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ANALYSIS AND CONTROL OF NONPOINT NITRATE POLLUTION OF MUNICIPAL WATER SUPPLY SOURCES 

K.-H. ZWIRNMANN’ 

I n t e r n a t i o n a l  I n s t i t u t e  f o r  Appl ied Systems Analysis, Laxenburg, Aus t r i a  

ABSTRACT 

An exp lo ra to ry  study was c a r r i e d  ou t  as a c o l l a b o r a t i v e  e f f o r t  between I I A S A  

and several ex te rna l  i n s t i t u t i o n s .  The study was aimed a t  generating a methodolog- 

i c a l  o u t l i n e  o f  a m u l t i d i s c i p l i n a r y  approach t o  the Droblem i n  order  t o  prov ide 

p r a c t i c a l  prospects f o r  dea l i ng  w i t h  n i t r a t e  p o l l u t i o n  o f  water resources caused 

by a g r i c u l t u r a l  a c t i v i t i e s .  Main ideas o f  t h e  methodological o u t l i n e  and a re -  

l a t e d  Task Force Meeting a re  summarized. 

NITRATE POLLUTION OF WATER RESOURCES: SOURCES AND CONTROL 

The i n i t i a l  s tep  i n  developing opt ions f o r  con t ro l  o f  nonpoint n i t r a t e  p o l l u t i o n  

o f  municipal water supply sources i s  t he  ana lys i s  o f  t he  physical system t o  be con- 

t r o l l e d .  

resources o f  a region, o r  the i npu ts  and outputs o f  n i t rogen  t o  and from the water 

resources system, need t o  be i d e n t i f i e d .  Then a con t ro l  system can be ou t l i ned .  

The i n t e r a c t i o n s  o f  var ious components o f  the system, such as t h e  water 

Ni t rogen and Water Resources 

i n  water supply a b s t r a c t i o n  i s  determined by the amount o f  n i t rogen  l o s t  from the 

system as reg ional  ou t f l ow .  However, i t  i s  b a s i c a l l y  c o n t r o l l e d  by the  various 

processes t a k i n g  p lace i n  the  n i t rogen  cycle, p a r t i c u l a r l y  by the  i n t e r a c t i o n  o f  

water w i t h  the s o i l - p l a n t  system. Consequently, the system t o  be c o n t r o l l e d  has 

been d i v ided  i n t o  th ree  genera l ized pa r t s :  

s o i l - p l a n t  system. 

t o  water p o l l u t i o n .  

chemical f e r t i l i z e r s  a re  the dominant cause o f  the recent  r a p i d  increase i n  n i t r a t e  

concentrat ions i n  water resources. 

When consider ing a reg ional  water resource system, the amount o f  n i t r a t e  present 

sur face water, groundwater, and the 

There i s  a tremendous v a r i e t y  of  n i t rogen  sources i n  the environment con t r i bu t i ng  

However, among the major sources o f  n i t rogen  t o  water supplies, 
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Although the contribution of agricultural f e r t i l i z e r s  t o  water pollution de- 
pends very much on specific climatic, s o i l ,  and land use conditions in a region, 
there i s  abundant evidence confirming Golubev's (1980) findings. He concluded 
from a global survey tha t  water pollution by n i t r a t e s  i s  of more concern on a 
nationwide basis for  countries of Western and Central Europe with dense populations 
and the highest levels of f e r t i l i z e r  application. 
i s  also important on a regional basis i n  large countries, such as the USA and the 
USSR, which have lower f e r t i l i z e r  loads and are  less  densely populated. 

and aquifers) generally depends on the natural conditions of a given region. 
i s  important t o  note tha t  for those countries identified a s  having a particularly 
h i g h  potential for  n i t r a t e  pollution, groundwater resources play a key role in 
drinking water supply. 
leaching i s  particularly h i g h  for  these countries because of t he i r  general climatic 
features. Often, the e f fec t  of t h i s  natural si tuation i s  compounded by the use 
of supplemental i r r iga t ion ,  a factor which in tens i f ies  agricultural  crop production. 

especially as there i s  an important difference between groundwater and surface 
water pollution and the i r  respective management s t ra teg ies .  
t o  purify river water i s  made with the knowledge t h a t  water quali ty can be restored 
relatively quickly a f t e r  having removed the pollution source, the same does not 
apply to lakes, reservoirs, o r  particularly to  aquifers where pollutants may be 
retained for  decades or even centuries. 
of f e r t i l i z e r  n i t r a t e  water pollution i n  a regional context usually requires a 
conjunctive consideration of the groundwater and surface water resources of a region. 

However, the n i t r a t e  problem 

The re la t ive  importance of water supply sources ( r ivers ,  lakes, reservoirs,  
I t  

Moreover, Golubev (1980) proved tha t  the hazard of n i t r a t e  

Because of the above situation, groundwater resources deserve special attention, 

While the decision 

Nevertheless, examination of the e f fec ts  

Outline of a Control System 

management system for the control of n i t r a t e  pollution i n  municipal water supply 
sources. As seen from the preceding analysis, the major concern i n  outlining such 
a system i s  controlling nonpoint pollution sources i n  agriculture,  such as organic 
and  inorganic f e r t i l i z e r ,  w i t h  most importance given to  the l a t t e r .  Hence, the 
system must provide a framework for  the analysis of the various factors affecting 
regional water resources management, considering the in te res t s  of the competing 
users of so i l s  and waters. 
i s  influenced by increasing n i t r a t e  concentrations in water resources and how to  
ensure a safe drinking water supply, management must link land use and water supply 
development. The framework for  analysis carried out in the study therefore fo l -  
lowed the concept of a decision making process based on the control system shown 
i n  the following Figure. 

The physical system considered so f a r  i s  now ready to  be f i t  into a more general 

I n  order to understand how water supply and management 
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METHODS OF ANALYSIS 

To answer the  quest ion o f  how water supply and management a r e  i n f l uenced  by 

increas ing n i t r a t e  concentrat ions i n  water resources and how a safe d r i n k i n g  water 

supply can be ensured, requ i res  coo rd ina t i ng  goals o f  t he  a g r i c u l t u r a l  product ion 

sector  w i t h  p u b l i c  dec is ions regard ing land use and water supply development, and 

the  sur face water and groundwater systems. Therefore, water p o l l u t i o n  c o n t r o l  

management must be based on an e f f e c t i v e  p lanning procedure. Water q u a l i t y  moni- 

t o r i ng ,  water qua1 i t y  impact modeling, and j o i n t  physical-economic modeling o f  

management a l t e r n a t i v e s  should form an in teg ra ted  system o f  analys is .  

t h a t  s t r a t e g i c  planning dec is ions f o r  p o l l u t i o n  c o n t r o l  a re  taken i n  time, the 

ana lys i s  must meet the  f o l l o w i n g  i n fo rma t ion  requirements: 

I n  order  

- i d e n t i f i c a t i o n  o f  the r e l a t i v e  importance o f  n i t r o g e n  sources and those supply 

sources most a t  r i s k  from n i t r a t e  p o l l u t i o n ,  

p red ic t i ons  o f  l i k e l y  f u t u r e  l e v e l s  o f  n i t r a t e  concentrat ion i n  supply sources, 

i d e n t i f i c a t i o n  o f  i m p l i c a t i o n s  o f  water supply development plans through 

assessment o f  t he  phys ica l  and economic e f f e c t s  o f  t he  chosen management 

a1 te rna t i ves .  

- 
- 

The t o o l s  app l i ed  i n  the  a n a l y t i c a l  process must be capable o f  matching both the 

a b i l i t y  o f  data t o  y i e l d  i n fo rma t ion  w i t h  confidence and matching the  expectat ions 

o f  t he  dec i s ion  makers. Hence, the  study d i d  n o t  main ly  focus on methods f o r  

d e t a i l e d  ana lys i s  o f  t he  phys ica l ,  chemical, and b i o l o g i c a l  processes c o n s t i t u t i n g  

the  behavior o f  n i t rogen  i n  water resources. It was r a t h e r  intended t o  show how 

such means as moni tor ing and modeling can support t he  dec i s ion  making process i n  

n i t r a t e  water p o l l u t i o n  c o n t r o l  management w i t h  p a r t i c u l a r  re ference t o  nonpoint 

source p o l l u t i o n .  

menting moni tor ing programs i n  a way which considers both ambient t rend  and source 

monitoring, b u t  stresses the l a t t e r .  

i s  t o  be paid t o  the  two dimensions o f  moni tor ing,  i t s  purposes and a c t i v i t i e s .  

Purposes such as r o u t i n e  o r  spec ia l  moni tor ing r e q u i r e  ca r ry ing  ou t  coordinated 

a c t i v i t i e s  such as network design, sample c o l l e c t i o n ,  l abo ra to ry  analys is ,  data 

handling, and data analys is .  

When aiming a t  moni tor ing i n  i t s  broadest sense, an important p a r t  i s  played 

by mathematical ana lys i s  and modeling, which focus on the eva lua t i on  o f  t he  i n -  

f i l t r a t i o n  p o t e n t i a l  o f  n i t rogen  i n t o  s o i l  as w e l l  as the m o b i l i t y  o f  n i t rogen  

i n  the  unsaturated zone and the a t tenua t ion  o f  n i t r a t e  i n  the  saturated zone o f  

the groundwater systems. 

models o f  the advection-dispersion type i n  d e t a i l e d  s tud ies o f  p o l l u t a n t  m ig ra t i on  

from p o i n t  sources, there i s  a l so  a need f o r  s impler  conceptual and operat ional  

nonpoint source p o l l u t i o n  models f o r  use i n  reg ional  s i z e  problems. 
meters have been successfu l ly  used i n  modeling nonpoint source p o l l u t i o n  o f  

As t o  groundwater q u a l i t y ,  f o r  example, t he  study revealed the  need f o r  imple- 

I n  developing a moni tor ing s t ra tegy  a t t e n t i o n  

While the re  i s  a need f o r  complex d i s t r i b u t e d  parameter 

Lumped para- 
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groundwater systems when s p a t i a l l y  averaged concentrat ion values a r e  an appropr ia te 

output, as i s  o f t e n  the  case i n  p lanning and management. 

From t h e  v iewpoint  o f  resource economy and planning, i t  can be s a i d  t h a t  water 

p o l l u t i o n  c o n t r o l  must be coord inated w i t h  water resource development and land  use 

planning. I n teg ra ted  l and  use water q u a l i t y  modeling i s  needed f o r  p lanning both 

opt imal  n a t u r a l  resource a l l o c a t i o n  i n  a g r i c u l t u r e  and nonpoint n i t r a t e  p o l l u t i o n  

c o n t r o l .  Since the  scope o f  such c l e a r l y  needed a n a l y t i c a l  t o o l s  i s  u s u a l l y  n o t  

r e s t r i c t e d  t o  the farm l e v e l ,  b u t  i s  concerned w i t h  the  a g r i c u l t u r a l  economy o f  

r i v e r  basins, t he  problem i s  d e a l t  w i t h  a t  t he  l e v e l  where p o l i c i e s  are implemented. 

TOPICS FOR FUTURE RESEARCH 

P o l l u t i o n  o f  municipal water suppl ies by n i t rogen  compounds i s  and w i l l  remain 

t o  be a r e a l  wor ld  problem f o r  t h e  years t o  come. 

c u l a r  i n t e r e s t  t o  f u t u r e  research: 

There a re  th ree  t o p i c s  o f  p a r t i -  

1)  

2)  

3)  

The h e a l t h  hazard issue o f  n i t r o g e n  compounds i n  water and food 

A g r i c u l t u r a l  a c t i v i t i e s  as an impor tant  n i t rogen  p o l l u t i o n  source 

The "n i t rogen  problem" i n  municipal water supply and management. 

The Heal th  Hazard Issue 

documented, as witnessed by the  v a r i a t i o n  o f  standard l i m i t s  set i n  na t i ona l  regu- 

l a t i o n s .  

( low r i s k )  l i m i t s  o f  n i t rogen  compounds, i n  p a r t i c u l a r  n i t r a t e s ,  i n  d r i n k i n ?  water 

and food. More t o x i c o l o g i c a l  and/or ep idemio log ica l  s tud ies a re  needed t o  d i spe l  

u n c e r t a i n t i e s  by accounting f o r  such f a c t o r s  as s i z e  and s u s c e p t i b i l i t y  o f  popu- 

l a t i o n  exposed, number o f  water systems involved, r e l a t i v e  dose i n  water compared 

w i t h  t o t a l  burden, p o s i t i v e  response o f  n i t r a t e  i n  carcinogenic, teratogenic ,  and 

mutagenic tes ts ,  e t c .  

The exact  nature o f  t h e  human h e a l t h  problems are n o t  y e t  we1 understood nor  

There i s  s t i l l  t h e  need f o r  e s t a b l i s h i n g  cons is ten t  c r  t e r i a  f o r  safe 

A g r i c u l t u r e  

c u l t u r e  under var ious cond i t i ons  o f  a g r i c u l t u r a l  product ion (c l imate,  s o i l  type, 

cropping pa t te rn ,  f e r t i l i z e r  type and technology o f  apo l i ca t i on ,  e tc . ) .  The aim 

should be t o  d e r i v e  cause-effect r e l a t i o n s h i p s  between a g r i c u l t u r a l  p rac t i ces  and 

the  generat ion o f  n i t rogen  compounds leav ing  the  a g r i c u l t u r a l  system. Hence, 

technologica l  changes i n  a g r i c u l t u r a l  product ion need t o  be evaluated i n  terms of 

f e r t i l i z e r  use and environmental impacts. Based on t h i s ,  p o l i c i e s  t o  be used t o  

encourage b e t t e r  a g r i c u l t u r a l  management p rac t i ces  have t o  be i d e n t i f i e d  and evalu- 

a ted i n  terms o f  t r a d e o f f s  between a g r i c u l t u r a l  product ion and p o l l u t i o n  con t ro l .  

There i s  t h e  need f o r  documenting the  sources o f  n i t ropen  compounds from a g r i -  
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Water Supply and Management 
To deal with the "nitrogen problem" from the point o f  view of water supply and 

management requires taking into account a l l  sources of nitrogen (aqriculture,  in- 
dustry, households, atmosphere, e t c . )  as well as a l l  types o f  nitrogen compounds 
(organic nitrogen, ammonia, n i t r i t e ,  n i t r a t e )  contributing t o  water pollution. 
Because of the variety of municipal water supply sources ( r ive r s ,  lakes, reservoirs,  
aquifers) the "nitrogen problem" therefore becomes a multiple pollution source- 
constituent-resource problem. 
resource management, suf f ic ien t  attention must be paid t o  pollution of groundwater 
which i s  of the greatest  long-term concern. 

need t o  be understood, i . e . ,  there i s  a need to analyze water quali ty data in 
different sett ings to  document trends and eventually correlate trends with pollution 
ac t iv i t i e s .  
treatment technologies ( s t ruc tura l ,  nonstructural) have to be identified and eval- 
uated. 
tradeoffs between water treatment technologies and pollution source controls. 

Since i t  can only be controlled by conjunctive water 

Any pollution changes in time and space, as well as the total  nitroyen balance 

After having proved the standard l imits t o  be l ike ly  exceeded, water 

Policies for  implementing them need to be designed through analyzing the 
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