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SUfllMARY 
======= 

In Part I is presented the theoretical basis of the vThole work. 

After a brief introd~ction (chapter 1), an account is give~ of the princi­

pal solutes present in river waters (chapter 2). By applying Ricci1s 

treatment of ionic relations in aqueous solutions, general equations 

governing t he pH values of river waters ar e derived and discussed 

(chapters 3 - 5). 

The advantage of this particular treatment is that . it does not 

proceed by making any approximations initially and so enables theoreti­

cally exact equations to be r ea.dily derived. Only in the final stages 

need approximations be i ntroduced to simplify the calculations, and this 

results in the solution to a given problem being obtained as a set of 

r elatively simple equations each of which i s valid over a particular and 

''fell-defined r ange of va lues of the variables. Procedures which introduce 

approximations at too early a stage, on th e other hand, are liable to 

give erroneous results, and at best they i nvolve arguments which are not 

convincing . 

The hydrogen ion concentra tion of a na tura l water in the r ange 

3.7 < pH < 9.7 is given by equa tion (3.43) under ideal conditions, and 

corrections for non-ideality ar e readily made . This equation i s not new 

but its derivation is. It comes directly fro m an applica tion of Ricci' s 

concepts and its r ange of validity i s clear. Moreover, its d~rivation in 

thi s way involves an unambiguous definition of the total alkalinity of a 

water in t erms of quantities which ar e directly measurable, in contrast 

with the usua l textbook defini t ion i n t erms of the hydroxyl, bicarbonate 

and carbonate ion concentrations which cannot be measured but which must 

be inferred from other quantiti es. The new definition enables it clearly 

to be seen just how the al kalinity and pH value of a water are affected 

by changes in chemica l composition. 

In Part II various specia l topics ar e consider ed, using the 

theoretical trea tment just considered. These include certain solubility 

products (chapte r 6), the a lkalinity and carbonic acid content of n2tural 

wat ers (chapters 7 and 8), titra tion curves and buffer capacity (chapter 9). 

ii/ .••.• 
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It is demonstrated that the bicarbonate, carbonate and hydroxide 

alkalinities of a water (the "three forms of a lkalinity") are indeed close 

approximations to the bicarbonate, carbonate and hydroxyl ion concentrations 

in the norma l pH range (as most other texts assume but \vi thout adequnte 

justification), although thi s breaks "down at about pH 9 and above. 

Similarly, it is confirmed that the free or undissociated carbonic acid 

concentr~tion is closely approximat ed by the stoicheiometric excess of 

tota l carbonic acid over the total alka linity. The discussion of a lka­

linity a lso enables thG ionic ba l ance, used as Q check on the accuracy of 

a water analysis, to be formulated in a newer and simpler way. 

The discussion of carbonic acid l eads to a very simple express­

ion for the perc ontn.ge s['. turation of c natura l wc..ter \lith ca rbonic :lcid at 

ordinary temperatures :lnd :l tmospheric pressure, and from the dat a presentGd 

it is concluded that unpolluted river wat ers are virtunlly in equilibrium 

\'li th atmospheric carbon dioxide. This in turn leads to a new criterion 

for the detection of some types of pollution. 

Solubility products find an application in considering the 

saturation pH value (pH ), i.e. the pH value at which a given water is in 
s 

equilibrium with solid ca lcium carbonate, and in chapt er 10 an expression 

for pH is derived which differs slightly from the expression originally 
s 

obtained by Langelier in 1936. Comparison of the pH and pH enables sca l e-
s 

forming and sca le-dissolving waters to be distinguished, as is well knovffi, 

but doubts ar e expressed a s to the importance of this with r egard to the 

corrosion of metals, even though it is now common w3ter-works practice to 

adjus t the pH and pH of vmters in an attempt to minimise corrosivity. 
s 

Th :J.t the aggressivenoss of 1'lnt ers townrds cement and concrete is governed 

by the pH cannot be doubted, however. Some comments are made on the 
s 

methods that can be used to adjust the pH values of waters. One limiting 
s 

factor is the buffer capacity of the water, which makes waters of TDS less 

than 100 ppm very difficult to treat. 

The hardness of waters is di scussed in chapter 11. Although 

hardness was originally defined in t erms of the soap-destroying powers of 

the water, this definition appears to have become disregarded in recent 

years and a confusing terminology has developed. After defining terms 

logically, a scheme for the approximate calculation of the temporary and 

permanent hardnesses o~ a water is presented. This is the first time any 

such calculations appear to have been attempted. Surface waters in Natal 
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are ther eby found to fall into hlO groups, according as to whether their 

TDS is greater or l ess than 100. ppm. 

In Part III the rivers of Natal are then discussed more specifi-

cally. A brief account of the physiogr aphy of rivers (chapter 12) indi­

cates th8 necessity for a means of standardising wat er analyses so t:tJ.at 

they can be compared one with another. A suitable means of standardisation 

is proposed (chapt er 13) and then utilised (chapter 14) in formulating a 

graphical r epresentation of vmter analyses . It then appears that two major 

series of natural waters may be recognised and distinguished chemically 

(chapter 15), most wat er s belonging to the one series or the other Dnd a 

f ew being of mixed type . The technological properties of each series are 

discussed (soda alkalinity , hardness, corrosivity, pH and buffer capacity) 
s 

and it is concluded that , in each case, the TDS is of much greater import-

ance than is chemical composition. 

This simplifying conclusion is utilised to design a chemical 

classifica tion of river waters according to quality and potential water 

use (chapter 16), although in so doing it i s necessary also to take into 

account the content of organic material and dissolved oxygen of the water. 

Fina lly, brief accounts are given of the chemistry of some particular 

rivers of Natal (chapter 17) to illustrate the application of some of the 

matters consider ed earlier , and a concise summary of water quality through­

out the Province as revealed by the r esult s of extensive river surveys is 

provided. 

The various calculations that may be applied to a given water 

analysis to determine the values of important derived parameters are 

summarised in Appendix A. Tables of numerical dat a required in these 

calculations ar e given in Appendix B. In Appendix C are listed various 

analyses. and numerical result s r ef erred to in the text, while in Appendix 

D are described some experiments with artificial waters designed to test 

some of the theoretica l equations. 
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LIST OF SYMBOLS 

,See also not e on barred symbols, p.6l • . 

Total alkalinity as ppm of CaC0
3 

Molar concentration of carbonic acid (total) 

Molar concentration of bicarbonate ions HC0
3 

Molar concentration of carbonate ions, CO 2-
3 

Value of a for wat er in equilibrium with atmospheric carbon 
dioxide 

Buffer capacity 

Electrical conductivity in micromho at 20
0

C 

Molar concentration of calcium hydroxide (total) 

r~olar concentration of monovalent Ca(OH)+ ions 

Molar concentration of divalent Ca2+ ions 

Molar concentration of the r th ionic species 

Total alkalinity in equivalents per litre, defined by 
equation (3.42) 

Total alkalinity in meq/litre calculated from equation (3.42) 

Total alka linity in meq/litre determined by titration 

Free (non-ionised) carbonic acid concentration as ppm of CO
2 

Molar concentra tion of free (non-ionised) carbonic acid 

Ratio of total millimolar concentration of acids and bases to 
the TDS in ppm 

Molar concentration of hydrions 

The product HY, equal under the appropriate conditions to 
the hydrion activity 

Molar concentration of hydrochloric acid 

Total hardness as ppm of CaCO 
3 

Total hardness in equivalents per litre, defined by equation 
(11.1) 
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j Molar concentra tion of silica 

First dissocintion constant of carbonic ncid 

Second dissociation constant of carbonic acid 

Second dissociation constant of ca lcium hydroxide 

K 
m 

Second dissociation constClnt of magnesium hydroxide 

K 
s 

k 
n 

k 
c 

k 
ca 

k 
m 

Second dissociation 

Solubili ty product 

So l ubili ty product 

Solubili ty product 

Solubili ty p:.'oduct 

constant of sulphuric 

of carbonic ncid 

of calcium hydroxide 

of calcium carbonate 

of mo.gnesium hydroxide 

k Solubility product of magnesium carbonate ma 

k Ionic product of wnter 
w 

acid 

m Mo l ar concentrntion of magnesium hydroxide (total) 

ml Molar concentration of monovnlent Mg(OH)+ ions 

r-1o l nr concentrntion of divalent Mg2+ ions 

n Nolnr concentrntion of sodium hydroxide 

OH Molnr conc8ntrntion of hydroxyl ions 

P Equivnlents of acid to attain phenolphthalein end-point 

Ph Permanent hnr~~Gss ~s ppm of CaC0
3 

P(pH,y) Ratio Fje d.efined by equation (8.11) 

p Molnr concentration of potassium hydroxide 

pH Defined , under the conditions supposed, as - log H* 

pH Snturation pH value s 

Ph Permanent hnrdness in equivAlents per litre 

Q(pH)Y) Ratio ale defined by equation (8.5) 

S Percentage saturation with cnrbonic acid 

s Molar concentra tion of sulphuric ncid (total) 
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Molar concentration of bisulphate ions HS0
4 

Molar concentra tion of sUlpha t e ions S042-

Corrosion r~tio 

Equiva lents of acid to attain methyl orange end-point 

Temporary ho.rdness a s ppm of CaC0
3 

Total dissolved solids in ppm 

Soda alkalinity as ppm of Ca C0
3 

Soda alkalinity in equivalents por litre, defined by 
equntion (11.5) 

Chnrge coefficient of acid or base 

Activity coefficient of univalent ions 

Ionic strength 
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THE CHEMISTRY OF RIVER "rATERS 
================== 

with special reference to 

THE RIVERS OF NATAL 
=====--======= 

PART I THEORETICAL BASIS 
===== 

1. GENERAL INTRODUCTION 

The original intention of the present work was to establish some 

rational classification of river waters, according to their chemical 

composition, which could be used in assessing water qua lity and potential 

water use. It 'ioTaS soon found, however, that it was first necessary to 

re-examine the theoretical foundations of many of the concepts of water 

chemistry a lready in common use, since much of the existing literature 

was often vague and misleading. 

The reason for this lack of clarity arises directly from the 

fact that the chemical characteristics of any natural vTater depend upon 

a whole set of interrelated ionisation and hydrolysis equilibria. For 

mathematical convenience, theoretical studies of these equilibria usually 

involve the introduction a t an early stage of extensive approximations, 

with the result tha t there is often much doubt as to the strict va lidity 

of the final conclusions. In extreme cases , indeed, those conclusions 

may be quite fallacious. 

A considerable simplification has been introduced to this field 

of study by Ricci (1952) which goes f ar to remove such defects. By 

utilising his concepts and methods of calculation it is possible to place 

water chemistry upon a surer and more r ational foundation. Accordingly 

the present work became divided into three f airly distinct sections r In 

Part I the theoretical basis of the whole is described. In Part II 

various more specific topics are discusseq in detail, These include the 

behaviour of natural waters towards carbon dioxide and calcium carbonate, 

the alkalinity of waters, their titration curves and the hardness of 

wat ers. Finally, in Part III it is then possible to consider river waters 

more generally and to take up the question of their chemical classification. 

Throughout, an attempt is made at full generalisation, but with 

emphasis upon the river waters of South Africa and particularly of Natal. 

2/ ..... 
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2. SOLUTES OF RIVER WATERS 

Origin of river vmters 

It is generally accepted that very little of the water which 

flows a s rivers or streams over the earth's surface is of primary origin 

(Mason, 1952). Almost the v,hole of their flow in fact originat es as 

r ain. 

Once it h2s r eached the ground, rainwat er either flows over tho 

surface and collect s together to form streams (the run-off), following 

depressions and channe l s in the surface, or it seeps dO\ffiwards (the 

rW1-in) through porous rocks and soils or through cracks and fissures. 

If the depth of penetration i s not gr eat , th e run-in f airly r apidly 

reappears on the surface as a small intermittent spring or as seepage 

from the side of a chcnnel, valley or depression. If tho depth of 

penetra tion is more ext ensive the i>la t er may spend a considerable time 

underground, but it will still eventually reappear as a spring, perhaps 

many miles from its point of entry; such springs ar e usually of 

perennial type . 

The concentration of total dissolved solids (TDS) in r ain wa ter 

i s remarkably 10\01 (10 ppm or l ess), but r ain contains much carbonic acid 

dissolved from tho ntmospher e and this i s necessarily in c "free" or 

chemically uncombined form. Hence r aimmter is v~ry activo in promoting 

the chemi cal decomposition of rocks nnd minerals, and in so doing it 

takes soluble materials into solution. Evidently the longer the water 

stays in contact with the rocks, the grea ter its TDS will become. 

Consequent ly run-off wQter is usually still of very low TDS, s eepage 

we. t er and th,~t from sh.::l llow springs shows a higher level, and the vla t er 

of springs f ed from deep underground may often have a TDS exceeding 

1000 ppm. 

S~nco rivers contain water from all possible sources in inter­

mixture, the TDS of river water may bo anything froTI about 10 to 1000 ppm 

or more. We shall seo that , in Natal at l east, va lues greater than about 

500 ppm usually arise through pollution, i.e. the addition of material 

of any kind to the river by humcn agency • . 

Carbonates 

In vievl of the above remarks it is only to be expected that 

carbonates and bicarbonat es are the prinCipal sa lts in most river waters. 
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Clarke (1924 A) states that these constitute about 50% of the dissolved 

solids in the average fresh water. 

Limestones and dolomites are particularly susceptible to attack 

by water containing carbonic acid, the carbonates being converted to 

soluble bicarbonates. The feldspars present in many igneous rocks are 

also readily attacked in this way, being leached of lime and alkalies to 

leave a residue of clay. 

Carbonates are a lso generated by the oxidation of the organic 

matter present in most natural waters and originating either by the decay 

of plant and animal materiel entering by natura l means or from the inflow 

of sewage and similnr effluents. Such organic ma terial may be of almost 

any type, but it commonly includes a group of ill-defined colloida l 

substanc,es often collectively t ermed "humus" and similar to peat in 

composition. According to figures collected by Clarke (1924 B), the 

highest concentrations of organic matter (excluding cases of pollution) 

are found in rivers of the tropicnl regions. 

The waters from peats, recent or ancient, are charact erised by 

a low TDS and n high proportion of carbonates derived from the oxidation 

of organic mat ~rials (Wilson, 1947). These wa t ers are a lso low in 

sulphates, which become reduced to sulphides by b,2cteria in the peat 

(the sulphur subsequently being evolved as hydrogen sulphide), but 

usually high in sodium because of its replacement in the 1vater for 

ca lcium and magnesium by base-exchange processes. 

vlilcox (1962) has shorm that the proportion of carbonates in 

wa ter that has been used for irrigation may be mat erially decreased 

through precipitation of calcium carbonate in the SOil, the calcium 

carbonate lost being roughly ba l anced by the uptake of an equiva lent 

amount of sodium chloride. , Evapotranspiration causes the TDS of the 

drainage w~t er to become from 2 to 10 times greater than its initial l evel. 

Sulphate 

Normally sulphat es r ank next in preponderance to carbonates in 

river waters. They are derived principa lly from the oxida tion of pyrite, 

which is widely disseminated in igneous rocks, and of some less common 

sulphides. The crystals of gypsum commonly occurring in clay deposits 

arise in this way (VendI and Almasy, 1952). Underground water thus 

usua lly contains calcium sulphate in solution, and rivers may t ake up 

sulphdes by passing over beds of gypsum. ' 

4/ .. '. .. . 
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The soils i n ar i d r egions cO IDl ,only contain nlkali sulphat es, 

drawn upwards i n solution by capillary action and crysta llising a s the 

solution evnporat es at the ground surfnce . The occ[lsional heavy r ains 

of such r egions r edissolve t hes e s~ lt s and wash them into rivors. 

Sulphat es ~ ls o find thei r way i nto rivers t hrough i ndustrial 

pollution (especi '111y where t hi s compri ses drainnge fro m conl mines since 

pyrite usua lly accompanies the coal) and f rom agricultural f ertilizers. 

I n the absence of pollution, Sout h African rivLrs do not usually 

cont,-:in more t han 0. few ppm of SUlphat e . Beauchamp (1953) has noted 

that streams flo wi ng into East African lakes ar e gener o.lly low in 

sulphate, and an anal ysi s of the Nile near Cairo given by Clarke (1924 B) 

a l so shows a low pro porti on of sulphat e (abou t 4% of t he TDS). A low 

sulphat e content t hus seems a wi despread char act Gri stic of surface wat er s 

of t he African continent, although quit e t h8 r everse is the case in 

coalfi eld ar eas (Kemp , 1962). 

Chloride 

Alt hough l ar ge quantities of chloride ar e liber at ed in the 

gaseous emanations fro m magm) s (Mason, 1952) and sometimes appear in 

underground wa t ers o.s a consequence of Po. s t mngmntic activity (Lindgr en, 

1932; Bond, 1946), only a very small part of t he chlorides of river wnt er s 

can be traced to an origin i n i gneous rocks (Clarke , 1924 A). Sediment ar y 

rocks usua lly contai n traces of chloride , and those of marine origi n ar e 

likely s till to contai n sea wa t er in t heir pores which i s r el eased as the 

rock weather s or as underground wnt er moves through it. In arid r epons 

chlorides , like sulpho.t es , occur in t he soil and may become washed into 

river s . In r ar e ca ses chlorides i n a river may be derived from beds of 

rock salt or from brines such as tho se found i n associ~tion with pe troleum. 

Chlorides derived f rom s ea spr ay may be contained in the r ain of 

coas t a l r egions, and high proportions of ch l oride might arise from this 

s ource i n co[',sta l rivers ( see di scussion of sodium, belm·i). 

Chlorides a l so ent er rivers [lS pollution from various sources , 

e ,g. irrigation wat er (discussed above ) and sewage effluents (sewage 

contains approxi mat ely 60 ppm of chloride). 

Silica 

The silica content of na tura l w:-:t er s may be derived from the 

decomposition of almost any rock-forming silicate except those contained 

5/ ..... 
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i n sha les and slates. Hence only waters originating i n and drai ning 

areas composed of sha les, s lates , quartzitic sandstones and ancient well­

leached soils (a ll of which contain minera l s representing the end­

product s of the a~ueous decomposition of rocks) may be expected to be 

relatively low i n silica content . It is not clear, however, iihet hcr t hi s 

expectation i s in f act va lid, since the concentra tiOon of silica in waters 

presents sever a l puzz ling features . 

The chief source of silica i n natura l vmt er s i s probably the 

f e l dspars. Clar ke (1924 A) gives the percent age compositions of these 

mine r a l s as follows: 

Albi te Orthoclase Anorthite 

Si0
2 

68 .7 64 .7 43.2 

A1
2
0

3 
19 . 5 18 . 4 36 .7 

CaO 20.1 

Na20 11. 8 

K
2
0 16 . 9 

From these he deduces that a lbite and orthoclas e will contribute more 

silica to pe rcolating waters than will anorthit e , and that whilst the 

fir s t two will a lso contribute sodium and potassium, the third ,rill yi eld 

ca lcium. Henc e he supposes that when a water has an exceptiona lly high 

silica content, t he content of a l kalies will probably exceed tha t of lime . 

Although the quartz grains of a sandstone would not be expected 

to yield much silica to wat er in contact with them it must be notcd tha t , 

since the gr ains may be cemented toget her by a vari ety of materials 

(e. g . ca lcite , gypsum, silica it self, iron compounds), the compositions 

of wat er s from sands tones may var y accordingly (Bray , 1946). In f act, 

the cementing mat eria l i s gener a lly the sourc e of most of the dissolved 

mat eri8l s of wat er s associa t ed with sandstones (Hem, 1959). 

Ther e i s controver sy concerning the state in iihich silica is 

held in solut ion in natura l wat e r s . Roy (1945) concluded that, though 

most geologists consider s ilica to occur in colloida l form, colorimetric 

t ests have shown, a s mo s t chemist s have a ssumed, tha t it is present in 
2-true solution, probab ly o.s the ion Si0
3 

~ Hovlever, other evidence quite 

contrar y to this vi e,.. ho.s been published (Iwa saki, Katsura and Tarutani, 

1951). Consequently Hem (1959) concluded tha t the silica of most waters 

is present o.s particles of sub-colloida l size~ probably in 0. readily 

disturbed equilibrium i1i th simple mono silicat e ions. 

6/ ..... 
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In Table 2.1 are given the ana lyses (ma jor solutes only) of 22 

Natal riv6rs which a rG known to be unpolluted or polluted to onl y a ve ry 

slight degr ee . These annlyses vli ll be us ed as exampl es throughout most 

of the present ''1ork, but for the moment it noed only be not ed that, 

unlike mnny of the other solutes , si lien eluarly does not vary systemati­

ca lly 'I'Ii th t h", TDS. In f act, tho concent r o.tion of si lica appears to be 

scatt er ed a t random ubout a mean of 16 .3 ppm. 

Nordell (1951) has listed th::; annl yses of 98 American rivers , 

and t hese show jus t the same cha r acteristics, being r~ndomly scatter ed 

about preci sE; ly the same menn of 16 .3 ppm. 

Neither the Nat a l nor the American rivers show any corre l ntion 

bet1wen silica cont ent and pH val ue , even though the solubility of si lica 

increases markedly wi th pH (rler, 1955). 

A detc,il(;d r eview of present knowl edge concerning dis solved 

silica and s ilicates has been given by Iler (1955 ), from vThich it appe~rs 

that, in solutions of dilution compar able to t hat of natural wa ters, 
- 2-

mono- and disilicat e ions HSi0
3

, SiO 2' 

together with the non-ioni sed monomeric acid 

dissolved silica exi sts as 
2- -Si

2
0

5 
and HSi

2
06 , HSi

2
0

5
, 

H2Si~3' Evidence is cited for the occurr8nce of various equilibria 

between these ions and hydrions and the non-ioni sed acid. Yet the f act 

r emains that i n neither the American nor the Nat a l rivers i s it normally 

necessary to include silica when ca lculating an ion ba l Dnce; the total 

equiva lent concentration of the ca tions i s a lways substantia lly equal to 

thc,t of the anions without the inclusion of silica . The s ame applies to 

all the analyses of Nata l river s presented in the present work, while 

the work of many survey t eams, such ns Inerfi eld et al (1960), i n America 

have confirmed thi s f i nding for many other American rivers. Indeed it i s 

usual Ame rican analytical practice (American Public Hea lth Association, 

1965) to r egard silica as occurring in the ionic form SiO~- only if the 

water i s alkaline and the silica concentr~ tion high; otherwise it is 

consider ed non-ionic. '(Many old analyses often show ionic silica, but 

usua lly it is clear that this i s only a device to obtain a satisfactory 

ion bal ~nce and has no real justification; such analyses must be viewed 

with caution as they usually contain appreciable errors). 

Howev er,. it is not invari ably true that silicn is ionic only 

when a t high concentra tion in a lknline wa ters. According to dnta 

published by Taylor (1958),. British rivers show quite different behaviour 

in that their silica concentrations ar e very much lower (ranging from 
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Tabl e 2,1 

Chemical analyses of some Nata l rivers 
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Sterk near Ambleside 41 53 

Il1ovo above Richmond 41 66 

1-100 i above r-'foo i River (1r 2 41 

Karkloof a t Shafton 42 43 

Ingagane above Alcockspruit 49 58 

Lions near Lidgetton 59 66 

Nungwana near Nungwana Falls 60 98 

Umgeni a t Nagle Dam 69 91 

Umgegu at Umfula 77 107 

White Umfo1ozi near Vryheid 78 100 

Lenjane1s a t Lenjanets Drift 81 100 

Tugela at Co1enso 85 121 

Sundays near Newcastle 95 127 

Gogoshi nea r Mtunzini 108 163 

Umvoti a t Bitakona 116 174 

Umfo1ozi a t Mtuba tuba 136 243 

Umzimku1wann at Baboons Castle 143 248 

B10ukrans near Colenso 191 292 

Umh1anga a t Trenance 213 418 

Umzinyatshana near Dundee 232 319 

Isipingo near Inwabi 320 
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Mpushini near Pietermaritzburg 332 I 403 
! --

These analyses were obtained by the author during 
his work on the Natal rivers. This applies to all 
da ta cited in the text "lithou t reference. 
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about 1 to 15 ppm) and sho", a direct correlation with the TDS. In these 

rivers the silica appears to be ionic, or partly so. 

Calcium 

The calcium in natural waters i s principally derived from 

limestones and, to a l esser degree , from gypsum. However, limestones and 

gypsum deposits are r el a t ively scarce in South Africa. In Nat al, metamor­

phosed limes tone occurs at the Marb le Delta (the confluence of the 

Umzimkulu and Umzinlliulwana river s ) near Port Shepstone , while gypsum is 

found i n the Tugel a valley near Ngobevu and appear s to cause increases in 

the sulphate content of the Tugel a river there. 

The lime f eldspar, anorthite, also forms an i mportant source of 

ca lcium in igneous rocks, with hornblendes, pyroxenes and apatit e as 

minor sources . 

The loss of ca lcium carbonate from waters used for irrigation 

has a lready been mentioned . 

Magnesium 

The major sources of magnesium are magnesian limestones and 

dolomites (not of much i mportance in South Africa ), with amphiboles , 

pyroxenes and olivine as minor sources. Some magnesium a l so appear s to be 

derived diroctly from sea spray (Bertrand , 1943~ 1945). 

In most waters of low to moderate TDS the magnesium content i s 

usually less than tha t of ca lcium. Higher magnesium can occur on occasion , 

e . g . where magnesium minerals predominate in the rocks or where admi xtur e 

with sea water occurs (Hem, 1959). 

Schmassmann (1947), i n a study of the underground wat er from 

limestones of the eastern Jura mountains , found that increasing concen­

tra tions of magnesium i'ler e accompanied by decreasing amounts of dissolved 

oxygen. This was traced to the oxida tion of the ferrous iron occurring 

in dolomite in isomorphous r epl acement of the magnesium. 

Sodium 

The sodium found in natural wat er s may often be derived (toge t her 

with chloride) partly from the connat e sea water of rocks of marine origin 

and partly from sea spray. Sea salts can in f act be carried a surprisingly 

great distance inland before becoming washed out of the a t mosphere by 

f alling r ain, and many natural vl2t ers owe a l a r ge proportion of their 

dissolved salts to thi s origin. For example Gorham (1957) concluded that 
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70% of the salts in the waters of the English Lake District originate 

in this "laY, and about 50% of th~ salts in rivers ' of Galwny. 

The distance to which seA s 21ts may be carried depends upon the 

strength and direction of the prevailing wind and a lso upon the r ainfall 

in the region conCGrned. They are likely to travel further in arid 

regions where thG precipite tion i s low. It is probable thnt tho 

evaporation of droplet s of sea llater results in a mechCillica l separ ation 

of the various sea s .... l ts so th.'), t the composition of r ain W.'.iter , allowing 

• for dilution, is not necessarily the same as that of the sea, nor i s it 

necessarily invEeriable. Published informntion conc Grning this is scenty 

but has been summarised by Gorham (1955 A) . 
In arid r egions much sodium may ent er th0 rivers from thG salts 

deposited by evc.pora tion in the soil. 

Sodium is also derived from the decomposition of the a lkali 

feldspc.r [', lbite , end some may b8 obt .~ ined fro m nepheline syenit es (Clarke , 

1924 A) . Wat ers fro m coas t a l alluvium, though invariably high in chloride, 

may not necessarily be correspondingly e. s high in sodium. This i s 

probably due t o bEese-exchange processes occurring in th~ a11uviun (Wi l son, 

1947) • 

Sodium 'is a very common constituent of polluting effluents of 

many kinds . 

potassium 

The main source of potassium in natural waters is the alkali 

feldspar orthoclase, and in addition some may be derived from leucite 

rocks (Clarke, 1924 A). Agricultural fertilizers may also contribute 

much potassium to rivers. 

However, potassium is of minor importance in natural waters and 

is rarely present in concentrations of more than a few ppm. It is less 

readily dissolved from rocks than i s sodium (Hem, 1959) and is more 

readily removed from waters by base-exchange processes . 

Minor mineral solutes 

Unpolluted natura l waters contain many other mineral solutes 

than those considered above, but usually in only very small concentrations. 

Thus iron and aluminium are almost invariably present in river 

waters, but rarely in l arge amounts. Indeed Clarke (1924 A) stated that 

when more than a trace of either of these is found to be present it is 

most likely that small amounts of suspended silt have not been completely 
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removed from the sample before analysis. Pollution may give rise to 

abnormally high concentrations, however. In particular, where rivers 

r eceive drainage from coal mines or from natural coal outcrops they are 

likely to contain high concentrations of those elements (Braley, 1954), 

the iron being derived from the oxidation of pyrite contained in "the coal 

seams nnd associated strat a and the a luminium coming from local rocks and 

soils by the action of the acidic substances f0rmed by that oxidation. 

In Natal, the drainage from disused and working coal mines is a pollution 

problem 'of particular concern (Kemp , 1962). However, the iron nnd 

aluminium contents of unpollut ed rivers are usually less than 1 ppm (Hem, 

1959) • 

Lead , zinc, copper And other metal s hove been found in ,vaters 

in regions where their ores are mined. Mangonese i s a lso found occasion­

slly but r arely exceeds 1 ppm unless the "water has been polluted or has 

an acidic r eaction (Hem, 1959). 

Traces of phosphate may be t oken up from sedimentary rocks and 

from the apatite of igneous rocks, and l ar ge r concentrations may be 

found where tho water traverses phosphate rock. In N:.,t a l the pho sphate 

concentration in unpolluted rivers is ahmys small, !lot usually exceeding 
3-about 0.3 ppm as PO 4. Higher concen tra hons may occur >'{here agricultural 

fertilizers are usod and vlher e sewage or similar effluents ar e present, 

phosphates often being present in soap prepe.r ations and synthetic 

detergents . 

Traces of fluoride and of borate are often encountered in water 

draining certain igneous and metamorphic rocks, especially those 

containing apatite and tourmaline (Hem, 1959). Fluoride concentrntions 

greater than about 1 ppm a r e usually considered objectionable in water 

to be used for domestic supply. 

Except for some minera l springs, natura l waters normally contain 

only small concentrations of nitrates, leached from soils 'lhere decay 

processes or the biologica l fixation of nitrogen are occurring. Larger 

quantities are usually indicative of organic pollution. The nitrate 

content of unpolluted Na tal rivers does not usually exceed 1.5 ppm as 

nitrogen, although it shows a fairly great variability. Whenever cases 

of excessive a lgal growth have been investigated here it has usually been 

found that an increased nitrate content ha s been the cause. 

Pollution can a lso give rise to the presence of ammonia , but 

Ingols and Navarre (1952) have found that some granites contain ammonium 
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chloride which is leached out as the rock weathers. 

Pollution 

Polluted wnt ers may, of course , contain almost any substance 

at a ll in solution or suspension, and det ailed discussions have been given 

by many authors, e .g. Klein (1957). 

Pollution of an inorganic n.:lture usua lly involves an incrense in 

the TDS. This can l ead to the destruction of organisms inhabiting a river 

through the action of osmotic effects, particularly if the TDS exceeds 

about 2000 ppm. Changes in t he pH value may a lso be caused and f e'l'/ 

organisms cnn resist l ar ge changes in t his par ameter, most being adapted 

to living in a single r estricted pH r ange. In addition, some dissolved 

salts may have a direct toxic action. 

An increD.se in t he Gmount of suspended met t er in the 1vnt er CM 

bring about biological changes. Too much silt, in f act, can destroy 

practically the ,vhole f auna of a river - brea thing tubes become clogged, 

burrows become silted up, t he char acte r of the river bed may be changed, 

and so on. Algae can a lso be destroyed, sinco a high silt content will 

r educ e the intensity of light belmv the wa t er surfaco and so hinder 

photosynthetic process Gs. In some ca ses l ar ge volumES of pollution may 

change the t omperature of t he wQt er (boiler effluents, cooling wat ers, etc) 

and this also will cause changes in the rivGrine flora and f auna . 

Organic pollution may give rise to any of the above effects and 

in addition produces effect s of its own, invc.riably resulting in a change 

of the f auna and flora through interfe renc e with the ecological ba lance. 

Changes in the habitats of the animal popUlation may also be induced (the 

interstices behveen stones mAY be blocked by deposits of slime, the 

margina l veget ation may become f ouled, sludge banks may be formed on the 

river bed, and so on) and these invariably lead to changes in the 

popula tion itself. 

The amount of oJ!Y.gen contained in solution in the wat er is ahmys 

decreased by org~ic pollution since decay processes (invari ably oxida tive) 

are initiated (some inorganic pollutants, e.g. ferrous iron, may have a 

similar effect). Unpolluted natura l waters free from organic matter are 

almost saturated with dissolved oxygen and thus present a rea sonably 

clean appearance, are free from odour and maintain a normal animal and 

plant population. With a mod~rate amount of organic pollution, however, 

the growth of algae may be promoted owing to the presence of nutrient 

,,/ 
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substances such as ammonia , nitrates and phosphates , which may be 

present initia lly in the pollution (hence purely inorganic pollution can 

also have a s i mi lar effect) or may be formed by decomposition processes 

i nstigat ed by the action of bacteria. The so-ca lled "sewage fungus" may 

appear, excessive developments of the sheathed filamentous bacterium 

Sphaerotilus nat ans or of the aquatic fungus Leptomitus lactens 

(Harri son and Hew<eleki an , 1958). Protozoa (which pray upon bacteria) 

and a l ga l feeders (insect larvae, small crustaceans , snails and some fi sh ) 

may a lso proliferate, vlhi l e the growth of worms i s usually encouraged . 

If the pollut ionnl load is very l ar ge it may well exhaust the 

dissolved oxygen of the vTater compl Gte l y so tha t condi tions become 

anaerobic. The ''Tater then becomes bl ack , unsightly and malodorous and its 

normal fauna and f lora are complet ely destroyed. Under such condi t ions 

fermentation processes , again i nstigat ed by bacteria, convert the organic 

mat eria ls to soluble substances (pyruvic acid, i ndo l e , skatole, mercaptan, 

cadaverine , putrescine, etc) vlhich ar e ultimate ly removed (as hydrogen 

sulphide, methane etc) but by different routes than under aerobic 

conditions . Even if t he water does not actually become anaerobic, 

suspended solids may be deposited on the river bed and, under appropriate 

condit ions , build deep s l udge baru<s within which anaerobic conditions mcy 

arise . 

One way of assessing the organic content of a water i s to 

determine the biochemical oxygen demnnd (BOD), and this vlill bo discussed 

more fully in chapter 16. 

Total dissolved solids 

Since any rivor continuRlly picks up so lubl e matter from the 

rocks and soils thnt it drains (for river water i s never more than an 

extremely dilute solution whi ch saldom approaches saturation .vi th any 

dissolved salt) and continually r eceives detritus of a ll kinds tha t f a lls 

into it, its TDS usually increases progressive ly from source to mouth, 

even in the absenc e of any effluent flows tha t may enter the vTater. Thi s 

gener al rule may be set aside , however, if the river has tributari es 

which carry vTate r of very low TDS. 

Clarke (1924 A) and Conway (194 2) have consider ed th eff ects of 

geology upon the TDS of rivers and concluded that streams issuing from 

and dr:lining igneous or met:lIDorphic rocks show a 10\., TDS, usua lly 50 ppm 

or l ess . Where there are shales and sandstones the TDS can rise to 
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100 ppm, but where limestones occur it may reach 200 ppm or more. 

Higher values than thi s (and values exceeding 1000 ppm may be encountered) 

may be due to drainage from arid regions wher e saline soils occur, or 

e l se to pollution. 

The TDS of a river water i s , however., highly variable and is 

i nfluenced by many f actors other than geology . Some of these 1-Till be 

considered i n a l ater chapter . 
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3. FUNDAIJIENTAL IONIC RELATIONS 

Outline of the theoretica l treatment 

Ricci's treatment (1952) is based on the concept that any 

aqueous solution of electrolytes can be r egarded as a solution of the 

corresponding fr ee acids and bases, utilising the simple definitions that 

an acid i s a chemical compound (i. e . not an ion) which provides hydrions 

when in aqueous solution and a ba se is one which similarly provides 

hydroxyl ions . These acids and bases will be ionised to a great er or 

l esser degree . 

In the ma jority of cases the r esulting ions do not chemically 

r eact 1-1i th one another by processes other than the ionisation r eactions 

themselves or their converses. Consequently the various acids and bases 

present may be r egar ded as quit e independent . Cases do occur wherein 

other r eactions t ake place between ions , e.g. the polymerisa tion of simple 

mono silicate ions, but even these can be treat ed by the same mathematical 

principles . Ricci calls such cases complex , and the mathematical 

r el a tionships involved are indeed more complicated. Complex solutes , 

hOv18ver, ar e r a r ely of i mporta.ncc in natur a l wate r s . 

Each molecule of acid or base in an aqueous solution gives rise 

to a certai n number of charged sreci es . The number of equiva l ents of 

charge (other thin due to hydrogen or hydroxyl ions) derived from one 

mole of the acid or base is defined as its charge coefficient,~. This 

can be expressed as a function of the ionisa tion constants and the 

hydrion concentration as the only r equired par amet ers. Thus for a poly­

basic acid H X under ideal conditions : 
z 

(3.1) 

where H is the molar hydrion concentration and the K's are the ionisation 

constants of the acid. A similar expression holds for a polyacidic base 

M(OR)z' but containing the molar hydroxyl concentration OR in place of H. 

Where a dissocia tion is strong, the corresponding constant is considered 

infini teo 

The electroneutrality condition is then: 

R - OR = (3.2) 
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\-There the suffixes a and b r efer to acids and bases r espectively and 

t or tb denot es the tota l (analytical) Qolar concentration of the 
a 

corresponding acid or base. 

Since the ionic product of w8t er is constant, under idoal 

conditions it may be r epresented as : 

k = H x OH 
vI 

The electroneutrality condition (3.2), after substitution of the 

appropriat e expressions for the ~ 's, can thus always be expanded to a 

polynomial of degree n i n H: 

n n-l 
An H + An_l H +. • .• + Al H + Ao = 0 (3.4) 

Here the coefficient s of H ar e functions of the molar concentra tions and 

i onisation constants of the acids and bases, while n is equal to the 

number of ionisa tion constant s (including k ) plus one . 
w 

This polynomial may be accurat ely solved for H by numerical 

methods, or an approximat e solution may be obtained by solving the 

quadratic: 

a H2 + b H + c = 0 (3.5) 

obtained by rej ecting from the polynomial all but the three succ essive 

l ar gest terms. Tho success of thi s approximation depends upon the f act 

that the successive coeffici ents A of (3.4) involve progressively more 
r 

of the ioni sation constant s in products with a progressively greater 

number of factors, so that A f a lls in magnitude as r increases . The 
r 

r t erms A H therefore numerically increase , for a given value of H, and 
r 

then decrease again as r increases . The three l argest t erms ther efore 

a l ways occur t ogether. 

Each approximate solution obtained in thi s way will be valid 

over a specific r ange of H or of the other concentra tions, and the 

approximation procedure therefore has the advantage that it provides, 

not a single va lue for H, but an algebraic expression giving H in terms 

of some of the constants and concentrations. Fbr example, the Henderson 

and similar simple equations r esult automatically from this procedure . 

The accuracy of such an approximat e algebraic solution is extremely grea t 

under the appropriate conditions, and these conditions can always be 

specified pre~isely in terms of the coefficients of the general polynomial 
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(3.4) and hence in t erms of the ionisa tion constants and concentrations. 

In general form, the required solution of the quadr3tic (3.5) 

may be vTri tten .., s: 

(3.6) 

since the negative root .is physically meaningless . If cia is small in 

comparison with (b/2a )2 t his further approximat es to: 

H = - clb (3.7) 

and if c is swall in cOwparison with both Ct and b: 

H = - biD. (3.8) 

Corrections for non-ideality ar e made by introducing activity 

coefficients, which can be done at any stage of the working. Provided 

the solution is sufficiently dilut e we Can utilise the Debye-Huckel 

limiting l aw and take "I as the activity coefficient of any univalent ion 

in the solution, "14 as that of any divalent ion, "19 as tb"at of any 

trivalent ion, and so on. Moreover, under the condition supposed the 

value of Y can be equated with the mean activity coefficient Y of a 
+ 

strong uni-univalent electrolyte a t the SaDe ionic strength. This 

results in the f ollovling r eplacements finally appearing: 

k r eplaced by k 1"12 
w w 

Kl replaced by K 1"12 
1 

K2 repbced by K Iy4 
2 

K3 r eplaced by K 1"19 
3 

and so on. 

Thus "I occurs always as a square or higher povve r and in combination IDth 

concentration" terms in such a f ashion that the objection thD.t single-ion 

activity coeffici ents are of no physical significance (Guggenheim, 1933) 

does not apply. 

This procedure vall certainly be satisfactory over the 

concentration range of main interest in the present 1>lOrk (up to a TDS of 

1000 ppm), but it cannot be relied upon outside that range since the 

mean activity coefficients of uni-univalcnt electrolytes can then no 

longer be supposed equal (Lewis and Randall~ 1923). 

The actual values of "I will be discussed in a later chapter. 
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Under ideal conditions, the pH value of an electrolyte solution 

is simply and unambiguously defined in terms of decadic logarithms: 

pH = - log H 

but under non-ideal condi t ions this must be replaced by: 

pH = - log Y H (3.10) 

This no longer avoids the objections concerning single-ion activity 

coefficients, but since th ~ whole concept of pH is theoretically 

uncertain (Kemp, 1950) this las t equation must be r egarded as purely 

empirical. It is completely justified by experimental results. 

Other symbols and functions will be introduced and explained 

during the course of this text. In general the scheme is followed of 

using lower case Roman letters (with suffixes if necessary) for molar 

concentrations, K with suffixes for the ionisation constants of acids and 

bases, and lower case k with suffixes to denote ionic products. 

Temperature variations are not considered in the present work, it being 

assumed that the temper ature is constant at a standard 25
0

C. Valuable 

contributions to the study of t emperature effect s have be ~n made by 

Langelier (1946) and by Dye (1952). For ready reference, the va lues used 

for commonly occurring constants ar e given in Table lB of Appendix B. 

Solutes and ions of natural wat ers 

From chapter 2 it is seen that the ma jor inorganic solutes of 

natura l wat ers (excluding miner a l springs, which often depart from normal 

in composition) are th8 carbona t es, bica rbonates, sulphates and chlorides 

of calcium, magnesium, sodium and potas sium, together with silica usually 

in non-ionic form. Other cations and anions may also be present, but 

usually in amounts too small to bo of importance in the discussion of 

pH values. 

Following Ricci (1952), a natura l wa t er may thus be regarded in 

the first instance as containing carbonic, sulphuric and hydrochloric 

acids together with ca lcium, magnesium, sodium and potassium hydroxides, 

as well as non-ionic silica . The TDS, as has been stated, may be any­

thing from about 10 to 1000 ppm or more, although values great er than 

about 500 ppm in ordinary surface waters in Natal at least usually arise 

through pollution. For sea wat er, estuarine waters and underground 

waters with higher TDS values than 1000 ppm there i s usually insufficient 

dat a available to establish valid activity corrections. For example, it 

17/ •.••• . 



-17-

appears that in sea wat er Y should be of the order of 0.66, but it can 

no longer be t aken as the same for all uni-univalent salts and for 

purposes of pH calcula tion (which in this case depends almost entirely 

upon bicarbonates) ltlC shall find tha t a much lower value must be used. 

The SQme theoretica l principles still apply to such wa t ers, however. 

The concentrations of all t he imp ortant solutes in a water may 

be det ermined unambiguously by suit ab l e annlytica l methods, although few 

if any wa t er chemists ever undertake the dete rmination of carbonic acid 

a s n routine measure . The to tc l ccr bonic acid, as will be shown, is one 

of the most i mportc.nt pr. rc.meters in wder chemistry since it is ono of the 

f actors governing the precise shnpe of the titrc. tion curve , but 

fortunc.tely, in the ~bsenc o of its direct det ermina tion, it is possible 

to calculat e it f airly accurnt ely from other dat a . The calculation is 

often made by means of a number of assumptions and approximate r el a tion­

ships which may not be theoretica lly well founded, but [\ rigid treatment 

is rela tively easy to devise (see chapter 8). 

Each of the ma jor solutes of natural wat ers will now be . 

consider ed in turn. 

The strong el ectrolyt es 

Sodium hydroxide, potassium hydroxide and hydrochloric acid ar e 

s trong uni-univa lent electrolytes, completely ionised a t a ll concentrations. 

This means that, in each case, ~ = 1. Discussion of these cases illus­

tra t es the genera l method of ,'larking, nlthough they nr e of trivinl nature. 

Hence for hydrochloric acid in water under idea l conditions, 

equntion (3.2) becomes simply: 

H - OH = h 

wher e h is the molar concentration of the acid (equa l to the molar 

concentration of chloride ions) . Using (3.3) this gives: 

H - k /H = h 
1'1 

which rearranges to the quadratic: 

2 
H - hH - k = 0 

1'1 

By (3. 6 ) the exact solution of this is: 

h J' h 2 
k H=-+ -+ w 2 . 4 

18/ ...... 
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which may be written: 

H = th + t ~ (h2 
+ 4k ) w 

(3.15) 

The v,:1 lue of k 
w 

o -14 ( ) at 25 C is 1.01 x 10 Harned and Owen, 1950 so that 

for all practical purposes (3.15) reduces to: 

H = h (3.16) 

Alternatively, this same result could be obtained by applying equa tion 

(3.8). The introduction of activity corrections for the non-ideal case 

l eaves (3.16) unchanged. 

For sodium hydroxide nt molar concentro.tion n we similarly havo: 

H - OH = - n 

Using (3.3) .to eliminat e OH finally gives the quadrptic: 

2 
H +nH-k =0 

'" 
This may be solved directly by (2.6): 

H = -tn + t ~ (n2 
+ 4k ) . w 

(3.17) 

(3.18) 

which is fully accurat e . But since 4k is negligible in comparison with 
ioT 

n
2 

in practical cases, it appears that (3.19) gives zero as the corres-

ponding approximate value for H. Physically this is not acceptable, but 

it must be rea lised thQt the r esult only means that H is negligible 

jn comparison ~nth n2 and hence is a perfectly valid result. To obtain 

a more useful value for H, we may apply equation (3.7), which gives: 

H = k In 
\oJ' 

Applying activity correction, this becomes: 

2 
H = k In Y 

w 

(3.20) 

(3.21) 

It is interesting to nota, however, tha t using (3.3) in (3.20) gives: 

H = H.OH/n or OH = n (3.22) 

and this is unchanged in the non-idea l case. 

Exactly similCl. r results are obtained for potassium hydroxide. 

Calcium and magnesium hydroxides 

The hydroxides of calcium and magnesium, Ca(OH)2 and Mg(OH)2' 

are diacidic bases, strong in the first dissociation but weak in the 

second (Bell, 1954; Prue, 1966; stock and Davies, 1948). In aqueous 

19/ ••• •• 
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solutions they thus give rise to the ions Ca(OH)+, ca
2
+, Mg(OH)+ and 

2+ Mg ,but non-ionised molecules are never present. 

To consider calcium hydroxide first, let the total (analytical) 

molar concentration be c. Then if cl is the molar concentration of the 

univalent ion and c
2 

that of the divalent ion: 

c = cl + c2 

Under ideal conditions, the second dissociation constant K2 is given by: 

(3.24 

its numerical value being 3.1 x 10-
2 

(Vogel, 1951). 

From these hTO equations follo>-r the r elations: 

cl/c = k /(k + K H) w w c (3.25) . 

c
2
/c = K H/(k + K H) 

c w c 

for the ionisation fractions. Correcting these for non-ideality gives: 

cl/c = k Y 2/(k Y 2 + K H) 
w w c 

c
2
/c = K H/(k Y 2 + K H) 

c w c 

(3.26) 

By the base analogue of (3.1), the charge coefficient of this 

hydroxide is ideally: 

k + 2 K H 
vi C 

~ = ~---=--
k + K H 

(3.27) 
w c 

Magnesium hydroxide gives rise to equations of identical form. 

We shall denote its t otal molar concentrations by m, those of the uni-

and divalent ions by IDI and m
2

, and le~3Km stand for the second dissociation 

constant. The value of K is 2.6 x 10 (Vogel, 1951). 
m 

The values of the ionisation fractions for the two hydroxides 

under ideal conditions for various values of pH are as shown in Figure 

3.'1. It will be seen that the univalent ion Ca(OH)+ is of little or no 

importance below about pH 11 while the univalent ion Mg(OH)+ is of little 

or no importance below about pH 10, i.e. it exists in appreciable propor­

tions down to a rather lOvTer pH than is the case for the calcium hydroxide 

system. 

If Figure 3.1 (and similar diagrams such as Figures 3.2 and 3.3) 

are redrawn using a logarithmic scale on the vertical axis, the sloping 

20/ ••••• 
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curved portions of the gr aphs will hecome virtually straight lines. 

Apart from a sca l e f actor, the di agrams will then be identical with the 

versatile logarithmic diagr ams that have been u sed ext ensivel y by . 

Scandinavian chemi st s for r epresenting chemica l equilibria (Lee and 

Sill~n , 1959). 

Sulphuri c acid 

Sulphuric acid, H
2

S0
4

, i s a diba sic acid, s trQng i n its first 

di ssocia tion but ·weak i n i t s s econd . I n aqueous solut ions it t hus gi ves 
2-

rise to the bisulpha t e und sulphat e ions, HSO~ and S04 ,but non-ioni s ed 

molecules ar e never present. 

Denoting t he tota l (anal ytical) molar conc entration by s and 

tho s e of the bisulphat e and sulphate ions r espectively by sl and s2' it 

follows tha t : 

(3. 28) 

Under i dea l condi t ions, the s econd dissocia tion cons t ant K is defined by : 
s 

K 
s (3 . 29) 

its num8rical value being about 1 x 10-2 (Vogel, 1951; Glasstone , 1942). 

From these r el a tions it follo itTS tha t: 

= H/(H + K ) 
s 

K /(H + K ) 
s s 

(3. 30) 

which enable the ioni sation fractions sl/s and s2/s to be ca lculat ed as 

function s of the pH. The ca lculat ed i deal values ar e shown in Figure 3. 2, 

from which it i s s een that on l y the SUlpha t e ions ar e of any significance , 

except at pH va lues below about 4 . 

ideally : 

By equa tion (3.1), the charge coeffici ent of sulphuric acid i s 

H + 2 K 
s f3 = ----= 

H + K 
s 

(3.31) 

Carbonic acid 

Ca rbonic acid, H2C0
3

, i s dibasic, giving ri se to bicarbonat e and 
- 2-carbona t e i ons , HC0
3 

and C0
3 

. Both dissoci ations ar e weak, so t hat 

non-ionised molecules ar e a lways present in aqueous solutions; 

21/ ..... 
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o 
Values of the first dissociation constant, Kl , at 25 C have 

-7 )-7 been given as 4.54 x 10 (MacInnes and Belcher, 1933" 4.32) x 10 

(Shedlovsky and MacInnes, 1935) and ~.45 x 10-7 (Harned and Davis, 1943). 
-7 f",.~ 

A mean value of 4.43 x 10 is thereAado~ted in the present work. The 

value of the second dissociation constant, K2, at 25
0
C \ms determined 

-1' ( ) as 4.69 x 10 - by Harned and Scholes 19~1. 

It should be noted that when carbon dioxide is dissolved in 

water the following equilibria are established: 

CO
2 

+ H2O ~ H
2

C0
3 0:--

~ HC0-:s 
- H+ H?C03 

.-- + 

- ?- H+ HC0
3 

--" CO .. + .,---
3 

The constant here denoted by Kl is in fact defined as: 

[H+] [H CO~ - ] 
= 

[C02 + H2C03] 

where the brackets denote molar concentrations. A review of the carbon 

dioxide - water system h8s been given by Bell (1959), who showed that the 

ratio [H2 CO~ I [C02] at 25°C is about 0.0037. Consequently the true 

first dissociation constant of carbonic acid, defined as 

[H+1[ac0
3
-] I [H2C0

3
] ,has the value Kl (0.0037/1.0037). However, 

if (as is done in the p~esent work) we agree to make no distinction 

between "free carbonic ecid", "free carbon dioxide" and "non-ionised 

carbonic acid" but include them all in the value of the tern ~2 C0
3
] , 

we can satisfactorily and much more si~p1y operate with Kl defined as: 

[H+] [HC03 -1 
= 

[H2 co3] 

Let a, f, al and a
2 

respectively denote the molar concentrations 

of to~al carbonic acid, free (non-ioni~ed) carbonic acid, bicarbonate ions 

and carbonate ions. Then, under ideal conditions, the dissociation 

constants are given by: 

H 

Kl 
a1 = f 

H (3.32) 

K2 = 
a

2 
al 

22/ ••••• 
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while the f our concentrations are relat ed by: 

From these r el a tions it follows that: 

aI/a = KIH/(H2 
+ KIH + K1K2) 

02/a = KIK2/(H
2 

+ KIH + KIK2) 

22 ) f/a = H /(H + KIH + KIK2 

(3.34) 

Applying tha activity corrections for thu non-ideal case , these become: 

4264) 
al/n = KIH r /(n r + KIH r + KIK2 

2 6 4 
02/ a = Kl2 /(H r + KIHr + KIK2) (3.35) 

2 6 2 6 4 ) 
f/a = H r /(H r + KIH r + KIK2 

Assuming ideali ty , the values of these i onisation fractions can 

r eadily be f Jund from (3.34) f or various v~lues of pH. The r esults 

obtained by such calculati ons ar e shown in Figure 3.3. Evidently at pH 

values bctw"een ebout 6 and 9 bicarbonate ions predominat e , but in more 

a lkvline solutions carbonat e ions become important 1'lhilst in more acidic 

ones fre e carboncte acid is present in appreciable proportions. It is 

r eadily sho~m that the maximum value of aI/a occurs a t an (ideal) pH of 

8.34, corresponding to H = J(KIK2). 

By (3.1), the v~lue of the charge coefficient of carbonic acid 

i n aqueous solution is (ideally) given by: 

(3.36) 

Titration curves 

We shall in this work be concerned only with the titration of 

dissolved substances "l'li th strong monobasic ::tcid or strong monoacidic base . 

Consequently whenever we r ef er to a titration curve it is to be under­

stood that r ef erence i s a lways made to ::t curve obtained in tha t way. 

" Let y be the mo l ar concentration of any acid or base, and 

suppose that it is titrated as described. For simplicity, we assume ideal 

conditions and also suppose that the volume of the solution being titrated 

does not alter significantly during the process. 

23/ ..... 
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The charge coefficient of the strong acid or base is unity 

(see above), while that of the acid or base being titrated is ~ and given 

by the correct form of equation (3.1). For the titration of an acid we 

therefore have:, by equation (3.2): 

H - OH = ~y + x (3.37) 

and for the titration of a base: 

H - OH = -~y + x (3.38) 

where x denotes the molar concent r ation of strong ~ at any instant or, 

if x is negative, the molar concentration of strong base. These equations 

may be expanded to polynomia l s like (3".4). By solving for H and plotting 

the values of pH = - log H against the corresponding values of x we can 

thus dravl the r equired titration curve. 

The properti es of such curves have been considered in detail by 

Ricci (1952). For present purposes we need only note a fevl of the sa lient 

points. 

If the curve relat es to a polyacidic base ~(OH) or a polybasic 
z 

acid H X with z stages of dissociation, its equation will be of degree 
z 

z + 2 in H or, if the first dissociation is strong, z + 1. For example, 

sodium hydroxide and hydrochloric acid provide quadratics in H, calcium 

hydroxide and sulphuric acid provide cubics, and carbonic acid gives an 

equa tion of the 4th degr ee . 

Each titration curve -yTill show one or more "end-point" 

inflections .. There the pH changes very greatly for small additions of strong 

acid or base . For a strong acid or base ther e will be one such inflection, 

occurring a t the point of stoicheiometric neutralisation. For a weak acid 

or base there will be one inflection occurring at the same point but 

becoming less marked with lower values of the dissociation constant, and 

another occurring at x = 0 but usually so vague as to be of no practical 

use . For a dibasic acid there will in gener a l be three such inflections: 

one occurr ing at x = 0, one at x = y and one a t x = 2y, but not all of 

these need be sufficiently pronounced to be experimentally detectable , 

the governing f actors being the values of the two dissociation constants. 

Thus for sulphuric acid, strong in its first dissociation, only the end­

point x = 2y appears; for carbonic acid only the end-points x = 0 and 

x = yare detectable. Similarly, n diacidic base in genera l shows end­

points a t x = 0, x = -y and x = -2y, but for calcium and magnesium 
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hydroxides only the third of these is detectable. 

The reciprocal of the gradient of the titration curve is a 

measure of the buffer capacity of the solution being titrated, i.e. of 

the degree to \vhich the solution resists pH changes when acids and bases 

are added to it. Buffering action arises from the existence of equilibria 

of the form: 

which follow the Le Chatelier principle. Near an end-point inflection of 

any kind the gradient i s high and henc e the buffer capacity low. Between 

two such inflections the gradient is low so that the buffer capacity is 

high; moreover it here becomos higher as the concentration increases. 

The concept of buffer capacity has application in somo problems; ·6f . water 

treatment, as vIC shall show. 

The titration curve of carbonic acid is particularly i mportant 

in the study of natura l waters. The equation of this curve, under ideal 

conditions and the other restrictions supposed, is: 

H - OH = 
a (KIH + 2 KIK

2
) 

2 
H + KIH + IS.K2 

+ x (3.39) 

where a is the molar concentration, and for a = 10-
2 

the curve is as 

shown in Figure 3.4. The b;o end-points occur at pH 4.18 with x = 0 and 

8.34 with x = a. The former is commonly known as the "methyl orange" 

end-point, the latter as the "phenolphthalein" one, since these two 

indicators are often used for their detection. The exact pH value of each 

end-point depends on th8 value of a; the methyl orange end-point may 

occur anywhere between pH 4 and 5, the phenolphthalein between pH 7 and 9. 

The greatest buffer capacity occurs between x = 0 and x = a, especially 

at high concentrations. 

General equations for hydrion concentration 

From equation (3.2), using a lso (3.3) and inserting the proper 

expressions for the charge coefficients, the general equation for the 

hydrion concentration, under ideal conditions, of a water containing 

carbonic, sulphuric and hydrochloric acids together with calcium, 

magnesium, sodium and potassium hydroxides at molar concentrations a, s, 

h, c, m, n and p respectively is: 

25/ •...• 
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a (KIll + 2 Kl K2) 

2 
(ll + KIll + Kl K2) 

c (k + 2 K H) ,,{ c 
(k + K H) 

vi c 

+ h - n - p 

+ 
s (H + 2 K ) 

s 
(H + K ) 

s 

m (k + 2 K H) 
vT m 

(k + K H) w m 
(3.40) 

The same equation \"Till a lso apply to waters which in addition contain 

non-ionised silica, since this solute can evidently play no part in the 

ionic equilibria governing the pH, i.e. the equation will apply to most 

natural ,vaters. 

The coefficient of s 1-Till be indistinguishable from 2 (working 

to a precision of l~) if pH > 3.69. The coefficient of c will likewise 

be indistinguishable from 2 if pH < 10.80. Similarly the coefficient of 

m "Jill be indistinguishab le from 2 if pH < 9.72. 

Consequdnt ly, in the range 3.7 < pH < 9.7 the general equation 

reduces to: 

H _ kw = a (KlH + 2 KIK2) 

H (H2 + KIH + K
l
K

2
) 

+ h + 2s - 2c - 2m - n - p 

For convenience ''ie may write: 

e = 2c + 2m + n + p - 2s - h 

and (3.41) then becomes: 

k 
w 

H - - = 
H 

a (KIH + 2 K
l
K

2
) 

2 
(H + KlH + KIK2) 

- e 

(3.41) 

(3.42) 

. (3.43) 

This l ast equation should apply to most natural waters under ideal 

conditions, since their pH values usually lie in the range 6 to 9. Waters 

vrith pH down to 4.5 and up to 10.3 sometimes occur, but these are 

relatively rare. 

given by: 

The titration curve of a water to which (3.43) applies will be 

k 
H_-1!= 

H 

a (KlH + 2 Kl K
2

) 

2 
(H + KIH + Kl K

2
) 

- e + x (3.44) 

and clearly this will show two end-point inflections just like the curve 
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for carbonic acid: a "methyl orange" end-point at a pH of about 4 or 5 

with ..,e + x = 0 or x = e , and a "phenolphthalein" end-point at a pH of 

about 7 or 8 with -e + x = a or x = e + a . 

The quantity e defined by (3.42) is the total alkalinity of th~ 

water. It is usually expressed in practice as ppm of CaC0
3

, and if its 

value i n th(~ sG unit s i s denoted by As it follows that : 

4 A = 5 x 10 e (3. 45 ) 

since the equivalent weight of ca lcium carbonate is almost exactly 50. 

On expansion (3.43) yields an equation of the 4th degr ee i n H: 

- Ie rk + K ( 2a - e )-I H - KKk = 0 
1 I' w 2 1 2 w - - . 

(3.46) 

According to the r el at ive v~lues of a and c various particular solutions 

of this equation arise nnd can be established by the general principles 

outlined at the beginning of this chapt er - a full discussion has been 

given by Ricci (1952). The forms t aken by these particular solutions ar e 

conditioned by the r el ativG values of the cons t ants Kl , K2 and kw and the 

values of a and e that are normally encountered. 

(a) e < 0 

Under this condition the water will posses, not a lkalinity, but 

acidity (equa l to -e). The pH will be low, anything below about 

4 or 5 depending on the valuG of a , and the hydrion concentration will 

be given by: 

H = -e (3.47) 

Thi s result will ideally hold down to a pH of about 3.7, and only 

to lower values if t he sulphat e concentration is negligibly small. 

(b) e = 0 

Here the wat er has no appreciable acidity nor alkalinity. We obtai n : 

H = - tKl + t,;/ (Kl
2 

+ 4 kVl + 4 Kl a) (3.48) 

corresponding to a pH of about 4 or 5, .depending on the value of a • . 

During the titration of a water sample with strong monoacidic base 

or strong monobasic acid, the total alkalinity will become zero at 

the methyl orange end-point, so this equation gives the pH value 

of that end-point • . 
27/ / •.••• . 
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(c) 0 < e < a 

This is the most common case encountered in natura l w2ters and 

leads to: 

(3. 49 ) 

This holds in the region between the methyl orange Dnd phenolphthal ei n 

end~points, i.e. fro m an ideal pH of about 4 or 5 to one of 7 or 8 

depending on the value of a . 

(d) e = a 

'rhis l eads to: 

H = .,J r eI (K2 + kw/a~ (3.50) 

and corresponds to an ideal pH of 7 or 8 depending on the va lue of a . 

This corresponds to the phenolphthalein end-point. 

(e ) a < e < 2a 

This condition l eads to: 

H _ 1(2 (2a - e + kw/K2) 

- K2 + ( e - a ) - kw/Kl 
(3.51 

and holds from an ideal pH of about 7 or 8 to one of 8 or 11 depending 

on the value of a , provided the ca lcium and magnesium concentr a tions 

nr e negligibly small. 

(f) e = 2a 

Equa tion (3.43) r omai ns applic3ble on~y if the ca lcium and magnesium 

concentrations ar e nvgligibly small, and now l eads to: 

which corresponds to an ideal pH of about 8 or 11 depending on the 

value of a. Thi s equa tion gives the pH of a pure ideal solution of 

sodium or potassium carbonat e . 

(g) e > 2a 

Again (3.43) is only valid now for negligibly small concentretions of 

calcium and magnesium, but then l eads t o: 

(3.53) 

which corresponds to very high pH va lues. 
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Although each of these equations applies only under ideal 

conditions, it may be readily corrected for non-ideality by the method 

already described. 

Some further approximations are possible if a and e are 

sufficiently large. ·Under such circumstances equation (3.49) becomes: 

H = Kl (a - e)/e 

while (3.51) becomes: 

(3.54) 

H = K2 (2a - e)/(e - a) (3.55) 

These are the well-known Henderson equations. Similarly equation (3.53) 

becomes: 

H = k /(e - 2a) w 
(3.56) 

In practice , it will be found that equation (3.51) does not give 

such a close approximation to the·solution of th e general equation (3.46) 

as does (3.49), particularly at higher pH values. ~lis is of little 

practical consequence, however, since the general equation itself breaks 

do~m at high pH values in any case. The main application of the 

particular equations (3.47) - (3.53) is the calculation of titration 

curves (e.g. for purposes of anti-corrosion water treatment, as described 

in chapt er 10), and ' investigation of the upper pH ranges is rarely of any 

interest in this connection. 

A few simplificati ons of the general equation (3.40) are 

possible for other pH r anges beyond the limits of 3.7 and 9.7, but they 

all give rise to expansions of the 5th, 6th or 7th deg~ee in H and 

particular solutions r&s embling (3.47) - (3.53) cannot be written for 

them owing to mathematical complexity. These equations are of so little 

practical use that it is not necessary to consider them further. 
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4. A~TIVITY COEFFICIENTS 

Tho equations developed so f ar have a ll assumed ideality. As 

pointed out in chapter 3, corrections for non-ideality may be introduced 

by using tho acti vity coefficient Y in the appropriat e manner. 

The value of Y can be ca lculated if the ionic strength, ~, of 

the vmter or solution is kno"m. As is well known, the value of ~ depends 

upon t he concentrations of t he various ions present, according to the 

relation. 

c 
r 

( 4.1) 

wher e V i s the valency and c the molar concentration of the r th ionic 
r r 

species (strictly, ~ i s defined in molal r ather than molar concentra tions, 

but in di lut e solutions the difference is insignificant). 

For values of TDS up to 1000 ppm, "Thich is the range of 

greatest inter est in the present work, Y can be found from the Debye­

Huckel equation i'ihich , taking the mean value of the ionic diameters 
-8 0 concerned to be 4 x 10 cm at 25 C becomes: 

_ 1 Y _ O.509p/ ~ 
og - 1 + l.32~ ~ (4 . 2) 

The temperature variations of the constants in this equa tion are 

so small tha t they may be disregarded for present purposes (if Y = 0.950 

at 25°C, it s value will be 0. 952 at OoC and 0.948 at 40°C). 

In th e absence of any further information, it is nec essary to 

find the value of Y by a serIes of successive approximations. On the 

assumption that y = 1.000, the values of H and all other ionic concen­

trations dependent upon H may be calculat ed and henc e a value of ~ found 

from (4.1) and of Y from (4. 2). Using this value of Y, H and the other 

ionic concentr ations can be r eca lculat ed , so tha t a new va lue of ~ and 

hence another value of Y is obtained. The process is continued until 

a stage is r eached. T;Ther e Y r emains unchanged by recalcula tion, and thi s 

unchange d value is taken as the required va lue of Y. The success of the 

process depends on the f act that, by equation (4.2), Y is insensitive to 

s~all changes in ~. 

As an illustr ation , consider a wat er whose analysis is as 

follo1-lS : 
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Ca 16.9 ppm 

Mg 8.8 ppm 

Na 16.1 ppm 

K 2.3 ppm 

S04 4.5 ppm 

Cl 18.0 ppm 

Total 91.5 ppm CaC0
3 alkalini t y 

TDS 138 ppm 

pH 7.00 ppm 

The analysis is first expressed in terms of the molar concen-

trations of acids and bases present. This is accomplished by dividing the 

observed (total) concentration of each solute by its molecular weight and 

multiplying by a factor of 10-3 (which itself converts ppm or mg/l to g/l) ... 

It is sufficiently accurate for this purpose to use the rounded-off 

molecular weights: 

Ca = 
Mg = 
Na = 
K = 

40 

24 

23 

39 

so 
4 

Cl 

= 
= 

96 

35.5 

and in general all calculations may be taken to three significant figures. 

The results are: 

c = 4.23 x 10-4 s = 4.69 x 10-5 

m = 3.67 x 10-4 h = 5.07 x 10-4 

n = 7.26 x 10-4 e = 1.83 x 10-3 

p = 5.90 x 10-5 

where the value of e is obtained from equation (3.45) or: 

e = 2 A x 10-5 = -A x 10-3 (4.3) 
50 

In order to calculate the bicarbonate and carbonate ion concen­

trations it is necessary to know the total concentration of carbonic acid, 

a. As already pointed out, although this concentration can be determined 

by the proper experimental technique, the determination is generally not 

undertaken as a routine measure by water chemists. Consequently the 

value of a must usually be found by a theoretical calculation. In 

practice, this is only possible if the water concerned is such that 

equation (3.43) in its non-ideal form remains valid, i.e. if the pH value 
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lies between about 3.7 and 9.7, for outside this range more complicated 

equations hold instead and these do not admit of ready solution. 

The pH of the water of the present example being 7.00, equ~tion 

(3.43) is valid, and on assuming Y = 1.000 the value of a may be found 

by rearranging the equation to the explicit form: 

The value so obtained is: 

-3 a = 2.24 x 10 

since the value of H, from (3.9), is: 

-7 H = 1.00 x 10 

(4. 4) 

Equations (3.34) now give values for 8
1 

and a
2

, whilst that of 

OH comes directly from (3.3). The various ionic concentrations (in molar 

uni ts) are thus: 

Ca2+ 4.23 x 10-4 2-
4.69 x 10-5 = c = S04 = s = 

Mg2+ = m = 3.67 x 10-4 
Cl = h = 5.07 x 10-4 

Na+ = n = 7.26 x 10-4 
HC0i. = al = 1.83 x 10-3 

K+ -5 10-7 = p = 5.90 x 10 C0
3 

= a
2 = 8.59 x 

H+ -7 10-7 = H = 1.00 x 10 OH = k /H = 1.01 x w 

Using these r esults in (4.1) now gives: 

j.l. = 3.24 x 10-3 

and setting this in (4.2) yields: 

Y = 0.940 

The calculation of a is now repeated, using this value of Y in 
the corrected form of (4.4), which may be wri tt en: 

a = 
2 6 4 

H Y + KIHY + KIK2 

Kl mA 
+ 2 KlK2 

2 
(H - k/RY + e) (4.5) 

The value of R, however, must first be found from (3.10) instead of (3.9), 

and the values of al and a2 from (3.35) instead of (3.34), while OR is 
2 

now k/HY • 
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The values of some of the ionic concentrations thus become 

changed a little: 

= 
OH = 

1~06 x 10-7 

1.07 x 10-7 
= 
= 

1.83 x 10-3 

1.03 x 10-
6 

From (4 .1) we have, using these va lues : 

-3 
Il = 3.24 x 10 

precisoly as before, so that (4 . 2) again gives Y = 0.940. 

The value of Y being the samo as that from the previous s t ep , 

this is the required final value . 

It may be noted that the further the pH depRrts from 7.00, the 

greater the number of steps necessary to obtain the f inal r esult for Y, 

s ince recalculation causes H and OH to alter more markedly. Often the 

arithmetica l work r equired in a given case may bo enormous. However, it 

will l at 8r be Sho\ill that Y need not be known ,vi th extreme accuracy, and 

a more r apid means can thus be developed for det ermining its value with 

sufficient accur2CY for mos t purposes. 

Activity coef fi cient as a function of TDS 

The TDS of a wa t er i s dGtermined by evaporating a knOvn1 volume 

of it to dryness and t hen heating it further to dehydrate the crystcllised 

salts. Disregarding th \;, various inher ent errors of this proCGdure (vlhich 

will be discussed subsequently), it will be r ealised that the process 

converts bicarbonat es and f r ee hydroxides to normal carbonat es if it i s 

carri ed out properly. The who l e of tho tot a l alkalinity thus appea r s in 

th6 dri ed r esidue as cQrbonat es under normal circumstances, and since the 

al kalini ty of th·,:; original samp l e WOos A ppm of CaC0
3

, the "concentration" 

of c D.rbon~te ion in the residue is thus 04 6 A ppm, i.e. it would have thi s 

concentration if the re sidue ''lere redissolved in the original volume of 

pure wat er without any hydrolysis occurring . 

Consequently if T i s the TDS in ppm, we can write: 
s 

Ts = Ca + Mg + Na + K + S04 + Cl + Si0
2 

+ 0.6 A 

1-1here Ca , Mg, etc, denot e the annlytica l ppm concentrations of the 

corresponding solutes in the origina l water. 

This equation may also be written in t erms of the molar 

concentrations: 

(4. 6) 

Ts = (40c + 24m + 23n + 39p + 968 + 35.5h + 60j + 30e) x 103 (4.7) 
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v{here j denot es the molar concentration of Si02• From this equation we 

may further eliminate e by means of (3.42): 

" ) 3 T' = (100c + 84m + 53n + 69p + 36s + 5.5h + 60j x 10 
s 

and the result may be written: 

T x 10-3 - ( 5.5h + 60j) = 100c + 84m + 53n + 69p + 36s 
s 

Nov, froTI (4 .1), tho full expression for Il. is: 

(4.8) 

(4.9) 

(4.10 ) ~ = 2c + 2m + tn + t p + 2s + th + t al + 2a2 + tR + tOR 

Provided 5 ~ pR < 9, the t erms tR and tOR can normally be ignored in 

comparison with t he other t a rms on the right. Figure 3.3 also shows that, 

under this condition, 28
2 

is sflall in comparison ~nth tal. Thus (4.10) 

approxinates to: 

1 1 2 1h 1 ~ = 2c + 2m + "2n + 2P + s +"2 + "2nl (4.11) 

Furthermo r o , under the snme condition a
l 

is approximately equa l to e, and 

on nccepting this and applying (3.42) we obtain: 

~ = 3c + 3m + n + p + s (4.12) 

Comparison with (4.9) thereforo suggests that ,ve may, as a f air 

approximation, put: 

T ' x 10-3 - (5.5h + 60j) = X ~ 
s 

(4.13) 

where X is 2 constant. Taldng the t erms in c, m, n, p and s in succession 

gives, individually, values of X equa l to 100/3, 84/3, 53, 69 and 36. The 

flOo.n of these is about 40, and since 60"j is approximately equal to 

16.3 x 10-3 (see chapter 2) while 5.5h is usunlly small in comparison, 

« (~. 13) mny be approxina t ed to: 

T x 10-3 - 20 x 10-3 = 40 ~ 
s 

and rearranged to the form: 

~ = 2. 5 (T - 20) x 10-5 

This relation is very sinilar to the equation: 

2 5 T 10-5 
~ =. x 

( 4 .14) 

( 4.15) 

proposed by Langelier (1936) on the supposition tha t in most natural wat ers 

the total concentration of monovalent ions wes about equal to that of 

divalent ions . This supposition is generally true in view of the pR values 

of the waters, but Langelier did not take the presence of non-ionic silica 
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into account. Equation (4.15) does not make this omission, but it tends 

to break down if 5.5h i s not small. However, under that circumstance the 

TDS must be high and non-ionic silica becomes of little importance. 

Langelier's equation will then give results very little different from 

those of (4.15). The t wo equations diverge at low TDS values. 

Values of Y calculated by (4.15) for various values of Tare s 
given in Table 2B (in Appendix B). From these, the water analysis used 

above as an example gives Y = 0.942, in very good agreement with the value 

0.940 found by successive approxi mation . It i s i'lorth noting that the us e 

of Table 2B in thi s case gave the value of Y in just 5 seconds, whilst the 

calcula tion by succe ssive approximations r equired about an hour before the 

final result was obtained . 

Although the approximations involved in (4.15) ar e extensive, t he 

insensitivity of Y to changes in ~ ensures that the r esults are not highly 

erroneous. 

Waters of high TDS 

In chapter 3 it vTaS st ated that the theoretical equations could 

not be appli ed to vTaters of TDS greater than 1000 ppm because assumptions 

concerning activity coeffici ents broke down above thi s limit. An empirica l 

apr roach may be possi bl e , however, even in such cases , though only in a 

r estricted s ense . 

Harvey (1928) has giv8n r esults for the direct det erminat ion of 

t he tot al carbonic acid in sea vTat er and its variation with the pH and 

tota l al kalinity, From t hes e it can be deduc ed that, at the well­

est ab lished mean va lue of 120 . 3 ppm of CaC0
3 

for the tota l alkalinity of 

sea \-mt er ( see Sverdrup et a I, 1942) and a pH of 7,90, the molar concentra-
- 3 tion a is 2.11 x 10 • It i s then pos sible to use equations (3.10) and 

(4.5) to cc.lculato a vdue of Y. The result i s Y = 0.297 and this value , 

when used with other va lues of pH and tota l al kalinity, reproduces the 

other r esults given by Harvey to within 0. C}b . 

This vclue Y = 0.297 is thus an empirica l value which can be 

used with confidenc e to find values of a in samples of sea water of knovffi 

e and pH; or to find pH given e and a. There is no warrant for using it 

for any ' other purpos e, e .g. it i s not l egitimate to use it for the compu­

t ation of values of aI' 0.2 and f, nor is it legitimate to interpret the 

value of H given by (3.10) as the true hydrion concentration in such a 

Gase, This H can only be regarded in such instances as a ma thematical 
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parameter r elat ed t o the experimental pH and giving valid results when 

combined with the empirical value of Y in equa tion (4.5). The value 

Y = 0.297 i s clearly some kind of average value of activity coefficients 

vlhich has no physical meap.ing although it i s mathematically useful. 

A fuller account of the relations between pH, a , e, etc. in sea 

water has been given by Strickland and Parsons (1960). Their t reatment i s 

a l so purely empirica l, proceeding on the principle.s of sel ecting the 

values of various coef f icients so that the equa tions which contain them 

are bound to r emain valid. Thus , full as it is, the account by these 

authors does not add anything to our knowledge of fundamental paramet er s . 

The average TDS of sea water being 35,320 ppm, equations (4.15) 

and (4. 2) l ead to Y = 0. 612. This i s very near t he correct value for the 

mean activity coefficient of sodium chloride at the same ionic strength, 

but f ar different from the above value of 0.297. This illustrat es the 

dange rs likely to be encountor ed if any att empt is made to extrapolate the 

dat a of Table 2B much beyond 1000 ppm TDS. Probably little error (about 

1%) will be involved if extrapolation i s made up to about 2000 ppm, but 

beyond this point the basic principles of the theoretical treatment begi n 

to f ail. 

In Figur e 4.1 the continuous line shows the va lue of Y plotted 

against the TDS (represented on a logarithmic sca l e) according to equation 

(4.15) up to 1000 ppm. The circled point represents the va lue Y = 0.297 

ca lculat ed above for sea water. The dotted line linking this point to the 

continuous curve has been drawn by eyo and will doubtless give with f air 

accuracy the va lues of Y for diluted sea vTater s - some such va lues ar e 

given i n the ext ension of Tab l e 2B in Appendix B. It may be supposed tha t 

wat ers of other t ypes will a l so be approxima t ely represented by this line , 

but this is only an assumption tha t may be utilised as a first approximation 

in the absenc e of any other information. 

To summarise, equations (4.15) and (4.2) may be r eliably used to 

determine Y for most waters up to a TDS of 1000 ppm, and the va lue so 

determined may be used in all ionic ca lculations. I n the TDS range 

1000 - 2000 ppm the same procedure may be used, but the Y value and the 

1vhole theoretical treat ment begins to become unsound so that the r esults 

ar e necessarily ohly approximate. Above 2000 ppm TDS, Figure 4.1 may be 

used to obtain estimated Y va lues lvhich will be reasonably reliable for 

waters of the sea .. lat er type but may be much in error for ,vaters of other 

type. But these va lues may only be used in ca lcula tions involving e, 
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a and pH, not in any calculations involving a
l

, a
2

, f, H and OH except 

those b~sed on equation (3.10) a s an intermediat e step in finding e, 

a or pH. 
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5. PROBABLE ERRORS 

Errors in dissociation constants 

Three dissocia tion constants (kw' Kl and K2) are involved in 

equa tion (3 . 43) and its associa t ed forms . The values of these can only be 
, 
determined expe rimentally, and since the va lues "l'rhich have been a ccepted 

for use in the present work may be slightly in e rror they may l ead to 

errors when the theoretical equations are applied to specific cases . 

The value of k s eems very well established and hence possible 
W' 

errors in this instance ne ~ d not be considered in much detail . Taking 

(3 . 43) in the form (4. 5), 1. 8 . explicit for a and corrected for non- ideality , 

it i s evident tha t k has vs ry little effect upon the ca lcula t ed va lue of a 
w 

except a t hi gh pH va lues (pH 10 and above for all normal va lues of e > 10- 4). 

As \'1ill be seen, othe r probnble e rrors are much more important . 
-7 The error in the acc8pted va lue of Kl = 4. 43 x 10 would appear 

-8 to be of the order of 10 • To study the effects of this we may t ake 

equa tion (3 . 43) in its ideal form and rearranged to be explicit f or a , i . e . 

t ake (4. 4) . By differentiation we find: 

Consequently if 6Kl is a small error in Kl and 6a the corresponding small 

e rror in a: 

6a 

and we can write: 

6a = 
a 

• 
Similarly, from the ideal equa tions (3 . 34) it follows tha t: 

o 

6a
2 

= 0 
[\2 

J 6f 6K
l = ---f Kl 
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- 8 / - 2 If ~Kl i s of t he order of 10 , wo may take ~Kl Kl as 2.26 x 10 • 

Equa tions (5.3) and (5. 4) then show that the corre sponding errors i n al and 

a are ze ro, the pe rcentage error in f (i. e . 100 ~f/f) i s uniformly 2. 26 
2 

and the percentage e rror i n a depends upon pH but r eaches its highest va l ue 

of 2. 26 a t low pH values (pH ~ 4). 

It ther efore appear s that any probabl e e rror· in tho value of Kl 

i s of r el a tive i ns i gni f icence . 

HOlrfeVer, the £1cceptod 

by as much as 10% ( ~K2 of order 

co nsequences . 

value of K2 = 4. 69 x 10-
11 

may be i n error 
-12) . h h . 5 x 10 , and t h1s as muc more ser10US 

Proce<:: di ng as before "\.,e nO lrJ f i nd : 

~a = 
a 

~a2 

a2 

6f 
f 

= 

= 

H ~K2 

H + 2K2 
. 

K2 

2K2 ~K2 

H + 2K2 • K2 

For various val ue s of pH, the percentage er r ors in those four 

concentra tions due t o an erro r of 10% inK
2 

ar e thus as shown in Table 5.1. 

Ther e i s an appreciabl e e rror in a in the r ange 9 < pH < 11 which amounts 

to a maximum of about 2%. The e rror in a
l 

i s negligi bl e below pH 8 , 

becomes about 5% a t pH 10 and then i ncreases with pH to a limit of 10%. 

However, al i s r el a tively small above pH 12 s o tha t l ar ge errors in this 

r ange ar e of no practica l i mportance . Hence the errors in 0.
1 

may be 

counted se rious only i n t he r ange 10 < pH < 12. By si milar a rguments , th e 

e rror in a
2 

i s of no practical importance except in this samo pH r ange , 

whils t the error in f i s negligible £1 t ell pH values . 

It ther efore appear s tha t the theoret ical equa tions will give 

values accura t e enough f or mos t pr octica l pur poses for £1 , a
l 

and f £1 t all 

pH velues , but they cannot be r eli8d upon to give accura t e va lues of a
2 

i n 
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the r ange 10 < pH < 12 unl ess the value of K2 can be shown to be highly 

accurat e . 

Tabl e 5.1 

Probable percentage errors due to a 

10% error in K2-

pH Error i n a Error i n 0.1 or f Error in a
2 

1 9 .38 x 10 -9 9 .38 x 10-9 10.0 
- 8 -8 10.0 2 9.38 x 10 9 .38 x 10 
-7 -7 10.0 3 9.38 x 10 9.38 x 10 

10-6 - 6 
10.0 4 9.38 x 9 .38 x 10 

5 9 . 21 x 10-5 9 .38 x 10 
- 5 10.0 

6 7. 95 'x 10-4 9 .38 x 10 
-4 10.0 

7 5. 55 x 10-3 9. 38 x 10 -3 10.0 

8 4.73 x 10-2 9 . 29 x 10 
- 2 9 .90 

9 4.15 x 10-1 8 . 61 x 10 
-1 8 .76 

10 1. 65 4.84 5.15 

11 7.97 x 10-1 
9.02 4.84 x 10-1 

12 1.02 x 10-1 
9 .90 1.05 x 10-1 

13 1.06 x 10-2 
4 .99 1.07 x 10-2 

14 1.07 x 10-3 10.0 1.07 x 10-3 

Errors in activity coef f icients 

Although all the equations can r eadily be corrected for non­

ideality by the ,insertion of Y i n the proper manner, it is very difficult 

to formulate the preci se mathematical dependence of errors upon the prob­

able error in Y. 

However, from the special solutions (3.53), (3.54) and (3.55) it 

appears that we may gener ally put: 

(5.6) 

where R has a fixed value for any particular instance and r may be 

anything from 2 to 4. This being so we can write : 

a Hla Y = -r R Y -(r + 1) (5.7) 

so that the error!l. H consequent upon a small error il Y in Y may be 

formulat ed as: 

6.H 
= H - r (5.8) 

40/ ..... 



-40-

If the error in Y is 1%, then t he error in H will usually be 

about C/o , since th e:: value of r for most natural wat er s i s 2, but may r Gach 

4% at high pH values . 

It f ollows f rom equations (3.34) that the errors in a2 and f will 

a l l'lays be negligible if Y i s in error by this ext ent, that the error i n a 

may be about cfo below pH 8 but negligible above, and that the error i n al 
, .. ill show much the same variation as that i n a . 

Equat i on (4.15) is consi der ed to give Y to about 2: 1%, whils t 

even less er ror shoul d ari se "when Y i s found by the method of su ccessive 

approximntion. 

Errors duo t o pH measur ement s 

At l ow val ues « 7) of pH, equation (4. 4 ) appr oximat es to: 

2 
a = H / Kl 

from which He find : 

6 a 
a = 2 6 H 

H 

At hi gh (> 10) pH val ues , (4.4) approximat es to: 

"Thich l eads to: 

~ = a 

k 
w 

2 a H 
• 6 H 

H 

(5.9) 

(5.10) 

(5.11) 

(5.12) 

At middle pH val ues a becomes approximat ely equa l to e and so virtually 

independent of H. 

Consequently an error of 1% in H will give rise to an error of 

about 2% in a with pH < 7, virtua lly no error in a with 7 < pH < 10, but 

may cause very great errors in a in the r ange pH > 10. 

Ideally, pH is a function of H only, by (3.9): 

pH = - log H 

and from this we have: 

6 pH = 1 
2.303 

• 6 H 
H 

(5.13) 

It follows that an error of about 0.05 in the pH value will make an error 

of about 2% in H, and from the above it is seen that the resulting error 
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pH < 7 

7 < pH < 10 

pH > 10 
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about 4% 
very small 

from zero to very great. 

+ A pH value cannot be accurately measured to less that - 0.05 

without extremely good instrumentation and a r efined experimental technique. 

The above errors in a ar e therefore likel y to be encountered with normal 

careful working in the l aboratory when a i s deduced from the pH. Measure­

ments of pH in the field, hovlever , vlill certainly not be accurate to closer 

than :!: 0.1 and may even be in error by more than :!: 0.5. This means that 

any value of a based on a field pH measurement on a water of pH much below 

7 or greater than 10 i s probably worthless, but that in t he r ange 7 < pH < 10 

the error in a will still be virtually negligible . Fortunat ely the l a t ter i s 

the range most commonly encount er ed in natura l waters. 

It follm'ls that if the pH of a natural vm t er is moasurod with 

ordinary car e , the errors in a and a
l 

may be estima t ed at about 5% or l ess 

and the errors in a
2 

and f will be insi gnificant. But for other waters 

the theoretical equa tions will break down completely at pH values much 

grea t er than 10 just because of the impossibility of obtaining pH measure­

ments of sufficient accuracy . 

Summary 

By summing all the probabl e errors (the equations being too 

complicat ed to permit any more de t ailed treatmont), it appears that, 

provided the pH i s measured with ordinary car e , for most natural 1-vaters i n 

the middle pH r ange we may expect negligible errors in a
2

, errors of about 

5% in a and al and of about c,% in f, whilst the errors in the calculat ed 

va lues of H and OR for such waters will be very small. 

Errors due to t emper ature have not been discussed. They will 

become effective through changes in the values of the constants kw' KI and 

K2, but under normal circumstances the consequenc es cannot be very marked~ 

The breakdown of equation (3.43) below pH 3.7 and above pH 9.7 

due to sUlphates or ca lcium and magnesium salts has 1:11 ready been discussed 

in chapter 3. 

Finally, if the theoretica l equations are used in reverse t~ 

ca lculate values of pH from other observations, independently made, errors 

of ca lculation will be well within e~perimental ~rror and hence may be 

considered negligible. 
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PART II APPLICATION TO SPECIAL TOPICS 
==== ================== 

6. SOLUBILITY PRODUCTS 

Carbon dioxide 

All natural "mters, and most other Ho.ters during some stage of 

their life hist r oy, are in contact with the a tmosphere. Since this 

contains carbon dioxide in small but perceptible concentra tion (0.03% by 

volume) most waters will therefore contain carbonic acid in solution. In 

addition the respiratory activities of the organisms iru1abiting the water 

ensure a continua l supply of carbon dioxide to th~ water, especially wher e 

there is dissolved or suspended organic mattGr arising from enrichment or 

pollution, and unl ess thi s cnn be rapidly r emoved by some · process or other, 

r el a tively high conc entrations of carbonic acid may arise. 

vfu en pure water is in equilibrium with carbon dioxide the follow­

ing equilibria will exist: 

CO2 (atmosFhere) ~ H2C0
3 

(dissolved) ~ H+ + HC0
3 

and in consequence 1'1'0 may write: 

k 
a = (6.1) 

where k is a cons t ant and H, al and Yare as already defined. The constant a 
k may be t er med the solubility product of carbonic acid since any increase o 
of H or of 8.1 which would make k exceed its constant value vrill result in 

n 
carbon dioxide gas coming out of solution, and conversely any such changes 

t ending to cause k to take on a lower value will result in carbon dioxide a 
being dissolved into the water from the atmosphere. Evidently the value 

of k depends upon t empera ture and the partia l pressure of carbon dioxide a 

over the water, but we sholl consider its value only at 250 C and 3 x 10-4 

a tmosphere, i.e. for water in equilibrium with a tmospheric carbon dioxide. 

The solubility of carbon dioxido in woter at 250 C and 1 at mos­

phere pressure is 1.45 gil (Handbook of ChoListry and Physics, 1950), which 
-2 

is 3.30 x 10 molor. It cannot be assumed, by Henry's l aw, that the 
-4 

solubili ty at 3 x 10 atmosphere iiill be decreased in proportion, since 

this law applies only to the undissociated species and allowonce must be 

made for the disturbance of the dissociation equilibrium because of the 
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reduced concentration. The calculation may therefore be carried out as 

follovlS: 
-2 For the case of 1 atmosphere pressure, a = 3.30 x 10 and the 

hydrion concentra tion is given by equation (3.48) in non-ideal form, 

which may be v~itten: 

(6.2) 

The concGntra ti<?n a
l 

of bicarbonate ions ,viII bG given by equation (3.35), 

whilst those of carbonat e and hydroxyl ions ,rill be negligibly small. 

Using the me thod of successive approximation to find ~, we thus obtain: 

"i = 0.987 

H = 1. 23 x 10-4 

a = 1 1 .. 23 x 10-4 

-2 and then by equation (3.35) we find f = 3.28 x 10 . By Henry's law, 
-4 6 the value of f a t 3 x 10 at mosphere is thus 9.84 x 10-. From the 

equa tion (3.35) ·, or directly from the corrected forr:l of (3.32), vFe ho.ve: 

f/al = H;y2/Kl 

and since a l = H this may be writt en: 

Using the above small value of f we then find, by the method of successive 

approximation: 

"t = 

H = 

a
l = 

so that, finally: 

0.998 

2.09 
r 

x 10-0 

2.09 x 10-6 

= -5 1.19 x 10 

which is tho r equired solubility a t 250 C and 3 x 10~4 atmosphere. 

Equation (6.1) then gives: 

k 
a = 4.36 x 10-12 

For water with alkalinity e equivalents/litre the general 

equation (3.43) will hold under ideal conditions (within its own lir:J.its, 

of course). If this water is to be in equilibrium with atmospheric 
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carbon dioxide, (6.1) .must also be satisfied. _l deal1y ~bis becomes : 

and by using (3.34) to eliminato al may be written: 

(6.4) 

Substituting i n (3. 43) thus yields: 

- e (6.5) 

which expands t o a cubic i n H: ~ 

H3 + e H2.- - (k + k ) H - 2 ka K2 = 0 
w a 

(6. 6) 

Provided H3 > 2 k K, which corresponds to pH < 7.13, an 
a 2 

approximate solution of thi s i s obtainable from: 

H2 + e H ~ (k + k ) = 0 
\{ a 

(6 .7) 

which, by (3.8) yields: 

H = - e (6. 8) 

and hence applies to acidic waters in which e < O. Substituting thi s 

result in (6.4) and r earranging gives: 

2 
ka (e - K1 e + K1K2) 

a = 2 (6. 9) 
K

1
e 

which gives the concentration of carbonic acid in any acidic water of 

a lkalinity e < 0 i n equilibrium with the atmosphere. Whatever the value 

of e within ordinary limits (i.e. from about 10-6 to 10-12), clearly a 

will be approximate ly equal to k /K
l 

whose value is 9.84 x 10-
6

, about 
a , 

20% lower than the value of a for e = 0, as would be expected. 

If however pH > 7.13, the approximate solution of (6.6) is 

obtainable from: 

e H2 - (k + k ) H - 2 k Kl = 0 
1'1 a a 

and by (3.8) takes the form: 

k + k 
H .= w a 

e 

(6.10) 

(6.11) 
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which approximates further to: 

H = k /e (6.12) 
a 

With e = 10-3 (which we shall find to be the order of magnitude in most 

Natal rivers), this gives H = 4.36 x 10-9, corresponding to an ideal pH 

of 8.36. 
Substituting (6 0 12) in (6.4) and rearranging gives an expression 

for the ratio ale for such a water in equilibrium with the atmosphere: 

l!,. = 
e 

Kl K2 e
2 

+ ka Kle + ka
2 

ka Kl e 

This equation applies ove~ a limited range (7.13 < pH < 9.7). An equation 

of wider application (3.7 < pH < 9.7) is obtainable directly from (6.4) 

and (6.6). 

Calcium and m81;nesium hydroxides and carbonates 

Theoretical discussions of the hardness and corrosivity of waters 

hinge upon the conditions for the precipitation of the hydroxides and 

carbonates of calcium and ma~nesium. It is convenient in the present 

chapter to derive equations for and numerical values of the corresponding 

four solubility products. 

The solubility product of calcium hydroxide is defined as: 

k = (Ca2+) (OH-)2 
c 

where the parentheses denote activities. Since 

this may be written: 

k = (Ca2+) k 2/(n+)2 
c w 

In terms of concentrations, using our usual notation: 

so tha t we have: 

k = c 

= c .,,4 
2 

= H." 
} 

k 2 2 / n2 
c? w ." 

(6.16) 

(6.18) 
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From equation (3.40), the hyd:rion concentrat.ion of an ideal 

solution of calcium hydroxide is given by: 

k c (k + 2 K H) 
w w c 

H - ~ = - k + K H 
w c 

which may be expanded to a cubic in H: 

K H3 + (k + 2c K )H2 - k (K - c)H - k 2 = 0 c w c w c w 
(6.20) 

The solubility of c~lcium hydroxide being 1.59 g/litre at 25°C 

(Handbook of Chemistry and Physics, 1960), we have c = 2.15 x 10-2 so that 

k «2c Kc. Hence 6.20 may be written: 
w 

K H3 + 2 c K H2 - k (K - c)H _ k 2 = 0 
c · C "1 C W 

(6.2l) 

By the principles outlined in chapter 3, the value of H which satisfies 

this is given vr ry closely by solving the quadratic: 

2 c K H2 - k (K - c)H - k 2 = 0 
c w c w 

and, after correcting for non-ideality, is: 

k (K - c y4):/ fk 2(K - c y4)2 
H = w c + w c + 

4 c K y2 l6c 2 K 2 y4 
c c 

Using equations (3.26) to find c1 and c
2

, the value of Y may be 

found by the method of successive approximation. The results a:re: 

y = 0.817 and 

sO that we finally obtain: 

k = c 
-6 5.38 x 10 

-13 H + 4.24 x 10 . 

The case of magnesium hydroxide may be treated in precisely the 

same way. Published values (Handbook of Chemistry and Physics, 1950; 

Nordell, 1951; Thorne and Roberts, 1948) of the solubility at 250 C vary 

somewhat, but a fair estimate seems to be 0.0096 g/litre. This corresponds 

to m = 1.7 x 10-4• The solubility product is defined as: 

where ml and m2 can h8 found from the magnesium analogues of equations 
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(3.26L .successive approximation gives: 

Y = 0.975 and H = 3.29 x 10-
11 

"'Thence we obtain: 

k 
m 

-11 = 1.38 x 10 

For calcium carbonate the solubility product is defined as: 

(6.25) 

and for an ideal solution of calcium c8rbonate in wat er equation (3.40) 

gives: 

kw a (Kl H + 2 KIK2) 
H - -H = -2---:==-------:::~ 

H + Kl H + KIK2 

a (k + 2 K H) 
w c 

k + K H 
'v c 

(6.26 

which expands to an equation of the 5th degree in H. Taking the solubility 

at 25
0

C as 0.014 g/litre (Handbook by Chemistry and Physics, 1950), so 

that c = a = 1.4 x 10-4 , and then neglecting terms in the coefficients of 

H ''Thich are small in comparison with others, the 5th degree equation 

reduces to: 

K H5 + 2 a K H4 K K H3 Kl K k H2 c c + a 1 c - c w 
(6.27) 

The solution of this equation for H is obtained by solving the 

quadratic: 

(6.28) 

Correcting for non-idenlity, the required solution is: 

H = 

Employing (3.35) to find al and a
2 

and 

value of Y is obtainable by the method 

Y = 0.976 and H = 

so that we finally obtain: 

k = 5.12 x 10~9 
ca 

". 

(6.29) 

(3.26) to find c l and c2' the 

of successive approximation: 

1.11 x 10-10 
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For magnesium carbonate precisely the same procedure may be 

followed. Again published values (Handbook of Chemistry and Physics, 

1950; Nordell, 1951; Thorne and Roberts, 1948) of the solubility at 25
0

C 

vary somewhat (Nordell's value is out of line by a f actor of 10, presumably 

a misprint), but 0.80 g/litre appenrs to be a f air estimate. This 

corresponds to m = a = 9.5 x 10-3. The solubility product is defined as: 

'k 
rna 

(6.30) 

where m
l 

and' m
2 

can be f ound from the magnesium analogues of equation 

(3.26). Successive approximation gives: 

Y = 0.840 and 

whence we obtain: 

k = 1.62 x 10-5 
rna 

H = 2.10 x 10-
11 

For convenience, these four solubility product values are 

included in the list of constants in Table IB of Appendix B. Values 

given in the literature, for reasons adduc~d by Lewin (1960), show a wide 

scatter beyond the range of reasonable experimental error, but it is 

encouraging to note that Fair and Geyer (1954) have given k = 4.82 x 10-9 
ca 

and k = 1 x 10-5, while the Handbook of Chemistry and Physics (1950) lists 
ma -11 

k = 1.2 x 10 ,values fairly close to those just calculated. 
m 

Note that the solubility product of calcium hydroxide i s about 

three orders of magnitude greater than that of magnesium hydroxide so that 

normally it will not precipitate even if the pH is high enough to cause 

precipitation of the magnesium compound. Similarly, that the solubility 

product of magnesium carbonate is about four orders of magnitude greater 

than that of calcium carbonate so tha t normally it will not precipita te 

even if conditions are such as to cause precipitation of the calcium 

compound. 
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7 • ALKALINITY 

Definition of total alkalinity 

The total alkalinity of a wat er has been defined above by 

equation (3.42): 

e = 2c + 2m + n + p - 2s - h (7.1) 

and this definition will be valid for most natural wat ers (it can be 

modified so as to apply to any water a t all by the addition of extra t e rms 

of appropriat e sign on the right to account for ionic solutes not already 

included) • 

Many t extbooks of wat er chemi s try give an appar ently quite 

different definition which, in our notation, may be writt en: 

e = OH + al + 2a2 - H (7.2) 

In virtue of the electroneutrality condition (3 .2) this is, however, 

strictly equivalent to (7.1) and merely constitutes an alternative way of 

r egarding the same phenomenon. 

Unfortunat ely no t one of the quantities appearing on tho right 

of (7.2) can be directly determined for any water sample . H can be found 

only by means of a pH measurement and requires that "t is already known , 

OH mus t be calculated from tho non-ideal form of equa tion (3.3), uhile 

a l and a
2 

must be obtained from equation (3.35) which in turn requires 

prior knowl edge of the total carbonic acid concentration, a. If acid or 

base is added to the water, it i s necessary first to know how "t and pH ar e 

affected and then to carry through calcula tions bc.sed on the above 

equations before e can be ca lculat ed from (7.2). In practice, therefore , 

equation (7.2) is very often quite usel ess. 

On the other hand, every t erm on the right of (7.1) can be 

determined for eve~J wat er by direct chemical ana lysis, and if acid or base 

is added this same equation shows immediately just how e is changed. 

The use of (7.1) r ather than (7.2) to define the total alkalinity 

thus has all the merits of logic, precision, l ack of ambiguity and 

practica l convenience. Equation (7.2), which can often lead to consider­

able confusion of thought, would be best disregarded altogether. 
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Determination of totnl alkalinity 

Equation (3.44) has shown t hat the total alkalinity of a water 

may be determined by titrating it with strong acid to the "methyl orange" 

end-point. 

The ideal pH val ue of tha t end-point is given by (3.48) "Thich, 

corrected for non-ideality, become s: 

(7.3) 

Since a is commonly of t he order of 10-3 , the end-point pH will usually 

be around 4.7 but will depend on the preci se va lue of a. Transferr ing the 

term K
l
/2 y2 to the l ef t of (7. 3) and s quaring , we obtain after some 

rearrangement: 

2 and since Kl/Y H « 1 a t the methyl orange end-point, this approximates to: 

and then furthe r to: 

Hence by using equation (3 .10) we may write approximat ely: 

pH = t log Kl - t log a = 3.18 - t log a (7.4) 

We note from this that changes in the chemical composition and 

TDS of the sample during the titration will ordinarily have little or no 

effect upon the end-point pH. Such will be the case usually when a 100 ml 

sample is taken and titrat ed with 0.02 N-hydrochloric acid. If for any 

reason a diluted sample is t aken for titration, allowance for a diffe rent 

end-point pH consequent upon a mat erially alt8r ed value of a will need to 

be made. 

Methyl orange indicator i s often used to detect the end-point, 

but this is not wholly satisfactory since the colour change is often not 

sharp simply because the wat er under examination is no more than an 

extremel y dilute solution (a graphic illus tration of this was provided by 

Harris '(1958). who pointed out that the water in a silt-free river running 

at a TDS of 200 ppm is 99.98% pure, of higher quality in f act than some 
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of the chemica l reagents commonly used in the l aboratory). Moreover the 

colour change of methyl orange occurs over the pH r ange 3.1 - 4.4 (Tomicek, 

1951) and we shall see t hat this does not cov~r the correct velue of the 
-

end-point, which occurs in the pH r ange of 4.1 - 5.2. 

The only accur ate way of det ermining the tota l alkalinity i s thus 

by el ectromotric titra tion. Since thu value of a i s usually not known at 

t he time, this r eall y moans that the titration curve of each wat er should 

be plotted during thE; t itration and the correct end-point selected from t he 

curve. This is a time-consuming procedure, clearly not suitable as a 

routine technique uhen many samp l es hnve to be ana lysed. Under such 

circumstances i t i s more expeditious to titrat e to a predetermined pH value. 

Since t he buffering po,'ler of the snmple is very 10'1'1 in the 

vicinity of thG end-point, it i s evident that small discrepancies ( smaller 

t han t hose ar i s ing from the use of methyl orange - see fi gur e 3.4) in the 

sel ected pH va lue will have 8 negligible effect on the accuracy of the 

titration. Therefore any procedure that allows a ree.sonable es timate of 

the value of a to be made in advance can be used to calculat e an end-point 

pH thnt will be adequ~t e for most practica l purposes. 

Such 2 procedur e may be established by making use of the detailed 

unp~blished analytica l results obt ai ned by Oliff during a survey of the 

Tugela river system of Nnt al, which i ncludes streams of n wide vari ety of 

vra t er types common in South Africa (see Oliff, 1960). The r elevant det nils 

for various samples t[~on from these rivers are given in Table lC of 

Appendix C. For these sampl es there is a correl at ion between a and the 

el ectrica l conductivity (correla tion coefficient = 0.872 with 173 degrees 

of fr eedom , correspondi ng to a probability f ar l ess than 0.001). This may 

be expressed in the forn of a regression equation: 

-6 a = 7.63 x 10 C (7.5) 

where C is the conductivity in micromho. 

Using this rela tion i n (7. 4) gives : 

pH = 5.74 - t log C (7.6) 

which a llows the end-point pH of the tota l alkalinity titra tion to be 

estimated from the conduc t ivi ty of the water (a property very readily and 

r apidly measured). The values so calculated for various values of the 

conductivity ar e given in Table 5B of Appendix B. 
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A similar treatment can be given for the "phenolphthalein" 

end-point at higher pH upon which certain other determinations depend. 

By (3.50), correcting for non-ideality, at this end-point: 

(7.7) 

Hence we can write: 

(7.8) 

Inserting the numerical values of K
l

, K2 and kw and using the regression 

(7.5) to replace a by C then gives: • 
2 

pH = 8.32 - + log (1 + 28.2 Y /C) + 2 log Y (7.9) 

No", C is approximately equal to T/0.68 where T is the TDS in ppm 

(as discussed in a later chapter). Hence by means of Table 2B we can find 

a value of Y for each value of C and so, using (7.9), calculate the 

appropriate pH. Values so obtained are also given in Table 5B of 

Appendix B. 

It may be noted that the American Public Health Association (1965) 

in its manual "Standard Methods" suggests using a pH for the methyl orange 

end-point which varies according to the alkalinity. On the assumption that 

a = e (which is roughly true for many natural waters), it is possible to 

compare these values with those from Table 5B: 

Total alkalinity, 
ppm CaC0

3
_ 

30 

150 

500 

End-point pH, 
"Standard Methods" 

5.1 

4.8 

4.5 

End-point pH, 
Table 5B 

4.8 

4.4 

4.2 

Similarly, the manua l gives 8.3 uniformly for .the pH of the phenolphthalein 

end-point, whereas Table 5B gives 8.2. The agreement in each case is 

qui te good. 

Equations (7.6) and (7.9) only hold for normal surface waters, 

because the regression (7.5) only applies to waters of this type. If a 

water of abnormal type is to be analysed (e.g. a highly polluted water) it 

is preferable not to rely upon Table 5B but rather to make a preliminary 

total alkalinity titration to an end-point pH of 4.6, i.e. an average 

value not likely to lead to gross errors in most cases. From this an 

approximate value of e can be found, and hence an approximate value of a 
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(by the methods described i n chapt er 8) which can then be used in (7.4) 
to obtain a more r eliable pH. Thi s can then be used for an accurat e 

titration. Such a procedure will still usually be more r apid than to 

plot out the titration curve. 

Although most na tura l wat ers contain appreciable tota l carbonic 

acid concentra tions , abnormal wat ers and artif icia l waters (trade 

effluents, etc) may be encount er ed which do not. In such cases, the 

det ermination of tota l al kalinity and t he interpret ation of the r esult 

obtained must be appronched with caution . For example , a solution of 

sodium sulphate could easily be titrat ed to an end-point pH of about 4.6, 

but the r esult would not give the to ta l a l kalinity of the solution since 

the correct va lue of thi s i s zero. A car eful study of the ion bal ance of 

the analysis must be made in such cases, and qualitntive t ests on the 

water sample itself or the r esidue on evaporation may a lso be required. 

Sometimes (as in the case of the sodium sulphat e solution) a det ermination 

of the full titration curve .. Till be of assis t ance (but not invariably -

e . g . 0. mercuric chloride solut ion can give a titration curve exactly 

similar to tha t of carbonic acid). 

A further factor i nfluencing t he accuracy of total al kalinity 

det erminations and of numerica l va lues calculat ed from their r esults is, 

of course , the po ssibility of changes occur ring in t he sample afte r 

sampling but before ana lysis . Correct experimental t echnique vTil1 minimi se 

such chnngos, but diff iculti es may ari se if the pH va l ue measured 

subsequently in i he l abora tory i s found to be different from what it .. ms 

in the fi eld at the time of sampling , as often does occur. It might seem 

correct, having determined the tota l a l kalinity , to utilise this together 

with the fi eld pH for further calcula tions r ather than to combine it with 

the l aboratory pH, on the grounds that one is concerned primarily with 

"' what was in the origina l wat er body instead of with what is now in the 

sample bottle. However, it must be borne i n mind tha t the ma jor part of 

the difference between the fi eld and l aboratory pH values is likely to 

consist of experimental error, occasioned simply by the use of the pH met er 

under rugged fi eld conditions. Thus in most cases there is nothing at all 

to be gained by using field pH results (except, for example, as approximat e 

on-the-spot guides for tracing a particular source of pollution), provided 

tha t the wa ter being sampled is not one which is likely to undergo radical 

pH changes before it can be brought to the l aboratory (for example, a mine 

dra~nage wat er containing ferrous sulphate which becomes rapidly oxidised 
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and precipitated by bacterial action). On the contrary, it is usually 

far preferable to utilise in calculations the results of accurate pH 

determina tions made in the l nbora tory r ether than those of more or less 

crude field determinations, and no attempt should be made to "correct" the 

l aboratory results to field conditions. The results of an analysis will 

thus relate to the sample in the bottle at the time the analysis vlQS 

undertnken , nnd in this r espect they will be accurate. For them also to 

r el ate accurately to the water body concerned at the time it was sampled 

it is necessary that adequate precnutions concerning the storago and 

preservation of tho sample are taken. 

Analytical checks 

Since every chemical determination necessarily involves some 

degree of experimental error, and since large errors may at any time be 

unwittingly made during the course of a chemical analysis, some check on 

analytical accuracy is desirable. 

The replication of determinations is an obvious step that might 

be taken in this direction, but this is not always possible. It increases 

the labour involved in an analysis by at least 100'jb and presupposes that 

the analyst has an ample amount of sample at his disposal (usually it is 

his complaint that he has not been given enough J) In any case, replication 

will not reveal errors due to any form of consistent bias (reiterated 

arithmetical slips, systematic errors in calibration constants, etc). 

An easy check tha t has already been mentioned and which can 

often be applied with little added labour is the comparison of the experi­

menta l TDS (if this has been determined) ,'lith the value obtained by calcu­

l a tion from equation (4.6.). That equation assumed that such things as 

nitrate, phospha te, iron, aluminium, fluoride , etc were absent, although 

cases often occur vThere these are pr esent in appreciable concentra tion. 

Not only vTill they then affect the TDS, but they may also need to be 

taken into account in other connections so that theoretical equations need 

to be modified slightly in such cases . Equa tion (4.6) may be written 

more generally as: 

T = Ca + Mg + Na + K + S04 + Cl + Si02 + 0.6 A + z (7.10) 

where z is an additional term representing the contribution of solutes 

other than those specifically shown in the equation. Sometimes such 

additional solutes are not accurately determinable, so that the check 
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then breaks down (e.g. organic matter may be present, but unless it is 

known to be some one particular compound its true amount cannot usually 

be asses sed). 

A second easy check involves the comparison of the experimental 

or calculated TDS with the electrical conductivity of the sample. In its 

simplest , form thi s will be further discussed in a l ater chapter. Again, 

it i s not un iversally applicable. More complex forms of this check have 

been suggested (see American Public Health Association, 1965) as '!rTell as 

quite different checks bas ed upon independent determinations of total 

anions or cations using t he ion-exchange resins. All these checks suffer 

from the defect that they involve additional experimental manipulation and 

hence introduc e additional sources of error, and for this r eason they may 

be consider ed unsatisfactory. 

A form of check that is of gr eat utility and which avoids such 

difficulties arises from the fact that, in any solution of el ectrolytes, 

the total equivalent concentration of the ca tions must be equal to that 

of the anions. Because of the presenc e of inherent errors, very few 

analyses will ever ShO"T an exact ion ba lance , but it is possible to lay 

down limits which the observed anion 

should not normally exceed. 

cation concentration difference 

The limit s in general use at t he present time (see American 

Public Health Association, 1965) are derived from the work of Gre enb erg 

and Navone (1958) who undertook a statistical analysis of almost 1000 

routine wat er ana lyses made in hfO l aboratories over a period of three 

years. They found tha t t he standard devi ation of tho diffcrenc0 between 

the total anion and tota l ca tion concentra tions, both expressed in 

millieguivalents per litre, vari ed with the value of the total anion 

concentration itself, their actual values being shown by the circled points 

in Figure 7.1. From thes e results they derived the r elation: 
I I L anions 

for the standard 

L ca tions I 
deviation and 

= 0.1065 +0·01055 L anions (7.11) 

suggested that any analysis should be 

rej ected if it gave an anion-cation difference numerically greater than 

this. 

There are two points involved here to which objections may be 

raised, 

In the first place, the choice of one standard deviation as the 

criterion f9r rejecting an analysis is illogical. An error of this 
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magnitude, by chance alone, is likely to arise about 32 times in 100 

analyses and is of no statistical significance. To use the proposed 

criterion in the manner suggested means that some 32% of all analyses made 

must be repeated without necessarily obtaining any gain in accuracy. If 

a repeat analysis by chance does not violate the proposed criterion, thi s 

means only that it contains aifferent errors from the original "analysis " 

but not necessarily smaller ones. It may quite well happen that one of 

the repeated determinations i nvo lves some much larger error than the 

original but such that the ion-cation difference is numerically r educed; 

the new analysis might then be regarded as acceptable even though it is in 

fact more in error than th8 original. The net result of taking one 

standard deviation as the criterion of r ejection is thus to increase the 

analytical work unnecessarily by more than 327b and to introduce a bias in 

the final results such that the anion-cation differences reported are 

abnormally low. It does not necessarily lead to increased accuracy. 

It is a violation of the fundamental concepts of statistics in 

this particular problem to solect as criterion any l evel of the anion­

cation differenc e that is not a statistically significant one. The 

selected level must correspond to at l east two standard deviations before 

it can be counted statistically significant, for in that case the criterion 

would be violated by chance not more than 5 times out of 100 analyses. An 

analysi s which violated th0 criterion would then be considered signifi­

cantly in error and hence worth r epeating. 

Two standard devi a tions is in fact a convenient limit to set, 

so that (7.11) should be amended to read: 

IL anions - L cations I = 0.2130 + 0.0310 L anions (7.12) 

If an analysis violates this limit (or any other acceptable 

limit tha t may be set) it should be independently repea ted, redetermining 

all the solutes and not just checking one or two (though in practice the 

very first st ep should be to check all the ca lculations since an arith­

metica l slip may easily be the cause of an apparent violation). The result 

will be that about 5% of a ll analyses made will have to be repeated and 

that no bias will arise in the anion-cation dif ferences finally reported. 

If consistently more than 5% of the analyses have to be repeat ed, there 

is something wrong with the analytical techniques, and the same applies 

if consistently ~ than 5% need repetition. In most cases the repeat 

analysis will prove acceptable, but if not this is a sign either that 

57/ ....• 



-57-

consistent analytical errors are being made (e.g. a standard solution is 

of incorrect composition, 11 reagent is impure, interference effects are 

occurring, etc), or that the ana lysis is not complete, i. e . one or more 

solutes are present in addition to those that have been actually dete~ 

mined. On the other hand, compensating errors may result in an ion 

balance being obtained when it should not, so that although the ion 

bal ance is a useful check on analytical accuracy it is not an absolute one . 

The second objection to the proposa ls of Greenberg and Navone is 

that equation (7.11) is too great an approximation. The experimental 

r esults shown in Figure 7.1 indicate that the standard devia tion of the 

anion-cation difference is best represented, not by 11 straight line as is 

assumed in equation (7.11), but by a curve which is concave downwards, 

i.e. the standard devia tion is disproportionatel y less at lower concen­

trations so that in this r ange (7.11) leads to a limit criterion which 

is too l ax. The experimental results are in fact much better represented 

by the curve: 

I L anions L cations I = - 0.3515 + J 0.1639 + 0.0227 L anions 

(7.13) 

although such a relation is too cumbersome to be of much practical use. 

A better approxime.tion than (7.11) is obtained if two straight 

lines are employed,- one holding up to a value of 5 meq/litre for total 

~nions and the other, of lower gradient, holding for concentrations 

greater than this, a s shown in Figure 7.1. The equations of these lines 

e. re: 

I L anions - L cations \ 
fO.0500 + 0.0390 2: anions (L~ 5) 

= lO.1280 + 0.0144 L anions (L > 5) (7.14) 

Hence it is proposed that the critical value for the ion balance 

should be taken as two standard devia tions based on the equations: 

I 
-_ .{0.1000 + 0.0600 2: anions (2: ~ 5) 

L anions - L cations I ( (7.15) 
0.2560 + 0.0288 L anions 2: > 5) 

These limits (which will be formulated rather differently l ater in this 

chapter) strictly apply only to the range of water samples considered by 

Greenberg and Navone, and it is only an interim measure, in the absence 

of additional data, to apply them to all water samples. Indeed, it is 

the present author's belief that equations (7.15) are too rigid at high 

concentrations (TDS greater than about 2000 ppm) when applied to surface 

waters in South Africa, although the supporting evidence for this is too 
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scanty to warrant detailed discussion. 

It should be mentioned here that some caution should be used 

in applying any such balance .criterion to the analysis of a sample in which 

chemical changes have occurred between the times of sampling and analysis~ 

It is not always possible or desirable to arrest all such changes, and 

this can give rise to apparent discrepancies. For example, most samples 

of surface water will deposit iron compounds on storage, probab.ly as a 

result of bacteria l action. It i s most conveni ent to carry out the main 

part of the analysi s on a filter~d portion of th e stored sample (since any 

attempt to stabilise the iron, e.g. by adding acid, will interfere ~Qth 

some of the other det erminations) but to determine the total iron (usually 

not more than 1 ppm) on a second portion suitably treated to bring the 

deposited iron back into solution. In such a case it is not legitimate 

to include the iron i n the ion balance (though an abnormally high iron 

concentration may s eem to contribute appreciably to the total ca tion 

concentration) since the ana lytical r esult for total iron r el ates to a 

different sample than used for the other de t ermina tions. 

The three forms of alkalinity 

Consider a solution possessing tot a l alkalinity e but no carbonic 

acid. All the alkalinity must nec essarily be in the form of free hydroxide. 

Suppose carbonic acid i s no'l'l progressively introduced. At first this will 

combine with the hydroxides to produce normal carbonates, and (-[hen the 

molar carbonic acid concentration a has risen so that a = t e there will 

no longer be fr80 hydroxides. Further introduction of carbonic acid will 

convert thG carbonate to bicarbonate, and when a = e this process also 

will be complet e . Tho addition of any more carbonic acid will then r esult 

in a solution containing bicarbonat es and uncombined carbonic acid. 

At any s t age of the process, the sum of the equivalent concen­

tra tions of hydroxide, carbonat e and bicarbona t e will be equal to e, the 

tota l a lkalinity, which remains unchanged in value. These three equivalent 

concentrations are referred to as the hydroxide, carbonate and bicarbonate 

alkalinities respectively and collectively constitute the three forms of 

a lkalinity. Their values Can evidently be obtained from the following 

scheme for any Cas e where a and e are known. 
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- ' "'- '". "'- .k, 
Equivalents per litre 

- ._' , 
Bicarbonate Carbonate Hydroxide 
alkalini ty alkalinity alkalinity 

a = 0 0 0 0 

0 <a <1-e 0 2a e - 2a 

a = 1- e 0 e 0 

1- e <a < e 2a - e 2 (e - a) 0 

a= e e 0 0 

a > e e 0 0 

This scheme is readily established when it is recognised that: 

for x equivalents/litre of hydroxide, e = ¥ and a = 0 

for y equivalents/litre of carbonate, e = y and a=1-Y 

for z equivalents/litre of bicarbonate, e = z and a = z 

NOvl suppose we take a water sample and divide it into two 

portionsvThich vie each titrate with strong acid, one to the phenolphthalein 

end-point (if possible) and the other to the methyl orange end-point. 

This lvill require P and T equivalents of acid respectively. Various cases 

now arise: 

(a) If tho pH value of the water is less than or equal to that of the 

phenolphtha lein end-point, it is clear from chapter 3 that e ~ a. 

Titration to that end-point w~th acid is then not possible and we 

may take P = 0 in this case. Titration to the methyl orange end­

point will, hOvlever, give T = e as usual •. 

(b) If 0 < a < e, titration to the methyl orange end-point will again 

give T = e, but since the methyl orange and phenolphthalein end­

points on the titration curve are separated by a equivalents of 

acid, we also h~ve T - P = a. 

(c) If a = 0, again vTe shall have T = e, but now the titration curve 

reduces to that of a hydroxide solution and shows but a single 

end-point inflection. We shall find approximately that p = T. 

Using these results, the above scheme for the three forms of 

alkalinity may be presented in an alternative form, as shown below. 

These two schemes are almost, but not fully, identical. The 
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first is rigidly correct as a matt er of definition, but the second i s only 

an approximation when the wat er contains hydroxide a lkalinity alone, the 

condition P = T being strictly true if the concontration (i. e . the TDS) 

I n prac tice, however, this case is a r ar o one; it i s sufficiently l ar ge . 

cert ainly never oc curs in natural wnt ers and is unlikel y to be met in 

other waters. 

I I 
Equi V B. l en ts per Ii tre 

Bicarbonate Carbonate Hydroxide 
alkdinity alkalini ty a lka linity 

P = T 0 0 T 

tT<P <T 0 2 (T - p) 2 P - T 

P 1 T 0 T 0 I 
=2' 

I O<P <..1.. T T - 2P 2P 0 2 
~r. 

P = 0 T 0 0 

This division of the tot al a lkalinity into its three specialised 

forms is clearly based upon stoicheiometric consider a tions and makes no 

direct reference to ionic concentrations. Consideration of the titra tion 

curve of carbonic acid (Figure 3.4) and of the ionisa tion fractions in a 

carbonic acid solution (Figure 3.3) suggests, however, that there should be 

some r el a tionship between t he forms of alkalinity and the concentr ations 

of the corresponding ions, and indeed most textbooks of wa t er chemistry 

present argument s , based on such di agr ams , to show that the alkalinities 

and the ionic concentrations ar e virtually identical. These ar guments a r e 

not usually convincing, however, and it is worthwhile to investigate the 

matt er f~rther. 

The molar concentrntions of bicarbonate, carbonat e and hydroxyl 

ions existing in ideel 0.01 molar car bonic acid solutions at different pH 

values (supposed obtained by the addition of appropriate amounts of strong 

acid or base) can be calculat ed from oqua tions (3.3), (3.9) and (3.34). 
The equivalent concentrations are r eadily obtained from these. By calcu­

i a ting the titra tion curve (Figure 3.4) of the solution and applying the 

rigid (first ) scheme given above, the equiva lent concentrations of the 

three forms of alkalinity may a lso be obtained, 

Figu~e 7, 2 shows how these equivalent . concentrations vary with 

the pH, the continuous lines r epresenting the ions and the broken ones the 
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alkalinities. It is seen that the concentrations of the alkalinities 

are very close indeed to those of the corresponding ions . The greatest 

discrepancies appear in the vicinity of pH 11 where the carbonate 

a lkalinity is somewhat greater and the bicarbonate and hydroxide alkalini­

ties lower than the corresponding ionic concentrations. 

For rea l solutions the agreement cannot be quit e so good, for 

the ionic curves will shift slightly because of non-ideality effects 'ihile 

the alkalinity curves will shi ft simi l ar ly but to a smaller extent because 

rea l and ideal pH va lues will not be quite i dentical. However, i t is 

clear that, in t he pH r ange of most frequent interest (pH 5 to 10) and for 

solutions of not too great TDS (not exceeding 1000 ppm), the values of the 

alkalinities very closely approximate to those of the corresponding ionic 

concen tra hons . 

Therefore, for most practical purposes de termina tions of 

a lkalinity are equivalent to determinations of ionic concentrations. Thi s 

is a most useful conclusion and has enab led schemes of mathematica l r el at­

ionships to be set up by some vm rkers , e.g. Dye (1958), which can often be 

of great service. Applica tions of such schemes must be made with some 

cau tion, h01'leVer, for although one or more of the forms of alkalinity may 

be zero i n a given case , tho corresponding ionic concentration can never 

be zero although it may cert ainl y be minute . 

Notation 

Before proceeding further it i s conv0ni ent to introduce a 

modification of our Gxi sting notation. 

So far, most of the theoretical equations have been expressed 

in t erms of molar concentrations. Thi s , however, is an inconveni ent choice 

of units for practica l use on account of the small magnitudes of the solute 

concentrations in water s. It i s much better to work in t erms of millimolar 

concentrations, so we shall henceforth use a barred symbol such as a and c 
to denote a conc entration in millimoles per litre , whilst the corresponding 

symbol vathout the bar (e . g . a and c) will continue to denote the same 

concentration i n mola r units. 

Similarly the symbol e will cont inue to denote the total alka­

linity in equiva l unts per litre , but e va ll be used to denote the same 

concentra tion in milli equiva l ents per litre. 

In other Hords, the bar functions as an ope r ator signifying 

multiplication by 1000 and we have: 
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e = e x 103 

a = a x 103 

c = c x 103 

and so on. The result \"jill be greatly to simplify the t abula tion and 

practica l handling of data. 

]e!ormulation of the ionic balance 

One i mmediate application of our discussion of the three forms 

of alkalinity arises i n connection vd th the ionic balance discussed 

previously. 

Equations (7.15) as they stand present the practical difficulty 

that, before the value of th8 term ~ anions can be calcula ted, the concen­

trations of thG bicarbonate and carbonat e ions must be evaluat ed . 

Disregarding th ..:: hydrogen and hydroxyl ions 1rlhose concentrations are 

usually negligible (correction for this at extreme pH values can easily 

be introduced if r equired), we heve , in our modified notation: 

~ cations = 2 c + 2 m + n + p (7.16) 

~ anions (7.17) 

But under the conditions supposed, for a ll practical purposes 0.
1 

i s the 

bicarbonat e alka linity, 2a
2 

the carbonat e alkalinity and their sum is the 

tota l nlkalinity. Since the two al kalinities would be separa tely f ound by 

titration, we may take their sum as tho to tnl alkalinity obtained by direct 

titl~tion. Denoting this by et , we can thus replace (7.17) by: 

~ anions = 2 S + h + 8
t (7.18) 

In consequence we have, from (7.16) and (7.18): 

~ anions - ~ cations = et - (2 C + 2 ill + n + p - 2 s - h) 
(7.19) 

Here the bracketed expression is also equal to the tota l alkalinity as 

defined by (3.42) and as would be found by calculation from the rest of 

the analysis. Denoting this by a we thus have: 
c 

be equal. 

~ anions - ~ cations = at - e
c 

If the analysis is free from error, obviously e and 

Equation (7.20) therefore suggests thnt let _tee I 
(7.20 ) 

e should 
c 

may be 
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t eken as an indicator of analytical ba l ance equally as well as 

\z anions - Z cations \ and that the s&me numerica l limit may be placed 

upon its possible r ange of val ues . 

Combining (7. 20) and (7.18) with (7.15) we thus obtain equations 

giving the permi ssible (two standard devia tions) limit for I 8t ~cl 
= (0.1000 

lO.2560 

+ 0.0600 (2 S + h + 8
t

) 

+ 0.0288 (2 S + h + et ) 

(For values ~ 5) 

(For values > 5) 

(7.2l) 

Here the fin8l inequality in each case r efers to the t erm (2 S + h + 8t ). 

These equations may be used i n place of (7.15), to which they ar e exactly 

equivalent, a s a crit erion of accuracy to 9~ confidence, i.e. it may 

b0 expected that 95 analyses out of 100 will fulfill the balance defined 

by these equations and hence an unbalanc ed analysi s by this criterion 

should be consider ed erroneous. Their app lica tion in any given case 

involves only simple arithmetic. 

If necessary, the concentrations of ions other than those 

explicitly named in the equations can r eadily be i ntroduced by simple and 

obvious modifica tions. 

Since the ba l ance will se ldom, if ever, be exact, we shall in 

eve ry nna lysis have bro different values of c, namely 8
t 

found by direct 

titra tion and 8 founa by ca lculction. Usua lly there will be no reason to 
c 

f avour one of theso any moro than the other, so the value of e may be 

taken as the menn of Gt and ec when further calculations ar e to be made. 

Occasionally, hOl'lever, it may be clear that either e
t 

or e
c 

i s the more 

reliab le, and in such cases the appropriate one should be selected as 

giving the better value for the true total alkalinity. 
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8. CARBONIC ACID 

Ca lculat ion of the tota l carbonic acid 

It has already been pointed out that , despite the f~ndamental 

i mportance of this parameter, the total carboni c acid content of a water 

is not usually determined as a routine procedure by vlater chemists . 

Consequently it is in most cases necessary to calculate its value from the 

r esults of other determinations. 

For this purpose we may utilise equation (4.5), provided it i s 

applicab l e: 

a = 

2 6 4 
H Y + Kl HY + KIK2 

Kl H y4 + 2 KIK2 

2 (H - k / H Y + e) 
w 

(8 .1) 

As a mathematical convenience we may define a quantity H* by the rela tion: 

(8.2) 

so that, by equation (3.10), we can put: 

pH = - log H* (8. 3) 

H* is, of course, the hydrogen ion acti vity under the gener al conditions 

supposed ( see chapter 3). 
Using (8 . 2) in (8.1) gives : 

(8.4) 

If the terms H*/ Y and kw/H*Y ar e negligibly small in comparison with e , 

this may be simplified to: 

e (8.5) 

This l ast equation wi ll hold t o vlithin 1% for the range 

5 < pH < 9 if 

6 < pH < 8 if 

e ~ 10-
3 

(which is usually the case) or for the range 
-4 

e ~ 10 0 It may be vlri tten symbolically as : 

a = Q (pH, Y). e (8.6) 

and multiplying each side by 103 gives: 

a = Q (pH, Y) . e (8.7) 
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Values of Q for various values of pH and Yare given i n Table 

3 B of Appendix B and enable a to be found very easily from the values of 

pH and e i n most practical cases where no direct determina tion of a has 

been undertaken . Instances where t his procedure fail s will be of rare 

occurrence ( at l east , as f ar as South African wat ers arc concerned), and 

i n such cases r ecourse must be made to the full equation (8.1). 

Determination of th0 total carb~nic acid 

The direct determination of the tota l carbonic acid depends on 

the f act (see chapter 3) that the methyl orangG and phenolphthalein end­

point s on the titration curve of a water sample are separat ed by a equiva­

l ents. The va lues of both a and e can therefore be found for any wat e r 

by suitable titration wi th s trong monobasic acid and strong monoacidic 

base, thus: 

( a ) pH < methyl orange end-point 

Titrat e with strong base first to the methyl orange end-point 

(requiring x moles of ba se) and then to tho phenolphthalein end­

point (requiring y moles of base from the origina l starting 

point). Then : 

e 0: - X and ao: y-x 

(b) pH > phenolphtha l ei n end-point 

Titrat e with strong acid first to the phenolphtha l ein end-point 

(requiring x moles of acid) and then to the methyl orange end-point 

(requiring y moles of acid from the origina l s t arting point). Then: 

e IT Y and a IT Y - X 

(c) Intermodiate pH 

Titrate with strong acid to the methyl orange end-point (requiring 

x moles of acid) and then, using a second sample of the water 

concerned, titrate with strong base to the phenolphthalein end­

point (requiring y moles of base). Then: 

e <r x and a IT x + y 

If the samples used are 100 ml in volume and the strong acid and base 

are 0,02 N, the variab l es x and y may be taken as the volumes (in ml) 
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required for the titrations and the value of the proportionality constant 

in each case lrill then be 2 x 10-4 or, if the results ar e to be expressed 

as ppm of CaCO~, it \rill be 10. 
/ 

In prcctice, the titration will be best carried out electro-

metrically to th e end-point pH vRlues 'given by Table 5B. The so lution of 

strong base must evidently be carbonate free, however, and this requirem~!nt 

often makes for difficulties and errors under routinG l aborntory conditions. 

Some experimantal r esul ts , which show that the total carbonic acid concen­

tration as determined in this way and as calculated by equation (8.7) ar e 

in good agreement, ere giv8n in Appendix D. 

Free carbonic acid 

The concentr ation of free (non-ionised or molecular) carbonic 

acid in e water can be f ound by a method of ca lcu12tion very similar to 

tha t jus t described for the tota l ca rbonic acid. 

By equa tion (3.35) we have: 

On substituting (8 .2) in this and eliminating a by (8.5) we obtain: 

H 2 y4 
* f = ---------------
3 

y + 2 KIK2 
e (8.9) 

a s an approximation valid for the same conditions and with the same limits 

of accuracy as (8.5) itself. 

Multiplying through by 103 gives : 

H 2 y4 
* 

and we can further convert thi s to: 

44 H 2 y4 
* 

e 

e 

where F is the free carbonic acid expressed in ppm f CO 
- -- 0 2. 

This may be symbolically written as : 

F = 44 P(pH, y). e 

(8.10) 

(8.11) 

(8.12) 
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and values of P for various values of pH and Yare given in Tabl e 4B of 

Appendix B t o f acilitate r apid calculation of F in most practical cases . 

In the r ar e ce.ses where (8.12) no l onger holds, r ecourse must be mnde t o 

the full equation (8.8). 
Similar tabulations of values to enab l e the bicarbonate and 

carbonate i on conc~ntrations to be easi ly calculat ed could also be drawn 

up, but these \-rill no t often be required i n prA.ctice and hence need not 

be considered her e . 

Unbound carbonic acid 

Whenever a W"'. t er containing c .~rbonat es has a pH above thC'.t of the 

methyl orangG end-point, it must possess a t ota l alkalinity e > 0, and 

convc: rse ly. On the other hand, "\orhen the pH i s l ess than this limiting 

value then e < 0 and it i s logically consistent to say that tho w2ter has 

an acidity equ~l to - e . 

We have seen that, if the pH li es botween thnt of the methyl 

orange and pheno lpht halein end-points, then 0 < e < a and the water has a 

bicarbonate alkalinity equal to e . This at once indicates that not all of 

the tota l carbonic acid i s s toicheiometrically bound as bicarbonat es -

there ar b, i n f act, (a - e) moles per litre of carbonic acid in an 

unbound sta t e . It i s often said that such a water a lso possesses an 

"acidity" (due to the unbound ce.rbonic acid), but this is a most unfor­

tunat e choice of nomenclature since it l eads to t he idea that the wat er 

possesses both a lkalinity and "acidity" sir:lultaneously. 

We shall ther efore r ef er to the (a - e ) moles per litre of 

carbonic acid in such a wat er as the unbound carbonic acid, and clearly 

distinguish thi s from th8 free (non-ioni sed or mo lecular) carbonic acid. 

Evidsntly if e ~ 0 all the carbonic acid present mus t be unbound, and 

if e ~ a the unbound car bonic acid i s zero. 

Jus t as ther e i s a close relationship between the three forms of 

a lkalinity and the bicarbonat e , ca rbonate and hydroxyl ion concentrations, 

so we may expect th0re t o be a similar r el ationship between the free and 

unbound carbonic acid. 

The mol ar concentration of freo carbonic acid in an ideal 0.01 

molar carbonic acid solution at differ ent pH values (supposed obtained 

by the addition of appropriate amount s of strong acid or base) can be 

calculated from equations (3.9) and (3.34). The ca lculated titration 

curve of the solution (Figure 3.4) en~bles e to be found for any pH, and 
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since a = 10-2 we readi ly have the corresponding value (a - e) of the 

unbound carbonic acid. 

Figure 8 .1 shows hOvT both the free (continuous line) and 

unbound (broken line ) carbonic acid vary with the pH. It is seen that the 

t wo curves are virtually indi s tinguishabl e , and consequently the unbound 

carbonic acid may for all practica l purposes be t aken as equivalent to the 

fre e carbonic acid. As i n t he case of the simila r conclusion concerning 

the forms of a l kalinity, this has been used to establish useful mathemati­

ca l rela tionshi ps , e.g. Dye (1958). It must be noted, hOvlever, that 

although the unbound c[:rbonic acid i s D. lvl'ays zero ,-Then the pH is above that 

of the phenolphthal ei n end-point , the fre~ ca rbonic aci d i n a carbonate 

solution is never exactly zero. 

Compari son of theory and experiment 

The i deal equa tions (3 .34) and (3.43) for a
l

, a
2 

and f and for 

a r espectively ar e not new. Instead of deriving them by Ricci's method by 

1my of the charge coefficient of carbonic acid, they may be obtained 

directly from the equations (3.3) and (3.32), which define kw' K1 and K
2

, 

together with the stoicheiometric r el a tion (3.33) and th~ alternative 

definition of tota l alkdinity (7.2). This derivation, hovlever, does not 

l eD.d to D.ny precise assessment of the r ange of VD.lidity of equation (3.43) 

and hence of the other relations that depend upon it. 

De Martini (1938) published equations obtcined by this alter­

n.:ctive rout e which ar e identica l with thos E.: given in the present "rork, 

though algebraica lly r earranged . 

form, using the v.~ lue k = 10-14 
Moore (1939) expr essed them in numerical 

-7 and t Dk ing the values Kl = 4.54 x 10 w 
and K2 = 5.61 x 10-11 a t 25°C from M~cInnes and Belcher (1933). In t his 
form the equa tions .:cppenr as: 

(OH-) 5 x 10-10 
= H 

( CO
2

) 9.70 x 10lOH 

c~ooo 10:
14 

) = + H -
1 11.22 x 10-11 

+ H 

(HC0
3
-) 50,000 ( A 10-

14 
) (8.13) = + H-

11.22 x 10-11 
1 + H 50,000 H 

(C0
3

2-) 
-6/ 

Co~ooo 10:

14 

) 
= 

5.61 x 10 _H 
+ H -

11. 22 -x 10-11 
1 + 

H 
r_ I 
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Here A is the tota l alknlinity in ppm of CaC0
3

; (OH-), . (HC03-) and (C03
2
-) 

ere the concentrations of the hydroxyl, bicarb'onate and carbonate ions, 

expressed as ppm of CaC0
3

; (C0
2

) i s the concentration of free carbonic 

°d d of CO
2

,' pnd H i s obtained from the ideal relation ac~ , expresse a s ppffi '-' 

(3.9) defining pH as - log H. Mo ore discussed the po ssibility of correct­

ing these equations for non-ide l3 li ty and for tempera ture,. but since such 

corrections have opposing r esults he concluded thnt all such corrections 

could usually be neglected. 

He himself made careful me8surements on synthetic solutions 

(presumably made fro m sodium sa lts) and compar ed the calculat ed r esults 

for ionic concentra tions with the Gxperi m8nt al a lkalinity values , 

supposing nlkaliniti es and corresponding ionic concentr.'1tions to be 

identical. However , ns discus s~d a bove , ionic concentrntions and nlkalini­

ti es a re not strictl~ i dentical, so n more reliable comparison procedure 

would be to ca lculat e e and a from the titra tion results, from these 

compute the al l alinities , and then compar e the ca lculated and experimental 

a lknlini ties. 

Table 8.1 shows, firstly , the pH value and total al kalinity (as 

ppm CeC0
3

) as det ermined Glectrometrically by Moore for nino· such synthetic 

solutions, and the va lue of Y obtoined for each solution by the method of 

successive approximation. Lnter rows of t he t able show the values of the 

bicarbonat e , carbonate and hydroxide a lkaliniti es obtained by Moore by 

el ectrometric titration, i n each case expressed as ppm Ca CO , the 
3 

theoretical values of these obtained by using the non-idua l equa tion (4.5) 

for a and t hon the scheme set out on p. 59, ~~d the theoretica l values 

obtained by ap:c lying equa tions (8.13) and (3.33) to find Co and then using 

the scheme on p. 59 . 

It will bo seen that the theoretica l equa tions of the present 

work, corrected for non-ideality, give f ar better alkclinity r esults than 

do Moore's equ[l. tions. The l atter, in most of the t abulat ed cases , give a 

quit e f a lse picture of the alknlinity component s of the solutions. Our 

Ovffi equations f alloff in accuracy as the pH increases, the errors at a 

pH above about 9.8 becoming too l arge for the r esults to be at all 

reliable. This is , .. hat would be expected in view of the discussion in 

chapter 5, and indicates that our accepted va lue of K2 must be slightly 

in error. The complete breakdown of Moore's equations may be ma inly 

attributed to the use of an even more erroneous value for K , for we have 
2 

seen that errors in Y (which he took as uniformly 1.000) do not affect 
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Table 8.1 

fl[oore's exueri menta l results comnared with theory 

! Solution I I 6 8 
! 

I 1 2 3 4 5 7 9 

I 
I i 

pH 8 . 50 8 .75 I 9 . 60 9 .78 9 . 80 9 . 90 10. 20 10.75 11.05 

Tota l a lka linity, ppn CaC0
3 

50.0 19.0 1 48 •0 72.0 31. 3 188 . 8 45 .0 50 .0 79.0 
y 0. 965 0. 978 0. 964 0 . 954 0. 970 0 . 929 0. 963 0. 962 0.955 

BicDrbonate (Observed 47.0 17.5 33 .0 40 .0 15. 8 105 . 8 10.0 Nil Nil 

Al kalinity, ~Th80retica l 49 . 2 17.5 30."3 39 .0 13.7 91.0 5 . 5 Nil Nil 

PPI!1 Ca C0 'Z 
- ~ 

(Moore 50 .0 19.0 48 .0 72.0 31.3 93 . 6 45.0 50.0 79.0 

Ca rbona t e (Observed 3 . 0 1. 5 15.0 
1

32
•
0 15.5 83 .0 35.0 33.0 38.0 

Ll kalinity, ~Thec retical 0. 8 1.5 17.7 33 .0 17. 6 98 .0 39 . 5 23 . 5 21. 2 

PPL'1 Ca C0
3 

(Moore Nil Nil Nil Nil Nil 95 . ci- Nil Nil Nil 

Hydr oxide (Observed Nil Nil Nil Nil .Nil Nil Nil 17.0 41.0 

Alkalinity , ~Theoretica1 Nil Nil Nil Nil lhl Nil Nil 26 .5 57 . 8 

ppm CaC0
3 

(Moore Nil Nil Nil Nil Nil l~ il 
I 

Nil Nil Nil 
-------- -- I 
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the final r esult s ve ry much . 

Ther efore it appears that our equ~tions, in the absence of 

calcium and mngnesium salts , ar t reliable up to a pH of about 9.8. Thi s 

is rather better than the discussion of chapter 5 might suggest. 

The literatur e contains very f ew r ecords of experimentally 

determined unbotmd carbonic acid determinations, probably because accurate 

determin~ tion i s not easy and calcu l ation u~ually gives r esults Mdequat e 

for most purposes. \fuere actual det ermina tions have been r eported ( e . g_ 

Rudolfs and vlong, 1939) it i s often clear, from i nt erna l evidence , tha t 

the experiment a l errors were r el a tively l ar ge . 

HO~fever, ]\ioore (193 9) has cited some very co.r ef u l anal ytical 

r esult s due to Wo.gner and Enslow (1922) and used them a s a check upon hi s 

own calculations . vie mt:.y use the same figur es for a simi l ar purpo se, 

bearing in mind that, a lthough Moore r efers to the results as determin­

a tions of "free co.rbonic acid", they ar e in f act determinations of ,.,hat 

we t erm unbound carbonic acid. Unfortunately the cited dat a do not "include 

TDS values for the deter minntion of Y, but if it is assumed tha t the t ota l 

al kalinity is proportional t o the TDS and is equa l to 65.3 ppm a s CnC0
3 

at a TDS of 119 ppm (these being the average values f rom Table 2.1), 

values of Y can be deduced which cannot be too much in error. Values of a 

are then calculated from equation (4.5), and the unbound carbonic acid as 

ppm CO2 is then equal to 44 (a - e). 

The experimental and calculated values are given in Table 8 .2. 

It will be seen that the agr eement between the experimental va lues and 

those calculated by our equation is very good, the differences probably 

being of no practical significance and about equal to the experimental 

error. The results calculated by Moore 's equations do not differ signifi­

cantly from ours. This might have been expected, since we have seen that 

po ssible errors in K2 do not mat erially affect f or a
l 

and that errors 

in Y have little effect either. 

It therefore appears that the theoretical equations developed 

here, with their non-ideality corrections, are in general superior to 

Moore's uncorrected equations and may be trusted to agr ee with experiment 

up to about pH = 9.8. For r easons already explained, they do not apply 

much outside the range 3.7 < pH 9.7 if sulphates (at low pH) or ca lcium 

and magnesium salts (at high pH) are present, unless special corrections 

developed for such Cases ar e employed. 
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I 
Sample pH 

1 6 .80 

2 6 . 60 

3 6 . 45 

4 6 . 55 

5 6. 60 

6 6 . 40 

7 7.55 

8 6 . 45 

9 6. 65 

10 7.00 

11 6 .00 

12 6.00 

13 7.30 

14 6.70 

15 6 .70 

16 6 . 95 

17 6.60 

18 6 . 60 

19 7.35 

20 6 . 50 

21 
! 7.35 

Table 8 .2 

Experimenta l and calculated values 
for unbound carbonic acid 

I 

i Unbound carbonic acid Total 
as ppm CO 2 alkalinity, y , 

I 

ppm CaC0
3 

I : 
Observed I Theoretica l J Tlloora 

., 

i i I 
i 11.0 I 1.000 ! 4.0 

I 
3.5 3.3 

10.0 
I 

1.000 I 6 .0 5.0 ! 4 .9 

10 .0 l.000 I 7.0 7.0 6 . 9 

80.0 0.941 44 .0 42 . 2 43 .7 ' 

70.0 0.944 36 . 0 33 .0 34 .1 

60 .0 0 . 949 46 . 0 44 . 9 46 . 3 

22 .0 0 . 975 1.5 1.1 0 .8 
I 

10.0 1.000 I 7.0 7. 0 6 . 9 

12.0 0 . 996 5 . 0 5. 3 5.1 

15.0 0.987 3. 0 2. 9 2. 8 

3 .0 1.000 7. 0 5 . 9 5.9 

3.0 1.000 7.0 5.9 5. 9 

31.0 0 •. 967 3.0 2.9 2.7 

22 .0 0.975 9.0 8 . 4 8 . 4 

23 .0 0.974 8 . 0 8 . 9 8 .7 

25 .0 0.972 4 . 0 5. 4 5.3 
21 .0 0.976 9.0 10.2 10.3 

20 .0 0 . 978 8 .0 9.7 9. 8 

23 .0 0 . 974 4 .0 1.9 I 1.7 
16.0 0.984 8 .0 9. 9 9.8 

33 . 5 0 . 965 1.5 2. 8 2. 4 
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Carbonic acid in Natal rivers 

In Table S.3 are shown the millimolar concentrations of the 

major solutes of the 22 unpolluted Natal rivers whose analyses are given 

in /Table 2.1, together with the values of Y and the function Q defined by 

equation (S.6). The analyses all fulfil the ionic balance, and the value 

given for e in each case is the mean of e
t 

and e. For future reference, . c 
a summary of the scheme of ca lculation is given in Appendix A. 

For a water in equilibrium with atmospheric carbon dioxide, the 

total carbonic acid concentr ation in moles per litre will be a , and from 
s 

equation (6.13) we have , correcting for non-ideality: 

2 222 
KIK2 e + ka Kl Y e + ka Y 

a = ~~~----~--~------~~---
s k K y2 

a 1 

(S.14) 

In view of the numerical values of the various constants in this equation, 

it is clear that in most cases this reduced very closely to 

a = e s (S.15) 

If a is the total concentration of carbonic acid actually 

present, the percentage saturation of the water with carbonic acid is 

clearly: 

s = 100 a 
a 

s 

and from (S.15) this becomes closely approximated by: 

s = 100 a 
e 

Further, using (S.6 ) this may be written: 

s = 100 Q 

(S.16) 

(S.17) 

(S.18) 

The function Q is thus a direct measure of the percentage 

saturation, provided t he conditions for (S.5) to be valid are fulfilled 

(i.e. 5 ,< pH < 9 if e ~ 10-3 or 6 < pH < S if e ~ 10-4). In other cases 

the full, more complicat ed expression fqr S must be used: 

100 k Kl y2 (H2 y6 + K H y4 + K K 
all 2 2 
4' i (H - k /HY 

(KIHY + 2KIK2)(KlK2e + k
a
KIy 2e + k

a
2y2) w 

S == + e) 

(S.19) 
It is clear that (S.15) is independent of temperature 

variation in the normal ambient temper a ture range because e is temperature 
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Table 8 . 3 

Mil1iLlola r concentra tions. etc. ca lcula ted froLl the analvses of Table 2.1 • 

River y I e* - - - - I - - h Q c Ll n p a s 

Sterk nea r lunb l es i de 0.975 0. 449 0.0775 0.0917 0.204 0 .0180 0. 489 Nil 0.127 1.09 

I11ovo above Richmond 0.975 0.559 0 .130 0.0750 0.183 0.0026 0. 565 Nil 0.0225 1.01 

Mooi above Moo i River 0.974 0.389 0.125 0.0750 0.122 0.0180 0 . 459 0.0854 0.0254 1.18 

Ka rkloof a t Shafton 0. 974 0. 471 0.0875 0.0708 0.183 0.0128 0. 490 Nil . 0.0479 1.04 I 

Ingagane above Alcockspruit 0.970 0.652 0.125 0.0833 0 .187 0.0923 0.647 0.0313 0.0254 · 0.993 

Lions nea r Lidgetton 0. 965 0. 818 0.165 0.146 0. 239 0.0307 0.908 0.0177 0.0028 loll 

Nungwana nea r Nungwana Falls 0.965 0.347 0.0975 0.104 0. 304 0 .0026 0.345 Nil 0. 428 0.993 I 
, 

Umgeni a t Nagle Dam 0.961 0.716 0.163 0.125 0. 34tr 0 .0 256 0 . 838 0 .0146 0.251 1.17 

Umgegu at Umful a 0.959 0.872 0.140 0.163 0 . 583 0 . 0333 0 . 889 Nil 0.330 1.02 

White Umfoloz i near Vryheid 0.959 0. 881 0. 245 0.121 0.0522 0 .159 1.01 0.0 240 0.0592 1.14 

Lenjane ' s a t Lenj ane ' s Dri ft 0.958 1. 26 0. 315 0.238 0.283 0.0769 1. 30 0.0240 0.0648 1.03 

Tugela n t Col enso 0.957 1. 37 0.323 0.246 0. 278 0 .0180 1. t\O 0.0188 0 .0338 1.02 

Sundays nea r Newcas tle 0. 954 1. 53 0.278 0.300 0.357 0 . 0386 1.53 0 .0333 0.0028 1.00 

Gogoshi near Mtunzini 0 . 949 0.282 0 .0625 0 .0417 1. 28 0 .0205 0.290 . Nil 1. 28 1.03 

U~voti ~ t Bitckona 0. 947 1. 27 0 . 255 0.213 0 . 804 0 . 0282 1.30 0 .0760 0 . 380 1.02 

Umfoloz i a t Mtuba tuba 0. 943 1.98 0 . 365 0. 375 1. 08 0 .0386 2 .04 Nil 0.544 1.03 

Unz i ITlkulwana a t B::!.boons east l e 0 . 941 1. 41 0.288 0. 400 1. 20 0.0282 1. 38 0 .0760 1.01 0. 977 

Bloukra ns nea r Colenso 0.932 3 . 36 0.743 0.588 0. 883 0 .0436 3.34 0 .0448 0.110 0 . 993 . . 
Umhl a nga a t Tremmce 0. 929 1. 41 0.248 0.517 2 .02 0.0410 1. 49 0 .0833 2 .16 1.06 

Umz i nyatshnna nea r Dundee 0. 927 3 .75 0.665 0. 867 1.03 0 .0333 3 . 68 0.0771 0.130 0.982 

I s i p i ngo nea r Inwab i 0. 918 1.12 0.338 0 . 659 3 . 20 0 .0692 1.13 0 .144 3 . 97 1. 01 

Mpushini nea r Pi etE.rr.:ari tzburg 0 . 916 3 . 46 0 . 768 0. 804 2. 44 I 0 . 0282 3 . 67 ' 0.0490 I 2 .18 1. 06 
I 

* e is t Lken as th l:. T.:: can of e t ~'.nd ec 
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invariant. Henc e also must be (8 .18), i.e. Q must be virtually indepen­

dent of t emper ature i n this range. Therefore here i s some justification 

for disregarding t emperature effects in the present work (see chapter 5). 
From the values of Q given in Table 8.3 it is cloa r that t he 

percentage saturation i n the 22 Nat a l rivers r anges from about 98 to 118% 

with a mean of 104%. I t therefore appears as a gener al rule that unpollu­

t ed river wat ers i n Na t a l (and indeed most other river waters also, 

according to tho dat a published in tho liter a ture) ar e virtually i n 

equilibrium with atmo spheric carbon dioxide. The f act that there i s a 

small bias to values rather more than 100% indicates a slight tendency to 

super saturation , suggesting that those processes occurring ,'Ii thin rivers 

to gener at e car bon dioxide (mainly the respiration of aquatic organisms) 

take place a little mo r e rapidly than the diffusion of carbon dioxide to 

the at mosphere through the air-water interface. 

Mo r eover, on the basi s of these r esult s it appears that the 

composition of a river wat er may be r egarded as anomalous (i.e. probably 

affected by pollution) if the percent age sa tura tion with carbon dioxide 

lies outside the r ange 95 - 120. 

In Tabl e 8.4 ar e Shovffi the ca lculat ed concentr ctions of free 

carbonic acid, as ppm of CO
2

, in the same 22 rivers (obt ained from equation 

(8.12)). The values r ange from 0 .1 t o 10.1 ppm with a mean of 2.1 ppm, 

and it is r oadily seen that 95% of tho values ar e l ess than 6 ppm. On 

thi s basis, it may thor efore be supposed that, with 95% confidence , a 

river w~t er may be r egarded as anomal ous (i. e . probably affect ed by 

pollution) if the free carbonic acid exceeds 6 ppm. Thi s i s in agreement 

with the conclusions of Elli s (1937) tha t more than 6 ppm of free carbonic 

acid in rivers of th8 U.S.A. i s usually indicative of pollution. But the 

f act that the unpolluted Mpushini river shows 10,1 ppm and yet only 106% 

saturation indicates that the perc entage saturation is more significan t 

than the concentration. 

This conclusion is a l so r eached by considering tha t the satur­

ation will a lways be high in a stream of low pH but that tho free carbonic 

acid will only be high if the alkalinity is high, and conversely tha t a t 

mo derate or high pH the saturation may not be significantly high although 

the free carbonic acid may be high if the a lkalinity is sufficiently 

grent (as in the Mpushini). 

The va lues Qf Q given in Table 3B of Appendix B show tha t any 

water in contact with the atmosphere is saturat ed with carbon dioxide 
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Ta.ble 8-,4 

Free ca rbonic acid in unpolluted Natal rivers 

River 

Sterk nea r l\mbleside 

Illovo above Richmond 

Mooi above Mooi River 

Karkloof a t Shafton 

Ingagane above Alcockspruit 

Lions near Lidgetton 

Nungwana near :i'Jungwane Fells 

Umgeni a t Nagl e Dam 

Umgega a t Umfula 

White Unfolozi near Vryhe i d 

Lenj ane's a t Lenjane's Drift 

Tugel a a t Colenso 

Sundays near Newcastle 

Gogoshi ne.2r Mtunzini 

Umvoti a t Bitakona 

Ul:lf olozi a t ~1tuba tuba 

Unzimkulwana a t Baboons Castle 

Bloukrans nenr Colenso 

UTIhlanga a t Trenance 

UmzinYatshana near Dundee 

Isipingo near Inwnbi 

Mpushini neDr Pietermaritzburg 

. 

i Free CO
2

, 

I 
1.7 

0.4 

3.0 

0.9 

0.3 

3.9 

0.1 

5.4 

1.0 

L~ . 2 

1.9 

1.3 

0.9 

0.4 

1.2 

2.9 

0.2 

1.2 

4.1 

0.8 

1.0 

10.1 

ppm 
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when its pH value i s that of the phenolphthalein end-point, i.e~ when 

its total al kalinity is stoicheiometrically in the form of bicarbonate 

and there is no unbound carbonic acid so that a = e. Equation (8.15) also 

shovlS this. At lower pH values the water will be supersaturated and tend 

to evolve carbon dioxide to the atmosphere , at higher pH values it Nill be 

under-saturat ed and tend to absorb carbon di oxide from the air. 

Carbonic acid in rain and sea water 

Analyses of rain and sea water are given in Table 8.5. The 

former is the mean of five soot-f ree samples from the English Lake District 

(Gorham, 1955B). ~le l atter is a mean analysis t aken from Sverdrup et al 

(1942) • 

For the r ain water we have 8
t 

= 0.040 and ec = - 0.0042. The 

former does not accord "li th the pH value (the total alkalinity 1>lould be 

zero at a pH of 5.2 , so that at the t abul ated pH the sample must have a 

total acidity , not al kalinity). The l atter is likely to be erroneous 

since it cont ains all the accumulated analytical errors, which are 

probably gr eat in vi ev1 of the low concentrations even though the analysis 

fulf ils the ionic ba l ance . However, by equation (6 .8) the pH value corres­

ponds to e = - 0.013. Using this , the tota l ca rbonic acid concentration 

i s given by (4.5) as 1.51 x 10-5 molar , which corresponds to about 150% 

saturation. Supersaturation can be accounted for by the f ect tha t r ain 

i s formed by condensation in regions of the atmospher e where tho t emper­

ature i s 101>1 and the solubility of carbon dioxide in wat er correspondingly 

high (e . g . at OOC the equilibrium concentretion is 2.4 x 10-5 molar, 

instead of 1.00 x 10-5 mola r at 250 C). All the carbonic acid i s in the 

unbound stat e and wil l be ab l e to act chemically upon minerals, rocks and 

soils, so it i s easily appreciated why r ain pl ays such an i mportant part 

in geological weathering processes • Rivers being , as Vie have seen, almost 

in equilibrium with atmospheric carbon dioxide, the weathering processes 

evidently consume a lmost al l the aggressive (unbound) carbonic acid of 

rain water that does not r eturn unchanged to the atmospher e . 

For the se2. \vater 8t = 2.41 and e c = 5, a lthough the analysi s 

gives an ionic ba l ance . We take 8 = 8
t 

since the alkalinity of sea water 

has been determined with great accur acy by many workers. From (4.5), 

using the value Y 0.297 adopt ed in chapter 4, the total carbonic acid 
-3 

a = 2.16 x 10 • I f however, equa tion (8.14) is applied with thi s same 

value of Y, . the percentage saturation with carbon dioxide works out to 
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about 66%. Yet it is clear that, since the pH of sea wa t er is very close 

to that of the phenolphthalein end-point, there must be almost equilibrium 

between the carbon dioxide di ssolved in the oceans and tha t of the atmos­

phere, i.e. the snturation i s approximc. t ely 100%. Hrr rvey (1928) hns 

suggested thnt sea wc.ter may be undersaturated with carbon dioxide, but 

l a,te.r work (summarised by Def [1Jlt , 1961) h[: s sho~m thnt, although slight 

loce l undersaturation or super snturntion can occur, on the whole there is 

a fairly steady equilibrium state. The apparent value of 66% saturation 

is in f act a f alse result, consequent upon using the empirical valu e 

Y = 0.297 in an equation to which it was never intended to apply. The 

incorrectness of such a procedure was pointed out a t the end of chapter 4. 

There i s no means of determining from the availab l e data what vnlue of Y 

may bo adopted for use i n equation (8 .14). 

Table 8 .5 

Analyses of r ain and sea water 

Rain water Sea water 

pH 4.9 7.9 

TD8, ppm 13 35,320 

Total al kalinity, ppm Ca CO 
3 

2.0 120.3 

Ca , ppm 0.2 410 

Mg, ppm 0.3 1,303 

Na , ppm 3.1 10,818 

K, ppm 0.2 389 

80
4

, ppm 1.7 2,713 

Cl; ppm 5.1 19,441 
Si0

2
, ppm - 0.1 
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9. THE TITRATION CURVE 

General char acteristics 

At this stage it , .. ill be useful to consider in more det ail the 

titration curve of a norma l (carbonated) natural water. 

Figure 9 .1 shows th ", i dea l titration curve of a typical water 

for which a = 10-2, plotted with pH as ordinate and total alkalinity during 

ti tra tion as abscissa . The hTO end-point infa.ections occur at e = 0 and 

e = a so tha t the hori zonta l separation between them is equal to the 

tota l carbonic acid concentration, a, in this case 10-
2

• The actual tot al 

alkalinity of the water i n its initial state at the commencement of 

titra tion is r epresent ed by somo particular point on the curve such as 

the point X. 

The horizontal distance between this initi al point X and the 

methyl orange end-point i s equal to the total alkalinity, e, of the water. 

Figure 9.1 (a ) shows the si tua tion , .. hen 0 < e < a , Figure 9.1 (b) when 

e > a and Figure 9.2(c) , .. hon e < O. 

These three di agr ams also show that, when the tota l alkalinity 

of the water changes , its (ideal) titration curve remains una l te red. The 

only difference in the diagram i s that the point X denoting the initial 

state of the water is displaced in the appropria t e direction a long the 

curve . 

The reciproca l of the gr adien t of the curve a t the i nitial 

point X is a measure of the buffer capacity of th e water, and this is 

clearly low in tho vicinity of the hvo end-point inflections but r ola­

tively high elsewhere. 

Changes in carbonic acid content 

If the total carbonic acid content of the water becomes changed, 

the titra tion curve it self becomes a lter ed . 

In Figure 9.2 a r c Shovffi the idea l titra tion curves of waters 

with a = 10-
2

, 5 x 10-3, 2 x 10-3, 10-3 and 10-4• It is seen that, as a 

decreases , the pH for a given value of e increases , the phenolphthalein 

moves closer to the methyl orange end-point inflection, while the buffer 

capacity in the r ange 0 < e < a (reciproca l gradient of the curve) 

progressively decreases. Eventu811y the two end-point inflections 

become indistinguispable, the curve then resembling tha t of a strong 
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acid. In the r ange e < 0, hOvTever, the curve remains unaltered. 

The buffer capacity , B, i s defined as : 

B = de 
dpH 

(9.1) 

and since , in t he idea l case , the pH i s equa l to - iog H this may be 

wri tten: 

B = - 2.303 H de 
dH 

(9. 2) 

From equation (3 . 43) it follovTS that in the range 3.7 <pH <9 . 7 we have: 

l a Kl H (H
2 

+ 4 K2 H + KI K2) kw] 
B = 2.303 2 2 + H + ~ 

(H + Kl H + KI K2) 
(9 .3) 

Her e B i s express ed as equival ents per litre per pH unit. For practical 

purposes it is more conveni ont to express the buffer capacity as meq per 

li tre per pH unit. Denoting this by B i'le can vlri te: 

(9.4) 

where: 

2 .303 Kl H (H
2 

+ 4 K2 H + KIK2) 

2 " 
(H + Kl H + K

I
K

2
)C 

(9.5) 

Values of U
l 

and U
2 

for various pH values in the range 4.0 to 9.0 are 

gi ven i n Table 6B of Appendix B. Activity corrections may readily be 

introduced to these equations, but for the application it is intended to 

make here thi s is unnecessary . 

Table (9 .1) shol-TS the values of B for the 22 Natal rivers of 

Tables 2.1 and 8 . 3. They show little correla tion with any other property 

of the water , but have a tendency to increase as the TDS increases. 

According to McKee and Wo l f (1963) a water i s considered as 

being adequatel y buffered to support healthy aquatic life if its pH i s 

between 7 and 8 and its total alkalinity at ' least 100 ppm as CaC0
3

• This 

corresponds to a value of B of a t l east 0.12. In the following chapter 

we shall see that Natal river waters should have B at least 0.10 if they 

are to be successfully treated to eliminate corrosivity. The value 

B = 0.10 therefore appears to be a signifi cant one . 
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K1eijn (1965) has given a discussion of buffer capacity, though 

he has used approximations that are dubious, water ana lyses that are not 

in ionic ba lance, and assumptions as to the saturation of waters with 

carbon dioxide which do not seem valid. 

Table 9.1 

Buffer capacities of Na t a l river waters 

R i v e r 

sterk near Ambleside 

Illovo above Richmond 

Mooi above Mooi River 

Karkloof at Shafton 

Ingagane above Alcockspruit 

Lions near Lidgetton 

Nungwan0 near Nungwana Falls 

Umgeni at Nagle Dam 

Umgega at Umfu1a 

\fuite Umfolozi near Vryheid 

Lenjane's at Lenj ane 's Drift 

Tugela at Colenso 

Sundays near Newcastle 

Gogoshi neer I-ltunzini 

Umvoti at Bi~akona 

Umfolozi at Mtubatuba 

Umzimkulwana at Baboons Castle 

Bloukrans near Col enso 

Umhlanga at T.reilanCG 

Umzinyatshana near Dundae 

Isipingo near Inwabi 

Mpushini near Pietermaritzburg 

Ch.:mges in TDS 

Buffer cc.pacity 
B 

in millimolar units 

0.09 

0.03 

0.14 

0.05 

0.04 

0.20 

0.02 

0.25 

0.07 

0.26 

0.11 

0.09 

0.08 

0.03 

0.08 

0.17 

0.10 

0.19 

0.22 

0.21 

0.07 

0.55 

In Table 9.2 are shown the calculated pH values of a 10-3 molar 

solution of carbonic acid for various values of the total alkalinity under 

both ;ideal and rea l conditions, in the l atter Case assuming Y = 0.800, 
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i~e. supposing the TDS to be about 2500 ppm. 

Below e = a the real pH is a little higher than the ideal, above 

e = a it is a little lower. However, the two sets of vaiues are only 

slightly different (not more than 0.3 units), so that in most practical 

cases the pH may be calculated accurat cly -enough by assuming ideality. 

Differences between the ideal and rea l hydrion concentrations may 

nevertheless be appreciable (e.g. at e = 5 x 10-4 in the prescnt case the 

-7 -7) d h ideal value of H is 4.6 x 10 ,the r eal value 2.9 x 10 '. , an ence also 

must be those between the rea l and ideal values of other ionic concentrations . 

Changes in wat er composition 

The effects upon the titration curve of changing the composition of 

the water in any way may readily be deduced from the above discussion, and 

may be summarised as fol101'1S: 

(a) the addition of neutral non-carbonated salts such as sodium chloride 

or magnesium sulphate (provided the general equation (3.41) remains 

valid) has only a second order effect on the titration curve conse­

quent upon the change induced in the activity coefficient Y. 

(b) the addition of strong base or acid changes the value of the total 

alkalini ty e and causes the point X representing the chemi·cal state 

of the water to move along the titration curve to the right (base) 

or left (acid) without materially changing the shape of the curve. 

(c) the addition of carbonic acid in general lowers the pH and causes the 

titration curve to change its shape in the manner shown in Figure 9.2, 

although the point X representing the; chemical state of the \-later 

r emains on the curve at the same value of e. 

(d) the addition of a carbonate or bicarbonate (each of which may be 

r egarded as a mixture of base and carbonic acid) will change the 

shape of the titration curve as in (c) and will also cause the point 

X representing the chemical state of the water to move to the right, 

towards larger va lues of e. 

In general, any solute which is added to the water may, according 

to Ricci's (1952) concepts be regarded as the equivalent mixture of acid 

and base, so tha t the effects on the titration curve can always be worked 

out from the above principles. One special case is the addition of 

aluminium sulphate, commonly used in water treatment processes, for at the 

usual pH values encountered in surface waters this becomes hydrolysed to 
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Table 9.2 
-3 Real and ideal pH values for 10 

molar carbonic acid solutions 

3 Ideal pH Real pH 
e x 10 

Y = 1.000 Y = 0.800 

- 1.00 3.00 3.10 

- 0.50 3.30 3.40 

- 0.30 3.52 3.62 

- 0.20 3.70 3.80 

- 0.10 4.00 4.10 

0.00 4.68 4.70 

+ 0.10 5.40 5.69 

+ 0.20 5.75 6.04 

+ 0.30 5.99 6.27 

+ 0.50 6.35 6.64 

+ 0.70 6.72 7.01 

+ 0.80 6.96 7.25 

+ 0.90 7.31 7.60 

+ 1.00 8.30 8.12 

+ 1.10 9.28 9.08 

+ 1.20 9.62 9.44 

+ 1.30 9.84 9.67 

+ 1.50 10.17 10.04 

+ 1.80 10.43 10.40 

+ 2.00 10.56 I 10.59 

insoluble aluminium hydroxide and free sulphuric acid: 

The addition of 1 mole of the salt therefore has the same effect as the 

addition of 3 moles of sulphuric acid. Ferric sulphate may behave in the 

samo way: 
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but it may alternatively give a .basic precipitate: 

Fe2 (804)3 + 2 H20 -> 2 Fe (OH) 80
4
·J+ H2 SO

4 

in which case the liberated sulphuric acid will be less than 3 moles. 
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CORRO SIVI TY AND THE EH 
s 

The saturation EH value . (pHs) of a water is defined as the pH 

value that results when, by addition or removal of carbonic acid but by no 

other chemical change , the water is brought into equilibrium with solid 

calcium carbonate. 

Thi s parameter was first introduced by Lan geli er (1936) in 

connection with the corrosivity of water supplies. Hi s theoretical 

equa tion for the calculation of its value may b8 r egarded as a first 

approximation, since its derivation rested upon an assumption (that H and 

OH were negligibly small in comparison with other ionic concentrations) 

that i s not neeGssarily true and which wa s i ntroduced at too early a stage 

of the working~ 

. A more rigid expression for pH is obtainable from equation (3. 43 ) 
s 

for a water containing carbonic acid end alkalinity under ideal conditions. 

Using (3.34) this may be writt en: 

- e (10.1) 

The ideal condition for the wat er to be in eqUilibrium with solid calcium 

carbonat e is the idea l form of (6.25): 

k = en (10.2) 

But (3.43) i s valid only in the r ange 3.7 < pH < 9.7 and in this range 02 

is indistinguishable from c (see Figure 3.1). Hence (10.2) may be written : 

k = en 

and insertion of this in (10.1) gives: 

k 
w 

H - - = H 

k 
ca 

This equation expands to a quadratic in H: 

2 
(k - e K2)H - K (ec - 2 k )H + c K k = 0 cn 2 ea 2 w 

and will have a r eal root only if: 

(10.3) 

(10. 4) 

(10.5) 
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K 2 (ec _ 2 k )2 > 4 c K k (k - c K2) 
2 ca 2 w ca 

(10. 6) 

This condition is not always satisfied. Provided e :> 0, it will certainly 

be satisfied if: 

Le. 

K22 (ec)2 > 4 c K2 k k 
w ca 

e
2 

> 4 k k /c K2 w ca 

(10.7) 

(10.8) 

so that there may be no solution to (10 . 5) if ! el and c are small in 

value. In practice, this i s likel y to happen if the total alkalinity is 

l ess than 5 ppm as CaC0
3 

and the ca lcium concentration less than 4 ppm as 

Ca, i. e. with rain water and surface \-raters of extremely low TDS. 

Provided the condition (10. 6 ) i s sati sfied, t hen for all ordinary 

va lues of e and c the root of (10.5) is, by (3. 8): 

K2 (ec - 2 k ) 
H = ca 

k - c K 
ca 2 

and since c K2 is alvrays negligibly small in comparison vn. th k ca 
further r educes to: 

K2 (ec - 2 k ) ca H = -='-----.....;;.:;;:. 
k ca 

(10.9) 

this 

(10.10) 

Evidently this is only of ~hysical significance if ec > 2 k ca 
for otherwise it becomes negative in si gn . In particular this require s 

e > 0, so that no water with a pH of l ess than about 4 can ever be in 

equilibrium with ca lcium car bonat e. If e > 0 but i s small in value , 

equilibrium i s only po ssi bl e i f t he condition (10.6) is fulfill ed, as we 

have seen. On the other hand, if the product ec is too l arge, equation 

(10.10) will lead to a value of H so great that it is outside the range 

of validity of (3.43), L e . pH < 3.7, and the above theoretical treatment 

will fail. However, (10.10) shovlS that this will only occur if ec exceeds 
-5 about 2 x 10 , vlhich corresponds to the product A.Ca exceeding about 

40,000, A being the total alkalinity as ppm of CaC0
3 

and ea the calcium 

concentra tion as ppm of Ca . The treatment is therefore valid for most 

ordinary cases encountered in practice , since such high values are rare. 

Denoting the va lue of H given by (10.10) as H and correcting 
s 
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for non-ideality gives: 

K2 (e c y8 - 2 k ) ca H = -=--------------= 
s k y4 

ca 

and if pH is defined as - log H Y we obtain: 
s s 

(lo.n) 

PH = log k - log K +- 3 log Y - log (ec y8 - 2 k ) (10.12)" 
s ca 2 ca 

This may be written in numerical form by inserting th e values of k and ca 
K2 and replacing e and c by the practical values A and Ca: 

8 
pH = 11.34 + 3 log Y - log (A.Ca Y - 20.5) 

s 
(10.13) 

The equation developed by Langelier (1936), whose derivation we 

have criticised, gives result s almost indistinguishable from those of 

(10.13) in the idec. l case, except that whereas (10.13) leaves pH undefined 
8 s 

if A Ca Y < 20.5, i.e. such a water cannot be in equilibrium with calcium 

carbonate, Langelierts equation always gives a definite value. Langelier 

attempted to introduce non-ideality corrections, although in this he was 

not very successful, better results being obtained later by Larson and 

Buswell (1942) which numerically agree very closely with the corrections 

in (10.13). 

An approximate pH equation 
s 

If it is assumed that the alkalinity and calcium contents of a 

natural water are proportional to the TDS, we can write: 

(10.14) 

where ~ is a constant and T is the TDS in ppm. Using the average values 

A = 65.3, Ca = 10.9 and T = 119 (so that Y = 0.946) from Table 2.1, we 
-2 

have ~ = 5.03 x 10 • If T is further assumed to be approximately equal 

to two-thirds the electrical conductivity in micromho (see chapter 12 

belOW), then after inserting (10.14) in (10.13), using the above value 

of Y and neglecting the term 20.5, we obtain: 

pH = 13.12 - 2 log C 
s 

where C is the electrical conductivity in micromho at 200 C. 

(10.15) 

In Table 10.1 are given the pH and pH values for the Natal 
s 

rivers of Table 2.1. The pH was obtained from equation (10.13) using the 
s 
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-Ca values of Table 2.1 but values of A corresponding to e in Table 8.3 

instead of the origina l alkalinities (which have already been stated to 

contain errors). In column 5 of Table 10.1 are given the pH values 
s 

calculated from the approximate relation (10.15). 

It is evident that (10.15), though a crude approximation, gives 

surprisingly good results (apart from the anomalous case of the . Gogoshi)~ 

The root mean square error of the calculated values is 0.61, so that the 

9~ confidencG limits of accuracy for (10.15) can be set at aQout ~ 1.2. 

These limits are too wide for the equation to be of direct practical use. 

On the basis of equation (10.15) it might be supposed that, for 

any particular natural water, a regression equation of the form: 

pH = X - Y log C (10.16) s 

would exist, where X and Yare constants. Such relationships do indeed 

exist, the follOwing being examples calculated from data recorded during 

some South African river surveys: 

(a) Tugela river system of Natal (Oliff, 1960): 

pH = 10.40 - 0.943 log C s 

Standard error of estimate = 0.41 

(b) Umgeni river system of Natal (Schoonbee and Kemp, 1965): 

pH = 11.64 - 1.37 log C s 

Standard error of estimate = 0.46 

(c) Great Berg river system of the Cape (Harrison and Elsworth, 1958): 

pH = 13.30 - 1.85 log C s 

Standard error of estimate = 0.20 

( d) Jukskei river of the Transvaal (Allanson, 

pH = 9.16 - 0.478 log C s 

Standard error of estimate = 0.17 

However, these equations are clearly of 1i ttle 

1961) : 

practical use. 
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Table 10,1 

Saturation pH values of Natal river wate~ 

Sterk near Amb1eside 

Il1ovo above Richmond 

Mooi above Mooi River 

Kark100f at Shafton 

Ingagane above Alcockspruit 

Lions near Lidgetton 

Nungwana near Nungwana Falls 

Umgeni at Nagle Dam 

Umgegu at Umfula 

White Umfolozi near Vryheid 

Lenjane's at Lenjane 's Drift 

Tugela at Co1enso 

Sundays near Newcastle 

Gogoshi near r-Itunzini 

Umvoti a t Bitakona 

Umfolozi at Mtubatuba 

Umzimkulwana at Baboons Castle 

Bloukrnns near Colenso 

Umhlanga at Trenance 

Umzinyatshana near Dundee 

Isipingo near Inwabi 

Mpushini near Pietermaritzburg 

Corrosivity and the pH 
s 

Saturation 
pH pH index 

s 

7.4 9.75 - 2.4 

8.1 9,32 - 1,2 

7.1 9.54 - 2,4 

7.7 9.64 .... 1.9 

8,4 9.27 - 0,9 

7,3 9.13 - 1.8 

8 .4 9.81 - 1,4 

7.1 9.12 - 2,0 

7.9 9.10 - 1,2 

7.2 8,83 - 1.7 

7.8 8.55 - 0,8 

8.0 8.50 - 0.5 

8,2 8.53 - 0.3 

7,8 10.84 - 3.0 

8.0 8.67 - 0.7 

7.8 8.31 - 0.5 

8.7 8.58 + 0,1 

8.4 7.80 + 0,6 

7.5 8,68 - 1.2 

8,6 7.81 + 0.8 

8.0 8.67 - 0.7 

7.5 7.81 - 0.3 

Approx. 
pH by R 

s t. equa ~on 
(10.15) 

9,67 0,28 

9.48 0.04 

9.86 0.50 

9.85 0.10 

9.59 0,14 

9.48 0,05 

9,14 1.23 

9.20 0.39 

9.06 0.38 . 

9,12 0,12 

9,12 0,09 

8,95 0.05 

8.91 0.05 

8,70 4,54 

8,64 0.42 

8,35 0,28 

8.33 0.82 

8,19 0.06 

7,88 1,65 

8,11 0.08 

7.70 3,80 

7,91 0.66 

It is evident that if the pH of a water exceeds its actual pH 
s 

value, that water ,'lill tend to dissolve calcium carbonate when it has the 

opportunity. Conversely, if the pH exceeds the pH the water is super-
s 

saturated with calcium carbonate and will tend to deposit it out of 

solution •. 

Langelier (1936) took the view that any water will corrode 
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metals, particularly iron, but that a water supersaturated with calcium 

carbonate would deposit a scale of calcite upon metallic surfaces in 

contact 'l'li th it and so protect them from i ts corrosive action. He defined 

the saturation index of a water a s equal to (pH - pH ), so that a water 
s 

wi th a negative index "lOuld be potentially corrosive whilst one with a 

positive index would be sca l e-forming and henc G not corrosive. To minimise 

the corrosivity of a wat er, on this vi ew, it was essential to trea t the 

wEl t er so that it s saturation index would be just on the positive side of 

zero (a markedl y sca l e-forming 1>l 'l ter being undesi r able since it .wuld 

eventually, not corr ode, but block pipos and fittings). Treatment would 

involve changing the pH or pH or both by suitable addition of lime , soda 
s 

ash, etc, 

It ~Till be seen from Table 10.1 that the wat er s of most Nat al 

rivers, according to these principles , shoul d be counted as corrosive 

(negative saturation index). The pH tends to decrease a s the TDS (or 
s 

conductivity) decreases, as equa tion (10.15) predicts. 

Ryznar (1944) suggested the use of the stability index, defined 

as (2 pH - pH), as a more quantitative parameter for measuring the 
s 

corrosive or scale-forming properties of waters, but this suggestion appear s 

to be not well founded and his observational data have been questioned. 

For example, stumm (1960) has discussed the i mportance of organic acids, 

oxygen, chlorides, nitrates, redox potentia ls and other factors which can 

influence corrosivity. 

In this connection it is relevant to refer again to Lewin's (1960) 

observation that, in precipita tion reactions, it is often necessary for 

the relevant ionic product t o be between 103 and 105 times greater than the 

normal solubility product value before precipitation actually occurs • 

This means that the effective value of k must be, 
-6 -4 ea 

behleen 5 x 10 and 5 x 10 so that, according to 

... 9 
not 5.12 x 10 ,but 

equation (10,13), the 

effective pH values of most waters ''Till be from 3 to 5 units higher than s 
the normal calculated va lues , i.e. most river waters should have very great 

potentia l corrosivity. 

In place of Ryznar's stability index, Dye (1958) introduc ed the 

momentary excess of ca lcium carbonate , that amount by which the calcium 

carbonate concentration in an aqueous solution exceeds the theoretical 

maximum as measured by the stability product. Similarly McCauley (1960A) 

introduced the driving forc e index , the r atio of the calcium carbonate 

concentra tion to that of the solubility product. Both these indices 

R,7/ 
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appear to be more useful than Ryznar's index (McCaul ey , 1960B; Dye , 1964) 

and the driving forc e -index in particular takes some account of Lewin's 

comment. 

However, even i f the basic postu l ate tha t the deposition of 

calcite makes for protection from corrosion is correct, it by no means 

follows that a posi t ive sa turation i ndex (or corresponding values of the 

other indices) i ndicates that a protective scale will necessarily be 

formed. The deposited solid phase could easi ly r emain in suspension as a 

turbidity or settle as n loo se and non- protecting sludge. The practical 

i mportance of pH in r egard to the corrosion of met a l s seems, in f act, to 
s 

have become great ly over-stressed in recent years. It does not s eem to be 

r eally such a fundamentally useful par ameter in this connection as i s 

gener a lly supposed, and clea r and convincing experimenta l evidence of its 

utility has never been produced. The f ac t that Langelier (1936) himself 

only claimed that his sa tura tion index denoted a pot enti ality appears to 

have become disregarded by l ater worker s . Ther e ar e many wat ers in Nct al 

with l a r ge negative sa tur etion indices which yet ar e used in public and 

private wat er supplies without any especial anti-corrosion treatment but 

without the appear ance of any very exceptionally heavy corrosion in pipes 

and fittings, so that one suspect s that the connection between pH and 
s 

the corr osion of meta l s i s l argely illusory. Indeed , i n Nat a l it seems 

often more reasonable to attribute cases of high corrosivity to high 

chloride content r at her than t o pH. However, the i mportance of pH with 
s s 

regard to the corrosion by wat ers of cement, concrete and asbesto s cement 

seems to be uncha llengeable . 

More recently (Larson and Skold, 1958; American Public Health 

Associa tion, 1965) an entirely different index of corrosivity has been 

suggested. Thi s i s defined as : 

R = 2 s + h 2 s + h 
= (10.17) e e 

In the neutra l pH range and in presence of dissolved oxygen, va lue s of 

this index less than about 0.2 are said to indicate general freedom from 

corr~sion to meta ls, whereas increasingly higher values are indicative of 

more corrosive waters. The value of this index R for each of the rivers 

concerned (calculated fro m the data of Table 8.3 is shown in the l ast 

column of Table 10.1. Using this criterion, 10 of the 22 rivers may be 

counted free from corrosivity, a lthough this bears very little rela tion 
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to the indicati9ns of the satura tion index. 

Notes on anti-corrosion water treatment 

Al though 1·'Je h:we expressed doubts as to the reGl \'forth of the 

pH in connection withcorrosivity, the f act r emains that anti-corrosion 
s 

water treatment ba sed on control of the pH is very widely practised. It 
s 

is of inte rest, therefore , to consider the application of our theoretical 

equations to this problem. 

First of all, we note that the rivers of Table 2,1 sho\"J the 

following aver age va lues: total a lkelinity 65.3 ppm as CnC0
3

, calcium 

10.9 ppm as Ca , pH value 7.85 and TDS 119 ppm (the l atter corresponding to 

'I = 0.946). From thes e vclues it i s r eadily seen that Q".1.03, e = 1.31 

-and a = 1.35. If the TDS of this average wa t er is supposed to become 

changed by simple dilution or concentration, the vDriation with the TDS of 

the pH can be found from equation (3.49) in its non-idea l form and that of 

the pH from equa tion (10.13). Figure 10.1 shows how these two parameters 
s 

change with the TDS under thb conditions supposed, and Figure 10.2 similarly 

shows the corre sponding changes in the saturation index. The velue of the 

corrosion index R defined by (10.17), however, remains constant as the TDS 

changes, its average value being 0.46. 

These variations may be taken as typical for Natal river waters 

(although, of course, waters of composition di f ferent from the average will 

behave somewhat differently). It is seen that the pH progressively 
s 

. decreases as the TDS rises, the pH is almost unchanged, while the saturat­

ion index has negative values at low TDS and rises to approach the value 

+ 1.0 at high TDS, becoming zero at a TDS of about 300 ppm, i.e. according 

to the Langelier hypothesis the water is potentiallY corrosive at low TDS 

but scale-forming at high TDS. Thi s of course does not mean that the 

saturation index of a water may be raised merely by increasing the TDS 

(e.g. by adding sodium chloride), for the addition of salts in this way 

would so change the chemica l composition of the water that Figures 10.1 

and 10.2 would no longer apply. 

Clearly a scale-forming water can be made stable, i. e . zero 

saturation index, by any treatment that ,'lill reduce the pH and/or increase 

the pHs. Both these effects may be achieved by the addition of acids, and 

in practic& the water can be stabilised by gassing it with carbon dioxide 

or by dosing it with sulphuric or hydrochloric ' acid. Since most river 

.mters of Na t al (at least, most of those used as water supplies) have 
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negative saturation indices, as shown by Table 10.1, this problem does not 

usually arise in this Province. 

The more common waters with negative saturation index can simi­

larly be stabilised by any treatment that will r aise the pH and/or decrea se 

the pH. Dosing "l'Ti th bases or soluble carbonates or bicarbonates will have 
s 

the desired effect, but the most efficient treatment is dosing with lime 

(ca lcium hydroxide, Ca (OH)2) since this increases the pH and lowers the 

pH by a double action (increase of Rlkalinity and of calcium content -
s 

see equa tion (10.13)). 

A useful technique (Hoover, 1938; Cox, 1964) in working out a 

possible treatment i s to stir excess powdered ca lcium carbonate into a 

s ample of the rml water until equilibrium i s a ttained (this normally is a 

mntter of a few minutes, and can be checked by antilysis since at equilibrium 

the pH and pH must be equal). The required lime dose will be approximately 
s 

that which is necessary to produce in the ravl water the same total alka-

linity or the same pH a s after the calcium cnrbonate treatment (the 

addition of ca lcium carbonat e necessarily changes the tota l carbonic acid 

content of the water whilst the addition of lime does not so that the lime 

dos e is only approximated by this technique, but the discrepancy cannot be 

great unless tho lime dose is l arge). The actual dose can therefore be 

established by trial or obtained from the simple r el a tion: 

Lime dose (ppm) = x 0.74 ( 10.18) 

where At is the a lkalinity of the sample aft er calcium carbonate and Ar 

that of the raw water, both expressed as ppm of Ca C0
3

• Where Ar exceeds 

At the r aw vmter is sca l e-forming and can be dosed with sulphuric acid, 

the approximate dose being obtained i n similar f ashion: 

Sulphuric acid dose (ppm) = (A
r 

- At) (10.19) 

The theoretica l calcula tion of the lime dose necessary for a 

weter with a negative sa turation index i s not simple because of the compli­

cated ma thematical forms of the equations involved. In outline, it may be 

accomplished approximately, a s follows. Let x ppm be the amount of lime 

added. The alkalinity of the treated water then becomes (A + 1.35 x) ppm 

CaCO and the calcium content (Ca + 0.541 x) ppm, where A and Ca are the 
3 

va lues in the r m-l water. On the assumption that the dosing does not 

materially change the TDS and hence leaves Y at its rm{ ,mter va lue, the 
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pH of the treated water can be found from equation (10.13) an~ the pH 
s 

value from the non-idea l form of the relevant one of equations (3.49) -

(3.51). If these results for various values of x are plotted, the v~lue 

of x for which pH ~ pH can be found and will be the required limo dose. 
s 

The value of the pH a t this value will be that of the treated wa ter. 

When this procedure is appli ed to the "average Nat a l river w2. t er" 

discus s ed above i .t is found tho. t the pH at which, by treatment with lime, 

the water is stabilised vari es with the TDS a s shown in Figure 10.3. 

Clearly, w2ters of low TDS are only stabilised at high pH l evels. 

This gives ris e to practical difficulties. Acc epted standards 

for drinking wat er (World Henlth Org~nisation, 1963) specify tha t the pH 

v1l1uG should not exceed 8.5, whi I e Figure 10.3 shm"ls th.:\t, in gener al, a 

r aw water l'li th a TDS les s th 'ln about 100 ppm cannot be stabilised "lvi th 

lime and med this st [lndnrd. Similnr co.lcula tions Shov1 th[l t the use of 

soda ash instead of lime gives a lmost identical results. Further, the use 

of a ca lcium s alt, such a s ca lciuQ chloride, inst ead of lime can be ShOIID 

to require such extremely 12rge doses a s to be quite impracticable . 

Evidently the difficulty with low TDS water arises from their 

low buffering power, vThich means that the pH value becomes raised by the 

addition of lime or soda ash to a much greater extent that the pH becomes 
s 

lowered. It is readily shown that, at a TDS of 100 ppm the average Natal 

river ,vater has a buffer capacity B of 0.10, as has ' already been mentioned 

in chapter 9. 

There appears to be only one means of stabilising a water of low 

TDS and yet leaving its pH rea sonably 10\'1. This is by adding excess lime 

to bring the pH to below 8.5 and then adding sulphuric acid or gassing s 
v1i th carbon dioxide until the pH is reduced to the same level as the pH • 

s 
The second stage of this process ,rill Cause a small increase in the pH , 

s 
and this should be allowed for in the initial lime dose. But even this 

treatment may well fail if the TDS is too low. 

The lime dose required to produce a given pH in this lime-acid 
s 

treatment can be obtained approximately from equation (10.13). Assuming 

y to have the average value 0.946, letting A and Ca denot e their values 

in the raw water and pHs the desired value after adding x ppm of lime, 

that equation may be written first as: 

pHs = 11.46 - log (A + 1.35 x) (Ca + 0.541 x) (10.20) 

91/ ••••• . 



Be 

o 

(:j 
2 
o 
> 

::r: 
0.. 

100 

FIGU12I ... 10·3 

TDS in ppm 

2.00 

, 
, 

p~ of average Nota \ r\ver wate.r afte.r 
stab\\lso-tlon w·\th \ lmQ, 



-91-

and then as: 

(A + 1.35 x) (Ca + 0.541 x ) = antilog (11.46 - pH ) = X 
s 

(10.21) 

This is a simple quadratic in x whose solution, after introducing some 

numerical approxima tions which do not materially affect tho result, may 

be 1-rritten: 

<[1 x =j "2 (0;5 A + 1.4 Ca)2 - 1.4 (A Ca - X)] - ~ (0.5 A + 1.4 Ca) 

(10.22) 

If sulphuric acid is used in the second stage of the process, 

the necessary dose may be found by trial or obtained from the calculated 

* (idea l) titration curve of the limed water. A considerable simplifica tion 

arises if the fina l values of pH = pH can be chosen equa l to the initial 
s 

pH of the r aw wa ter. The nec essary sulphuric acid dose is then given 

very closely by: 

Sulphuric acid dose (ppm) = 1.35 x (10.23) 

It should be r emembered that most r aw wat ers need treatment to 

remove suspended solids. This commonly entails flocculation by the 

addi tion of aluminium sulphate and lime, and the treatment will ah m.ys have 

some effect on the pH ano. pH. The "raw Vl[:1. t s r" considered in the design of 
s 

pH correction tre£" tmEmt s should therefore be t aken a s th e water after the s 
addition of the flocculation r eagents. Oft en the two process es, floccu-

lation and pH correction, can be combined into one . 
s 

In vi ew of t he considerable expense of any form of pH correct ion , 
s 

it is clear that the whole subj ect of pH and corrosivity neods further 
s 

fundament a l investigation in order tha t its mnny doubtful aspects can be 

·clarified. 

* Alternatively, if pH = pH is chosen equal to 8.3, the sulphuric 
s 

acid dose will be tha t needed to reduce the va lue of e for the 

limed w9.ter to equa l its value of '3.. 
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11. HARDNESS 

Terminology 

Historic '111y, thE: hardnes s of a water "l'la S a par emeter designed 

to measure the soap-destroying p01l/'ers of the wat er and wa s early sho.-m to 

be related to the calcium and magnesium concentrations. It is a matter of 

elementary chemistry that di s solved calcium and magnesium s alts react "lith 

the soluble sodium (or. po t assium) compounds that constitute soap to form 

insoluble substances by a simple process of double decomposition: 

Ca X + 2 (Na soap) --> (Ca soap) + Na
2 

X 

and the detergent powers of the soap are not manifest until such reactions 

have first removed most of the dissolved calcium and magnesium salts. 

Total hardness may therefore be unambiguous ly defined as the sum of the 

calcium and magnesium concentrations in the water, expressed in any 

convenient units. 

Metals such a s iron, aluminium, manganese, strontium and zinc can 

a lso give rise to the precipita tion of soap, but these do not usually occur 

in appreciable concentrations in natura l waters and so need not be consider­

ed here. 

Heating any wat er where 0 < e < 2a expels carbonic acid, converts 

dissolved bicarbonates to carbonat es and causes the pH to rise. Some or 

all of the tota l hardness may thereby be caused to precipita te as a sludge 

or scale of insoluble cnlcium and magnesium compounds. The total hardness 

will thus be r educed, and that part of it which is so removable by heating 

is t ermed the temporary hardness. The remainder, which is not removable 

in this way, is t ermed the per manent hardness. 

Confining our a ttention to dissolved calcium and magnesium only, 

if the tota l hnrdness in equivalents per litre is denoted by i it is clear 

that: . 

i = 2 (c + m) ( 11.1) 

In practical units the tota l hardness is usually expressed as ppm of 

Ca C03. If I is the tota l hardness in these units, then: 

I = 10
5 

(c + m) =100 (c + m) (11.2) 

Since the tota l a lkalinity of the water in equivalents per litre is 
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defined by (3.42) as: 

e = 2c + 2m + n + p - 2s - h (1l.3) 

we can writ e : 

e = i + z (1l.4) 

\<There z is defined as: 

z = n + p - 2s - h (11.5) 

The quantity z may be t ermed the soda a~alinity of the wat er. In practi­

cal units ·of ppD Ca C0
3 

its value will be : 

Z = A - I (1l.6) 

Clearly h vo dist inct possi bili ties arise : 

(a ) z > ° 
The soda a lkalinity will be a true ne t alkalinity, and in an 

ordinary wa ter containing carbonic [!cid it ,Jill be stoicheiometrically 

combined to form bicarbona tes or carbonates. When carbonic acid is 

driven off from such a wa t er, the bicarbonates will be converted to 

carbonates and the pH r aised so tha t calcium and magnesium compounds 

may be precipita t ed • . The precipitation will not necessarily be 

complet e becaus E; of the SD18 11 but definit e solubilitie s of the prGci­

pitot ed substances, e .g. T~ylor (1958) sta t es tha t, on an aV8rage , 

about 20 ppm of the total h~rdness expressed a s Ca C0
3 

re~~ins in 

solution. Conversely, if the initial calcium and Da~1esiUIil concen­

trations are less than these va lues, no precipitation can occur at 

all. In general, then, waters of this type will have temporary 

ha rdness and a sna Il permanent hardness, but there will be some 

instances (mainly w[.t ers of low TDS) where the hnrdness must be 

counted a s 1vholly per manent. 

(b) z < ° 
The soda alkalinity now has a negative va lue and is strictly a ne t 

acidity. Any calcium and magnesium that are present will therefore 

be combined partly with this net acidity a s sUlphates and chlorides, 

and partly with the carbonic acid as bicarbonates and carbonates. 

It is therefore possible to distinguish between non-carbonic hardness 

and carbonic hardness. The former will be equal to -z equiva lents 

per litre or (I - A) ppm of CaC0
3

, the latter will be equal to 
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i + z = e equivalent s per litre or A ppm of CaC0
3 

(for a wat er 

where z > 0, the t ota l hardness will be vlholly of the carbonic t ype 

and t he non-carbonic hardness will be zero). A wat er ,nth z < 0 will 

a l so increase in pH when carbonic acid i s removed from it, and t he 

precipitation of calcium and magnesium compounds may therefore occur 

just as in t he previous case, i. e. the water will usua lly sholT 

t emporar y har dness and wi ll a l ways show per manent hardness , However, 

t he proportion of combined carbonic acid i n thi s "rat er is necessarily 

l es s , r el ative to the total hardness . It 'would therefore be expected 

that t he lo s s of ca r bonic acid wou l d not have such ext ensive conse­

quences , i. e . the water of t his t ype would i n gener a l have a gr eat er 

permanent hardnes s . 

Wha t vTe have above t ermed thE;! "carbonic hardness" is r ef erred to 

by other authors, e . g . Nordell (19 51), as the "bicarbonat e" or "carbonat e " 

hardness , or even t he "temporary " hardnes s . Similarly what we have t er med 

th E;! "non-car bonic hardness" i s a lternatively t "rmed the "non-carbonate \I or 

even "permanent " har dne s s . The t erms "bicarbonat e ", "carbonat e" and "non­

car bonat e" ar c confusi ng \.,hen so used, ,vhile it i s clear that to define 

"temporary" and "permanent" hardnes s in thi s way bears no r el a tion to the 

origi nal meaning of these t erms. In the pres ent work , for the sake of 

logic and consi s t ency , He shall adhe r e t o the origi na l meanings of t emporary 

and permanont ha rdness and use the additional names as we have introduced 

them above , vi z: 

soda alkalinity 

carbonic harlli~ess 

z = e - i or Z = A - I 

i or I provided z > 0; otherwise the ba l ance 

of t he hnrdness 

non-car bonic har dness - z = i - e or - Z I - A provided z < 0; 

other wi se zero. 

De t ermination of t emporar y hardnes s 

The anal ytical procedure for the det ermina tion of t emporary 

hardness (see Vogel, 1951) i s si mple in pri nciple . A sample of the wa t er 

i s boiled, t aking car e t o minimi se evaporation lo s s es, a llowed to cool, 

and filt er ed. The tota l hardnes s of t he filtrat e is then de t ermi ned, e. g . 

by versenate titra tion. The r esult is the permanent hardness of the 

wat er . The temp or ary hardness is then found by subtracting this va lue 

from the separ ately determined tota l hardness of the origina l wat er. 
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The procedure is liable to many errors, arising for example 

from evaporation losses, uptake of ca~bon dioxide during cooling and lack 

of equilibrium between the solid and aqueous phases at the time 'of filtra­

tion. Also it seems doubtful whether the results can have much direct 

practical applica tion since the physical conditions of the determination 

are not very closely relat ed to those of practical water engineering, 

e.g. the conditions within a domestic wat er heat er where the possible 

deposition of sca l e could present problems of ma jor importance. Filtering 

the boiled sample while hot would give rather different analytical results 

and would bo more close ly r elevant to many practica l applications, a lthough 

it would probably introduce additional expe rimenta l errors. 

It seems to be because of obj ections of this kind that the 

ana lytical determination of t emporary hardnes s , according to its origi nal 

definition, is l argely omitt ed nowadays a s a routine procedure. 

Calcula tion of the temporary and permanent hardnesses 

To attempt the theoretica l ca lcula tion of the temporary and 

permanent hardnesses of a water, as definod above , i s an extremely diffi­

cult t a sk which, as f ar a s is known, ha s not been a tt empted hitherto. 

The f ect that the analytica l determination of temporary hardness 

involves the cold filtration of the boiled w~ter sample means tha t, for 

purposGs of ca lcula tion , we need only know thu v~lues of the various 

dissocia tion and solubility const ants a t room temper ature. Otherwise, i n 

the absence of knowledge of their va lues near t he boiling point, ca lcu­

l a tion would not be possi bl e . 

Although the wa ter is boiled during the experimenta l procedure, 

thi s serves only to r emove exc oss carbonic acid. In a theoretical treat­

ment we may picture the r emova l a s proceeding a t room t emperature, i. e . 

we mer ely suppose the concentra tion a to decrease progressively until 

bicarbonat es are convGrted to carbonat es so tha t a = t e. The pH is 

thereby increased. 

The hydrion concentre tion a t a = t e i s given ideally by 

equa tion (3.52) provided th e ca lcium and magnesium concentrations ar e not 

appreciable . This condition is most prObably not satisfi ed closely 

enough for the applicntion we are now attempting and for accurate results 

we should therefore use , not (3.52) which is itself a special solution 

of (3.41), but a form of the more genera l equation (3.40). This, 

however, is too cumb8rsome for easy manipulation and we have no choice 
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but to use (3.52). Our trea tment cannot ther efo're be very accurate, but it 

should certainly provide a correct qualitative picture of the hc.rdness 

properties of ordinnry vmters. 

Since the r esults will not be qunntitatively exact, we may 

further si mplify matters by a ssuming ideal conditions (Y = 1.000). 

When 1 
Cl = 2" e , the ,mter may deposit magnesium and calcium 

hydroxides and cc.rbona t c.'s , provided certr in condi tions are fulfilled. 

These conditions aris e from the solubility product r ebtions (6 .1S) , 

(6 . 24), (6 . 25 ) and (6 .30) and , by thG use of (3. 25) and (3.24), may be 

wri tten : 

for Mg (OH) 2 
k H (k + K H) 

> m w D m 
k 2 K 

(11.7) 

w m 

for Ca (OH)2 
k H (k + K H) 

> c w c c 
k 2 K 

(ll. S) 

w c 

k (kw + Km H) (H
2 

+ Kl H + Kl K2) for MgC0
3 > ma m 

a K K2 K H 
1 m 

(n. 9) 

k (k + Kc H) (H
2 

+ Kl H + K
l
K

2
) c > ~ca~~w~~~ ________ ~ ____ ~ (1l.10) 

El Kl K2 Kc H 

The calculated liDiting values which must be exceeded before these COm­

pounds precipita t e ar e therefore as ShOlqll in Table 11.1 for various values 

of a. From t hese results it Day be deduced that magnesiu1". hydroxide "ill 

be precipitnt ed from most wa t er s , ca lcium hydroxide will not usually be 

precipitated, magnesium ca rbonat e may be precipitat ed from wat ers of very 

high TDS (above about 2000 ppm) and ca lcium carbonat e will be precipita t ed 

froD mos t \V'at Gr s . 

Hence,if we consider norma l surfa ce wat ers \',i th TDS belov, 

2000 ppm, we need only be concerned with the precipitation of magnesium 

hydroxi de and calciuD carbonat e . 

We therefore SUppose tha t such a wat er i s changed in co'mposi tion 

in two stages. First, carbonic acid i s r emoved until a = t e. Second, 

the precipita tion of magnesium hydroxide and/or ca lcium cf1.rbonat e occurs 

until equilibriun is ext ablished. In this s eoond stage, each mole of 
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precipitnte t hnt i s formed COrresponds wo one additional mole of carbonic 

acid becoming lost , either to the atnosphere ~s carbon dioxide or to the 

solid phase i n chemical combination: 

2+ 2- I 
Co. + C0

3 
-. -. - > Co.C0

3
" 

At t he some time ther e i s a correspcnding decre&sG in the toto.l al kalinity , 

so that the condi t i on a = t e i s a l ways mai ntained during thi s stage of 

the process . As precipitation occurs th8 pH must f all, consequent upon 

the si mu ltaneous decr ease i n a , o.s shown i n T~b le 11.1, and this ,ri ll 

continue until the equilibrium val ues of m o.nd c ar e r eo.ched . The whole 

process vrill t hen stop. 

a 

10 
- 2 

10-3 

10-4 

lO-5 

10-6 

pH 

11.13 

10. 56 

9. 87 

8 . 98 

8 .00 

To.ble 11.1 

Limiting values of m and c at 

various ,vo.l ues of a 

m for c for 
Mg(OH) 2 Ca (OH) 2 

1.13 x 10-5 3.03 

1.17 x 10-4 4.05 x 10 

2.58 x 10-3 9.62 x 102 

1.50 x 10-1 5. 70 x lO4 

1.33 x 10 
5.26 x 10

6 

m for 
MgC0

3 

2. 87 x 10-3 

2.94 x lO-2 

6 .50 x lO-l 

3.81 x 10 

3.52 x 103 

Three cases in general are possible: 

c for 
CaC0

3 

6.20 x 10-7 

8.23 x 10-5 

2.00 x 10-4 

1.20 x 10-2 

1.11 

(a) Both Mg(OH)2 and CaCO, are precipitated 

Let e' be the final alka linity of the water. The final concentration 

of total carbonic acid i s then a' = t e' and the final concentration 

of hydrions is given by equation (3.52). The final magnesium and 

calcium concentrations are then, from (11.7) and (11.10): 

m' = 
k H (k + K H) 

m w m 

k 2 K 
w m 

c' = _2_k_c::;.:;a:::...-(_k w.:.:...-+_K..;::c_H_)_(_H_2_+_K-=1:-H_+_K':'l K~2) 
e' Kl K2 Kc H 

(11.11) 

. (11.12) 

98/ ••••• 



-98-

These relations yield the values shown in Table 11.2 over the 

range of e' of greatest interest. 

Table 11.2 

Equilibrium concentrations as functions of e' 

e' m' c' H pH 

10-2 
2.14 x 10 -5 1.30 x 10 

-6 
1.08 x 10-11 

10.97 

8 x 10-3 2.66 x 10 -5 1.66 x 10 -6 1.22 x 10-11 
10.91 

6 x 10-3 3.55 x 10 -5 2,25 x 10 
-6 1.44 x 10-11 

10.84 

4 x 10-3 5.40 x 10 -5 3.61 x 10 
-6 1.81 x 10-11 

10,74 

2 x 10-3 -4 1.16 x 10 8.21 x 10 -6 2. 74 x 10-11 
10,56 

10-3 -4 2.67 x 10 1.98 x 10 -5 4.25 x 10-11 
10.37 

8 x 10-4 -4 3.55 x 10 2.64 x 10 -5 4.93 x 10-
11 

10 • .31 

6 x 10-4 
5.19 x 10 -4 -5 3.91 x '10 6.00 x 10-11 

10.22 

4 x 10-4 
9.14 x 10 -4 6.96 x 10 -5 8.01 x 10-11 

10.10 

2 x 10-4 
2.57 x 10 -3 2.00 x 10 

-4 ' 1.36 x 10-10 
9.87 

10-4 -3 8.01 x 10 6.31 x 10 -4 2.41 x 10-10 
9.62 

In this range, it is found that log m', log c' and log H can be 

represented very closely as linear functions of log e', thus: 

4 log m' = - 7.5667 - /3 log e' 

4 log c' = - 8.5499 - /3 log e' 

2 
log H = - 12.4539 - /3 log e' 

(11.13) 

(11.14) 

(11.15) 

By subtraction, it is readily found from these relations that: 

I m = 9.62 c' (11.16) 

From (11.3) and (11.5): 

e' = 2 c' + 2 m' + z (ll.l7) 

",here z is the soda alkalinity, positive or negative and the same 

in the final as in the initial state. Inserting (11.16): 

e' = 21.2 0' + z (11.18) 

and on substituting this in (11.14) we obtain: 

log c' = - 8,5499 - 4/3 log (21.2 c' + z) 

99/ ••••• 

(11.19) 



-99-

which, in t erms of millimolar unit s , may be written: 

log 0" = - 1. 5499 - 4/ 3 log (21. 2 c' + z) 

Values of c' which sati s f y t his for various values of z (found by a 

graphica l solu t ion) ar e as i n Table ~1.3. By plotting thes e values 

of 01 against z as independent variab l e , the value of 0' for any 

particular case can be road off nnd the corre sponding value of m' 

may be found f r om (11.16) in t he form: 

iii' = 9. 62 0' (11.21) 

The permanent hardness of t he "vat er will thus be , in milliequiva l ent s 

per litre: 

= 0' + m' = (11.22) 

or, in ppm of Ca C0
3

: 

Ph = 1062 0' (11.23) 

and the temporary hardnes s , a s ppm of CaC0
3 

will be : 

(11.24) 

(b) Only CaCO, is precipitated 

When the working for the previous ca se (a ) is applied to a wa t er 

which precipita tes ca lcium carbonat e but not magnesium hydroxide, 

it nec ~ssari1y ensues t hat the value calculated for iii' exceeds tho 

value of iii in the original wat er. In such a ca se the final alka­

linity of the wat er mus t be, not tha t given by (11.17), but r a ther: 

e' = 2 c' + 2 m + z (11.25) 

Equation (11.19) w~st t he r efore now be r eplaced by: 

4 log c' = - 8.5499 - /3 log (2c' + 2 m + z) (11.26) 

which may be written : 

log 0' - 1.5499 4/ 3 log (2 0' + 2 iii + z) (11.27) 

Values of 0' which satisfy this for various values of (2 iii + "Z), 
again obtained by graphica l solution, ar e as in Table 11. 4 , and a 

plot of these against (2 m+ z) may pe used to find the value of 0' 
in any given case. 
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The permanent hardness, in ppm of CaC0
3 

will now be: 

Ph = 100 (c' + i) (11.28) 

and the temporary hardness is obtainable as bofore from (11.21). 

Tabl e 11.3 

Solutions of equa tion (11.20) 

-z c' 

+ 2.0 0.0098 

+ 1.0 0.0183 

0.0 0.0380 

- 1.0 0.0700 

- 2.0 0.1112 

Table 11. 4 

Solutions of equation (11.27) 

( 2 iii + z) . c' 

+ 2.0 0.0105 

+ 1.0 0.0258 

0.0 0.1458 

- 1.0 0.5530 

- 2.0 1.0338 

(c) No precipitation 

In this cas e , not only will iii' as calculat ed in (8) exceed ill, but 

a lso c' as calculated in (b) will exceed c. The permament hardness 

is now equal to the total hardness and ther e is no temporary 

hardness . 

Hardness in Natal rivers 

It is convenient at thi s stage to consider the hardnesses of the 

Natal rivers Of Table 2.1. Out of these 22 rivers, 3 have non-carbonic 

hardness (Nungwana, Umhlanga and Isipingo) and 4 have no t~mporary hardness 

(Sterk, Karkloof, Nungwana and Gogoshi), as shown by the oaloula ted 

results given in Table 11.5 ¥hich are Qbtained by the procedure described 
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Table 11,5 

Results of hardness calculations f or the rivers of Table 2.1 

ppm of CnC0-:s Substance 

TDS, i 
precipitated I as Th as Final 

R i v e r in ppm Tot a l Total Soda Permanent Temporary % of a;11 of pH 
a lkalinJ ty* hardness alkalinity hardness hardness CaC0

3 
rJIg(OH) 2 TDS I 

A I Z Ph Th 
I 

Sterk 41 23 17 6 17 0 - - 42 0 10.23 , 
I 

Illovo 41 28 21 7 17 4 + - 51 19 10. 24 

" Mooi 42 20 20 0 19 1 + , _ 48 5 10.17 

Karkloof {~ 2 24 16 8 16 0 - - 38 0 10.24 

Ingagane 
.. 

24 10.28 49 33 I 
21 12 16 5 + \ - 43 , 

, Lions 59 41 31 10 22 9 + - 53 29 10.32 

Nungwana . 60 17 20 - 3 20 0 - - 33 0 19.14 

Urngeni 69 36 29 7 21 8 + 1- 42 28 10.28 

Umgegu 77 tlr4 30 14 22 .. 8 + • - 39 27 10.36 

White Umfolozi 78 44 37 7 21 16 
, 

47 43 10;28 + -
Lenjane's 81 63 55 8 29 , 26 + - 68 47 10.37 

Tuge1a 85 69 57 12 29 28 + - 67 49 10 .• 40 

Sundays 95 77 58 19 32 26 + + 61 45 10. 46 

Gogoshi 108 14 10 4 10 0 - - 93 0 10.08 

Umvoti 116 64 47 17 26 21 + - 41 45 10. 41 

Umfol ozi 136 99 74 25 29 45 + + 54 61 10. 47 

Umzimkulwana 143 71 69 2 39 30 + + 48 44 10. 40 

Bloukrans 191 168 133 35 25 108 + + 70 81 · 10.51 
<~ 

Umhlanga 213 71 76 - 5 43 33 + + 36 43 ' 10.37 

Umzinyatshana 232 188 153 35 25 128 + + 66 

I 
84 10.51 

" 
Isipingo 320 66 99 -33 60 1/39 + + 31 39 10. 27 

i I ~ 

Mpushini ' 332 173 157 16 33 124 + + 47 79 10.45 

* Accords 1"lith the value of e in Table 8.3. 
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above. The absence of temporary hardness from the Gogoshi is clearly 

due to its anomalous chemica l composition, most of its TDS compri sing 

sodium chloride; in the other ins t ances it i s a result of the low TDS. 

The f a llacy involved in t aking the non-carbonic hardnes s (zero except 

in the three named cases) as r epresenting the permanent hardness is 

clearly shown by the t abula t ed dat a . 

The tota l har dnes ses r ange from 10 to 157 ppm a s CaC0
3 

or from 

31 to 93% of the TDS, but in no systematic manner. No wa t er va th TDS l ess 

than 95 ppm shows temporary ha r dness due to the precipitation of magnesium 

hydroxide , and no wat er vTi th TDS l es s than this shows a t emporary hardness 

exceeding 28 ppm as Ca C0
3 

or 49% of t ho tota l hardness. At higher l evels 

of TDS, however, t emporary hardness es up to 841~ of the tot a l hardness 

occur, although it is notnb l e t hat the t wo river s in thi s TDS r ange va t h 

non-carbonic hardnes s (Umhlang~ and Isipingo) each have a t emporary har d­

ness of only 30 - 40% of the tot al, i. e . much lower than the other river s 

of about the s ame TDS. 

A clas sifica tion of wat er s according to tota l h2rdness has been 

given by the Briti sh Mini s try of Hea lth and is quot ed by Klein (1957): 

Tota l hardness as 
ppm CaC0

3 
!@scription 

0 50 Soft 

50 100 Moder ately soft 

100 150 Sligh tly hard 

150 200 Moder at e l y hard 

200 300 Hard 

> 300 Very hard 

The wat ers of Table 11.5 mo stly f a ll in t he soft to s lightly hard groups . 

Taking thes e rivers as r epres entative of Natal rivers in gener a ] , 

it therefore appears thnt vTe can divide their waters into two main groups : 

(a) those with TDS below about 100 ppm, which usua lly are soft to moder­

ately soft, do not have t emporary hardness due to ~~gnesium hydroxide 

and ''lhose temporary hnrdnesses never exc eed 50% of the tota l hardnes s 

or 30 ppm as CaC0
3

; often the temporary hardness in this group is 

zero. 

(b) those with TDS above 100 ppm, which a r e usually slightly to very hard, 

may show t emporary hardnesses exceeding 50% of the total (unless 
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they possess non-carbonic hardness) and usually have temporary 

hardness due to both calcium carbonate and magnesium hydroxide. 

It i s interesting tha t the 100 ppm limit for TDS is the same 

value that we have suggested as "critical" in relation to buffer capacity 

(chapter 9) and anti-corrosion water treatment (chapter 10)'. 

For any water, the pH value after precipita tion of the temporar y 

hardness by removal of carbonic acid is gi ven approximately by equation 

(11.15) in the form: 

pH = 2 
9.32 + /3 log AI (11.29 ) 

where AI i s the final al kalinity in ppm of Ca C0
3 

and is equa l to (Z + Ph). 

For the 22 Natal rivers these final pH vnlues are shown in the l ast c.olumn 

of Table 11.5 and r ange from about 10.1 to 10.5, but experience shows that 

they are not r eliable, being 1 - 2 unit s too high. 

Errors of the calculations 

Errors in the theoretical treatment given above arise from two 

sources: (a ) the assumption of ideality and (b) the use of a form of 

equa tion (3.41) probably outside its pH r ange of applicability. It is 

virtually impossible to estimate quantitatively the effects of these two, 

except to say tha t (b) cannot be very import ant since the coefficients of 

c and m in the most gene r a l equation (3.40) do not depart greatly from 

2.00 except at r el atively high pH values . 

In Appendix D are given some r esult s which show that the ideal 

calcula tions ar e fairly well confirmed by actua l experiment. Discrepan­

cies appear to arise , hOvfever , for waters of very high magnesium content 

(50 ppm and more). Since such we t ers ar e not common, in Natal at least, 

whenever the TDS is r easonably low, it therefore appears that the calcu­

l ations can satisfactorily bo applied to most waters which have any 

potentia l domestic or industrial use, i. e . to most wat ers for which the 

calcula tions are ever likely to be of import ance. 

Variation of hardness with TDS 

It is clear that a water can show no temporary hardness if its 

TDS is too low, since th8 calcium and magnesium concentrations will be 

les's that their equilibrium values at a = t e and no precipitation ",rill 

ensue. It is also clear, since the molar equilibrium concentra tion of 

magnesium is about ten times thnt of calcium a lthough the molar magnesium 
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and calcium concentrations in most surface waters are of the same order 

of magnitude (see Table 2.1), that the deposition of temporary hardness 

always involves the precipitation of ca lcium carbonate but only that of 

magnesium hydroxide if the TDS of the water is sufficiently great . 

If a vlater i s supposed to increase steadily in TDS through 

simple concentration, vIi thout any other change of chemical composition, 

the varia tion of the temporary and permanent hardnesses will show some 

interes t ing features . There are thr ee cases to consider: 

(a) Z = 0 

(b) 

In this case the data of Table 11. 3 ShOvI that, once the TDS is 

sufficiently high for both calcium carbonate and magnesium hydroxide 

to precipitate together~ the permanent harcmess remains constant at 

38 ppm of CaC0
3

. This behaviour is shown schematically in Figure 

11.1(a).. The temporary hardness, at increasing TDS, approaches 100% 

of the total hardness, but can never actua lly attain this level 

because of the persisting 38 ppm of permanent hardness. 

Z > 0 , 
Here, once the TDS is sufficiently high, the permanent hardness 

decreases as the TDS increases , as in Figure ll.l(b). The temporary 

hardness, E'.S a percentage of the total, therefore climbs more r apidly 

than in the p~eceeding Case as the TDS continues to rise and earlier 

approaches more Closely to the 100% l evel. 

(c) Z < 0 

The permanent hardness nOl., increases as the TDS increases, as in 

Figure ll.l(c). As a percent age of the total, the temporary hardness 

rises very slowly with increasing TDS (it may even show a maximum 

under certain circumstances ) and eventually tends to a limit well 

below 1005'0. 

Figure II.? shows the three corresponding forms of the variation 

vli th TDS of the temporary hardness as percent of the total. Note that in 

each case there is a r ange of TDS where the temporary hardness is zero, 

then a range over which oply calcium carbonate is precipitated. Each CUrv8 

then shovlS a discontinuity and continues with a different gradient as 

magnesium hydroxide commences to deposit as well. 

The anomalous characteristics of the waters of the Umhlanga and 

Isipingo rivers, noted above, are now understandable as a consequence 'of 

their possessing non-carbonic hardness (case (c), Z < 0). 
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Note on the cold lime-soda process 

One extensively used method of water softening which depends 

upon the above theoretica l principles (although textbooks often give a 

quite inadequate theoretical explanation) is the cold lime-soda process. 

This consists of the addition of lime (calcium hydroxide) to the water 

being treated so that the pH is r aised and the following reactions are 

induced: 

Ca (OH)2 -> 2+ 
Ca + 2 OH 

- 2-
OH + HC0

3 
--> C0

3 
+ H2O 

Ca2+ + CO 2- --> 
3 

CaC0
3 

J. 

The net r esult of thes e is: 

so that most of the ca lcium already present as well a s all that added in 

the lime can usually be precipita ted. Addition of still more lime then 

causes the pH to rise still further until the additional reaction: 

is also induced. The net result of a ll four induced r eactions i s then: 

so that most of the original magnesium may no,·, be removed vli thout increase 

of the calcium content. The addition of lime thus results in a decrease 

of the total hardness. 

When sufficient lime has been added, dosing with soda ash (sodium 

carbonate) may follow, if considered necessary. This supplies further 

carbonate i ons so that a further precipitation of calcium carbonate may 

result. 

The final product is a clear water with a reduced total hardness 

(Silt, organic matter, iron and manganese also being removed, as well as 

many bacteria) and a pH of anything up to about 11 (which can later be 

reduced if necessary by carbonation). In principle the doses required and 

the composition of the treated water can be calculated approximately by 

theoretica l methods similar to those used above for hardness calculations, 

but in practice the process is prone to involve delayed or partial 
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precipitation so tha t an empirica l approach is a lways nec essary. 

Details of the technology of the process have been given by 

Nordell (1951), Taylor (1958) and the American Wcter Works Association 

(1951) among others, including consider ntion of vnrious after-trentment 

processes designed to correct the final high pH and to prevent the slow 

,subsequent formation of precipitnt es fron supersnturated solutions. It 

appears thct, by using a lime dose chemically equiv~lent to about lt tin8s 

the carbonic hardness (i. a . 106 ppm of line per 100 ppm of carbonic 

hardness as Ca C0
3
), thi s form of hnrdnes s moy be r educ ed to about 30 ppm 

a s CnC0
3

• About 10% of the magnesium will be precipitat ed, the r est of 

the reduction being due to precipit !:'. tion of calcium carbonate. By using 

a soda a sh dose cheoically equivalent to about ha lf the non-carbonic hard­

ness (i.e. 53 ppm of soda ash per 100 ppm of non-carbonic hardness as 

CaC0
3

), this form of hardness may a lso be appreciably reduced. These are 

empirica l findings which mus t be experinentelly checked ~n every case, and 

it must be borne in mind that r esults obtained on the works scale may, 

because of supersaturation and delayed precipitation, be quite different 

from those obtained in the l aboratory. 
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PART III RIVERS OF NATAL 
===--=== =========== 

12. THE PHYSIOGRAPHY OF RIVERS 

Physiographic zonation 

The course of any river i s mainly controlled by t he topography 

of the country over which it flows , since it will usually follow the path 

of steepest descent from its source t o the sea (the exceptions to this 

comprise those cases where the course was initiat ed by an ancient topography 

,.Thich has subsequently changed). However,. as soon as it starts to flow the 

river commences to erode the soil or rock over which it passes, rapidly 

cutting a bed or channel f or itself and, i n the cours e of geological time , 

even causing marked alterations i n the topography of its catchment area. 

The moving water carri es with it a certain amount of solid matter, either 

small rock particles in suspension or l arger bodies (sand grains, pebbles 

or even boulders) which it rolls along the river bed. Where the water runs 

r apidly, the load of solid materi al that it transports i s l arge and acts as 

a r asp to erode the bed still more. vfuer e the wat er runs slowly the load 

of solids i s small and i nstead of erosion there i s a deposition of the 

surplus solid matter which the water can no longer carry, so that pebble 

beds, sand banks, etc. ar e built up. 

Usually the source of the river lies in mountainous or hilly 

country wher e t he topography is one of s t eep s lopes . Though streams here 

may not be l ar ge in size , the current speeds ar e great so that erosion 

proceeds apace. 

Often, before r eaching the sea , the river flows across a coast el 

plain of almost l evel country. Here, though the river may be of ma jor size, 

it s current speed will be low so tha t much solid mat erial is deposited and 

that i n such a way ns to divert the wat er and cause it to meander in a 

slowly changing course acro ss a flat flood plain. 

The curve which result s when the distance of each point a long 

the course of t he rivbr from it s source is plotted against altitude is the 

profile of the river, and the river is said to be of a certain age accord­

ing to the char acteristics of its profile. 

The profile of Q typic~l moture river is sho~m in Figure 12.1. 

It is convenient to divide this into four zones, e~ch of which has different 
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physiographic char acteristics from the others. Close to the source is the 

alpine zone or region of mountain streams, end this is followed by the 

torrential zone or region of most r~pid descent. Erosion occurs predomi­

nantly in these zones. As the descent becomes less rapid the foothill zone 

occurs and here, where the current speed is less, there is a ba l ance 

between erosion and deposition. Following this comes the floodplain zone, 

the region of slowest descent where the water is no longer confined between 

banks and deposition occurs predominantly. The lowest reaches of this 

zone, where the water level rises and f oIls with the tide and where the 

freshwater of the river becomes mixed with the salt water of the sea, 

constitute the estuary. 

With a young river, the floodplain and perhaps the foothill zone 

is missing and over the whole course erosion proceeds r apidly. As the 

river comes to maturity a floodplain zone develops and grows, an~ os it 

passes into old age the a lpine and then the torrential zone becomes 

smaller and disappears as erosion scours away the mountains and levels the 

topography. 

Differential movements of the sea and land surfaces in geological 

time can CaUse changes in the profile so that an old river can become 

rejuvenated or a young one prematurely aged. Again, a river may show a 

repetition of some of its zones, e.g. the foothill zone may lie on an 

elevated plateau an I hence be followed by another torrential zone as the 

water runs over the edge of tho pla teau. 

The zonation of a river i s usua lly regarded as of particuler 

importance to tho hydrobiologist since difforences of altitude (hence of 

temperature), current speed, load of solids and nature of the river bed 

presumably markedly influence tho flora and fauna of the wa ter so that the 

species inhabiting one zone are quite different from those found in another. 

However, results obtained by Schoonbee (1964) during a hydrobiological 

study of the Umgeni rivGr have suggested that these effects are sometimes 

not so pronounced as is often supposed. 

River zona tion in Natal is usually more complex than elsewhere. 

The Province is bounded inland by the Drakensperg escarpment, and from 

there the ground falls away to the coast in a series of erosion terraces. 

Most of the rivers th~t reach the sea course: t~rough narrow gorge-like 

valleys cut into rugged country in their lower portions, although higher 

up they flow with low gradient over open rolling country and there show 

ox-bows and meanders; This is a consequence of the Natal Monocline, an 
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extensive downwards flexure towards the coas t of the otherwise almost 

horizontally bedded rock strata, along an axis running roughly parallel to 

the coas t (King, ' 1951). The rivers have thus beed r e juvenated - the 

floodplain zones ar e not extensive and "drowned estuaries" nre common. 

Moreover the occurrence of f alls or r apids as the "mter passes dO vID from 

one erosion terrace to the next causes some zones to be repeated. 

In general, the actua l catchment ar ea of a river can a lso be 

divided into zones which correspond to those of the river profile , as 

shown in Figure 12.2. These catchment zones possess different potentiali­

ties of deve lopment and use (Whitmore , 1961) so that the development of 

any catchment for agriculture and industry usua lly follows one uniform 

pattern. The nlpine zone i s generally l eft undeveloped since it is often 

not r eadily nccessible. The first permanent agricultura l settlement 

usually occurs in the torrentia l and foothill zones, where dryland f arming 

is practised on account of the high r ainfall that these zones usually 

experience, and the torrentia l zone usually remains as the grazed, culti­

vated or forr est ed uplands of the catchment. Usually the r ainfall in the 

floodplain zone is relatively small so that here irrigation f arming must 

be practised once egriculture in the upper zones of the ca tchment has been 

estDblished. Diversion and storage works in the foothill zone therefore 

become necessary to ensure a stable supply of water, and consequently a 

competition for wat er between the floOdplain and foothill zones commencos. 

Urban and industria l development usually commenc es in the floodplain zone, 

and with this problems of river pollution begin to rise . The "mter supply 

must now s atisfy, not a stable, but a progress{vely incrensing demand. 

Once the demand forwnt er equals the availabl e supply, further economic 

development of the catchment will cease. Consequently in a fully developed 

cat chment Vlater storage must be verycarefu.lly planned, the upper zones 

of the catchment must be skilfully managed so as to ensure a stabilised 

run-off, pollution abatement and re-use of water must be practised, and 

a ll other sources of water must be exploited to the full. 

In Natal, this development pattern has been followed closely. 

The Province is still primarily am agricultura l one. Cattle are r aised 

over its whole area , and a lso sheep (except in the extreme north coastal 

r egion). lfmize (but not wheat) is gr~wn extensively but especia lly in the 

northern area s (again except in the extreme north coastal region) and 

citrus orchards are established in a belt extending from Mooi River to 

Durban (principally naartjies, with l~mons and some oranges and 
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grapefruit). Pineapples ar e grown a long t he coast to the north, sugar is 

cultivated a long the whole coas t a l belt except for its northern end, and 

forrestri es ar e developed along the co~s t and i n the Nat al Midlands . 

The popula tion of Nat a l i s concentrat ed a round Durban and 

Piet ermarit zburg , one quar ter of the tota l population (all r aces) being 

found in thi s region . Her e live most of t he Europeans. Bantu dl'lell all 

over the Province , but ar e conc ontrated i n and near the middl e and lower 

Tugel a b~ s in and i n a broad r egion along the coast and in the south - the 

constc. l belt i s i n f Qct sepnr nted fro m t he higher r egion of the Hidl311ds 

by an a lmost continuous belt of Bantu r es erves occupying the rugged 

country just i n l and fro m t he coas t. Coloureds and Asia tics ar e found 

predominantly in the coas t al bel t , esp8cia lly to the south of Durban . 

Ther e ar e no l ar ge citi es apart from Durban and Piet ermaritzburg , and 

Cl ccording to the 1960 census ther e v18r e t hen only 38 towns each ,'Ti t h a 

populat ion of more than 2000. I n the rura l areas the density of t he 

European popula tion is of the order of 1 per squ~re mile , whilst that of 

the Bantu popula tion on Europenn f arms is of the order of 100 per squar e 

mile . In the Bantu r eserves , howeve r, it ri ses in places to around 300 

per squar e mile . The densi t y of t he rural Asi atic population i s negligi bl e , 

people of this r ace being limited to t he town and villClges. 

Some of t he i nl and t owns ar e indus tria l centres on a r ol ativol y 

small sca l e , but mostly the l and surface of Nat nl i s given over to 

European f ar ms and B,'1.ntu r eserves , c. r eas of other t ypes (the coa l minos 

of Northern N8t~1, tho suga r growi ng ~rens, forrestries , nature r eserves ) 

being few in number and m2king up only a sm~ll fraction (just over 5%) of 

the tot c.l l and ar ecc _ Consequently it is apparent tha t most of the river 

ca tchments i n Na t al are at present i n an early s t age of development while 

only very few (including the Umgeni catchment in which stand both of the 

t wo ,ma jor citi ~s ) have r eached th~ stage of urbanisa tion and industriali­

sa tion, and of these only t he Umgeni catchment is approaching t he stage 

where water supply and demand ar e ba l anced. 

Climate and river flow 

The flow of a river i s almost Wholly derived from the run-off 

i n it s catchment. This in turn depends primarily upon the r ainfall but is 

a lso affected by such f nctors as topogr aphy, geology, pedology and land 

use . Moreover, since the area of the ground surface which contributes 

the run-off i s extremely l arge in compa~ison with the actual bed of the 
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river, there is a magnifying effect which makes the flow very sensitive to 

changes in run-off. 

The river flow thus shows a marked seasonal varintion, pcr allel 

to the seasona l variation of r ainfall. Where there are well-marked dry 

and r ainy seasons, there will be corresponding times of low and high river 

flow. In high l at itudes vThere fre ezing condi tions occur during one period 

of the year and vThere the precipit2tion then occurs as snow, the time of 

highest river flow will be when the annua l thaw sets in, and a similar 

effect will occur anywher e e lse if suffici ently heavy snowfalls are 

experienced. 

Superi mposed on the seasonal varintion will be variations of 

flow of shorter p0 riod, r epresenting the day-to-day vari a tion of precipi­

tation over the catchment. 

The effects of climate upon river flow in South Africa are 

particularly marked. I n the summer months (N·ovember to May) anticyclonGs 

ar e established over the Indian and Atlantic Oceans and f avour an influx 

of wnrm moist air on th e eastern side of the country . During this period 

86% of the Republic rec eives the bulk of its annual r cinfall. In winter 

(June to September) a prominent anticyclone arises over the centre of the 

country so thnt the flow of air from th8 east is prevented. Rain is then 

confined to the southern and western parts of the Cape Province, the r est 

of the country experiencing drought conditions. Over tho whole country 

the meen annual r ainfall is about 17.5 inches and is highest in the east 

(about 45 inches ), lowest in the west (1 - 2 inches or less). Prolonged 

he2VY r ains occur at times over vlide a reas, especially in the south and 

south-eost of the Cape Province, but the summer r ainfall of most of the 

country occurs with thunderstorms which reach their maximum frequency in 

February. The r ainfall can then be very intense for short periods (3.5 -

4 inches per hour in pnrt s of the Transvaal), often accompanied by hail. · 

Du . . t 0 rlng summer, m~xlmum emperatures of 90 -95 F nre f airly COIDffion 

and, since the greater portion of South Africa has an elevation of over 

3000 fe et, the evaporation r ate i s high. Hot vJinds (berg winds) are 

experienced in the coastal districts and dust storms can occur over the 

inland regions. In winter, t emperatures below freezing may occur inland; 

but frosts sufficient to fre Gze water are r are a long the coast. Snowfalls 

are confined to mountainous districts and occur most often (average 5 times 

per year) on the Drakensberg escarpment. 

111/ .... ~ 



-111-

The annual rainfall of Natal ranges from less than 25 inches at 

places inland to 45 inches or more at the coast and in the vicinity of the 

Drakensberg, of which some 70 80% falls in summer. Because of the high 

temperatures and 101'1 humidi tie:;; inland, many of the smaller streams there 

dry up completely during the vrint er (dry season) months, although all the 

major rivers maintain steady but much reduced flows (this behaviour in 

f act prevails throughout the summer rainfall areas of South Africa). Near 

the coast, rivers and streams ar e fed by the seepage of underground water 

working down fro m areas of higher a ltitude. For example, it i s estimated 

from figures quot 8d by Thomas (1951) that about half the average dry 

season flo w.of 200 cusecs in the lower Umgeni river i s due to underground 

water. 

The s teep contours and river gradi ents as well as the heavy 

suwner r ains make summer floods fr equent. In the smaller streams irregular 

flash floods often occur during lI'hich the flo\! may rise to at least 300 

times the seasonal aver ag6. Describing the occurrence of floods in the 

tributaries of the Tugela river, Oliff (1960) speaks of "a wall of muddy 

wat er 3 - 5 feet high advancing downstream bearing trees, animals and 

detritus" • 

The silt concentrations in the Natal rivers, because of such 

circumstanc es, ar e naturally high. Thus, as much as 2.78% of suspend8d 

solids has been r ecorded in the Tugela a t Bergville (Middleton and Oliff, 

1961), the average concentra tion at this s t ation being about 0.1%. Valuos 

of the order of 10% have been found in tho Umkomaas river. Although the 

river wa t ers ar e usua lly f airly clear during the dry season, the silt 

contents and turbidities rise to maximum va lues during the early stages of 

each flood, only to f a ll again as the flood continues even though the 

l evel of the wnt er r 8mnins high. High silt loads and turbidities are 

troublesome in water storage and purification works, but on the other 

hand the summer floods scour out the river beds and prevent the accumu­

lation of detritus that could otherwise give rise to conditions of gross 

pollution. 

The occurrence of brief periods of very high flow complicates 

statistical calculations concerning river flows, since a bias towards high 

values is thus introduced into means. By using a logarithmic transforma­

tion of the data, however, this bias can be largely eliminated. 
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Climate and TDS 

Clarke (1924 A) points out that where rainfall i s abundant, so 

also is vegetation. Organic matter then accumulates in the soil and pro­

vides a source of carbonic acid which serves to break dOvTll rocks. Abundant 

r ainfall (giving rise to l arge volumes of run-off which tend to dilute 

surface waters) and active rock decompositioR (tending to produce greater 

amount s of soluble salt s) thus have opposeQ. effects on the TDS, which 

remains moderate in value . 

In the colder parts of the temp erate zone, a lternations of 

freezing and thawing help to disintegrate th& rocks and make them more 

accessible to the action of percolating water, thus increasing the TDS. 

But where \vinter s are long and seVE:re the soil remains frozen during a 

large part of the year and the solvent action of water is then very s light 

so that the TDS of a river is generally low. In hot and arid regions, on 

the other hand, the TDS tends to be high owine to evaporation. 

Other f actors can 2ct so as to modify climatic effects very 

considerably. Pervious soils which can soak up 8. l arge proportion of the 

precipitation, releasing it only slowly by soepage to the rivt r s of tho 

r egion, 1-rill serve to even out vnriations in flow, and because the perco­

lating water has a l arger contact time with soluble materials the TDS will 

tend to li e above the l eve l thRt would other."ise be considered normal for 

the region concerned . Conversely , impervious soils which r etain only a 

small fraction of the precipitation will l end to extreme varia tions in the 

flow and cause the TDS ,"t times of flood to fall to abnormally low values. 

The formation of hard-pan in a SOil, resulting in almost the whole of the 

preCipita tion appearing as run-off, i s one way in which this may occur. 

No,'f the South African climato is not sufficiently humid nor. is 

the general r olief of the country suffiCiently low to f avour the accumu­

l ation of vegetab l e decomposition products and the formation of humus soils, 

except in a few a lluvial valleys. In fact, bec ~use of the fairly high 

diurna l temperature r ange and the strongly contrasted seasons over most of 

the country, mechanica l weathering of surface rocks is favoured. The 

episodic nature of the r ainfall aids in the removal of freshly formed rock 

fragments, so that no very grent depths of soil are formed and plant gro1"lth 

has little opportunity to establish itself and exercise a protective effect. 

In consequence soil erosion is active. The absence of a soil cover of any 

extensive thickness over the underlying rocks means that the run-off is 
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relatively high in comparison with the run-in. Hence the flow of South 

African rivers varies very greatly and the TDS during floods can fall to 

very low values. 

Early in the r ainy season changes of TDS of 40 ppm or more can 

occur ,in a very short time (less than a day) owing to the rise and fall of 

floods, fluctuations of the daily r uinfall oVer the catchment, etc. 

r1inimum TDS values occur vli th no definite periodicity and are usually 

accompanied by high turbidities. As the season progresses the soils of 

the catchment becom8 more wat erlogged, thus increasing the r a tio of run~off 

to run-in, and the TDS t ends to fall to a fairly steady seasonal minimum 

whilt: the flO H climbs to a maximum. 

As the dry season commences the TDS begins to increa se and the 

flm'l to drop. These trends are usually interrupted by the occurrence of 

occa sional rains but are resumed after each interruption so that a seasonal 

maximum TDS is eventua lly attained at the same time as a minimum flow. 

The onset of the first rains, however, immediately Causes departure from 

this state of affairs. 

Generally, the rainy s eason average TDS i s of the order of 0.5 

times the annual aver age, while the dry season average is of the order of 

1.5 times the annua l average, i.e. about 3 times th~ rainy season average . 

Correla tions between TDS, flo vl and conductivity 

Since the TDS of natural ~'laters i s due mainly to miner al salts , 

an indication of the value of the TDS is provided by the el ectrical conduc­

tivity of the wa t er. It iS,usua l to determine the conductivity, in micromho, 

of a 1 cm cube of the water and r educe the result to a standard temper ature 
o 

of 20 C. 

The conductivity is generally proportional to the TDS: 

Conductivity (micromho) x Factor = TDS (ppm) . 
and this r elationship i s 2. useful ch"ck upon TDS det crmina tions. The va lue 

of the f actor usually lies in the r ange 0.55 to 0.70, and in many cases 

can be taken as approximately 0.67. 

Because of the high mobilities of th~ hydrogen and hydroxyl ions, 

the f actor may be much lower than 0.55 if the water is exceptionally acidic 

or a lkaline. Bec3use of the effects of interionic 2.ttraction, the f actor 

may be greater than 0.70 if the TDS of the vlater is high. Also, if the 

water contains organic matter this will contribute to the TDS but not 
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usually to the conductivity (since it will be l argely colloidal and non­

ionic) and the proportionality f actor will then be high. Taylor (1958) 

states that, out of a number of wat ers examined in this way, the higher 

va lues of the f actor were given by pea ty waters - one of these gave a value 

as great as 1.25. 

Illustrations of this r el a tionship are provided by statistical 

examination of the results obtc.ined from various river surveys in South 

Africa, using in each case the method of l east squares to calculat e the 

va lue of the proportionality f actor aft or imposing the boundary condition 

t ha t the conductivity and TDS appraoch zero together: 

(a) From the results obtained by Oliff (1960) during a survey of the 

Tugela river system of Natal: 

TDS = 0.657 x cGnductivity 

valid up to 1120 micromho and associated with a standard error 

of estimate of 40.3 ppm in the TDS. This is an example of a 

normal river Hith a factor close to 0.67. 

(b) From the results obtained by Schoonbee and Kemo (1965) during a 

survey of the Umgeni river system of Natal: 

TDS = 0.661 x conductivity 

valid up to 978 micromho and associated 1ii th a standard error of 

estimate of TDS of 18.9 ppm. This closely resembles the Tugela 

result. 

(c) The results obtained by Harrison and Elsworth (1958) during their 

survey of the Great Berg river of the Wes t ern Cape gave: 

TDS = 1.105 x conductivity 

valid up to about 1000 micromho and associated with a standard error 

of estimate of TDS of 13.6 ppm. The water of this river contains 

organic matter, often sufficient to give it a distinct colour1 and the 

high value of the proportionality f actor is attributable to this. 

(d) The Jukskei riveD of the Witwatersrand, according to the results 

of Allanson (1961), gave the relation: 

TDS = 0,589 x conductivity 

This river is highly polluted and during the survey gave conductivity 

values of high prder, ranging from 406 to 6218 micromho. 
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It might be expected that an inverse correl ation would exist 

between t he conductivity of a river at a given point (or the TDS, since 

these vari ab les ar e corre l ated) and its flow. Any r elation between 

conducti vi ty aL1.d flm., woul d not be eX::lected to be linear in form, since 

at higb flow the conductivity should approach, not ZGro, but a mi nimum 

value of the order of that of r ain w&ter Dnd ~t .low flow it could become 

very high. The · expected form is ther efore hyperbolic, but vTOuld become 

approxi mate l y linear i f both variab l es ,vore logarithmically transformed: 

log Flow = A - B log conductivity 

';There A and Bar ... constants . 

Such r el e.tions do exist (but not at any point on a river below a 

dam which artificia lly r egul a t es the flow). For exampl e , Hem (1959) giv0s 

dat a for tho flo v{ and. conductivity of the; San Francisco river at Clifton, 

Arizone. , 1'lhich l ead to the r c:: l f.'. tionship: 

log Flow (cusecs) = 4.56 - . 0.932 log Conductivity (micromho) 

vli th a standard erro r of estimate of 0.20. Thi s standar d error is r el a­

tively high. It corresponds to a value of - 0.682 for the coeffi cient 

of corre l ation behleen the 10gE'.ri thms of f low and conducti vi ty which, 1vi th 

194 degr ees of freedom, is of high statistical significance though of 

r el ative ly low value . The r el ation ther efore does not provide any accurate 

estimat e of tho flo vT from measurement of the conductivity. 

Similarly for the Tugel a river of Na t nl, measured a t Colenso, 

ther e i s a statistic .~lly significant correlation (correl a tion coeffi cient 

- 0.316 .nth 85 dc::gre ~s of freedom), and a lso for the Umgeni river just 

above Nagl e Dam, the only dam on the river a t th~t time (correl a tion 

coeffici ent - 0.609 1rith 25 degr ees of fr eedom). I n neither case is the 

corre12t ion clos 0 enough to be of any practical us e . 

ThG absence of a close correl ation behlCen conductivity and flow 

may arise from two mai n causes. It may b8 due to the occurrence of i nt er­

mittent pollution. It mcy otherwise be due to the occurrence of sudden 

floods in the river, the first wat er s of a flood being of ten of higher 

conductivity than the l a ter wa t er s (Hem , 1959) because (a) the early run­

off can itself be highly saline , (b) the early flood water can pick up 

salts l eft i n the river channel by evaporation, and (c) the fir st water of 

the flood consists of wat er that was in transit in the channel before the 

rise of th8 river. Since South African rivers in general are subject to 
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sudden floods, they would not be expected to show close correlations of 

the nature discussed, although the seasonal variations of flow and TDS 

(or conductivity) do go hand~in-hand simply because floods are r a r e in the 

dry season. 

It is worth noting here that tho apparent flotT of a stream doe s 

not necessarily bear any relation to its real tota l flow. streams on 

sandy beds, for example , m,:)y appear completely dry and yet still be 

flO"ling at 20 cusecs or more "li thin the sand of the bed. Consequently 

accura te flo vT measurements are f ar more difficult to obtain than might be 

supposed, and it is only under very specinl circumstances tha t a flm·; 

figure of any reliability is provided by superfici-a l measurements. 

TDS and chemical composition 

It is clear from the above discussion that there is some relation 

between the flow of a river past a given point and the TDS of the water, 

even though that relation may not be a very definite one. But whether or 

not the chemica l analysis of the water i s also variable is not immediately 

apparent. 

Cammy (1942) has concluded that the concentrations of carbonate, 

calcium and magnesium in natural waters rise rapidly with the TDS until 

limiting values are reached at about 200 ppm. Higher TDS values are l a r gely 

due to increases in the sodium sulphate and chloride contents. 

Clarke (1924 B) observed t hat, although the waters from springs 

and wells may contain carbonates, sulphates or chlorides as their pre­

dominant salts, river wat ers mostly contain either carbonates or sulphat es, 

the former being the most common. According to Conway (1942), chloride 

predominates over sulphate in the more dilute rivers, sulphate becoming 

predominant in the most concentrated ones. 

Changes of flow may sometimes give rise to extonsive changes of 

composition. Clarke (1924 A) cites the ca se of the river Cheliff at Ksar­

Boghari, Algeria, studied by Ville in 1857. During low flow sulphates 

predominated in the "rater of this river, although chlorides became predomi­

nant when the flovl increased. This NBS attributed to the r eady solubility 

of sodium chloride, which was thus considered to be the salt most rapidly 

leached from the soil during a flood. 

The general trends discussed by Clarka and by Conway are not 

often observable in the waters of a single river since they relate to 

differences in magnitude of TDS which are of quite a different order from 
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those occurring in any one particular stream. On the other hand, it i s 

well-known that t here is often a correlation between the TDS and the 

concentrations of most of the ma jor solutes of a river (Woxholt, 1959 ). 

This i n turn i mplies that most of the composition changes shown by rivors 

(un18ss aff ect ed by pollution) are merely changes of dilution or concen­

tra tion, such as wi ll alter the TDS and the absolute magnitudes of the 

concentrntions but leave the r a tios behTeen the diffe rent solute concen­

tra tions unchanged. 

For this i mplication properly to be examined further, however, 

it is fir st nec essary to have some standardi sed means of expressing analy­

tica l r esul ts which wil l eliminate simple dilution effect s . Such a scheme 

of standardisa tion would have more practicEl l application a l so since , from 

the above discussion, 'it i s clear t ha t the TDS va lues of rivers are so 

variable that i t i s not usually possibl e to make any immediate compari son 

betwo",n tvlO different wat er samples . 
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13. THE STANDARDISATION OF WATER ANALYSES 

Possible procedures 

A widel y used means of s t andar di sing analytical result s is to 

express them, not i n t er ms of concent r a tions , but as percent ages of the 

TDS. Thi s scheme, hOVlever , suffer s from vj3.rious defects. 

The experimental determina tion of TDS (by evaporating a known 

volume of t he clari fied wat er to dryness and dehydrating and weighing the 

residue) i s liab l e to r elatively l a r ge errors . Traces of finely divided 

suspended matter, partial oxidation of organic mat erial, volatilisation 

and decomposition of solid salts and incomplet e r emova l of water of 

crystallisa t ion a l l contribut e to produc e spurious experiment a l values. 

Oft en the dri ed residue is hygroscopic and difficult to weigh accurately. 

Different workers advoca t e di f fe r ent dr ying t emper atures so that their 

r esults diverge somewhat. Even if all those di ff iculties are overcome, 

t he f act r emains that the solid mat eri a l fina lly obtained does not coinci de 

with the mat eria l originally present in solution (Hem, 1959). As an 

illust r ation of this l ast point, it may be noted tha t solutions of sodium 

bicarbonat e and sodium car bonat e containing 840 and 530 ppm respectivel y 

of the anhydrous salts both give experi emntal TDS values of 530 ppm because 

of the loss of ca r bon dioxide on evaporating t he bicarbonate solution. 

This l ast obj ection can still be valid if a ca lculated TDS i s 

used in place of an exporimenta l one . It c ~rt ainly holds if the TDS is 

calculat ed according t o equation (4. 6), since tho va lue given by this 

designedly r el at es to t he solid r esidue , not to the original solut ion. 

A differ ent basi s for t he ca lculation could meet this obj ection , but tho 

others would still r emai n valid. 

Even if th8 other solut e concentrations vary roughly in propor­

tion to the TDS, tha t of silica often do es not (see chapter 2). In f act 

the behaviour of silica i s often such t hat, if it i s expressed as a 

percentage of the TDS, many rivers will show a decrease in silica percen­

t age a s their TDS· rises? even though the percentages of the other solutes 

remain a lmost unchanged·. In other words, jus t because the silica concen­

trations of many rivers show such little varia tion, the percentage of 

silica in the TDS would be merely another way of expressing the TDS 

itself and as such would not be independent of dilution effects a t all. 
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No arithmetica l procedure can be designed to correct for this effect 

because it exhibits no great regularity and is not of a fully general 

occurrence - river s i n some parts of the world do not behave in this way . 

These considerations may be coupled with the conclusions of 

chapter 2 that s ilica in natura l waters i s often not ionic. Joint l y they 

suggest that it would be expedi ent to omit silica a ltogether from t he 

standardised ~nalysis . If this i s done , the i ndividua l solute concentra­

tions could in most cases be expr essed a s percentages, not of an experi­

mental or ca lculated TDS, but of the total ionisable solut es i n the wa t er. 

However , there r emains one practica l defect of any method of 

stc:!ndCt rdisation based on concent r ntions, namel y that it i s not stoicheio~ 

metric unles s the concGnt r ation units a r e molar or normal. Unless such 

units ar e used , the anal ysi s will never show i n a solut ion of mixed salts , 

for exampl e , tha t a particu l ar cation i s necessari l y linked with a parti­

cular anion, and likewi s e if tho concentra t i on of onE: of tho salts i s 

increased or another i s added it ,vi II nover show the perc ent ages of the 

corresponding cation and ani ons to increaso by dir ectly r el a t ed amounts. 

It therefor~ appear s tha t a satisfactory way of s t andardising 

water annl yses ",ould be to u t ilise th8 equival ent or mo l ar concentrations 

of all the ionic so lut es , i gnoring non-ionic ones, and to express each 

such concentretion as a p (-:; rcent nge of their total. 

rllo l a r percent ages 

Host of our theoretica l wo r k hes been expressed i n t orms of 

mo l a r (or mi llimolar) conc entrat i ons of tho acids and ba ses present·in the 

wat er (the Riccian solutes), the one exception being the total nl kalinity. 

Yet although tho l atter i s expr essed i n equiva l ents (or milliequival ents ) 

it s va lue is obtdnab l e fro m an equation (3.42) in which the experimental 

concentra tions appear in mo l a r units. We have even expressed the ionic 

ba l nnc e (7. 21) in terms of mo l a r unit s . 

I t rlOuld be possible to r ewrit e all the equations, r eplacing 

moles by equival ents . But this would give rise to a host of fractional 

coeffici ents, destroying the simplicity of many of the equations . It i s 

t herefore f ar preferable to keep to t he mola r units, This will only provo 

i~conveni ent , i n f act, i f ion-exchange processes ar e considered, 'and then 

it will be necessary to introduce other equntions like (3.42). , Such 

considerations ar e outside the s cope of the present work. ' 
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Therefore we propose to express any water analysi s in standard­

ised form by summing the millimo l ar concentrations of the i onised acids 

and bases present i n so l ut i on and expr essing each such concentration as a 

percentage of that sum. The resulting percentages will be r ef erred t o as 

the molar percent~ges of the so lutes in the water. 

This automatically limits the standardisati on to concern only tho 

ioni c so lut GS of the ~Jater and thus avoids any difficulties 'vi th silica . 

It can t ake: i nto account the po ssible presence of organic and unusual 

inor ganic acids and bc~s GS in polluted and nbnormal .. mt er s , but it must be 

remembered th2t such subst nnces vTil l interfere both with the calcu l c.tion 
, 

and determinati on of the tota l carbonic c.cid concentrat ion so that 

stand[1rdisGd analyses of these ,wt8rs must be calculated and interpreted 

with suit2bl e caution. From chapter 2 it is evident that only seven 

solutes (calcium, mngnesium, sodium and po t assium hydroxides together with 

carbonic, sulphuric and hydrochloric acids ) need nOrIDe.lly be consider ed i n 

the standar disati on calcula tions, since other so lut GS (excluding silica) 

r ar ely occur i n concentr :-, tions of more th.).n 1 ppm and their neglect will 

normally C,nuse no appreciable error ( especinlly so since o.nnlytic.''. l errors 

are usuC' lly of ,'1 l ar ger order.). 

It may be pointed out that the checking of the ionic balance and 

the calculation of the total carbonic acid conc ent ration r equire the molar 

concentrations to be calculated. The use of molar rather than any other 

form of percentages therefore does not add unduly to the arithmetical work. 

Examples 

To illust r ate the molar percentage concept we may use the analyses 

of rain and sea water given i n Table 8 .5, to which may be added the follow­

ing figures given by Clarke (1924 B) as representing a world average river 

"Those pH i s about 7.5: 

TDS, ppm 100 

'l;'otal a l kalinity , ppm CaC0
3 

60.8 

Ca , ppm 21.2 

I'1g, ppm 3.5 
Na , ppm 6.0 

K, ppm 2.2 

S04' ppm 12.6 

Cl, ppm 5.9 
Si0

2
, ppm .12.1 
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Each ana l ysi s fulfills the ionic bal ance , but '110 have seen 

(Chapter 8) tha~ vTe must take e = - 0.013 for the rain wat er and e = et 

for the sea water. For the river water we may take e as the mean of e c 

and e
t 

in t he usual vlay . I n Table 13.1 ar e given the r esults of r ecalcu-

l ating these analyses in t erms of millimolar concentrations, according to 

the methods of Appendix A. 

In Tabl e 13. 2 ar e given the molar percentages for these waters. 

From these , sinoe concentrat ion differ ences have been eliminat ed , some 

interesting comparisons dan be made . ~he hi gh molar percentages of sodium 

hydroxide and hydrochloric acid in sea 1"Tater are , of course , dnly to be 

expected. More worthy of comment is the extreme ly low molar percentage 

of carbonic acid and the f act that the molar percentage of magnesium hydro-_ 

xide i s over five times that of ca lcium hydroxide. The r ain water shows a 

closel y similar composition, . a lthough with a negative value of e (see 

chapter 8). Evi dent l y the dissolved substances in this sampl e have been 

derived l ar ge l y from the sea (see chapter 2). The river water differs 

markedly from thb others . Carbonic acid i s the predominant acid, the 

molar percentage of ca lcium hydroxide exceeds that of magnesium hydroxide 

and the proportions of sodium hydroxide and hydrochloric acid ar e greatly 

r educed. The value of e i s positive again. 

Further exampl 8s are provided by the ana l yses of Natal rivers 

given i n Tables 2.1 and 8.3. ThG molar percentages corresponding to these 

are shown in Table 13~ and it will be se~n that many of the irregul arities 

previously appar ent have now disap~eared . The l as t column of the Table 

shows th e: total mi llimolar concentra tion of ioni sed solutes in these wat er s . 

Tabl e 13.1 

Molar concentra tions of r ain, sea and river wa ter 

Rai n water Sea water River water 

y 1.000 0.297 0.952 
-e -0 •. 013 2.41 1.23 
-c 0.005 10. 3 0.530 
-m 0.0125 54.3 0.146 
-n 0.135 470 0.261 
-p 0.0051 9.97 0.0564 . 
-a 0.0.151 2.16 1.32 

B 0.0.177 28.3 0.131 

h 0.144 548 0.166 
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Table ·· 13.2 

Molar percentages of r ain, sea and river wa t er 

Rai n wat er Sea vmter River wa t er 

Ca (OH)2 1.5 0.9 20.3 

Jlig (OH) 2 3.7 4 .8 5.6 

NaOH 40. 4 41. 9 10.0 

KOH 1.5 0. 9 2.2 

H
2

C0
3 

. 4.5 0. 2 50.5 

H
2

SO
4 

5.3 2.5 5.0 

BCl 43~1 48 . 8 6.4 

Varia tion of t he molar percentages 

It is a logical consequenc e of t he ma t hematica l form of the 

molar perc entages tha t they must succeed i n eliminating dilution or concen­

tra tion effects from the analysis i n the desired manner. However, we mus t 

now enquire as to the constancy of t he perc entages in any given case. 

Since any wat er ana;tysi s necessarily contains errors, it i s 

evident that a seri es of analyses for samples from t he same point on a 

given river ,"lill show a r 211dom varia tion from thi s c8use , and this mus t be 

properly a llowed fo r when comparing the molar perc entages . Yet t her e i s but 

li ttle f irm information avaliab l e on anal ytica l errors . The American Public 

Health As sociation (1965 ) have i ncluded some dat a in their manua l of st an­

dard methods, but it i s not ver y clear just wha t the figures measure. The 

present author has ca r ried out 10 r eplicate ana l yses of a solution contai n­

ing 30 ppm of ca lcium, 15 ppm of magnesium, 100 ppm of sodium, 140 ppm of 

sulphat e and 80 ppm of chloride , with a total al kalinity of 80 ppm as CaC0
3

, 

and obtai ned t he f ollowing s t andard deviations: 

Ca 0.80 

Mg 0.57 

Na 4.51 

S04 3 . 24 

Cl 3.79 

Alkalini t y 0~66 

These do not accord ,"lith the above published dat a . Moreover, if an analysi s 

is checked by an ion ba l ance technique, the errors in the results finally 
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Table 13.3 

MolnI' percentnges ca lcu1.:J. t ed froD the enn1yses of Table 2.1 
I I 

I Molar percentages 
I Tota l 

R i v e I' : TDS, millirnoles/litre 
I pptl 

Ca (OH)2 Ng(OH)2 
I of ionised 

NaOH KOH H2C0
3 

I H SO HCl 
2 4 solutes 

Stork near Amb1eside 41 7.7 9.1 20.3 1.8 48 .5 0.0 12.6 1.007 

Il1ovo above Richmond 41 13.3 7.7 18.7 0.3 57.7 0.0 2.3 0.978 

Mooi above Mooi River 42 13·1 8 .2 13. 4 2.0 50.5 9.4 2.8 0.910 . 

Knrkloof at Shafton 42 9.8 7.9 20 .5 ' 1.4 55.0 0.0 5. 4 0.892 

Ingagane above A1cockspruit 49 10.5 7.0 15.7 7.7 54. f;. 2.6 2.1 1.191 

Lions near Lidgetton 59 10.9 9.7 15.8 ' 2 .. 0 60.2 1.2 0.2 1.509 

Nungwana near Nungwana Falls 60 7.6 8.1 23.7 0.2 27.0 0.0 33.4 1.281 

Umgeni at Nagle Dam 69 9.3 7.1 I 19.5 1.5 47.5 0.8 14.3 1. 761 

Umgega at Umfula 77 6.5 7.6 27.3 1.6 41.6 0.0 15. 4 2~138 

~~ite Umfolozi near Vryheid 78 lt~ . 7 7.2 3.1 
~-

9.5 60.6 1.4 3.5 1.670 

Lenjane1s at Lenjane's Drift 81 13 .7 10.3 12.3 3.3 56.6 1.0 2.8 2.302 

Tugela a t Colenso 85 13.9 10.6 12.0 0.8 60. 4- 0.8 1.5 2.318 

Sundays near Newcastle 95 ll.O 11.8 14.0 1.5 60.3 1.3 0.1 2.540 

Gogoshi near Mtunzini 108 2.1 1. 4 43.0 I 0.7 9.8 0.0 43.0 2.975 
. 

Umvoti at Bitakona 116 8.3 7.0 26~3 0.9 42 .6 2.5 12. 4- 3.056 

Umfolozi a t Mtuba tuba 136 8.2 8. 4 24.3 0.9 46 .0 0.0 12.2 4.443 

Uuzimkulwana at Baboons Castle 143 6.6 9.1 27.4 0.6 31.6 1.7 23.0 4 .382 

Bloukrans near Colenso 191 12.9 10.2 15.3 0.8 58.1 0.8 1.9 5.752 

Umhlanga at Trenance 213 3. 8 7.9 30.8 0.6 22.7 1.3 32.9 6.559 

Umzinyntshana near Dundee 232 10.3 13. 4 15.9 if ' 0 .5 56.7 1.2 2.0 6.482 

Isipingo near Inwabi 320 3.6 6.9 33.7 0.7 11.9 1.5 41. 7 9.510 

Mpushini near PieteI'tlaritzburg 332 7.7 8 .1 24.5 0.3 '37.0 0.5 21.9 9.939 

Mea n I 119 9. 4 8. 4 20.8 1.8 45.2 1.3 I 13.1 -
I 
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reported will not be the same as those determined for simple replications . 

Consequently all that can be done under the circumstances is to give a 

rough estimate of th0 magnitude of analytica l errors, and it is proposed 

to t ake the st andard devia tion of each dete rmina tion as 5% of the true 

r esult. This a t least appears of about the right order of magnitude~ 

Now if x. is t he molar concentra tion of any solute, the corr es­
l. 

ponding molar percentage will be: 

P. = 100 x./~ x. 
l. l. l. l. 

(13.1) 

where the summation ext ends over al l t he ionised solutes consider ed in 

calculcting the percentages. Assuming that, owing to compensa ting effects, 

the errors in ~ x. ar e negligible , the variance of p. i s given by: 
i l. l. 

var p. = (~y var x. (13.2) 
l. ~ X. l. 

i l. 

By a f amiliar theorem of statistics, if u and v ar e two independent 

variates: 

vnr (u - v) = var u + var v (13.3) 

Hence if U. i denotes the differ ence between two independent determina­

tions of p. : 
l. 

var fl . = 2 var p. 
l. l. 

= 2 (1QQ.... )2 
~ x. 
i l. 

var x. 
l. 

(13.4) 

Taking tho st<:ndard devia tion of x. as 5% of x. (see above), , .. e have: 
l. l. 

so that: 

var x. 
l. 

var D. . 
l. 

(0.05 x.)2 
l. 

= 

which, us ing (13.1) may be written: , 

and the standcrd deviation of II i is thus p~2/20, 

(13.5) 

(13.7) 
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This suggests that we can be 95% confident that, due to analytical 

error alone , Ll . (which is clearly distribut ed about a zero mean) 1rill not 
l. . 

exceed p;/2/l0, i.e. two st ::tndard deviations. In other words, two va lues 

of p. observed on different occasions should not differ more than 5 timos 
l. 

out of 100 occasions by more than about p./7. 
l. 

In T~ble 2 C of Appendix C ar e given the analyses of two differ-

ent snap s~mples fro m each of 14 unpolluted rivers of Natal, each pair of 

samples hoving been taken at different times from one sampling point. 

Each analysis fulfils the ionic balDnce, and the calculated molar percent-

ages are given i n Table 3 C. If p. i s taken as the mean of each pair of 
l. 

values , it i s found that out of all 98 pairs, 51 differ by more than p./7. 
l. 

This suggests tha t the differences between the p6rcentages are 

due to f actors additiona l to analytica l error, and that these rivers show 

rea l ch0mical variations beyond those due to simple dilution or concen­

tration. 

&lch chemical variations could arise in any river from several 

causes. Water rising to the surface from underground in the form of 

springs or seepage water draining from soil strata severnl feet in thickness 

would be expected to be of f airly high TDS and quite different in oompo­

sition from surface run-off which has had very little contact time with 

the ground surface and hence i s usually of low TDS. The composition of the 

river water would thus depend upon the proportions in which these two 

components are mixed into it, and this could vary from time to time. 

Similarly, r Qinfall can cause soluble materials accumulated on the ground 

surface to be washed into the river and so change the chemica l composition 

of its water. This would be p r:;rticularly marked w'ith the first r ains 

after a f airly long dry period. 

In addi t ion, the watE,r ~.,hich passes 2. given point along the 

course of a river is usually gathered from a set of large and small tribu­

t aries. If the total catchment area is l ar ge , r ain may on occasion fall 

over thE; catchment of one tributary but not over those of others.. The 

water will require a certain period of time after it has reached the 

ground surface before it passes the given point, and this period will be 

different for all the tributary ca tchments. Thus the water at the point 

concerned is likely to consist of a succession of different water m8sses, 

each derived from a different tributary catchment. There is evidence to 

support this hypothesis in that different types of suspended silt, each 

derived from its own particula r catchment, are known to arrive at a given 
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station along a river a t different times, according to the distribution 

of recent r ainfall, and Gach type of silt must necessarily move with the 

wat er in "thich it ' originally became ,suspended. Each of these vmter masses, 

since it has a different place of origin, has had a different history and 

is of a different age fro m those adj acent to it, is thus likely to have 

different chomica l characteristi cs. There will be no sharp line of demarc­

ation behreen one vwter mass and tho next because of diffusion and ~urbu­

lent mixing, but the r esult • .rill bo to produce perceptiblo differences in 

the analyses of samples t aken from the same place but at different times. 

A fourth possible cause of chemical variation in a river arises 

when it rec eives effluents of any kind. Most effluents are quite different 

in composition from river water and henc e cause composition changes in tho 

river. Since effluent flows can vary quit u independently of the river flow, 

the composition of the river wat or below the point of entry of an effluent 

is likely to vary in a quite complex manner. 

Of inter est in this connoction are the detailed results obtained 

by Malan (1959) during his investigation of the Wilge river of the Orange 

Free State. In the course of this work samples were taken daily at various 

sampling points over a period of a year (from 1957 to 1958). Where two or 

more successive samples did not differ in conductivity by more than 10 

micromho they were combined in equal proportions to form a composite sample, 

and in this way the samples from the Wilge at Frankfort for the whole year 

were reduced to 59 in number. Several of these did not fulfill the ionic 

balance, and on eliminating these there remain 44 analyses for the river at 

that point. These analyses are given in Table 4 C of Appendix C and the 

calculated molar percentages in Table 5 C. 

Inspection of these results suggests that there is some systema­

tic variation of the molar percentages with the conductivity, and in fact 

each molar percentage shows a highly significant degree of correlation with 

conductivity. In Table 13.4 are given, for each solute, the value of the 

coefficient of correlation between molar percentage and conductivity and 

the probability P that this value might arise by purely random effects. 

In each case the probability is exceedingly small. 

The values of the correlation coefficients are too 10vT to be of 

any practical utility, but they show that~ on ml average; the molar percen­

tages of calcium and magnesium hydroxides and the carbonic acid tend to 

increase as the conductivity increases whilst those of sodium and potass­

ium hydroxides and sulphuric and hydrochloric acids tend to decrease, 
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and it cannot be doubted that these variations are real. 

Hence it is clear that, a lthough the molar percentages are 

necessarily independent of simple dilution effects, in any particular 

river they may still shmv a f airly wide degree of variation because of 

real chemical variations ,vhich occur in tho wat er. 

Design of s~mpling programmes 

The above discussion ha s i m.dedi at G applicntion to the design of 

sempling progr ammes for t ho conduct of river surveys. 

The extent of t ho chemical varia tion ~nll evidently vary from 

one river to another so thDt it is not possible to say in advance for a 

given case what that extent will be. If any accurate and detailed know­

ledge is required of the mean and extreme chemica l compositions of the 

wa t er of a particular river, r egular and very fr equent sampling for at 

l east a full year (to cover the complet 8 river regime) is thus nocessnry. 

The data of Table 3 C suggests tha t often over 100 samples may be needed. 

Table 13.4 

Correlation of molar percentage and conductivity 

for the vlilge river 

Solute 
Correlation co effici ent between p 

molar percentage and conductivity 

Ca(OH)2 + 0.606 < 0.001 

f1g( OH) 2 + 0.557 < 0.001 

NaOH - 0.596 < 0.001 

KOH - 0.786 < 0.001 

H2C0
3 + 0.726 < 0.001 

H2SO
4 - 0.421 0.001 

HCl - 0.663 < 0.001 

However, from the practical point of view of water technology 

such details are not usually necessary. Such parameters as the buffer 

capElcity, pH, pHs and hnrdbess are not much affected by relatively extensive 

changes in the molar percentages, a s can be appreciated from the contents 

of earlier chapters, and it is only these chemical parameters together with 

the TDS tha t are usually of technological interest (excluding the investi­

ga tion of water pollution). Hence a very good ~dea of the average and 
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extreme values of technologicnl interest can be obtained from a mere two 

samples, taken at the height of the dry and rainy seasons so a s to covor 

virtually the full range of variation. Working according to this scheme 

means sacrificing more detailed information on grounds of economy, but it 

would be advisable to take some additional samples if the two analyses ar e 

found to differ markedly as shovm by their molar percentages. As n working 

cri t erion, vie may take the extreme vnlues of the differences betwoen pairs 

in Table 3 C, conveniently rounded off, and r egard molnr perc0ntages as 

disagr eeing if they differ by more than the following anounts: 

Ca (OH) 21 
l~g( OH) 2 

KOH j> 
H

2
S0

4 

1 

5 

NaOH 

HCl 
> 10 

J 

15 

Only 4 of the 14 rivers of Table 3 C show great er differences than these; 

the Mooi, 'Mpushini and Umvoti only just exceed one or two of the limits 

(HCl in each cnse, and H
2

S0
4 

for the Mooi) but the Ingngane shows quite 

l arge differences for NaOH, KOH, H
2

C0
3 

and H2S0
4

• 

Two samples should also normally suffice for the detection of 

pollution by chemical means, judging this not only from the samples from 

a single station but nlso from those frQm higher and lower stdions used 

as controls. Studies of the amount and degree of pollution in a particular 

case, however, constitutes a det ailed investigation for which a l arge 

number of samples is necessary. 

If, instead of comparing the analyses of sE:.Dlples t aken at 

different ti~es from a single station (as in Tables 2 C and 3 C), we 

compare those of samples taken at a lmost the same time (within a few hours) 

from stations severa l miles apart, the variation of the molar percentages 

is of a much sma ller degree (excluding, of course, cases whero a major 

tributary of quite differ ent composition or a l arge load of polluting 

mat eria l ent ~rs the river between the two stations). This is illustrated 

by the data of Tables 6 C and 7 C, which respectively give the normal 

analyses and the molar percentages for each of two different stations on a 
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set of eight unpolluted Nnt 8l rivers. In no cese do the two members of any 

pair of the percentages differ by more than the amoullts .listed above. 

On the other hand, where effluent streams enter the river between 

the two stations, these critical values are often exceeded. Table 8 C 

gives the normal analyses and Table 9 C the molar percentages for each of 

two stations, one above and one below an effluent; on a set of four Natal 

rivers. The Umbogintwini receives the treat ed sewage effluent from the 

African Explosives and Chemical Industries factory (the effluent also 

containing the outflow from laboratory sinks, drainage from the factory 

area, etc); only the sodium and potassium hydroxide percentages are 

virtually unchanged. The Umzinyatshana receives sewage eff luent from 

Dundee via the Steerucoolspruit but it also collects the drainage from coal 

mines (mostly disused) and dumps in it s catchment; there is a marked 

increase i n its carbonic acid perc entage and a corresponding increase in 

the proportion of sulphuric acid. Similarly the Ingagane collects drainag8 

from both active and disused coal mines, and although this is not suffi­

cient to cause any very marked deterioration in the quality of its vlat er, 

it results in a rather l arge increaso in the molar percentage of sulphuric 

acid. The Hooi receives domestic and industrial effluents from Mooi River 

tow~, and these cause an increase i n it s molar pGrcentage of sodium 

hydroxide (this "lOuld not by itself be considered as evidence of pollution, 

but becomes significant ,,,hen considered in conjunction with the pH, 

conductivity, TDS and other chemical parameters). 

Results such as these fully justify the usual technique of river 

surveys for thG detection (but not assessment) of pollution by comparing 

the ana lyses f or adj ecent sampling stations. 

Minor comments 

Applications of the molar percentages will be further considered 

in the follovring chapters, but before coming to these there are three 

minor points which should be mentioned. 

Firstly, it may to some Sbem obj ectionable to speak of the molar 

percentages of acids and bases in waters which are virtually neutral in 

reaction and contain in solution, not acids and bases, but salts. However, 

this is only a mode of expression and is really no more misleading than, 

for example, the widely used method of reporting a magnesium concentration 

a s "ppm of CaC03". , Indeed, Nordell (1951) went so far as to report all 

analytica l results (except pH) in CaC0
3 

units, even if the water should 
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have no calcium or carbonic acid at all. In most natural wnt er s the molar 

concentration of an acid or basG f i. e . of any Riccian solute, i s in f act 

identict: l \,li th that of some single ion, except in the case of carbonic 

acid. Were it not for this exception, an analysis could be expressed 

indifferently and with num0rical identity in t erms of either ions or acids 

and bc.ses, but in practice, because of the invariable presence of carbonic 

acid, no such alt ernative modo of expression is possible unless somo form 

of arbitrary convention is separat e ly introduced. Anyone unfami li~r with 

the convention Hould then find ane l yses r eported in t erms of it just u.s 

confusing (if not more so) as analyses expressed in t arms of Riccinn 

solutes. Therefore no attempt i s mad0 her e to est ablish such a convention. 

Secondly, it will be not ed from tho Tables of molar va lues 

~ lready given that the sum of the molar concentr ations or percent ~ge s of 

the bases is rarely equal to the. t of th l;;: acids. Thi s is because of the 

di f fe rent valencies of the ions concerned a s well ~s the f act thQt carbonic 

acid may be present in non-ionisod f orm. The acid and base sums viTOuld be 

more nearly equal if equivalent r ather than molar units were used, but tho 

equality would still not be exact in wat ers of low pH because of the non­

ionised carbonic acid (at extreme pH values , high or low, hydrogen or 

hydroxyl ions would a lso have to be t aken into account). Therofore thi s 

is not an additional argument for using equiva l ent unit s (see above) . But 

neither is the inequality of the acid and b~ se sums ~ sign of an erroneous 

ana l ysis. 

Thirdly, an ~dmitted defect of the molar percentages i s that , 

once they ar e ca lculated, it is not possible to convert them back t o ppm 

concentra tions ~t a given TDS because tho tota l molar concontration of 

the solutes involved ha s disappeared during thG course of the percentage 

calcula tions. Fortunately it is only r arely that such reversed calculations 

ar e ever needed, and in the few cases that are encountered a f airly crude 

approximation will usua lly suffice. Evi dent ly, f or a given water: 

Tota l molar concentrations (millimoles/litre) 

= G x TDS (ppm) (13.8) 

where G is a constant. From the l est column of Table 13.3 it is r eadily 

verified that, for the 22 Natal rivers concerned, the va lue of g- r anges 

fro m 0.0212 to 0.0327 with nn average of 0.0266 • . Hence we can put: 

concentration (millimoles/+itre) _ 0.0266 x molar % x TDS (ppm) 
- 100 

(13 . 9) 
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from which the approximate ppm concentration is readily found (by multi­

plying by the appropriate molecular or ionic weight). 
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14. A GRAPHICAL REPRESENTATION OF vlATER ANALYSES 

Possible schemes 

It is often not easy to compare analyses one with another and 

hence deduce general trends be cause a mass of numerical data can have a 

masking eff ect. Particularl~ if several parameters vary simultaneous ly, 

the analytical fib~res can even cause some confusion so that no clear 

picture of the overal l variation is obtainab le. Moreover, a set of figures 

is not particularly memorisable. But if tho data can be represented by 

some kind of di agram t hen comparisons of all kinds ar e greatly f acilita ted 

and, "l'li th a proper gr aphica l system, analytical r esults can become better 

r et ained in the mind. 

The molar percentages introduced in the previous chapter are well 

suited to form t he basis of a gr aphica l means of displaying most of the 

inorganic r esults of a wat er anR lysis because , as has been discussed, 

dilution effect s of a more or less accident a l nature have been eliminat ed 

from them. They may be utilised graphically in many different vlays 

(polygona l diagrams, bar charts of histogram form, pie charts, diagrams of 

circula :.. form, etc.), but in most cases some obj ection vThich r enders the 

scheme of limit ed utility can a li-laYs be r aised. For eXElmple , diagr ams 

such as polygons with a fixed number of axes or vertices ar e not suffi­

cient ly el a stic in that they can r epr esont only a fi xed number of solutes, 

bnr charts ar e similarly objectionGble, pie charts are not comparabl e one 

'l'li th another because the sector representing a particular solute never 

keeps the same ori entation from one case to tho next, and diagrams built 

of concentric circles a l ways look vury much alike . 

After tria l s with many po ssibl e systems, the one described below 

proved to be tho simplost and the most sati sf actory . 

The molar percGntago spectrum 

Tho data n "eded for this particular t echnique consist s of the 

molar percentages, the TDS in ppm and the pH va lue . 

The mol~r porc~ntages are to be arranged in a particular order 

(in f act, essentially the same order as has been used in the t abula tions 

a lready pres0nted). It is most important tha t this order should never 

be varied, for a lteration will utterly confuse the fina l diagr am . The 

particular conventiona l order , to be invnriably r etained, is the 
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Any other bases, in order of molecular weight 

NaOH 

KOH 

H
2

C0
3 

Any other acids, in order of molecular weight 

The diagr am is obtained directly from the mol~r percentages in 

the above order. 

First a rectangle is dralill with its long sides horizontal and of 

any convenient length but scaled to r epresent 100%. For most purposes a 

scale of 1 cm = larS will be suitable. The width of the rectangle should be 

about one-tenth of the length, otherwise the interpretation of the diagram 

becomes less easy. 

The left hand side of the rectangle represents zero percent. At 

a distance to the right of this proportional to the mola r percentage of 

calcium hydroxide, a vertical line is drawn. At a distance to the right of 

this line proportional to the molar percen t2ge of magnesium hydroxide, a 

second vertica l line is drawn. Thon to the right of this, at a distance 

proportional to tho molar percentnge of the next solute in order from the 

above list, nnother vertical line is drawn. Continuing in this way, work­

ing progressively to the right and t eking the molar percentages in strict 

order from the above list, the l ast vertica l line to be drawh will represent 

hydrochloric acid and will, of course, coincide with the right hand edge 

of the rectangle. 

In drawing the vertica l lines it is convenient to uso broken lin8 S 

for the additional acids and bases (if any) not specifically named in tho 

list, e.g. for silicic acid if this need be considered, for ferrous and 

ferric hydroxides, for nitric or hydrofluoric acids, and so on. This will 

emph~ sise tha t the molar percentage concerned relates to an unusual solute 

and will prevent it being confused with the more common solutes. 

The rectangle will then appea r a s in Figure 14.1. Each line in 

it (except the first) represents a solute, and the molar percentage of that 

solute will be proportional to the distance of the line from that on its 
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immediate left. The whole diagram will in f act resemble c line spectrum, 

and it is conveni ent to r efer to it as the moler percentage spectrum of 

the vmt er concerned (though, of course , it is not r eally 0. spectrum). 

To complete the r epresento.tion, thE; TDS in ppm mo.y be written 

numericnlly to the left of th e spectrum • . Since the spectrum itself makes 

no r ef erence to the TDS (TDS values cover too greo. t a r o.nge to permit eny 

direct gro.phica l r epres entction), this allows w2ters to be compared whose 

only diff erenc o is one of TDS. Often it may be more convenioilt to use 

conductivity instead of TDS. Similarly the pH value may be written numeri­

cally to the right of the spectrum. 

The spectrum, ,vi th its associated numerical data , contains all 

the basic informa tion needed to ch;:,r acterise the water it represents, at 

l east as f ar a s t he inorg~ic solutos are concerned. If the molar percen­

tages are subsequently read from the spectrum ( vii th the acid of a ruler), 

the millimolar concentrntions can be approximately obtained from the TDS 

by means of the relation (13.9), and from these npproximate values of the 

ppm concentrations can be found. The tota l alkalinity is approximately 

obtained by substituting these approxima t e millimolar concentra tions in 

equa tion (3.42) and is expressible in ppm of CaC0
3 

by multiplying by 50. 

Estimates of the ho.rdness [lnd soda o. lkalini ty flay then be obtained. By 

substituting the molar percentages themselves in equation (3.42) and 

dividing the r esult into the molar percentage of carbonic acid we have an 

approximnte value for the ale r a tio which, under the o.ppropriate conditions 

(see chnpter 8) provides an estima t e (aft er multiplying by 100) of the 

percento.ge satura tion with co. rbon dioxide. Knowing e and ;je gives a. 

Approxi mate va lues of the for fls of alkalinity (chapter 7) and free carbonic 

acid (Chapter 8) Bay th en be found, and if desired, since Y can be found 

from the TDS in the usua l way , a va lu8 for pH can be obtained from 
s 

equa tion (10.13). 

In most cases the mol[T percentnge sPectrum will show fe8tures 

which, provided the above list of solut es is ner:lorised in correct order, 

en[lble the individual lines to be r eadily identified without the necessity 

of actua lly l abelling then on the diagrar:l . For example , the molar percen­

tage of potassium hydroxide is usually quite small so tha t this and the 

sodium hydroxide line form 11 doublet , .. hich can readily be picked out. The 

line to the right of this dOUblet will ahmys r epresent carbonic acid, 

and this will usunlly be widely separated from the doublet sinco the 

molar percdntage of this solute is usua lly relatively l arge . The extreme 
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right hand edge of the spectrum always represents hydrochloric acid. These 

particular lines therefore act as signposts for the identification of others . 

It is because of consequences such as this that the li st of solutes i s 

arranged i n t he particular order given above, and it i s because these 

direct identifications will otherwise br eak do,vu that the stated order 

must never be varied. 

Illustrations 

Fami liarity with molar percentage spectra can only be acquired by 

t he study of some examp l es . 

In Figure 14.2 a r e shown t he molar percent age spectra of the 

r ain, sea and worl~ average river waters of Table 13.2 as well as of the 

average Nat a l river water (1'l"hich is taken to have the composition of th e 

mean of the 22 Nat a l rivers of Tab l e 2.1, expr essed in molar percentage 

form i r.. Table 13. 3). The differences betvleen those spectra are very 

striking . The high molar percentages of sodium hydroxide and hydrochloric 

acid in the r ai n and sea wat er ar e clearly appar ent , as a lso i s the great 

similari ty between the hvo wat lJrs despite th8 l arge differences in TDS and 

pH. Similarities between the two rive r ana l yses can also be seen , although 

the Natal average shows more sodium hydroxide and hydrochloric acid but 

l ess calcium hydroxide and carbonic acid thDn the world aver age . The 

NaOH KOH doublets in these t uo spectra can be clearly seen. 

The twenty-two spectra shown in Figure 14.3 r e l a te to the Natal 
-

rivers of Tables 2.1, 8.3 and 13.3. Tha t many of these rivers show vari-

ous similariti es CQn be S ~Gn a t a gl anc e , while thG f ew exceptiona l cases 

(e .g. the Gogoshi) also stand out. It i s int er esting to note that there 

i s som0 t ondency for th0 porcentage of sodium hydroxide and hydrochloric 

acid to be, incro<l sed in tho vlat ()rs of higher TDS, while the perc entage of 

carbonic acid is decreased. Clearly, however, there arc many exceptions 

to thi s . 

In Figur e 14.4 ar e shown the spectra of the four river s of 

Tables 8 C and 9 C; each samp l ed above and below sources of pollution. 

These plainly show the f eatures already indicated in the previous chapter. 
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15. .vIATER SERIES 

Gener a l char Qctoristics of N~tal river waters 

It i s clear from the materia l pres8nted in chapt er 2 that the 

composition of a river wa ter, i.e. the nature and amount of the substences 

dissolved in it, must be to some degree inf luenced by the geology of its 

ca tchment 1:1r ea , although other factors (such ns climate and padology) must 

be of influence also. From tho informa tion already summarised it is 

possible to make some bri ef comment on the obs0rved compositions of the 

Ndn l rivers, c.nd for this purpose 1'1e take Clo.rke IS (1924 B) vlOrld nverage 

river as Q st~dard for compQrison even t hough this average is to some 

extent conj ecturnnl. Th e:. f igures aV.'lilab l e to Cbrke I'Te r e by no means 

comprehensive (in particular he l ncked results for rivers of Asia and 

Southern Africa) and he could only fill th e gaps by making some assumptions . 

Against this world average we may set a N~ta l averQge , obtained from the 

data of Tab l e 2.1 and assuming that the 22 rivers listed there form a 

representative sample. These two averages hav8 already been presented in 

molar percentage form, but the figures ar e r epen t ed in Table 15.1 for 

easy reference. 

Table 15.1 

Aver age ana lyses of rivers 

\'!orld aver age NQtal average 

pH value 7.5 7.86 

TDS, ppm 100 119 

Ca (OH) 2 20.3 9.4 
til 

Mg(OH)2 5.6 8.4 Q) 

!:to 
Cj 

NaOH .:..J 10.0 20.8 
~ 
Q) 
() KOH 2.2 1.8 H 
Q) 

Pi H
2

C0
3 

50.5 45.2 
H 
(Ii H

2
SO

4 5.0 1.3 r-I 
0 

:a;:: Hel 6.4 13.1 

The follol'nng comments may be made: 

The abundant summer r ainfall and the winter aridity will have 
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opposing effects upon the aver age TDS of the Nat~l rivers (chnpter 

12). The f~ct tha t most of the surface rocks of the Province 

comprise ancient and well l ea ched shales, slat es and sandstones 

suggests that the average TDS should be about 100 ppm (see chapter 

12), and this agrees well with the t abulat ed value of 119 ppm. 

(b) Ca lcium 

The 9.bsence of any widespread limestone formations in Nat a l suggest s 

a relatively low va lue for the aver age molar percentage of calcium 

hydroxide . I n f nct, the figure for the Npb l rivers is nlmost hnlf 

that for the world aver age , i n agreement witp this. 

(c) r10gnesium 

In view of the low Qver age TDS, tho molar percentage of magnesium 

hydroxide in the Nelt nl rivers vlOuld be expect ed to be som81rlh c. t lower 

thnn that of ca lcium hydroxide (s8e chf'.pte r 2). This is indeed the 

cr.: se, although the effect i s very slight, the proportion of m::'..gnesium 

hydroxide in th c) Nnt .::.l river s being in f ect surprisingly high. 

(d) Sodium 

Unexpectedly, the molar percentage of sodium hydroxide in the Nnt el l 

rivers is about double that of thu world average. The f act that 

most of the sedimentr ry rocks of Nat a l wer e l aid down under marine 

conditions (du Toit, 1954) and henc e doubtless contnin connnt e sea 

wat er mi ght be r e l evant her e . On the other hand, sea s nIts dorived 

from the Indian Ocean may be carri ed f er inland by the strong on­

shore 1rinds vThich frequently nrise - Bond (1946) h '1 s suggested tha t 

sodium in N"t nl w,::" t Gr s up to 180 miles from the co:) st might originat e 

in thi s way . Either of thes e po ssibiliti es might also explnin the 

high proportion of magnesium hydroxide in these wat ers, alrea dy 

noted, since in se~ water this solute is present in groa t er concen­

tra tions th~n ca lcium hydroxide ( see chapt er 13). 

(e) Chloride 

Since sodium Qnd chloride appear to go approximst ely together in 

river 1'mt ers, it i s not surpri sing that the mohr perc untage of 

hydrochloric ::lCid in the Nnt <':', l ,w erage i s cbout hlice th ~ t of the 

world QverQge. In f [lct the r atio NaOH/Hel of tho percentnges is 

almost equal for the two cases (N2t a l 1.59, world 1.56) but different 

from tha t of sea w~ter (equa l to 0.86), which in turn suggests thnt 
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the rivers dQ not contain sodium and chloride derived entirely from 

the sea. 

(f) Carbonic acid 

Since the pH and TDS values are much the same in the world and Nat a l 

averages , both the concentration and the molar percentage of car bonic 

acid in these wat ers would be expected to be very similar (each being 

in equilibrium .rith a tmospheric carbon dioxide). This is i ndeed the 

case. 

(g) Sulphate 

The molar perc en t age of sulphuric acid in th e Nat al aver age is low. 

A low sulphate content has already been noted (chapter 2) a s appar­

ently characteristic of surfa ce "\-Ta t ers on the African continent. 

These comments a r e , of course , very general in nature. They do 

not take into account the quite striking differences that ari se in the 

chemistry of individual Nat a l rivers, even in the absenc e of pollution 

(see Tables 2.1 and 13.3). It might seem tha t such differenc es would be 

due to the f act that the ca tchment s of individual rivers lie upon quit e 

differ ent geologica l formation s . Certainly Bond (1946) ha s shown that 

underground waters derived from similar rock formations in South Africa 

have similar chemical f eatures and differ from those from different form2-

tions, a lthough there ar e various inconsistencies in the data. Similarly 

Kemp (1963) has shown tha t there is a t endency for some surface streams 

draining c&tchments built from particular geological formations in Nat a l 

to show similar chemical features, differing from those of syreams drain­

ing ca tchments ' Thich ar e geologically differ ent. Indeed, an attempt has 

bGen made (Brand et a I, 1967), based upon this dat a , to "predict" the 

composition of rivers a t particular point s from knowledge of the catchment 

geology. HO>'lever, thi s att erapt has not proved particularly successful, 

since it has been found t hat even unpollut ed wat ers oft en show quite 

unexpect ed characteristics, e .g. the Go goshi and Isipingo rivers (Table 

13.3) contain high proportions of chloride which cannot be account ed for 

by the geological da t a , tPe TDS of the Isipingo is very much higher than 

would be expected, and other examples of simi f a r discrepancies have been 

not ed in the publications just Cited, However, the differences arising 

between di f ferent river vlat ers in Nat a l are by no menns random in nature, 

as will now be shown. 
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The series of chlorided waters 

The dat a of Table 13.3 for 22 unpollut ed Natal rivor waters show 

at onc e that the r e is no r el ationship at all between the TDS of the vrater 

and the molar percent age of any soluto. It clearly follovTS that any type 

of Natal surface wat er may occur at any dilution. The TDS gives no clue 

to the water chemistry, nor dOGS tho ch emistry to th e TDS. 

The solut o which shows the grea test r cnge of variation in molar 

percentage is carbonic acid. Owing to the arithmetical properti es of 

percentages, if onG percentnge incro.J. ses progressively it is obvious that 

some other pbrcentage or group of percentages must progressively decreas e , 

and it is thus of interest to enquire ho\-, the other perc entages change as 

the molar percent age of carbonic acid increases. 

If each of the other percentages of Table 13.3 is plotted 

against the molar percento.ge of ca rbonic acid it is found that there are 

several systematic variations: 

(a ) the percentages of potassium hydroxide and sulphuric acid remain 

almost constant (apart from statistical scatter). 

(b) the percentages of ca lcium and magnesium hydroxide each tend to 

increase (the former more rapidly) as the percentage of c~rbonic 

<l cid increases. 

(c) the percentages of sodium hydroxide and hydrochloric acid each 

decrease markedly as the p8rc8ntage of carbonic acid increases, the 

l atter decreasing much more rapidly and becoming almost zero when 

the carbonic acid reaches 60% while tho former is r educed to only 

about 15% at this point. 

The l~st of these is particularly inte r esting since it indicates tha t, as 

the proportion of carbonic acid increases , not only is the proportion of 

sodium chloride in the water reduced~ but a lso ' that some of the sodium 

chloride becomes progressively r epl aced by sodium bicarbonate (or carbo­

nate, depending on the pH). 

No attempt has been made to calculat e regression equations for 

these relationships, sinc ~ the scatter is in each case too great for such 

equntions to be of much reliability, but by visually fitting "best" · 

straight lines to the plotted dat a and combining these lines in the appro­

priate fashion, the diagram of Figure 15.1 was obtained. This is equiva­

lent to a display of molar percentage apectra stacked one above the other, 
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the upper ones relating to waters of high molar percentage of carbonic 

acid. Reading across the diagram horizontally for specific carbonic acid 

percentages enab les the sPectr3 to be drawn in the usual form, and in this 

way the spectra of Figure 15.2 have been obtained. These spectra match 

very closely with those shown in Figure 14.3. 

In Table 10 C are given the analyses , expr essed in terms of 

molar percent ages, of 28 riv8rs of Natal selected from Brand et al (1967), 

the sole criteri a of S81ection being thDt thb rivers concerned should be 

unpolluted and their analyses fulfil ,the ionic b21ance. On comparing 

these with the values obtained from Figure 15.1 to match the observed molar 

percentage of carbonic acid, excellent agreement results and, using the 

usual criteria for comparing molar percentages (chapter 13), in only three 

instances (Umvunyama, Waschbank and Sinkwazi) is there any significant 

discrepancy. 

It therefore seems that most Natal river waters are members of 

one great series of i'l'aters 'l'Those compositions are as represented by Figure 

15.1, a t least to a first approximation. In addition, the analyses of 

sea water (Table 13.2) with only 0.9% of carbonic acid and of rain water 

(Table 13.2) with 4.5% of carbonic acid also fit into this same series. 

For convenienc e , this particular s eries of 'l'Taters will be 

r eferred to as the series of chlorided waters. 

The series of sulphated waters 

It is clearly not to be consider ed that all surface 1vat ers should 

belong to the chlorided s eries, not can it immediate ly be assumed that 

this s eries of waters exists outside Natal. It is therefore of great 

inter est to examine the analyses of river waters from other regions. 

Nordell (1951) har' published the analyses of 98 river waters 

from the U.S.A. All this data are expressed in terms of ppm of CaC0
3

, 

but recalculation to millimoles/litre is relatively simple. Unfortunately 

he does not itemise sodium and potassium separately, but it mqy be assumed 

for purposes of calculation that the molar percentage of potassium hydrox. 

ide is 1.8, as in Figure 15.1. Also, he omits to give pH values, so that 

accurate calculation of the total carbonic acid cannot be made, but it is 

clear from chapter 8 that there ''Ii 11 be no very great error if we assume 

that e = a for these analyses. With these assumptions the molar percen­

tages can be calculated, the results of the calculations being given in 

Table 11 C. 
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Examination of these results shows that in many instanc es the 

analyses can be fitted to Figure 15.1, i. e. wat ers of the chlorided series 

are common in America as well a s in Nat a l. In some cases the fit is not 

very good, and in 40 ca ses there i s clearly no agreement a t all. These 

cases are marked with an asteri sk in Tabl e 11 C. 

If the 40 discrepant cases ar e treated in precisely the same 

f ashion as the 22 Nat a l river s of Table 13.3, a di agr am (Figure 15.3) can 

be constructed similarly to that of Figure 15.1, and thi s seems to r epre­

sent 0. s econd series of ,vat 0rs which may conv8niently be t e rmed the s erie s 

of SUlphat ed wat er s since a ll its memb ers contain great er molar percentage s 

of sulphuric acid than in t he previous C0se . The diagram shows tha t these 

wat er s (a ) contain more ca lcium hydroxide than those of the chlorided 

series, (b) contai n l ess hydrochloric acid, (c) have sodium sulphate and 

sodium chloride together showing the same behaviour a s sodium chloride 

alone in the chlorided serie s a s the molar percentage of carbonic acid 

decreases, and (d) contain l ess sodium, particularly at the higher levels 

of carbonic acid pe rcent age . 

It therefore appear s that the sulphat ed wat ers constitute a 

second ma jor s eries of the world's surface waters, and to seek confirma­

tion we may now examine the da t a for 43 British riv0rs given by Taylor 

(1958). Taylor ha s expressed :_._£!IIII._; his annlyses in t er ms of the 

concentrations of hypothetica l dissolved salts , but r eca lculation is 

r eadily accomplished. Again pH values are missing from th e data so tha t 

the a ssumption e = a must be invoked. Many of the anulyses show r el atively 

high concent r ations of nitrates , but thes e have been disregarded in the 

ca lcula tions, the r esults of which ar e shown in Table 12 C. Comparing 

thes e with Figure 15.3 it is found that, exc ept for one circumstance, 10 

ana lyses (marked with an as t erisk in Table 12 C) fit r easonably well into 

the chlorided s eri es, 3 (marked with a double asterisk) are anomnlous, 

while the r emaining 31 fit r ensonably 1'lell into the sulpha ted series'. The 

exceptiona l circumstance i s that in almost eve ry cas e the ca lcium hydroxide 

percentage is much higher and the magnesium hydroxide perc entage much 

lower than accords with Figure 15.3, but if only their tota l is consider ed 

(i.e. the tota l hardness) the fit is quite good. That these British 

rivers ar e all9malous a s r egards their silica content has already been noted 

(chapter 2), so it is pe rhaps not surprising tha t some other anomalies 

should appea r as well. 
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However, although it cannot be claimed tha t any r eally satis­

factory proof hes been given, these r esults strongly suggest that the 

series of . sulphated wders exists and, like the chlorided series, is quite 

common throughout the world. It is of interest to note that the world 

average (Table 15.1) accords quite well with the sulpha t ed but not with the 

chlorided s eries. 

It is not possible to account for the origin of either of these 

hro series of wo.ters at the present time. H01tl ever , it is of inter es t to 

note that, in Nct a l, rivers polluted by drainage from coal mines often 

approximat e to the sulphated type. In addition, the clays of the temper­

ate zone are known to contain much pyrite which yields sulphates on 

weathoring, and this might explain why sulphated wat0rs are relatively 

common in Britain and the U.S.A. Typical molar percent age spectra of the 

sulpheted series, obtained from Figure 15.3, nr e shown in Figure 15.4. 

Obviously it cannot b6 claimed that the chlorided and sulph~t ed 

series are the only types of nctura l ~vnters that exist, for Cl<'.rke (1924 B) 

has listed many other kinds of water. The two series do seem t o represent 

the m::.jori ty of river 1tl3.ters, however, and they bring together waters 

which Clarke separat ed ns distinct types. It might be expected that lvat ers 

of intermediate type, resulting from a mixture of waters of each series, 

would be f airly common, but out of all the analyses listed here only one 

in Table 12 C (Dec ** ) appears to be of this nature. 

Genera l char acteristics of the two water s eries 

By roading off v.nlues fro m Figures 15. 1 and 15.3 it is readi ly 

shown that ell waters of the sulpha t ed series should possess a negative 

sodo alkalinity (chcpter 11) while most wnters of the chlorided series, 

i. e. those vIi th Q moler percentage of cll rbonic f:l cid exceeding about 20, 

should show a positive soda a lkalinity. The expected varie tion is shown 

in Figure 15.5, where the soda alkalinity has b~en calculated by applying 

equation (11.5) to the molar pe rcentages. If the same calcula tion is 

applied to the chlorided \wters listed in Tnbles 13.3 and 10 C, the soda 

alkalinity c (:; rtainly shows a trend of the correct form (correletion 

cuefficient + 0.717 with 45 degrees of freedom and hence statistically 

significant) but the scatter is too great for this to be of any practical 

utility. The existence of such a trend, however, shows that although the 

sulphated waters evidently have greater total hardness than chlorided 

waters of tho same TDS, their temporary hardness will, on the whole, 
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amount to a smaller percentoge of the total hardness and hence, in absolute 

magnitude, may not siffer very much from that of the corresponding chlorided 

waters. 

Since the corrosion ratio (Chapter 10) is independent of the TDS 

(being a concentration r atio), it can be computed b ;, applying equations 

(10.17) and (3.42) to the molar percentages. For each of the two series 

of waters, the v31ue of the corrosion r atio then vories with the molar 

percentage of carbonic acid as in Figure 15.6. No wat er can have a molar 

Pdrcent~ge of carbonic acid much great er than 60 (for 66.7% corresponds 

to a pure calcium or magnesium biccrbonate solution), so that the sulphated 

w~ ters, which show the higher values of R, will , in general always be corro­

sive to metals while the chlorided waters will only be corrosive if their 

molar purcentGge of carbonic acid is less thr~ about 50. This evidently 

means tha t most .-raters, of what8ver series, will in fact be corrosive to 

metals. The chlorided waters of Tables 13.3 and 10 C in fact give values 

of R lihich lie closely on a curve intermediate between the two full curves 

of Figure 15.6, as shown by the broken line. The above conclusion is 

therefore valid. 

If it is the case that a water contains 100 milliillolGs/litre of 

dissolved ionic substances, the molar percentages become identical with the 

millimolar concentrations. Concentra tions in ppm can then be calculated 

and hence, using equation (4.6) and assuming an average of 16 ppn of 

silica (chapter 2), so a lso can the TDS. Concentrations at other TDS 

vr. lues can then be found with go od accur,1CY by' p.roportion, and in parti­

cular the calcul2ted v~lues of Ca and A can be used in equation (10.13), 

in conjunction with values of Y from Table 2 B, to find the saturation 

pH value, pH. The results of such ca lculations are sUmDarised in Figure 
s 

15.7. It will be seen that the pH decreases with the molar percentage of 
s 

carbonic acid but decreases a s the TDS increa ses, and also that the pH 
~ s 

values for chlorided and SUlphated wa t ers of the sane TDS are very little 

different. Since nost of these waters have pH values in the range 7.0 to 

8.5, it is evident from Figure 15.7 that almost any water of either series 

with TDS less than 100 ppm will be under-saturated with calcium carbonate, 

whereas at higher levels of TDS the controlling factor will be the molar 

percentage of carbonic acid. 

The buffer capacity, B, at a given pH value will evidently show 

a linear dependence on both the TDS and the molar percentage of carbonic 

acid, and the relationship will be precisely the same for the chlorided 
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as for the sulpha ted series. 

It is inte'r'esting to note that, b king the electrical conduc­

tivity to be proportional to the TDS, the curves of Figure 15.7 can be 

represented by an equation of the fom ( 10.16 ) , the constant X bo-;. C n 

function of the molar percnntqge of cfl 'r'boni.r. Rcicl o Tnk;i.ng this f 1.1T}c t:i .()T'. 

t o be linear , as a fir st appr oximat ion, the calculated values of Fieur e 

15.7 can be r epresented by: 

( 15.1) 

where C is the electrical conductivity in micromho and is taken as 1.5 

times t he TDS in ppm. For the 22 r ivers of Table 2.1, using the values 

of the carbonic acid percentage in Table 13.3 and comparing the pH s 
values with those accurately calculated in Table 10.1, it is found that 

the above equat i on gives results with a root mean square error of 0.36. 

This i s considerably less than that for equa tion (10.15), as was expected. 

However, the new equation is of no greater practical value since the 

percentage of carbonic acid c ~nnot be known unless a full analysis has 

been carried out, and in that case it is evidently more satisfactory to 

calcula te the pH accurately from equation (10.13). 
s 

Both chlor ided and sulphated waters show very similar character-

istics as regards those proper tie s of technological interest (hardness, 

corrosion ratio, buf fer capacity and pHs). This is because all these 

~Taters have a certai n close similarity in chemical composition, although 

naturally this is not true if we consider waters of abnormal analysis 

such as caused by appreciable pollution or other agencies. However, 

previous chap ters have shown that TDS is important to all these techno­

logical propert ies. Consequently it may be concluded in general that, 

provided the abnormal waters are not considered, these properties are 

governed princip?lly by the TDS of th e water. 
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16. CHEMICAL CLASSIFICATION OF HIVER l'lATERS 

General 

We are now in a position to consider the classification of 

ri ver vw t ers on a chemicnl basi s. 

River waters can be classified in various different ways, 

depending on the application for which the classification is designed. 

Thus Clarke (1924 B) has established a classifica tion according to the 

inorganic salts dissolved in the wa ter, Kolkwitz and Marsson (1908, 1909) 

follo wed by l ater workers such as Liebmann (1951, 1955) have , formulat ed 

clcssifica tions based on the oxygen chemistry of the water and its flora 

and f nuna , Benk (1964) hos used a purely hydrobiological classifica tion, 

Klein (1957) quot es n classification due to th e Roya l Commission on 

Sewage Disposa l and some variations of it which virtually consider only 

the presence of organic matter in the vla t er, Horton (1965) classifies 

rivers by means of an index number based not only upon the water chemistry 

but a lso geogr aphic knowledge of their catchments, and 11/ilcox (1948, 1955) 

and oth l:) r l-1orkers (sec references cited by McKee and '''olf, 1963) have 

classified wat ers for use in irrigation, confining their a ttention to the 

inorganic solutes. There is a distinct need, however, for a classifica tion 

of gener 3.1 scope that gives an over all picture of water qunli ty tlnd r el ates 

directly to potentia l w2t er use . 

Unfortunately "wat er quality" is an ambiguous t erm which cannot 

be precisely defined without refer ence to some specific use of tho water 

(Hoak , 1953). It is not synonymous with purity (distilled water is very 

pure but has corrosive and solvent properti es vThich make it unsuitable for 

many uses) nor with fr eedom from pollution (a mineral spring may be unpoll­

ut ed and yet be unsuitable for most uses because of its excessive content 

of dissolved salts). Moreover, different water uses have different water 

requirements, so that .. ,ha t is considered "good" quality for one purpose 

may be "poor" for another, e.g. McKee and Wolf (1963) quote specifications 

which require a total a lkalinity of 80 - 150 ppm as CaC0
3 

for brewing 

dark beer, 75 - 80 ppm for brewing light beer, and not exceeding 60 ppm 

for l aundering. 

It is thus clear that any practical classification of river 

waters according to quality must be to some extent artificial. This is no 

real defect if the basis of the classification is sufficiently clear. 
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Water qua lity 

Evidently very many f actors have to be taken into account in 

assessing the suitability of a given water for a particular use, and a 

scheme of classification l'lhich attempted to incorporate them all would be 

f ar too complicated for practical use. It is therefore a practical necess­

ity to select a small number of parameters which are independently variable , 

each of them individually having a major bearing upon water use. 

With the proper choice of parameters it will then be possible to 

make an assessment of the pot entia l uses of the water (though other factors 

mus t be considered before any finality becomes possible), and water 

quality can then be defined in terms of broadness of potential water use . 

In particular, it follows that water which is suitable for drinking will 

automatically be regarded as of high quality, since such a water is also 

suitable for almost any other domestic, industrial, agricultural and 

r ecreational use. 

From chapters 9, 11 and 15 it is clear that the TDS of the water 

must be of ma jor i mportance in such a classification since it influences 

the hardness, pH and buffering power, which are themselves par amet ers of 
s 

great practical interest. It is certainly of importance in connection 

with the suitability of the wa ter for drinking, since it is gene r ally 

considered (S.A. Bureau of Standards, 1951; vlorld Health Orgonisation, 

1961; Henzen and Stander, 1962; U.S. Public Health Service, 1962) that, 

because of the physiologica l eff ect of water contai ning a high proportion 

of dissolved salts, water of TDS exceeding 500 ppm i s not suitable for 

drinking unless no other source of supply is available , and that water 

vli th more than 1000 ppm TDS is not sui t able for drinking at all. 

We have s ~en that na tural waters, by and l ar ge , are a ll very 

similar in chemical composition. It follows t hat, provided the TDS is 

acc eptably low, the actual analysis of the water h8s little relevance to 

its suitability for drinking (except for the possible presence of certain 

elements such as fluorine, zinc, copper, arsenic, etc. and toxic organic 

substances), nor does it have much influence on hardness, pH and buffer-
s 

ing pOlver. Further, if a wo.t er h E> s been polluted by inorganic substances, 

thi s usually results in an increase of the TDS, and in general any r esult­

ing unaccept able values of pH, alkalinity, hardness, SUlphate content, etc. 

are reflected in abnormally high TDS values. 

Therefore the TDS is certainly one of the factors that must be 
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utilised in assessing potential water use and hence water quality , 

. In fact there are only two other factors, a lso of ma jor i mport­

ance but independent of the TDS, that need to be considered. These are 

the dissolved oxygen concentration and the content of org~nic matter. 

These are topics not yet discussed in the present work, which is mainly 

concerned with the inorganic chemistry of river waters, so some brief 

account of them must be given for the sake of completeness before pro­

ceeding further. 

Oxygen rela tionships in rivers 

Organic material in a river becomes oxidised in course of time 

and converted to simple mineral substances. Bacteria initiate this con­

version and proliferate, utilising the organic ma terials as foodstuffs, 

but because the processes of breakdown require oxygen the result is to 

decrease the dissolved oxygen (DO) content of the water, even to the point 

,vhere anaerobic conditions arise if there is sufficient organic mat erial 

present. However, as the organic matter is consumed, the DO is eventually 

replenished from the atmosphere. Algae usually become established belorT 

the anaerobic zone, contribute to the oxygen rep.1enishment by their photo­

synthetic activities (which can cause the DO at a particular point to 

follow a diurnal cycle of variation since photosynthesis changes its r a te 

with the intensity of the incident light) and proceed to remove nitrates, 

phosphates and other essential plant nutrients from the water. Bacterial 

feeders, such as protozoa, which are prolific while the bacterial popula­

tion r emains high, are r eplaced by alga l feeders (insects, crustaceans, 

snails and some fish) and the water eventually returns almost to its 

original condition. The TDS, however, usually shows some increase, for 

once mineral salts ar e formed in solution they remain. 

These are the processes of self-purification. They respond to 

changes in temperature and also proceed more rapidly in shallow and tur­

bulent streams because oxygen can be more readily taken up by turbulent 

1vater and there is increased opportunity for organic material to be brought 

into contact with the sides and bottom of the channel, the surfaces of 

rocks and debris and the leaves and stems of growing aquatic plants, all 

of which may become cover ed with a zoogleal slime in which intense biolo­

gical activity can occur to promote the rapid removal of organic material 

from the water. In a country such as South Africa where water is often in 

scant supply and has a limiting effect on almost every form of economic 

147/ •...• 



-147-

development, the self-purifying powers of the rivors rank as a na tional 

asset and merit very careful preservation (Stander,- 1959). In some 

countries the rivers were at one time assumed to be a relatively simple and 

inexpensive means of disposing of wastes of all kinds, but the consequence 

was that the self-purifying powers of the wat er became completel y ove~ 

t axed and pollution r eached al a rming proportions , the river wat ers being 

made unfit for any uses whatsoever and very co mplex problems of wa t er 

suppl y and "Taste di sposal being creat ed. Some such problems are nlrendy 

appeering at some localities in South Africa . 

The decomposable organic mat eria l in a water is indirectly 

measured by thG biochemica l oxygen demand (BOD), which i s essentially the' 
o 

respiratory oxygen consumed under stand8rd conditions (5 days at 20 C i n 

the dark) by aerobic micro-organi sms in or added to the wat er (American 

Public Health Association, 1965; Ministry of Housing and Local Government, 

1956; Soci ety for Ana l ytical Chemistry, 1958). Though open to a number of 

obj ections, both th eoreticRl and practical, the BOD provides a measurement 

more relat ed to the conditions and processes occurring in organically 

enriched wat er than do other experiment al quantities which involve chemi­

cal oxidation by means of permanganat e or dichromat e or by combustion. 

It provides n link betwe en river chemistry and hydrobiology in that it 

gives values which ar e r easonably r eproducible for surface wat er s and 

which r el at e quite closely to tho composition and s tructure of the f nunal 

popUlation at the point of sampling. _ 

Street e r and Phe lps (1925), during a survey of the Ohio river, 

proposed a simple mathematical formula tion linking the DO and BOD of an 

organically enriched or polluted river. This has given rise to 0. very 

ext ensive liter ature which need not be r eviewed in det ail her e . The 

essenti a l ideas inv?lved ar e (a ) tha t th e BOD decays exponenti ally by a 

kinetically first orde r proces s governed by a r ate constant k
l

, (b) that 

remova l of BOD enteils the consumption of an equiva l ent amount of DO, and 

(c)- that the DO of the wnter i s r eplenished fr:om the a tmosphere by a first 

order process governed by a r a t e const ant k
2

• Thes e l ead to a differ en­

tial equation vlhich can r eadily be integr at ed to show the DO as 0. function 

of time or of di s t ance downstream from the point of entry of the organic 

material, as in figure 16.1. This ShOVTS 0. typica l oxygen sag, the DO 

falling at first as demand exceeds supply, passing through a minimum and 

then rising a s it is r eplenished from the a tmosphere, while the BOD itself 

decreases exponentially. 
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streeter and Phelps (1925) found the rate constant kl to have 

~he value 0.1 day-l (in terms of decadic logarithms) from ,experiments in 

the laboratory. Many workers have ptudied the value of the rate constant 

k
2

, and. among the more recent results may be mentioned those of Owens, 

Edwards and Gibbs (1964) who gave the equation: 

= (16.1) 

where U is the mean velocity of the stream in ft/sec and h the mean depth 

in feet (U in the range 0.1 - 5.0 ft/sec and h in the range 0.4 - 11.0 ft). 

When t he theory is applied to rivers, however, rather different values of 

kl are often found (Thomas, 1948). This is not surprising in viei'/' of the 

fact that the simple oxygen sag equation ignores the removal of BOD by 

deposition and adsorption (i.e. without consumption of DO), takes no 

account of the oxygen demand of sludge banks, does not consider the resus" 

pension of deposited organic material and makes no attempt to allow for the 

generation of oxygen by photosynthesis (such matters have been included in 

a more complex formulation by Dobbins, 1964). Even the kinetic assump­

tions underlying the constant kl have been called into question (stones, 

1963; Re VelIe, Lynn and Rivera, 1965). 

Although the quantitative aspects of th e simple oxygen sag 

theory ar e th~refore not well founded, it is clear that it does give a 

correct qualit ative picture of th8 self-purification process. Below thu 

entry of organic mat8ria l a river shows a zone of pollution wher e th& BOD 

r emnins r elatively high while the DO decreases to a minimum. This i s 

folloi,red by 2 zone of recovery wher e the BOD decays to venishing point 

while the DO rises again to its normal l evel. The l ater, more complex 

and more accurate theori es of oxygen sag do not disturb this simple ovsrall 

picture. 

Very Ii ttle i'lOrk on oxygen sag has been undertaken so f ar in 

South Africa despite th0 importanc e of t he subject to wat er supply and 

pollution control problems. It has been noted, during river surveys in 

Natal, that even grossly polluted rivers often reCOV8r within 10 miles, 

in 'contrast with the experience of various Amurican workers who have 

usually observed that their l arger and slower rivers require much larger 

distances. This appears to be due in part to the f2ct that the Natal 

rivers are sha llow and flow swiftly and turbulently, thus exhibiting much 

l arger vnlues of the reaeration constant k
2

. Some preliminary results 
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obtained by the writ er a t the sbrt of a progrcmme of investig<'. tion of 

oxygen sag in Natal have also shown that the rate of non-oxidative removal 

of BOD from the water can be extremely great, leading to apparent va lues 
-1 

of the BOD constant kl up to . t en times greater than the usual 0.1 day • 

This a lso is probably a consequence of very turbulent flow (Velz and 

Gannon, 1963). 

As regards water quality, it i s evident that wa ter l"i th a rela­

tively high BOD must be regarded as very poor. Such a water is likely to 

give rise to biological growths in reticulation systems, to .develop a 

reduced DO on standing and to develop unpleasant tast es and odours (even 

if it does not become completely anaerobic). Usua lly it will r equire 

special treat ment to r ender it suitable for domestic and industria l use. 

M?reover, a high BOD is not usually due to na tura l causes, and its 

presenc e therefore indicat es tha t the water hAS most likely been polluted 

in some way and that its use as a source of water supply mus t necessarily 

be viewed with suspicion. Certainly a wat er of this nature will be quite 

unfit for drinking . 

On the other hand, a water I'lith a r ol d ively 10VI DO but without 

a high BOD might l"ell possess t aste and odour and be bacteriologically or 

otherwise unsuitable as a source of supply, but it should be r egarded as 

of somewhat better quality since it Hill usually have come from the r ecov­

ery zone of a river. It would not r equire such ext ensive treatment beforG 

use, biologica l growths should present less problems and pa thogenic bact er­

i a l counts should gene r a lly be lower. 

Scheme of clnssification 

The above considera tions l ead to the recognition of various 

different types of natural wa t ers, which may be distinguished as follows: 

1. According to TDS 

(a ) SOFT ''lD. t ers with TDS less tho.n 100 ppm. 

These wat ers have very 10." hardness, possess scale-dissolving 

properti es (rel a tively high pH and negative saturation index) and 
s 

low buffering power so that they are difficult or uneconomic to treat 

by the usua l methods of pH correction. They are all pot entially 
s 

suitable for drinking (i.e. provided they also fulfil accept ed 

crit eria independent of the TDS) and for all other us es •. 
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(b) NORMAL wat ers wi th TDS be t ween 100 and 500 ppm. 

These ar e soft t o moder at ely hard wat ers, f airly we ll buffer ed 

and usually scale-di ssolving , but t hey ar e r eadily treat ed by the 

usua l methods of pH correction and ag~in ar c potentia lly suitable 
s 

for drinking and a ll other us es . 

(c) HARD wat er s with TDS behveen 500 and 1000 ppm. 

These vmt cr s ar c not usually mnrkedly sca l e-dissolving nor scnl e­

forming. Th·JY hr>.ve hi gh hardn0ss and ar c; well buffer ed , and henc e; ar e 

not difficult to treat i f necessar y by t he usual methods of pH correc-s 
tion, but t hey may r equire r el atively high dosages. They ar c not 

considered pot enti a lly suitab l e fo r dri nking or domestic use unless 

no other source of supply i s avai lable . They may not be suitable for 

agriculture ( except perhaps irrigation) but ar e potentia lly usable 

for many i ndustriol purposos . 

(d) MINEl~LISED waters with TDS exceeding 1000 ppm. 

These are usually hard, scale-forming waters, not suitable for 

drinking or domestic use and probably not accept able for agricultural 

or industrial use. 

2. According to BOD 

(a ) PURE wat ers with BOD less than 1.5 ppm. 

The surface waters of highes t quality fall in this class , and 

in Nat al they are the completely undisturbed waters found in the 

mountain streams at the head of many of th8 river s (Brand et aI, 

1967) • 

(b) CLEAN water s with BOD between 1.5 and 3.0 ppm. 

This group i ncludes the ma jority of the river waters in Natal 

(Brand et aI, 1967). These l'laters are all of quite good quality but 

not of such excellence as tho se of the Pure group. 

(c) POOR wat ers with BOD between 3.0 and 5.0 ppm. 

In Nat al these wa t ers a r e usually polluted to a small degree 

(Brand et aI, 1967), but not to the extent that they are unsuitable 

for a wide range of uses. A BOD exceeding 3~O ppm may give rise to 

some difficulties in conventional water treatment plants (see r ef er­

ences given by McKee and Wolf, 1963) .~ 

(d) SULLIED wat er s with BOD between 5~0 and 15~0 ppm. 

These are mostly polluted waters, liable to possess t astes and 
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odours and to show high bacterial counts, and streams carrying such 

waters invariably show a char acteristic f auna . The waters will often 

be low in dissolved oxygen , although the majority of shallow, f ast­

flo,'ling rivers in Natal will not become anaerobic a t such a BOD 
. 

level. These waters are not suitable .for any use except pe rhaps 

irrigation. 

(e) FOUL waters Vlith BOD exceeding 15.0 ppm. 

These ar e all heavily polluted Naters, not sui tc.b l e for ' any use 

except perhaps irrigstion, and ar e all very low in oxygen, often 

anaerobic. 

3. According to DO 

( a ) OXYG&~ATED w2ters with DO at l east 6~1o of saturation. 

These are accoptable, other things being equal, as sources of 

supply. 

(b) DEOXYGm~ATED waters with DO l ess than 60% of sa turation. 

These ar e not acceptable as sources of supply because they are 

liable to become anaerobic on standing in reservoirs, t anks and 

pipes , hence developing t a stes and odours, as th8 oxid~tion of 

organic mat eri al occurs. Although it is f airly simple to r aise the 

DO during treatment, a deoxygenat od water has usually been polluted 

in some 1'i'ay and cannot be accepted as saf e for many uses without 

further investigation. 

The TDS, BOD and DO ar e thus tho three par amet ers by means of 

which wa t er US G is to be assessed and hGnc e wat cr quality char acterised. 

Sinco they can var y indep8ndently, t aking all three parameters into 

account gives rise · to 40 differ ent water types. However, these are 40 

different ch8mical types and do not immediately r elate to water use; thus 

they are not to be taken a s 40 differ ent grades of water quality. 

vfuen the char acteristics of each of these 40 types are considor ed 

separ ately, it can be seen that it is possible to combine them so as to 

form six l arger classes according to their potential uses. This combi­

na tion cnn be achieved through the following scheme: 
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Pure Clean I Poor Sullied Foul 

Soft I 

II 
Normal 

Hard III 

Mineralised V VI 

Soft 

Normal IV 

Hard 

Ivlineralised 

From Class I to Class VI the potential uses of th8 \'m.ters become 

progressively r estricted, so that according to definition the water quali t y 

progressively f ells off. The si x classes nr e thus clc:.sses of vlater quality , 

and their char acteri stics may be summarised as follows: 

CLASS I Wccters of the highest possiblo quality which should be preserved 

from any form of pollution. Potentially suitable for all uses. 

I n Nat al these are the waters of most mountain streams and river 

heo.dv12 t ers, nnd many are scheduled trout streams. Their clo.ss 

comprises the OXYG~~ATED SOFT PURE waters. 

CLASS II Wnt er s of good or r eAsonably good quality, potenti ally suitablo 

for drinking and any other use after appropriate treatment . 

Generally th8 greater the degree of organic enrichment, the 

more extensive will be the treatment required. These waters 

make up the ma jority of the rivers of Natal. They comprise' the 

OXYGENATED 'vaters of the SOFT CLEAN and POOR groups and the 

NOmU.L PURE, CLElU"IT and POOR groups. 

CLASS III viaters , .. hich are not consider ed sui table for drinking or domestic 
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use unless no other source of supply i s available. They .may not 

bo suitable for some agricultural uses but can be used for many 

industria l purposes. They are the OXYGENATED waters of the 

HARD PURE, CLEAN and POOR groups. 

CLASS IV Wat ers which a re not suitable for drinking or domestic use and 

\,Thich a r e probably not accepbble for industria l or agricultura l 

use , except perh2ps irrigation. These are the OXYGENATED 

MI NERALISED me t ers of the PURE, CLEAN and POOR groups (not 

necessarily polluted w::lt ers) and (>,11 DEOXYGENATED waters of the 

same groups (most of which are pollut ed wat ers but not common 

in occurrenc e). 

CLASS V Wnt ers which arc mostly polluted and which a re not suitable for 

any use except perhaps irrigation. They comprise the SULLIED 

waters of any group, and active efforts should be made to i mprove 

their quality \'lhere po ssible so as to increase their potential 

usefulness. 

CLASS VI Wat ers carrying heavy organic pollution, not suitable for any 

use except perhaps irrigation lli~d which can constitute public 

health hazards or public nuisances. These are the FOUL wators 

of any group, and active efforts should be mnde as a matter of 

urgency to improve their quality. 

It must be stressed that cny such scheme of classification, 

because it C1J.n necess r rily only de21 in generali ti es, can only be taken as 

a guide and not as a finnl crit erion. Thus, although waters of Classes I 

and II are described as potentia lly suitable for drinking, this potential­

i ty will only be an actuality if the WElter fUlfils other accepted stcnd­

ards for trace elements, bacteriology, etc. In other words, when a 

specific problem of wD.ter use is encountered the classification cnn be of 

considerable assistanc e but, in the l ast analysis, e~ch case must be 

treated on its own merits. 

There are still severnl matters tha t need to be considered 

before the proposed classification can be regarded as fully satisfactory. 

When it is applied to individual water samples there is no difficulty, 

for the scheme will unambiguously classify the quality of the water that 

is actually in the sample bottle. Difficulties arise when attempts ,'1re 

made to classify a river rather than individual samples of its water. 
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For example, the inherent variability of river waters means that a 

certain s tream, normally providing water falling in, say, Class II, may 

occasionally carry water of Class III. If the necessary data were avail-

ab le (it would require a team of men working for several years), it might 

be possible to decide on such a rule as allocating the water at one parti-

cular point on a river to that class in whi ch 80~ of a ll the samples fall. 

But so far the necessary data is not avai l ab le q,nd, through shortage of 

man-power, rivers in South Africa have to be classified on the evidence of 

a very limited number of samples . At the present time it seems best to 

classify a river according to the worst wat Gr sample that it haG provided, 

although admittedl y this introduces a degr0e of bias into the final 

r esult . 

Since a chemical sample reveals the condition of a river at a 

given point at the instant of sampling while s&mples of the flora and 

fauna of the river reveal the conditions prevailing during the i mmedi ate 

past, it is in principle possible t o use biological samples to supplement 

chemical ones and so obtain some idea of the vari ability of some of the 

Imt or quality parameters. This possibility is being investigated 

(S.J. Pretorius, private communica tion), but no final conclusion has yot 

been reached. Biological sampling presents its oml characteristic diffi­

culties , and a f ar greater kno1>lledge of the ecology of the different 

species inhabiting rivers and river bods than hitherto exists i s necessary 

before any of tho results can be adequately interpreted. 
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.17. SOME PARTICULAR NATAL mYERS 

Introduction 

To illustrate various points from the preceding ch~pters, some 

examples vlill nov, be given, drawn from the results of surveys that have 

been made of the rivers of Natal (Brand et al, 1967). Each oxample has 

been chosen as representntive of many other streams of similar chomical 

charact ~ristics . The exampl es comprise the Illovo river a s typica l of a 

clean l~atal river, the Nonoti river as typical of a river r eceiving organic 

pollution, th E; Umfolozi river vlhich in some parts contains highly miner al­

ised wat~r, and a set of small coastal rivers which exhibit certain 

char act eristic ~ peculiariti e s. 

The chemic !". l results cited vTill be confined to those relating to 

the topics tha t have been considered in the earli er chapte rs, since it is 

not the aim of the present work to give a detailed account of· river pollut­

ion, i.e. details of tho chemical composition of specific types of polluting 

effluents and their effects upon the r eceiving "mter. A brief account of 

the vTider r ange of chemical determina tions that a r e usually ·employed in 

river surveys has been given elsewhere (Kemp, 1967). 

In conclusion, a brief gonera l summary of river water quality i n 

Nata l is present ed . 

The Illovo river 

The Illovo rivor rises at an altitude of just over 5000 ft nea r 

Keerom, about 4 miles north-east of Byrne. It meanders markedly, but its 

course generally runs east south-east. Aft er 4 miles it ha s dropped to 

3500 ft and passes t hrough Byrne and them, aft er a furth er 6 miles, through 

Richmond. .The river then flmY'S for some 38 milt:s before it enters a deep 

gorge-like va lley cut into hilly country, the grndient steepening sharply 

so that the vlater drops about 500 ft ov er 2 miles of flow. After flowing 

a further 20 or more miles through this va lley, it emerges on to the flatter 

country of the coast a l region a t about 600 ft and finally enters the I ndian 

Oc ean after a total l ength of f low of 82 miles·. The catchment area amounts 

to 361 squar e miles. 

In the uppor part of the catchment, down to the vicini t~, of 

Mount Misery, about 15% of the total a rea is arable land, the rest being 

equally divided between na tural veld or bush and forestry. The Umla zi 



-156-

Location 4676 occupies the rest of the catchment to within a few miles of 

the const. Finally thu river crosses a narrow belt of sugar fields and 

passes a sugar mill before entering the urbanised coastGl area in its 

lowest mile of fl01'[. 

Table 17.1 gives the chemical results obtained in the dry season 

of 1964 for seven sampling stations: 

( 1) Above Byrne 

(2) Above Richmond 

(3) Below Richmond 

(4) Roseb:::nk 

( 5) Shiri 

(6 ) Above mill 

(7) BGlow mill 

It is clear from the analyses thGt the water of this river d01ID 

to sta tion 5 is of Class I qunlity, just comes into Class II at station 6 , 

and at station 7 it is degrsded to Class VI on account of the very high 

BOD. The DO at t hi s station i s al so low and the pH va lue decreased. 

The mo l ar percent age spectrE'. are shown i n Figure 17.1, [lnd d01ID 

to stCltion 6 ar e those of typica l chlorided wat ers , Ivi th markedly decreas­

ed proportions of ccrbonic acid at stations 5 and 6. station 7, h01vever, 

gi ves an anomalous spectrum out of line vTi th the progr essive dOlmri vcr 

changes shmID by the higher stations. 

The values of various par amet ers calculat ed from th~ analyses 

ar c sho'ill in Table 17.2. Both tho free carbonic acid and the percentcge 

saturation with carbon dioxide ar e si gnificantly high at station 7 

(exceeding 6 ppm nnd outside the r ange 95 - 120% respectively - see 

chapter 8). The pH i s high at all stntions and the satura tion index i s 
B 

nega tive, but the corrosion index is f ai rly low down to station 5 so that 

corrosivity should not bo much of a problem with the water of this river. 

The water is soft a t all stations, the tempor~ry hardness is 101,[ and the 

buffer capD.ci ty npprecinb l e . 

The Illovo is thus a river of high wat er quality, a lthough it 

is heavily londed with organic mater1 nl in its l as t mile or so. 

The Nonoti river 

The Nonoti river rises at an altitude of about 1300 ft some 

14 miles from the const, about 4 miles west of the peak Nonoti. It 
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Table 17.1 

Ana lyses of the I11ovo river 

station No: 1 2 3 4 5 6 7 

pH value 7.48 7.31 7.32 7. 50 7.74 7.43 6.58 

Conductivity, 
100 88 113 133 141 182 188 micromho · 

TDS, ppm 48 51 49 60 72 104 120 

DO, ppm 10. 8 9.2 9.7 10.6 11.0 8. 5 3.1 

DO, % saturation 102 90 92 104 101 106 44 

BOD, ppm 0.4 0.3 1.0 1.0 1.0 1.2 38.1 

Total alkalinity, 
25.7 31.1 30 . 2 38.6 45. 6 46.0 55 . 2 as ppm Ca C0

3 
Ca , ppm 4.9 ·5.2 5.6 6.9 7.6 7.7 10.2 

Mg, ppm 3.0 2.9 2.5 I 3.6 4.7 5.4 6.1 

Na, ppm 5.0 6.0 6.2 I 8.8 11. 7 22.2 23. 6 
, 

K, ppm 0.5 0. 8 0.7 0.7 0.8 1.4 2.7 

S04' ppm Nil Nil Nil Nil Nil 1.3 1.9 
C1, ppm 5.5 3.4 4.1 6.2 12.0 29.5 30.4 
Si0

2
, ppm 12.5 12.0 10.5 9. 6 6.9 7.7 9.1 

I 
Flow, cusecs I 1.5 6 6 6 7 25 10 

I 
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Table 17.2 

Calculated parameters of the Illovo river 

. . 

Free Buffer 
Ha r dness as ppm Ca C0

3 
carbonic CO

2 
as % capacity 

Sta tion Sa turation Corrosion acid, as 
No: Tota l Permanent Temporary pH index r a tio ppm of CO 2 

satur a tion B 
s 

1 25 22 3 9.44 - 1. 96 0. 29 1.7 107 0.09 

2 25 20 5 9.30 - 1. 99 0.15 3 .0 III 0.15 

3 24 19 5 9. 29 - 1.97 0.18 2.9 III 0.21 

4 33 22 11 9.19 - 1.69 0.21 2.4 107 0.13 

5 39 26 13 8 . 94 - 1.20 0.36 1. 6 104 0.10 

6 42 28 14 8 . 97 - 1.54 0. 90 3 .3 108 0.17 
, 

7 51 30 21 8 .75 - 2 .17 0.77 33.4 164 1.04 
I -- ----
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traverses hilly country for the first few miles of its course and passes 

a sugar mill at Doringkop. The gradient steepens as the river then f~lls 

to about 500 ft, vThereafter it trllverses cO llst,'11 Im'llands, passes a seoond 

sugar ,mill at Darnall and finally enters the Indian Oc ean after a total 

course of 19 miles. Together with its smallor tributari es , the Nonoti 

drains a catchment of 69 square miles, the whole of 1'lhich is devoted to 

sugar cultivation. 

Table 17.3 gives the chemical results, obtained during the dry 

season of 1963, for 4 stations on this river: 

( 1) About 1 mile above the Doringkop mill 

(2) About 1 mile belm'l the mill 

(3) Kearsney road bridge, about 4 miles below station 2 

(4) About 5 miles below station 3. 

The analyses shows that the water is of Class I quality at 

station 1, but at s tation 2 it is degraded to Class VI because of the high 

BOD. The DO at this station i s also very low and the pH value markedly 

reduced. At stations 3 and 4 the BOD is much reduced and allows the 1'later 

to be assigned to Class II. In other words, over a distance of about 4 

miles the river has virtually recovered from the heavy organic load at 

station 2. 

The molar percentage spectra are shown in Figure 17.2, and these 

r elate to typical chloridod \V'a ters. 

Various calculated va lues are shown in Table 17.4. The free 

carbonic acid and the percentage saturation with carbonic acid are abnor­

mally high at station 2, as would be expected as a consequence of r apid 

oxidation of organic matter (cf sta tion 7 on the Illovo river). The pH 
s 

is high at a ll st ations , as a lso is the corrosion r atio, and the satura-

tion index is negative . Corrosion is ther efore likely to prove troublesome . 

The water at all stations is soft, but t he total hardness at station 2 is 

about double that at station 1 and the t emporary hardness shows a sharp 

increase. The buffer capacity is appreciable. 

The Nonoti thus affords an example of a river showing recovery 

from a heavy organic load. The resemblances between the water at station 

2 and ' that of th e Illovo river at station 7 are notable since they show 

that this type of ~rg~~ic load has much the same effect upon any river. 
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Table 17.3 

Ana lyses of the Nonoti river 

, 
Sta tion No: 1 2 3 4 

pH value 7.48 6.49 7.40 7.48 

Conductivity, 
100 161 174 219 micrornho 

TDS , ppm 72 108 112 132 

DO, ppm 9.5 0. 8 9.4 9.9 

DO, % satura tion 90 8 91 94 

BOD, ppm 0. 8 37.5 3. 9 1. 6 

Total a l kalinity, 
15. 8 31.1 40. 8 47.0 as ppm CaC0

3 
Ca , ppm 3.2 8.2 8. 6 10.0 

Mg, ppm 2.1 3.8 3.9 5.5 
Na , ppm 16.9 17.4 20. 8 29 .. 1 

K, ppm 1.3 7.1 5.1 4.0 

S04' ppm 1.0 1.3 0.6 3.7 
Cl, ppm 21.9 30.2 29.6 39. 8 

Si02, . ppm 13.8 13.1 17.3 10. 5 

FI01i , cusecs 
I 

1.8 1..8 2.2 2. 6 
I 



Table 17.4 

Calculated parameters of the Nonoti river 

. - I 
Free I 

Buffer 
Hardness as ppm CaC0

3 
carbonic 

CO 2 as % capacity 
Station Saturation Corrosion acid, as 

No: Tota l Permanent Temporary pHs index ratio ppm of CO2 
saturation B 

. 

1 17 17 0 9 .90 - 2.42 1. 62 1.2 107 0.07 

2 36 24 12 9 .04 - 2.55 1.25 21.5 170 0.68 

3 38 23 15 8.93 - 1.53 0.96 3.3 108 0.17 

4 48 28 20 8 .77 - 1.29 1.16 3.2 107 0.17 
, 

. 
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The Umfo19zi river 

The Umfolozi river system comprises two ma jor rivers, the Black 

Umfolozi to the north and the Whit e Umfolozi to the south, which eventually 

combine to form one. 

The vfuit e Umfolozi rises at 5200 ft on the Skurweberg, 13 miles 

west of Vryheid, and flo ws in a genera l south-east erly direction for 205 

miles before joining with the Bla ck Umfolozi. The latter rises at 4000 ft 

on the slopes of the Inyati and Ngwibi mountains in the Vryhcid Coalfield 

and flows roughly par allel to the Wbit G Umfolozi for 90 miles before the 

two rivers join at 300 ft immediat ely below the Umfolozi Game Reserve. 

Their combined wat er then flovlS for a further 40 miles, passing just south 

of Mtuba tuba to enter the Indian Ocean a t st. Lucia estuary. The total 

catchment area of the whole river syst em is 4375 square miles of which 

the upper ha lf comprises European f armlands , th ~) centra l third comprises 

Bant u reserves, ~.;hile the lower portion below the Game Reserve is again 

European f armland (principally devot ed to sugar cUltivation). 

Table 17.5 gives the chemical r esults, obtained during the dry 

sea son of 1966, for 9 stations on the river system: 

(1) Whit e Umfolozi neD r Vryheid 

(2) vlhi t e Umfolozi at ltle lgevonden 

(3) vfui t o Umfolozi near rlJ:siz C'.. zwe 

(4) lrJh.i t e Umfolozi above confluence 

( 5) Black Umfolozi at Inyati 

(6 ) Black Umfolozi a t Svmrtfolozi 

(7) Blnck Umfolozi near Embukodi'leni 

(8) Black Umfolozi nbove confluenc e 

(9) Umfolozi river bE: low confluence 

It 'Iv.J. s not pos sible to undertake BOD det erminations on these 

samples (other riVers were being sampled simultaneous ly, which meant being 

away from the l aboratory for severa l days at a time with no f acilities 

for proper incubation). The oxygen absorbed from acidic permangnnate (OA) 
wa s therefore determined instead. Since the results i-lere uniformly low, 

and since there appear to be no sources of appreciable organic pollution 

near the rivers concerned, it is presumed tha t the BOD would in no ca se 

have exceeded 3 ppm. The water at most stations may therefore be confi­

dently assigned to Class II, except a t station I (where it could be of 

Class I quality) and at station 5 (where it is clearly Class III). 
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1§ble 17.5 

• Ana lyses of the Umfolozi river 

station No: 1 2 3 4 5 6 7 8 9 

pH va lue 7.95 7. 80 8 .35 8.15 5.45 7. 80 8.20 8.35 8.28 

Conductivity, 
90 220 261 296 1095 259 168 332 490 

micromho 

TDS, ppm 63 137 174 179 847 172 121 198 303 

DO, ppm 10.3 10.7 7.2 10.2 7. 8 9.3 9.6 9.8 9.3 

DO, % saturation III 100 83 105 85 97 105 103 94 

OA, ppm 0. 8 1. 8 0.4 0.4 0.4 0.4 2.4 0.1 1.1 

Total a l kalinity, 
39.5 92.0 140. 8 124. 6 18.6 34.0 64.3 114.9 175.2 

as ppm Ca C0
3 

Ca, ppm . 6.7 16. 4 21.6 19.9 '120.7 19.5 10.9 21.0 32.7 

Mg, ppm 3.4 8 .5 13. 8 13 .5 36.5 7.7 10.6 15.6 23.1 
• 

Na, ppm 5.2 17. 8 21.1 25.8 82 .5 20.3 14.8 27.8 43.5 

K, ppm 0.7 1.3 1.3 . 1.3 5.8 ' 1.3 0.9 1.5 1.9 

S04' ppm 1.0 3.3 1.8' 1.0 575.0 ' 80.5 20.7 14.6 22.5 

Cl, ppm 5.0 17.5 12. 2 25.2 Nil 4.6 7.3 31. 7 56.9 

Flow, cusecs 1.5 8 50 100 2 ' 4 100 100 200 

-----
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The Black Umfolozi rises in a deep va lley between mountains 

through which run coal seams. Mnny adits have been driven into the 

mountainsides to win the coa l, and numerous streams draining these and the 

associa ted spoil dumps descend to the valley floor and ent ~r the hepd­

waters of the river . The high TDS, low pH value and very l ar ge sulphate 

concentration in the water at st ation 5 ar e cha r Gcteristic of stroams 

traversing coal mining areas . The molar percentage spectra ar e shoHn in 

Figure 17.3 and clearly show tho anomalous charact er of tho water at 

station 5, with its low proportion of carbonic and high proportion of 

sulphuric acid. Station 6 sho,'TS similar fea tures, less pronounced , ,.,hile 

at s t at ion 7 the water i s virtua lly of normal type . The whole of the 

White Umfolozi (stations 1 - 4), the Black Umfolozi above the conf luence 

(station 8) and thG combined river below this point (sta tion 9) contain 

typica l Hater of the chlorided series. At station 6 th e Black Umfolozi 

has the typical composition of a water of the sulphated series, but a t 

station 5 t he proportion of sulphuric acid is too groat for this while at 

sta tion 7 the water is prObably of mixed chlorided-sulphat ed type. 

Among the calculated parameters shown in Table 17.6, the satur­

ation index shows that the upper portion of the White Umfolozi (stations 

1 and 2) is aggressive towards calcium carbonate 1-Jhile the lower portion 

(stations 3 and 4) carries scale-forming water. The values of the corro­

sion ratio, however, indicate that the water i s not very corrosive to 

metals. The Black Umfolozi i s also aggressive towards calcium car bonate 

in its higher reaches, scale-forming only at station 8. The corr osion 

r atio shows that the 'l'T8ter is very corrosive to metals at stations 5 and 

6, the corr'osivi ty becoming less at the Im'ler stations. At station 9 the 

combined water from the two rivers is both scale-forming and corrosive to 

metals . 

The vfuite Umfolozi (stations 1 - 4) carries soft to slightly 

hard water, the temporary hardness being appreciable except at the highest 

point (station 1). The Black Umfolozi at station 5 has very hard water, 

most of the hardness being pe rmanent, but at lower stations the water is 

very much softer. Belm'/' the confluence (station 9) the water is moder­

ately hard, some 75% of the total hardness being temporary. 

Except at station 5, the free carbonic acid and percentage 

saturation 'l'Ti th ca rbonic acid do not attain significant values. At station 

5, however, the concentrat ion of free carbonic acid is very high (a 

consequence of the low pH), yet the saturation is only 78%. Again except 
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TabJ.e 17.6 

Calculated parameters of the Umfo1ozi river 

Hardness as ppm CaC0
3 

Free Buffer 
carbonic CO2 as % capacity 

Station Saturation Corrosion acid as -No: Total Permanent Temporary pHs index ratio ppm CO2 
saturation B 

1 31 23 8 9.07 - 1.12 0.22 0.8 102 0.05 

2 76 35 41 8.30 - 0.50 0.31 2.6 103 0.16 

3 112 28 84 8 .01 + 0.34 0.14 1.1 100 0.16 

4 106 31 75 8.09 + 0.06 0.29 1.7 101 0.13 
1 

5 454 414 40 8.10 - 2.65 19.78 111.9 78 0.67 

6 81 52 29 8.67 - 0.87 2.57 1.0 103 0.06 

7 72 40 32 8.61 - 0.41 0.46 0.8 100 0.07 

8 118 39 79 8.12 + 0.23 0.51 0.9 100 0.·13 

9 178 44 134 7.69 + 0.59 0.60 1.7 100 0.18 
'--.-~ - -- -- - _ .. _- - --- - ----

j 
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at station 5, the Black Umfolozi is on the whole l ess well buffered than 

the White. 

The Black Umfolozi furnishes a typical example of a river 

receiving drainag~ water from coa l mines. The rapid improvement in quality 

\'1hich the river shows below station 5 is mostly due to dilution through 

the entry of unpolluted tributaries. 

Small coast a l rivers 

Table 17.7 gives the analytical results for 10 small Natal 

coastal rivers, sampled in the dry seasons of 1964 and 1966: 

Umzimbazi on the old South Coast Road 

Emseleni near Hibberds 

Little Amanzimtoti at Smithfield 

Umgababa on the old South Const Road 

Umhlutuni near New Guelderland 

Isipingo at Isipingo Rail 

Umhlanga at ottawa 

Amanzimtoti near Adams Mission 

Ingene on the old South Coas t Road 

Sinkwazi near Sinkwazi stetion 

In each case the flow was l ess than 1 cusec. The molar percentage spectra , 

shown in Figure 17.4, are a ll of the chlorided series except that of the 

Sinkwazi river, \¥hich appears to be of mixed chlorided-sulphated type, 

and ar e all chc. r acterised by 101'1 to very low ccrbonic acid percentages. 

The TDS values tend to be high, a lthough not every river of this group 

shows a high TDS. The ca lculated parameters shown in Table 17.8 indicat e 

tha t these wat ers range from soft to very hard while their temporary 

hardne sses vary from · 2670 of the tot al hardne ss (Umhlu tuni) to 9110 

(Amanzimtoti). The \,Ttlters are aggressive to ca lcium carbonate (except 

for the Sinkwa zi w8t er, which is scale-forming) and show high values of 

the corrosion r D.tio. In many cases they have high concentrations of free 

carbonic acid, but in no instance is the percentage saturation with 

carbo~ dioxide abnormal - the high concuntra tions are mainly due to the 

relatively high tota l alkalinities of these waters and hence have little 

bearing on water quality (see chapter 8) •. For the same reason, · the buffer 

capacities are also high. Some of these waters show high BOD values (see 

Table 17.7), th8t of the Ingane being outstanding, and many of them show 
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Table 17.7 

Ana ~yses of small coasta l rivers 

- - I 

Umzimbazi Emse1eni 
Little 

Umgababa Umhlutuni Isipingo Umhlanga Amanzimtoti Ingane Sinkwazi! 
Amanzimtoti 

I 
pH va lue 7.27 7.54 7. 82 7.40 7.54 7.70 7.40 7.50 7.38 7.80 I 

Conductivity, micromho 2268 
I 

449 707 449 423 1100 650 550 298 2701 

TDS, ppm 218 423 224 215 651 - 326 255 161 1180 1893 

DO, ppm 5.7 5.4 10.4 8.3 4.9 5.8 3.5 10.2 2.2 8.4 

DO, % saturation 56 57 102 84 48 54 35 100 21 85 

BOD, ppm 5. 8 - 1.7 0.5 4.4 1.3 1.1 1.0 28.5 2.1 

OA, ppm - 4.9 - - - - - - - -
Total a l kalinity, as ppm CaC0

3 
86 .0 155.0 80.0 77.3 229.1 116.4 80.0 35.9 215.5 213.8 

Ca, ppm 10.4 22.4 11.2 14.1 48.0 14.6 12.9 5.1 44.2 178.7 

Mg, ppm 12.5 22.1 12.7 11.0 24.6 18.1 15.0 7~0 61.1 69.7 

Na, ppm 50.5 107.0 53.4 44.5 164.0 75.0 56.0 37. 6 279~0 387 .. 0 . 
K, ppm 1.4 2.5 2.2 2.3 8 .5 2. 6 1.2 2.1 4.8 3.9 

S04' ppm 1.9 39.4 5.9 10.2 3.1 · 1.0 17.0 8.2 12.9 577.2 

I Cl, ppm 74. 6 119.0 72.5 69.8 244.9 126.7 92. 8 62.7 549.9 532.0 

Si02, ppm 12.3 - 14.0 13.1 18.2 15.5 12.0 13.6 8.0 
14.2 J 

Flow, cusecs 0. 6 0.5 0.4 0.03 0.06 0.1 0.3 < 0.01 ( 0.01 0.1 
. --- - - -- -
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Table 17.8 

Ca~culated parameters of small coastal river~ 

Hardness as ppm CaC0
3 ---

Total Permanent Temporary 

Umzimbazi 78 37 4i 

Emseleni 148 28 120 

Little Amanzimtoti 81 35 46 

Umgababa 81 45 36 

Umhlutuni 123 32 91 

Isipingo 112 47 65 

Umh1anga 95 54 41 

Amenzimtoti 42 38 4 

Ingane 365 280 85 

Sinlntazi 738 534 204 
---- - -------_. 

-- .. _---

Saturation Cc pH s index 

8.64 - 0.37 

8.09 - 0.55 

8.68 - 0.86 

8.56 - 1.16 

7.67 - 0.13 

8.41 - 0.71 

8.61 - 1.21 

9.41 - 1.91 

7.88 - 0.50 

7.34 + 0.46 

---.-. 

1 

1 

1 

1 

1 

1 

rosion 
atio 

1 

.27 

.26 

.26 

.46 

.48 

.66 

.98 

.96 

.90 

.06 

2 

3 

6 

Free carbonic 
acid as ppm 

CO2 

86.9 

8.6 

2.4 

5.5 

12.0 

3 .. 9 

5.5 

1.9 

14.2 

5.7 

Buffer 
CO2 

as capacity, 
-0;; saturation B 

112 0.43 

106 0.48 

103 0.14 

108 0.29 

106 0.69 

104 0.23 

108 0,29 

107 0,11 

101 0.73 

94 0.38 
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low DO concentrations. In no ca se is ther e any known source of pollution 

above the sampling station concerned, yet the wat ers vary in quality from 

Class II to Cla ss VI. 

It appears, therefore, that small co~stal rivers in Nat a l tend 

to exhibit high TDS, low molar perc entage of ca rbonic acid, low DO and 

high BOD as char act eristic f eatures, although any given river may not 

show all these f eatures . I t s eems unlik81y that thes e char act Gristics 

ar e due to catchment geology , sinc e the geologica l map of Nat al shows 

that t hese particul ar streams drai n a vari ety of geo logical formations . 

Because these streams ar e a ll of low flow, in many cases their 

wat er is vir tually s tagnating. Thi s would l ead to a r eduction of DO and 

an increas e of BOD (accumula tion of organic matter under qui escent con­

ditions , such matter bei ng derived from anima l and veget able debris), as 

well as increase of the TDS due to evaporation. Somo of the f eatures of 

thes e particular rivers could t hu s be account ed for quit e simply. 

Wilcox (1962 ) has presented analyses of the Rio Grande from 

SE:VE:n s ampling points a long a 450 mile stretch, and thes e show thnt 

irrigation drainage \vo.t er CE:,n have a r emarkable effect upon a river. 

Unfort una t ely hi s analyses ar e incomplet e (in particular he ha s not 

r ecorded the pH va lues so t hat the total ca rbonic acid cannot be accura tely 

ca lculated) and they do not a ll fulfil t he ionic bal ance . Their det ailed 

int8rpret ation is ther efor e not po ssi bl e , but t hey do show that the TDS 

of the \1nt er i s mat eria lly increased (by a factor of about 8), uhile the 

sodium and chloride concentrations ar E: increased s till more greatly and 

th E:: cCl.lcium concentrntion and tota l alknlini t y ar e increa sed to a smaller 

degree . It appears th~t t he eff ect of irrigation drainage wat er is thus 

to increase the TDS, to cause ca lcium bicarbonet e (or ca rbonat e ) to become 

r eplaced by sodium chloride and even to cause additional sodium chloride 

to ent er tho water, i. e . the wat ~r shows changes of much the same pattern 

as a riSE: when passing from hi gh to low molar pe rc entages of carbonic acid 

in the s eries of chlorided '·fat ers together with an accompanying increase 

in TDS. Under such circums t ances the corro sion r atio will tend to in­

crease steadily, while t he vari ation of pH with TDS will be l ess marked 
s 

than r eprE:sented by tho curves of Figure 15.7, so that a water with an 

initia lly high pH and hence a negative sa tura tion index will r et ain the s 
negative index as the TDS increa ses. By contrast, equation (8.18) and 

Table 3 C show that sinple evapora tion "fill not give rise to any apprec­

i able change in the carbonic acid saturation, but Figure 10.2 shows that 
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if the average Natal river water becomes increased in TDS by simple 

concentration to a level of about 300 ppm, its saturation index becomes 

positive, and this change must be followed by a spontaneous deposition 

of ca lcium carbonate so that the molar percentage of carbonic acid 

becomes decreased. The final result would thus be a water of high TDS 

with low molar percentages of calcium hydroxide and carbonic acid and a 

zero or positive saturation index. Since all but one of the waters of 

Table 17.7 show negative values of the saturation index, it appears that 

simple evaporation does not after all explain their charact eristic 

features, whereas the entry of irrigation drainage water does. Irrigation 

drainage 1qater may be expected to show hi gh BOD values on occasion and 

often to have low DO (oxygen being removed by micro-organisms as the water 

percolates through tho soil). 

It may therefore be concluded that the small coastal rivers of 

Natal, most of 1tlhich lie in regions where i ntense irrigation is practised , 

O1'1e their anoma lous charact eri stics mainly to tho entry of irrigation 

drainage water (which will consist of seepage r ather than direct run-off). 

Evaporation, if it is of any influonce a t all, can play only a minor role . 

General summary of 1qater guali ty in Natal 

At the present time , river surveys have been conducted by the 

CSIR, on behalf of the To1'ln and Regional Planning Commission, over the 

whole of Natal except the southernmost portion (the Umkomaas and the rivers 

to the south). The present writer ha s participe. ted in most of the \Jork, 

and many of the results obtained have now been published (Brand et aI, 

1967). 

The published report s should be consulted for full details, but 

it i s of interest to conclude the present work by giving a brief summary 

of >-rater quality in Natal as r evea l ed by these surveys . 

Employing the purely chemica l classification of vTater quality 

given in the preceding chapter, it ha s been found that the headwaters and 

upper reaches of most rivers of this Province, \-There pollution is minimal, 

c'ontain waters of Classes I and II, their middle reaches usually contain 

waters of Class II and sometimes Class III, while as the rivers approach 

the coast (tho last 10 - 15 miles of floW) the quality often falls off 

markedly, even right down to Class VI, mainly as a result of urban , 

industria l and sometimes agricultural pollution. The small coast al river s 
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are mostly of poor water quality, often because they ar e affected by 

irrigation in their catchments but sometimes in consequence of their low 

flow. 

On the whole 1'later quality throughout Nata l is very good. 

Pollution occurs, however , th r oughout the Na t al Coalfields (miner alisation 

of the waters from the acidic efflu8nts and drai nage of coal mines and 

dumps ) and be loN most of the sugar mills i n the coastal region (organic 

materi als i n mill effluents causing hi gh BOD and low DO values). Some 

other i ndust ries are al so responsible for isolat ed cases of pollution, 

and vliJ.ter qua Ii ty usually (o ften unavoidably) f alls off to som€) extent 

below towns and cities . 
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The analytical r esults t hat are necessary for the full consider­

ation of a particular wQ t er a r e as list ed in the following example : 

conducti vi ty 760 micromho 

pH 8 .50 

TDS 511 ppm 

Total nl kalinity ns CaC0
3 

268 ppm 

Ca 71. 8 ppm 

Mg 35.9 ppm 

Na 58.0 ppm 

K 3 .7 ppm 

S04 106 ppm 

Cl 52.2 ppm 

Si0
2 

16.3 ppm 

DO 7.1 ppm 

BOD 0.7 ppm 

Temper ature (when sampled) 26 .0
0 

C 

as well as the concentrations of any other ma jor solutos that may be 

present and of any other minor solutes (nitrat e , phosphat e , fluoride, 

etc) l ar ge enough to aff ect the ionic balance or influence tho pH value . 

When particular problems of a spe cialised nature ar e involved, various 

other special dot erminations may a l so be r equired . 

The pH value should be measur ed as accurat e ly as po ssiblo in the 

l aboratory at the t ime of th& anclysis nnd th8 total alkalinity should be 

det ermined by electrometric titra tion to an end-point pH corresponding to 

the conductivity (see Table 5 B), in tho present example to pH 4.3. The 

titra tion curves of samples thought to be anomalous in that they contain 

li ttle or no total c ;:- rbonic acid should be inves tiga t ed before the nlka­

linity det ermination is under t aken. 

Check the TDS by summing the ppm concentrations of Cn, Mg , Na, 

K, S04' Cl, SiO
s 

and any other significant solut es and adding to the to tal 

0.60 times the total alkalinity as ppm CaCO. Compare the result with 
, 3 

the experimonta l TDS. Poor agreement may indicat e errors or omissions in 

the analysis. 

Where -the agreement is good (to within 10%), the mean of the 

two va lues mQy be taken a s th e true TDS. 'Where agreement is poor but not 
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due to analytical errors or omissions, the ca lcu12t ed TDS should be 

taken for further calcula tion in preference to the experimental value 

(because the poor agreement is commonly due to organic substances which 

do not contribute to the ionic strength, or to error ; in the experimental 

TDS) • 

An additional check i s sometimes afforded by comparing the 

calculated TDS in ppm with 0.67 times the electrical conductivity in 

micromho. 

In the above example, the calculated TDS is 505 ppm. Hence the 

work is continued using 508 ppm, the mean of the calculated and experi­

mental values. From the conductivity we have 509 ppm, in excellent 

agreement. 

Calculate the millimolar conc entrations of acids and bases. 

Use rounded molecular weights for this: 

Ca = 40 S04 = 96 

Mg = 24 Cl = 35.5 

Na = 23 (Si0
2 = 60) 

K = 39 etc. 

and divide the analytical figure in ppm by the appropriate molecular 

weight , working to three significant figures.. Calculate C
t 

from the 

relation: 

= 0.02 x Total alkalinity (ppm caC0
3

) 

For the example , the results are : 

Ca(OH)2 c = 1.80 H2SO
4 

s = 1.10 

M~(OH)2 m 1.49 HCl h = 1.47 
NaOH n = 2.52 (Si0

2 = 0.272) 
KOH p = 0.0949 et = 5.36 

Apply the ionic balance. Calculate the value of: 

e = (2 C + 2 m + n + p) c (2 s + ii) ~ x 

",here x refers to other acids or bases that may be present in significant 
concentrations, and hence find the value of let - ecl 
this should not exceed: 

or 
0.1000 + 0.0600 (2 s + ii + €t) (for values < 5) 

0.2560 + 0.0288 (2 s + ii + €t) (for values> 5) 

The value of 
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where the final inequality r ef ers to the term ( 2 S + h + et ). If these 

limits are exceeded, the analysi s must be checked (see chapter 7). 

When the ionic ba l ance i s sati sf actory, the true value of e for 

further calculations may be taken as the mean of et and ec (unless there 

is good reason to choose one of these values as more accurate than the 

other) • 

I n the example ,v-e have: 

e = 5.52 
c 

~ e t - e c I = 0.16 

- - -2 s + h + e
t 

= 9.03 

henct we use the second of the above limits, which works out to 0.5161. 

Since let - ecl is l ess than thi s , t here i s ionic ba l ance and the 

ana l ysis may be considered as satisfactory. The true value of e i s now 

taken as the mean, 5.44. 

Determine the value of Y. Provided 5 < pH < 9, a sufficiently 

accurate value i s obtainabl e from Table 2 B i f the TDS is less than 1000 

ppm. For hi gher TDS values , Y may be found approximately f r om the exten­

sion of Tabl e 2 B. For pH < 5 or pH > 9, Y must be found by the method 

of successive approximation, as described in chapt er 4. 

In the example , the pH being 8 .50 and the TDS 508 ppm, Tab le 

2 B gives Y = 0. 893. 

If it has not been exper i mentally det 8rmined, calculat e the 

value of a , the millimolar concentration of total carbonic acid: 

(a) Provided 5 < pH < 9 and e ~ 1.00, use Table 3 B to find the appro­

priat e value of Q (pH, Y). Then: 

a = Q e 

(b) Provided 6 < pH < 8 and e ~ 0.100, use Table 3 B as described 

under (a ) above. 

(c) Provided 3.7 < pH < 9.7, the value of a for most other cases can be 

found from the equation: 

2 6 4 
1000 (H Y + KIH Y + KIK

2
) 

(Kl H y4 + 2 K
I
K

2
) 

a = 
(

H - k/H l +~) 
1000 
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where H is defined by tho r elation: 

pH - - log Y H 

(d) In all the remaining cases, an accurate value of a is not obtainab le 

by calculation, but an approximate value is provided by (c) above . 

In the example , procedure (a) may be applied (the most common 

case). For pH = 8 .50 and Y = 0.893, Table 3 B gives Q = 0.990 SO th2t: 

a = 0.990 x 5.44 = 5.38 

Calculate the molar perc entages by adding c, m, n, p, a , s, h 

and any other significant millimolDr concentrations and expressing each 

as a percentage of the sum. The molar percentage spectrum may then be 

dra'.'m (see chapter 14) and , by comp3.ri son with Figures· 15.1 and 15.3, it 

may be decided 1'1hether the \vater be longs to the chlorided or sulphated 

series, using the criteria of agr eement given in chapter 13 (page 127). 

In the example , the tota l of the millimolar concentrations i s 

13.85, so tha t molar percentages ar e as follows: 

Ca(OH)2 13.0 

Mg(OH)2 10.8 

NaOH 18 .2 

KOH 0.6 

H
2

C0
3 

38.9 

H
2

SO
4 

7.9 

HCl 10. 6 

Here the sulphuric acid i s r ather too high for the chlorided series, while 

the magnesium hydroxide is r ather too low for the sUlphat ed seri es . The 

water thus appears to be of mixed chlorided-sulphated type. 

Tho DO concentra tion may be expressed in terms of percentage 

saturation according to the t emp~rature at the t ime of sampling (Table 

6 B), the result being suitably correct ed for altitude (Table 7 B). The 

r esult, together with the TDS, BOD and pH, cnn be util:i.s ed in assigning 

the water to its proper quality classification by Table 16.1. 

In the example, th e DO concentration corresponds to 87% satura­

tion (the altitude correction being negligible). The water is thurefore 

of Class III quality. 

Other derived quanti ti es can be calcF::.ated from the analysis 

if required: 
... 
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Buffer capaci ty by equation (9. 4). 

pH by equation (10.13), taking A = 50 e . 
s 

Saturation i ndex , equal t o pH - pH (s ee chapter 10). 
s 

Corrosion r atio by equa tion (10.17). 

Free carbonic acid by equa tion (8 .12) or (8 . 8 ). 

(a ) 

(b) 

( c) 

( d) 

(e ) 

(f) 

(g ) 

(h ) 

Percent saturation \nth c3rbonic acid by equa tions (8 .18) or (8 .19). 

The forms of nl kalinity , according t o chapter 7 (scheme on page 59). 

The total, p~ rmanent and t emporary hardness , according to chapter 11. 

The exampl e ana lysis yi e lds the fo llowi ng r esult s : 

(a ) B 0.30 

pH = 7.30 
s 

(c) Saturation index = + 1.20 

(d) Corrosion ratio R = 0.67 

(e) Free carbonic acid F = 1.4 ppm as CO 2 
(f) Percent saturation with carbonic acid = 99% 

Bicarbonate al kalini ty 

Carbonate alkalinity 

Hydroxide a l kalinity 

Tota l al kalinity 

Total hardness I 

Permanent hardness Ph 

Temporary hardness Th 

= 

= 

266 ppm as CaC0
3 

6 ppm as CaC0
3 

= Ni l 

= 

= 

= 

= 

272 ppm as CaC0
3 

329 ppm as CaC0
3 

75 ppm as CaC0
3 

254 ppm as CaC0
3 

The water is therefore well-buffered and scale-forming but corrosive to 

metals . It i s also very hard and has a l ar ge temporary hardness (77% of 

the total). To correct the corr osivity , lime may be added , but this vnll 

increase the scale-forming powers and the hardness. Similarly, to reduce 

the scale-forming powers, acid may be added , but this will increase the 

corrosivity, although l eaving the hardness unchanged. As it stands, this 

water is not r ecommended for domestic use unless no other source of supply 

i s avai l ab l e , on account of its high TDS, but it would become acceptable 

if given a form of softening treatment. Thi s might be uneconomic; a ccord­

ing t .o chapter 11, the use of the cold lime soda process would r equire the 

addition of about 290 ppm or lime and 30 ppm of soda ash as well as some 

aft er treatment. Under the circumstances, it would probably be best to use 

no treatment at all (apart from disinfection) if the water must be used for 

domestic purposes, r elying on the scale-forming properties to give pro­

tection from corrosion and accepting the high hardness. 
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Table 1 B 

Values of constants at 25
0

C 

I 

Constant Symbol Value 

Ionic pro duct of water k 1.01 x 10-14 
w 

Firs t di ssociation constant of H
2

C0
3 Kl 4.43 x 10-7 

Second dissociation const ant of H
2

C0
3 K2 4.69 x 10-11 

Second. dissocia tion constant of H
2

SO
4 

K 1.00 x 10-2 
s 

Second dissociation constant of Ca (OH ) 2 K 3.1 x 10-2 
c 

Second dissociation constant of Tl1g (OH) 2 K 2. 6 x 10-3 
m 

'" 

Solubili ty product of H
2

C0
3 

k 4.36 x 10-12 
a 

Solubili ty product of Ca C0
3 

k 5.12 x 10-9 
ca 

Solubili ty Ca (OH)2 
, 

product of k S.3S x 10-
c 

Solubility product of MgC0
3 

k 1. 62 x 10-5 
ma 

Solubi li ty product of Mg (OH)2 k 
m 

1.38 x 10-11 



TDS, ppm 

20 

30 

40 

50 

60 

70 

80 

90 

100 

Table 2 B 

Approximate activity coefficients 

valid for 5 < pH < 9 

Y TDS, ppm I "( TDS, ppm 

100 I 0.952 200 

110 0.949 300 

1.000 120 0.946 400 

0.982 130 0.944 500 

0.975 140 0.942 600 

0.970 150 0.940 700 

0.965 160 0.938 800 

0. 961 170 0.936 900 

0.958 180 0.934 1000 

0.955 190 0.932 , 

0.952 1 200 0.930 

y 

0.930 

0.922 . 

0.904 

0.894 

0.885 

0.878 

0.871 

0.865 

0.859 

The fol1ovring additional extrapolated values are based on Figure 4.1: 

TDS, ppm Y TDS, ppm Y 

1,000 0.859 10,000 0.644 

2,000 0.814 20,000 0.505 

3,000 0.780 30,000 0.375 

4,000 0.755 40,000 0.227 

5,000 0.732 

6,000 0.712 

7,000 0.690 

8,000 0.675 

9,000 0.659 



Table 3 B 

Values of Q (pH, Y ) for ca lculation of total carbonic acid 

j 
Activity coefficient, y I 

I pH 
1.000 0.980 0.960 0.940 0.920 0.900 0.880 0.860 

6.0 3.25 3.21 3.16 3.12 3.08 3.03 2.99 2.94 

6.1 2.79 2.76 2.72 2.69 2.65 2.62 2.58 2.54 

6.2 2.42 2.40 2.37 2.34 2.31 2.28 2.25 2.23 

6.3 2.13 2.11 2.09 2.07 2.04 2.02 2.00 1.97 

6.4 1.91 1.89 1. 87 1.85 1.83 1.81 1. 79 1. 78 

6.5 1. 71 1.70 1.69 1.67 . 1.66 1.65 1.63 1.62 

6.6 1. 57 1.55 1.54 1. 54 1. 52 1. 52 1.50 1.48 

6.7 1.45 1.44 1.43 1.43 1.42 1.41 1.40 1.39 

6.8 1.36 1.35 1.34 1.34 1.33 1.32 1.32 1.31 

6.9 1.29 1.28 1.27 1.27 1.26 1.26 1.25 1.25 

7.0 1.23 1.22 1.22 1.21 1.21 1.20 1.20 1.20 

7.1 1.18 1.18 1.17 1.17 1.16 1.16 1.16 1.16 

7.2 1.14 1.14 1.14 1.13 1.13 1.13 1.13 1.12 

7.3 1.11 1.11 1.11 1.11 1.10 1.10 1.10 1.10 

7.4 1.09 1.09 1.09 1.08 1.08 1.08 1.08 1.08 

7.5 1.07 1.07 1.07 1.07 1.06 1.06 1.06 1.06 

7.6 1.05 1.05 L05 1.05 1.05 1.05 1.05 1.05 

7.7 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 

7.8 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.03 

7.9 1.03 1.02 1.02 1.02 1.02 1.02 1.02 1.02 

8.0 1.02 1.02 1.02 1.02 1.01 1.01 1.01 1..01 

8.1 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 

8.2 1.01 1.01 1,00 1.00 1.00 1.00 1.00 1.00 

8.3 1.00 1.00 1..00 1.00 1.00 1.00 1.00 1.00 

8.4 1..00 0.993 0 •. 993 0.993 0.993 0.992 0.992 0.991 

8.5 0.993 0.993 0.992 0.992 0.991 0.991 0.988 0.987 

8 •. 6 0.983 0.983 0.983 0.983 0.982 0.980 0.979 ' 0.976 

8.7 0.982 0.981 0.978 0.977 0.975 0.974 0.971 0.969 , 
8.8 0.977 0.973 0.971 0.970 0.968 0.966 0.964 0.959 
8.9 0.968 0.965 0.965 0.960 0.958 0.955 0.953 0.950 
9.0 0.959 0.957 0.953 0.951 . 0.948 0.945 0.942 0.939 



Table 4 B 

Values . of P (pH, Y) for calculation of free carbonic acid 

Activity coefficient, Y 
pH 

0.960 0.940 0.920 0.900 0.880 r 0.860 1.000 0.980 

6.0 2.26 2.21 2,17 2.12 2.08 2.03 1.99 1.94 

6.1 1. 79 1. 76 1.72 1. 69 1.65 1.62 1.58 1.54 

6.2 1.42 1.40 L37 1.34 1.31 1.28 1.25 1.22 

6.3 1.13 1.11 1.09 1.07 1.04 1.02 0.998 0.975 

6.4 0.898 0.880 0.863 0.847 0.829 0. 810 0.792 0.774 
I 

6.5 0.714 0.699 0.685 0.670 0.657 0.643 0.628 0.614 

6.6 0.569 0.554 0.544 0.533 0.521 0.510 ; 0.499 0.488 

6.7 0.450 0.441 0.43 2 0.423 0.415 0.406 I 0.397 0.388 

6.8 0.358 0.350 0.344 0.336 0.329 0.322 0.315 0.307 

6.9 0.284 0.278 0.273 0.267 0.262 0.256 0.250 0.244 

7.0 0.226 0.221 0.217 0.212 0.208 0.203 0.199 0.194 

.7.1 0.179 0.176 0.172 0 .• 169 0.165 0.162 0.158 0.154 

7.2 0.142 0.140 0.137 0.134 0.131 0.;L28 0.125 0.122 

7.3 0~1l3 0.111 0.109 0.107 0.104 0.102 0.100 0.097 

7.4 0.090 0.088 0.086 0.085 0.083 0.081 0.079 0.077 

7.5 0.071 0.070 0.069 0.067 0.066 0.064 0.063 0.061 

7.6 0.057 0.055 0.054 0.053 0.052 0.051 0.050 0.048 

7.7 0.045 0.044 0.043 . 0.042 0.041 0.040 0.039 0.038 

7.8 0.036 0.035 · 0.034 0.033 0.033 0.032 0.031 0.030 

7.9 0.028 0.028 0.027 0.027 0.026 0.025 0.025 0.024 
8.0 0.022 0.022 0.021, 0.021 0.021 0.020 0.020 0.(·19 
8.1 0.018 0.017 0.017 0.017 0.016 0.016 0.016 I 0.015 

I 8.2 0.014 0.014 10.013 0.013 0.013 0.013 0.012 I 0.012 
8.3 0.011 0.011 0.011 0.010 0.010 0.010 0.010 10.009 
8.4 0.009 0.009 0.008 0.008 0.008 0.008 0.007 0.007 
8.5 0.007 0.007 0.007 0.007 0.006 0.006 0.006 0.006 
8.6 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 
8.7 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 
8.8 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 
8.9 0.003 0.003 0.003 0.002 0.002 0.002 0.002 0.002 
9'.0 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 



Table 5 B 

Calculated end-point pH values for alkalinity titrations 

I End-point pH values 
Conductivity 
rnicromho "Methyl orange" "Phenolphthalein" 

10 5.2 8 .0 

20 5.1 8.1 

40 4. 9 8 .2 

60 4.8 8.2 

80 4. 8 8.2 

100 4.'7 8.2 

200 4:6 8.2 

400 4.4 8.2 

600 4.3 8.2 

800 4.3 8.2 

1000 4.2 8.2 

1200 4.2 8.2 

1400 4.2 8.2 

1600 4.1 8.2 



Table 6 B 

Values of U
1 

and U
2 

for calculation 

of ideal buffer capacity 

pH U
1 

U2 

4.0 0.010 0.230 

4.2 0.016 0.145 

4.4 I 0.025 0.092 

4.6 0.031 0.058 

4.8 0.061 0.037 

5.0 0.094 0.023 

5.2 I 0.142 0.015 

5.4 0.208 0.009 

5.6 0.293 0.006 

5.8 0.393 0.004 

6.0 0.490 0.002 

6.2 0.558 0.001 

6.4 0.575 0.001 

6.6 0.532 0.001 

6.8 0.449 0.001 

7 •. 0 0.347 0.000 

7.2 0.253 0.001 

7.4 0.177 0.001 

7.6 0.121 0.001 

7.8 0.084 0.002 

8.0 0.061 0.002 

8.2 0.049 0.004 

8.4 0.055 0.006 

8.6 0.054 0.009 

8.8 0.073 0.015 

9.0 I 0.104 0.023 
l 



./ 

Table 7 B 

Dissolved oxygen concentration in ,'later in eguilibrium 

. with saturated air at 760 rom pressure 

(from American Public Health Association, 1965) 

0 Temperature, C DO, ppm 
0 

Temperature, C DO, ppm 

0 14.6 26 8.2 

1 14.2 27 8.1 

2 13 . 8 28 7.9 

3 13.5 29 7.8 

4 13.1 30 7. 6 

5 12. 8 31 7.5 

6 12.5 32 7.4 

7 12.2 33 7.3 

8 11. 9 34 7.2 

9 11.6 35 7.1 

10 11.3 36 7.0 

11 11.1 37 6. 9 

12 10. 8 38 6.8 

13 10.6 39 6.7 

14 10.4 40 6.6 

15 10.2 41 6.5 

16 10.0 42 6.4 

17 9.7 43 6.3 

18 9.5 44 6.2 

19 9.4 45 6.1 

20 9.2 46 6.0 

21 9.0 47 5.9 

22 8.8 48 5.8 

23 8.7 49 5.7 

24 8. 5 50 5. 6 

25 8.4 



Table 8 B 

Altitude correction factor for DO sa tura tion 

Altitude 
in feet 0 200 400 600 800 

0 1.00 1.01 1.01 1.02 1.03 

1000 1.04 1.04 1.05 1.06 1.07 

2000 1.07 1.08 1.09 1.10 1.11 

3000 1.11 1.12 1.13 1.14 1.15 

4000 1.15 1.16 1.17 1.18 1.19 

5000 1.19 1. 20 1.21 1.22 1.23 

6000 1. 24 1. 25 1. 26 1. 27 1.27 

7000 1. 28 L29 1.30 1.31 1.32 

8000 1.33 1.34 1.35 1.36 1.37 

9000 1.38 1.39 1.40 1.41 1.42 

The peFcentage satura tion, obtained from 

the observed DO and the da ta of Table 7 B, is 

corrected for altitude by multiplying by the 

f actor f from the above Table, where f is given 

by: 

log f = A/K 

A being the a lti t ude i n feet and K a constant 

equal to 221.1 t "I'lhere t i s the average air 

tempera ture up to t he a ltitude concerned which 

may be t aken as approximately 293 0K (Berry, 

Bo11ay and Beers, 1945 ; Sutcliffe, 1946). 
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Table 1 C 

Total carbonic acid in streams of the Tugela river system 

Date Total Total 
of Conductivity, TDS, alkalinity carbonic acid 

sample pH micromho ppm as ppm CaC0
3 

millimo1es/li tre 

I 

Bergyille TUGELA RIVER 
======== 

I 
7/54 7.4 52 62 36 0.78 

I 
8/54 8.0 ' 57 79 50 1.02 

10/54 7. 9 60 78 92 1. 88 I 
n/54 7.4 36 50 28 0.61 

12/5417.4 30 39 31 0.68 

1/55 7. 4 32 36 30 0. 65 

2/55 7.2 40 39 34 0.78 

3/55 7.3 40 35 34 0.75 
I 

4/55 7.8 75 59 59 1.22 

Labuschagge's Kraal 

11/54 7.6 50 68 36 0.76 

12/54 7.5 39 41 32 0.68 

1/55 7. 5 40 35 28 0.60 

2/55 7.2 29 52 28 0.64 

3/55 7.3 50 42 36 0.80 

4/55 7.6 106 78 52 1.09 

Co1enso . 

11/53 1 7•6 96 115 54 1.13 

7/54 7.5 72 71 50 1.07 

8/54 7.8 90 53 56 1.15 

9/54 8.0 102 85 74 1. 51 
10/54 7.9 105 71 65 1.33 
11/54 7.3 54 48 48 1.07 
12/54 7.6 37 41 34 0.71 

1/55 7.5 48 57 39 0.83 
2/55 7.5 40 44 34 0.79 
3/55 7.3 52 49 58 1.29 
4/55 7.6 78 71 65 1.37 

Coritinued / ••.•• 



Table 1 C (continued) 

Date Total Total 
of Conductivity TDS, alkalinity, carbonic acid 

sample pH micromho ppm as ppm CaC0
3 

millimoles/li tre 

Below Nkasini 

11/53 7.5 190 167 99 2.19 

7/54 7.6 140 108 95 2.00 

8/54 8.2 175 .119 86 1.72 

9/54 8.2 155 106 90 1.80 

11/54 7.7 67 62 50 1.04 

4/55 8.2 139 120 90 1.80 

Tugela Ferr;y 

11/53 17.6 240 203 118 2.48 

6/54 7.8 238 178 98 2.02 

7/54 7.7 370 255 228 4.74 

8/54 8.2 370 267 187 3.74 

9/54 8.2 325 207 165 3.30 

10/54 8.0 120 102 98 2.00 

11/54 7.7 102 92 70 1.46 

12/54 7.8 136 94 78 1.61 

2/55 7.5 87 70 55 1.18 

3/55 8.2 104 88 64 1.28 

4/55 7.8 186 141 108 2.22 

Below N@bevu 

12/53 7.5 180 160 95 2.03 

6/54 8.0 190 122 93 1.90 

7/54 8.3 255 161 119 . 2.38 

8/54 8.5 300 197 148 2.94 

9/54 8.5 302 187 134 2.62 

11/54 7.8 111 95 68 1.40 
Itiddledrift 

10/53 7.3 170 165 81 1.80 

8/54 8.4 251 177 124 2.46 

9/54 8.3 300 188 126 2.52 

11/54 7.4 120 107 78 1.70 
12/54 7.9 110 90 75 1.53 

Continued / ••••• 



Table 1 C (continued) 

Date 
conductivity! TDS, 

Tota l Total 
of alkalini ty carbonic acid 

sample pH micromho ppm as ppm CaC0
3 

millimoles/li tre 

. t 

( continued) Middledrift 

2/55 7. 8 112 94 64 1.32 

3/55 7.6 143 104 89 1.87 

4/55 8. 1 J.82 120 116 2.34 

Mandini 

10/53 7.4 165 144 81 1. 75 

6/54 8.2 190 114 91 1.82 

7/54 8.1 235 151 106 2.14 

8/54 8"2 268 173 121 2.42 

9/54 8A6 290 175 114 2.24 

12/54 7.9 102 94 66 1.35 

2/55 7. 8 130 109 60 1.24 

3/55 7. 6 157 120 98 2.06 

4/55 8.3 205 160 118 2.36 

MAHAr ) TREAM 
====-~-== 

11/54 
. 

7.8 25 13 27 0.56 

2/55 7. 2 31 19 26 0.59 

3/55 7.3 28 25 27 0.60 

4/55 7.8 40 30 29 0 .. 60 

sl..NDSPRUIT 
==--====== 

4/54 6.9 95 

1 :~ 61 1.55 
6/54 6.8 124 106 2.86 

7/54 6.8 125 118 98 2.63 
8/54 6.7 150 132 82 2.35 
9/54 6.7 140 163 94 2.69 

10/54 7.4 90 155 70 1.51 
11/54 7.2 67 148 46 1.04 
12/54 6.6 73 94 64 1.97 
1/55 7.0 71 98 57 1.39 
2/55 7.3 80 92 63 1.40 
3/55 7.1 82 93 90 2.11 
4/55 8.0 138 99 93 1.90 

Continued / ••••• 



Table 1 C (continued) 

-
I 

Date Total I Total 
of Conductivity, TDS, alkalinity, carbonic acid 

sample pH micromho ppm as ppm CaC0
3 

mil1imoles/litre 

\1LE 
I 

LIT TUGELA 
====--==== 

8/54 8.2 . 86 86 56 1.12 

10/54 8.1 75 42 66 1.33 

11/54 7.9 42 56 34 0.69 

12/54 7.4 47 50 33 0.72 

1/55 7.4 50 39 31 0.68 

2/55 7.2 37 31 24 0.55 

3/55 7.5 54 48 38 0.81 

4/55 7.8 102 51 55 1.13 

BLOUKRANS 
======= 

12/53 7.9 700 512 161 3.28 

4/54 7.8 210 140 110 2.27 

6/54 8.0 830 453 211 4.26 

7/54 8.1 940 603 284 5.74 

8/54 8.5 1020 677 230 4.54 

9/54 8.4 1120 774 253 5~02 

10/54 8.5 760 466 222 4.39 

11/54 7.9 455 310 233 4.75 
12/54 7.7 136 137 104 2.16 

2/55 8. 6 440 321 220 --1- .32 

3/55 8.2 370 333 222 4.44 
4/55 8.2 668 453 252 5.04 

BUSHMA.TlIS RI VER 
======== 

I 
Above Estcourt . 

10/54 8.2 180 136 84 1.68 
11/54 7.7 110 102 50 1.04 
12/54 7.7 68 57 50 1.04 
2/55 7. 6 73 68 50 1.05 
3/55 8.4 106 91 76 1.51 
4/55 8.2 166 1194 108 2.16 
5/56 7.1 56 56 39 0.91 
6/56 6.8 60 53 42 1.13 

Continued / ••••• 



Table 1 C (continued) 

Date Total Total 
of Conductivity, TDS, a lkalini ty, carbonic acid 

sample pH micromho ppm as ppm CaC0
3 

millimoles/li tre 

Above Estcourt (continued) 

7/56 7.3 74 60 46 L02 

9/56 7.5 76 60 56 1.20 

11/56 7.3 63 67 44 0.98 

2/57 7.5 61 67 32 0.68 

Below Estcourt 

5/56 7.2 59 46 39 0.89 

6/56 7.0 68 69 43 1.05 

7/56 7.4 78 66 48 0.94 

9/56 7.5 83 63 58 1.24 

11/56 7.3 63 61 44 0.98 

5 miles below Estcourt 

5/56 7.0 59 50 43 1.05 

6/56 7.0 80 72 48 1.17 

7/56 7.6 90 76 52 1.09 

9/56 7.4 106 79 64 1.40 

11/56 7.1 45 113 41 0.96 

2/57 7.4 70 75 34 0.74 

Above iveenen 

5/56 7.4 73 53 46 1.00 

6/56 6.9 85 65 52 1.32 
7/56 7.7 108 90 61 1.29 
9/56 8.2 135 95 80 1.60 

11/56 7.2 36 97 40 0.91 
15 miles below Weenen 

4/54 7.9 160 110 99 2.02 
6/54 7.8 150 99 71 1.46 
7/54 . 7.6 153 III 106 2.23 
8/54 8.3 190 124 103 2.06 
9/54 8.5 268 171 146 2.90 

10/54 8.2 180 136 84 1.68 
11/54 7.7 110 102 50 1.04 

Continued / ••••• 



Table 1 C (continued) 

I I Date Total Total 
of Conductivity, TDS, a lkalini ty, carbonic acid, 

sample pH micromho ppm as ppm CaC0
3 

mi11imoles/li tre 
I 

(continued) 15 miles below 1/{eenen 

12/54 
I 

7.7 68 57 50 1.04 

2/55 7.6 73 68 50 1.05 

3/55 8.4 106 91 65 1.29 

4/55 
I 

166 2.16 8.2 I 194 108 

I 
, 

LITTLE BUSHMANS RIVER 

11/54 7.9 I 42 43 34 0. 69 

12/54 7.3 42 32 28 0.62 

1/55 7.3 40 35 28 0.62 

2/55 7.2 40 35 29 0. 66 

3/55 7.5 45 38 31 0.66 

4/55 6. 8 45 45 37 1.00 

9/55 7.2 68 63 43 0.95 

5/56 6.7 57 46 30 0.86 

6/56 6.9 65 64 51 1.30 

7/56 7.4 72 61 47 1.02 

9/56 7.5 90 70 63 1.35 
10/56 7.4 144 90 80 1. 74 
2/57 7. 6 55 73 28 0.59 

SlJNDAYS RIVER 

12/53 7.4 250 195 91 1.97 
6/54 7.4 500 190 100 2.16 

7/54 7.9 450 , 302 154 3.14 
8/54 8.3 440 ,307 III 2.22. 

10/54 7.7 155 145 70 1.46 

MOOI RIVER 
=========== 

6/54 7.7 166 118 90 , 1. 87 
7/54 8.5 250 ,153 128 2.54 
8/54 8.6 390 283 217 4.26 

9/54 1
8

•3 470 302 254 5.08 
10/54 7.5 85 143 58 1.24 I 

Continued / ••••• 



Table 1 C (continued) 

Date 
conductivity) TDS, 

Total Total 
of a 1kalini ty, carbonic acid 

sample pH micromho ppm as ppm CaC0
3 

mi11imo1ea/1itre 

11/54 7.8 94 81 62 1.28 

12/54 7.3 110 71 52 1.15 

2/55 7.8 87 68 58 1.19 

3/55 7.9 104 88 61 1.24 

4/55 8.2 178 127 103 2.06 

BUFFALO RIVER 
=========== 

11/53 7.8 170 119 70 1.44 

6/54 8.0 202 132 103 2.10 

7/54 
I 

8.2 250 160 122 2.44 

8/54 8. 5 270 177 122 2.42 

9/54 1 8•5 I 285 172 132 2. 62 

~5417.8 j 
136 110 85 1.75 



Tabl e 2C 

Analyses of unpolluted Natal rivers 

R i v e r 

Illovo at 

Byrne 

Ingag<~ne above. 

Alcockspruit 

Karkloof at 

Shafton 

Lions near 

Lidgetton 

Mooi above 

Iliooi River 

Mpushini near 

Pietermaritzburg 

Sterk near 

Ambleside 

Tongaat at 

Sibutu 

Umgegu at 

Umfula 

Umgeni at 

Nagl e Dam 

Unh10ti above 

Veru1am 

Umvoti at 
Bitakona 

Umzimkulwana at 

Baboons Castle 

Umzinyatshana 

near Dundee 

i 
I 

I~ 
sIP< P< , 
~ J N 
~ : 0 

M I 'M 
I:.) ! CI) 

i , 
I 

1.0 !13.7 

2.1111.6 

i I : II ! I I ! 18.1 i 59 41 1 26 .1 4.8 1 1.6 3. 9iO.l Nil j 

7. 8165 41 1 23 .7 3.9 1 3.1 1 5.2 0. 6 3~2 1 

8.41 581 491 39.2 5.0 ! 2.01 4.3 3. 61 3.0 

8.1 1248153175 .2116.7 18.2 24 .5 1.5 136 .6 

7.7 143, 42 23 . al 3.5 l 1.7 4. 2 0.5 Nil 

7.1 I 60 58 27 .0 4. 8 1 2.6 4 . 6 0. 8 5.1 

0. 91 6.7 

7.51 13•3 

1.7 116 •5 

5.4 115 •5 

7.4 I 51 51 33 . 6 3.7 1, 2. 8 4. 6 0.8 Nil 

7.3 66 59 39 .1 1 6.6 , 3.5 5. 5 1.2 1.7 

1.1 118.0 

0.1 116 •9 

0. 9 1 6.7 

, 

7.1 41 42 21 .7 5.0 1.8 2. 8 0.7 \ 8 . 2 

8 .0 591 52 26 .2 5.9 1.7 4 .1 0.6 4. 3 ' 4.9 110•1 

8. 4 375 252 179 . 4 27.4 16.1 45 .5 1.7 

7.5 403 332 178.0130.7 119.3 56.0 1.1 1 

8 .11 48 36 25 .2 2. 5 2. 2 3 . 4 0. 5

1

' 

7. 4' 53
1 

41 23 . 2 3.1 2. 2 4.7 0 .7 

! I 7.5 98 741 21 .1 2.3 2. 6 14 .0 1.2 1 

7. 4 109 82 . 23 . 8 2.7 2. 2 19.7 1. 4 1 

7. 9 107 81 42 . 6 5. 6, 
! 7. 5 110 80 45 .8 5.1 i 

i 
3 . 9 13 . 4 1.3 i 
3.8 14. 5 1. 5 . 

8 .2 I 54 47 28.1 4.0 1 2.1 3. 5 0. 6 

7.1 91 1 69 38 . 2 6.5 , 3.0 7. 9 1.0 , 
8 .0 1331106 46. 2 6.1 4. 4 19.0 1.6 

I 

17•7 151 1104 43 .1 6.1 j 4.3 21.2 1.3, 

6. 8 1 39
1
1 31 20.0 2.6 ! 0. 4 4 .5 1.5 / 

8 .. 0 1174,.116 65 . 2
1
1O.2 ! 5.1 18.5 1.1 

. I I 8.1 1231 '123 78.8 11.5 j 8 .2 24 .0 1. 4
1 

8.7 ,248 143 68 . 6 11.5 1 9.6 27.7 11.1 

18•5 1308 223 165.2 25.7 115.8125.6 11.7 
' 8.6 1319 1232 ,182.6 !26.6 ;20.8!23 .7 :1.3 : 

Nil 32 . 4 21.3 

4.7 77.5 ,29 . 0 

Nil 3. 2 9 . t~ 

Nil ! 4.5 111.5 
i 

2. 7 19. 3 17. 6 

0. 61 21.3 19.9 

~illl1. 7119.0 
Nil 8 . 4 121.7 

Nil 2.5 15.0 

1. 4
j 

8. 9 114.7 

3.0 23 . 9119.8 
0. 6 20.0 22 .5 

3. 6 0.5 6.1 
7.3 13.5 20. 8 

2.0 22 .1 1 6.7 , 
7.3 35 .7 l 9.1 

I 9.0 1 6.2 140.0 
7. 41 4. 6 :43. 3 

! 



Table 3C 

Molar percenta~es for the rivers of Table 2C 

! River 

Illovo at 

I Byrne 

Ingagane above 

1l.1cockspruit 

Karkloof a t 

Shafton 

Lions near 

Lidgetton 

~iooi above 

Mooi River 

Mpushi ni near 

Pietermaritzburg 

Sterk near 

ll.mb l es ide 

Tongaat at 

Sibutu 

Umgegu at 

Umfula 

Umgeni at 

Nagl e Dam 

Umhloti above 

Verulam 

Umvoti a t 

Bitakona 

Ur;:z imkul wana 

at Baboons Castl e 

Umsinyatshana 

near Dundee 

" 12.7 
8 .9 

10.1 

10. 3 

9.8 

9. 8 

8 .0 

10. 9 

13;8 

13 .7 

8. 6 

7.7 

7. 3 

7.7 

3.2 

3.0 

6.6 

5. 8 

7.2 

6.6 

10.6 

10 •. 3 

7.0 

11.8 

6. 7 

8 . 4 

7.9 

8 .8 

17.9 ! 2 •. 7 56.7 0.0 

20.6 1. 4 48.9 3.0 

15.1 7. 5 

26.3 0.9 

56.0 2.5 

39.5 1. 9.4 

RCl 

2.1 

5.2 

20.5 1. 4 55.0 0.0 5.4 

16.3 1.7 46 .7 4.3 12. 4 

10.1 · 17.3 1.8 60 .1 0.0 2.7 

0.2 9.7 

8 .3 

6.6 

8 . 4 

8.1 

10.7 

9.1 

6.0 

4 .1 

7.6 

7.1 

9.2 

7.1 

15.8 2.0 

13 .5 2.0 

16.7 1. 4 

24 .5 0.3 

17.3 1.5 

20.2 1.8 

33.8 1.7 

38.2 1.6 

27.2 1.6 

28.3 1. 7 

15.9 1.6 

19.5 1.5 

6 . 6 29 . 6 1.5 

6 . 3 I 32 . 4 1. 2 

60 . 2 

50.2 

44 . 4 

46 .3 

36.9 

52.7 

48 .5 

23.5 

26.1 

41.5 

46 . 4 

55. 4 

47.5 

1.2 

0.0 

0.5 

0.0 

0.0 

1.6 

0.3 

0.0 

0.0 

0.0 

0.8 

31.6 1.1 

34 . 8 0.2 

2.8 

13.0 

11.4 

22 .0 

10.5 

12.6 

30.2 

26.7 

15.5 

10.7 

24.1 

19.7 

2.0 

7.0 

23 .2 4 . 6 56. 4 4 . 4 1.7 

26.3 0.9 42.5 2.5 12.4 

8 .6 

9 .1 

10.9 

1 13 . 4 
·1 

26.1 0 . 9 

! I 
27.5 0. 6 

I 
18 . 4 0.7 I , I 

! 15. 91 0. 5 1 

4-1.1 

31. 5 1 

54 .9 

56 .7 
1 
I 

0.5 

1.7 

1. 6 

1.2 

15.6 

23.0 



.. 
>, 

+> 
• ·ri 

0 :> 
~ (1) ·ri 0 

;j tll (j) .-I 
.-I cj ;j 0 
Po< :> 't:l H 
S ~ C) 
cd :Il O·ri 

tJ) Po< , oS 
I 

! 

1 8.3 105 

2 8.1 llO 

3 7.6 115 

4 8.5 120 

5 8.6 125 

6 8.4 125 

7 7.9 130 
I 8 7.6 130 ! 

9 7.2 135 

10 7.5 140 

III 8. 4 145 

12 8.7 150 

13 8 .3 150 

14 8.1 150 

15 8.0 155 

16 7. 4 155 

17 8.7 160 

18 7.4 160 

19 7.9 170 
20 7.2 170 

21 8.6 175 
22 8.1 175 

23 8.3 185 

24 8.2 185 

25 8.1 190 
26 8.0 190 

27 8.2 195 

Table 4C 

-Analytical results for the Wilge 
. river. OFS 

. _.", .. .-

I .. . 
>, 

+> I ·ri 
!:: I ·ri r<'I 
.-10 
cjO 
~ cd 

S .-10 S 
Po< Cil S S S Po< S 
Po< S Po< Po< Po< S Po< Po< 

.-I Po< Po< Po< Po< Po< Po< ... cj Po< Po< ... 
tJ) +> .. ... .. <::t .. 
A , o Cf.l Cil till .J ... 0 .-I 
E-t ! E-t Cil 0 :;:::: \2; ~ tJ) 0 

-- - -, I 

i 
1 I I 

81 i 
I 

46 .0 9.6 3.8 I 8.414 .3 1 4·. 4 I 6.0 
90 51. 5 10.0 5.5 9.0 ! 4.1 I 4.0 I 12.0 

ll6 55.0 12.0 5.3 
I I ' 

11.5 1 5•4 16.6 10.0 

87 53.0 10. 4 4.8 9.3 ! 4.3 4.3 6.0 

97 52. 4 12.0 4.5 12.0 4.9 6.4 10.0 

99 66.0 13.6 5.5 10.0 2.8 3. 4 6.4 

104- 67.0 14 . 4 5.8 11.6 3. 4 3.0 12.0 

109 65.6 13.3 6.0 11.0 4 .6 7.6 10.0 

98 52.0 12.0 4.1 12.0 5. 4 6.8 12.0 

109 70.0 14.6 6.5 11.5 4·.0 5.6 7.0 

109 74.0 15.6 6.0 10.4 2.2 4.0 9.0 

llO 74.0 15.2 7.0 13.0 3.6 4.5 8.0 

ll6 79.0 16. 4 6.2 12.2 2. 4 5.0 9.0 

117 , 78.0 16. 4 6.7 11.6 3.4 3.1 12.0 

109 76.3 14.8 6.0 12.0 3.6 3.0 10.0 

ll2 75.0 15.6 6.7 13.5 3.5 4.6 9.0 
114 81.0 16.0 6.5 13.0 2.9 5.0 7.0 
123 78.8 16.6 6.8 11.5 3.4 9.0 10.0 

ll9 ' 64.0 13.2 5.8 14.0 5.0 13.8 15.0 
130 86.0 17.8 7.3 14.0 3.1 ' 6.0 10.0 
116 85.0 15.2 7.7 15.0 3.0 6.0 4.0 
123 87.0 18. 4 6.2 13.0 3.2 3.3 10.0 
123 81.2 15.2 6.7 18.0 4.8 6. 4 10.0 
135 85.2 16.8 7.7 / 17.0 3.9 6.4 14.0 
121 80.4 16.0 6.0 14.0 4.0 6.5 ll.O 
134 95.0 19.2 7.9 13.0 2.8 3.8 12.0 
134 -101.0 19.6 8. 4 14 .0 2.9 3.5 8.0 

I 
I 

S 
Po< 
Po< 

... 
C\l 

0 
·ri 
tJ) 

i 

17.0 

14.0 

22.0 

16.0 

16.0 

18.0 

14.0 

17.0 

14.0 

18.0 

17.0 

14.0 

17.0 

17.0 

14.0 

14.0 

15.0 

18.0 

14.0 

20.0 

14.0 

17.0 

13.0 

18.0 

15.0 

18.0 
! 

17.0 
28 8.6 2~ 141 ~04.0 20.8 9.1 , 15.5 2.8 7.8 9.0 14.0 

~ 2~ ,L..7:..,8 _ _ 2':0 _ _ ':'3~ ~2:..,0J ':7:..,6J_8.:2J ':5;:0_ ~.~ 1 ~.~ 1-1:·~Ll~.~ _ 

I 
I 

I 
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Tabl e 4C continued 

. 
o 
Z 

30 ! 8 .1 

31 8 . 2 

32 8 . 2 

33 8 . 4 

34 8 . 3 

35 7.6 

36 8 . 3 

37 I 8 . 4 

38 8.3 

39 8 .3 

40 8 . 3 

41 I 8 . 4 

4217 ~ 7 

43 7.9 

44 1 7•8 

.. 
If.l 
A 
8 

~I g;1 
.. 

rl 
o 

.. 
C\J 

o 
'C"i 
rn 

! ' I i I I ! 
, 210 ! 139 ! 106.4 j 22 . 4 i 9.61 14.0 2.7 I 4 . 8 'I 9.0 13.0 

I 210 1145 108 .0 21. 6 1 8 . 4115 . 5 2 . 9 I 3 . 8 ' 10.0 18.0 

I 215 140 99 .0 119.1 8 . 8 16 .0 3. 5 6 .0 12.0 15.0 

225 150 109. 2 20 . 5 10.0 18.0 3. 4 7~0 12~0 14.0 

225 150 117.2 2L~ .5 10.0114.0 2 . 6 5 .. 6 9 . 6 1 13 .0 
I I . 230 150 112 . 4 23 . 2 10 . 3 16.0 3 .0 7.3 10.0 13.0 

235 1157 124 .0 ' 25 . 6 11.5 14 . 8 2. 5 5.2 10.0 13.0 . 

240 155 117.6 21.6 10.8 19 .0 2. 9 7.0 10.0 113.0 

250 165 132.0 27.3 11.9 15.5 2.5 5 . 2 10.0 13.0 I 
270 175 · 141.0 29 . 0 12 . 4 1 17.2 2 . 7 6 .0 10.0113.0 

280 185 149 . 6 30 .0 13.7 18.6 2. 9 6 .0 11.0 113.0 

290 192 158.0 31 . 9 14 . 6 . 18.6 2 . 6 6 . 8 10.0 13.0 

305 197 162. 4 32 .7 14.7 19.0 2. 9 6 .0 10.0 14.0 

305 201 165.2 34 .0 14 . 4 20 .0 2.7 6 . 4 10.0 14. 01 

320 I 206 170. 1', 134 . 8 15.2 20 .0 2 . 9 6 . 8 /10.0 14 .0 I 
I 1 i 



Table 5C 

Molar pGrcentages for t he Wilge river 

S 1 I 
i amp e ! Ca (OH) 2 ' I>1g(OH)2 ~ NaOH I KOH \ H2C0

3 
! H2S0

4 
HCl 

No . I I I 
, I 

1 I 11. 7 7.7 
1

17
•
8 5. 4 47.0 2.2 8.2 

2 10. 4 9.5 16.4 4. 4 '>3 . 4

1 

1.7 14.2 
I 

3 I 1l.0 8.1 18.2 5.0 41.1 6. 3 10.3 
I 2.0 I 7. 4 4 11. 3 8 . 6 17.5 4.8 L1c8 . Lle 

I 
5 11. 6 7.2 20. 2 4 .8 42 . 8 2. 6 \ 10.8 

16. 5 2.7 51.0 I 1. '3 I 
6. 9 6 12.9 8.7 I 

I 7 12.2 8 . 2 17.0 3.0 47.0 I 1.1 11.5 
! 

8 11.4 8 . 6 16. 4 4.0 47.2 2.7 9.7 

9 10.8 6. 2 18.8 5.0 44 . 4 2. 6 12.2 

10 11. 9 8 .8 16.3 3.3 51. 4 1.9 6. 4 

11 13. 4 8 . 6 15.6 1.9 50. 3 1. 4 8.8 

12 12.2 9.3 18.0 2.9 49.0 1.5 7.1 

13 13.0 8 .2 16.8 2.0 50.2 1.7 8.1 

14 12.7 8 .6 15.6 2.7 48.9 1.0 10.5 

15 11. 9 8.1 16.8 3.0 50.1 1.0 9.1 

I 16 1l.6 8.3 17.5 2.7 50.9 1. 4 7.6 

17 12.6 8 . 6 17.8 2.3 50.9 1. 6 6.2 

18 12.5 8.5 15.0 2.6 50.1 I 2.8 8.5 

19 10. 6 7.8 19.4 4.1 40.0 4.6 1 13 •5 
20 ll. 8 8 . 1 16.2 2.1 52.6 1.7 I 7.5 
21 11. 3 9. 5 19.2 2.3 52. 4 1.9 3. 4 
22 13. 4 7.5 16.5 2. 4 51.0 1.0 8.2 
23 10.5 7. 7 21.5 3.4 47. 3 1.8 I 7.8 . 
24 11.1 8 .5 19.5 2. 6 46.1 1.8 110.4 

I 25 12.0' 7.5 18.2 3.1 t~ 7.9 2.0 I 9.3 
26 I 12.8 8.8 15.2 1.9 51.2 1.1 9.0 
27 , 12.8 9.1 15.9 1.9 53 . 4 1.0 5.9 
28 12.8 9. 4 16 .611.8 51.1 2.0 6.3 
29 ll.5 9.0 17.0 1 2•6 50.2 1.6 8.1 I 

I I 30 13.5 9.6 14.7 11. 7 I 53.2 1. 2 6.1 
I 

31 I 13.0 8.5 16.3 1.8 52.5 1.0 6.9 
32 11.9 9.1 17.3 2.2 49 . 6 1.5 I 8. 4 

, 
I 

----.---- -------~--~------
__ J 
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Table 5C continued 

I I " I I I 

Sample 
I HC1 No . Ca (OH)2 Mg(OH)2 NaOH KOH i H2C0

3 
H2SO

4 .. -~. _. 

33 I 11.6 9.5 17.7 2. 0 49.8 1.7 7n 
34 14.0 9. 5 . 13 . 9 1. 5 53 . 6 1. 3 6. 2 

35 12.7 9. 4 15 . 3 1. 7 53 . 0 1.7 6. 2 
36 13. 6 10.2 13.7 1. 4 53 . 9 1. 2 6.0 

37 11. 7 9.8 18.0 1.6 51. 2 1. 6 6.1 
38 13 .8 10.1 I 13 . 7 1. 3 54.3 1.1 5.7 
39 13.8 9.8 l L~ . 2 1. 3 54. 3 1. 2 5. 4 

I 

40 13 . 4 10. 2 14. 4 1. 3 54.1 1.1 5.5 
41 13 . 7 10. 4 14. 0 1.1 5L1r . 8 1. 2 4.8 
42 13. 4 10.0 13.5 1. 2 56. 3 1.0 

I 
4. 6 

43 13 .8 9. 7 14.1 1.1 55 . 6 1.1 4. 6 
44 13.7 10.0 13 . 6 1. 2 56 .0 1.1 4. 4 I 

i 



River 

Iilovo 

Isipingo 

Umgeni 

Umhlali 

Umh1atuzana 

Umh10ti 

Umvoti 

Umzimku1wana 

Table 6C 

Analyses of Natal rivers sampled a t different stations 

Station 

Below Richmond 
Rcsebank 

Near Inwabi 
Isipingo Rail 

Above :Nagle Dan 
Nata l Estates 

Hopewell 
Shakaskraa1 

Above Pinetown 
Nariannhill 

Ndwedwe 
Above Verulam 

Glenmill 
Aldinvil l e 

Celebini 
I Baboons Castle 

~ 
r-i 
cj 
po 

::q 
P; 

7. 32 
7. 50 

8 . 00 
7.30 

7.10 
6 . 90 

7.03 
6.77 

6 . 98 
7.21 

8 . 29 
8 .03 

7.83 
7. 80 

I 8 .00 
! 8 .70 
I 
I 

po, 
+> 
-r-! 
po 

-r-! 0 
+>..s:::: 
C) IS 
~ 0 
'd ~ 
~ C) 
o -r-! 
o S 

~ 

po, 
+> 
-r-! 
~ 

-r-! ['(\ 
r-i0 
cjO 
~ eu 

IS r-i 0 
P; cj 
P; IS 

r-i P; 
.. 'U P; 

tr.l +> 
A 0 rn 
E-< E-< C1l 

1131 49 
I 

30 . 2 
38 . 6 133 I 60 

510 320 61 . 3 
387 248 60.6 

102 71 47. 4 
175 108 , 59.4 

167 118 13 .7 
227 1 168 23.6 

112 65 17.0 
183 97 31.4 

109 87,' 40. 8 
133 106 46 . 2 

185 116 ',i 57.9 
185 114 53.5 

226 153 1 70.0 
248 144 ; 76.6 

IS IS 
P; P; 
P; P; 

~ .. 
tlI ~ 

I:,) ~ 

5.6 
6. 9 

2 . 5 
3 . 6 

s 
P; 
P; 

C1l 
~i 

[ 
P; 

:::.::: 

6 . 210 .7 
8 . 8 0.7 

13.5 
7.9 

15.8 73.5 2.7 
11.8 59 . 0 2 . 9 

6 . 8 
9 .0 

4 . 2 
7.8 

2. 8 
4. 2 

3 . 4 9 . 8 0. 9 
5.5 22 . 2 1. 4 

5 . 2 22 . 5 1 . 3 
8 . 5 33 . 0,2 . 4 

1.1 
4 .3 

14 .1 
22.7 

1.5 
2. 2 

5 . 2 I 3.8 13.5 11.3 
6.1 I 4 . 4 19 .0 1. 6 

9 .1 I 5.9 23 . 3 1. 3 

IS 
P; 
P; 

<;j­
o 
tr.l 

Yil 
Nil 

13.7 
15.5 

3.7 
5 . 2 

14.5 
29 ~5 

1.3 
1.3 

1. 3 
3.0 

2. 4 

I 

8 . 91 5 .5 22 . 5 1. 5 1 1. 9 

, 11. 6 110.0 I' 20.7 1, 0. 8 I 5. 4 
: 11.5 ! 9.6 27 .7 11.1 ; 7.3 
i I : !~ 

IS 
P; 
P; 

r-i 
o 

4 .1 
6 . 2 

140. 8 
86 .0 

4 . 3 
15.7 

36 .0 
52 .7 

18.7 
27. 5 

12.5 
23 . 9 

21. 2 
23.9 

38.0 
35 .7 

IS 
p.. 
P; 

~ 

N 
o 
-r-! 
tr.l 

10.5 
9. 6 

16. 4 
25 .0 

13. 4 
13.0 

18.6 
15.1 

14. 2 
13.3 

23.1 
19 . 8 

17.1 
16.1 

15.8 
9 .1 



Table 7C 

Molar percentages from Table 6C 

River i Station Ca(OH)2!Mg(OH)2 NaOH KOH1H2C0..3J H2S0j Hel I 
: I , 

, I , 
Il1ovo Below Richmond 10.4 7.7 20.011.3' 52.0 0.0 8.6 

I Rosebank 9.7 8.4 21.5 1.0 49.6 0.0 9.8 

Isipingo Near Imvabi 3.6 6.9 33.7 0.7 11.9 1.5 I 41. 7 
Isipingo Rail 2.7 6.8 ·35.2 1.0 18.7 2.2 ' 33. 4 

Umgeni Above Nagl e Dam 8.5 7.1 21.4 1.2 53.8 1.9 6.1 I 
I 

Nat al Estates 6.3 6. 4 27.1 1.0 45.3 1.5 12.4 1 
, 

35. 4 1 Umhloti HopevTell 3.7 

1 
7.6 34.0 1.2 12.8 5.3 

Shakaskr aal 4.3 7.9 31.9 1.4 14.7 6.8 33.0 I 

Umhlatuzana Above Pinetovm 4.0 2.6 35.1 2.2 25.2 0.8 30.1 

Mariannhill 3.6 6.1 33.7 1.9 27.7 0.5 26.5 

Umhloti . Ndwedwe 6.2 7.5 28.0 1.6 39.2 0.61 16•9 
Above Verulam 5.5 6.6 29.7 1. 5131. 4 ,1.1 24.21 

Umvoti Glenmill 6.6 7.2 29. 4 1.0 37.7 0.7 17. 4 
1Hdinville 6.7 6.8 29.3 1.1 35.3 0.6 20.2 

Umzimkulwana Celeb ini 7.1 10.3 22.1 0.5 32.3 1. 4 26.3 
Baboons Cast l e 6.2 

I 
8.6 25.8 0.6j35. 4 1.6 21.8 



River 

Ingagane 

r100i 

. 
Umbogintwini 

Umzinyatshana 
I 

, 

Sbtion 

Above Alcockspruit 

Table 8C 

Ana lyses of Natal rivers above nnd bel ow 
sources of pollution 

.. 
V 
.r-! .. ~ 

:>, .r-! t<'\ 
+> riO 
.r-! ro O 
::- ~ cj 

(J.) 'r-! 0 S riO 
;:j +>.c1 p.. ro s 
ri () S p.. S p.. 
ro ;:j 0 rip.. p.. 
::- "d H .. ro p.. 

~ () U) +> .. 
::q o .r-! A o ttl cj 
p.. o S 8 [-I cj 0 

8 .1 248 154 75.2 16.7 

Confluence with Incondu 8 . 5 396 251 88 . 9 29 . 4 

,Above I-ioo i River 8 .0 59 48 27.0 5 . 9 

IBelOW Mooi Rivor 9 .0 I 86 62 37.0 6 .0 

Above f actory 7.62 260 145 48.'7 6.9 
I 
IBel ow factory 6 . 27 1321 1150 -19 . 4 87 .7 

Above St George 8 . 6 264 232 185 . 6 26 . 6 

S 
p.. 
p.. 

.. 
qo 
~ 

8 . 2 

17.6 

1.7 

1.9 

6.1 

75.7 

20 . 8 

Below Steenkool spruit 7. 4 1210 1037 I 128.0 194 . 6 45 .1 
I 

I ! I 

, 

S 
I 

S p.. 
s p.. s p.. 
p.. s p.. p.. 
p.. p.. p.. .. 

p.. .. N .. <-t .. 0 
cd .. 0 ri .r-! 
~ ~ U) 0 U) 

24 . 5 1. 5 36 . 6 7.5 13. 3 

31.2 2.0 102.5 9 .0 10. 4 

4 .1 0.6 4 ·3 4 .9 10.1 

10.3 0.8 5 . 4 6 .9 8 .0 

35.4 1.5 5.5 50.0 9.9 

138 . 6 9 . 5 722.5 64 .2 22.0 

24 .0 1.3 7.0 4 .6 43 .3 

96 .0 2. 3 697.0 20.0 4 .5 
, I 

-



Table 9C 

Molar percental2:es fran Table BC 

River Sta tion 
f ! I 

I Ca(OH)2 I Mg(OH)2 I HaOH KOH H
2

CO
CS 

H2SO
A 

HCI 

Ingagane Above Alcockspruit 10.3 B.4 26 .3 0 .. 9 39.5 9.4 5. 2
1 

. Confluence with I 
12.2 12.1 22.5 0.8 3'0.5 17.7 4. 2 ~ 

Incandu i 

Noo i Above Mooi River 13.7 6.6 16.5 1.4 44 . 8 4 .2 12.8 

Below Mooi River 9. 4 
f 

5.0 ' 28.1 1.3 41.2 3.5 11.5 i 

Umbogintwini Above f actory 3 .9 5.7 34.4 0.9 22.2 ' 1.3 31.6 

Below f actory 10.1 14.6 t 27. 9 1.1 3.0 34.9 8.4 

UflzinYdtshana Above St. George 0.5 57.2 1.1 2.0 10.1 13.3 ! 15.8 

Below Steenkool- 12.5 9 .9 1 22.1 0.3 13.9 38.3 3:0 
spruit 

• I 



Table 10C 

Mol ar percentages of unpolluted Natal rivers 

I 
1 Molar percentages 

, R i v e r 
! I , i Ca (OH)2 ' Mg( OH) 2 NaOH KOH 'H2C0'3 H2S04 I Hel 

I 
Dorps above Utrecht 14.4 10.0 112 .3 11.3 59.8 1.6 0. 6 

Little Tuge1a at Winterton 11.4 7.8 l17 .8 11.8 58.8 0.0 2.4 

Little Bushmans above Estcourt 10.4 9.7 ,15 .1 1.7 57.2 0.8 5.1 
j 

Sandspruit at Bergville 8 .7 7. 4 19.8 0. 9 57.2 2.0 4.0 

Bushmans at Estcourt 10 . 8 7.9 17.1 2. 4 56.4 1.0 ' . ~~ . I.j. 

Incandu above Newcast l e 12 .0 5.7 17.5 2.1 55 .1 2.2 5.4 
Slang at confluence 10.9 9.1 16 .8 2. 6 55.1 0.6 4.9 

Nondweni near Barklieside 11.5 11.8 14. 5 0.3 53.7 0.5 7.7 

Ingogo a t Poongns Kraa l 12. 3 12.3 10.7 1.9 53.4 3.3 6.1 

Blood at confluence 14.0 9.3 13.8 12•0 51.8 2.0 7.1 
I 

vfuite Unfolozi neRr Ulundi 10.2 10.9 17.3 10 . 6 51.7 0.4 8 . 91 
Umvunyama near Barklieside 8 .1 15. 4 14.1 10. 4 51.0 0.8 10. 2 
Buffal o at Vants Drift 15 . 3 7.1 15.8 2. 4 50.9 1.0 7.5 
vfas chbank near Utrecht 12 . 9 8 . 3 21.1 ,1.2 48 .9 6.7 0. 9 
Hlimbitwa a t confluence 9.8 6. 3 26.1 1.1 43.0 0.7 13.0 
Umlaas a t Thornw'ood 5.8 9. 8 27 .0 1.1 3L'r. 2 2. 4 19.7 

, Bloukrans a t confluence 10.5 11.4 18.8 0. 9 33.5 5.5 19. 4 
Umhloti near Mt . Moreland 5. 6 7.1 30 .0 1.0 31. 6 1. 21 23 •51 
Illovo above Illovo 5.9 6. 8 29 . 4 ' 1.1 31 .1 0. 4 25 .3

1 

Umhlatuzana a t Mariannhill I 3. 6 6.1 33.6 ·1. 9 27 .9 0.5 26. 4 
Little Amanzimt oti a t Smithfield 4.0 7 .. 5 32 . 8 0. 8 25 .0 0.9 29 .0 
Umhlali at Shakaskraa1 5. 5 5. 8 32 . 2 1.3 23 . 4 3.5 28.3 
Umh1utuni near New Guelderland 4.0 8.1 31. 4 0.5 22. 8 2.2 31.0 
Umbogi ntwi ni above f actory , 3. 9 , 5.7 34. 4 0.9 22 .2 ' 1. 3 31.6 

I UTILh.latuzi a t River Vievl ! 3.7 8 . 3 31 . 6 0.3 21. 7 1.1 33 .3 
I Etete near Shakaskraal 5.5 6. 3 30.3 11.0 20 .1 · 2.0 34. 8 

I Amanzi mtoti nnove town 2.7 6.3 !35 .1 11.2 15.0 1.8 ,37.9 
I I . Sinkwazi nea':t' s t a tion I 9.0 5. 8 133.7 10 .2 9. 2 12.0 i30.1 

I I , 



Table 11 C 

American rivers 

Molar percentages 
I_- I R i v e r , 

. I I I 
Ca(OH)2 Mg(OH)2 I NaOH KOH IH2C03 H

2
SO

4 
HCl 

Alabama 18 6 14 2 52 5 3 

I Allegheny * 16 5 20 2 31 8 1(3 

Arkansas 8 3 34 2 17 7 29 

Big Blue 16 6 17 2 48 5 6 

Brazos * 10 5 33 2 11 9 30 I 
I Cache 14 8 18 2 46 6 6 

Cahaba 16 5 18 2 51 5 3 

Cedar 19 10 6 2 56 5 2 

Chattahoochee 11 3 29 2 46 5 4 I 

Chikaskia 17 5 16 2 51 4 5 

Chippewa 15 9 15 2 50 7 2 

Cimarron 5 3 38 2 13 4 35 

Clackamas 19 9 10 2 48 6 6 

Columbia 18 8 12 2 51 6 3 
Columbia * 21 9 6 2 55 6 1 

Cottonwood * 22 8 8 2 45 12 3 
Crooked 10 7 25 2 49 3 4 
Cumberland 21 5 12 2 54 4 2 

Delaware * 18 8 12 2 48 7 5 
Deschutes 11 6 25 2 51 2 3 
Des Moines * 19 11 8 2 48 10 2 
Embarrass 17 13 6 2 56 4 2 
Fall 18 6 13 2 54 3 4 
Flint 19 5 23 2 39 5 7 
Fox * 17 14 5 2 53 7 2 
Grand * 20 11 4 2 55 5 3 
Grande Ronde 15 3 21 2 54 3 2 
Hudson 20 6 11 2 50 6 5 
Illinois * 17 12 8 2 49 7 5 
Iowa 18 10 7 2 55 6 2 
James 18 6 14 2 55 4 3 
Kalamazoo * 20 11 3 2 59 4 1 
Kankakee * 20 12 5 2 53 6 2 ------------------ r--------- _ L... ___________ 

Con tinued / ••• 



Table llC continued 
I I 
I .. I Molar percentages I I 

R i v e r ! ; , I 
Ca ( OR) 2 i Mg( OR) 2 \ NaOR I KOH R2C03 I H2SO4 

HCl 

! I I 16 
I 

6 I 18 2 t'r 2 6 10 Kansas 
I ! 

3 Kaskaskia * 17 13 1 7 I 2 53 5 

Kentucky 21 6 10 2 55 4 2 

Klickitat 13 9 18 2 52 5 1 

Lehigh * 17 11 13 2 35 15 7 

Marmaton * 23 i 
L1 10 2 55 4 2 I 

I 
r 

Maumee * 19 8 11 2 ItO 6 14 

Medicine Lodge * 18 8 19 2 19 21 13 

Miami * 19 13 3 2 56 5 2 

Mississippi -)(- 17 I 9 14 2 46 8 4 
MiSSissippi 18 11 6 2 58 4 1 

Missouri * 17 8 19 2 35 15 4 
Monongahela * 20 6 20 2 21 24 7 
Muddy * 14 11 18 2 30 17 8 

t1uskingum * 18 I 6 15 2 33 7 19 
Okanogan 19 

I 
7 12 2 53 6 1 

Oostanaula 15 6 18 2 55 2 2 

Osage 20 6 12 2 53 4 3 
Oswega tchee 18 8 11 2 55 5 1 
Pearl 13 4 26 I 2 43 5 7 
Peedee 13 3 26 2 47 3 6 
Platte * 17 8 20 2 32 17 4 
Platte, North * 17 7 18 2 42 11 3 
Potomac * I 23 7 14 2 24 23 7 
Powder 12 6 24 2 47 5 4 
Raritan * 18 10 22 2 33 7 8 
Red 13 5 26 2 20 10 24 

I 

Republican 15 5 20 2 46 5 7 
Rock 16 14 4 2 59 3 2 
Rogue 14 5 21 2 52 3 3 
Sacramento 12 10 18 2 46 6 6 
Salinas 12 9 20 2 40 8 9 
Saluda 17 4 19 2 46 4 8 
San Antonio 16 9 15 2 41 10 7 
San Gabrie l 19 8 11 2 53 5 2 L ____________ ____ L ____ -----'---- --- - --

Continued / ••.• 



Tabla lIe continued 

R i v e r 

Sangamon 

San Joaqllin 

Santa Ana 

Shenandoah 

Siletz 

Skagit 

Smoky Hill 

Snake 

Solomon 

Spokane 

Spring 

Susquehanna 

Tennessee 

Tombigbee 

Umatilla 

Umpqua 

Ventura 

Verdigris 

Vermillion 

iolabash 

i'l.'lba sh, Little 

WallOiva 

vlalnut 

Wateree 

iolenatchee 

White , E. Fork 

White, W. Fork 

vli11amette 

viisconsin 

Youghiogeny 

Yakima 

Yukon 

* 
* 
* 
* 

* 
* 

* 

. * 

* 

* 
* 

* 

17 

9 

16 

20 

12 

19 

13 

15 

15 

17 

23 

21 

19 

19 

13 

15 
20 

19 

16 

9 

14 

25 

21 

12 

14 

19 

* 15 

I 15 
! 

14 

* 22 

14 

22 

13 

8 

6 

9 

4 

7 

4 

7 

4 

9 

5 
6 

6 

3 

6 

7 

9 

5 

14 

7 

10 

2 

7 

5 

9 

12 

9 

7 

12 

11 

9 

8 

Molar percentages 

! 
6 

26 

17 

2 I 56 4 2 

2 24 7 24 

6 

28 

13 
28 

17 

23 

12 

12 

11 

11 

17 

22 

17 

13 

13 

7 

26 

15 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

10 2 

11 I 2 
24 2 

16 2 

3 2 

14 

18 

2 

2 

51 

59 

36 
49 

18 

43 

37 

54 

43 

48 

50 

53 

49 

32 

51 

51 

15 

54 

54 

~ 7 

48 

50 

59 

38 

47 

13 I 2 I 50 

13 I 2 I 0 

20 

5 

2 

2 

42 

58 

3 

2 

5 

8 

11 

7 

7 

5 

12 

6 

2 

3 

5 

4 

20 

3 

8 

4 

9 

6 

8 

3 

7 

4 

5 

4-

7 

47 

8 

4 

5 
2 

13 

2 

24 

9 

12 

1 

3 

6 

10 

3 

6 

6 

4 

7 

2 

37 

6 

1 

4 
6 

2 

1 

17 

I 7 

I 2 
5 

5 

1 



Table 12C 

British rivers 

I I 

Mol~r percent ages J River 
Mg (OR)2 I NaOR 

I , 

RCI I Ga ( OR) 2 KOH ! H2C0
3 

i H2SO
4 

I I 
Stone * 2 15 25 - 35 3 20 

Swancombe * 3 15 24 - 36 2 20 

Holyford * 17 2 26 - 20 8 27 

De Lank ** 13 13 12 - 24 1 37 

Avon 21 10 10 - 42 12 5 

Cork * 10 3 32 - 22 4 29 

Liffey 24 3 11 - 49 4 9 

Nantybella * 3 4- 42 - 8 4 39 
Ceriog * 12 5 28 - 19 7 29 

Dee ** 17 5 23 - 24 10 21 

Dee 18 7 16 - 39 7 13 

Taff 13 11 20 - 41 9 6 

Avon 27 1 9 - 54 2 7 
Itchen 29 0 8 - 54 1 8 

New 25 3 10 - 51 3 8 

Thar.:18 s 28 3 7 - 48 7 7 
Thames 25 2 15 - 41 3 14 
Thanes ** 3 12 29 - 1 7 46 
Lee 28 2 11 - 43 7 9 
Lee 26 5 11 - 39 10 9 
Che l mer 27 2 10 - 49 11 T 8 
Blackwater 24 . 2 13 - 45 5 11 
Stour 2~ 3 12 ... 47 4 10 

- Stour 28 1 8 - 54 2 7 
~Vi t ham 30 2 8 - 41 12 7 
v!Glland 28 5 6 - 43 9 9 
Bure 16 1 26 - 28 5 24 
Ouse * 26 3 11 - Llr 5 7 8 
':li ndrush 27 2 9 - 54 3 5 I 
Severn 15 10 20 - 27 12 lU Wye 21 

3 J 20 - 28 12 16 
Worfe 22 5 14 - 39 

_ ~ _ 1_
11 -------------- ---- ---- --- ------

Continued / ... 



Teble 12C continued 
I 

Molar percent ages 
R i v e r 

H2C03 ! H2S04j HCl ·Ca ( OH) ~~g ( OH) 2 RaOH KOH 
2 

i I Chess 29 1 8 - 55 2 5 

I Newbourne 27 0 14 - 45 4 10 

Mol e 26 7 7 - 41 II 

I 
8 

Caterham 29 3 6 

I 
- 45 4 13 

Colne 29 1 8 - 52 3 7 

Tees 18 15 9 - 37 12 9 

Li ttle Avon 29 2 8 - 49 6 6 

Otter * 18 5 20 - 35 5 17 

Usk * 23 2 14 - 50 2 9 
Kenne t 28 1 9 - 53 3 6 

Roach * 9 5 33 - 27 8 18 

I1ullinger 29 2 6 - 55 4 L'r 

-.. 



1. P PEN D I X D 
==== =======--==== 

SOME EXPERIMENTAL TESTS 
================= 
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In order to obtain some experimental check on some of the 

equations presented, a set of solutions resembling natural waters was 

prepared from ~istilled water and laboratory reagents - calcium chloride, 

magnesium sulphate, sodium ch loride, sodium carbonate, sodium bicarbonate, 

magnesium carbonate and calcium hydroxide. Stock solutions of these in 

distilled water were prepar ed, the solutions being gas sed vIi th carbon 

dioxide if necessar y to convert insolub le compounds to soluble bicarbo­

nates , and from the stock solutions fourte en s amples were prepared who se 

ana lyses are given in Table 1 D. Their pH ,values were adjusted to lie 

within t he desired r ange by gas sing with carbon dioxide or with air (to 

remove excess carbon dioxide). 

All the analyses showed a sati sf actory ionic balance. 

The values of t he activity co effici ent, Y, for these samples a r e 

not strictly obtainable from the TDS by Table 2 B, since that table r eally 

applies only to natural wa t er s . The correct values of Y were therefore 

calculated from the ionic strengths, which wer e themselves obtained by 

t aking tho carbonat E: and bicarbona t e ion concentrations as being closely 

equa l to the corresponding alkalinities. The values so obtained are shown 

in Table 2 D, ,rith t hose found from the TDS a lso given for comparison. 

The hlO sets of va lues diffe r only slightly, the grea test error in the 

va lues ca lculat ed from the TDS amounting to only 1.7% (for sampl e no. 5). 
From the observed pH and the ca lculated value of Y from the 

ionic strength, the appropriat e value of Q vla S obtained from Table 3 B. 

Taking the total a l kalinity, ~, in meq/litre a s the menn of e
c 

nnd G
t 

i n 

the usual . laY, the total carbonic acid concentrction, a, in millimoles/ 

litre was ca lculated. This wns compared with the experfmental vnlue 

obtained by titrating with standard hydrochloric acid and sodium hydroxide, 

as shown in Tl1ble 3 D. The maximum error in the ca lcula t ed value l-Tas 11.1% 

(for sample no. 1), and the signless mean error w~s 5.6%. In chapter 5 it 

wa s deduced tha t the error in the ca lculated va lue of a would be about 5% 

due to errors in dissocia tion constants, activity coeff icients and pH 

measurements. Since the experimental va lue will a lso carry an appreciable 

error, a s do the results of all wa ter analyses, the experimental and 

ca lculated va lues of n o'ould diverge easily by 10%. The agreement obtained 

between the two sets of values Can thus be considered very good. They a r e 

compared graphica lly in Figure 1 D. 

201/ •.... 
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Alt ernatively, the ca lculation may be r eversed and the pH vnlue 

ca lculated from the experiment al values of ; and e (here taking e as the 

directly measured exp~rimental value e
t
). This gives the result s shown in 

Table 4 D and compar ed graphically in Figure 2 D. The greatest discrepc.ncy 

amounts to 0.31 unit (for sample no. 5), thG signless aver~ge being 0.17 

unit. 

These r esults clearly show that the r el ptions betwetn a , e and 

pH ar e o. dGqu~tely r epr osent8d by the equo. tions concerned. Di screpnncies 

are r eadily Qccounted for by analytical errors, which in f act constitute 

the greatest problem in ,vater chemistry. It may al so be noted tha t by 

~ssuming idenlity (Y = 1.000), tho c2lculc.t ed pH v ~lu8 s of Table 4 D nr o 

unchcnged whiltJ the grer-.t est error in the c ~lculn.ted v.':: lues of a of To..bl e 

3 D .:lmoun t s to 4.510 ( s.:lmpl e no. 4), confirming th:J.t acti vi ty corrections 

ar c not usually needed when considering normnl surfcce wo.ters . 

For each of the samples , the per manent hardness wa s determined 

in the following manner. 100 ml of the sample in a 500 ml round-bottomed 

flask was boiled under reflux for 30 minutes and then, after removal from 

the heater, was allowed to cool for 30 minutes, the mouth of the flask 

during this time being covered by a watch glass. The sample was then 

filt ered on a no. 42 paper, the first runnings being used to rinse out the 

receiver and t hen being rejected. The total hardness of the filtrate was 

finally determinod by titration with EDTA. Subtraction from the original 

tota l hardness gave the temporary hardness of the sample. The results 

obtained are shown in Table 5 D, together with those calculated by the 

procedure described in chapt er 11. The experimental and calculated valuos 

are compared gr aphically in Figures 3 D and 4 D. 

On the whole , these results show tha t the calculated values 

represent the experimental values fairly well, despite the approximations 

involved on the one hand and the unc ertainties in the experimental tech­

nique on the other. The exceptions are samples 5, 6 and 13, each of 

which gave a very much greater permanent hardness than the ca lculat ed 

value. These are the three samples of grea t est magnesium content. 

The pH va lues of the samples after filtration ar e given in the 

l ast column of Table 5 D. They range from 7.64 to 10.17 and do not a t all 

accord with the va lues calcula ted from equa tion (11.29), which range from 

9.99 to 10.67. This di screpancy was as expected. 
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: 

Sample 
No: 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Table 1 D 

Analyses of wat er samples 

pH Ca , l\~g , Na , Total a lkalinity, S04 Cl, Tot :11 hardness, Calcd. TDS, 
value ppm ppm ppm as ppm Ca C0

3 * ppm ppm as ppm CnC0
3 

7 .38 26 .5 21.1 114.0 79 .7 80.0 185.3 153. 2 

6 . 68 26 . 4 21.0 114 . 0 78 .1 80.0 185. 3 152 .8 

6 . 83 5. 3 4 . 5 22 . 8 15.9 16 . 0 37.1 31. 9 

6 . 40 5. 1 4 . 6 22 . 8 15. 4 16 . 0 37 .1 31.7 

8 . 42 13 . 2 57 . 0 54 . 8 353-. 6 Nil 12.0 267. 8 

6 . 99 13 . 0 57 . 1 54.8 352 .1 Nil 12. 0 267. 6 

8 . 13 2.7 11 ,3 11.0 82 . 2 Nil 2. 4 53 . 5 

7 .12 2. 9 11.4 11.0 82 . 2 Ni l 2. 4 54.7 

7 . 89 52 . 9 41.1 70. 8 132 .7 160.0 127. 9 301. 3 

7 .00 53 . 3 41,0 70,8 137. 2 160. 0 127. 9 302. 3 

6 .77 10.7 8 . 2 14.2 31. 4 32.0 25 . 6 60. 5 

6 . 46 10 . 4 8 . 4 14 . 2 31. 9 32.0 25 . 6 60.5 

7 .13 67. 8 63 .5 35. 2 514 . 3 Nil 12.1 431. 2 

7.09 16.3 17 . 6 13 .3 123.9 Nil 12.1 113.0 
-- -- - -

* All bicar bonat e alkalinity exc ept for No.5, which had car bona t e alkalinity 

amounting to 19.5 ppm a s Ca C0
3 

ppm 

475 

474 

95 

95 

349 

348 

78 

77 

532 

535 

110 

110 
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134 
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Table 2 D 

Values of activity coefficient s , Y 

Sample Y calculat ed from Y calculat ed from 
No. ionic strength the TDS 

1 0.900 0. 896 

2 0. 900 0. 897 

3 0. 950 0.953 

4 0. 950 0.953 

5 0. 899 0.913 

6 0.900 0.913 

7 0. 950 0. 959 

8 0. 950 0.959 

9 0. 887 0. 891 

10 0. 887 0. 891 

11 0.943 0.949 
12 0.943 0. 949 

13 0. 885 0.895 

14 0. 934 0. 943 
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Tabl e 3 D 

Total carbonic acid concentr ations, a 

I Calculated Experimental 
! % error in 

Sample value of value of calculated 
No. n a value 

1 1.485 1. 670 - ll.l 

2 1.933 2.032 - 4.9 

3 0.378 0.374 + 1.1 

4 0.521 0.534 - 2.4 

5 7.206 6.876 + 4.8 

6 8.698 7.850 + 10.8 

7 1.582 1.656 - 4.5 
8 1.827 1.814 + 0.7 

9 2.483 2.710 - 8.4 
10 2.981 3.102 - 3.9 
11 0.726 0. 816 - 11.0 
12 0.949 0.938 + 1.2 

13 11.591 11.208 + 3.4 
14 3.024 2.742 - 10.3 
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Table 4 D 

Observed and calculated pH values 

Sc.mpl e Obs ,.;rved I I Calculu ted 
No. pH I pH 

1 7.38 7. 60 

2 6.68 6.83 

3 6. 83 7.08 

4 6 . 40 6. 47 

5 8. 42 8.73 

6 6.99 7.23 

7 8.13 8.10 

8 7.12 7.35 

9 7.89 7.90 

10 7.00 7.20 

11 6.77 6.86 

12 6. 46 6.66 

13 7.13 7.35 

14 7.09 7.30 
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Sample 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Table 5 D 

HRrdness det ermina tions * 

Original total Permanent hardness Tempora ry hardness 
hardness Experimental Calculated Exper-imental Calculat ed 

153.2 113.3 94.6 36.9 58.6 

152.8 111.6 96.5 41. 2 56.3 

31.9 31.7 29.7 0.2 2.2 

31.7 32.1 29.7 - 0. 4 2.0 

267.8 60. 4 11. 4 207. 4 256. 4 

267.6 90.5 11.5 177.1 256.1 . 
53.5 24.9 28.6 28.6 24.9 

54.7 25.7 29.0 29.0 35.7 

301.3 184.0 191.9 117 .3 109. 4 

302.3 183.2 190.6 119.1 111.7 

60.5 53.5 49.0 7.0 11.5 

60.5 54.1 49.2 5.9 11.3 

431.2 85.3 15.3 345.9 415.9 

113.0 37.6 35.1 75. 4 77.9 

* All values as ppm of CaC0
3 

except in l ast column 

Final 
pH 

8.68 

8.68 

7.64 

7.67 

9.61 

9. 44 

9.58 

9.57 

8.83 

8.85 

8.88 

8.73 

10.17 

9.80 
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