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LA DISTRIBUTION ET DYNAMIQUE DES PARTICULES EN DISPONIBILITE DANS LE KITIMAT
FJORD

R.W. Macdonald
Institute of Ocean Sciences, Sidney, B.C.

RESUME

La dlstrlbutlon des depots en dlSponlblllte dans le systéme Kltlmat
fjord a ete détermine durant deux perlodes, un ecoulement maximum et minimum.
On trouve dans les eaux profondes de basses concentrations des matieres
particulieres (0.1 uL -1 ) et une. grandeur representative dans les eaux
marines paisibles. Prés du fond de re-suspension, on trouve souvent une
prédominance characterlsglque des excellentes particules. Des procedes
flaconneux et epais ont ete identifier par une perte d’excellentes particules,
et la formation en grosseur de plusieurs partlcules qui disparaissent en
hauteur alors que la salinité augmente de 0-20 “/oo. En vue de tout
ceci, le melange d’eau douce et d’eau de mer est de ce fait, non
conservateur, en ce qui concerne les matleres partlculleres.- Un sac de
'dépots (ou sediment) estimé par une variete de techniques, comprenant
1’ajustement des particules, Pb-210 geo-chronologie, la puissance absorbee
par les cours d’eau et les dep031t10ns post—glac1ales produit une image tres
consistante. La plupart des depots en dlSponlblllte, sont jeter tout pres de
1’entrée des fleuves.

Macdonald, R.W. 1983. The distribution and dynamics of suspended'particles
in the Kitimat fjord system. Can. Tech. Rep. Hydrogr. Ocean Sci. 18, 116-137.

-
Mot—-cles: compteur de coulter, estualre) fjord, flaconpeux, floculation,
Kitimat, partlculleres, re—suspension, sedimentation, deposition, en
disponibilite
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THE DISTRIBUTION AND DYNAMICS OF SUSPENDED PARTICLES IN THE KITIMAT FJORD
SYSTEM

R.W. Macdonald
Institute of Ocean Sciences, Sidney, B.C.

ABSTRACT

The distribution of suspended sediments in the Kitimat fjord system has
been determined during two periods; maximum and minimum runoff. The deep
waters aye found to have low concentrations of particulate matter
(0.1 L ") and a size distribution representative of quiescent marine
water. Near bottom resuspension is often found and is characterized by a
predominance of fine particles. Above and within the pycnocline,
flocculation processes have been identified by a loss of fine particles and
formation of larger ones which disappear from the upper layer as salinity
increases from 0-20 o/oo. In view of this, mixing of fresh and sea water
is expected and found to be non-conservative with respect to particulate
matter. Sediment budgets estimated by a variety of techniques including
particle settling, Pb-210 geochronology, river input and post—glacial
deposition yield a consistent picture. Most of the suspended sediments are
dropped within short distances of the river mouth.

Macdonald, R.W. 1983, The distribution and dynamics of suspended particles
in Kitimat fjord system. Can, Tech. Rep. Hydrogr. Ocean Sci. 18,116=-137.

Keywords: coulter counter, estuary, fjord, flocculation, Kitimat, particle
size distribution, resuspension, sedimentation, settling, suspended
particulates

INTRODUCTION

During 1978-9 an oceanographic baseline study was conducted to determine
thg hydrocarbon levels in water, sediments and biota of the Kitimat fjord
system. As a major part of this study, samples were collected during three
cruises in June and October, 1978 and February, 1979. Measurements were made
on hydrocarbons and support data were obtained on the water properties:
salinity, temperature, reactive nutrients and oxygen content. Determination
of suspended particulates was also carried out at 12 of the stations taken in
October, 1978 and at 15 stations in February, 1979 for a total of 323 data
points. The data have been reported elsewhere (Macdonald et al, 1983) and
the interpretation of these data is provided here.

The Kitimat system is, morphologically speaking, a complex of connected
fjords (Fig. 1) but in terms of the water properties it may be considered as
an estuary. Macdonald, Bornhold and Webster (1983) have briefly reviewed
some of the background features. Runoff occurs principally from two metered
rivers, the Kitimat and the Kemano, but numerous smaller streams also
contribute fresh water along the sides of the channels. The runoff is
generally turbid and is expected to be important and perhaps dominant in
terms of suspended particulate inputs to the system. Peak periods for
runoff, and the associated land derived detritus are during May-July and
October, while a winter minimum during January-March is observed (Fig. 2).
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Fig. 2. Annual flow pattern in 1978 on the two metered rivers. The Kemano
River is partly controlled by a power plant.

EXPERIMENTAL METHODS
Sampling and Analysis

Sampling was carried out from the MV Sea Lion and station locations were
determined from charts using radar fixes. Stations at which samples were
obtained for suspended particulates are shown in Figure 1.

Hydrocasts were made with 3 L capacity PVC water bottles (Seakem
Oceanography Ltd.) at standard depths (H.O. Publication 607, 1968) with some
modifications in the surface layer to obtain greater detail. After subsamples
had been taken for dissolved Op measurement, the suspended particulate (S.P.)
samples were obtained by twice rinsing a glass 300 mL screw cap bottle and
then  carefully filling it to prevent bubble formation. The same glass bottles

Measurement of S.P. has been carried out by a variety of techniques some
of which are summarized in Matsumoto and Wong (1977). During the present '
study, particle size distribution (P.S.D.) was measured immediately after
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collection of the water using a Coulter Counter (Sheldon and Parsons, 1967).

The concentration of particles between 4-64 um in diameter was measured using

the model TAII Coulter Counter in conjunction with a 200 pm aperture tube.

Calibration was performed with standard 9.69 um polystyrene beads and with .
27.3 ym lycopodium. Due to the relatively small number of particles in

' sea water, samples were counted for a set time of 100 seconds. . The counted

volume, approximately 16 ml, was calibrated by determining the time required
to count a 2 mL volume.

Suspended sediment was also determined for a few samples during the
cruise in October, 1978, by suction filtration of 1-2 L of water through
pre-weighed 0.45 um Nuclepore filters. Each filter was washed with a small
volume of distilled water and dried to constant weight defined as three
consecutive weighings which agreed to #0.05 mg. :

Data Analysis

Data on P.S.D. are difficult to summarize in a simple fashion. In the .
present study, particle numbers were counted in 13 size ranges for each of
323 samples, a total of 4199 data points. A general approach has been to
determine the volume of particles in each channel and sum the results for
all channels to arrive at a total volume expressed as uL -1 (ppmV). 1In
this process, information on the shape of the P.S5.D. is lost. i i

In order to assist interpretation, Kitchen et al. (1975) have used
characteristic vector analysis. The method is adequately reviewed by them -
and others (Chanut et al, 1977) but briefly consists of the following. The
particle count data are converted to normalized volume. All of the data
(323 samples, 13. channels) may then be considered as a 323 x 13 matrix and
the characteristic vectors may be found. The procedure produces a set of
row vectors which when multiplied by the appropriate scalar multipliers and
added, reproduce the original data exactly. ZEach sample is thus represented
by 13 scalar multipliers. The advantage of this procedure is that the vectors
are arranged in order of importance and by comsidering only the first two for
the present data set over 907 of the variance is removed. Plotting the first
multiplier versus the second results in a visual display by which data may be

quickly grouped. A

RESULTS AND DISCUSSION

 Particulate Distribution, October 1978 and February 1979

The two cruises during which particulates were measured occurred ﬁufing
a period of high runoff, October 1978, and during a period of low runoff,
February 1979 (Fig. 2). Due-to malfunctioning of the counter, a complete
data set was not obtained during the October cruise, although the northern ...
part of Douglas Chanmnel, Kitimat Aym and Gardner Canal and its approaches: K

were successfully sampled.

Figures 3(a) and 3(b) are the result of plotting scalar multiplier 1
versus scalar multiplier 2 for samples taken during the two cruises. Both
plots have been scaled according to the range of scalar multipliers, but in
Octoeber, 1978, much higher suspended sediment. concentrations were encountered
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resulting in a relative compression of background points in Figure 3(a). Error
“or variability has also been expanded in Figure 3(b), a fact which should be
borne in mind during interpretation. The characteristic vectors are not the
-same for the two data sets and therefore points located at relatively the same
place in Figures 3(a) and 3(b) may have slightly different particle size
distributions.

- Although the multipliers do not necessarily have any physical significance -
(Simonds, 1963) it is found here that scalar multiplier 1 loosely corresponds
.with total S.P. concentration, with volume of particulates increasing from
left to right. Scalar multiplier 2 operates as a shape factor with points
at the bottom of Figures 3(a) and 3(b) having much of their volume contributed
by fine particles, while points at the top are generated by samples exhibiting
bi~modality or significant contributions from larger particles. During
computer analysis each sample was designated with a number and these are
~included in the figures only where they are mentioned in the text.

In Figures 3(a) and 3(b) the majority of points are clustered toward
the left, The regions of dense clustering may be considered as '"background"
and represent water samples which were low in partlculate content (1ess than
0.1 L L‘l) This water was found below the pycnocline but far enough from
the bottom not to be subjected to particulate input through resuspension.

Natural collections of small particles often have a size distribution
which can be formulated by an equation of the form (Bader, 1970):
!

N_= K x-C

where K and c¢ are positive constants, N is the number of particles larger

than a given size (cummulative number) and x is a size parameter (eg. volume
or radius), Nine of the lowest background samples from Figure 3(a) were.
averaged and plotted according to equation 1 resulting in the open circles

in Figure 4. A similar procedure for the February 1979 background .data points
resilted in the closed triangle (Fig. 4). A representative plot showing volume
versus size of particle for these background samples is shown in Figure 5(g).
The form shown in Figure 4 has been observed previously and is thought to be
characteristic of quiescent marine water (Bader, 1970). The deep waters of
the Kitimat fjord system are therefore not extraordinary in terms of .their
P.S.D. and reflect their marine origin. The hyperbolic curve for the. February
data shows that in winter there are fewer particles larger than 6.8 um.
Settling coupled with a decrease in terrigenous or biogenous supply of
partlcles is the likely explanatlon.

Noteworthy in Figure 4 is the "knee'" at a particle size of about 8.8 um.
A "knee" has frequently been observed but has not been explained, Previous
theoretical studies (Lehrman et al. 1974, Brun—Cottan, 1976) indicate that
Stokes' Law is no longer obeyed when eddy diffusivity competes with settling.
Brun~Cottan has suggested that 4-5 um may be the critical size below which
particles no longer conform to Stokes' behaviour. The actual size must be a
balance between particle density, shape and size, and eddy dlfqulVltYO.
The: "knee" may be the point, in natural waters, at which turbulent dif fusion
and settling rate become competitive. Periodicity in the rate of supply of
particles could cause alteration In the posiition of the "knee'". -
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'Fig. 4. Hyperbolic plot (Bader, 1970) of the distribution of particle size

for background samples in October 1978 and February 1979. Figure
5 (g) shows the shape of the volume vs size curve for the 1978 data.

Several other groupings can also be distinguished in Figure 3(a), (b).
The region marked IT includes points from surface bottles taken in Gardner

Canal and Kildala Arm during maximum runoff. Surface samples from CTD 9

(104) and CTD 10 (94) at the entrance to Gardner Canal might also be
marginally included in this group., Volume contribution was predominantly
from fine particles (Fig. 5(a)). All samples in this region had low

. . . ‘ . o
salinities which were, with the exception of 104 and 94, less than 7.7 /oo.
‘Samples of this sort were not found in February when surface salinities were

much higher.

The third region identified on Figure 3(a) contains samples taken just .
below the pycnocline (22-29 °/oo, 5-20 m). These samples appear to have been
altered from background by the addition or formation of large particles and
it .is logical to suppose that settling from above or flocculation has. taken
place. '

The region marked IV on Figures 3(a) and (b) contains samples which

- exhibit bimodality. In October 1978 the samples were taken at 1 m and 5 m

from stations.in Kitimat Arm or Douglas Channel (Station 8, 9, 10, CTD-7).
Here the particulate concentration was high and there tended to be many
larger particles resulting in a bimodal volume distribution (egs Fig: 5(b)).
In February (Fig. 3(b)) the samples in region IV also came from the top

10 meters but had high salinities (29 o/oo). Figiures 6 (c, d, e, £) show

« four of the volume—size distributions for this region; for two of the samples

thete is a second peak in particle concentration at about 20 m. This peak
is at a slightly smaller size than the peak at 30~40 m observed in October
(Fig. 5 (b, ¢, d) and perhaps reflects a different salinity - time history for
runoff water during the two seasons or differing current speeds (c.f. Kranck

1973).
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The alteration of particle size distribution with change in salinity-
can be seen in Figure 5 in which average volume concentration as a function
of size is plotted for several salinity intervals. At low salinities (less:
than 8 ©/oo) the total volume of particles is comprised predominantly of small
particles grouped around 8 um. As salinity (and mixing time) increases,. the
distribution begins to show marked bimodality with a second peak at about
32 ym. For salinity in the range 12-16 /oo the contribution of fine
particles around 8 um is much reduced and in the 16~20 °/oo range, many of
the particles around 32 um have apparently been removed. The mechanism
consistent with the observed behaviour is flocculation of runoff-derived
fine particles as salinity is increased to 8-16 °/oo by mixing with sea water.
Larger particles so formed settle out. The exact nature of the flocculation
process is a -complex function of the salinity time path along which the
water passes but it has been observed before both in the laboratory (Sholkovitz,
1978) and in the field (Syvitski, 1879). It is interesting that in the .
above-mentioned laboratory study it was found that removal of trace elements

(by flocculation) increased as salinity increased from 0 ©/oco to between
15 9/00 -~ 18 /00 but little additional removal occurred thereafter.
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» Flocculation and settling of particles should require that particulates

be non-conservative when fresh and saline water are mixed. Figure 7 shows
particulate concentration as a function of salinity, and curvature below

. 18 %/oo salinity is consistent with the loss of some particulates. This

type of behaviour has been noted by others (Bornhold et al., 1972; Matsumoto
and Wong, 1977), but Meade (1968) and Syvitski and Murray, 1981 have argued
for conservative mixing., Recently, Farrow et al.,, 1982 have convincingly shown
that suspended particulate loading is not conservative in Knight Inlet, B.C.;
a highly turbid fjord., Since most authors agree that flocculation and
agglomeration take place, and that sediments often form well-defined zones
related to source (Manheim et al., 1972; Sharma, 1979; Syvitski and Macdonald,
1982), the mixing of turbid fresh water with sea water must ultimately be
non-conservative., Disagreement in the literature has probably resulted from

~differences in time scale or turbulence. 1In the present study, volume

- concentration of particulates in Kitimat River water was not measured but .
estimates based on filtration measurements indicate that it was greater than
4 yL 1~1, and therefore the curvature in Figure 7 is not exaggerated., The
‘dense cluster of points above a salinity of 28 9/oo represents background.

. The open squares in Figure 7 and 8 denote bottom bottles and show the
effect of resuspension. These points could also be differentiated on
‘Figures 3(a,b) as the region marked V. Points found in this group appear
to be background samples perturbed by the addition of fine particles,
Figure 5(h) shows a representative plot of volume versus size for this type
‘of sample., ‘ '

_In winter, during minimum runoff, the surface turbid layer was not
found (compare Figs. 7 and 8). However, surface samples (Fig. 3(b), February
1979) from Station 10 (104, 105) Station 4 (123) and Station 6 (62) were placed
in 'group V. Furthermore the shape of the volume versus size curve shown in
Figure 6(a) resembles Figure 5(h). The salinity of surface water at all of
these stations was above 29 O/0o so that flocculation of runoff derived particles
should have already occurred. It is concluded that the particulate concentration
in “‘these winter surface samples has been augumented by resuspension of shallow

_water deposits rather than through runoff,

-On Figure 3(b) there is a small region including numbers 99, 100, 102
and 103 which appears anomalous in that particulate concentrations are low
and.skewed toward fine particle size (Fig. 6(b)). : These samples were taken
at station 9 where very cold conditions caused some of the samples to freeze
on deck before analysis. TFrozen samples were rejected outright but the
remaining samples were thought to have been unaffected and so were analyzed.
The utility of characteristic vector analysis is shown by identifying these
artifact-contaminated samples,

Density of Particulates

During the October 1978 cruise, particulate concentration (mg L—l) was
determined for some of the samples by filtration, The comparison between these
data. and those measured by Coulter Counter is shown in Figure 9,

Althoﬁgh the density of many silicate minerals is approximately 257 g

cm—3, aggregated particles suspended in a fluid may often have densities less
- than this as a result of occluded water and organic matter and may be as low as
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1.056 g cm—3 (Krone, 1976), The in situ density is the important parameter
for the estimation of settling velocity, but there is a paucity of data,
presumably due to the difficulty in making the measurements (Brun-Cottan,
'1976), In a recent article, Gartner and Carder (1979) have used simultaneous
volume (wet) and mass (dry) determinations for a selection of clay minerals
“tocalculate in situ density, Following their method and terminology the
following calculations ensue. The Coulter Counter measures wet volume
(VP-+ VW) where Vp is the volume of the particulate matter and V_ is the
volume of occluded water.. Filtration measures the dry mass of tﬁe~particle
M, From these two experimental measurements the apparent density is
cglculated as: : '

o = _P | | 2)

The in situ density, however, is expressed as:

Mo 5 '

p= - (3)

YW
P w

[

Where M _ is the mass of occluded water. If the density of dried solidé, PP
is known, then the in situ density is:

p=pa (1 - p,/Pg) * Py | | ' (4)

Whéré P is the denisty of the water associated with the particle and may be
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accurately assessed from a knowlege of salinity and temperature. Pycnometry

performed on the dried solids of several cores in the Kitimat regionm has

yielded a dry demsity of 2.55 £ 0.10 g cm - and is taken to be a reasonable
estimate of p The density of sea water used is 1.02 * 0,01 g cm™3. Using
these density estimates and the simultaneous Coulter Counter and filtration

data for 1 m and 5 m samples (turbid water above the pycnocline), the in situ

’density'df particulates was found to be 1.38 * 0.18 (2s) g cm™3. Since

'Coultef Counter determines the total volume for a range of particles from
4=64 ym while filtration with a 0.45 p filter traps smaller particles, 1t is
expected that the density calculation will be an overestimate. T
Particles greater than 40 um tended to be negligible for most samples
(Fig. 5). Particles finer than 4 Um on the other hand, may have contributed
non~trivial amounts. Thelr significance was estimated by extrapolating the
hyperbolic plet for a worst.case (Fig. 5(a)) to determine the number of
particles in each size class from 4 to 0.45 um., This process resulted in a

decrease in the in situ denS%;y by 13%.

Particle Transport in the Surface Plume

. The main sources of particulate matter in the Kitimat fjord system are
runoff, biological production and atmospheric fallout. Of these the. first
is dominant, especially near river mouths, and displays an annual cycle
(Fig. 2). The suspended solids brought in by rivers along the B.C. main-
land coast consist predominantly of glacial flour with other  important.
components including organic matter and dissolved elements, which may

contribute to particle formation and transformation.
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Solids introduced to the marine environment by rivers may be classified
according to their transport properties. Much of the solid phase is coarse,
and is transported by saltation (c.f. Biggs, 1978). This material drops out
too quickly to be transported far by the surface plume. Fine sand (125 m),
for example, settles about 10 m in 15 minutes. Further transport of coarse
sediment requires other processes such as turbidity flows (Holtedahl, 1965;
Terzaghi, 1956) or deep water sand flows (Syvitski, 1980). Finer material
which remains suspended in the surface kplume forms the visually turbid water
often associated with estuaries. Measurements or estimates of particle
loading in the river can be quite different to those foung ET the plume. For
example the Fraser river has a mean annua% flow of j960 m™s and a
total sediment discharge of about 18 x 10  tonne a (Water Survey of
~ Canada 1967-77). ‘A similar result is met when calculations are performed on
the Mackenzie River (Bornhold, 1979; Davies, 1975) or the Mississippi
(Manheim, et al., 1972).

For the finer material, settling according to Stokes’ Law is a
relatively slow method of downward transport. Efficient removal of the fines
requires other mechanisms with three processes possible; flocculation of the
solids, downward diffusion of the water and particulates, and fecal pelleting
by zooplankton. .The processes are inter-dependent: diffusion and
entrainment of salt contributes to flocculation and flocculation assists
fecal pelleting.

Flocculation commences as salt becomes entrained in the upper layer.
According to the kinetics of particle agglomeration, the time-dependent
decrease in numbers of particles may follow either a first order or second
order rate law under mixed or quiescent conditions respectively (Stumm and
Morgan, 1970). Where settling also occurs, the situation is more complex
especially when a wide range of particle sizes are present. Kranck, (1980)
has recently performed laboratory experiments on concentration as a function
of settling time and her data show that settling by flocculation occurs in
two distinct periods =~ and her data show that settling by flocculation occurs
in two distinct periods. Initially floc formation is strongly dependent on
concentration such that after about three hours, particle concentrations
between 30-~2335 ppm had all decreased to 10 ppm by settling. Thereafter the
concentration decrease was proportional to time raised to the minus . :
four-thirds power. In the salt solutions grains of all sizes settle at a ,
similar rate:. As Kranck (1980) points out these experiments probably cannot
be extrapolated to nature since turbulence increases particle collision but
limits growth size. mnaturally occurring organic and inorganic material
excluded from her experiments could also be important factors in particle
dynamics.

.Downward diffusion transports fresh water from the upper layer reéulting
in a decrease in salinity in deeper water. Particulates associated with.the
fresh water will also be kmoved out of the upper layer by the process.

Fecal pelleting effectively removes fine material by packaging it into .
coarser units which can sink rapidly. The rate at which zooplankton can
remove particulate matter from their host water depends on several factors
including concentration of S.P., number .and type of zooplankton, rate of
feeding and selectivity. There 1is evidence that zooplankton are selective
with respect to particle size (Richman et al., 1977) suggesting that a
certain degree of flocculation may be required before particles can be
effectively trapped and removed.
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If the initial rapid settling of coarse material is followed by slower,
and legs size—discriminating processes such as flocculation, diffusion and
fecal pelleting, and if particles settle almost vertically to the bottom,
then sediments should record the process. A good example of this behaviour . .
has been documented by Hoskin et al., :(1978). In Blue fjord, an Alaskan Inlet,.
glacier meltwater containing up to 300 mg -1 suspended solids formed a surface
plume with particulates up to 200 mg .-l at the head of the inlet; within 5 km,
only a few mg 1-1 of solids remained. In the sediments they observed a decrease
in grain size mode distance from the head for the first 2 km and thereafter no
trend in the sediments for the remainder of the 7 km fjord.

The vertical flux, F, of material too fine to be quickly sedimented by
individual grain settling is given by:

ac :
F=Cv - — +

v, EZ . P (5)
where € is concentration, v, is settling velocity, E, is the vertical eddy
diffusivity, P accounts for fecal pelleting and z 1s depth, positive downwards.
The relative importance of each of these terms is estimated below for the

Kitimat estuary.

The downward flux of particles by gravitational settling can be calculated
in principle by applying Stokes' law to each particle size provided in situ -
density and water viscosity are known (McCave, 1975; McCave and Swift, 1976).
The in situ density of particles has already been estimated at 1.38 g cm™2
and viscosity can be calculated from the measured salinity and temperature :
(Horne, 1968), There are a number of uncertainties in this process some of
which McCave (1975) has discussed: (i) Settling velocity is a function of - -
shape and Stokes' law applies strictly to smooth rigid spheres. The particles
measured here certainly violate this requirement; this may not cause serious
error however, McNown et al. (1951) experimented with shapes having longest
to shortest axial ratios of up to 8:1. A correction factor between 0,96 and
1.7 applied to the equivalent spherical diameter was all that was required. In
addition aggregates are expected to be roughly spherical (McCave, 1975). Small
particles (less than 4-5 pm) do not settle according to Stokes' law (Brun—Cottan,
1976) and are ignored in the calculations, (ii) The in situ demnsity (1.38 o
calculated here for particles from 4 to 80 um) agrees very well with the 1.44 g
3 calculated by McCave (1975) for Brun-Cottans' data and 1,43 g cm™3 given
by Pierce, 1975. It is, however, an average for all of the particles and it
is assumed here that it applies to all sizes. (iii) Perhaps the most serious
error is that small numbers of large particles lead td poor counting statistics,
and large particles can be important in terms of transport. As McCave (1975) -
notes we have little alternative but to use Stokes' law keeping in mind the
approximations. The ensuing estimates of downward transport of particles in

the upper layer are given in Table 1,

cm™

The second term in equation 5 relates to diffusion, Estimation of the
rate of downward transport by this mechanism is very -difficult to do. Aside -
from temporal and spatial variability, entrainment may result in a net upward
water motion which if fast enough could prevent particles from sinking. In a
recent paper, Smethie (1980) has noted that "vertical eddy diffusivity is
inversely dependent on stratification and directly dependent on energy input,
although the functional relationship is unknown'". TIf it is assumed that Kitimat
behaves like Narrows Inlet with a high energy regime for the surface and low
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Tablé 1. Downward flux calculated for the particle size distributions.

Station Depth S.P. . Downward Flux
m mg L-1 g cm—2 d-1
9 1 1.02 6.4 x 1074
9 5 0.96 7.9 x 1074

10 1 5.85 -

10 5 0.70 4.9 x 107
8(a) 1 0.41 4.9 x 107°
8(a) 5 0.54 | 6.8 x 107°
8(b) 1 0.27 1.9 x107%
8(b) 5 0.32 2.7 x 107

CID-7 1 1.02 9.3 x 10°*
CTD~7 5 0.48 44 x 107
crD-7° 1 0.80 1.6 x 107
CTD-7 5 0.40 3.8 x 107

energy regime for the deep water (away from sills) then K_ is about 0.5 cm

s~l in the upper layer, dropping to perhaps 0.1 cm? 51 a% the pycnocline
(Smethie, 1980). Based on a diffusivity of 0.1 cmz s~l at the bottom of the
upper layer and on the observed gradients in particulate matter (5 m resolution),
diffusion could transport O-3x10_5g cm=2 d-1 for the stations reported in Table
1. Relative to transport by settling, diffusion appears to be slow in removing
partitulates from the upper layer. As a cautionary note, strong winds or tides
could- result in rapid mixing, and diffusion may be more important during times
when estuarine circulation is not well developed.

‘The effect of zooplankton in removing inorganic material from the upper layer
has previously been estimated from the rate of formation of fecal pellets
(Manheim et al., 1972). Zooplankton concentrations of 25-815 m~3 have been
measured near the surface in the Kitimat fjord system including Kitimat Arm
(Dilke et al., 1979; Higgins and Schmidt, 1975). Syvitski and Lewis (1980)
found that for a variety of clay minerals, Tigriopus californicus, a copepod,
produced 2-19 fecal pellets per day with a mean pellet size less than 140 um.
Furthermore pellet production was dependent on clay mineral concentration with
an egestion rate of less than one pellet per day for tremolite concentrations
less than 10 mg -1, Zooplankton (copepods and euphausids) native to Howe
Sound average only half the number of pellets per time as the laboratory cultured
T. californicus. Syvitski and Lewis (1980) report rather high densities of -
2.6=3.1 g ecm™3 for fecal pellets containing a large fraction of clay mineral,

If the upper bounds for the above factors are chosen and an upper layer thickness
of 10 m is assumed, the fecal pellet production rate amounts to 6.7x10™> g cm
d™*.: Fecal pellet production above the pycnocline does not appear to be an
important process for removing particulates in the plume relative to flocculation,




132

however it may still be important for sending inorganic fines to the bottom
since zooplankton grazing continues at depth. Zooplankton pellets may also
be able to accumulate on the bottom where hydrodynamic vigour does not allow

flocs to settle.

How long fines can be carried in the upper layer depends on the concentra-
tion of particulates, and varies w1th.exper1mental conditions. In » o
the present study downward flux is approximately linearly correlated with ' T
concentration (Table 1). Furthermore particles of all grain sizes disappear
from the upper layer at similar rates, supporting the Kranck (1973, 1975) model.
In nature a steady state is reached at which the particle size distribution is
controlled by settling of larger flocs and their replacement by growth from
smaller flocs. Turbulence controls the growth rate and size of flocs, with
the result that individual grains of all sizes settle at similar rates and

are therefore not subject to "Stokes' law" sorting.

If a linear relation between downward flux and concentration is assumed
.and if the depth of the pycnocline is zp cm then for an area 4 cm square, '

1 dm

2 3 -~ KkC | (6)

wherée C is concentration (g em ), m (g) is the total mass of particulates:in .
a water column of volume =z 22 and k is the first order rate constant (cm d'l) :

_ P
= cg2 | ' 7). : :
m 2 zP (7) ) 3
dm k
ria- (8
P
...lf

From Table 1, k is apprdximaﬁed. to be 800 cm d ".. If the depth of the up?ér

"layer is held constant at 10,m (Webster, 1980),
-=t

= e Zp = e"‘o,.-S’t . o (9)

=N I=N

0}

where t is measured in ddvs, and m, is the initial concentration of fine
particulates in the plume. In view of laboratory experiments (Kranck, 1980)
this equation will probably, be in serious error at concentrations in excess

of 10 ppm where faster settling appears possible. According to equation 9
about half of the fine S.P. will be lost from the upper laver after a day .and
only v17 will remain after 5 days. This estimate is relatively crude since

no attempt has been made to comsider spatial or temporal variability brought
on by tidal, wind and runoff changes, or to consider diffusive or blologlcal

removal of particles from the upper layer. - : ‘ S _

From the. above discussion the follow1ng sequence of events seems to occur
for the Kitimat estuary during periods of maximum runoff: (i) Coarse '
particles (2125 pm) fall out of the plume within minutes after they reach the
sea. (ii) The finer materlal may then undergo a transition period of rapid
removal depending on the salinity-time path of the water parcel; rapid floccu-
lation and settling occur for perhaps several hours until the S.P. concentration
drops to about 10 ppm. (iii) The finer material continues to be removed from
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the upper layer during a period of about 5 days.

The residence time of fresh water in the fjord channel can be calculated
from the integrated volume of fresh water above the pycnocline and the runoff
rate., Based on runoff data (Webster, 1980 a,b) the residence time for fresh
water in Gardner Canal is about 7 days. The residence time for Douglas Channel-
Kitimat Arm varies from a minimum of five days when all of the fresh water from
Gardner Canal passes through Douglas Channel to 30 days when none of it does.
Given the time scale for loss of particles; the majority settle out of the upper
layer relatively close to the source., Subsequent transport below the pycnocllne
-may even move them back toward the river (Hoskin et al,, 1978).

Estimates of sedimentation calculated by the variety of techniques are .
summarized in Table 2, but certain factors should be borne in mind when comparing
_these, While estimates of particulate input to andtransport in the water column
are essential because they help to set time, distance and size scales for ’

particulate mediated processes, they do not necessarily correlate with what

is accumulating at a specific point on the bottom., Recent seismic surveys
(Bornhold, 1981) show both longitudinal and lateral variability im thickness

of post glacial sediments indicating that sediment sccumulation is not uniform.
Both aspects, settling and accumulation must be addressed before a complete ‘
understanding of the effect of land-derived particulates on fjords can be
reached,

Table 2. Particulate budgets for the upper basin of Douglas Channel,

Method of Determination Sedimentation Rate g
' m~2d-1 g cm—2a-1

1. ‘Water column measurements during a g : o
‘maximum runoff period (this study). "1-10x10 (0.04=0.37)

2, Kitimat River input (mean annual discharge »

. of 135 m3s~1 and a suspended sediment load (0.02-0.06)
-~ of 5-15 mg -1 dep051t10n area ~ 100 km2. ' L \
3, .Sedimentation traps, June—Sept (Werner and 4—7x10—4 (0.15-0.3)
; Hyslop, 1968), Correction applied for ' '

shape (Hargrave and Burms, 1979).
Collected material was 78-947 inorganic
with shell and wood contribution the
remainder. {

4y. Lead-210 dating (Macdonald et al., 1978; (0.06-0.27)
Cretney et al., 1983). ‘

5+ Post glacial deposition (Bornhold, pers. <0,92
- comm, ) maximum post-glacial sediment
thickness - 60 m average water content
30% (wt), Time of accumulation -
10,000 yedrs.
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VARTATIONS DE LA TEMPERATURE DU FOND DES EAUX DUMENT OBSERVEE ET FNREGISTREF DANS
LE FOND DES DEPOTS ALICE ARM ET LE CANAL DOUGLAS .

Trevor Lewis
Geological Survey of Canada -

Pacific Geoscience Centre, Sidney, B.C.

RESUME

Les changements du systeme dans 1°Alice Arm et Douglas Channel, Colomble

Brltanlque la témperature du fond des eaux fut mesuree aussi bien que le fond des

Une valeur de limite pour les depots ascendants, conduit par la
Consequemment un record
comme une

depots mous .
chaleur, determlne la temperature du fond des eaux.
passe la temperature du fond des eaux, est entrepose dans Jles depots,
agitation desc endante et eparplllee. A fin de mesurer 1’ equlllbrlum terrestre
des courants chauds, employant les technlques oceanlques, ces agitations doivent
étre enlevées de _ces donnees. Mais c’est aussi possible de determiner les
changements passes de la temperature du fond des eaux, pour une perlode d’environ
.un anj par 1 aJustement des donnees des agitations d’un modele simple de '
température entrelacée, On a découvert dans 1‘Alice Arm, une variation annuelle
avec un maximum de 5.5°C en septembre, et un minimum de 5.0 C en mars.

Dans le systeme du Kitimat, la température du fond des eaux de tous les grands
bassins était & moins de 0.15° de chacun; la plupart du temps. On a observer
une variation annuelle de 7.25° en avril jusqu’a 6. 80" en septembre. ILa
regularité de ces variations annuelles ne peux pas ‘etre détermine car le temps de

ces observations est de trop courte durée.

Lewis, Trevor. 1983. Bottom water temperature variations as observed, and’

as recorded in the bottom sediment, Alice Arm and Douglas Channel,
British Columbia. Can. Tech. Rep. Hydrogr. Ocean Sci. 18, 138-161.

Mot-clés: Alice Arm, Douglas Channel, écoulement, modele, températufe
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BOTTOM WATER TEMPERATURE VARIATIONS AS OBSERVED, AND AS RECORDED IN THE BOTTOM
SEDIMENTS, ALICE ARM AND DOUGLAS CHANNEL, BRITISH COLUMBIA

Trevor Lewis
Geological Survey of Canada, Pacific Geosciences Center, Sidney, B.C.

ABSTRACT

In Alice Arm and Douglas Channel, British Columbia, changes in the
temperature of the bottom water and the upper 6 m of soft, bottom sediments were
measured. The bottom water determines the sediment interface temperature, a
boundary value for upward conduction of heat in the sediments. Consequently a
record of past bottom water temperatures is stored in the sediments as a downward
propagating, dispersive temperature perturbation. To measure equilibrium
terrestrial heat flow using oceanic techniques, such perturbations must be

‘removed from the data. But it is also possible to determine past changes in

bottom water temperatures up to about a year by fitting calculated perturbations
from simple models of the 1nterface temperature. Ig Alice Arm an annual
variation was detected, 5.5 °c in. September, and 5.0 C in March. In the

Kltlmat system bottom water temperatures in all of the large basins were within
0.15° of each other most of the time. An annual variation from 7.25°C in

April to 6.80°C in September was observed. The regularity of such annual
variation cannot be determined from observations over such a short interval.

Lewis, Trevor. 1983, Bottom water temperature variations as observed, and as
recorded in the bottom sediment, Alice Arm and Douglas Channel, British
Columbia. Can. Tech. Rep. Hydrogr. Ocean Sci. 18, 138-161.

Keywords: - Alice Arm, Douglas Channel, heat flow, model, temperature

INTRODUCTION

The amount of heat flowing upwards to the earth’s surface, the terrestrial
heat flow, is a very important parameter for studying the earth’s crust. It
delineates zones of subduction, partial melting of the crust, crustal extension

~and other crustal anomalies, and is needed for calculating temperatures at depth

since the physical properties of the earth’s crust are very temperature
dependent. If the crust near the surface is an impermeable solid, then heat is
conducted up to the surface, and is equal to the product of the temperature
gradient and the thermal conductivity of the crust. But the terrestrial heat
flow is very small, about three orders of magnitude smaller than the heat flux
from the sun at the earth’s surface. Since the surface temperature is a boundary

condition for conduction in the solid crust, and since it is controlled by many,

larger influences, including the temperature of the air or water above the crust,
the heat flow near surface is disturbed by changes in air or water temperature,

On land, measurements are made at great depths in mines or down boreholes to
avoid the largest disturbances. Even then corrections must be made for the '
effects of topography and past climatic changes. Along the Coast Plutonic
Complex in British Columbia where boreholes and mines are scarce and the
topography exceptionally rugged, oceanic technlques for measuring heat flow have
been used in the deep basins of the fjords (Hyndman, 1976; Lewis et al., in
preparation). These measurements depend upon a knowledge of the past temperature
of the bottom waters 51nce the water temperature controls the mud to water

llnterface temperature.
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Studies of the B.C. mainland inlets, including measurements of temperature,
were initiated by Pickard (1961), and the Institute of Oceanography at the
University of B.C. continued sporadic cruises to obtain additional data (Data
Reports, 1963-1972). Recently more detailed studies concentrated on two areas
(Fig., 1): Alice Arm (Littlepage, 1978; Krauel, 1981), and the Douglas Channel -
Kitimat Area (Webster, 1980)., Heilghtened interest in these two areas is
caused by proposed developments related to mining, transportation and 1ndustr1al

expansion.

During two .cruises, PGC 77—6 in October, 1977, and PGC 78-4 in May, 1978,
we measured temperature profiles in the water, temperature gradients in the
bottom sediments to a maximum depth of 7 m, and the thermal conductivity of
sediments in situ and in cores at several sites within these areas. The . '
purpose of this paper is to present the data we acquired from the two areas and
models of the changes in bottom water temperatures based on the temperature
perturbations recorded in the sediments. The water movements causing the

temperature changes are not discussed here.

Since the temperatﬂre at the water—sediment interface is a boundary
condition which is fairly comstant, any changes in the temperature can be’
considéred to be a perturbation which propagates down into the sediments.
As such a change propagates, it disperses and decreases in amplitude. Although
there is no unique answer if we try to determine the past temperature at the
boundary from measurements of temperature within the sediments, for simple -
models we can obtain the amplltudes and times of changes of the past temperature

of the bottom.waters.

THEORY

The effect of a varying boundary temperature on temperatures within a
semi-infinite, homogeneous solid is well known. Jaeger (1965) has derived
an expression for the anomaly caused by a sinusoidal change with time im the"
boundary temperature for a model having variations in the temperature V(z,t)

as a function of time, t,'and the depth, z:
V(z,tj_=_VO e—d)Z cos (wt — $z) ‘ (l)
for V(o,t) = Vo cos (wt) |
where z is meaeured positive into the solid,

w is the angular frequency of the wave,
o= ()" |
K ie'the.thermai diffusivity, &efined ale==B%—-, where

k is the thermal conductivity, p the demnsity, and c, the heat capac1ty per

unit mass.

For a step change of V. in the boundary temperature between times tj] and
to in the past, where time Is measured backwards from the present, the temper—

ature is now perturbed by the amount (Jaeger, 1965):
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Figure 1. Locations of Alice Arm and Douglas Channel.

. . . z - _ 2 ‘
V('Z,t) = V]. { erf [VEJ erf [VLITC—E_Z-]} (2)

. s )
where erf(x) = 7%“,‘f e v dy

: 0
aﬁ&_other symbols are as previously defined,

Similarly for a surface temperature which was linearly increasing with
time (Carslaw and Jaeger, 1959) at the rate a degrees per unit time, the

.anomaly produced within the solid is 2

- 7
= _Z_ z oz bkt
v(z,t) at { (1 + 2Kt) erfc (/4Kt ) JieE © }}

(3

for surface temperatures

I

V(o,t) =0, t <0
V(ost) = at t <0

Where erfe(x) = l-erf (x)
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These anomalies may be combined, and/or added to the temperatures
resulting from the constant equilibrium terrestrial heat flow.

In the sediments of the inlets, p, the fraction by weight that is water;
can vary from 0.35 to 0,80 causing the thermal conductivity, k, to vary by
70% (Figure 2). If we assume values for the conductivity and density of rock
and water and we use this measured conductivity of the sediments as a functlon
of p, we can calculate the difif fusivity of the sediments as a functlon of P,

This result varies by a factor of 2.
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Figure 2,

Figures 3 and 4 show the temperature perturbations within sediments for -
a boundary temperature with an annual sinusoidal variation and a step increase
in the past, Such changes affect the temperatures measured in the top 7 meters
of the sediments and the average gradient. Such anomalies may.be: cons1dered
a record of past changes in water temperaturesn

Simple models can be fitted to many of the observations, For simplicity
we assume that the diffusivity does not vary as the function of depth at a.
particular station. The largest variations in diffusivity are caused by
changes in the thermal conductivity, and Fig. 2 indicates how large the .
variation in the thermal conductivity of cores can be. At most sites, however,
the conductivity is nearly constant, and simple modelling can be used. More
complex models are not warranted by the limited number, and the quality of

some of the water temperature data.

METHODS _OF MEASUREMENT

All temperatures were measured using calibrated thermistors as sensors
inside water-=proof probes at atmospheric pressures. Water temperatures were
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~ Figure 3.

Temperature anomaly within the sediments (¢ = 1.9 x 10—7 m2/S)
caused by an annual sinusoidal variation in water temperature,

The solid curves indicate the value of the anomaly at the beginning
and middle of the first quarter of an annual cycle; the dashed

line indicates the envelope of the curves, which are symmetrlc
about the zero temperature.
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Figure 4,

Temperature anomaly within the sediments (x = 1.9 x lO—'7 2/s)
caused by a single step change previously in the water temperature
at the spec1f1ed time, ‘
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measured by a single thermistor, inside a pressure-tight probe .on a light-
weight, 4-conductor cable, lowered by a portable winch used for borehole
logging (Lewis, 1975). Temperature resolution was0 002 K and absoclute.

accuracy is 0.01° C,

Temperatures within the top few meters of the sediments were measured
by thermistors inside slim probes up to 7 meters long. The electronics and:
batteries contained in pressure cases at the top of each probe measure and
record the results, and on one probe acoustically telemeter the data back
to the surface as well. Hyndman et al. (1979) described the telemetering
instrument used on PGC 78-4 cruise which measures the sediment's thermal
conductivity in situ, as well as the gradient. On PGC 77~6 cruise a 5 m
Bullard probe was used most frequently, although a 7 m gravity corer with three
outrigger thermistor sensors was also used. An example of the quality of
the data, and of how linear the undisturbed gradients can be is presented

in Figure 5,

The description of methods of obtaining data used by others (Data
Reports, 1963; 1966; 1969; 1970, 1972, Dobrocky Seatech Ltd,, 1977-1978;
Littlepage, 1978; Macdonald, 1977) will not be repeated here. However it is
necessary to point out that in Alice Arm water temperatures were recorded by
the Aanderaa RCM 4 current meter with a specified accuracy of *0.15° C, but
the jump in temperature, 0.5° C, when 1nstruments were exchanged exceeds this

spec1f1catlon.
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Figure 5. Sediment temperaturés observed at three stations in Jerv1s Inlet.

Stations 12 and 14 are successively offset by 0.1° C.
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RESULTS

Water temperature profiles and sediment gradients were measured. and
cores obtained at stations shown in Figures 6 and 7, and listed in Table 1
for the Kitimat area and in Table 2 for Alice Arm. In this section many
examples of temperatures measured in sediments will be presented, and in
many cases calculated temperatures will also be shown. The calculated
values come from the best fit to the data of either step changes or annual
sinusoidal variations in the sediment-water interface temperature. The
straight, solid lines on the graphs of temperature vs depth are the best fit
to the data of the linear gradient of the model,

ALTCE ARM

Pickard (1961) noted that Alice Arm is cooler and less saline than
other northern inlets since it has a restricted entrance from Observatory
Inlet and rivers provide an ample flow of fresh water., The maximum entrance
depth, 55 m, is very small compared to 380 m, the maximum depth of Alice Arm.
This condition limits the exchange of .deeper, more saline water from
Observatory Inlet. Littlepage (1978) and Krauel (1981) have discussed deep

water renewal for Alice Arm,

The earliest recorded temperatures of the deeper waters in Alice Arm

are 4,30° C at 200 m depth in July, 1951 (Pickard, 1961), and 4.77 and 4.76° C
at 350 and 250 m depth, respectively, in May 1966 (Data Reports, 1966). Water
temperatures were measured six times during the period of August, 1976, to =
September, 1977, and continuous recordings of the bottom water temperature '
were made from August, 1976, to March 1977, and from June to September, 1977
{Dobrocky Seatech Ltd., 1977) {(Figure 8). Following these observations, we
. measured water temperatures and sediment temperatures in October 1977 and

May, 1978 (Figure 8 and 9).

The differences between absolute values -of temperature measured as
discrete measurements and as continual recordings (up to(.37 K) require ‘
a judgement concerning their accuracy., Considering that the sudden increase -
of 0.5 X observed in the continually recorded temperatures at 360-374 m
occurred when an instrument was re-deployed in December, 1976, the temperatures
and salinities recorded between December, 1976, and March, 1977, are rejected..
and the accuracy of all of the other recorded data is left in doubt. The
other recorded temperatures, although differing in value by up to0,37 K, do show
variations in time which are in general agreement with the few discrete measure-—

ments.

The temperatures recorded in the sediments (Figure 10), especially in May,
1978 (as subsequently shown in Figure 11) are very good quality data, and the
thermal conductivity at five different stations is nearly identical: 0.92 W/mk
+ 0.,7%., TFigure 10 shows the temperatures measured by two different probes in
October, 1977 as well as the calculated temperatures from a step change of
0,320 C occurring 70 days previously (Aug. 5, 1977) and an annual sinusoidal

variation of magnitude0.29° C.

The data from 6 different stations in May 1978 (Figure ll) have been
averaged to give the temperature for each depth, since the thermal conductivity
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Table 1. Station parameters for Kitimat Area PGC Cruise 77-6 October 1977.

Stn Coordinates Depth Date Time Type
No. N W (m)
63 53° 50.95" 128° 47.40° 323 10 1340 Benthos corer
64 532 50.95" 1282 47.40" 325 10 1426 5 m Bullard
65 - 53° 47.6 ' 128° 52,5 ' 374 10 1606 Benthos
66 53° 47.6 " 128° 52,5 ! 374 10 1640 5 m Bullard
67 533 46,89" 128° 54,57 380 10 1810 Benthos
68 53° 47.5 '  128° 53.7 383 10 1856 20" corer & outrigger
69 53° 47,5 128° 53.7 ' . 383 10 5 m Bullard probe
70 532 47457 1282 53,7 ! 383 10 2010 Water temp profile
71 53° 47,6 ' 128° 54,0 ' 346 10 2120 5 m Bullard
72 53° 47,53" 128° 53.85' . 352 10 2240 5 m Bullard
73 53° 47.09" 128° 53.9 ' 381 10 5 m Bullard
74532 47,23 1287 53,5 ! 390 11 0045 5 m Bullard
75 53 46.7 ' 128" 54.6 ' 380 11 0215 5 m Bullard
76 53 41.8 1293 07.0 ' 373 11 0615 Benthos
77 537 41.8 " 129° 07,0 385 11 0645 5 m Bullard
78 530 41.5 ' 1297 06.5 ' 385 11 0730 5 m Bullard
79 537 41.3 ' 1297 06.3 ' 390 11 0825 Benthos
80 53 41.3‘: 1290 06.3 390 11 0835 Water profile
BL 537 40,4 1292 07.4 ' 398 11 5 m Bullard .
82 53o 40.4 7 129o 07.4 398 11 1102 20 ft. corer w/outrigger
83 537 40.4 ' 1297 07.4 ' 398 11 1150 5 m Bullard
84 53O 10.2 " 129 ~ 07.9 ' 565 11 1832 20" gravity core & out,
85 530 10.1 ' 129° 09.0 ' 562 12 0521 5 m Bullard probe
86 53, 10.1 ' 1297 08.3 ' 555 12 0640 5 m Bullard
87 53°°10.1 '  129° 07.1 555 12 0702 5 m Bullard
88 53° 07.3 " 129° 07 v 545 . 12 0910 Benthos
89 532 07.3 ! 1292 07 ! 545 12 0946 5 m Bullard
90° 537 07.3 " 129° 06.65 540 12 1032 5 m Bullard -
91 537 07.3 " 129° 06.65" 540 12 1120 Water temp. profile
92 530 07.3 " 129O 06.65" 540 12 1251 20' corer & outriggers
93 53’ 07.9 ' 129° 07.5 ' 570 12 1502 5 m Bullard
94 537 07.89" 1290 07.2 545 12 1630 5 m Bullard
95 53’ 07.9 ' 129 06.9 ' 520 12 1710 5 m Bullard
96 537 07.9 ' 129° 06.6 ' 508 12 1910 5 m Bullard
97 53 07.9 ! 129 07.4 ' 549 12 2110 20" corer & outriggers
98 53 07.9 ° 1290 07.4 " 549 12 2205 5 m Bullard
99 53 07.86" 1290 07.73' 565 12 2315 5 m Bullard
100 537 06.55' 129° 21.8 663 13 0123 Benthos corer
10L . 53’ 06.55' 129° 21.8 ' 665 13 0220 5 m Bullard
102 537 06.55" 1292 21.8 ' 665 13 0340 Water temp. profile
103 53’ 06.4 129° 22.4 ' 650 13 0417 5 m Bullard
141 537 16.77" 129° 25.62" 490 17 0942 5 m Bullard
‘ 142 530 16,77°' 129O 25,62 - . 490 17 Water temp. profile
143 530 16.,77" 1290 25.62" 523 17 1115 20" core & .outriggers
144 537 16.79" 1297 26,14" 523 17 : 5 m Bullard
42 537 38.7 ' 1297 10.6 ' 382 21 1155 Tele-probe

43 53° 38,75"  129° 10.62" 382 21 1220 Large core
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Table 1, Continued
Stn Coordinates Depth = Date Time* : Type
No.. N W (m)
b 532 40,3 7 1292 07.4 ' . 388 21 1351 Tele—probe
45 537 40.3 " 129" 07.4 ! 388 21 1430 Water temp. profile
46 53° 50,2 ' 128° 58,1 ' 166 21 1857 Tele—probe o
48 53° 42,28" 1288 55,97 229 21/22 2352 Tele—probe
49 532 50.4 ' 1287 36.3 ! 198 22 0633 Tele—probe
50 537 47.45! 128~ 53.8 ! 368 22 0830 Tele-probe
51 53° 47.6 ' 1282 52,5 ! 362 22 1008 Tele—probe
52 532 48.38" - 128° 50.0 ' 349 22 1117 Tele—probe
53537 50.93' 1287 47.4 " 311 22 1215 Tele-probe
54537 55.3 1282 42,3 * 220 23 0200 Water temp. profile
55 537 28.29" 128° 19.3 ! 485 23 1030 Tele-probe .
56 53° 28.29' 128° 19,3 ! 487 - 23 1145 Small core
57 532 28.97" 128° 20,547 485 23 1255 - Tele—probe
58 53° 28,95 1288 20.59' 485 23 1400 Small core
59 53° 28,6 ' 128° 19,9 ' 487 - 23 1457 Tele~probe
60 53° 27.6 ! 1283 14,4 459 23 1804 Tele—probe
61 532 27.6 ' 128 14.4 ! 460 24 0321 Tele-probe (repeat)
62 53° 22.13" 128° 53,96" 488 24 1020 Tele—probe
63 532 22.13" 128° 54,01" 488 24 1200 Small (Benthos) core
64 53° 21.43" 1282 54,22" 494 24 1215 Tele-probe |
65 532 20.31° 128° 54,25¢ 477 24 1400 Tele-probe
66 53° 20,27' 1288 54,211 477 - 24 1510 Small core
67 532 08.9 ' 1290 07.5 ' 540 24 1738 Tele—probe
68 . 53 07.9 ' - 129o 07.6 ' 529 24 1910 Tele-probe
69 53° 07.2 '  129° 06.6 ' 525 24 2000 Tele—probe
70 532 14,15" 1297 24.0 " 556 - 24 2333 Tele—probe
71 53° 15,3 ' 129° 24,3 * 538 25 0110 Tele—probe
72 530 16.05' 1290 26,1 ' 514 25 0320 Tele-probe - |
73 532 16.05' 1297 26,1 ' 514 25 0420 Water temp. profile
74 53O 16.8 ' 129 26,3 ! 523 25 0540 - Tele—probe
537 10.7 ' 129 26,0 ' 487 .25 0724 Tele-probe

75
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Table 2. Station parameters for Alice Arm,

PGC cruise 77-6, October 1977.

Stn Coordinates Depth
No. N W (m) Date Time Type
104 552 27.15" 1292 37.35" 390 14 1330 Benthos Core
105 55 27.15' 129" 37.35" 390 14 1420 5 m Bullard
106 550 27.15'  129° 37.35' 390 14 1511 20" core &
' : o ° outriggers
107 55" 27.15" 129 37.35" 390 14 1535 Water temp.
o , .‘ o i profile
108 55 27.18 129 37.55 390 14 5 m Bullard
109 55 27.06" 129 37.39" 390 14 1725 5 m Bullard
110 55° 27.06" 129° 37.39" 390 14 1822 2 m Bullard
111 55° 30.74"  129° 46.34" 308 14 2135 Water temp.
. profile
PGC cruise 78=4, May 1978
93 55° 27,2 1 129° 37.54" 379 27 0220 Tele—probe
94 552 27.1 ' 1292 37.5 ' 381 27 0340 Tele-probe
95 55 27.1° 129~ 37.5 ! 381 27 0420 Water temp.
96 55° 27,1°° 129° 37.5 ' 381 27 0500 Salinity probe
B o , o | " : (shallow)
97 55 27.05 1290 37.4 379 27 0550 Tele-probe
98 55 27.0 " 129 36.2 ' 379 27 0710 Tele-probe
99 55 27.14" 129 = 36,2 ' 379 27 0808 Tele-probe
100 55° 27.3 ! 1297 35.72' 375 27 094 Tele-probe
101 55, 26.96" 129 35.1 ' 373 27 . 1038 Tele-probe
30.7 ! 129° 46.65' 307 27 1930 Water temp.

107 . 55
o profile
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Figﬁre 8. Deep water temperatures in Alice Arm, using our data (circled
values with an absolute accuracy ofO,OZ0 C) and data from Dobrocky
Seatech Ltd. (1977), including salinity. Temperatures shown by
a star are from 200 m depth, and by a dot from 300 m depth.
Continuously recorded temperatures from 183 m depth are showm
by a dashed line, and from 360-374 m by a series of dots. Squares
represent salinities at 200 m depth, and open circles, at 300 m
depth.
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Temperature profiles of the water in Alice Arm in October; 1977,
and May, 1978. The deepest measurement is from the top of the
sediments, and thée thicker line just above this p01nt represents
a series of closely spaced measurements
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varies so little, and the individual temperatures are very similar for each
depth. Two simple models of bottom water temperatures (Figure 12) were used

to fit the data from both cruises (Figures 10 and 11). ¥For the 5 statiomns

at which the thermal conductivity of the sediment was measured, the temperatures
were plotted as a function of thermal depth (Figure 13). Thermal depth is the
product of depth and thermal resistivity (the inverse of thermal conductivity).
This so-called Bullard plot accounts for temperature differences caused by
variations in the sediments' thermal conductivity; if the interface temperature
. were constant with time, then a straight line is expected. Since station 97
differs from the other four stations, it was omitted from the data set which
was averaged for modelling purposes.

. Sediment temperatures from both October and May (Figure 14) indicate
that the top temperature sensor is below the water-sediment interface, as
was dindicated by the mud line on the instrument, Since the absolute
temperature was not recovered from the probes used on the October cruise,
the relative temperature between the data from the two cruises was determined
for the final models by positioning the deepest sediment temperature measured
in October on a straight line approximating the equilibrium gradient. The
valﬁe of thermal diffusivity used was 2.5 x 10-7 m2 s—

.This data can also be fitted by an interface temperature increasing
linearly with time (a ramp) commencing 225 days earlier (Figure 14). Any
of the three assumed shapes fit the data well, if the times of occurrence
and amplitude are adjusted. However some models of the bottom water changes
- do. not produce sediment temperatures resembling those measured. If the ramp
model for the October cruise data is continued in time, with a sudden renewal
causing a step decrease in temperature sometime between May and October (as
shown in Figure 14), the calculated temperatures will not fit the observed
sédiment temperatures since there is a large positive anomaly in temperature
below 1.5 m. In fact any model that allows the high surface temperature of
October to persist cannot fit the observations. A better fit is obtained by
using two (or more) steps in surface temperature between October and May, or
a sinusoidal variation (Figure 12).

The comparison of these models (Figure 12) to the observed temperatures
(Figure 8) shows poor agreement. The five individual water temperatures at
a depth of 300 m measured before October, 1977, do indicate a quasi-annual
component, but with a much reduced amplitude. The maximum bottom water
temperatures occur in the early fall and the minima in the early spring,
opposite, in sense, to the annual variation seen in the Douglas Channel-
Kitimat System. .Since the bottom waters in Hastings Arm and upper Observatory
Inlet are always warmer and more saline than the Alice Arm waters, any  exchange
with these waters causes a warming of the bottom waters of Alice Arm.

 DOUGLAS CHANNEL-KITIMAT SYSTEM

The data from Alice Arm were considered first since Alice Arm is a single
basin, and results should be more easily analyzed for a single basin than for
the Douglas Channel-Kitimat system. In May, 1978, water temperatures in
Douglas Channel (Figure 15) in the lowest 200 m were nearly 0.5 K warmer than
in October, 1977. The temperature below 50 m depth at two stations (70 and
80) 15 km apart is nearly identical in October whereas at a station in May
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Figure 10, Measured femperatures in the sediments of Alice Arm imn October,
1977 (open circles, station 105 and triangles, station 106) and
© temperatures calculated from the following models of past bottom
water temperature variations: (plus) fitted by a single step
change occurring 70 days previously (August 5), and (cross) fltted
by a sinusoidal annual wariation.
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Sediment temperatures in May 1978 in Alice Arm: squares are the

average values of measurements of 6 stations, pluses are calculated

from a model of +the variation of bottom water changes which include

the previously determined step change to fit the October Data
(Figure 10) and .am additiomal step change, crosses are calculated
from the previously determined annual sinusocidal variation,
allowing a probe penetration of 0.2 m greater than plotted in May.
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Figure 12.  Models of bottom water temperature changes used to produce the
calculated sediment temperatures in Figure 11,

(station 45) only 2 km from station 80 the temperature is much warmer. Other
measurements of water temperatures made during 1977 and 1978 in this area
(Dobrocky, 1977-1978) also demonstrate this large variation with time. A
summary of the deepest of water temperatures, including earlier measurements
 (Pickard, 1961; Data Reports 1963; 1966) and some more recent ones (Macdonald
et al., 1978), is presented in Figure l6a. The earlier measurements are
omitted from Figure 16b, where all other data are plotted. Although the change
at, the end of June could be quite abrupt, the seasonal variation in bottom
water temperature (Figure 1l6c) could be well-represented by an annual
sinusoidal perturbation,

The four cruises during which the largest wvariations in bottom water
temperatures were measured are the four cruises on which reversing thermometers
were used for the measurements. Bottom water temperatures measured with
electronic sensors did not vary as much between stations at any one time
(Figure 16b); our measurements, for which we claim a relative accuracy of
0.004 K, show a maximum variation of 0.10 K, between Douglas Channel and
Squally Channel. Macdonald et al. (1983) have noted that in the winter
large volumes of shelf water may be forced into the Kitimat system, and that
the. temperature of this water varies from year to year. Their data for February,
1977 and 1979 illustrate this for water at intermediate depths, and such a
- mechanism might cause a variation in bottom water temperatures. The deepest
measurements made using reversing thermometers are usually tens of meters above
~ the bottom. The larger temperature variations which they record may indicate
that the temperature varies more at that depth than closer to the bottom.

» The bottom water temperatures of some basins connected to the Douglas
Channel system have changed by larger amounts, and the timing of changes
varies as well., The largest observed changes occurred in small, shallow
bodies. 1In Giltoyees.Inlet (166 m depth) a temperature decrease of 0.8 K
occurred approximately 45 days before the May cruise (6 April). In Kildala
Arm (198 m depth) a temperature increase of 0.5 K came approximately 100 days
before the October cruise (2 July), and a decrease of 0.4 K, 30 days before
the May cruise (22 Aprll)
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Figure 13.

Thermal depth vs measured temperatures, or Bullard plots for

5 stations in Alice Arm, May 1978. Values from the 5 stations

are represented by 5 differemnt symbols, and the large open circle
is the average temperature at each depth of the four stations best

fitting a common -curve.
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1977 1978 '{

Measured temperatures in the sediments of Alice Arm for October,
1977 (triangles and open circles for two different stations) and
for May, 1978 (squares are average values of six stations). Also
shown are calculated temperatures (dots). for a ramp fitting.the.
October, 1977 data, and fér the May data with a step superimposed
on the ramp 35 days (x) and 116 days (+) before the measurements

were made in May.
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Figure 15. Temperature profiles of the water in Douglas Channel. The sudden
change in temperature at the greatest depth of each log represents
the sediment temperature when the tip of the probe goes into the
soft sediments. The thicker lines just above these points each
represent a series of closely spaced measurements.

Since the temperature of the bottom waters in a single basin appears
to be only a function of depth at most times, changes in the water sediment
boundary temperature should be the same for the whole basin over periods of
10 days or more. It is possible, therefore, to expect the same temperature
perturbations to be impressed on the sediments at all stations within a
‘basin, and differences in sediment temperatures between such stations should
be caused only by differences in the thermal diffusivity of the sediments.

_ Squally Channel is considered first since it is a large basin over which
the temperature perturbations in the sediments at five stations seem to be
similar for each cruise, Before October, 1977, the bottom waters cooled,
increasing the gradient near the top of the sediments, whereas just before
May, 1978, the water warmed, decreasing the gradient near the sediment-water
interface. 1If single step changes in temperature are fitted to the observations,
the best agreement comes from a water temperature cooling by 0.055 to 0,075 K
before October, 1977, and an increase of 0.25 to 0.27 K from 30 to 60 days
before the next May cruise (PGC 78-4), giving a total change of approximately
0.33 K for the period of a year, The ranges in the amplitudes and times of
occurrence include all of the results for this basin.

At three of five stations in Gardner Canal in May, the sediment temperature
gradients are quite linear, but at the other two stations the bottom water
temperature has increased by 0.29 K approximately 240 days before the cruise
(Sept. 20). Echo sounding profiles (3.5 kHz) along the canal (Figure 17) show
outcropping bedrock separating a smaller, more shallow basin where the water
temperature has changed while the deeper basin has a stable bottom water
temperature, Measurements in July, September and December, 1977, and March,
1978,  (Dobrocky Seatech Ltd., 1977-78) to depths of 445 m record a change of
0.25 K between July and September, in approximate agreement with the modelled
temperatures. However, in May at all five stations the bottom water temperature
as measured by the telemetry probe was within0,01 K of 7.31° C in Gardner
Canal; no measurements were made in the previous October.

Several stations were located at the upper end of Douglas Channel on
both cruises., 1In October at 10 of 12 stations the temperature gradient in.
the sediments was & minimum between 1.5 and 3 m depth, indicative of a similar
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Figure 16b, Near-bottom water témperatures in Douglas Channel System measured

by reversing thermometers (unmarked symbols) and by electronic -
sensors: symbols inside rectangles by our equipment, and symbols
inside balloons, by commercial electronic sensors., Data are from:
Squally Channel (circles), Whale Channel (triangles), Douglas
Channel above the sill (dots) and Kitimat Arm (x).
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Bottom water temperatures in Douglas Channel System, as designated
in figure 16b, but plotted according to the time of year when
measured regardless of which year.
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Figure 17. A'3.5 kHz sounder profile along Gardner Canal showing a basin at
457 m depth separated from the deeper basin by bedrock at at
depth of 421 m. A

change in bottom water temperatures for the entire area. However the magnitude
of the gradients averaged over 4.5 m ranged from 10 to 57 mK m~1l for these

10 stations. Unfortunately deep cores were not obtained at most stations,

but the thermal conductivity measured on shallow cores varies, and in one case
the large variation down to a depth of 4.5 m (Figure 18) can account for only

a small part of the differences in the temperature gradient.

The temperatures of the sediments measured on May 21, 1978, can be
accounted for by an increase in bottom water temperature of 0.26 to 029 K
occurring 80 to 105 days before (in February). This is in agreement with
water temperature profiles measured in December, 1977, and March, 1978
(Fig. 15). The measured temperatures and temperatures calculated from water
temperature models are shown in Figure 19 for stations 42 and 53, where the
variation in thermal conductivity was very small., The variation in sediment
temperature gradients between stations in upper Douglas Channel ‘is largest, as
were the differences between bottom water temperatures and near surface sediment
temperatures.

INFLUENCE OF BOTTOM WATER TEMPERATURE VARTATION

Using an annual sinusoidal variation or step function (equation 1 or 2)
and the amplitudes of temperature variations observed, the changes to the
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Figure.f’rlB. Variation of thermal conductivity measured over the length of a
' .core from station 77-68 in Douglas Channel.
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temperature gradient in the sediments, as well as the uncertainty in the
changes, can be calculated. The shorter temperature variations with a period
of a year or less are quickly attenuated with depth within the sediments

(Fig. 3). TFor an annual sinusoidal variation in interface temperature, the
largest temperature anomaly below 4 m depth is only 8% of the maximum variation
at the interface, and the maximum change to the gradient over the depth range
of 4 to 6 m is 37 mK m~1 for a large interface temperature change of 1 K.

Such a large annual variation could be modelled with an accuracy of 10%,

making the error in the corrected gradient 3.7 mK m~l, which is less than 10%
of the smallest expected gradients (Table 3).

If the average bottom water temperature changes over an interval of

- years, as can happen (e.g. Pickard 1961; Gade and Edwards 1980), then
temperature anomalies in the sediments persist to much greater depths. For
example, if the water temperature in 1951 in Douglas Channel (Figure l6a)
was 0.8 K cooler than the average temperature now, but only for a period

~ of a year, the effect on the gradient is very small (1 mK m~1), But if the
' average interface temperature was 0.8 K cooler up until 15 years before the
gradients in the sediments were measured, then ‘the effect on the measured
temperature gradients is large (50 mK m‘l), and does not produce a non—
linear gradient for the top 6 m of sediments which would be detected.

CONCLUSTONS

- Large changes in the temperature of the bottom waters of Alice Arm
and the Douglas Channel -~ Kitimat System occurred between observations .in
October, 1977, and May, 1978. Based on observed temperature perturbations
in the sediments at the bottom of the fjords, simple models of the past
bottom water temperatures were constructed which agree well with the observed
‘temperatures from these two cruises as well as other reliable water temperature
" measurements,

Over a period of 12 months in 1977, the bottom water temperature in
Alice Arm can be approximated by an annual sinusoidal variation with a
maximum temperature of 5.5° C in September dnd a minimum of 5.0° C in March.
In the interval mid-1976 to mid-1978 the bottom water temperature in the
Douglas Channel — Kitimat system varied approximately sinusoidally with a
period of a year. Most of the time the bottom water temperatures in all of
the deep, large basins forming this system differed from each other by no more
than 0.15 K. The maximum temperature which occurred in April is approximately
7.25°% C, and the minimum temperature, in September, is 6.80° C. Some smaller
inlets connected to this system had larger variations in bottom water
temperatures.

-Observations over such a short period of time cannot confirm that bottom
water changes occur as annual cycles., The variation in Alice Arm is 180° out
of phase with that in the Douglas Channel - Kitimat system. Although mechanisms
can explain this (e.g. Muench and Heggie, 1978), more observations are.needed. -
There .was no such variation over a period of thirty yvears in Jervis Inlet
(Hyndman, 1976; Lewis et al., in preparation).

:.Changes in the sediment temperature caused by bottom water changes
oceurring with periods of a year or less can be modelled and the effects
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Table 3, Temperatures and gradients within a semi-infinite solid caused by
an annual sinusoidal variation of 1 K applied as the boundary condition.,

Diffusivity Wave Maximum Temperature Maximum Change to

No. Change Sediment Gradient

at 2m  at 4 m at 6 m 2-4 m ‘. v 4-6 ﬁ
(mK) ~ (mK) (mK) (mK/m) (mK/m)

rock . .
1 x 1070 .233 640 410 262 135 83
‘soft sediment _ ' v
3 x 107/ .576 316 100 32 138 4k
2.5 x 1077 .631 283 80 23 129 | 37
2 x 1077 .705 244 60 15 117 | 29

removed to give the equilibrium temperature gradient to an accuracy of about
10% between 4 and ém below the sediment water interface. However longer term
variations or sudden changes in bottom water temperatures which persist for
years cannot always be detected, and can affect the temperature gradient in’

the sediments by large amounts.

ACKNOWLEDGEMENTS

I gratefully acknowledge the many people who assisted in collecting this
data. I thank Capt. Marsdem -and the crew of CSS Vector for their cooperation
and skillful navigation, and D. Chisholm and W. Price for their assistance in
manuscript preparation. I am dindebted to B. Bornhold and R. Macdonald for

providing critical comment 'on ‘the first draft,

REFERENCES

Carslaw, H.S. and J.C. Jaeger. 1959. Conduction of Heat in Solids, Second .
Edition, Oxford University Press, Lendoen. -

‘Data Reports of the Institute of Oceanography, University of Brltlsh Columbla,
Vancouver, B.C. No. 23, 1963, British Columbia Inlet Cruises
No. 26, 1966. British Columbia and Alaska Inlet and
Pacific Cruises
No. 30. 1969. @British Columbia Inlet and Pacific Cruises
No. 32. 1970. - British Columbia Inlet and Pacific Cruises
No., 34, 1972, British Columbia Inlet Cruises ‘

Dobrocky Seatech Ltd., Annual summary of physical oceanographic measurement
in Alice Arm - August 1976 to September 1977. Data Report for J.L.

Littlepage, Oceanographic Comsultant, Victoria, 111 pp. (1977).




161

DoBrocky Seatech Ltd., Cruise Reports—Kitimat Oceanographic Study: July,
1977; September, 1977; December, l9f7; March, 1978; and June, 1978.
(1977-78). TFor the Institute of Ocean Sciences, Sidney, B.C.

Gade, H.G. and A. Edwards. 1980. Deep Water Renewal in Fjords. In Fjord
Oceanography, Freeland, H.J., D.M. Farmer and C.D. Levings (eds.),
p. 453-489. .

Hyndman, R.D. 1976. Heat flow measurements in the inlets of southwestern
British Columbia. J. Geophys. Res., 81, 337-349.

| Hyndman, R.D., E.E. Davis and J.A. Wright. 1979. The measurement of marine
~ geothermal heat flow by a multipenetration probe with digital acoustic
telemetry and in situ thermal conductivity. Marine Geophysical Research
4, 181-205.

Jaeger, J.C. 1965. Applications of the theoy of heat conduction to ,
geothermal measurements. In Terrestrial Heat Flow, W.H.K. Lee (ed.)
. Geophysical Monograph Series #8, American Geophysical Union, 7-23.

Krauel, D.P. 1981. Deep water flow and exchange processes in Alice Arm,
B.C., Institute of Ocean Sciences Contractor Report Series 81-4
Sidney, B.C.

Léwis, T.J. 1975. A geothermal survey at Lake Dufault, Quebec. Ph.D.
Thesis, U. of Western Ontario, London, Ontario.

Littlepage, J.L. 1978. Oceanographic and marine biological surveys Alice
Arm and Hastings Arm, British Columbia 1974-1977. Consultants report
‘for Climax Molybdenum Corp. of B.C. Ltd., Terrace 78 pp.

Macdonald, R.W., W.J. Cretney, C.S. Wong and P. Erickson. 1983. Chemica1 
characteristics of water in the Kitimat fjord system. Can. Tech. Rep.
Hydrogr. Ocean Sci. 18, 66-87.

i
Macdonald, R.W., D.M. Macdonald and P.S. Munro. 1978. Oceanographic Data
- Report, Kitimat Arm, Porpoise Harbour, February, 1977. Pac. Mar. Sci.
Rept., 78-24, Institute of Ocean Sciences, Sidney, B.C. '
. i
Muench, R.D. and D.T. Heggie. 1978. Deep water exchange in Alaskan
sub-arctic fjord, In Estuarine Transport Processes, B. Kjerfrie
(ed.) Univ. of South Carolina, pp. 239-267.

Pickard, G.L. 1961. Oceanographic featurés of inlets in the British
Columbia mainland coast. J. Fish. Res. Ed. Canada 18, 907-999.

Ratcliffe, E.H. 1960. The thermal conductivities of ocean sediments.
J. Geophys. Res. 65, 1535-1541,

Webster, I. '1980. Kitimat physical oceanographic study 1977-78. Part 3,'
Estuarine Circulation. Contract Report 80-3, Institute of Ocean
Sciences, Sidney, B.C. 8l pp.




162

LES NOMBREUSES CYCLIQUES SELECTIONNEES AROMATIQUES D’HYDROCARBURE (NCAH)
POUR LES DEPOTS EN SURFACE, ET LES CENTRES AGES DU KITIMAT ARM - DOUGLAS

CHANNEL ET COURS D’EAU ADJOINTS

W.J. Cretney, C.S. Wong and R.W. Macdonald
Institute of Ocean Sciences, Sidney, B.C.

P.E. Erickson and B.R. Fowler
Seakem Oceanography Limited, Sidney, B. c.

RESUME

La concentration des nombreuses cycllques selectlonneEb aromathues
d’ hydrocarbgre (NCAH) dans le depot d’echantillon est determine de 40
stations d’ etude dans tout e Kitimat. La distribution des (NCAH) sur la
surface des depots au nord de Kitimat Arm est consistants avec le fondeur
d"aluminium Alcan, y étant la source. Cette déduction est soutenue par les
(NCAH) distribuées dans les centres Agés, qui dénote une augmentation
soudaine dans le contenant des (NCAH) correspondant dans la construction et
la production prématurée du fondeur. Il y a des evidences equivocales dans
les (NCAH) concentrées dans le dépbt des centres @loignés de Kitimat, .qui
peuvent etre Clevégs du norme historique. Bien que les sources des (NCAH)
trouvees dans le depot dans les centres lointains ~ demeure incertain. Ia'
calculation basée sur un modéle de plume Gaussian de la transportation
atmospherique contaminée 1nd1que que le fondeux - aluminium ne peux etre
exclus comme une source premiére contributrice. Une considération des
facteurs controllant le mouvement de flot transporte par 1‘eau des (NCAH)
rapport aux partlcules - suogere que ce mode de transport est lmprobable a
1'importance du procédé par lequelles (NCAH) peuvent &tre transportdes du

. . . - . -~
fondeur aluminium jusqu’aux stations eloignées.

Cretney, W.J., C.S. Wong, R,W, Macdonald, P.E. Erickson and B.R. Fowler.
1983. Polycyclic aromatic hydrocarbons in surface sediments and
age-dated cores from Kitimat Arm, Douglas Channel and adjoining
waterways, 18, 162-195,

Mot—cles: dépat a cates marines, Kitimat, le fondeur d’aluminum, nombreuses

cycliques aromatique hydrocarbure, transport '
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POLYCYCLIC AROMATIC HYDROCARBONS IN SURFACE SEDIMENTS AND AGE-DATED
CORES FROM KITIMAT ARM, DOUGLAS CHANNEL AND ADJOINING WATERWAYS.

W.J. Cretnéy; C.S. Wong and R.W. Macdonald,
Institute of Ocean Seiences, Sidney, B.C.

P.E. Erickson and B.R. Fowler.
Seakem Oceanography Limited, Sidney, B.C.

ABSTRACT

The concentrations of selected polycyclic aromatic hydrocarbons (PAHs) in
sediment samples are presented for 40 stations throughout the Kitimat study
area, The distribution of PAHs in surface sediments of northern Kitimat Arm
is consistent with the Alcan aluminum smelter being the source. This
inference is supported by PAH distribution in age-dated cores that show an
abrupt increase in PAH content corresponding in time to the construction and
early production years of the smelter. There is some equivocal evidence that
PAH concentrations in sediments of stations remote from Kitimat may be
elevated from the historical norm. Although the sources of the PAHs found in
sediments from remote stations remain uncertain, calculations based om a
simple Gaussian plume model of atmospheric pollutant transport indicate that
the aluminum smelter cannot be excluded as a primary contributing source.
Consideration of factors controlling the water—borne movement of PAH bearing
particles suggest that this mode of transport is unlikely to be an important
process by which PAHs may be transported from the aluminum smelter to remote

stations.

Cretney, W.J., C.S. Wong, R.W. Macdonald, P.E. Erickson and B.R. Fowler. 1982..

Polycyclic aromatic hydrocarbons in surface sediments and age-dated cores
from cores from Kitimat Arm, Douglas Channel and adjoining waterways.
Can. Tech. Rep. Hydrogr. Ocean Sci. 18, 162-195,

KEY WORDS: aluminum smelter, coastal marine sediments, Kitimat, polycyclic
aromatic hydrocarbons, transport

INTRODUCTION

One of several proposals for transporting Alaskan North Slope crude oil
to eastern North America under consideration when this study was conceived
would have resulted in the building of an oil tanker port at Kitimat in
northern British Columbia (Figure 1) and a pipeline to Edmonton, Alberta,
linking there with the continental network. Since specific, detailed
knowledge of the environmental state of the marine zone that would be affected
was lacking, a variety of on-going or new programs to gather coastal physical
and chemical oceanographic data were focussed on Douglas Channel, Kitimat Arm
and their adjoining water ways,

Apart from the oil port possibility, the marine approaches to Kitimat
were already of particular interest because of the presence of Western
Canada's only aluminum smelter (Figure 2) near Kitimat, a town only three
decades old and owing its entlire existance to the establishment of the smelter
in the early 1950's. Studies of Norwegian fjords on which aluminum smelters
were located had recently produced evidence that the smelters were a major
source of polycylic aromatic hydrocarbons (PAHs) in the local marine environ-
ment (Palmork, 1974). Since Kitimat is the only industrial settlement in the
area,it represented the first near encroachment of industrial civilization in
an otherwise pristine fjord system. Because the aluminum smelter was the only
major industry until recently, the Kitimat area promised to afford a place for
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environmental studies relatively uncomplicated by the large manifold of source
types and locations of contaminants that usually accompany such studies,

The work described in this paper was concerned mainly with the PAH
containing fraction of marine sediment extracts. A principal objective of the
work was to delineate the areal and chronological distributions of PAHs in the
marine sediments of the region. A further objective was to reconcile the
observed distributions with those that might be expected from probable water
or air transport modes. In addition, the usefulness of the PAH fraction was
to be assessed for the determination of the presence and quantity of petroleum

hydrocarbons that might be released during tanker operations.

METHODS

Sampling Stations and Field Methods

Primary oceanographic cruises were carried out, one in each of the months
of June and October, 1978, and February, 1979. A full program of hydrocarbon
and general oceanographic sampling was carried out at stations 001 to 014,
except 012 (Figure 1). Generally only CTD probe casts were made at stations
'CID-1 to CTD-10, although a sediment sample was obtained from station CTD-6
during the October cruise. Additional sediment samples were obtained in
October at stations 009-1 to 009-5, 1inclusive, and at stations 010-1 and
010-2, and again in February at stations Gl to Gl6, inclusive (Figure 2).
Sediment core samples were collected at stations 014 and 010 during the June
1978 cruise.. The core from station 010 subsequently was found to be
unsuitable for determining the PAH geochronology. Other attempts to obtain a
suitable core from northern Kitimat Arm also ended unsatisfactorily until
three cores were obtained off Emsley Point dur1ng a second supplementary
cruise conducted in May, 1979.

Sampling Methods

. During the three principal cruises a clean-room laboratory module (Wong
- et al., 1976) was carried aboard the motor vessel "Sea Lion" under charter
from Dobrocky Seatech Ltd. to provide a contaminant-free area in which -
hydrocarbon containing samples could be processed.
I

Surface sediments were collected with a modified Smith-McIntyre grab
sampler (Kahlsico International Corp.) which sampled a surface area of 0.1M“.
Depth.of penetration varied with the type of sediment. Usually, however, the
top 10-20 cm of sediment was obtained with a relatively undisturbed surface.
A subsample of the upper 5 cm was taken for hvdrouarbon‘analysis from a
relatively smooth portion of the grab sample's surface before the samplers
jaws were opened to release the sample. To accompllsh the subsampling a
cleaned aluminum ring, 5 cm in depth and 9 cm in diameter, which had been cut

- from an aluminum sample can, was pushed into the sediment surface and lifted
out -together with the sediment core using a broad bladed spatula. The.
sediment was extruded into a cleaned aluminum can and the lid secured in place
with teflon tape. The can was then wrapped in aluminum foil and immediately
frozen. Additional subsamples for organic carbon analysis were stored frozen
in plaStlp Whirlpak bags..
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Cores for 210 Pb-dating were obtained by two methods. On principal
cruises a Soutar-Bruland, clear vented, slow entry box corer (Young et al.,
1973) was used. Subsamples for hydrocarbon analysis were obtained at 3 cm
intervals by inserting a syringe-type stainless steel and teflon suction corer
through specially machined holes on the side of the box cores that were sealed
with metal plugs during deployment and retrieval. The core sediment samples
were extruded into cleaned aluminum cans from the suction corer and stored as
was done for the grab samples. Samples for organic carbon and 210py, analyses
were collected in a similar manner.

Additional cores were obtained at station C3 using a gravity corer with
10,5 cm internal diameter, clear .acrylic, cyclindrical core barrels.
Subsamples were obtained by extruding the core in an upright position and
slicing off 3 cm thick sections. The central 9 cm core of each section was
transferred to a cleaned aluminum can and stored frozen as before. Additional
,Eortlons from the outside were stored frozen 1in plastic whirlpak bags for
L0ph and organic carbon analyses.

»Labbratory Methods

Materials and equipment were prepared for use as previously described
(Cretney. et al., 1980a) with some modifications. Following washing with soap
and water and immersion overnight 1in a chromic acid bath, glassware was rinsed
with hydrocarbon-free distilled water (Chesler et al., 1976) and baked
overnight in an oven at 350°C before use. Aluminum cans were similarly
cleaned with omission of the chromic acid immersion. Florisil (60-100 mesh,
chromatography grade) was washed thoroughly with distilled water, then’
methanol and dried for 24 hours at 70°C in a forced-air oven. - The Florisil
was then calcined at 600°C for 6 hours, allowed to cool under dry,
hydrocarbon—-free nitrogen gas, and deactivated by equilibration with 57% by
weight of hydrocarbon-free water 1in a sealed flask for a minimum of 48 hours.

Sediment subsamples were obtained from still partially frozen samples in . .
aluminum cans by coring from top to bottom with a cleaned syringe-type suction
corer. This procedure provided a vertically integrated subsample with reduced
probability of accidentally contaminating an entire sample. The procedure
also.reduced the likelihood of a microbial alteration resulting from complete
thawirng, but did not permit total sample homogenization. Sample homogeniza-
tion prior to freezing in the field was considered too risky because of
possible sample contamination.

The extraction, separation, and measurement of selected PAHs were carried
out mainly as previcusly described (Cretney et al. 1980a; 1980b) using for
each analysis typically 0.3 pg each of ( Hio) henanthrene, (ZHlo)pyrene
(zle)chrysene, (zle)benz(a)anthracene and ( le)perylene as 1nternal
standards. Quantification was carried out by the peak height ratio method
using a correction factor for the relative response of a given analyte PAH to
its deuterated form, 1f it was used as an internal standard, or its deuterated
geometrical 1somer. In exception, benzo(b/j/k)fluoranthenes were: quantified
using the deuterated chrysene/benz(a)anthrancene palr This .exceptlon.was
made necessary because of the variable recovery of 2 le)perylene at the 0.3
pg -level due to the unpredictable, sometimes appreciable amount of its
chemisorption on Florisil (Cretney et al., 1980a). In order to speed up
analyses, two temperature programs were used depending on the boiling points
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of the analytes: 150°C for 2 min., then 8°C/min to 250°C or 200°C for 2 min,
then 8°C/min to 300°C.

Confirmation of the identity of the ‘analytes was obtained using an INCOS.
2300 data system, which was newly acquired toward the end of the study.
Confirmation was based on comparison of the relative retention times of
analytes with those of the deuterated internal standards and on comparison of
analyte mass spectra with those of authentic samples. The relative intensities
of mass spectral peaks in the molecular 1on cluster of standards and analytes
were examined in representative samples to verify the absence of significant
interfering signals from coeluting non analyte or standard compounds. In
addition, selected extracts were also chromatographed using a flexible fused
silica column (25 m, carbowax 20M, Hewlett Packard Corp.) coated with SP2100.
The end of this column was pulled down to a narrow constriction using a flame,
cut back with a diamond pencil until the pressure drop across the constriction
was about 1 atm, and fed directly through the inlet tube to the analyser of

the GC/MS/DS system.

Instrumental precision was determined by quadruplicate injection of a
single PAH fraction obtained from a sediment homogenate prepared from a large
grab sample from station Gl4. The precision of the method was determined by
carrying out the analysis of 4 subsamples (100g) of the same sediment

The sediment (l.5kg) was homogenized by mixing for 30 minutes

homogenate.
Because the

with a teflon stirrer attached to a hand held electric drill.
homogenization process generated a large amount of fine particulate matter’
that remained in suspension following aqueous/ethanolic KOH treatment and the
usual settling period, the decanted solvent and suspension was filtered s
through a pre-extracted Whatman GF/A glass fibre filter. The filterables and
filter paper were added to the residue for further extraction with refluxing

1s00ctane.

Within-sample variation was estimated through duplicate analyses of
vertically integrated subsamples of principal station samples. Within-station
varilation was estimated through analysis of samples collected at the principal
stations in the three main cruises. Since only one sample was collected at
each station on each cruise over an eight month period, the variability has an
unknown temporal contribution. Assuming an uneventful deposition of sediment’
between cruises, this contribution should be negligible.

Another four subsamples of the station Gl4 sediment homogenate were used
in an experiment to determine the minimum detectable amount of oil 1n a
representative intermediate PAH level Kitimat Arm sediment using GC/FID and
'GC/MS based techniques. Aliquots of a solution of Prudhoe Bay crude oil in
ethanol/tetrahydrofuran (l:4) were added to the subsamples to give dry weight
crude oil concentrations of 9.6 mg/kg, 96 mg/kg, 192 mg/kg, and 480 mg/kg. :
Individually spiked sediments were rehomogenized with a stainless steel
spatula and 50 g subsamples of each were taken for analysis. A procedural
blank and an aliquot of the crude oil standard solution were also carried
through the entire analytical procedure. Parent PAHs were quantified using
the PROMIN system in the usual manner. Other components of the PAH fraction
of the oil and oil-spiked sediments were examined using the INCOS 2300 data
system operating in the sequential scan mode. Dibenzothiophene and 1ts G and
Cy alkylated derivatives were quantified from the mass fragmentograms :
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The extraction efficiency of the method was assessed by re—extracting the
residual sediments from the analysis of the samples from station G and
station 014 (core segment, 30-33 c¢m). The re-extraction was performed under
" N, gas by the soxhlet method for 7 hours with methylene chloride and then 15
hours with isopropyl alcohol.

21OPb—dating of sediment cores was done using the procedure of Matsumoto
and Wong (1977), in which 210pb was measured by counting the g decay of its
Bi daughter nuclide in a flow-type counter. The density of the solid phase
was determined by pycnometry. Salt corrections were made using the assumption
that the salinity of the pore water was the same as that of the overlying
bottom water Sedimentation rates were calculated using the constant rate of
supply of 21UPb model (0Oldfield et al., 1978).

: Organic carbon was determined by the titration method of Gaudette et al.
(1974). A standardization blank was processed with each batch of samples.

RESULTS
Genéral Statistical Considerations

Mean instrumental precisions (r.s.d.) of 2.2%, 1.9%, 1.8%, 9.3% and 4.4%
for phenanthrene/anthracene, fluoranthene, pyrene, chrysene/triphenylene/
benz(a)anthracene, and benzo(b/k)fluoranthenes were determined by replicate
injection of a typical PAH containing fraction obtained on work—-up of a
sediment sample from station Gl4. The precision of the method was determined
by analysis 1in quadruplicate of a well homogenized sediment sample from the
same station. The relative standard deviations were 2.9%Z, 6.7%, 5.0%Z, 7.4%
and 7.9%, respectively, for the PAHs listed above.

The relationship between the mean PAH concentration and variances of
replicate analysis of sediments from several stations was determined using
Taylor's power law:

In s2 = ln a + b ln x
where s = sample variance, X = sample mean, and_b }s the exponent which
determines an appropriate transformation (z = - for b# 2 and Z = log

x for b = 2) (Green, 1979) for stabilizing the variance of the samples. The
within-sample variance and means were calculated for duplicate analyses of 12
samples, one from each of the stations 003-011, 013, 015, 016 and plotted
according to the above expression. The slope, b, of the regression line was
2.08 (r = 0.77, p < 0.005). Similarly, the within-station sample variances
and mean PAH conuentratlons (calculated from data normalized to organic carbon
content) for stations 003, 004, 006, 008, 011, 014, 015 (3 cruises) and 001,
002, 009, 013, 016 (2 cruises) were calculated and regressed against each
other. Once again the slope of the regression line was near 2, i1.e., 1.93
(r =.0.89, p < 0.001).

Assumlng the existence of a common within- sample coefficient of variation
for all stations, 1ts value was estimated from the pooled within-sample
variances (Lindgren and McElrath, 1969) of the log transformed PAH
concentrations (Eberhardt et al., 1976). The estimate based on all replicate
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subsamples was 0.19. The within-station coefficient of variation was
estimated as 0.65 in the same way. In excluding the samples obtained from

station 013 because the sample collected in October 1979 contained only 0.2%
organic carbon, the value reduced to 0.46. The within-station coefficient of
variation for the normalized PAH concentrations (exclusive of the June, 1979
samples from stations 001 and 002 for which organic carbon analysis was not
done) was determined to be 0.35, which compares with 0.64 determined for the
non-normalized PAHs from the same data set. Excluding station 013, the value
changed only slightly to 0.34 compared to a change from 0.64 to 0.42 for the
unnormalized PAH concentrations in the same data set.

chloride and 1isopropyl alcohol of the
the sediment sample from station Gl
The additional amount

Soxhlet extraction with methylene
insoluble residue from the analysis of
yielded small quantities of initially unextracted PAHs.
of the PAHs varied from 2~9%Z of the amounts that were recovered on the first
The percentage recoveries generally increased with increasing
Re-extraction of the 30-33 cm core segment from station 14
also yielded additional quantities of PAHs. The percentage recoveries agaln
generally increased with increasing molecular weight, although the range,
10-25%, was larger and the values higher. Because the C ) H g : C,gHy2 ratio
was used as a parameter for characterizing sediment samples from various
depths in cores and sites in the study area, the effect of the apparent
differential recovery of PAHs from sediments of high and low concentrations-
was assessed, To take into account the amounts of C),H)g and CjgH|» PAHs as
well as internal standards obtained on re—extraction of the sediment sample
from station Gl, the ratio would have to be decreased by only 1%Z. A
significantly greater decrease of 117%Z would be required for the station 014

extraction.
molecular weight.

sediment sample.

Minimum Detectable Oil Experiment

Examination of the aromatic fraction from sediment samples obtained from
stations Gl and Gl4 revealed dibenzothiophene was present in an amount less
rthan 10% of the prominant parent PAHs. Since its proportion in the Prudhoe.
Bay crude oil was relatively high, the iIncremental change in its concentration
in the oil-spiked sediment sample from Gl4 was readily measureable. As an
the ethyl- and dlmethyldlbenzothlophenes having a molecular

the same as (% H gJ)phenanthrene, were found to be quantifiable
Hence a benchmark

added bonus,

welght of 212,
in almost all the sediments analysed by the Promin method.

for this crude oil marker for the region has also been obtained.
thiophene was confirmed by comparison of 1ts retention time and mass spectrum
with those of an authentic sample. The methyl-, ethyl- and dimethylbenzo-
thiophenes were tentatively identified from their characteristic GC patterns,
reasonable retention times relative to dibenzothiophene, and mass spectra.

Dibenzo-

" The concentrations of the dibenzothiophenes 1in the crude oil spiked
sediment samples were found to correlate well with the concentrations of added
oil (Figure 3) assuming a precision similar to that which was obtained for
PAHs. The correlation appeared to be positive and linear, particularly with
respect to dibenzothiophene itself. A single determination only, however, was

made at each spike level.
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Fig. 3. Plot of dibenzothiophene concentrations against concentration of
Prudhoe Bay crude o1l added to a sediment sample from station Gl4.
®, dibenzothiophene; A, methyldibenzothiophenes; H , dimethyl-
dibenzothiophenes. ' :

Organic¢c Carbon and Water Content, Particle Size Distribution of Sediments

 Sediment samples from the more marine stations genmerally exhibited higher
‘% organic carbon values (Table 1). Several values in excess of 3.0% were
obtained, The sediments with highest 7 organic carbon also had very high-
water and fine particle content. Although the relationship among organic
carbon content, water content, and particle size distribution was not
investigated in detail for the purposes of this paper, they appeared to be
correlated.

The northern Kitimat Arm sediments exhibited a narrower range of organic
carbon content (Table 2) than sediments from the study area as a whole,
Despite the narrow range, 1.0 — 1.87%, there was a link between organic carbon
concentration and location in the Arm (Figure 4). The lowest values were
obtained for sediments from the centre-east portion of the Arm. The highest
values were found in sediments along the east shore, at the entrance to the
Arm and in an apparent tongue stretching out from the northwest cormer down
and part way across channel. ‘ ‘

The distributions of organic carbon and water were very.uniform along the
length of the core obtained off Emsley Point (Table 3). Indeed, the 7% .range
of organic carbon was 1.6 - 1.8, with no depth trend discernable. Although
only four levels have been aralysed, a similar narrow range was observed for
‘the core obtained at station 014, ‘
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Concentration of PAHs and Organic Carbon in Surface Sediments at

TABLE 1:
Primary Stations
Fluor., Pyr., PAH Organic-
Station Cruise Cquloa chHlO clBH.LO ClBlea C?_Olea Sum Carbon
No. No. (mg/kg)b (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (%)
001 78-01 0.012 0.012 0.011 0.019 0.035 0.088 n.a.d'
001 78-02 0.032 0.033 0.032 0.052 0.098 0.25 3.6
001 79-01 0.058 0.066 0.063 0.079 0.12 0.39 3.8
002 78-01 0.023 0.023 0.025 0.016 0.039 0.13 n.a.
002 78-02 0.015 0.027 0.026 0.025 0.060 0.15 1.4
002 79-01 0.031 0.024 0.021 0.036 0.060 0.17 2.0
003 78-01 0.041 0.045 0.043 0.028 0.029 0.19 3.2
003°¢ 78-02 0.023 0.033 0.029 0.040 0.11 0.24 2.7
003 79-01 0.015 0.016 0.014 0.018 0.063 0.13 2.2
004°C 78-01 0.0090 0.010 0.015 0.020 0.014 0.068 1.5
004 78-02 0.010 0.0033 0.0046 0.0072 0.015 0.041 0.4
004 79-01 0.0034 0.0033 0.0039 0.0053 0.011 0.027 1.2
005%:&.  78-01 . 0.066. 0.029 0.043 0.080 0.075 0.29 3.5
006C 78-01 0.079 0.13 0.12 0.12 0.24 0.69 2.5
006 78-02 0.050 0.069 0.066 0.074 0.39 0.65 3.5
006 79-01 0.047 0.062 0.058 0.078 0.19 0.44 2.9
007¢ 78-01 0.064 0.088 0.10 0.15 0.28 0.68 1.6
0078 79-01  0.025  0.033  0.035 n.d.f  n.4. - 1.6
CTD6® 78-02 0.18 0.30 0.30 0.19 0.42 1.4 2.4
008¢ 78-01 0.29 0.52 0.58 0.49 0.87 2.8 1.6
008 78-02 0.13 0.23 0.24 0.23 1.1 1.9 1.7
008 79-01 0.16 0.27 0.27 0.36 0.60 1.7 1.5
009¢ 78-01 0.30 0.46 0.50 0.87 1.5 3.7 1.1
009¢ . 78-02 0.26 0.36 0.40 0.70 1.4 3.1 1.5
010 78-01 0.46 0.54 0.64 n.d. n.d. - 1.5
OlOc’e‘ 78-02 0.14 0.21 0.20 0.48 0.72 1.8 1.3
011¢ 78-01 0.036 0.087 0.089 0.077 0.14 0.43 2.0
011 78-02 0.050 0.082 0.075 0.12 0.46 0.78 2.2
011 79-01 0.029 0.061 0.056, 0.067 0.19 0.40 1.8
013¢ 78-01 0.070 0.14 0.14 0.15 0.33 0.82 2.2
013® 78-02 0.0028 0.0047 0.0053 0.0099 0.016 0.039 0.2,
0148 78-01 0.0099 0.017 0.020 0.033 0.075 0.16 1.6
014 78-02 0.0088 0.017 0.017 0.028 0.10 0.17 1.8
014.. . 79-01 0.0025. 0.0021 0.0029 0.0055 0.017 0.030 1.0
015¢ 78-01 0.014 0.031 0.029 0.027 0.036 0.14 0.9
015 78~-02 0.0061 0.0090 0.0084 0.022 0.036 0.081 1.2
015% 79-01 0.0076 0.014 0.013 0.021 0.052 0.11 1.2
016¢ 78-01 0.041 0.067 0.087 0.049 0.15 0.40 3.4
0l6 79-01 0.043 0.058 0.051 0.061 0.14 0.35 3.9

e e itn e L e e

8 G yH)p, phenanthrene and anthracene;
benz(a)anthracene; CpgHp, benzofluoranthenes;

mean of 'two determinations;

n.a., not analyzed;

C,gH|», chrysene,
dry weight;

triphenylene and

© arithmetic
€ data for one of more

crulses not presented because either no sample was collected or sample was not
£ n.d., not determined, usually because of interfering natural

analyzed;

products; & surface segment (0-3 cm) of core.
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Concentration of PAHs and Organic Carbon in Surface Sediments at

TABLE 2:
Secondary Stations in North Kitimat Arm

Fluor., Pyr., PAH Organic

Station Cruise ClHHlOa ClGHlD ClGHlO ClBlea C20H12a Sum Carbon

No. No. (mg/kg)® (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (L)
009-1 78-02 0.24 0.31 0.33 0.56 1.2 2.6 1.4
009-2 78-02 0.44 0.63 0.59 0.53 0.12 2.3 1.3
009-3 78-02 0.083 0.12 0.13 0.13 0.070 0.53 1.1
009-4 78-02 0.052 0.10 0.099 0.11 0.13 0.49 1.5
009-5 78-02 0.22 0.37 0.35 0.45 0.56 2.0 n.a.®
010-1 78-02 0.82 1.2 1.2 1.3 4.0 8.5 1.6
010-2 78-02 0.13 0.22 0.23 0.41 0.61 1.6 1.5

Gl 79-01 1.2 1.5 1.6 2.6 3.1 10 1.3

G2 79-01 0.17 0.41 0.41 0.88 1.1 3.0 1.3

G3 79-01 0.018 0.056 0.048 0.074 0.11 0.30 1.1

G4 79-01 0.15 0.17 0.17 0.29 0.35 1.1 1.3

G5 79-01 0.13 0.34 0.33 0.55 1.1 2.4 1.4

G6 79-01  0.17 0.28 0.29 0.36 0.57 1.7 1.1

c7 79-01 0.061 0.091 0.092 0.20 0.14 0.58 1.6

G8 .79-01 0.42 0.54 0.57 1.0 1.8 b4 1.2

c9 79-01 0.50 0.75 0.77 1.0 2.0 5.0 1.3

cl0 79-01 0.25 0.20 0.20 0.79 0.60 2.1 1.2

Gl1 79-01 0.19 0.26 0.27 0.43 0.81 2.0 1.0

Gl2 79-01 0.17 - 0.25 0.26 0.42 0.77 1.9 1.3

¢13 79-01 0.14 0.19 0.21 0.28 0.52 1.3 1.6
Glh 79-01 0.17 - 0.24 0.24 0.39 0.68 1.7 1.6

G15 79-01 0.25 0.38 0.37 0.55 0.92 2.5 1.8

G16 79-01 0.31 0.49 0.48 0.78 1.3 3.4 1.6

CiuH;p, phenanthrene and anthracene; C gH;s chrysene, triphenylene and
benz(a)anthracene, CygH 2, benzofluoranthenes; dry weight; © mn.a., not

analyzed.

Relationship Between PAH Concentrations in Surface Sediments and Organic

Carbon Concentrations

Sediments could be somewhat arbitrarily grouped on the basis of their

- normalized PAH concentrations (Figure 6). Sediments having the lowest concen-—
trations were from stations 00l to 005 and 014 to 016, inclusively. These
stations were remotely located from Kitimat in waterways not closely linked with
Douglas Channel and Kitimat Arm. The PAH and organic carbon concentrations in
the sediments were quite well correlated (Figure 5). Sediments having the
highest normalized PAH concentrations were from station 008 and stations located
within Kitimat Arm. These sediments showed essentially no correlation between
PAH and organic carbon comncentrations., The narrow organic carbon concentration
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TABLE 3: Concentration of PAHs 1n Sediment Core from Station C3 off Emsley

Point

Depth of b Fluor., Pyr., b b PAH Organic

Sediment Cl'-leU CLBHLO CJ.GHLO ClBHlZ CZOHJ,Z Sum Carbon
(em)?  (mg/kg)®  (mg/kg) (mg/kg) (mg/kg) (mg /kg) (mg /kg) (%)
0-3 0.22 0.30 0.33 0.43 0.71 2.0 1.6
3-6 0.10 0.39 0.43 0.34 0.50 1.8 1.8
6-9 0.021 0.034 0.039 0.054 0.061 0.21 1.7

9-12 0.011 0.011 0.0047 0.0063 0.012 0.044 n.a.d
12-15 0.014 0.0025 0.0048 0.0095 0.0084 0.039 1.6
15-18 0.0089 0.0023  0.0043 0.0095 0.0054 0.030 1.8
18-21 0.0098 0.0050 0.0053 0.0077 0.0050 0.033 1.7
21-24 0.012 '0.0017 0.0031 0.0055 0.0030 0.025 1.8
27-30 0.014 0.0022 0.0041 0.010 0.0049 0.035 1.7
3942 0.012 0.0013 0.0029 0.010 0.0087 0.035 1.7
45-48 0.011 0.0020 0.0037 0.0033 0.0039 0.024 1.7
51-54 0.010 0.0007 0.0014 0.0076 0.0042 0.024 1.7
57-60 0.013 0.0018 0.0034 0.0090 0.0042 0.031 1.6
66-69 0.011 0.0026 0.0043 0.0085 0.0040 0.030 1.7
75-78 0.012 0.0016 0.0031 0.0048 0.0042 0.026 1.6

8 uncorrected for compression; b CiyH,;g, phenanthrene and anthracene; CigHj2
chrysenec,1 triphenylene and benz(a)anthracene; CpgH 2, benzofluoranthenes; © dry
welght; n.,a., not analyzed

range and the steep PAH gradient, however, would tend to obscure any micro-scale
or smaller scale correlation. The remaining group of sediments could be
considered to be transitional, since the sediments' characteristics were

. intermediate between those of the other two groups. The members of this third
group could be geographically distinguished from the other two as well. Although
the transitional nature of sediments from just outside Kitimat Arm might be
obvious from their location, the transitional nature of those from G3, G7, 009-3
and 009-4 in the arm was deduced from considerations of riverine sedimentary
input and estuarine circulation to be presented later,

210Pb-—Dated Sediment Cores

Distribution of PAHs 1in
The core obtained from station C3 off Emsley Point at the southern exten--
tion of north Kitimat Arm showed a dramatic decrease in PAH content with
increasing depth (Table_3). Dating the core segments used for the hydro-
carbon analyses by the 210pb method provided an estimate of the median year of
deposition for some (Figure 7) and evidence that a rapid accumulation of
PAHs began sometime in the period 1944-1959. Prior to the postwar accumula-
tion -0f PAHs, the PAH concentration appeared quite comnstant for over a century

with ¥, + SD(n) = 0.031 + 0.006 mg/kg(12) or 1.8 +'0.3 mg/kgC(12), the"
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Fig. 5. Plot of PAH conc. against Fig. 6. Plot of normalized PAH conc.
‘ % organic carbon for the against % organic carbon showing
remote stations 001-005 how sediments may be grouped
and 014-016, inclusive, into three strata. @, sediments
showing a positive corre- from stations 001-005, and 014-
lation between PAH and 0l6é, inclusive; A&, sediments
organic carbon concentra-— from station 8, all Kitimat Arm
tions (r=0.80, p<0.001). Stations except G3, G7, 009-3,
‘ 009-4; ®, sedlments from all

remaining stations.

latter when the PAH concentrations were normalized with respect to organic
carbon. The 12-15 cm segment obtained from the station 0l4 core and
uorrespondlng to the period 1945-1951 produced comparable values of 0.025
mg/kg and 1.8 mg/kgC, respectively, fot the unnormalized and normalized PAH

concentrations.
A difference in the relative amounts of some PAHs, but not others, was
' For the statiom

observed between the pre and post mid 20th century sediments
C3 core the ratio of C ,H o PAHs to C gH,, PAHs was 0.39 # 0.11 (%,%SD) for
the 3 surface segments and 1.65 £ 0.68 (n = 12) for the deeper segments. In

the station 014 core the 0-3 cm segment gave a ratio of 0.30 whereas the 12-15
cm ségment gave a ratio of 0.98., On the other hand, the ratio of fluoranthene
to. the benzofluoranthenes for the surface 3 segments (0.5940.18) was not 51g—
nlflcantly different from that (O 50£0. 18) for the deeper 12 segments.
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Areal Distribution of PAHs in Surface Sediments

-The PAH concentrations were found to be highest in surface sediments -
collected in Kitimat Arm and to generally diminish as a function of distance
outside the Arm (Table 1). Thus, in the sequence of stations down Douglas
‘Channel, 008, CTD6, 007, 006, the mean normalized concentrations were 130, 58,
42, and 20 mg/kgC, respectively. The most distant stations sampled, 3 and 4,
had the lowest mean normalized concentrations, 7 and 6 mg/kgC, respectlvely,
although even these stations were higher than the apparent historical norm of
about 2 mg/kgC

wlth1n Ritimat Arm a fairly complex distribution of PAHs in surface
-sediments was observed. For presentation purposes, the surface of ‘the Arm was
divided into 4 strata, with each strata corresponding to a unit increment of
the In x scale (Figure 8). The lowest stratum with an arithmetic mean
concentration of 0.48 = 0.12 {SD) mg/kg covered about 6% of the area and.
encompassed stations G3,; G7, 009-3, and 009-4. ' The next stratum with an -
arithmetic mean concentration of 1.7 * 0.3 (SD) mg/kg covered about 47% of the
area and encompassed 10 stations in the central part of the Arm. The third
stratum with an arithmetic mean concentration of 3.1 * 1.0 (SD) mg/kg covered
about 43% of the area and encompassed 10 stations along both sides of the
Arm. The final stratum encompassing only two stations and located on the west
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side of the Arm at the Delta front had the highest mean concentration recorded
anywhere of 9.3 * 1.1 (SD) mg/kg. An overall mean concentration of 2.55 #
0.14(SE) mg/kg was obtained for the Kitimat Arm sediments. It should be
observed, however, that the calculation had to be subject .to bias both because
a within-strata random sampling scheme was not used and the within strata
sampling allocation was not appropriate for inventory purposes. Rather a grid
pattern was used in which the stations were further separated down inlet than
across inlet, since much greater across inlet than down inlet spatial
variability was anticipated. For inventory purposes the two strata with the
higher concentrations were severely under-sampled compared to the other two.
Since the area of northern Kitimat Arm is approximately 41 km?, the sediment‘;'
samples were collected from the surface 5 cm, and the density of -the sediment
was roughly 1.5 g{ml, the total load in the surface sediments was estimated to

be about 3.5 X 10° kg.

In a manner similar to what was observed with depth in the two cores, the
ratio of the C)4H;g PAHs to the C;gH;p» PAHs generally appeared to increase
with distance from Kitimat. Thus, the Kitimat Arm sediments had a mean ratio -
of 0.44 + 0.14 (8D, n = 26), whereas the sediments from the 4 remotest
stations (002, 003, 004 and 005) taken together gave a ratio of 0.90 * 0.38
(SD, n = 10). There were notable exceptions among stations of about equal
distance, however. Stations 00l and 014 for example had mean ratios of 0.67:%
0.06 (8D, n = 3) and 0.36 = 0.09 (8D, n = 3), respectively. Also, stations.
015 and 016 had mean ratios of 0.36 * 0.14 (SD, n = 3) and 0.77 %= 0.10 (SD,-n
= 2) respectively. Moreover, it 1s noteworthy that the among station varia-
tion for statiomns 002, 003, 004, 005 was much less than the withim-statiom
variations, l.e., SD = 0.06 versus 0.45. Any correspondence with distance of
the ratios was, therefore, at best weak There was no overriding correlation.
between the ratios and organic carbon content of sediment or concentration of
PAHs, either absolute or relative to organic carbom, that would have indicated
that the ratio differences were procedural artifacts dependent on one of these
factors. To what extent the observed variabilities could be due to analytical
imprecision and within-sample variance was assessed by examining the variances
in the ratio determined for the duplicate analyses of sediment from the June
1979 sampling of statiomns 003-011, 013, 015 and 016. The pooled standard
deviation was 0.29, most of which was contributed to by the analyses of
sediment from stations 005 and 016, particularly the former. The standard
deviation, omitting these two stations' samples, was 0.12.

In contrast to what was observed for the ratio discussed above, the ratio
of fluoranthene to the benzofluoranthenes did not show a significant o
difference between Kitimat Arm sediments and sediments from the 4 remote
stations. The mean ratios were 0.65%0.99 (SD,n=26) and 0.52%0.41 (SD, n=10).
Although stations 001l and 0l4 were found to have different ratios, i.e.,
0.41£0,12° (SD, n=3) and 0.17#0.06 (SD, n=3), respectively, stations 015 and
016 has similar ratios of 0.46+0.35 (S8D,n=3) and 0.43+0.03 (SD, n=2),
The among-station variation (SD, = 0.16) for stations 002, 003,

respectively. ‘
004, and 005 was, as before, less than the within-station variation (SD

0.82). The pooled within-station standard deviation in the ratios for the
June 1979 sediments was 0.27, which, 1in contrast to what was found for the
other ratio, .could not be attributed to the results of one or two stations. .
Reconstructed: ion chromatograms, obtained after replacement of the low
resolution packed column with a flexible capillary column, were generated for
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the PAH fraction of sediments from some selected stations. The parent PAHs
were found to dominate the alkylated PAHs (eg. Figure 9). Although the
benzopyrenes and perylene were not quantified in this study, the relative
amounts of these compounds taken as a whole compared to that of the quantified
PAHs seemed quite constant at about 1/3 from chromatogram to chromatogram. No
attempt was made to determine whether or mnot there was a diagenetic component
of perylene, because of its incomplete resolution from the benzopyrenes on the

packed columns used.

DISCUSSION
Detection of Petroleum Contamination in Sediments

When our attention 1s restricted to the PAH fraction in keeping with the
focus of this paper, the parent PAHs, the alkylated PAHs and hetero-atom
(N,8,0) containing polyclyclic aromatic compounds present themselves as
potentially useful markers for petroleum contamination of sediments. From the
results given here, the parent PAHs would have minimal value as markers,
particularly within the Kitimat Harbour area. The high benchmark of parent
PAHs in much of the study area and the low concentration of parent PAHs in
crude oil, either absolute or relative to the alkylated PAHs, would require
very high levels of o0il contamination indeed before identification and
quantification of oil pollution could be made by measurement of parent

PAHs., Examination of background sediments and the oil spiked sediments
indicates a greater suiltability of the alkylated PAHs than the parent PAHs for

these purposes.

The dibenzothiophenes, however, may be more suitable indicators of oil-
pollution in the Kitimat area than the alkylated PAHs for several reasons.
The most important reason from a practical standpoint is that the m/z 212 mass
fragmentograms, which were obtalned for all the sediments for measurement of
the molecular ion peak due to ( H,p)pyrene added as internal standard, also
contain the molecular ion peaks due to the dimethyldibenzothiophenes. For
. most sample runs the dimethyldibenzothiophenes are quantifiable using the
(zHlo)pyrene as 1internal standard, although this has only been carried out in
a few instances. In principle, therefore, a dimethyldibenzothiophene
benchmark for the region can be achieved from presently available raw data.
Another reason 1s the low concéntration of dibenzothiophene relative to the
parent PAHs in the two typical Kitimat Arm ‘sediments examined. Thus, less oil
is required to cause a significant increase in the concentration of benzo-
thiophene in these sediments. A third more general reason 1s the practicality
of performing the the dibemzothiophene analyses on sediments by gas
chromatography using a flame photometric detector in the sulfur mode (Bates
and Carpenter, 1979). The dibenzothiophenes will be suitable markers,
however, only for oils, such as Prudhoe Bay Crude oil, that contain them in

sufficient quantity.
Distribution of PAHs in Age-dated Cores

The PAH record in both age—dated cores indicates that a major influx of
PAHs into the sediments began about the middle of this century. The core from
station C3 shows a rapid increase in PAH deposition beginning sometime in the
1944~1958 period following a period of over 150 years in which the PAH
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deposition rate was fairly constant. The imprecision in determining the time
of PAH influx likely derives mainly from the 3 cm length of the analysed
segment, which for surface segments corresponds to a deposition period of just
over a decade. Although a finer sectlioning might have led to a narrower time
period, other contributors to the uncertainty of the core data such -as
bloturbatlon, slumping, and turbidity flows also limit precision and.accuracy

in dating cores.

With respect to the core from station C3, there is evidence of at least
two events leading to anomalies in the 210py dep051t10nal record (Figure 7b).
The on€ anomaly occurs at the surface (0-3 cm) and the other at a depth of 15
- 25 cm. The. event leading to the surface anomaly would have taken place in
about the last dozen years and in the absence of other evidence may be
attributable to. the massive undersea slide that occurred at the head of the
Kitimat Arm in 1975 (Luternauer and Swan 1978; Marty ' 1979). Further, since
the surface 3 cm has a 210Pb excess equlvalent to a segment dating from about
1945, it either consists mainly of an overlay of sediment of that age on _
younger sediment or a mixing together of older and younger sediments. FEither .
occurrence would lead to a depressed PAH concentration at the surface. Thus,
the surface segment of the core llkely has a lower PAH concentration than it

might have had 1f the slide had not occurred,

The PAH record‘from the station 014 core supports the estimated beginning
of ‘the increased flux of PAHs to the sediments. The sedimentary history of .
the gite appears to be much less eventful than that of station C3, based on
the "Pb record., Consequently, the PAH record for station 0l4 may be more
reliable than the one for station G3, ,~ although the record for the latter
station:unquestionably shows that the increased .influx began at some time in:
the 1946-1958 period. TFurther, because the rate of deposition is 0.62 cm/y
compared to 0.25 cm/y at station C3, each 3 cm segment corresponds to a
smaller time period. Although the core was not analysed in detail for PAHs,
the surface 3 cm segment, corresponding to the period 1973 - present, shows a
5-6 fold increase iIn concentration of PAHs over those concentrations in the 12
- 15 cm segment.  The deeper segment corresponds in time to the period 1944 —
1952. Insofar as the PAHs in the surface sediments at station 0l4 are
predominately derived from the aluminum smelter at Kitimat, the observed
increase in PAHs in sediments can be approximately narrowed to the period 1952
- 1959, which corresponds rather well to the beginning of production of the
aluminum smelter at Kitimat and the urbanization of the area with the building
of the townsite. The PAH transport problem, on which this analysis depends,

will be addressed in a following section. f
Areal Dist:ibﬁtidn of PAHs in Northern Kitimat Arm Surface Sediments.

~ The overall PAH distribution pattern (Figure 8) in northern Kitimat Arm
surface sediments suggests that there 1s a point source located near the
northwest corner of the Arm. The highest concentrations are observed in the
northwest corner where the most likely source inthe area, the Alcan aluminum
smelter, 1s loéated. Another p0531b1e source, the Kitimat river, can be ruled
out. Sites directly south of the main channel of the river show the lowest
concentrations of sedimertary PAHs in the Arm. More importantly, while not
the subject of this paper, the PAH concentrations in unfiltered river water
collected upstream from the aluminum smelter on the main river are much lower
than those concentrations found in unfiltered Kitimat Arm water (Cretney et

al., in prep.)
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The distribution pattern of PAHs in the surface sediments 1s also
consistent with what 1s known of the estuarine circulation 1n northern Kitimat
Arm (Bell and Kallman, 1976). The salinity distribution for much of the year
suggests a two layer estuarine flow system with the major outflow on the west
side at least as far south as Bish Creek. The surface riverine water 1s
driven predominately to the west side of the arm by the Coriolis force,
entraining saline water as it flows south. Subsurface high salinity ocean
water inflows predominately on the east side. A surface eddy in the northwest
‘corner of the arm, which may act as an entrapment zone for PAHs, has been
suggested on the basis of the salinity distribution (Bell and Kallman, 1976).

Estuarine circulation may also account in part for the elevated
concentrations of PAHs relative on the eastern side to the centre of the arm.
If 1t 1s assumed that a large anticlockwise gyre forms 1n northern Kitimat
arm, then a means of transport and sedimentation of PAH-laden particulates
down the west side, across and then up the east side at the arm can be
envisaged. Also some PAH-bearing particulates, after settling through the
pycnocline, may be transported north along the east side by the Lnflow1ng
subsurface high salinity bottom water.

‘The PAH distribution in sediments may also be explicable in terms of the
atmospheric transport of PAH-laden particulates and vapour. PAH fallout in
the 1mmediate area of the smelter may be washed off the property to some
extent 1into various creeks entering the western arm of the Xitimat river and
thence to the northwest corner of the inlet. Since fluoride emissions
predominately affect vegetation on the west side of the valley and arm (Alcan
Surveillance Committee, 1979; Bell and Kallman, 1976), PAH emissions which
could be expected to be similarly transported, would predominately impact the
same areas. PAHs deposited on land to the west side of Kitimat Arm would wash
off to the sediments on that side. PAHs transported and deposited across
inlet-may eventually be washed down to the eastern perimeter sediments,
resulting in elevated PAH concentrations there compared to PAH concentrations
of the mid channel sediments.

‘The PAH distribution in the sediments appears also to be consistent with
the geomorphology of the benthic sediments. Geologically recent sediments are
thickest along the west side of the Arm (Bornhold, 1982). This observation
supports the view that the prevailing transport of riverine water and
suspended particulates is along the west side. Kitimat Arm has a history of
submarine slides; the record of which has been imprinted in the morphology .and
topography of the bottom sediments (Prior et al., 1982; Murty, 1979; Murty and
Brown, 1979; Luternauer and Swan, 1978). A s1gn1f1cant slide, which occurred
on April 27_ 1975 and involved about 2.6 x 10’ m® of material (Murty, 1979),
covers a 7.5 km? area that extends from the delta front over the central
portion of the Arm to a distance of about 5 km, as delineated by side scan
sonar (Prior et al., 1982). Perhaps as much as 10% of the total slide volume
can be attributed to the Moon Bay area south of the Alcan plant, where there
was a concomitant land slide. The slide in the Moon Bay area is constricted
in a narrow neck between stations Gl and 010-1 of this study. . Station 10,
though lying to the north of the 1975 slide is located at about the centre of
a smaller slide which occurred “in 1971 during the building of the Eurocan
Terminal. Station G2 appears to lie within an area of irregular hummocks just
west of the 1971 slide. The hummocks are undoubtedly dredge spoils as they:
occur 1n the vicinity of the Alcan dump site. A similar group of hummocks
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appears to be just southeast of station G4. Station G7, 009-4, 009-3 and

likely G6 lie within the margin of the 1975 slide.

In view of the extensive slumping and slide activity taking place along .
the Kitimat River Delta front and elsewhere in the Kitimat Arm, the repre-
sentativeness of the sediment samples, and PAH concentrations determined, must
be assessed cautiously. Station Gl lies shoreward of the 1975 slide con—- .- ..
striction in acoustically well stratified sediments (Prior et al., 1982). ‘ -
Assuming a fairly high sedimentation rate (> lecm/y) this close to the head of. :
the inlet, the 5 cm sample depth may yield mostly post 1975 slide deposit.
- The sediment sample therefore 1s probably quite representative of nearshore
sediments of the northwest corner of the Arm and should reflect the level of
PAHs accumulating since the change over from wet to dry scrubbing of fumes
generated at the anode/cryolite bath interface in the mid 1970's (Alcan
Surveillance Committee, 1976). Station 010-1 is located within the acoustic-—
ally amorphous sediments of the Delta front, but just north of the neck of the
1975 slide. The station 010-1 sediment sample may therefore have a somewhat
greater possibility of being unrepresentative of the area than the station Gl
sediment. If it is assumed that there is a within-station coefficient of
variation common to all stations in the study area as indicated in the results

then the PAH concentrations recorded for these two stations are

~sectilon,
standard deviation of each other. Combining the

within one "within-station"
Lwo stations 1nto one stratum seems therefore reasonable.

1s believed to be unrepresentative

The sediment sample from station G-2 :
The PAH concentration

of the sediments in the northwest corner of the inlet.
is below expectation, although by itself this is not grounds for considering
1t unrepresentative. Rather, this consideration derives from the location of
station G-2 within the dredge spoil hummocks of the Alcan dumpsite. Thus,
both the period of deposition and the place of origin of any given sediment
from the dump zone must necessarily be uncertain. As a result, the within-
station variability and between station variability may be higher in the dump
zone than outside it, a consequence that would make 1t unreasonable to. assume .
that an otherwise common regional coefficient of variation would apply in the

dump zone.

The sediment samples from the other delta front statioms may be
considered as representatlve with the quallflpatlon that slumping activity may
~have exposed or mixed in some pre 1950's sediments. Since the Delta front. is-
accreting and the sedimentation rate along the front may be expected to be’
very large, the possibility of the samples containing a pre 1950's component
seems vanishingly small. Thus, the sediment from G-3, for which the lowest
concentration of PAHs in the Arm were determined, most likelyvreflects the .
present day riverine input despite its comparatively low concentration of

PAHs,

The representativeness‘of samples from station G-6, G-7, 009-3 and 009-4
may be doubted, since they lie within the longitudinal shear zone of the 1975
slide which is marked by -a network of low scarps parallel to the slide axis
and smaller scale scarps and cracks traverse to the slide axis (Prior et al.,
1982). The possibility, therefore, that some surface sediments were generated
by the slide by exposure or mixing in of pre 1950's sediments cannot be
excluded. Although the undoubtedly high sedimentation rate in the zone may
have covered up much of the slide surface to the sampling depth, there may
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have been little deposition on the crest of ridges, for instance.

With regard to the sediment samples collected at the stations outside the
delta front and the 1975 slide zone, the acoustically well stratified
underlying sediments would indicate that they are well representative for a
given area of the present day burden of PAHs in the sediments. FEven here some
caution must be expressed because of the possible impact of fine sediments
transported and deposited outside the immediate zone of the 1975 slide.
Consider, for 1instance, the surface segment of the core obtained at station
C-3 that showed an anomalously low 210pp content, which was more consistent
with an age of deposition corresponding to the mid 1940's. At the historical
sedimentation rate of 0.25 cm/y only about 1 cm of sediment would have
collected between the time of the slide and the time of the sampling. Hence,
the bulk of the surface core segment would have consisted of pre slide
materiél, some or all of which may have been deposited as a result of the
slide.

In summary, the observed PAH distribution 1s in accordance with the
geomorphology of the region. Unfortunately, the geomorphological record
shows that northern Kitimat Arm has particularly unstable sediments and two
identifiable dump sites. The representativeness of individual sediment
samples must be considered 1in the light of this record. Assuming that a
veneer of post 1975 sediments has accumulated over the bottom of the Arm to
the sampling depth, however, the PAH distribution becomes explicable in terms
of estuarine circulation and atmospheric transport without regard to the
geomorphological record.

Areal Distribution of PAHs 1in Surface Sediments Outside Northern Kitimat Arm.

The observed distribution of PAHs in the surface sediments is
qualitatively consistent with the tidal, wind driven and estuarine circulation
in the study area. Since there is a tidal node at:the entrance of Devastation
Channel .south of station 013 (Narayanan, 1981), tidal currents would not be
expected to move water—-borne PAH-contalning particulates into Gardner Canal,
Verney Passage or Ursula Channel. Freshwater discharges into Gardner Canal

" are greater than those 1into Douglas Channel at all times of the year. . Some

fraction of the Gardner Canal water 1s considered to flow north through
Devastation Channel into Douglas Channel most of ‘the time (Webster, 1981),
forming another barrier to surface water—borne PAH transport. Thus, the
observed difference in PAH concentration at sites to the east and west of
Hawkesbury Island might be explained in terms of surface flow. The apparent
Devastation Channel barrier to water-borne PAH-containing particulates from
Ritimat may, however, be breached during strong southerly'winds' Water may
pile up at the north end of Douglas Channel resulting in a southerly flow
through Devastation Channel (Webster, 1981).

A more quantitative analysis of the likelihood of water-borne long range
transport of PAHNs from Kitimat Arm suggests that most of the PAHs are Lrans—
ported less than 30 km. Comparison of fresh water residence time and.
particulate residence time in the upper layer (Macdonald 1983) suggests that
the bulk of particulates 1s probably sedimented within this distance. Some
fine (<4um) unflocculated particles may be transported further and probably
account for less than 15% of the particulates supplied by the Kitimat River.
Although wuch of the smelter PAH may initially be borne on particulates in the
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less than 4pm range, significant flocculation may occur 1in response to the
increase 1n salinity (Neff, 1979) in the arm, as has been observed with the
riverine suspended particulates (Macdonald, 1983). Aluminum smelter
particulates show a tendency to agglomerate (Stenberg and Alsberg, 1981),
addition, 1ingestion of PAH containing particulates by zooplankton and rapid
vertical transport in fecal pellets can be expected to be a significant
removal mechanism for water-borne PAHs (Prahl and Carpenter, 1979). Finally,
s1lls form natural barriers to water borne sediments hindering the transport
of pollutants between basins (Thompson and Paton, 1976). The waterways in the
Kitimat system are transected by a number of sills (Macdonald et al., 1983).

In » -

A further point can be considered in assessing the likelihood that _
water-borne transport governs the PAH distribution in sediments throughout the
study area. Lopez—Avila and Hites (1980) propose that a linear relationship
between log C,/C and distance/log P may be generally applicable for the
prediction of the sedimentary rate of water-borme organic compounds discharged
from a point source, where C 1s the sediment concentration of the compound and
P is 1its octanol-water partition coefficient., On this basis, the ratio of the
C,yH g PAHs to the C gH)p PAHs or of fluoranthene to the benzofluoranthenes
would be expected to decrease exponentially with distance from the head of
Kitimat Arm so long as the smelter-derived PAH concentration is significantly
in excess of background. No such trend, however, 1s observable in the data.
The ratio of fluoranthene to the benzofluoranthenes remains fairly uniform:. . : .
throughout the study area, without a significant difference between those from :
Kitimat Harbour and those from the four remotest stations. The ratio of the
C,yH,g PAHs to the C,gH;p PAHs actually shows an increase with distance, .
presumably reflecting PAH inputs having a congener distribution differing from .

that of the aluminum smelter.

In view of the unlikeliness of water-borne, long range transport of PAHs,

some attention must be given to the possible impact of air-borne PAHs,
particulate or vapour phase or both, from the aluminum smelter. Particulate
emissions from the pot room ventllator of the Alcan smelter have been
estimated to be 2.0 - 3.3 x 10° kg/y (Alcan Surveillance Committee, 1979).
The weight fraction of PAHs on pot room particulates for this vertlcal stud
Solderberg smelter is likely to be in the range of 1 - 4% (mean 3.3%)
(Bjorseth et al., 1981). Thus the Alcan plant may be releasing to the.
atmosphere 2 - 13 x 107 kg/y of PAHs on particulates through the pot room

ventilators alone, a quantity which may be 20-100% of the amount released as

vapour (Bjorseth et al., 1981).

In view of the appreciable release of PAHs to the atmosphere, the

potential exists for the contamination of sediments at remote stations by
G-mesoscale (25 - 250 km) (Bass, 1981), or longer range atmospheric
transport. Some estimate {order of magnitude) may be gained by applying a
Gaussian plume model of the mean concentration field due to an elevated point ,
source in which depletion by deposition of particulates (igroring the "
complexities of the vapour) 1s included (Horst, 1977). Important parameters
are the wind direction and mean velocity, atmospheric stability, deposition
velocity to mean wind velocity ratio and source height and strength.

The wind direction at Kitimat is predominately up and down channel at all
times of the year. The winds blow from the NW, N or NE at the Kitimat
townsite on the average (1967-1980) 407% of the time; 25% of the time from the
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N only (Anon., in press). In the fall and winter months, 56% of the time
winds are from the NW, N or NE. The northerly winds, which prevail for
extended periods of time (Bell and Kallman, 1976), may transport PAHs down
channel to remote marine sites. The mean, frequency weighted, down channel
(directly from the N) velocity is 406 cm/s (14.6 km/h), as determined from the
1966-1980 averages.

Surface-based 1nversions are a common feature of coastal B.C. inlets. In
the spring and summer milder Pacific air overrides surface air layers cooled
by the cold sea surface with the effect being carried on shore by the
prevailing wind. In the winter, inversions are caused by colder Arctic air
out flowing along valley bottoms forming a wedge under marine air. At Kitimat
in winter surface-based inversions are observed in the early mornings with
40% frequency and in the late afternoons with 65% frequency (Bell and Kallman,
1976). .Indeed, surface-based inversions appear to be quite frequent overnight
and in the early mornings in all seasons. In January the mean air temperature
at Kitimat is about -4°C (Bell and Kallman, 1976), with inlet surface water
temperatures about 6-9°C higher (Macdonald et al., in prep.).

Setting aside for the moment the problems of source strength and
topology, the likelihood of transport of PAH containing particles from the
aluminum plant for distances of about 100 km can be examined. The ratio of
concentration-with-deposition to concentration-without-deposition for air-
borne material carried down wind at a mean wind speed, T, and deposition
velocity, Vg4, in a Gaussian plume under various atmospheric stability
conditions and source heights can be computed (Horst, 1977). Assuming a 10 m
source height for the pot room ventilators and intermediate Pasquill
stabilities (C,D) to high stabilities (E,F) based on the frequent presence of
surface-based inversions, Horst's analysis indicates that for Vgq/u=l0~
materials would be predominately airborne at 100 km, except under Pasquill F
stability where the ratio would fall to 20%. The ratio 10~ corresponds to a
deposition velocity of about 0.4 m/s for a mean wind speed of 400 cm/s. This
deposition velocity from Stoke's law and experiment corresponds to a particle
diameter of about 6um (Windsor and Hites, 1979). Assuming a similarity in the
PAH distribution among particle sizes between aluminum smelter pot room
particulates (Stenberg and Alsberg, 1981) and coke oven emissions (Bjorseth,
1979) or general atmospheric particulates (Neff, 1979), particulate phase PAHs
would appear to be mainly carried on particles in the 1-3um range. Because
the deposition velocity varies as the square of the particle diameter, there

-1s ‘compelling reason to assume that PAH bearing particles can be readily
" carried even to the remotest sampling sites in the study area.

Athough'air—borne transport of PAH bearing particulates to the remote
areas of the study region appears possible, even likely, there remains
question of whether or not enough may be traneported to account for the PAH
concentrations found in surface sediments in remote sites. Unfortunately,
there 1s insufficient information available to meaningfully model the
atmospheric transport of PAH bearing particles throughout the study area. It
is .perhaps appropriate, nevertheless, to make an engineering estimate of
maximum and minimum surface deposition fluxes of PAHs to be expected downwind
at a distance equal to the along—ghannel distance between the head of Kitimat
Arm and station 0l4 from a source in a hypothetical' system that retains, where
practical, features similar to those of the real one. These fluxes can be
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compared with the sedimentary PAH flux determined for the core from station
014. )

An engineering estimate can be made of the near surface level
concentrations along the axis of a Gaussian plume using the formula (Csanady,

1973)
X7 iueg o

where y 1s the concentration at the distance of interest, Ty and o, are

the horizontal and vertical Gaussian plume spread parameters, respectively, -
and q 1s the source strength. 1In this simple dispersion model o, and o,

are estimated from PGT curves. TFor a distance of 80 km and assumed neutral
(Pasquill D) atmospheric conditions, o, and g, have values 3.3 km and 0.4
km, respectively (from curves reproduced in Csanady, 1973). Thus, the near -
surfaue PAH concentration range would be 40-250 ng/m® in the hypothetlcal
system i1n which PAHs on particles are emitted at a rate of 2- 13x10" kg/y and -
transported with a wind velocity of 14.6 km/h. If it is assumed further that’
the wind blows steadily for 25-40% of the year and that at least 75%Z of the
wind is channelled off without affecting the plume spread parameters, the
yearly average concentration range would be 2.5-25 ng/mj at 80 km for the
hypothetical system. Using a range of dry deposition velocities of 0.01-0.5
cm/sec (Gschwend and Hites, 1981) and neglecting any contribution from wet
deposition, the calculated flux onto the surface for the hypothetical system
would range from 0.8 ng/(cm?y) to 4 x 102 ng/(cm y). From the sedimentary
depositional flux of 0.22 g (dry welght)/(em y) and the surface PAH concentra-
tion, an estimate of the PAH flux at station 0l4 can be made. For the set of -
PAHs presumed to be emitted from the Kitimat aluminum smelter by analogy with
those studied by Bjorseth et al., (1981), the recent PAH flux is estimated to
be 46 ng/(cm’y) of which about 15% could represent the historical background
input. The range of flux values for the hypothetical system brackets the
values determined for station Ol4. Given that various processes can result 1in
significant differences between fluxes of PAHs arriving at a water surface and
those measured in a sediment core (Gschwend and Hites, 1981), the maximum ’
estimated release rate of PAHs from the aluminum smelter would seem to be more
than two orders of magnitude greater than that which could be confidently
1gnored as making a negligible contribution at 80 km based on an engineering o
estimate from a simple dispersion model under conditions for which 1t 1s - '

applicable.

The simple enginering model fails to take into consideration several
important factors that would be expected to govern particle transport in the - -

A number of contingencies, for example, may severely limit

Kitimat system.
Wet deposition,

extent of down inlet atmospheric transport of particulates.
although it is generally considered to be less important for organics on fine
particles than dry deposition (Eisenreich et al., 1981; Gschwend and Hites,
1981), may be unusually effective in the Kitimat area where rainfall ap-
proaches 300 cm/y (Bell and Kallman, 1976). The possibility of extensive
“photo-oxidation seems unlikely because of the short transport time proposed
and the general lack of sunlight in the area. Except for the channelling of
the wind, topographical influences of the inlets have been ignored despite the
fact that the land surface represents about half the horizontal area of the
fjords, which are from 7 — 13 km, ridge to ridge, wide. Across inlet mixing




189

processes (Pasquill, 1974) may homogeneously distribute the plume across inlet
tn a relatively few kilometers. Losses through lateral valleys, over ridges
(maximum height about 700 m) during periods of ventilation from above and
filtering by treed valley sides may rapidly reduce the atmospheric
concentration to neglibible levels. Much more knowledge of atmospheric
conditions, as well as of the PAH distribution on particles emitted from the
smelter, 1s required before flux calculations would be definitive.

Although the above arguments indicate that station 0l4, station 006 and
more remote stations may show elevated levels of PAHs with respect to the
historical norm because of the aluminum smelter, other sources cannot be
excluded on the basis of the evidence obtained so far. The distribution of
PAHs may very well fit a number of pyrolytic sources. Indeed, the relative
amounts of PAHs are similar to those found in sediments elsewhere (Prahl and
Carpenter, 1979; Windsor and Hites, 1979; Laflamme and Hites, 1977). An
increase 1in the overall flux of PAHs may have occurred since the middle of the
century irrespective of the presence of the aluminum smelter, although the
opposite trend appears to have occurred further south in Washington State
(Prahl and Carpenter, 1979). The problem with interpreting the observed
distributions of PAH in cores, however, 1s that the distributions may be
governed to some extent by im situ geochemical processes, which may vary from
place to place, giving rise to uncertalnty in PAH flux determinations
(Farrington et al., 1977).

SUMMARY *

The high concentrations of parent PAHs in Kitimat Arm make them
unsuitable for the purpose of monitoring crude o1l inputs there. The
alkylated PAHs and the dibenzothiophenes would seem to be better sulted to
this purpose.

The distribution of PAHs 1n age—dated cores 1s consistent with a sudden
large increase in the concentration of PAHs in sediments that corresponds in
~ time with the building and early production years of the aluminum smelter at

Kitimat. : ‘

The distribution of PAHs in surface sediments of northern Kitimat Arm is
consistent with the presence of a point source at the north west corner of the
arm where the aluminum smelter 1s located. Aside from the position of the
source of PAHs, the distribution in the northern Kitimat Arm seems to be
governed by a combination of estuarine circulation and atmospheric transport
processes.

Although the evidence 1s not unequivocal, there appear Lo be elevated
concentrations of PAHs 1in sediments compared to the historical nmorm in all
stations of the study area. Further, the general decrease in PAH
concentrations with distance observed in Kitimat Arm appears to persist even
to the remotest stations of the study area. Water-borne transport seems an
unlikely means. for moving PAHs such long distances. Given the right
conditions, air borne transport could provide a likely mechanism. Although
other sources such as local forest fires and global fossil fuel combustion may
account for the observed PAHs sediments from the remote sites, a contribution,
perhaps major, from the aluminum smelter cannot be ruled out at this time.
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‘ EVALUATION HISTOPATHOLOGIQUE DES PALOURDES DU KITIMAT ARM -~ DOUGLAS CHANNEL
. ET ALBERNI INLET, C.B.

D.A. Brown, K.A. Thompson,W.A. Heath and P.E. Erickson
Seakem Oceanography Limited, Sidney, B.C.

WeJ. Cretney, and C.S. Wong
Institute of Ocean Sciences, Sidney, B.C.

RESUME

Moules (Mytilus edulis) et palourdes (Macoma inconspicua) ont et® -
prlsent du Kitimat Arm - Douglas Channel en février et en avril 1979. Elles
ont ¢té examinées au microscope pour déterminer Sl 1’on pouvoit trouver des
reponses distinctives dans les palOurdes de la région du passage contaminé
par le niveau des nombreuses cycliques selectionees d’ hydrocqrbure (NCAH)

En fait de comparaison, 1’&chantillon de quelques moules a ete faite de
Alberni Inlet en juillet 1979. Cette entree a des proprletes semblables,
mais sans une contamination significante des NCAH. Les palourdes de
1‘entrée du Kitimat Arm - Douglas Channel etaient en plus pletre condition
que celles venant de la direction de 1’ ocean du Douglas Channel, comme tout
indiqué par la dégénération des avant—frais (oeufs) reprodulsant les
follicules; la dégénération du muscle et du tissu digestible epuisement
nourissant, et des niveaux eléves des cellules transparentes, granulées et
sanglantes. Les elévations morquees en dégré du niveau des cellule
vitreuses peuvent etre une condition unique des palourdes de l’entrée du
Kitimat Arm — Douglas Channel. Dans le cas de quelques palourdes affectées;
une grand nombre de cellules transparentes avaient des tuscles et des tissus
- reproducteur - infiltrés etant ainsi associés a leur destruction. Les.
moules venant de l‘entrée de 1‘Alberni Inlet étaient en piétre condition
comme tout indiquer par la destruction des petits tubes tubulaires et de
1’infiltration granulée de ceux-ci. Cette condition peut-étre associée avec
leur stage de reproduction puisque les moules &taient déja au stage de -
reproduction mgme, et le nombre de granules furent augmenter par l‘aide ‘des
follicules reproductives. On a donc conclu, que le changement de saison, et
1’entrée des deux passages, peuvent etre la cause de différence dans la’ ,
condition du tissu patalogique dans les palourdes — ou dans les peignes. En
plus, les facteurs naturels ou contamination peuvent causer une pauvre
condition aux palourdes venant de 1‘entrée de ces passages.

Brown, D.A., K.A. Thompson, W.A. Heath and P.E., Erickson. 1983.
Histopathological evaluation of bivalves from Kitimat Arm - Douglas
Channel and Alberni Inlet, British Columbia. Can. Tech. Rep.
Hydrogr. Ocean. Sci. 18, 196-218.

Mot-clé&s: Alberni Inlet, histopathology, Kitimat, moules, palourdes, sant?é
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HISTOPATHOLOGICAL EVALUATION OF BIVALVES FROM KITIMAT ARM — DOUGLAS CHANNEL AND
ALBERNI [NLET, BRITISH COLUMBIA

D.A. Brown, K.A. Thompson, W.A. Heath and P.E. Erickson
Seakem Oceanography Limited; Sidney, B.C.

W.J. Cretney and C.S. Wong
Institute of Ocean Sciences, Sidney, B.C.

ABSTRACT

Mussels (Mytilus edulis) and clams (Macoma inconspicua) were sampled from
Kitimat Arm - Douglas Channel in February and April, 1979. These were examined
microscopically to determine if distinctive sublethal responses could be found
in bivalves from regions of the inlet contaminated by high levels of polycyclic
aromatic hydrocarbons (PAHs). As a comparison, mussels were sampled from
Alberni Inlet din July, 1979; an inlet of similar properties but without
significant PAH contamination. Bivalves from the head of Kitimat Arm — Douglas

" Channel were in poorer condition than those from the seaward end of Douglas
Channel as indicated by degeneration of prespawn reproductive follicles;
degeneration of muscle and digestive tissues; nutrient depletion; and elevated
-levels of hyalinocytic and granulocytic hemocytes. Marked elevations in levels
of hyalinocytes may be a condition unique to bivalves from the head of Kitimat
Arm - Douglas Channel. In some affected bivalves large numbers of hyalinocytes
had infiltrated muscle and reproductive tissues and were associated with their
destruction. Mussels from the head of Alberni Inlet were in poor condition as
indicated by destruction of digestive tubules and infiltration of these by
granulocytes. This condition may be associated with their reproductive stage
since mussels were spawning and granulocyte numbers were increased for the
resorption of spent reproductive follicles. It was concluded that seasonal
changes could account for the differences in distinct histopathological
cdonditons in bivalves from the heads of both inlets. Further, natural factors
or contaminants might cause the poorer condition of bivalves towards the heads
"of these inlets.

Brown, D.A., K.A. Thompson, W.A. Heath and P.E. Erickson. 1983.

’ - Histopathological evaluation of bivalves from Kitimat Arm — Douglas
Channel and Alberni Inlet, British Columbia. Can. Tech. Rep. )
Hydrogr. Ocean Sci, 18, 196-218.

KeYWords: Alberni Inlet, clams, health, histopathology, Kitimat, mussels
INTRODUCTION

In this study, a histopathological examination of bivalves was conducted
as a.biological adjunct to the hydrocarbon baseline study of Kitimat Arm -
Douglas Channel, British Columbia (Cretney et al, 1983)., They found that
polycyclic aromatic hydrocarbon (PAH) levels were elevated in the sediments and
mussels (Mytllus edulis) of this coastal fjord. These levels were. higher along
the western side of Kitimat Arm with the highest values (38 mg kg
sediment, dry wt.; 2.2 kg mussel, wet wt.) occurring in the northwest :
corner near the Alcan aluminum smelter. This was up to two orders of magnitude
higher than levels at control stations near the seaward approaches to Douglas
Channel where levels were from O. 04 to 0.48 mg PAH kg sediment (dry wt.)
and 0.03 to 0.04 mg PAH kg mussel (wet wt.). The suspected source of the PAH was
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the carbon paste electrodes that are combusted in the smelting of aluminum at.
a rate of one-half ton of electrode material per ton of aluminum produced- :
(Palmork 1974). ©PAH levels continued to be highly elevated 21 km downchannel
from the suspected source at levels of 2.1 to 3.9 mg kg'l.sediment (dry wt.) =
and 0.3 mg kg~! mussel (wet wt.). PAH levels of 1.7 mg kg~l .sediment (dry
wt.) and 0.09 mg kg~! mussel (wet wt.) were found 40 km downchannel. Levels
greater than 1 mg kg~! sediment (dry wt.) occurred in some samples from as far

as 78 km downchannel (Cretney et al, 1983).

In this study, mussels (Mytilus edulis) and clams (Macoma inconspicua) from
Kitimat Arm - Douglas Channel were examined microscopically to determine if
characteristic sublethal responses could be found in bivalves from regions of
the fjord contaminated by high levels of PAH. Mussels were also sampled from:
Alberni Inlet to provide a comparison of the condition of bivalves from an inlet
without a significant source of PAHs but with similar size, urban population -
and other industries (e.g., pulp and paper, shipping). Bivalves were examined
for reproductive development and condition, nutrient store level, digestive
tract condition, muscle condition, parasite occurrences, and infiltration of

tissues with hemocytes (inflammatory responses).

Histopathological examination is a particularly valuable tool for the
toxicologist since it provides an overview of organism health and can be used
to detect in situ sublethal responses. However, it must be emphasized that -
few histopathological changes are pollutant~-specific (Bayne et al. 1980) but
are, for the most part, a culmination of the effects of all natural and anth-

ropogenic stressors present in the ecosystem.

MATERTALS AND METHODS

Mussels (Mytilus edulis) and clams (Macoma inconspicua) were sampled from
stations in Kitimat Arm — Douglas Channel in February and April, 1979 (Fig. 1)
and mussels (Mytilus edulis) from Alberni TInlet in July, 1979 (Fig. 2). In
both areas, mussels were obtained from rock and natural wood substrate at the
mid~tide level during periods of low tide. Mussels of 50 mm length were
collected where possible and their lengths recorded. At Kitimat, clams were
dug by shovel or hand on mudflats. Approximately 25 organisms were sampled
from each station and placed in sea water for 24 h to allow for depuration
of stomach contents. These were then shucked and transferred to Helly's
fixative (Barszcz and Yevich, 1975) for 16-24 h. Fixed organisms were rinsed
in sea water for 16-24 h to remove excess fixative and then stored in 707%

ethanol until processed.

Organisms were cut sagittally and 3 mm thick pieces were processed by

© standard histological techniques. Three slides were produced per animal and
stained with Harris' Hematoxylin/Eosin (Bayne et al. 1980). The station(s).
farthest downchannel from the suspected pollution source was selected as the -
control (Station A for mussels, Station F for clams in Kitimat Arm — Douglas

Channel; Stations 1 and 2 for Alberni Imlet),

Histopathological conditions were rated on tissue sections prepared from
the February, 1979 Kitimat samples using a system where the rater knew the
identity of the slides he was rating. For subsequent samples, the rater did
not know the identity of the slide he was rating.. The mean of the ratings for
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: Fig. 1. Inter—tidal bivalve sampling locations in Kitimat Arm — Douglas Channel.

“each animal was calculated and the animal assigned to categories which
included: good, fair or poor for reproductive and digestive conditions; and

' low, moderate or high for hemocyte (hyalinocyte and granulocyte) levels.
Results were tabulated as the percentage of animals from each station included
in each category,

RESULTS

Mytiius edulis Kitimat Arm - Douglas Channel, February, 1979

Mussels from all stations were at the prespawn stage with reproductive
follicles full of ripening gametes (Figs. 3-4). Reproductive condition was
rated as poor in 44 to 727 of the mussels from the head of the inlet compared
with only 16% of the control animals: mussels from Station N were the most
severely affected with 727 receiving a poor rating (Table 1). Poor reproductive
condition was characterized by the infiltration of reproductive tracts with
hemocytes and concomitarnt poor development or destruction of the reproductive
follicles (Figs. 5-7). 1In some instances hyalinocytes were present within
the follicles (Fig. 7). 1In the most highly affected mussels, the reproductive
tracts were almost completely destroyed (Fig. 7).

Nutriént (carbohydrate) store levels in the mantle tissue are indicated
by the intensity of pink-red staining with hematoxylin-eosin of the glycogen-
filled cells of the connective tissue, These stores were plentiful in most
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Fig. 2., Inter—tidal mussel sampling locations in Alberni Inlet.

mussels from the control statlon (Figs. 3= 4), but not in those from towards
‘the head of the: fjord.

Digestive condition (Fig. 8) was rated as good in 92% of the mussels from
control Station A and in 887 of those from station G: 1t was rated as fair
or poor in more than half of the mussels from towards the head of the fjord
except for Station P on the east side (Table 1). Poor digestive condition .
was characterized by the infilfration of digestive tubules with hyalinocytes
and/or the destruction of these tubules (Fig. 9). In most cases where
digestive condition was rated as poor there was a transformation of eplthellal
cells of the'digestive tubules from columnar/cub01dal types to a squamous

cell type (metaplasia) (Fig. 10).

Granulocyte levels were elevated in most mussels from all stations
(Table 1), with the elevated levels most severe towards the head of the fjord.
Eighty—-four percent of the mussels from Station N received a high rating
compared with 16% from the control Station A and 287 from Station G.

Hyalinocyte levels were rated -as low in 847 of the mussels from the control.
station and in 80% of the mussels from Station G. Moderate to high levels of
hyalinocytes were found in 48 to 96% of the mussels from towards the head of
the fjord. The most highly affected mussels were those from Station L where
407 recelved a moderate rating and 56% a high rating (Table 1). In the most




_ Tabie 1. Histopathoiogical condition of Mytilus edulis from Kitimat Arm - Douglas Channel and Alberni Iniet.

Area, Month
Station (N)

. Prespawn Spawning

Re?roductive

‘Stage

Reproductive
Condition

Good Fair Poor

Digestive
Condition

Good Fair

Granulocyte
Infiltration

Hyalinocyte
Infiltration

Poor Low Moderate High Low Moderate High

Kitimat, Feb.
A (25)
G (25) .

L (25)
M (25)
N (25)
0 (25)
P (25)
-Kitimat, Apr.

A (25)
- F (16)
N (25)
0 (25)
3X(24)
4X(24)

Kitimat, Jul.

1 (25)
2 (25)
3 (25)
4 (25)
5.5(25)
7 (25)
8 (25)

1007
100

100

100
. 100

100

100

40
87
96
92
100
100

O OO OOoO O~

8

cCoooc oo

207
8

12
8
0

12

20

3]
OO OO @

647
40
40
48
28
44
44

32
56
48
40
33
71

48

52

28
4
8 .

L

28

16%
52
48
44
72
44
52

60
31
48
60
50
29

32
24
64
96
92
96
72

92% 8%
88 4
40 40
40 52
16 64
24 68
64 36
64 32
38 50
4 52
8 52
12 - 46
0 42
32 56
76 24
32 64
24 52
8 68
12 76

20 68

0Z  20% 647 167  84% 16% 0%

0
8 8 64 28 80 20 0
20 4 56 40 4 40 56
12 0 56 b4 24 24 52
20 0 16 84 36 40 24
8 4 44 52 52 32 16
0 0 40 60 48 36 16
4 8 28 64 79 17 4
12 6 88 6 62 26 12
44 4 72 24 8 56 36
36 0 80 20 4 64 32
42 0 71 29 38 29 33
58 8 71 21 21 54 25
12 24 56 20 96 4 0
0 44 48 4 100 0 0
4 16 68 16 100 0 0
24 0 438 52 100 0 0
24 0 32 68 96 4 0
12 0 88 12 100 0 0
12 0 84 16 100 0 0

102
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severely affected mussels large numbers of hyalinocytes were present and
associated with the almost complete destruction of muscle tissue and
reproductive follicles (Figs. 5-7, 9, 12).

Mytilus edulis Kitimat Arm — Douglas Channel, April, 1979

Sixty percent of the mussels from control Station A were spawning or
had spawned compared with 13% from Station F, 4% from Station N, 8% from
Station 0, and none from Stations 3X and 4X. In those mussels that had
spawned reproductive condition was rated as poor due to the destruction of
remaining unspawned gametes and spent reproductive follicles and their
resorption by granulocytes (as in Figs. 14-15). Mussels from the head of
the fjord which had not yet spawned received poor ratings and had infiltrative
hemocytic conditions similar to those described in mussels from the February,

1979 sampling (Plate A).

Digestive condition was rated as good to fair in 96% and 88% of the
mussels from Stations A and F, respectively (Table 1). Poor ratings were
given for 36 to 58% of the mussels from near the head of the fjord (Table 1);
digestive conditions in these mussels were similar to those described for

mussels sampled in February, 1979 (Figs. 8-10).

Granulocyte levels were rated as high in 64% of the mussels from Station
A (Table 1); these were apparently active in the resorption of spent reproductive
follicles. Granulocyte levels were also elevated in unspawned mussels from '
towards the head of the fjord but these levels were not as high as in February,

1979 (Table 1).
Hyalinocyte levels were rated as low in 79 and 627% of the mussels from

Stations A and F, respectively. Levels were rated as moderate in:29 to 64%
and as high in 25 to 36% of the mussels from the head of the f£jord (Table l); 

Reproductive condition and hyalinocyte levels in Mytilus edulis from
Kitimat Arm — Douglas Channel, . v

Plate A,

Normal female at prespawn stage; follicles (F) filled with ripening
ova (0)., DNote the putritive stores (arrows) in the connective tissue
cells between the reproductive follicles and the dlgestlve tubules
(DT). Bar = 40 ums

Fig. 4. Normal male at prespawn stage; folllcles (F) filled with ripening
Note the nutritive stores (arrows) in the connective tissue

sperm.
cells between the reproductive follicles. M ; muscle tissue. Bar =

40 um.
Female mussel in poor reproductive condition with an infiltration by

hyalinocytes (H) of'the_reproductive and digestive tissues. Bar =

Fig. 3.

Fig. 5.

40 pm.

Fig. 6, Mussel in poor reproductive condition with an infiltration of high
levels of hyalinocytes and destruction of reproductive follicles
(arrows), digestive tubules and muscle tissue (M). Bar = 40 um.

Fig. 7. TFemale reproductive tract almost completely destroyed; hyalinocytes

present within the follicles., Bar = 25 um.
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Mytilus edulis Alberni Inlet, July, 1979

Most mussels sampled from Alberni Inlet in July were spawning or had

- spawned (Table 1l: Figs., 13-15). Spawning was completed in more mussels

from towards the head of the inlet than at the mouth. In the mussel which
had spawned, spent reproductive follicles and unspawned gametes were under-
going resorption by granulocytes (Figs. 14-15). Therefore, reproductive
condition was rated as poor in most mussels from the head of the inlet and
granulocyte levels were high (Table 1: Figs, 14-16). Nutritive store levels
were extremely low in mussels from all stations,

Digestive condition was rated as good to fair in most mussels from all
stations (Table 1). When poor digestive condition did occur it was character-
ized by the infiltration of the connective tissue and digestive tubules by
.granulocytes (Figs. 16-17), and associated destruction of the digestive
epithelium. In some mussels, particularly at Station 5.5, there were hemo-
cytic encapsulations (Fig. 17) - large accumulations of hemocytes, primarily
eosinophilic granulocytes encapsulated by fusiform granulocytes — these
represent a non-neoplastic inflammatory cellular condition.

Whereas granulocyte levels were rated as moderate or high in most
mussels, hyalinocyte levels were rated as low in almost 'all mussels (Table 1),

Macoma inconspicua Kitimat Arm - Douglas Channel, April, 1979

Macoma inconspicua sampled from Kitimat in April were all at a prespawn
state (Table 2: Figs., 18-19). However, those clams from control Station F
were more mature reproductively (Fig. 20) than those from Stations 1X, 2X
and 5X. Reproductive condition was rated as good in 75% of the clams from
control Station F but as poor in 62 to 827 of the clams from the head of the
" fjord (Table 2).

, Digestive condition was rated as good in 647 of the control clams but
poor in 31 to 597 of those from the head of the fjord. Both reproductive and
digestive degeneration were characterized by the infiltration of these tissues.
by hemocytes, indicated by elevated levels of granulocyte and hyalinocyte
ratings for clams from stations at the head of the inlet (Table 2: Figs. 21-
22).- The worst tissue destruction was apparent when infiltration was severe
and. comprised mainly of hyalinocytes (Fig. 22). Hyalinocyte levels were rated

Plate B. Digestive and muscle conditions in Mytllus edulis from Kltlmat Arm -
Douglas Channel.

Fig. 8., ©Normal digestive tubules (DT) with columnar/cuboidal eplthellal cells,

: Bar = 50 ym.

Fig. 9. Poor digestive condition with an infiltration of high levels of

- hyalinocytes and destruction of digestive tubules. Bar = 50 um.

Fig,10. Transformation of the columnar/cuboidal epithelial cells of the
digestive tubules to the squamous cell type. Bar = 50 um.

Figo.ll, Longitudinal section through normal adductor muscle. Bar = 50 pm.

Fig.12, Longitudinal section of muscle in poor condition. There is an
infiltration of high levels of hyalinocytes resulting in almost
complete destruction of muscle fibres. Bar = 50 um.
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as low in 100% of M. inconspicua from control Station F, moderate in 17 to
38%, and high in 21 to 457 of those from the head of the inlet.

PHYSICAL CHARACTERISTICS

A comparison of shell lengths of mussels and clams from Kitimat Arm. -
Douglas Channel, mussels from Alberni Inlet, and a summary of temperature and
salinity data for each sampling site are given in Table 3., Bivalves closer to
the head of both inlets were smaller. Water temperatures were coldest in
Kitimat Arm in February, with a range of 1.7 to 3,39C. Control Station A was-
slightly warmer than the other stations. Salinities were relatively constant
with a range of 29.8 to 30,5x107-°. In April, temperatures had moderated some-
what and ranged from 3.9 to 4.4°C with the control station slightly cooler
than stations near the head. Salinities were slightly lower, in the range
of 27.5 to 29x1073. In Alberni Inlet in July, temperatures were near maximum
values for the inlet (18 to 22°C), and Were highest near the head. Salinities
were very low mear the head (0 to 5x1073), increasing to 20 to 25%1873 at

Stations 1 and 2.

DISCUSSION

The results give evidence of histopathological conditions in bivalves
which increase in severity along transects from the mouth to the head of both
Kitimat Arm - Douglas Channel and Alberni Inlet. Furthermore, mussels decreased
in size towards the head of both inlets. Bivalves towards the head of both
inlets had hlstopathologlcal conditions which were unique to those areas.
Mussels and clams from the Kitimat area showed marked elevations in hyalinocyte
levels; in some cases large numbers of hyalinocytes were present which had .
infiltrated, and were associated with the destruction of reproductive,
digestive and muscle tissues. However, almost all mussels from Alberni Inlet
~ had low hyalinocyte levels. Elevated levels of granulocytes, and some hemo-—
cytic encapsulations composed of granulocytes, were found in mussels from
the head of Alberni Inlet. Further, in many mussels digestive tubules
had been infiltrated with granulocytes and were degenerating. Although

Plate C. Condition of Mytilus edulis from Alberni Inlet.

Fig., 13, Normal spawning male; the reproductive follicles are full of rlpe :
sperm (S). DT; digestive tubules. Bar = 50 um.

Fig. 14, Spawning male undergoing the first stagest of resorption. G;
granulocytes. Bar = 50 um,

Fig., 15. Spent reproductive follicles (F) undergoing resorption by

granulocytes. Bar = 50 um.
Male mussel in poor condition with an infiltration of high levels
of granulocytes resulting in destruction of the reproductive follicles
. and digestive tubules; note the presence of granulocytes within the
connective tissue and in the lumen of the digestive tubules, and
destruction of the digestive epithelium. Bar = 50 um.
Fig. 17, Poor digestive condition with infiltration of digestive tubules by
' note the large granulocytic encapsulation (GE), Bar =

Fig. 16,

granulocytes;
100 pm.
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elevated levels of granulocytes were found in mussels from the Kitimat area,
there were no hemocytic encapsulations and a much less marked infiltration of
digestive tubules by granulocytes.

Several natural and potential anthropogenic stresses were considered for
both areas., As a result of seasonal variation in water properties the two
inlets had very different salinity and temperature values. Kitimat Arm -
Douglas Channel in February and April received a very low freshwater input with
resultant high surface salinities and little change in salinity from the
mouth to the head of the fjord. Alberni Inlet in July received a large
freshwater discharge as a result of snow melt from the surrounding mountains,
resulting in much lower salinities at the head of the inlet. Temperatures
were approximately 15°C lower in Kitimat Arm — Douglas Channel in February
and April than in Alberni Inlet in July due to winter conditions and the more
northerly location of Kitimat. Thus salinity and/or temperature differences

‘might account for the disparity in histopathological conditions in mussels
from the two inlets, Temperature gradients from the head to the mouth of each
inlet were slight as was the gradient for salinity at Kitimat, but there was

a large salinity gradient from the mouth to head of Alberni Inlet in July.

Air temperature was not measured but should also be considered an important
factor for mussels since they may be exposed for a considerable amount of time
during low tide. Mussels near the mouth of Kitimat Arm - Douglas Channel would
be subject to temperatures moderated by the influence of the ocean; those

near the head would be exposed to much colder air temperatures in winter.

Both inlets receive pulpmill effluent which is bioclogically treated in
aeration lagoons before release, and is usually nonlethal at 100% concentration
(D. McLeay, personal communication). However, even the most efficiently
treated effluent can cause stress effects in animals (McLeay and Brown, 1979),
The potential for pulpmill effluent to cause other sublethal effects is un-
known . but the effluent may contain carcinogens (e.g., phenolic compounds):
leachates from logs may contain similar compounds. In Alberni Inlet detri- .
mental effects of released treated effluent have been well documented in

several reports (D, Mcleay, :personal communication).

In addition to pulpmill effluent, Kitimat Arm receives discharges from
the aluminum smelter which include fluorides (Bell and Kallman, 1976). It
has been reported that fluoride values for Kitimat Arm surface waters are
elevated for several kilometres away from the smelter site (Bell and Kallman,
1976). Since there is no similar influx of fluorides into Alberni TInlet,

Plate D. Condition of Macoma inconspicua from Kitimat Arm - Douglas Channel.

Fig. 18. Male clam from the head of the fjord at prespawn stage, in good
i reproductive and digestive condition. Bar = 50 um.
Fig. 19. Female clam in good prespawn reproductive and digestive condltlon.‘
Bar = 50 um, :
Fig. 20, Male clam from Station F in good reproductive and digestive condition.
C F; follicles: . DT; digestive tubules., Bar = 50 um.
Fige 21, Male clam in poor reproductive and digestive condition with an
‘ infiltration of low levels of hyalinocytes. Bar = 50 um.
Fig, 22, Clam in poor condition with high levels of hyalinocytes, resultlng
in severe tissue destruction. Bar = 50 um.




Table 2. Histopathological condition of Macoma inconspicua from Kitimat Arm -~ Douglas Channel and Alberni Inlet

Area,Month Reproductive Reproductive Digestive Granulocyte Hyalinocyte
Station(N) Stage Stage Condition Infiltration Infiltration

Low Moderate High

Kitimat, Apr.

F (12) o lOO% 0% 75% 17% 87
1X(29) 100 0 21 17 62
2% (29) 100 o 11 7 82
5%(29) 100 0 . 26 7 69

75%  25% 0% 100% . 0% 0%
24 62 14 59 20 21
17 48 35 38 17 45
14 62 26 34 38 28

012




211

Table 3. Shell lengths of mussels and clams and temperatures and salinities
of water at time of sampling.

Area,Month,Species Shell Length Surface Sallnlty
Station(N) (mean * SD) mm Temperature @10 )

Kitimat, February
Mytilus edulis
(25) 63.8

A + 9.0 3.3 30.5
G (25) 55.8 + 3.3 1.7 30.6
L (25) 39.8 + 3.4 2.2 29.8
M (25) ~38.7 1.4 2.2 30.4
N (25) : 35.6 * 4.3 2.2 ND
0 (25) . 31.2 + 3.3 1.9 29.9
P (25) 33.8 + 5.0 2.5 29.9
Kitimat, April
Mytilus edulis
A (25) 57.0 + 5.6 b 3.9 27.5
_F (16) 53.8 * 5.4 4.4 28.9
N (25) 44,9 + 3.3 4.4 28.9
0 (25) o 53.6 * 3.9 boh ND
3X(24) 60.3 * 4,2 4ob ND
4X(24) . 56.5 * 4.0 4obh ND
Alberni, July
Mytilus edulis
1 (25) 55.2 + 3.3 0 19.2 25,2
2 (25) ~ 51.9 £ 5.0 18.2 20.9
3. (25) ‘ 55.8 + 6.1 20.2 3.9
4 (25) 54,8 + 3.5 18.7 9.8
5.5(25) . 47.6 * 2.6 22.3 4e2
7 (25) . 48,1 £ 4,1 22.2 2.6
8 (25) 33.9 + 2.8 21.2 . 3.0
Kitimat, April .
Maeoma inconspicua
F (12) 13,1 + 2,2 & A 28,9
1X(29) | 14,1 + 1.7 hib WD
2%(29) - 0 15.7 2.8 A ~ND
+ 2.0 boh ‘ ND

5X(29) . 14,0

a ! : ) t
Measures are of randomly selected organisms.

Measures are of mussels selected as close to 50 mm as possible for hlstopath—
ological analysls.

-ND: not done
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their presence in Kitimat Arm could account for different histopathological
effects., Polycyclic aromatic hydrocarbon (PAH) levels are increasingly
elevated from the mouth to the head of Kitimat Arm and are much higher in
-Kitimat Arm than in Alberni Inlet. The presence of elevated levels of PAH
in Kitimat Arm could also account for the difference in histopathological
effects between Kitimat Arm and Alberni Inlet. However, the presence of
other undetermined anthropogenic contaminants in these inlets cannot be

discounted,

In the following discussion we have considered each biological indice
with respect to both matural and potential anthropogenic factors:

(1) Growth Reduction: Although we attempted to sample similar sized mussels
from all stations, only smaller mussels were available from the heads
of the two inlets. These growth reductions could be caused by reduced
availability of food due directly to the effects of pulpmill-associated
toxicants on the phytoplankton, or indirectly to a reduction in light
available for phytoplankton photosynthesis. Mussels which filterfeed
on phytoplankton would therefore experience a reddction in their food
source and subsequently in their growth rate. Stockner et al. (1977)
have found reduced phytoplankton production in the area of discharge
of a pulpmill. In addition, the shading effects of suspended solids
introduced with river run-off could reduce productivity by decreasing
the availability of light and therefore reducing the nutrient level.
Alternatively, reduced mussel size could be due to the effects of a
toxicant~related chronic stress on the mussels (Bayne et al. 1980).
Determination of whether reduced mussel size is due to natural causes
or contaminant input will require measurements of control mussels along

transects in pollution~free inlets.

(i1) Nutritive Index: Although not rated, it was clear that mussels from the‘
mouth of Kitimat Arm - Douglas Channel in February and April had high =~
levels of nutrient reserves indicated by the intensity of eosinophilic

staining of the carbohydrate~filled cells of the mantle connective tissue

surrounding the reproductive follicles., Mussels and clams from the head
of Kitimat Arm — Douglas Channel showed distinct depletion of nutrient
stores. All mussels sampled from Alberni Inlet in July showed low
levels of nutrient stores. . -

Since the level of nutrient stores is a seasonally variable parameter,

it is difficult to explain these results. The fundamental seasonal cycle
in bivalves involves reproductive condition. In response to the energy '~

demands of gametogenesis, nutrient reserves are built up in the tissues’
during periods of nutrient availability. These energy reserves are
depleted as they are used for the synthesis of lipids and proteins in
the maturation of gametes (Bayne et al., 1980). An interpretation of the
results also depends upon a knowledge of food availability throughout
the fjords. The nutrient store level differences between prespawn
bivalves from downchannel and the head of the fjord indicate that the
winter — spring food supply is less at the head than at the mouth .and/
or, that the stress load is more severe at the head. This stress load
could be caused by some natural factor (e.g., temperature) and/or any

of the contaminants present in Kitimat Arm. The general stress response
in bivalves involves the mobilization of energy reserwes to repair

»
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damaged tissues or to synthesize substances used to detoxify contamin-
ants (Bayne et al. 1980) and therefore, nutrient depletion usually
indicates a chronic stress response, Since Alberni mussels were all
reproductively mature in July, the depletion of the nutritive stores
was probably caused by the utilization of their carbohydrate and lipid
stores during gametogenesis.

Reproductive Stage: Both mussels and clams sampled during the April
cruise at Kitimat were less reproductively developed at the head of the
fjord than at stations closer to the mouth., Mussels sampled in July
from Alberni Inlet showed the reverse trend. Previous studies clearly
demonstrate that reproductive development is accelerated by warmer
temperatures (Seed, 1976). In winter, inlet waters cool below the
temperature of open ocean waters while in summer inlet surface waters
are warmer than the open ocean (Webster, 1979). Warmer temperatures
over several months could account for the accelerated reproductive
development of mussels from control stations near the mouth of Douglas
Channel and from the head of Alberni Inlet. Alternatively, the
differences in reproductive development might be due to contaminants
present in Kitimat Arm but not found in Alberni Inlet, since mussels
were more reproductively mature at the head of Alberni Inlet than in
Kitimat Arm. Mussels sampled from all stations in Kitimat Arm -
Douglas Channel in February showed no difference in reproductive
development being all at the prespawn stage.

Reproductive Condition: The reproductive condition of mussels sampled
from stations in Kitimat Arm - Douglas Channel in February was poorer
at the head of the fjord than at the mouth, The poorer reproductive
condition was associated with infiltration of their reproductive tracts - -
by hyalinocytes, It is probable that their poor reproductive condition
was due to the presence of natural and/or anthropogenic agent(s) at the
head of Kitimat Arm, since all mussels were at a similar prespawn
reproductive stage. Mussels sampled in April at control Station A were
undergoing resorption which probably accounted for the higher incidence
of reproductive tract destruction seen there than at the head of Kitimat
Arm. The main difficulty in assessing the effects of environmental
factors on reproductive tract condition is in differentiating normal
postspawn conditions (i.e., resorption) from abnormal follicular
destruction, Therefore, mussels to be compared should be sampled at

the same point in their reproductive cycle, preferably at a prespawn
time (Bayne et al., 1980). This was evident in mussels sampled from
Alberni Inlet in July which were spawning, making interpretation

. difficult.

In the clams, Macoma inconspicua, there was increasingly more destruc-—
tion of the reproductive tract going from Control Station F towards
the head of the fjord, even though those at the head tended to be

less reproductively developed. However, all clams from the April
Kitimat sampling were at the prespawn stage thus making the relation-
ship between their reproductive condition and their position along the
fjord easier to interpret, As with M, edulis sampled from Kitimat Arm
in February, the destruction of the reproductlve tract was assoc1ated

with an hyalinocytic infiltration of the tissues.
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Digestive Condition: Most bivalves near the head of Kitimat Arm -

Douglas Channel were in poor digestive condition with a large percentage

of the digestive epithelial cells having been transformed to the .
squamous type. In many of these bivalves the destruction of.the

digestive tract was associated with an infiltration of hyalinocytes into

the digestive ducts and tubules similar to that seen in the reproductive

tract. The poor digestive condition of mussels sampled from Alberni «
Inlet was associated with increased numbers of granulocytes .as well as

the presence of hemocytic encapsulations within the digestive tissues.

Granulocyte levels were increased because of resorption.

Since poor digestive condition was common to bivalves from both inlets,
its cause{(s) could be some natural factor(s) common to both inlets.
For instance, it has been reported that several natural stresses
including spawning, starvation and elevated temperatures can result
in structural alterations in digestive cells (Bayne et al. 1980). In

mussels the normal digestive processes are accompanied by a cyclical

change in the digestive epithelium from columnar/cuboidal cell types

to squamous and then back to the columnar/cuboidal forms (Langton, 1975;

Bayne et al., 1980). Therefore, it is normal to observe some portion

of the epithelial cells in the squamous stage; however, in polluted

environments a much larger proportion of digestive epithelial cells :

are squamous, and as the pollutant load (degree of stress) increases, -
the lysosomal stability of the digestive cells decreases. In terms

of digestive cell morphology, this phenomenon manifests itself as a : :
loss of synchrony in digestive cell phasing, i.e., there is an increase ' “F
in the number of cells of the squamous type and in cells which undergo
fragmentation. Both intracellular lysosomal digestion of food (Bayne

et al. 1976) or accumulation of pollutants in lysosomes (Bayne et al.,

1980) cause the release of hydrolytic lysosomal enzymes into the

digestive cell cytoplasm. The release of these enzymes may .result in -

the intracellular digestion of structural proteins (e.g., tubulin)

causing a collapse in the structural basis of the cell (Moore et al.,

1978), and thus producing a squamous cell type or, in more severe cases,

total destruction of these cells. Moore et al. (1978) have shown that

the PAH, anthracene, can cause severe destruction of digestive epithelial

cells and that this is directly attributable to the level of accumulated

anthracene in digestive cell lysosomes and the subsequent lysis of these

lysosomes and autolysis of digestive cells. ’

Hemocytic Infiltration: Increased hemocyte (hyalinocyte or granulocyte)
levels were found in bivalves from towards the head of Kitimat Arm -
Douglas Channel and Alberni Inlet or in mussels that had spawned,
Molluscan hyalinocytes are thought to be immature hemocytes capable of
cellular division and granulocytes are fully functional, non-dividing,

"mature hemocytes (Mix, 1976). Hyalinocyte levels are increased in

response to parasites and result in their destruction. Granulocytes

| have the ability to phagocytize cellular debris and toxicants and

transport them for excretion (Lowe and Moore, 1979; Bayne et al., 1980)"

Granulocyte levels can be elevated after spawning when they function

in the resorption of unspawned gametes and postspawn reproductive
follicles. 1In addition, contaminants can be sequestered by granulocytes
and stores in their lysosomes (granular structures within the cytoplasm
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of the granulocytes) (George et al., 1976; 1978; Bayne et al., 1980).

By partitioning the contaminants into lysosomes, the hemocytes remove
them from potential sites of toxic action and thereby act to detoxify
them. Subsequently, the pollutant—-laden hemocytes are discharged

from the organisms via the kidneys and other organs (Bayne et al., 1980).
If these lysosomes become overloaded with contaminants they will lyse,
resulting in the release of hydrolytic enzymes which cause autolysis
(Bayne et al., 1980).

In mussels and clams from towards the head of Kitimat Arm - Douglas
Channel, hyalinocyte levels were greatly increased even though para-
sites were seldom seen. Large numbers of hyalinocytes had infiltrated
and were associated with damage to reproductive, digestive and muscle
tissues. The presence of high levels of hyalinocytes in bivalves, with
associated tissue damage, was a condition unique to Kitimat Arm. In the
February sample, hyalinocyte levels were rated as high in 567% of the
mussels from Station L, 21 km downchannel from the suspected source of
PAH contamination; total PAH levels in mussels were 0.3 mg kg™l mussel
(wet wt.). At Station 0 at the head of the fjord, PAH levels were 2.2
mg kg"l mussel (wet wt.) but hyalinocyte levels were rated as high in
only 16% of the mussels., Therefore, this condition does not seem to

be related to high PAH levels. In April hyalinocyte levels were high
in 21 to 45% of the clams from the head of Kitimat Arm but low in all
clams from the control station; no intermediate stations were sampled.

Granulocyte levels were increased in bivalves from both areas, there-
fore their presence cannot be considered a unique histopathological
condition. However, there were two granulocyte-associated histopath-
ological effects that were unique to mussels from the head of Alberni
Inlet: (i) granulocytes had infiltrated digestive tubules and were
associated with their damage and (ii) there were hemocytic encapsulations
composed mainly of granulocytes. These hemocytic encapsulations act
to partition the hemocytes and/or phagocytized materials away from
sensitive cellular sites. In addition, they are known to be produced
in response to pulp and paper effluent (Lowe and Moore, 1979)., Alter-
natively, since almost all mussels from Alberni Inlet were spawning or
had spawned, high levels of granulocytes may have been present for
resorption and some may have become encapsulated as part of a natural
postspawn process.,

Interpretation of the data in terms of cause and effect presents many
difficulties, For instance, mussels sampled in July from Alberni Inlet served
as a poor comparison for those sampled from Kitimat Arm — Douglas Channel in
February and April because (i) they were exposed to different temperatures, .
salinities, and a variety of other undetermined factors, and (ii) those from
Alberni Inlet had spawned so that it was difficult to differentiate histopath~
ological conditions from those associated with normal postspawn resorption.

To determine if histopathological conditions in bivalves from Alberni or
Kitimat are unique, and if those in bivalves from alberni are distinct from
postspawn changes, it will be necessary to sample both areas at the same time
of the year at a prespawn time, Furthermore, it will be necessary to sample
mussels from an dnlet free from all contaminants to determine if there are.
histopathological conditions which occur as a result of natural influences at
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the head of inlets. These should be sampled frequently for several years so
that the range of natural conditions can be established.

Determination of the biological impact of pollutants from histopathological
data relies upon correlations between pollutant levels and histopathological
changes but these correlations do not show definite cause and effect relation—
ships in a multi-polluted enviromment. Rather, the histopathological changes
are for the most part a culmination of the effects of all pollutants and

natural agents present in the ecosystem.

Laboratory studies, exposing organisms to varying concentrations of
contaminants, are necessary before cause and effect relationships between
- histopathological conditions and specific contaminants can be established;
but even these may provide insufficient evidence., For example, although it
is known that PAHs are associated with the occurrence of neoplasia in bivalves
from environmentally contaminated areas (Lowe and Moore, 1978; Mix et al., 1979)
it has been proven in one instance, that neoplasia does not occur without the
presence of a virus (T.C. Chang, personal communication) and that natural
stresses can enhance the ability of the virus to cause neoplasia.

Therefore, to show cause and effect between specific contaminants and
biological effects, it will be mnecessary to develop techniques to show toxicant-—
We can consider histopathology in the context of a hier—’

specific responses.
that go from general to the more specific effécts

archy of biological indices
of dindividual contaminants:

(i) Survival or nonsurvival as indicated in species enumeration field -
surveys and LC 50s. Field surveys do not show cause and effect and
neither of these show sublethal effects.

(ii) Changes in physiological processes and cytological conditions
which induce sublethal stress are assessed by histopathology,
performance studies and stress parameter responses. These show
sublethal effects but are not pollutant—-specific.

(iii) Effects of contaminants on biochemical sites of toxic action, e.g.
enzyme activity can be used to assess the toxic effects of metals.
Cause and effect may be established if the site of toxic action is

toxicant-specific.

The loading or overloading of detoxification systems with specific
pollutants, e.f., metallothionein with trace metals and lysosomes

w1th hydrocarbons.

(iv)

Future studies should utilize histopathology to determine the health of
organisms and to recognize responses associated with their life-—cycle. In.
addition, to establish cause and effect relationships, these studies should
include a determination of the partitioning of specific contaminants between-
their detoxification systems and thelr sites of toxic action.
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