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ABSTRACT 

The o b j e c t i v e  o f  t h i s  I n v e s t i g a t i o n  was t o  develop a dynamic 
phosphorus expor t  model t h a t  describes the  t r a n s p o r t a t l o n  o f  
phosphorus through the Berg R lver  drainage basin.  Such a model had 
t o  consider  (1) expor t  o f  phosphorus from nonpoint sources v i a  
sur face and subsurface drainage, and. from p o i n t  sources such as 
wastewater treatment discharges, (2)  t r a n s p o r t a t i o n  o f  phosphorus i n  
t h e  water column along t h e  r i v e r  channel, t a k i n g  account o f  removal 
and remob l l l za t i on  o f  phosphorus from and t o  t h e  water column. and 
t r a n s p o r t a t l o n  o f  phosphorus I n  t h e  bed load. 

A phosphorus t ranspor t  model based on the  mass continuity equat ion 
was developed, c a l l b r a t e d  and v e r i f i e d  us ing discharge and . 
phosphorus concent ra t lon  data c o l l e c t e d  from t h e  Berg Rlver .  R i ve r  
and e f f l u e n t  discharges were measured us ing continuous f l o w  
record ing  f a c i l i t i e s .  Phosphorus concent ra t ion  measurements were 
obtalned us ing a f low-propor t lona l  sampling s t ra tegy .  

To p r e d i c t  the  temporal and s p a t l a l  v a r i a t i o n  i n  t h e  discharge i n  
t h e  maln r l v e r  channel a hydrodynamic f l o w  model was developed. 
I npu t  t o  t h e  model inc ludes t h e  measured upstream and l a t e r a l  i n f l o w  
hydrographs as w e l l  as est imated ungauged l a t e r a l  i n f l o w  and out f low.  

To p r e d i c t  t h e  f l u x  o f  phosphorus en te r i ng  the  main r i v e r  channel 
from a g r i c u l t u r a l  and urban areas a nonpotnt source model was 
developed. A looped phosphorus discharge r a t i n g  approach was adopted 
t o  account f o r  t h e  t rans ien ts  i n  phosphorus concent ra t ion  associated 
w i t h  f l o o d  events. Fur ther  development o f  t h e  model r e s u l t e d  i n  t h e  
fo rmula t ion  o f  a semi-mechanistic nonpojnt source model account ing 
f o r  phosphorus expor t  f rom sur face and subsurface drainage. 

The phosphorus t ranspor t  model uses data from t h e  hydrodynamic f l o w  
model. nonpoint source model. and measured f l u x  o f  phosphorus from 
p o i n t  sources t o  p r e d i c t  t h e  phosphorus chernograph a t  d i s c r e t e  
po in t s  a long t h e  main r i v e r  channel. The mass t r a n s f e r  o f  phosphorus 
between sediments and water column i s  found t o  be dependent on t h e  
r i v e r  dlscharge ra te .  

The model has found use fu l  a p p l i c a t i o n  i n  1 quantifying t h e  
mass o f  phosphorus exported from p o i n t  and nonpolnt sources. 
(2)  i d e n t i f y i n g  the  processes i n f l u e n c i n g  phosphorus t ranspor t .  (3)  
designing water q u a l i t y  mon i to r ing  networks, and (4) p lann ing  f u t u r e  
water resource development o f  t h e  r l v e r  basin. 
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ABSTRACT 
 
The objective of this investigation was to develop a dynamic phosphorus export model 
that describes the transportation of phosphorus through the Berg River drainage basin. 
Such a model had to consider (1) export of phosphorus from nonpoint sources via surface 
and subsurface drainage, and. from point sources such as wastewater treatment 
discharges, (2) transportation of phosphorus in the water column along the river channel, 
taking account of removal and remobilization of phosphorus from and to the water 
column and transportation of phosphorus in the bed load.  
 
A phosphorus transport model based on the mass continuity equation was developed, 
calibrated and verified using discharge and phosphorus concentration data collected from 
the Berg River. River and effluent discharges were measured using continuous flow 
recording facilities. Phosphorus concentration measurements were obtained using a flow-
proportional sampling strategy.  
 
To predict the temporal and spatial variation in the discharge in the main river channel a 
hydrodynamic flow model was developed. Input t o the model includes the measured 
upstream and lateral inflow hydrographs as well as estimated ungauged lateral inflow and 
outflow.  
 
To predict the flux of phosphorus entering the main river channel from agricultural and 
urban areas a nonpoint source model was developed. A looped phosphorus discharge 
rating approach was adopted to account for the transients in phosphorus concentration 
associated with flood events. Further development of the model resulted in the 
formulation of a semi-mechanistic nonpoint source model accounting for phosphorus 
export from surface and subsurface drainage.  
 
The phosphorus transport model uses data from the hydrodynamic flow model, nonpoint 
source model, and measured flux of phosphorus from point sources t o predict the 
phosphorus chemograph at discrete points along the main river channel. The mass 
transfer of phosphorus between sediments and water column is found to be dependent on 
the river discharge rate. 
 
The model has found useful application in (1) quantifying the mass of phosphorus 
exported from point and nonpoint sources. (2) identifying the processes influencing 
phosphorus transport. (3) designing water quality monitoring networks, and (4) planning 
future water resource development of the river basin. 
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( 1  i) 

SYNOPSIS 

The o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  develop a 

dynamic phosphorus expor t  model t h a t  descr ibes t h e  

t r a n s p o r t a t i o n  o f  phosphorus through t h e  Berg R iver  drainage 

basin. Such a model had t o  consider (1) expor t  o f  phosphorus 

from nonpoint ( d i f f u s e )  sources v i a  sur face and' subsurface 

drainage. and from p o i n t  sources such as wastewater treatment 

dtscharges. (2)  t r a n s p o r t a t i o n  o f  phosphorus i n  t h e  water p r ism 

along t h e  r i v e r  channel, t a k i n g  account o f  removal and 

remob l l l za t i on  o f  phosphorus from and t o  t h e  water column, and 

t r a n s p o r t a t i o n  o f  phosphorus i n  t h e  bed load. 

I n  seeklng a s t r u c t u r e  u i t h l n  which a s o l u t l o n  cou ld  be 

developed, one p rov i so  cons tant ly  was kept  i n  mind: t h e  model 

must be p r a c t l c a l .  i n  t h e  sense t h a t  in fo rmat ion  t o  c a l i b r a t e  

and run  t h e  model must be r e a d i l y  obtainable. 

Many processes a r e  involved i n  t h e  generat ion and 

t r a n s p o r t a t i o n  o f  phosphorus. Although research had been 

repor ted on some o f  t h e  important  processes. ' a  mechanist ic 

model l ing approach was no t  f e a s i b l e  f o r  reason t h a t  t h e  

mathematical desc r ip t i ons  o f  t h e  processes e i t h e r  were no t  

ava i lab le ,  o r  were inadequate - an empi r ica l  o r  semi-empir ica l  

lumped parameter approach appeared t o  be t h e  on ly  p r a c t i c a l  

one; t h i s  approach dominated t h e  development o f  t h e  d i f f e r e n t  

models. 
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Nonpolnt Source Phosphorus E x ~ o r t  Model: - 

I n  the  lumped parameter approach t h e  objective I s  t o  seek a 

parameter. o r  parameters. I n  terms o f  whlch some o r  a l l  o f  t h e  

requ l red  components can be modelled. I n  developlng the  nonpotnt 

source model f o r  phosphorus expor t ,  two parameters were 

I d e n t l f l e d  as potentially use fu l  model parameters, t h e  

dlscharge and t h e  rate-of-change o f  dlscharge. From observat lon 

on nonpolnt sources. c h a r a c t e r l s t l c a l l y  the  phosphorus 

concent ra t lon  e x h l b l t s  a behavloural  p a t t e r n  apparent ly  r e l a t e d  

t o  .discharge. I n  any r f v e r  o r  catchment mon l to r lng  system. 

dlscharge would b e s t h e  parameter most comnonly measured. For 

t h i s  reason alone selection o f  dlscharge as an lndependent 

parameter. i n  terms o f  which t o  model t h e  phosphorus component, 

would no t  be an unreasonable chotce. Ourlng f l o o d  events. f o r  

t h e  same dlscharge. t h e  t o t a l  phosphorus concent ra t ion  I s  

h lgher  du r lng  t h e  r l s l n g  l lmb  o f  a f l o o d  hydrograph than du r ing  

t h e  f a l l l n g  l lmb. I nco rpo ra t l ng  t h e  rate-of-change o f  

dlscharge, as an lndependent parameter. e m p i r i c a l l y  provldes a 
mathematical s t r u c t u r e  t h a t  a l lows separat lng out  t h e  

phosphorus concentrations I n  t h e  r l s l n g  and f a l l l n g  l imbs o f  

t h e  nonpolnt source hydrograph. 

Uslng the  lumped parameters. dlscharge and r a t e -  of-change 

o f  dlscharge. i t was found poss ib le  t o  g i v e  an adequate 

d e s c r l p t l o n  o f  t h e  phosphorus chemographs associated w l t h  t h e  

hydrographs from nonpoint sources - c a l l e d  t h e  looped 

phosphorus dlscharge r a t i n g  method. Thls d e s c r l p t l o n  a l s o  was 

consistent t n  t h a t  t h e  c a l l b r a t i o n  constants I n  t h e  looped 

dlscharge equat ion ( f o r  subcatchments I n  t h e  Berg R ive r  basin)  

were found t o  be r e l a t e d  f u n c t l o n a l l y  t o  t h e  magnitude o f  t h e  

t o t a l  subcatchment discharge; t h l s  al lowed t h e  phosphorus 

. expor t  t o  be esttmated f o r  subcatchments I n  whlch no phosphorus 

measurements were co l l ec ted .  

Phosphorus transport Berg River TR 143 March 1989



The looped r a t l n g  method was app l led  a l s o  t o  subcatchments 

which were ungauged: i n  t h e  'Be rg  Rlver  basin on l y  about 

40 percent o f  t h e  catchment area between Paar l  and D r i e  Heuwels 

Welr its .gauged. However, f o r  ungauged subcatchments between 

gauged subcatchments. It was found, by i n t e r p o l a t i o n  

procedures, t h a t  the  discharge hydrograph f o r  t h e  ungauged 

subcatchment could be syntheslzed w l t h  reasonable accuracy from 

t h e  hydrographs o f  t he '  gauged subcatchments on e i t h e r  s lde  o f  

t h e  ungauged subcatchment. Once t h e  hydrograph f o r  such a 

subcatchment was ava i lab le .  the  chemograph was. synthesized by 

applytng t h e  looped r a t i n g  method us ing  t h e  functionally 

r e l a t e d  constants. as described above. 

To c a l i b r a t e  t h e  looped phosphorus-discharge r a t l n g  model 

It was essen t l a l  t o  monl tor  t h e  phosphorus concentrat lons on 

t h e  r i s i n g  and f a l l i n g  l lmbs o f  f l ood  f lows a t  i n t e r v a l s  as 

shor t  as 4 t o  6 hours; mon l to r lng  o f  phosphorus a t  regu la r  t lme 

I n t e r v a l s ,  d a l l y  o r  weekly, provlded completely inadequate 

In fo rmat lon  bo th  f o r  c a l i b r a t i o n  o f  the  model and f o r  

es t imat lon  o f  t h e  mass o f  phosphorus exported from a nonpolnt 

source. Flood waves on average l a s t e d  only  a few days. ye t  

w i t h i n  t h i s  pe r iod  massive changes l n  phosphorus concent ra t lon  

and discharge (and hence phosphorus load) were observed. Almost 

80 percent o f  t h e  phosphorus exported-from t h e  bas ln  took p lace 

du r lng  f l o o d  events even though t h e  t o t a l  t lme o f  such events 

cons t i t u ted  l e s s  than 3 percent o f  t h e  t o t a l  t lme per lod  

monitored. I n  t h e  Southern A f r l can  region, where sharp 

t r a n s i e n t  f l o o d  f lows a r e  comnon. assoctated extreme t r a n s l e n t  

phosphorus concentrat ions a r e  t o  be expected - data a c q u l s i t l o n  

s t ra teg ies  always would need t o  take  t h l s  behavlour i n t o  

account. 
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Phosohorus channel t ranspor t  model: 

Advect lve t ranspor t  o f  phosphorus a long a r l v e r  channel 

l m p l l c l t l y  requ l res  s o l u t l o n  o f  t h e  t lme  vary lng  dlscharge a t  

any p o l n t  I n  t h e  l e n g t h  o f  t h e  channel. During f l ood  events 

the re  I s  a t lme vary lng  dlscharge t o  t h e  channel a t  d i f f e r e n t  

po ln t s  a long the  channel. The v e l o c l t y  o f  Flow i n  t h e  channel 

a t  any p o l n t  w l l l  depend on a number o f  parameters such as t h e  

bed slope, dlscharge, bed f r l c t l o n  forces. channel cross 

sec t l on  and others. 

Theore t l ca l l y  t h e  f l o w  could be modelled us lng the  momentum 

and c o n t l n u l t y  equatlons o f  St. Venant. However. t h e  amount o f  

In fo rmat fon  requ l red  t o  descr ibe t h e  boundary cond i t ions  f o r  

such a s o l u t l o n  makes these equatlons q u i t e  unsu i tab le  f o r  f l o w  

rou t l ng .  As a consequence the  l l t e r a t u r e  records var ious 

s l m p l l f l c a t l o n s  t o  t h e  momentum equatlon, e.g. neg lec t i ng  some 

terms i n  t h e  momentum equatlon o r  rep lac ing  t h i s  equat lon 

completely by an emp i r l ca l  one t h a t  l n d l r e c t l y  Inc ludes t h e  

energy e f f e c t s .  Wl th  t h e  s l m p l l f l e d  models t h e  boundary e f f e c t s  

can be accomnodated t o  a greater  o r  l esse r  degree, by 

c a l l b r a t l o n .  Amongst t h e  number o f  s l m p l l f l e d  models s tud ied  

t h a t  o f  L1 proved t o  be the  most practical. L1 accepts t h e  

dlscharge as t h e  Independent parameter I n  terms o f  uh l ch  he 

formulates t h e  energy /ve loc l ty  e f f e c t s .  Thls approach i s  used 

I n  o ther  models b u t  t h e  formulation i n  the  model o f  L1 I s  such 

t h a t  c a l l b r a t l o n  i s  r e a d l l y  achlevable by measurements I n  t h e  

f l e l d .  The f l e l d  measurements inc lude dlscharge. depth of f low, 

and cross sec t ion  a t  a number o f  p o l n t s  along t h e  f l o w  path. 

To solve t h e  hydrodynamlc model t h e  mass c o n t l n u l t y  and 

s l m p l l f l e d  energy equatton a r e  rewritten i n t o  f i n l t e  d i f f e r e n c e  

form and app l ied  sequen t la l l y  t o  a se t  o f  contiguous subreaches, 

along t h e  main r i v e r  channel. 

Phosphorus transport Berg River TR 143 March 1989



Discharge 1s determined i n  each sub-reach as fo l lows:  as 

i n p u t  a re  t h e  ca l cu la ted  o r  measured discharge hydrographs a t  

t h e  upstream end o f  a sub- reach and. hydrographs o f  t h e  l a t e r a l  

gauged and ungauged t r l b u t a r l e s  l n  t h e  sub-reach ( t h e  ungauged 

t r i b u t a r y  hydrographs are  synthesized by appropr ia te  

i n t e r p o l a t l o n  o f  t h e  hydrographs from gauged t r i b u t a r i e s  t o  

e l t h e r  s ide  of t h e  ungauged t r i b u t a r y ) .  The dlscharge a t  t h e  

downstream end o f  t h e  sub-reach 1s ca l cu la ted  by so l v ing  t h e  

f l n l t e  d i f f e r e n c e  mass c o n t i n u i t y  and s i m p l l f l e d  energy 

equation. Hinor  f ac to rs ,  incorporated empirically, are  seepage 

losses and abs t rac t ions .  The model was c a l i b r a t e d  us ing data 

over one t iydro loglc  year. 

The performance o f  t h e  hydrodynamic model was assessed by 

comparing t h e  measured channel hydrograph a t  t h e  downstream 

boundary o f  t h e  catchment (100 km below t h e  upstream boundary), 

u l t h  t h e  slmulated hydrograph ca l cu la ted  from t h e  measured 

upstream hydrograph and the  l a t e r a l  i npu t  hydrographs i n  t h e  

s u b  reaches between t h e  upper and lower main channel 

boundarfes. Over th ree  years o f  hydrograph data t h e  slmulated 

and observed hydrographs compare remarkably w e l l .  

I n  developlng a model f o r  phosphorus t ranspor t  a long t h e  

r l v e r  channel cognisance had t o  be taken o f  t h e  removal o f  

phosphorus from t h e  water column by sett lement.  b i o t l c  

assimilation and others; and remob i l i za t i on  o f  phosphorus i n t o  

t h e  water column from t h e  r iverbed.  

To develop a model f o r  'removal/remobi11zation, t h e  

phosphorus behaviour along t h e  channel was monitored under 

steady f l o w  condi t ions.  a t  d i f f e r e n t  discharges. These showed 

t h a t  the  removal conformed t o  an exponential  t ype fo rmula t ion  

w l t h  respect  t o  channel dlstance, b u t  t h a t  t h e  exponential  
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"constantn was a func t i on  o f  discharge. From a number o f  

phosphorus concentration p r o f i l e  p l o t s  a t  d i f f e r e n t  discharges 

an empl r lca l  r e l a t i o n s h i p  between t h e  constant  and discharge 

was establ ished.  This showed t h a t  i n  t h e  Berg R iver  t h e  r a t e  o f  

removal o f  phosphorus from t h e  water column increased as t h e  

discharge dropped below 17 cumecs. and remob i l i za t i on  o f  

phosphorus took p lace as t h e  f l o w  increased above 17 cumecs. 

.The phosphorus t ranspor t  model operates as fo l lows:  over a 

sub-reach t h e  i npu t  o f  phosphorus and dlscharge i s  known a t  t h e  

upstream boundary. Along t h e  sub-reach t h e  i npu t  o f  phosphorus 

and dlscharge a r e  a v a i l a b l e  from t h e  t r i b u t a r y  hydrographs and 

t h e l r  associated chemographs developed from t h e  nonpolnt source 

model. The d lscharge i n  t h e  sub-reach i s  determined from t h e  

hydrodynamlc model. Knowtng t h e  dlscharge. t h e  removal/- 

remob i l i za t i on  o f  phosphorus from/to t h e  water column i n  t h e  

sub-reach i s  ca lcu la ted .  I n  t h i s  fash ion  t h e  discharge and 

phosphorus concentrat ion a t  t h e  downstream end o f  t h e  sub-reach 

i s  determined. 

As  u l t h  t h e  hydrodynamic f l o w  model. t h e  performance o f  t h e  

t ranspor t  model was assessed by comparing t h e  s imulated 

phosphorus chemograph a t  t h e  downstream boundary o f  t h e  channel 

w i t h  t h e  measured chemograph - t h e  correspondence was good. The 

performance o f  t h e  phosphorus t ranspor t  model was a l l  t h e  more 

acceptable when one consfders t h a t  t h e r e  was virtually no 

c a l i b r a t i o n  leeway ava i l ab le .  I f  t h e  c o r r e l a t i o n  had been poor 

I t  would have requ i red  a revlew o f  t h e  nonpoint phosphorus 

expor t  and the  removal/remobi l fzatton models. The good 

correspondence i nd i ca ted  t h a t  t h e  s t r u c t u r e  o f  t h e  model and 

t h e  c a l t b r a t i o n  procedures were acceptable. 
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The model l ing approach adopted above. f o r  t h e  removal o r  

remob i l l za t l on  o f  phosphorus, i n  e f f e c t  l e f t  out  cons idera t ion  

o f  t h e  mass o f  phosphorus s to red on the  r iverbed.  I n i t i a l l y  i t  

was attempted t o  model t h e  storage o f  phosphorus on t h e  bed o f  

t h e  r i v e r  i n  order  t o  t r a c e  t h e  mass movement i n  and out  o f  t h e  

bed due t o  removal and remobi l i za t lon .  This attempt was 

unsuccessful; t h e  model proved t o  be e laborate and presented 

d i f f i c u l t i e s  l n  accommodating t h e  mass OF phosphorus s to red on 

t h e  bed and t h e  removal and acc re t i on  e f f e c t s  over sequent ia l  

f l o o d  events. Also, exper imenta l ly  no meaningful f i e l d  data on 

t h e  phosphorus s to red on t h e  bed cou ld  be obtained. As i t was 

f e l t  t h a t  t h e  bed load problem cou ld  no t  be abandoned, an 

attempt was made t o  model t h e  bed load t ranspor t  q u i t e  

Independently o f  t h e  i n t e r a c t l o n  w i t h  t h e  water column above. A 

bed load t ranspor t  model t h a t  had been proposed i n  t h e  

l l t e r a t u r e  was app l ied  except t h a t  t h e  bed load conta lns a 

p ropo r t i on  o f  phosphorus ma te r ia l .  This model i nd i ca ted  t h a t  

very l i t t l e  phosphorus would be exported w i t h  t h e  bed load. 

I n t e r p r e t a t i o n  o f  t h e  f i nd ings  o f  t h e  bed model i s  no t  ye t  

c lea r .  

Model Imp l ica t ions :  

The c a l i b r a t e d  model prov ided in fo rmat ion  o f  s i g n i f i c a n t  

importance as t o  t h e  behavlour c h a r a c t e r f s t i c s  o f  phosphorus i n  

t h e  catchment and t h e  fmp l ica t ions  o f  var ious opera t iona l  and 

management s t ra teg ies .  

(1) O f  t h e  phosphorus exported a t  D r l e  Heuwels. almost 

80 percent i s  der lved from nonpoint sources. t h e  remaining 

20 percent from p o i n t  sources ( t h e  municfpal  e f f l u e n t s  from 

Paar l  and Wel l ington) .  T h i s  f i n d i n g  provides in format ion.  

f o r  t h e  f i r s t  t ime i n  South A f r i ca ,  t h a t  nonpolnt 

phosphorus sources may be o f  much greater  importance than 

r e a l i z e d  prev ious ly .  
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( 2 )  Phosphorus t r a n s p o r t a t i o n  from a nonpoint source i s  

s t rong ly  l i n k e d  t o  sur face runo f f  du r ing  storm events. The 

present i n d i c a t i o n s  a r e  t h a t  t h e  mass exported i s  

p r i n c i p a l l y  a func t l on  o f  the  discharge under t h e  r i s i n g  

l imb o f  t h e  hydrograph. The chemograph does not  appear t o  

be s i g n i f i c a n t l y  a f f e c t e d  by sequent ia l  storm events; t h i s  

would i n d i c a t e  t h a t  t h e  phosphorus source i s  i n f i n i t e .  a  

conclus ion probably s p e c i f i c  t o  t h e  Berg R iver  basin. A 

l a r g e  p ropo r t i on  o f  t h e  bas ln  i s  under wheat p roduct ion  and 

f o r  t h e  s o i l s  i n  t h i s  bas in  phosphorus supplementatton 

needs t o  be h igher  than normal. 

(3)  The major mass o f  phosphorus exported from nonpolnt sources 

takes p lace du r ing  storm events. I n  t h e  Berg R ive r  

80 percent o f  the  phosphorus exported du r ing  storm events 

takes p lace i n  l e s s  than 3 percent o f  t h e  yea r l y  hydro log ic  

cyc le.  

( 4 )  I n  t h e  main r i v e r  channel, a l though removal o f  phosphorus 

from t h e  water column takes p lace under low f l o w  cond i t ions  

and remob i l i za t i on  o f  phosphorus i n t o  t h e  water column 

under h igh  f lows. t h e  i n d i c a t i o n s  a r e  t h a t  i n  t h e  l o n g  term 

the re  i s  no, o r  on l y  very l i t t l e ;  n e t  removal o f  phosphorus 

I n  t h e  channel. Thus, a l l  phosphorus t h a t  discharges t o  t h e  

main r i v e r  channel eventua l ly  w i l l  be exported a t  t h e  lower 

catchment boundary - phosphorus storage i n  t h e  channel i s  

o f  a temporary na ture  only.  

( 5 )  The indications a r e  t h a t  w i t h  t h e  present inter-catchment 

water t r a n s f e r  f a c i l i t i e s .  t o  expor t  water out  o f  t h e  Upper 

Berg River  catchment i s  f e a s i b l e  bu t  on l y  du r ing  t h e  h igh  

f l o w  periods, and then on l y  w i t h  s t r i n g e n t  opera t iona l  

con t ro l .  Abs t rac t ion  under low and medium f l o w  cond i t ions  

w i l l  lead t o  a significant increase i n  t h e  phosphorus 

concentrat ion i n  t h e  lower Berg River  which may i n  t u rn .  

a f f e c t  adversely t h e  water treatment f a c i l i t y  a t  t h e  

Withoogte Works. 
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( 6 )  Augmentatlon o f  Voe lv le i  Dam from t h e  Berg River ,  by 

abs t rac t i on  a t  Hermon, may be Implemented bu t  on l y  du r lng  

h lgh  f l o w  periods, s p e c l f l c a i l y  no t  du r ing  storm events. 

Even du r lng  h igh  f l o w  per iods (oo ts lde  storm events) the  

phosphorus concentrat lon I n  t h e  r l v e r .  s t i l l  may be 3 t o  

7 tlmes t h a t  i n  t h e  Twenty, Four and K l e l n  Berg Rlvers,  

p resen t l y  t h e  source o f  water f o r  Voe lv le i .  Dur lng a storm 

event, the  phosphorus concentrat lon cou ld  r i s e  t o  

700 &P, up t o  14 t lmes o r  more than t h a t  I n  t h e  

Twenty Four and K l e i n  Berg Rivers.  

(7) Should an Impoundment be constructed a t  Hisverstand t h e  

water q u a l i t y  w l l l  be domlnated by nonpoint source 

dralnage. Implementation o f  t h e  1 mg/O e f f l u e n t  standard 

a t  Paar l  and Wel l ing ton  w l l l  reduce t h e  t o t a l  phosphorus 

load a t  t h e  dam by on ly  10 percent.  Construct ion o f  

r e t e n t t o n  welrs  on t h e  t r l b u t a r l e s  I n  t h e  reach from Paar l  

t o  D r l e  Heuwels Weir. should these be 50 percent e f f e c t i v e  

I n  retaining phosphorus, would reduce t h e  t o t a l  phosphorus 

by about 20 percent only.  I f  however r e t e n t l o n  weirs  should 

be constructed a l s o  on the  t r l b u t a r l e s  upstream o f  Paarl ,  a  

preliminary est imate (insufficient data on t h e  upper Berg 

Rlver  system i s  ava l l ab le )  indicates t h a t  t h e  t o t a l  

phosphorus load w l l l  be reduced by about 50 percent a t  

Hlsverstand. However, a t  present t he re  a r e  no d e f i n l t l v e  

performance data a v a i l a b l e  t o  v e r i f y  whether these 

r e t e n t l o n  weirs  I n  f a c t  w l l l  f unc t i on  e fFec t i ve l y .  

(8),The h l g h  f r a c t l o n  o f  t h e  phosphorus load de l i ve red  from 

nonpolnt sources po in t s  t o  enqulry  I n t o  methods t o  reduce 

phosphorus expor t  From a g r i c u l t u r a l  areas by 

improved a g r l c u l t u r a l  p rac t ices .  
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Concluslons: 

(1 )  The hydrodynamic phosphorus t r a n s p o r t a t l o n  model, developed 

I n  t h l s  l nves t l ga t l on .  provides a  reasonably r e l l a b l e  

d e s c r i p t i o n  o f  t h e  phosphorus generat ion and phosphorus 

t r a n s p o r t a t l o n  I n  t h e  aqueous phase o f  t h e  Berg R lve r  

catchment w l t h l n  t h e  Paar l -Mlsvers tand reach. 

(2)  The model i s  l a r g e l y  empfr ica l ,  but  I n  desc r ib ing  t h e  

var ious phosphorus behavioural  pa t te rns  i t  i n d i r e c t l y  

addresses the  mechanisms and processes e f f e c t i n g  t h e  

behaviour; t h i s  may prov ide  ma te r ia l  f o r  f u t u r e  research. 

(3) The model serves as a  powerful  instrument i n  assessing the  

I rnp l l ca t lons  of '  a  v a r l e t y  o f  proposed opera t lona l  and 

'phosphorus management s t ra teg les .  

( 1 )  The model provides r e l l a b l e  temporal in fo rmat ion  on the  

phosphorus i n p u t  t o  any proposed impoundment i n  t h e  Berg 

R iver  i n  the  P a a r l -  Mlsverstand reach. I n  t h l s  respect t h e  

ln fo rmat lon  probably i s  more extensive and more complete 

than f o r  any o ther  catchment i n  South A f r i ca .  Eva lua t ion  o f  

t h e  t r o p h l c  s ta tus  o f  such an lmpoundment no longer  u l l l  be 

l l m l t e d  by inadequate phosphorus l npu t  ln format lon.  r a t h e r  

by d e f l c l e n c i e s  i n  t h e  e x i s t i n g  models f o r  assessing t h e  

t r o p h i c  s ta tus  o f  an impoundment. It I s  t o  be hoped t h a t  

t h e  a v a l l a b l l l t y  o f  a  r e l l a b l e  model, t o  descr ibe t h e  

phosphorus mass-tlme inpu t  behaviour t o  t h e  lmpoundment, 

may s t lmu la te  development o f  a  dynamic eu t roph ic  

lmpoundment model. 
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( x i i i )  

( 5 )  The model 'in i t s  present form, a l though s i t e  s p e c i f i c  i s  

very f l e x i b l e .  Wlth the  except ion o f  data from 2 o r  3 

accurate discharge moni to r ing  s ta t i ons ,  o ther  in fo rmat ion  

f o r  c a l i b r a t i n g  t h e  model can be obtalned by f i e l d  

measurements. The model should be app l i ed  i n  o the r  

catchments, under d i f f e r e n t  hydro log ic  regimes, topography, 

catchment s i z e  and conf igura t ion ,  i n  order  t o  improve o r  

modl fy  i t  fo-r general app l i ca t i on .  
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CHAPTER 1 

INTRODUCTION 

Enrichment of waterbodies wlth plant nutrients, a process 

referred to as eutrophlcation, has developed into a serlous 

water quallty problem throughout the world. In South Africa. 

because of the paucity of the water resource and the relatlvely 

high demand on it, eutrophication and lts consequences have 

manlfested themselves to a higher degree than in any other 

Industrialized country. puantiflcation of eutrophication and 

Its effects. and procedures to manage it have. in consequence, 

become matters of high priority. 

It Is unlversally accepted today that the principal 

nutrient controlling the degree of eutrophication is 

phosphorus. .Efforts at describing and quantlfylng t h e  effects 

of eutrophication in waterbodies have led to the development of 

.eutrophicatlon models. One such model, developed by the 

Overseas Economic Comnunity Development (OECD) has found useful 

appllcatlon in South Africa, In quantlfylng the eutrophic state 

of lmpoundments and testing the effects of proposed management 

strategies. 

One of the basic requlrements in applying the OECD model 

(and others) i s  the magnitude of the phosphorus load on the 

waterbody. In thls respect. however. It has been found that at 

best phosphorus load calculations are characterized by errors 

of clrca 35 percent. This poor accuracy/precfsion in load 

estimatlon. Is regarded' as the major source of scatter in the 

OECD evaluation of the intensity of eutrophication in various 

waterbodies. Precise and accurate estfmtes of the phosphorus 

loads are,, In consequence, matters of vital concern In 

quantifying eutrophlcation and devising management strategies 

and implementing them. 
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A t  present a l l  t he  important  eu t roph ica t lon  models a re  

based on the  annual i npu t  o f  phosphorus load t o  the  waterbody. 

I t  i s  very l l k e l y ,  and indeed inev i tab le ,  t h a t  these models 

w i l l  be r e f i n e d  and extended t o  produce a dynamic response. 

Such a model w i l l  require.  i n t e r  a l i a ,  temporal changes i n  

discharge, and phosphorus load associated w l t h  the  discharge t o  

the  waterbody. 

Q u a n t i f l c a t l o n  o f  the  temporal changes I n  discharge and 

phosphorus export  load r e q u i r e  study o f  t h e  catchment 

d ischarging t o  the  waterbody. Numerous s tud les  have been 

undertaken t o  q u a n t i f y  the  discharge and phosphorus export  f rom 

a '  catchment. However no practical dynamic model h a s .  emerged 

t h a t  s a t i s f a c t o r i l y  resolves both  discharge and phosphorus 

export  simultaneously. 

The problems t o  be resolved i n  such a j o i n t  model a re  

conslderable. With regard t o  the  water movement through the  

system, the  model i s  required t o  produce an acceptably accurate 

desc r ip t i on  o f  t he  discharge hydrograph from each subcatchment, 

and the  discharge hydrograph a t  any selected p o i n t  along the  

maln r i v e r  channel. 

Wlth regard t o  t h e  phosphorus load. there  a re  two aspects 

t o  be considered. (l) t h e  "generat ionu o f  t he  phosphorus load, 

and (2)  the  t ranspor t  o f  t he  phosphorus along t h e  matn channel. 

'(l) Phosphorus i s  generated f rom two sources: f i r s t l y ,  

p o i n t  sources such as wastewater treatment discharges 

i n  whlch t h e  phosphorus concentrat ion and f l o w  (and 

hence t h e  phosphorus load) are, o r  can be, r e a d l l y  

q u a n t i f l e d  by appropr ia te  monitor ing. Secondly. 

d i f f u s e  sources - c a l l e d  nonpoint sources - I n  whfch 

the  phosphorus load i s  generated by sur face and 

subsurface drainage. Nonpoint phosphorus generat ion i s  

n o t  so r e a d i l y  quant i f ied ;  i t  i s  a complex phenomenon, 

i n t e r  a l i a  a func t i on  o f  t he  r u n o f f  discharge. -- 
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(2 )  Wlth regard t o  phosphorus t ranspor t ,  once the  

subcatchment f l ow  w i t h  i t s  associated phosphorus load 

I s  discharged t o  the  maln r l v e r  channel, t h e  

phosphorus i n  the  water p r ism ( t h e  wash load) can 

dec l l ne  i n  concentrat ion due t o  removal o f  phosphorus 

t o  t h e  r i verbed p r i n c i p a l l y  by set t lement  and b i o t i c  

uptake, o r  can increase due t o  remob i l l za t l on  o f  t h e  

phosphorus From the  bed t o  t h e  water column du r lng  

f l o o d  flows. 

A number o f  models describing nonpoint source 

load-discharge behaviour i n  subcatchments, and 

t ranspor t  o f  phosphorus a long the  r i v e r  channel have 

been presented f n  t h e  l i t e r a t u r e .  

I n  t h i s  investigation a dynamlc model i s  developed t h a t  

deals w i t h  a l l  t h e  aspects mentioned above, y&. po in t .  

nonpolnt. and channel hydrograph formation; p o l n t  and nonpolnt 

dynamic phosphorus generat ion; and phosphorus removal and 

remob l l l za t l on  I n  t h e  main channel r i v e r  f low. The p r i n c i p a l  

output  i s  a discharge hydrograph and i t s  associated phosphorus 

chemograph, a t  any selected po ln t ( s )  a long t h e  main r i v e r  

channel. 

I n  structuring t h e  model i t was soon ev ident  t h a t  t h e  model 

could not  be b u i l t  up q u a n t i t a t i v e l y .  as yet, on t h e  basic  

processes t h a t  govern t h e  generat ion and t r a n s p o r t a t i o n  o f  

phosphorus I n  a drainage basin. Host o f  t h e  processes ( I f  no t  

a l l )  have been' l d e n t l f i e d  conceptual ly  bu t  many cannot be 

formulated q u a n t i t a t l v e l y  I n  mathematlcal form o r  where such 

mathematical formatlons are  ava i lab le ,  r e q u i r e  such e labora te  

c a l l b r a t l o n  inputs  t h a t  a p p l i c a t i o n  becoms impract icable.  It 

seems t h a t  f o r  t h e  imnedlate f u t u r e  an empirical o r  

semi-emplrical lumped parameter approach i s  t h e  on ly  f e a s i b l e  

one t o  ob ta in  approxlmate bu t  p r a c t l c a l  so lu t lons .  I n  such a 
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model it is attempted to formulate the process components (e.g. 

phosphorus) in terms of variables -that can be measured 

practically (e.g. discharge) where such relationships appear to 
have a description potential. Following this approach, the 

model presented here contains a fair amount of empirical 
formulatlon relating one component with another. In partkular, 

discharge is extensively used in the formulation of the 
response of other model components and their rates of 
formation. A prime endeavour kept in mind, was that the model 
must not require extensive input of data to calibrate it, and 

this input must be of a nature that can be obtained with a 
relatively, small resource allocation. 

To develop the model data needed to be available from a 
suitable river catchment. A number of river systems were 
Investigated and the Berg River. in the Western Cape Province - 
of South Africa, was selected as the most suitable area for the 

( following reasons: 

- The river -is within 45 to 150 km from Cape Town. 
enabling rapid and easy access. 

- The catchment has a diverse land-use comprising urban. 
agricultural, industrial and forestry areas. 

- The catchment has a seasonal ralnfall that varies in 
intensity over the catchment area from 400 to 3 000 mn 
per year. During the rainy season (winter) the 
rainfall pattern Is periodic. givlng rise to a 
number of flood events with peak rlver -discharges 
>ZOO cumecs. During the dry season (sumner) the 
minimum discharge can reduce to as low as 0.5 cumecs. 
The flow regime therefore provides an extensive range 
of flow conditions for modelling purposes. 
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- There are 16 flow-gauglng structures located In the 

catchment as follows: two on the maln rlver channel 

100 km apart, 12 on the subcatchments (not all the 
subcatchments), and 2 on the discharge llnes of the 
treated munlclpal effluents. 

- The rlver has been surveyed and sampled over a period 

of up to 10 years. provldlng a useful base llne of 

hydrologic and water quality information. 

A further reason for selecting the Berg Rlver catchment was 
that the Water Act (Act 56 of 1958) (Government Gazette, 1984) 

was amended on 1 August 1980 to Include the control of soluble 
ortho-phosphate in effluent discharges to rlvers located In 
seven 'sensltlve' catchment areas; the llst of rlver catchments 
Includes the Berg Rlver. declared a %ensitlven catchment 

because of the proposed construction of an Impoundment In the 
lower reaches. In the Berg Rlver basln are located two of the 
three Impoundments (Wemnershoek and Voelvlet Dam) supplytng 
water to Cape Town and various satellite munlcipalltles. Thls 
rlver constitutes an important water resource In the Western 
Cape which must be protected for future utlllzatlon. 

In this report the developments up to and Including the 

dynamlc hydro-phosphorus transport model are set out as follows: 

Chapter 2 Introduces the causes and consequences of 
eutrophlcation, with emphasis on the role played 
by phosphorus, Its behaviour in aquatic systems 
and methods of quantifying and controlling the 

transport of phosphorus along rlver channels. 
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Chapter 3 

Chapter 4 

Chapter S 

Chapter 6 

glves a description of the Berg Rlver catchment 

In terms of Its physlcal location, topography, 

climate. geology, solls. agrlcultural 

development, hydrology, water quality, demography 

and water resource development. 

descrlbes the procedures to collect discharge and 

water quallty data from the Berg Rlver system. 

An Interactive monitoring network approach is 

developed comprising two components. a 

prellmlnary survey and maln river survey. The 

prellmlnary survey is used to Identify the 

prlnclple sources and sinks of phosphorus In the 

dralnage basln. and the maln river survey to 

obtaln detailed data for the development and 

callbration of a phosphorus transport model. 

presents and analyses the water quallty and river 

flow data collected over the monitoring perlod to 

show the temporal and spatial variations In flow 

and quallty. 

proposes the conceptual framework for modelllng 

phosphorus transport In dralnage baslns; two 

submodels are identified. a hydrodynamlc flow 

model and a phosphorus transport model. It then 

descrlbes the development, calibration and 

veriflcatlon of the hydrodynamic flow model based 

on the klnematlc wave equation. suitably modlfled 

to accomnodate ungauged lateral runoff as well as 

ungauged losses from the maln river channel. The 

model is caltbrated agalnst one year's flow data 

and tested against the flow data over two further 

years of data. 
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Chapter 7 describes the  development and c a l i b r a t i o n  o f  a 

phosphorus t ranspor t  model. The model i s  made-up 

of th ree  submodels: a phosphorus nonpolnt source 

model. a phosphorus t ranspor t  model and a 

phosphorus bed load model. 

Chapter 8 deals w l t h  t h e  use o f  the  hydrodynamic and 

phosphorus t r a n s p o r t  models t o  evaluate t h e  

lmp l l ca t l ons  o f  var lous management opt ions on the  

phosphorus budget o f  t h e  Berg R iver  system. These 

opt lons Include: impos i t l on  o f  t h e  phosphorus 

standard on t rea ted  wastewater dtscharges a t  

Paar l  and Well ington; nonpolnt  source cont ro l ;  

pre-Impoundments; Inter-catchment t rans fe r ;  

d i v e r s i o n  scheme t o  f i l l  Voe lv le i  Dam; and the 

cons t ruc t i on  o f  an impoundment a t  Mlsverstand. 

Chapter 9 comprises t h e  conclusions and recomnendations 

f rom t h i s  I nves t i ga t i on .  I t  assesses model 

performance and l l s t s  recomnendations f o r  f u r t h e r  

research and app l i ca t i on .  
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2.1 

CHAPTER 2 

LITERATURE SURVEY 

1 CONCEPT OF EUTROPHICATION 

1 .l Causes and conseauences 

Eutrophlcatlon Is a problem factng many aquatic systems 

throughout the world (Jones and Lee, 1982). The term eutrophlc 

(eutrophos llterally rneans 'well nourished") was orlglnally 

applled to shallow European lakes. characterized by htgh 

concentratlons of dlssolved solids. hlgh productlvlty, a 

deoxygenated hypollmnlon, extensive weeds and planktonic algae 

as well as the presence of non-Salmonid flsh. The term was 

developed to contrast waterbodles that are ollgotrophlc 

(ollgotrophos meanlng 'provldlng Jlttle nourlshment") 

typically, upland lakes with deep basins. low dissolved sollds, 

low productlvlty, an oxygenated hypollmnlon, few plant species 

and Salmonid fish (Hoss. 1980). However. It should be 

emphasized that most lakes wlll not fall wlthln this neat 

classlflcatlon; a spectrum of condltlons exlsts between these 

two extremes. 

The flrst trophlc classlflcatlon of South Afrlcan 

Impoundments was undertaken by Toerlen, Hyman, and Bruwer 

(1975). They ranked nlnety-elght South Afrlcan impoundments and 

found 11 percent hlghly eutrophlc. 50 percent ollgotrophlc and 

the rest tntermedlate. ~ a y l o r  a. (1984) and Wiechers et a. 
(1984) demonstrated a hlgh correlatlon between the trophic 

status and the Input loadlng of phosphorus, see Table 2.1. 
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Table 2.1 Se lec t ion  o f  South A f r i c a n  impoundments ranked 
according t o  t h e i r  phosphorus i n p u t  loadings, w i t h  
an i n d i c a t i o n  o f  t h e i r  t r oph ic  s ta tus  ( f rom Taylor  
& a., 1984). 

Impoundment: Annual phosphorus load: Trophic s tatus:  
( g  p/m2/y) 

Hartbeespoort 

R i e t v l e i  

Laing 

Roodeplaat 

B r i d l e  Drift 

Rust de Winter 

A l b e r t  F a l l s  

23.20 Hypert rophlc 

15.82 Hypert rophlc 

13.82 Eutrophic 

11.08 Hypert rophic 

2.43 Eutrophic 

0.40 Mesotrophic 

0.02 01 i g o t r o p h i c  

Grobler and Sl lberbauer (1984) enquired I n t o  t h e  e f f e c t  an 

impos i t i on  o f  a phosphorus standard ( f o r  e f f l u e n t s )  would have 

on t h e  t r o p h l c  s ta tus  o f  19 South A f r t c a n  impoundments. They 

concluded t h a t  t h e  t r o p h l c  s ta tus  o f  impoundments i n  whlch t h e  

phosphorus o r i g i n a t e d  principally f rom p o l n t  sources, would 

d e r i v e  t h e  greates t  bene f i t s  

The p r o l i f i c  growth o f  bo th  p lank ton l c  a lgae and 

macrophytes associated w i t h  eu t roph lca t i on  causes a v a r i e t y  o f  

water q u a l i t y  problems: 

(1 )  Trlhalomethanes (THM) a r e  produced when water 

abstracted from eutrophlc impoundments i s  ch lo r ina ted ,  

even a f t e r  convent ional treatment f o r  po tab le  use. 

THM1s a r e  chloroform-re lated compounds, which i f  

tngested i n  s u f f i c i e n t  quant i ty ,  may cause 
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certain types of liver damage and cancer (Marx, 1974; 

Lahl Q.. 1981; Williamson. 1981). Recent research 

(Codd and Bell. 1985; Scott, van Steenderen and Welch. 

1985) indicates a positive relationship between the 

level of eutrophication and the concentration of 

THM1s. 

(2) Livestock and fish deaths may be associated with 

blooms of toxic algae (e.g. certain species of 

cyanophycae) (Bruwer. 1979; Codd and Bell. 1985). 

 heir influence on humans is not well documented but 

Scott a. (1985) state that certain instances of 

gastro-enteritis have been caused by consumption of 

impounded water containing spp. 

(3) Recreation is influenced adversely by eutrophication. 

Water Hyacinth (Eichhornia crassi~es (Nartius) 

Solms-Laubach). Salvinia !!!g&& and other floating 

macrophytes can make waterbodles unusable for salling; 

unpleasant odours and algal-scums can make the water 

offensive to bathers and have health implicatlons 

(e.g. allergenic response) as well as reduce property 

values sited on, or near. the shoreline of the 

waterbody (Walmsley and Butty, 1980). 

(4) Release of water from the hypoltmnion of an eutrophlc 

impoundment gives rlse to odour problems in the 

downstream watercourse as well as impairing its 

ecology and fishing potential (Krenkel, Lee and Jones, 

1979). For municipal water suppltes, water drawn from 

the hypolimnion may contain htgh concentrations of 

iron and manganese whlch must be removed. and hence 

add to the cost of water treatment. 
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(5) Eutrophic condltlons can cause a considerable Increase 

In the cost of treating water for domestlc and 

Industrial purposes. Algae not only present problems 

In flocculation. sedimentation and filtratlon but also 

excrete extra-cellular products uhlch can Impart 

unpleasant odours and tastes to the water (Vlljoen, 

1984). see Table 2.2. To remove tastes and odours it 

may be necessary to Incorporate activated-carbon 

columns In the water treatment system; a relatively 

costly unlt process. Biological growth .favoured by 

nutrlent enrichment may cause blologlcal fouling in 

plpes and lndustrlal equipment. 

(6) Abundant growth of macrophytes, also associated with 

eutrophlc condttlons, may give rise to navigatlon and 

nuisance problems In waterways and lrrigatlon canals. 

By virtue of article one of the Act on Weeds (South 

Afrlcan Act no. 42, 1937) H y r i o ~ h ~ l l u m  aauatlcum, 

Lemna minor and Elchhornla qrassipes are proclaimed -- 
weeds; the Rand Water Board employs a full-time work 

force to remove these plants from the Vaal Barrage at 

an annual cost of around R45 000 (Vlljoen, 1984). 

Table 2.2 Algae whlch cause problems In South African 
, impoundments and In water treatment (based on: 

Walmsley and Butty. 1980). 

Algae: Problem: 

Helosira 
Hlcrocystls 

Osclllatoria 
Anabaena 
Euglena 
Chlamydamonas 
Dlnobryon 
Prymneslum 

fllter blockage 
filter blockage, taste and odours, 
toxlclty. scums 
filter blockage, taste, odour, scums 
fllter blockage, toxlclty. scums 
fllter blockage. taste 
fllter blockage and penetration 
taste, odour 
toxicity to fish 
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In contrast to the negative aspects discussed above, 

Walmsley and Butty (1980) state that eutrophlcation can have 

some beneficial effects. Moderate eutrophlcatlon may Increase 

the productivity of an Impoundment; by harvesting specles of 

economic or recreational Interest, for example fish, It should 

be possjble to take advantage of thls condition. However. 

impoundments that become eutrophic may experience a shlf t In 

flsh specles, resulting In the dominance of unpalatable 

varlettes. In which event less favourable angling prospects are 

to be expected. Irrlgatlon water Is Improved as a result of a 

higher nutrient concentratlon, but agaln this advantage can be 

dlmlnlshed by the foullng of irrlgatlon canals. Except In 

isolated cases, the disadvantages of eutrophicatlon outweigh 

the advantages. 

1.2 Economics of eutroohlcatlon 

Bruwer (1979) and Viljoen (1984) have attempted to estimate 

the cost to the comnunlty of the eutrophlcatlon of waterbodies 

In terms of the loss of recreational value and Increased water 

purlflcatlon costs, but found It vlrtually lmposslble to 

allocate a monetary value. However. In the provlslon of potable 

water one may assess the cost of eutrophication by estlmatlng 

treatment costs associated with the level of eutrophlcatlon, In 

this fashion asslst In the cholce of sources of raw water at 

the planning stage of urban developments (Herold and PI t,man. 

1987). 
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1.3 Autotro~hic nutrient resuirements: role played by ~hosphorus 

In addition to sunlight, algae and other aquatic plants 

need a varlety of chemlcal constituents (nutrients) for growth, 

principally carbon, nitrogen, phosphorus, oxygen. hydrogen and 

silicon plus a host of trace nutrients. An important concept 

which governs the growth of algae is the principle of the 

limiting nutrient. Briefly. this principle is based on the 

concept that the mass of algae that can grow is restrtcted by 

the mass of that essentlal element which becomes exhausted 

first. 

Carbon: 

In terms of stolchlometry. algae typically need 106 carbon 

atoms and 16 nitrogen atoms for each phosphorus atom, for 

growth and reproduction. The relatively large demand for 

carbon. as compared to phosphorus. could lead one to speculate 

that carbon very likely may be the llmltlng element. This 

however Is rarely the case. Effectlvely, there Is an inflnlte 

source of carbon dloxlde in the air - the ltmlting factor wlth 
carbon Is not in the mass to be supplied but In the rate of 

supply. Limitation in the rate of carbon supply may arlse from 

high rates of photosynthesis in the upper layers of highly 

eutrophlc waterbodles when the carbonate and blcarbonate 

species are depleted, indicated by a shtft in the pH to values 

of around 9.5 or higher (NIWR. 1985). For most waterbodies 

however. carbon is rarely a llmltlng factor In the rate of 

blomass generation or the total biomass generated 'in a 

waterbody. 

Phosphorus transport Berg River TR 143 March 1989



NI troaen: 

Thls element has been clted as being an algal growth 

llmltlng nutrlent In certaln waterbodles. Thls however Is rare; 

nitrogen Is avallable for growth In the nltrate and ammonla 

forms, If these are deficlent, certain groups of organlsms, the 

nltrogen fixers. convert nltrogen gas Into organlc nltrogen 

cpmpounds. In this fashion increasing the supply of usable 

nltrogen. For this reason few impoundments are nltrogen llmlted. 

In the large proportlon of Impoundments phosphorus is th@ 

llrnltlng nutrlent - algal assay techniques have shown that most 
fresh water lakes and Impoundments are phosphorus llmlted. A 
reductlon In the phosphorus loading to the waterbody usually 

wlll result In an associated reductlon In the algal blomass 

(Rast and Lee. 1983). 

Trace elements: 

Micro-nutrients (e.g. Iron and- slllcon) or growth factors 

(e.g. vltarnln 812) may be llmlting (Lee, Rast and Jones. 1978; 

Round. 1977) but such situatlons are rare. 

We have mentioned above that when the load of the llmltlng 

nutrlent ts decreased In a waterbody It should result In an 
associated decrease In the algal blomass. Thls lmplles that In 
the majority of instances' by controlllng the phosphorus load to 

a 'waterbody it should be posslble to exerclse some control on 

the autotrophlc blomass (Toerten. 1977; Jones and Lee. 1982; 

Wlechers and Heynike. 1986). However. Sonzognl. Chapra. 

Armstrong and Logan (1982) state that some forms of phosphorus 

entering lakes have a limited effect on lake productivity: land 
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runof f ,  o f t e n  conta ln lng  a h lgh  p ropor t i on  o f  p a r t i c u l a t e  

phosphorus may be u n - u t l l l z e d  by planktonic algae. These 

authors found, based on studies car r ied-out  on the  Great Lakes. 

t h a t  o f  t h e  t o t a l  phosphorus load c a r r i e d  by the  r i v e r s  t o  the  

Great Lakes on ly  bO percent was p o t e n t i a l l y  blo-available. They 

concluded t h a t  t he  mass o f  blo-available phosphorus corresponds 

t o  the  dissolved r e a c t i v e  p o r t l o n  p lus  t h a t  f r a c t l o n  o f  t he  

p a r t t c u l a t e  Inorganic phosphorus t h a t  can be ex t rac ted w i t h  

0.1 N NaOH. I t  I s  poss lb le  t h a t  the  remalnlng p o r t i o n  o f  

Yunaval lableu phosphorus may become b lo-ava l lab le .  b u t  the  

quan t i t y  and process a re  not  w e l l  understood. I n  contrast .  

Hue t t l .  Wendt and Corey (1979) est imate the  p ropor t i on  o f  

a v a i l a b l e  phosphorus enter ing  the  system a t  90 percent o f  the  

t o t a l  mass input .  Ev ident ly  I t  i s  n o t  poss lb le  t o  make 

general ised statements regardtng the  b l o - a v a l l a b l l l t y  o f  

phosphorus i n  sur face waters. 

2 SOURCES OF PHOSPHORUS 

The catchment area surroundlng an lmpoundment has an 

Important  l n f l uence  on the  q u a l l t y  o f  t h a t  waterbody - r u n o f f  

der ived from w l t h l n  t h i s  area eventua l ly  w l l l  enter  t h e  

Impoundment; any anthropogenic o r  na tu ra l  a c t l v l t y  w l t h l n  the  

catchment, which In f luences the  dratnage process, concur rent ly  

w l l l  In f luence the  q u a l l t y  o f t h e  impounded water. 

Phosphorus en te r ing  t h e  aquat lc  system I s  der lved 

p r i n c t p a l l y  f rom two sources: p o i n t  and nonpoint. Po ln t  sources 

a re  def ined as discharges o f  i n d u s t r i a l  and munlc lpal  e f f l u e n t s  

( t r e a t e d  and untreated). Nonpolnt sources - a r e  def ined ' a s  

drainage from a g r i c u l t u r a l  and urban areas t o  the  maln r i v e r  

channel I t s e l f  o r  t r l b u t a r l e s  feeding the  maln r l v e r  channel. 
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2.1 Po in t  sources 

I n  South Af r lca ,  munlc lpal  and l n d u s t r l a l  e f f l u e n t  

discharges have been I d e n t i f i e d  as a major c o n t r l b u t o r  t o  the  

phosphorus load en te r l ng  t h e  aquat lc  system (Tay lor  d.. 
1984). Thls  I s  I l l u s t r a t e d  I n  Tables 2.3 and 2.4; these g l v e  

respec t i ve l y  t y p i c a l  phosphorus concentrat ions i n  munlc lpal  

wastewaters be fore  treatment, and t h e  annual tonnages o f  t o t a l  

phosphorus discharged I n  t h e  e f f l u e n t s  a f t e r  treatment I n  

wastewater p l a n t s  located I n  s e n s l t l v e  catchments. 

The major sources o f  phosphorus I n  domestlc wastewater a r e  

human excreta and detergents. I n  a survey conducted by Wlechers 

and Heynlke (1986) between 50 and 60 percent o f  t h e  phosphorus 

load recelved a t  a wastewater treatment p l a n t  o r l g l n a t e s  from 

h ~ ~ n  excreta. t h e  remalnfng f r a c t l o n  maln ly  from detergents. 

I n  comblned domestic and l n d u s t r l a l  waste f lows the  phosphorus 

load from Indus t r y  may cause a s l g n l f l c a n t  s h l f t  I n  these 

percentages. 

Phosphorus content  o f  human excreta I s  r e l a t e d  t o  t h e  

d i e t a r y  hab i ts .  b u t  an average d a l l y  q u a n t l t y  o f  phosphorus I n  

excreta i s  estlmabed a t  1.3 g P per capl ta.  The average d a l l y  

mass c o n t r l b u t l o n  o f  phosphorus from detergents I s  est lmated'  a t  

1.0 g P per c a p l t a  (Wlechers and Heynlke. 1986). 

Cont r ibu t ions  of phosphorus from I n d u s t r i a l  e f f l u e n t s  a r e  

more d l f f l c u l t  t o  est imate because some l n d u s t r t e s  dlscharge 

l i t t l e  phosphorus. others. such. a s  f e r t l l l z e r  product lon. 

feedlots .  m l l k  and meat processlng. dlscharge h t g h l y  

concentrated phosphorus e f f l u e n t s  (Wtechers and Heynlke. 1986). 
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Phosphorus in untreated waste flows can be categorized as 

organically bound or Inorganic, each present in different 

forms, parttculate. colloidal or dissolved. One of the soluble 

forms. ortho-phosphate, makes up 40 to 75 percent of the total 

load of phosphorus in the untreated waste flow. During 

treatment a high percentage of - the other forms usually are 

converted to ortho-phosphate; the net effect is that the 

proportion of phosphorus In the ortho-phosphate form can 

Increase to 90 percent or m0r.e as the waste flow passes through 

the plant. 

Table 2.3 Typical phosphorus concentrations in municipal 
wastewaters (mg/P as P) (from: Wlechers. 1985). 

CIty and works: ortho-phosphate: total phosphorus: 

Pretoria. Daspoort 7.5 
Boksburg. Vlakplaats 6.5 
Cape Town. Cape Flats - 
Pinetoun. Umlaas 7.0 , 

Table 2.4 Annual tonnage of total phosphorus discharged from 
wastewater plants to rivers in the critical 
catchments. 

Catchment: 1981 1985 1995 2000 

Vaal River 
Crocodile River 
Umgeni River 
Berg River 
Buffalo River 
Ollfants River 

(From: Davidson and Howarth,-see Grobler and Silberbauer, 
1984). 
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2.2 Nonuolnt sources 

Nonpoint sources o f  phosphorus inc lude:  atmospheric 

p r e c l p l t a t l o n ,  urban runof f .  and dralnage from a g r i c u l t u r a l  

lands. 

Atmospheric ~ r e c i p l t a t l o n :  Atmospheric wet p r e c l p i t a t l o n .  

and d ry  f a l l - o u t  genera l l y  a r e  low, Sonzognl and Lee (1974) f o r  
2 examDle r e p o r t  0.02 and 0.08 g P/m /y f o r  these two sources. 

I n  t h e  USA. These f i g u r e s  a r e  n o t  d l s s i m l l a r  from observations 

I n  South A f r l ca :  Slmpson and Kemp (1982) r e p o r t  atmospheric 
2 depos l t l on  o f  0.06 g P/m /y f o r  an urban area (Plnetown,South 

2 A f r l c a )  and Bosmn and Kempster (1985) 0.06 g P/m /y f o r  a 

mlxed catchment (Roodeplaat Oam catchment. South A f r i c a ) .  

Higher values a r e  t o  be expected I n  t h e  p rox lm l t y  o f  l n d u s t r l a l  

areas. and lower ones I n  undisturbed catchments. 

Urban and a u r l c u l t u r a l  runo f f :  Welbel. Weldner. Cohen and 

Chr ls t lanson (1966) l nves t l ga ted  t h e  c o n t r i b u t i o n s  o f  n u t r i e n t s  

f rom r a i n f a l l  and runo f f .  For urban runo f f  from a 27 acre  

r e s i d e n t i a l  and l i g h t  comnerclal area i n  Clnclnnatl; USA. t h e  

phosphorus concent ra t ion  ranged from 0.02-7.3 mg P/Q, w l t h  an 

average value o f  1.1 mg P/%. For a g r i c u l t u r a l  r u n o f f  they 

Inves t i ga ted  t h e  phosphorus contr. lbution from an experimental 

farm catchment - t h e  concentrat lon ranged from 0.25-3.3 w l t h  an 

average o f  1.7 mg P/%. Durlng storm events t h e  phosphorus 
2 concent ra t lon  Increased g r e a t l y  y i e l d i n g  5 g P/m /y I n  t h e  

runo f f .  Weibel. Anderson and Woodward (1964) r e p o r t  an average 
2 

yea r l y  expor t  f i g u r e  f o r  Dhosphorus o f  0.3 g P/m /y .  I n  urban 

r u n o f f  Uttormark & a. (1974) g l v e  t o t a l  phosphorus expor t  
2 

ra tes  o f  0.11 t o  0.31 g P/m / y .  They a l s o  supply values f o r  

t o t a l  phosphorus expor t  f rom croplands. see Table 2.5. 
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Table 2.5 Total phosphorus export from cropland by surface 
runoff (after Uttormark g$ a., 1974). 

Crop: Total phosphorus (g/m2/y): 

Haize 
Cotton 
Wheat 
Lucerne 
Mixed vegetables 

A survey carried-out by Hemens. Slmpson and Warwick (1977) 

In the Umgenl catchment In Natal (South Africa), indicate that 

about 2 percent of the phosphorus applied to the catchment area 

Is exported via rlver flow. 

2.3 Polnt and nonpoint sources compared 

The following conclusions. as regards point and nonpolnt 

sources of phosphorus. are indlcated: 

(1) A considerable mass of phosphorus Is exported from 

nonpolnt sources during storm events; when 

lnvestigatlng phosphorus export It Is most llkely that 

during storm events a large proportlon of the nonpoint 

annual export load of phosphorus takes place. The 

effect of storms probably Is accentuated In South 

Africa because storms are of hlgh intensity in certaln 

areas, and the ralnfall Is seasonal with average 

ralnfall exceeding average evaporation givlng rise to 
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depletion of vegetatlon cover during the dry season. 

These factors combined can result In substantial soil 

erosion during a storm event; wlth eroslon, the 

nutrient load carried by a river wlll be Increased, 

dependlng on the fertility of the soil eroded. 

(2) Agricultural and urban areas are more important as 

sources of phosphorus than atmospheric deposltion; 

phosphorus control strategies for surface runoff, 

therefore, are more llkely to result In the reduction 

In the phosphorus load to the water system. 

(3) It is not unllkely that in many situations nonpoint 

sources wlll yield a substantlal~fraction of the total 

phosphorus load carried by the river. 

3 SINKS OF PHOSPHORUS 

3.1 Wetlands as ~hosohorus sinks 

Research carried-out in' the United States and Canada 

indlcate that effluents passing through wetlands and marshes 

are depleted of nitrogen and phosphorus (Nlchols. 1983). 

Wetlands, or reedbed systems, as a form of -tertiary wastewater 

treatment i s  receivlng increasing interest, but the nutrlent 

dynamics of these systems are still poorly understood (Kadlec. 

1986). For example, the mechanisms whereby a wetland removes 

nutrients (adsorption, absorptlon and precipltatlon), must have 

finite capacities. Also. because the adsorption reactlon will 

be partially reversible, under low effluent concentrations 

adsorbed nutrients may be released back Into solution (Logan. 

1982). The seasonal growth pattern also wlll influence uptake 

of nutrients (Nichols, 1983). During wlnter, plant die-down may 
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result in nutrient release from cell lysis. Finally, storm 

events may cause scouring of the uetland causing the 

remobilization of stored nutrients. Wetlands therefore present 

a temporary sink for nutrients. Over an extended time scale 

each catchment will provide different nutrient retention and 

release characterlstlcs depending on the catchment hydrology 

(Rast and Lee. 1983; Nlchols. 1983; Bath. 1983). Viljoen (1984) 

is of the opinion that wetlands should not be used as a 

permanent method of removal of point source phosphorus. rather 

they should serve to accomnodate point source mishaps and peaks 

of nonpoint source Inputs to the river system. 

3.2 Rivers as phos~horus sinks 

Asslmilatlon of nutrients in rivers is one area that has 

recelved llttle attentton. The work of Keup (1968) serves as an 

lllustratlon of the propenslty of rlverlne processes to remove 

phosphorus from the overlying water column. Keup reported that 

the phosphorus concentration in the South Platte Rlver. 

Colorado. USA, decreased below the treated effluent outfall as 

a function of river distance (see Fig 2.1). He ascribes the 

removal to blotlc actlvlty and formulated a simple empirical 

relationship to descrlbe the phosphorus concentration profile 

In the river. However. he also reports that during hlgh flow. 

phosphorus accumulated along the channel is remobilized and 

transported downstream. The flow reglme therefore is a major 

factor In the moblllty, avallabllity and spatial dlstrlbution 

of phosphorus wlthln a river. Other rivertne processes that 

abstract or return phosphorus to the river water are: 
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( 1  Adsorpt lon and desorpt lon processes; through these 

r i v e r  sedlments can a c t  as bo th  a s lnk  and source o f  

phosphorus (Green. Logan and Smech. 1978; Cooke. 

1988). Sedlments a c t  a s  scavengers o f  phosphorus, 

l i m i t e d  on ly  by t h e  maximum sedlment adsorpt lon 

capaclty.  Desorpt lon o f  phosphorus usua l l y  I s  

assoclated w l t h  changes I n  t h e  pH, causing a 

d e s t a b l l i z a t l o n  o f  the  sediment-phosphorus complex 

(HcCa l l l s te r  and Logan. 1978; Logan. 1982). 

(2) The r o l e  played by t h e  r l v e r  b l o t a  I s  described by 

Simons and Cheng (1985); two pathways a r e  d i sce rn lb le :  

f i r s t l y ,  absorpt lon o f  so lub le  phosphorus by algae; 

and secondly. sedlmentat lon o f  p a r t l c u l a t e  phosphorus 

mater la l .  Keup (1968) and Logan (1982) r e p o r t  t h a t  

under appropr ia te  f low cond l t tons  t h e  b l o t a  may remove 

l a r g e  po r t l ons  o f  t h e  discharged phosphorus (up t o  

90 percent)  which i s  then remobi l lzed under h l g h  f l o w  

condi t i ons .  

0J 
240 220 200 

R ~ V E R  MILE 

F i g  2.1 Phosphorus I n  t h e  South P l a t t e  Rlver. Colorado. Points 
A and B a r e  respect ive  p ro jec ted  munlc lpal  waste loads 
from c l t l e s  w l t h  26 000 and 8 000 sewered populat ions 
( f rom Keup. 1968). 
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3.3 Impoundments as phosohorus slnks 

Sedlmentatlon of phosphorus i n  an impoundment makes the 

nu t r i en t  unavailable f o r  p lan t  growth. Lee a. (1978) are of 

the opinion tha t  Impoundments w i th  hydraulic residence times of 

greater than a few months tend t o  be e f fec t tve  phosphorus sinks 

w i t h  re tent ion o f  between 80 and 90 percent of the input  

loading. However, the bottom sedlments also can be a 

s l gn l f i can t  source o f  phosphorus, pa r t i cu la r l y  I n  shallow 

waterbodies where wind-Induced currents can cause considerable 

mixing, resu l t ing  I n  resuspension o f  bottom sedlments t o  the 

upper layers o f  the water column (Grobler, 1985). Studies o f  

the bottom sedlments from Hartbeespoort Dam (Transvaal, South 

Af r ica)  have i d e n t l f l e d  and quant i f ied some of the factors 

con t ro l l i ng  the f l u x  o f  phosphorus t o  or from the sedlments 

(NIWR. 1985). These Include: the presence or absence of oxygen. 

phosphorus concentratlon. temperature and pH o f  the water, as 

we l l  as the h l s to ry  o f  the sedlments (episodes of dehydration 

and rewetttng). puant l f lcat ton and modelling o f  sediment 

resuspenslon i n  an tmpoundment i s  complex because of the number 

and in te rac t ion  of the processes. Nonetheless. the net f l u x  of 

phosphorus, e i ther  t o  or from suspended sedtments, can be 

estimated by phosphorus mass balances f o r  an Impoundment. 

I n i t i a l  ind icat ions are tha t  these f luxes are constderable, and 

may become s ign i f i can t  when external loads are reduced t o  a 

leve l  where the phosphorus concentratlon o f  the water I s  less 

than the equl l lbr ium concentratlon of the sedlments. 

4 MODELLING PHOSPHORUS BEHAVIOUR 

To describe the behavlour of phosphorus i n  a dralnage basin 

three,aspects need t o  be glven attent!on. (1)  temporal load 

( e .  f low and concentratlon) of phosphorus entering the r l v e r  

,above a glven po int  t n  the f low path. (2) transport of the 

phosphorus down the r j v e r  channel under a var iable f low reglme. 

and (3) behavlour of the phosphorus i n  waterbodles. 
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4.1 P ~ O S D ~ O ~ U S  ninpolnt source models 

Phosphorus is delivered to the river vla point and nonpolnt 

sources. Usually, point sources can be quantlfled quite readily 
over a daily cycle and seasonally. However, with contributions 
from nonpoint sources, quantlflcation is not a simple matter 
and a number of approaches, or models, have been proposed to 
deal with this problem. These models fall into three baslc 
categories. name1 y: - 

(1 ) Export coefficlent models. 

(2) Phosphorus-discharge ratlng curve models. 

(3) Mechanlstlc models. 

In the followlng section the models in each category will 

be introduced with regard to: structure and objectlves, 
assumptions, data requirements. and limitations. 

(1). Export coefflcient models: , 

Export coefficlent model have been developed to determlne 
the total annual mass of phosphorus exported from unsauqed 

and unmonitored catchments. These models assume that a 
given land-use will yleld a characteristic (annual) 
quantity of phosphorus per 'unit area. These export 
coefficients are determined for a selection of 'well 
monitored catchments. under varlous land-use practises. The 

coefficients are then applied in unmonitored catchments to 
predict the total annual phosphorus export loads. 
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Rast and Lee (1983), 'after examining the export 

coefficients developed by previous authors. produced 

Ugeneralizedu values applicable to the USA, given in 

Table 2.6. TO' test the reliability of these coefficients. 

they estimated the phosphorus load from 38 drainage basins 

in the USA and compared these with the measured export 

loads. They concluded that reasonable agreement exlsts 

between the observed and predicted results. Export 

coefficient models thus can provlde a first approximate 

estimate of phosphorus loads in drainage basins where no 

measured data are available. Export coefficients also can 

be used to provlde lnformatlon for designing monitoring 

programs by focusing on the major sources of phosphorus 

contributing to river systems (Rast and Lee, 1977 and 1983). 

Considerable crltictsm has been dlrected against the export 

coefficient models. KrBger (1981). Thornton and Walmsley 

(1982). Grobler and Silberbauer (1985a). and Prairie and 

Kalff (1986) state that a large degree of uncertalnty is 

associated with phosphorus loads estimated by means of 

export coefficlents. Grobler and Sllberbauer (1985a) concur 

In thls; from data collected from 7 South African 

catchments over a period of 3-5 years they concluded that 

two Important factors had been ignored In developing the 

export coefflclents: the geology of the catchment and the 

contribution from point sources. By grouplng catchments 

according to geolo& and whether the catchment contained 

mainly polnt or nonpoint sources. 74 to 99 percent of the 

deviations can be explained, see Flg 2.2. It Is reasonable 

to conclude that If each drainage basin is considered In 

the same detail. as done by these authors. the export 

coefflclent approach could be rellable. - 
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- 

CATCHMENTS DOMINATED BY POINT SOURCES (UPPER LIMPOPO RIVER) 
- 

- 

CATCHMENTS DOMINATED BY NONPOINT SOURCES (VAAL DRAINAGE BASIN) 

0 10 20 30 40 50 60 7 0 80 90 100 _ 
RUNOFF IN mm/y 

Fig 2.2. Lines of best fit for total phospho~s export 
versus runoff for eaLchmenLs in which 
phosphorus export is dominated by point 
sources (in the Upper Limpopo River drainage 
basin) end for csLchments dominated by 
nonpoint sources (Vaal drainage basin). Based 
on Grobler and Silberbauer (1985). . 
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Table 2.6 Catchment nu t r i en t  export coefficients ( a f t e r  
Rast and Lee. 1983) expressed as t o t a l  phosphorus 
g p/mZ/y. 

I 

Export coef f lc lent :  

urban 
r u r a l  
fo res t  
atmosphere 

(2 )  Phosphorus-discharge ra t i ng  curve models: 

The second category of nonpolnt source model I s  based on 

the concept that, f o r  a glven r i v e r  stat ion,  a cor re la t ion  

ex is ts  between the magnitude o f  the r i v e r  dlscharge and the 

load o f  phosphorus exported by the r i v e r  a t  the speci f ied 

stat ion.  Unlike the export coe f f l c len t  approach which 

attempts t o  quant i fy the t o t a l  annual load based only on 

catchment characteristics, the phosphorus-discharge ra t i ng  

curve model requires a time series o f  palred discharge and 
. 

phosphorus concentration data. From these, regression 

relat ionships are derlved f o r  the discharge - phosphorus 

concentration. Knowing the discharge hydrograph, the 

chemograph or loadograph can be derived and the t o t a l  load 

determlned over any selected In te rva l .  Rating curve models 

requlre a greater input  of data than the export coe f f l c l en t  

models, but have the potent ia l  t o  y i e l d  bet ter  predict ions 

I n  the quant l f l ca t lon  of phosphorus loads. 
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Several mathematical relationships have been proposed to 

describe the regresston relationship between nutrient 

concentratlon and river discharge. Prominent regression 

relationships are: the hyperbollc equatlon of Durum (1953); 

the exponential of Ledbetter and Gloyna (1964); and llnear 

of Wang and Evans (1970). Attempts to improve the 

predictive power of these methods include: the mass balance 

approach of Cahill. Imperato and Verhoff (1973); 

lncorporatlon of a flow rate-of-change term In the model 

proposed by Johnson. Bouldin. Goyette and Hedges (1976); 

and the use of a load-dlscharge relationship (instead of a 

concentration-discharge approach) proposed by Houston and 

Brooker (1981). Brooker and Johnson (1984) and Grobler, 

Rossouw. van Eeden and Olivlera (1987). 

Conceptually. the work of Johnson & Q. (1976) holds 

significant promlse. From an examlnation of the water 

quallty data associated ulth the rising and falling limb of 

the hydrograph for successlve flood events they found that. 

on the rising limb, the ortho-phosphate concentration 

generally was hlgher than for the same dlscharge on the 

falling limb. This phenomenon they assumed was due to the 

scouring of river sedlments during the beginning of the 

flood event. Johnson and East (1982) hypothesized that a 

cyclical (hysteresis) relatlonshlp always exlsts between 

dlscharge and concentration under flood condltions. that a 

particular Idealized cycle always resulted from the 

occurrence of deflned extremes of antecedent dlscharge, 

rainfall and recession conditions‘, reflecting the 

hydro-geological characterlstics of a catchment area. They 

hypothesized that the chemlcal concentratlon can be derlved 

from a mass balance approach In a three component 

algorlthm, governed by the surface, interflow and 

groundwater discharge: they verlfled the hypothesis of a 

looped response using data for a stream draining a small 

moorland catchment. 
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Phosphorus-discharge r a t i n g  curve models have been app l led  

t o  numerous r i v e r s  throughout the  world t o  quan t i f y  

phosphorus from nonpolnt sources, w i t h  vary lng  degrees o f  

success. L lm l ta t l ons  o f  the  model a re  the  uncertainty due 

t o  the  s c a t t e r '  o f  data when the  r i v e r  phosphorus 

concentrat ions a re  p l o t t e d  as a func t i on  o f  discharge. 

However. t he  general consensus i s  t h a t  chemical-discharge 

r a t l n g  curves have p o t e n t i a l  t o  p r e d l c t  t he  phosphorus load 

accura te ly  over a g lven per lod  o f  tlme, provided tha t :  

(1) Accurate t lme ser ies  o f  r i v e r  discharge (hydrograph) 

data a re  ava i lab le .  

(11) S u f f l c i e n t  water q u a l l t y  data are a v a i l a b l e  f o r  

model c a l l b r a t i o n .  

($11) The s c a t t e r  o f  data can be mlnlmized by us ing  t h e '  

looped r a t l n g  (hysteresis) curve. 

(3) Hechanlst ic nonpolnt source models: 

This category o f  model attempts t o  i d e n t i f y  the  processes 

t h a t  a c t  on the  phosphorus. Numerous mechanlstlc model's 

have been developed w i t h  the  o b j e c t l v e  o f  predicting 

so lub le  and p a r t i c u l a t e  phosphorus f rac t i ons  I n  runo f f  from 

nonpolnt  sources. These models Incorpora te  processes such 

as: phosphorus adsorpt ion Isotherm (Wendt and ~ l b e r t s .  

1984); adsorpt lon processes combined w i t h  b?o-assimilation 

and convect ion processes (Novotny. Tran. Simlsman and 

Chesters. 1978); and a .  unlt-mass response f u n c t i o n  

(Zlngales. Haranl. Rlnaldo and Bendorlcchlo. 1984). I n  each 

model. the  phosphorus behaviour i s  governed p r i n c i p a l l y  by 

the  adsorpt ion and convect ion processes. 
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These models are quite complex and necessftate a 

considerable Input of data for both calibration and 

verification. For example. the model proposed by Novotny 

et al. (1978) requlres a time series of: soil molsture - - 
content, soil moisture movement, soil erosion and excess 
rain. Such input requirements would put a substantial 
dernand on most data bases, thls tends to llmlt their 
appllcatlon to research catchments where the necessary data 

Input requirements can be satisfied. Where this has been 
done this category of models have shown good predfctfve 

qualities. 

By categorizing the nonpoint source models into the three 

classes it is possible to distinguish a spectrum of methods. 

ranging from the slmplest (export coefficients) to the most 
complex (mechanistfc). Between these extremes lie the rating 
curve models, a category of model that does not appear to have 
been investigated as fully as its potentlal suggests. 

4.2 Phos~horus transDort models 

The objective of a phosphorus transport model 1s the 
prediction of the movement of phosphorus down the rlver. The 
description is a complex one as it must take cognizance of the 

phosphorus and flow input to the river. the hydrodynamic 

behavlour of the water mass In the rlver as well as the 
physical, chemical and biological processes that act on the 

phosphorus transported along the rlver channel (Bedford a.. 
1983). 
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The Input t o  the r i v e r  has been reviewed i n  the prevlous 

sect ion (Section 4.1). The hydrodynamlc behaviour depends upon 

the r l v e r  dlscharge, cross sectlonal area of flow, the 

morphology and slope of the r iverbed and l a t e r a l  'tnputs. The 

physlcal processes include sedlmentatlon, remobil lzatlon, 

adsorptton, desorption, d l f f us lon  and mixing; the b'tologlcal 

processes are p r imar i l y  b l o t l c  ass lml la t lon o f  phosphorus as 

wel l  as the phosphorus release associated w i th  c e l l  l y s l s  and 

excretion; the chemlcal processes are inorganic p rec lp l ta t lon .  

d lsso lu t lon and absorption. 

Models o f  d i f f e r e n t  levels o f  complexity have been 

developed t o  describe the movement o f  phosphorus along the 

r i v e r  channel. The more elementary models essentially disregard 

the hydrodynamlc aspects, lump two or  more processes together 

and formulate these lump parameters I n  terms o f  dlstance of 

t ravel ,  tha t  I s ,  a lumped steady-state approach I s  taken. The 

more advanced models attempt t o  describe the temporal and 

spa t ia l  va r ia t ion  along the length of the r l v e r  channel, t ha t  

is ,  a dynamic approach I s  taken. 

(1) Steady-state approach t o  modelltng phosphorus 

transport: 

Keup (1968) Investigated the change of phosphorus 

concentratlon as a funct lon o f  dlstance I n  a number o f  

North Amerlcan r ivers .  The dlscharge o f  t reated sewage 

e f f l uen t  causes an abrupt increase i n  the phosphorus 

concentration o f  the r l v e r  a t  the po ln t  o f  dlscharge. 

Downstream o f  t h i s  polnt. the phosphorus concentration 

rap ld ly  diminishes, apparently as a funct ion of r i v e r  

dlstance. Keup hypothesized tha t  the phosphorus depletion 

from the water column l s  caused by b l o t i c  asslmllat lon, the 

s o l l d  b l o t i c  mater'tal se t t les  t o  the r lverbed t o  Increase 
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the  phosphorus content  o f  t h e  sediments. During f l o o d  

events, the  phosphorus s to red i n  t h e  sedlment i s  

remobi l ized and t ransported f u r t h e r  downstream. Keup 

concluded t h a t  the  t ranspor t  o f  phosphorus down t h e  r l v e r  

can be v i sua l j zed  as a ser ies  o f  jumps. i n  which phosphorus 

i s  e f f e c t i v e l y  t ransported as bed load only  du r ing  f l o o d  

events when t h e  r i v e r  sediments a r e  scoured. U l t ima te l y ,  

t h e  phosphorus w i l l  a r r i v e  a t  t h e  estuary. o r '  f l ood  p l a i n .  

where i t  becomes permanently stored. 

Slmons and Cheng (1985) i nves t i ga ted  t h e  removal o f  

phosphorus i n  t h e  Nepean River. New South Wales, Aus t ra l i a ,  

through an extensive ser ies  o f  smal l  impoundments i n  the  

r i v e r  channel. They r e p o r t  t h a t  phosphorus added t o  the  

r i v e r  v l a  t rea ted  sewage e f f l u e n t s  i s  removed by b i o t i c  

processes, described as t h e  sum o f  two exponentlals:  

C t  Qt = a CO Qo EXP (-K1 t) t ( l - a )  CO Qo EXP (-K2 t) 

..... (2.1) 

where 

C t  . phosphorus concentrat ion a t  t tme t. 

p t  = discharge a t  t ime t. 

CO l n i t t a l  phosphorus concentrat ion. 

Qo = i n i t i a l  'discharge. 

K 1  = f i r s t  order  r a t e  constant. 

K2 = f i r s t  order  r a t e  constant. and 

a = constant. 
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This formulation implles two processes are active: a rapld 

and a slow one (represented by the coefficients K1 and K2 

in Eq (2.1) and illustrated In Fig 2.3). The rapid process 

Is attributed to the asslmtlation of soluble phosphorus by 

particles (assumed to be phytoplankton) and takes place 

over about 11 days. The slower process is one of 

sedimentation of nutrient laden particles taking place over 

70 days. They also observe a shift tn the phosphorus 

speciation from soluble to parttculate. brought about by 

biottc uptake of soluble phosphorus. 

Logan (1982) and Taylor and Kunlshi (1971) ascribe 

phosphorus depletlon to sedirnent/water Interactton; the 

sediments act as scavengers for phosphorus, causing a rapld 

depletlon of the water column until some mlnlmum 

steady-state is attained. Consequently, the transport of 

phosphorus along river channels is governed by both blotic 

and abiotic processes lnfluenclng the sedlmentatlon and 

remobillzation of phosphorus. 

Flg 2.3 Relatlonshlp between total phosphorus load and time of 
travel to stations in the Nepean River between 1.2 and 
3.2 km downstream of the Camden sewage treatment works 
outfall. (From Slmons and Cheng, 1985). 
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(2) Dynamlc approach to phosphorus transport: 

The objective of a dynamlc rlver channel model Is to 

describe the temporal and spatlal varlatlon of phosphorus 

along the length of the rlver channel. This type of 

predlctlve capablllty would be of particular Importance in 

river quallty modelllng In dry and arld climates, like 

South Afrlca. where storm events exhiblt a comblnatlon of 

low frequency, short duratlon, and high lntenslty, Inducing 

abrupt changes In rlver quality over short Intervals of 

tlme and djstance along the rjver channel. A large fraction 

of the total mass of phosphorus transported down the rlver 

takes place during the storm Induced flood waves. 

The movement of phosphorus along a rlver during a storm ts 

complex, It requires resolution of Inputs to the rlver, 

transport along the rlver, whlle physical, chemlcal and 

blologlcal processes act on the phosphorus during 

transport. A number of attempts to model the transport of 

phosphorus along rlver channels use coupled nonllnear 

.equations (Chen. 1970; Chen and Wells. 1976; Verhoff and 

Uelfl. 1978; Bedford. Sykes and Llblckl. 1983). These 

models. however are complex and have achleved varying 

degrees of success In modelllng the transport phenomena. 

A review of exlstlng coupled dynamlc water quallty models 

ylelds a sparse literature. Bedford. Sykes and Llblckl 

(1983) present a dynamic water qualtty model for storm 

induced flows. The model Incorporates a varlety of 

subcomponents t o  accomnodate for the Influence of plankton 

blo-degredatlon. sedlmentatlon and dlffuslon. The water 

quallty component Is formulated to predict the soluble 

ortho-phosphate concentratlon. In addltlon to seven, other 

chemlcal specles. Calibration Is likely to be complex. 
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Also, the model does not take lnto account either 

phosphorus remoblllzatlon, bed load transport, or the 

phosphorus speclatlon shlft caused by the adsorption 

processes. Nonpolnt source inputs to the maln rlver channel 

are only glven a sketchy treatment. 

Another multt-parameter dynamic water quality model Is that 

proposed by Chen and Wells (1976) based on an ecological 

structure to provide chemical and biological Information on 

the Boise River. Idaho (USA). The rtver ts divided lnto a 

number of reaches and mass balance equations developed for 

each one uslng: the law of conservation of mass and the 

klnetlc principle (statlng the rate of change Is equal to 

the product of a coefficient and one or more constituent 

concentrations that Interact to cause the change). The mass 

balances are then calculated for the biotlc and abiotlc 

components. The f.lnal result Is a model speclftc to the 

river In question, requlrlng a large data set In uhlch to 

calibrate the model. The maln polnt of interest to be 

derlved from thls model, Is the manner In uhlch (1) the 

rtver i s  subdlvlded tnto sub-reaches and (11) the varlous 

chemlcal components are calculated ustng mass balances and 

(111) the klnetlc principle. However, the lateral Input to 

the river channel and remoblllzation of phosphorus are not 

Incorporated. 

Verhoff and Helfl (1978) attempt to account fo; the 

remoblllzatlon and sedimentation of phosphorus uslng a 
derlvatlon of the mass continulty equation given below- 
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where 

flow cross sectional area, 
river discharge of main river channel. 
discharge of lateral inflow per unit length of 
channel. 
phosphorus concentration in main river channel, 

phosphorus concentration in lateral inflow, 
flow velocity of main river channel, 
increments of time and river distance, 

constant. 

In Eq (2.2). the remobilization of phosphorus is assumed-to 
be proportional to the rate-of-change of discharge, whereby 

the.. rising flow causes remobilization of phosphorus, while 
the decreasing flow causes sedimentation. Although 
empirical, application of the model for rivers. in Western 
Ohio. USA, would indicate that the model is capable of 
predjcting the transport of phosphorus under flood 
conditions. Unfortunately. little information is provided 
by Verhoff and Uelfl. 

4.3 Nutrient load/eutro~hication resoonse relationships 

A. method that has a demonstrated capability to predict the 
changes in eutrophicatlon related water quality characterjstjcs 
from changes in pbosphorus load, is the Overseas Economic 
Comnunity Development (OECD) eutrophlcatlon modelling approach. 

Jhjs approach was developed from an intensive study of 

200 waterbodles to quantify nutrient load/eutrophication 
response relationships for surface waters (OECD. 1982): Through 
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t h l s  study emp l r l ca l  relationships were developed between the  

phosphorus load lng  o f  a waterbody (normal ised by mean depth, 

hydraulic residence t ime and sur face area) and t h e  

eu t roph lca t l on  r e l a t e d  water q u a l l t y  c h a r a c t e r l s t l c s  o f  the  

waterbody such as mean sumner ch lo rophy l l .  mean sumner secchl 

depth and t h e  r a t e  o f  o x y g e n d e p l e t l o n  I n  the  hypol lmnlon o f  

t h e  waterbody (Rast and Lee. 1977; Lee d.. 1978). 

Rast d. (1983) and Jones and Lee (1982) developed the  

DECD approach f u r t h e r  - they determlned the  change I n  p o s i t i o n  

of a waterbody's load/response (I.e. mean sumner ch lo rophy l l ,  

secchi depth and oxygen dep le t l on  r a t e )  t h a t  occurred a f t e r  I t s  

phosphorus load had been a l t e red .  They found t h a t  a waterbody 

would t r a c k  p a r a l l e l  t o  t h e  l l n e  o f  bes t  f l t  f o r  each o f  the  

q u a l l t y  parameters when the  phosphorus load ing  was changed. For 

example, by knowing an i n i t i a l  phosphorus load/response, the  

change I n  c h l o r o p h y l l  could be est lmated f o r  a g lven change i n  

phosphorus load. Consequently, I t  was poss lb le  t o  p r e d i c t  t h e  

Improvement I n  t h e  t r o p h l c  s ta tus  o f  an Impoundment based on a 

reduct ion  I n  t h e  phosphorus load. 

The OECD mode l l lng  approach has found use fu l  a p p l l c a t l o n  I n  

t h e  management o f  eu t roph lca t l on  r e l a t e d  problems i n  many South 

Af r lcan Impoundments (Jones and Lee. 1984). However. the  

f o l l o w i n g  p o i n t s  have been made i n  regard t o  t h l s  approach: 

(1)  The DECD approach I s  formulated on an average I n p u t  

est lmated over say a year. Grobler and Sl lberbauer 

(1984) s t a t e  t h e  h l g h l y  v a r l a b l e  nature o f  South 

A f r l c a n  hydrology and associated n u t r l e n t  Inputs  may 

In f l uence  t h e  p r e d l c t l v e  c a p a b l l l t l e s  o f  t h e  approach. 

(2) E r ro rs  I n  t h e  phosphorus load c a l c u l a t l o n s  a r e  

regarded. as t h 8  m a j o r  source o f  data s c a t t e r  i n  t h e  

load/response r e l a t l o n s h l p s  (OECD, 1982). 
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Basically, for any waterbody, the predictive capability of 

any load/response model. for water quality management, will be 
limited by (1) Inadequacies In quantification of the phosphorus 
loads entering the waterbody and (2) the time serlal manner of 

entry of such loads. 

Up to now only "steady-state" impoundment model l ing has 
been attempted. A predictlve hydro-nutrient model for 

impoundments would be a valuable aid in (1) descrlblng spatial 

and temporal distribution of algal blomass. and nutrlent 
concentration in waterbodies. (2) the location of dam 
abstraction points and (3) the operational use of the 
impoundment. Such a model however can be expected to be of 

great complexity. It will need to take account of the influent 
river chemograph, hydrograph, temperature of the river water 

and its density; radiation input, air temperature. turbidity of 
the water; wind effects on the mixlng and stratiftcatlon. 
Compounded with this will be movement of phosphorus in the 
impoundment, algal growth, settlement of phosphorus, 

remobilization and so on. 

5 CONTROL OF PHOSPHORUS IN THE ENVIRONMENT 

To develop a rlver management strategy for the maintenance 
of satisfactory water quality, we require a quantitative 
descrlption of the yearly hydro-chemical cycle. As yet this 

ideal situation has not been realised. The more usual situation 
is that management has operated on individual aspects - no 

practical integrated model of behaviour has been available. 

Although numerous models describing nonpoint sources and river 
transportation have been proposed they have not been-integrated 
to provide a practical solution to the problem of quantifying 
the phosphorus transport along river channels. 
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In thls section we shall review control procedures based on 

ad hoc assessment of nutrlent Input, then review briefly 

operatlonal procedures to mlnimlse the adverse effects of 

eutrophlcatlon on tmpoundments. 

5.1 Polnt source control 

There are two methods avallable for the control (removal) 

of phosphorus from polnt sources, viz. chemlcal preclpltatlon 

of phosphorus (WRC. 1985) and blologlcal excess phosphorus 

removal (WRC. 1984). 

Chemical preclpltatlon Is based on the preclpltatlon of the 

ortho-phosphate by the addltlon of Iron or aluminum salts. 

Preclpltatlon removal Is highly effective and can be readily 

Implemented on exlstlng plants (actlvated sludge or trlckllng 

filter). However, thls method has two maln disadvantages: 

(1) Costs associated with phosphorus removal are hlgh so 

that small municlpalltles require allocation of 

relatlvely large treatment costs from small budgets. 

For example, Bath (1985) determined the costs for the 

~unlclpaltty of Paarl to remove phosphorus from 

thelr flnal effluent as: capltal outlay of about 

R100 000, annual runnlng cost for chemicals about 

R270.000 (volumetric flow of: 16 500 m3/d and 

average effluent total phosphorus concentration of 

3.4 RI()/%). gtvlng an Increased treatment cost of 

approximately 4 cents per cublc metre of effluent. 

(2) Addltlon of the salts ralses the sallnlty of the 

effluent whlch In some Instance may reduce the re-use 

value of the water downstream. 

Phosphorus transport Berg River TR 143 March 1989



Blologlcal removal of phosphorus Is obtalned in specially 

designed wastewater treatment systems e.g. Modified Bardenpho, 

UCT. and other systems. WRC (1984). As the removal Is 

blologlcally mediated, no salt additlon Is necessary so that 

the sallnlty of the effluent is not Increased. Generally, the 

total cost of removal per unit volume of effluent is 

signlflcantly lower than with chemical preclpltatlon. The 

disadvantages of the system are: 

(1) The system is relatively complex and requires a 

relatively hlgh technical component for operatlon. 

The system Is subject to process upsets so that the 

; removal achievable can not be guaranteed on a 

cont~nuous basis. 

(2) The concentration of phosphorus that can be removed is 

dependent on certain wastewater characterlstics. 

Consequently. it may not be posslble to remove all the 

phosphorus. To ensure that the specifled maxlmum 

effluent phosphorus concentration Is not exceeded. 

supplementary, or back-up chemlcal preclpltatlon Is 

necessary. to be used as the occasion demands or to 

supplement the removal continuously. 

In an endeavour to control the phosphorus loads entering 

Impoundments. regulations have been gazetted by the South, 

African government to limit the concentration of soluble 

ortho-phosphate to 1 mg/P (expressed as P) in domestic and 

Industrial effluents discharging to "sensltlve catchments" 

(Government Gazette. 1984). A 'sensitive catchment' Is defined 

as one containing an impoundment' whose utllity Is impalred by 

eutrophicatlon (Walmsley and Butty. 1980). The 1 mg/P 

standard for sensitive areas was selected after an assessment 

of the technical and economic feaslbility of phosphorus removal 

technology at the time the standard was promulgated. ' 
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Although the 1 mg/P effluent standard Is uniform for 

sensltlve catchment areas, there is flexlbllity In implementing 

It - the standard can be set at hlgher concentrations for 

certaln effluents by granting of permits (exemptions) where It 

can be shown that the Impact of these effluents on the trophlc 

status of the recelvlng water wlll be negllglble (Grobler and 

Sllberbauer. 1984). However. for certain areas. consideration 

also Is belng given to the lntroductlon of an even stricter 

phosphorus effluent standard (Best, 1986). 

The phosphorus standard has received crlticlsm on the 

grounds that differences In the phosphorus recelvlng capaclty 

of- Impoundments has been Ignored (Pretorlus, 1983). plso. In 

some catchments It Is suspected that the contrlbutlon of 

phosphorus from nonpolnt sources (agricultural and urban 

runoff) may exceed the contribution from point sources 

(effluents). In such an event the enforcement of the effluent 

phosphorus standard would not result in the expected reduction 

In phosphorus loadlng of the particular Impoundment. 

Other methods of reduclng the phosphorus load from treated 

sewage effluent include mass reductton of the phosphorus 

component In comnerclal detergents. In South Africa, detergents 

contain on average 70 g P/kg detergent and with the higher 

capita use of detergents could comprise a major fractlon of 

phosphorus dlscharge to the aquatic envlronment. As detergents 

are man-made products thetr manufacture and composltlon can be 

controlled. A number of countries, for example the Unlted 

States. Canada. the Netherlands. Switzerland and Japan have 

Implemented bans. or reductions. of phosphorus In detergents. 

as part of their strategy to control phosphorus to the 

envlronment. In South Africa, the authorltles have opted for a 

policy of controlling phosphorus by means of an effluent 

standard. but addltlonal strategles. such as a ban on 

phosphorus detergents, are also belng evaluated. 
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The c o n t r l b u t l o n  o f  detergent phosphorus t o  the  t o t a l  

phosphorus load on sewage works I n  South A f r l c a  var ies  between 

35 t o  50 percent (Wlechers & d.. 1984; Wiechers, 1985; 

Wlechers and Heynike, 1986). From these f l g u r e s  i t  I s  c l e a r  

t h a t  a detergent  phosphorus ban could s i g n i f i c a n t l y  reduce the 

phosphorus load on a sewage works, b u t  t h f s  I n  I t s e l f  may no t  

be sufficient t o  reduce t h e  ' leve l  requ l red  t o  p r o t e c t  the  

aquat ic  environment from eut roph lca t lon- re la ted  problems. From 

l lmno log tca l  inves t lga t lons .  Hakl, Po rce l l a  and Wendt (1984) 

repor ted t h a t  reduc t l on  o f  phosphorus I n  uastewaters had no t  

reduced t h e  t r o p h l c  s ta tus  o f  c e r t a l n  American Impoundments. 

They concluded t h a t  t h e  reduct ion  o f  phosphorus I n  deterqents 

w l l l  n o t  r e s u l t  I n  a s l g n l f i c a n t  reduc t lon  I n  t h e  phosphorus- 

load lng  t o  dams. However. Pallesen. Berthouex and Booman (1985) 

s t a t e  t h a t  f rom I n t e r v e n t i o n  analys ls ,  t h e  lmplementatlon of 

t h e  detergent  phosphorus-ban has caused a 25.5 percent 

reduc t lon  I n  t h e  phosphorus load from a Wlsconsln water 

treatment p lan t .  They do n o t  assess t h e  e f f e c t  t h f s  reduc t ion  

would have on t h e  aquat lc  environment. H a r t i g  and Horvath 

(1982) r e p o r t  t h a t  t h e  a p p l t c a t l o n  o f  t h e  phosphorus-detergent 

ban has caused a 23 percent decrease I n  phosphorus loadlngs 

f rom Hlchlgan's  Munic ipal  sewage o u t f a l l s  I n t o  t h e  Great Lakes. 

E t z e l  d. (1975) however concluded from a l g a l  assay and 

r i v e r  sampling twhn lques.  t h a t  t h e  P-detergent ban would n o t  

have a s l g n i f i c a n t  e f f e c t  on r i v e r  and dam systems. 

I n t r o d u c t l o n  o f  a phosphorus detergent  ban I n  South A f r i c a  

does n o t  appear t o  be v l t a l  a t  present. Wiechers and Heynlke 

(1986) have undertaken a cos t  b e n e f i t  analys ls .  analyz ing t h e  

e f f e c t  o f  a detergent  phosphorus ban o r  convent lonal phosphorus 

removal from t r e a t e d  e f f l u e n t s .  
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Table 2.7 Cost beneflt estimates (1983) for bannlng of 
detergent phosphorus versus removal of phosphorus 
at wastewater treatment works (from: Wiechers and 
Heynlke. 1986). 

Item: Annual cost ( R  mllllon/y) 
cost: benefit : 

Addltlonal cost Items: 

10% Increase In detergent cost 22.7 
5% decrease In llfe-cycle of: 

. - washlng machlnes 3.8 
- washable fabrics 62.5 

Percelved benefits: 

reduced cost fo; chemlcal 
P removal: 
reduced cost for btologlcal 
P removal: 
reduced salt load (saving to 
produce effluent vtth equtvalent 
TOS) : 

cost beneflt without desallnatlon 
(15:l): 89.0 5.9 
cost beneflt wlth- desallnatlon 
(3:l): 89.0 28.4 

.Table 2.7 ltsts the results of the cost beneflt analysls 

for bannlng phosphorus from detergents. If the removal of salts 

added to precipitate the phosphorus at the sewage vorks Is - 
Ignored. the cost-benefit ratlo for banning phosphorus In 

detergents Is about 15:l. If salt removal Is Included. then the 

ratlo Is 3:l. still lndlcatlng that a detergent-ban will not be 

economically feaslble (Wlechers and Heynlke. 1986). 
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Since the tlme the phosphorus standard has been 

promulgated. Industrles and munlcipa11ties have Invested 

considerable funds on capttal equfpment to remove phosphorus 

from thelr effluents. The questlon remalns whether .It Is 

necessary to impose a ban on phosphorus based detergents: 

Wlechers and Heynlke (1986) state that any reduction in the 

phosphorus load to blologlcal excess phosphorus removal works 

wlll asslst in achieving the phosphorus standard wlthout 

chemical addltlon. On works using chemical phosphorus removal, 

reduced phosphorus loads wlll reduce the chemlcal requirements 

and mass of sludge produced, thereby reducing overall costs. 

However, detergent manufacturers state that a phosphorus-free 

detergent will ultimately cost the consumer more because of 

Increased wear on clothes and increased corroslon of uashlng 

machines (De Jong. 1985). 

5.2 Nonpotnt source control 

The Overseas Economic Comnunity Development (OECO) study 

(OECD-Paris 1982) states that control of nonpolnt phosphorus 

sources is difficult. However, from these studles the oplnton 

is expressed that the upgrading and improvement of all aspects 

- of agrlcultural practises which may contribute nutrients and 

sedlments to waterbodles, should be encouraged. partlcularly: 

(1) Control of waste from lntenstve anlmal husbandry. 

(2) Control of the dose, period and method of fertilizer 

applicatlon to dchleve mlnimum nutrlent loss and 

optimum uptake by the crop. 

(3) Control of eroslon and runoff from tillage land and 

from forestry operations (Logan. 1982) as well as 

control of over-lrr3gatlon. 
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In South Africa the control of nonpoint sources is vested 

In the ~onservation of Agricultural Resources Act (Act 43 of 

1983) and the Water Act (Act 54 of 1956). However. effective 

control of nonpoint sources ls hampered by our limited 

understanding, and ability to quantify the mass of nutrients 

exported vla nonpoint sources. 

5.3 Hanaqement of impoundments 

In many impoundments throughout the world it has not been 

possible to control the input of nutrients, either because the 

nonpoint source is large and difficult to control, or the point 

source is uncontrolled. In some impoundments, recycling of the 

internal nutrient load is sufficient to maintain the nutrient 

concentration in the water column, at eutrophic levels even ln 

the external nutrient load is significantly reduced (Lennox, 

1984). Various attempts have been made to minlmlse the adverse 

effects of eutrophication by management of the Impoundment: 

- Physical manipulation e.g. by destratiflcation, 

hypollmnettc aeration, withdrawal of hypolimnetic 

water. draw-down and alteration of flushing regime 

(Oglesby. 1969; Jacoby. Lynch. Welch and' Perklns, 

1982). 

- Chemical and sediment manipulation e.g. by nutrient 

precipitation inside the waterbody as well as the 

inactivation and removal of sediments (Hayes. Clarke, 

Stent and Redshaw, 1984); also the discharge of 

nutrient laden hypolimnetic water during periods of 

impoundment stratification (Walmsley and Butty. 1980). 
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- Biological manipulation e.g. by mechanical harvesting 

of the biomass (macrophytes. algae, and fish). 

application of toxlc substances (herbicldes. 

alglcides, and pesticldes) and the direct manipulation 

of the food chain (Henrikson, Nyman, Oscarson and 

Stenson, 1980; Clarke. Jarvis. Ashton and Zohary, 

1987). 

These impoundment management techniques have achieved 

varylng degrees of success. Positive results have been reported 

using one or more of these management techniques (Oglesby. 

1969; Henrlkson g& d., 1980; Hayes &d.. 1984). 

Application of impoundment management techniques 

necessitates a detailed understanding of the biological. 

chemical and hydrodynamics of these systems. Without such 

informatlon, the control of eutrophlcatlon using Impoundment 

management could be ineffectlve (Taylor d.. 1984). In South 

Africa. the National Institute of Water Research followed this 

approach; they conducted an intensive study on phosphorus 

cycling in Hartbeespoort Dam, a hypertrophic impoundment and 

developed a model (TROFIC) to simulate the impoundment 

response. Different management strategies tested on the model. 

to reduce the size of the phytoplankton standing crop and 

modify the species composition from predominantly blue-green to 

green algae. The model predicts that the only biological method 

llkely to control eutrophicatton in the impoundment is through 

an algal-species shlft, to make the algae more palatable to 

zooplankton. This. the model predicts, can be brought about by: 

aeration-destratlf ication; increase In the N:P ratio; or 

decrease In the pH of the impoundment. The model further 

predicts that a reduction of the external phosphorus loadlng to 

the Impoundment may have a minfmal effect because the internal 

nutrient loading will remaln the principle source of nutrient; 
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i t  w i l l  necess t ta te  t h e  a p p l l c a t l o n  o f  chemical p r e c l p i t a t l o n  

i n  t h e  l ake  t o  reduce t h e  n u t r l e n t  source (Clarke a.. 
1987). These techniques have no t  ye t  been tes ted  i n  t h e  

Impoundment. so t h e  p r e d l c t l v e  capabilities o f  the  model a re  

s t i l l  unknown. 

6 CONCLUSION 

I n  so f a r  as i t  concerns m o d e l l i n g  o f  phosphorus 

t r a n s p o r t a t l o n  through a  basin t h e  l i t e r a t u r e  po!nts t o  t h e  

f o l l o w i n g  conclustons: 

(1) Eut roph lca t ion  o f  impoundments a f f e c t s  many p o t e n t l a l  

uses o f  t h e  impounded waters, f o r  p u b l i c  supply, water 

t r a n s p o r t a t i o n  I n  p ipe l i nes ,  fishing,, suimnlng, etc .  

The f l n a n c l a l  i m p l i c a t i o n  o f  eu t roph lca t l on  has n o t  

been resolved I n  South A f r i c a  b u t  t h e  cos t  1s expected 

t o  be htgh. 

(2)  The n u t r i e n t  i d e n t i f i e d  as a  key t o  t h e  c o n t r o l  o f  

eu t roph ica t l on  i s  phosphorus; by c o n t r o l l i n g  

phosphorus discharges i t  i s  possib le.  I n  many 

Instances. t o  l l m l t  t h e  t r o p h i c  s ta tus  o f  receiving 

waterbodles. Oescr ip t lon  o f  t h e  eutroph!cat lon s t a t e  

I s  s t i l l  o f  a  macroscopic g s t a t i c "  nature.  No 

p r a c t l c a l  dynamtc model i s  ava i lab le .  When such a  

model i s  developed. two o f  t h e  inputs  would be t h e  

f l o w  hydrograph and associated phosphorus chemograph. 

(3)  The p r i n c i p a l  sources o f  phosphorus generat lon i n  a  

bastn a r e  p o i n t  and nonpolnt ( o r  d l f f u s e )  sources. 

Much controversy s t i l l  e x l s t s  concernlng t h e  r e l a t i v e  

Importance o f  these two sources. Up t o  t h e  present, i n  

South A f r i c a  p o i n t  sources appear t o  have a t ta tned  

greater  recogn i t t on  than nonpoint sources, bu t  no 

comparative studies a r e  ava l l ab le .  
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( 4 )  Quantification of nonpoint source generation is still 

in the embryonic stage. Mechanistic models of some 

speciflc processes have been developed but are, for a 

number of reasons. not practical. Empirical 
approaches, in particular the looped phosphorus 
discharge rating method, appear to have potential. 
This approach empirically links the nonpoint 
phosphorus concentration (or load) to the discharge 

hydrograph; this implies that quantificafion of the 
discharge hydrograph is essential in applying this 

method. 

( S )  When phosphorus in the water column is transported 

along the river channel, under low flow. it is subject 

to removal by settlement. bjotjc extraction both in 

the channel and in wet lands; under high flows and 
flood events phosphorus is remobilized into the water 
column. The net removal of phosphorus achieved over a 
number of seasons, however. ts not known with any 

certainty. Modelling,of the removal and .remobilizatlon 
of phosphorus in the channel is poorly developed. 

(6) The empiric link between flow and phosphorus removal 
and remobilization implies that description of 
phosphorus transportation along a river channel 
requires an adequate description of the flow 
hydrograph at every point in the channel. under low 
and high flow, and floods. 

There are numerous models describing flow routing in a 
channel. All. models essentially are based on the 

continuity and momentum equations of Saint-Venant, but 
with the momentum equation simplif ied in various 

degrees In the respective models. The problem 1s to 
find a model that gives an adequate description of the 
flow hydrograph without making excessive demands on 
data for calibration. 
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3.1 

CHAPTER 3 

DESCRIPTION OF BERG RIVER BASIN 

Based on t h e  i n fo rma t ion  g lven I n  Chapter 1, the  Berg R ive r  

was selected as a s u i t a b l e  catchment i n  which t o  study 

phosphorus t ranspor t .  A general description o f  t h e  Berg R iver  

catchment w i l l  be g iven i n  terms o f :  geographlcal l oca t i on .  

topography. c l imate.  geology. hydrology. water q u a l i t y ,  s o i l s ,  

demography and water resource development. 

1 CATCHMENT DESCRIPTION 

1 . l  Locat ion 

The Berg River  i s  s i t u a t e d  i n  t h e  Western Cape Province o f  

t h e  Republic o f  South A f r i c a  and r i s e s  t n  t h e  Jonkershoek and 

~ranschhoek mountains from where i t  f lows i n  a nor th-wester ly  

d i r e c t i o n  t o  discharge I n t o  the  sea a t  St. Helena Bay. I t s  

major t r i b u t a r i e s  a r e  t h e  Franschhoek. Wemner. Dwars. Krom. 

Kompagnles. K l e i n  Berg. Twenty-Four, Mat j ies.  P la t k loo f .  

B O ~ S M ~ S  and Sout Rivers (see F l g  3.1). 

The r l v e r  v a l l e y  i s  approximately 160 km long ( f rom 

headwaters t o  t h e  sea) w h i l e  I t s  w id th  var ies  from 1 t o  5 km 

near i t s  headwaters t o  between 30 t o  45 km a t  t h e  coast. The 

l e n g t h  o f  the  r i v e r  i s  approximately 270 km. and t h e  catchment 
2 covers an  area o f  about 6 415 km . 
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The river profile falls about 900 metres after only one 

eighth of its course. From Paarl, the river profile flattens, 
falling from only l00 m above sea level to sea level at its 
mouth, over a'distance of 220 km. The lower reach is extremely 
flat so that sea water intrusion pushes up nearly l00 km from 

the river mouth under high tide conditions (Kersandt and 

Harais. 1973). 

The Berg River catchment is surrounded in the south by the 

Franschhoek and ~onkershoek' mountains (see Fig 3.2). In the 
east, going in a south to north direction the basin is bounded 

by the Wemnershoek. Limiet, Elandskloof mountains. as well as 
the Witzenberg, Twenty-Four and Olifants River mountains. In 
the north the divide swings vest to the Ketberg. Gryskop and 
along the Piquetberg to the Platteberg. From the Platteberg t h e  
divide swings to a south-westerly direction to meet the sea 
approximately at Rooibaai. just north of Veldrif. The western 
divide runs north from the Jonkershoek mountain along the 
Simonsberg and Paarl mountain. From the Paarl mountain, the 
dlvide proceeds slightly westerly along the Perdeberg and then 
northwards agaln to the Kasteel mountain, just west of 
Riebeck-Kasteel. From the Kasteel. mountain the divide runs west 

to Kanonkop and south to the Oassenberg. After the Oassenberg. 
the divide swings west to the Kattenberg and then north-west to 

the Contreberg, passing just north of Darling. from where it 
swlngs north again to meet the coast just south of Veldrlf. 
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Fig 3 .2 .  Toposraphy of  the  Berg River catchment. 
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1.3 Climate 

The Berg River has a Mediterranean climate and falls within 

the winter rainfall region of the Western Cape. The rainfall is 

mainly of a cyclonic nature caused by atmospheric turbulences 

drawing in air masses from various regions: warm air is 

drawn-in from regions over the Atlantic Ocean from the west 

between the lzth and parallel. colder air from the sea 

south of the mainland and relatively dry air from the southern 

parts of the country (Kersandt and ~arais. 1973). 

Frontal rains are caused by air masses with differing 

moisture contents, temperatures and densities. The mountain 

ranges cause the air to be forced upward resulting in a 

reliable mountain rainfall compared with the frontal plains. 

The rainfall in the mountains is high, up to 3 000 mn per 

year. The melting snow that falls on the peaks and upper slopes 

of the mountains during intermittent cold spells in winter also 

contributes to the river flow. In the adjoining valleys. 

rainfall varies from 900 mn to 1 200 mn annually. but drops to 

between 400 and 500 mn in the hilly. plain which the river 

travels for most of its length (Fourie and Gbrgens. 1977). The 

distribution in mean anrmal precipitation for the Berg River 

catchment is shorn in Fig -3.3 (from Forster and van der Berg. 

1985). 

In the annual distribution of rainfall. some B0 percent 

falls during the sir winter months. Aprll to September. Due to 

the influence of the mountain ranges. there is a distinct 

spatial and temporal component in rainfall pattern. June is the . . 
wettest month for all but the Vredenburg region, near the 

mouth. where July is the wettest. January generally is the 

driest month but February is the driest in the Piketberg region. 
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Fig 3.3. Distribution in mean annual precipitatlon in 
the Berg River basin (from Forster and 
van der Berg. 1985). 
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January and February a r e  the  h o t t e s t  months o f  the  year i n  

t h e  Berg Rlver  catchment. I n  February mean d a l l y  maxfmum 

temperatures vary from 24°C along t h e  coast, t o  32°C i n  t h e  

north-east,  and i n l a n d  temperatures o f  over 40°C a r e  recorded. 

The predominant wlnd d l r e c t l o n  i n  t h e  sumner months I s  the  

"South-Easter' which I n  exposed areas such as Voe lv le i  Dam 

causes a 25 percent  increase I n  evaporat ion r a t e  compared 

w i t h  Well ington. Kersandt and h r a i s  (1973) r e p o r t  annual 

evaporat lon f l g u r e s  f o r  Vo@lv le i  Dam o f  2 711 mn and Wellington 

2 220 mn. During t h e  w ln te r  months t h e  dominant. wind i s  t h e  

'North-Wester' b r i n g i n g  r a i n  t o  the  region. 

1.4 Geology 

The geology o f  t h e  Berg R iver  bas ln  i s  shown i n  F i g  3.4. 

The catchment cons ls ts  of seml-perennial streams a r l s t n g  i n  the 

mountains composed o f  Table Mountain Sandstone (TMS). Fur ther  

nor th.  I n  t h e  Paar l  area, several tributaries ar ls 'e  I n  g r a n i t e  

h i l l s  and f l o w  through c lay  s o l l s  der lved from weathered 

g ran i  te.  

Below Paar l  t h e  ove r l y l ng  TUS has been progress ive ly  eroded 

exposlng bedrock o f  k l m e s b u r y  shale. Halmesbury sha le  remains 

t h e  maln under ly ing  rock format ion down t o  t h e  mouth o f  t h e  

r i v e r .  I n  t h e  midd le  reaches o f  t h e  Berg Rlver.  t h e  K l e l n  Berg 

and Twenty-Four r i v e r s  a r e  semi-perennial t r i b u t a r i e s  r l s l n g  

from areas dominated by TMS. 

The Berg Rlver  I s  g e o l o g i c a l l y  an o l d  r l v e r ;  t h l s  i s  born 

ou t  by (1) t h e  very rap td  f a l l  I n  p r o f i l e  from headwaters t o  a 

p o t n t  a t  Paar l  and t h e  g e n t l e  s lope t h e r e a f t e r  down t o  t h e  

mouth o f  t h e  r i v e r .  (2) t h e  degree o f  meanderlng o f  t h e  main 
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Pig 3 .4 .  Geology of the Berg River catchment. 
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r l v e r  channel, (3) the  ex is tence of m u l t l p l e  channels separated 

by low l y i n g  Is lands  I n  the  lower reaches and (4 )  t h e  great  

w ld th  o f  t h e  r l v e r  va l l ey .  Four le  and Steer (1971) s t a t e  t h a t  

t h e  p r o f i l e  I s  a l s o  In f luenced by t h e  change I n  bedrock 

formation from Table Mountain Sandstone (TMS) I n  the  upper 

reaches t o  Malmesbury shales i n  t h e  lower reaches. 

Ploughing o f  t h e  relatively shal low s o i l s  has i n  several  

areas resu l ted  I n  fragments o f  sha le  belng brought t o  the  

surface. This i n  t u r n  has f a c l l l t a t e d  t h e  process o f  mlnera l  

decomposltlon. Increasing t h e  concentrat ion o f  so lub le  s a l t s  i n  

dralnage waters. 

The d l s t r i b u t l o n  o f  s o l l  types I n  t h e  r i v e r  catchment a re  

shown I n  F l g  3.5. The undisturbed s o l l s ,  exposed on cu t t lngs .  

cons l s t  o f  two horlzons: 

(1) Top s o l l  con ta ln lng  an abundance o f  f l n e  c l a y  and s i l t  

p a r t i c l e s  mlxed w i t h  organic mat te r  ( A  hor izon) ;  

(2)  subso i l  o f  d t s l n t e g r a t i n g  rock p a r t i a l l y  devoid o f  

organlc mat te r  (B horlzon).  

Under these hor izons l l e  t h e  parent  rock. The t o p  s o i l  has 

been formed by t h e  a c t i o n  o f  chemical. b l o l o g i c a l  and phys lca l  

processes on t h e  parent  bedrock. These changes are  broughf 

about by t h e  combined a c t t o n  o f  weather, p l a n t s  and s o l l  

organisms. The s o i l s  i n  t h e  Berg R iver  catchment a r e  c h l e f l y  

der jved from Malmesbury shales and TMS. 
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Fig  3.5. Distribution of soil types in the Berg River 
catchment. 
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Soils derlved from Malmesbury shales are brown, sandy, and ' 

gravely loams. usually of shallou depth. Narrow horizons of 

small ferruginuous concretions (hardpan) and rock fragments 

often are found at depths varying from 100 to 450 m below the 
surface. Theses horizons overlle a clay layer whlch varles from 
20 to 450 n In thickness and is Impervious and plastic when 
wet. The clay layer Is underlain by the parent material, the 

Malmesbury shales. 

When the top sol1 (A horizon) Is shallow, ploughing breaks 
the hardpan.and mixes It with the underlying subs011 producing 
a sandy loam wlth concretionary characteristics. From an 
agricultural aspect these soils are generally poor in 
phosphates and nltrogen, falrly acld and tend to cake after 
raln. This type of soil tends to produce "alkaline" soils where 

drainage Is poor as the salts are drawn upwards from the' 
bedrock by capillary action. These soils are sultable for grain 

product9on. 

Solls derived from TMS decompose gradually to arenaceous 
actd solls, usually In thln horizons on the mountain slopes. 

contalnlng 'an abundance of unweathered sandstone particles 
(see Fig 3.5). The top sol1 (A horizon) usually Vs a dark brown 
sand containing organics, and averages about 150 mn in depth. 

The subsoil (B  horizon) conslsts of a thin band of whlte sand 
strata overlylng the bedrock. On more gentle slopes the 
A horlzon deepens to 450 n or more In depth and the B horizon 
may be a yellow-brown sandy loam or sandy clay. 

At the foot of the mountains. the surface layer may be 
underlain by 300 to 600 m of uhltish sand and the lower 
B horizon may be reddish-brown or yellow-brown wlth hardpan 
characterlstlcs. The B horizon may conslst of iron oxlde 
concretions whlch may change to a heavlly llluviated sandyclay 
whlch is more or less impervfous. 
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A l l  TNS der lved s o i l s  a re  poor i n  p l a n t  n u t r i e n t s  but  

support a remarkable v a r l e t y  o f  Indigenous fynbos and proteas. 

The deeper s o l l s  a re  s u l t a b l e  f o r  the  c u l t l v a t l o n  o f  vlnes and 

f r u l t  t rees. b u t  on ly  w l t h  coplous amounts o f  f e r t l l l s e r  and 

manure (Kersandt and Marals, 1973). 

The d l s t r l b u t i o n  o f  a g r i c u l t u r a l  a c t l v l t y  I n  the  Berg River  

' catchment I s  governed by r a l n f a l l .  s o l 1  type, c l lma te  as w e l l  

as t h e  a v a l l a b l l l t y  and q u a l l t y  o f  water used f o r  I r r i g a t i o n .  

The slopes o f  t h e  va l l eys  along the  upper reaches o f  t he  

Berg Rlver  from Franschhoek t o  Wel l lngton a re  s u l t a b l e  f o r  t he  

c u l t l v a t l o n  o f  vines. f r u l t  t rees  and comnerclal f o r e s t r y ,  

because o f  t h e  deep so l1  and dependable r a l n f a l l  (see F l g  3.6). 

Up t o  the  Second World War (1945) l l m l t e d  l r r t g a t l o n  from 

the  r l v e r  was pract lsed.  Because o f  t h e  decrease I n  r a l n f a l l  i n  

t h e  catchment area t o  the  n o r t h  o f  Well lngton. g r a l n  farmlng 

used t o  be genera l ly  pract lsed.  b u t  t h e  onset o f  l r r i g a t l o n  

resu l ted  i n  a r a p i d  Increase I n  t h e  number o f  f r u t t  orchards 

and vlneyards. rep lac lng  gralnlands. The main areas f o r  

l r r l g a t l o n  I n  the  catchment l i e  between the  Franschhoek and 

Banghoek val leys,  and the  areas around Paarl  and Well lngton. 

Conslderable l r r l g a t l o n  development has a l s o  taken p lace I n  the  

v l c l n i t y  o f  Tulbagh. Vines a re  the  predomlnant crop I n  both  

these areas whlch a re  character tsed by good q u a l l t y  drainage 

waters dur lng  the  i r r l g a t l o n  season. A l l m l t e d  Bmount o f  

l r r l g a t l o n  has taken p lace along the  banks o f  t he  Berg Rlver  as 

f a r  as Nlsverstand Weir (see F i g  3.6). I n  the  remaintng areas 

dry land farmtng I s  prac t lsed interspersed w l t h  pas tora l ,  c a t t l e  

and p l g  farming. 
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I 
Fig 3.6. Distribution of IrrigaLed areas, dry land 

fanning and forestry in the Berg River 
catchment. 
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1 .l Hydroloqy and water qua l i ty  

The water quali ty of the Berg River i s  a product of two 
geological regions. The f l r s t  i s  the good water quali ty 
draining from the Table Mountain Sandstone outcrops of the 
Jonkershoek and Franschhoek Mountatns. The steep slopes and 
shallow s o i l s  of the area produce a rapid response runoff which 
can be as  much as 66 percent of the ra infa l l  ( F i g  3.7) .  The 
median to ta l  dlssolved sollds (TOS) concentration of t h i s  
runoff i s  between 15 and 60 mg/P w i t h  a medlan phosphorus 
concentration of between 10 and 50 pg/P. 

The second geological reglon I s  the more sa l lne  water 
quali ty from the low lying Walmesbury Shale north of Paarl. The 
runoff from these areas averages about 20 percent of the 
ra lnfa l l  ( F i g  3.7) w i t h  streams exhibiting a median TDS 

concentration of between 1 000 and 7 000 mg/P and a median 
phosphorus concentration of between 50 and 300 rg/P. 
Fortunately. the h igh  concentrations of s a l t  and phosphorus a r e  
associated w i t h  t r ibu ta r ies  w i t h  low runoff whlch a re  diluted 
by t he  runoff from the upper catchment. 

In Fig 3.8 the simulated annual mass export of TDS i s  shown 
for  the maln subcatchments in  the r lver  basin. W i t h  a few 
exceptions, the t r ibu ta r les  on the west bank of the m a i n  r iver  
channel domstream of Welllngton run dry durlng the sumner 
months. This I s  fortunate because these drain  extenslve areas 
of Malmesbury shale whlch produces flows w i t h  h i g h  s a l t  
concentrations. The t r i bu ta r i e s  on the east  bank draln TMS and 
contribute a lower s a l t  load compared w i t h  the  west bank 
t r ibu ta r ies .  
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Fig 3.7. Percentage ratio of mean annual 

1 
precipitation (MAP) to mean annual ~ n o f f  
(W) for major subcaCchmenta in the Berg - 
River basin. 
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Return of irrlgatlon water to the maln river channel in the 

form of seepage is Increasing the salinity of the river. The 

seepage water is minerallsed due to evapotransplration and 

leaching of ground salts, causing an Increase in the sallnlty 
down the length of the river (Fourie and Steer. 1971; Kersandt 

and Harais. 1973; Fourie 1976). 

The combined effect of high salt and low nutrient content 

of the soils in the lower catchment requires the additlon of 

copious amounts of fertiliser and manure (Kersandt and Marais, 

1973). A proportion of these.nutrlents are exported from the 

land during surface runoff or as leachate. and discharges to 

the maln river channel. There is little information available 

on the mass export of phosphorus from the agricultural areas 

but it is expected to be high because of the sheet erosion of 

top sot1 and the lntenslve fertillslng of the soil. 

Apart from the small village of Franschhoek along the 

headwaters of the river and some villages along the lower 

reaches. Piketberg, Vredenburg. Veldrif. Laalplek. Saldanha Bay 

and Langebaan, there are only two sizeable towns in the 

catchment. Paarl and Wellington. The population dlstributlon 

of the catchment, for both urban and agricultural areas. Is 

shown in fig 3.9. 

Paarl : 

~ x t e n d i n ~  along the banks of the Berg River for a distance 

of about 10 km Paarl has a total populatlon of about 63 000 

(Central Statlstlcal Service. 1987). Water Is drawn from 

reservoirs on Paarl mountain which are partially filled by 

pumping approximately 0.9 million cubic metres from the Berg 
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The river profile falls about 900 metres after only one 

eighth of its course. From Paarl, the river profile flattens, 
falling from only l00 m above sea level to sea level at its 
mouth, over a'distance of 220 km. The lower reach is extremely 
flat so that sea water intrusion pushes up nearly l00 km from 

the river mouth under high tide conditions (Kersandt and 

Harais. 1973). 

The Berg River catchment is surrounded in the south by the 

Franschhoek and ~onkershoek' mountains (see Fig 3.2). In the 
east, going in a south to north direction the basin is bounded 

by the Wemnershoek. Limiet, Elandskloof mountains. as well as 
the Witzenberg, Twenty-Four and Olifants River mountains. In 
the north the divide swings vest to the Ketberg. Gryskop and 
along the Piquetberg to the Platteberg. From the Platteberg t h e  
divide swings to a south-westerly direction to meet the sea 
approximately at Rooibaai. just north of Veldrif. The western 
divide runs north from the Jonkershoek mountain along the 
Simonsberg and Paarl mountain. From the Paarl mountain, the 
dlvide proceeds slightly westerly along the Perdeberg and then 
northwards agaln to the Kasteel mountain, just west of 
Riebeck-Kasteel. From the Kasteel. mountain the divide runs west 

to Kanonkop and south to the Oassenberg. After the Oassenberg. 
the divide swings west to the Kattenberg and then north-west to 

the Contreberg, passing just north of Darling. from where it 
swlngs north again to meet the coast just south of Veldrlf. 
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1.3 Climate 

The Berg River has a Mediterranean climate and falls within 

the winter rainfall region of the Western Cape. The rainfall is 

mainly of a cyclonic nature caused by atmospheric turbulences 

drawing in air masses from various regions: warm air is 

drawn-in from regions over the Atlantic Ocean from the west 

between the lzth and parallel. colder air from the sea 

south of the mainland and relatively dry air from the southern 

parts of the country (Kersandt and ~arais. 1973). 

Frontal rains are caused by air masses with differing 

moisture contents, temperatures and densities. The mountain 

ranges cause the air to be forced upward resulting in a 

reliable mountain rainfall compared with the frontal plains. 

The rainfall in the mountains is high, up to 3 000 mn per 

year. The melting snow that falls on the peaks and upper slopes 

of the mountains during intermittent cold spells in winter also 

contributes to the river flow. In the adjoining valleys. 

rainfall varies from 900 mn to 1 200 mn annually. but drops to 

between 400 and 500 mn in the hilly. plain which the river 

travels for most of its length (Fourie and Gbrgens. 1977). The 

distribution in mean anrmal precipitation for the Berg River 

catchment is shorn in Fig -3.3 (from Forster and van der Berg. 

1985). 

In the annual distribution of rainfall. some B0 percent 

falls during the sir winter months. Aprll to September. Due to 

the influence of the mountain ranges. there is a distinct 

spatial and temporal component in rainfall pattern. June is the . . 
wettest month for all but the Vredenburg region, near the 

mouth. where July is the wettest. January generally is the 

driest month but February is the driest in the Piketberg region. 
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January and February a r e  the  h o t t e s t  months o f  the  year i n  

t h e  Berg Rlver  catchment. I n  February mean d a l l y  maxfmum 

temperatures vary from 24°C along t h e  coast, t o  32°C i n  t h e  

north-east,  and i n l a n d  temperatures o f  over 40°C a r e  recorded. 

The predominant wlnd d l r e c t l o n  i n  t h e  sumner months I s  the  

"South-Easter' which I n  exposed areas such as Voe lv le i  Dam 

causes a 25 percent  increase I n  evaporat ion r a t e  compared 

w i t h  Well ington. Kersandt and h r a i s  (1973) r e p o r t  annual 

evaporat lon f l g u r e s  f o r  Vo@lv le i  Dam o f  2 711 mn and Wellington 

2 220 mn. During t h e  w ln te r  months t h e  dominant. wind i s  t h e  

'North-Wester' b r i n g i n g  r a i n  t o  the  region. 

1.4 Geology 

The geology o f  t h e  Berg R iver  bas ln  i s  shown i n  F i g  3.4. 

The catchment cons ls ts  of seml-perennial streams a r l s t n g  i n  the 

mountains composed o f  Table Mountain Sandstone (TMS). Fur ther  

nor th.  I n  t h e  Paar l  area, several tributaries ar ls 'e  I n  g r a n i t e  

h i l l s  and f l o w  through c lay  s o l l s  der lved from weathered 

g ran i  te.  

Below Paar l  t h e  ove r l y l ng  TUS has been progress ive ly  eroded 

exposlng bedrock o f  k l m e s b u r y  shale. Halmesbury sha le  remains 

t h e  maln under ly ing  rock format ion down t o  t h e  mouth o f  t h e  

r i v e r .  I n  t h e  midd le  reaches o f  t h e  Berg Rlver.  t h e  K l e l n  Berg 

and Twenty-Four r i v e r s  a r e  semi-perennial t r i b u t a r i e s  r l s l n g  

from areas dominated by TMS. 

The Berg Rlver  I s  g e o l o g i c a l l y  an o l d  r l v e r ;  t h l s  i s  born 

ou t  by (1) t h e  very rap td  f a l l  I n  p r o f i l e  from headwaters t o  a 

p o t n t  a t  Paar l  and t h e  g e n t l e  s lope t h e r e a f t e r  down t o  t h e  

mouth o f  t h e  r i v e r .  (2) t h e  degree o f  meanderlng o f  t h e  main 
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r l v e r  channel, (3) the  ex is tence of m u l t l p l e  channels separated 

by low l y i n g  Is lands  I n  the  lower reaches and (4 )  t h e  great  

w ld th  o f  t h e  r l v e r  va l l ey .  Four le  and Steer (1971) s t a t e  t h a t  

t h e  p r o f i l e  I s  a l s o  In f luenced by t h e  change I n  bedrock 

formation from Table Mountain Sandstone (TMS) I n  the  upper 

reaches t o  Malmesbury shales i n  t h e  lower reaches. 

Ploughing o f  t h e  relatively shal low s o i l s  has i n  several  

areas resu l ted  I n  fragments o f  sha le  belng brought t o  the  

surface. This i n  t u r n  has f a c l l l t a t e d  t h e  process o f  mlnera l  

decomposltlon. Increasing t h e  concentrat ion o f  so lub le  s a l t s  i n  

dralnage waters. 

The d l s t r i b u t l o n  o f  s o l l  types I n  t h e  r i v e r  catchment a re  

shown I n  F l g  3.5. The undisturbed s o l l s ,  exposed on cu t t lngs .  

cons l s t  o f  two horlzons: 

(1) Top s o l l  con ta ln lng  an abundance o f  f l n e  c l a y  and s i l t  

p a r t i c l e s  mlxed w i t h  organic mat te r  ( A  hor izon) ;  

(2)  subso i l  o f  d t s l n t e g r a t i n g  rock p a r t i a l l y  devoid o f  

organlc mat te r  (B horlzon).  

Under these hor izons l l e  t h e  parent  rock. The t o p  s o i l  has 

been formed by t h e  a c t i o n  o f  chemical. b l o l o g i c a l  and phys lca l  

processes on t h e  parent  bedrock. These changes are  broughf 

about by t h e  combined a c t t o n  o f  weather, p l a n t s  and s o l l  

organisms. The s o i l s  i n  t h e  Berg R iver  catchment a r e  c h l e f l y  

der jved from Malmesbury shales and TMS. 
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Soils derlved from Malmesbury shales are brown, sandy, and ' 

gravely loams. usually of shallou depth. Narrow horizons of 

small ferruginuous concretions (hardpan) and rock fragments 

often are found at depths varying from 100 to 450 m below the 
surface. Theses horizons overlle a clay layer whlch varles from 
20 to 450 n In thickness and is Impervious and plastic when 
wet. The clay layer Is underlain by the parent material, the 

Malmesbury shales. 

When the top sol1 (A horizon) Is shallow, ploughing breaks 
the hardpan.and mixes It with the underlying subs011 producing 
a sandy loam wlth concretionary characteristics. From an 
agricultural aspect these soils are generally poor in 
phosphates and nltrogen, falrly acld and tend to cake after 
raln. This type of soil tends to produce "alkaline" soils where 

drainage Is poor as the salts are drawn upwards from the' 
bedrock by capillary action. These soils are sultable for grain 

product9on. 

Solls derived from TMS decompose gradually to arenaceous 
actd solls, usually In thln horizons on the mountain slopes. 

contalnlng 'an abundance of unweathered sandstone particles 
(see Fig 3.5). The top sol1 (A horizon) usually Vs a dark brown 
sand containing organics, and averages about 150 mn in depth. 

The subsoil (B  horizon) conslsts of a thin band of whlte sand 
strata overlylng the bedrock. On more gentle slopes the 
A horlzon deepens to 450 n or more In depth and the B horizon 
may be a yellow-brown sandy loam or sandy clay. 

At the foot of the mountains. the surface layer may be 
underlain by 300 to 600 m of uhltish sand and the lower 
B horizon may be reddish-brown or yellow-brown wlth hardpan 
characterlstlcs. The B horizon may conslst of iron oxlde 
concretions whlch may change to a heavlly llluviated sandyclay 
whlch is more or less impervfous. 
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A l l  TNS der lved s o i l s  a re  poor i n  p l a n t  n u t r i e n t s  but  

support a remarkable v a r l e t y  o f  Indigenous fynbos and proteas. 

The deeper s o l l s  a re  s u l t a b l e  f o r  the  c u l t l v a t l o n  o f  vlnes and 

f r u l t  t rees. b u t  on ly  w l t h  coplous amounts o f  f e r t l l l s e r  and 

manure (Kersandt and Marals, 1973). 

The d l s t r l b u t i o n  o f  a g r i c u l t u r a l  a c t l v l t y  I n  the  Berg River  

' catchment I s  governed by r a l n f a l l .  s o l 1  type, c l lma te  as w e l l  

as t h e  a v a l l a b l l l t y  and q u a l l t y  o f  water used f o r  I r r i g a t i o n .  

The slopes o f  t h e  va l l eys  along the  upper reaches o f  t he  

Berg Rlver  from Franschhoek t o  Wel l lngton a re  s u l t a b l e  f o r  t he  

c u l t l v a t l o n  o f  vines. f r u l t  t rees  and comnerclal f o r e s t r y ,  

because o f  t h e  deep so l1  and dependable r a l n f a l l  (see F l g  3.6). 

Up t o  the  Second World War (1945) l l m l t e d  l r r t g a t l o n  from 

the  r l v e r  was pract lsed.  Because o f  t h e  decrease I n  r a l n f a l l  i n  

t h e  catchment area t o  the  n o r t h  o f  Well lngton. g r a l n  farmlng 

used t o  be genera l ly  pract lsed.  b u t  t h e  onset o f  l r r i g a t l o n  

resu l ted  i n  a r a p i d  Increase I n  t h e  number o f  f r u t t  orchards 

and vlneyards. rep lac lng  gralnlands. The main areas f o r  

l r r l g a t l o n  I n  the  catchment l i e  between the  Franschhoek and 

Banghoek val leys,  and the  areas around Paarl  and Well lngton. 

Conslderable l r r l g a t l o n  development has a l s o  taken p lace I n  the  

v l c l n i t y  o f  Tulbagh. Vines a re  the  predomlnant crop I n  both  

these areas whlch a re  character tsed by good q u a l l t y  drainage 

waters dur lng  the  i r r l g a t l o n  season. A l l m l t e d  Bmount o f  

l r r l g a t l o n  has taken p lace along the  banks o f  t he  Berg Rlver  as 

f a r  as Nlsverstand Weir (see F i g  3.6). I n  the  remaintng areas 

dry land farmtng I s  prac t lsed interspersed w l t h  pas tora l ,  c a t t l e  

and p l g  farming. 
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1 .l Hydroloqy and water qua l i ty  

The water quali ty of the Berg River i s  a product of two 
geological regions. The f l r s t  i s  the good water quali ty 
draining from the Table Mountain Sandstone outcrops of the 
Jonkershoek and Franschhoek Mountatns. The steep slopes and 
shallow s o i l s  of the area produce a rapid response runoff which 
can be as  much as 66 percent of the ra infa l l  ( F i g  3.7) .  The 
median to ta l  dlssolved sollds (TOS) concentration of t h i s  
runoff i s  between 15 and 60 mg/P w i t h  a medlan phosphorus 
concentration of between 10 and 50 pg/P. 

The second geological reglon I s  the more sa l lne  water 
quali ty from the low lying Walmesbury Shale north of Paarl. The 
runoff from these areas averages about 20 percent of the 
ra lnfa l l  ( F i g  3.7) w i t h  streams exhibiting a median TDS 

concentration of between 1 000 and 7 000 mg/P and a median 
phosphorus concentration of between 50 and 300 rg/P. 
Fortunately. the h igh  concentrations of s a l t  and phosphorus a r e  
associated w i t h  t r ibu ta r ies  w i t h  low runoff whlch a re  diluted 
by t he  runoff from the upper catchment. 

In Fig 3.8 the simulated annual mass export of TDS i s  shown 
for  the maln subcatchments in  the r lver  basin. W i t h  a few 
exceptions, the t r ibu ta r les  on the west bank of the m a i n  r iver  
channel domstream of Welllngton run dry durlng the sumner 
months. This I s  fortunate because these drain  extenslve areas 
of Malmesbury shale whlch produces flows w i t h  h i g h  s a l t  
concentrations. The t r i bu ta r i e s  on the east  bank draln TMS and 
contribute a lower s a l t  load compared w i t h  the  west bank 
t r ibu ta r ies .  
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Return of irrlgatlon water to the maln river channel in the 

form of seepage is Increasing the salinity of the river. The 

seepage water is minerallsed due to evapotransplration and 

leaching of ground salts, causing an Increase in the sallnlty 
down the length of the river (Fourie and Steer. 1971; Kersandt 

and Harais. 1973; Fourie 1976). 

The combined effect of high salt and low nutrient content 

of the soils in the lower catchment requires the additlon of 

copious amounts of fertiliser and manure (Kersandt and Marais, 

1973). A proportion of these.nutrlents are exported from the 

land during surface runoff or as leachate. and discharges to 

the maln river channel. There is little information available 

on the mass export of phosphorus from the agricultural areas 

but it is expected to be high because of the sheet erosion of 

top sot1 and the lntenslve fertillslng of the soil. 

Apart from the small village of Franschhoek along the 

headwaters of the river and some villages along the lower 

reaches. Piketberg, Vredenburg. Veldrif. Laalplek. Saldanha Bay 

and Langebaan, there are only two sizeable towns in the 

catchment. Paarl and Wellington. The population dlstributlon 

of the catchment, for both urban and agricultural areas. Is 

shown in fig 3.9. 

Paarl : 

~ x t e n d i n ~  along the banks of the Berg River for a distance 

of about 10 km Paarl has a total populatlon of about 63 000 

(Central Statlstlcal Service. 1987). Water Is drawn from 

reservoirs on Paarl mountain which are partially filled by 

pumping approximately 0.9 million cubic metres from the Berg 
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