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Silver Creek Subwatershed Study 

 Dissolved Oxygen Model Formulation for Silver Creek 
 

For modelling purposes, the river system is divided into sections termed "reaches".  The junction points of these 
reaches are called "nodes".  The model has the ability to handle point sources discharges to each reach.  These point 
sources generally take the form of sewage treatment plants and/or tributary streams.  In the case of Silver Creek, 
only one reach was modelled since the Georgetown Water Pollution Control Plant discharges in to the last reach of 
Silver Creek before it flows into the Credit River.   
 
The water quality parameters for each of the inputs along with the upstream river flow are input at the head of each 
reach and mixed according to the mass balance equation: 
 

Q1C1 + Q2C2 = (Q1 + Q2)C3    (1)  
 
Solving for the new, instream mixed concentration, C3, this becomes: 
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where:  Q1 = upstream flow (m3/s) 

Q2 = waste input flow (m3/s) 
C1 = upstream concentration (mg/L) 
C2 = waste input concentration (mg/L) 
C3 = instream mixed concentration (mg/L) 

 
The combined flow with its pollutant load is then routed through the reaches.  Reactive constituents such as BOD 
and NOD are allowed to decay during routing according to the following equations 
 
 
    BOD:   Lt = Lo e-Krt   (3)   
 

where:  Lt  = BOD (or CARBOD) concentration at time t - mg/L 
Lo  = ultimate BOD (or CARBOD) concentration at time t = 0 - mg/L 
Kr = BOD removal rate - day-1 
t    = Time  

 
NOD:  Nt = No e-Knt     (4)  

 
where:  N = NOD concentration- mg/L 

  Kn = NOD removal rate- day-1 
t = time 

 
More complex equations describing variations in downstream constituents can be simplified to a more 
mathematically convenient form using some basic assumptions.  If we assume that: 
 

a)   convection (flow in the river) is unidirectional, that is significant only in the X direction; 
b)   diffusion effects are negligible; and  
c)  there is no change in streamflow, temperature, waste loads and stream processes (i.e. steady state 

prevails) 
 
then the following simplified model applies: 
 

 Sinks+ Sources = 
dx
dcV ∑     (5)  

 
where:    c = concentration of a substance, eg. dissolved oxygen - mg/L 
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x = direction downstream - m 
V = Velocity in the x direction – m/s 

 
Equation (5) was developed by Streeter and Phelps (1925) and its solution  known as the Streeter-Phelps model.  The 
Streeter-Phelps model accounts for only one sink of oxygen -  decomposition of organic matter (BOD) and one source - 
reaeration- and is applicable to rivers where these are the predominant processes.  O'Connor and DiToro (1970) added 
terms to the model to account for increases in dissolved oxygen through the process of photosynthesis and decreases in 
dissolved oxygen through aquatic plant respiration, sludge respiration and carbonaceous and nitrogenous biochemical 
oxygen demand.  The following processes are considered: 
 

a) decomposition of carbonaceous oxygen demand - CARBOD and 
nitrogenous oxygen demand - NOD 

b) sediment oxygen demand, SOD 
c) algal and plant respiration, R 
d) photosynthetic oxygen production by plants and algae, P 
e) atmospheric reaeration, Ka 

 
These processes are expressed in the following equation, which routes dissolved oxygen through the reach (and 
therefore through time): 
 

t)D(x,K - t)P(x, - R(x) +  S(x)+ N(x)K + L(x)K = 
dx

t)VdD(x, + 
dt

t)dD(x,
anr    (6) 

 
 
where  Kr = first order  rate constant of CARBOD - day-1 

L     = concentration of CARBOD according to equation (3) - mg/L 
Kn = first order decay rate constant of NOD - day-1 
N  = concentration of NOD according to equation (4) - mg/L 
S = average rate of sediment oxygen demand - mg/L 
R = average rate of  algal and plant respiration  
P = photosynthetic oxygen production rate- mg/L 
Ka = first order atmospheric reaeration rate constant - day-1 
D(x,t)  =   dissolved oxygen deficit = (Cs - C) - mg/L 
Cs  = oxygen saturation - mg/L 
C = oxygen concentration - mg/L 
 

O'Connor and DiToro (1970) solved equation (6) using a Fourier series expansion for the P and R terms.  Their 
solution is the basis of the DOMOD3 steady state model used in the Kam River 1988 study with the P and R terms 
assumed to be zero. The photosynthesis and respiration terms (P and R) have been ignored in the equation below 
which is applied in the Kam R. spreadsheet version. 
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where:   Kd  = Deoxygenation rate constant for CARBOD - day-1 

x/V = distance over velocity, or time of travel to location x 
Note that the equation does not vary with time only x (or x/V or travel time) 
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Temperature corrections for the deoxygenation terms, reaeration term and SOD will be calculated by the  
following general equation: 
 
 

  K = K 20) - (T
20T θ     (8) 

where: 
 

KT = generic reaction rate (1/day) for temperature T 
K20 = specific reaction rate at 20ºC  (1/day) 
θ = Arrhenius equation temperature constant for each parameter. 
T = temperature  (C) 

Values used for the Q term in the Kam River are as follows: 
 
 Coefficient  θ  
 

Kd:     1.075  
 

Ka:    1.024 
 
Kr:    1.075 

 
Kn:     1.097 

 
 S:     1.047 

 
The following hydraulic relationships are used in the model: (note: this is not yet implemented in the NWRI 
spreadsheet version as of June 2, 2000.) 
 
 

aQ = V b    (9) 
 

cQ = D d    (10) 
 

feQ = W    (11) 
 

    where:       V  =  velocity, m/s 
     Q  =  streamflow, m3/s 
     D  =  river depth, m 
 
   a, b, c, d, e, f    =  Leopold-Maddock coefficients 
 
with:  a   + c  + e = 1 and b x d x f =1   
 

The units for areal rate terms need some clarification. The S, P and R terms by definition are channel bottom 
processes conventionally presented in units of gm/m2/day. The relationship to the volumetric term used in the model 
is as follows for the SOD term, with units shown.  
 
 

S (mg/L/day) = s (gm/m2/day) / Depth (m) 
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The implication of this is that while the SOD rate would remain constant as flow varies, the volumetric S rate varies 
with depth and must be adjusted for predicting the impact of lower flows as follows: 

 
   S2 = S1* D1/D2 
 

With subscript 1 referring to the base example and 2 referring to the prediction scenario and D referring to depth 
(m). From this calculation it can be seen that lowering the flow rate (and thus the depth) magnifies the impact of 
SOD by the ratio of the depth. The same unit conversions apply to the P and R terms. 
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Assessment of Septic System Impacts to Groundwater Nitrates 
 
The nitrate dilution calculations follow MOE’s Technical Guideline for Individual On-site Systems: Water Quality 
Impact Assessment (1996) and provide a conservative estimate of nitrate concentrations in groundwater.  The 
resulting nitrate concentrations do not account for denitrification processes or dilution from lateral movement of 
groundwater, both factors which would typically further decrease nitrate concentrations in groundwater.  Since 
nitrates from agricultural operations (i.e. from manure or chemical fertilizers) or other septic systems within the 
subcatchments may increase background nitrate concentrations, only infiltration is used to dilute nitrate loadings 
from additional septic systems.  An outline of the methodology for the nitrate dilution calculations is provided. 
 

1. The number of lots was estimated for each subcatchments based on the urban area predicted for the 
interim and ultimate scenarios as outlined in Table 1 and 2 below.   

a. The urban area in each subcatchment was characterized as rural residential (i.e. not associated with 
a rural hamlet) or rural hamlet based on the existing rural hamlets of Ballinafad and Silver Creek. 

b. The lot sizes were designated as 2 ha for rural residential and 0.7 ha for rural hamlet since these lot 
sizes allowed for the predicted number of lots provided by Wendy Nott from Walker, Nott, 
Dragicevic Associates Limited 

c. The additional urban area was then divided by the lot sizes for that subcatchment to obtain the lot 
numbers per subcatchment. 

2. The nitrate loading to the additional urban area was calculated by multiplying the number of lots by the 
effluent flow per lot and the expected concentration of nitrate in the effluent, as shown in Tables 3 and 4. 

a. The effluent flow per lot was assumed to be 1000 L/day (MOE, 1996) 
b. The effluent concentration for nitrate was assumed to be 40 mg/L (MOE, 1996) 

3. The available dilution for the nitrate loading was calculated based on the infiltration values for each 
scenario and the additional urban area designated for the number of lots, as shown in Tables 3 and 4. 

4. The groundwater nitrate concentration was estimate by dividing the annual nitrate loading for the 
additional urban area by the volume of water estimated as annual infiltration to the additional urban area.   

 
Table 1: Number of additional lots predicted for each subcatchment under the interim scenario 

Subcatch-
ment 

Urban type Existing 
Urban Area 

(m2) 

Interim Urban 
Area (m2) 

Additional 
Urban Area 

(m2) 

Additional 
Estimated 

Urban Lots 

Equivalent 
Lot Size 

(ha) 
1101 Rural Res 660,741 660,741 0 0 NA 
1103 Rural Res 147,113 286,536 139,424 7 2.0 
1105 Rural Hamlet 281,590 437,391 155,802 22 0.7 
1107 Rural Hamlet 400,125 455,484 55,359 8 0.7 
1109 Rural Hamlet 164,507 382,719 218,212 31 0.7 
1111 Rural Hamlet 60,650 69,275 8,625 1 0.7 
1113 Rural Res 109,843 109,843 0 0 NA 
1115 Rural Hamlet 580,809 655,134 74,325 11 0.7 

    SUM 80*  
*As predicted by Wendy Nott from Walker, Nott, Dragicevic Associates Limited 
 
Table 2: Number of additional lots predicted for each subcatchment under the ultimate scenario 

Subcatch-
ment 

Urban type Existing 
Urban Area 

(m2) 

Ultimate 
Urban Area 

(m2) 

Additional 
Urban Area 

(m2) 

Additional 
Estimated 

Urban Lots 

Equivalent 
Lot Size 

(ha) 
1101 Rural Res 660,741 7,065,769 6,405,028 321 2.0 
1103 Rural Res 147,113 2,577,881 2,430,769 122 2.0 
1105 Rural Hamlet 281,590 2,295,924 2,014,334 293 0.7 
1107 Rural Hamlet 400,125 483,512 83,388 12 0.7 
1109 Rural Hamlet 164,507 924,664 760,158 111 0.7 
1111 Rural Hamlet 60,650 1,607,445 1,546,795 225 0.7 
1113 Rural Res 109,843 668,602 558,759 28 2.0 
1115 Rural Hamlet 580,809 1,871,097 1,290,288 188 0.7 

    SUM 1300*  
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Table 3: Calculation of nitrate loadings, dilution volumes and groundwater nitrate concentrations for interim 
scenario 

 

Sub-
catch-
ment 

Urban 
type 

Additional 
Urban 
Area 
(m2) 

Estimated 
Number of 

Lots 
 

Predicted 
Interim 

Infiltration 
(mm/yr) 

Dilution 
Available 

from 
Infiltration 

(m3/yr) 

Additional 
Nitrate 

from Septic 
Systems 
(kg/yr) 

Estimated 
Groundwater 
Concentration 

(mg/l) 

1101 Rural 
Res - 0 272.3               -                -    0.0 

1103 Rural 
Res 139,424 7 255.2        35,581            100  2.8 

1105 Rural 
Hamlet 155,802 22 277.1        43,173            327  7.6 

1107 Rural 
Hamlet 55,359 8 270.6        14,980            116  7.7 

1109 Rural 
Hamlet 218,212 31 268.3        58,546            458  7.8 

1111 Rural 
Hamlet 8,625 1 249.9          2,155              18  8.4 

1113 Rural 
Res - 0 250.3               -                -    0.0 

1115 Rural 
Hamlet 74,325 11 250.3        18,604            156  8.4 

 
Table 4: Calculation of nitrate loadings, dilution volumes and groundwater nitrate concentrations for ultimate scenario 

Sub-
catch-
ment 

Urban 
type 

Additional 
Urban Area 

(m2) 

Estimated 
Number of 

Lots 
 

Predicted 
Interim 

Infiltration 
(mm/yr) 

Dilution 
Available 

from 
Infiltration 

(m3/yr) 

Additional 
Nitrate from 

Septic 
Systems  
(kg/yr) 

Estimated 
Groundwater 
Concentration 

(mg/l) 

1101 Rural 
Res 6,405,028 321 257.4 1,648,654 4,684 2.8 

1103 Rural 
Res 2,430,769 122 232.4 564,911 1,778 3.1 

1105 Rural 
Hamlet 2,014,334 293 237.9 479,210 4,282 8.9 

1107 Rural 
Hamlet 83,388 12 203.1 16,936 177 10.5 

1109 Rural 
Hamlet 760,158 111 241.6 183,654 1,616 8.8 

1111 Rural 
Hamlet 1,546,795 225 238.5 368,911 3,288 8.9 

1113 Rural 
Res 558,759 28 234.9 131,252 409 3.1 

1115 Rural 
Hamlet 1,290,288 188 206.5 266,444 2,743 10.3 
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Assessment of Road Salting on Groundwater Chlorides 
 
The chloride dilution calculations followed similar principles as the dilution calculations recommended in MOE’s 
Technical Guideline for Individual On-site Systems: Water Quality Impact Assessment (1996).  Since chloride is 
conservative and soluble and is not typically taken up in biological tissue, it is expected that it will accumulate in the 
groundwater and eventually achieve steady state conditions.  The annual infiltration values will provide an 
approximation of groundwater concentrations from that year’s chloride loadings.  However, it is likely that chloride 
concentrations may be higher due to influxes of upgradient groundwater chloride loadings.  The calculations present 
a relative risk of chloride contamination of groundwater and it is likely that they may be over predicted 
concentrations in the upgradient subcatchments and under-predicting concentrations in the downgradient 
subcatchments.  The methodology used for calculating groundwater chloride concentrations is provided. 
 

1. The lengths of roads for each subcatchment were calculated. 
a. For the interim scenario, the current highest road to urban area ratio for each urban type was 

multiplied by the interim urban area, as seen in Table 5. 
i. Highest road to urban area for rural residential areas was 1.45 km/km2 

ii. Highest road to urban area for rural hamlet areas: 2.08 km/km2 
iii. Highest road to urban area for the Georgetown urban areas: 13.27 km/km2 

b. For the ultimate scenario, two ratios from the Health and Environment Report (2001) were 
multiplied by the ultimate urban area, as seen in Table 6.  The chosen ratios represented the 
maximum densities in the expected range in road densities for each urban area. 

i. Rural residential and hamlet road to urban area ratio: 10 km/km2 
ii. Georgetown urban roads to urban area ratio: 15 km/km2 

2. The chloride loadings to each subcatchment were calculated. 
a. An average annual rate of 40 tonnes of road salt per km of 2-lane road  (Environment and Health 

Canada, 2001) was multiplied by 
b. The ratio of chloride to road salt of 0.6 (Environment and Health Canada, 2001) and 
c. The percent of chloride expected to infiltrate (estimated as 40%), as oppose to runoff directly into 

surface waters (Environment and Health Canada, 2001).  This is considered another conservative 
estimate since the typical precipitation infiltration values calculated for the interim and ultimate 
scenarios ranged from 26% to 33% of the total precipitation.   

3. The available dilution for the chloride loading was calculated based on the infiltration values for each 
scenario and area of the subcatchment, as shown in Tables 6 and 7. 

4. The groundwater chloride concentrations were estimated by dividing the annual chloride loading to the 
subcatchment area by the volume of water estimated as annual infiltration for the subcatchment area for 
each scenario, as shown in Tables 6 and 7.   

 
Table 5: Calculation of road lengths per subcatchment for the interim scenario 

Subcatch- 
ment 

Urban Type Existing 
Road 
Lengths 
(km) 

Existing 
Urban 
Area 
(km2) 

Existing Ratio 
of Road 

Length/Area 
(km/ km2) 

Ratio used 
for Interim 
Scenario 

(km/ km2) 

Interim 
Urban 
Area 
(km2) 

Estimated 
Interim Road 

Length 
(km) 

1101 Rural Res 14 0.7 1.03 1.45 0.7 14 
1103 Rural Res 6 0.1 0.97 1.45 0.3 9 
1105 Rural Hamlet 5 0.3 1.23 2.08 0.4 8 
1107 Rural Hamlet 1 0.4 2.08 2.08 0.5 1 
1109 Rural Hamlet 1 0.2 0.80 2.08 0.4 3 
1111 Rural Hamlet 3 0.1 1.23 2.08 0.1 6 
1113 Rural Res 4 0.1 1.45 1.45 0.1 4 
1115 Rural Hamlet 8 0.6 1.60 2.08 0.7 11 
1117 Urban 14 1.3 10.13 13.27 1.4 18 
1119 Urban 31 2.3 13.27 13.27 2.6 35 
1121 Urban 2 0.1 18.10 13.27 0.8 10 
1123 Urban 16 1.3 12.44 13.27 1.4 18 
1125 Urban 20 1.7 12.00 13.27 1.7 23 
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Table 6: Calculation of road lengths per subcatchment for the ultimate scenario 
Subcatch- 
ment 

Urban Type Ultimate 
Urban Area 

(km2) 

Ratio used for 
Ultimate 

Conditions 
(km/km2)* 

Estimated Ultimate 
Road Length 

(km) 

1101 Rural Res 7.1 10 71 
1103 Rural Res 2.6 10 26 
1105 Rural Hamlet 2.3 10 23 
1107 Rural Hamlet 0.5 10 5 
1109 Rural Hamlet 0.9 10 9 
1111 Rural Hamlet 1.6 10 16 
1113 Rural Res 0.7 10 7 
1115 Rural Hamlet 1.9 10 19 
1117 Urban 1.7 15 26 
1119 Urban 2.8 15 42 
1121 Urban 1.0 15 15 
1123 Urban 1.5 15 22 
1125 Urban 1.9 15 28 

*ratio taken from Environment and Health Canada (2000) Priority Substance List Assessment Report: Road Salts. 
August, 186 pages. 
 
Table 7: Estimate of groundwater chloride concentrations from road salting for the interim scenario 

Subcatch
-ment 

Urban Type Estimated 
Interim 
Road 

Length 
(km) 

Estimated 
Annual 

Salt 
Loadings 
(kg/yr)* 

Total 
Area 
(km2) 

Predicted 
Interim 

Infiltration 
(mm/yr) 

Dilution 
Available 

from 
Infiltration 

(m3/yr) 

Predicted 
Groundwater 
Concentration 

(mg/l) 

1101 Rural Res 14 134,842 13.7 272.3 3,727,822 36 
1103 Rural Res 9 89,455 6.4 257.9 1,662,522 54 
1105 Rural Hamlet 8 81,208 4.1 273.9 1,116,430 72 
1107 Rural Hamlet 1 12,566 0.6 268.5 169,354 74 
1109 Rural Hamlet 3 27,777 1.4 270.1 376,568 74 
1111 Rural Hamlet 6 53,261 2.7 251.1 671,266 80 
1113 Rural Res 4 35,155 2.5 250.8 635,370 55 
1115 Rural Hamlet 11 104,818 5.3 244.8 1,287,910 82 
1117 Urban 18 175,673 2.3 240.2 552,436 319 
1119 Urban 35 332,007 3.2 234.4 757,298 441 
1121 Urban 10 98,057 1.3 232.2 302,775 325 
1123 Urban 18 175,959 2.3 230.5 521,899 338 
1125 Urban 23 220,926 3.0 228.5 678,740 327 

*estimated as 9600 kg/km of 2-lane road from Environment and Health Canada (2001) Priority Substance List 
Assessment Report: Road Salts. August, 186 pages. 
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Table 8: Estimate of groundwater chloride concentrations from road salting for the ultimate scenario 
Subcatch
-ment 

Urban Type Estimated 
Interim 
Road 
Length  
(km) 

Estimated 
Annual 
Salt 
Loadings 
(kg/yr)* 

Total 
Area  
(km2) 

Predicted 
Interim 
Infiltration 
(mm/yr) 

Dilution 
Available 
from 
Infiltration 
(m3/yr) 

Predicted 
Groundwater 
Concentration 
(mg/l) 

1101 Rural Res 71 678,314 13.7 237.9 3,256,882 208 
1103 Rural Res 26 247,477 6.4 203.1 1,309,260 189 
1105 Rural Hamlet 23 220,409 4.1 241.6 984,774 224 
1107 Rural Hamlet 5 46,417 0.6 238.5 150,431 309 
1109 Rural Hamlet 9 88,768 1.4 234.9 327,493 271 
1111 Rural Hamlet 16 154,315 2.7 213.7 571,284 270 
1113 Rural Res 7 64,186 2.5 206.0 521,875 123 
1115 Rural Hamlet 19 179,625 5.3 204.4 1,075,362 167 
1117 Urban 26 251,605 2.3 202.5 465,730 540 
1119 Urban 42 405,175 3.2 198.5 641,312 632 
1121 Urban 15 139,335 1.3 219.3 285,954 487 
1123 Urban 22 209,661 2.3 217.8 493,144 425 
1125 Urban 28 270,523 3.0 216.0 641,610 422 

*estimated as 9600 kg/km of 2-lane road from Environment and Health Canada (2001) Priority Substance List 
Assessment Report: Road Salts. August, 173 pages. 
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