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t i m e s a s g r e a t a s it should have been. And in th is c a s e <x was quite certa inly pract ica l ly one at 
en trance , and somewhat m o r e a t points downstream. It would s e e m , there fore , that a small system 
a t i c e r r o r must have resul ted f r o m taking a a s 1.05 throughout. 

A GRAPHIC P R O C E D U R E IN T H E GEOCHEMICAL I N T E R P R E T A T I O N O F WATER-ANALYSES 

Arthur M. P i p e r 

General cons iderat ions—This paper outlines cer ta in fundamental principles in a graphic pro
c e d u r e which appears to be an effective tool in segregat ing analyt ical data for cr i t i ca l study with 
r e s p e c t to s o u r c e s of the dissolved constituents in w a t e r s , modifications in the c h a r a c t e r of a water 
a s it p a s s e s through an a r e a , and re la ted geochemica l p r o b l e m s . The procedure is based on a 
mul t ip le - tr i l inear d iagram (F ig . 1) whose f o r m has been evolved gradually and independently by the 
w r i t e r during the past s e v e r a l y e a r s through t r i a l and modification of l e s s comprehensive antece
dent forms . Neither the d i a g r a m nor the procedure h e r e descr ibed is a panacea for the easy solu
tion of all geochemica l problems . Many problems of interpretat ion can be answered only by inten
sive study of c r i t i c a l analyt ical data by other methods. 
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In c e r t a i n r e s p e c t s the d i a e r a m is analogous to , but in o ther r e s p e c t s d i f fers fundamentally 
from, the " g e o c h e m i c a l c h a r t ' d e s c r i b e d r e c e n t l y by H I L L [ s e e 1 of " R e f e r e n c e s " at end of 
paper ] and f r o m t h e " w a t e r c lass i f i ca t ion d i a g r a m descr ibed by LANGELXER and LUDWIG [ 2 ] . 
As presented in F i g u r e 1, the d i a g r a m is the m i r r o r image of a prototype which in 1942 w a s c i r 
culated among c o l l e a g u e s in the United S ta te s Geological Survey and other c o w o r k e r s in hydrology; 
thus, it conforms substantial ly to LANGELXER'S adaptation [3] of H I L L ' S d i a g r a m and to the c o n 
ventional p r a c t i c e of a r r a n g i n g d i a g r a m s of w a t e r - a n a l y s e s with cat ions shown to the left of the 
anions. Some de ta i l s in F i g u r e 1 embody adaptat ions which s e r v e c o n s t r u c t i v e c r i t i c i s m s of the 
prototype by c o l l e a g u e s and c o w o r k e r s ; for these c r i t i c i s m s the w r i t e r is grate fu l . 

Most na tura l w a t e r s contain re la t ive ly few dissolved const i tuents , with cat ions ( m e t a l s or 
bases) and anions ( a c i d r a d i c l e s ) in c h e m i c a l equilibrium with one another; commonly the w a t e r s 
contain some s i l i con , iron, and aluminum but these constituents a r e usually a s s u m e d to o c c u r in 
the colloid s ta t e a s oxides-and not to be in c h e m i c a l equilibrium with the ionized const i tuents . 
Ordinarily the m o s t abundant cat ion const i tuents a r e two "alkaline e a r t h s " , c a l c i u m (Ca) and 
magnesium (Mg), and a l so one "a lka l i" , sodium (Na). P o t a s s i u m (K) a l so o c c u r s commonly , but 
ordinarily is m u c h l e s s abundant than sodium. Still other cat ion-const i tuents o c c u r in a p p r e c i a b l e 
quantities in highly c o n c e n t r a t e d natura l w a t e r s and in some w a t e r s of unusual composit ion. F o r 
the graphic methods t r e a t e d in this paper a l l the se l e s s abundant const i tuents a r e summed with the 
major three cons t i tuents to which they a r e re spec t ive ly r e l a t e d in c h e m i c a l p r o p e r t i e s , a s ind ica
ted by the two r a n k s of entry in Table 1. The m o s t common anion-const i tuents a r e one "weak acid*J 
bicarbonate ( H C O 3 ) ; a l so two " s t r o n g a c i d s " , sulphate ( S O 4 ) and chloride (CI) . L e s s common 
anion-constituents a r e l i s ted in Table 1; for plotting, these a r e summed with the m a j o r t h r e e anions 
to which they a r e r e s p e c t i v e l y r e l a t e d . Thus , for much of the graphic methods h e r e descr ibed , a 
natural water i s t r e a t e d substantial ly a s though it contained only t h r e e cation - const ituent s and t h r e e 
anion- const i tuents . 

Tab le 1 — C o m m o n and minor constituents of natural w a t e r s 

R e c i p r o c a l 
of 

combining 
weight 

R e c i p r o c a l 
of 

combining 
weight 

Cat ions 

R e c i p r o c a l 
of 

combining 
weight 

Anions 

R e c i p r o c a l 
of 

combining 
weight 

Alkaline e a r t h s 
Ca lc ium ( C a + + ) 0 . 0 4 9 9 0 

B a r i u m ( B a + + ) 0 . 0 1 4 5 6 
Stront ium (Sr + + ) 0 . 0 2 2 8 2 

Magnes ium ( M g + + ) 0 . 0 8 2 2 4 
Alkalie s 

Sodium ( N a + ) 0 . 0 4 3 4 8 
P o t a s s i u m ( K + ) 0 . 0 2 5 5 8 
C a e s i u m ( C s + ) 0 . 0 0 7 5 2 
Rubidium ( R b + ) 0 . 0 1 1 7 0 
Li thium ( L i + ) 0 . 1 4 4 0 9 
Ammonium ( N H 4

+ ) 0 . 0 5 5 4 3 

Weak ac ids 
B icarbonate ( H C O 3 - ) 0 . 0 1 6 3 9 

Carbonate (CO3*) 0 . 0 3 3 3 3 
T e t r a b o r a t e ( B 4 O 7 * ) 0 . 0 1 2 8 8 
Orthophosphate ( P 0 4 = ) 0 . 0 3 1 5 7 

Strong ac ids 
Sulphate ( S O 4 * ) 0 . 02082 
Chloride (CI") 0 . 0 2 8 2 0 

Iodide (r) 0 . 0 0 7 8 8 
B r o m i d e ( B r ~ ) 0 . 0 1 2 5 1 
F luor ide ( F ~ ) 0 . 0 5 2 6 3 
Ni tra te ( N O 3 " ) 0 . 0 1 6 1 3 
Nitr i te ( N 0 2 ~ ) 0 . 0 2 1 7 4 

Notes: Of the s e c o n d - r a n k const i tuents only potass ium, carbonate , fluoride, and n i 
trate a r e c o m m o n l y de termined in a " c o m p l e t e analys i s . R e c i p r o c a l s of combining 
weights a r e b a s e d on the international a t o m i c weights of 1 9 3 8 . 

In substantial ly a l l na tura l w a t e r s the ca t ions a r e in chemica l equil ibrium with the anions. 
Accordingly, if the c o n c e n t r a t i o n s of the s e v e r a l dissolved constituents a r e m e a s u r e d in t e r m s of 
percentage of r e a c t i n g va lue—that i s , a c c o r d i n g to their "equivalents p e r mil l ion" e x p r e s s e d a s 
a percentage of the sum of the equivalents for al l the const i tuents [the concentrat ion of any c o n 
stituent in equivalents p e r mil l ion ( m i l l i g r a m equivalents per k i logram) i s computed by mult iply
ing its concentra t ion in p a r t s p e r mil l ion by the r e c i p r o c a l of i ts combining weight]—the subtotals 
of the cat ions and anions a r e n e c e s s a r i l y e a c h 5 0 per cent of the whole. 

Thus, to the extent that a n a t u r a l w a t e r c a n b e t r e a t e d in t e r m s of t h r e e c a t i o n - v a r i a b l e s and 
three an ion -var iab l e s , a s h a s been outlined, and because the subtotals of i t s cat ions and anions a r e 
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Cation f ie ld N a ANION FIELD 

A , Standard plotting 

F i g . 2—Plott ing key for w a t e r - a n a l y s i s d i a g r a m (In d i a g r a m B , A j in
d i c a t e s p r i m a r y alkalinity o r " c a r b o n a t e a lka l i" , A 2 , s e c o n d a r y a l 
kalinity o r " c a r b o n a t e h a r d n e s s " , S j , p r i m a r y salinity o r "non-
carbonate a lka l i" , S 2 , s econdary salinity o r "non-carbonate 
h a r d n e s s " ) 

each 50 per cent of the tota l r e a c t i n g value, the e s sent ia l c h e m i c a l c h a r a c t e r of the water can be 
indicated graphical ly by s ingle-point plotting on t r i l i n e a r coord ina te s . Thi s is the bas i s of the 
d i a g r a m here in descr ibed . 

Methods of plotting 

The d i a g r a m herein d e s c r i b e d combines t h r e e dis t inct f ields for plott ing-- two triangular fields 
a t the lower left and lower r ight , re spec t ive ly , with p e r c e n t a g e s c a l e s reading in 50 par t s ; also an 
intervening diamond-shaped fteld with s c a l e s reading in 1 0 0 p a r t s (see F i g s . 1 and 2 - A ) . In the 
tr iangular field at the lower left, the p e r c e n t a g e r e a c t i n g va lues of the t h r e e cat ion-groups (Ca, Mg. 
Na) a r e plotted a s a single point a c c o r d i n g to conventional t r i l i n e a r c o o r d i n a t e s . The three anion-
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groups (HCO3, SO4, CI) a r e plotted l ikewise in the t r iangu lar field at the lower r ight . Thus , two 
points on the d i a g r a m - - o n e in e a c h of the two t r i a n g u l a r f i e lds - - indicate the r e l a t i v e c o n c e n t r a 
tions of the s e v e r a l d i sso lved const i tuents of a n a t u r a l w a t e r . 

The c e n t r a l d iamond-shaped field i s used to show the o v e r - a l l chemica l c h a r a c t e r of the w a t e r 
by a third s ingle-point plotting, which i s at the in tersec t ion of r a y s pro jec ted f r o m the plottings of 
cations and anions a s indicated on F i g u r e 2 - A . Us ing the s c a l e s of F i g u r e 1, the position of th i s 
plotting indicates the r e l a t i v e composi t ion of a w a t e r in t e r m s of the cat ion-anion p a i r s that c o r r e 
spond to the four v e r t i c e s of the field. This cen tra l - f i e ld plotting can a l so be taken d irect ly f r o m 
the analytical d a t a a c c o r d i n g to the v e c t o r s shown along the outer m a r g i n s of the field on F i g u r e 
2-A. F o r such plotting only one c a t i o n - v a r i a b l e and one an ion-var iab le need be used—ei ther a l 
kaline e a r t h s or a lka l i e s with e i ther weak a c i d s o r s trong a c i d s ; the two p e r c e n t a g e r e a c t i n g values 
selected f r o m the ana ly t i ca l d a t a a r e doubled to suit the n u m e r i c a l s c a l e s of F i g u r e 1. 

The t h r e e t r i l i n e a r plott ings jus t d e s c r i b e d wiU show the e s s e n t i a l c h e m i c a l c h a r a c t e r of a 
water accord ing to the r e l a t i v e concentrat ion of i t s const i tuents , but not a c c o r d i n g to the absolute 
concentrations. B e c a u s e the absolute concentra t ions commonly a r e dec i s ive in many prob lems of 
interpretation, it i s convenient to indicate the plotting in the c e n t r a l field by a c i r c l e whose a r e a 
is proportional to the absolute concentrat ion of the w a t e r . F i g u r e 1 shows such plottings for s e v 
eral d i s s imi lar w a t e r s . 

The d iamond-shaped field of the w r i t e r ' s d i a g r a m is essent ia l ly a m i r r o r image of L A N G E -
LIER'S d i a g r a m , s h e a r e d 3 0 ° to t r a n s f o r m the l a t t e r f r o m C a r t e s i a n to t r i l i n e a r c o o r d i n a t e s . 
Also, plottings in that field c a n be m a d e o r i n t e r p r e t e d accord ing to P A L M E R ' S c las s i f i ca t ion [ 4 ] , 
as explained in the following p a r a g r a p h s . Thi s s c h e m e of c lass i f i cat ion h a s many advantages but 
has not found u n i v e r s a l favor , poss ibly b e c a u s e it impl ies c e r t a i n specif ic combinat ions of d i s 
solved const i tuents , which a r e hypothet ical r a t h e r than r e a l . 

The c la s s i f i ca t ion by P A L M E R des ignates the alkaline ca t ions (Na, K) a s the " p r i m a r y " c o n 
stituents, the a l k a l i n e - e a r t h c a t i o n s (Ca, Mg) a s the " s e c o n d a r y " const i tuents , the s t r o n g - a c i d 
anions ( S O 4 , C I , N O 3 ) a s the "sa l ine ' const i tuents , and the w e a k - a c i d anions ( 0 0 3 , H C O 3 ) a s the 
"alkaline" cons t i tuents . It a s c r i b e s " p r i m a r y sa l in i ty" to a w a t e r to the ex tent that the a lka l i e s 
of that water a r e ba lanced by s t r o n g a c i d s and " s e c o n d a r y alkal inity" to the extent that the a l k a 
line e a r t h s a r e b a l a n c e d by weak a c i d s . F u r t h e r , it a s c r i b e s " p r i m a r y a lkal in i ty" to the w a t e r 
to the extent that a lka l i e s e x c e e d s t r o n g a c i d s and a r e ba lanced by weak a c i d s , o r ' ' s econdary 
salinity" to the extent that alkal ine e a r t h s e x c e e d weak a c i d s and a r e balanced by strong a c i d s . 
Because the l a t t e r two p r o p e r t i e s a r e mutually exc lus ive , a water c a n not p o s s e s s both. Thus , the 
chemical c h a r a c t e r of m o s t n a t u r a l w a t e r s c a n be e x p r e s s e d by P A L M E R ' S c lass i f icat ion in t e r m s 
of three hypothet ical p r o p e r t i e s ; in t e r m s of p e r c e n t a g e r e a c t i n g value , the t h r e e m u s t sum up to 
unity (analyt ical e r r o r s adjusted) , of c o u r s e . According ly , c h e m i c a l c h a r a c t e r c a n be plotted a s 
a single point with r e s p e c t to t r i l i n e a r coord ina te s . 

A v e r y few n a t u r a l w a t e r s contain f r e e ac id in substantial quant i ty - - that i s , hydrogen i s p r e s 
ent a s a cat ion; th i s cat ion P A L M E R des ignates a s " t e r t i a r y " . The c h e m i c a l c h a r a c t e r of such 
waters can not be fully r e p r e s e n t e d on the d i a g r a m . 

If on the w a t e r - a n a l y s i s d i a g r a m the two r a y s pro jec ted f r o m the plottings of cat ions and 
anions i n t e r s e c t in the lower t r i a n g u l a r half of the diamond-shaped field, the w a t e r has p r i m a r y 
alkalinity ( A j ) , s e c o n d a r y alkalinity ( A 2 ) , and p r i m a r y salinity (Si) ( see F i g . 2 - B ) . Converse ly , 
if the r a y s i n t e r s e c t in the upper t r iangu lar half of the field, the water h a s s econdary salinity (Sg) 
rather than p r i m a r y alkalinity. 

Obviously, the plottings in the diamond-shaped field do not br ing out c r i t i c a l r a t i o s between 
certain const i tuents , such a s the r a t i o s between sodium and potas s ium, c a l c i u m and magnes ium, 
carbonate and b i c a r b o n a t e , o r sulphate and ch lor ide . When pert inent , t h e s e r a t i o s can be indica
ted graphical ly by v e c t o r s that indicate four of the common eight const i tuents , a s shown by F i g u r e 
2-C. In scal ing t h e s e v e c t o r s , the p e r c e n t a g e r e a c t i n g va lues of the analyt ica l data a r e doubled 
to suit the n u m e r i c a l s c a l e s of F i g u r e 1. 

With r e s p e c t to the s o u r c e s of dissolved const i tuents , o r to p r o g r e s s i v e changes in c h e m i c a l 
character within a p a r t i c u l a r a r e a , many p r o b l e m s involve w a t e r s which differ only slightly in 
character o r in which significant d i f ferences a r e masked by s o m e common but preponderant c o n 
stituent. Under such c i r c u m s t a n c e s , the smal l d i f ferences in c h a r a c t e r can be emphasized by 
using the full d i a g r a m to r e p r e s e n t proport ionate subdivisions of the s tandard t h r e e plotting fields, 
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and plotting the constituents with extended s c a l e s . F o r e x a m p l e , among b r i n e s s imi lar to ocean 
w a t e r the minor constituents c a n b e differentiated by plotting a t five t i m e s the s tandard scale and 
using the full d i a g r a m to r e p r e s e n t the smal l a r e a s outlined in F i g u r e 3 . If des i red , minor or 
a c c e s s o r y constituents can be so emphasized by v e c t o r s in the diamond-shaped field, a s described 
in the preceding paragraph . 

Differentiation of w a t e r - t y p e s 

C e r t a i n dist inct types can be quickly d i s c r i m i n a t e d by the i r plottings in c e r t a i n subareas of the 
diamond-shaped field, a s indicated by F i g u r e 4 and the following explanation: A r e a 1, alkaline I 
e a r t h s exceed alkal ies; A r e a 2, a lka l ies e x c e e d alkaline e a r t h s ; A r e a 3 , weak ac ids exceed strong 
ac ids ; A r e a 4 , s trong ac ids e x c e e d weak ac ids ; A r e a 5 , s e c o n d a r y alkalinity ("carbonate hardness] 
e x c e e d s 5 0 p e r c e n t - - t h a t i s , c h e m i c a l p r o p e r t i e s of the water a r e dominated by alkaline earths and 
weak acids; A r e a 6 , s econdary salinity ("non-carbonate h a r d n e s s " ) e x c e e d s 5 0 per cent; Area 7, 
p r i m a r y salinity ("non-carbonate a lkal i") e x c e e d s 5 0 p e r c e n t - - t h a t i s , c h e m i c a l propert ie s are 
dominated by alkal ies and s trong a c i d s — o c e a n w a t e r and m a n y b r i n e s plot in this a r e a , near its 
r ight-hand v e r t e x ; A r e a 8, p r i m a r y alkalinity ( " c a r b o n a t e a lka l i" ) e x c e e d s 5 0 p e r cent—here plot 
the w a t e r s which a r e inordinately soft in proport ion to the ir content of d issolved solids; Area 9, 
no one of the cation-anion p a i r s in P A L M E R ' S c lass i f i ca t ion e x c e e d s 5 0 per cent . 

These s u b a r e a s might s e r v e a s a b a s i s for n u m e r i c a l o r other symbols to designate specific 
c l a s s e s , types, and subtypes of w a t e r . Symbols for th i s purpose have been introduced by PALMER 
[4] and H I L L [ 1 ] ; however the w r i t e r fee l s that inflexible c la s s i f i ca t ions of th is s o r t tend to con
fuse by over-emphas iz ing d i f ferences in composi t ion that m a y not be significant to the problem 
under considerat ion. 

T o s e r v e m o s t needs for c lass i fy ing w a t e r s by types the w r i t e r p r o p o s e s — i n lieu of symbols 
such a s those introduced by P A L M E R , H I L L , and o t h e r s — t o des ignate a w a t e r by a binomial sym
bol written in the f o r m of a d e c i m a l fract ion, whose two t e r m s a r e (1) the p e r c e n t a g e of hardness-
causing constituents among the b a s e s and (2) the p e r c e n t a g e of b i carbonate (and carbonate , if pres
ent) among the a c i d s . F o r e x a m p l e , the symbol 8 4 . 8 0 would indicate a w a t e r in which the hardness-
causing constituents (Ca + Mg) amount to 64 per cent of a l l the b a s e s , in t e r m s of react ing values 
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(equivalents); a l so in which the weak ac ids ( C O 3 + H C O 3 ) amount to 80 p e r cent of a l l the a c i d s , 
in like t e r m s . N u m e r i c a l l y , the f i r s t t e r m is twice the p e r c e n t a g e r e a c t i n g value of ca lc ium and 
magnesium xrom ana ly t i ca l da ta in which the p e r c e n t a g e b a s e i s the sum of a l l dissolved const i tu
ents, both b a s e s and a c i d s . The f i r s t t e r m can be r e a d d i r e c t l y f r o m the n u m e r i c a l s c a l e s on the 
diamond-shaped field of the d i a g r a m , in a c c o r d with F i g u r e 2 - A . Likewise , the second t e r m of 
the symbol i s twice the p e r c e n t a g e r e a c t i n g value of carbonate and b icarbonate , o r i s sca led d i 
rectly f rom the d i a g r a m . This f o r m of symbol h a s the dist inct advantage of indicating the g e n e r a l 
character of a w a t e r speci f ical ly , without the disadvantage of implying that two w a t e r s have d i s 
tinctly different c h a r a c t e r s m e r e l y b e c a u s e the ir ana lyses plot on e i ther side of a boundary between 
arbitrary subdivisions of any w a t e r - a n a l y s i s d i a g r a m . F o r t r e a t m e n t in a t ex t , w a t e r s can be 
grouped accord ing to l imiting va lues for the two t e r m s of the symbol h e r e proposed, and those l i m 
its can be var i ed a t will to suit the d i scuss ion of the problem at hand. 

This d e c i m a l - f r a c t i o n symbol indicates numerous c h a r a c t e r i s t i c s of a w a t e r simply but s p e c i 
fically. Thus, the m o r e c o m m o n type of natural w a t e r contains chiefly c a l c i u m , magnes ium, and 
bicarbonate; its symbol a p p r o a c h e s 1 0 0 . 1 0 0 a s a l imit . F o r i t s fa ir ly c o m m o n opposite , the a lka l i -
carbonate water , the symbol a p p r o a c h e s 0 . 1 0 0 a s a l imit . The f i r s t t e r m of the symbol indicates 
relative hardnes s in p e r c e n t a g e of to ta l equivalents. If the second t e r m e x c e e d s the f irs t , a l l the 
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F i g . 5 - - P r e l i m i n a r y confirmation of m i x t u r e s 

hardness i s c a r b o n a t e o r " t e m p o r a r y " h a r d n e s s . However, if the second t e r m i s s m a l l e r , s o m e 
of the hardness i s n o n - c a r b o n a t e o r " p e r m a n e n t " and the r e l a t i v e amount of non-carbonate h a r d 
ness i s indicated by the n u m e r i c a l difference between the two t e r m s . The f i r s t t e r m of the s y m 
bol is the p e r c e n t a g e complement of the "per cent sodium" introduced by SCO F I E L D [5] to 
measure the ^effect of a w a t e r on the physical p r o p e r t i e s of a so i l when applied for i rr iga t ion . 
Thus, if th is t e r m i s g r e a t e r than about 50 the physical condition of the soi l i s not likely to be i m 
paired seriously, , but if the t e r m i s l e s s than about 4 0 such impa irment m a y r e s u l t . 

M i x t u r e s of w a t e r s 

Many hydrologic p r o b l e m s involve apparent m i x t u r e s of n a t u r a l w a t e r s , which the invest igator 
seeks to conf irm o r d i s p r o v e . The solution of such prob lems i s fac i l i tated by use of the d i a g r a m 
as descr ibed beyond; this u se h a s been ant ic ipated in the initial paper by H I L L and in the paper by 
LANGELEER and LUDWIG, which have been c i ted . 

Mixtures of two w a t e r s in a l l proport ions , if al l products r e m a i n in solution, plot in the t h r e e 
fields on the r e s p e c t i v e s t ra ight l ines that join the points r epresen t ing the r e s p e c t i v e chemica l 
c h a r a c t e r s of the two w a t e r s mixed . Thus , in F i g u r e 5 - A the s tra ight l ines A B will include the 
plottings of e v e r y poss ible m i x t u r e of two w a t e r s whose c h e m i c a l c h a r a c t e r s a r e r e p r e s e n t e d by 
points A and B , r e s p e c t i v e l y . Po in t M r e p r e s e n t s a possible m i x t u r e in one p a r t i c u l a r proportion. 

T h e r e i s a irobvious applicat ion of th i s p r o c e d u r e in demonstrat ing a c a u s e for de ter iorat ion 
of water quality in a c o a s t a l a r e a — w h e t h e r o r not due to s imple invasion by o c e a n water . If so , 
chemical a n a l y s e s of the p r o g r e s s i v e l y d e t e r i o r a t e d water must , within r e a s o n a b l e l imits of e r r o r , 
plot on a se t of t h r e e v e c t o r s d i r e c t e d toward the composit ion of ocean w a t e r . If the analyses do 
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not so plot, s imple admixture of s e a - w a t e r i s not a valid and adequate explanation of the deteriora. 
t ions . F o r example , on F i g u r e 1 t h e r e a r e plotted the c h e m i c a l c h a r a c t e r s of five natural waters* 
f r o m a long s h o r e - a r e a in whose g r o u n d - w a t e r s , at c e r t a i n p l a c e s , the content of chloride and 
certain , other const i tuents has changed very substantial ly in r e c e n t y e a r s . The five waters include-
Two f r o m well A, in 1931 and 1 9 4 0 , respec t ive ly ; two f r o m adjacent well B , in 1931 and 1936, re-
spect ively; and one f rom the ocean a few m i l e s away. F r o m the plottings on F i g u r e 1 it is obvious 
that this de ter iora t ion in ground-water quality could not have been caused by a s imple intermingling 
of the f resh ground-water with o c e a n w a t e r . 

T o d e m o n s t r a t e conclusively that a c e r t a i n water i s a quantitative m i x t u r e of two other waters-
nei ther diluted, concentrated , nor chemica l ly modified after the mixing—one graph ic criterion and 
one g r a p h i c - a l g e b r a i c c r i t e r i o n must be sat isf ied. F i r s t , by the graphic c r i t e r i o n , in all three 
f ields of the d i a g r a m the apparent m i x t u r e m u s t plot on s t r a i g h t l ines between the plottings of its 
two inferred components . A l so , the a r e a - c o n c e n t r a t i o n plott ings in the c e n t r a l field must conform 
to the principle that the concentrat ion of a m i x t u r e i s n e c e s s a r i l y g r e a t e r than the l eas t , but less 
than the g r e a t e s t , of the s e v e r a l concentrat ions of i t s components . Th i s graphic c r i t e r i o n alone is 
not dec i s ive b e c a u s e it involves only p e r c e n t a g e r e a c t i n g va lues and does not involve absolute coa-
centra t ions . Neither i s any other s imple graph ic cons truc t ion on the d i a g r a m dec is ive . The seed 
and dec i s ive c r i t e r i o n r e q u i r e s sat is fact ion of the following equations: 

With r e f e r e n c e to F i g u r e 5 - A let: V a = proport ionate vo lume in m i x t u r e M of water having coa 
posit ion A; V D = proport ionate volume of water having composi t ion B ; E a = concentrat ion of water 
A, in equivalents; E D = concentrat ion of water B , in equivalents; E m = concentrat ion of the mixture, 
in equivalents; a = intercept between the plottings of A and M, m e a s u r e d in any of the three fields ol 1 
the d i a g r a m and a t any convenient sca le ; and b = in tercept between the plottings of B and M. Then II 
follows and can be shown that 1 

(a /b ) = ( V b - E b / V a E a ) (1) 

(Va/Vfc) = ( b - E b / V E a ) (2) 

E m = [ E a - E b (a + b ) ] / ( a - E a + b - E b ) (3) 

V a = b - E b / ( a . E a + b . E b ) and V b = a - E a / ( a . E a + b - E b ) .(4) 

F u r t h e r , with r e s p e c t to any p a r t i c u l a r c h e m i c a l constituent, let: C a = concentrat ion in com
ponent w a t e r A , in equivalents o r p a r t s per mil l ion a s des i red; C b = concentrat ion in component B; 
and C m = concentrat ion in the m i x t u r e . Then 

C m = ( C a v a ) + ( < V v b ) •-W 

Dec i s ive proof of a quantitative m i x t u r e i s accompl i shed when, for the water of intermediate 
composit ion, a g r e e m e n t i s shown between analyt ica l data and corresponding values computed from 
equation (3) for total concentrat ion and f r o m equations (4) and (5) for concentrat ion of individual 
c h e m i c a l const i tuents . Equat ion (3) i s numer ica l ly equivalent to a corresponding equation derived 
by L A N G E L I E R and LUDWIG [2 , pp. 3 5 0 - 3 5 1 ] , but i s e x p r e s s e d in a f o r m that fac i l i tates the neces 
s a r y computat ions . 

A s has been pointed out by H I L L [1 ( 1 9 4 0 ) , pp. 4 8 - 4 9 ] , the c h e m i c a l c h a r a c t e r of a mixture of 
w a t e r s will plot a t the c e n t e r of grav i ty of the plottings of the r e s p e c t i v e components , each having 
been weighted according to i t s concentrat ion and i t s proport ionate volume in the m i x t u r e . Based® 
th i s principle , g r a p h i c - a l g e b r a i c c r i t e r i a for dec i s i ve proof of quantitative m i x t u r e s a r e perhaps 
feas ible for a three -component s y s t e m but b e c o m e involved for s y s t e m s with m o r e than three com
ponents. P r o b l e m s involving t h r e e o r m o r e components a r e likely to be infrequent; accordingly, it 
s e e m s m o s t p r a c t i c a b l e to so lve them by an adaptation of the two-component c r i t e r i a given above. 
Thus , on F i g u r e 5 - B let M r e p r e s e n t a w a t e r p r e s u m e d to be a m i x t u r e of w a t e r s A , B , and C. to 
prove o r d i sprove a quantitative m i x t u r e p r o j e c t a s t ra ight l ine on the d i a g r a m through C and Mtc 
i n t e r s e c t A B a t point X , which r e p r e s e n t s the c h e m i c a l compos i t ion of a hypothetical mixture of 
w a t e r s A and B in the s a m e proport ions that these w a t e r s would enter a m i x t u r e of composition M. 
F r o m preceding equations (3 ) , (4 ) , and (5) d e t e r m i n e the composit ion and concentrat ion of water X 
Then, t r e a t water M a s a p r e s u m e d m i x t u r e of w a t e r s X and C . A s d e s i r e d , th is procedure is 
readi ly adaptable to m i x t u r e s of m o r e than t h r e e components . 
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Application to g e o c h e m i c a l p r o b l e m s 

The g r e a t e s t uti l i ty of the d i a g r a m here in d e s c r i b e d probably i s in " s c r e e n i n g " a l a r g e num
ber of w a t e r - a n a l y s e s for c r i t i c a l study with r e s p e c t to s o u r c e s of the dissolved constituents , mod i 
fications in c h e m i c a l c h a r a c t e r a s a water p a s s e s through an a r e a , and r e l a t e d geochemica l p r o b 
lems. 

Changes in the c h e m i c a l c h a r a c t e r of a natura l water by solution of p r o g r e s s i v e l y increas ing 
amounts of some p a r t i c u l a r m i n e r a l mus t plot on a s e t of s t ra ight - l ine v e c t o r s d i rec ted in e a c h of 
the three fields toward the point r e p r e s e n t i n g the c h e m i c a l composi t ion of the m i n e r a l . Thi s c a s e 
is analogous to mix ing one w a t e r with another whose concentrat ion i s infinitely g r e a t . 

A natural water m a y be concentra ted p r o g r e s s i v e l y by evaporat ion until it b e c o m e s sa turated 
with respec t to c e r t a i n const i tuents , which then s e p a r a t e out in the solid phase . Until a sa tura t ion-
point is r e a c h e d , the c h e m i c a l c h a r a c t e r of the concentrat ing water i s r e p r e s e n t e d by a single 
fixed point in each of the t h r e e f ields of the d i a g r a m . If the m a t e r i a l s eparat ing in the solid phase 
is of constant composi t ion then, a s evaporat ion continues, the c h a r a c t e r of the w a t e r will be t r a c e d 
on the respec t ive f ie lds by s t ra ight - l ine v e c t o r s d i r e c t e d away f r o m the points that r e p r e s e n t the 
composition of the s epara t ing sol id. If the solid phase i s a s imple compound of one cat ion and one 
anion, the v e c t o r in the c e n t r a l field will be d i r e c t e d away f r o m one of the a p e x e s of that field, each 
of which r e p r e s e n t s a p a r t i c u l a r s imple sa l t o r group of sa l t s . In the two t r iangu lar fields, the 
vector will be d i r e c t e d away f r o m the r e s p e c t i v e a p e x e s that r e p r e s e n t the cation and anion c o m 
posing the solid p h a s e . F o r e x a m p l e , on F i g u r e 6 - A point A r e p r e s e n t s the composit ion of a h y 
pothetical w a t e r that i s s a t u r a t e d with r e s p e c t to c a l c i u m sulphate ( C a S O ^ . A s evaporat ion then 

CaSO^ 

C , B a s e - exchanqe softening D, Chemica l react ion and 
separat ion of solid phase 

F i g . 6 — V e c t o r s c h a r a c t e r i s t i c of c e r t a i n geochemica l p r o c e s s e s 
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continues and c a l c i u m sulphate f o r m s in solid phase , the changing composi t ion of the liquid phase 
will t r a c e the t h r e e v e c t o r s shown. If a separat ing solid phase i s a m i x t u r e of s a l t s in a constant 
proportion, a s t r a i g h t line will be t r a c e d in the c e n t r a l field trending away f r o m the point that 
c o r r e s p o n d s to the constant composi t ion of the m i x t u r e ; s t r a i g h t l ines m a y o r may not be traced 

.in the two tr iangular f ields. 

C e r t a i n changes in the c h e m i c a l c h a r a c t e r of a w a t e r a r e caused by c h e m i c a l react ions which 
in effect substitute one cat ion o r one anion for another , m o l e c u l e for mo lecu l e . Thus, reduction of 
sulphate [ 6 ] i s equivalent to substitution of b i carbonate ( H C O 3 ) for an equivalent amount of sul. 
phate (SO 4 ) ; natura l softening by r e a c t i n g with b a s e - e x c h a n g e m i n e r a l s [ 7 ] , to substitution of sodi-
urn and potass ium (Na, K) for c a l c i u m and m a g n e s i u m (Ca, Mg) . T h e s e two c h e m i c a l changes are 
t r a c e d on the d i a g r a m by s t ra ight - l ine v e c t o r s para l l e l t o the b a s e s of the c e n t r a l field as shown 
by F i g u r e s 6 - B and 6 - C , r e s p e c t i v e l y . 

If two w a t e r s (or a water and a m i n e r a l ) r e a c t c h e m i c a l l y when brought together and some 
product or products of the r e a c t i o n f o r m in solid phase , the c h e m i c a l c h a r a c t e r of the products 
remaining in solution will not plot on the s t ra ight line joining the points that r e p r e s e n t the two 
reac t ing w a t e r s . R a t h e r , it will plot on the extens ion of the s tra ight l ine drawn f r o m ( 1 ) the point 
that r e p r e s e n t s the composit ion of the solid phase to (2) the point that indicates the proportionate 
volumes and composi t ions of the two r e a c t i n g w a t e r s . T h u s , in F i g u r e 6 - D suppose that waters A 
and B a r e brought together in a proport ion indicated by point M on the s t r a i g h t line A B , and that 1 
solid phase of composit ion S r e s u l t s ; then, the soluble p r o d u c t s will plot on the extension of the 
s tra ight line SM, a s at point C . If the prec ip i ta te i s a compound of one b a s e and one acid, this 
re lat ion between points A, B , M, S, and C will apply l ikewise in the two t r iangu lar fields (not shorn 
and point S will fall on one a p e x of each field. If the two w a t e r s a r e brought together in various 
proport ions and the product S i s apprec iably soluble, the composi t ion of the liquid phase will tra» 
v e r s e line A B up to the point of saturat ion with r e s p e c t to product S and then, beyond the point of 
saturat ion, will deflect away f r o m point S. 

The c h e m i c a l composit ion of a natural w a t e r m a y undergo complex changes by an interplay of 
s e v e r a l o r numerous p r o c e s s e s . The c a u s e s a r e commonly o b s c u r e . However, when compre
hensive c h e m i c a l data a r e avai lable the d i a g r a m here in d e s c r i b e d c a n a s s i s t grea t ly in a prelimi
nary d iscr iminat ion of c a u s e s , by application of the pr inc ip l e s jus t d e s c r i b e d . Doubtless other 
useful pr inc ip les will be developed a s th is d i a g r a m and s i m i l a r d i a g r a m s a r e m o r e widely used. 

P r e l i m i n a r y ana lys i s of a typ i ca l problem 

The plottlngs on F i g u r e 1 , to which r e f e r e n c e h a s been m a d e , a r e typ ica l of a problem in the 
saline contamination of f r e s h ground-water in a longshore a r e a . Table 2 g ives the corresponding 
numer ica l data . 

F r o m their analyt ical d a t a one could infer that w a t e r s B%, A2, and B 2 r e p r e s e n t progressi?e 
s t a g e s in the contamination of w a t e r Ai by s o m e unknown h igh-ch lor ide s o u r c e . B e c a u s e these 
a r e longshore ground-water s f r o m wel l s only about 2 0 0 feet deep, the o c e a n i s an. obvious potential 
s o u r c e of a h igh-chloride contaminant. However , F i g u r e 1 shows conclusively that the contamima 
ground-waters a r e not s imply a m i x t u r e of ocean w a t e r with uncontaminated water A}> because 
their plottings do not conform to the graphic c r i t e r i o n for a s imple m i x t u r e a s a l ready developed. 
Specifically: (1) In the ca t ion - t r iang le , w a t e r s A 2 and B 2 do not fal l between the plottings of 
and C, although al l the plottings a r e in substantial a l ignment; ( 2 ) in the anion- tr iangle , By A$ u4 
B 2 al l plot below the line A i C ; and ( 3 ) in the c e n t r a l d iamond- shaped field B } plots very slightly 
above, but A 2 and B 2 plot f a r above the l ine A ] C . If the a n a l y s i s of w a t e r B 2 had not been AVAILS 
these d i s c o r d a n c e s would not have been obvious in the ana ly t i ca l da ta . Ne i ther would the analysis 
of water B i have shown c l e a r l y that it r e p r e s e n t e d the incipient s t a g e of contamination. 

With r e f e r e n c e to the corresponding two hypothetical m i x t u r e s , w a t e r s A 2 and B 2 contrast 
sharply in two r e s p e c t s : ( 1 ) T h e i r content of c a l c i u m I s much g r e a t e r and that of sodium is much 
less ; in p e r c e n t a g e r e a c t i n g value the e x c e s s of c a l c i u m i s substantial ly equal to the deficiency d 
sodium, a s though the hypothetical m i x t u r e s had been hardened by an ion- for - ion exchange of base 
with the w a t e r - b e a r i n g m a t e r i a l ( s ee F i g . 6 - C ) . ( 2 ) T h e i r content'of sulphate i s substantially 
deficient, a s would be expec ted if sulphate had been r e d u c e d to b i c a r b o n a t e ( s ee F i g . 6 - B ) . These 
two c o n t r a s t s a l so appear to apply in a s m a l l m e a s u r e to w a t e r B ^ , thus tending to confirm the 
inference that th is water r e p r e s e n t s an incipient s tage in a c o m m o n p r o c e s s of contamination. 
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Table 2 — P r i n c i p a l c h e m i c a l const i tuents of c e r t a i n longshore g r o u n d - w a t e r s and of ocean w a t e r 

Constituent A l B l b i A 2 
a 2 B 2 

b 2 C 

parts per mil l ion 
3 9 Calcium (Ca) 3 9 4 0 39 102 42 4 6 6 65 3 9 3 

Magnesium (Mg) 10 10 11 r 1 9 . 22 77 9 8 1 , 2 2 8 
Sodium (Na) 1 
potassium (K) J 4 7 52 56 152 255 808 f 1 0 , 2 2 0 a 

[ 3 5 3 

Carbonate ( C O 3 ) .... .... .... 0 .... .... .... 0 
Bicarbonate ( H C O 3 ) 2 0 4 2 0 7 2 0 4 203 203 166 199 139 
Sulphate ( S O 4 ) 2 4 21 26 6 .7 4 9 0 2 0 7 2 , 5 6 0 
Chloride (CI) 16 32 32 199 199 1 ,346 1 ,346 1 8 , 3 6 0 

percentage r e a c t i n g 
values (adjusted) 

Calcium (Ca) 2 0 . 2 1 9 . 6 1 8 . 4 2 8 . 0 1 0 . 0 2 8 . 6 3 .5 1.7 
Magnesium (Mg) 8.5 8.1 8 . 6 8.6 8 .6 7 .8 8 .7 8 .8 
Sodium and po tas s ium (Na + K) 2 1 . 3 2 2 . 3 2 3 . 0 13 .4 3 1 . 4 1 3 . 6 3 7 . 8 3 9 . 5 

T o t a l s 5 0 . 0 5 0 . 0 5 0 . 0 5 0 . 0 5 0 . 0 5 0 . 0 5 0 . 0 5 0 . 0 

Bicarbonate ( H C O 3 ) 3 8 . 9 3 5 . 9 3 4 . 9 18 .3 16 .7 3 . 3 3 .6 0 .2 
Sulphate ( S O 4 ) 5 . 8 4 . 6 5 . 7 0 . 8 5 .1 0 4 .7 4 . 6 
Chloride (CI) 5 . 3 9 .5 9 .4 3 0 . 9 28 .2 4 6 . 7 4 1 . 7 4 5 . 2 

T o t a l s 5 0 . 0 5 0 . 0 5 0 . 0 5 0 . 0 5 0 . 0 5 0 . 0 5 0 . 0 5 0 . 0 

Ca lcu la ted . 
Notes: A± and A 2 indicate w a t e r f r o m Well A on June 3 , 1 9 3 1 , and D e c e m b e r 2 0 , 1940 , r e s p e c 

tively. B\ and B 2 indicate w a t e r f r o m Wel l B on June 6, 1931 , and June 3 0 , 1 9 3 6 , r e spec t ive ly . 
C indicates w a t e r f r o m the o c e a n a few m i l e s f r o m wel ls A and B . a 2 , b j , and b 2 indicate hypo
thetical m i x t u r e s of w a t e r s A i and C in such proport ions that the ir chloride contents a r e equal to 
those of A 2 , B i , and B 2 , r e s p e c t i v e l y . 

Obviously the d a t a h e r e p r e s e n t e d a r e not adequate fully to define this water -qua l i ty problem, 
in part because the a n a l y s e s of w a t e r s A i , B i , and B 2 a r e approx imate only. However, a s an 
elementary e x a m p l e of p r o c e d u r e they a r e e spec iaUy effective because they afford a striking 
comparison but involve only water -qua l i ty and t i m e a s pr incipal v a r i a b l e s . A complete solution 
of the problem h e r e suggested involves data so voluminous that it is not feas ib le to introduce t h e m . 
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DISCUSSION 

RAYMOND A. H I L L (Consulting E n g i n e e r , L o s Angeles , C a l i f o r n i a ) - - W h e n the use of trilinea, 
d i a g r a m s in the interpretat ion of w a t e r - a n a l y s e s was suggested by the w r i t e r (R. A. HILL) at a 
meet ing of the Section of Hydrology, A m e r i c a n Geophysical Union, it w a s not expected that so m a m 

var ia t ions in the f o r m of the d i a g r a m would be developed by o t h e r s . In fact , a s stated by the write? 
in his paper on Salts in i rr iga t ion water [ T r a n s . A m e r . Soc . Civ . E n g . , v. 107 , 1 9 4 2 ] , it has been a 
m a t t e r of r e g r e t that so much effort has been d i r e c t e d toward modification of the diagram rather 
than toward i t s application a s a tool in solving hydrolog ica l p r o b l e m s . However, such being the 
c a s e , it is probable that the m o s t des irab le f o r m of d i a g r a m h a s not y e t been developed. 

The form of d i a g r a m used by the author ( P I P E R ) i s e s sent ia l ly the s a m e a s that suggested by 
the w r i t e r in F i g u r e 12 of his c los ing d i scuss ion of the above mentioned p a p e r . This form tends to 
be somewhat confusing in a c t u a l application b e c a u s e t h e r e i s no m a r k e d differentiation between the 
t h r e e component p a r t s of the d i a g r a m , that i s , the ca t ion - t r iang le , the an ion- tr iangle , and the geo-
c h e m i c a l diamond. Since al l g r a p h i c a l p r o j e c t i o n s f r o m e i t h e r of the t r i a n g l e s to the diamond are 
along diagonal l ines, the t r iang le s can be s e p a r a t e d f r o m the diamond a s shown in F i g u r e 1, on 
which, for i l lustration, have been plotted the points corresponding to the ana lys i s of sample Ai in 
Table 2 of M r . P I P E R ' S paper a s follows: 1 

pet pet pet 
C a 4 0 . 4 HCOg 7 7 . 8 P r i m a r y alkalinity 2 0 . 4 
Mg 1 7 . 0 S O 4 1 1 . 6 P r i m a r y salinity 2 2 . 2 
Na + K 4 2 . 6 CI 1 0 . 6 Secondary alkalinity 5 7 . 4 

1 0 0 . 0 1 0 0 . 0 1 0 0 . 0 

$2 

F i g . 1—Il lus tra t ive plotting of Sample A, Tab le 2 
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While the use of c i r c l e s of different a r e a s to indicate r e l a t i v e concentra t ions w a s suggested by 
the writer in his p a p e r (Op. c i t . ) it i s doubtful whether this i s of value in many c a s e s . B e t t e r v isual 
representations of d i f f e r e n c e s in concentrat ion c a n be had by the use of b a r - d i a g r a m s . 

The r e v e r s i o n by the author to the p r a c t i c e of computing p e r c e n t a g e r e a c t i n g values so that 
the sub-total of the c a t i o n s and of the anions e a c h equals 50 p e r cent s e e m s to introduce u n n e c e s 
sary confusion. F u r t h e r m o r e , a s the cat ions a r e posit ive and the anions a r e negative their s u m is 
properly equal to z e r o . If the equivalent weight of e a c h cation be r e c o r d e d a s a p e r c e n t a g e of the 
equivalent weight of a l l ca t ions , and the s a m e be done for the anions, then it would b e u n n e c e s s a r y 
to double the p e r c e n t a g e r e a c t i n g va lues a s d e s c r i b e d by the author throughout h i s paper . 

The use of the r e c i p r o c a l of the combining weight of each ion a l so tends to be confusing. A l m o s t 
everyone c o n v e r s a n t with such m a t t e r s r e m e m b e r s the combining weights of the m o r e c o m m o n ions, 
while it is not to be e x p e c t e d that the r e c i p r o c a l s c a n be r e m e m b e r e d . The only advantage in using 
reciprocals would b e e a s e of mult ip l icat ion a s c o m p a r e d to division. The data , however , a r e subject 
to far g r e a t e r e r r o r than a r e o r d i n a r y s l i d e - r u l e computations and division on a s l ide -ru le i s a s 
simple a s mult ipl icat ion. 

In his d i s c u s s i o n s of m i x t u r e s of w a t e r s the author r e s o r t s to a l g e b r a i c computat ions which 
become involved in a c t u a l u s e . I t w a s for this r e a s o n that the w r i t e r in h is paper (Op. c i t . . pp. 1 ,484) 
suggested the use of tons-equivalent , abbreviated to " T E " , being the equivalent tons of hydrogen in 
the quantity of w a t e r under cons idera t ion . When th i s quantity i s given in a c r e - f e e t the total equiva
lent weight of any ion i s equal to the quantity of w a t e r t i m e s the concentrat ion in m i l l i g r a m - e q u i v a 
lents of hydrogen p e r l i t e r divided by 7 3 5 , o r a lgebra ica l ly , T e = ( C Q / 7 3 5 ) , in which C i s the c o n 
centration of s a l t s in equivalents p e r mil l ion and Q i s the quantity of w a t e r in a c r e - f e e t . T h e f a c 
tor 735 c o m e s d i r e c t l y f r o m the u s e of a c r e - f e e t and tons a s units . Any corresponding f a c t o r would 
likewise c o m e d i r e c t l y f r o m any o t h e r s y s t e m of m e a s u r e m e n t s . 

None of the s y s t e m s of c la s s i f i ca t ion of different w a t e r s dependent on r e f e r e n c e to the plotted 
position of a point on a d i a g r a m c a n be r e m e m b e r e d readi ly and hence all such fai l of being d e 
scriptive. It was for that r e a s o n that the w r i t e r suggested in h i s c los ing d i scuss ion of his paper on 
Salts in i r r i g a t i o n w a t e r that the m o s t s a t i s f a c t o r y c lass i f i cat ion would be one that m e r e l y defined 
the predominate ca t ion and the predominate anion. 

In closing, attent ion i s invited to the fac t that any t r i l i n e a r d i a g r a m adapted to the in terpre ta t ion 
of water-analyses i s only a tool; hence the f o r m of the tool should be subordinated to the use which 
is made of it . 

W. F . L A N G E L I E R ( P r o f e s s o r of Sanitary Engineer ing , Univers i ty of Ca l i forn ia , B e r k e l e y , 
California)--In a r e c e n t paper to which the author h a s made r e f e r e n c e [his r e f e r e n c e 1 ] , L A N G E 
LIER and LUDWIG d e s c r i b e d s e v e r a l methods of graphing w a t e r - a n a l y s e s and suggested poss ible 
applications thereof . Among the methods d e s c r i b e d i s one to which we r e f e r r e d a s our own a d a p t a 
tion of the t r i l i n e a r method of R . A. H I L L [Salts in i rr igat ion w a t e r , P r o c . A m e r . Soc . Civ . E n g . , 
v. 67, p. 9 7 5 , 1 9 4 1 ] . T h i s method, i t a p p e a r s , i s substantial ly the s a m e a s that proposed in the p a 
per under d i scuss ion . Our adaptation of the H I L L method cons i s ted m e r e l y in changing the outward 
form of the d i a g r a m so a s to p e r m i t the use of s tandard tr iangular g r a p h - p a p e r . We wish to d i s 
claim any or ig inal i ty in developing the b a s i c t r i l i n e a r method. To us , this three -po int method s e e m s 
to be unnecessar i ly c u m b e r s o m e in execution and, in the g r a p h s , difficult of v i sual interpretat ion; 
moreover, We be l ieve that the mult iple graph i s not well suited to the study of any cons iderable n u m 
ber of d i s s i m i l a r a n a l y s e s upon a s ingle d i a g r a m . 

In the multiple t r i l i n e a r f o r m of graph a s proposed, each ana lys i s i s r e g a r d e d a s compr i s ing 
six component-ions, o r i on -groups , which r e q u i r e t h r e e points upon the d i a g r a m for comple te identi
fication and in terpre ta t ion . F o r m o s t u s e s , it would appear that a m o r e p r a c t i c a b l e method i s one 
in which the g e n e r a l c h a r a c t e r of the sample i s indicated by the position of a s ingle point, and where 
in more specif ic o r c r i t i c a l d a t a a r e indicated by s p e c i a l c h a r a c t e r s o r symbo l s . We have d e s c r i b e d 
such a method and, in o r d e r to dist inguish it f r o m the one a t p r e s e n t under cons iderat ion , have r e 
ferred to it a s the "s ing le -po in t" method. In the single-point method, the ca t ions and anions a r e d i 
vided into chemica l ly s i m i l a r g r o u p s , essential ly a s proposed by P A L M E R , that i s , the ca t ions a r e 
divided into a lka l i -groups and non-alkal i groups , and the anions a r e divided into carbonate and non-
carbonate groups . S ince the t o t a l equivalent concentra t ions of the cat ions and anions a r e equal, and 
since there a r e only two groups in e a c h c a t e g o r y , it follows that t h e r e will be only two independent 
variables and that t h e r e f o r e the a n a l y s i s can be r e p r e s e n t e d by a single point upon a r e c t a n g u l a r 
Faph. The s igni f icance of the plotted point in th i s d i a g r a m i s identical to that of the third point 
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N O N - C A R B O N A T E A N I O N 

HORIZONTAL SCALE DIVISIONS IN CIRCLE DIAMETER 

MILLIGRAM EQUIVALENTS PER L I T E R 

F i g . 1 - - U s e of water - c la s s i f i ca t i on d i a g r a m in confirming a presumptive 
m i x t u r e of t h r e e component w a t e r s [After Lange l i er and Ludwig (J. A m e r . 
W a t e r - W o r k s Ass 'n . , v. 34 , pp. 3 3 5 - 3 5 2 , 1942)] 

(obtained by project ion) in the multiple t r i l inear graph. It should be noted that in either diagram 
the position of the identifying point--which actual ly c lass i f i e s the s a m p l e - - i s not a l tered by changes 
in the ra t io of e i ther C a to Mg o r CI to SO4. 

A s an i l lustration of the use of the rec tangu lar graph a s applied to the problem of mixtures, 
r e f e r e n c e is made to F i g u r e 1, in which c i r c l e A in the tr iang le B l r e p r e s e n t s a water of which 
the total cat ion-concentrat ion is 1 2 . 0 mi l l i gram equivalents per l i t er ( m E / i ) . Its plotted location 
indicates that it contains 1.2 m E / i of alkali cat ion and 2 . 4 m E / i of chloride plus sulphate anions. 
The fact that i ts position l i e s below the SW-NE diagonal indicates that the non-carbonate anion-con-
tent of this water is g r e a t e r than i t s alkali content and, in a c c o r d a n c e with P A L M E R , the water may 
be said to be c h a r a c t e r i z e d by the property of secondary salinity or non-carbonate hardness. The 
t h r e e p r o p e r t i e s - - n o n - c a r b o n a t e alkali , non-carbonate h a r d n e s s , and carbonate hardness--can be 
r e a d direct ly f r o m the inside s c a l e s a s 10, 10, and 80 per cent of the total salt-concentration, equal 
to 1.2, 1.2, and 9 . 6 m E / J 0 , r e spec t ive ly . Similarly , the p r o p e r t i e s of water samples B , C, and Mare 
apparent from their plotted posit ions. 

The significance of the s ix outer le t tered t r iang le s of the d i a g r a m is that each delimits a prop
e r t y which, m e a s u r e d in percent , i s g r e a t e r than the other two combined. Within the inner triangles 
A2 and B 2 , the three proper t i e s a r e m o r e evenly balanced, and none e x c e e d s 50 per cent of the total 

Sample M falls within the t r iang le formed by the plotted posit ions of A, B , and C, and its total 
concentrat ion of dissolved sa l t s i s g r e a t e r than the lowest and l e s s than the highest of the three 
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w a t e r s . This i s presumpt ive evidence that the sample might possibly const i tute a mix ture of the 
three samples , A, B , and C . T h a t it i s not an exc lus ive mix ture of any two of the t h r e e s a m p l e s i s 
readily proved by m e r e inspect ion of the d i a g r a m . It has been repeatedly pointed out that a b a s i c 
principle of these graphic methods i s that the plotted location of a m i x t u r e of any two w a t e r s must 
lie on the line which connects the plotted positions of the two component p a r t s and that the p r o p o r 
tion of each component in the m i x t u r e is r e l a t e d to the e x a c t position of the point upon the connec t 
ing line. Thus in F i g u r e 1, s a m p l e M cannot be an exclus ive m i x t u r e of any two of the t h r e e s a m 
ples represented , b e c a u s e i t s plotted position does not coincide with the l ines interconnect ing any 
two of the s a m p l e s . However, it might possibly be a mix ture of a l l t h r e e s a m p l e s . The proof that 
M is not a quantitative m i x t u r e of a l l t h r e e s a m p l e s takes into further cons iderat ion the to ta l con
centration of the s a m p l e a s indicated by the d i a m e t e r of the c i r c l e . If M w e r e an exc lus ive m i x 
ture of A, B , and C , it could be cons idered to be a two component m i x t u r e of B and a hypothetical 
mixture M', the l a t t e r composed of w a t e r s A and C . As indicated by the author , we demonstrated 
in our e a r l i e r contribution, the re lat ionship which must be satisf ied between £ M , the total c o n 
centration of M', and the ana ly t i ca l values of Z A , Z c , and the sca l ed d i s t a n c e s of a and c . The 
formulation is 

2 M / = I A [ 1 + ( a / c ) ] / [ 1 + ( Z A / E c ) < a / c ) ] 

In the e x a m p l e under cons iderat ion the computed value of 2)w/ will be found to equal 7 .8 m E / i 
Applying the s a m e formulat ion, £ M , if it w e r e a m i x t u r e of B and M*, would equal 9 . 3 m E / 0 . Since 
this computed va lue differs f r o m i t s actual o r analyt ica l value of 2 0 . 0 m E / i , s a m p l e M cannot be 
an exclusive m i x t u r e of A, B , and C . 

In addition to the above method of conf irming m i x t u r e s , we have d e s c r i b e d a completely g r a p h i 
cal method which, however, r e q u i r e s that the analyt ica l data be r e a r r a n g e d into s ix groups r a t h e r 
than four. F o r th i s purpose and for other u s e s wherein a cons iderable number of analyses a r e r e 
presented we r e c o m m e n d l a r g e graph sheets approximate ly 18 inches s q u a r e . 

We concur in the au thor ' s opinion that t h e r e e x i s t s a wide and p r a c t i c a l l y untried field of u s e 
fulness in the appl icat ion of g r a p h i c a l methods to geochemica l water -supply invest igat ions . 

ARTHUR M. P I P E R (author ' s reply and c l o s u r e ) - - I n his lead paper on the genera l topic of 
graphic methods in g e o c h e m i c a l s tudies the w r i t e r sought to define h is own p r o c e d u r e in o r d e r that 
its elements might be c o m p a r e d with those of p r o c e d u r e s outlined by H I L L and by L A N G E L I E R in 
their respec t ive antecedent p a p e r s , and thereby possibly to s t imulate the evolution of s o m e t e c h 
nique even m o r e effect ive . He had no thought of c la iming original i ty for all e l ements in his p r o 
cedure a s outlined. That p r o c e d u r e i s founded on a mul t ip le - tr i l inear d i a g r a m which was developed 
by the wr i t er independently, but which fprtuitously had evolved to essent ia l ly i t s present f o r m about 
contemporaneously with the p a p e r s by H I L L and by L A N G E L I E R in 1 9 4 2 . However , the w r i t e r h e r e 
acknowledges with e m b a r r a s s m e n t that he had been confused by the dual publication under the t i t le 
of "Salts in i r r i g a t i o n w a t e r " [ R . A . H I L L , P r o c . A m e r . Soc . C iv . E n g . , v. 6 7 , pp. 9 7 5 - 9 9 0 , 1 9 4 1 ; 
also idem, v. 6 8 , pp. 1 , 4 7 8 - 1 , 4 9 3 , 1942] and h e r e t o f o r e has overlooked not only the d i scuss ions by 
SCOFIELD and o t h e r s but a l s o H I L L ' S " a l t e r n a t e f o r m of g e o c h e m i c a l c h a r t ' [op. c i t . pp. 1 , 4 9 4 -
1,518, F ig . 12 , 1 9 4 2 ] , which i s essent ia l ly identical with the w a t e r - a n a l y s i s d i a g r a m of the lead 
paper. 

The d i a g r a m of the lead p a p e r i s conceived by the w r i t e r a s a t echn ic ian ' s tool which—for the 
particular purpose of s e g r e g a t i n g r e l a t e d c h e m i c a l ana lyses f r o m a m a s s of such data in the study 
of a geochemical p r o b l e m - - h a s substantial advantages over e i ther a se t of b a r - d i a g r a m s o r a r e c t i 
linear graph, and which s e e m s not to s a c r i f i c e any g r e a t advantage . I t s o v e r - a l l utility i s afforded 
by the use of t r i l i n e a r c o o r d i n a t e s to indicate the chemica l c h a r a c t e r of a w a t e r by single-point 
plotting for p r e l i m i n a r y segregat ion of data and by three-point plotting for m o r e c r i t i c a l s e g r e g a 
tion. It i s conceded that such coord inates m a y s e e m awkward to the novice but that awkwardness 
passes quickly a s fami l iar i ty with the d i a g r a m i s acquired . 

The c e n t r a l o r d iamond-shaped field in the d i a g r a m of the lead paper i s essential ly a c o u n t e r 
part of the L A N G E L I E R " w a t e r - c l a s s i f i c a t i o n d i a g r a m " , except that i ts coordinates a r e t r i a n g u l a r 
rather than r e c t i l i n e a r . On that c e n t r a l field, s ingle-point plottings for p r e l i m i n a r y segregat ion of 
data are made and the c h a r a c t e r s of w a t e r s a r e d isc losed p r e c i s e l y a s on the L A N G E L I E R d i a g r a m . 
With either d i a g r a m , th is s ingle-point plotting t r e a t s the sum of c a l c i u m and magnes ium a s a single 
variable, and the s u m of sulphate and ch lor ide a s another single var iab le . Within this r e s t r i c t i v e 
treatment the r e c t i l i n e a r L A N G E L I E R d i a g r a m Is ent ire ly adequate and probably s impler than the 
central field in the d i a g r a m of the lead paper ; however, for a m o r e c r i t i c a l segregat ion of da ta th is 
restrictive t r e a t m e n t i s not adequate b e c a u s e it does not t r e a t al l s i x " f i r s t - r a n k ' const ituents a s 
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independent v a r i a b l e s . On the d i a g r a m of the l ead paper a l l s i x a r e t r e a t e d independently by means 
of the three -po in t plotting, which i s feasible only with t r i a n g u l a r c o o r d i n a t e s . 

Fundamental ly , the H I L L " g e o c h e m i c a l c h a r t " differs f r o m the d i a g r a m of the lead paper only 
in that it t r e a t s ch lor ide and su lphate -p lus -b icarbonate a s c o m p l e m e n t a r y anion-constituents, rathe 
than chlor ide-p lus-su lphate and b i c a r b o n a t e . In the w r i t e r ' s judgment the grouping of sulphate with 
b i carbonate on the H I L L c h a r t would confuse r a t h e r than c lar i fy many g e o c h e m i c a l problems and 
does not s e e m pecul iar ly adapted to p r o b l e m s of i r r i g a t i o n - w a t e r s . 

With r e s p e c t to the demonstra t ion of a quantitative m i x t u r e of two w a t e r s , one fundamental 
point s e e m s not to have been m a d e sufficiently c l e a r - - t h a t i s , not only m u s t the three-point plot
t ings on the d i a g r a m of the lead paper o r on the H I L L " g e o c h e m i c a l c h a r t " define three straight 
l ines in the s e v e r a l plotting fields but a l so the ana ly t i ca l da ta m u s t conform to equation (3) of the 
l ead paper , o r to the equivalent of that equation. Th i s two-e l ement demonstra t ion is adequate only 
with r e s p e c t to the s ix * ' f i r s t - rank" const i tuents . With r e s p e c t to any one " s e c o n d - r a n k " con
stituent, a quantitative m i x t u r e i s demons tra ted only when equations (4) and (5) of the lead paper 
a l s o a r e satisf ied. With only one-point plottings on e i ther of these two d i a g r a m s or on the LANGE-
L I E R d i a g r a m , a quantitative m i x t u r e i s demons tra ted only when a s t ra ight l ine i s defined on the 
d i a g r a m and equations (3) , (4) , and (5) of the l ead paper (or equivalents of those t h r e e equations) 
a r e satisfied with r e s p e c t to both f i r s t - r a n k and s e c o n d - r a n k const i tuents . The three-point plot
t ings a r e much m o r e quickly m a d e than the additional computat ions requ ired with single-point 
plott ings. 

In his d i scuss ion of the lead paper H I L L impl ies that equations (3) , (4 ) , and (5) a r e needlessly 
involved. In th i s connection it s e e m s u n n e c e s s a r y to point out that t h e s e equations e x p r e s s the 
inescapable b a s i c principles in s imple f o r m , a l s o that the concept of "tons-equivalent" merely in
t r o d u c e s an additional c o n v e r s i o n - f a c t o r . 

Although graph ic methods a r e v e r y useful in d i scr iminat ing two-component m i x t u r e s , it is felt 
that the ir p r i m a r y utility l i e s in t r a c i n g c h e m i c a l r e a c t i o n s between a natura l water and materials 
with which that water c o m e s in contac t . The lead paper d e s c r i b e s s e v e r a l pr inc ip le s that are ap
pl icable in such studies and perhaps c r e a t e s a background for delineating other useful principles 
and for evolving an ult imate c o m p r e h e n s i v e technique. 

C O R R E L A T I O N O F GROUND-WATER L E V E L S AND P R E C I P I T A T I O N 
ON LONG ISLAND, N E W Y O R K 

C . E . Jacob 

(Published with the approval of the D i r e c t o r , U. S. Geological Survey) 

P A R T H — C O R R E L A T I O N O F DATA 

A br ie f though conc i se s t a t e m e n t of the h i s tory of ground-water s tudies on Long Island, begin
ning with the e a r l y w a t e r - l e v e l observat ions in Brooklyn by STODDARD in 1 8 5 4 , was given by 
THOMPSON [ s e e 7 of " R e f e r e n c e s " at end of p a p e r ] . T h e s e and other e a r l y data were considered 
l a t e r by L E G G E T T E [ 8 ] . He evaluated them by m e a n s of a graph of the cumulat ive departure of 
prec ipi tat ion. M o r e r e c e n t s tudies by L E G G E T T E [9] and by the w r i t e r have lead to the procedure 
outlined in P a r t I of this paper [ 1 0 ] , which w a s founded upon an e m p i r i c a l approach suggested by 
L E G G E T T E and w a s l a t e r justif ied by ana lys i s b a s e d on the theory of BOUSSINESQ [ 1 1 ] . 

F i g u r e 1 i s a map of the c e n t r a l p a r t of Long Is land showing contours on the water-table as of 
May, 1943 , and a l s o the locat ions of 14 New Y o r k City t e s t - w e l l s upon whose r e c o r d s the present 
study is based. The contours a r e based upon data f r o m many m o r e wel ls than a r e actually shown 
on the map . The 1 4 wel ls whose w a t e r - l e v e l s a r e analyzed in this study w e r e f irs t ;measured by 
the Department of W a t e r Supply, Gas , and E l e c t r i c i t y of the Ci ty of New Y o r k . They were chosen 
b e c a u s e of the length and continuity of the i r r e c o r d s and b e c a u s e together they adequately cover 
the r a n g e of w a t e r - t a b l e e levat ions in the a r e a with m o r e o r l e s s uniform distribution. Other wells 
with r e c o r d s of equal o r g r e a t e r length w e r e e l iminated b e c a u s e of l e s s favorable situation with 
r e s p e c t to c e n t e r s of pumpage, points of natura l d i s c h a r g e , e t c . , o r b e c a u s e they duplicated record] 
of one of the 14 wel ls . 




