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MIXING OF CHEMICAL SLBSTANCES IN RIVERS 

BACKGROUND 

1. Introduction 
. .  

The mechanisms which produce  natural  mixing i n   r i v e r s   a r e   a n  
important   par t   of  . t h e  overall   transport   process  for  waterborn 
substances,  and  therefore  of river ecology. For t h i s  reason, a 
thorough  understanding  of  natural  mixing  processes  in rivers is 
e s s e n t i a l   t o  sound management of the water environment. 

Some of t h e  substances may be undergoing  degradation or 
conversion  to  other  chemical and physical  forms  through  various 
chemical, biological  and  physical   processes.  The r a t e s  .' a t  which- 
these processes   occur   in  a cer ta in   parcel   of  water are influenced by 
factors   such a s  temperature,   dissolved oxygen concentration, 
biochemical oxygen demand, and the  concentration  of  various  other 
chemical  consti tuents.   Turbulent  and  secondary  currents are 
cont inual ly  a t  work mixing each parcel  of  water wi th  its neighbours, 
smoothing  out  any  differences  in t h e  water q u a l i t y  which exist 
within the  stream cross   sec t ion .  The mixing  processes  are  slow, 
p a r t i c u l a r l y   i n   l a r g e   r i v e r s .  

2. Conservative  Substances 

Chemical cons t i tuents   o f  water which undergo no process   other  
than   d i lu t ion  are called  conservative  substances.  They are 
unaffected by processes  such as decay,  chemical react ions,  
t ransformat ion   to  a d i f f e r e n t  form,  and  production or removal by 
sources or sinks.  However, i t  is a lso   necessary   to   spec i fy   tha t  t h e  
f l u i d   p r o p e r t i e s  (e.9. dens i ty ,   v i scos i ty ,   sur face   t ens ion   for  
f l u i d s ,  and  density  and  particle size f o r  suspended s o l i d s )   o f  
conservat ive  substance are i d e n t i c a l   t o   t h o s e   o f  t h e  ambient river 
water. 
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2.1 .. Convection and d i f f u s i o n  characterist ics '  

I n  the  attempt t o  characterize  dispersion  process i n  a turbulent 
open channel the  following terms are  considered:  (a)  concentration.. 
by weight of dispersing  substance,  distance  coordinates ' i n  
longitudinal,  vertical and lateral  directions;  local  velocity of 

. . '. flow i n  these (x ,  y and z )  directions, (b)  coefficients  for  local 
turbulent mass transfer i n  the  three  directions ( x ,  y and z).  The 
terms i n  the groups (a)  are  called  the  convective  transport terms 
and the terms i n  the group (b)  are  called  the d i f f u s i o n  terms. 

. .  

The 'characteristics o f  a conservative  substance is that  there 
can be  no transport  of the  substance  across  either  the wetted 
perimeter or the water 'surface by either convection t o  water 
sediment or water a i r ' in terfaces  or diffusion. 

. . .. . ~. 

3. Non-Conservative Substances 

If the  dispersing chemical constituents of water undergo changes 
so  that  there is either  production or removal  due to chemical 
reactions, change o f  state ,  or transfer  across  the.  boundaries,  the 
constituents, are called non-conservative  substances. In t h i s  case 
appropriate  source or s i n k  terms must be considered i n  addition  to 
the  convective  transport  terms.  Collectively, depending on the 
nature of phenomenon, these terms can  assume a variety of functional 
forms, a l l  of which represent a ra te  of addition or removal of the 
dispersing  substance a t  the  point i n  space and time f o r  which the 
evaluation  of  dispersion is made. If the  physical  properties  of  the 
dispersing  substance  differ from those of the ambient water it must 
be recalled  that  the  velocities i n  the  three  directions (x,  y and z) 
and the  diffusion  coefficients  represent  the motion  of the  dispersing 
substance, which is  no longer  necessarily  the same as  that of the 
transporting f l u i d .  

- 

Dissolved oxygen, biochemical oxygen  demand,  and heat  are common 
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examples  of  non-conservative  quantities;  radionuclides  represent a 
decaying  substance;  and  suspended  sediment  and  materials  that  are 
adsorbed  thereon  are  examples  of  substances which may have d i f f e r e n t  
t ransport   propert ies .  

. .  

4. Dispersion i n  Open Channel Flow 

.. ... 

.The s tudy  of  the  dispersion  process i n  open channels  has become 
' ~ " ,  very   as tu te  wi th  t h e  introduction  of  readioactive  waste,   pesticides,  

herbicides  and preservatives,  such as  pentachlorphenate (PCP). Many 
of   these  substances  (a)   are   ass igned a to l e rance   l eve l   fo r   aqua t i c  
b io ta  and other  water uses, severa l   o rders  o f  magnitude  lower  than 
t h a t   f o r  most other   po l lu tan ts ,  (b)  are  chemically very s t a b l e  and 
r e t a i n  their toxicity  for  long  periods  of time before  yielding t o  

.natural   decay.-process,  and (c) cannot' be removed'by  conventional 
water-treatment  practices. 

Contaminants a re   t ranspor ted  and  dispersed  in open channel  flow, 
i n  various  forms, such as:   (a)  dissolved  matter,  (b)  adsorbed by 

.suspended  sediment  particles,  and (c) a t tached   to  bed material  load. 
- 

Dissolved  contaminants  are  transported a t  the mean veloci ty   of  
the stream  and  are  dispersed by the mechanism of turbulent d i f fus ion  
and by t h e  different ia l   convect ion currents associated w i t h  veloci ty  
gradients .   Contaminants   that   are   t ransported  as   f ine  par t ic les  i n  
suspension  disperse  in t h e  same manner as  dissolved  contaminants  and 
a t  e s sen t i a l ly  t h e  same ra t e .  

On t h e  other  hand,  contaminants which are   t ransported as par t   o f  
t h e  bed-material  load move i n  a sequence  of  steps  of random length 
between which p a r t i c l e s  may remain buried for  considerable  periods.  

The fac tors   tha t   a re   invar iab ly   assoc ia ted  w i t h  t ranspor t  and 
dispersion  processes  of  dissolved  and  suspended  particulate  matter 
a re   . tu rbulence ,   ve loc i ty   g rad ien ts  i n  v e r t i c a l  and horizontal  
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d i rec t ions ,  and  secondary  flows  originating from beds or 
obstruct ions.  

The processes by which dissolved  and  suspended  particulate" 
matter is d i spe r sed   i n  open  channel has been s u b j e c t e d   t o  
t h e o r e t i c a l   a n a l y s i s   i n   r e c e n t  years. In  1976, Water Qual i ty  
Branch, IWD, was engaged i n  ' t h e  study  of  dispersion  of  dissolved 
nu t r i en t s  and their t ranspor t  by  Okanagan River to  Skaha Lake. In  
t h i s  study,  presented here, the d ispers ion   pa t te rn   o f  ammonia, 
observed i n  t h e  Okanagan River a t  Penticton, is demonstrated. 

OKANAGAN RIVER CHANNEL 

1. Introduction 

The reach of  0kanagan"River a t   Pen t i c ton ,  B.C. is man-made 
channel  connecting Okanagan and  Skaha  Lakes.  Chemistry of   water   in  
the  channel is affected by pol lu tan t   inputs  from the  Penticton 
municipal   outfal l ,  Okanagan Lake, ag r i cu l tu ra l  and  urban  run-off v i a  
Shingle  ano Ellis Creeks and  seepage  of  groundwater  and  riparian 
water from backswamp areas   d ra ined  by the meanders of  the o ld  
stream. All these var iab les   po l lu tan t   sources ,   in tegra ted   in  t h e  
reach of Mtanagan River, s i g n i f i c a n t l y  affect s p a t i a l  and  temporal 
changes  of   pol lutant   t ransport   in  t h i s  channel.  Because t h i s  
channel is not   large,   character ized by a small  number o f   t r i b u t a r i e s  
and has no bends or la rge   obs t ruc t ions  on the beds, po l lu t an t s  are 
dispersed a t  rates tha t  a r e  less than the dispers ion rates i n   l a r g e  
na tu ra l  rivers character ized by a l l  these f a c t o r s   i n f l u e n t i a l   i n  
dispersion  processes.  

~~~ . .  .. 

Objective o f  t h i s  short-term s t u d y  was t o  examine l a t e r a l ,  
vertical and longi tudinal   var ia t ion  of   nutr ient   concentrat ion and t o  
determine  precision  of the i r  t ranspor t   es t imat ion   in  the  channel. 
In   order   to  meet t h i s  objective  simultaneous  sampling  for  chemical 
ana lys i s  were conducted i n  combination with hydrometric measurements 
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i n  f ine  selected  channel  cross  sections on  December 9 and 10, 1976. 

2. Measurements 
... 

Each channel  cross  section was divided  into a minimum of  twenty 
subsections  for  the  purpose  of  hydrometric measurements  and four 
slices  for  simultaneous  chemical  sampling. The geometry  and  shape 
of t h e  cmss sec t ion   f low  ve loc i ty   a t   var ious   po in ts .  were obtained 
by the  usual  stream  gauging  technique  for  discharge measurements. 
&ginning a t   t h e  l e f t  bank,  depth  and  point  velocity measurements 
were taken a t  0.2 and 0.8 of t h e  water  depth a t  each  of  twenty 
ver t ical   subsect ions  across   the  s t ream. These data were used f o r  
determination of mean velocities of flow, drawing isovels and 
calculat ion  of   discharge w i t h i n  t h e  subsection and i n  the  channel 
c ross   sec t ion .  Chemical s l i c e s  were divided i n t o   t h e  upper  and 
lower  stratum. The sampling  points,   called  sl ice  elements,  were 
located i n  t h e  middle  of  each slice and stratum,  approximately a t  
t h e  same depth   as   ve loc i ty  measurements. Sets   of   three  repl icate  
samples were collected  simultaneously by t h e  means of a r ep l i ca t e  
sampler a t  the slice-element  of t h e  upper  stratum. I n  the  ' lower 
stratum, a sampling pump was applied i n  rapid  sequence  over a 
one-minute period  to  approximate true simultaneous  sampling. 

3. Results 

3.1 Discharge 

The diagram  showing lines of  constant  velocity  of  flow  indicated 
tha t  the flow was symmetrical a t   S t a t i o n  1 (Below Okanagan  Lake d a m )  
and approximately  symmetrical a t   S t a t i o n  5 (Near the  Penticton 
a i r p o r t ) .  On the  other   hand,   a t   Stat ion 2 (below Penticton 
munic ipa l   ou t fa l l )   ve loc i ty   d i s t r ibu t ion  was asymmetrical. The 
asymmetry i n  d i s t r ibu t ion  of  both the discharge and velocity was 
fur ther   ev ident   a t   S ta t ion  3 (below Shingle  Creek) and Stat ion 4 

(below Ellis Creek). 
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Th i s  asymmetry i n  channel  flow  reduces  the  accuracy  of  discharge 
determination  for  the  following  reasons:  (a)  'an error i n  t h e  
determination  of  one  sub-section  discharge  has a disproportional 
e f f e c t  on the  accuracy  of  the  total  discharge  determination and (b).,  

asymmetry of flow commonly indicates  presence  of meandering  thalweg 
(line of  maximum depth  of  flow)  and t h i s  i n  t u r n  ind ica tes  
c ross -sec t iona l   ins tab i l i ty .  Some improvement i n  accuracy  of  flow 
determination  could be achieved by reducing t h e  s i z e  of the  
sub-sections i n  the  region  of  high  discharge. 

The observations  obtained i n  t h i s  Okanagan River  reach imply 
that Stat ions  2 ,  3 and 4 would not  be s u i t a b l e   f o r ,  long-term 
hydrologic  monitoring. A t  S ta t ion  5, however, t o  confirm t h e  
approximately  symmetrical  .discharge  pattern,  further measurements 
will be  required during a greater  range  of  flows. 

~. ~ . 

During two day of  sampling, t h e  discharge of 26.75 m 3 s -1 
regulated by t h e  dam located below Okanagan Lake remained constant 
a t   S t a t i o n  1 (below Okanagan Lake dam). Along the river channel t h e  
discharge  increased  to 28.67 m3 s-l a t   S t a t i o n  5 (near   the 
Penticton  Airport). This  7 percent   increase,   resul t ing from the 
contribution  of  the  Penticton  waste  treatment  plant,   Shingle Creek 
and Ellis Creek, indicates a small   contribution from t h e  t r i b u t a r i e s  
towards  improving  dispersion  of  chemical  substances i n  the  channel. 
A similar  f low  require  during  several  months, i l l u s t r a t e d  by 
hydrographs, is a charac te r i s t ic   fea ture   o f  t h i s  river system. 

3.2 hrnonia 

The behaviour  of ammonia . concentration i n  t h e  channel is 
characterized by the   s teep   la te ra l   g rad ien ts   across   the   channel ,  
p a r t i c u l a r l y   a t  t h e  s ta t ion   loca ted  below t h e  municipal  outfall .  On 
December 10, there  was an increase i n  mean  ammonia concentration from 
0.0007 rng 1-1 a t   S t a t i o n  1 t o  0.22 mg 1-1 a t   S t a t ion  2, wi th  
maximum of 0.615 rng 1-1 observed a t  t h e  l e f t  bank of  Station 2. 
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The mean concentrations  of ammonia were still h igh  a t   a l l   s t a t i o n s  
located downstream, b u t  a t   S t a t i o n  5 the  la teral   concentrat ion 
gradient  i n  the  channel  cross-section was markedly  reduced. 

Amnonia loads below t h e  Penticton  municipal  outfall were high 
and remained high a t   S t a t i o n  5. The net   increase i n  ammonia load 
between Sta t ions  1 and 5 ranged from approximately  1,620 t o  2,620 
percent. It would De reasonable  to  conclude  that  much of  the 
measured ammonia load  reaches Skaha  Lake. The observation  that  
there is a decrease  of ammonia load a t   i nd iv idua l   s t a t ions   a long   t he  
Ckanagan River  reach  can  be  ascribed t o  t h e  effect of  a var ie ty   o f  
mechanisms, such as oxidation and association  of ammonia wi th  
pa r t i cu la t e s .  

The s t eep   l a t e ra l   g rad ien t s ,  i nd ica t ed  . b y  concentration  data,  
a l s o  were  observed w i t h  t h e  pa r t i a l   l oad  data  determined  for  each 
channel  cross  section. 

Pentachlorphenate 

There i s '  no specif ic   information on the  behaviour o f  
pentachlorphenate (PCP) i n  a river channel  such as  the  reach  of the 
Okanagan River a t   Pen t i c ton ,  B.C. However, the behavious  of ammonia 
as a dissolved  substance  and,  particularly,  its lack i n  mixing  can 
approximate  dispersion  pattern  of  another  soluble  substance  such  as 
PCP. 

SUMMARY 

1. General 

Theoret ical ly ,   d ispers ion  of  a plume of  dissolved, 
non-conservative  chemical  substances from point  sources i n  na tura l  
stream waters may be considered  as two processess:   (a) t h e  
convective  process i n  which t h e  movement of  substanes is dependent 
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on the i r   i n i t i a l   convec t ive   ve loc i t i e s  i n  ' l ong i tud ina l ,   ve r t i ca l  and 
l a t e r i a l   d i r e c t i o n s ;  and (b) the  d i f fus ive  processes   in  which 
spreading  of  chemical  substances i n  defined by the  mean flow 
veloci ty  and the dispers ion  coeff ic ients .  

2. , Okanagan River a t   Pen t i c ton ,  B.C. 

A s implif ied and d i r e c t  method fo r  measuring  dispersion  of 
dissolved  nutr ients  was used  during  the study i n  t h e  Okanagan River 
a t   Pen t i c ton ,  B.C. on  December 9 and 10, 1976. A specif ic   aspect   of  
this s tudy ,  the var ia t ion  of  ammonia concentration and t r a n s p o r t   a t  
selected cross-sections  of  the  r iver  channel is re l evan t   t o  the 
question  of t h e  mixing o f  other   soluble   mater ia ls   such  as  
pentachlorphenates. 

3 .  h m o n i a  

The measurements of ammonia concentration  revealed  the  existence 
of   s ign i f icant   l a te ra l   concent ra t ion   g rad ien ts  i n  f ive  channel  cross 
sect ions  located below  major input  sources  of  nutrients.  A very 
s t e e p   l a t e r a l   g r a d i e n t   o f  ammonia concentration was observed 
pa r t i cu la r ly  below t h e  o u t f a l l  from t h e  Penticton  waste  treatment 
plant.  The d i s h a r g e   o u t l e t  from t h e  p lan t  is located on the  l e f t  
( eas t )  bank of t h e  river  channel. The l a t e r a l   v a r i a t i o n  o f  ammonia 
concentration was ,ranging from 0137 - 0.615 mg l-l, observed a t  
t h e  l e f t  bank, t o  0.008 - 0.027 mg l-l, observed a t  t h e  r i g h t  bank. 

A t  s t a t ion   l oca t ed  below Shingle Creek concentration  of ammonia 
varied from a range  of 0.228 - 0.328 mg 1-1 a t   t h e  l e f t  bank t o  
0.014 - 0.028 mg 1-1 a t   t h e  r i g h t  bank. The l a r g e   l a t e r a l  
gradient  of ammonia concentrat ion  pers is ted  fur ther  downstream a t  
s t a t i o n  below Ellis Creek. A t  the   cross   sect ion  located  near  t h e  
Pent ic ton  a i rport ,  there was still significant  concentration  ranging 
from 0.165 - 0.184 mg l-l, observed a t   t h e   l e f t  bank, t o  0.046 - 
0.056 mg 1-1 a t  the r i g h t  bank of  the  channel. 
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I n  terms of  cross-sectional means, there  was a  pronounced 
longitudinal  variation  of ammonia concentration  along the river 
channel. The range  of  cross  sectional  'means o f  ammonia 
concent ra t ion   a t   the   c ross   sec t ion  above the o u t f a l l  was 0.004 -" 
0.007 mg 1-1 and t h e  range below t h e  o u t f a l l  was 0.127 - 0.218 
mg 1-I. A t  s t a t i o n  below Shingle the  cross-sectional mean 
concentration  of ammonia  was i n '  the  range  of 0.106 - 0.135 mg 1-1 
and  then there was no s i g n i f i c a n t  downstream d e c l i n e   a t   s t a t i o n s  
below Ellis Creek  and near t h e  Pent ic ton  a i rport .  

CONCLUSION 

The s teep   la te ra l   g rad ien ts   o f  ammonia concentration  observed i n  t h e  
five ChaMel cross sections  provide the  evidence t h a t  a  considerably 
higher river reach would be required  to  achieve  complete mixing  of 
ammonia. I n  te rms ' .o f  ammonia loads,  ' t h e  increase ' .between  the  s ta t ion 
above the   Pent ic ton   ou t fa l l  and s ta t ion   loca ted   near   the   a i rpor t  was i n  
the range o f ,  approximately, 1,620 - 2,600  percent. It is reasonable   to  
assume t h a t  much o f  the  measured ammonia load  reaches Skaha  Lake. 

With r e fe rence   t o  t h e  pentachlorphenate (PCP), t h i s  dissolved 
substance  could  undergo  a  variety  of  changes  along  the  investigated river 
channel. These changes  could include hydrolysis,  degradation  and 
adsorption on par t icu la te   mat te r .  I t  has  not,  however,  been establ ished 
t o  what degree PCP would adsorb on sediment   par t ic les  i n  t h i s  system. If 
it is strongly  adsorbed  to t h e  silt and  fine-sand-size  rnage o f  p a r t i c l e s  
they may t rave l   for   long   d i s tances  i n  suspension. Suspended p a r t i c l e s ,  
than  have  a tendency t o   s e t t l e  and  eventualy be deposited on bed, where 
they behave a s  bed ma te r i a l   pa r t i c l e s  u n t i l  they  can  be  reentrained i n  
t h e  stream  flow.  Nevertheless,  suspended  sediment is unl ike ly   to  be 

dispersed  to  a  greated  degree  than  soluble  material .  
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