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At a given temperature, swimming pool water 
chemistry must be balanced by adjusting pH, car
bonate alkalinity, and calcium hardness in order to 
maintain the proper saturation with respect to cal
cium carbonate to avoid etching of concrete, plaster, 
and tile grout, scaling, and cloudy water. Water 
balance is determined by means of the calcium 
carbonate saturation index (SI), which was origi
nally proposed to provide corrosion control for iron 
pipes in public water distribution systems by means 
of deposition of thin films of CaCO^ (Langelier 
1936). The current saturation index equation is 
based on calcium carbonate solubility data pub
lished in 1929. This paper discusses revisions to the 
saturation index equation due to more accurate 
values for the calcium carbonate solubility product 
constant and its temperature dependence and more 
realistic ionic strength corrections. The revised equa
tion is: 

SI=pH -^ Log [Hard] + Log [Alk] -^TC + C 

where both hardness and alkalinity are expressed 
in ppm CaCO^, TC is the temperature correction, 
and C = -11.30 - 0.333 Log TDS. The equation 
requires a reasonably accurate value of total dis
solved solids (TDS). At 1000ppm TDS, C is equal to 
12.3. Above 1000 ppm TDS, this equation yields 
significantly lower values for S I than the current 
equation. 

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 E q u a t i o n 

The ca l c ium carbonate s a t u r a t i o n index equa
t i o n is based on the ca l c ium carbonate so lubi l i ty 
product e q u i l i b r i u m constant (K^), i.e., the product 
of the ca l c ium {Ca^^} and carbonate {C0|"} i on ac-
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t i v i t i e s (mol/L) a t sa turat i on . 

1. CaC03 r = = ^ Ca^^ + COf- K = {Ca2^}{C0|-} 

Since the ac t iv i ty of solids is t a k e n as one, the 
concentration of ca lc ium carbonate does not appear 
i n the denominator of the e q u i l i b r i u m expression. 
The degree of sa tura t i on (S) of a so lut ion is g iven by 
the ra t i o of the actual i on a c t i v i t y product and the 
so lubi l i ty product constant: 

The carbonate a c t i v i t y can be calculated f r o m the 
bicarbonate and hydrogen i on act iv i t ies based on 
the ionizat ion react ion: 

3. H C O - C O f - + = {CO |-}{H^}/{HCO-} 

4. {CO|-} = K2 {HC03-} / {H1 

Where Kg is the second i on izat i on constant of car
bonic acid. S u b s t i t u t i o n of equat ion 4 i n t o equat ion 
2 gives: 

5. S = {Ca2*}Kg{HC03-}/{H1K 

T a k i n g logar i thms, and n o t i n g t h a t p H = Log 1/{H^}, 
gives the sa turat i on index (Log S = SI ) : 

6. S I = p H + Log {Ca^^} + Log {HCO3-} + Log K^/K^ 

Concentrations (mol /L) can be subst i tuted for ac
t i v i t i e s v i a the f o l l owing re lat ionships : 
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7. {Ca^^} = [Ca^^lyCa^^ 

' 8 . { H C 0 3 } = [ H C 0 3 - ] Y H C 0 3 

where [Ca^^] a n d [HCO3] are the concentrations 
(mol /L) a n d yCa^^ and y H C O " the ac t iv i ty coeffi
c ients o f ca l c ium and bicarbonate ions, respec
t i v e l y . A c t i v i t y coefficients of ionic species are t y p i 
ca l ly less t h a n one and approach one a t h i g h d i l u 
t i o n . S u b s t i t u t i o n of equations 7 and 8 in to equation 
6 gives: 

9. S I = p H + Log [Ca^l + Log [HCO3-] + Log ^^/K^ 
+ LogYCa2^+LogYHC03 

T o t a l a l k a l i n i t y is equal to [HCO"] + 2 [C0f - ] + 
HgCy- ~ [H^] + [ O H - ] . For typ i ca l s w i m m i n g pool 
water , the concentrat ions of H^ and O H " ions are 
negl ig ib le . I n add i t i on , the concentrat ion of carbon
ate i o n is ve ry smal l . Therefore, a l k a l i n i t y cor
rected for cyanurate i o n (HgCy ) can be subst i tuted 
for bicarbonate w i t h o u t s igni f i cant error . 

10. S I = p H + Log [Ca^l + Log [ A l k ] 
4- Log Kg /K^ + Log yCa^^ + Log Y H C O " 

L a n g e l i e r ' s S a t u r a t i o n I n d e x F o r m u l a t i o n 

Lange l ier (1936) calculated the p H of satura
t i o n i n unstab i l i zed water us ing equat ion 5 ( w i t h 
S =1). He subs t i tu ted a l k a l i n i t y for bicarbonate and 
converted ac t iv i t i es to concentrations by in troduc 
i n g ionic s t r e n g t h corrections. 

11 . p H = - Log [Ca^1 - Log [ A l k ] - Log Kg /K^ 

He calculated S I f r o m the algebraic difference be
t w e e n the ac tua l p H (pH^) and the p H a t sa turat i on 
(pHg), i.e., the p H t h a t the water w o u l d have i f i t 
were a t e q u i l i b r i u m a t the ex i s t ing a l k a l i n i t y and 
hardness. 

12. S I = p H ^ - p H 

Lange l i e r overest imated the ionic s t rength 
correct ion because he u t i l i z e d the less accurate 
D e b y e - H i i c k e l l i m i t i n g l aw (which applies to ionic 
s t rengths below 0.005), i.e., logY = -0.5z2Vp; where: 
Y is the i o n a c t i v i t y coefficient, z is the ionic charge, 
a n d p is the ionic s t r e n g t h of the water . Langel ier 
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calculated the ionic s t r e n g t h us ing the f ormula : p = 
O.SZc.z.^ where c is the concentrat ion of a n i n d i v i d i a l 
i on i n mo l /L . I n the absence of a t o t a l i on analysis, 
he also indicated t h a t ionic s t r e n g t h can be esti 
mated by: p = 2.5*10-^*TDS, where T D S is to ta l 
dissolved solids i n p p m . He inc luded a Table of 
values for Log Kg/K^ as a f u n c t i o n of temperature 
and TDS i n his o r i g i n a l paper based on older data 
for Kg and K^. A revised vers ion of the Table is 
shown i n Langel ier 's discussion a t the end of the 
paper by Larson and B u s w e l l (1942). A t 32°F, his 
value of Log Kg /K^ is - 2.45. 

L a r s o n a n d B u s w e l l R e v i s i o n 
Larson and Buswe l l (1942) modif ied Langeher's 

equation (equation 12) by i n s e r t i n g equat ion 11, 
and inc luded appropr iate factors for convert ing 
m o l / L to p p m (-4.70 for a l k a l i n i t y and -4 .60 for 
calc ium) and a t e r m for ionic s t r e n g t h correction to 
give the f o l l owing f o r m of the sa tura t i on index 
equation: 

13. SI = p H + Log [Ca^l + Log [ A l k ] + Log Kg/K^+ C 

where: C = - 9 . 3 - 2 . 5 V p / ( l + 5.3Vp + 5.5p), K is the 
so lub i l i ty product constant for the calcite form of 
ca l c ium carbonate, a n d the ionic s t r e n g t h p = 
2.5* 10-^-(ppm TDS) . Larson a n d B u s w e l l l i s t v a l 
ues of Kg and K^ a t d i f f e rent temperatures . The ir 
value of LogKg/K^ is -2 .60 at 0°C. 

V a n W a t e r s & R o g e r s M o d i n c a t i o n 
A f a m i l i a r and common f o r m of the saturat ion 

index equat ion t h a t is w ide ly employed i n swim
m i n g pool water balance is (Van Waters & Rogers 
1964): 

14. S I = p H + CF + A F + T F - 12.1 

where: A F and CF represent l o g a r i t h m s of the 
a l k a l i n i t y (ppm CaC03) a n d ca l c ium hardness (ppm 
Ca). CF, A F , and T F are cal led ca lc ium, a l k a l i n i t y , 
and t emperature factors, respectively. Ac tua l l y 
these are not factors i n the s t r i c t sense of the word, 
since they are addi t ive r a t h e r t h a n mul t ip l i ca t i ve 
terms. 

V a n Waters & Rogers (1964) publ ished a Table 
of values of CF, A F , and T F for ca l cu lat ing SI (see 
also Wojtowicz 1995 for a Table of these factors). 
However, they do not cite the reference on wh i ch 
t h i s Table or the value of the constant - 1 2 . 1 is 
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based. The t emperature correct ion factors do not 
agree w i t h those calculated f r om Langelier 's data 
b u t are i n good agreement w i t h those calculated 
f r o m Larson and Buswel l ' s data and can be repre
sented by the equat ion : T F = - 0.56 + 0 . 0 1 8 2 7 ' ^ F -
0.000041 • CF)2. I n add i t i on , no specific i n f o r m a t i o n 
on w h a t value of T D S t h a t equat ion 14 is v a l i d for 
except t h a t i t applies to a n average TDS. I f a TDS of 
1000 p p m is assumed, t h e n a factor o f - 1 2 . 1 0 is 
obtained, based on L a r s o n and Buswel l ' s value for 
Log Kg/K^ a t 32°F (-2,60) and the ionic s t rength 
correct ion o f - 0 . 2 0 . Thus , i t appears t h a t the equa
t i o n pub l i shed by V a n Waters and Rogers is based 
on the Larson a n d B u s w e l l rev is ion of Langelier 's 
equation. 

R e v i s e d a n d U p d a t e d V e r s i o n of the S a t u r a 
t i o n I n d e x E q u a t i o n 

The s a t u r a t i o n index equat ion needs to be 
updated because the value of the ca lc ium carbonate 
so lub i l i ty p roduc t and i t s t emperature dependence 
has changed s ign i f i cant ly . I n addi t ion , more appro
pr iate ionic s t r e n g t h corrections are necessary since 
the ionic s t r e n g t h corrections used by Langel ier 
and by L a r s o n a n d B u s w e l l do not conform to 
modern practice . 

C a l c i u m C a r b o n a t e S o l u b i l i t y P r o d u c t -
The newer more accurate value of for the calcite 
f o rm of ca lc ium carbonate (P lummer and Busenberg 
1982) is g iven by the f o l l owing temperature depen
dent equat ion : 

15. Log K = - 171.9065 - 0.077993T 
+ 2839.319/T + 71.595 L o g T 

where T is i n ke lv ins . 
C a l c i u m carbonate crystalizes i n three dis

t i n c t forms, whose so lubi l i t ies v a r y as follows: 
Calcite < Aragon i te < V a t e r i t e 

Calcite is the f o r m commonly found i n water d i s t r i 
b u t i o n l ines, a n d has also been found i n s w i m m i n g 
pools. 

S e c o n d i o n i z a t i o n C o n s t a n t o f C a r b o n i c 
A c i d - A new e m p i r i c a l expression (eq. 16) for the 
second i on i za t i on constant of carbonic acid has been 
developed by c r i t i c a l eva luat i on of previous data on 
COg - HgO e q u i l i b r i a (P lummer and Busenberg 
1982). 

16. Log Kg = - 107.8871 - 0.032528T + 5151.79/T 
+ 38.92561 Log T - 563713.9/T2 

where T is i n ke lv ins . 

I o n i c S t r e n g t h C o r r e c t i o n - E q u a t i o n 10 
takes the fo l l owing f o rm after s u b s t i t u t i o n of cal 
c i u m hardness for ca lc ium and conver t ing concen
t ra t i ons f rom m o l / L to p p m a n d i n t r o d u c i n g a factor 
o f - 9 . 7 (-4.70 for a l k a l i n i t y and -5 .00 for ca lc ium 
hardness) to reflect th i s : 

17. S I = p H + Log [ H a r d ] + Log [ A l k ] + Log Kg/K^ 
- 9.7 + Log yCa^^ + Log y H C O " 

A c t i v i t y coefficients can be est imated by means 
of the Davies A p p r o x i m a t i o n ( S t u m m and M o r g a n 
1996): 

18. Log Y = - Az2 [VMy(l + Vp) - 0.3p] 

where: A = 0 . 5 , z is the ionic charge, and p i s the ionic 
s trength . Calculated values of A as a func t i on of 
temperature are shown i n Table 1. 

T e m p e r a t u r e °F A * 

32 0 .49 

5 0 0 .50 

6 8 0 . 5 1 

86 0 .52 

104 0.53 

122 0 .54 

140 0.55 

* A = 1.825 •10M°^(GT)-^ ^ d is the density, e the 
dielectric constant: G = 6 0 , 9 5 4 / ( T + 1 1 6 ) - 68 .937 , 
and T the temperature of water i n ke lv ins . Calcula
t i o n assumes d = 1 . 

Table 1 - Values of Constant A vs. 
Temperature 

The Davies approx imat ion applies to ionic strengths 
of <0 .5 . The f o l l owing equations are obtained for 
Ca^^ and HCO3" ions us ing a value of A = 0 .52 for a 
temperature of 8 5 ° F : 

19. Log yCa^^ = - 2.08[Vp/(l + Vp) - 0 . 3 p ] 
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20. Log Y H C 0 3 - = - 0.52[V(1 + -0 .3p] Th i s can be s impl i f i ed I n : 

The ionic s t r e n g t h can be calculated f r om a 
complete m i n e r a l analysis or l a c k i n g t h a t f r o m 
t o t a l dissolved solids (TDS) or conduct iv i ty mea
surements v i a the f o l l owing re lat ionships : 

2 1 . p = 0,5Zc.z.2 

22. p = 2.5- 10-^TDS = 1.6- 10-^K 

where : c is the concentrat ion and z the ionic charge 
of a n i n d i v i d u a l i o n i n m o l / L and K is the conductiv
i t y (micro Siemens/cm). T D S is re lated to conduc
t i v i t y by the equat ion : T D S = 0.64K. The t o t a l ionic 
s t r e n g t h corrections for var ious t o t a l dissolved sol
ids concentrat ions are l i s ted i n Table 2. 

T D S K L a r s o n & B u s w e l l 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 2 - Ionic Strength 
Correction as a Function of TDS 

and Conductivity 
The data show t h a t Larson and B u s w e l l not only 
underes t imated the ionic s t r e n g t h correction, b u t 
t h e i r calculated values are r a t h e r insensit ive to 
T D S concentrat ions above 2000 p p m , w h i c h is not 
n o r m a l . 

The data i n Table 2 for t o t a l ionic s t r ength 
correct ion can be represented to ± 0.01 by the 
f o l l o w i n g equations: 

23. Log y^^ = 0.654 - 0.333 • Log TDS 

24. Log y^^^ = 0.719 - 0.333 • Log K 

R e v i s e d S a t u r a t i o n I n d e x E q u a t i o n - A 
general f o r m of the s a t u r a t i o n index equat ion is: 

25. S I = p H + Log [ H a r d ] + Log [ A l k ] + T C + C 
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26. S I = p H + L H + L A + T C + C 

where T C is the t emperature correct ion for the 
t e r m Log K^/K^, C = L o g K ^ / K ^ - 9 . 7 + Log YCa2^+Log 
Y H C O 3 - , and L H and L A represent l ogar i thms of 
the ca lc ium hardness a n d a l k a l i n i t y , respectively, 
i n p p m CaC03 . Note t h a t carbonate a l k a l i n i t y and 
ca lc ium hardness are expressed i n the same un i t s 
i n contrast to previous versions of the saturat ion 
index i n w h i c h hardness was expressed as p p m C a 
r a t h e r t h a n CaCOg. S u b s t i t u t i o n of the value of Log 
Kg/K^ a t 32°F (-2.25) and the t o t a l ionic s trength 
correct ion (-0.34) gives the f o l l owing revised equa
t i o n for the s a t u r a t i o n index for 1000 p p m TDS: 

27. S I = p H + L H + L A + T C - 12.29 

No correct ion has been made for the concentration 
of i on pa i rs such as C a H C O ; , CaCO^, and CaSO°. 
Since ion pa i rs are no t f u l l y ionized, they do not 
part i c ipate i n the e q u i l i b r i a responsible for calcium 
carbonate so lub i l i ty . I o n p a i r f o r m a t i o n w i l l affect 
b o t h a l k a l i n i t y a n d hardness . W h i l e the ionic 
s t rength is also affected, the effect is negligible. The 
effect of i on p a i r f o r m a t i o n w i l l be discussed i n Par t 
9 of t h i s series. 

T e m p e r a t u r e C o r r e c t i o n - The tempera
ture correct ion (TC) is calculated to ±0.01 us ing the 
f o l l owing equat ion w h i c h was obtained by l inear 
regression analysis of Log Kg/K^ against tempera
t u r e : 

28. T C = - 0 . 2 5 + 0.00825 • °F 

For temperatures i n °C, the f o l l owing equat ion can 
be used: 

29. T C = 0.02 + 0.01485 • °C 

A p lo t of the t emperature correct ion as a funct ion of 
temperature i n °F is shown i n F igure 1. 

V a l u e s of T C , L A , a n d L H - Values of TC as 
a func t i on of t emperature a n d L A and L H for 
var ious a l k a l i n i t i e s and hardness are presented i n 
Table 3, where hardness a n d a l k a l i n i t y are both 
expressed as p p m CaCOg. 
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Figure 2 - Constant Term C as a Function of TDS 

C o m p a r i s o n of C a l c u l a t e d S I V a l u e s - T h e 
calculated values of S I a t 84°F for p H 7.5, 100 p p m 
carbonate a l k a l i n i t y , and 300 p p m calc ium h a r d 
ness a t var ious values of TDS and conduct iv i ty 
u s i n g the Larson and B u s w e l l equat ion 13 and the 
revised equat ion 25 are g iven i n Table 5. 

C a l c u l a t e d S a t u r a t i o n Index 

T D S K 
L & B 

E q u a t i o n 
13 

R e v i s e d 
E q u a t i o n 

25 

Difference 
E q . 13 - E q . 

25 
500 781.3 0.21 0.22 -0 .01 

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 .11 0.24 

Table 5 - Calculated SI Values as 
a Function of TDS 
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The revised equat ion gives lower S I values at 
>1000ppm T D S t h a n the L a r s o n a n d Buswe l l equa
t i on . A l t h o u g h the diffference is r e la t i ve ly smal l at 
1000 p p m TDS, i t increases a n d becomes s igni f i 
cant above 1000 p p m T D S . The fact t h a t the differ
ence is not greater a t 1000 p p m T D S is due to 
compensating errors . A l t h o u g h the ionic s t rength 
correct ion is h igher , the t empera ture correction 
and the value of Log K^/K^ are lower i n the updated 
equation. Above 1000 p p m T D S the c u r r e n t equa
t i o n predicts a greater degree of sa turat i on t h a n 
actual . Thus , the c u r r e n t equat ion may indicate a 
positive S I for a water w i t h a n actual negative S I . 
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