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ABSTRACT

WATEQF is a FORTRAN IV computer program that models the thermodynamic
speciation of inorganic ions and complex species in solution for a given
water analysis. The original version (WATEQ) was written in 1973 by A. H.
Truesdell and B. F. Jones in Programming Language/one (PL/l). With but
a few exceptions, the thermochemical data, speciation, activity coefficients,
and general calculation procedure of WATEQF is identical to the PL/1 version.
This report notes the differences between WATEQF and WATEQ, demonstrates
how to set up the input data to execute WATEQF, provides a test case for
comparison, and makes available a listing of WATEQF.
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INTRODUCTION

WATEQF is a FORTRAN IV computer program that models the thermodynamic
speciation of inorganic ions and complex species in solution for a given
water analysis. The original version (WATEQ) was written by Truesdell and
Jones (1973) in Programming Language/one (PL/l). With but a few exceptions,
the thermochemical data, speciation, activity coefficients, and general
calculation procedure of WATEQF is identical to the PL/1 version. For
discussion of the program theory and original source of most of the thermo-
chemical data, see Truesdell and Jones (1974). It is the purpose of this
report to note the differences between WATEQF and WATEQ, demonstrate how
to set up the input data to execute WATEQF, provide a test case for com-
parison (Attachment A), and make available a listing of WATEQF (Attachment
B). This report also provides a list of all equilibrium reactions that
are considered (Attachment C). The current version of WATEQF is written
in FORTRAN 77.

DIFFERENCES BETWEEN WATEQF AND WATEQ

1. In addition to the 100 aqueous species used in the WATEQ
aqueous model, WATEQF includes 14 species of manganese and
computes saturation data for 21 manganese minerals. See
Table 1 for the thermochemical data used.

2. All reference to maximum and minimum estimates of log K
used by WATEQ have been omitted in WATEQF.

3. In addition to calculating pe from dissolved oxygen and Eh,
pe can also be set by the dissolved oxygen relation of Sato
(1960) and by the SO: ratio.

4. The carbon-bearing species are computed from either titration
alkalinity, carbonate alkalinity, or total carbon in solution.

5. A. option has been added that allows calculation of activity
coefficients of charged ion pairs from either the Debye-HUckle
equation or the Davies equation.

6. Thermodynamic data used in the program can be changed through
the use of optional input cards.

7. Various print options are provided to limit the amount of
printed output.

8. WATEQF now consists of a main program and 5 subroutines, PREP,
SET, MODEL, PRINT, and SAT. PREP reads the water data, converts
the units of concentration to molality, and calculates all
temperature dependent data at the temperature of the water
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sample SET initalize values of individual species for the
iterative Mass Action - Mass Balance loop. MODEL alculates
activity coefficients and solves Mass Action and Mass Balance
equations for the species considered. PRINT prints the results
calculated from the aqueous model, and SAT calculates and prints
the thermodynamic saturation state of the water with respect to
the various minerals considered by the program.

9. The method of convergence on Mass Balance for anions has been
changed to a more accurate and rapid convergence method, essentially
identical to the method used by Truesdell and Jones (1974) for
Mass Balance on cations.

10. The aqueous model will not be solved on analyses if pH is outside
the interval 3.0 - 11.0, or if there is greater than 30 percent
error in charge balance. This procedure is useful in screening
data for punching and/or errors in the analysis. The procedure
can be ignored, however, with the appropriate option specified
in the input.

11. There are several changes in the aqueous model over those of
Truesdell and Jones (1973) as shown in Table 1 and Attachment
B, although none results in major differences between the
calculations of WATEQ and WATEQF for most natural waters.
The choice of speciation, thermodynamic data, and activity
coefficients used by WATEQF are in a continuous process of
revision, as better data become available. The responsibility
for final selection of constants used in WATEQF rests with
the user.

INPUT

The data matrix of species considered and thermochemical constants
is read initially, either from disk or cards. The format of the data
matrix is summarized as follows:

Following input of the data matrix, data cards for one or more water
analyses are read. Each water analysis requires 5 cards (4 data cards
followed by a blank card). WATEQF can receive additional data on option
cards that fit into the data stream between card 4 and the blank card (5).
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The required input for each water analysis is summarized as follows:
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



EHMC Electrical potential (volts) of the Eh cell with a
calomel reference electrode.

EMFZ Electrical potential (volts) of the Eh cell with
calomel reference in Zobell's solution.

DENS Solution density (g/cm3). If not known, read 1.0.

DOX Dissolved oxygen content (mg/i).

FLAG Signal for units of input concentrations (CUNITS).
1-meq/l, 2mg/l, 3-ppm, 4-molality.

CORALK Carbon signal Set to zero (or blank) if the alkalinity
has not been corrected for silica, boron, etc. CORALK-1
if this correction has been made. Normally, one would
report alkalinity as HCO3 (and C03 if detected) and set
CORALK to zero. To nput total carbon rather than alkalinity,
set CALK to 2. Total C02 can then be input

if desired, as the individual species of and H2C03.

H 2CO3 and are read on an optional CONC card.

(H2C03 denotes 2C03 + C 2aq).

PECALC Signal for pe calculation. If PECALC is set to 100
and oxidation-reduction is ignored. 1 computes pe from Eh,
2 computes pe from dissolved oxygen, 3 computes pe from

dissolved oxygen using the Sato (1960) relation, -4 computes
pe from

IGO or blank, if desired to have the data checked for possible
input error or analytical error. p must be greater than 3
and less than 11 and the analysis must have less than 30%
error in charge balance. -1 if this check is not desired.

1-1,4 Signals which when set to some non-zero value (say 1) omit
print of: thermochemical data table; lo2, mass balance
convergence iterations; on ratios, mineral saturation
calculations. Set RT(4) 9 for a limited print of saturation
indices including calcite, dolomite, siderite, rhodocrosite,
gypsum celestite, barite, hydroxyapatite, vivianite, fluorite,
amorph. FeOOH, goethite, hematite, gibbsite, birnessite, manganite,
silica gel, silica glass, chalcedony, quartz, kaolinite,
sepiolite (ppt.), sepiolite, FeS (amorph.) and Mackinawite.
To obtain the above printout, leave the appropriate value of
PRT blank or zero.
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IDAVES Signal used to indicate desired method of calculation of activity
coefficients, of charged ion pairs. If , the Davies
equation,

log Y1 -A z2

is used. If zero, or blank, the Debye-Huckel equation,

is used. A and 3 are constants that depend on the dielectric
constant, density and temperature of the solvent, Zi is the
charge on the ion, I is onic strength (I- 1/2 El 2, where
mi is the molality of the th ion), and ai is the ion size
parameter. As a general rule, the Davies equation is probably
accurate to ionic strengths less than 0.5 and the Debya-Huckel
equation is more accurate at ionic strength less than 0.1

Activity coefficients of
Na , K , Cl , and HCO are always calculated from
the extended Debye-Huckel quations of Truesdell and Jones
(1974).

ISPEC Number of species desired in output (if less than total
number possible for the given water analysis). Leave ISPEC
blank or zero to obtain output for all possible species for
the defined system. If ISPEC is greater than zero, ISPEC
values of SPEC (species index numbers) must be read (Type
I optional input; see below).

IMN Number of minerals for which saturation data are required
(if less than the total possible). Leave IMIN blank (or
zero) to obtain saturation data on all possible minerals
for the defined system. If IMIN is greater than zero,

values of KMIN (mineral reaction index numbers) must
be read (Type 1 optional input; see below).

Total concentration (units of FLAG) of Calcium (1), Magnesium
(2), Sodium (3), Potassium (4), Chloride (5), Sulfate (6),
Carbon, as HCO , (7), Silica, as S10, (35) Iron (8), Phosphate,

as PO4 (4S), Strontium (88), and Fluoride (62), where the
numbers in parentheses are the appropriate species index numbers
in the program. To enter other species, use Type 2 optional
input cards (see below).

-6-



DESCRIPTION OF OPTIONAL INPUT

Additional input is optional and must appear between cards 4 and 5.
Two types of optional input cards are used, Type 1 and Type 2. If used,
Type 1 optional input cards must precede Type 2 optional input cards.

Type 1 Optional Input

These cards are used to limit the number of species or minerals in
the output. Omit these cards to obtain the complete calculated results
for the given water analysis.. To specify individual species for which
output is desired, read ISPEC values of KSPEC(I),

Variable Format

(KSPEC(I), I-1, ISPEC) (1615)

where KSPEC(I) is the index number of the ith species for which output
is desired. Species index numbers are listed in the data tables of
Attachment A. To specify individual minerals for which saturation data
is desired, read IIN values of KMIN(I),

Variable Format

(KMIN(I), -1, IMIN) (1615)

where KMIN(I) is the index number of the ith mineral reaction for which
saturation output is desired. Mineral index numbers are listed in the
data tables of Attachment A. If values of both KSPEC(I) and KMIN(I) are
entered, SPEC(I) must be read before KMIN(I).

Type 2 Optional Input

Type 2 optional input cards are used to (1) enter the total concen-
trations of species not included on cards 3 and 4 (CONC" card(s));
(2) change the convergence tests on mass balance for anion species ("EROR"
card); (3) change ("DELH" card(s)) (4) change log K at 25 C ("TABL"
-card(s)); or, (5) change existing analytical expressions for logK(T), or
enter new analytical expressions for reactions previously defined by the
Van't off equation "LOGK" card(s)). It is possible to use none, 1,2,3,
4, or all 5 cases of type 2 optional input in a single data set, providing
the sequencing is 1., CONC" 2., "EROR", 3., "DELH", 4., "TABL",
5., "LOGK". The form of type 2 optional input cards is

Variable Format
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where WORD is "CONC", "EROR", "DELH", "TABL", or LOGK". The meaning of
INT(I) and VAL(I) is described below for each value of WORD.

"CONC" enters concentration (units of FLAG) of cnstituents not on card
3 and 4. INT(I) 17 (H2S), 18 (CO3), 39 (NH4), 51 (Al), 81(Li), 85
(NO 3), 86 ( 2Co3), 87 (B), 90 (Ba). 98 (B), and 101 (Mn). VAL (I) is
the concentration of the INT(I) constituent.

"EROR" overrides pre-set mass balance convergence constraints
on anions. Pre-set values of ERORl-EROR5 are 0.001 (0.1 percent
error in mass balance). ERORI-EROR5 are entered on the "EROR" card
as VAL (1) - VAL (5). In the order 1-carbon, 2sulfate, 3fluoride,
4-phosphate, 5-chloride. Values of INT(I) are not used.

"DELH" overrides values of the standard delta nthalpy of reaction
(25 degrees C) used in computing the temperature dependence of equilibrium
constants from the Van't Hoff equation. INT(I) is the index number
of the ith reaction (see Attachment A) for which DH(I) is to be changed
and VAL(I) is the appropriate new value of DH(NT(I)).

"TABL" overrides values of LOGKTO(INT(I)) (log of reaction at 25
degr. C used in computing the temperature dependence of equilibrium
constants from the Van't Hoff equation). INT(I) is the index number
of the ith reaction (see Attachment ) for which LOGkTO is to be
changed and VAL(I) is the appropriate new value of LOGKTO(I).

"LOGK" overrides existing analytical expressions for log K as a function
of T (degree K), or enters as many as 35 new, previously undefined
analytical expressions for log K (T degrees K).The form of the analytical
expression must be

Log KT(INT(I)) - A + BT + CT + DT2 + E/T2

where T is temperature in degree K and A,3,C,D, and are fit parameters
(may be zero or blank). INT(l) is the index number of reaction (see
Attachment A) and INT(2)-INT(5) are ignored. VAL(l)-A, VAL(2)-3,
VAL(3)-C, VAL(4)-D, VAL(5)-E.

Values oA,B,C,D, and E for analytical expressions pre-set in the program
are listed in the data tables of Attachment A. Note that the analytical
expression for reaction (26) is further modified in the program (see card
31600 of Attachment ). If any of the cards, "EROR", "DELH" "TABL",
"LOGK", are used in a particular water data set, calculations for that
data set and all subsequent data sets will use the new input values. The
last card in each water analysis data set must be blank, whether option
cards are used or not.
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OXIDATION-REDUCTION OPTIONS

There are several possible options that result from choosing appro-
priate values of EM, EHMC, DOX, EMFZ, and PECALC. To specify Eh directly,
the desired value should be read as EM (in volts). This value of Eh
will not be corrected for temperature. If the redox potential with Calomel
reference was measured in the field and it is desired to correct that
measurement for temperature, the measured value should be read as EC
(in volts). EHM must then be greater than 9.0. Any value of EHMC less
than 9.0 is then considered real and a temperature-corrected Eh (EHM)
is computed. if and should be greater than

If the Eh-Calomel of a standard Zobell's solution was measured in
the field, read the value as EMFZ (in volts) and EC will be corrected.
If EFZ is greater than 9.0, EHMC will be corrected for temperature only
(provided EC is less than 9.0).

Oxidation-reduction equations used in calculating the distribution
of species are written in terms of pe. pe can be computed from Eh, dis-
solved oxygen, or S S If PECALC 1, pe is calculated from Eh.
If PECALC 2,pe is computed from dissolved oxygen. If PECALC 3, pe
is computed from dissolved oxygen using the relation of Sato (1960). If
PECALC 4, pe is computed from (provided and total S
are entered). If PECALC redox relations are ignored. If pe i to
be computed from dissolved oxygen, a real value of DOX must be read, and
to calculate pe from Eh requires either a real value of EHM or EHMC to
be read.

Six possible examples of redox options
below:

are tabulated and discussed
1



1) Eh is to be used without correction and pe is to be computed from
Eh.

2) Same as 1) but pe is computed from dissolved oxygen.

3) Eh was measured in the field and it is desired to correct that
measurement for temperature. The Eh of standard Zobell's
solution was not measured. pe is to be computed from Eh.

4) Same as 3) but pe is to be computed from dissolved oxygen.

5) Eh was measured in the field as well as the Eh of standard
Zobell's solution. pe is to be computed from Eh.

6) No information on oxidation-reduction is available, and redox
relations are to be ignored. Note: For this case the iron
and manganese concentrations are automatically set to zero.

Other possible options should be obvious from these examples.

OUTPUT

The output of WATEQF consists of a table of data constants used in
the calculations (printed once). The output for each water analysis lists
the title card and tabulates most of the input data. At the end of each
iteration through the equilibria equations, the difference between the
computed and analytical anion species is tabulated so that convergence
progress can be followed. When convergence on the aqueous model has been
obtained, various parameters that describe the solution are printed.
Some of these are onic strength, activity of water, comparison of com-
puted and analytical charge balance, pH, p, temperature, PCO29 Po2 total

dissolved solids, and others. The concentration of each aqueous species
(value greater than zero) is printed as ppm, molality, and activity, and
log valusa, well as ionic activity coefficients and their logs. ble
ratios and log activity ratios are computed and tabulated. The activity
product of 101 inerals and their saturation index, AGr and logX are
printed. Saturation output for minerals in which the activity of an th
species in the reaction is zero are omitted from the tabulation. Parts
of the output can be deleted with appropriate values of PT(l), as des-
cribed above, and by use of the ISPEC and IMIN options.
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Table 1: Revised Thermochemical Data (continued)
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Data Sources for Table

1. Log K of Smith (1918) recalculated using the WATEQF aqueous model
at 300C.

2. Robie, Hemingway and Fisher (1978).
3. Plummer and usenberg (1982).
4. Log K of Harvie and Weare (1980) adjusted to be consistent with

log K gypsum. AH from Parker and others (1976).
5. Calculated from data of Marshall and Slusher (1966) using

the aqueous model of WATEQF.
6. McGee and Hostetler (1975).
7. Estimated using the pH and composition of NBS buffers

(6.86 and 7.41), and charge balance.
8. E. A. Jenne (1975) oral communication to B. F. Jones.
9. Siebert (1974).
10. Fit to the data of Siebert (1974).
11. Nordstrom and Jenne (1976).
12. Busenberg, Plummer and Parker (in prep.).
13. Calculated from the data of Gallo (1935) for SrSO4 precipitated

as gven by Linke and Seidell (1965) and consistent with the
Src03 ion pair of Smith and Martell (1976).

14. Parker, Wagman and Evans (1976).
15. AG, AH , Wagman, et al, (1969). (1952)
16. Wagman, et al, (1969)
17. Hem (1963), Wagman, et al, (1969).
18. Hem (1963).
19. Latimer (1952).
20. Robie and Waldbaum (1968).
21. Garrels and Christ (1965).
22. Smith and Martell (1976)

Footnotes to Table 1

1. No attempt has been made for internal consistency of thermodynamic
data in ATEQF. Responsibility for selection of thermodynamic data
rests ith the user.

2.The ion pairs a2C0 and Na2SOO are no longer used in WATEQF. The
CaF+, SrHCO+, SrC0° and SrS0° ion pairs has been added to the model.

1 Reactions are written as in Attachment C.

4/ Reactions 36 and 63 have been changed from dissociation (in WATEQ)
to association in WATEQF. For the most part, all ion pair reactions
are written as association in WATEQF, that is, most ion pair equilibria
show the pair, as a product. All mineral equilibria are written with
the solid as reactant. See Attachment C for details of all reactions
in WATEQF.
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