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Abstract-Many water analyses contain more than the minimum number of analytical determinations 
needed to calculate the distribution of species at -25°C. The speciation of a water that contains 
n cations and ligands other than H+ and OH- can be calculated if just n analytical determinations 
are available. In the frequent case where n + 1 (or more) determinations are available, one can calculate 
from the speciation a value for the (n -t l)th variable. The comparison between this computed value 
and its analytical counterpart (not used in calculating the speciation) constitutes a test for internal 
consistency among the n + 1 determinations that make up the whole analysis. 

Application of this test requires knowing the uncertainties of the calculated speciation and of the 
value computed for the (n + 1)th variable from the speciation. Such uncertainties have been ignored 
in previous algorithms, but have been determined herein by a Monte Carlo method of error propagation 
which is very well suited to systems of nonlinear algebraic equations. 

By comparing the titration alkalinity against the alkalinity calculated from the speciation, several 
published analyses for which the cation/anion balance is <3% can be shown to be internalfy inconsis- 
tent. Such analyses may be unsuitable for geochemical calculations (water/rock interaction, estimation 
of reservoir temperatures, etc.). 

Several existing speciation algorithms disregard the ~ssibility that the analytical data used as input 
are internally inconsistent. 

iNTRODUCTION 

THE OBJECT of this paper is (a) to suggest a criterion 
to test for the internal consistency of a water analysis; 
and, as a crucial step in carrying out that test, (b) 
to determine the effect of analytical errors on the cal- 
cuiated distribution of species for an aqueous solu- 
tion. 

In order to calculate the equilibrium distribution 
of species (or speciation) of an aqueous solution from 
its chemical analysis, a system of nonlinear afgebraic 
equations has to be solved. If the aqueous solution 
contains (a) n cations and ligands other than H+ and 
OH-, and (b) I aqueous complexes, the system of 
equations will consist of n mass balances (one for each 
of the n cations and ligands other than H+ and 
OH-), one electroneutrality equation, and I mass- 
action law equations (one for each aqueous complex, 
including HzO, assumed to exist in the solution). The 
system also has I + n + 1 unknowns: the molality of 
each of the n + 2 metals and ligands including HC 
and OH-, and the molality of each of the t - 1 
aqueous complexes excluding Hz0 (whose molality 
is 55.51 moles H*O/kg H20). Because the equilibrium 
distribution of species in an aqueous solution is deter- 
mined by the temperature, the pressure, and the 
numbers of moles of all the components in the system 
per kg of H20, the input needed to solve the above 
system of 1 + n + 1 equations with 1 f n + 1 un- 
knowns consists simply of n analytical determinations 

*NO attempt has been made to survey existing speciation 
algorithms. For this, see NORJA~OM (1978). 

(one for each cation and ligand other than H+ and 
OH-) and I dissociation constants at the T,P of 
interest. 

Often, however, a complete water analysis consists 
of n + 1 analytical determinations: the concentrations 
of the n cations and ligands other than H+ and OH-, 
and the pH. Thus, the system now consists of 
t + n + 1 equations with only 1 + n unknowns (the 
pH is known), and is overdet~rmined. In cases such 
as this one, the possibility exists, therefore, (a) of 
determining the speciation using only n of the n + 1 

analytical determinations, and (b) of comparing the 
value calculated for the (n + 1)th variable with its un- 
used analytical counterpart. Provided that the errors 
in both the calculated and the measured values are 
known (see below), this comparison should serve as a 
test for internal consistency among the n + 1 analyti- 
cal determinations that make up the whole analysis. 

The solving of the system of I + n + 1 equations 
to compute the speciation is, however, hindered by 
the combination of analytical errors (as they propa- 
gate through the calculations) with the fact that the 
molalities that appear in the mass-balance and elec- 
troneutrality equations often have widely different 
orders of magnitude. For example, for a NaCl- 
dominated water, even negligible changes in m,, ta,a, 
could drastically affect the calculated equilibrium 
value of mH+ (and therefore the pH), on account of 
the fact that mNaSlota, $ mH+ . This is why several 

algorithms proposed recently to calculate the specia- 
tion of a solution* (I and NANCOLLAS, 1972; KHAR- 

AKA and BARNIS, 1973; TRUESDELL and SINGERS, 

1974; TRUESDELL and JONES, 1974; WALTERS and 
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WOLERY, 1975; CRERAR, 1975) have coped with this 
problem by discarding the electroneutrality equation 
(which decreases the total number of equations to 
n + /) and at the same time by entering the measured 
pH, along with all the other n analytical determina- 
tions. into the system of equations-a maneuver that 
decreases the total number of unknowns also to n + 1. 
That is, n + 1 quantities are assumed to be indepen- 
dent, although in fact only n are. This procedure 
inherently overlooks the possibility that the n + 1 
analyses are mutually inconsistent, that is, that they 

cannot all be correct at the same time. The use of 
inconsistent water analyses in high-temperature calcu- 
lations of mass-transfer between water and minerals 
may lead to erroneous predictions. The speciation 
algorithms proposed by MERINO (1975, pp. 1632 ff.) 
and MOREL and MORGAN (1972) do use the correct 

number of analytical determinations, but leave un- 
touched the question of the propagation of analytical 
errors in the calculation of the speciation. Such ques- 
tion is attacked here with a Monte Carlo method 
of error propagation (see for example ANDERSON, 

1976) that leads to encouraging results. 

METHOD OF CALCULATION 

The distribution of species for an aqueous solution is 
carried out here using only the strictly minimum number 
of analytical determinations needed for the task. The algor- 
ithm* is similar to the one presented in MERINO (1975). 
The input chosen here for the calculations consists of (a) 
the measured pH and n - 1 other analyses that do not 
include the titration alkalinityt-a total of n analytical 
determinations; and (b) the dissociation constants given in 
Table I. The unknowns are the molalities of all the 
aqueous ligands, complexes, and cations other than H+. 
(The activity coefficients, also unknown. are calculated 
with the modified Stokes-Robinson equation of HELGE~ON 
(1969, p. 751) by successive iterations on the true ionic 
strength see Table 2). 

Once the system of equations is solved following the 
flow diagram given in Table 2, it is an easy matter to 
calculate the alkalinity by means of the equation 

A, = mt+ro, ,,!,,*l + 2mcoi ,‘,,,,, + mHiSiOa 

+ &IS + Q&lo, + %Hi + ‘%I - mH’ (I) 

* See NAPS document No. 03464 for 15 pages of supple- 
mentary material. Order from ASIS/NAPS c/o Microfiche 
Publications. P.O. Box 3513, Grand Central Station, New 
York. NY 10017, remitting $3.00 for microfiche or $5.00 for 
photocopies. Cheques to be made payable to ‘Microfiche 
Publications’. 

+ The titrutioll ulkdinity is the equivalent sum of the 
bases that are titratable with strong acid (STUMM and MOR- 
GAN, 1970. p. 129). and is measured by ending the titration 
at the inflection point on a plot of pH versus volume of 
strong acid added. In the absence of organic acid anions, 
this end point is at a pH of between 4 and 5. In their 
presence, it is between pH 2 and 3 (WILLEY et d., 1975; 
CAROTHERS and KHARAKA. 1978). 

The culculuted alkalinity, defined by eqn 1, is indepen- 
dent of the final pH reached in the titration. Eqn I should 
include all the species that contribute to the alkalinity. 
If it does not (for example because organic acids have not 
been specifically analyzed for), the calculations proposed 
in this article will reveal a substantial difference between 
the measured and the calculated alkalinities, which will 
hint that the analysis was not complete. 

Table I. Dissociation constants (25 C) and 6 coefficients 
(in the Stokes-Robinson equation) for aqueous complexes 
and ions taken into account in the calculations of distribu- 

tion of species 

Species log K” 2 Species log K,' g 

Na+ 
K+ 
ca2+ 

My’ + 
Fe’+ 
Cl 
HCO, 

sp”- 

OH 
HS 
HSOi 
H,SiOi 
MgHCO; 

4.0 CaHCO: 
3.0 KSO; 
6.0 NaSO; 
8.0 CaSOi 
6.0 MgSO: 
3.0 H,CO; 

-10.32 4.5 H,O’ 
4.0 H2S” 
9.0 H4SiOi 
3.5 co:- 
3.5 NH,OH” 

-1.99 4.0 NH: 
9.0 HZBO; 

-0.9b 4.0 H,BO; 

_ lJ6”. 

-0.84 
- I .06”,’ 
-2.31 
-2.25 
-6.35 

- 14.00 
- 6.99 
-9.65 

-4.752” 

-9.22d 

5.2 
3.5 
4.3 
4.0 
6.2 
4.0 
0.0 
4.0 
0.0 
4.5 
0.0 
3.0 
4.0 
0.0 

’ From HELCESON (1969) unless indicated otherwise 
’ LAFON (1969). 
’ FISHER and BARNES (1972). 
’ OWEN and KING (1943), in SILLBN and MARTELL. (1964). 
’ BAUMAN et al. (1973) give - 1.22 at 25°C. 
f LAFON and TRUESDELL. (1971) give -0.226 at 25 C. 
V “Distance of closest approach” in the Stokes-Robinson 

equation as modified by HELGESON (1969, p. 751). 

The test for internal consistency can now be applied by 
comparing this calculated alkalinity to the titration alka- 
linity, which is an independent value that has not been 
used in the calculations. If the two are equal within their 
errors (see next section on calculations of errors), the n + I 
analyses that make up the water analysis as a whole are 
internally consistent. If the calculated and titration alka- 
linities are significantly different (that is, if their error bars 
do not overlap), the n + I analyses are internally inconsis- 
tent. The inconsistency means either that some of the ana- 
lyses are seriously inaccurate, or that a significant com- 
ponent of the solution has gone unnoticed and unanalyzed 
for. or both. The n + I analyses should therefore be 
repeated, completed, or rejected. Note that the lack of 
agreement between the calculated and the measured alka- 
linities for a particular water sample does not imply that 

it is the analytical determination of alkalinity that is in 
error. By choosing to make the comparison on alkalinity. 
all the errors committed (analytical. incomplete analysis. 
etc.) are arbitrarily transferred to the calculated alkalinity, 
which is thus made to look the guilty party. 

The internal-consistency test proposed here could super- 
sede the numerical balance of equivalents per million of 
cations and anions (or ‘epm balance’) carried out routinely 
by water analysts. The epm balance does filter out some 
poor or incomplete analyses, but it cannot detect errors 
(a) in the analyses of mostly-undissociated neutral species 
(like SiOZ(sil) at pH < -9) or (b) in the pH, because the 
activity and molalitv of H+ are usually orders of magni- 
tude smaller than the analytical errors of the major cations 
and anions. For a good discussion of the shortcomings 
of the epm balance, see BROWN et al. (1970. pp. 3435). 

UNCERTAINTY OF THE CALCULATED 

SPECIATION 

The uncertainties in the analytical values entered 

in the system of equations solved in the previous sec- 

tion lead to uncertainties in the calculated equilib- 

rium molalities and thus in the alkalinity calculated 
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Table 2. Flow chart to compute the distribution of species 
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(I) Choose a random set of input pH and analytical totals (except alkalinity), each within its uncertainty bracket. 
(2) Choose initial value of mHCol. 
(3) Set initial ionic strength = stoichiometric ionic strength. 
(4) Calculate all activity coefficients. 
(5) &Set initial value f mSol-. 

(6) I I Calculate mNa+, - mK-, k-r hgl+, mHw;r %SO;r %OrT kaSO,r and mMgS04. 

Calculate a new value of msol. by using the sulphate mass balance equation. 
L Compare new with initial valugof &oI- and repeat sulphate-cycle steps until convergence is reached on 

mso-. 
Calculate mcot -, mH,CO,r mHS-! mH2L mH,BO;3 mH,BO,y mH,SiO;r mH,SiO,r %H-? mNH;3 mNH,OHy mGHCO;, 

mHgHCO;l mFc2 -, and mc, ~. 

Calculate new ionic strength. 
Compare new with initial ionic strength and repeat steps (3) and (11) until convergence is reached on f. 

Calculate electrical imbalance U = 1 mini. 

(13) Increment mHCO_ and repeat steps (2) through (12). 
(14) When II changes sign, search for the value of m HCOz- for which U = 0 (electrical neutrality). 
(15) Repeat steps (2) through (1 I) for that value of mHCOl 
(16) Calculate total carbonate and alkalinity. 
(17) Accumulate values of calculated alkalinity and all equilibrium molalities, and return to (I). 
(18) Calculate mean and standard deviation for the distribution of values obtained for the alkalinity and all equilibrium 

molalities. 
(19) Print results. 

with eqn 1. The comparison outlined above between 
the calculated and the measured alkalinity can be sig- 
nificant only if the uncertainties for both are known. 
The error for the measured alkalinity can be esti- 
mated by performing replicate analyses (as STOESSELL 

and HAY, 1978, do) or interlaboratory comparisons 
(ELLIS, 1976). On the other hand, the computation 
of the errors for the calculated alkalinity and for the 
calculated speciation has not apparently been 
attempted in any of the speciation algorithms pro- 
posed by other workers (see references in the intro- 
duction), and is the object of the present section. 

Because the alkalinity of many aqueous solutions 
is much smaller (on an equivalent basis) than the 
chloride concentration, and because the alkalinity is 
in effect calculated by difference of much larger quan- 
tities, one would intuitively expect its uncertainty to 

be very large (of 100% or much more), which would 
preclude application of the internal-consistency test. 
This is undoubtedly what would happen if one 
applied the usual equation 

uncertainty = by = 
( > 

$i Lzet 1’2 (2) 

to calculate the error for a function, y, of n indepen- 
dent variables, xi,. . . . x, ; oi is the error for xi, and 
j+ = (~$v/dx~),~ with j # i. Because the actual appli- 
cation of eqn (2) to a large system of nonlinear equa- 
tions like the one at hand is enormously tedious and 
unwieldy for use by the computer, it has not been 
done here. 

Nevertheless, when calculated by the Monte-Carlo 

* In the calculations below, I have chosen not to propa- 
gate the errors in the dissociation constants. 

method of error propagation, the uncertainty for the 
calculated alkalinity turns out in many cases to be 
reasonably small-small enough, in fact, that the in- 
ternal-consistency test proposed here can be usefully 
applied. Furthermore, the Monte-Carlo method can 
be easily applied to calculate the propagation of 
errors through large as well as small systems of linear 
or nonlinear equations, and is easily programmable 
for use by the computer. The Monte Carlo method 
can be applied in our speciation calculations because 
all the input analyses are independent. 

The Monte-Carlo method “is based on repeated 

calculations of a result, each time having each input 
datum changed by a random selection from its prob- 
ability distribution. . . . The accumulated answers 

define a distribution which can be as an uncertainty 
distribution” (ANDERSON, 1976, p. 1534; see also 
ANDERSON, 1977, pp. 199-215). In the case at hand, 
the speciation was solved many times for each water. 

Each time, the value of each of the n input analytical 
determinations was chosen randomly within its ana- 
lytical bracket of uncertainty*. From the population 
of values obtained for each calculated molality and 
for the calculated alkalinity, a mean and a standard 
deviation are obtained. The latter is taken to measure 
the uncertainty. As an example, the mean and the 
standard deviation of the calculated alkalinity for the 

water W67-2c (Table 3) are given in Fig. 1 as a func- 
tion of the number of iterations (or random selections 
of input data). It can be seen that both uAlk and the 
alkalinity become nearly constant when the number 
of iterations reaches about 160. The flattening trend 
in u is similar to that described by ANDERSON (1976, 
Fig. 4). All other waters in Table 3 show alkalinity 
anad standard deviation trends similar to those shown 
in Fig. 1. In the case of Fig. 1 the final value of 0 
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Table 3. Chemical analyses and other data for water samples, taken from the literature. Analyses are in mg/kg (=ppm) 
except where otherwise indicated 

Sample/ 
reference”.“.’ WHW63-8-l WHW63-17-3 WHW63-18-2 WHW63-146 

K 5.8 71 537 4.3 
Na I.5 653 7280 1550 
Ca 54 5.0 385 3.2 
Mg 19 0.8 580 1.5 
Fe 0.65 0.05 _ 0.84 
Si02 14 293 75 32 
z; 6.1 l# 4.7 384 22 0.6 

Alkalinityh 271 305 1600 2710 
Cl OS 865 12,900 710 
NH, <I 0.0 
B _-. 49 53 7.4 
pH’ 7.8 7.9 6.4 8.0 
1.: C 7.8 8P.2 40 __. 
density, g/cm3 l.ooo” 1.002” 1.013 1.m 
m-equiv/kg cations’ 4.74 31.6 400 67.84 
m-equiv/kg anions’ 4.61 31.6 398 65.76 

Table 3 cont. 

Sample/ 
reference”,“,’ W65-5 W65-6 W65-8 W65-12 W67-2a W67-2b 

K 136 132 80 63 39 460 
Na 6150 5820 4310 9450 is00 9140 
Ca 325 373 3400 587 64 1.4 
Mg 123 its 43 122 443 58 
Fe 6.4 1.2 2.7 9 0.04 0.1 
SQ 52 47 80 31 16 190 
HzS 0 0 0.9 <l 178 
SO4 4.1 1.6 1030 1.5 467 23 
Alkalinity” 666 535 795 415 2710 7390 
Cl 9940 9840 11,100 17,300 1900 11,000 
NH., 45 51 23 6.3 22 303 
B 142 140 98 7.1 56 292 
pH’ 7.1 7.5 6.48 7 7.f 7.2 
L-C -49 81 x 89 _ - 35 57 
density, g/cm* 1.009 1.009 1.016 f.Of7 1.006” --- 
m-equiv/kg cations’ 299.5 287.5 360.5 498.5 107.4 433 
m-equiv/kg anions’ 292.0 286.4 345.5 495.2 108.2 432 

Table 3 cont. 

Sample/ 
referenced+,’ W61-2c W67-19 CM69-2 CM69-3 

K 
Na 
Ca 
Mg 
Fe 
SiO, 
H2S 

SO4 

Alkalinityh 
CI 
NH, 
B ., 
pH’ 
t:c 
density, g/cm’ 
m-equiv/kg, cations’ 
m-equiv/kg, anions’ 

506 
9110 

5.9 
29 
0.04 

244 
170 

6.8 
7240 

1t,ooo 
243 
240 

7.4 
68.5 

425.4 
429.1 

228 
2270 

375 
53 

1 
48 

0.3 
391 
749 

3670 
2.4 
5.6 
6.1 

60 

127.8 
123.9 

19.3 17.4 
580 562 
59.7 82.0 
33.5 37.8 
0.21 0.13 
7.8 7.2 
2.3 4.6 

90 93 
335 359 
870 864 

- 
1.4 
7.38 

._.. 
1.0010 

31.55 
31.99 

1.5 
1.42 

-. 
1.0010 

32.23 
32.28 
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Table 3 cont. 

Sample/ 
referencP*’ 

K 
Na 
Ca 
Mg 
Fe 
SQ 
%: 

Alkalinity” 

zi,$ 
B 
PH” 
t,“C 
density, g/cm3 
m-equiv/kg, cations’ 
m-equiv/kg, anions’ 

CM69-10 KB74-28’ KB74-52” KB74-9’ KB74.16’ 

24.0 183 199 192 113 
1484 9300 12,900 11,100 6640 
373 2100 2450 1980 4070 
162 169 101 156 6.9 
- 5.4 2.28 2.11 2.26 

8.3 71 5.2 74 77 
187 8.2 280 4.43 135 - 180 4.55 370 2.57 

266 1580 3470 2290 810 

3113 - 17,400 35.7 23,400 88 19,900 39.2 16,OOQ 20.0 
0.58 54 59 60 37.2 
7.13 6.3 6.8 6.6 6.8 

- 35 34 44 35 
1.0030 - - 

97.78 530.06 703.25 603.20 496.80 
96.62 522.21 723.31 604.76 471.95 

Table 3 cont. 

Sample/ 
teferenced~h*i 

K 
Na 
Ca 
Mg 
Fe 

SiOz 

%: 
Alkalinityb 
Cl 
NH4 
B 
pHe 

t,“C 
density, g/cm3 
m-equiv/kg, cations’ 
m-equiv/kg, anions’ 

KB74-24’ KB76-30c KCW77-76GG63’ JER77-Ml020 

104 103 68 28 
6270 4330 6500 310 
3930 66.8 89 24 

7.4 7.1 15 3.7 
1.17 8.3 2.3 - 

69 47.0 93 64 

343 4.00 84 4.02 - 84 - 9 
1100 720 1600* 615 

15,600 6580 9210 178 
19.7 10 5.8 - 
44.1 77 62 0.13 

7.3 7.2 6.8 F8.00 
Lg.25 

32 31 126 24 
- - - l.Guo@ 

476.56 198.56 289.92 15.69 
466.93 200.82 288.73 15.28 

Sample/ 
referencedvhri 

K 
Na 
Ca 
Mg 
Fe 

SiOz 
%S 
SO, 
Alkalinityh 

& 
B 
PH” 

t,“C 
density, g/cm3 
m-equiv/kg, cation$ 
m-equiv/k& anions’ 

a Estimated. 

JER77- 
Ml004 

115 
9880 

- 

74 
- 

249 
7100 
5420 

4820 - 
6.7 

F9.90 
Lg.65 
37 

1.022 
436.99 
440.61 

Table 3 cont. 

JER77- JER77- 
Ml013 Ml025 JRE67-3 JRE67-4 

96 85 604 112 
4500 7480 15,200 2360 

- - - 
- - - - 
- - - - 

59 34 128 48 
- - - - 

91 73 792 135 
5200 4090 3840 758 
1680 4860 6920 972 

2120 
4.0 

3560 - 12,700 - 2190 - 
2.8 - - 

F9.60 Fl0.18 F9.75 F9.82 
L9.30 Lg.78 L9.65 Lg.85 
36.5 33 23 30 

1.010 1.016 - - 
199.08 329.99 686.82 105.76 
203.57 332.36 674.75 109.58 
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Table 3 CUIII. 
- 

*Where only one figure is given under Alkalinity it is the titration alkalinity. Where two figures are given. the 
first is total HCO, in the original publication and the second is total CO,. 

c Water analysis in mg/l. 
” WHW63 = WHILE et at. (1963). W65 = WHITE (1965). W67 = WHITE (1967). CM69 = CARPENTER and MILLER (1969). 

KB74 = KHARAKA and BERRY (1974). KB76 = KHARAKA and BEHRY (1976). KCW77 = KHARAKA et (11. (1977). 
JRE67 = JONES et al. (1967). JER77 = JONES et al. (1977). 

’ F = field value. L = lab value. 
’ Milliequivalents/(kg H,O), calculated from the complete analysis reported in the original publication. 
y The total alkalinity reported by KHARAKA et al. (1978) is actually 1C40mg/l of HCO, and 59Omg/l of CH,COO. 
“Each sample is designated by the initials of the author(s) who published its analysis, followed by the year of 

publication and by the sample number assigned by those authors. 
’ Description of .wmples: 

WHW63-8-1: groundwater, Biwabic iron Fm., Grand Rapids. Mi. 
WHW63-17-3: thermal water, volcanic environment, sinter, alluvium and granodiorite, Steamboat Springs no. 8, Washoe 

Co., NV. 
WHW63-18-2: thermal water, alluvium, Salton Sea basin, Well 4 mi. SW of Niland, Imperial Co., CA. 
WHW63-14-6: oilfield water, Frontier Fm., Wdl 2, Sinclair, Edgerton, Natrona Co.. WY. 
W65-5: oilfield water, Phacoides Ss., Cymric Oilfield, Kern Co., CA. 
W65-6: oilfield water, Oceanic Ss., Cymric Oilfield, Kern Co., CA. 
W65-8: oilfield water, “Burbank” Ss., Occidental Petroleum, Kings Co., CA. 
W65-12: connate water, “Miocene” Ss., Thompson Oilfield, Ft. Bend Co., TX. 
W67-2a: thermal water. associated with ores, Serpentine + Knoxville Ss., Abbot mine, Wilbur Springs district, Colusa 

Co., CA. 
W67-2b: spring water associated with Hg ores, Serpentine + Knoxville Ss., Spring 22. Wilbur Springs district, Colusa 

Co.. CA. 
W&7-2c: thermal water associated with Hg ores, Elgin mine, Colusa C ., CA. 
W67-19: water associated with base-metal ores, East Tintic district, Utah Co.. UT. 
CM69-2: Saline groundwater, Burlington Limestone, well 49/22-19adL Saline Co., MO. 
CM69-3: Saline groundwater, Shale, limestone, sandstone, well 49/22-16abl Saline Co., MO. 
CM69-10: Saline groundwater, St. Peter Ss., “Gusher” Sweet Springs, Saline Co., MO. 
KB74-16’: oiifield water, Temblor Ss., well K4-29J, Kettleman North Dome, CA. 
KB74-28’: oilfield water, Temblor Ss., well 32-32J. Kettieman North Dome, CA. 
KB74-52’: oihield water, Temblor Ss., well 56-l P, Kettleman North Dome, CA. 
KB74-9”: oihield water, Temblor Ss., well 287-39J. Kettleman North Dome, CA. 
KB74-24’: oilfield water, Tembior Ss., well 85-295, Kettleman North Dome, CA. 
KB76-30’: oilfield water, McAdams Ss., well 31 I-335, Kettleman North Dome, CA. 
KCW77-76GG63’: oilfield water, Morris Fm., well Portland A-3. San Patricia Co., TX. 
JER77-M1020: groundwater, Mudflats, Ndopa wells, N. end, Lake Magadi, Kenya. 
JER77-M1004: alkaline spring, Southwest Lagoon, L. Magadi, Kenya. 
JER77-M1013: alkaline spring, Northwest Lagoon, L. Magadi, Kenya, 
JER77-M1025: alkaline spring, Alluvium, Fish Spring, L. Magadi. Kenya. 
JRE67-3: alkaline spring Gage at Abert Lake, OR. 
JREh7-4: alkaline spring, Mouth of Chewaucan River, Abert Lake, OR. 

is about 0.0114 equiv/kg HzO, which is about 9.6% 
of the calculated alkalinity (-0.1155 equiv/kg HzO). 

Also, all the rno~~iti~ that constitute the distri- 
bution of species for sample W67-2c are given in 
Table 4 for 160 iterations, along with the correspond- 
ing Monte-Carlo errors, the analyses reported, and 
the analytical errors arbitrarily assigned to these ana- 
lyses, It can be seen that in this case the errors calcu- 
lated, even for very scarce species like HSO;, CaSOz, 
and OH-, are of the same order of ~gn~~~de as the 
analytical errors. These results indicate therefore that 
the Monte-Carlo standard deviation for a very small 
calculated molality need not be huge-it can in fact 
be no Larger than the analytical errors of the corre- 
sponding components. Note that the Monte-Carlo 
standard deviation (9.6”/,) for the alkalinity of W67-2c 
turns out to be smaller than those of some of the 
components of the alkalinity: the errors for HCO; 

Fig. 1. Cumulative mean alkalinity and its Monte-Carlo 
standard deviation (both in m-equiv/kg HzO) for water 
W67-2c of Table 3, as functions of the number of iterations 
( = number of different randomly-chosen sets of input data 

used-see text). 
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Table 4. Analytical data and assigned analytical errors, and calculated speciation and computed Monte- 
Carlo errors for sample W67-2c (see Table 3) 

Analytical data Calculated resultsd 
Total Monte-Carlo 

Components molalities” o/0 errorb Species Molality error (%) 

K 0.129 X 10-r 3 Na’ 0.397 
Na 0.396 2 0.129 x 10-r 
Ca 0.147 X 10-J 2 
Mg 0.119 X 10-r 2 
Fe 0.716 x 1O-6 3 
SiOe 0.406 x 10-a 
S 0.499 x lo-2 : 
SO4 0.708 x 1o-4 8 
Alkalinity 0.1187’ 
Cl 0.3103 5 
NH3 0.135 x 10-I 
B 0.222 x 10-l : 
PH 7.40 1 

Mg*+ 
Fe’+ 
ct- 
HCO; 
SHY;- 

OH- 
HS- 
HSO; 
H,SiO; 
MgHCO: 
CaHCO: 
KSO; - 
NaSO, 
case; 
MgSO, 
&CO, 
HS 
H&O, 
cot- 
NH,OH 
NH; 
H,BO; 
HsBO, 
Alkalinity 

0.96 x lO-4 
0.92 x 10-s 

0.717 x 10-e 
0.31 
0.11 

0.367 x 1O-4 
0.499 x lo-’ 
0.375 x 1o-6 
0.403 x 10-2 

0.42 x lo-” 
0.31 x lo-4 

0.275 x lO-3 
0.509 x 10-4 
0.637 x 1O-6 

0.33 x 10-d 
0.355 x lo-’ 
0.364 x lo+ 
0.627 x 10-r 
0.956 x lO-3 
0.402 x 10-2 
0.427 x 10-S 
0.112 x lo-3 
0.133 x 10-l 
0.529 x 10-S 
0.217 x 10-l 

0.116’ 

1.2 
1.7 
3.6 
2.6 
1.7 
3.0 
9.9 
4.7 
9.9 
9.9 
2.3 

11.2 
10.0 
7.6 
6.5 
5.1 
4.6 
6.3 
5.7 

14.3 
8.5 
1.2 

13.8 
9.9 
1.7 
9.9 
1.7 
9.6 

’ Converted into molality units from data in Table 3. 
b Analytical errors arbitrarily taken to be those reported by STOESSELL and HAY (1978). I have chosen 

arbitrarily the analytical errors for B, NH, and S. 
“The analytical error for the titration alkalinity is reported by STOESSELL and HAY (1978) as the 

absolute amount f 0.03 m equiv regardless of the value of the alkalinity. Neither this error nor the 
titration alkalinity itself are used in the input for the calculations reported in the text. 

d The results given are for 160 iterations. for which both the mean alkalinity and its standard deviation 
have flattened out (see Fig. 1). 

“Calculated with eqn 1 (see text). 

and H$iO; are 9.9 and lOo/V This must result from 
a tendency of the various constituents of the alkalinity 
entered in eqn 1 to change in opposite directions, 
thus partly cancelling each other, as the slightly-differ- 
ent, randomly-chosen sets of input analytical data are 
used in solving for the speciation. 

APPLICA~ON, RESULTS, DISCUSSION 

The algorithm of Table 2 has been used here to 
compute both the speciation and its uncertainty for 
a variety of published analyses of natural waters given 
in Table 3 and taken from various sources. 

By convenience, the test for internal consistency has 
been carried out on the alkalinity; that is, the analyti- 
cal alkalinity was not used in computing the specia- 
tion, and was then compared against the calculated 
alkalinity. The input data were the analytical totals 
(except alkalinity) and the pH. Errors in the calcu- 
lated speciation and calculated alkalinity have been 
determined by the Monte-Carlo method; the input 

analyses used in the speciation calculation were 
allowed to vary randomly within their respective 
brackets of uncertainty. For all waters this bracket 
had to be assumed, as the original analyses do not 
report the uncertainties. As analytical errors, I have 
adopted those estimated by STOESSELL and HAY 
(1978). The calculated results and the Monte-Carlo- 
computed errors are given in Fig. 2 and Table 5. It 
can be seen in Fig. 2 that the analyses reported for 
some waters (for example, WHW63-17-3, RB74-16, 
JRE67-4, and W65-12) are, within the assumed ana- 
lytical accuracy, either incomplete or somewhere in 
error or both, as their calculated alkalinities with a 
standard deviation on each side do not manage to 
overlap the corresponding titration alkalinities. In 
contrast, other waters (like CM69-3, W65-6, W65-5, 
JER77-M1025, KB74-52, and KCW77-76GG63) are, 
within the assumed analytical accuracy, internally 
consistent. The purpose of Fig. 2 is to show the poten- 
tial of the test outlined above to detect internal incon- 
sistency of a water analysis, even though the actual 
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results would probably change depending on the ana- 
lytical errors entered in the Monte-Carlo calculation.* 

It can be seen in Table 5 that the Monte Carlo 
percent error in the calculated alkalinities is least for 
those waters in which the dominant anions are bicar- 
bonate and carbonate. 

Note also that eqn (l), which contains no explicit 
provision for the contribution of aliphatic-acid 
anions, still leads to accurate values of the alkalinity 
for oil-field waters rich in acetate. WILLEY et al. 
(1975) CAROTHERS and KHARAICA (1978), and KHAR- 
AKA et al. (19X), have shown that short-chain ah- 
phatic-acid anions (C&-C,) are abundant in many oil 
field waters, and that they therefore con~ibute signifi- 
cantly to their alkalinity. The most abundant of such 
anions is usuaily acetate, CH,COO-. Fortunately, 
because of the close similarity between the mole 
weights of acetate and bicarbonate, 59 and 61 respect- 
ively, and also because the dissociation constants of 
CHsCOOH and H&O3 are less than one order of 
magnitude different (10--5.“6 and 10-6.3s, respect- 
ively), most of the acetate is simply buried in the term 
carried in the speciation, mHcoj, which is in fact ap- 
proximately equal to (nrnco, (,yI + nrCH,(.oO~ f. For 
example. for sample KCW77-76GG63 the total alka- 
linity is reported by KHARAKA er al. (1978) to be 
~1~Orng HCO, + 59Omg CH,COO),‘l = 26.45 
m-equiv/kg H20. The total alkalinity calculated with 
eqn (I), which does not include acetate explicitly, is 
26.14 m-equiv/kg HzO, which is well within the ex- 
perimental error of the measured value. The agree- 
ment between the two means that this sample’s 
reported chemical analysis is internally consistent (see 
Fig. 2), and implies that the term mwco; in eqn (1) 
includes at least most of the molality of acetate. 

CONCLUSIONS 

Given a water with n cations and ligands other 
than H+ and OH-, if n +- 1 (or more) analytical 
determinations are available for it, then a test for 
mutual consistency can be performed among those 
n + 1 determinations. The test consists of comparing 
the analytical value for one of the n -I- 1 variables, 
say, the (n + 1)th variable, against the value com- 
puted for such variable from the other n variables 
via the speciation calculation. Internal consistency 
among the n -f- 1 determinations requires that the 
computed and analytical values for the (n + lfth vari- 
able be equal within their respective errors. Thus, an 
essential part of this test is to compute the error of 
the speciation and of the calculated (n + 1)th variable 
from the analytical errors of the n analyses used in 
the speciation calculations. The errors of the specia- 

* The method proposed here to test water analyses for 
internal consistency is all the more stringent the smaller 
the reported analytical errors are. If the analytical errors 
are large enough, the Monte-Carlo calculated errors for 
the speciation will tend to be large also, and the test will 
lose its discriminating ability. 

White, I%n 8 Worinq, 1963 
White, 1965 
Whik, 1967 
carpenter ff Miwsr, 1969 
Khoroko 8. Berry.1974 
Khwoko 8 Berry, 1976 
Khoraka. Callender 8 Wolloce, 1977 
Jonss, Euqsler a Rettip. 1977 
Jones, Relliq 8 Eugster. 1967 
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Fig. 2. Titration vs calculated alkalinities for the waters 
given in Table 3. The analytical errors of the titration alka- 
linities are not reported in the original analyses, but are 
probably much smaller than the vertical dimension of the 
symbols used here to represent the water samples. The 
calculated alkalinities and their Monte-Carlo calculated 
errors are taken from Table 5, and correspond to 1.50-170 
iterations, for which both ~k~inity and standard deviation 

become nearly constant (see Fig. 1). 

tion and of the (n + 1)th variable are here calculated 
by the Monte-Carlo method of error propagation, 
which is very well suited to speciation calculations. 

The test and the calculation of speciation errors 
have been applied to a number of published water 
analyses choosing the alkalinity as (n -t 1)th variable, 
i.e., as the variable on which the test is performed. 
The Monte Carlo-calculated error for the calculated 
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Table 5. Measured and calculated alkalinities and Monte-Carlo errors for the calculated alkalinities 
for the water analyses listed in Table 3. (The measured and cakulated alkalinities, with then errors, 

are plotted on Fig. 2) 

Sampled 
Measured 

alkahnity”*d 

Mean 
calculated 

alkalinity’tb 
Standard 

deviatiorPb ‘Z Error” 

WHW63-1’7-3 
8-1 
14-6 
18-2 

W65-5 
6 
8 

12 6.69 
W67-2a 44.41 

121.1 I 
118.65 

12.28 
5.51 
5.90 
4.39 

37.3 
13.2 
17.9 
25.8 
56.6 

2b 
2c 

CM6Z 
3 

10 
KB74-9 

16 

z 
52 

KB?6-30 
KCW77-76GG63 
JER?7-M 1020’ 

pH8, E 
pH8.25, L 

JER77-M1025” 
pH10.18 F 
~89.78 L 

JER77-M1004’ 
pH9.90 F 
pH9.65 L 

JER77-M1013* 
pH9.60 F 
bH9.30 L 

JRE67-3 
pH9.65 L 

JRE67-4” 
pH9.82 F 
pH9.85 L 

5.00 4.156 
4.44 4.63 

44.41 41.45 
25.93 23.7 
10.82 18.9 
8.69 12.75 

12.83 

11.7 
25.98 

f0.08’ 10.501 0.23 2.2 
10.08’ 10.508 0.23 2.2 

230.071’ 227.4 5.3 2.3 
230.071’ 228.1 5.2 2.4 

298.817’ 296.07 7.05 2.4 
298.817 296.0 7.08 2.4 

141.753f 137.3 3.15 2.3 
141.753’ 137.6 3.30 2.4 

295.414’ 311.8 18.0 6 

44.858’ 41.1 2.34 6 
44.858’ 41.1 2.34 6 

27.5 
18.9 
43.99 

121.9 
115.5 
16.34 
5.117 
5.903 
5.75 

39.6 
39.0 
27.6 
34.5 
42.6 
12.0 
26.86 

0.85 
0.035 
1.055 

11.8 
9.3 
7.33 

10.03 
11.1 
1.94 

10.4 
11.04 
3.48 
0.83 
0.83 
2.83 50 

18.6 47 
14.5 37 
14.15 51 
16.1 47 
21.5 50.5 
6.1 51 
8.93 33 

21 
<I 
<3 
SO 
49 
57 
37 
59 
4 
8.5 

2Y 
16 
14 

* m-equiv (kg HrO}-‘. 
h Calculated by the Monte-Carlo method. Values listed are for 150-170 iterations (see Fig. l), for 

which both the alkalinity and its standard deviation have become nearly constant. 
’ % error = 100 x value in column (4)/value in column (3). 
d From Table 3. 
’ F = pH measured in the field. L = pH measured in the laboratory. 
’ Calculated adding m,,; and 27+03- from Table 3. 

alkalinity, based on adopting the an~ytica~ errors in Table 4, where it can be seen that, for the water 
given by STOEBELL and HAY (1978), turns out to be sample W67-2c the errors calculated for the molalities 
from <I to 60% of the alkalinity itself; these errors of very scarce speGes (like mnso,-, mNu,Ou, and rnou-) 
are small enough in severai cases to detect the pres- are only slightly larger than the analytical errors 
ence of internal inconsistencies, as shown in Fig. 2. assumed in the calculations. 

An interesting result of the Monte-Carlo calcula- The test may therefore be a potential help to ana- 
tions is that analytical errors of large total concen- lysts and geochemists in selecting internally-consistent 
trations (such as PI,~~, q,c,) do not in general lead water analyses, particularly those to be used in geo- 
to large calculated errors for the smallest molalities chemical calculations of water-rock interaction, The 
of the speciation, even though a priori one might Monte-~10 calculation described in the text makes 
have expected the error for such molahties, which it possible to plot waters on activity diagrams (HEL- 
are usually severat orders of magnitude smaller than GESON et al., 1969) including provision for the effis 
rqN, and q,,,, to be huge. This point is illustrated of analytical errors on speciation errors. 
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