO, = Na¥ 4+ HCO,

.NaHCO3-Nach3-2H20 -2 Hzo

+3 Na' + o7 + HCOY

32

~40.267

-36.921 -

- =32.830

-45.272

-89.563

~85.334

=32.774

-33.416.

. -~48.314

-19.874

Ko Daia

"No Data

- No Data

= 0.548

- 0.795

54684

49150

44680

60355

54760

29820

14470

11905

3720

-18000




60
61
62
63

64
65

66

67

68

69

70

71

72
73
7%
75
76
7
78

79.
80

81
82
83

84

Natron
Thermonatrite
Fluorite

Ca Montmoril-
lonite

Halite

' Thenardite

Mirabilite
Macginavite
co; .

NaCO,

NaHCOS

_ Naso,

XSO, _
MgCo3
MgHCOF
Mgsoy
caoH"
CaHCO}
CaCo3
Na, 05
aroitt
AL(0H))
A1(OH), |

arrtt

+
AYF,

Na,C03°10 H0 = 2 Nat + €03~ + 10 H,0 - 1.1

Na,CO3°H,0 = 2 Nat + O3~ + H,0 0.125
CaFp = Ca't 42 F : - 9.046
Ca_17Aly 33513 _7010(0H)2 + 12 Hy0 = -45.027

17 ca*t + 2.33 A1(on)],

+ 3.67 H,5103, + 2 K"

NaCl = Na® + c1” o o 1.582
Na SO, = 2 Na© + 07 | - 0am
Nazso;-lonzb = 2 Na' + 50, + 10 H,0 - 1.4
FeS + H' = Fe™ 4 us” - 4.648
HCO; = H' + cO;” -10.330
Na' + €O~ = Naco] : 1.268
Na® + HCO; = NaHCOS | - "= 0.250
Na® + 50, = NaSO] . 0.226
k" + 507" = kso] I 0.847
gt 4 €Oy~ = MgCo3 . . . - 3.398.
g™t + HCO; = MgHCO!  o.928
et 4+ S0, = MgSO? ' T 2.238
™ +0H = caon’ S 1.400
catt + Hco; = CaHCO, . o 1.260
- ca™ +c0;” = caco; . 3200
2Na* + €0 = Na,cOf S _1.6;672
a4 oonm - a0t : . 8998
a2 o0 = ar(on)? : ‘ S 18.23s
a™ i o - arn] - 33.938
At eE o aart .00
a4 2F - ey 12.750

33

15745
-2802
1530

58373

- 918

=572

18987

3550

8911

2229
3082
58
i0379
4920

- 1190
6331

3130
1990
9320

20000




85

86

87
88
89
90
91
92

-
%

95
96

97

- 98-

99
100

01

102
103
104
105
106
107
108

109

110
111

112
113

ALFY

- MIF,

Ao
AL(504)2
HSOL
504 /H,S

HS

-

s 1

" 8;0/0,(g)

HCOZ/CH,, (8)

. OB Apatite

F Apstite

Chalcedony.
dagaﬁii;e

" Christobalite

Silics Gel
Quartz
Fe(OH);
Fe(0H)3
Fe(0H),

F@(DH);

Viviani;e

rlagnecice
Hematite
Msgh@mitc
Goethite

Greenglite .

Fe(OH) ; Amoxph.
Annite

et -
Al 4 3F = AIF]

b
M . son -

a4 2 son”

“ALT 4 4F = AIF,

A1S0%

= AL(S04)2

" + 503" ~ nsoj,

$04 + 10 H 4+ 8 e~ = Hys + 4 H20

Hos = H 4 ms™

#5 - H 4 ST

25 H0 = .25 0,(g) + H' + &”

HCOZ 4+ 8 e 4 9 H' = CH, + 3 H,0

Cog(PO,)3(0H) + 3 H,0 = 5 ca®t

+ 3 HPO,~

Cag(PO) 3 F4 3 Hy0 =5 Ca'l

+ 3 BPO,

$10, 4 2 H0 =

4+ 64 OH

+ 308 +F

HyS10%

Ra$i,0, ,(OH) .3 Hy0 + B

+ 9 0=
510, + 2 H,0 =
510, + 2 H,0 =
510, + 2 H,0 =
Fett 4 2 3,0 -
7 43 10
Fe# + A }.l2.0 -

7e* 42 10 -

Na' + 7 H,5107
H“51OZ

H,S107
H,5107

:Fe(ou); + 2 H+

Fe(OH); + 3 H' + e

Fe(OH), + 4 H + e -

Fe(oH) + 2 H'

+ e

. o emm
. Fe_s(mu)z'aﬂzo = 3 Fe +2 PO, +8 H,0

Fe,0, + 8’ =3 rettt 4 H20'+ e

+ +++ :
i"czi)__3 4+ 61 = 2 Fe + 3 H0

FeO(OH) + H,0 = Fe' ' + 3 on”

++ o
FeS1,05(0H), + 5 H,0 = 3 Fe'' +2 B 510]

+ 6 OH

Fe(on) , + 3 = P 4 3 10

Fe0, 4 68 = 2 5™ 13m0

1e. . oot
"F‘z‘us‘aow(m‘)z + 10 H,0 = K

+3rett 4 AL(OH), + 3 H,S100 + 6 OH

17.020
19.720
3.200
5.100
1.987
40.644
-6.99%

-12.918

-20.780

30.741

-59.421
~67.243

-=3.523

~14.300

+.=3.587

-3.018

-4.006
-20.173
-26.571

-34.894

-20.570

" ~36.000

~9.565
- 4.008
6.386
~44.197

No Data

4.891
-85.645

2500

2290
3070
4910
-65440
5300
12100
34157
-57435
17225

19695

. 4615

- 5500

4440
6220

- 28565

40660

-30845

25555

62480




L4

116

7

118
1ny
120
121
122

123

124

125
126
127

128

129
130
131
132
133
134
135
136
137
138
139

140

Pyrite

Moxtmortllonite
- Belle Eaurche

Hoatmarillonite
Aberdeen

Funtite -
Gregite
FeS ppt"
Fell, PO,
CaPo,
ca, g0}
HgPO,
MgH, PO,

LiOK®

" Liso,

et
NOS /NH,

Laumontite

sroH'
BaOH'+

NH, SO,
HC1°

NaCl®

kc1°

805
H,0/0, (aq)
H,C03
FeHPoz

FeHPOt

'.Al(OH)a Amorph.

Bas, + 2 H' +2 e = Fe't + 2 ms” -18.479
. ++ )

@.8a,K) ,gMg joFe  ;3Al; 5gS13 93010(0H), -34.913

+10.04 H,0 = .28(H,Na,K)" + .29 mgt

+ .23 Fet 4 1.58 al(on);

+3.93 H,S107 + .04 H'

: +++ A

(©Na,K) o Me  sFe’ 3y ALy ;S1, g,0,(0H), ~29.688

+9.16 H,0 + .84 g = .42 (u,Na, K

+ .45 Mg™ + 34 et 4 1047 AL(OH)] + 3.82 B 5107

CaMg(co,), = 3 Mgt + Ca't + 4 COy” | -29.968
Fe,S, +4H +2e =3 ret 4 4ms” . -18.959
Fes + 0 ~ Fe'' + HS™ - 3,915
++ - : +
Fe + HZPO“ - FeﬂzPou 2.709
ca™ + po] " = capo; 6.459
++ - T \
ca™ + H,PO, = CaH,PO, ~ 1.08
Mgt + PO; T = mgPO, S 6.589
g™ + WO, = MgH,PO, , . . L.513
Lit + on” = Liow® ’ 0.200
L1 + s0,” = Liso, © T 0.640
NO + 10 H' + 8 e = NH, + 3 H,0 C 9.7
. z .
CaAl,§1,0,,°4Ha0 + 8 H,0 = Ca -31.053

+ 2 AL(OH), + 4 H,Si0;

sttt + oW = srou’ .' - 0.820
Ba't + OH™ = BaoH® , 0.640
+ - -
NH, + SO, = NH,SO, _ . 1.110
i+ 0= HQ® ... -6.100
Na¥ + €1” = NaC1® ' -1.602
KM +c1” = xka® : -1.585
+ — : .
26" + 50, = H,50{ . ~1.000
.5 H0 = .25 0,(aq) + H + e~ ~11.385
= ° -
€0,(g) + Hy0 = H,C03 1.452
Fe't + HPO_ = FeHPO] 3.600
Fe™ + 1#PO]” = Fehpo, + o : -7.613
ar(on), = a7+ 3 00 -31.611

35

11300

-25760

3100
3400
3100
3400

4832

-187055
39610

1150
1750

18630

-~5000

12990




14

142
143

144 -

145
146

147

148
149

150
151
152

153

154
155

156

Prehnite

Strontianite
Celestite

Barite

Witherite

Strengite

Leonhardite

Ra,s0;

Nesquehonite

Artinite

H,0/0,(aq)

H,0

Sepiolite (ppt)

Diaspore

Wairakite

++
FeH,PO,

+
CapAl3813019(0H)2 + B HoO + 2 H =
2 ca™t + 2 AL(OE)], + 3 H,S10]
STCo, = Sr'T + €0y

Srso, = Sr = + SO,

t

¥

BaSO, = Ba  + S0,

t

BaCOy = Ba  + CO3
FePO,.2H,0 = Fe''" + PO, + 2 H,0
CayAl,S10,, - TH,0 + 17 H,0 =
2 ca't + 4 AL(OH), + 8 H,510]
2 Na© + SO, = Na,SO '
+—+ —
MgCO,.3H,0 = Mg ~ + CO; + 3 H,0
MgCO, Mg (OH),.3H,0 = 2 Mg' + €05~ + 2 OH™
+3 1,0
.5 H,0 = .25 0,(aq) + H' + e”
H,0 = ' + oH
Mg,S1;0, ¢(OH).3 H,0 + 4.5 H,0 =
++ -
2 Mg' " + 3 B,5107 + 4 oH
Aloon + H0 = a1 43 on”
++
CaAl,51,0,,.2 H,0 + 10 H,0 = Ca
+ 2 A1(OH), + 4 H,S10{

-+ - ++ -
Fe ' + H,PO, = FeH,PO, + e

36

=11.695

-11.789
- 6.349
- 9.173
- 13.335
-26.400

~69.756

1.512
4.999

-17.980
~21.495
--13.998

-37.212

-35.121
=26.708

-7.583

10390

2361
-1054
6141
6950

-2030

90070

-2642

4619

498

33457

13345

15405

26140

B




-Table la. Notes. Log K298 and AHR 208 of reactions unless
?

-otherwise noted, are calculated from free energies and

enthalpies. The sources of thermodynamic data on minerals,
gases and species in solution are given below. R and W
refer to Robie and Waldbaum (1968). 270-3 and 270-4 refer

to Wagman and others (1968) and (1969) respectively.

.86, and BH from 270-3 T el

AG. and AH, from Latimer (1952)

AGf and AHf from Latimer (1952)

. AGf and Avafrom 270-3

AGf and AHf from 2?0f3

definition

AGf and AHf from 270-3

8G, and AH_ from 270-4 . s

definition

AGf and AHf from 270~3

_AGf and AHf from 270-3
AGf and AHf from 270~3

AGf and AHf

.AG and AH_. from 270-3 R

from Helgesbh (1969)

f f

) AGf_and AH. from Latimer (1952)

AGf and AHf_ffom Latimer (1952)

- AGf and AHf from 270-3

Ava and AHf from 270-3

AG. and b -
Gf and Hf from 270-3

37




- g

10

11

12

13

14

15

16

17 -

18

FeOH

. FeoH':

ﬁ Fe(OH)3:

FeSOy :
Fecl’:

FeCl}:

FeClj3:

FeSOﬁ:

'Siderite:

Magnesite:

Dolomite:
Calcite:

H3510,:
H,S10, :

HPO, :

H,PO,, :

Anhydrite:

Gypsum:.

AGf and AHf

AGf and AHf

AGf and AHf from Latimer (1952).

from 270-3.
from 270-3.

AG,_ and AH_ from 270-4.

f £

Fef**'+'nzo = FeOH' + H' log K = ~2.46; Lanb and Jacques as
quoted in Laﬁgmuir'(l969), AHf from 270-4.

'from.AHR and ASR of magﬁetite hydrolysis (Sweetpn and Baes,
1970).

fromlAHR and ASR pf magﬁetite hyd?olysis (Sweeton and Baes,

1970). |

AG_. and AHf.from 270-4.

[2)

AGf and AHf from 270-4.

AGf from 270-4.

AG,. from 270-4.

£ - | .
log K = 2,20, - AHR = 560 (Izatt et al., 1969),

AGf and AHf from Rband W.

AGf and AHf from R and W .

~ log Y98 = -17.0 (Berner, 1967), AHp = ~8290 (Helgeson, 1969),
log Ko9g = -8.37 (Berner, 1967),_AHR.= -3190 (Hglgeson, 1969),

log K = -9,929, AHp = 8935, from log K(T) expression

(Ryzhenko, 1967).

.log K= -21.617,'AHR = 29714 from log K(T) expression

- (Ryzhenko, 1967).
AGf and AHf from 270-3,
AGf and AHf from 270-3.
AGf and AHf from R and W,

AGf and AHf from R and V.

38




19

20

21

222 %0

‘ 23 .

- .24
25

26

27
28

29

30

31

32 .

33

34

35

Brucite:

Chrysotile:

ﬁrégonite:
MgF+:' -
CaSO0f :
MgOH'
H3BO3 ¢
NHI s

Forsterite:

. Diopside:

Clinoenstatite: AG

NaHPOZ:

Tremolite:

KHPOy :
MgHPO® ;
e
CaHPO,, :

H,CO0J:

AGf and AHf from Hf from R and W.

log K = -51.8 (Hostetler and Christ, 1968),

..AH, from R and W.

£
AGf and AHf from R and W.
log K = i.82, ASR = 24 (Sillen, 1964).
';dg K = 2.309, pH, = 1650 (Bell and George, 1953).
-log K = 2.6 (Hostetler,'1963);AHR = 2140 (Helgeson, i969)f
log K = 4.757-1og KW, AHR = _10121_-(AHR)KW from log K(T)

expression (Mesmer, Baes, and Sweeton, 1972).

AGf and AHf from 270-3.

AGf and AHf from R and W.

AGf and AHf from R and W.

£ and AHf from R and W.

log K = 1.20 obtained by calculation.from data of Smith and

Alberty (1956) (using K

. ' -, o+ -
equi‘ ‘NaHPQq/(ﬁNa YHPO“,)’Kapp

and assuming Yapoi~ = Ysoi~ T .25, Ynat = 0.75, and

YNarpog, = Ya®
and AH

AG from R and W.

f £ o BN
log K = 1.09 obtained.by calculation from‘data.of Smith and

Alberty (1956) in a similar manner to NaHPOJ;

'log K = 2.87 (Sillen, 1966),.AHR = 3300 by analogy to

CaHPO{ data of Chughtai, Marshall, and Nancollas (1968).
log K = 2.739, AHR = 3300 (Chughtai, Marshall, and R
Nancollas, 1968).
log K = -6.379, AHR = 1976 from log K(T) expresgion_

(Ryzhenko, 1963).
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36

37
38
39
40

41

42

43

45
46

47

48

49
50
51
52
53
54

58

59

Sepiolite: AGf = -1 105 600, S° = 90.1 (Christ, Hostetler and
Siebert, in press).

Talc: AGf from Hostetler et al., (1971) AH from R and W.

Hydromagnesite AGf from AHf from Robie and Hemingway (1972).

Adularia: 4G, and AH_ from R and W.
Albite-low: AGf and AHf from R and W.
Anorthite: Aéf and AHf from R and W.
_Analcime: AGf and AHf from R and W.
Muscovite: AGf and AHf from R and W.
Illite: 4G, and AR, from Helgeson (1969), T T

Kaolinite: Kaolinite + 6 H' = 2 sttt + 2 H,Si05 + HZO log K=7.185

(Klttrick 1966) AHf from R and W

Halloysite: AGf and AHf from R and W.

Beidellite: AG_. and AHf from Helgeson (1969) for Na end member.

£
Chlorite: ‘AGf and AHf taken as average of Helgeson (1969) and Zen (1972),
-Alunite: AGf and AHf from Hemley (1969).
éibbsi;e: AGf and AHf from R and W.
Boehmite: AGf and AHf from R and W.

P).rrophyllite:.AGR = 65.900 from data in Tables 4 anﬁ 5 in.keesman and Keller (1968,
Phillipsite: ﬁog K = .7 for reaction Phillipsite + 0.5 K+ = K ~ feldspar +
0.5 Na + H20 AGf of K-feldspar from Robie and Waldbaum (1968)
(Hess, 1966). | |
Nahcoli£e: AGf and AHf from Latimer {1952).
Trona: from data on natron (this study), nahcolite (Latimer, 1952),
and trona-nahcolite-soda being in equilibrium at 21.1°C

* (Linke and Seidell, 1965, p. 925).
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60

61

62

63

64
65
66

67
68
69

70

71

72

13

74

75

Natron:

(-

NapC03-10 Hp0 = NapCO3+H,0 + 9 Hy0 (g) AGp = 20435,

AH = 113 218 (Waterfield, et al., 1968), AG..and H

f £

-0f thermonatrite computed in this study.

Thermonatrite: NazCO3°H,0 = Na,CO3; + HZO(g)}AGR = 2944;AHR = 14037,

Fluorite:

~Ca Mont-

morillonite:

Halite:
Thenardite:
Mirabilite:
Mackinawite:
HCO3 :

NaCO3:

NaHCO$:

NaSO, :
KSOj, :
MgCO3:
MgHCO}:

MgSoy:

AG, and AH

‘Waterfield, et al. (1968); AG. of NapCO3 from AH. of

£
‘Latimer (1952) and S° of Waterfield, et al. (1968).

'AGf and AHf from R and W.

£ £ from Helgeson (1969).

AG_ and AH, from R and W.

£ £ . .
AG. and AH_ from R and W. ‘

£ from R and W.

log K = -17.566 (Berner, 1967).

AG,_ and AH

AG, and AH from 270-3.

log K = -1.268 (Garrels, Thompson, and Siever, 1961),

aH, = -8911 (Lafon, 1969). e
log K = 0.25 (GarFels and Thompson; 1962):h"u:'“.J5“ PR S
log-K-= 0.226, AHR = 308 from log:K(T)'éxbreséibﬂq(ﬁéfén ;}72hﬁ"

" and Truesdell, 1971). |
log XK = 0;847, AHR = 3082 from log K(T) expression
-~ (Truesdell and Hostetler, 1968): SRt e

log K = 3.398 (Garrels, Thompson, and Siever, 1961),

sH = 58 (Lafon, 1969). e
MgHCO;-='MgC0§ +uh log K = -7.86 (Hostetler, 1963),
" H = +10370 (Lafon, 1969). o

log K = -2.238 (Hanna, Peth.,bridge, and Prue, 1971),

AHR = =4920 (Helgeson, 1969).
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76
77

78

79
80

81

82

83
84
85
86
87

88

89

90, 91 H,S (aq):

92
93

caol™:

CaHCdgz
CaCo3:

Na,C03:

A10ﬁ++:

AL(OH)}:

-

Al (OH),:

AIFTT:

AlF5:
AlF3:

AlFy:

'Alsdt:

Al(SO;,)E:

HSOL:

S :

bz(g):

log K = 1.403AH, = 1190 (Sillen and Martell, 1964).

" log K = -1.26 (Garrels and Thompson, 1962),

AR, = -6331 (Lafon, 1969).
log K= -3,2.(Garre15 and Thompson,_l962);
AHR = -3130 (Helgeson, 1969).
log K - -.672 (Garrels and Christ, 1965, P. 109).
a4 w0 = aroett 4+ H';log K = ~5.00 (Hem, Roberson,
| Lind, and Polze;, 1972), AHR ] 1990.(Helgéson,_1969).
Al+++ +.2 Hy0 =‘Al(0H); + 2 H+;10g K= -9.76 (Hem,‘Roberson,
Lind and Polzer, 1972). | |

A1(OH)3 (microxl.) = Al+++

+ 3 OH; log K = 32.65, AL (o)
(microxl.) + Hy0 = AL(OH)y + H';log K = -12.71

(Hem and Roberson, 1967), AHf from 270-3.

log K= 7.01 (Hem, 1968).
log K = 12.75 (Hem, 1968), AH£ from 270-3.
log K = 17.02 (Hem, 1968), AH_ from 270-3.
log K = 19.72 (Hem, 1968).

log K = 3.2 (Hem, 1968), AH, = 2290 (Izatt, Eatough,
Christensen, and Bartholomew, 1969). S
log-K = 5.1 (Hem, 1968), AHR 3070 (Izatt, Eatough,

Christensen, and Bartholomew, 1969).

~log K = -1.987, AHR = -4910 from log K(T) expression

(Lietzke, Stohghton, and Young, 1961).

AGf and AHf from 270-3;

AGf and AHf from 270-3.

definition
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94

95

96

97

98-

-9y

- 100

101

102

103

104

105
106

107

1108

109
110
112

113

- 114

Cce):

‘Quartz: AG_ and AH

£ and Aﬂf from 270-3.

| OH Apatite: OH apatite = 5 Ca'' + 3 PO, _ + OH ; log K = =54.408

{Brown, 1960). AHf from R and W.

F Apatite:  AG_ and AH_ from Roberson (1966) .

f £
Chalcedony: 1log K and AHR obtained from data of Fournier and Rowe (1962).

Magadite:  log K = =14.3 (Bricker, 1969).

.. Christobalite: AG_ and AHf from R and W.

£

.Silica gel: AG_ and AH_ from R and W.

f f

£ £ from R an§ W.

Fe(OH)T: FeOH'" + H,0 = Fe(OH)} + H'; log K = -4.7,Lamb and Jacques

as quoted in quoted in Langmuir (1969).

Fe (OH)S: Fe(OH)S = Fe(OH)T + OH :log K = -7.6,Hem and Cropper as
. 3 . 3 2 ;3 +98 >

' quotéd in Langmuif (1969).

Fe (OH)y : Rough estimate from Fe + 4 OH = Fe(OH):;

log K = 34.11 in 3M NaCl0, solution (Langmuir, 1969).

Fe (OH)3 from AHR and ASR of magnetite hydrolysis (Sweeton and Baes, 1970)

Vivianite:  Vivianite = 3 Fe'@ + 2 PO,  + 8 H,0;log K = -36 (Nriagu, 1972b).’

Magnetite: AGf and AHf from R and W.

- from R and W.>
+-+

Hematite: AGf and AHf

Maghemite: Maghemite + 3 H,0 = 2 Fe + 6 OH-;log K = -77.6 (Doyle as

quoted in Laagmuir, 1969).

‘Geothite: 2 geothite = hematite + HZO;AGR = 545 (Langmuir, 1971))

AHf from R and W.

Fe (OH), amor.: Fe(OH) amor. = Fe™ 4+ 3 0B log K = -37.1 (Langmuir, 1969).
Annite: AGf and AHf from Helgeson (1969).
Pyrite: AGf and AHé from R and W.
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S

115

116

117

118

119
120

121

122

123

124

125

"~ 126

127
128
129

130

131
132

Montmorillonite BF (BRI16°FoQuEREY:: rBSGtetiated-fron-dses dn-Tahle 2

ot KItEEIEE" (5.9975.‘)) aSsuiiing” hydregen mentmartilonite -

WiES 1R i eﬁ%‘iii%‘"ﬂum— with- Fe(OH‘ 3: amorph..rather than
Hematite.

" Montmorillonité A (ESTASSNY: FESAGHMAEE Som date 155 Tables 27 of Kittrick

07.1) main ~eo
(f9’7/l'f SSEURIdE Hydrogen monthortllontte: vass dissodved in

' ' equf]}fb T v‘if‘ﬁﬁl fé(((gﬁ)’ SHo¥phe: rathef tHam: Hematdte,
© Huntiter A6, Fy &ﬁf'f%oﬁf HERIRgway &3¢ Robte (1972).
Gregite: i6g k = S70:63 (Beraés; i§éi);

L}

FeS ppt.:  log kK = -16:833 (Beriet; 1967).

Fel,P0f: ~ log K = 22:7 (NFt&gu; 1672b).

CaPoy, : log k = 81459, Al = 3160 (Ghughtat, Maishall, and Nancollas, 1968).
Call,POy : log K = 1.208; = 3100 (Ehughtai, Marehall and Nancollas, 1968).
MgPO}, : 1o & 2a}ESted Fi%h b0, by using analogy between CaHPO! and

iir'g‘ﬁ%?;r;, 1% 1% K= 6459 3 (2.87 ~ 2. 74) = 6.589,
2 H.R 00 by ey With Caro, .
Mgﬁzro',':z 1og 'K WP Fin %H,zfpo“ By wising fa&a;lrcfgy ‘etween LaHPO, and
-‘ﬁ'gm? >, i %, oy Tk = 1 408 % (2487 ~ 22 7;4) == 11 5L3,

AHR = 34000 By 2fdLégy Wittn lt&gfuzpo G e

Ve

LioH®: AG K —25733 AX‘BR_ “£832 c}:‘bfafnédkby fittlngubést cstraight line
| _ ‘in 15g‘ V$s. A Frppse S S£Caitaing lelenaand .Maraen 11964)
L1805 : 1og“1< 00884 (R81ifancafa Hareain , 2 1964).
NO3 '— _» AGf “and” anfﬁ%mzi%%
Laumontite: 4G’ ‘and” Aﬂfff%m‘%@nq%}i)
sront: 10gK ="0%2 iy 23580((55198n2 d- Marvell . T964) .
Bao™; 10g K = 0764 % a1 = 2 1530( (Elieraand Maedena Aar964).
NI, SOF ¢ 1og K = A ol gt d' Madena 19964,
HC1°: log'K = 6-61’1 ,APBH; 4%_%0@(}@%@5;011’191969).
| | “%4

TR,

3]
£y




133
134
135
136

137
138

139

140

141

142

143
a
145
146
147

148

149
150
151
 152
153

154

155

156

NaCl®:

KC1°:

- Hy80;:

0,(aq):

COZ(g):
FeHPO :

FeHPOt:

Al(OH)3 amor. ¢

Prehnite:

Strontianite:

" Celestite:

Bérite:
Witherite:
Strengite:
Leonhardite:

NaZSOﬁ:

Nesquehonite:
Artini;e:
0,(aq):

Hzo:

Sepiolite (ppt): log K = -37.212 (Wollast, et al., 1968).

Diaspore:
Wairakite:

FeH,PO; '

AG_. and AH_. from 270-3.

log K = -1.602 (Hanna, Pethybridge, Prue, 1971).

log K = -1.585 (Hanna, Pethybridge, Prue, 1971).
H' + HSO, = HySOZ; log K = -3, (Sillen and Martell, 1964).
Eh = 0.70 from Eq (5.26) of Garrels and Christ (1965) for

systems exposted to air.

]

AG_ and AH_ from 270-3.

g £
log K = -3.6 (Nriagu, 1972b).

rett 4 HPO, = FeHPOt;log K= 5.4 (Nriagu, 1971).
AGf and AHf from Latimer (1952).

4G, and AH_ from Zen (1972).

£ f
AG,. and AHf from R and W.

AGf and AHf from R and W.

AGg and-Z\Hf from R and W.
AG,. and AHf from R and W.

log K = -26.4 (Nriagu, 1972), AHf from R and W.

AGf and AHf from R and W,

log K = 1.512, AHR = 2642 from log K(T) expression in
Lafon and Truesdell (1971)..

AGf and AHf from Robie and Hemingway (1972).

AGf and AHf from Hemingway:and Robie (1972).

£ f
AG_ and AH,. from 270-3.

AGf and AHf from 270-3.

AGf and AHf from Zen (1972).

Fe + HyPO, = FeHZPOt+Blog K = -5.43 ©Nriagu (1972).
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Table 2. Parameters of the Debye-Huckel equation

I. Major lons

Ion . a - b
cat 5.0 0 o0.16s
wet 5.5 0.20
Nat 40 " 0.075
K" s 0.015
a” : 3.5 i 0.015.
5O 5.0 - -0.04
HCO3 . 5.4 0.0
co3 . 5.4 - 0.0

I1. Miner loms
aw 2,5

H,B03, NHi

as= 3,0

NO3

a=3,5

O, F, HS .

as= 4,0

MgHCOS, H3S10%, Br .

a=4,5

" MgFt, AL(OH)§, AlFr, ALSOL, A1(SO4)7, HSOg.
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Table 2. Parameters of the .Debye-HtIckel equation (Continued)

a= 5.0
++ + + +* + - = == -
“FeoH'", FeOH', FeSO,, FeCl ', FeClp, PO, , HPOy , S , LiSO4,
sctt, srod’, Ba't, BaOH', Ni,SO,
a=>5.4
- _ . _ , _ _ _ _
H,Si0; , CaPOy, CaHzPOy, MgPOy, Mguzpoﬁ, NaCO3, NaSOy, KSOy, H2POi,

- - ++ -+ ' -
- NalPO;, KHPO,, ALOH ', AL(OH)3, mFt, AIFS, Fe(oH)y, FeHPOL, FeHpPOj.

a=6.0

rett, caon’, cancol, 1it.

a=9.0

Fe , Al , H .
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Table 3. Single ion activity coefficients at 25°C from a 2 parameter (table )

type

- Debye-Hiickel /equation (DH) used in WATEQ compared with mean salt ),

ion

Stokes-Robinson (SR) and other single /activity coefficient

Ionic
Strength

+  DH
MS
SR*

Yot DH
MS
SR*

Yo ++ DH .
MS
SR*
Davies#*#*

++ DH
‘MS
SR*

DH
MS
SR*

Yam—— DH
SOy MS

.Y - DH
HCO3 \miass
DH

Y ——
Cos WBJ*x%

0.01

.0.903

0.904

0.900

0.901 .

0.670
0.680

0.661

0.674

0.685

0.900
0.901

0,667

0.653 |

0.905

0.904

0.671
0.668

0.1

0.782

'0.786

0.783

0.763
0.770

- 0.773

0.389
0.382
0.380

0.372.

0.406
0.400
0.390

0.763
0.770
0.773

0.371
0.368

0.788
0.790

0.386
0.388

0.5

'0.708

0.713

0.701

0.642
0.649
0.659

0.266
0.266
0.234
0.288

- 0.292
0.289
0.247

0.642
0.649
0.661

0.205
0.214

0.692
0.692

0.229
0.230

1.0

0.715
0.716
0.697

0.600
0.604
0.623

0.247

0.251
0.210

0.297

0.293 °
1 0.230

0.600
0.604

0.620

0.155
0.155

0.654

- 0.654

1 0.184

0.183

. 2-0

0.789
0.779
0.756

0.570
0.573

 0.610

0.289
0.291

0.220

0.389
0.380
0.265

0.570

0.573
0.590

0.112

0.108

0.623

0.627

0.150
0.154

3.0

0.901
0.896
0.870

0.562
0.569
0.626

0.376

0.385
0.265

0.554
0.567
0.350

0.562
0.569
0.586

0.091

0.085
0.606

0. 600
0.135

4.0

1.043
1.082
1.038

0.563
0.577
0.659

0.509
0.553
0.340

0.822
0.945
0.470

0.563
0.577
0.591

0.077
0.070

0.596
0.580

0.126

rrenapene

*In chloride solutions from Bates, et al.(1970).

**No adjustable parameters, Davies (1962).
***From Walker, Bray, and Johnson (1927) |
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Table 4. Analytical expressions for log K(T) used in WATEQ

Identifier Reaction 'Expressidn'(T in °K) ~ Reference:
LMLt . GL0TITE T - 4870.99YT Bt
- (1939, ;. i+
KT(13) H,S100 = H3Si0; + HY log K(T) = 6.368 - 0.016346 T - 3405.9/T Ryzhenko (LY67)
KT(14) 5105 = HySi05” + 26" log K(T) = 39.478 — 0.065927 T - 12355.1/T  Ryzherko Lo67)
KT(25) HsB03 = HpBO3 + H' log K(T) = 1573.2L/T + 28.6059 + 0.012078 T  IMesmer Baes, and
| - 13.2258 log T # log KW Sweeton (1972)
- KT(26) wf o« N3 + BY log K(T) = 0.6322 - 0.001225 T - 2835.76/T  Wright, Lindsay,
: ' . T and Druga (1961)
KT(35) H,CO3 = HCO3 + H' log K(T) = 8.153 - 0.02194 T - 2382.3/T Ryzhenko (1963)
KT(68) HCo3 = HY + CO3~ log K(T) = 5.388 - 0.02199 T - 2730.7/T Ryzhenko (1963)
KT(72) k' + SO0y = KSOy log K(T) = 3.106 - 673.6/T Truesdell and Hostetl
_ (1968)
KT(89) H" + SO, = HSOy log K(T) = =5.3505 + 0.0183412 T + 557.2461/T Lietzke, Stoughton,
. o ' o and Young (1961)
KT(91) H,S° = Bt + HS™ log K(T) = 11.17 - 0.02386 T - 3279/T _ - D'yachkova and

~

Khodakovskiy (1968:




.

AH20,

ALFA (0:D),

ALTOT,

- ANALCO3,

" ANAIMI (0:D)

AP (0:E),

B,

_ BATOT,

BTOT,
CARBONIC,

CATOT,

CLTOT,

CO2TIT,

CO3CALC,

CORALK,

Appendix 1. Glossary of Identifiers

. Debye-Hiuckel constant for activity coefficient calculation.

"See text eq. 8.

-,

Activity of.water. Approximated from total molality in eq. 51.

Activities of dissolved species (D+1 in number) used in the
-activity product calculations. Also used from statement
4570 és log10 (activity).

Total dissolved aluminum speciés in molal units.

species. Equal to titrated HCO, + CO.

Total analytical CO 3 3

2

less non-carbonate.

Molalities of analysed constituents.

Activity pfoducts of solid ﬁhases. Reactions are given in

Table 1.
Debye-Huckel constant, defined in text eq. 9.
The total dissolved barium species (molal).
The total molal concentration of boron species.

co3"*

The sum of calculated mHCOE and m
The total molal concentration of calcium containing species.

The total molal concentration of chloride species.:

~ The total alkalinity computed;from the analytical molalities

of HCOj + co;'. |

The molal concentration of carbonmate ion calculated from
the anal&tical bicarbonate concentration using the meaéufed
pH and the dissociation constants of carbonic acid.

A flag to indicate if the analytical values of HCOE and COS-

have been corrected for non-carbonate alkalinity.
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CUNITS (V:D),

'D,

DATE,

- DENS,

DH (0:E),
DHA (0:D),
DOX,
EHDO,
R,
EHMC,
EMFZSCE,-
EMPOX,
EPMAN,
EPMCAT,
F,

FETOTAL,

FLAG,

The analytical concentration of solution constituents in
- -parts per million or milliequivalents per liter.
The number of dissolved specles.

The date of calculation.

The density of the solution, equal to omne unless set otherwise.

The enthalpy changes of reaction for the célculatibn of log
K values at temperatures other than 25°C.

The ion size parameters, 3§ in the Debye-Elickel equaﬁion
for activity coefficients.

The concentration of dissolved oxygen in ppm.

The number of reactions.

The redox potentigl (Eh) calculatéd from the dissolved
oxygen.

The potential of the Pt half-cell in.the |
sample solution.

The EMF of the cell consisting of a Pt electrode, the sample

solution and a saturated calomel reference electrode.

- The EMF of the above cell containing Zobel's solution for

calibration.
A flag to indicate that an empirical relation of pE to.DOX
is to be used.
The sum of milliequivalents of anions per.kilogram of HZO'
The sum of ﬁilliequivalents of cations per kilogram of H20.
The Faraday comstant used in eq; 41.
The total molal concentration of ion containing species.
The units in which the analysis is given, "ppM" (parté per
: million parts by weight), '"MG/L" (milligrams per liter

solution) "™™EQ/L" (milliequivalenté per liter solution),

or "ioL" (moles per 1000 grams HZO).
51
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