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ABSTRACT

A general water quality model was developed and tested for 2,4,6
Tri-chlorophenol/Suspended Sediment, Chloroform and Aluminum for the
Kaministiquia River as part of the deVelopment of water quality models
for the Municipal Industrial Strategy for Abatement (MISA) program.
The'model_is capable of accepting kinetic formulations, as a result
simulation of almost any contaminant is possible. The model is based
on the previously developed 3 layer 16 segment Dissolved Oxygen-
Biochemical Oxygen Demand box mddelv (McCrimmon et al., 1988).
Transport 1is calculated using the previously modified DYRESM model
(McCrimmon et al., 1987) and accounts for the intrusion of cooler Lake
Superior water which creates thermal stratification.

Simulations were carried out for the period of August 11-15,
1986, and resulted in reasonably good results with root mean square
(rms) errors of 24%, 160%, 29% and 14% for Suspended Sediments, 2,4,6
Tri-chlorophenol (TCP), Chloroform and Aluminum, respectively. The
TCP rms error of 160% is high but the kinetics for TCP are difficult
to measure in the laboratory. The lack of detailed TCP loading data

also contributes to this high error.



RESUME

Un modéle général pour la qualité de 1'eau a &té mis au point et
expérimenté pour le 2,4,6-trichlorophénol, 1les sédiments en
suspension, 1e chloroforme et 1'aluminium de la riviére Kaministiquia,
dans le cadre de 1'élaboration de modéles de qualité de 1'eau pour le
programme de Stratégie municipale et industrielle de dépoliution
(SMID). Le modéle peut accepter les formulations cinétiques, ce gqui
rend possible la simulation de presque n'importe quel contaminant. Ce
modéle est fondé sur un modéle antérieur (boite) 3 couches 16 segments
pour la demande en oxygéne biochimique - oxygéne dissous (McCrimmon et
coll., 1988). Le transport est calculé gr@ce au modéle DYRESM modifié
(McCrimmon et coll., 1987) et i1 tient compte de la pénétration d'eau
plus froide du Lac Supérieur, qui crée une stratification thermique.

Des simulations effectuées pour la période du 11 au 15 aofit 1986
ont donné des résultats relativement satisfaisants, avec des racines

carrées moyennes (rcm) de 24 %, 160 %, 29 % et 14 % respectivement

pour les sédiments en suspension, le 2,4,6-trichlorophénol (TCP), 1le

chloroforme et 1'aluminium. La rcm de 160 % est élevée, mais i1 faut
dire que la cinétique relative au TCP est difficile 3 mesurer en
laboratoire. Le manque de données détaillées en ce qui concerne la

charge de TCP a également contribué d cette forte erreur.



MANAGEMENT PERSPECTIVE

This study is a Jjoint federa]-pkbvincial contribution to the
Municipal Industrial Strategy for Abatement (MISA) Program of the
Ontario Ministry of the Environment. One of the MISA objectives is to
investigate environment impact on selected pilot sites by chemical
contaminants from point source discharger to rivers. This study is
part 4 in a series of studies on one of the pilot sites on the
Kaministiquia River, near Thunder Bay, Ontario. It reports on the
computed results of a two-component (dissolved and particulate) toxic
substances model for 2,4,6 Tri-chlorophenol, Chloroform and}Aluminum.
Comparison of these results with observed data shows agreement within
the uncertainty 1imits of the observed concentration and loading."The
model simulates the river flows, the thermal stratification, the
sediment'transport and the chemical processes. It has been structured
for general application for other toxic substances and can be used for
predictive purposes for impact studies for flow regulatory strategies,

effluent loading restrictions and water level control.




PERSPECTIVES DE GESTION

La présente é&tude est une contribution conjointe fédérale-
provinciale au programme de Stratégie municipale et industrielle de
dépollution (SMID) du ministére ontarien de 1'environnement. Un des
objectifs de ce programme est d'étudier les effets sur 1'environ-
ﬁement, i des sites pilotes choisis, de contaminants chimiques
déversés par des sources ponctuelles dans les riviéres. La présente
étude est la quatriéme d'une série d'études d 1'un des sites pilbtes
de la riviére Kaministiquia, prés de Thunder Bay, en Ontario. Elle
donne les résultats calculés pour un modéle de substances toxiques
(dissoutes et particulaires) dans le cas du 2,4,6-trichlorophénol, du
chlorpfonhe et dé 1'aluminium. La comparaison de ces résultats avec
les valeurs observées révéle une bonne corrélation avec les limites
d'incertitude des concentrations et des charges observées. Le modéle
simule la stratification thermique, le transport des sédiments, les
processus chimiques et le débit de la riviére. I1 a été é&laboré pour
les applications générales relatives d& d'autres substances toxiques et
i1 peut servir aux fins suivantes : prévisions pour études d'impact
dans le cadre de stratégies de régularisation du débit; restrictions

relatives & la charge des effluents; contrble du niveau d'eau.



INTRODUCTION

The lower Kaministiquia River located near Thunder Bay, Ontario,
is subject to industrial pollutant 1loadings which often cause the
river water quality, especially dissolved oxygen concentrations, to
fall below desired levels (MOE, 1972, 1988). The Canadian Pacific
Forest Products Company operates the largest pulp and paper mill in
Ontario which discharges to the Kaministiquia River approximately
10 km upstream of Lake Superior (see Figure 1). Application of a
riverine water quality model would normally be sufficient to determine
viable solutions. However, the delta of the Kaministiquia River is
unusual since cooler and cleaner Lake Superior water intrudes upstream
along the river bottom, which creates a vertical thermal structure
with a distinct thermocline similar to that observed in lakes. This
phenomenon also results in both a horizontal and a vertical gradient
of different contaminant concentrations since the polluted water is
warmer and flows downstream nearer the surface. Therefore, a river
water quality model that accounts for vertically varying concentra-
tions is required. |

In a previous study (McCrimmon et al., 1987), flow characteris-

tics and water temperatures were determined for August 11-15, 1986,

using a modified version of the one-dimensional dynamic reservoir
simulation model, DYRESM. The river was divided into 16 connected
segments which were simulated in turn using DYRESM in six-hour time

steps. In a subsequent study (McCrimmon et al., 1988), a 3 layer
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16 segment DO-BOD box model, which used the previously determined
flows and water temperatures, was developed and célibrated for the
1986 data. In addition, data f&r Juné 15-21, 1987, was obtained and
used to verify the DYRESM and DO-BOD models.

In this study, the D0-BOD model is modified and expanded into a
general model. This general model allows for the interactive input of
kinetic reaction formulations_and other required inputs so that almost
any contaminant can be simulated. The model is tested for the 1986
period for 1) 2,4,6 Tri-chlorophenol (TCP) reacting with Suspended
Sediments (SS) using equilibrium and non-equilibrium conditions,

2) Chloroform and 3) Aluminum.
GOALS AND OBJECTIVES

The overall goal of the Kaministiquia River Water anlity Model-
1ing Study is to develop and verify water quality models with predic-
tive capability for the assessment of possible management strategies
for the Municipal Industrial Strategy for Abatement (MISA) program on
pollution control for rivers of the same type. The goals and objec-
tives of the MISA progrmn.were laid out in a White Paper from MOE
(MOE, 1986). The objective of this study is to develop a general
water quality model capable of simulating almost any contaminant that
incorporates not only the multi-score, heated effluent conditions but
also theAmodulatibns on parameter concentrations by the intrusfon of

the relatively cleaner, cooler and denser lake water.
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‘This report describes the general model and the results obtained
from testing the model for 2,4,6 Tri-chlorophenol/Suspended Sediments,

Chloroform and Aluminum.
GENERAL WATER QUALITY MODEL

The method forv predicting parameter concentrations involves a
number of sequential steps, the results of which are used in ensuing
steps. As odt11ned in previous reports (McCrimmon g;lgl., 1987, 1988)
these steps 1involve predicting water temperatures and flow charac-
teristics using DYRESM and then using these results in the 3 layer box
model.

The general water quality model developed is basically a more
flexible version of the previously developed DO-BOD model. The new
model is still a 3 layer, 16 segment model and retains the transport
and diffusion components of the DO-BOD model but now the kinetic reac-
tions of effluent parameters as well as initial conditions, loadings
and observations can be inputted interactively. This allows for the
creation of new models for simulating almost any parameter.

One to four parameters can be simulated in the model through this
number could be expanded if required. The differential equation for a

parameter used in the model {s:

ave, ave, a2c

i
—— = -U—— + KV —— +31C1 + 329 4+...+a C 1
ot ax d 9z2 & Il T Az tee.vat, (1

flow diffusion kinetics
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and for the middle layer add the following

aZC1 )
+K V—
EX  ax2 (2)
horizontal diffusion

where |
V = box volume (m3) t = time (d)
X = horizontal distance (m) Zz = depth (m)
i = index of barameters 1to] = number of parameters
u = ﬁorizontal velocity (m/d)
C = parameter concentration (mass/volume)
aj = relates changes of parameter CJ to parameter Cj

K2 = reaeration constant (d-1)
Kex = horizontal diffusion rate (m2/d)
Kg = vertical diffusion constant (m2/d)

Through experimentation of different model equation solutions, a
predictor-corrector method using a 1/2 hour time Step was selected for
the DO-BOD model and is also used in the general model. It should be
noted that to conserve mass the flow rates from the DYRESM results are
used explicit]y. In more detail, the model equations are solved as

follows:

for time step 1: explicit solution (solve for C?*l)
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i i _ - n n
V—7pt—— = flow + diffusion + ajC] +...+ aJCj (3)
for remaining time steps: 1) predictor (solve for 52+1)
gn+l _ on-1
yoi i _ . : n n
v ST = flow + diffusion + ajC] +...+ aJCj (4)
2) corrector (solve for c?*l)
n+l n p
c1 -¢ . a1C? + 61C?+1)
V—Ts— = flow + diffusion + T teed (5)

(a;c] + a;cl*)
SI°L

where At is the time step and n is the time step level. For each time -
step, the predictor calculation is performed for all boxes then the

corrector is performed for all boxes to achieve the simulated value,

n+1
c1 [ ]

The ajCy terms can be inputted interactively into the model
in an explicit .form for each parameter, Ci, of each layer. The
model then automatically converts the explicit formulations into the

predictor and corrector forms and creates the new model.

DATA BASE

Flow rates and water temperatures for August 11-15, 1986, were
taken from previous studies (McCrimmon et al., 1987, 1988). Other

data required for calibration of the model, such as loadings and



N A =N =R N

-6 -

observations,'were supplied by the Ontario Ministry of the Environ-
ment (MOE). In this section, the available data, calculated and
estimated data and assumptions related to the data and model are
presented.

The Kaministiquia River is 1located in northern Ontario near
Thunder Bay. The stretch of river under investigation extends from
the river outlet at Lake Supérior to approximately 10 kilometres
upstream, and includes the McKellar and Mission River branches, as
depicted in Figure 1. The points A through P in Figure 1 indicate the
cross-section locatiohs at which parameter measurements were made by
the MOE. By using these points and the addéd point Z, which is the
location of the river's main pollutant source, as boundaries, 16 river

sections were created for modelling purposes.

Model Data

The general model is tested for TCP/SS, Chloroform and Aluminum
over the period of August 11-15, 1986. Flow, water temperature and
hypsometric data were taken from the bYRESM calibration data base and
results. The parameter observations supplied by MOE included 1) 8
hourly surface values for 2 days at 3 cross-sections for TCP, at 11
cross-sections for Chloroform and at 12 cross-sections for Aluminum,

and for 4 days at 15 cross-sections for SS, 2) a few isolated observa-

‘tions of each parameter in the top and bottom layers at cross-sections

G, I, M and P and 3) diffuser loading concentrations for each para-

meter on a 4 hourly basis for one day and on a daily basis for the
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remainder of the period. The‘river segment values were then estimated
as the average of the upstream and downstream cross-section values.
The initial conditions were estimated using observations but the lack
of lower layer obserQations led to the assumptions that the middle
layer and the upper layer are initially the same and the lower layer,
which is assumed to be cleaner due to the upstream flow of water from
Lake Superior, was set to the low constant values of 1.0 ng/L for TCP,
1.0 mg/L for SS, 1.0 ug/L for Chloroform and 0.11 mg/L for Aluminum

based on the minimum observed values of each parameter.

RESULTS

The development of the general water quality model for the lower
Kaministiquia River involved: 1) the simulation of flows and water
temperatures using a modified version of DYRESM, 2) the calculation of
vertical diffusions for temperature using the 3 layer box model,
3) the simulation of sodium to check the transport prbcesses of the 3
layer box medel, 4) the application of the 3 layer box model for
DO-BOD, and 5) the testing of the general model which is a modified
and more flexible version of the DO-BOD model. In this section, the
results of the general model tests will be presented. The other

steps, 1-4, were reported earlier (McCrimmon et al., 1987, 1988).
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2,4,6 Tri-Chlorophenoi Simulation

The kinetic reactions used in creating the TCP model were based
upon the assumption that only sorption, photolysis and possibiy
‘volatizat1on would be significant (National Research Council of
Canada, 1982). Suspended sediment (SS) can absorb TCP and, therefore,
is also simulated in the TCP model. Settling of SS is considered in
the kinetic reactions. The total quantity of TCP is taken as the

amount of TCP dissolved in the water plus the particulate amount,

~which is the amount of TCP attached to the suspended sediments.

Two TCP-SS models were created to test the assumption of particu-
late and dissolved TCP always being in equilibrium, which has been
used for chlorinated benzenes (e.g., Stepien et al., 1987). The first
model, the equilibrium model, forces the particulate and dissblved TCP
to be in constant eQuilibrihm. The second model, the non-equilibrium
model, does not force instant equilibrium but instead uses absorption
and desorption rate constants. For the equilibrium model the fraction

of dissolved and particulate TCP 1is calculated using a partition

coefficient, PI, as
Cp/Cd = PI * Css : (6)

where Cp 1is the particulate TCP concentration (ng/L), Cd is ‘the
dissolved TCP concentration (ng/L), PI is the partition coefficient
(L/mg) and Css 1is the suspended sediment concentration (mg/L). To

calculate the concentrations Cp and Cd the equation



CT = Cp + Cd (7)

can be combined with (6), where CT is the total TCP concentration.
Volatization is not believed to have a significant effect upon TCP
(NRCC, 1982) but is placed in the model for testing purposes. ~ The
undissociated form of TCP, which s expected to be the only form

affected by volatization (NRCC, 1982), is calculated as

jp-PKa

% Dissociated = 100 =T +'10-pKé . (8)

where pKa = 5.99 and the pH is approximately 7 in the Kaministiquia
River. The resulting % undissociated is 8.9% so that the resulting

model equations are

for TCP:
aveT _ _ aver 32cT
—= = K v - WA -D - 0.0 9 V Kv Cd (9
Bt ™ 32 P Cp V Cd 8 v (9)
flow diffus1on kinetics
for SS:
aVvCss aVCss 92Css
S = = == 4+ KV —==.WACss 10
at ax d az2 (10)

where W is the settling rate of SS (m/d), D is the decay rate (1/d)
and Kv is the volatization rate (1/d). A volatization rate of 127.9
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(cm/d) (NRCC, 1982) is applied to the surface layer, which has a mean
depth of 75 cm. The resulting Kv used in (8) for the surface layer is
1.7053 (1/d). |

Suspended sediment concentrations were calibrated first since
they are independent of TCP. The main source of SS loading was thg
Canadian Pacific Forest Products Company diffuser at segment ZB.
Measurements of 1loadings as well as observations at most cross-
sections were taken approximately every 8 hours. It was found that
reducig the SS settling rate to zero from the original rate of 2.0 m/d
resulted in reasonably good simulations of SS with a root mean square
error of 24%. An exampIg of a typical surface layer SS‘simulation
compared to obServations is presented in Figure 2 for
August 13, 1986. The observations are seen to be approximately equal -
at all points below the loading point at ZB, which indicates very’
little settling is occurring. '

For the simulation of TCP a partition coefficient of
0.00053 L/mg, which was estimated from Fraser River Data, was used
(J.H. Carey, pers. comm., 1988; Lam et al., 1988). This value of PI
is small and will result in TCP being mostly dissolved. The diffusion
rates used were the same as those used in the DO-BOD mode! calibration
of August 11-15, 1986. A decay value of 0.173 (1/5),.wh1ch is equiva-
lent to a 4 day half-life, resulted in an rms error of 160% for TCP.
This rms error is large compared to the SS simulations but the rela-
tively sparse input and observation data did not allow for a

reasonable calibration. When the volatization option was not used the
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surface layer values of TCP increases 10%, on average, by the end of
August 15, 1986. Also, the rms error increased to 180% suggesting
that volatization is a significant factor on the TCP concentrations of
the surface layer.

A plot of the simulated and observed top layer TCP concentrations
at the end of August 13 is presented in Figure 3. In Figure 3, the
simulated va]ueé decrease downstream of the main diffuser at ZB due to
photolysis and volatization. In general, TCP diffuses into the ZB top
layer segment from the lower layer and then is transported downstream.

The creation of the non-equilibrium TCP-SS model was similar to
the equilibrium model except 1instant equilibrium is assumed to not
occur so that an absorption rate, Ka, and a desorption rate, Kd, are

used similar to Taylor (1987) as follows:

if Cd > Cde then dCp/dt = - dCd/dt = -Ka (Cd - Cde) (11)
1f Cd < Cde then dCp/dt = - dCd/dt = -Kd (Cd - Cde) (12)

where Cde is the equilibrium value of Cd which is calculated using (6)
and (7). Also, since Cp and Cd are not in equilibrium they were
simulated seperately as opposed to calculating them from (6), (7) and
(9).

The results of the non-equilibrium model were very similar to
those of the equilibrium model. This s due to the assumption that
the diffuser loadings of TCP were in equilibrium which caused the

concentrations in the river to be near equilibrium. Therefore,
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equations (10) and (11) had little effect even when Ka and Kd were set
to zero. |

In general, the SS concentrations were well simulated, but the
TCP concentrations were not simulated as well due to the lack of
measured TCP loadings and observations. More data and a better under-
standing of 2,4,6 TCP kinetics are required to truly test the TCP-SS

model.

Chloroform Simulation

Chloroform data for the August, 1986 period was used to further
test the general model. The main assdmption used for Chloroform was
that decay is the only significant factor besides flow and diffusion.
Reasonably good results were achieved under this assumption.

The governing differential equation for this model is

avCe _ . avCe a2Cc » ‘
=-u=——+KV—==-DVCc
at ax d 922 (13)
flow diffusion kinetics

where Cc 1s the concentration of Chloroform. Using a decay rate of
0.35, which is equivalent to a half-1ife of 2 days, resulted in rms
error of 29%. Observations were only available for the surface layer

so the rms error is only for the surface.
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Time serieé of the surface layer Chloroform concentration (CLF)
are plotted for segments BC and JK in Figures 4 and 5, respectively.
On August 12 there is increased loading of chloroform which is evidént
by the peak in the time series plot at BC. After this time the
concentration is seen to decrease due to lower loadings. Downstream,
at segment JK, the peak is noticeably smaller, due mainly to decay,
and occurs approximately 16 hours later. In general, the simuIated

values agree reasonably well with the observations.

Aluminum Simulation

The simulation of total aluminum was attempted usfng the general
model. This was a relatively simple test since it was assumed that
the aluminum was unreactive and there were no kinetic reactions.

The first simulat1bns of total aluminum resulted in a low rms
error of 14%. Both the plot of the surface layer at August 13,
2400 hours in Figure 6 and the time series plot of segment FG in

Figure 7 show good agreement between the simulated and observed

concentrations.

CONCLUSIONS

A general water quality 3 layer box model utilizing a predictor-

~ corrector solution method and a 1/2 hour time step has been developed

from the previously developed DO-BOD mode) (McCrimmon et al., 1988).
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The general model is flexible in that it can simulate up to 4 para-
meters. Also, the kinetics of each paramefer can be entered into the
model so that a new model can be created for simulating almost any
parameter desired. Therefore, the model still needs to be Qerified
for organic p011utahts.

In this study, the general model was used to create models for
simulating 2,4,6 Tri-chlorophenol/Suspended Sediments, Chloroform and
Total Aluminum. Reasonébly good results were achieved for all para-
meters (rms errors less than 30%) except for TCP, which had a rms
error of 160%. The higher errors for TCP are due, 1ikely, to the fact
that chlorophenols and the associated kinetics are not as well under-
stood as the other parameters and that the TCP concentrations are
difficult to measure. The_input data for TCP are also poor.

Reasonable simdlations of different parameters using the general
model indicate the model is useful. However, most parameter observa-
tions were for the surface layer so it would be desirable to further
test the model for parameters which have observations below the
surface layer. As also outlined previously (McCrimmon et al., 1988),
more detailed loading observations and possibly a better hydrodynamic

model would 1ikely improve the general models performance.
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