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ABSTRACT 

Acid p r e c i p i t a t i o n  i s  a l t e r e d  by i n t e r a c t i o n  with rocks, 
sediment and s o i l .  A calcareous region buf fe r s  even t h e  most 
in tense  loading a t  pH Q8; an alumino s i l i c a t e  region with 
unconsolidated sediment buf fe r s  ac id  loadings a t  pH Q6.5; 
alumino s i l i c a t e  outcrops a r e  genera l ly  a c i d i f i e d .  E i the r  
FeOOH o r  alumino s i l i c a t e s  a r e  probable H+ ion  s inks  i n  non- 
calcareous sediments. Glac ia l ly  derived sediment is  more 
important than bedrock i n  ass imi la t ion  of ac id  p r e c i p i t a t i o n  
i n  Shield areas .  Toxic metal concentrat ions a r e  dependent 
upon sediment metal concentrat ions and the  pH of  water. 

INTRODUCTION 

The pH of  p r e c i p i t a t i o n  has been aeasured a s  low a s  3.5 over 
various p a r t s  of  t h e  world and commonly approaches 4 (Cogbill  and Likens, 
1974; Granat, 1972; Oden, 19711, whereas t h e  expected pH of unpolluted 
atmospheres from t h e  C02-H20 e q u i l i b r i a  i s  about 5.7. Low pH appears t o  
be t h e  most common tox ic  f a c t o r  f o r  biomass, although Cd and Cu concen- 
t r a t i o n s  a r e  commonly s i g n i f i c a n t  f a c t o r s .  A pH of '5-5.5,  Cd concentra- 
t i o n  o f  0.01-1 mg/l and Cu concentrat ion of  0 .l-0.5 mg/l a r e  considered 
threshold condit ions f o r  t o x i c i t y  t o  f i s h  and inver tebra tes ,  although 
combinations of metals and pH may lower t h e  threshold value by an order  
of magnitude (Arthur D. L i t t l e ,  1971). 

P r e c i p i t a t i o n  may have metal and pH values which i n f e r  toxfc  con- 
d i t i o n s ,  bu t  the re  i s  always a tendency f o r  increase  i n  pH and decrease 
i n  soluble  metal concentrat ions when p r e c i p i t a t i o n  r e a c t s  with t h e  
l i thology.  It  i s  t h e  purpose of  t h i s  paper t o  de f ine  i n t e r a c t i o n s  of  
s o i l s  and rocks with ac id  p r e c i p i t a t i o n  and associa ted  metals  i n  o rder  
t o  p r e d i c t  t h e  r e s u l t i n g  water q u a l i t y .  



1. pH - ALKALINITY 

+ 
The main variables in the system are H ion, alkalinity, and solu- 

ble metal ions. Alkalinity is the concentration measure of any possible 
sink for H+ and includes carbonate alkalinity, sorption on colloidal 
metal oxides including FeOOH, alwnino silicates, A ~ ( O R ) ~  and ionizable 
organic acids. Figure 1 is a typical pH-alkalinity curve obtained for 

SUDBURV 

A SWISS ALPS 

Figure 1. pH-alkalinity relationship for lakes 
in the Canadian Shield and Swiss Alps. The 
solid line represents the dilution of water 
equilibrated with CaC03 at 2 meq/l carbonate 
alkalinity. A and B represent pH boundary 
values for alumino silicate control whereas 
C represents the alkalinity pH obtained from 

Fe00H-H20-C02 (atm) equilibrium. 

lakes in Canada and Switzerland. (See also Oden, 1973; Figure 12.) The 
general shape of the curve is apparently universal. An alkalinity of 
bout 2 meq/l and a pH of 8 is indicative of a calcareous sediment. The 
pH-alkalinity relationship is defined by the equilibrium of CaC03 
and/or CaMg (C03) : 

+ 
CaCO3 + H = ~ a + ~  + HCO; 



In this case, the alkalinity is entirely carbonate alkalinity. 
Furthermore, this system has an almost infinite H+ ion assimilation 
capacity if the carbonate mineral content is large. Lower alkalinity 
waters are found which represent a simple dilution of the equilibrium 
CaC03-H20 system as shown in Figure 1. Carbonate alkalinity is less 
than 0.01 meq/l at a pH of about 6, yet measured alkalinities between 
pH 4-6 are almost constant, ranging between 0.1-0.2 meq/l. This alka- 
linity can be due to interactions of cation alumino silicates such as 

which are noted on Figure 1 by A and B. There are numerous other 
alumino silicate reactions that give results between A and B. 

Fe commonly occurs in oxidized portions of the earth's crust as 
colloidal FeOOH as small as 100A (Lengweiler et al., 19611, and these 
particles can impart a large H+ ion buffering capacity. FeOOH gives a 
pH of about 5.7, which is analagous to the C02-H20 system. 

+ 
Alumino-silicates and FeOOH are singled out as H ion sinks, only 

because they represent the most abundant oxides on the surface of the 
earth. There are other less abundant metal oxides that can act as H+ 
sinks. FeOOH is probably a more common buffer because it tends to occur 
in very fine particle sizes, allowing a large specific surface for 
reaction. Alumino-silicates tend to occur in larger sizes and they tend 
to equilibrate very rapidly in water (Houston, 1972; Wollast, 1967). 

In addition to metal oxides, it is possible that soluble organic 
acids that have a dissociation constant of about 10'~ to 10'~ can 
assimilate H+ ion at low pH and account for the alkalinity noted. Al- 
though there are many organic acids with the proper dissociation 
constant, few natural waters of pH 4-6 have high enough soluble organic 
carbon concentrations to exhibit the pH control. 

More knowledge on the nature of the alkalinity of a water body 
below 6.5 is required in order to assess the Hf ion assimilation capa- 
city of acid rain. Particularly, the detailed knowledge of detritus is 
required. Commonly lakes of low pH are very transparent (Secchi depth 
~20m) and this transparency may be due to the total dissolution of the 
fine colloidal buffer; or the transparency may be due to the lack of 
organic detritus caused by negligible biological production. 

+ 
In summary, a classification of H ion assimilation of sediment 



and rock i n  decreasing o rde r  is :  

Kind - A l k a l i n i t y  Capacity r e :  ac id  r a i n  

Calcareous rock and s o i l  2 meq/l 8 Very l a r g e  

Fine-grained non-calcareous 0.2-1 meq/l 6-7 
s o i l  and sediment 

Can be a l t e r e d  

Non-calcareous rock outcrop 0.1 meq/l 4-7 Is a l t e r e d  by a c i d  r a i n  

The d e t a i l e d  mineralogy of  the  unconsolidated pos t -g lac ia l  cover i s  
the  most important parameter i n  a s sess ing  t h e  H+ i o n  ass imi la t ion  of 
ac id  p r e c i p i t a t i o n  i n  non-calcareous t e r r a i n ,  and t h i s  information can- 
not  be obtained from general  geologica l  maps. Furthermore, knowledge of 
t h e  complete s u r f i c i a l  and subsurface hydrology i s  required a s  lower 
s o i l  horizons may be calcareous,  whereas surface  depos i t s  may be non- 
calcareous.  This s i t u a t i o n  e x i s t s  q u i t e  commonly on the  Canadian Shield.  

A useful  i n d i c a t o r  of t h e  pH-alkal ini ty r e l a t i o n s h i p  can be ex- 
pressed by t h e  c a l c i t e  s a t u r a t i o n  index (CSI),  which i s  t h e  logarithm of  
t h e  degree o f  s a t u r a t i o n  o f  a water body with r e spec t  t o  CaC03 (Conroy 
e t  a l . ,  1974). 

The CSI i s  defined by: 

+ 2 
CSI = p (Ca + p(A1k) - p (H) + p~ 

+ 2 
where p (x) = -logl0 (x) , pK = +2, (Ca ) = mol/l , (Alk) = e d l ,  and 
(H+) = eq/l .  

I f  a body of  water i s  sa tu ra ted ,  wi th  r e spec t  t o  CaC03, t h e  CSI = 0; 
i f  supersa tura ted ,  t h e  CSI < 0,  and i f  undersaturated,  t h e  CSI > 0. A 
body o f  water with a CSI < 3 is  genera l ly  s t a b l e  r e l a t i v e  t o  ac id  pre- 
c i p i t a t i o n .  Bodies o f  water with a CSI from 4-6 a r e  uns table  r e l a t i v e  
t o  ac id  loading and a r e  t y p i c a l l y  non-productive (Conroy e t  a l . ,  1974). 

2 .  METAL SORPTION 

A s s u m e  t h a t  so lub le  metals  a r e  sorbed onto surfaces  of bonding o f  
the  type e i t h e r  Me-0 o r  Me-OH. One can de r ive  an exchange reac t ion  o f  
t h e  form: 

loglOMe (aq) = l o g  Me (sed) + pK - pH 
10 

where log  Me(aq) i s  t h e  so lub le  metal concentrat ion (pg/ l ) ,  Me(sed1 i s  
10 



t h e  d e t r i t a l  sediment metal concentra t ion  (ppm) and pK = 2.6, 3.9, 4.75, 
4.5 f o r  Fe (+3)  , Cu (+2) , N i  (+2) and Zn (+2) r e spec t ive ly .  The values of 
pK have been ca lcu la ted  from l a k e  d a t a  f o r  t h e  Canadian Shie ld  wi th  pH 
ranges 4-8 and metal concentra t ions  varying over 3 o rde r s  o f  magnitude. 

Using t h e  above so rp t ion  r e l a t i o n s h i p ,  values o f  t r a c e  metals  i n  
igneous and calcareous rocks f o r  t h e  e a r t h ' s  c r u s t  (Horn and Adams, 
1966), and cor rec t ions  f o r  OH, HC03 and C03  l igands ,  t h e  so lub le  t r a c e  
metal concentrat ion can be ca lcu la ted .  Table 1 gives  the  es t imates  from 

Table 1. Predicted soluble  metals  i n  an average 
c r u s t a l  rock f o r  calcareous,  igneous and ac id i -  

f i e d  water bodies. Metal values a r e  i n  ug/l.  

PH PH pH 
Tota l  Soluble Metal 8 .1 6.4 4.5 

calcareous igneous a c i d i f i e d  

Fe (+3) .03 7 500 

t h e  c a l c u l a t i o n  f o r  Fe (+3) , Cu (+2) , N i  (+2) and Zn (+2) i n  calcareous 
t e r r a i n  (pH % 8 8,) , igneous rock t e r r a i n  (pH % 6.4) and ac id  l ake  en- 
vironments (pH % 4.5), using average values o f  metals f o r  t h e  e a r t h ' s  
c r u s t .  The e f f e c t  of  going from pH 8.1 t o  4.5 and from calcareous t o  
non-calcareous sediment i s  very l a r g e  on so lub le  t r a c e  metal concentra- 
t i o n s .  The change i n  t r a c e  metal concentra t ions  and r e s u l t a n t  concen- 
t r a t i o n s  i n  a c i d i f i e d  l akes ,  due p r imar i ly  t o  t h e  decrease i n  pH, 
compares with es t imates  o f  threshold  concentra t ions  f o r  t o x i c i t y  e f f e c t s .  
Therefore, one should expect not  only t o x i c i t y  e f f e c t s  due t o  a de- 
c rease  i n  pH, bu t  a l s o  t o x i c i t y  e f f e c t s  from increased so lub le  metal 
concentrat ions.  I n  a buffered calcareous t e r r a i n ,  however, t h e r e  would 
be very l i t t l e  chance of  l a r g e  so lub le  t r a c e  metals  concentra t ions .  

3 .  SUDBURY LAKES REGION 

There e x i s t  calcareous and non-calcareous l akes  t o  t h e  N?3 of  t h e  
Sudbury, Ontario,  smelt ing opera t ions .  Lakes vary from a pH of  4-8, 
with t o t a l  so lub le  N i ,  Cu, Fe and Zn varying from c0.1 t o  200 pg/l.  The 
a rea  i s  genera l ly  covered by igneous and metamorphic rocks t y p i c a l  of 
Precambrian Shie ld  a reas ,  b u t  t h e r e  i s  a l s o  an ample cover o f  post-  
g l a c i a l  sediment. 



The unconsolidated sediment is the key factor regarding the acidity 
and resultant production of lakes in the region, and the lithological 
control completely overshadows the acid precipitation loading. Acid 
precipitation contours (as well as SO4, Fe, CU and Ni) decrease NE-SW 
away from Sudbury, paralleling major wind directions (Figure 2). But 

Figure 2. Concentrations of SO4 (mg/l) in 
lake waters derived from smelter emissions 
in the Sudbury, Ontario region. Natural 
background is about 2 mg/l SO4. Lakes out- 

lined are those sampled. 

acid lakes lie in quartzite rocks which have little or no unconsolidated 
sediment (Beamish and Harvey, 1972). The NE-SW trend of the calcite 
saturation index (CSI) parallels the glacial movement direction 
(Figure 3). Thus glacial scouring eroded some regions in a NE-SW direc- 
tion and filled other regions with fine sediment. The CSI value of 0, 
reflecting a calcareous regime in the middle of igneous and metamorphic 
rocks, occurs in lakes that have a large subsurface flow, suggesting 
that unconsolidated sediments at depth are calcareous. 



Figure 3. The calcite saturation index (see 
text) calculated for lakes in the Sudbury 
area. Those lakes below pH 5 are in the 
area hatched. Compare with loadings as shown 

by SO in Figure 2. 4 
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