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ABSTRACT

Green, G. L. 1983. A method uSIng sImultaneous equatIons for estImatIng
percent concentratIon of kraft effluent In marIne receIvIng waters.
Can. Tech. Rep. FISh. Aquat. SCI. 1224: IV + 23 p.

DetaIls of a method are presented for estImatIng the receIvIng water
concentratIons of kraft mIll effluent dIscharged Into costal marIne waters.
The method IS based on the proportIonate mIxIng of three water sources In the
surface zone of a coastal Inlet and the assumptIon of a sImple, two-layer flow
model of estuanne clfculat lOn. The three source waters were: effluent
dIscharged by the mIll, fresh water from nearby rIvers or streams, and hIgher
salInIty water from the inward flowing subsurface zone. The propertIes used
to IdentIfy the source waters were color and salInIty. The percent
concentratIon of the three source waters In mIxture are derIved by
sImultaneous equatIons. ApplIcatIon of the method to a small area In a
BrItish ColumbIa coastal Inlet receIvIng effluent from a kraft mIll mdlcated
a hIghly stratIfied distrIbutIon of effluent wIth concentratIons varyIng up to
40% at the surface and dIminishIng to less than 1% at 2.5 m depth. A
substantIal addItIon of freshwater to the surface and upper portIons of the
water column wIth attendant greater dIlution of effluent was observed durIng
several days of raInfall and hIgh stream run-off.

Key words: kraft mIll effluent, water mIxIng, effluent dIspersion, salInIty,
color.
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PresentatIon detaillee d'une methode servant a calculer les
concentratIons, dans les eaux receptrlces, de l'effluent d'une USlne de
fabricatIon de pate kraft deverse dans un secteur cotler. La methode repose
sur Ie melange en proportIons Identiques de troIs sources d'eau dans la zone
de surface d'un goulet cotler et sur l'hypothese d'un modele sImple
d'ecoulement a deux couches pour la cIrculatIon estuarienne. Les troIS
sources d'eau etalent: l'effluent deverse par l'uslne, l'eau douce des
rlvleres ou des rUlsseaux avoIsinants et l'eau tres salee de la couche sous la
surface s'ecoulant vers l'lnterleur. La couleur et la salinlte ont servi a
IdentIfIer les eaux des dlfferentes sources. Le pourcentage de concentratIon
des eaux des troIs sources a l'lnterleur du melange est etabil a partIr
d'equatlons slmultanees. L'appllcation de la methode a un secteur lImIte d'un
goulet cotler de la Colombie-Britannlque ou se deverse l'effluent d'une USlne
de fabrIcatIon de pate kraft a mlS en lumlere une repartItIon de l'effluent
tres stratlflee et montre que la concentratIon attelgnalt jusqu'a 40 % a la
surface et dlmlnualt jusqu'a mOlns de 1 % a 2,5 m de profondeur. Pendant
plusleurs jours de plule et de rUlssellement lmportants, on a observe
l'addltlon d'une grande qUantlte d'eau douce aux couches superfIcIelles et
SUperleUreS de la colonne d'eau et, part ant , une dIlutIon plus grande de
l'effluent.

Mots-cles: effluentd'une USlne de pate kraft, melange de l'eau, dIspersIon
de l'effluent, sallnlte, couleur.



INTRODUCTION

The usual practice of effluent disposal by pulp mills located on
British Columbia coastal inlets is by discharge into adjacent marine waters.
Two methods of discharge prevail: one is at depth via submarine diffuser, and
the other by sewer(s) located at elevations within or near the range of tidal
excursions, i.e. surface outfall. Development of suitable methods for
estimating the concentation of pulpmill effluent in marine receiving waters
to assist determining the impact of this waste on resident fish and other
species has been a continuing problem. The subject of the present report 1S

a proposed method for field application which takes into account basic
features of coastal inlet circulation in British Columbia.

Coastal inlets on the B.C. mainland and the western margin of
Vancouver Island typically receive large inflows of fresh water from rivers
at the head. They are, thusly, characterized by a marked vertical
stratification of salinity and also density since density in these waters is
determined largely by salinity (Pickard 1961). Because the pulping process
uses fresh water, the density of pulpmill effluent can be similar to or less
than the density of inlet surface water. Oceanographically, effluent with
this physical characteristic will behave much as a freshwater stream and add
to the brackish upper layer (Tully 1949). Accordingly, effluent from surface
outfalls in particular can be expected to disperse largely in the low
salinity regions of the upper water column and undergo a net transport
seaward. In the course of seaward transport, dilution and dispersion of the
effluent will occur through the processes of eddy diffusion by vertical and
lateral mixing, and through advection due to the action of wind and tide.

Species of particular interest that could encounter and experience
deleterious effects of pulpmill effluent in their natural environ~ent are the
juvenile Pacific salmonids which utilize British Columbia coastal inlets as
nursery areas during their outmigration to sea. Most pulpmills now use the
kraft process (wood digestion in a caustic mixture of sodium salts) and
considerable laboratory research using salmonids has been directed to acute
toxicity studies (e.g. Davis and Mason 1973; McLeay 1976; Gordon and McLeay
1977) of kraft mill effluent and to sublethal effects of this effluent on
various aspects of physiology and behavior of salmonids (see summary by Davis
1976). In studies such as these, the biological responses typically are
expressed in terms of the percent whole effluent to which the fish were
exposed. If the results of acute toxicity and sublethal studies in the
laboratory are to have predictive value in assessing possible effects of
kraft mill effluent on fish and other organisms in their natural habitats, it
is desirable to be able to estimate the quantity of whole effluent in
receiving waters in the units of concentration used in laboratory studies.

Mainly four techniques have been applied in estimating the quantity
of puplmill effluents in receiving waters: the Pearl-Benson or nitroso method
(Barnes et al. 1963; Waldichuk 1964), fluorometry (Baumgartner et al. 1971,
1974; Wilander et al. 1974; Josefsson and Nyquist 1976), UV spectrophotometry
(Mrkva 1969; Wildish et al. 1976), and colorimetry with the effluent itself
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(Werner and Hyslop 1967). These techniques have been successful in
determining the relative effluent loading and/or the tracking of effluent 1n
receiving waters, but the units of concentration derived cannot easily be
related to the units of percent concentration used in most effluent toxicity
and sublethal studies. In order that estimates of receiving water
concentration can be derived, it is essential that any effluent measuring
technique also be applied to the undiluted effluent before discharge, as was
done by Waldichuk (1964) in studies of effluent dispersion in Stuart Channel,
B.C. Further, since the effluent property being measured usually can arise
from non-mill sources as well (e.g. Barnes et ale 1963; Wilander et ale
1974), estimation of the contribution of that property from these other
sources needs to be accounted for.

An alternative method for determining the concentration of pulpmill
effluent in marine receiving waters is contained in the study by Ketchum
(1967) on sources of enrichment in the New York Bight. In that study, the
proportions of water from three sources undergoing mixing were determined
using two properties of the source waters and a system of three simultaneous
equations. The three source waters identified in mixtures were the brackish
water resulting from dilution by the Hudson and Raritan Rivers, the surface
coastal water entering from eastward, and the deep ocean water brought in by
countercurrent in the estuarine-type circulation. The method used by Ketchum
bears directly on the mixing and dilution of pulpmill effluent discharged
from surface outfalls into coastal inlets and presents the additional feature
that some information can be gained on the mixing and dispersing
characteristics of the receiving water body. An adaptation of this method
was developed for estimating the concentration of kraft effluent in receiving
waters adjacent to the surface outfall of the Port Mellon, B.C., pulpmill and
is elaboratored below.

BASIS OF METHOD

The method of study by Ketchum (1967) stems from a technique that has
been applied in oceanographic studies for some time (Proudman 1953) whereby
the mixing of ocean water masses is represented by the T-S
(temperature-salinity) correlation diagram. For the case of mixing of three
water masses A, B, and C, each having temperature and salinity Ta , Sa; Tb,
Sb; and Tc ' Sc; the proportionate composition of each of the source waters 1n
the mixture can be derived from the temperature and salinity values of the
source water masses and the water mixture by solving the following
simultaneous equations:

TaA + TbB + TcC T
SaA + SbB + ScC S

A + B + C 1
where T and S are the temperature and salinity of the mixture and A, B, and C
are the proportions of each water mass in the mixture (Mamayev 1975).
Alternatively, a graphic solution can be derived using the T-S correlation
diagram.
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The two properties identifying the three source waters must be
conservative. Temperature is a conservative property of large water masses
on the open ocean but, unlike salinity, it is not a conservative property of
relatively shallow, inshore waters. In Ketchum's (1967) study on sources of
enrichment in the New York Bight the second property chosen, in addition to
salinity, was total phosphorus. Although total phosphorus concentration
could be altered by processes other than mixing, thereby not fulfilling the
requirement of a conservative property, departure from conservativity was
judged by him to be relatively minor. A noticeable feature of kraft mill
effluent is the intense brown color which arises mainly in the bleaching
process through the action of chlorine on lignin in the brown stock. Color
can be easily quantified by the visual comparison method (APHA 1971) and
requires simple apparatus. Effluent coior increases with increasing pH of
the dilution water but since the pH of marine waters is relatively constant,
the color of effluent diluted in marine receiving waters should reasonably
satisfy the requirement of conservation and be suitable as one of the
identifying properties (Werner and Hyslop 1967).

The freshwater-marine system on which many British ColumbIa coastal
pulp mills are located is not unlike the system studied by Ketchum (1967).
It is the freshwater inflow that gives rise to the estuarine-type circulation
in which the net seaward surface outflow and subsurface inflow is accompanied
by upward mixing (entrainment) of subsurface zone water into the surface zone
(Bowden 1967; Pickard 1961, 1963). Thus, in the vicinity of a pulp mill with
effluent discharged via surface outfall, the surface zone can be described as
a receiving water body undergoing mixing of water from three sources, namely,
freshwater streams, pulpmill effluent, and subsurface zone water. On a scale
of relative magnitude of the two properties color and salinity, each water
source can be characterized as follows: freshwater source(s) - low color, low
salinity; effluent - high color, low salinity; subsurface inlet water - low
color, high salinity. In graphical representation, the color and salinity of
each water source will locate the apices of a color-salinity correlation
triangle. Any given mixture comprised of the source waters will have a
unique combination of the two properties that will fall within or on the
boundaries of the correlation triangle from which the proportionate
composition can be derived graphically. It is more practical, however, to
derive the proportion of the source waters in mixture by solution of
simultaneous equations of the form given above.

Representative values of color and salinity for the three water
sources undergoing mixing become the coefficients on the left side of the
first two equations. Determination of representative values for the
freshwater sources(s) is straightforward. For the mill effluent, the two
properties are determined on an effluent mixture composited according to the
flow volume in each process stream sewered by the mill. Determining the
color and salinity coefficients of seawater from the subsurface zone presents
the greater problem of deciding the depth delimiting the zone of mixing.
Most B.C. inlets are deep and the non-tidal, estuarine circulation
characteristic of them (Pickard 1961, 1963) probably resembles the two-layer
flow with entrainment model described by Bowden (1967). This model typifies
the circulation in Alberni Inlet, B.C., for example, where Tully (1949)
regarded the base of the halocline as the depth at which the transfer of
water from the subsurface zone was by entrainment only with mixing taking
place in the halocline. At the same time, it is likely some small proportion
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of low salinity water from the seaward-flowing surface zone mixes downward
into the subsurface inflow in inlets with this type of circulation (Bowden
1967). Thus, to obtain the coefficients for this water source, it becomes
necessary to determine the salinity structure of the effluent-receiving
waters and record the color and salinty of the subsurface water at the depth
corresponding to the base of the halocline.

It is acknowledged that the estuarine circulation is likely more
complex than suggested here and the elementary description of the dynamics
involved should be regarded as a first approximation. Especially in the very
shallow, near-shore areas of effluent-receiving waters, the effect of wind
and tide on stratification and mixing in the water column can be pronounced
and may cause substantial departure from the simple, two-layer flow model.

MATERIALS AND METHODS

Study Area

The proportions of the three source waters (freshwater streams,
pulpmill effluent, subsurface inlet water) present in mixtures in the surface
zone were estimated in effluent-receiving waters comprising a 0.38 km2 area
adjacent to the kraft mill at Port Mellon, B.C. The mill is located between
two small river systems which flow into Thornbrough Channel on the west side
of Howe Sound (Fig. 1). Fresh water used by the mill is obtained from Rainy
River to the north of the mill site. About 1 km south of the mill, McNair
and Dakota Creeks form a confluence approximately 100 m inland and enter
Thornbrough Channel along a common course. A permanent log storage and
sorting area extends along the shore south of the mill.

The direction of prevailing winds in Thornbrough Channel are
constrained by the mountainous terrain and can be southerly or northerly.
Winds were light (ca. 5 km/hr max) and from the south during all sampling
of the water mixtures.

Mill Operation

The Port Mellon mill uses hemlock, fir, and cedar wood chips digested
in a solution of caustic soda and caustic sulfide in a ratio of approximately
4:1 (kraft process). In the production of fully bleached pulp, the bleaching
sequence consists of five stages: chlorination, first caustic extraction,
first chlorine dioxide, second caustic extraction, and second chlorine
dioxide. The rated production capacity for fully bleached pulp is 455 air
dry tonnes per day. The mill also produces unbleached and semi-bleached pulp
employing fewer stages in the bleaching sequence.

Alkaline waste is discharged via a 0.75 m diameter pipe into a ditch
on the beach. The bottom of the pipe is at an elevation of about 1.2 m

relative to tidal heights at Point Atkinson, B.C., and is submerged at tidal
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heights exceeding approximately 2 m. The acid bleach waste pipe leads into a
small lagoon and discharges at a depth approximately 4.5 m below low tide
level. The combined discharge from the two sewers is of the order 113 x 103

m3/day.

Water mixtures: sample collection and determination of properties

Water mixtures were collected at depths of 0, 0.5, 1.5, and 2.5 m at
four stations along each of three transects aligned more or less
perpendicularly to the shoreline adjacent to the mill site and extending to
about one-third the width of Thornbrough Channel (Fig. 1). Station positions
on each transect were approximately equal distance apart. The laying out of
the transects and station positions depended on the availability of charted
landmarks and closing headlands for taking ranges and compass bearings.

Water sampling was done once each day on the days August 23-26 inc.
and August 28-30 inc., 1978, usually between 1300 and 1600 h. Water below
the surface was collected with a 2-L Vandorn bottle and samples transferred
to 75 rnL screw-cap bottles. Samples at 0 m were taken about 10 em below the
surface using the 75 mL bottles.

Color was determined by the visual comparison method with PtCo
standard (APHA 1971). Salinity measurements were made with a Guildline
Instruments Model 8400 AutoSal salinometer for water with salinity >5~ or a
YSI Model 33 S-C-T meter for lower salinity water.

Source waters: determination of coefficients

Color and salinity determinations were made during the August 23-26
and 28-30 sampling periods on water collected 1-2 times daily from the three
freshwater streams adjacent to the mill. The freshwater samples were taken
in mid-stream well above the reach of the tide. Samples from the alkaline
and acid bleach waste streams were composited in the proportions specified by
mill personnel as follows: alkaline 68%, 1st caustic 2%, combined bleach
30%. The combined bleach consisted of bleach plant streams mixed as follows:
chlorine 60%, 1st chlorine dioxide 25%, and 2nd chlorine dioxide 15%.

Color and salinity representative of the subsurface zone of the
effluent receiving waters were determined from color and salinity data
obtained in June 1977 (Greer 1978 and unpub. obs.) and in the present study.
Water was collected by conventional hydrographic methods using Nansen
reversing bottles at depths, 0, 2, 3, 6, 8, 10 and 20 m at stations on the
west side of Thornbrough Channel (Greer 1978). For the three hydrographic
stations closest to the transect sampling area (Stns. HS-3, -4, -5; Fig. 1),
color and salinity profiles were plotted from the data for both years and the
col~r and salinity recorded for the depth judged to be nearest the bottom of
the halocline. Means (±S.E.M) for color and salinity were computed
separately for each of the hydrographic sampling periods June 1977 and
July-August 1978 (Table 1).

Measurement error

The maximum error ~n salinity measurements was estimated to be of the
order + 0.5~ and is based on one half the smallest scale division for reading
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salinity with a YSI S-C-T meter. The more accurate AutoSal salinometer was
used for most of the salinity determinations and also provided a secondary
standard for the YSI salinometer.

The measurement error for color determinations was estimated to be
± 3 PtCo units in using a color standard which ranged from 0-50 PtCo units
and with standard increments of 5 PtCo units. With practice, color
determinations within approximately one-half the standard increment could be
made. This error applies to the samples when diluted which, for composited
effluent, was always 100-fold and for the samples of water mixtures ranged
5-20 fold.

Data analysis

Solution of the simultaneous equations was by conventional matrix
inversion and multiplication using a Hewlett-Packard model 9825A program.
Color and salinity coefficients for the effluent and freshwater sources were
derived for each sampling day, but a single pair of values for the subsurface
zone coefficients was used for all computations.

RESULTS

Derivation of coefficients for the source waters

Subsurface zone

The subsurface zone salinity structure of the effluent receiving
waters adjacent to the mill on the west side of Thornbrough Channel was
similar for the June 1977 and July-August 1978 hydrographic sampling
periods. For the three stations HS-3 to HS-5 (Fig. 1, Table 1), the mean
salinity at the bottom of the halocline ranged from 25.6-26.2t and mean color
4.3-7.3 PtCo units. The mean halocline depth was shallower by approximately
1-2 m during the July-August 1978 sampling than in June 1977 (Table 1), which
latter month tends to have higher rainfall locally. Since the July-August
hydrographic sampling closely preceded the water mixtures sampling, and
Stns. HS-3 and HS-5 were well outside the relatively small area bounded by
the transects (Fig. 1), the mean color and salinity values determined for
Stn. HS-4 (5 PtCo units and 26.2t, resp.) were judged the more
representative estimate of the subsurface zone coefficients and were used in
all computations deriving the proportions of source waters in mixtures. This
value of salinity (26.2t) was not greatly different from the mean salinity of
Z5.9t obtained from the June hydrographic sampling the previous year. More­
over, a discrepancy of 0.3t salinity in the subsurface zone water would make
little difference in the derived concentration of effluent (see Discussion).

Kraft mill effluent

The effluent salinity coefficient for each sampling day was the mean

of replicated effluent salinity determinations for that day. The mean
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salinity of composited effluent ranged from 0.7-1.0~ (Table 2).

The mean color of composited effluent averaged over the sampling
period was about 1900 PtCo units with large departures from the mean
occurring on three days (Fig. 2). While not atypical of mills processing
wood furnish in batch, the presence of these large variations in effluent
color nevertheless makes selection of a value representative of mill output
of color difficult. In an attempt to account to some extent for variations
of color discharged by the mill over time, the value of the effluent color
coefficient was selected arbitrarily by interpolating from the data in Fig. 2
the color at the time each day's sampling of the receiving water mixtures
commenced (Table 2). Possibly a more accurate solution to the equations
could be obtained if interpolation of the effluent color coefficient
incorporated an estimate of a time lag between variations of color at the
point of effluent discharge and similar variations of color in the receiving
waters. However, lags could not be distinguished in the highly variable time
courses of color plotted from the present data for the receiving water
sampling stations.

Freshwater streams

The color and salinity of the freshwater sources (Rainy River, McNair
and Dakota Creeks; Fig. 1) are shown in Table II for each of the sampling
days. A brown humic stain was always visible in Dakota Creek and accounts
for the higher color values recorded for that freshwater source compared to
McNair Creek and Rainy River. The higher color values recorded for all three
of the streams through August 24-26, inc. (Table 2), occurred during frequent
and very heavy rain showers. Salinity of the stream waters was ot except on
August 28 when 0.8°~ was recorded for McNair Creek. Since the tide was not
high enough to intrude into the sampling location in McNair Creek, this
salinity value is likely in error. The presence of a small error in the
freshwater salinity coefficient will, however, have little effect on the
derived value of effluent concentration (see Discussion). The color and
salinity coefficients used for the freshwater sources were the means of the
daily measurements pooled for the three streams and were calculated for each
sampling day.

Proportion of the source waters In mixture

Vertical distribution of source waters

An example is presented in Table 3a showing the simultaneous
equations set out in matrix form and the derived concentration of the source
waters for a water mixture sample at Stn. G-I, 0 m depth, on August 30. The
results for depths 0-2.5 m at Stns. G-I and G-2 (Fig. 1) presented in Table
3b show the main feature in the vertical distribution of the three source
waters, namely, that the concentrations of effluent and freshwater in mixture
decrease with depth and are inversely related to the concentation of
subsurface zone water in mixture.

Pulpmill effluent

Contour lines constructed from effluent concentrations estimated In
the receiving water mixtures and plotted for all stations and depths for each
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of the S1X sampling days were used to determine both the vertical and
horizontal distribution of effluent along each transect. Typical features of
the distribution of effluent in the 0-2.5 m portion of the water column are
illustrated for three sampling days in Fig. 3a-c.

The highest concentrations of effluent ranged from 10-40% and were
encountered mainly along Transect aD (Fig. 1) which was the transect nearest
the outfall. Effluent concentrations between the surface and 2.5 m depth
were lowest along Transect C and intermediate along Transect G, suggesting
the main path of effluent dispersion was southerly (i.e. seaward) along the
axis of Thornbrough Channel. However, the location of highest surface
concentrations along Transects aD and G varied on different days indicating a
pooling of effluent and a dispersion path that probably follows a changing
course in its seaward movement.

The pooling of effluent in the surface layer appeared to be affected
by the state of the tide (see insets to Fig. 3). Although high effluent
concentrations ranging from about 5 - 40% were present at the surface on both
ebb and flood tides, on ebb tides the highest surface concentrations tended
to be farther offshore along a given transect with concentrations in the
water column diminishing sharply to about 1% by 1 m depth (e.g. compare
Figs. 3a, 3b with Fig. 3c). On flood tides, surface effluent concentrations
nearer the shore were typically high (up to 40%) but at 1 m depth ranged from
5-10% and became less than 1% towards the center of the channel (e.g. Fig.
3c).

The heavy rainfall that occured over about one-half of the sampling
period confounds the apparent effect of tides on dispersion of the effluent
because of the potentially greater dilution of the surface zone by freshwater
stream run-off into the receiving waters. The substantial addition of
freshwater to the upper portion of the surface zone during the three days of
August 24-26 is illustrated by the data for Transect aD (%F, Table 4) and is
most evident at the depths 0-1.5 m. Within this three-day period, however,
when daily sampling was carried out on the tidal sequence flood-ebb-flood,
there was a tendency for effluent concentrations (%K, Table 4) to be lower on
the ebb tide than on the preceding and following flood tides. The negative
values of derived effluent concentrations for some stations and depths
occurred on all the sampling transects (see Table 4) but only during the days
of rainfall. This anomaly will be treated in Discussion.

Stratification of effluent in the water column ranged from highly
stratified (Fig. 3b, Transects aD, G) to nearly vertically homogeneous (Fig.
3a, Transect C). In contrast to the pooling of effluent in the surface
layer, stratification over the 0-2.5 m water column did not appear to be
associated with the state of the tide. Cells of effluent at concentrations
higher or lower than the surrounding water were not uncommon. Where for
given depths lower effluent concentrations relative to the surface occurred
more or less directly beneath the highest surface concentrations (e.g.
Transects aD and G; Figs. 3b, c), the dispersion process would appear to be
largely by vertical mixing. The presence of cells of uncontaminated water
(Transect G, Fig. 3a) or cells of higher concentrations of effluent (Transect
aD; Figs. 3a, c) however, suggests dispersion could also occur by mass
transport. These cells also indicate the process of interleaving of waters
with different effluent concentrations. This process could result from tidal
(and wind-driven) currents transporting less contaminated water into the
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study area which may then flow over water with the relatively high effluent
concentrations.

DISCUSSION

The present method for estimating kraft mill effluent concentrations
in marine receiving waters has associated with it at least two sources of
error: (1) measurement error in the quantitative determination of the two
identifying properties in the three source waters and in water mixtures, and
(2) error in the assumption that the three source waters undergo mixing in
the small-scale, near-shore area sampled according to the two-layer flow
model of estuarine circulation. An additional source of error, sampling
error, would also be present but cannot be estimated because replicate
sampling was not employed in the temporal sampling scheme used.

The partitioning of measurement errors to the derived concentration
of waters in a mixture cannot be easily generalized quantitatively.
Qualitatively, however, measurement error associated with one of the
properties of the source waters will be distributed mainly to the derived
concentration of that water in the mixture which makes the greatest
contribution of that property to the mixture. Thus the derivation of
effluent concentrations will be most susceptible to measurement error 1n the
color of the source waters but usually not to error associated with
measurement of the salinity. Hence, selection of either of the mean values
26.2~ or 25.9~ (Table 1) for the subsurface zone salinity coefficient would
have m1nor effect on the outcome of the computations.

An impression of the effect of measurement error present in the
source water color coefficients can be gained from the example presented 1n
matrix form in Table 3a. To demonstrate the worst case, if errors of the
expected magnitude described in Methods are applied in the same sign to all
the color coefficients (i.e. k, f, and s in Table 3a become 2300, 21, and 8,
resp.), the derived concentrations of K, F, and S become 14.9%, 42.1%, and
41.5%, respectively. For the same altered coefficients but for a water
mixture having low color (e.g. Table 3b, 2.5 m depth, Stn. G-2) the absolute
change in concentration of the source waters in mixture is much less (in this
latter example K, F, and S become 0.7%, 29.9%, and 69.4%, resp.). In this
case however, the proportionate change in effluent quantity is greater since
the effluent concentration is lower. Note also in the latter example
illustrated that for a given change in derived effluent concentration there
is a similar change, but of opposite sign, in the derived concentration of
fresh water. Conversely, measurement errors in salinity are distributed
mainly to the derived concentrations of subsurface zone water and freshwater
in mixture. For all cases, however, some proportion of the measurement error
in color or salinity is distributed to the derived concentration of all three
water sources in mixture, but usually the error contained in one of the
derived values tends to be obscured by carrying the computations to one
decimal place only.
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The derivation of negative effluent concentrations (eogo Tablp 4),
though not incorrect mathematically, represents an anomaly most likely
arising from measurement error in color or from the assumption that the
source waters become well mixed in the sampled area. In most cases, errors of
expected magnitude applied in all combinations of sign to the source water
color coefficients and sample mixtures associated with the negative values
could not account for the anomaly. Noticeably, however, the presence of
negative effluent concentrations in the data was consistent with the three
days of heavy rainfall on August 24-26, inc., as is illustrated by the data
for Transect OD in Table 4. During these days, the mean color coefficient
for freshwater streams was 2-3 fold higher than usual and resulted mainly
from the high color borne by Dakota Creek (Table 2). In addition, stream
water run-off was very much higher than usual and the highly colored water
from Dakota Creek could be seen jetting well into Thornbrough Channel.
Higher freshwater run-off increases estuarine circulation and since the
inflow of the largest non-mill color source was seaward of the effluent
outfall (Fig. 1), it seems likely that dispersion and mixing of water from
this source into the sampling area would be lessened under the conditions of
increased rate of seaward displacement of the surface zone water. The
anomalous effluent concentrations could be rectified by replacing the color
coefficient for freshwater streams on the days of heavy rainfall with values
reduced by approximately one-third from those shown in Table 2. Even under
conditions of lower stream run-off from the Dakota-McNair Creek system,
however, the color coefficient representing freshwater input to the sampled
area was probably overestimated because of the seaward location of this
largest non-mill color source. Thus the effluent concentrations reported
here should be regarded as being on the conservative side, at least by the
amount 1.5% concentration, which amount would remove the negative values from
the effluent concentration estimates. To better estimate the quantity of
this seaward freshwater source mixing into the sampling area and thus improve
estimations of effluent concentration, identification of a third property
common to four source waters and the use of four simultaneous equations would
be required.

The present data do not enable a clear separation of the effects of
ebb tide and freshwater inflow on the distribution and dilution of effluent
in the study area. However, there was a tendency toward increasing effluent
concentrations at most stations after the period of heavy rainfall and when
sampling was always on flood tides (e.g. Table 4, August 28-30). On the
other hand, some of the highest effluent concentrations were found when
sampling on the ebb tide of August 23. A study of the movement of surface
drogues released in Thornbrough Channel (Fig. 1) and in the area of the
effluent outfall (Landry 1976) indicated that up-channel movement of surface
water occurring on a flood tide can persist through the following ebb tide.
At other times in that study the seaward movement of surface water on the ebb
tide was pronounced, possibly enhanced by the accompanying winds (5-8 km/hr)
down channel. The three-day duration of the drogue study limits a
generalization of tide-related water movement in Thornbrough Channel. Thus,
the indications of transport of effluent away from the outfall (Figs. 3a, c)
and greater dilution of effluent (e.g. Table 4) on an ebb tide may reflect
local, tide-related events which occur only intermittently in this particular
channel.

Winds are an important factor In the movement of inlet surface waters
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and can cause the direct ion of movement to be opposite to the general seaward
flow (Bowden 1967). Winds were very light (1-5 km/hr) during the period of
sampling but at other times when stronger up-channel winds (15-20 km/hr)
were present, the trapping of effluent much closer to shore than usual
becomes very apparent. In addition, the marked contrast in color of the
surface waters at the edge of the dispersing plume would indicate that a high
concentration gradient defines the plume front on the windward side.

The receiving water distribution of kraft mill effluent discharged
via submarine diffuser into Stuart Channel, B.C. (Waldichuk 1964), showed
some features which are similar to effluent distribution in the much smaller
area sampled in the present study. Although a given distribution of effluent
in Stu~~t Channel would probably be related to the particular wind and tide
prevailing during the survey, the common pattern was a stratification and
dispersion in a relatively thin sheet located mainly at 3-10 m depth
(Waldichuk 1964). Dispersion beneath the surface arises from the entrainment
of higher density seawater at depth during ascent of the more buoyant
effluent which, after rising to the surface above the diffuser, sinks to
depths of similar density away from the outfall. In vertical distribution,
large cells or masses of effluent were sometimes present beneath the more
stratified layers near the surface. Vertical profiles of net current
direction and velocity determined in the more comprehensive studies on Stuart
Channel indicated that effluent near the surface and at 9-10 m depth would
undergo a net transport to the south (i.e. seaward) on the ebb tide but
currents at 4-5 m depth would carry effluent in the opposite direction with a
greater retention time in the channel expected (Waldichuk 1964). In the
present study effluent appeared to be contained largely in the upper 2.5 m of
the water column. Surface zone dispersion is probably typical for effluent
discharged from surface outfalls, but this dispersing behavior may occur only
under conditions of the quiescent sea state that prevailed during the present
sampling. When winds are present in Thornbrough Channel effluent could mix
to greater depths. However, given the 5-8 m halocline depth (Table I) and
the small proportion of surface zone water likely to mix downward through the
halocline, it is doubtful much effluent would have an increased retention
time in this channel because of up-channel transport in the subsurface zone.

Development of the present method for estimating effluent
concentrations in marine receiving waters is based on a highly simplified
model of estuarine circulation. Because of the likelihood that circulation
in natural systems is more complex than indicated by this model, in its
present application the proposed method may be considered robust. An
important attribute of the method described lies in the intrinsic correction,
in a proportionate manner, for non-mi 11 sources of those properties
identifying the effluent. Interfering lignins or lignin-like substances in
natural waters, for example, which are particularly troublesome in the
Pearl-Benson and fluorometric techniques (Barnes et al. 1963, Wi lander et
al. 1974), should become less of a problem if a preferred analytical
technique is used in conjunction with the method proposed here. The present
method does require an additional level of effort to ascertain fundamental
oceanographic characteristics of the marine receiving water body and to
identify the water sources undergoing mixing. However, the dilution and
dispersing behavior of wastewaters in marine systems is an oceanographic
phenomenon and it would seem appropriate to incorporate those features in
estimations of receiving water concentrations.
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Table 1. Color and salinity at the halocline depth of water at three
stations (see Fig. 1) on the west side of Thornbrough Channel in Howe Sound,
British Columbia (color in PtCo Units).

'HS-3 HS-4 HS-5

Depth Color Salinity Depth Color Salinity Depth Color Salinity

Date (m) (~) (~) (~)

77-6-6 8 10 26.6 8 6 26.6 8 5 26.6

6-7 6 6 25.6 6 8 26.2 6 9 25.4

6-8 10 6 27.3 10 6 26.8 8 7 24.4

6-9 8 6 25.6 8 5 26.1 6 8 23.8

6-10 6 7 27.2 6 8 26.0 6 6 26.4

6-13 6 10 23.0 10 6 26.4 10 5 26.0

6-14 8 6 25.7 10 6 26.3 8 6 26.2

6-15 6 10 23.2 6 12 22.2 8 9 24.8

6-16 10 6 26.4 10 8 26.1 10 9 26.4

6-17 8 6 26.4 8 9 26.2 8 6 26.4

Mean: 7.6 7.3 25.7 8.2 7.4 25.9 7.8 7.0 25.6

S.E .M.: 0.5 0.6 0.5 0.6 0.6 0.5 0.5 0.5 0.3

78-7-11 6 5 25.5 6 4 26.4 4 5 24.2

8-10 6 3 25.6 6 4 25.9 6 4 26.1

8-18 8 5 26.9 6 7 26.2 4 7 26.6

Mean: 6.7 4.3 26.0 6.0 5.0 26.2 4.7 5.3 25.6

S.E.M. : 0.7 O. 7 0.4 0 1.0 0.1 0.7 0.9 0.7
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Table 2. Color and salinity coefficients for two water sources (kraft mill
effluent and mean for freshwater streams) used in derivations of source water
concentrations for each sampling day. The coefficients used for the
subsurface zone water source (color = 5; salinity = 26.2~) were the same for
all computations (see text). Units: color (c), PtCo units; Salinity (s), ~.

Date Sampling
(08/78) time (h)

Effluent

* c s

Water Sources
Rainy McNair
River Creek
c s c s

Dakota
Creek
c s

Mean
freshwater

c s

23

24

25

26

28

29

30

1315-1600

1710-1900

1400-1600

1130-1300

1345-1515

1400-1530

1345-1515

2390 0.9

1530 0.7

1550 0.8

1670 0.7

2400 1.0

1790 0.9

1800 0.7

7

25

8

13

5

4

2

o

o

o

o

o

o

o

5

28

10

33

8

8

3

o

o

o

o

0.8

o

o

30

125

75

115

56

46

50

o

o

o

o

o

o

o

14 0

55 0

22 0

54 0

23 0.3

19 0

18 0

* effluent color interpolated from Fig. 2 at start of sampling time
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Table 3. a. Example presented in matrix form of the derived concentration of
three source waters (pulpmill effluent, freshwater, subsurface zone water) 1n
mixture, each identified by the properties color and salinity. The source
water coefficients are contained in the 3 x 3 matrix, the color and salinity
of a water mixture sample in the column matrix.

b. Concentration (percent) of three source waters in the surface
zone of marine receiving waters adjacent to a kraft mill. Data from two
stations sampled over the depth 0-2.5 m (Transect G: August 30, 1978).

a. Source water Receiving water concn.

l k
sample

f s mixture *K F S

Color (PtCo units): [800 18

2~.2J [325 ] 17.5% 41.0% 41. 5%
Salinity (~) : 0.7 0 1 ~. 0

1 1

ISymbols: k, K - kraft mill effluent
f, F - freshwater sources
s, S - subsurface zone water

b.
Stn. G-l Stn. G-2

Depth Color Salinity %K %F %S Color Salinity %K %F %S
(m)

0 325 11.0 17.5 41.0 41.5 375 13.1 20.4 30.2 49.5
0.5 75 14.7 3.6 40.4 56.0- 150 14.7 7.8 36.3 55.9
1.5 75 15.5 3.6 37.3 59.1 75 15.5 3.6 37.3 59.1
2.5 100 16.6 5.1 31.7 63.2 27 18.2 1.0 29.5 69.4
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Fig. 1. Location of sampling transects (C, 00, G) and hydrographic stations
(HS) for the area of effluent receiving waters adjacent to a kraft
pulp mill on the west side of Thornbrough Channel, Howe Sound,
British Columbia.

Fig. 2. Time-course of color of kraft mill effluent discharged to receiving
waters in Thornbrough Channel, Aug. 23-30, 1978. The vertical arrows
denote the interpolated value of the effluent color coefficient
(values recorded in Table 2) at the time each day's sampling
commenced.
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Fig. 3. Vertical and horizontal distribution of kraft mill effluent
concentration (%) along three transects (Tr.) for three sampling days
(panels a-c). Arrow heads denote location on transect and distance
frolfl shoreline of sampling stations. Inset: tidal cycle, time
sampling commenced (vertical arrows) and sampling date.
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