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The current saturation index equation is based 
on CaCO^ solubility data published in 1929, This 
paper presents a brief historical review of the appli
cation of calcium carbonate saturation theory to wa
ter treatment and discusses revisions to the satura
tion index equation due to a more accurate value for 
the CaCO^ solubility product constant and its tem
perature dependence and more realistic ionic strength 
corrections. The revised equation for the saturation 
index (SI) (Wojtowicz 1997b) is: 

SI-^pH-h Log [AlkJ + Log [Hard] + T C + C 

where both alkalinity [Alk] and hardness [Hard] are 
expressed in ppm CaCO^, TCisa temperature correc
tion term, and the constant term C =-11,30 - 0,333 
Log TDS, At 1000 ppm total dissolved solids (TDS), 
the value of C is -12.3, The revised equation gives 
lower S I values at >1000 ppm TDS than the current 
equation. In other words the current equation over
estimates the value of S I for a given water. Although 
the difference is relatively small at 1000ppm TDS, it 
increases and becomes significant above 1000 ppm 
TDS, 

Introduction 
There are numerous references i n the hterature 

stat ing t h a t the Langeher saturat ion index was de
veloped for concrete water lines or for boilers, cooling 
towers, heat exchangers, etc., or t h a t i t apphes only 
to closed systems and therefore does not apply to 
s w i m m i n g pools. A l t h o u g h i t is generally applicable 
to aqueous systems, str ict ly speaking, Langelier's sole 
concern i n developing the Saturat ion Index was cor
rosion protection for i r o n p i p i n g i n munic ipa l water 
d i s t r ibut ion systems (Langelier 1936). I n addit ion, 
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since i t is based on calcium carbonate solubihty equi-
hbr ia i t apphes to both closed systems and open sys
tems (including swimming pools) containing dissolved 
calcium carbonate (Wojtowicz 1997a). 

I n a closed system, aqueous CO^ is not exchanged 
w i t h the atmosphere and a lka l in i ty can vary at con
stant p H . By contrast, i n an open system aqueous 
COg is exchanged w i t h the atmosphere. A n open sys
tem can exist i n n o n - e q u i h b r i u m or e q u i h b r i u m 
states. A t equihbr ium w i t h atmospheric COg, a lka
l i n i t y is f ixed at a given p H and is m u c h lower than 
i n a closed system, v a r y i n g f rom only 4 to 18 ppm 
from p H 7.2 to 7.8 (Wojtowicz 1997a). Consequently, 
saturation hardness at equ ihbr ium is m u c h higher 
than i n a closed system, v a r y i n g from ~ 11,400 to -^700 
ppm at p H 7.2 to 7.8. 

Al though swimming pools continuously lose COg 
to the atmosphere, they are not i n equihbr ium w i t h 
atmospheric COg. This is due to the fact t h a t the t y p i 
cal upward p H d r i f t caused by COg loss is periodi-
caUy i n t e r r u p t e d by acid addit ion (Wojtowicz 1995b). 
A t a given p H and a l k a l i n i t y , s w i m m i n g pools have 
the same aqueous COg concentration as closed sys
tems. I n addit ion, the a lkahn i ty can vary at constant 
p H as i n a closed system. A s w i m m i n g pool is an ex
ample of a non-equihbrated open system, i.e., i t is a 
dynamic open system w i t h species d is tr ibut ion pat
terns s imi lar to a closed system. I n spas, the rate of 
COg loss is much greater t h a n i n pools due to higher 
temperatures, aeration, and turbulence. Aqueous COg 
can equihbrate w i t h atmospheric COg i f the durat ion 
of aeration is long enough. 

Background 
The concept of a saturat ion index is rooted i n 

thermodynamics and can be traced back to the nine
teenth century w i t h pubhcation of the Reaction Iso
therm (van't Hofif 1886) which states t h a t the free 
energy change (AG Joules) for a reaction is given by: 

AG = 2 .3RTLog Q/K 

where R is the gas constant (J/mol/deg) and Q and K 
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are functions of the actual and equi l ibr ium composi
tions, respectively. Rearrangement of the above equa
t i o n gives the fo l lowing equation where the te rm Log 
Q / K is equal to w h a t is commonly called the satura
t i o n index (SI) (Wojtowicz 1997c): 

AG/(2.3RT) = Log Q / K = 81 

The thermodynamic saturation index is a gen
era l parameter w h i c h apphes to any system capable 
of existing i n an equi l ibr ium state. Thus, the so-called 
Langeher saturat ion index is not a novel concept and 
should more appropriately be caUed the calcium car
bonate saturat ion index. 

The importance of calcium carbonate saturation 
i n water t rea tment was already recognized i n the 
nineteenth century as the foUowing highhghts show: 

Heyer (1888): 
• t reated low a l k a l i n i t y and low p H d r i n k i n g water 

w i t h g r a n u l a r CaCOg ( i n a f i l t e r ) to p r e v e n t 
corrosion of lead water distr ibut ion lines 

T i l lmans (1912): 
• proposed carbonate s a t u r a t i o n t h e o r y of p ipe 

protection 

Bavhs (19351: 
• publ ished graphs of carbonate saturat ion i n terms 

of p H a n d a l k a l i n i t y 

Langeher (1936): 
• derived equation for carbonate saturat ion i n terms 

of p H , a l k a l i n i t y , a n d Ca hardness 

Discussion 
D e r i v a t i o n O f T h e C a l c i u m C a r b o n a t e 

S a t u r a t i o n I n d e x - The dissolution of calcium car
bonate can be represented by the fo l lowing reactions: 

CO|-+H^ = ; ^ = - ^ H C O ; K ^ c = l / K 3 

The overaU reaction is: 

CaC03 3 + H - ^ = ^ ^ Ca^^ + H C O - K,^^ = K^^/K, 

where K^p is the solubihty product constant for the 
calcite f o rm of calcium carbonate and Kg is the sec
ond ionization constant of carbonic acid. 'Hie quotient 
(Q) obtained by d iv id ing the product of the product 

activities by the product of the reactant activities is 
given by: 

Q = {Ca^l lHCOgWmfCaCOgg}) = {Ca'^}{}iCO;}/m 

where the braces represent activities (i.e., effective 
concentrations) and the act iv i ty of sohd phases is as
sumed to be equal to one. Subst i tut ing the above equa
t ion into the saturat ion index expression gives: 

SI = Log Q /K = Log {Ca^^KHCO-}/({H^}K3,^ 

Expanding the left side of the above equation, and 
not ing tha t Log 1/{H*} = p H and IfK^^^ = Kg/Kgp gives: 

SI = p H + Log { C a n + Log { H O G ; } + Log Kg/Kgp 

Activit ies can be converted to concentrations v ia the 
fohowing relationships: 

Log { C a n = Log [ C a n + Log yCa^* 

Log {HCO3-} = Log [ H C O 3 1 + Log Y H C O 3 

where the terms i n brackets represent actual concen
trations and yCa^* and yHCO" are the act ivity coeffi
cients of calcium and bicarbonate ions which are a 
funct ion of ionic s trength w h i c h i tse l f is a function of 
to ta l dissolved sohds (TDS). The to ta l ionic strength 
correction (ISC) is given by: 

ISC = Log yCa2* + Log y H C O ; 

The saturat ion index equation w i t h concentration 
uni ts (mol/L) is: 

SI = p H + Log [Ca^l + Log [ H C O ; ] + Log K^/Kgp + ISC 

Tota l a lka l in i ty (Alkj.) i n stabilized swimming pool 
water is given by: 

A l k r = [HCO;] + 2[C03^] + [H^Cr] ~ [ H 1 + [ 0 H - ] 

A t s w i m m i n g pool p H , bicarbonate ion represents 
'-'99% of the carbonate a l k a l i n i t y , therefore, carbon
ate a lkahni ty can be subst i tuted for bicarbonate ion. 
This gives the fol lowing f o rm of the saturation index 
equation: 

S I = p H + Log [Ca^l + Log [ A L K ] + Log + ISC 

Tota l a lka l in i ty must be corrected for the cyanurate 
ion concentration [HgCjr] before calculating the SI 
(Wojtowicz 1995a). 
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T h e L a n g e l i e r S a t u r a t i o n Index E q u a t i o n -
Langelier was not aware of the thermodynamic basis 
of the saturat ion index. However, he fortuitously ar
r i v e d at the correct f o rmulat i on for S I by a r b i t r a r i l y 
def ining i t as follows (1936): 

S l = p H ^ - p H 3 

where p H ^ is the actual p H a n d pHg is the p H of satu
rat i on . He derived the foUowing equation w i t h con
centrations i n m o l / L for the p H of saturat ion of water 
containing calcium ions and carbonate a l k a l i n i t y : 

pHg = - Log [Ca^l - Log [ A L K ] - Log K^/Kgp + ISC 

Langeher provided a Table of values of Log Kg/Kgp 
against temperature a n d TDS. He calculated act ivity 
coefficients us ing the Debye -Hi i cke l L i m i t i n g Law: 
Log y = - 0. SZ^VlS, where: Z is the ionic charge and IS 
= 2.5* 10^ TDS. This law apphes to ionic strengths 
(IS) <0.05 a n d w i U overestimate the ionic strength 
correction at h igher ionic strengths. 

M o d i f i c a t i o n O f T h e S a t u r a t i o n I n d e x B y 
L a r s o n A n d B u s w e l l — Larson and BusweU (1942) 
combined Langeher's expressions for SI a n d pHg to 
obtain the foUowing form of the saturation index equa
t ion : 

SI = p H + Log [Ca^ + Log [ A L K ] + Log IC/Kgp + C 

where the constant C = F + ISC and F is a factor for 
converting the concentrations of calcium and alka
l i n i t y firom mo l /L to p p m , i.e.: 

F = - L o g 4 0 - 1 0 3 - L o g 50-103 = - 4 . 6 - 4 . 7 = - 9 . 3 

Larson and BusweU used the foUowing equation to 
calculate the t o t a l ionic s t rength correction: 

ISC = - 2.5VlS/( l + 5.3V1S + 5.5-lS) 

Their value of ISC at 1000 p p m TDS is -0 .20 whUe 
the i r calculated value o f Log l y K g p ^^' 'F is equal 
to -2 .60. 

M o d i f i c a t i o n O f T h e S a t u r a t i o n I n d e x 
E q u a t i o n B y V a n W a t e r s A n d R o g e r s - V a n Wa
ters & Rogers (1964) modified the Larson and BusweU 
version of the saturat ion index equation as foUows: 

SI = p H + Log [Ca^T + Log [ A L K ] + T F + C 

where the constant t e r m C at 32°F and 1000 ppm 
TDS is given by: 

C = -9 .3 + LogK2/Kgp+lSC 
= - 9 . 3 - 2 . 6 0 - 0 . 2 0 
= - 1 2 . 1 

The temperature factor T F adjusts for the change i n 
the value of Log K/Kgp above 32**F. The current fa
m i l i a r form of the saturat ion index proposed by Van 
Waters and Rogers is: 

S l = p H + CF + A F + T F - 1 2 . 1 

where CF and A F are so-caUed calcium and a lka l in 
i t y factors which are logarithms of the calcium ion 
and carbonate a l k a l i n i t y concentrations ( in ppm), 
respectively. A l i s t of values of CF, A F , and T F is given 
i n Table 1. 

T F H a r d 
n e s s 

(ppm) 

C F A l k a 
l i n i t y 
(ppm) 

A F 

32 0.0 25 1.0 25 1.4 
37 0.1 30 1.1 30 1.5 
46 0.2 40 1.2 40 1.6 
53 0.3 50 1.3 50 1.7 
60 0.4 65 1.4 65 1.8 
66 0.5 75 1.5 75 1.9 
76 0.6 100 1.6 100 2.0 
84 0.7 125 1.7 125 2.1 
94 0.8 150 1.8 150 2.2 
105 0.9 200 1.9 200 2.3 

250 2.0 250 2.4 
300 2.1 300 2.5 
400 2.2 400 2.6 
500 2.3 500 2.7 
600 2.4 600 2.8 

*Note t h a t there is a difference of 0.4 between CF 
and A F which is due to the unnecessary step of con
v e r t i n g calcium hardness i n p p m CaCOj to p p m Ca. 

Table 1 - Current factors for 
S I calculation (Van Waters & 

Rogers 1964) 

Updated Version Of The 
Saturation Index Equation 

R e v i s e d E q u a t i o n - The revised f o rm of the 
saturation index equation is: 
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S I = p H + Log [ H A R D ] + Log [ A L K ] + TC + C 

where the calcium hardness [HARD] i n ppm CaCOg 
is subst i tuted for p p m [Ca^T and TC is a temperature 
correction t e r m t h a t adjusts for the change i n Log 
K / K g p from i ts new value o f -2 .25 at 32*»F (Plummer 
and Busenberg 1982) to higher temperatures, C = F 
+ Log K / K g p + ISC, ISC = Log yCa^* + Log yHCO" and 
F is given by: 

F = - L o g 1 0 0 - 1 0 3 - L o g 50 -103 = - 5 . 0 - 4 . 7 = - 9 . 7 

A c t i v i t y coefficients eire calculated by means of the 
Davies approximation (Stumm and Morgan 1996). 

Log y = - 0 . 5 2 Z 3 [ V l S / ( l + VlS) - 0 .3- lS] 

Ionic s t rength (IS) can be calculated f rom a complete 
m i n e r a l analysis, TDS, or conductivity (K micro Si 
emens/cm or pS/cm) measurement. 

IS = 0 .5ZC .Z .2= 2 .5 -10^ TDS = 1.6- I O ^ K 

where C and Z are the concentration (mol/L) and ionic 
cheirge of an i n d i v i d u a l ion. A t 1000 ppm TDS, the 
value of C is : 

C = - 9.7 - 2.25 - 0.34 = - 12.29 

T e m p e r a t u r e C o r r e c t i o n - The temperature 
correction (TC) is calculated to ±0.01 using the fol 
l owing equation w h i c h was obtained by l inear regres
sion analysis of Log I ^ I ^ p against temperature i n 
op. 

TC = - 0 . 2 5 + 0.00825°F 

V a l u e s o f P a r a m e t e r s - Values of the param
eters i n the revised saturat ion index equation are 
given i n Table 2. Note t h a t the Logs of a lka l in i ty and 
hardness have the same value at the same ppm level 
i n contrast to the current Table (#1). 

I o n i c S t r e n g t h C o r r e c t i o n - A comparison of 
the revised ionic s t rength corrections w i t h those of 
Larson a n d BusweU is shown i n Table 3. The Larson 
and BusweU ionic s trength corrections uncharacter-
isticaUy show Uttle var ia t i on w i t h concentration. 

V a l u e s o f t h e C o n s t a n t T e r m (C) - Values of 
the constant t e r m (C) as a funct ion of TDS and con
duct iv i ty are tabulated i n Table 4. The constant t e rm 
can be calculated to ±0.01 by the equation: 

C = -11.3 - 0.333 Log TDS = -11.23 - 0.333 Log K 
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T e m p . " F T C [ A L K ] o r 
[ H A R D ] p p m 

L o g [ A L K ] or 
L o g [ H A R D ] 

32 0.0 25 1.4 
42 0.1 30 1.5 
55 0.2 40 1.6 
67 0.3 50 1.7 
79 0.4 65 1.8 
91 0.5 75 1.9 

103 0.6 100 2.0 
115 0.7 125 2.1 

150 2.2 
200 2.3 
250 2.4 
300 2.5 
400 2.6 
500 2.7 
600 2.8 

Table 2 - Values of parameters in 
revised S I equation 

T D S 
p p m 

C o n d u c 
t i v i t y 
pS /cm 

I o n i c s trength 
c o r r e c t i o n ( I S C ) 

L a r s o n & 
B u s w e l l 

(1942) 
R e v i s e d 

500 781.3 - 0 . 1 7 - 0 . 2 5 
1000 1562.5 - 0 . 2 0 - 0 . 3 4 
2000 3125.0 - 0 . 2 3 - 0 . 4 4 
3000 4687.5 - 0 . 2 4 - 0 . 5 0 
4000 6250.0 - 0 . 2 5 - 0 . 5 5 
5000 7812.5 - 0 . 2 5 - 0 . 5 8 

Table 3 - Comparison of the 
revised ionic strength 

corrections with those of Larson 
and Buswell 

T D S C o n d u c t i v i t y C o n s t a n t 
p p m m S / c m T e r m C 
500 781.3 12.20 

1000 1562.5 12.29 
2000 3125.0 12.39 
3000 4687.5 12.45 
4000 6250.0 12.50 
5000 7812.5 12.53 

Table 4 - Values of the constant 
term (C) as a function of TDS and 

conductivity 



C o m p a r i s o n of C a l c u l a t e d V a l u e s of S I -
Calculated values of S I at 84^F for p H 7.5, 100 ppm 
carbonate a lka l in i ty , and 300 p p m calcium hardness 
at var ious values of TDS and conductivity using the 
Larson a n d BusweU equation and the revised equa
t ion are given i n Table 5. 

TDS 
ppm 

Conduc
t i v i t y 

mS/em 

L a r s o n & 
B u s w e l l 

(1942) 
Revised 

Difference: 
Larson & 
Buswell -
Revised 

500 781.3 0.21 0.22 - 0 . 0 1 
1000 1562.5 0.18 0.13 0.05 
2000 3125.0 0.16 0.03 0.13 
3000 4687.5 0.14 -0 .03 0.17 
4000 6250.0 0.13 -0 .08 0.21 
5000 7812.5 0.13 - 0 . 1 1 0.24 

Table 5 - Calculated Saturation 
Index (pH 7.5, Alkalinity 100 

ppm, Hardness 300 ppm. 
Temperature 84^F) 

The revised equation gives lower SI values at 
>1000 p p m TDS t h a n the Larson and BusweU equa
t ion. I n other words, the current equation predicts 
h igher values of SI t h a n the revised equation for the 
same water. Although the difference is relatively smaU 
at 1000 p p m TDS, i t increases and becomes s igni f i 
cant above 1000 ppm TDS. The fact t h a t the differ
ence is not greater at 1000 p p m TDS is due to com
pensating errors, i.e., a l though the ionic strength cor
rection is h igher , the temperature correction and the 
value of Log K g / K ^ are lower i n the updated equa
t ion. 
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