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l (A Simplified Statistical Treatment of Geochemical Data

Representation’

CrLAUDE LEPELTIER

In the course of a mineral exploration sponsored by the United Nations Development
Programime in two selected zones of Guatemala, a stream sediment reconnaissance was

carried out, and graphical methods of interpretation were attempted in the search for a

25,000 geochemical results. The data were

. and the frequency distributions of the abun-

dance of Cu, Pb, Zn and Mo were studied in the form of cumulative frequency curves.
The four elements appear to be approximately lognormally distributed. Background,
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Introduction

Tue United Nations Mineral Exploration Pro-
gramnte in Guatemala relied heavily on geochemical
prospecting.  During one year (1967) 60 percent
of the total Project area was covered systematically
by a geochemical reconnaissance carried out in the
drainage systems. Nine thousand stream sediment
samples were collected over about 12,000, km?®
(rounded figures). All the samples were analyzed
for copper aud zinc, and the total number thinued
out to approximately +4.000 before being run for
lead and molybdenum.  Finally about 23000 geo-
chemical results were available for compilation and
interpretation.  As they accumulated, it became ap-
parent that high-contrast anomalies which are obvi-

1 This article is published with the authorization of - the
United Nations. The opinions expressed are not necessarily
endorsed by this Organization, -
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s were graphically estimated. Examples are
Mineral associations were studied by correla-

ous targets for follow-up operations would not I-
encountered but rather more subtle features not «
easy to pinpoint and interpret.

The interpretation phase of the survey was chur.
acterized by two essential features: the great amou
of data to be analyzed and the lack of precision o
these data.

Sampling and analytical methods must sacriticr
precision for speed due to the naturé of geochemici
pro>1>ect111g, and the first consequence o{ this fuc
is that an isolated result has little meaning in e
chemistry. It must be part of a populatmn kS
numerous and homogeneous as possible. Indeed i
all kinds of phenomena, individual inaccuracies shads
off progressively when observation is extended 1
larger and larger populations.

The first phase of geochemical interpretation is io
condense large masses of numerical data and ¢
tract from them the essential information. The st
objective and reliable way to do it (and somctnnes
the only one) is StﬁtlSth’l“\ Large sets of num-
bers, cumbersome and dificulf to interpret, may be
reduced to a useful fuorm by the use of descriptive
statistics. This is best done by the graphical repre
sentation of the frequency distribution of a given
set of data; then the average value, an (,\]}I'L‘b“““
ot the (lc«rrce of variation around the average. and
the limit '\l)ove which the anomalies start are -
mediately and precisely determined as well as the
existence of one or several populations in the suf:
veved area.

This treatiment of the data also simpliﬁm the con
mnsnn of the geachemicat hehavior of an elemeit
in various geological surroundings or of several
clements in the same lithological unit.

I am grateful to Mr. Fenry H. Meyer, Project
Manager of the Guatemala and El Salvador Mineral
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Surveys, and to Mr. Stephen S, Steinhauser for
technical criticism and much helpfut discussion.

Difhiculty of Statistical Approach in Stream
Sediment Surveys

A reliable statistical interpretation requires that
a great quantity of data he treated and that thesc
data be homogeneous.:

In drainage reconnaissance surveys, the first con-
dition is easily filled but not the second. As a
matter of fact, the importarce of sampling technique
15 sometimes overlooked in this type of prospecting.
But even if given the appropriate attention, too
many types of rivers and too many lithological units
are generally sampled to result in a homogeneous
collection of samples. The best way to limit the
inconvenience of the heterogeneity of the samples
(particularly pH, organic content and grain size) is
to split the survey area into drainages and lithological
units, when possible, and to make the statistical
interpretation for each of them sepdrately. How-
ever, even if this is done, the same degrec of pre-
cision cannot be achieved as in the case of a soil
survey where good homogeneity is possible.

Adjustment to a Lognormal Distribution
Definitions '

When dealing with a large mass of geochemical
data, the first step is to find what sort of distribution
pattern best fits the various sets of observations.
And, thus far, the lognormal distribution™ pattern
appears to be the one most applicable to the results
of most geochemical surveys (Ahrens, 1957).

In geochemical prospecting, we study the content
of trace elements in various natural materials, and
to say that the values are lognormally distributed
means that the logarithims of these values are dis-
tributed following a normal law (or Gauss' law)
well known as the bell-shaped curve (Monjallon,
1963).

Many natural or economic phenomena can be
expressed by a value varying between zero and
infinity, represented by a skewed distribution curve.
If, instead of the actual value of the variable itself,
we plot its logarithm in abscissae, the frequency
curve takes a symmetrical, bell-shaped form, typical
of the normal distribution. This happens when a

phenomenon is subject to a proportional effect, that
is to say when independent initial causes of variations
of the studied value take effect in a multiplicative
way. It is the case, for instance, for the distribution
of trace elements in rocks, for the areca of the dif-
ferent countries of the world, for the income of
individuals in a country, for the grain size in samples

of sedimentary rocks, and others (Coulomb, 1939;
Cousins, 1956). -

In all these examples, the character studied fol-
lows the lognormal law, which is ptobably nore
common than the normal one.

It is interesting to note here that the lognormal
law fits very well in the case of low-grade deposits
like gold but for high-grade deposits, iron for in-
stance, the experimental distributions are gencrally
negatively skewed because of the limitation towards
the high values. G. Matheron gives a thermo-
dynamic interpretation of the proportional effect in
the case of ore deposits and relates ‘it to the Mass
Action Law (Matheron, 1962). To the extent in
which geochemical anomalies are extrapolations of
ore deposits this theory should apply to geochemical
prospecting.

Consiruction of the Cumulative Frequency Curve

A lognormal distribution curve is defined by two
parameters: one dependent on the mean value, and
the other dependent on the character of value-distri-
bution. This latter parameter is a measure of the
range of distribution of values, that is whether the
distribution covers a wide or narrow range of values.
The two parameters can be determined graphically
as will be explained on following pages. For prac-
tical purposes, we work on cumulative frequency
curves, and their construction shall be explained by
means of a concrete example. -

The various steps of this construction are the
following :

(a) Selection of a precise set of data (“popula-
tion”) as large and homogeneous as possible.

(b) Grouping of the values into an adequate num-
ber of classes.

(c) Calculating the frequency of occurrence in
each class and plotting it against the class limits;
this gives a diagram called the “histogram.”

(d) Smoothing the histogram to get the fre-
quency curve,

(e) Plotting the cumulated frequencies as ordi-
nates gives the cumulative frequency curve, which
is the integral of the frequency curve.

(f) By replacing the arithmetic ordinate scale
with a probability scale the cumulative frequency
curve is represented by one or more straight lines.
Examples of lognormal frequency curves are shown
in Figure 1.

Some brief comments on the different steps follow :

(a) The larger the population to be analyzed, the
more precise and reliable the results.  If necessary,
as few as 50 values may be treated statistically but
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Flgure 1. Lognormal distribution curves
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the confidence limits must be calculated to see if
the analysis is meaningful.

(b) . A correct grouping of the values is mandatory
if some precision is to be achieved in the statistical
interpretation ; too few classes will result in shading
out important features of the curve; too many in

losing significant details amidst a cloud of erratic-

ones. The results are distributed in classes, the
modulus of which should be proportional to the pre-
cision of the analyses: the more precise the analyses,
the smaller the modulus. The logarithmic interval
must be adapted to the variation amplitude of the
values and to the precision of the analytical methods
(Miesh, 1967). -

In statistics, working with 15 to 25 intervals (or
classes) is recommended. As a rule, the width of
a class, expressed logarithmically, must be kept equal
to or-smaller than half of standard deviation (Shaw,
196+4).

For geochemical purposes, it is convenient to work
with 10 to 20 points on the cumulative frequency
line, that s to say with 9 to 19 intervals or classes.
There are three variables to consider: the number

. N \

of points (n) necessary to construct a correct line:
the range of distribution of the values (R), ex-
pressed as the ratio of the highest to the lowest
value of the population; and the width of the classes
expressed logarithmically (log. int.) which has to
be selected in function of the two first parameters:
These three variables are linked by the relation:

log R

n

" log. int. =

In most of the cases R varies from 6 to 300 (experi-
mental average ‘values), then, with (») varying
from 10 to 20, log R from 0.78 to 2.48, the extrenw
values for the logaritlimic interval will be:

. 0.78
log. int. =0 = 0.039
o 248 -
log. int. = o= 0.25

The 0.10 was sclected as the hest suited togarithmic
interval for the classes because it suits most distr-
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B

hution, giving reasonahle numher of classes and a
good definition of the curve. In case of very reduced
dispersion of the values around the mean, it may
he necessary to use 0.05, and if the dispersion is
specially large, 0.2 will be chosen.  When the
logarithmic interval is selected, it is casy to calculate
a table giving the class limits in ppm. The only
precaution is to avoid starting with a round value
so that no analytical results will fall on the limit of
two classes. The most useful and commonly em-
ployed in geochemical work is the 0.1 log. int. classs
table, a part of which is given helow:

class limit (log) .. 0.07, 0.17, 0.27, 0.37, 0.47, 0.57
class limit (ppm) . 1.17, 1.48, 1.86, 2.34, 2.95, 3.72

It can be extended in both directions as far as
necessary. .

(c-d) After selecting the class table, the values
are grouped and the frequency calculated for each
class (in percentage); then the frequencies are
plotted against the class hmits (the latter being
logarithmically calculated, ordinary arithmetic-arith-
metic paper must be used), giving a histogram
which is smoothed to a frequency curve. But histo-
grams arc often misleading, being strongly affected
by slight changes in class intervals, and frequency
curves are difficult to draw and handle: for instance,
it is necessary to determine the inflexion points of
the curve in order to evaluate the standard deviation.

Practically, the histogram-frequency curve step is
skipped and the cumulative frequency irectly con-
structed. However, note here an advantage of the
histogram: it clearly illustrates the cffect of the
sensitivity of the analytical method and more pre-
cisely the bias brought to the low values by the use
of colorimetric scales of standards. As a matter of
fact, experience shows that there is an inevitable
concentration of the readings, whoever the analyst,
on the values actually represented in the colorimetric
scale. Tor instance, in the case of copper, the lower
part of the standard colorimetric scale reads 0,2.4,7
.« ..ppm.  Usually this results in an excess of 2,
4 and 7 values, and a conspicuous lack of 1, 3, 5
ppm values. This is of importance for a correct
construction of the frequency curve, and the raw
values must often be corrected by extrapolating the
general shape of the curve.

(e-f) By plotting the cumulated frequencies as
ordinates instead of the frequencies, one obtains the
integral curve of the preceding. It has the form of
a straight line when using the appropriate graphpaper
(probability-log), and it is the one used in geo-
chemical presentation and interpretation of the re-

-sults.  Then two questions have to be answered:

where to start accumulating the frequencies, and
where to plot the cumulated frequencies? .

As for the first point, the normal procedure fol-
lowed by many authors is to start cumulating the

Figure 2 - Cumulative Frequency Distributlon for Za and Cu
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Figure 3. Confldence limits (P, Pp) at 0.05 probabltity tevel:
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frequencies from the lowest values toward the high-
est (Fig. 1) (Hubaux, 1961; Tennant and White,
1959). However, one has to consider a property
of the probability scale used as ordinates: the values
zero- and 100% are rejected at the infinite; it does
not matter for zero because zcro% never occurs,
but in each case the last cumulate¢ frequency is
100%, and this value is impossible to plot, lost
for the curve. Then cousidering the lack of pre-
cision in the low values and the nnportance of the
high ones for the determination of the threshold
level, I consider it much better to cumulate the fre-
quencies frome the highest to the lowest values; thus,
the 1009% will correspond to the lowest class and be
. chiminated,

As for the second point, the curve being an in-
tegral one, the ordinates must be plotted at class
Timits and not at class center: then, since one
cumulates the frequencies from the highest values
to the lowest, cumulated frequencies are to be plotted

CLAUDE LEPELTIER

agrainst the lower class limits.

Using the class cemer
will entail an error of excess on the central tendeney
parameters {(background and threshold) but not oy

the dispersion paramecter (coefficient of deviationy,
This error, or difference, varies with the tvpe
classes used and is easily caleulated (6% for e
0.05 logarithmic class interval, 12% for the 0.1 loyg,
int. and 26% for the Q.2 log. int.). If the chiss
limit is used, curves constructed from different loy,

int, classes can be directly compared without cor-

rection.
Let us take a concrete example: the distribution
of Zn in the quaternary alluvial deposits of Block ]

(Fig. 2). There arc 989 results ranging from 10
to 230 ppm.
2
population: ¥V = 989 range: R = ~1%q = 23

The best class interval is selected as explained
above .

IogR 136
n . 14

log. int. = = 0.097

A 0.1 log. interval will give 14 intervals, which is
acceptable Usually, the histogram-frequency curve
step is skipped and the cumulative frequency dia-
gram directly constructed.

In Figure 2, the points fit fairly “well along a
straight line, suggesting a lognormal distribution of
zinc in the alluvial deposits. Actually, the pots
never fit the line exactly, but this does not matter
provided they stay in a channel delimited by the
confidence limits usually taken at the 5% prob-
ability level. This confidence interval has bheen
drawn on Figure 2 by using a graph (Fig. 3), which

" avoids fastidious calculation and gives a fairly good

precision for the cumulative frequency values bhe-
tween 3% and 95%. The width of the confidence
chanuel is inversely proportional to the importance
of the population considered: the bigger the popula-
tion, the narrower the confidence interval. Ta
check that a distribution fits a lognormal pattern,
one should use the Pearson’s test (Rodionov, 1963:
Vistelius, 1960), but this longer operation is gen-
erally not warranted in this type of interpretation
and, for practical purposes, the graphical contral

described ahove is satisfactory.

Comparison with Histograms

For comparison purposes the cumulative frequency
curve for Cu in the Motagna drainage (Fig. 2)
was also constructed, then, in Figure 4, the cor-
respouding histograms and frequency curves for Cu
and Zn. Figures 2 and 4 present the samie data in
two different ways.  Before enumerating and con-
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Flgure 4, Histogram and frequency curve for Zn end Cu
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menting on the advantages of the former presenta-
tion over the latter, an interesting feature of the
histogram should be mentioned: in the case of
colorimetric determinations made in the lower range
of sensitivity of the analytical method, the histogram
shows clearly the bias introduced in the readings by
the hwman factor and by the accuracy and sensitivity
limits of the method. This effect is illustrated for
copper in Figure 4, where the classes including a
colorimetric standard are shaded and the value of
the standard itself is given as a larger figure (1, 2,
4 . .. ppm) ; the cumulation of the frequency reduces
this effect, particularly if it is started from the high
values, but it may be necessary to bring some cor-
rections to the low value frequencies in order to-
construct a precise distribution curve. )

Comparing Figures 2 and 4, one sees immediately
that it is -easier to compare two straight lines than
two overlapping bell-shaped curves; many - more
populations can be presented on the same diagram
by using cumulative frequency curves than by using
histograms.  Cumulative frequency curves are of
easier construction and more precise than ordinary
frequency curves; it is simpler to draw a line that
fits a set of points than to draw a bell-shaped curve
with inflexion points,

: -9
1 933 mlus 186 234 °~ PPTM

bhm

Information Given by Cumulative
" Frequency Curves

o
g1l

The main purpose in constructing the cumulative
frequency curve for a given population is to check
if it fits a lognormal distribution, and if it does, to
estimate graphicallv its basic parameters: background
(1), coefficients of deviation (s, s', s”) and threshold
level (t).

(b) gives an idea of the average concentration
level of the elements in a given surrounding.

(s) expresses the scatter of the values around
(b) : it corresponds to the spread of the values and
their range, from the lowest to the highest.

(t) is a complex notion which might be termed
“conditional” : statistically it depends on the prob-
ability level chosen; geologically, and for practical
purposes, it is supposed to be the upper limit of the
fluctuations of (b): it depends on (b) and (s).

The values equal to or higher than (t) are considered
anomalous.

Adjustment to the fognormal law is generally the
case when soil samples are considered: in the drain-
age reconnaissance survey in Guatemala, we found
that trace clement contents in stream  sediments
appear also to be lognormally distributed.
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Background

A straight line denotes a single population log-
normally distributed. In this simple case, the back-
ground value (b) is given by the intersection of
the Jine with the 50% ordinate. "In the examples
given in Figure 2, we have:

background value for copper

.. b (Cu) =92 ppm
background value for zinc .

.o b (Zn) = 48 ppm

Of course, these values must be rounded off; it
will be illusory to imply a precision far out of reach
of the analytical methods. In the illustrated example,
10 and 50 ppm are taken as reasonably good ap-
proximations of the hackground levels.

In the case of a perfect frequency distribution
curve, the background thus calculated - corresponds
to the mode (most frequent) and median” (50% of
the values above, 509 below it) values, and is the
geomnelric wean of the results. This geometric mean
is a more significant value that the arithmetic mean.
It is also a more stableé statistic, less subject to
change with the addition of new data and less affected
by high values.

. " Deviation

Before explaining how to determine graphically
the deviation coefficient, an essential property of the
normal distribution (ie., fitting the “bell-shaped”

curve) must be recalied here:

(b) being the median value and (s) the standard
deviation then:

68.26% of ‘the population falls between b — s

and b + s

95.44% of the population falls between b — 2s
and b + 2s

99.74% of the poputation falls between b — 3s
and b+ 3s |

This holds true in the case of the lognormal dis-
tribution since the logarithms of the values are
normally distributed. Then, rounding off the above-
mentioned percentages and taking (&) as the back-
ground, we can say that 68% of the population fallg
between & — s and b+ s or that 32% is outside
these limits. The distribution curve being symetrical
around an axis of abscissa (0) (Fig. 4). 10% of
the values will fall above b + s and 16% below b — 5.
In Figure 2, the values b+ s and b — 5 will be
obtained by projecting the intersection of the dis-
tribution line with the ordinates 16 and $4% on
the abscissa axis. Working with logarithms, one
has to consider the ratios and not the absolute values
thus established. Taking the same example of Cu

(Fig. 2), one determines the points P (at the 16%
O+ is the geometrical expression
\

ordinate) and .1,

CLAUDE LEPELTIER

of the deviation: it is inverscly proportional ta ),
slope ‘of the line. We call it the geometric deviati,
(s); it hdis no dimension: it is a factor oMaine|
by dividing the value read in A by the value yung

in0:

Then multiplying or dividing the background valpe
by the geometric deviation will give the upper and
lower limits of a range including 68% of the popula.
tion (from b — s to b+, or A'A on the figurg).
Multiplying or dividing by the square of the guo-
metric deviation gives a range including about 95%
of the values (0 — 2sto b + 2s).

Because all the reasoning is made on logarithms,
it is also necessary to express the deviation by a
logarithm: the coefficient of deviation (s) is the
logarithm (base 10) of the geometric deviation ().

s’ = 2.28
s = log s’ = 0.36

It will be seen later that it might be interesting
to consider a third deviation index: the relafive
deviation (s”) sometimes called coefficient of wari-

.ation. It is expressed as a percentage:

s
" =1 et
s 00 p
0.36
" = —
s 190 92 3.99,
Threshold

After the background and the coefficient of devi-
ation, the third important parameter is the threshold
level (#), which is.a function of the two former. It
has been seen that in the case of symmetrical dis-
tribution (either normal or lognormal) 93% of the
individual values fall between b+ 2s and b — 2.
that is to say that only 2.5% of the population
exceeds the upper limit b+ 2s.  This upper limit
is conventionally taken as the threshold level ("
above which the values are considered as anomalies:

log{ = (logd) + 2s
or to avoid using logarithms:
t =050 Xs"
t =92 X352 =478 ppm
Practically, (1) as well as (b). is read directly
on the graph as the abscissa of the intersection o
the distribution line with the 2.5% ordinate. I

this example one reads 47 ppm, and the slight dif-
ference is due to the rounding off of the exact
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ordinate 2.28% to 2.5%. This shows the importance

two populations may have the same background but,
nevertheless, different thresholds if their coefficients
of deviation are different. In Figure 2, the threshold
is five times the background for Cu and only 2.7
times for Zn.

In all the foregoing, I have considered the sim-
plest case: a single lognormal population, the dia-
gramnatic expression of which is-a straight line.
However, when constructing cumulative frequency
curves, a_broken line is frequently obtained sug-
gesting that the set of data considered .consists of a
complex population or of different ones. \Whenever
possible in practice, the interpretation is made on
sets of data sclected so as not to include more than
two different distributions; for instauce, a litho-
logical unit may include two types of mineralization
showing up in soil or sediment samples; one repre-
sentative of the normal or background content of
the material sampled, and the other, a superimposed _
mineralization related to ore.

Examples

The three main. cases of non-homogeneous dis-
tribution that are the most likely to occur are, in
decreasing frequency order:

a. an excess of high values ‘in the considered
population ;

b. a mixture of two populations in a given set of~"

data ; and
c. an excess of low values in the considered popu-
lation.

These three cases are represented graphically in
Figures 5. They correspond to real distributions
encounetred in the Guatemalan drainage survey and
appear as solid lines with slope breaks on the dia-
gram. Some indications are given below showing
how to interpret such lines.

Copper Distribution (in a lithological unit). The
cumulative frequency line (Tig. 3) shows a break
to a flatter slope at the 30% level. This is the
case when there is an excess of high values in the
population ; the histogram will give a frequency curve
skewed to the right,“in the direction of the high
values (positive skewness). If the population was
lognormally distributed, the.main branch O. should
extend as a straight line in Oz whereas, in this case,
Oz is lifted to Oy which means that instead of having
2.5% of the values 30 ppm or greater, there are 17%
of theni. The abscissa of the ‘hreaking point, O,

(in this case 18 ppm) indicates the limit above
which there is a departure from the norm (i.e., from
the lognormal distribution), an excess of high values,
In this case, hackground and coeflicients of deviation
are calculated with the main branch Ox.  The
abscissa of the breaking point may be conveniently
\
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taken as threshold value if the break occurs above
the normal threshold level of. 2.5%. If, however,
the break occurs below 2.53% level (at point p for
instance) the threshold should be taken as usual
(abscissa of point P). Positively hroken distribu-
tion lines are the more interesting hecause they in-
dicate an excess over the background mineralization,

Molybdemun Distribution (in a lithological unit).
The cumulative distribution line shows two breaks:
first a positive, then a negative one. Such a graph
is the expression of a dual distribution, suggesting
the existence of two distinct populations in the set
of data considered. It gives a double-peaked histo-
gram. We shall consider here only the most fre-
quent case of a main “background” population mixed
with a smaller one of higher average value, the two
of them being lognormally distributed. On the. dia-
gram (Iig. 3), branch A corresponds to the main
or normal population, branch B to the anomalous
population and the central branch 4 + B to a mix-
ture of the two. By splitting the data at a value
taken around the middle of A + B (at 4 ppm for
instance), it is possible to separate the total popula-
tion into two elementary ones appearing as e and
b on the diagram. The general background will be
taken with branch A and the threshold as the abscissa
of the middle of branch 4 + B, though the threshold
of population a may also be considered, but we have
not enough examples of such complex distributions
to make definite recommendations, and we lacked
computing facilities to calculate theoretical distribu-
tions. The coefficients of deviation must be. cal-
culated separately for distributions a and b.

Zinc Distribution (in a drainage unit). The
negatively broken line on Figure 5 is the expression
of an excess of low valués in an essentially lognormal
distribution; in this case, the histogram is skewed
to the left, toward these low values (negative skew-
ness). Provided their proportion is not too high
(20% or less or instance), they do not interfere
in the interpretation, which is done on the main
branch of the distribution line in the usual way.
This excess of low values may be due to the inclu-
sion in the population of a low-background lithologi-
cal unit or, more often, to poor sampling (for in-
stance, collecting an important set of sediment sam-
ples that are too coarse).

When the results do not fit a lognormal distribu-
tion, an explanation may generally be found among
these three factors: (1) lack of homogeneity in

sampling, (2) complex geology (hmprecision in the

lithological boundaries), and (3) analytical errors.

It should also be kept in mind that some elements
in some surroundings may not be lognormally dis-
tributed.

A
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.

Advantages of -Cumulative Frequency Curves

Plotting the distribution of an clement in a sclected
unit as cumulative frequency curve on probability
graph paper is the casiest and most precise way to
present a great amount of data (for instance, pre-
senting Figure 5 as histograms and frequency curves
will result in an overloaded and illegible diagram),
All the characteristic parameters of the distribution
can be estimated without cumbersome cdlcunlations,
Comparison between various populations are easy
and complex distributions are clearly identified. Fur-
thermore, the adjustment to a lognormal distribution
can be checked graphically.

Comparing the geochemical features of the various
units of a survey area is important in assessing their
mineral potential. This is conveniently done by
plotting the corresponding distributions on the same
diagram—for instance Cu distribution in three or
four different drainages in the case of a stream
sediment reconnaissance. Distribution heterogenei-
ties will be spotted and the corresponding units
selected for further investigations. On a broader
scale, the geochemical behavior of trace elements in
a given geological environment from different coun-
tries or metallogenic provinces can be readily com-
pared. This is an approach to a better understanding
of the distribution laws of trace elements in naturally
occurring materials. ’

The Coefficients of Deviation

A lognormal distribution is completely determined
by two parameters: the geometric mean (b) and
the coefficient of deviation (s). It has been seen
that the absolute deviation can be expressed as a
geometric factor s or, more commonly, as a logarith-
mic coefficient s. The term “deviation” is preferred
to “dispersion” which might be more expressive,
because there is no genctic implication in the concept

-of statistical dispersion whereas there is one in the

notion of geochemical dispersion; however, many
people use the term “dispersion” in statistical inter-
pretation of geochemical data. _

The coefficient of deviation is a dispersion index
specific for the distribution of a given element in a
given environment and expresses the degree of
homogencity of this distribution. \When rocks are

“counsidered, a similarity in the coefficient of deviation,
together with similar average values, may indicate
similar geochemical processes in their formation.

It is possible that a given value of s corresponds
to cach type of mineralization in a lithological unit.
Confirming this assumption would require very ex-
teusive geological-statistical studies encompassing all
metallogenic cases.

There is also a relationship between the back-
ground (b) -and the coefficicnt of deviations (s)

.
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which is the expression of the geochemical law which
states that the dispersion of an element is inversely
proportional to its abundance. This is expressed
very clearly by the relative dispersion s” (or rela-
tive deviation), a percentage related to b and s as
follows:

s
c gl = 1 -
s 00 b

The higher thé background, the lower the rclative
deviation. This is best shown on a log/log correla-
tion diagram by plotting §” as abscissa and b as
ordinate. Figure 6, for instance, shows the variation
of s” in function of b in the different lithological units
of Blocks I and II, for Cu, Zn, Pbh and Mo. The
diagram has been constructed by taking, for each
element, the extreme values for b and s”, thus deter-
mining parallelograms including all the individual
values. One sees immediately that there is an in-
verse linear relationship between b and s” (which
s evident from the definition of s”) and that the

average ahsolute deviation s (graphically estimated
in Fig. 6) also decreases when the abundance of the
element increases. ’

The weighted mean values of b, s and s” for each
element have been caleulated separately for Blocks
Tand 11:

Block 1 - b s s Block I b s 's“
/n S5. 0.23 0.42 Zn 70. 0.17 0.24
Cu 8. 0.34 4.2 Cu 8. 0.30 3.8
Pb 6.8 032 4.7 Pb 5.8 " 0.30 5.2
Mo 0.38 037 971.5 Mo 0.35 040 125.

The fact that the absolute deviation for Pb is equal
to or slightly lower than that for copper is due to
two factors: (1) the sensitivity limit of the analytical
method for lead, which entailed a number of assump-
tions and extrapolations in the interpretation—de-
termination of b and s, and (2) the existence of
some Ph mineralized zones in the survey area where
b was high and s low.

e

Flguro 6., Correlation dlogram b/s" for blocks | and Il
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Figure T, Corrolation dlagram Cu/2n
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In Figure 6, it is also interesting to note the
variations of the dispersion of the same element in
different lithological units which is particularly
noticeable for copper; -the width of each parallelo-
gram indicates the range of variation of s for each’
element. '

The coefficient of deviation is a very important
character of the distribution of an element i a
given surrounding ; it is probably related o the type
of geochemical dispersion. mechanical or chemical,
and consequently might give an indication of the
type of aunomaly encountered: syngenctic or epi-
genetic. It appears that a higher coeflicient of devi-
ation indicates a preponderantly” mechanical disper-
sion, but this has not been proved. Much remains
to be done in this field.

Correlation Diagrams

In the case of a polymetallic mineralization, with
two or more clements lognormally distributed, there
is generally a positive correlation between them; for
imstance between Jead and zine, a sample high in Ph

5
\

is commonly also high in Zn. This geologic concept
of a relationship between two types of mineralization
(only qualitative and rather vague) may be substi-
tuted by a precise factor, the coefhcient of correla-
tion p, which gives a rigorous measure of their de-
gree of dependency. In the case of geochemical
prospecting. p measures the degree of dependency of
two lognormal variables namely the tenors of two
elements in a sample population (Matheron, 1962).

The coeffi¢ient p always falls between —1 and +1.
p =0 means a complete independence between the
two elements. p = =1 indicates a functional relation-
ship, direct or inverse. hetween them (it is a linear
relationship between the logarithms of the tenors).

Stmplificd Calenlation of p—There is a graphical
way to estimate p, slightly less precise but much
faster than the complete statistical caleulation: con-
structing a corrclation clond in full log. coovdinates
(Fig. 7, 8). Each sample of the population under
study is plotted following its two coordinates: its
tenor in element 1 and its tenor in element B and
the total population appears as a cloud of points.
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Practically, this presentation of the data is’ very
convenient because it gives a geometric image of
the distribution laws. The axcs passing hy the
gravity center (ba, by), that is to say hy-the point
whose coordinates are the background values for the
two considered elements, are then drawn. * In Tigure
7, the axes will pass through the point (bgo = 5.3
ppm, bz =75 ppm). The points falling in each
quadrant are summed up and counted as follows:

N, = number of points in first and third quadrants

N2 = number of points in sccond and fourth quad-
rants.

—

Then p is given by the formula:

sin m N] -_ 1V2
=ginf T2
R I A A
Practically, p is never equal to =1 (which would
be the case if all the points were on a straight line)

and the points form an elliptical cloud. Two cases
may happen: :

(1) either p is equal or near to zero: the elliptical
clound has its axes parallel to the coordinate axces
and the two variables are mdependent,

(2) or p is clearly diffcrent from zero and the
cloud is an cllipse whose axes are inclined relative
to the coordinates. The slope of the main axis has
the same sign as p (if p > 0 the two clements vary
in the same dircction; if p <0 the two clements
vary inversely).

The correlation cloud is in fact a two dimensional
histogram; it is the best and simplest way to estab-
lish whether a population is homogeneous or hetero-
geneous: in the first case, the points tend to group
in a single elliptical cloud; in the second, they split
into 2 or several attraction centers and form several
elliptical clouds more or less overlapping. G.
Matheron points out that the relation expressed by
p is an expression of the Mass Action Law if p = =1
(or of the order of £0.95) (Matheron, 1962) ; then

it is likely that a geologically based chemical equi- -

librium exists between the two elements considered.
In geochemical prospecting, correlation coefficients

R Figure 8, Correlation diagrem Pb/Zn
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may be used to assess mineral associations of ele-
ments in natural samples.  The correlation diagram
shows whether two clements are spatially associated
and if one may be used as a pathfinder for the other.

Let us consider two examples: the refationship of
Cu/Zn in the drainage of the Suchiate River (Tig.

. 7Y and the relationship of Ph/Zn in the Rio Grande

drainage (Fig. 8).

The first example, in Figure 7, is intended only to
iltustrate the lack of relationship between two types
of mineralization. The cloud of points has no definite

"shapé, but it can be divided into three zones: one

around the intersection point of the axes, including
the majority of the points which are spread more
or less cqually among the four quadrants; an clliptical
one, marked Cu, in the range high-Cu/backgrouna-
Zn values; and a third one, including only a few

high-Zn/background-Cu points. This shows that, i’

the Suchiate drainage, there is no relationship what-
soever between the Cu and Zn mineralization, that
the Cu anomaly is more important than that for Zn
and that the two anomalics are well separated
spatially. All this is expressed by the coefhicient of
correlation : : .

~
) p=—011

Its low absolute value indicates a nearly complete
independence of the two mineralizations, with a
tendency to inverse relationship (negative value).

On the contrary, Figure 8 shows an_example of
direct relationship between two types of mineraliza-
tion. In the Rio Grande drainage, Pb and Zn are

* associated: the correlation cloud is an elongated

ellipse whose main axis has a 43° .slope and the
correlation coefficient p = +0.87. In this drainage,
lead and zinc anomalies will have the same pattern
and will be spatially related. In similar geological
conditions, one element may be used as a pathfinder
for the other.

Conclusion

In the Guatemalan geochemical reconnaissance, .the
statistical analysis of the data, although elementary,

CLAUDE LEPELTIER

was useful in outlining subdued anomalous patterus
in a complex geochemical surrounding, but mueh
more information can certainly be extracted from the
analytical results by a more thorough, computer-
oriented, treatment. i

The graphical methods described above have the
great advantage of heing quick, cheap and easy to
use in the field without any special mathematical
knowledge. 1t is a convenient and synthetic way
to present a great amount of geochemical data, and
I think it might be useful to any geologist involved
in geochemical prospecting.

Unrtep NaTions MINERAL SURVEY,
GuaTEMALA C11y, GUATEMALA,
January 20; March 28, 1969
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EDITORS' PREFACE

The publication of the Technical Bulletins by the British
-Geomorphological Research Group arises out of a common need,
expressed by the Group as a whole, to have a source of standard-
ised information relating to 1ncreaszng1y sophisticated methpds
of data collection and data handling. The demand for such Bulle-
tins is three-fold: for comparability of results among workers
in the field; for the dissemination of informdtion concerning
techniques, part:cularly where this speeds up and facilitates
the execution of a research programme, and for manuals which
stress particulatly the uses and limitation’ of the techniques
in the field of geomorphology.

The authors and editor -have endeavoured to ensure accuracy
and where necessary the manuscripts are being forwarded before
publication to interested commercial firms for critical evalu-
ation. In other respects ‘the authors alane are respensible for
the views expressed.
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INTRODUCTION |

This monograph ‘describes the development and use of a com-
puter program for interpreting chemical data fr'om the aqueaqis
environment; rivers, lakes, groundwaters and the ocean. The need
for "sych a progran arlses bacause standard chemical analyses only
tell the gross cheémical makeup of a natural water sample (i.e.
the total amount of calcium, magnesium, sulphate etc. in solution)
rather than the concentrations of the individual free ions.
Furthermore, such analyses do nét 1mmedlately reveal the ‘thermo-
dynamic state {or saturation level) of a water sample with res-
pect to various commen minerals such as calcite, dolomite;, gypsum
and the c€lay mingrals. In order to findlout the detailed chemical
makeup of a water sample, and its thermodynamic state some sort
of iterative mathematical juggling is required to obtain the
vialues of more fundamental variables from those which are usually
meéasured in the laboratory or field. In most cases this juggling
is best done by a computer.

The computer program givén here, WATSPEL, is A relatively
simple water chemistry manipulator. It has a wide range of applic-
ability, and can be used to analyse water sample data from the
most dilute waters to those 2 or 3 times more saline than seg-
water, The mest commonly occurring cationic and anionic species
are included as input variables. The program uses a simple comput-
ationdl algorlthm which can be. ed$ily understocd and so adapted ..
to suit 1nd1v1dual needs.

The chemlcal and mathematical bBases of WATSPEC are exphalned
in some detail in the followinpg sections assuming very little
background knowledge on the part of the reader. It is hoped that.
in this way WATSPEC can act as an introdiuction tp the basic
chemistry necessary for a proper understanding- of the chemical -
processes which occur in natural waters. Naturally, in a work of
this length, some fundamertal concepts must be left unexplained
or only partially explained. For more detail the reader is direct-
ed towards the excellent tgxts of Garrels and Christ (1963} and
Stumtn and Morgan 1970y .

Before proceeding with a detailed descr1pt1on of WATSPEC and
it% thedrétical fourndations, a word of caution is in order. Like
all computer 'package’ programs, WATSPEC: is a toel which should
not be used blindly. This is partlcularly important heTe because
a great deal of basic chemistry is hidden within the program.

Some understanding of this chemistry is essential before one can
reliably use and interpret the program's output. The thermodynamic
data and solution chemistry used in WATSPEC is the resylt of many
decades of experimental and thegretical development work by many
authors. The theoretical approach used is one of 2 number of
possible approaches: although it is one which is popular, which
makes considerable physical Sense, and which can be;applied
successfully to many situations. Thé uSer should bear in mind
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that WATSPEC is essentially an equilibrium thermodynamic model
of the aqueous phase. The validity of the assumption of equili-
brium should always be examined before results from WATSPLEC are
interpreted. Finally, WATSPEC accounts only for commonly observed
inorgenic species. The presence of significant amcunts of ather
more unusual inorganic species may invalidate the results. The
presence of dissolved organic material may have similar effects.

WHY THE COMPUTER? ~

In this application the computer is basically a timé-sawving
device. In principle the calculations performed by WATSFEC could
be performed 'by hand': -indeed, in the past, this was the only
means available. One might, therefore, ask the more fundamental
question: why not use the raw. data for interpretation? In same
circumstances this is possible; considerable insight into natural
chemical processes can be gained from 2n examination of changes
in total species concentrations (e.g. total hardness), from cation
or &nien ratios (e.g. total Mg to toral Ca ratio) and otHer
directly measured variables such as pH. However, in some ways
this is like trying to understand the mechanics of a car engine
from its outside: WATSPEC breaks a water sample down into its
constituent parts. Most chemical species are present in solution
in 2 number of forms; as free jions, or as various ion pairs,
lopsely combined with otHer specigs. In. addition, TRe' thermo-
dypamic behaviour of -a species in -solution is determined by its
activity rtather than by its concentration. (The relation between
concentration and activity will bé defined later}.

WATSPEC determines the detailed composition of a solution,
the concentrations and activities of all specigs. Onie the. de-
tailed compgsition of a solution is known it is possible to deter-
mine in a fundamental and precise way the level of saturation of
the solution with respect to any mingral. Saturation level then
determines whether the salution has the thermodynamic. potential
for further dissolution or for precipitation of that mineral, and
additionally allows one to conjecture about the past and future
evolution of the water sample. In some casés it is possible to,
determine saturation levels either experimentally or graphically:
but such methods lack generality and usSually have other-drawbacCks.

Computer analysis alsec facilitatres the calculation. of other
derived variables uséd in water sample interpretation. WATSPEC,
for example, calculates the carbon dioxide partial pressure of
the sample (strictly the partial pressure of a CO. gas phase
which would be in equilibrium with the wdter sample) and deter-
mines the charge balance error, a useful parameter for detecting
errors in chemical .analysis.

Finally, computer programs like WATSPEC form the basis for
mere complicated programs which can be used to synthesize or model
natural processes such as mixing of waters of different compos-
itipn, mineral precipitatidn and dissolufion, incongruent solution
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{i.e. simultaneous dissolution of one mine+al ipitatio
] ] 3 and precipitatioh
ol another), evaporation 'and CO, degassing. P P

UNITS

. The results of chemical anzlyses can be expressed in many
dlfferent ways: parts per million, milligrams per litre, equiv-
alents or milliequivalents per litre, moLarity and moralitz belr
the most common. WATSPEC accepts input in millimoles per litre
of solution (i.e. millimolarity) and conversion of .input dats
into these units is essentisi. It would be possible to modify
WATSPEC to accept and translate any' type of input units. I have
chosen net to do this partly in order to keep WATSPEC simple and
straightforward, and partly because some personal data manipul-
ation keeps one 'in touch' with the Jata and able to detect and
Correct gross errors early in the analysis. o

Perhaps: the most fundamental concentration variable is the
mole fraction. In aqueous. solutions its analogue is melality de-
¥1nea as tﬁe'numbervof moles of soluté per Kg of water. A& mole
1s & mass unit equal to the gram-formula-weight {GFW].. The prefi
'm' is .commonly used for molality,so lthat mHCO; dendtes the bi-
carbqnate,molality and mX would denoteé the molality of a geneéral:
specles 'X'. Formality and molarity are closely related to molal
ity. The -three .are defined below:

molality (m) mass of solute.in gms

"~ GFW (mass of water in Kg) con e (B

1 - - __mass of sclute in gms o
formality (f) GFW (mass of solution In Kg) e {2)
molarity (M) _mass of splute in gms (3}

= TFW (volume of selution in Titresy — °

Thes& three quantities are related {since mass of solution:

= mass of water + total mass of solutes) by the following:

M = pf‘ ) {4}
. _ M _ £ |
Y S ) I -4 o (5)
where p = density of solution (gm/cc or Kg/1)
and g = total mass of soliftes

total mass of soliuticn

- For most aqueous solutions the density is close to 1 (e.g. the

QEnsity of seawater is about 1.035 Kg/1) and the solution itself
is dominantly water 5o that S is very much less than 1., In these

circumstances M, m.and f are almost equal.

Direct chemitg}_analy;is_[§.g.“by titration) usually gives
the result as melarity or in units easily converted to molarity

{suéh as parts per million or milliprams per litre).
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_ temamiaug A awwuy nas tnerefore. been thosen for
data input. However, WATSPEC uses molality for internal calcul-
ations. A conversion is necessary and this requires a knowledge
of both S and p. WATSPEC calculates § and uses eqguation (5) to
convert the input into molaliries. If density is not specified
then it is -assumed by WATSPEC to be 1. In this case the calcul-
ations are only approximate (since g # 1.in general) although the
approximation is a very pgood one.

In geomorphology &nd hydrolopy chemical data are often given
in parts (of the specific ion) per miliion (of solution), parts
per million CaCQ; equivalent, or milligrams per litre. Parts per
mill30R {PpmM) is a direct concentration variable defined by

.. _mass of sclute & ,
PPM = oss of solution * -0 e (6]

However, solution mass- is rarely measured and cheimical analyses
are usually based on volume. Frequently units reperted as ppm
are in reality milligrams per litre

mass of solute in mg ven (1)

mgfl = volume of solution in litres

To convert ppm to mg/l one must multiply the concentratien in ppm
by the density (gm/cc or Kg/l). The twe are only identical when
the solution demsity is 1. To convert mg/l to millimolarity one
need only divide the concentration in mg/l by the gram formula
weight of the solute. )

. In catbonate waters concentrations are often. expressed as
ppm-CaC0, equivalent (ppm*). To convért ppm* to ppm one generally
multiplies ppm* by the ratio

gram formula vweight of 'solute species
gram formula weight of CaCQ;

glthough there is ap important exception to this rule (see below).

The GFW of CaCO, i5 100.08835 gms. Frequéntly ppm* is reported
when the umits actually employed are milligrams-CaCO, equivalent
per litre (mg/1*). Division of mg/l* by 100.08835 cenverts thése
units to millimplarity. Alkalinity ({which will be defined later,
but which is roughly equivalent 6 bicarbonate ion concentration})
is sometimes. expressed as ppm*. Taking alkalinity to be equal ‘to
bicarbonate ion concentration, one would expect the conversion
from ppm* to ppm to be effectéd by multiplying ppm* by

oL 0% = 0.60963 (61.01732 is the GFW of HCOT). This is not the

:ase, however, and the correct factor is 1.21927. This anomaly
ariseg because the dissolution of cgleite may be written as the
reaction .

CalDy + CO; + Ha0 + Ca’ @ + 2HCOT ceel(8)

.ccurdﬁng to_{8) dissclution of one mole of C4C0; leads to two
oles ©f HCO3: The appropriate conversion factor in this case is
herefore 2{C.60963) = 1.21927. Using the factor 0.60963 is quite
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a common error and leads t¢ an underestimate of the alkalinity ¢
and a large positive charge balancer error,

‘The final commonly-used concentration measure is equivalents
(6r milli-equivalents) per litre of solution. Thxg is decfined as
the number of gram-equivalents per litre of solution where one
gram-gquivalent is the number of grams of substance which 3111
react with or produce one gram of hydrogen. Frequently equivalent
per litre are almost identical to molarities (i.e. except for a
factor 1.00797, the GFW of hydrogen), but there can be lerge
differences in.some cases. For example, one mole of carbonic acid
(H,C0;) produces 2 moles .of hydrogen so its equivalent weight and
formula weight differ by a factor of approximately 2.

THERMODYNAMIC BACKGROUND

(1) Activities and Activity Coefficients

Most chemical calculations invelve activities rather than
goncentrations. The activity; or effective concentration of a
species, is a measure of the thermodynamic concentratien or
chemical pdtential of that species. Activity 1s denoted here by
the prefix "a’ and activities and molalities are related by a
factar «called the activity coefficient {¥y):

aX = mex e (3]

The activity ¢oefficent of a charged species in soclution i35
generally less than 1 and decveases ds the total dissclved! soldidse
of the: solution increases (although there are important excep-
tions to this generalization). The reason for this can be seen.
with a simple picture of ions in solution. By virtue of electro--
static attraction any charged species will attract oppositely
cHarged species. Sometimes these will become attached to the
original ion for a significant time period and form an ion pair
{see below},; but in general ¢he original 3on tan be pictured as
moving about with an attendant cloud of oppositely charged ions.
This cloud terids to shield the ion from the bulk of the solution
sp that it s partly hidden from other species in solution: its

.apparent or efféctive. concentration as far as other species are

concerned is therefore less than its true concentration. This
shielding effect is accounted for by the activity coefficient.

. For uncharged species the cloud will not occur and the shielding

which produces activity coefficients below 1 will net result.

As an empirical result, based largely on gas solubility stidies,
activity coefficients for uncharged species are taken to be
slightly greater than 1. For somevuncharged ion pairs, however,
this has been questioned. CaS0% and MgCOS appear to behave like
dipoles in afueous solutions and have adtivity coefficients less
than 1 (Reardon and Langmuir, 1976). WATSPEC does not incorporate
this recent result.




(2} Law of Mass Action

Activities determine the direction of chemical reactions
through the fundamental law of mass action. Consider as an cx-
ample the reaction where sSpecies A and B (reactants) react to
produce species C and D (products): ’

A +B=+C+ D

All chemical reactions are reversible. Thus, if A ;B,C and D are
all present, spegies € and D will alse react tovether to produce
A -and B:

C+D+A+ 3B

The twp reactions will, in 'general, otcur together. The composite
or net reaction is said to be in equilibrium when the forward
(i.e. A+ B+ C + D) and backward El.e. C+ D >A+ B) reactions
ptoceed at the same rate sb thete is no net production of re-
actants. or products,

The net direction (i.e. forward or backward)] of a chemical
reaction is determined by the relative chemical potentials of
reactants compared with products. Chemical potential (capacity
to react) is analagous in many ways to mechanical potential
energy (or capacity to do work). The chemical potential (prefix
y) of species X depends on the (natural) legarithm of its activit)

uX = RT In(aX) + constant <. {10)

where R is the gas constant and T is vemperature in %K, Just 1ike
potential energies, chemical potentials -are additive, The chemical
potential of A and B is therefores pA + pB. The reaction is in
equilibrium when the chemical potential of A + B is egquivalént

to that of C + D. In terms 'of activities {through eguation (10))}
this leads to the mathematical statement

In{aC) + Inf{aD) - 1n(faA) -. in(aB) % constant
which can also be written as

aC ab _ ‘
ahian - K cee (11
where K is the equilibrium constant for the reaction. Eguation
{11} 45 a statement of the law of mass action. Since the relation
between chemical potential and activity invelves temperature (sge
equation (10}) equilibrium constants .are in general functions of
temperature. As a direct résult of egquation {11), if a species
accurs n times in a reaction f(e.g., nX = Y + I} then the activ-
ity of that species must be raised to the power n in the law of
nass actlon.

As a specific example consider the reaction between carbon-
ite and hydrogen ibons to form bicarbeonate ion, or vice-versa:

co3” + H' = HCoj .

{Note: the equality sign is used to indicate that no particular
reaction direction is specified. By convention species on the
left are called reactants and those on the right are called

roducts)., At equilibrium, the law of mass action necessitates’
that .

aHCOy _
aces agr = constant = KHCO; cee {12}
(at 25°C the value 6f K, ..- is 10 10'329).-When aCoy and af*

HeoZ M
8HCO: the reaction (12) will proceed

, HCO; )
from left to right. Hydrogen and carbonate ioh activities (and.

are such that aH® ac03” »

conceéntrations] will decrease and bicarbonate ion activity (and

concentration ) will increaseé until equilibrium is reached.

) By convention, the law of mass action is always written in
the form

x = Pproducts
reactants

In the example above HCO, is. the product species and Kyco: 15
) - ES
the association or formation constant‘fBr HCO;. If the reaction

were written HCO; = H™ + €O;” then the corresponding equilibrium

censtant would be the inverse of Kyoyr and would ‘be called the
3

dissociation tonstant for HCO;.

(3) Ion Pairs

Equation (11) is the basis for separating measured concen-
trations into their constituent parts, and for calculating satur-
ation levels. Most dissolved species exist in solution both as
free ions or in association with other species as ion pairs. In
addition, most chemical analysis procedures [excluding some direct
electrochemical techniques) do not distinguish between free ions
and ion pairs. Thus, for example, calcium in solutign occurs.as
the free ion Ca** or as pairs with sulphate (£aS0D?), carbonate
£aC0%), bicarbonate (CaHCOT), hydroxyl (C40H*) ana-other ions
{tlfe four mentioned here are the most important calcium ion pairs
in natural waters and are the only Ca™ pairs considered in
WATSPEC) . Thus, the total calcium concentration (or molality),
which is what would be measured by titration with EDTA for in-
stance, is actually the sum of the constituent concentrations

wCat = mga*t + mCaS0y + mCaC0S + mCaHCO,' + mCaoH™ e {133

In many situations a significant proportion of calcium may exist
in the paired form. Wigley (1971) gives examples in which the
fre& ion accounts for from 70.6 to 94,53 of the total calcium
concentration, lower values corresponding to cases where sulphate
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was present in substantial amounts,

(4) Calculating the Concentrations of Individual Species

In natural waters it is generally assumed that dissolved
{or aqueous phase) species are in mutual eguilibrium within the
solution, although the solution as a whole may not be in equil-
ibrium with otler phases such as so0lid minerals or gases with
which it is in contact. Equilibrium within a single phase is
termed homogeneous equilibrium, while that between different
phases is termed heterogeneous equilibrium, The assumption -of

homegeneous equilibrium within the aqueous phase is a4 fundamental

one. WATSPEC fand other computer programs similar to it) only
gives the €gquilibrium chemical speciation of a water sample.

Such programs are therefore only equilibrium models of the real
situation, although generally very good models: they are collect-
ively called aqueous models.

The assumption of homogeneous equilibrium is used te calcu-
late the detailed speciation. For example, the free jons Ca'*?
and S0, and the ion pair CaS0Y will be in equilibrium ({although
calcium and sulphate species need not be in -equilibrium with,
for example, the mineral gypsum). The appropriate mass action
equations can therefore be used to relate the ion pair activities
to the free ion activities:

aCasoy .
—_—r " K a0 ..-.’[14‘)
aca”* aso;” a0

acaCa? N
—ﬁf°_3'—:_= KC&COQ Leie (2 S)
aCa  aC0; et

etc. In (14) and (15) the X5 are association constants for the
ion pairs (i.e, the inverse of the dissgcation constants): The
activities in (14) and (15) can be replaced by products of activ-
ity coefficients and molalities (see equatiorn (9)). If the re-
sults are then substituted into equation {13} one eventually
ohtains ' : )

¥t Bsou ™0 Koase?  Feat ooy MO Keaeod

mca*t amca’ | 1% * -
¥ Case? ¥ camnf
Crtt  Fpenm  THOO; + - B '
e Fyey Keanoo; L et Yo ™ Kot cee e (16)
¥ catico? ¥ Cah®

“§imilar results can be written _for all of the other species,
relating total molalities (e.g. mCal) to the molalities of key
species (e.g. mCa*¥). WATSPEC accepts as input dats total molal-
ities of calcium, magnesium, sodium, potassium, chloride, car-
bonate, sulphate, aluminium, iron, strontium, barium, lithium,
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nitrate, silicate, borate, bromide, Sulphide and ammonium specics
Carbonate species are determined by :2lkalinity (see below). The/,
key. species here is HCO;. In this and in all other cases the key
species is that which dominates over okher species relgted to it
in 'pormal' natural waters, For example Al1{OH),, Hy5i0y and

HaBD; are the’ key specles for aluminium, silicate and borate.

Equations like the equilibrium relations (14) and (15), and
the restated mass balance crfiterion {16) {which i5 derived fram
the mass balance equation (13)) together form a complicated set
of non-linear algebraic -equations which is solved by WATSPEC to
calculate the melalities of all the individual species in solu-
tion. The method which WATSPEC uses to, solve these .equations is
described below in the section om Iterative Methods.

£5) Extended Debye-Hickel Equation

In order to use eguations like {14), (15) and (16) it is
necessary to know all the activity coefficients, and all the
cquilibrium constants. The former are determined by the temper-
aturé and ionic strength of the solution; the latter are, in
general, known functions of temperature and pressure. lonic
strength is a measure of the total concentration of charged ions
in sodution. It is defined by

SO, (2" ceeeQ7)

i=1

ral
T = Z

where 2.1 is the charge on species Ki, mX. is the molality of
species X; .and the 'summation +is over .all charged species. For
dilute solutions (ionic strength less thdn 0.1; for reference,

the ionic strength of seawater is. approximately C.7) activ¥ity co-
efficients of charged Species can be determined using the Extended
Debye-HlUckél equaticn (see, for. example, Stumm and Morgan, 1370,

0, 83)

Azt T
~log E‘i s 21 . .o-o (18}

1+ aiBfT

4

where A and B are known functions of temperature and a. is a pata-
meter called the effective ion rvadius (which has known'values
determined from experimental data for mpst common ions). This
gquation, and the following medifitation of it, depends on zn em-
pirical rule called the Maclnnes convention which gives excellent
results up to high ionic strength. For ionic strengths above 0.1
it is necessary to further ‘extend’ the Debye-Hlckel equation
empirically (introducing another parameter, bi] to

Azt /T
“log ¥, T ——m 2 s b 1 veee(19)
' \ 1 l+ai.Bl/T 1 [
11




Equation (19), which WATSPEC uses, is based on measured activity
coefficients and is valid up to ionic strengths of two or more
{i.e. for solutions up to ‘zbout three times as concentrated as
sgawater). The parameters a. and b, are determined empirically.
They differ from ion to ion, and the value of a; which is appro-
priate when using equation (19) is not necessarily the same as
that which would be used with equation {18). For many species the
value of b; is zera. a; and bj values used in WATSPEC are those
detérmined by Truesdell and Jones (1974} and used in NATEQ and
‘WATEQF (Plummer et al, 1976).

Equation (19) generally gives a dedreasing actlv1ty co-
efficient for increasing ionic strength up to moderate- ionic
strengths as predicted by the simple shielding explanation piven
edrlier. At very high ionic strengths activity coefficients may
begin to increase with increasing ionic strength, both in prac-
tice and .according to the predictions of (19]

For uncharged -species [such as, for example, the ion pairs
Casof and €aC09) WATSPEC determines the activity coefficients
using the empirical Telatichn

¥ = 10911 e (20)

except for free carbon dioxide (defined below) where WATSPEC -uset
a more complex relatlonshlp, détermined by Wigley and Plummer
{1976), and for the activity coefficient of water where WATSPEC
uses

¥p,0 = @Ha0 = 1 - .017(XTOT),

XTOT being the sum of the molalities of all dissolved species.
(Note that the molality of Hy0 is 1 by definition].
)

(6) Alkalinity and Carbonate Systems

It has already been noted that alkalinity s one of the in-
put variables for WATSPEC, and that this is a measure of {(and
cften approxlmately equal tg) the bicarbonate ion concentration,
Alkalinity is'an important variable in cdrbonate systems, and
these systems are most easily examined experimently by determinir
alkalinity and pH.

Consider a solution contalnlng dissolved carbonate spec1es
For 51mp11c1ty I will omit ion pairs (such as CaC0%, CaHCO3F,

MgHCOY etc.) from the following discussion. The carbonate speciet
then are: CO? (dissolved carbon dioxide, alternatively written _at
CO:.a }; H,C0% (carbamic acid); HCO, (blcarbonate ion} and cosz”

(carbunate 1onJ At equilibrium these species dre related by the
chemical reactions
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H,C03

cof '+ H,0
+ - [¢]

H + HCO, = H.CO0;3

co;” + ‘H = HCOS

for which the following mass action equations may be written

_353593__ = K. .0 e (21)

ac0g aH,0  C0z ‘
aH,Co%

aH® aHco; fHac0§ - (28)
aHCO; C k. e 23)

a0y aH’ HCO;

The molality of water is unity s¢ that, ignoring activity co-
efficients, the above is a set of three equations in five un-
knowns+ Thus, any two will be enough to specify the whole set:
e.g. H and coOs , together -with (21), (22) and {23) determine
HCO;, CO@_ and HgCO;

Hydrogen iom activity ¢an be directly measured as pH which
is defined by

pH = -log(aH’) e 20)

The other variables are difficult to measure individially, and
instead it is easier to méasure alkalinity [ALX), defined for
this system only (see below for a more general definition) by

-
+

ALK = mHCOS + 2mCO; + mOH - mH  ee.(25)

Note that mOH  and mH' are related by

+ -
al aDH
e - KHZO e (28)

Equations (25) and (26) introduce two new variables (ALK and mOH" )
enlarging the set of equations to five with seven variables., Their
advantage is that alkalinity Is easily measured by titration with
2 strong acid. Thus, the carbonate system is completely déter-

mined by specifying pH and alkalinity, although the calculations

become a little mpre compllcated than the outline given above
when activity coefficients and ion pairs are included.

In practice it is not necessary to know both CO; and,HzCO?

-and they are invariably combined as one variable, the free carhon

dioxide content:
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mH2C0s = mCOS + mH,C0%

The notation used here, which follous Stumm and Morgan (1970),
is & little misleading becauseé CO: dominates over H,COY by a fac
tor of about 1000. The notation is, however, well established.

The free carban digxide content is, in turn, frequently re-
placed by the COQ: partial pressure of a hypothetlcal coexisting
gas phase: PCOz2. PCO: and HzCO; are related by Henry's Law:

aH. €03 = Ky PCO. e (27)

where KH is a function only of temperature and which is usually
given in units which detérmine PCO, in atmospheres. To go one
step. further it is often useful to employ the 'p' notation used
in the definifion of pH (viz. 'p' = '-log') 'so that

pPCO; = -log(PCG;) c.a: (28)

This notation is useful because PCO; is generally a small quant-
ity. For the atmosphere pPCO2.® 3.5 and for most groundwaters
pPCB, ranges from 1.0 to 3.0.

The alkalinity definition given abbove (€quation (25)) 1is
only valid in an idealized carbonate system. There are, in fatt,
three different types of alkalinity; carbonate alkalinity,
titration alkalinity and total dlkalinity. The latter two are of
concern nere. lotal alkalinity is a measure of the ahility of a
water to neutrallze acids which are stronger than ¢arbonic acid.
Fn theory it can be determined by titration with a strong acid
(0.1N HC1 is often used] to ‘the carbonic acid equivalence p01nt
(see Stumm ahd Morgan, 1970, for further details). In practice
such titration is usually to thé methyl orange end-point
(pH = 4.5), and not all théoretically neutralizable weak acid
species are neutralized during titration because of slow chemica
reaction rates. It is necessary, therefore, to distinguish a pra
tical titration alkalinity from the ideal concept of total alka-
linity.

WATSPEC accepts titration alkalinity (in milliequivalents
per litre of salutien] as input. For the -species considered by
. WATSPEC titration alkalinity is defined by .

ALK* = mHCO> + mCaHCO: + mMgHCOF + mNaHCO3 + 2(mCO3  + mCaCO$
+ mMgCDY + mNaCO3) + mH,Si0% *+ 2mH,S$i0V” + mH,BO3 + mAlOH™" +

« 2(RAL{OM)3) + 4(MAL(OH)7) + mHS™ + 2mS™ ™"+ mNH; aq + WOH™ +
mCaOH® + mMgOH™ + mSroH™ + mBaoH® + mLiOH® - (mH' + mHC1® +
mHS0; + 2mH,50%) e (29)
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ThHis expression only differs from the ‘total alkallnlty for the
WATSPEC aguecus model in that iron- hydroxide species, which re-
act slowly, have been neglected. Other programs use different
definitions of titration alkalinity. For example, WATEQ uses

L3

ALK* = mHCO; + mCaHCO} + mMgHCOI + mNaHCO; + 2(®CO; " + sCac0$ +
mMgCOT # mNaCo3) + mHy830% + 2mH Si0,  + mH:BO7 + mAL(OH), + mHS™
+2mS8™ " + mOH™ + mLiOH® - mH® e s (30)

The difference between ALK* as defined by equations (29) and (30)
is usually very small.,

{7) Minetal Saturation Indices

WATSPEC calculates saturation indices witk respect to a num-
ber of minerals. This term, #2n abbreviation of 'degree of satur-
ation' index, i¥s a measure of the thermodynamic state of a solu-
tion relative to equilibrium with a specified solid-phase_mineral.
To illustrate, I will consider the mineral calcite. For a solu-
tion to be in equlllbrlum with solid-phase calcite the following
-reaction must be in equilibrium:

€aC0y 5 = Ca' " + CO3~ e (31)

where subscript 's' denotes solid-phase. (Note that this is only

a hypathetical teaction and doesn't precisely describe the mechan-
ism by which c¢alcite dissolves or precipitates: see Plummer and
Wigley, 1976, .and Plummer et al, 1977). The.mass action equation
for (31) is i

++ - -
aCa’  aCldy = K¢

sinCe solid-phase mingral activities are taken by convention to

be unity. If the product aCa** aC0j~ (called the ion activit
product or IAP) is less than K. then the 'feaction’ (317 w1IE
proceed

from left to right {i.e. dissolutien will occur if one

neglects any kinetic limitaticns to reaction progress); and if

IAP > K. then precipitation will occur. BHguilibrium, or saturation
corresponds to IAP = K., and the index

» e {32)

I
SIC = lag y AP;

lx .

is a measure of departure from equilibrium. Equation (32) defines
the Saturdtion index {SI) feor calcite. SI. < O means IAP < K. and
undersaturation with respect to calecite; while SI. > O means IAP

> Ko and the sélution will be supersaturated w1th respect to cal-
cite. Other saturation indices are defined in a similar way. Note
that saturation indices only determine.the thermodynamic potential
for dissolution dnd precipitation: In practlce slow reaction
kinetics may allow a .selution to maintain a 'super- or under-

saturated state for a very long period of time.
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(8) Chatrge Balance

A balance between the total numbér of positive charges on
positively charged ions and the tetal number of negative charges
on negatively charged ions is an essential condition for any
water sample. This charge balance condition cdn be written.mathe-

matically as |
_ﬂmxi z, = 0 e (33
i=1

wheze Z; is the charge on species Xj with molality mX; and Summ-
ation i5 over all charged species. Because of chemicai analysis
errors, and/or the existence of species which may be present in a
sample but nct méasured, some imbalahce of charge will invariably
occur whén oneg compares the total number of positive and negative
charges. The- probable level of charge imbalance depends on the
completeness and accuracy of the chemical analysis procedures
used: thé acceptable level depends on what use is to be made of,
or what implications are .to ‘be drawn from the data. Conclusions
drawn from data whicl' shows appreciable charge imbalance must be
regarded as rather suspect.

Charge imbalance is often measured using the charge balance

error which is defined by

1

5 5
My Z; 4 mX; 2y

c A
‘ E, mX, Z, - N mX, I,
CBE = i 1 — 1

1004 s [38)

In equation (34) superscripts C and A over the summations

indicate summation over -catidns and anidns. CBE values outside

the range t SV are ‘usually sufficient for one to discard the

data, or at least toexamine it closely for errors in chemical
analysis or conversion of units, or for ‘omitted species. For in-
stance, the possiblé efror in converting alkalinity from ppm-CaC0j
-equivalent to other units mentioned -earlier can produce CBE
values up to 331. Even larger errors can arise from neglecting

to analyse for species such as sulphate or chloride when these
species are actually present. '

Because sulphate concentration is difficult and time con-
suming, to determine, it is sometimes estimated 'by differénce’.
The method is to assume that any charge imbalance is due to
{unanalysed), sulphate. This is definitely not a recummended pro-
cedure, since the- charge balance criterion Is automatically ful-
filled and no ‘longer provides d check on the quality of the data.
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{9) Reduction-Oxidation Reactions

, Certain speciés can occur in different oxidation states:
for example, iron occurs as Fe** and Fe***. Redctions Involving
different dxidztion states are called reduction-oxidation {or
redox) reactions. .Such reactions are conceptually analagous to
acid-base reactions. In the same way that acids and bases may be
interpreted as proton (of hydrogen idn) dénors and receivers,
reductants and .oxidants can be defined as electron donors and
receivers.

. The following- example has been taken from Stumm and Morgan
(1970, p. 301)

reduction: 0, + 4T + de” = 2H,0 veea {35)
oxidation: ape’t = L.}EeH+ + 4o ... (36)
redox Teaction: 0, + aFett + ant = aFe™? + 2H,0 veel (37)

++

This splits the simultaneous oxidaticn of Fe** to Fe***-and re-

ducticn of. 0y to H.0 {equation 37) into two parts (equations 35
and 36). Oxidation and reduction reactions always occur in pairs,
as redox reactions, se that free electrons (e~ in (35) and (36))
do mot actually occur in solution. Nevertheless, when redox re-
actions are split up in this way the electron can be considered

as a ‘virtual species' whose concentration determines ‘the poten-

tial for oxidation or reduction and the relgtive concentrations
of oxidized and reduced forms (such as Fe™** and Fe**) of "any

glven Species. Just as the protoen activity is conveniently defer-

mined in logarithmic form by pH,
pH = -log(aH'),
so the electron activity is determined by the pe, =

pe = -log(e ),

where e is the electron activity. The pe is a key variable in

determining- the relative amounts at equilibrium of all species
which can oceur in different oxidation states. large positive pe
implies strongly oxidizing corditions with a predominance of

oxidized forms, while small or negative pe implies strongly re-

ducing conditions with a preponderance of reduced forms. Examples

of redox pairs or couples are Fe'* and Fe**; dissolved 0, and

H:0; 50, and disselved H,§; HEO3 and dissoclved CH,; and NOy and

dissolvéd NH;. In all these pairs the oxidized form is given

first.

In the field gr laboratgry pe can be determined by measuring

‘the. redox. pontential (Eh) which is the potential difference {in

volts}) Detween an inert (Au or Pt) electrode immersed in the sol-
ution and a standard hydrogen electrode. pe and Eh are related by

. Eh
P® = 758427 10 ° T
17




where T is in °K. Eh is actually measured with a probe containing
an inert electrode and a reference electrode (usnpally calomel)
which has 2 Known potentiazl relative to the standard hHydrogen
electrode:. The Tteference electrode potential must be added to the

measured potential difference to obtain the Eh. Because the rvefer:

ence potential depends on temperature, a. temperature correction
may be necessary.

Eh is less commonly measured than pH for & number of reasans
ing¢luding:

(i) quite often either of both species in a Tedox pair occur
in very low concentrations so that many important de-
tails of the speciation of a water sample can be deter-
mined. without needing Eh data,

(ii} since many redox reactions are slow, the. concentrations
of many oxidizable and/or reduc1b1e species are fre-
quently far from the values predicted by eguilibrium
thermodynamics,

{iii) Eh is a difficult parametef to measure electrochemically.

Furthermore, to quote Stumm and Morgan (1970, p 350),
'Even when reproducible results are obtained .......,
quarititative interpretation ‘with tespect to solution
composition is often not justified'.

Because of point (iii) WATSPEC [foliow1ng WATEQ and WATEQF) can
calculate Bh from the det3115 of certain redox pair concentra-
tions (specifically the S07~, HaS pair, and the dissolved. D,

H20 pair). Even when using this method one should note that these
pairs need not be in equilibrium; the 0,, 2,0 pair is frequently
not in equilibrium. ;

The redox pairs wh1ch|WATSPEC considers are the five pairs
given above. WATSPEC also considers a number of cther species
related to the 1nd1v1du§1 pair members; species such as
Fe(OH);, FeSOu, HS , NH. and many others. For all these pairs
and associated species, except for the ammonium species, concen-
trations are determined by using equilibrium thermodynamic -data
and the law of mass action for reactions such as equation (35)
and equation (36)}. Since free electrons do not actually exist
such mass action equations cah only be interpreted in tefms of
the relative activities or concentratiocns of different oxidation
states. .By conventicn the reactidn

+ -
2H + 2Ze = H; gas
is arbitrarily assigned an equilibrium constant valué of 1 and
equilibrium constants for other redox reactions are determined
telative to this wvalue.
Two quantitative examples may help to clarify the issue and

to illustrate the type of calculations which WATSPEC performs.
Reaction (35) above may be written as
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+ -
HaO = % Os,aq + B + & e (38)

wliere subscript 'aq' denotes the dlssnl ed specxsi Ehe equil-
ibrium constant for this reaction at 25 C is 10” One can.
use this to calculate the pe of a solution which is in equil-
ibrium with the atmospheric oxygen concentration. The partial
pressure of oxygen in the atmosphere at sea-level is 0,21 atmos-
pheres. Gas-phase partial pressures and aqueous phase activities
are rveldted by Henry's Law, which, for 4 gas 'X' is

ax = Ky ¢
Here PX is the gas-phase pressure and Xy is the Hénr"s Law con-
stant for species X. For oxygen at 25°C Ky is 107 ; S0 that

the equilibrium oxygen activity in the aqueous phasé is 2.9 107",
Now, from equation (38),

(ﬂoziaq)i ah* e~
(ak0)?

«21.495

= 10 ... (39)

Using a0, ,aq = 2.9 10'" and.aH,0 = 1, and taking negative logar-
ithms of both sides of equation [39) gives

pH + pe ¥ 21.495 - 7 1 (3.5376) = 20.61

The pe of a solution in equ111br1um with atmospheric oxygen
therefore depénds on the pH. At pH = 7.5 the pe is 1%.11.

As -a second. example I will consider reaction (36) :above and
calculate the ratio of the activities of the free ions Fe*** and.
Fe*+ at equ111br1um in a solution with pe = 13.11. Reaction (36)
can be written as

Fe'' = Fe'Tt & e
for which the equilibrium constant at 25°¢C is 10—13’013. The Iaw
of mass action gives

4+

F - -13.
-l L . (40)
50 that
aFe+"++
ng' — i = pe - 13.013
aFe -

At pe = 13.11 -the ratio aFe Y 1o aFe, tr would therefore be 1.25

(noté: log(l.25) = 0.097) if redox equ111br1um existed. Actual

water samples are often not in equilibrium with the atmospheric

oxygen reserveir and these examples are only given to illustrate
calculatioh procedures.
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ITERATIVE METHODS

WATSPEC calculates the detailed chemical compeosition of a
water sample (i.e. the concentrations of all free ioms and ion
pairs) from a khowledge of the total concentrztions of various
species. WATSPEC works within the limited framework of an
aqgueous model containing up to 18 total concentrations (70 in=
di1vidual species) and assuming homogeneous equilibrium between
all species. Dther similar programs <¢onsider more species, but
WATSPEC has been designéd to be 2 compromise ‘between extreme
generality and conciseness and -simplicity. WATSPEC considers the
most common species found in natural watetrs and the program is
small enough and fast enough to be used on quite small computers.
Although developed independently by the pregsent author [the
earliest version was written in 1970) the prograh has been mogdi-
fied to parallel WATEQF {Plummer et al, 1976) a program which is
an expanded version of WATEQ (Truesdell and Jones, 19743},

The problem of finding individual species concéntrations
from total concentrations is often referred to &5 a 'chemical
equilibrium problem'. WATSPEC solvés this problem by using an
equilibrium constant approach which was pioneered by Brinkley
(1547). The basic equations are those of mass balance (e.g. equ-
ation {13); there are 18 such equations in WATSPBEC) and a number
of mass action equations (e.g. equations (12), (14), (15} etc.;
WATSPEC uses 53 mass action equations). An éarly application of
this approach was to determiné the detailed chemical composition
of seawater (Sillénm, 1961; Garrels and Thompson, 1962). More
recently, general computer programs have besn developed by Ingri
et al (1967) with HALTAFALL, Morel and Morgan (1872} with REDEQL,
and others, and the field has been reviewed by Zeleznik and Gordo
{1968}, Dyrssen et al (1668), van Zeggeren and Story (1970} and
Wolery and Walters (1975). ’

HALTAFALL, REDEQL and some other very general programs are
limited by nét including a general formulation of activity co-

‘efficients. Such programs. are most useful in cases where the

jonic strength of the sample is known and where empirical equil-

ibrium copstants, incorperating activity coefficients within

them, can be specified. In many natural waters, however, the
range of possible constituents is known and extreme flexibility
cf input components is not required. In dddition, ionic strengths
are not known z priori and can covel a wide range. For computer
analysis of natural waters, therefore, a built-in formulation of
activity coefficients is highly desirable. This need for less
generality in one sense and increased generality in another has
led to the develepment of a large number of programs specifically
designed for the study of chemical equilibrium problems in natura
waters. Examples of such programs are those used by Wigley (1971}
Langmuir (1971), Thyrailkill (1972) and van Breeman (1973}, and
the programs WATEQ (Truesdell and Jones, 1974), WATEQF (Plummer

et al, 1876) and SOLMNEQ (Kharaka and Barnes, 1973). There are

N
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many others, both published and unpublished and of varying de- -
grees of complexity. .

Ta illustrate the chemical equilibrium problem and the
methad of saluticn employed by WATSPEC, I will consider a simple
example in which there are only two major species.(catign 'C'!
and anion ‘'A') and a single ion pair {*P'). In this case rgutine
chemical ‘analysis would determine the total molalities, mCT and
mAl. The species in solution are {assuming singly charged major
species) C¥ .and A~ and the uncharged pair P whose sctivity is
related to that of C* and AT by the mass action equation

¥p WP
8 __ . s _ = X e (41)
aC  -aA be mC Xﬂ— mA
The following mass balance relations must also hold
mCT = mC+ + mp va e (8427
nAT = mA* + wp el (43)

(cf. equation (13)). Since the activity coefficients are deter-

mined by the ionic strength, which in turn depends on mC* and

mA*, equations ([41); (42) and (43) constitute a set of three

equations in three unknowns which can be solved for the unknowns
L -

mC , mA and mP.

Unfortunately the ionic strength (and, hence, the activity
coéfficients) depends on the unknown concentrations. Either
equatien (41) must be replaced by a much mofe complicated equa-
tion, or one must solve the set of equations by an iterative
method, even in this simple example. One;such_mgthhd is_to use
a first guess of the unknown concentrations, mC™ and mA~, and
use these guesses to estimate ionic strength. This gives a first
estimate for the activity coefficients which allows one te solve
the equations to find a bhetter estimate of mCY, mAT and mF. These
values .can be uséd to determiné a better ionic strength estimate
and the procedure can be repeated (iterated) over dnd over 'until
negligible changes occur between each -iteration.

In geéneral, the main need for using an iterative solution
is not due to the activity coeffitient terms in equation (41),
since activity coefficients are relatively ingensitivg-to moder~
ate errors in ionic strength (and hence in mC” and mA™). In any
realistic problem there is a much larger set of equations (over
70 in WATSPEC) and. some sort of iterative method is necessary
even without the ionic strength/activity coefficient difficulty,

To illustrate this, I will simplify equation (41) further
by assuming all activity ceefficients have the value cne.
Equation (41) becomes

P = K mC' mA” ... (412)

21

B g e e nn o = — e



In this case (4la), (42) and (43} actually have an analytical
solution piven by

S W AR A T (- KincT-ma" 1) + 4 K AT ....(44)

and similar results for mA~ and mP, To make the probl%m less
abstract I will take arbltrary numerical values of mC

K .
mcl = mat = 1
K=1
Substitutidn into (44} gives

mC+ = /? -1

1

0,732051..,.

To solve the problem by iteration on a computer (necessary
jecause -an ‘analytical solution will generally riot be possible)
chere are a number of different possible approEEFes I will con-=
jider two only, a brute force method, which is: perhaps the most
sbvious one, and a continued fractlon method, which is the method
:mployed by WATSPEC. In the following the subscrlpt denotes the
irder of the iteration. In both methods we start with first
uesses of

mCT = mcl v (45)
mAT = mAT e (46)

n.the brute force methed, these estimates yield a first estimate
f mP

mPy = K mC) mAl

hen (42) and. de) ¢an be applied directly te give second esti-

ates of mC* and mA |

mST - X mC} mAl
mA7 = mAY - mP, = mAT - K mCr mA}

1 general the {n+l)-th estimate can be found from the n-th eésti-
ite using

u

mCE = mCT - mP,

nt. = mCT

X mC) mA e (47

mA =mA ~ X mC mA_ IO ¢ 15

g3+ O 4%

In the continued fraction method equatluns {42} and (43) are
st juggled a 1ittle to give (cf. equation (16))

-1 -1
+

mt = mCT }1 + DP

} T
mG*

= m 1 + K mA~

. (49)
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. =mAl 1+ Kmct . (50)

mAT = mAl ) 1 o+ PE
mA

If the same first estimates are used as before (equations {45)
and [467)) then seceond estimates will be given by
=1
nCr = mcT {1 + K mAT}

N -1
mAy = mAT {1 + X ch}

and the general iteraticn relations are {compare and contrast
with (47) and (48))

mc’,, = mcT {1 . K mA;} ' e (51)
- T 71 ,
T T N Y e (52)
The name of this method comes from substituting successively for
A;,,C;il, etc. in {51) to give a continued £raction
+ mCT
1+ K mch
1 + K mﬂ\-E

The table below tompares the results of the two iteration
schemes outlined above for the examplé with mCT = mAT = 1 -and
K= i Iteratlon 7 should be compared with the exact analytic
result, mct = .732051..

Tteration mmer, n 1 2 3 4 5 & 7

mC; (brute force) 1 0.5 0.875 .617188 .809540 .672323 .773991

ne) {continued fraction) 1 0.666667 0.75 727273 .733333 731707 .732143.

After seven iterations the brute force methed is still out by

041940 while the continued fraction method is only .cut by .000092

It takes the brute force method 27 iterations before its error
is less than this latter value.

It should be obvious from this example 'that the speed with
which the correct answer is approached {(and hence the computer
time used in getting a satisfactory answer) depends critically
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on the type of iteratien scheme used: in fact, in some circum-

stances, the brute force method never gets to a satisfactory
answer!. WATSPEC uses the continuéed Fraction method, modified

slightly to include activity coefficients, and is quite efficient
in its use of computer time. Other methods are available, some

of which are mathematically quite sophisticated and are a little
"more efficient than the continued fraction method. More detailed

discussions of the numerical aspects of chemical equilibrium

problems are piven by van Zeggeren and Story (1970), Wolery and

Walters (1975) and others.

HOW TO USE WATSPEC

WATSPEC i5 written in standard FORTRAN IV. The program

accepts; up to 1% total conceéntrations as input. Other input data

required are temperature -and pH (both essentizl) and density
{optional). Eh can be specified in any of 5 ways, or omitted.
Qutput is selective and contains 4 summary of input details,
PCOz, PO and PCHy, (as negative logarithms), ionic strength,
total dissolved solids, total inorganic carbon molality, ion

balance error, excess cation charge, species molalities for €9

species, and mineral saturation indices for 40 minerals. A source

listing and sample input and output are given in Appendix C,

Input is given on 2, 3, 4 'of 5 cards per sample. The number

of samples which may be anslysed at any one time is. arbitrary

and need not be specified. A card with 99 in columns 1 and 2 must

be placed after the last sample to indicate thé end of the data.

The simplest data irnput requirés two cards per sample; a (possibl

blank} indicater card to indicate the: extent of the ddta, and a

major species card giving details of 'total concentrations of the

species, calcium, magnesium, .spodium, potassium, chloride and

sulphate, together with titration alkalinity, pH and ‘temperature

(1f any major species concentrations are-unknown then they may
be left blank or specified as zerc on the major species card.
Due allowances should be made in interpreting the output). More
extensive data input requires more input cards (up to 5 per
sample} . :

CARD 1: Indicator card (Format; (211,?10.0)]

EURL AR

Column 1 gives the walue of FLAGl which indicates the pre-
sence; (FLAGL = 1) or absence (FLAGLl = blank, O, 2-8) of
reduction-oxidation data, Reduction-oxidation data, if
available, is given on a separate card [CARD 3).

Column 2 gives the value of FLAGZ. FLAGZ is the number of
miner species cards {i.e. species not included on CARD 2J.
Minor species data are given on CARDS 4 and (if necessary)
S. (If there is no reduction-oxidation data these will be
the 3rd and 4th cards). Each minor species card can have up
to 6 minor species so FLAG2 can be Q0 (or blank), I or 2.
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Columns 3 to 12 give solution density in gms/cc or Kg/litre
If density is upknown then this -may be left blank or assig;
‘ed any value less than 1.0; in both cases WATSPEC -assumes
density = 1.0,

- |
The simplest data input will therefore require a blank carc
for CARD 1.

2t Major species card (Format; (9F6.0})

Temperature IOC), pH and seven major species total <oncen-
trations are given on this -card. All cencentrations must

be as millimolarities (miilimeles per litre of solution)
except for titration alkalinity which is in milliequivalent
per litre of solution. The data must be in the following
order. Temperature, pH, total calcium, teotal magnesium,
total sodium, total potassium, total chloride, titration
alkalinity and tgtal sulphate. Unkhown values must be eithe
left blank 'or specified as zero.

3: Optional Eh card (Format,; (I11,2F10.0}}

Eh may be specified in any of five different ways. The type
of Eh input is speécified by the value of FLAG] given in
column 1, FLAG3 may have the values 1 te 5. Columns Z to 11
(ZZZ) give the value of the Eh variable, Columns 12 to Z1
(EZ} are only used if FLAG3 = 3.

FLAGY = 1: 1Z7 is the electrochemically measured field Eh
value: in volts, corrected for sample temperatur

FLAG3 = 2: 'ZZZ is ‘the uncorrected field Eh (Calomel refeh-
‘ence).

FLAG3 = 3: 2ZZ is the uncorrected field Eh (Calomel refer-
ence). With tliis option EZ (columns 12 to 21)
must also be specified. EZ is the Eh of a stand
ard Zobell's solution measured -at the same
temperature as the sample.

ELAG3

n
=

212 is the negative lpogarithm of the oxygen
concentration (in moles of O, per litre -of solu
tien). Eh is calgulated using the water-oxygen
redox pair (see equation (38) in the text).

FLAG3 = §: 2ZZ is the negative logarithm of the total sul-
phide concentration (in moles of H,5 per litre
of solution). Eh is calculated using 'the
sulphide-sulphate redox pair.

. CARDS 4 and 5: Optional minbr 'species cdrds. (Format;

(6(12,G1€.4)])

Details of minor species total concentrations arg‘given on
CARDS 4 (if less than or equal to six minor spécies) and 5.
All these concentrations must be specified in millimoles
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per litre of salution {same Units as CARD 2). Data must he
given as pairs of numbers with the species number (12]
followed by the concentration (G10. 4}, with uwp to six pairs
per card. SpECJes may be in any order. The species numbers
and the appropriate molal reference formulae are: 8, Al;

9, Fe; 10, Sri- 11, Baj; 12, Li; 13, NOy; 14, 5102, 15, E;
16, Br; 17, Hp5; 18 NH,. The G 1nput format is a general
Format which accepts both F and E input formatted data.

Input of data on species which participaté in redox re-
ctions requires further explanation. Data on minor species cards
akes precedence over data on the Eh ‘card in calculation of spec=
ation. This is significant for the sulphide- sulphate and ammgnia
itrate redox pairs. If Eh data of any form are given then sul-
hide ‘species can be calculated from sulphate and pe. This is.
hat WATSPEC daes. pnless total sulphide is given on a mimor
pecies card. In thTs case WATSPEC uses the minor species data.

. rerun of WATSPEC with total sulphide omitted from the minor
pecies cards would be needed to calculate the sulphide specia-
1on implied by sulphate and pe. If Eh data of any form is given
hen the ammonia-nitraté redox pair could be used to calculate
mmenium species frém nitrate and pe, or nitrate from ‘totdl
mmonia and pe. WATSPEC perferms these caleculations if they are
wssible and prints out the results, but does so independently

f the main spec1at1on calculations because this particular redox
air is rarely in equilibrium. Only direct nitrate and/or ammonia
oncentrations {on minor species cards) are used in the main
peciation calculations; implied concentrations are never used.

WATSPEC is not infallible. The program may fail if thermo-
ynamically inconsistent or incomplete data are given as input.
ailure is unlikely din ‘the 'nofmal' pH range of natural waters.
approximately pH 5 to 11}, and the program will accept some
1irly bizarre (though thermodynamically sensible) inputs such
3 negative alkalinity at very low pH (i.e. below 4.5). WATSPEC
(11 detect and signal the presence of the following probable
wonsistencies in the input data:

) Input of total iron with no Eh ddta given. In such a case
there is no way to cglculate the relative amounts of Ferrous
(Fe” } te Ferric (Fe } species. WATSPEC automatically
gives a warning and then calculates iron speciation using
the arbitrarily chesen pe value of 10.0.

) Input of total sulphide with no Eh data given. Since total
sulphate should almost invariably be an input variable, Eh
could be calculated using the sulphide-sulphate redox pair
{redox input option §). The fact that this option has not
been specified probably indicates an input error ahd WATSBEC
signals this and then proceeds to the next sample.

} No convergence after 50 iterations. In the event of this
extremely unlikely occurrence WATSPEC signals the fact,

outputs all details. as at the 50-th iteration and then pro-
ceeds to the next sample,
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{4) Negative bicarbonate .ion molality. If alkalinity and pH are
thermodynamically inconsistent (e.g. very low pH and large
positive alkalinity) thén WATSPEC will generally discover
this at the first iteration by obtaining a negative value
for mHCOs. If so, WATSPEC signals a warning and then pro-
teeds to the next sample.

(5] Density less than 1.0. If density on CARD 1 is neither
specified as greater than or equal to 1.0, nor left blank,
‘then WATSPEC will print out a warning and change density

“to 1.0.

Subroutine PRINT in WATSPEC only prints out a selection of
the data generated by 'the program. The program can easily be
modified by the user to print out other details. For example,
the user may wish to know individual species activities rather
than molalities. To obtain this information one need only re-
place the X in line D 52 ( WRITE(6, 70) etc.) by A. Activ-
ities will bhe then printed instead of malalltles, although the
output will stlll show the heading '+*##x INDIVIDUAL SPECIES
MOLALITIES !

Finally, 99.99 and -95.99 are used in the output te indicate
that there was insufficient data to calculate a .given parameter.
For example, if no Eh data is given, then pe, -log(P0;) and
-log (PCH4) will be printed out as 99.99; and if any component
of a mineral has zero concentration, or is unspecified, then the
saturation index for that mineral will be printed out as -99.99.
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* APPENDIX A

Key to species, minerals and reactions

In WATSPEC species molalities are labhelled X({I), 1=1,72,
activities are labelled A(I), I=1,74, and total concentratlcns
are Z(I}, I=1,18. X(I), A(I) and Z{I) are keyed together so that
X(1} and A{I) refer te the same species and Z[I) is the corres-
pand1n§ tatal concertration. For example; X(1} is the mplality
of Ca*t and Z(1) is the total calcium molallty, X(9) is the
molality of Fe{OH]?, and Z2(9) is the total iron molality. Z{I)
is also used for input total conceritrations as millimblarity,
but these are converted to molalities early in the program. A
listing of species is given in Table Al. Numbers &7, 69 .and 70
dré not used, nor are X(I) eguivalents to A(73) and A{?d}.»A{?S)
is only used in subroutine PRINT where it is assigned the fixed
value 1.

All equilibrium constant values .are calculated for the
gEiven température in subroutine EQUCON and are denoted by K(I),
I=1,77 {although not all vdalues of I are used). The constants
arve keyed to the species, and are all association constants
{except for K(73}). For example ; X(8) is HCO, and K(B) is the
associatidn constant for HCEO3; X(19) is the ion paiTt CaOH® and
K(18) is the association constant for CaOH™. The chemical re-
actions for all equ111br1um gohstdnts are glven in Table Al.
K{77) is the Henry's Law constant for COj.

Mineral dissociation constants (KMIN(I], I=1,40) are deter-
mined for the given temperature in ‘subToutine EQUCON Mineral
names and dissociation equations are listed in Table AZ. In prac
tice KMIN values &re not actually calculated and WATSPEC only
uses the lcgarmthmlc équivalents, PKMIN(I) where pK = -Yog{X).

WATSPEC calculates the temperature dependence of species
and mineral equlllhrlum constants using either the van't Hoff
equatlon (seé Garrels and Christ, 1965) or using an analytiec
expression. The thermodynamic data used in WATSPEC come from a
number of sources and are the same as those used in WATEQF
{(Plummer et al, 1976] with the follawlng exceptions:

(1) The Debye-HlUcKel constants (A ahd B in €qu.(19)) are cal-
culated using a quadratic fit to data in the range 0°C to
100°C. The fit is accurate to within .0003 for A and to
within .0001 for B. It is invadlid dhove 100°C,

(2) The activity coefficient of H,CO% is that calculated by

Nigley and Plummér [1876).

{3} The 6155051at10n constant for gypsum is that given by
Wigley (1973). The WATEQF value will be used by default if
line. B 46 [ BKMIN(17)= etc) in subroutine EQUCON
is removed or bypassed. " .

WATSPEC does not account for the pressure dependence of equili-
brium constants.
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TABLE Al ’

For calcite two options are available in the literature NUMBER SPECIES REACTION

(see Jacobson and Langmuir, 1974). WATSPEC chooses to include ++
the jon pair CaHCO} in its calculations and uses the appropriate ! Ca
dissociation constant for calcite. : 2 ) Mg++'
3 " Na*
4 oo
5 €1
6 HCO3 . €037 + HY = HCO;
7 S0~
8 AT(QH)% a4 aonT = AI(OH)S
) 9 Fe(0H)$ Fett s 3H,0 = Fe(OH)S + 30* + e~
10 srtt
N Ba*t
| 12 Li*
| 13 NO;
14 H.Si0%
g 15 H3B0%
16 Br '
t 17 HyS,q
: 18 NHY
| 19 caon* ca™ + on™ = caon’
120 Cacod ' catt + 03" = cacof
121 CaHCO? . ca™ + HCOF = CaHCO}
‘ 22 Cas0? ca** + 5077 = caso?
123 MgoH* Mgtt + OH™ = Mgon*
+24 MgCo3 Mg*t + €07 = Mgco®
30
... i
|
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T - .
ﬂw TABLE Al ~ continued

+
125 MgHCO, Mg** + HCO = MgHco? 52 Fe*
26 MqS0° ++ - ’ - -
950, Mg™" + S0, = MQSO? 53 Fec]: Fe++ + 2Ct = FEC‘: + e
27 o + - .
. NaCl Na™ + C17 = Nac1© 54 Feon* Fe™ + H,0 = FeoH* + n*
28 NaCo; + - -
3 Na” + C0;” = Naco; 55 Fe(0H)$ Fe' + 2H;0 = Fe(OH)S + 2w’
29 NaHCO0? Nat 4 HCOT = o ’ - ++ - +
, 3 = NaHCQ; 56 FeQOH Fe' " + 2H,0 = FeOOH + 3H
0 Naso, + - - -~
. 4 j Na  + S0, = NaSo, . 57 FESOB FeH' + S0, = FESOB
Q + - .
. kel K"+ €17 = kg1° ',f 58 sron’ srtt v o4 = srod*
+32 ; S0 = kSO
KSO, K™ + 50" = Kso; ’ 59 gaont Batt + OH™ = BaoW®
3 0 t - '
HC1 H" + 017 = u1© g 60 LioH® Lit + o = Lion®
34 co5" -- -
2 ’ 61 LiS0s Li* + s007 = Lisoq
t HSO, *osor - ) - )
N 'oo H™ + 50, = HSO, : +62 HS H,Saq = H+ + HS
H2S0, 2" + 507" = H,s00 63 §7" HS™ = W'+ 87
+37 HySi0; 10 -
38 10 HyS102 = H,Si05 + 4t 164 NH, ,aq NHY = NH, aq + H'
+ i0o" , -- -
H2$10, HuST02 = H,Si07” + 2m* 65 NH, SO% NHy + SOV™ = NH.SOj
39 A-|+++ . H+ _
. . 66 0,,aq 0.5 820 = 0.250, 39 + H + e
10 A10H AT 4 onT = mont ' 67 '
41 + . 4 -
M(Oii)z A 2007 = a1 (ony? : 168 H,C0% H* + HCOF = HaCO3
a2 A1s0, AT 4500 < arso! 69
43 . A1(50.)2 A]"NM + 250:_.= A](SO,‘); 70
44 : ;
¥ H2803 Hi80S = W' + W,80; ‘} 7 Kt
45 - Fettt Fe™ - ettty o- . -
. 72 OH
46 Fec1** o - P " i
. . - Fe +C1 = FeC) + e 4'? 73 Hzo H,0 = H+ + OH
++ - ! -
FeC13 Fe™™ 43017 = Fec19 4 o r 7 o $057 + 10HY + 8e™ = HaSq + 4H,0
48 . Feon** + . -
Fe'™ + Hy0 = Feou™ 4yt 4 - 75 HCOS + 9H® + 8e™ = CH, g + 3H0
b Fe(OH): Fe'tt + + - + - +
: * 2H20 = Fe(OH); + 2H* 4 o~ 76 NO3 + 10H™ + 8¢~ = NHy + 3H,0
0 Fe(OH)D ++ - .
; ( +)" Fer™ + aM0 = Fe(OH)] + an* 4 ¢ , + denotes analytic expression used in calculating equilibrium constant.
] Fesoy Fe™ 4 s0; - Fesoy + e~
52 33 '
i
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TABLE A2 -
NUMBER MINERAL REACTION '
1 Calcite €atoy = Ca™" + €03~
2 Aragonite Cato, = tatt + co5”
3 Anhydrite casoy = ca*t + S0y
4  Magnesite MgCO, = Mg™ + C05”
5 Halite NaCl:-= Na® % €1~
&  Strontianite sreos =-Srtt 4 oy
7 Celestite $rS0,. = Sr'F 4§05
= 8  Barite BasO, = Ba'' + S0,
9. Witherite BaCO, = Ba’' + ¢03"
10 Siderite FeCO; = Fe™ + €03”
1 Thenardite Naz$0, = 2Ma¥ + S0y
12 Brucite Mg{OH} = Mgt + 2007
13 Gibbsite A(OHYs = ATTYY 4 30H™
14  Chalcedony $10; + 2H,0 = H,5i0%
15 Quartz '$i05 +-2H;0 = H,Si05
16 Dolomite CaMg(€0s), = Ca** + Mg + 2003°
17 Gypsum £as0,-2H0 = Ca'™ 4 5007 + 2H,0
18 Nesquehonite MCO5 - 3H,0 = Mgt + COT™ + 3H,0
TABLE AZ - continued
19 Hirabilite eSO, +10H;0 = 2Ka’ + SOL™ + 1040
20  Mackinawite Fes + HY = Fe™ + HS
21 Huntite CaMgs (COa )y = Mg + ca™" + 4005
722 Goethite FeD(OH) + Hp0 = Fe'' + 30K
23 Boehmite AI0(OH) + H0 = AV 30
24 Hematite Fe0, + BH' + 2¢7 = 2re™ + 3H:0 .
25  Albite NaA151,05 +BH20 = Hat M(OH}: ’ 3Hfm 74 3H,5100 + 60K
26  Phlogopite g, A15T30y ¢ (QH)z + 1080 = K + Mg : e
?;}' pdularia (K-FE1dSpar] KA1S1,04 + BH20 = wt s M(DH):. + 3H¢,5i(_).. N .
Y g Muscovite (K-Mica) KAT3S13010(0H)2 + 12420 = K v 3 SOH),“ ' 3_,.H:3510k "
29 Anorthite Cahl 57,04 + BH2O0 = _Ca"H ' ZAL{‘QH}“ ) 2:";"0'. -
30 Talc 353,010 0K} 10H:0 = THg"T + ST + B0
N KaoHnitel A1,57,05(0H)y * 7H:0 = 2M(O). + ZHI'S‘IO: ' 2AH+
12 Halloysite ATaSE05(0)y + 7H20 = PAVORS ¢+ BRSO L D 8OH™
35 Chlorite MgsAl;515010(0H)a + 10M20 = g+ 2 {OHE; ’ 3?510& '
34 Pyrophynﬁite R12ST,00 (R + 12H:0 = 2:1(0**);: 4H“5i?h” +\ ZHlo
35 Hydromagnesite Mg (G0 }a (OH) 2" 3Ha0 = wg», s
36  Magnetite Fe,0, + 8H" + 2¢° = 3Fe™ + 4H,0



TABLE A2 - continued

Fett + 2ns

FeS, + 20t + 2¢”

Pyrite

37

= 3Fe’™ + aHs”

Fe;Su + 4H+ + 2e

Greigite

38

K.6Mg.25A15 351550, 0(0H), + 11.2H,0 = .6KY + .26Mg** + 2.3 AY(OM)T + 3.5M.5900 + 1

Illite

39

+ 24t

v+ 3.67 H.Si0°

a7ca*t + 2,33 A1(0H)

Ca.17A12. 33513 .67010(0H), + 12H,0 =

Ca-montmorillonite

40

A number of these minerals form solid solution series and only idealized formulae have been used.

NOTE :
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APPENDIX B

Glossary of symbols used in WATSPEC

A(I)
A(75)
AA
AL(I)
A2(1)
A3 (1)
B(I)
BB

o
CATXS
CHG (1)
CHH(I)
CTOT
DELH(1)

DENS
E
ELIMIT
ERROR
EZ
F(I)
FLAG1
FLAG2
FLAG3
G
GFW(I)
GMH20
GMSOLN
ITER
11(I)
12(1)
1S1(1)
1S2(1)
1S3(I)

activity of I-th species (I # 75)

1, used in subroutine PRINT ‘ )
Debye-HUckel constant, A in equation (19)
coefficient for calculation of K(I2)
coefficient for calculation of K(12)
coefficient for calculation of K(I2)

extended Debye-Hlickel parameter, b, in equation (19)

Debye-HUckel constant, B in»equati;n (19)
temporary variable label

excess cation charge

charge on species [

charge on species !

total inorganic carbon molality

enthalpy values for calculating K(I) using van't Hoff
equation

solution density (Kg/litre or gm/cc)

‘electron activity (= A(74))

test criterion for convergence

charge balance error (equation (34))

Eh of standard Zobell's solution

activity coefficient of I-th species

flag for signalling redox input

flag for signalling minor species input

flag for type of redox input

temporary variable label

gm. formula weight of I-th species

mass of water in one litre of solution (in gms)
mass of solution in one litre of solution (in gms)
counter for number of iterations

K(I1) are calculated using van't Hoff equation
K(I12) are calculated from analytic expressions
species number used in calculating IAP and SI
species number used in calculating IAP and SI
species number used in calculating IAP and SI
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101(I)
102(1)
K(I)
K(77)
KMIN(I)
NDATA
NX (1)
N1(I)
N2(I)
N3(I)
N4 (1)
PE

PH
PK(I)
PK25(I)
PKHO2
PKMIN (1)
PPCH4
PPCO2
PPO2
R(I)
SI(I)
SUMAN
SUMCAT
T

DS
TEMP
TEST
TKEEP
u

X(I)
XTOT
X13
X18

Y

(1)
122
117

........... O sav @nu g1
species number for determining order of output
mineral number for determining order of output
association constant for [-th species
Henry's Law constant for co,
disscciation constant for I-th mineral (not used)
number of input data sets analysed
minor species number for input
coefficient used in calculating IAP and SI
coefficient used in calculating IAP and SI
coefficient used in calculating IAP and SI
coefficient used in calculating IAP and SI
‘pe (= -log(E))
pH
~log(K(I))

PK(I) or PKMIN(I) at 25°C
-log (Henry's Law constant for 0,)

-1og (KMIN(I}) |
-log (CHy partial pressure in atmospheres)

-log (CO, partial pressure in atmospheres)

-log (0, partial pressure in atmospheres)
effective ion radius, a; in equation (19)
saturation index for mineral I
total anion charge
total cation charge
temperaturé in %k
total dissolved solids {gms per litre of solution)
temperature in °C
CTOT value stored from previous iteration
temperature of previous input data set
ionic strength

molality of I-th species
total solution molality

NO; molality implied by Eh and NH!

NHY molality implied by Eh and NOj
temporary variable label
total molarity or molality keyed to X(I)

Eh input variable value

total sulphide as specified ed i
rotting pEnade p ed on Eh card, used in sub-
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APPENDIX C . “

Program listing and input and output ‘examples

WATSPEC has been developed on an ICL 1903T computer. On
this computer, which is relatively small and slow, a typical
execution time for a single sample is 3 seconds. Compilation
takes approximately 40 seconds so that the total execution time
for ten samples would be about 70 seconds. WATSPEC has also been
run Successfully on an IBM 370/165 computer. Compilation time
on this machine is approximately 5 seconds, and execution time
is about 0.2 seconds per sample (using the G compiler). Storage
space required is approximately 19K on the ICL 1903T and SOK on

the 370/165.

WATSPEC is written in single precision, and this accuracy
is certainly adequate on ICL 1900 series computers (which have
11 figure accuracy for real arthimetic). On IBM 360 and 370
series computers (which have 7 figure accuracy in single prec-
ision) double precision may be necessary. All test cases run on
an IBM 370/165 in single precision did, in fact, give identical
results to those obtained on the ICL 1903T, but this may not be
the case if the convergence test criterion, ELIMIT, is reduced.

The program listing given over is followed by output for
two examples. The first is a water sample with a very detailed
set of chemical data including all major species, density, Eh
data and nine minor species. Five input cards are required. The
sample itself has a chemical composition similar to that of sea-
water (although the Eh value is unrealistic). The second sample
only contains information on pH, temperature and four of the
major species (viz. calcium, magnesium, sulphate and alkalinity)
This is an example which is close to the minimum amount of data
needed to specify the character of a water sample. Only two in-
put cards are required. The first card is a blank card which tel
the program that there are no Eh or minor species data, and that
density is unknown. WATSPEC automatically assigns a value 1.0
for the density in this case. The input cards are shown over.
Note that the last card, containing 9 in columns 1 and 2, is
required to indicate an end to the data input. Cards 1 to §
specify data for sample 1, and cards 6 and 7 specify data for

sample 2.
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Input cards

CARD
;12 1.03
2: 10- 7.5 10- 50 4

© 483-510- 550- 2. .
3: 102 2:5 30
4 81 E-039 .5 g-p4

0410 -9 E-0111 .2 E-0412 .2 -
5 14.7 E-0115 -4 E-0016 .8 £-qp EO3 -5 E-0
6:  (blank card)
7: 5. 7. 12 1.5 0

: 0- 0- 4. .

8 99 125

The Program listing follows:

see opposite page
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esvsvessee esssecenne

WATSPEC
[ EE RN NN ]
WATSPEC IS AN AQUEOUS MODEL FOR DETERMINING EQUILIBRIUM CHEMICAL
SPECIATION IN NATURAL WATERS. IT ACCEPTS UP TO 18 TOTAL SPECIES
CONCENTRATIONS AS INPUT. EH INPUT CAN BE INCLUDED IN ANY OF 3
OIFFERENT WAYS, OR MAY BE OMITTED. WATSPEC ACCOUNTS FOR UP TO 70
AQUEOUS-PHASE SPECIES AND COMPUTES SATURATION INDICES FOR 40 MINERALS
IR REERERNEN)
INPUT DETAILS : EACH SAMPLE REQUIRES 2, 3, 4 OR 5 CARDS
CARD 1 {2I11.F10.0)
FLAGl = 1 IF SAMPLE INCLUDES REDUCTION-OXIDATION DATA (CARD 3)
FLAG2 = NUMBER OF MINOR SPECIES CARDS (CAROS 4 AND/OR 5)
(6 MINOR SPECIES PER CARO SO FLAG2 = 0, 1 OR 2)
DENS = DENSITY (GM/CC OR KG/LITRE) : IF DENS IS MISSING OR INPUT
AS LESS THAN 1.0, WATSPEC PUTS DENS = 1.0
CARD 2 (9F6.0) : TEMP (DEG C), PH AND MAJOR SPECIES.
Z(1).I1°1,7 = MAJOR SPECIES TOTAL CONCENTRATIONS IN MILLIMOLES PER
LITRE OF SOLUTION (MILLIEQUIVALENTS FOR TITRATION
ALKALINITY] : SPECIES OROER, 1 = CALCIUM,
2 = MAGNESIUM, 3 = SODIUM, 4 = POTASSIUM, 5 = CHLORIOE
6 = TITRATION ALKALINITY, 7 e SULPHATE
CARD 3 (I1.2F10.0) : OXIDN-REDN DATA (OMIT IF FLAGY NOT EQUAL TO 1).
THERE ARE 5 INPUT OPTIONS INDICATED BY FLAG3. Z2Z IS THE
APPROPRIATE OATA VALUE. EZ 1S LEFT BLANK UNLESS FLAG3 = 3. EH
YALUES IN VOLTS.

OO0O0OO0O0O0

FLAG3 VALUE e* 222 **

1 MEASURED EH., TEMPERATURE CORRECTED

2 MEASURED EH, NOT TEMPERATURE CORRECTED

3 MEASURED EH, NOT TEMPERATURE CORRECTED. EZ MUST BE
SPECIFIED WITH THIS OPTION. EZ = EH OF STANDARD
ZOBELLS SOLUTION

4 OXYGEN CONCENTRATION AS -LOG(MOLES OF 02 PER LITRE
OF SOLUTION)

S TOTAL SULPHIDE AS -LOG(MOLES OF H2S PER LITRE

OF SOLUTION)

CARDS 4 AND 5 [6(I2,G10.4} : MINOR SPECIES. OMIT IF NO MINOR SPECIES
DATA. DATA INPUT IS IN PAIRS WITH SPECIES NUMBER FOLLOWED BY TOTAL
CONCENTRATION IN MILLIMOLES PER LITRE OF SOLN : SPECIES NUMBERS
8 (ALUMINIUM), 9 (IRON). 10 (STRONTIUM), 11 (BARIUM)., 12 (LITHIW),
13 (NITRATE), 14 (SILICATE AS SI02), 1S (BORATE AS B),16 (BROMIDE),
17 (SULPHIDE AS H2S), 18 {AMMONIA AS NH4+).

IF SULPHIDE IS ENTERED ON CARD 4 OR § THIS VALUE WILL BE USED FOR
CALCULATION OF SPECIATION EVEN IF MEASURED EH DATA IS GIVEN ON
CARD 3. TO FIND SPECIATION WITH SULPHIDE DETERMINED BY MEASURED
EH DATA OMIT SULPHIDE FROM CARD 4.

Cesessences us

C END OF DATA : A CARD WITH 99 IN COLUMNS 1 AND 2 SHOULD ALWAYS BE

C INCLUDED AFTER THE LAST DATA CARD TO DENOTE END OF DATA

Coveevecses

C THIS VERSION OF WATSPEC IS DATED FEB 1977.

colliilcooo
DIMENSION R(72).B(72),IPAIR(21),IR1(21),IR2(21).GFN(18) ,NX(11)
1.CHH(72)
INTEGER CHG,CHH,FLAG],FLAG2,FLAG3 |
REAL K,KMIN
COMMONA(75) .F(72).X(72).Z(72) ,AA,BB,CHG(72) ,CTOT . DENS , FLAG3 , GMH20,
1PPCH4 EZ,PE.PH.T.TEMP, TDS,U,222,X(77) . KMIN{40) ,PK(77) , PKMIN({40)
DATA IPAIR/19,20,21,22,23.24.25,26,27,28,29,30,31,32. 33,35, 58,59,
160.61,68/.IR1/4%1,4%2,4°3,4,4,71,71,10,11,12,12,71/, IR2/72.34.6.7,
272,34,6,7.5.34.6.7.5.7.5.7.3°72,7,6/,CHH/2,2.1,1,-1,-1,~2,-1.0,2,
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32,1,-1,0.0,-1,0,1,1,0.1,0.1,0,1,0.0,-1,0,=1,0,-1,0,-2,-1,0.-1,-2,
43,2,1,1,-1,-1,3,2,0,2,1,-1,1,2,1,1,0,-1, 0 1,1,0,-1,-1,-2,0,-1,5°0,
51,-1/.GFW/40.08,24.312,22.99,39.102,35.453,61.017,96.062,26,981,
655.847,87.62,137.34,6,939,62.005,60.085,10.811,79.909,34.08,
718.039/.R/5.,5.5,4,,2°3.5,5.4,5.,4.5,0.,5.,5.,6.,3,.,0.,2.5,4..0.,
80..6..0.,6. O 6. 5,0 4..0.,0.,5.4,0.,5.4, O 5 4,0..5.4,4.5,0..4.,
9S. d 9. 2'5 4,2°4.5,0.,9..5.,0.,5.,2%5.4,5.,6.,5.,5.,0.,5.,0..5.,
*§..0. S .3.5,5.,0.,5.,5°0..9. 3 5/ B/.165,.2, 075 2°.015,0.,~.04,
165°0. / ELXMIT/l E-06/.N ATA/O/ TKEEP/1000./
10 DO 20 I-1,72
CHG(I)=CHH{I)
2(1)=-0.
‘ .
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X(I)«0.
A(I)=0,

20 F(I)-1.
NDATA=NDATA+]
READ(S,220) FLAGL.FLAG2.DENS
IF((FLAGL.E0.9).AND. (FLAG2.€0.9))G0 TO 130
READ(S.230) TEWP,PH. (2(1),1-1.7)
IF(FLAGI.EO.IJREAD(S.240)FLAGJ.ZZZ.EZ
IF(FLAG2.GE.1)READ(S,250) ( (NX{1),Z(NX(1))),1=1,6)
IF(FLAGZ.GE.2]READ(5,250]((NX(I).Z(NX(I))).I'I,G)
¥RITE(6.170) NDATA
IF((DENS.GT.O.).AND.(DENS.LT.I.))WﬂITE(ﬁ.ZIO)DENS
IF((DENS.GE.0.).AND. (DENS.LT.1.))DENS=1.0
T-TEMP+273.15
IF (ABS(TEMP-TKEEP) .GT.0.1)CALL EQUCON
TKEEP=TEMP
PPCHA=99. 99 |
PE=59.99
CT0T=1000,
T0S-0.
GMSOLN=1000. *DENS
00 30 I=1,18

30 TOS=TDS+2Z(I)*GFW(I)/1000.
GMH20~GMSOLN-TDS
DO 40 I-1,18
2(1)=2(1)7GMH20

40 x(1)-2(1)
IF((Z{17).GT.0.).AND. (FLAGL.NE.1)) GO TO 120
A(71)=10.%+ (-PH)
X{(71)=a(71)
X(72)=K(73)/4(71)
A(73)=1.

C***** FIRST ESTIMATE OF HCO3- ACTIVITY.
X(6)=(2(6)4X(71)~X(72))/(1.42(1) *K(21)+2(2) *K(25)+2(3) *K(29)+
12.°(1.42(1) °K(20)42(2) *K(24)+2(3)*K(28) )/ (K(6)*A(71)))

IF(X{6).LT.0.0)GO TO 120
ITER-0

S0 IF(ITER.GE.S0) GO T0 120

Ce®®** CALCN OF IONIC STRENGTH AND ACTIVITY COEFFICIENTS.
u-0.

DO 60 I=1,72
60  U=U+.5°X(I)*CHG(I)*CHG(I)
XTOT=0.
DO 70 I-1,72
C'SQRT(U)'CHG(I)'CHG(I)'AA
IF(CHG(I).EQ.0)F(1)=10.**(0.1°U)
IF(CHG(I) . NE.O)F(1)=10.** (-C/(1.+BB*SORT(U) *R(1))+U*B(1))
IF(I.NE.71) A(1)=F(I}*X(1)

70 XTOT=XTOT+X(I)

C~TEMP*TEMP .
F(?B)-lo."(U'(JJ.5-.109‘TEMP#.0014'C-U°(1.5*.015'TEMP-.0004'C))
Vs s

C***** ACTIVITIES OF H20. OH- AND CO3--.
A(73)=1,~.017°XTOT
A(72)=K(73)*A(73)7A(71)

X(72)=A(72)/F(72)
A(34)=A(6)/(K(6)*A{71))

C***%* TEST FOR CONYVERGENCE .

TEST=CTOT
cror~X(s)oX(20)¢X(21)‘X(za)«x(zs)oX(za)*x(29)¢x(34)+x(sej
IF((ABS(TEST-CTOT)/CTOT).LT.ELIMIT)GO TO 110

ITER-ITER+1

C***** CALCULATION OF PE, 02, CH4 AND SULPHIDE SPECIES.
IF(FLAGI.EO.I)CALL PECALC

C***** SILICATE SPECIES.
A(14)=2(14)/(1./F(14)+(K(37)/F(37)+K(38) /F(38) ) /A(71))
A(37)=K(37)*A(14)/A{71)
A(38)=K(38)*A(14)/(A(71)*A(71))

C***** BORATE SPECIES.
A(15)=Z(15)/(1./F(15)+K(44)/(F(44)*A(71)))
A(44)-K(44)'A(15)/A(71)

C***** ALUMINIUNM SPECIES.

pomor o wt
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A 22
A 2]
A 24
A 25
A 26
A 27
A 28
A 29
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1(F(40) " A(72))4K(41) /F(41) ) +A (73 (K(42)7F (42)+K(43) *A(7)/F (43)))
C=A{39)*A(72)
A{8)=K(B)*C*A(72)**2
A(40)=K(40)°C
A{41)=K{41)°C*A(72)
A(az)-x(42)°A(3g;-n{;; )
43)=K(43)°A(39)°A d
?é((;LAél.zE.{).AND.(Z(Q).GT.O.)) PE-10. .
IF((FLAGY.NE.1).AND.(2(9).EQ.0.)) GO TO 8
C***** IRON SPECIES. .
E=10.°**(-PE)
A(74)=E
C=A(71)7A(73)
NI *A(S)/F(48)
=E*Z(9)/(E/F(S52)+K(S)/(F(9)*C*G)+K(45)/F(45)+K(46)*A( !
liﬁﬁig)EA%g)1‘g/F(£7)lK(£8)/(F(48)‘C)’K(49)/(F(49):G)’K(Sg){éF(so)
2G‘G)*K(51)'A(7)/F(51)*K(53)'A(5)'A(S)/F(53)4K(542 E/(;(3F257;)
3*K(55)'E/(F(SS)'G)#K(SG)'E/(F(SG)‘G‘A(71))*K(57) E*A(?)
Y=A(S52}/E
A(9)-K(9)*Y/(C°C)
A(45)=K(45) Y
A(46)~K(46) *Y*A(S)
A(47)=K(47)*Y* (A(5)**3)
A(48)=K(48) *Y/C
A(49)=K(49)*Y/G
A(S50)}=K(S0)*Y/(G*G) |
A(S51)=K{51)*Y*A(7)
A{53)=K(53)*Y*A(S5)*A(S)
A(S4)=K(54)*A(52)/C
A(55)=K(55)°A(52)/6G
A(ss)-x(ss)~A(52)/(%;§(71))
- CA(52)A
g?""AS?;%A$éSZAD gMM%NIUM SPECIES. REDOX EQUILIBRIUM IS NOT ASSUMED
sesee THESE SPECIES.
¢ 'Ii?g(lgi.GT.O.) A(la)'z(lﬂ)/(l./F(lﬂ)‘K(54)/(F(64)'A(71))*K(6§)
*A(7
1;éiéﬁié1.éo?{;c-1o.--(Px(7s)o1o.-PHoe.-Pan.°A&os10(A(73)))
IF((Z(IJ).GT.D.).AND.(FLAGI.EO.]))X!B'A(13){(C F(18))
IF((Z(18).GT.0.).AND. (FLAG1.EQ.1))X13=A(18)*C/F(13)
IF(A(18).GT.0.)A(64)=K(64) *A(18)/A(71)
IF(A(28).GT.0. JA(65)=K(65) *A[18)/A(7)
C***** ALL OTHER ION PAIRS.
00 90 I-1,21
90 A(IPAIR(I))=K{IPAIR(I))*A(IRI{I})*A(IR2(I))
A(36)=K(36)*A(71)*A(71)*A(7)
DO 100 1~1,.65
100 X(I+7)=A(I+7)/F{1+7)
C***** KEY SPECIES.

LGTL0L)X{1)=Z(1) /(1. +(X{19)+x{20)+X{21)+X(22))/X(1))
ii{ﬁ{é;.GT.o.gxgzg-Z(z)/(1.+(X(23)*x(24)4x(25)«X(26))/x(z))
IF(X(3).GT.0.)X{3)=2(3)/(1.+(X(27)+X(28)+X(29) +X(30))/X(3))
IF(X(4).GT.0. }X(4)=2{4) /(1. +(X(21)+X(32))/X(4)}) xa71e2.e
1F(X(5).GT.0.)X{5)=Z(5) /(1. +(X(27)+X(31)+X(33)+X(46)+3.*X(47)+2.

X(5

liéiizgg.éf?%.)X(7]-Z(7)/(1.*(X(22)#X(ZS)*X(30)*X(32]’X(35)+X(36)
1+X(42)+42,°%X{43)+X(S1)+X{S5T7)+X(61)+X(65)}/X(7))
IF(X(10).GT.0.)X(10)=2(10)/(1.+X(58)/X(10})
IF(X(11).6T.0.)X{11)=Z2(11)/7(1.+X(59)/X{11))
IF(X(12).6T.0.)X(12)=2Z(12)/7(1.+{X(60)+X(61))/%X(12)) ;
C=X(37)+2. *X(38) +X(44)+X(8) +X[62)+2. *X(63) +X(72)+X(60) -X(71)
C=X(37)+2.X{(38)+X(44)+X(40)+2.°X(41)+4.°X(8)+X(62)+2. X(?3)’X(54)
1+X(72)+X{19)+X(23)+X(58)+X{59)+X(60)-X(71)-X(33)-X{35)-2.°*X(36)
X(6)=(2{6)~C}/(1.+(X(21]+X(25)+X(29]+2. *(X(20)+X(24)+X(28}+X(34}})
1/X(6))
GO TO SO
FLAG1.EQ.1).AND.(Z(18).GT.0.)) WRITE(6,140) X13
1o %i%EFLAGl.EQ.l).AND.(Z(IJ).GT.O.)) WRITE(&,150) X18
IF((FLAG1.NE.1).AND.(2(9).GT.0.)) WRITE(6,160)
CALL PRINT
GO 70 10
120 IF(ITER.GT.50) WRITE(6,180)
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A 87,
*n 88
4 89
A 90.
A0l
A 92
A 93
A 94
A 95

A 96
A 97
A 98
A 99
A100
Al01
A102
A103
Al04
Al05
A106
A107
A108
A109
Al10
Alll
Al12
Al11)
All4
All5
Al16
All7

All8
Al19
4120
A121
- Al22
A123
Al24

A125
Al126
Ax27
A128
A129

A0
A131
All2
A133
Al34
Al135
Al136
A137
Al38
A139
Al40
Al4l
Al42
Al43
Ald4
Al45
Al46
Al47
Aldg
Al49
A150
Al151
A152



130
140

150
160

170
180

190
200
210
230

240
250

IF(X(6).LT.0.) WRITE (6.190)
IF((ZX?.GT.O.).AND.(FLAGI.NE,I)) WRITE (6,200)
IF(ITER.GT.50) CALL PRINT

GO TO 10

CONTINUE

FORMAT(//.' NH3 AND PE DATA GIVEN : NH3, PH AND PE IMPLY NO3- MOL
1ALITY «' E11.4)

FORMAT(//." NO3 AND PE DATA GIVEN : NO3, PH AND PE IMPLY NH4+ MOL
1ALITY »° E11.4)

FORMAT(//,°' FE TOTAL > ZERO BUT NO EH DATA CARD : PE ARBITRARILY

1ASSUMED EQUAL TO 10.0°)
FORMAT(1H1,* ****s SaMPLE NUMBER’ , 14)

FORMAT(//." NOT CONVERGED AFTER 50 ITERATIONS. RESULTS AT THIS §
1TAGE ARE ...,. ') '

FORMAT(1X, * SAMPLE REJECTED : HCO3 < O, POSSIBLE PH OR ALKALINIT
1Y ERROR") ~

FORMAT(1X, * POSSIBLE DATA INPUT ERROR : TOTAL SULPHIDE SPECIFIED
1 BUT NO EH DATA CARD')

FORMAT(1X,* WARNING, DENSITY SPECIFIED AS'.F6.3.' VALUE CHAN
1GED 70 1.0°) )

FORMAT(211,F10.0)
FORMAT(9F6.0)
FORMAT(I1,2F10.0)
FORMAT(6{12.610.4)}
STOP

END

SUBROUT IHE EQUCON

C***** THIS SUBROUTINE CALCULATES ALL EQUILIBRIUM CONSTANTS AND
Ce**** DEBYE-HUCKEL CONSTANTS,

10

M '31"’"""“”%@"%?@" D

DIMENSION ]1(39).12(15).PK25(78).DELH(78).AI(IS).AZ[IS).A3(15)
INTEGER CHG,FLAGL,FLAG2,FLAG]
REAL X,KMIN
COMWONA(?S).F(72)‘X(72).2(72)‘AA.88.CHG(72).CTOT.DENS.FLAGJ.GMNZO.
1PPCH4.EZ.PE.PH.T.TEMP.TDS.U.ZZZ.K(77).KMIN(40).PK(77].PKMIN(40)
DATA 11/8.9.19.22.26.27.28.29.30.31.33.36.40.41.42.43.45.46.47.48.
149.50.51.53.54,55.56.57.58.59.60.61,63.55.66.73.74.75.76/.12/6.20.
221.23.24.25.32.35.37.38.44.62.64.68.77/

DATA PK25/-33.938, 26571, -1.4 . -2.309, -2.238, 1.602. -1.268,
1 .25, -0.72 , 1.585, 6.1 , 1. . -8.998,-18.235, -3.2 ,
2 -5.1 , 13.013, 11.6 , 11,925, 15.473, 20.173, 34.894, 8.886,
3 10.919, 9.319, 20.57 , 29.458, -2.2 . -0.82 , -0.84 , -0.2 ,
4 -0.64 , 12.918, -1.11 , 21.49s, 13.998,-40.644,-30.741,-119.077
3. 8.215, 4.548, 8.24 , -1.582. 11.41 . 5.974, 9.756, 13.32 ,
6 10.55 , 179, 11.41 |, 32,77 , 3,523, 4.005. 17.02 , 4.7s59,
7 5.211, 1.113, 4.631, 30.51 , 41.2 . 33.41 ,-24.15 , 18. .
8 63.53, 20.57 , 49.09 , 19.33 , 62.29 . 36,91 , 32.82 . 90.61 ,
9 42.43 , 37.82 ,-32.67 , 18.48 . 17.97 |, 40.31 , 45. /

DATA DELH/ -9.32 , 00, 119, 1.5, 1.27, .0 8.911,
1 . 1.1, .0, 18.63 , 10. . 1.99 , 0, 2.29 ,
2 3.07 . 9.7 ., 18.152, .0, 20.115, 00, .0, 15.92 ,
3 .0, 13,218, 28.565, 32,995, .56 . 1,18, 1.75 . 4.832,
4 0,121 -0, 33.457, 13.345,-65.44 ,~57.43%,-187.055
S ., -2.959, -3.769, -6.169, -918, 2,361, -1.054, 6.141, 6.95 .
6 -5.328, -0.572, -85, 14.47 . 4,615, 6.22 , -8:29 f .261,
7 -4,551, 18.987, -0 ,-25.76 . 25.555, 11.905,-49.65 , 25.896,
8
9

.0, 30.82, 67.86 . 17.53 . 45,065, 49.15 , 44.68 , 54.76 ,
.0 ,-25.52 ,-68.86 , 11,3 .0, 54.684, 58,373/

DATAAI/-6.498.-27,393.-2.95..684..991.2.319.3.105.-5.3505,6.368.39
1.478,28.6059.11.17..6322.-14.8435.-14.0184/.A2/.02379..05617..0133
2..0051295..00657.-.011056,0...0183412.-.016346.-.065927..012078.-.
.302386.-.001225..032785..015264/.A3/2902.39.4114..0..0..0..0..-673.
46.557.25.-3405.9.-12355.1,1573.21.-3279..-2335.76.3404.71.2385.73/

D0 10 I-1,39 . .

PK(II(I)]-PK25(I)#OELH(I)‘(25.-TEMP)I(T'1.3642378)

IF(I1(1).NE.78) K(Il(I))-lO."(-PK(II(I]))

DO 20 I=1,15

PK(12(I))--AI(I)-A2(I)’Y-AJ(I)/T

IF(I.EQ.G)PK(IZ(I))-PK(I2(I))~2.29812E~05'T'T

IF(I.EO.II)PK(IZ(I))-PK(IZ(I))013.2258'ALOGID(T)§PK[73)

X(I2(]))-10."(—PK(IZ(I)))

PRSI

A153
A154
A1SS
A156
A157
Al158
A159
A160
A161
A162
A163
Al64
A165
Al66
Al67
Al168
Al69
A170
A17)
A172
Al73
Al74
Al7S
A176
A177
A178
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12
13
14
15
16
17
18
19
20
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22
23
24
25
26
27
28
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30
31
32
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s
k11
37
38
39
40
41
42
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30

=1,39

ggu}s(§*1)-PK25(1+39)ODELH(3833%’(25.—TEMP)/(T'1.3642378)
KMIN(1)=-13.543+.0401°T+3000.
:KzINEI;)-A.GSBS-TEMP'(.004545-.000101‘TEMP)

AA=_ 4B86I+TEMP*7, 4BE-4+TEMP*TEMP*3 . B3E-6
88=.32415+TEMP*1 . 65E-4+TEMP *TEMP*2.0E-7

RETURN

END .

SUBROUTINE PECALC

C***** THIS SUBROUTINE CALCULATES PE, 02, CH4 AND SULPHIDE SPECIES.

10

INTEGER CHG.FLAG],FLAG2,FLAG)
REAL K.KMIN
COMMONA(75) .F(72) ,X(72).2(72) . AA.BB.CHG(72) ,CTOT,DENS, FLAG3 . GMH20,

‘1PPCH4 E2,PE . PH, T, TEMP,TDS,U,22Z,K(77) ,KMIN(40) .PK(77) ., PKMIN{40)

c-ALoclo(A(7i;éH -
IF(FLAG3.EOQ. -
IFEFLAG3.EO.Z)EH-ZZZ#.2440.00086'(25.-TEMP)

IF{FLAG3.EQ. 3)EH=222+.429+.0024%(25. -TEMP) -EZ

IF(FLAG3.LT.4) PE-EH/({1.98422E-04°T)

IF(FLAG3.NE.S) Goclgzégxooo )

=10.%*(-222)/ / .

i%;7§92175(§./;(57)tx(62)'(1./F[62)¢K(63)/(F(63)'A(71)))/A(71))
PE=(-ALOGLO(A(17))-4.*C+ALOGIO(A(7))-10. *PH-PK(74))
IF(FLAG3.EQ.4) A(66)=10.°%*(-222)*F(65)/(GMH20/1000. )

IF(FLAG3 .€0.4)PE=PK(66) - . 5*C-PH+ 25+ ALOGIO(A(68))
1F(A(7).cr.o.)c--Px(74)«ALoggo§;izg;;1gé'PH&e. PE-4.°C

.GT.0.).AND. (G.GT.-75. «10.°* .

{i{é?gzg.gT.O.;A(17)£z(l7)/(1./F(17)¢K(62)'(1./F(62)4K(63)/(F(63)
1A(71)))74(71))

A(B2)=K{62)*A(17)/A(71)

A(63)=K(53) *A(62)7A(71)

G=4. *(PE-PK(66)+.5°C+PH) .

IF((FLAG3.NE.4).AND. (G.GT.-75.]1)A(66)=10."°G

PPCH4=8, *PE+]. *C+PK(75)+9. *PH~ALOG1O(A(6))

RETURN

END

SUBROUTINE PRINT

C***** THIS SUBROUTINE CALCULATES SATURATION INDICES AND OTHER QUTPUTS.

10

OIMENSION IS1(38).152(38),153(38),154(38),N1(38),N2(38).N3(38).
1N4(38) .S1(40) ., 101(69).102(40)

INTEGER CHG.FLAGL,FLAG2, FLAG3

COIONALTS) T.DENS. FLAG3 ., GMH20
COMMONA{75) .F(72) .X{72) .Z(72} . AA.BB,CHG(72) ,CTOT . DENS. o
1PPCH4 ,EZ,PE .PH.T, TEMP, TDS,U. ZZZ.K(77) .KMIN(40) . PK(77) ,PKMIN{ 40)
DATA 151/3°1.2,3.2°10,2*11,52,7,2.39,214,2°1.2,7,52,1,45,39.52.3,
13°4,1,2,4°8.2,3°74/ . N1/23°1,2,5%1,3,4°2.4.3°-2/.152/2 34.7.34.5.
234.7.7.2°34,3.272.273.2.7,34,3,62,2.2°72,71.5°8.72, 2 71.22.3;._2
3.3771/.K2/10°1.2°2.3.2°-2,311,2.1.3'3.-6,3°1.3,2.6,2°2,8.3°2. 8,
4,-4/,183/15°75,34,3+73.71,.34 1573, 2"62/iN3/15°0,22.3,10, -1, 4,
sz°=1.3.-s.-1o.-s.-1z.-s.-1o.2~-7.-1oé-§2;35452i4;}154123 7s.7a,

*14,34,3°52/.N4/23°0,-2,4°3,2.4,2°2,3,4,3,3.1,

Gégrn 101/72,34.6,7,5.1.19,20,21,22,2,23,24,25.26,3,28,29,30,27,4.3
12.31.11,59.10.58.12.60.61.14.37.38.39,40,41.8.42.43.45,48.49ig.§g.
246.50.47.51.52,54.53.36.57.18,64.65.13.71.36.35.33.17 .62.63. 16,15,
344,68.66/, 102/27.25.3,29,2,8.23.12,1,40,7,14,33,16,13,22_ 38,175,
432.24.21,35,39.31,28,20,4,36.19,18,26,37.34.15,10,6,30.11.9/
A(75)-1.

PP02-99.99

SUMCAT=0.

SUMAN=0.

00 10 I~1,40

51(1)+-99.99

DO 20 I=1,

1(1)).GT.0.).AND. (A(1S2(I}}.GT.0.).AND. (ACIS3(I})}.GT.0.].

lizgfﬁifiss(ig).GT.O.))Sl(l)-Nl(l)'ALOGlO(A(ISl(I)))*NZ(I)'ALO?IO&A
2(152(1))) +N3(1) *ALOGIO(A(ISI(1)) J+NA() *ALOGLO(A(IS4(1))) +PKW M)

IF(S1(26).GT.-99.99)S1(26)=51(28)+3. *ALOGIO(A(2)}+6. *ALOGLO(A(72] )

IF(S1(28).GT.-99.60)S1(28)=51(28)+2. *ALOG1O(A(71})

43 .
M4

B 45,

8 46 ¢

B 47 ¢

B 48 “
B 49
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IF(SI(33).67.-99.99)SI(33)=51(33)+5. *ALOGIO(A(2)) D 32
IF((A(2).67.0.).AND. (A(4).GT.0.).AND.{A(8).GT.0.).AND. (A(14).GT.0. D 33
1))SI(39)=.25*ALOGLO(A(2))+.6°ALOGLO(A(4))+2.3*ALOGIO(A(8))+3.5" D 34
2ALOGLO(A(14))+1.2°ALOGLO(A{71) }-11,2° ALOGLO(A(73) ) +PKMIN{30) D 35 ’
uwnMMwaW.wquhwnwmwmm»mnwwnq.o.v.>zo.a>-av.oq.o.vvmuﬁboy..pq.>roo 0 36
+2, A(8))+3.67°ALOGI0(A{14)}+2.°A -
212, *ALOG10(A(73} ) +PKMIN(40) (4141342, *aLoctoa(rn)) w ww
00 30 I~1,72 D 39
IF(CHG(1).GT.0)SUMCAT=SUMCAT+CHG (1) *X(1) D 40
30 IF(CHG(I).LT.0)SUMAN=SUMAN-CHG(I}*X(I) 0 41
DO 40 I-1,18 D 42
40 2{1)=2(1)*GMH20/1000. 0 43
WRITE(6.50) (Z(I},1-1,18) 0 44
PKHD2=2,860-2.8(25.-TENP)/(T*1.3642378) 0 45
IF(A(66).GT.0.) PPO2=-ALOGLO(A(66))-PKHO2 D 46
PPCO2--ALOGLO(A(68))-PK(77) D a7
CATXS=SUMCAT - SUMAN 0 48
ERROR=100. *CATXS/ { SUMCAT +SUMAN) D 49 y

!k~ﬂmﬁm.00~.vI.vm.AMIV.DmZm.tvnON.vaN.vvnIA.C.ﬂOM.ﬂAOH ERROR
1CATXS.A(73) ’ ' b

WRITE(6.70}(X(101(1)).I=1,69) W ww \
WRITE(6.80) (SI(I102(1)).I=1,40) D 53 :

50 FORMAT(//," ***** INPUT DATA (MOLES PER LITRE OF SOLUTION : EQUIV D 54
1ALENTS PER LITRE FOR ALKALINITY)',/,

2' CATOT® E12.4," MGTOT',E13.4." NATOT'.E11.4,°' KTOT" ,E12.4, W ww
3' CLYOT' ,E12.4," ALK',E14.4,/,° SO4TOT'.Ell.4,° ALTOT' ,E13.4, D 57
4’ FETOT'.El1.4,' SRTOT',E11.4,' BATOT',E12.4,° LITOT' (E12.4,/ D S8
$' NO3TOT' ,El1.4,° SIO2TOT',E11.4, BTOT',E12.4," BRTOT', . 0 59
6E11.4,° H2STOT'.E11.4," NH4TOT',E11.4) 0 60
60 FORMAT(/7," PH =',F6.2,° PE ='.F6.2," TENP =',F6.2,'DEGC O 0 61
1ENSITY =° F6.3.°GM/CC*., /,' -LOG(PCO2) =',FS.2,' -LOG(PO2) =", 0 62
2F6.2,° -LOG(PCH4) =",F6.2, /., IONIC STRENGTH ='.F8.5." TOTA 0 63

3L DISS SOLIDS =',F6.2, 'GM/LITRE SOLN  TOTAL INORG CARBON MOLALITY D 64
4 =’ ,Ell.4, /,° ION BALANCE ERROR =' F6.2, -ERCENT CATION EXCES D 65
55 «° ,Ell.4," (CHARGE*MOLES) H20 ACTIVITY =' F7.4) 0 66

. . . O mm
2GONIT'.F7.2,° BARITE ‘.F7.2.°' BOEWMITE'.F7.2./,' BRUCITE '.F7. D 89

70 FORMAT(/7,* ***°¢ [INOIVIDUAL SPECIES MOLALITIES te*t,/7,21X, OH- ’
1 ‘.Ell.4," CO3-- * E11.4,° HCO3- * E11.4,' S04-- '.E11.4," C W MM _
2.~ ‘.E11.4./," CA++ * E11.4," CAOH+ ',El1.4,° CAC030° ,E11.4, 0 69
3 CAHCO3',E11.4," CAS040',E11.4,19X,/,° MG++ ‘.E11.4,°' WMGOH+ . b7
4'.E11.4,' MGC0J0'.E11.4,' MGHCO3' E11.4.' MGS040° L E11.4,/, 0D 71
S° NAa+ ' _E11.4,19X,' NACO3-'.El1.4,' NAHCO3'.El1.4,' NASO4-*, D 72
6E11.4,° NACLO ' ,E1l1.4./.,' X+ *.E11.4,57X," KS04- ‘,Ell.4, D 73 ’
7' KCLO °,Ell.4,/," BAe+ ' E11.4,' BAOH+ '.E11.4./,'| SR+ D 74
8E11.4,' SROH+ ' ,Ell1.4,/,° LI+ ‘.E11.4," LIOHO ', E1l.4,38X, D 75
9° LISO4-',E11.4,/,' HA4SIO4" E11.4,' H3ISIO4' E11.4,° H25104° 0 76
* LE11.4.7,° AL+++ ° E11.4," ALOH++' E11.4,° ALOH2+' (E11.4.°' AL o7 |
10H4-" ,E11.4," -ALSO4+",E11.4,° - ALSD42' E11.4./,° FE++s ',E11.4, 0 78
2' FEOHe+' E11.4," FEOH2+' ,E11.4.' FEOH30’,E1l1.4," FEOH4-", 0 79 ’
JE11.4,° FECL++' ,E11.4,/,21X, 'FECL2+' E1l1.4," FECLJ0" .Ell.4, 21X, D 80 ”
4'FES04+' E11.4./,° FE++ ° E11.4,° FEOH+ °,E11.4,' FEOH20',E11. D 81
54, FEOOH-' .E11.4,' FES040° ,E11.4,/,' NH4+ * E11.4,' NHIAQ ° D 82
6E11.4,40X, "NH4S04° ,E11.4," NOI- ‘', E11.4./.° H+ ..muw.a.aox.. 0 83
v.xwmoao..m~n.a.. H304- " E11.4,° HCLO °,E11.4./.' H2SA0 '.E1l. 0 84
84, HS- ‘.E11.4," S-- *.E11.4,40X, 'BR- '.E11.4,/,° H3B030 D 85 "
9'.E11.4,° H2B03-' E11.4,.40X, "H2CO3*' E11.4,° 0240 ' E11.4) D 86

80 FORMAT(//,° ®**** WINERAL SATURATION INDICES *te",//° ADULARIA® 0 87
1.F7.2," ALBITE ' ,F7.2.' ANHYDRIT' ,(F7.2.' ANORTHIT' ,F7.2,* ARA 1

SAMPLE NUMBER

32.° CALCITE '.F7.2,° CA-MONT °'.F7.2,' CELESTIT'.F7.2.° CHALCE

. C : F7.2, F7.2, D o]
4aN* F7.2, CHLORITE' ,F7.2," OOLOMITE',F7.2./,' GIBBSITE' F7.2," o] Mw
S GOETHITE® ,F7.2,' GREIGITE',F7.2.' GYPSUM °.F7.2.° HALITE ' .F 0 92

67.2,° HALLOYST'.F7.2," HEMATITE'.F7.2./.° HUNTITE °* :

TROMAG® F7.2," ILLITE *.F7.2," x»oruzmq..mq.w.qu m-zmmw.wn.mQ¢wc 5 o4
8° MACKINAW'.F7.2,° MAGNESIT'.F7.2,/,° MAGNETIT' F7.2.' MIRABIL b 95
9T'.F7.2," NESOUEWO',F7.2.' PHLOGOPT' ,F7.2.' PYRITE *.F7.2.° P D 98
‘YROPHYL'.F7.2,' QUARTZ '.F7.2,/.° SIDERITE'.F7.2,' STRONTNT'.F 0 97

17.2,° 7TALC 'WF7.2,° THENARDT',F7.2,° WITHERIT' ,F7.2) D 98
RETURN D 99
END 0100

i

IELL S AR Rl TE L T o
:

L]
at »

-0.58
0.44
-2.93 HEMATITE 10.03
0.25
0.18

0.5506€E 00
0.4830E-04
0.1417E-14
0.8046E-03
0.9534E-47

0.2500E-02°

-06 FETOT 0.5000E-07 SRTOT 0.9000E-04 BATOT 0.2000E-07 LITOT 0.2000E-04

-04 BTOT 0.4000E-03 BRTOT 0.B80C0E-03 H2STOT 0.GOQCE OQ NHATOT Q.00QCE 00
-0.91 BOEHMITE

0.61 OOLOMITE
-3.19 OQUARTZ

H2C03* 0.1013E-03 02AQ

0.1621£-01 CL-
0.1498E-03 KCLO
0.9622E-08 HCLO

0.7089E-08 CACO30 0.2928E-05 CAHCO3 0.2833E-04 CAS040 0.1091E-02
0.80 MACKINAW -58.30 MAGNESIT

H20 ACTIVITY = 0.9808
-0.41 BARITE

-0.37 CHLORITE
-2.47 HALLOYST

-91.83 PYROPHYL
-0.68

FEOH4- 0.6375€-09 FECL++ 0.3142E-16
NH4S04 0.000CE 00 NO3- - 0.5028E-05

LI1S04- 0.2776E-06
FESO4+ 0.5292E-16

KS04-
0.4266E-07 FEOH+ 0.6906E-10 FEOH20 0.1753E-14 FEOOH- 0.8391€-16 FES040 0.4038E-08

TOTAL INORG CARBON MOLALITY = 0.2573E-02

0.1911E-02 SO04--
~5.10 ARAGONIT
-1.32 CHALCEDN
-0.55 HALITE
1.33 K-MICA
-5.82 PYRITE

ALOH4- 0.9964E-07 ALSO4+ 0.2490E-12 ALS042 0.5676E-13
-3.29 WITHERIT

KTOT 0.1000E-01 CLTOT 0.5500E 00 ALK

H25040 0.2641E-18 HSO4-

: EQUIVALENTS PER LITRE FOR ALKALINITY)
FEOH30 0.2531E-08

DENSITY = 1.030GM/CC

-LOG(PCH4) = 65.87

TOTAL DISS SOLI0S = 35.74GM/LITRE SOLN
0.5573E-05 NAHCO3 0.2138E-03 NASO4- 0.72956-02 NACLO 0.2536E-02

0.6184E-05 HCO3-
-0.74 ANORTHIV
0.18 CELESTIY
3.30 GREIGITE-218.64 GYPSUM
0.80 KAOLINIT

-2.74 PKLOGOPT
-0.00 THENARDY

MGCO30 0.1158E-04 MGHCO3 0.2925E-03 MGS040 0.5426E-02
0.2341E-67

NACO3-

CATION EXCESS = 0.3977E-03(CHARGE *MOLES)

0.5000E-01 NATOT 0.4835E 00

0.1000E

NO3ITOT ©.S000E-05 S102TOY 0.7000E
-0.84 -ANHYDRIT

TEMP = 10.000€G C
0.1531E-06 C€03--
-0.10 CA-MONT
-2.37 ILLITE
-1.68 NESQUEHO

0.89 TALC

-LOG(PO2) =~ 44.20
0.5914E-62 S--

: NO3. PH AND PE IMPLY NH4+ MOLALITY = 0.5865E 18
H3B030 0.3867E-03 H2B803- 0.1562E-04

0.03PERCENT
FECL.2+ 0.7997E-16 FECL30 0.1377E-17

3.56
OH-

0.89356-02 CAOH+

PE =
0.18 ALBITE

-4.48 CALCITE
-1.13 GOETHITE
~2.25 HYOROMAG
7.76 MIRABILT

0.0000E 00 NH3AQ 0.0000E 00
-3.52 STRONTNT

0.4162E-07

0.9052E-04 SROH+ 0.1535E-10
H25A0 0.1453E-62 HS-

0.1984E-04 LIOHO 0.1156E-11
H4S104 0.70206-04 H3S.04 0.208BE-06 H25104 0.5672E-11

Al+++ 0.4861€-12 ALOH++ 0.1491E-10 ALOH2+ 0.9218E-09
FE+++ 0.1779E-16 FEOH++ 0.3151E-12 FEOH2+ 0.3486E-09

0.4456E-01 MGOH+ 0.2422E-06
0.2012E-07 BAOH+ 0.2136E-14

0.4762E 00

INPUT DATA (MOLES PER LITRE OF SOLUTION
0.9860E-02

INDIVIDUAL SPECIES MOLALITIES
MINERAL SATURATION INDICES

7.50

-LOG(PCO2) = 2.66
GIBBSITE
HUNTITE
MAGNETIT
SIOERITE

CATOT 0.1000E-01 MGTOT
BRUCITE

SO4TOT 0.3000E-01 ALTOT

NO3 AND PE DATA GIVEN
IONIC STRENGTH = 0.66321

ION BALANCE ERROR =

PH »
snens
CA++
WG++
NA+
K+
BA++
SR++
LI+
FE++
NH4+
He
ADULARIA
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te***  SAMPLE NUMBER 2 et
*t** INPUT DATA (MOLES PER LITRE OF SOLUTION : EQUIVALENTS PER LITRE FOR ALKALINITY)
CATOT 0.1200E-01 MGTOT  0.1500£-02 NATOT 0.0000E 00 KTOT 0.00COE 00 CLTOT 0.CO00E 00 ALK 0. 4000E-02
S04T0T 0.1250E-01 ALTOT  0.0000F 00 FETOT 0.0000E 00 SRTOT 0.0000E 00 BATOT 0.0000E 00 LITOT ©.0000E 00
NO3TOT 0.C00OCE 00 SIO2TOT 0.C000E 00 BTOT 0.0000E 00 BRTOT 0.0000E 00 H2STOT 0.0000E G0 NH4TOT 0.0000E 00
PHe 7.00 PE=99.95 TEW = 5.00DEG € DENSITY = 1.000GM/CC m_
-LOG(PCO2) = 1.77 -LOG(P02) = 99.99 -LOG(PCH4) = 99.99 .
IONIC STRENGTH = 0.03904 TOTAL DISS SOLIDS = 1.96GM/LITRE SOLN  TOTAL INORG CARBON MOLALITY = 0.S068E-02 I
ION BALANCE ERROR = -4.8BPERCENT CATION EXCESS =-0.2004E-02(CHARGE *MOLES) H20 ACTIVITY = 0.9995 B
' ]
*****  INDIVIDUAL SPECIES MOLALITIES *°+ I
1
OH- 0.2387E-07 CO03-- 0.1784E-05 HCO3- 0.38758-02 S04-- 0.8822£-02 CL- 0.0000E 00 _m
CA+¢  0.8599E-02 CAOH+ 0.2250£-08 CACO30 0.4226E-05 CAHCO3 0.9594E-04 CAS040 0.3324E-02 _ i
MG++  0.1100E-02 MGOH+ 0.1736E-08 MGCO30 0.3683E-06 MGHCO3 0.2382E-04 MGS040 0.3786€E-03 v
NA+ 0.0000E 00 NACO3- 0.0000E 00 NAHCO3 0.0000S 00 NASO4- 0.0000E 00 NACLO 0.0000E [8.¢] i
K+ 0.0000E 00 - KS04- 0.0000E 00 KCLO 0.0000F 00 _Aw..Jvl.
BA++  0.0000E 00 BAOH+ 0.0000E 00 e
SR++  0.000CE 00 SROH+ 0.0000E 00 . Hn
LI+ 0.0000E 00 LIOHO 0.0000E 00 LIS04- 0.0000E 00 B¢
H4S104 0.0000E 00 H3SI04 0.0000E 00 H2S104 0.0000E 00 § AR
AL+++ 0.0000E 00 ALCH++ 0.0000E 00 ALOH2+ 0.0000E 00 ALOH4- 0.000CE 00 ALSO4+ 0.0000E 00 ALS042 0.0000E 00 E
FE+++ 0.0000E 00 FEOH++ 0.0O000E 00 FEOH2+ 0.0000E 00 FEOH30 0.0000E 00 FEQOH4- 0.0000E 00 FECL++ 0.0000E 00 H .wﬂ.._
FECL2+ 0.0000E 00 FECL30 0.0000E 0C FESO4+ 0.0000E 00 s _v.. .
FE++ 0.0000E 00 FEOH+ 0.0000E 00 FEOH20™0.000CE 00 FEOOH- 0.C000E 00 FES040 0.0000E 00 _«.s.
NH4+  0.0000E 00 NH3AQ 0.00COE 00 . NH4504 0.0000E 00 NO3-  0.0000E 00 ..vu..
H+ 0.1133E-06 H25040 0.4420€-17 HS04- 0.3016E-07 HCLO  0.0000E 00O
H25A0 0.0000E 00 HS- 0.0000E 00 S-- 0.0000E 00 BR- 0.0000E 00
H3BO30 0.0000E 00 H2803- 0.0000E 00 H2C03° 0.1066E-02 0240 0.000OE 00

<A b

®*°v  MINERAL SATURATION INDICES ese

wmmﬂ'," ¥
.

ADULARTA -99.99 ALBITE -99.99 ANHYDRIT -0.36 ANORTHIT -99.99 ARAGONIT -0.33 BARITE -99.99 BOEHMITE -99.99
BRUCITE -7.19 CALCITE 0.00 CA-MONT -99.99 CELESTIT ~99.99 CHALCEON -99.99 CHLORITE -99.99 DOLOMITE -1.08
GIBBSITE -99.99 GOETHITE -99.99 GREIGITE -99.99 GYPSWM -0.07 HALITE -99.99 HALLOYST -99.99 HEMATITE -99.99
HUNTITE  -7.07 HYDROMAG -10.00 ILLITE -§9.99 KAOLINIY -99.99 K-MICA -99.99 MACKINAW -99.99 MAGNESIT -1.36
MAGNETIT -99.99 WMIRABILT -93.89 NESQUEHO -4.31 PHLOGOPT -99.99 PYRITE -99.99 PYROPHYL. -99.99 QUARTZ  -99.99
SIDERITE -99.99 STRONTNT -99.99 TALC -99.99 THENARDT -99.99 WITHERIT -99.99
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WATEQ, A COMPUTER PROGRAM FCR CALCULATING
CHEMICAL EQUILIBRIA OF NATURAL WATERS

By ALFRED H. TRUESDELL and BLAIR F. JONES,

/

Menlo Park, Calif., Washington, D.C.

Abstract. ~The computer program, WATEQ, calculates the equilib-
fitn distribution of inurganic aqucous species of major and important
minor clements in natural waters using the chicmical analysis and in situ
measurements of temperature, pl, and redox. potential. From this
modecl, the stales of reaction of the water with solid and gascous phases
are calculated. Thermodynamic stabilitics of aqucous species, minerals,
and gases have been sclected from a carcful consideration of all
available experimerital data. The program is written in PL-1 for 1B)M
360 compnlers.

The chemistry of water-rock interactions is determined in
part by possible rcactions with regard to the states of the
water (undersaturated or supersaturated with respect to a solid
phasc or to a gas at a certain pressure). The reaction states may
be calculated from an cquilibrium chemical model of the water
and from the stabilitics of phases with which it inay react. The
cxamination of reaction states may suggest. the origin of
dissolved constituents and assist in the prediction of the
chemical effects of ground-water production, recharge, and
irtigation. Although the use of inorganic equilibAum models
for the processes of mineral solution and precipitation cannot
produce a complete deseription of these processes, an equilib-
rinvn model is a wseful refcrence. It can indicate which
processes are impossible for a given water-rock system’ and
sugsest which processes nay control water compositions and
which processes are so hindered by kinetic factors that the
water compositions are indifferent to them.

Calculations of the states of saturation of natural walers
with minerals are complicated by the consideration of all the
factors which affect the activity of the ions involved in the
solution cquilibria. One simple approach for multicomponent
water solulions is to assume the existence of comnplexes whose
formation is described by mass-action expressions and 1o
assume that the activity cocfficients of simple ions and
complexes can be deseribed by equations depending only on
the temperature and a function of the water composition, the
ionic strength, The number of possible ions, complexes, and
mineeals and the use of iteration for the solution of simul-

tancous ciquations and for the calculation of activity coeffi
cients practically neceszitate the use of computer methods.

This report is an altcinpt to provide a general computer
program, for the calculation of chemical equilibria in natural
waters at low temperatures, that may be expanded and
updated by the user as additional stability data on complexes
and mincrals become available. The complete computer
program is available from the National Technical Information
Service, Springficld, VA 22151, as docuient No. PB-220 164
at a cost of $1.45 per microfiche and S4.85 per paper copy.
The study was financed in part by the Defense Advanced
Research Projects Agency of the Departinent of Defensc under
Order 1813, Amcndment 1,

Acknowledgments. — Our thanks arc extended to Ivan Bames,
whose carlicr program suggested the fornat, and to C. L.
Christ, J. Haas, G. M. Lafon, F. J. Pearzon, 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
therinodynamic data. The thermodynamic approach has been
influenced by Garrels and Christ (1965), Sillen and Martell
(1964), and Denbigh (1955). Many rcaders find the approach
familiar, and they may wish to omit the next sections in which
the minimum thermodynamic theory necessary to explain the
calculations is presented.

MASS-ACTION EQUILIBRIUM EQUATIONS

In a mixture at cquilibrium, the activities of the chemical
species present are related by a set of mass-action equilibrivin
equations (Garrels and Christ, 1905, p. 6, 342; Denbigh, 1955,
p- 138, 307). For cach possible reaction of the form,

aA+bB=cC+dD, H

in which lowercased letters are the stoichiometric cor flicients
of the chemical specics represented by the uppercased letters,
there is a mass action equation of the form,
crewy?
}\_

Te— 2
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In this cquation, K is the inass action or equilibrivie conztant,
and the brackels represent activities. Forequilibinia involving
low-pressure gases, the partial pressure of the gas may be used
instead of activity, and for gas-aqueous solution cquilibria,
activities and partial pressures may be used in the same
cquation.

The eyuilibrium constants may be derived from experi-
mental measurement of concentrations in a seres of cquilib-
rum mixtures of differcnt total concentration with extrapo-
lation to infinite dilution. Alternatively, the experiinental
concentrations may be corrected to activities by means of
calculated activity coefficients (sce later discussion). Useful
compilations of experimentally derived cquilibrium constants
have been made by Sillen and Martel (1964), Barnes, Helgeson,
and Ellis (1960), Ellis (1967) and Helgeson (1969).

The equilibrium constant for a reaction may also be derived
from the standard free energy change of that reaction. For the
reaction given by equation 1, the sum of the standard free
energies of formation, AC?, of the products times their
stoichiometric coefficients less that of the reactunts times their
stoichiometric cocfficients is the standard free energy change
of reaction:

AC%=cAC}, C+AAGY, D-(adG}, A+bAC}.B) . 3)

COMPLUTER PROGRAM, CALCULATION OF CHEMICAL EQUILIBRIA, NATURAL WATERS

This standard free energy change of reaction is related to the
equilibrivin conztant of the reaction by the cquation,

AG::—2.303 RT log K (@)
In which K is the gas constant and 7 is the absolute
temperature. By the use of these equations, experimental
eyuilibrium data may be related to thermochemical data
derived from calorimetric measurements. Uscful compilations
of standard free encrgies of formation (and other thermo-
chemical data) have been made by the National Bureau of
Standards (Rossini and others, 1952; Wagman and others,
1968 and 19069) and by Latimer (1952), Garrels and Christ
(1965), Robie and Waldbaum (1968) and el eson (1969).

No single source of equilibrium coustants or thermochemical
data is of sufficient scope or of recent enough publication to
include all the data relevant to ncar-surface rock-water
reactions. The data contained in WATEQ (table 1) are from a
compilation in preparation by the authors of this program and
Manuel Nathenson.

The effect of temperature and_pressure_on mass action
equations will be considered in alater section.

Table 1.—Reactions and thermodynumic data

[Log K,, , (logarithm of cquilibrium constant at 298'K) and Al ,,, (heat of reaction at 298 K}, unless otherwise noted, are calculated from free
enerizies and enthalpies. Data source values are given for the reactions as considered by the original reference, not necessarily as printed here. R
and W refer to Robie and Waldbaum (1968); 270-3 and 270-4 refer to Wagman and others (1968) and (1969), respectively. S°, standard state of
entropy. Sources for ACf and AHf of individual ion species in solution are al! from 270-3 or 270-4, except that Mg*?, Ca*?, §r*?, Ba*?  and Li*
are from Latimer (1932), H, SiO? is from Helgeson (1969), and H* plus e”are 0 by definition. AC and AH vulues are given in calories |

Reartion Mineral or species

Reaction log K A, Data source
No. name
0..... Fet? .. ... .. .. Fet?=Fet?+e -13.013 9,700 AGand allg from 270-4.
| P FeOH*? ... ... Fet?+1,0=FeOH*? + e+ H?Y -15.473 20,115 Fet?+ H,0=FeOlt"+ HY log K=-2.16;
Lamb and Jucques as quoted in
Langimuir (1969), alf; from 270-4.
2 ..., FeOH* ..o ... Fet? +11,0=FcOl* + 11* - 9.319 13,218 Fromm aH_and AS_ of magnrtite hy-,
drolysis (Sweeton and Baes, 1970).
3..... Fe(OIl); ........ Fet?+ 3H,0=Fc(OH); + 31 -29.458 32,995 Do.
4 ..... FeSO} ... L. Fet?+S0;7=FeSO} + e - 8.880 15,920 ACqand aklg from 2704,
5..... FeCl*2 .o ... Fet?+Cl=FeClt? + e ~11.600 18,152 Do.
6...... FeCIt L. ... Fet?+2C1 =FeCl) +e- -10.919 e ACE from 2704,
7..... FeCl, oot Fet? + 3C1=FeClS + ¢ SIS’ S — Do.
8..... FeSOT ..oooonL.. Fet? +50;7 =FeS0% 2.200 360 Log K=220, all =560 (lzatt and
- others, 1969).
9 ... Siderite ... FeCO,=Fe*? +CO;2 -10.55 -H.328 Langmuic (1969), 8ll¢ from R and W,
... .. Magnesite, . ... .. MeCO =Mt 4+ €032 - 8.029 -6,10Y Do.
oo, Dolomite ..o 0oL Call{ COLY, ~Cat T + Mgt 20057 -17.000 -8,240 Log Ky =1 7.0 (Bernee, 1967). aH, -
: 8,200 (Helgeson, 19609).
12 o Caeite L Call0), Ca*? 1 CO; 0 - 84497 R U Log K, 7837 (Berner, 19467),

A//r <3190 (Helpeson, 19049).
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Table 1. Reactions and thermodyuamic data Continmed
Reaction  Mineral or specices Reaction log K all, Dita Source
No. name
13 ..... IS0, ..., M, Si0%- 1,S8i0,+ 111 - 9.930 8,935 Log K=-9.929, all =8.935 fram log
K(T) expression (Ryzhenko, 1967).
... 8057 ... H,SI0% =21t* + 11.5i0;? 221619 29714 Log K=-21.617, al{ =29,714 from
log R(T) eapression (Ryzhenko,
1967).
15 ..... HPOZ? oL HHPO; 2 =1P0;? 12,346, 3,530 AGyand allg from 270-3.
16 ..... H PO, oot 20+ 103 =H,PO; - 19.553 -14,520 Do.
| Iy Y Anlndrite ... ... CaS0,=Cat? +50;? - 1637 -3,769 ACt and allg from R and W,
18 ..... Gypstin . ...... . CaS0,-21,0=Cat? + 807 + 21,0 - 4.848 261 Do.
19 ..... Jrucite .. ... ..o My(OHD), =Nigt? + 200 -11.204 850 AG¢and allf from R and W,
20 ..... Chrysotile .. ... .. My, Si, O, (011, +5H,0=3)g*? + ~51.800 27,585 Log K=-51.8 (Hoslctler and Christ,
2H,Si05 + 601 1968), Allf from R and W.
21 ..... Aragonite. . ... .. CaCO,=Ca™*+CO;? -8.305 -2,959 aCiand alf; from R and W.
22 . MgFt L. Mg*? + F=MgF?* 1.820 4674 Log K=1.82, ali;=24 (Sillen and
Martell, 1964).
23 ..... CaSOT ......... Ca*?+50;?=CaS0% 2.309 1,650 Log K=2.309, a/i;=1,650 (Bell and
. George, 1953).
24 ... MgOH® L. Mg*? +OUH=MgON* 2.600 2,140 Log K=2.6 (llostetler, 1963);
AH =2,140 (Helgeson, 1969).
25 ... H,BO,......... H,BO,=H*+I, BO; -9.240 3,224 Log K=4.757-lag KW, a{l =-10,121
-(aH ) w from log K(T) expres
sion (Mesmier and others, 1972).
26 ..... NHS ... NH7=NIS +H* -9.252 12,480 AGq and Al from 270-3.
27 ... Forsterite. .. .. .. M, SiQ, +4H,0=2M* 2 4+ 21, Si0, + -27.694 1870 aGpand aff; from R and W,
’ 4011-
28 ..... Diopside ..., ... CaMgSi, 0, +61,0=Ca*?+ Mg*? + -36.106 21,100 Do.
211, Si0% +40H"
29 ... Clinoenstatite . .. MgSiO, +311, 0=Mg*? +11, SiOF +2011- -16.658 6,675 Do.
30 ..... NaHPO;......... Na*+1HPO;?=Nalil'O; 1200 e - Log K=1.20 ubtained by calculation
froin data of Sinith and Alberty
(1956) by nsing Kequiv=TNaHPO;
(YNa*v1ip0;? Yand Kappeox and I’)’
assuming yjpQ;2 =vs50;* = 0.25,
YNa*=0.75, and yNaHPO; =yNa*.
31 ... Tremolite. ... .. .. Ca, Mg, §i, 0,,(0M), +2211,0=2Ca"" + -139.426. 90,215 AGpand alfg from R and W.
SMg*? +81, S0, +140H"
32 ... RIWPO,.......... R*Y+1HPO; =)Mol 1POS 1.090 ——oeee- - Log K=1.09 obtained by caleulation
from data of Sinith and Alberty
(1956) in a similar manner to
NaHPO;.
33 ..., Mehir0S. L. M2 4 HIPO, T = Mgl Qs 2,470 3,300 Log K=287 (Sillen and Martell,
1964), all =3,300 by analogy to
CallPO% data of Chughtai, Marshall,
. and Nancollas (1968).
TR CallPOS L Ca®t 41RO - Calir Oy 2.739 3,300 Log K=2.739, a11,=3,300 (Chughtai
and others, 1968),
35 ... HCO;. ... 1,05 -1C0;+1° -0.379 1,976 Log K=-6.379, 4/1,=1.976 from log
K(T) expression (Ryzhenko, 1903).
36 ..... Sepiolite o oL M, Si, 0, , O30, 04451, 0=22N¢*7 + -10.079 26,532 AC‘»-‘-J,I(IS,{;(IO:};‘=‘)n.l (Christ and
311, 805 + 4014 others, 1973).
37 ..., Tale ... oot M, Si, O (01, £ 1011, 0=3Mg*? + -60.933 43.065 AGp from  llostetler and  others
H1, 8034601 (1971): all¢ fronr R and W,
38 ... Hydeamagnesite . Mg (€0,),(0), <H1, 025\ + ~30.7062 -25,520 AGe and allg from Rabie and Hem-
4C0O;742014.41,0 ingway (1972).
39 ... Adularia ... KAISi, O, +811,0-K* + A0 + -2.573 30,820 algand allg fram R and W,

N, Sios
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Table 1.—Heactions and thermoldyuamic data~Continted
Reaction  Mineral or species ) .
) . Rearction log K ol Data source
No. name .
R1) Abbite Lo NaAlSi, 0, +8H,0=Na" + AJ(OH); + ~-18.002 25,806 Do.
34, Si0f%

[t S B Anorthite. ... ... . CaAL S, 0, +8H,0:Ca*? +2A1(011); +2H, SiO: -19.424 17,530 AC[ and A//f from R and W,

42 ..., Analeime ... .. NaAlSi, O,-11,045H,0 -Na* + Al(OH); +211,Si07 -12.701 18,206 o.

33 ..... Kemica....... KA S6,0,,(01), +121, O=K*+3A(OH); + -49.102 067,860 Do.

31, S0 +20*
44 .. ... Phlogopite . . .. RMg, AlSi, 0,,(01), +101,0=K*+3Mg*? + e o No data.
A O, +3H,Si0% +6011-

45 ..... Nite. . ....... Ko.s Mgoas ALy 3 Siy 0, (011, +11.21,0=0.6K* -10.267 54,684 aC; and Al from Helgeson (1909).

+0.25)Mg "7 +2.3A1(0H); +3.51 1,Sio% +1.211*
46 ... .. Kaolinite ... .. Al, Si, O, (01D, +7H, 0=2A0H); +21, Si07 + 211 -36.921 19,150 Kaolinite+011°22A1%2 4211, Si0, +
H, 0 log K=7.185 (Kittrick, 19606);
sl from Rand W,
47 . ..., Halloysite. . . .. Al, Si, O,(OH), +7H,0=2A1(0OH); +211, SiO%4+2H* -32.830 44,680 AC;and ol from R and W,
48 ..... Beidellite ... (Na,K.%Mg), ,, AL ,,Si, ,,0,4(0H), +12H, 0= -45272 60,355  ACy and Allf from Helgeson (1969)
0.3§(N3.K,V:.\|g)’+2.33.~\|(OII).' +3.6711,Si0% + for Na end member,
2H

49 . .... Chlorite . ... .. Mg, AL, Si,O.o(OH),+|0||,0=53|g“+2:\|(O||)" -89.563 54,761) AGy and Alp taken as ayerage of
+ 311, Si0] Helgeson (1969) and Zen (T‘)T'.’).

50 ..... Alunite .. ..., KAL(S0,),(OH), =K* +3A1*> +250;? +6OH- -85.334 29820 ACg and Al from Heniley and
others (1969).

Sto..... Gibbsite ... ... AQH), = AI*> +30H"- -32.774 |.4,-1-70 ACpand allg from R and W,

(crystalline) .
52 ... Boshmite . . . .. AIO(OH)+H, 0=A1"* + 3011~ ~33.416 11,905 Do.
53 ..... Pyrophyliite.. .. Al Si 0,,(0H), +1211, 0=2A1(OH); +411, SiOS+  -48.314 e AC =65,900 from dsta in tables 4
24 aud 5 in Reesman and Keller (1968).
54 ... Phillipsite. .. .. Nag ;Ko s AlSi, 0,11, 0+7H,0=0.5Na* +0.5K*+ -19.874 S Log K=0.7 for reaction phillipsite+
Al(OH)] +3H, Si0F 0.5K*=K-feld:spar+0.5Na* +11,0:
AG; of K-feldspar from R and W:
(Hess, 19606).
55 ..... Erionite . ... .. NuAlSi, ;0,-3H, 046H,0=Na*+ A OI);+ == e No data.
3.511,Si0%
56 ..... Clinoptilolite .. (K,Na)AISi;0,,°3.5H,0+8.511,05(K Na)*+ == o Do.
Al(OH); +5l1, SO, .
57 ..... Mordenite . ... (Na,K)AISi, 0,,-311,0+8H,0(Na,K)*+ --eee RS Do. -
AOH); +4.511,Si0° . g
S8 ..... Nahcolite . ... " NalCO,=Na*+1IC0; -0.548 3.720 aC;and all; from Latimer (1952).
59 ..... Trong ......... NallCO, Na, CO,-21(,0=2i,0+3Na "+ -0.795 -18,000 From duta on nmatron (this study).
CO0;? +HCO; ‘ nzhcolite  (Latimer, 1932), and
trona-nahcolite-soda in equilibrinm
at 21.1°C (Linke and Seidell, 1965,
p. 925).

60 ..... Natron.......... Na, CO,-10H,0=2Na*+CO;* +1011,0 -1.311 15.745 Na, CO,-1011,0 = Na,CO,- 11,0+
91,0 (4 o€ =20435; all=
113,218 (Waterfield and  others,
1968); ACl- anld Allf of thermo-
mulrite compuled in this study,

61 ..... Thermonalrite ... Na, CO, I, 0:2Na*+CO3? +1,0 0.125 -2.802 Na,CO,-H,0=Na,CO, +11,0 ()
AC=2944 A1 =14.037: Waler-
ficld amd othees (1968): aCp of
Na, CO, fram all; of Latimer
(1952) and S° of Waterfield and
others (1968).

62 ..... Fluorite .. ... ..., CaF, =Ca*? +2F" -9.016 1,530 AGy and Al from Rand W,

63 ..... Ca montmorillonite Gy, oA L,Si, L, 0,00, + 45,027 58,373 AGand alli Trom Helgeaon (1969).

[206,0 047Ca*? +2.33 AICOH); + "

3.6THL S, v 20t ' '
Ob ..... Flalite ..o vu L. Nad Nat it 1.582 918 A(,'l' and AII‘ froun Boand W,
65 ... .. Thenandie ..., Nu, SO, 2N 502 0.179 HY Da.
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Reattion Mineral o spevics.

No. name Reaction log K aff Data source
66 ..... Mirabilite, ... .. .. Na, 80, 101, 0=2Na"+50;% 4 1411, O -EITE 18987 Do,
67 ..... Muckinuwite ... .. FeS41 e Vet + 1S L0 e Lop K=-17.506 {Berner, 1967).
68 ... COFF ... HCW;=1* +C05? - -10.330 3.0 Al cand Al from 270.3.
o ..... NaCO; . ....... Na* +C0; =NaCO3 1.268 8,911 Log K=-1.268 {Gurrels, andl olhers,
, ’ ’ 1961), Al =-8,911 (Lafun, 1969}
70 ... NaliCOS L. Na++l[CO_; =i\'uHCU&; -0.250 e Los K=0.25 (Garrels and Thompson,
Ny 196:2),
... NisO; ......... Na*+50;%=NaS0; 0.226 2,229 Lom K=0.226, &l -308 from lox
K{TY vxpression (Lafon and Trues-
dell, 1971).
72 ..., KSOZ....ooonnn. K*+50;7=K50; 0.847 3082 Log K=0.847, all =3,082 from loy
KT} expression  {Truesdelt and
. Hostetles, 1968),
T3 L. MeCOS L. Mg* 2+ CO; =My CO% 3.398 58 Loy K=3.398 {Garrels and others,
F9461): AN =50 (LaTon, 1509).
74 ... MgHCOS L. .. Mg*? +HCO; =M HCOT 0928 10,370 MpFICO =M O +11%, log K=-7.86
{Hostetler, 19633 Al =+10,370
o o : {Lafan, 1969).
T5. .- MeS0% .. ..., My*? +50; 7 =MyS03 2238 4,920 log K=—2.238 (Manna and others,
1971); faHr=—<1,920 {Helyrson,
1969}
T6. ... CaQHY ..., A Ca**+0OH=CaOH* 1.400 1.190 Log K=1.40; Mfr‘—l.l’gﬂ (Sillen and
' Mart o], 1964).
7.0, Ca]iCO; ..... Ca*? +HCO; =C-I”C0: 1.260, 6.331 Luﬂ K=-1.26 ) {-G;lrfl“lﬁ and.
i Thompson, 1962, a# =-633
(Lafon, 1969).
i8...... (0101 1 Ca*? +C0;?=CsC0% 3.2000 3,130 Log K=-3:2 (Garcels and Thumpson,
1962} }lh'l_—'-—l’.,lﬁﬁ {llrtprson,
1969).
... N2, CO% ...... IMa*+C0;?=Na, CO% 0672 U Log K=-1:672 (Garrels and Christ,
’ 1965, p. 109).
80......A0H*"® _ ... AP £0OH™ =AlON*? 8.998 1,990 AP 4 1 0= 01+ 11 Jop
S K=-3.00 {Ilem and olhers 1973)
Al =1,990 {Helpeson, 1969).
8l...... RN A1) AP +20H = AKOIYS 18.235 emeem A2, O=AI(OHY+2MHY; Yog
) K=-9.76 {(Hen and others, 1973)
82...... AU, L. AP A0 HEANOH); 33.938 -9,320  AOH), (micrucryst)=Al'? 4300,
log  K=32.65, AK{OW),
{microeryst) +H, O=AKUH), +H";
log =-12.71. {Hem and
Roberson, 1967); alf( from 270-3.
43...... AIFER L B Y L Ly 7010 cecereeemee B K700 (Mem, 1968).
Ba. L AR L A2 +2F=ALFY 12.750 20,000 Lasg K=12:75 (Hem, 1968), alifrom
- , o 2703,
B ME AP £3F=AIF, 17.020 2500 Log K=17.02 (Hem, 1968), 817 from
- N 2703,
Hh...... S CACEETRPEEEY A2 +41=ALE, 19.720 e Log K219.72 ([, 1968).
L1 VAR AISOT LLLL..L. AlIF14 8077 =A1807 ! 3200 2290 Loy K=32 [|1(l'ln, |‘jf:8'}:):)” _a.940
" ) Izatt.and others, 1969).
B LANEDLY, oLl AY3+250;7=A(S0, ), 5100 1070 l.-,f;: K=5.1 (e, I'T!r.n):)au 1070
: = lzatt and athers, [3044).
153 SR HsO, ..., I +8037 1150, 1.987 +310 Ix(:;: K- L9AT, aff - b0 from Loy
N(T) :"(||n'.~::iu:rl {Lirtzke  ind
alliers, 17361},
90......802 11,8 L. SO +10H 1B = 11,5 1401, 0 HEOLE 65410 At and 3 fromy 2704,
L/ Y | ”_.,S‘-'H’v-‘l fs- {93 M) 1 T
ST 1S 1144877 12918 t2,100 Do,
9% L0 (s L0 DAL O G200, (i HY s i ILAST Delimfion,
94. .. ... HEOL N, (mas) - . HEOS 4 8em5 90 G, 4311, 0 LT AT

_xr;l.....ri “”1‘ feom 27HER,
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Talble 1.-Renctinnsand theimodynamic data—~Continued
] ) s
he il\c::_' " ine r;::z:c e Reaction Loy K af Data source
TR O apatite - .. ... Ca, (FO,) (D431, 0:3C* + ~59.421 17,225 OB apatite =50 030032 vOH oy
ANPO2 - K- - al G {l.m\sn. 1900); z'h”r
fron I and W,
96 ... Fapatite .o Ca, (FO,), Fa3ll, =507 4 67 233 19,605 af; and sl from Robicrson
3P0 4300 b (1966).
g7 . Chaleedony . ., , .. $i0, +211,0- 11, 3i); -3.523 4,615 Loz K and all_abtained !'mm
datu of R. 0 Fotirnier and
J. J. Rowe (inn Fournier,
1973).
off ... Magadite........ Ni%i,0, (01, 3,04 11 1300 P — Log K=-14.3 (Brivker, 1969
9H,0= a\J 7, SiO" )
99 ... Cristohalite ... ... Si0, +28 0= :Hl J5i07 -3.587 5 501 AGT 1l Al fraw Rand W,
00 ... Sificagel . ...... saU,.+ 201,01, SiD° -3.018 4,420 Do..
100 ... Quartz.......... Si0 .+ 211, O 11, Si0; -4.006 6.?.20 [to.
W ... Fe(hyy .. ... ”+2|| G= h(OH), +2H e -20.173 i FeOI™ +15,0=Fe{Q1] + H*;
' lozg K=-4.7, Lamb and
Jadyues as quoted in Lang-
. muir {1969). )
103 ... F&OHY ........ Fe** +301,0=Fc(OHY, +311% 44 -~26.571 S Fe(OHY, = Fe (OH)] +0l1n 0z
- K=7.6, llemn and Cropper as
quoted in Langmuir {19693,
toh ... Fe(OM); oo onn .. Ee™? 44, 0=Fe{ 01 +4H 4 0- ~31.804 - Rough estimate from F¢*?
‘ A0H=Fe(OH); :tog K=3411
in 3 M NaClQ, solution
{ Langriuir, 1969)
H)’; FefOQIY; ..., ... Fe*? 1 2,05 Fe( O Y, #21H* -20.570 28,565 Froweall, and a5, of magne-
' ' ' tite hydeolysis (Sweeton and
Bavs, 1970).
106 .. .. Vivianile .. CFey(POLY, 81, 0=3Fe* w2002 + -36.000 e ~ Vivianite = 3Fe™ + 2P0;* +
8H,0 8I1,0: log K=-36 (Nriagu,
1972b). e
W07 ..o, Magoetite (oL, hEJO +8f1*= dl’r""ﬁl” O+er -0.5365% -40.600 aCfaud :'.\H‘- Trom R and 'W
108 ... Hematite........ Fr, 0, +6H%=2Fe™? £31, 0 ~4.008 -30.845 Do.
109 .. .. Maghewmite ...... Fe, 0, FOH =2Fe** 131 0 [%5: 1. 1 T — Maghemite + 3H,0 = 2Fe*? +
60N~ log K=-77:6 {Doyle a5
quotéd in Langmuir, 1969).
MY L, Goethite ... FeQ(OIN+TL0=Fe™ +301° -41.208 23,5535 2 goethite = hematite + 11,0, 80 =
. 545 (Langmuir, 1971): alf from R,
and W,
i Greemalite ... ... Fr, Si,0,. (011, +511,0-3Fe** + No.data.
21,8105 +6011-
12 o Fe(Ol), ..ol lr{OII),HII*'Ic”HH 0 4891 SR Fe(OH), (amorphous)=Fe*?
{amarphaus) +30H7 log K = =371 (Langnuir,
» 1967,
1 CAwmite. ... L. KFe ARSI 0 (D) +10H,0=K 4+ -83.615 62,480 aCi and afly Trom Helgeson
IEeT T A0 #311,5108 (1969).
114 Pyrile ... ... ... S, +“H*+”r“lr”+?ll‘a - 18479 11,300 Al and affp from Roand W,
LS L Montwerillowile o (H N K)o Mz 3, Frid AL L, S0, “0,0(0”);‘ 34913 weesnezeen Recalenlated Fréin datz in table 2 of
{121l Feorehs') + TOLARHT, O=0. ’ﬂ{“g\i]\)‘?ﬂ N er? Kittrick U‘)”«d) assning hydro.
+0,23F¢e R FLABAIONN; w030, S0 ' et mentmarillonite was dissolved
+11 23 inequilibriin with  Fe{OFY,
{amurph} rather Nian hemalite,
16 . Montmonillonite. .. (1LNSRY, ,, Mg Fe22, AL L, 80,,,0,,(00),  -20,688 et Reeuleuluted from rlata in table 2 of
{Aberdern) FOIOH (e BT 204201 L Nu K)Y 10 15ME"T Kittrich (1971h) assuming hydoo-
P R LETANOHD); 382101, iy, gea montmoerilimite was lig-olved
i eqoibibriuin with Fe{1);
(amwrph) rather ton hematite,
e i CaME( o |y, e ™ P ot 249,001, 25, Thi AL and A from Hemingsay and
Wablie {10972
[ Lol L L '|‘lt"f‘;| AT 2 Bl A (15N IB.9%G (RS S I.l!;: )‘\ TU:(‘]'.E {Vermer, l!!h:)_
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Table 1.=Rearticms angd thermadynnmic data- Conlineed

Reaction  Minwral orspeeies

No. Rame Reaction Lop K :ﬂfl. ) Ilata source

LI L Fes (peeiipitale) L. FeSi % et 74 HS S |- Log K=-16.808 (Berner; 1967).

| e+ IR LU N i 5 O Fo*? 200,20, 2Fell, POT 2,768 [ Lasy K=2.7 (Nriagm, 1972DL).

120 ol o Ca*? 41073 =Cal Q] .45 3,100 Log K=6.45%, all=3,100 (Chughtai
aml others, F9OR).

122 . Call,O) oLl Ca®™t + 1, PO, 2Call, O] 1108 3,400 Loy K=1.408, Al =3400 (Chnghtai
and alhers, 1908).

B2 TR § 11 L S Me*? 5 1072 =0 l'D; 6.589 3,100 Low K adjusted from CaPO; by using
- ' ' analogy  belween  CalllPQ;  and
MlPOS: tha s, oy K=06.450+
(2.87-2.74)26.589, AN =3,100 by

analogy with CalPQ;,
124 ML POS L Me*? £ 11, PO; =M, PO} 1.513 3,400  Log K adjusted from Call,PO; by
’ ' using a2nalogy between CalP0] and
MglTPOS: ihat s, Jog K=1.408+
(2.87-2.74)=1.513, al,=3,400 by

- anatogy wilth Cali,PQ7;.

e 16 1| S e ie LFROULIO 0.200 4,832 AG =-273, All=4,832 ablaincd by
’ futm}:, best strall-ht Tine in log K vs.
LT plot. of data in Sillen and

Martell (1964).
32 SN 1110 ) Li*+S0;*=1.1S0; 0:640 —— Log K=0.64 (Sillen and Martell,
1964)
127 ... ONO;INH oL NO;+l‘0|l*+8r.'.:NiI:+3H,0 119.077 -187.033 AC and Al Trom 270-3.
128 ... Laumontite ... ... ... CaAlLS,0,,-#H1,0+801,0=Ca*? + -31.053 .39,610 AGfand AH‘-from Zen (1972).
ZANCIIY, +411, 807
200 LSO L Set? 4+ Ql=Sron*t 0:820  Teoopas0 T " Lég K=0082; AH =1,150(Silled and
: Martell, 1064).
130 ... BaOWIY . L. Ba*? + G =BaOH* 0.640 1,750~ Log K=0.64, afl=1,750 (Sillen and
) L ] Martell, 1964).
130 L KH, S0 ... NI |++,S_04" =NN,50; 1.110 . Lo K=L.110 (Sillen and Martell,
1964}
132 L 0O H*+Cl=l0" -6.100 18,630 LogK=61, alf=18.630 (Hefycson,
) 1969).
133 ... .NaCP ... ... .. N&F CI=NaCP -1.602 e Log K=-1.602 (Manna and others,
: 19?1).
134 .., KO ... e K*+CI=KC” -1.585 i . Log K=-1.585 (Jlanna and others,
1971)
135 ., MLS0% .. 2H* +80;% =1, SO% ~1.000 N 11"+I‘[S"L:l;=[12 S0%: log K=-3, (Sillen
- . and hartell, 1964).
- 136 ... 1;0/0, (agueous) ..... 0.5H, 0=0A25 O3 (ag)+H"+e” -11.385 e Eh=0.70 from equation {1) of Sato
- . {1960).
137 ... M, €0, i CO,{g)+1, 0=H, co, -1.452 -5,000 AGpand aflt from 270-3.
138 ... FeBPOS . ... ..., "+m‘0 1= Fc”] 0 3.600 Log K=-3.6 (Nriagu, 1972b).
139 ..., FeHFO} .. ... Ceeeann F Y1 HPO? 'Fc]|P0++é.‘ -7.613 Fe*?+HPO*=FeHPO}: log K=54
. ‘ {Nriagu, 1971).
1440 ... Al{OIDY, {dmorplmus) : AI(OM), =A1*24+30H- -31.611 12,990 aGgand Al from Latiiner (1952).
141 . ... Préhnite ... ..., ..., Ca, Al 55,0, (O}, +811, O+ -11.695 10,390 AGgand Afipfrom Zen (1972). .
ZII+ 2Ca*? +"M{OH)‘+3H Si0f |
142 ... Strontiunite ... ... ... Qr("ﬂ =8r*? +C0;? ~11.789 2,361 AGeand alfy from R and W.
143 ... Geleslite. . ... ..., .. Sr80,=5r*? +SO"‘ -6.349 -1,054 Do.
144 ... . Barite............ . BaSO =Ba™*? +50;? -9.773 6,141 AC¢ and Alfg from R and W,
145 ... Witherite ... ... ... I}aCO, Ba*? +CO 2 -13.335 6,250 Da.
146 ... Stréngite coeviniaan. Fel0O, 211, 0=F¢ ”+P0;’+2l|,0 ~26.400 -2,030 Log K=-26.4 (’\'nagu 1972b), All;
) ) ' from R and W,
147 ... Leonhaedite. ... ... ... Ca, A, Si, 0, " 7TH,0+1711,0=2Ca%+  -69.756 90,070 afl g and Affpfrom R and W
4AY O+ 8IS0
148 ... N, 80% . .ol e 2Na*+80;%=Na, 507 1.512 -2,642 Loz K=1.512, dHr 2642 from lag

K(T) exprescion in Lafon and
TroeadeN {19711
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Tabled.—Reactions and theraiody anmic dete - Cantinued
Teactioti  Mineral or sjiécics Reacti
No. name Reactian log K alf, DNata soncée

149 . ... Nesquehonite. . ... .. .. MgCO, "3H, 0=Mg*? +C0;*+311,0 4.999 -4,619 8C¢ and Alif from Robic and Hlem-

) ] ingway (1972),
150 _ ... Arctinite ... ... ... ..., MpCO,-Mg(OHY, "3H, 0=2a0g™2 -17.980 498 AGt and AHp fram Hemingway and

+C03*+20H+30,0 ) Robie (1972).
151 ... H, 000, (anueous) .. ... 0.511; 0:02'50,(3;[)+II++6' -21.495 33,457 AGand aff; from 270-3;
152 ... H, 0o H,0=H*+0H" -13.998 13,345 Do. .
153 . ... Sepiolite {precipitate) . .. Mg, Si,’O,-’,(OH)‘EEH, 0+4.5H,0= -37212 e Log K=-37.212 (Wollast and others,
. 2Mg*? +3H, Si0% +40H" » 1968).
154 ... . Diaspore . ..., AIOOH+H, 0=A1"*+30H~ -35.121 15,405 aCiand AHg frarn 270:3.
155 ... . Wairakite-_. ... tevena.. CaA) S0, ,°2H,0+10H, 0=Ca*? 4 ~26.708 26,140 ACgand Al from Zen (1972),
' 2AI(OH); +41, 807 ) )

156 ... FeH PO L L. Fet'+H, PO;:FeH,P‘O;’ +e” ~7.583 - e Fe'?+H,PO;=FeH, PO}": log K=

-5.43 (Nriagu, 1972b).

ACTIVITY COEFFICIENTS

In the limit of infinite dilulion, a conscquence of the
definition of the standard state for ions in solution is that all
ioniz activities approach ‘ionic' concentrutions and activity
coefficients (defined as the ratios of activilies to concentra-
tions). approach unity. This property is useful i experimeéntal
studies where mass action ckpressions are written in which
concentrations may he éxtrapolatcd to infinite dilution to
yield equidibrium constants, but the property gives'no clusto
activity coefficients inreal solutions of finite éoncentration. In
real solutions of more than a few components, it-is niecéssary
to use single-ion activities and single-ion activity coefficients:
Thése are formally defined by the equation,

ﬂf”fﬁ" i {5)
in which a;, 7j: and m, ire réspectively the activity, the
activity coefficient, ‘and the molality of the ith jon. The
convention that™ activities are dimensionless requires that
single-ion activity coefficients have dimensions of'molality 1

Single-ion activities and single-ion activity cocfficients can-
not be defined thermodynamically or exactly measured or
calculated because riréasurement of the abtivily (and therefore
the cheniieal potential) of a single-charged ion would require
the measurement of the fAnite free energy char'ige of the
solution resulting from a finite change in éoncentration of the
sin;iu cliarged ‘ion while the concentrations of all other ions
and the cleetdical potential of the phase are held constant. This
measuretnent obviously cannot be made. We must, thierefore,
use nonthermodynamic models 1o eviluate single-ion activity
cocflivients. Tlie reader should e aware of the additional
uncertaintics introduced by this approach.

Two models have been used in WATEQ for the caleulation.
of singledon activity coeflficients, the Debye-THickel eguatian

and the Machuneg assumption. These are nat Lhe unly madals

availible but are perhaps the most widely used and are
gencrally consistent with the functions used to Torrect
éxpcrimenml dcterminations to infinite dilution. The Dcbye-
Hiickel theory provides an equation which deseribesisingle-
ion activity coefficient behavior of ions in dilute solutions and
which. can be extended with adjustable parameters té~more
concentrated solutions. The ‘Maclnnes assuiniption provides
information on the hehayior of singlesion activitics at ligher
concentrations with which te fit the paraneturs of the
‘extended Debye-Hiickel equation.

The Debye-Hiicke! theory

The Debye-Hiickel theory considers the cifect, on the free
energy of a single ion, of electrical interactions with other ions
by assuming that oppositely charged ions can be. considered as
forming a spherical shell around the ion. This assumption is
valid only for very dilute solutions, and activity coefficients
derived from the theory deviate incressingly from cxperi-
mental results as the concentration increases. The orighial
equation (Robinson anil Stokes, 1955, . 229) states that,

Az? Vi
1 f*BaVI_

log¥ =—

(6)

where A and B are constantz depauding only on the diclectac
constant, density, and tearperature; z is the fonic clurge; anid /
is the jonic strength (defined as half tie sum of the products
of the molulity and the square of the charee of all ions o the
sclution) and coiiliiing one parancler, ¢, tue “hydreted on
size” that nost be estimated fran gxperimental data. The
extendad form of the cguation ubinsen and Stikes, 1955,

i 231,
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.3
log¥ = M_i bl,

(N
i+ g VI

adds a sccond adjustable pardmeter, &, which allows for the
effeel of the decrease in conceritration of solvent in concen-
trated solutions. This cqualion is used in WATEQ for major
ions with @ and b vilues caleulated from experimental mean
salt single-ion  activity cocfficients (sce “The Maclunes
Assumption™ aad for ndnor ivns with values of @ from
Kiclland (1937) and b set to zero. The ennstants 4 and B are
- caleulated from the diclectric constant, density, and tempera:
ture by the equations (Hanier, 1968)

_LBMEIXI0IE 0 s ok e
A=yr " (10°g 10" (8)

and

32-5—0; 2916X10%d"% em™ mole™? (10° g H,0)* (9)
T )52

where d is:the density of water (Keenan-and Keyes, 1936), T'is
the abisolute témperature, and € is the diclectde constant of
water (Malmberg and Maryott, 1950; Akctlof and Oghery,
1950).

The Maclnnes assumption

In order to assign. the adjustable parumeters in equation 7, it
is necessary to know the variation of single-ion activity
cocfficients with ionic strength in a single solulion. Experi-
mental values are available for the mean molal activity
coefficients, ¥, of many salts, and. if the activity coefficient
of onc ion can le calculuted, then others may be derived from
i. The Maclunes assumption (Maclmws, 1939) that the
single-ion activity coefficients of- K* und CF are equal to each
olhcr and to tie mean activity coefficient of KCI allows this to
he done. By definition,

Ve Y=7: - (10
If !
T KCIZTK+§‘Y(;1' ai)
then 2 )
+ Nzl
Nk . @
7% CaCl
H
TCar?z (13)
T+ KCl
and
7% KBr
= =P 14
T A (14)

and so forth,

‘assuctated,

W Y AT g
3
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Tn deriving the s fﬁt,.m sall activily coefficients, one i bie
careful 1o avoid solutions in which the iuns are liglily
In mh.uhlmlr Ys0;? Mfar example, TEK, S0,
cannol be used because of the Yormation of the KSQ, iun
pair. In this calculation, the most reasonable values of Y502
can be oblained from thglsoc. Y+ CsCl and TeK (I by the
relation,

I 1.
780;1:71 C52504 T KC] .
4
T CCl

(15)

Even here, the resulls must be used with cantion because Cs"i
and C1I” may bLe weakly assotiated and ")‘3'()_:2
in this way may be somewhiat too high at high ionic strengths.

Values of a and' b for major ions ohluined from computer
fitting of ¢alculatéd mean salt aclivity eoclficients as well as
values of a for minor ions dedved fram Kigltand (1937) are
shown in table. 2.

values derived

Table 2.—Parameters of the Debye-Hickel equation

Major ions! a b
Cat? e, ween...50 0.165
Mgt e A ¥ 20
Nat oo eaaes e 4.0 075
K¥ eeennn. et e V....35 0815
o e e e 3.5 015
L] .30 ~.04
HCO; ... .L. e e 54 -0
o o T 5.4 .0
Minor iong? -
W,BO; NHY ... .......... . 2.5
NOZ. et e e e, 3.0
OH, FUHS ... .. P R S ... 35
MgHCO, H,8i05,. ... ... ... e e 4.0
MuF¥, Al(ON);, AIFY, A1SO4, AI(SO )L HSOT. . 45
FeORY?, FeQIY: Fe SO}, FeCl¥? | Felll POY, HPOS Y, §72,
LiSO;, St SrONt, Ba®? | By, NS, SO, oveeennnnnn.. 5.0

H, 5077, CaPO;, Call, P07, Mg O, Mell; POL. NaCO3NaSOS,
KSO;, H,POS, mnm‘,mwo"mou“ ANOMYE, AIF*Y,

ATFTLFo (Uﬂ“),, Fe H!'O:. h” PO, . e e a .
"l';l'""'".(:anvl.’M\Cu”(ID:‘ T Y % | ]
Fedd, AP 11 L PP e e e 1.0

Yo and b ovalues caleslated from rxp--r;mmlul miean =all singelesdon
aclivity carfficients.
g values Trom Kicland (19373 b ovalues 2ol ta aeee.

Single-ion activity  cocfficients have Jeen caleslated  for
concenteated  singe-salt solutions by use of the Stakes
Rohinson equation (Butes and others, 1970). Where compari-
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gons are possilile, lhr_'-:l_:_:: vilues agree rcusgna!:[_\: \,\'i]_l(: aclivity
co fficients-based on mean galt eulenlations. Tn table 3, values
"of single-ion activity coufficients used in WATEQ are com-
pared with mean 5:;1t coefficients and with those calculated by
Bates and others (1970).

The use of any model of single-ién activity coefficients based
on experimental meisurements made on single salt solutions
requires the assumption that, at a given temperature, activity
confficiunts in simple solutions are equal to those in complex
sohitiins of the same ionic strength. This assuwinjition is
reasonable in dilute solutions, but limited expermental work
in concentraled (>1 wolal) mixed electrolyte solutions-indi-
cates that it is not always true. The extent.of deviation from
jonic strength dependenice is small except for jons that differ
greatly in size-and hydration such as H* and Cs*. However, for
models in which all ion associations are considered (as in
W;\TEQ), these deviations have proved to le- ir’lsigh-iﬁl:nnt
(Pytkow:ic’z and Kester, 1969; Yeatts and Marshall, 1972). For
further discussion and comparison of activity coefficient equa-

tions, sce Truesdell and Jones (1969).

Table 3.—Singlesion act‘;’ul‘t;:.éaefﬂ‘cients«»nr'-25°Cfro:rl a twéparumietes

equation used in  WATEQ compered with meun” sl

Stokes-Robinson, and ather single-ion aclivity coefficients

lonic strength .. ... 001 01 85 L0 20 30 40

TNa*... DH) ... 0903 0.782 0.708 0.715 '0.789 0.901 1.043
MST.... 904 786 713 .716 779 .896 1.062
SH 783 701 697 .756 870 1.038

YK*....DH] ... 900 763 642 600 .570 .562 .563
MSI.... 901 770 649 604 573 569 .577
SR ..., 213 659 623 610 .626 659

Yca*? .. pH! ... 670 .389 266 247 289 .376 .509
MS?.... 680 .382 266 251 291 .3B5 .553
SRY. .. ..... .380 234 210 220 265 .340
Davies® . 661 .372 .288 }

Tyg™ .. DH) ... 674 406 292 297 389 .554 822
MS2.... 685 400 289 293 380 .567 .945
SR*.... ..... 390 247 .230 265 .350 470

YCre ... DH) ... 900 763 642 600 570 562 .563.
MSZ.... 901 770 649 601 573 560 .577
sRY.... ..., 273 661 620 500 586 .501

Y02 . DHy ... 667 371 205 155 112 091 .077

’ MS2.. .. 653 368 214 155 .108 085 .070

THCO; . DH'( ... 905 708 692 651 623 606 .56
WBJ®.ID 904 790 692 654 627 600 (580

Tcoy L opH', ... 671 386 229 184 130 135 .126
WBJS ... 668 .388 230 183 151 .... .....

'From parameters of Debye-Hiickel cquation (table 2),
“Mean salt )
1 chluride solutions {Bates and others, 19703 YCEH from NaCl solu.
tioe.
‘No adjustable parzinéters (Davies, 196:2),
SFrom Walker, Bray, and Johnson {1927}

COMPUTEHR FROGRAM, CALCGULATION OF CHEMICAL EQUILIBRIA, NATURAL WATERS

SOLUTION OF MASS ACTION AND
MASS BALANCE EQUATIONS

Computalion of solution specics distribution is accomplished
Ly means ol a (_:hnmigul model (Garrels and Thompson, 1962)
which ‘uses analytical concentrulivns, expenmental solution
cquilihrium canstants, mass balance equations, and the
measured pl. The distribution of ‘anionic weak acid specics is
calculuted fisst from tfotal analyzed concentrations, the pll,
and activity cocflicients of individual species, a3 illustrated by
silieate cyuilibria,

HoSi0=H" +1135i04 (16)

and H;8i0; =H" +11,50,72.

(17)

The: concentration of each species is calculated from the tolat
or analytical concentration, the pl, and the activity coil-
ficients of the species. From the precedingemiations, _

o
MHL8i0; THySi0; 107
1~ ]

m H’a 5104 7”.4 57504

(18)

and o " -
K= H 2.,3\04 7“2 Squ
2 -

MH;Si0, TH;3S8104

635

Thé mass balance. equation for rotal silica {silicic

acid and
silicate ions) is =

MS; total™H, Si0, YMH, 505 YmIL, 5057 - (20)

ra

—o——

The mass action -equations can be combined with the mass

balance equation 1o sélvé for ML Gi0,r 38 follows:
;i total

T o 2l
K, 1_09”4r K, K, 10700\ (2D

M H,8i10,™
L+ 74,50,

TH3S$I0;  TH, 057

f”lqui.Oq is then subistituted into the mass action ejuations Lo
solve for my|. SiOs wiel !1111[2510;1. Thl? activily corlficicnts
are culuulu(eﬂ] from the jonic strength by an itecitive pro-
¢edure. The sane method is.cmplayed for phosphate, Lorate,
and silfide species and for the carbonste-hicarbonale distrili-
ution from pll and the atkalinity determination; after cor-
reetion for other weak acid radicals (if the alkalinity laws bean
correctéd  doriny the elicmical ;uml)’:%i:‘., this step may he
bypasied in thie progeain). The concentration of H,COy s
éalenlated from the eecimprited hicarhonate molality and the

first dissociation corstand of carbonie aeid,
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Caleulalion of 1he eoncunirations of jon pairs s SUCOINS -

Plishied by a procedure stilar Lo Qat for sweak acid spreeies,
hat Alie malyzed or conipnted vahies for the anion cuneen-
trations are. utilized in place of the pll wud eguililiriwm
wwociation constants are employed, Thé €ulevlations niay 1
llustrated for the caleiam ign species. The wajor fonspairing
reaclions.are ' -

Ca*? + OH =CaON*, @2)

Ca*? + HCO, =CaliCO,*, (23)

€a**+ €057 =CaCO3, (24)

and Ca*? + SO§“3 =CaS0j . (25)

From cquations 22—25, eyuilibrium constants for the: association

redclions are

v +
R Yol (26)
eCa*? QU
L TCaHE0} 27
2= y

aCy*? CHCO;

a )
CaCO /0
3-= 3 .t ) (‘-8)
ﬂCa-i-! aCO;I
,and K C3504 } (29)
2Cat2 505 T
From these qi].‘jt‘ions the C}&‘pTESQIOﬂS, R
K. 0‘0 - me +2 Y +2
Mmoot = ——oh i LR (30)
TCalH
) Kza é- meyt2 Yo, 22
MCHCOY = o (31)
YCaHCO3?
Ko -1 mea1 Y0, *2
”’C?lCO; - 3 (-01 (:‘l Ca , (32)
TCaCOS
; - . +2 _
:]Ild anﬂSO: =K4 3504 2 '"La” YCII (33)

TCaS0y

wiay e substitinted eto the mass balaee equition. for calgium
as fullows:

ST gy g s e = e g T
i .-31
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M lfllalT.'”f:ali"z 1 a0 LRLERS TS 03 g U
Fmz0?
X . : #2,
o obtain i expreséion for free (Wicamplexed)Ca” jon,
. Mo total
Mat?= 34)

Pyt (’ft"on Kamico; Ftcoy Kersog?

YCa0H* YCacos Tcaco, 7&.504

In actuality, these computations in WATEQ also include phos-
phate specics. The computed concentration of free culcium
ton, me 42, s sibdtituted back dnto the imass action expres-
sions to solvé for the coucenlrations of fon puirs. The con-
centrations assitmed lo ion pdirs and weak acids reduce the
concentratiens of the free ions and change the ionic strength
and therefore the activity coefficients. The corrected valucs
are caleulated by itesation. In each iteration, the program
reduces, il néceseary, the molalitics of the free anions HCO5™
C0;%, 50,7 ,C1°, F7,:md PO:? and recaleulates the jonic
'-‘,tr(-nsrlh d!ld the activity cocfficients. Then the ¢alculations of
free Ca and Ca complexcs along with similar calculations for
Na, K, Mg, Fe, and H compleses are repeated. When the sums
of all weak acids, compléx idus, and free ions for dll anions
agree with the analytical values within 0.5 percent, the
ileralion is slopped..

£ 10N RATIOS

When the chemical model is complete, it is uselul to
calcilate molal contentration ratios 4nd ien activity ratios for
plolting on waler composition and mineral stability diagrams,
respectively. Comparison of these ralios with those of related
waters can suggest possible origins of dissolved constituents
and possible controls by minéral reactions. A number of these
ratios arc caleulated in WA'EEQ.

ACTIVITY PRODUCTS AND SOLUBILITY PRODUCTS

The equilibriun ol a-solid phasé with @i aqueous solution
can be characterized by a mass action u;u.ilmn For a solid of

formula AX shich .dissolves to form fons A* anid X7, this
ex presgion’is
) g tay-
K= X \ (35)

where Kby the equilibrivm constant of sulubility. I the solid is.

a pure_substawee, nol a solid solution, i aclivity is eynal to
R

one Deciuse it is in its stygdard slate {Garrels and Christ, l‘)(w

p- 9), and the expression for the aquilirfum constant reduces

to the “solubifity product,”

K_z.:p:f!‘.‘ bay - (3‘6)
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In hyddroly sis reactions, water is considened explicitly as prart
of the geaction. In the solutiog of quartz o form ilicie acid,
lor !',\i]lll!lll‘,

Sif), (g]u:}r‘lz)+2[v]1 0=H.510,, (37)
the water is written as part of the reaction, and its activity
appears in the equilibrum expression.

A witer. sanple sihen collected is wsually a0 longer in
contact with mineral phiases, and these phases m;i'y'linl be
accessible to observation. It is of interest then to determine
with what mineral phases the wateris saturated or nearly so.
The caleulated activities of the dissolved ious in a water may
be combined to produce the appeopriate activity product
which may be compared with thie solubility equlibrium
constant to show the degree of saturation of the.swater with
cach mineral considered.

This comparison may be made by means of the ratio of the
activity preduct to the equilibrium solubility product which is
given in the program as “AP/K” and “LOG-AP/K™ and by
means of the free energy change of the reaction AG_ (which is
zerd at equilibrium) and is given as “DELGR™ in the program.
These quaritities aré related by the expression

AG _=2. 303RT log(AP/K). (38)

Some mineral formulas cénitain a welatively large: nuinber of
atoms, and the AG_ values for these minerals will déviate from
ZETO MOTE rapully with dilution of concentration than will
those values for minerals with simple formul.;;. This deviztion

can be iMustrated by comparing the activity pmduct of
dolomite, aQa? ¢ Mg o 2.CC}'? with that of calcite, aCq' aCO’
If a watér initially” saturatcd with both minerals is diluted with.

pure water, AGy dolomite will be twice AC; calcite. To comréct.

this; AG; values are divided by the number of negative ¢harges
in the: formyla of the mineral and presented as {(for want. o[n

better label) “PER EQUIV™ AC,.

The compilation’ of a consistent'sél ofstability constants for
The standacd
enthalpy of formation and standuard entropy of most minurals

minerals suffers from scveral uncectainties.
have been measured by calorimetric methods, and the standard
free enerizy of formation caleulated from these quantitics is
often refecenced to the free Lnergies of formation of the
clements rather than to the free cnerinies of formation of the
ions formed on solition of the mineral, The combination of
such values with these for solution species involving aiqueous
ions iy lead to erroncous stability constants. The wse of
experirientil :-';u'luhil'it.\' products or n.':-:ullinrr free cneryy value s
is free from this inconsistency. The midin vnécrtainty in the
s of thes: data lies i the pricise definition of reactants and
prodiucts ivolved in the q;\cl‘n-rimrnl and in the difficulty of
reversing Lhie chuili!irinm.-

Beesuse of  these uf the

uneertainties,  the logaritluns

comasimuanr and minieo solubibity products are caleutatud in

AP Q

 —

1+ £

Detce =

AC-;R

COMPUTER PRCGRAM, CALCULATION OF CHEMIGAL EQUILTRRIA, NATHRAL WATERS

WATEQ snd presented din addition to the logurithm of the
most probable value for visual comparison with the logarthm
of the activity product. Because of Spag: limitations only the
nmost probable solubility product-is use i iy caleal: iling vidirss
of AP/K, lug (AP/KD, AG,, and AG_ pur equivalent. Enthalpy
values and solulility products used in the progrn, log::llu:r
with the sources of all data, are given in table 1

EFFECTS OF TEMPERATURE AND PRESSURE
In the celationships developed in the previous sections,

temperabure and pressure have been assuined to be tonstant
and their effzct on the cprilibria bus uot bren discussed. The

great majority of experitnental determinalions of equilibidum

constants -and of free energy values has hecn made ar 25°C
and, pariigul’acly for solution eyuilibria, datu at other teinper-
atures may be entirely licking. If experiments have bien made
over a wide runge of temperaturss or if complete thermo-
chemical data are available for all specics of a reaction, then
the equilibium constant may be expressed as a - pow{'

-function of the ahsolite temperature

log K=4+BT+(JT+Dlog T, (39)
in which one or mare coefficients may b zero. White this
type of expression was available in the. literature, it has heen
used in WATEQ (table 4). If experimental determinations. at
ouly two or three tempceratures are -available, a  linear)
dépendénce of log K with the réciprocal of the alwolute
temperature may be indicated (that is, B and D are zerg, in eq

39 which is equivalent to a coustant value of the cnl!nlp)

(heat content) change of the reaction; AH. This is expressed by

the Yag't Hoff lation, -

andp {1 1 .
IOUI\=IOURTr_m -T_ Te ] 8.

-
— el et 1 j_ cety, (Vd 8T
in which Tr is the l'l:f('l’l.llﬂ(. I'.unp{:mturt. {298.15 K (= 25°C)

__-—.)5/"'7 ".’
in WATEQ) and .Lhc constants 4 and C in cuimlmn 39 are
equal lo : 4

(40)

respectively.

The enthalpy change of reaction can be obtained by
t]t:{(:rlxlir_li!!g the slnpyr: of a Iphﬂ of tfxlli:[illil‘lilili values of l(Jg K
versus (1/7), from tabulated valaes of the stindued anthalpy of
formation of the specics in the reaction by wsing o relation
analogous to equation 3 or from dircet measurements. Thre
enthalpy of reaction at 25°C has heen caleudated for most of
the esquilibria wsed in WATEQ (e 1), aud equation 10 s
used tor ealedbats the value of Qe edfibirwns vonatonit far the
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Tahte 1,

Anelvrival vagne \\mlr\ feor bogr RETY ase d m HATHE

|7, |nL dvins]

blentilier Beaclion

Exprescion for Lo )‘\{ T)

Refrfruce

RT(13) I, 5i0,°= ]l 50,4 || . 63080016340 T-3403.4T Ruzhenko {1967).

KT{ 1.1 ", “40 'Jw(} a2 HATHD 065927 T-12855. 14T Din.

KT(23) lI B30 ,° li |‘10 ¥ 1573:21/T+28.605940.012078.T \|c=,er Bars, and

L 132238 los THlae KW, Suee Lon 9 2}

K1{26) NI, F= NI, "+ 1)t 0.6322.0.001225 T-2835.784T Wriglt, Lindsay, and

) ) . N D {19615,

KT(35) I,C0,°=11C0O, +H+ 81530002194 T-2382 3/T Hyzhenko (1963).'

KT(68) 10210 4C0) 5.30B.0.02199 T.2730,7 /T Do.

KT{72) Rt # ‘~0 “12RK80," AN06-673.6/T Trundl IF and Hostetlar

o ‘ {1968).

K'T{87) H*+80,"*=HSO," SAASH0.0183412 T+A57.2000 1T Lirtzke; Stnughian, and:
) o ]mmg(lgf)l}

KT1{91}) 1n,8=1*+ 1% Y1.17:0,02386 T-3279/T D'yachkova aind

Khoilahovskiy (1968).

UIn magre recont practice, the expressions based on the.ofiginal work af Harned and co-werkers (Harmed and Qwen, 1958} have:been utilived,

despite being limited 1o 30°C maximuin temperature.

tentperature of the water. For.a few reactions in which data at
temnperatures other than 25°C wiere not available, the 25°C
value of the equilibrivin constant is uséd at all teinperatures.

The ¢ffect 6l pressure has not Leen caleulated in WATEQ
because the neeessity of inputing a measured pH value
virtugdly limits WATEQ to surface and néarsarface walers and
Lecaise much necessary data is nol available for ion pairs.
Cormrelations sugrested by Ellis and McFadden.(1972) allow

the caleulation of the pressure cffect on equilibria involving

only minerals. and simjle i6ns (wol ion pairs) to be made for
temperatures to 250°C.. These calculations sugpest that pres-
sure effects are not large for pressures legs*than a few hundred
atimospheres.

REDOX REACTIONS

Oxidation-reduction equilibria have been treated in the same
muaitner as otlier reactions in WATEQ. To achieve this, the
measured_Eh value, or the Eh value calculated from the
measured concentration of dissolved oxygen, is converled to
the negative logurithm of the couventional activity of the
dlectvon (or pE) by the relation,

| ,!12551./(2.3‘03,?7*]_@\,}
i

(41)

in which Fis the faraday and 2.303RT/F is the Nemst slype:

pF ts related Lo the conventional activity of the electron by
a,~=1070E (42)

This cquation is stmilar o that assumed for pIl, and bécanse,

both measurcniints have sn unknown liguid junction poten-

tiaf, the relations of pE to clectron activity and of. pll Lo
hydeogen ion aclivity are equally uncertain, Tt s necessacy,
however, to use Uiese relations despite the ancertatnty. The
slavdard free cnery and vnlimlpx of the yvdrated electron in

agneous solution are zcro hy ¢onvention, Thc conventional
elcetron activity thus ranges from 10722 1o 10 20 hile the
actual electron activily is about 10°%° to 107'°%, These

convenlions are discussed by Sillen and Marle!l (1964) and by,&éf

Truesdell (1968).

An advantage of the use of clectron activily is that it is not
néeessary Lo s¢l up scparate redox Lth!mum i.\||rc‘+10ns
For example, Gic equilibrivm between Fe *1 und Fe*? s
expressed by a convenfidnal tqunhbrlum ‘gonstant,

aFet3 e ' (43)

a{.‘c+2

K=

and the value of the équilibrium constant may be caleulated
fram Gfp, Fe'3 and Gf"‘,ll"i:ﬂ (G‘P, elcetron = 0 by con-
vention). Other redox equilibna are treated similarly, and the
method of caleulation of the concentration of ion pairs
invelving iron is the same as that involving metals that are nol
redox active:

In nateral waiers that centact the atinosphere the dissolved
oxygen (DOX) content may have béen measnred in addition to
or in plicc of the Eh.. If thé dissolved oxiyien has been
incasuced, it is,read infd the-progran after the dormal Jata as a
statemient, “DOX = (parts per million of dissolved oxygen),”
Two values of pE are calculated in WATEQ fromn the relation,

b’ﬁ?— log K-pH-0.5log a4 3+0.25 '“'5”"3’0:‘\‘

in which log K values are from thermodynamic duta ("PE
CALC O™ and frowo the cinpisical Eh-pll relation for waters in
cortact with the atwsorphers (Sato, 1960). CEMPIR PE O and
PN activilies are un g molil seale. 2 DOX measurement is
eiven without an Fhh value, the vatue of PE CALC O iz ased
If i!l?l(':llL ]‘\”'”{ [’l" 1 is to he

(44)

throngliont the program,
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;lclqi-lrd, the statereat 7= APON = L
data.

Sl"l'lf'lll‘ ;m‘tl\-u.--: of - ‘-‘n‘{d and oxidized spe cies allow the

" is stdded to the oplivnal

caleulation of pE value: wlich may be compared with vach
olier or the inedsnred 7T to estimnale the degree of interaal
Twe zuch pairs are salfide-sullate and
The ezilibrinm bebween sullide and snlfate

redox equilibriunm.
mnsntonia-nilrate.
can be w‘rillt:ﬁ,

H,S+411,0 =20 +10H +8¢", 45)

and the masg-action expression.can be rearmanged to give

pE={log K+10g gy =log app, 5-10pH-d log “,0 M8. (46)

Simitarly, the equilibium between a2mmonium and nitrite
yiclds the cxpression

pE={loy Ktlog aNO; —logay H -10pH-3 log.a 1‘11.0)"8- (47)

These quantities, PF C-\LC 5
in WATEQ.

and PE CALC N, are-calculated

GAS PARTIAL PRESSURES

A]thfjugh gas partial pressures are -seldom measured in
natural witers, in some solutions they may he caleulated from
- the gas solulility constants aned the svatér :irlalysis. Theé partial
pressures of Co,, 05, and CH; are caleulated from the
followingiequations,

log PCO; =log K+log THCO3 Hog ayye— log“{l'lg 0 (48)
log PO;{ =log K'+2 log-a £, 0+t4pH+4pE, (49)
IOS.F&Hq =log K™ ¥ lOgﬂHCO optl-9pE-3log aH o (50)

ACTIVITY OF WATER

The. activity of water is ealeulated in WATED Ly the
appreximate-relation (Garrels and Christ, 19635, p. 66)

ay, 0=1-0.017%m, (51)

whicre Zpy. s the sum of the ineladitiis of dissolved anions,
cations, and neutsal species. The equation yields reasenuble

valucs if Emi isless Uhan-molal,
INPUT

Input to WATEQ consists of w complete chemicad analysis of
the waler s,mn;:]c: sk fieded measurcients of its tempicrature

anid II”. Franvailablie, measurenients of Bhand dissilved oxygen

Bricker;

TER PROGRAM. CALCLLAYION OF CHEMICAL EQUILIBRIA, NATURAL RATERS

as well a3 soine troce dement analyzes may be inclided. In
order (o allow the inclusion of optinnal data. the last space on
the first card s coded with ISIDATA whicl is the number of
cards coutaining the necessary data incloding the norinal
chenical analysis and the sample deseription. Cards after the
chiemical analysis are .used for optional date. A blank card
msist be inchided after each dota set to zeparate datu etz The
required data is coded in free field (thal iz one spave between
list of
jdentifiess in the complete computer program for detaited
deseriptions. Sample sets of data are given with the waulting
printout-alter the program.

each number) in the order indicated below. See

Card ! .., .Sample Deseription (79 spaices) and ISTDATA (space 80).

Card 2. TI:.\IP PEHL, F!T\l {in \.olts CCIdL 9 .9 jf data is nor available),
FLAG{ Prn’ M(‘,"L M[’QJ’L or \IQL)

Card 3 . Chmucal analysis in PPM, MG/L, and MEQSL or MOLYJL

{set FLAG) in the order Ca, Mg, Na, K, Cl, 80,, HCO;, F, H,5,
CO3, 5i0y, NHy, B, POy, Al F, NOj:

Succeeding cards . . ... (Rher data {identifies, equality dign, numerical
value, and comima} including: *DENS=0" {if not specified, density is
set equal to 1); if alkalinity.is corrected for nonc;-rbon;;tc' alkalinity
“CORALK=L,” {omitted if not corrected); elecerical potential {volts)
of the Eh cell including the'calome! reference electrode “EHMC=0,";
electrical potential {volts) of the Eh cell with Zob<ll's solution: for
calibration, *EMFZSCE=0,"; parts per million of dissolved oxygen,,
“DOX=(1"; and certain trace elements including Li (1= 80) 3r{1=87),
Ba (I=89) in the farm, * CU\'ITS{I) 0,". A semicolon in place of a
comma follows the last-data statemeént.

Last €ard . ... Blank.
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. first two of these four goals.

WATEQ2—A Computerized Chemical Model for Trace
and Major Element Speciation and Mineral Equilibria
of Natural Waters

JAMES W. BALL and EVERETT A. JENNE
U.S. Geological Survey, Water Resources Division, Menlo Park, CA 84025

DARRELL KIRK NORDSTROM
Department of Environmental Sciences, University of Virginia, Charlottesville, VA 22903

The protection of écosystems, upon which our health and lives
depend (1), requires that we understand natural processes and
develop the capability to predict the effect of changes, such as
the addition of pollutants, on these ecosystems., The prediction
of trace-element behavior in ecosystems requires a multicomponent
model by which one can: 1) calculate aqueous speciation of the
trace elements among both natural organic and inorganic ligands;
2) evaluate solubility hypotheses; 3) account for sorption-
desorption processes; and 4) incorporate chemical kinetics. This
paper documents a chemical model that partially accomplishes the
The present model has evolved
from WATEQ, the earlier water-mineral equilibria model written in
P1/1 by Truesdell and Jones (2, 3), and from WATEQF, the Fortran
version of Plummer et al. (4). These models, in turm, ‘drew on the
preceding model of Barnes and Clarke (5). The related PL/1 model,
SOLMNEQ (6), drew on the models of Barnes and Clarke (5) and a
prepublication version of Truesdell and Jones (2) as well as the
thermodynamic data treatment of Helgeson (7) and Helgeson et al.(8)

The WATEQ program contains an extensive thermodynamic data
base which was carefully selected for use with low-temperature
natural waters (9, 2). Activity coefficients for the majﬂr ions
are calculated from a computer fit of an extended Debye-Huckel
equation. containing two adjustable parameters (2, 3). These
activity coefficients are considered more-reliable than the
standard Debye-Huckel equation or the Davies equation for high
ionic strength solutions (up to 1-3 molal). The method of
calculation in WATEQ is back-substitution for the cations and
successive approximation for the anions with convergence on mass
balance for anions. WATEQF changed to-the more rapid back-
substitution method for anion mass balance convergence. In
addition, manganese speciation is included in WATEQF, and an option
for calculating activity coefficients by either the Debye-Huckel
or the Davies equation is provided. WATEQ2 retains most of these
features, and additional modifications are explained below.

0-8412-0479-9/79/47-093-815$05.25/0
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We have added ten additional elements (Ag, As, Cd, Ca, Cu,
Mn, Ni, Pb, Rb, and 2n), complexes of Br and I, seversl metastable
solids, some sparingly soluble salts, and several ion pairs of
major constituents to the model. Other changes include re-
organization of the computer code into a series of external sub-
routines and changing the mode of convergence to decreaae the
number of iterations required.

Becaude of the interactive mature of aqueous solute specia-
tion calculations, it would be desgirable to enter at once into
the chemical model the reactions and thermedynamie data for all
elements whose inclusion might affect the computed activity or
equilibriim solubility of other solute species. However, our
experience is that the greatest reliability is obtained by adding
only the data for one element, or for one ligand group, at a time;
then test data sets and real world water sample analyses are rTun
before making further additions to or changes in the model.

Uariaua associztes, whom we have frequently called on for
specialized knowledge and information, have materially assisted
in this modeling effort, Collaborative studies have often pro-
vided the impetus to add scme gpecific element, ligand group, or
group of 8olid phases to the model. Apparentoversaturation with
one or more solild phases of an element has often prompted us to
geek out and add data for additional solute complexes or more
soluble solid phases. The partitioning of an unexpectedly
large pertion of an element Into a particular complex has led
us to make an expanded compilation for the complex or to consult
with colleaguesa to assist in selecting best values. Colleague
criticisme (constructive and kind for the most part) of studies in
press and in preparation have prompted us-to make specific tests
and proceed immediately with some change or addition, which would
otherwise have awalted a "more apportune time." L, N. Plummer
provided frequent consultation and supplied & prepublication copy
of the reactions and sssociated thermodynamic data for the man-
ganese section 6f the WATEQF chemical model (4). B. F. Jones and
A. H. Truesdell have also been particularly helpful on many
occasions.

In our effort to collect the appropriate data and develop
the requisite understanding of geochemical processes, we hdve
developed some adjunct computer programs. These include AACALC
{Atomic Absorption and emission spectrometry CALCulation), EQLIST
(EQuilibrium computation LISTing), and EQPRPLOT (EQuilibrium
computation PRInting and PLOTing). AACALC (FORTRAN) reduces
atomic absorption or emisslon spectrometry data to concentratioms,
EQLIST (PL/1) constructs tables from the WATEQZ (input) card file,
and EQPRPLOT (FORTRAN) constructs ratio -and scatter plots of
dissolved constituentsz, activity products (AP}, or activity product

te solubility produect ratios (AP/K) via computer terminal printer
or tape-driven plottex.
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Additiona and Modifications to the Model

The thermochemical resction values vary according to the
way the reaction is written. Therefore, all reactions in the
present model which have been added or revised, together with the
selected thermochemical wvalues, and operational-information ta
facilitate input and output of the data, are available in an
adjunct report (10}.

Elements. Rather large sets of solute complexes and mineral
phases have been added for Ag, 4s, Cd, Cu, Mn, Ni, Pb, and Zn.
Additionally, Cs and Rb have been added to the model.

The merit of ineluding Cs and Rb in the model, in spite of
the near absence of solute complexes or pure solids, is that in
the future the activities of the uncomplexed alkall metal ions
can be used to compute their probable substitution into certain
silicate minerals and to examine lon-exchange processes. Alkali
metals complex with OK , €1 , and NO3 only at such high fonic
strengths that the basit assumptious of a multicomponent lon-

‘association model are no longer valid. In addition, thermodynamic.

data for these complexes are highly uncertain. For these reasons;
such complexeg have been dropped from the model. Similarly,
there are data on alkall metal compounds such asg RbyS which mights
have been included. However, the pure alkali metal sulfides dre
known to be highly unstable and/or deliquescent (11) and are
rarely found as minerals. Therefore, they have not been included °
in the model.

The mangsnese .sections of WATEQF (4) were heavily utilized
in preparing a similar section for WATEQ2 (10). The solute por=-
tion was utilized in its entirety, but the HnOH+ and Mn(0H)3
association reactions were expressed in terms of Hz0 and ):u
instead of OH , and the HMn0; complex, a duplication of the Mn (OH)
complex; was excluded, The following subset of the“mineral
specles was selectéd: pyrolusite, birnessite, nsutite, bixbyite,
hausmannite, pyrochroite, manganite, rhedochrosite, MaCly:4H30,
MnS{green), MnSOy, Mnz(S04)3, Mn3(POy), and MnHPO,. The following
subset was excluded: MnO, Mn{OH)3, MnClp, MnCl;+Hp0, ¥nClj;-2HZ0,
Mn,5i0, and Mn§i03. To the selected set were added six minerals
for which thermochemical data are unknown, in order to obtain log
AP values of the individual minerals for different waters. The
slx minerals are: omelane (KOBHnE+5Hn§ 0y7), hollandite
(Bag, 73Fe3}57n4n§+5qu 01¢), psilomelane
(Bag 78(.‘&0 19K, gaﬂnz*ﬁn? 0y15-2. 51-120), todoreokite

(Cag, 305Mg0, u73tnft1 3 0,5 2H,0), Lithiophorite
(LizAlaMnE"’Hn'ﬂ}D% *148,0), and rancieite (Cag,yy Mnf' seMnit0g-30,0).
Aqueous Complexes. All solute reactions are written as

association (formation) reactions whereas the solid veactions are
written as dissociation (dissolution) reactions. For mass
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balancing purposes, all solute reactiens are written in terms of
the free form of the parent species, so that sll constants are for
overall rather than stepwise reactiens.

Polysulfides and Sulfide. The polysulfide complexes of
Ag and Cu have been sdded to the medel in an attempt to reduce
the apparent oversaturation with Ag,8(s) calculated for San Fran-
clsco Bay waters' (12). Caleulation of the activity of polysulfide
ions requires the asgumptions: 1) the quantity of S (free_sul-
fur) is not a limitation on its reaction with biaulfide {H5 ) to
form polysulfides; and 2) polysulfides are in equilibrium with
bisulfide. ,

In addition to the sulfide complexes of the added trace
elements, the Fe(HS)} and Fe(HS)3 complexes (13) have been in-

' cluded to increase the rigor of the sulfide .speciation. . The
sulfide reactions have been rewritten in terma of HS rather than
527 since HS is the dominant sulfide lon in most waters,

Sulfate. Various® published values for the association
constants and assocclation enthalpies of metal sulfate ilon pairs
and triplets (14, 15, 16, 17) show good agreement {* 10%) except
for NaSDj. Log K values for the formation of NaSOq range from
the 0.226 value of Lafon and Truesdell (18) to the 1.17 valueé of
Pytkowicz and Kester (19}, as cited by Fisher (20). If the one
low value of Lafon and Truesdell (18) and the high values of
Fisher and Fox (21) and Fisher (20) are dropped, the remaining
four values average 0.70 # 0,05 (22 23, 24, 25) which is identi-
cal to the value selected | by Smith and 1 Hartell (26), who may have
used the same evaluation technigue. G. M. Lafon (Johns Hopkins U.,
personal communicatien, 1978} has suggested that the low value
should be discounted and that the formatieon of a sodium sulfate
ion triplet is unlikely. Most of the other association-constants
were obtained from R, M. Siebert apd €. L. Christ (Continental
011 Co., U. 5. Geol. Survey, personal communication, 1976) after
comparing their values with those reperted in the literature.
Enthalpy valués were also selected from the preliminary data of
R. M. Siebert and C., L. Christ which had been evaluated by the
Fuoss equation (27), Careful checking with published literature
values showed no serious discrepancies and it was felt that using
data from one.source would help maintain internal consistency. The
ion triplet Fe(S0,); was one exception. The log K for this com-
plex 1s the average of the results of Izatt et al. (25) and
Mactoo (28) which differ by less thanm 1%¥. The enthalpy of
association has not been published but it has been estimated by
assuming that the difference between it and Fesot is equal to
the difference between AL(S0,); and AlSO}. Although the reli-
ability of this estimation cannot easily be determined, it
certainly 1s better than assuming AH = 0.

Fluoride, For equilihriumrcalculations in acid
solutions, stability constants are needed for HF®, HF3, and (HF)3}
specles, These species become important when the EH drops below
4.5 and fluoride concentration rises above 5 x 10™'M. Several

o -
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measurements have been made on the dissociation of HF® at 298,15°K
dnd the agreement is excellent (29-37). The weighted mean value
of log X = 3,169 + 0,010 {lo, unweighted) given in Ball et al. (10
was caleulated from these investigations after drOpping the high
value of Patel et al. (34) and the low value of Vasil'ev and
Kozlovakil (37) which is necessary in order to maintain con-
sistency with the kinetic data of Kresge and Chiang (38, 39).

For the reaction:

HF® + F % HF, o))
the stability constant has a larger uncertainty owing to the
competing HF® association equilibrium. Reported log K values
range from 0.49 to 0.70 (29, 30, 32, 33, 35. 36) and the weighted

mean value is 0,58 = 0.05,
Aqueous HF dimers: have been shown to exist by Warren (35)

who measured a log K of 0.43 & 0. 05 for the reaction:
2HF° < (KF)j. ' (2

Enthalpy values for the calculation of temperature dependence:
are not available for reaction 2. The log K for the dissociation
of HF® and for reaction 1 have been measured between 0 and 100°C |
by Broene end DeVries (29), E1lis (30) and Hamer and Wu (33).
Vasll'ev and Kozlovskii (37) have also obtained enthalpy data for -
these reactions by calorimetric titration. The average AH =
-3.46 £ 0,75 keal mol”! for HF® dissociation and AH =
1,09 + 0.30 keal mol”! for reaction 1.

Silicate minerals are more soluble in natural waters having
high fluoride concentrations and low pH values than in other
waters. High concentrations of dissolved silica may be maintained
by the formation of hexafluorosilicic acid:

SLLOH)? + 6F + 4H Isu‘%‘ + 41,0, (3)

The equilibrium constant for this reaction has been measured at
25°C by Roberson and Barnes (40) and the enthalpy is estimated
from the data of Wagman et al. (41). Reaction 3 is important
in many applications: 2) chemical proceases involving volcanic
gases and condensates (40), b) chemlcal reactions in acld,
halogen-rich hot springs (42, 43), ) waters receiving effluent
from phosphate processing plants (44}, d) fluoridation of water
supplies (45), e) analytical chemistry, such as in the deter-
mination of either fluoride or dissolved ailiea (46) and £} the
formation and hydrothermal alteration of ore deposits (47, 48, 43).
The 103 X and AH for the formation of the aqueous_ camplexes
caFt, FeF?t, Fer}, FeF3, BF(OH)3, BF2(OH)7 and BF 30OH) have
been evaluated by Nordstrom and Jenne (50} and are in good agree-
ment with those selected by Smith and Martell {26) who used a
different evaluation procedure. This addition to WATEQ2
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makes a fairly complete inventory of aqueous fluoride ‘complexés.
Neutral and Polymeric Aluminum and Irem. The

association constants and enthalpies of aluminum and iron hydrox-~
ides have been evaluated by comparing the critically selected
data of Baes and Mesmer (51) with that of R. M. Siebert and C. L,
Christ (personal communication, 1976). Differences between the two
data sets are negligible and the final selection was from Baes
and Mesmer (51} because data on more complexes are found there.
Important new species added to tke model are the polynuclear
complexes Fez(OH)2 and FE3(UH)q . Some controversy has arisen
over the existence of Fe(OH)3 and AL({OH)5. Baes and Mesmer (51)
have indicated that although the formation constant of Al(OH)a is
only known from one measurement (52) and has a large uncertainty,
i€ is real, with a log K < -15.0 For the reaction

t v

art oy 34,0 +A1(0H)° + 33 %)

Baes and Mesmer (51) alsn suggest that the - log K for

re’t + 38,0 e Fe(ou)g + 3t : 5
.18 less than -12 and this agrees with the generally accepted

value of -13.6 (53). Recently, Byrne (54) and Kester et al. (33)
have presented evidence for the existence of Fe(OH)?2 and re-
confirmed the valie of the log K. We have therefore included both
neutral speciles in the model.,

Others. Equilibrium association constants calculated
from free energy'data (41) for two aqueous arsenic fluoxride species,
As0,F2" and HAsO.F , were so high that the two species accounted
for virtuaslly ali the As?® 5% 4n several water aamples, practically
irrespective of the fluorige concen ration. The ER calculated
from the activities of As¥ and As” under these conditions was
near -4 voles,<l.e, well bélow that at which water -decomposes
(0 to -0.83 volts from pB 0 to 14). From the original data of
putt and Gupta (56) the log K = 2,832 for

® ~ - - E ‘
HiAsO; + F HASO.F + Hzp (6)
and log K w -3,037 for
H.AS0® + ¥~ = AsO.F°" + H' + H.0: (7)
34 3 2" ,

Thus, there appears to have been a computational error im con-
verting the stability data of Dutt and Gupta (56) to standard
free energles of -formation. ‘

Equilibrium log K. values calculated from free emergy data
(41) for two lead hydroxychlorides (PbOHC1l, Pby(OH}3Cl1) did not
agree with those of the original authors (57). However, revised

8GZ data (10) from NBS (B. R. Staples, Nat'l Bur, Stand., personal
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communication, 1978) agree very well with the original data.

Crganic Ligands. The model has been expanded to permit
sensitivity enalyses of naturally cccurring organic liganda.
These composite ligand groups are referred to as fulvate and
humate. The model defaults to molecular weights of 650 and 2000,
respectively, for these two ligand groups. Reported molecular
weights for these substances vary widely ($. A. Jacobs and E. A.
Jenne, unpub. dats, 1978). Therefore, 1f a concentration for
either substance is used as input data, without an eccompanying
analytically determined molecular weight, a warning message is
printed, and all pertinent output data are flagged. Reported
equilibrium constants for these metal-ligand complexes alst vary
widely and should therefore be user supplied. In the absence of
supplied values, the model defaults to data from Smith and Martell
(26) for oxalic acid (10).

Solid Phases. Sulfates. Solubility produet constants and
free energies of formation for the jarosite mineral group (jaro-
site, natrojarosite, and hydronium jarosite or carphosiderite, as
the hydragen form is termed in the older literature) have been
compiled by Nordstrom '(58). Considerable discrepancies occur
between different investigations because the solution equilibria
are very complicated: several strong complexes are formeéd and

. attempts are seldom made to account for the effect of hydroxide

and sulfate complexation of the cations involved on apparent
solubility. Thére is also a lack of consistency between vaiues
for the jarosite solubility product constant, partly because
different complexes were used. Of the four lnvestigations made
on jarosite, Brown's tesults (53, 60) must be discounted because
of very large uncertainties in the results. A mean value of
-98.80 + 1.1 for the log Kgp has been selected for WATEQZ from
the works of Zotov et sl. (61), Vlek et al. (62) and Kashkai

et 8l. (63). If the dissolution reaction is written as:

64" + KPe 3(50,2, (0K) ,(s) 2K+ ame? 4 2503
then the log K is =14.8 + 1.1, The log K for natrojarosite,
written in the same manner as reaction 8, is =11.2 + 1.0 from
the work of G. Clifton (Continental Material Co., personal
communication, 1977) and agrees with the value obtained by Kashkai
er al, (83). COnly one log K value is available for hydreniim
jarosite (63} The 41 for the reaction 8 has been estimated to

be -31.28 kcal mol™! by utilizing the data of Zotov et al. (61)
for the entropy of jarosite, 'the previously cited investigations
for the mean AG; value and Wagman et'sl. (41, 64) for the enthal- .
ples of the ions. The enthalpy for natrojarcsite dissolution
is derived from the entropy and free energy values given by
G. Clifton (personal communication, 1977) and for hydrounium jaro-
site a linear correlation between free energles and enthalpiles .
was asaumed for the jarosite group since no data are available..

+ 61,0 (8)
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Ve have observed melanterite, FeSOy: THy0, to be one of the
common sulfate minerals produced by the oxidation of pyrite during
weathering. Unfortunately, its solubility and related thermo-
dynamic properties are not well established. The log K for
melanterite dissolution has been derived from the free energles of
formation of the constituent species and the greatest source of
uncertainty lies with the 4GE for Fe?". We prefer the value of
.-21,8 + Q.5 (65) which results in a log K of -2,47, The enthalpy
of diesglution is 2,86 kcal mol=) hased on hHE w =22.1 keal mol™
for Fe?  from Larson and Hepler (es).

The log K and AH® values in Ball et al, (10) for the
‘dissolution of epsomite have been obtained from the free energy
ard enthalpy data given in Wagman et sl. (41) and Parker et al.
(66). For the log K and AH® of potassium alum solubility, values
were: obtained from the free energies and enthalples of Wagman
et al. (41} and Kelly et al. (67).

Fluorite. The snlubility and related thermodynamic
properties of fluorite have had large uncertainties, i.e. 2 to 3
orders of magnitude. Nordstrom and Jenne (50) utilized simul-
taneous multiple regression amalysis (68) to o evaluate these
thermochemical data. The revised log K (10) agrees quite well
with the upper limit of fluorite ion activity product calculations
of many geothermal waters in the western United States. Although
a total uncertainty of * 0.5 was assigned to the log K (to in-
clude andlytical and computational errors), more recent investi-
gations indicate that the log K falls between -10.5 and -11.0
(69, '70, 71) so that the uncertainty in the log X at 298.15°K 1is
+0.25. At this level of deviation the analytical and computational
uncertainties inherent in the calculationa of the ien actiwvity
product are likely to be greater then those in the thermodynamic
properties.

Other alkaline earth fluorides (BaF,, SrF,) have been added
to the model. However, they are less likely than their respective
sulfates or carbonates to be solubility limiting phases.

Others. Thermochemical data for the ferrous chlerite,
greenalite (Fe;31;05(0H},), and phlogopite (KMg3AlS130y(0H)2)
dissclution were taken from Plummer et al. (4) who used the free
energy values of Eugster and Chow (72) for greenalite and Bird
and Anderson (73) for phleogopite.

‘Solubility celculations were added for two ellophanes, for
which the equilibrium constants and formiulaze are a8 funetion of pH.
Paces (74) found cold ground waters collected from springs in
granitic rocks of the Bohemian Massif of Czechoslovakia to be
supersaturated with respect to kaclinite while being unsaturated
with respect to amorphous silica., He interpreted this as an
indication that a metastable aluminogilicate more scluble than
kaolinite was controlling the concentrations of alumina and
silica in these waters. This aluminosilicate was further hypothe-
sized to be of varied.chemical composition, controlled by the mole

.

L T

36." BALL ET AL:  Computerized Chemical Model ' 823

fraction of silica and diassolved by the reaction:

-

(AL(OH) }(810,] (8) + 3(1-x)E" =

3](l-x
(1—x)A13+ + ’KH‘ASiUZ + (3-5x)1~120 . 9

In egquation 9, x 1s the mole.fraction of silica and is equal to
1.24:= 0,135pH. This expression describes the linear variation
between pure amorphous hydrous alumina and silica as a function
of pH (75). The equilibrium constant for this substance was
calculated by combining two endmember constants from the litera-
ture and incorporating the pH-dependence equation into the
resulting expressién, yilelding an expreseion for the equilibrium
solubility (75) of:

" log K'= =5.7 + 1,68pH, _ o (10)

Under field conditions the solubility of this material should be
lower due to the large difference in the speed of cryastallization
of amorphous alumina versus amorphous silica. Im fact, a best-
fit line to field samples from the Sierra Nevada is described by
the equation (73):

log K = -5.4 + 1,52pH, , (11} -

Coppér ferrites have been Included in the model, but have as
yet not been found to be equilibrium controls on copper or iron
golubility. The calculated activity products for the two minerals,
cuprous ferrite and cupric ferrite, are characteristically several;
orders of magnitude oversaturated when compared to thelr respec-
tive equilibrium constants in 8 wide variety of surface waters.

Ponnamperuma et al. (76) describe a ferrtosoferric hydroxide
(Fe3(OH)3g), offering ‘evidence that most iron (I1) in reduced
80ils other tham acid sulfate soils is present in this form.

Using a log K of 17. 56 from Ponnamperuma et al. (__) for the
reaction!:

2Fe (OR) 3(‘9) + Fe?t 4 200 7 Feg(OH)B(B) (12)

and log K values for the fonization of water and ferric hydroxide
dissolution, we calculate a log K of 20.222 for the reaction:

Fe (0H) (s + gt T 2re’t + Feit 4 84,0 . (13)

Bledermann and Chew (77) desecribe a ferric hydroxy=-chloride
(Fe(OR)}2 7Clg,3) which has been seen to precipitate from sea
water, having alog K of 3.04 + 0.05 {51) for the reactiomn:

Fe(0H), ,C1) ,(s) + 2.76" ¥ Fe>T + 2710 + 0,301, (14)
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Chien and Black (78) calculate a log K of -114.4 for the
fluorocarbonato apatite reaction:

+
Cag,sNa 36Mg, 144 (CO3)1 2F2 4a(PO4)y g{s) < 9,5Ca?
0.36Na” + 0.144Mg2" + 1.2C07 + 2,487 + 4.8P087 . (15)

These reactions have been added to the model.

Morey et al. (79) have calculated an equilibrium constant for
amorphic silice which best fits thedlr field data. The log K for
this reaction of -2.71 has also been added.

Redox Couples. Tihe madel ealculacis the redox Eotential of
the couples: H,0,/0;, Hy0/05, Fe?t/Fed™, NO7/NO3, $%7/5027, and
A53+/As +, given the requisite concentrations of the couple mem-
bets. Dissolved oxygen is all that is required for calculation

of both the H30/0, and H202/0; couples, The H30/07 couple is
kinetically inhibited 4nd is grossly out of equilibrium except

at elevated temperatures (80). Therefore, the option of using pE
from dissclved oxygen for tedox speciation has heen dropped firom
the model.

Recent studies (81) show that when the following three
conditions are, fulfilled, the platinum electrode provides a re-
liable and accurate estimete of the ferrous-ferric redox potential,
EF92+ 3+,'in acid mine drainage waters, The conditions are? 1)}
1arge volumes of water must flow past the electrodes during emf
measurement; 2) water eamples must be properly filtered (< 0.1 m
membrane) and preserved for ferrous-ferric iron analyses; and 3)
activities of Fez+ and Fe3t rather than concentrations must.be
used to compute the potential of the ferrous-ferric couple. Other
studies (R. E, Stauffer, E. A. Jenne, J. W. Ball, unpub. data, 1974)
show that when a flow-through cell is used for emf measurements of
geothermal waters, the platinum .electrode potential mirrors de-
creasing dissolved sulfide and then increasing dissolved oxygen %
values in the downstream drainage of individual hot springs.

As alluded to above, Input data for total iron, Fe(II) and/or
Fe(III) are accepted by the model, with solute modeling calcu-
lations done using whatever data are input. If either Fe(II) or
Fe(III) are present, Fe{total) is ignored; if Fe(II) only is
present, speciation is done among Fe(II) complexes only, and like-
wise for Fe(III). To accompldsh this, the reactions of the iron
section have been extensively rewritten (10) and a protedure, named
SPLIT IRON, has been added, which performs the mass balance 1
calculations separately for Fe(II) and Fe(IIl) when they are in- 9
put separately. -An EE value is calculated from the computed
activities of Fe?t and Fe¥ and may, by user option, be used to 3
distribute other redox species in lieu of an input EH value, If
_ bnly Fe(total) is input, the in ut EH value 13 used to distribute
all redox spetcies including Pe?* and Fe +; if there is only
Fe(total) input,_ and po input EH value, all Fe calculations are
bypassed.
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Standard Deviations. In order to evaluate the effect on the
medeling caleculations of errors in the analytical input data, prop
agated standard deviations are mow computed for a subset of the
s0lid phase activity products considered in the model. Arrange-
ments have also been made to enter and cutput standard deviations
for thermodynamic data.

A new procedure named ERRCALC was written to calculate the
propagated standard deviation. The basic eguation for the
activity product of a solid phase is:

logy AP = Ax + By . (16}

where AP is the activity product, x and y are the log activitiles
of the constituent ions in solution, and A and B are the number
of ions of each species making up the solid. From Bevington (81,
p. 60) we construct the following equation to calculate the
standard deviation in the logip of the activity product, which in
practice is the gim of ‘the logyp of the activities of the

-congtituent ions:

a2 - A242 242

logyoAP Ao+ 2 %y (17)
Unfortunately, the standard deviation in the log)p of the activity
of the species is not kmown; rather the known quantity is the
standard deviation in the input analyticagl value, Therefore, a
second equation is required for x and y as the logygy of -another
number, From Bevington (82, p. 63-64),

for: x = a ln(+bu) o(18)
Oy
o= a— (19)

where u and x are the activity and logjg of the activity,
respectively, of the speciles, and a and b are weighting constants.
If a 1s set equal to 1/2,303 (i.e., 1/1n (10}), equation 1B becomes

x = log)g(+bu) ' (18s)
and equation 19 becomes:
. 1 cu

%" T7.303 W (19a)

The standard deviation in the activity of the species is also
unknown, but we have defined the propagated standard deviation to
be strictly in terms of errors in analytical input data, so that
the relative standard deviation of input data and computed sctivi-
ties are, under this definition, equal:

BN @)
v u
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where u 18 the activity of the species, v is the analytical
concentration of the species from which the activity of the
species was derived and oy and Oy are the respective standard
* deviations., Substituting from equation 20 to equation 19a we
obtain:

1 9% ’
°% % 7303 (v |° ‘ (19b)

Deriving an analogous expression for o, in terms of w and sub-
stituting 1t and the right side of 19b” into 17 we obtain:

2 2
2 2 Ov 2 Ow e
“Log, AP " A [2.303v] + B [2.303»:] o (17a)

where o, and w are the analogously obtained values for oy.

The sigma values thus computed are printed along with the
results of the activity product calculations under the heading
SIGMA(A), the uncertainty ascribed to the analytical values used.
The uncertainties ascribed to the thermodynamic data are labeled
SIGMA(T). .

Sigma values are routinely obtained for analyses performed
in our laboratory. However, we are utilizing a considerable amount
of literature data to evaluate the role of various solid phases
as effective solubility controls., These data rarely contain
either sigma values or the data from which they can be calculated.
Therefore, we have resorted to use of twice the uncertainty
resulting from rounding of the analytical values as a minimum
estimate of the analytical uncertainty. These are not distinguished
in the model from true sigma values.

Other Modifications. Ali new reactions which include OH are
written in terms of Hy0 and H' , following the convention of Baes
- and Mesmer (51). If the reactions are written in terms of OH ,
errors in the dissociation of water and in its temperature
dependence are encountered. These errors are thus avoided since
Ay" is a directly measured quantity., This also has the advantage
of making the propagated standard deviations for different solid
phases more comparable than if some are written in terms of OH
and some in terms of Hz0 and Ht. Most of the preexisting reactions a

which include OH were similarly modified to conform to this

convention. : . o . .
Other features of WATEQF (4) which have been incorporated

into WATEQ2 include: 1) revised set of analytical expressions

for the effect of temperature on the stability comstant (10);

2) printed table of log K values for which analytical expressions

exist, following the listing of the input thermochemical data (10);

3) check on the charge balance computed from input data, with

aborting of the calculations if the balance is off by >30%;

4) revised anion mass balance calculation, allowing for. faster
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convergence; and 5) 4improved set of headings used in the printed
results of the solute modeling calculations.

Specific conductance calculated from input major constituent,
data using the method of Laxen (83) has been added to the model
as a check on analytical input data. Differing inmput and calcu-
lated specific conductances indicate that one or ‘'more errors may
exist in the analytical input data.

A mass balance section for the hydrogen sulfide species was
added to the anion mass balance calculations when we observed
thatstrongHS- complexing of some trace metals sometimes rendered
cation mass balance convergence impossible.

Activity coefficients were originally calculated using the
extended Debye-Huckel equation and whenever a new complex was
added to the program it was necessary to estimate the a parameter.
This problem was overcome by substituting the more general Davies
equation which has adequate reliability at low ionic strengths
and 1s usually more accurate at high fonic strengths (84). . Since
acid mine waters can have fonic strengths approaching that of sea
water, it is desirable to use a theory for activity coefficients
that can reach somewhat above 0.1 molal, the usual upper limit for
extended Debye-Hlickel calculations. The Davies equation is
considered satisfactory to 0.5 molal. The extended Debye-Huckel
equation with fit parameters (2, 3) has been retained for the
major ions, Ca, Mg, Na, K, C1 and SOy, and the Debye-Hﬂckel
equation 1s used to calculate the polysulfide activity coefficients,
for which a parameters have been estimated by Cloke (85).

There are inconsistencies in the model for the calculation
of activity products for the "clays." _Exchangeable cations are
disregarded for the low exchange capacity kaolinite, halloysite,
chlorite, and moderate capacity illiite. For certain expansible
layer silicates and two zeolites, the log)p of the activity of
selected cations is added into the sum of the activity products.
The mineral phases treated in this manner, and the solute cations
considered as exchangeable cations, are beidellite
([Ayo2*11 + Agg*t + Agt), clinoptilolite and mordenite (Aggt + Agh),
Belle Fourche montmorillonite and Aberdeen montmorillonite
(Ajt + Agp+ + Agt). Note that the square root of the divalent
cation is used in the sum in keeping with the practice in the ion
exchange literature (86). Revision of the calculation of
exchangeable cation contribution to the activity product has been
delayed pending the pertinent reviews of Kittrick (87), as well
as that of Bassett et al. (88) presented at this symposium.

"Modificatiéns in the Code

The PL/1 language computer code has been extensively altered
in the process of building it into WATEQ2; in fact, minor
alterations are far too numerous to mention here. Several errors
in the original code were corrected and some major changes, noted
below, were made to improve program execution and ease of use
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and to broaden its usefulnesa. The input and output aspects of

program operation are given, along with the thermodynamic data

base, in a supplementary report (10).

Arrays which mist be increased in size when Bpecies are
added are now automatically sdjustable in dimension merely by
supplying appropriate input data. The results of solute and
mineral calculations will not appear if the activity or activity
product,. respectively, has not been calculated. This eliminates
extraneous non-Information and shortens the liasting conaiderably,
an advantage especfally when a simple laboratory solution is
considered and/or a low-speed remote computer terminal is
utilized,

_ Some data are entered into the model as "carried-only” data,
primarily for plotting using a subsequent computer program. How=
ever, as the model evolves, some of these carried-only data be-
come input to the model itself or to adjunct calculations.
Specific conductance, which was initially carried-only data, is
now compared to-a computed "specific conductance' as a quality-
of-analysis screening techmique,

The listing of the results of ‘the mineral equilibrium
calculations has been drasticslly altered, with the deletion
of 4Gy, &G, per equivalent cation, and all values in base 10
‘form. Information now printed for each species for which an
activity product is calculated includes log AP/K, SIGMA
(Analytical), SIGMA (Thermodynamic), log AP/Kgin, and log AP/K oo
As discusped previcdsly, SIGMA({A) is the propagated standard
deviation in the analytical values and SIGMA(T) is the standard
deviation in the thermodynamic data. The log)oKmin and log)oKgax

. values have been changed from + 5% of the log)pK value (2) to

" experimentally determined values which may. represent a less

soluble or mere soluble form of the solid phase than that selected

as the "best" value.

WATEQ2 consists of a main program and 12 subroutines and is
patterned similarly to WATEQF (4). WATEQ2 {the majn program)
uses input data té set the bounds of all major arrays and calls
most of the other procedures. INTABLE reads the thermodynamic
data base and prints the thermodynamie data and other pertinent
information, such as analytical expressions for effect of tempera-
ture on selected equilihrium conatants, PREP reads the analytical
data, converts concentrations to the required units, calculates
temperature-dependent coefficients for the Debye-Hlckel equation,
and tests for charge balance of the input data. SET initializes
values of Individual species for the iterative mass action-mass
balance calculations, and calculates the equilibrium constants as
a function of the input temperature. MAJ EL calculates the
activity coefflicieats and, on the first {teration only, does a
partial speciation of the major anions, and performs mass action-
mass balence caleulations on Li, Cs, Rb, Ba, Sr and the major
cations. TR EL performs these ealculationa on the minor cations,
Hn, Cu, Zn, Cd Pb Ni, Ag, and As. SUMS performs the anlon mass
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action-mass balance calculations, and tests the results_againgt

“input concentration values for the anions 003 R SOE' ¥, P0G,

Cl and 27, and printe the results of each set of iterative
calculations. MAJ_EL, TR EL and SUMS are executed repetitively
until mass balance to within 0,1% of the input concentrations is
achieved for.the six anions, or until 40 iterations have elapsed.
If convergence is not reached in 40 iterationas, a warning message
is printed and execution continues just as through convergence
had been reached., SOLUTES performs computations not related to
the mass balance calculations, such as EH, specific conductance,
pOyand pCH, calculations, prints out all the solute data, and
performs necessary logarithm conversions for use in subsequent
calculations. RATIO calculates and prints mole ratios calculated
from analytical molality and log activity ratios. - APCALC caleu~
lates thermodynamic activity products for the various nmineral
species considered by WATEQ2. OUTPNCH generates a card deck of
a subset of the calculated activities, activity products and in-
put. concentrations for subsequent use with plotting pregrams.
ERRCALC, discussed previously, uses imput analytical standard
deviations to calculate the propagated standard deviation in thelog
of the activity products for a subset of minerals considered.
PHASES prints the results of the activity product and error
calculations, and computes and prints the saturation state of
each minéral with respéect to a thermodynamic equilibrium constant
for each reaction considered.
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Abstract

The computerized aqueous chemical wodel of Truesdell and
Jones (2, 3), WATEQ, has been greatly revised and expanded to
include consideration of lon association and solubility equilibria
for several trace metdls, Ag, As, Cd, Cu, Mn, Ni, Pb and Zn,
solubility equilibria for various metastable and(or) sparingly
soluble equilibrium solids, calculation of propagated standard
deviation, calculation of redex potential from various couples,
polysulfides, 'and a mass balance secrion for sulfide solutes,
Revislons include expansion and revision of the redox, sulfate,
iron, boron, and fluoride solute sections, changes Iin the possible
operations with Fe (II, III, and II + II1}, and updating the
medel's thermodynamic dats base using critically evaluated values
(81, 50, 58) and new compilations (51, 26; R. M. Siebert and
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C. L. Christ, unpublished data 1976).
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Mechanical revisions

include numerous operational improvements in the computer code.
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