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ABSTRACT

Levings, C.D., R.B. Turnsr and B. Rickatts [Editors). 1932. Proceedings of the
Howe Scund Environmental Science Workshop. Can. Tech. Rep. Fish: Aguat.
Bei, 1473: 361 p.

The Howe Scound Envircnmental Science Workshop was held on Ssprember 36 -
October 3, 1991, on Bowen Island, B,.C, Scientists working in tha Spound and the
watershed draining inte the fijord exchanged information with environhental
MAnNSgeTS. The DProceedings Iinclude 22 papers dealing with metsaorology,
ocsanography, geclogy, water gquality, contaminants, fish and wiildlifs habitat
managament, forestry, and marine biology. Results of ciirrent rassarch, as well
as overviews of past work in Howe Socund and the watersheds ars presented. Some
of ths major sovirommental topics discussed in the papers include dioxin and
metal levels in marine biota, waterbirds, and sediments ig Howe Sound; vulcanism,
dabris torrents and other ;aﬁlagltal hazards; the status of chinoak salmon
lﬂgcar%m:hu.n tshawytscha) populations and habizats in the Squamish River;
biological sffects of nutrient anrichment in the Cheakamus River; and the status
of wildlife and Eorest habitats in the watershed.

RESUME

Lavings, C.D., E.B. Turner and B. Ricketts (BEditozs). 1992. Procesedings of the
Howe Sound Envirommental Sclence Workshop. Can. Tech. Rep. Fish. Aguat.
Sei. 1879: Z6l'p.

L'atelier sur les sciences de l'apvironnement dans le d2troit de Howe = su
lieu du 30 septembres au-3 octobre 1851, dans 1'ile Bowen. Des scientifiques de
la Colombie-Britannicque trawvalllant dans le détroit et le bassin hydrographique
5€ jetant dans le fjord ont échangs de l'information avec des geasticnnaireas da
1"environnament . Le Compte vrendu comprend 21 exposss portant sur la
meteorologie, 1‘ccéancgraphie; la géoclogie, la qualité de 1l‘eaun, les
contaminants, la gestion de 1'habitat du poisson et de la faune tarrestra, la
forestarie et la biologie marina. Les résultats des racherches en cours, de mEme
que des apergus des recherches déja mensss dans le détroit de Howe at dans les
bassins versants, sont présentés. Parmi les principaux sujets snvircnnemsntaux
abordés, menticnnons les teneurs en dioxines et an métaux dans le biote marin,
les olssaux aguatiques =2t les sédiments du deétroit de Howe, l'activite
volcanigue, les glisssment= de terrain et autres phénoménes géologligues; la
situation des populations de saumon quinnat (Gnoorhvnchus tshawytscha) =t da
leurs Thabitars dans la riviere Sguamish; les seffets biclogigues de
l'enrichissement en nutriments dans la riviére Cheakamus; et la situaticn des
habitats fauniques et forestisrs dans ls bassin hydrographique.
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INTRODUCTION

Howe Sound and its adjacent watsrshed, a wmountainous arsa transscred
primarily by the Scquamish River syatem that drairs inte a coastal fierd, is
representative of s=outhern chastal Bricish Columbis and {ts sfvironmental
concerns, Within the fjord watershed boundaries ars the communitiss of Sibsons,
Horseshoe Bay, Squamish and Whistlsr, pulp mills at Port Me=llen and Woodfibras,
a major port facility and industrial area at Squamish, the Sea-to-Sky Highway
transportation corridor, the abandoned Britannia Cu-Zn mine, Daisy Lake dam on
the Cheakamus River, and active forest harvesting taroughout the Sguamish River
system. Recreatiocnal use of the watershed 1= Heavy, particularly boating and
fishing on Howe Sound and all-season sports in the Whistler area. This activity
iz causing considerable stress on the scosystsm and theve is concern about the
sustalinability of redourees in the watershed.

In part spurrad by the controversy and concern which have been engendered
by such problems, & considerable amount of research in Howe Sound and its
environs has been carried out or is underway. However, there has never been an
opportunity for the community of researchers to collectively discuss prograss and
results. Given that the many problems facing Howe Sound and watershed demand
investigation of an interdisciplinary naturs, it was appropriate that a
conferance be held which brought together active researchers from a broad rangs
of disciplines.

The Hewe Scund Watershed Environmental Science Workshop, held oOctober 1-3,
1951 on Bowen Island in Howe Sound, brought together about 70 scientists as wall
as representatives of environmental groups, government and industry. The focus
of discussien concsrned the physical and bioclogical processes within the
watershed, and the impact of human activity aon the leng-term health of the
scosystem. Concerns sxpressed at the workshop included: damsage to the marine
ecosyatem caused by pffluent from Ehe two pulp mills and the abandoned Britannia
mina; loss of eritical natural habitat for juvenile salmon . and other species in
Ehe Squamish River estuary because of industriasl development; the sharp decline
of some salmon stocks in the Squamish River; algal growth in the Cheakamus River
dus to zewage affluent discharge from Whistler municipality; sediment erosion
Ercm old logging toads and the potenktial damags to salmon spawning habitat in
streams; and loss of mature forest habitat due te logging in the lewer valleys
of the Squamish and Mamquam river systems. The discussions following papsrs and
during a final plenary session were recorded and have bsen publizhad threugh
Environment Canada in a companion volume Howe Sound Watsrshed, Environmsental
Science Workshep and Public Msetings -Summary of Proceedings'. The proceedings
volume also contains summaries of discussions during a series of public meetings
which were held in the watershed communitiss of Whistler, Gibsons, Sguamish, Wast
Vancouver, as well as Vancouver. Each public meeting consisted of an information
fair during the day followad by a scisntific panel discussion in the svening.
The public meetings ware preceded by a serie= of pressntations mads by Tim
Turner, an aducational consultant on contract te BEnvironment Canada, teo watershed
school and public groups during the winter and spring of 1991. This series of
pressntations lias l=d to new environmental education initiatives within watershed
schools and Ehe compunity.

A strong commitment was sxpresssd by participants of the Science Werkshop
to davelop stronger links with other discipline=s through mestings, a scientific
newsletter and coordinated scientific research and tachnical monitering, A Howe
Sound Watershed Science Advisory Committese has been formed to promote these
cbjectives, It is hoped that this Committes will improve the history of limited
coordination of research and monitering efforts among the many government
agencies and other technical groups that have operated within the watarshed.

* Ccoples of these valumes are available from Bob Turner. Geological Survey af
Canada, 100 'W. Pender Stcreet. Vancouver, B.C. V&3 LEE
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INTRODUCTION

If the sarth were smooth and its surface homogensous, climats would wvary
by latitude.only. Ik is apparsnt Howse Sound (and the sarth), is peither flarc (it
is enclosed by steep mountains), nor of homogeneous surface typs (having: both
land of varying surface roughnees, and water). Consequently it displays a variety
of climates. Howe Sound is a steep walled channsl oriented perpandicular to, and
dissecting, a substantial topoagraphic barrier (the Coast Mountains). As such, it
(as well as other £-cords along the coast) links the elevated interior plateau of
Cantral British Columbia with the coast (see Fig. 1i. Thesse topographic factors
result in fascinating local modifications to regional climate and wesather. In
order to illustyate thiz, and build a picturs of the weather and climates of Howe
Sound, soms= of the topographic modifications of the main svnoptic weather types
af British Columbia defined by Suckling (1977] will be examinsd. This will ks
dons for typical summar and winter patterns emphasizing conceptual understanding
of same of the more interesting topegraphic enhancamants which are depicted
schematically in Figure Z.

SUMMER

Figurs 3, from Suckling (1977}, shows a typlical summer surfaces weather
pattern. A ridge of high pressure oriented across tha coast with generally light
prassure gradients is associated with clear skies and light winds. These
conditions are ideal for the establishment of a (daytime) ssabraszs=/(nighttime)
landbreaze circulatieon.

Seabresazes ocour along any coastline during the day under sunny conditions
with light synoptic winds as a result of the different thermal characteristics
of land and water: water, Sus to its large heat capacity, has rslacively small
divrmal temperature fluctuatjons. In contrast, land has a relatively large
fluctuation in temperaturs, warming during che day and cooling ac night. Thia
resulta in hydrostatic expansion of the air column over land during the day
causing low pressure over land near the surface and high pressurs over land at
alsvation. The air near the ground Ehen moves from the relatively high pressurs
ocver water ta low pressure over land, rises up over the land and then flows at
elevation from land to water whers it subsides, completing the circulacion.

In Howe Sound ths same process ococurs; however, two topographic factors act
to enhance the sesbreeze circulation. Howe Scund is part of 2 ilow level path Eo
the Interior Plateau where daytime temparatures can be wery high, resulting in
very low surface pressur=s which draws surfacs air from the Coast, through the
fiord ke the Interior. This seabresze circulation is on a scale that is much
larger than typical. As low level air is drawn wup valley, the constriction of
Hows Sound causes the air to converge and dincrease in spsed resulting in an
enhanced seabreeze, with speeds that can easily double the typical 5-10 m/=s
maximum seabresze found om flat coastlines. The ssabresze circulation in Hows
Sound is schematically fllustrated in Figure 4.

At night tha land surface cools dua to longwavws radiative losses more than
the ocean surfacs so that the air column over land contracts relative to that
ovar water. This result=z in & ralatively high prassure near ths surface and low
pressure at elevation over land creating a landbrsezs circulation depicted in
Figurs 5. The speed of the landbreeze is less than that of the seabreeze, but is
enhanced in Howe Sound by the katabatic drainage of sir down the slopes and sides
of valleys which concentrates along major valley axes. This katabatic Elow, which
iz & nocturnal calm wind feature over most of the slopes, iIs a more or lsss
constant fearura on the glaciers which cover the highest terrain to the north of
Howsa ZSound.



WINTER

Two typical winter synoptic patterns in which the Howe Sound topography
results in distinct local weather conditions are shown in Figures 5§ and 7
{Suckling, 1977). The first (Fig. 8), depicting a large area of low pressure at
the surfaca in the northeast Pacific, is a pattern typically assgciated with a
frontal system possibly containing moist tropical air which could bring copious
amounts of precipitation. The second, which usually occurs less frequently, (Fig.
7) is often associated with *Squamish Wimds".

PRECIPITATION

The synoptic pattern depicted in Figure 6 is associatad with winfter
pracipitation over the B.C. coast. The topographic configuration of Howe Scund
results in two mechanisms which locally enhance precipitation amount. These
result in the patterns shown by the contoured annual totals depicted in Figure
B from Schaefer and Nikleva (1973).

The most important topographic enhancement is the “"upslope® sffect, whereby
moist air, forced to rise over steep terrain, cools, thus forcing condensation
and droplet formation resulting in clouds and precipitation. Forced ascent of
air can also *"trigger® convection by releasing latent and potential instability
in the air. The *upslopa® sffect is dramstically illustrated by the five-fold
inerease in annual precipitation amount (Fig. 8) as one moves from sealevel to
the mountain tops.

The s#cond topographic enhancement of precipitation in Howe Sound, 1like the
*upslope effect® also increases precipitation by forcing ascent in the moist air.
s for the case of seabreeze enhancement, it i= & result of confluence of Hows
Sound causing convergenca of air and conseguent upward motion as the air flows
to the Morth. This is illustrated in Figure 8 by the increase in precipitation
amsunt from scuth to north up the axi= of Howe Sound,

SCUAMTSH WIND

The most singular meteorological phenomencn encountersd in Howe Sound [as
well as the other fjords of British Columbia and Alaskal is the locally named
*Squamish Wind®. These winds ocour in Howe Sound mainly in winter when an intense
anticyclons building over Alaska and the YuKen Territory moves scuthward. The
coastal mountains act as a partial barrier, separating the ceold, dense air
sssociated with the anticyclone from the warmer, less dense maritime air mass.
This density difference results in a strong cross coastal pressure gradient, and
often very strong winds through gaps [such as Howe Sound) in the mountalins.
Figure % is a schematic representation of a Squamish Wind flow showing dense low
level air moving down a pressurs gradient through the fjord dissecting tEhe Coast
Mountaing.

Figure 10 is a representation of the wind frequency by speed and directicn
at the Pam Rocks buoy (see Fig. 1 for location) from October 1887 until April
1988. Sewvaral things ars apparent from this diagram:

1. channelling in Hows Sound due te the mountains on seither side of the
channel confine the winds to two predominant directions -- either up
or down channel, and

2. the predominant wind directiscn at this location 1s northerly, with
strong winds having a large freguency, an indication of Squamish
Winds.



One of the consegquences of a4 high frequency of northerly winds in the
winter, is a decreased incidence of perzistent fall/winter fog compar=d to the
neighbouring Lower Mainland as the fog is displaced by the dry outflowing air.
While Squamish Winds represant & topographic enhancement of the regional wind,
there are many situations when, for axample, the wind and waves ars much lass
severe in Howe Sound than in surrounding open areas due te topographic
sheltering. This occurs when the synoptic configuration 4is such that the
predominant regional wind direction is across (rather than along} the axis of
Howa Sound.

3 field study of the Squamish Winds in Howe Scund was undertaken in the
pericd October 1587 to April 1988, using metecrological staticns shown in Figurs
1. BSubsequently, & 3-dimensional mescscale numerical model (Colorads State
University Regional Atmospheric Modeling System - €50 RAMS) was applied to a
Squamish Wind event that occurred during tha field study pericd. Some of the
numerical modelling results will be shown.

The case presented here, from January 30 to February 2, 1988, was of
moderate intensity. Figure 11 is the surface weathermap just bBefotre the onset of
Sguamish Winds in Howe Scund. It shows an Arctic airmass associated with the high
pressure centre cof central B.C. separated from maritime air by an Arctic front
which, at map time. is pas=sing through Hows Sound.

Figure 12 is a vector representation of the modellsd winds on January 31
at 16:00 PST szhowing a well develeoped Sguamish Wind. The Flow 13 down ths
Cheakamus and Sguamish river wvalleys, and ocut of the main channel. Hotice the
increase in speed down the channel, and also the difference in direction and
spesd of the winds ¢ver the high terrain on either sids of the Socund compared to
the winds near s=a Llevel in Howe Sound.

Vertical cross sactions of down channel wind component and potential
temperatiure are shown in Figure 13. The cross section is oriented along the main
channel (sasat side) of Howe Sound. The winds below 1 - 2 km are clearly distinct
from the winde abova this elevation. This is alsc illustrated by a near neutral
layer (shown by the near constant potential temperature in Figure 13b below about
1.5 km elevation which is surmounted by a layer of increased stabilicy (shewn By
a rapid increasze in potential temperature). Since the potential temperature
contours are isentropes, tha flow in the plane of the wertical cross ssction
parallels them. In the southern part of Howe Sound (nsar coordinatss -140 to -165
in Figure 13} there is a layer of descending air which corresponds to a region
of maximum surface winds. 'This layer then incresases i1ts thickness (near
coordinata -165 in Pigure 13) and the surface winds decresase. Thisz is analogous
to the transition from subcritical to supercritical Zlow in hydraulic theory. The
increase in thickness of the Sguamish Wind, and decrsase in velocity is analogous
to a hydraulic jump.

The Squamish Winds are a strongly forced {by ooth syneptic conditions and
topography) meso-scale phenomencn with considerable spatial wvariability, the
amall scale d=stails of which appear teo bs analogouz to hydraulic flow of water
in & channel.

CONCLUSTIONS

The topography of Howe Sound results in zome fascinating local
modifications to regional weather, making its climate distinct from that of
neighbouring arsas. Scome of these modifications, which are summarized in Figure
2, have been discussed. These include enhanced sea and land breeszes during ths
summet, ephanced precipitation over higher terrain, and Squamish Winds during the
winter.
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Figure 2. Schematic diagram illustrating some of the more interesting
tnpngdrnphll: modifications to regional weather patterns in Hows
Sound.



Pigure 3. 100 Kpa weather map from July 23, 1968 illustrating Ridge synoptic
Eype, from Suckling (1977). This is a typical summer fair weather
pattern allowing seabresze development.



Figure 4, Schematic depiction of seabreseze circulation in Howe Sound. View is
from the scuthsouthwest lecking up Howe Sound. Vartical esxaggeration
of the topography is 10.

Figure 5. Schematic depiction of landbreeze circulation in Howe Sound. View
iz from the scuthscuthwest looking up Howe Sound. Vertical
exaggeration of topography is 10.
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Figure 6.

100 kPa weather map from December 25, 1970 illustrating Ocean Low
synoptic type, from Suckling (1877). This is a typical winter
weather pattern bringing precipitation toc B.C.



Figure 7.

i

100 pKa weather map from January 30, 1986 illustrating Trough
synoptic type, from Suckling [1977). This i3 a typical winter
weather pattern which could develop into a *Squamish Wind*
situation.
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MEAN ANNUAL
PRECIPITATION

{ INCRES)

ISOHYETS AT INTERVALS
OF 20 IN. FROM

490 TO 200 |IN,

Figure 8. Mean annual precipitation map, from Schaefer and Nikleva (1973) .
Ischyets ars in increments of 20 inches (508 mm), starting at 40
inches {1,016 mm). Data is based on climate station as well as
streamflow daka.



Figure 9,

Figura 10.

13

Schematic depiction of Sguamish Wind flow in Howe Scund. View is

from the southscuthwest locking up Howe Sound. Vertical exaggeration
of tha topography is 10.

1 70

DISTRIBUTION BF VIND SPEED (MW/S)

Wind rose for the AES buoy Pam Bocks located zouth of Anvil Island.
Period of data is Octcber 1987 to April 1988. Represeptation is
wind frequency in wvarious spesd classes by direction. This
bidirectionality of thae diagram is a consequence of topographic

channelling. The preponderance of portherly winds is due Eo
Sguamishes.
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Sea level Jan 30/18Z

Figure i1. Surface weather map for January 30, 1988 at 10 a.m. PST, just befors
the onset of Sguamish Winds in Howe Sound.
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Figure 12. RAMS modelled wind at 16:00 PST, January 31, 1588. Wind represents
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atmosphere, The spacing bebtween grid points indicates 14 m/s.
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ABSTRACT

The Howe Scund Drainage Basin is part of the geclogically dynamic west
coast of North America; the result of subduction ¢f the Juan de Fuca Flats under
Vancouver island. As a conseguence of =subduction, the ragion is subject ta
volcanism and earthquakes. A chain of volcances extend northward from California
{the Cascade Volcances) into Hritish Columbia where they are referrad to as ths
Garibaldi Volcanic Belt (GVE). The GVB consists of three major strato-volcances;
Mount Garibaldi (just north of Sguamish), Mount Cayley (25 km west of Whistler),;
and Mount Meager (just north the drainages divide), and other smaller, less
voluminous cantres.

Volcanism in the GVB started some 3 millior years ago and sruption= have
continued into the Holocenes Epoch (the last 10,000 years|. The most recent well
documanted event, a Pelean sruption from Mount Meager, about 2,300 years ago,
blocked the Lillcecoet River and spread ash across scuthern B.C. inte Alberta. The
geological record of lava flows and volcanic debris suggests that both basaltic
eruptions, and inEreguent wiclent explosive eruptions, may both occur in the
future. Small basaltic erupticns may have littls or no warning; explosive
eruptions usually have associated éarth tremors that will be detected on the
regional seismic network. Subduction continues and with it, the potsntial for
future volcanic eruptions.

A continuing hazard in the GVB is posed by the extrems rellef of many vent
areas and the unstable nature of volcanic deposits. The loose, unconsolidated
nature of many of the deposits leads to sediment loading in surrcunding drainages
and lsaching of more soluble slaments ints the groundwater. Landslides and
dabris flows from thesa volcanpes poss a very real threat. Landslides from Mount
Cayley (Dusty Creek slide) and the "Barrier" blockesd the Squamish and Cheakamus
rivers during the 1800's, Debris flow= originating cn steep volcanic =lcpss have
muich greater run out distances than those generatad in nonvoleanic areas. When
human development is pushed into these drainages, this hazardous aspect of the
volcanoes must be taken into consideration during planning.

INTRODUCTION

Canada has bean sparsd the almost ceaselase wvolcanism characreristric of
such places as Hawail, Japan, or Indonesia, but it has not escaped completely.
We are part of a continuous line of subduction zones and transform faults that
encirclse the Pacific Dcean. Our global pozition on this dynamic sphere, sarth,
gives rise to volcanoces, some of which lie along the axis of Howe Sound. These
are the volcances of tha Garibaldi Volcanic Belt (GVB) which is & continuation
of the Cascads Volcances that extend northward from Lassen Peak in northsrn
California te Mount Baker, just south of the Canadian border (Fig. 1). These
volcanoes originate due to subducrion (the process whersby oceanic crust is
consumed beneath continental crust producing volcances and earthguakes) off the
wast coast of North America.

The short-term threat of a volcanic erupticn occurring is low. As n=ar as
can be determined, return eruption intervals fer the Garibaldi Balt are very long
-- gpecific, individual centres may never erupt again. However, thers has be=n
significant volcaniam in the geologically recent past and subduction continues
to the present day. Within the belt, volcanism has npot been concentrated at
individual stractocvolcanoes as is the case tc thes south, ratcther volcanism has
cccurred at centres that are closely spaced. Erupticns in the future maAy occur
in close proximity toc exlsting centres, but will probably ncot be coincident.
Determining the details of the eruptive history of the Garibaldi Belt i= a
challenge that awalts Ffurther work.

Debris flows and landslides will pose the greatest short-term threat Eo
downs lope and downstream communities. The wolcances ars regions of rugged relietf
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and unstable rock. Humerous rock avalanches and debris flows have besn documentsd
from all of the aresas and these events will continue to pose a threat into the
future.

VOLCANIC HAZARDS

Volcances, when thay srupt, produce a number of hazardous events (Table 1).
What hazard will ocour at which volcanc will despend to large degree on the
composition of the erupting magma (Table 2). Basaltic eruptions (basaltic maomas
are low in silica, an essential building block =slement ¢£f minerals) pose a
minimal hazard in comparison with explosive felsic srupticns (falsic or the clder
term "acid® magmss are high in silica). Similsrly, an andssitic eruption is lsss
hazardous than a dacitic one but a number of caveats must be applied. Basaltic
eruptions occurring during winter months in regions of heavy snow pack. such as
Howe Sound, could produce devastating debris flows (lahars} or floods from
rapidly melting snow.

Hazards from thes eruption of intermediate ko high silica content magmas
(called Dacits and Rhyolite) can be moderate to extreme, depending on the sizs
of the eruption. The =ize of an eruption is gquantified using a scale called tha
Velcanic Explosivity Index (VEI; Newhall and Self, 1983). The VEI takes into
cansideration the volume of sruptive products, height of sruption cloud, duration
of the main eruptive phase, and other parameters E£o assign a number from a
linear, 0 to & =cale. The May 18, 1980 eruption of Mount St. Helens; which
destroyed 632 km of land, expelled 1.4 km' of magma (dense rock eqguivalent, or
DRE) and produced an sruption column which peaksd at an alticude of 24 km, had
an VEI of 5. Tabls 3 gives a listing of the VEI of scme noticeable wolcanic
eruptions in relationship to the loss of life. It can be sean that the actual
size of the eruption do=s not have a direct relationship to the number of lives
lest; however, it ls direetly proportional te the economiec losses sustained by
the region.

VOLCANIC RISK

Erupting volcanoes only become a risk when there ls something valusd that
may be destroyed -- either liwves, property, or rescurces. Risk is uszually
assassed on the basis of the pumber of human lives which may be lost as a result
of a hazardous event |Morgan, 19%2). But, in actual fact, natural disastsrs
throughout histery have taken only a small fracticn of the lives that have bean
ijost in armed conflict. In 1,000 yesars of record kesping, volcanoes have taken
legs than 300,000 lives (Tilling, 1985).

Yokoyama et al, (1984) devised a method for assessing risk at a volcano
(Table 4)}. High risk wvolcances “"score" 10 or above. TUsing this scheme and cur
present knowledge level, nmo Canadian volcanc falls inte the high risk catsgory.
Growing populations, howsver, increase the risk posed by volcanos both here and
abroad. For ezxample, Mount Ruiz, Colombia, was not considersd a high rTisk
volcano, y=t its sruption on November 13, 1985 killsd 25,000 pecple —— the
greatest wvolcanic disaster szince the eruption of Mount Felée at the turn of the
csntury. A poignant point brought out in Voight‘s (1990) retrospection of this
event was the ohservation that in 1845, a similar event wiped out 1,400 psople
-— all those that lived in the town at that time. In 1585, 30,000 people now
lived in the szame area and repeat of tha 1845 event resulted in an order of
magnitude sscalat-on in the loses of life. In a similar vein, the Philippine
velcano of Mayon produced pyroclastic flows during its 1814 sruption which killed
1,200 people -- BL0,000 psople now live in the same ar=sa (Voight, 1980).
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GARIBALDI VOLCANIC BELT

The Garibaldi Volcanic Belt i3 the northward extsansion of the Cascade
volcanoes. This chain of major andesitic ko dacitic stratoc-volcancsas extends
northward from northern California to British Columbia (Fig. 1). In Canada, the
major volcanic edifices which make dup the chain are mounts Garibaldil, Cayley, and
Meagar (Pig. 2). Composition of ths magmas erupted in this ragion rangs from
basalt to rhyolite. The arc appears to be segmented (Cuffanti and Weaver, 1988;
Sherrod and Smith, in press); the central portion is the most active (Scott,
1590} and the northern end least active [Sharrod and Smith, in press). Scott
{1990) tentatively identified pericds during which thes entire arc appears to have
been active during the last 15 ka:

The major sdifices of the GVEB and associated volcanoes which make up areas
referrad to as volcanic fislds (Fig. 2). have been sporadically active over a
time span of millions of years (Fig. 3). Mount Garibaldi (Fig. 4), one of the
threa major strato-volcances that maks up the GVE, is the closesat major sxplosive
vent to the Sound. The =difice was built in several sxplosive [Pelean) phasss
during the waning stages of the last ice age (Mathews, 1952). These explosions
built blocky, unconsclidated material up around the vent area and out onto the
surrounding sheet of thick glacial ice. As the ice recedsd, tha cones collapsad
leaving the steep (600 m] front s=en today. The fa:nt laysrs that can be seen in
this steep facs ars the layers of ash and blocks, some blocks of which are up to
& m in diameter. This material readily landslides in addition to contributing
snormous amounts of sediment to debris flows originating on the volcano's slopes.
This debris built up Cheekeys Fan and continues to contribute to debrig flows and
rock Eailures,

The most recently documented eruption in the GVE was about 2,300 years BP
at Mount Meager (Fig. 5), 50 km northwest of Pemberton. This eruption was very
wvioclent and may have been cleose in size to that of the May 18th, 1980 eruption
of Mount S5t. Helen=z. Ash from this 2,300 yvear old svent at Mount Meager can be
traced as far sast as western Alberta (Fig. ). It has been recently suggested
that some postglacial landslides and debris flows im the vicinity of Mount Cayley
(Evans, 19%50) and Mount Meager (Jordan and Bowvis, pers. caomm., 1991) may hawve
been veleanically kriggered; if true, it would irdicate that the bslt is mors
active than presencly thought.

A number of studies address voleanism in tha Garibaldi Volcanic Belt. Among
thase are work by Mathews (1952, 19%8), Green (1381, 1580), Green et al. (1988),
Southsr [1980), Eead (1378, 1990), and Stasiuk and Fusssll (1989, 1990) . However,
detailed physical wolcanology studies have not baan the primcipal focus of most
of this work. Underatanding eruptive processes and timing at individual volecanic
complexss remains to be addressed. All of thesa studies have identified sruptive
pericds. (An eruptive periocd is "a single eruption or series of sruptions closely
spaced in time at a wvolcano...that yield a pressrved deposit and are
differentiated from preceding and subseguent eruptive periocds by one or more of
the following criteria: (1) separated by an apparent dormant interval of dacadss
to centuries, (2) distinguished by a change in vent location, and (3) marked by
& ddstinct compoesiticnal change in eruptive products.® [Scott, 1880].} Thes=
eruptive pariods are compiled from Green et al. (1988) and shown diagrammatically
in Figure 3.

Long repose periods, up to several thousand years, bstwaen major sxplosive
evants at the major volcanoes, appears to typify the Canadian portion of the arc.
Marthews {1958) has also suggested there may be a causative link between glacial
loading of the crist during ice ages and increased rates of velcanism in the
Garibaldi balt,

However, this long history, coupled with continued subduction off the
coast, suggests we have not seen the last of volcanlsm in the Garibaldi belt. Hot
springe in the wvicinity of mounts Cayley and Meager suggest that magmatic heat



2%

iz =rill present. Recent ssismic imaging from Geological Survey of Canada
supporting Lithaprobe seudias in the region of Mount Cayvley produced a ‘bright
spot ' which may be attributable to a magma chamber at approximately 15 km depth
(R. Clowes, Universirty of British Columbia, pers. .camm., 1290).

In addition to possible future volcanic eruptions, the Garibaldi Voleanic
Baelt poses a considerable threat in the form of large rock failures (Evans, 19%0;
Clague and Souther, 1982; Read, 1981} and catastrophic dsbris flows (Jordan,
1590) . Ths volcances are sxtramaly rugged regions of high relisf underlain by
unstable, poorly consolidated and/or strengly jeinted wolcanic rocks. Thase
conditions have alrsady led to a number of failurss and debris flows. Comparable
debri=s flows genarated in volcanic arsas have much greater run out distances than
those generated in nonvelcanic arsas;, in part, because of a gresater psccenftage
of fine material in *volcanic® debri=s flows (Jordan, 1990}). These factors= must
be taken into consideration before any develogment In Ehe wicinity of the
volcances.

The volcanoes, by virtue of the composition and physical attributes of the
rocks which compose them, &are much more susceptible bo weathsring than the
surrounding "granitic® rocks. Weathering leads to increased particulate matter
in streams draining the edifices and higher concentraticns of certain elsments
easily leachad by percolating groundwatsr. Because of thess attributes, strsams
draining volcanic areas may have significantly different trace eslement chemistry
than nsarby streams draining other regions underlain by more chemically stabls
rock types.

CONCLUSIONS

The Howe Sound Drainage Basin is blessed with soms of the most spectacular
ascenery in the world -- but we muat not forget this scenery owes its origins ko
cataclysmic events in the earth's dnterior. Uplift, mountain building,
earchquakes, and volcanoes are all part of our hsritage. Although we have been
gparsd zontinuous wvoelcanism on a humasn timé frama, we have not on a gs=ological
one. We muskt Ery to look beyond the short recorded history of the human species
when we are dealing with geclogic hazards which have recurrence intervals lenger
than 50 years. Hazard zonation and planning must be an integral part of our
future if wa ara to save lives and property. Detailed geological work at specific
volcanoes that potentially Ehreaten populations would help quantify the risk from
futurs eruptions, rock failures, and dsbris flows, This work should be carrisd
out before rezoning or major shifts in population occur. We may not see an
eruption in this region in cur lifetime, but we may -- shouldn't we be prepared?
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Table 1. WVolcanic hazard summary (modified from Blong, 1%84; Table 1.4, p. 12).

Fraquency of Adverss Effect/Damag=/Death

Distance (km)

<10 10-29 39-100 100-500 S00-1000 =1000

Volcanic hazard!

Lava flows
Ballistic projectilas
Tephra falls
Pyroclastic flows and
debris avalanches
Lahars and
jokulhlaups®
Seiamic activity and
ground deformation
Tsunami
Atmospheric
sffects
Acid rains
and gases

| NN m e ﬁnﬂ
W N M om Wm0
anﬁmﬂ'ﬂﬁ
78 °
m

El
e

! Hazard level is based on the relative frequency of deaths given that ths
specific type of activity occurs.

* Lahar = debris flow; jokulhlaups = glacial outburst floods.

A = Always; VF = Very Fregquent; F = Frequesnt; € = Common; R = Rare;
VR = Vary Rara.
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Table 2. Ganaral relationships between volcano Eypes, pradominant lava,
eruption styles, and common eruptive characteristics
Tilling, 1989; Table 1.1, p. 2j.
Predominant Lava
Volcano Composition Relative Erupticn styls Common Eruptive
type Viscosity Charactaristics
Shield! Basaltic Fluidal Generally non- Lava fountains,
(mafic) aexplosive lava flow (long)
lava lakes and
pools
Andesitic Less Generally Lava flows
fluidal explosive but {medium] ,
sometimes non- explosive
explosive sjscta, taphra]
falls
Composite? Dacitic to Viscous to Typically Explosive
rhyolitic very highly #iecta, tephra
(falsic) viacous but expleosive but falls,
¢can bs non- can be ncn- pyroclastic
explosiva explosive, flows and
especially surges, and lava
after a large domes
explosicn

i

Generally located in the interior tectonic plates ("intraplate”) and presumesd
to overlie "hot spots®, but also may occur in other tectonic sattings (e.g.,

Anzhim Volcanic Belt, Galapagos, Iceland, Kamchatka).

Generally located along or near the boundaries of convergent tectonic plates
(subduction zones); also called strato-volcances (e2.g., Cascade-Garibaldi
Volcanic Belt, Wrangesll Volcanic Belt).

Tephra = fragment or "clast*®

that iz ajected from & volcano

class zizes from ash to large fragments).

{includes all
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Tabla 3. Volcanic Explosivity Index (VEI) of Mount St. Helsne and the deadlisst
eruptions since A.D. 1500 (modified from Tilling =t al., 1990: p. 33)

ERUPTION YEAR VEI CASUALTIES
Mevado del Ruiz, Colombia 1985 3 25,000
Mount 5t. Helens 1380 5 57
Mount Katmai 1912 6 07
Mont Pelsa, Martinigue 1802 4 30,000
Erakatau, Indonesia 1883 6 38,0040
Tambora, Indonesia 1g1s 7 52,000
Unzen, Japan 1792 3 15,000
Lakagigar (Laki), Iceland 1783 4 9,000
Eelut, Indonesia 1586 4 10,000
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Proposed criteria for identification of high-risk volcanoes (from

Yokoyama et al., 1984). A score of 1 is assigned for sach rating
criterion that applies; 0 i1f the criterion does not apply.

HAZARD SCORE

SCORE

x] High silica content of sruptive products (andesite/dacits/
rthyolite)
21 Major explosive activity within last 500 yr
3] Major explosive activity within last 5,000 vr
4] Pyroclastic flows within last 500 yr
5] Mudflows within last 500 yr
B) Destructive tsunami within last 500 yr
Tl Area of destruction within last 5,000 yr is >10 km'
8) Area of destruction within last 5,000 yr i= =100 km®
4] Occurrence of frequent volcano-seismic swarms
10) ODccurrence of significant ground deformation within last
50 vr
RISKE RATING
1] Population at risk >100
2) Population at risk =>1,000
3) Population at risk >10,000
4] Population at risk >1 million
5] Historical fatalities
6) Evacuation as a result of hiastorical eruptionis)

TOTAL SCORE
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Figure 1.

Major tectonic structural elements and volcanic belts, California to
Alaska.
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Figure 2.

Simplified geclogical map of thes Hows Sound Drainage Bazin showing
areas of Quatarnary volcanic rock and the major volcancas.
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FPlgure 3. Diagrammatic representation of eruptive activity at Mount Garibaldi,
Garibaldi Voleanic Field, mounts Cayley and Meager. Height of ths
histogram gives a very crude indication of the size of the eruption.



Figure 4. Mount Garibaldi and aszsoclated volcanoes, loocking southward from
Black Tusk, another volcanc in the region.
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6. Vent ar=a of the sruption from Mount Meager 2,300 years ago. Cratisr

T E

fg 1.5 km wide at the rim.
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ABSTRACT

Since 1876, the Geological Surwvey Branch of the British Columbia Ministry
of Energy, Mines and Petroleum Resources have conducted regional (1 sample per
12 k') geochemical drainags surveys. These surveys pressntly cover approximately
65% of the provirce and inveolve the aystematic collection, preparaticn, and
chemical analysis of sediments and waters from first or second order drainages,
Although primarily used by the minsral sxploration industry to locate mineralized
districts and individual mineral deposits, they have also been employed for
delinsating regional geochemical patterns throughout the province and as basaelins
information for envirommental studias.

Primary and secondary stresams of the Howe Sound drainage basins wsre
sampled in 15981 and 198% as part of two larger surveys covering NTS 1:250, 000
scale mapsheets 923 and ©292G. Resulrts from these surveys indicats that
statistically significant differences in copper and other metal concsntracions
exist between major geclogical units within the basin. These varistions should
be taken into account when establishing values for 'matural’ levels of metals in
the environment.

INTRODOCTION

The Geological Survay Branch of the Britisk Columbia Ministry of Energy,
Mines and Petroleunm Resources has been involved in regional geochemical sediment
and water surveys since 1976, The database represants multi-slement (up to 35
metals) determinations and field cbhservations of reconnaissance =tream sadiment
and water sampling of first or sacond order streams from 41 1:250,000 Mational
Topographic System (NTS) map sheet areas (Fig. 1). To date, over 1.3 million
analytical determinations have been performed on 38,000 drainage sediment and
water samples covering an area of 470,000 squars kilomsbres at an average density
of 1 sample per 12.6 km’. These data are available on a 1:25G, 000 NTS mapshest
basis in digital and map format.

Although primarily used by the mineral exploration industry for ocuclining
areas of high mineral potential or locating new mineral deposits, survey data are
increasingly used to provide an estimate of background metal concentrations and
to delinesate regional geochemical patterns important for land use and
environmental studies. Studies have shown (Day and Matysek, 1%8%; McMillan st
al., 19%0) that estimat=s for background metal cocncentrations in sadiments and
resultant regional geochemical patterns often reflect the underlying gesology
within the drainage basin. The objectives of this study are to illustrates ths
influence of different rock formations on mean metal concentrations within the
Howe Sound watershed,

GEOLOGY

The Howe Sound watershed is predominantly underlain by granitic rocks
{guartz diorite and granodiorite] ranging Ifrom Middle Jurassic to Middle
Cretacecus in age (Monger, 1330}, Izsclated poof pendants of Jurassic to
Cretaceous age metamorphosed wolcanic and/or sedimentary rocks. (Gambisr Group,
Cheakamus Formation, diorite and migmatite) occur throughout the study area.
Quaternary age velcanic rocks of the Garibaldl Group mantls these older rocks and
are sspecially prevalent in the Mt. Garibaldi arza. Valley slopes and floors are
coverad with a variable thickness of unconsolidated sediment deposited during and
after the Fraser Glaciation which ceased approximately 10,000 y=ars ago.
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METHODS
SAMPLE COLLECTICN

Sediment and water samples are systematically collected by truck, boat, or
helicopter from second order streams draining catchments averaging 10 km* in
area. Fine grained sediments (<]l mm) weighing 1-2 kilograms are collected within
the active stream channel and placed in kraft-paper bags. Weatherad bouldsrs,
rotting logs and channel banks are avoided to prevent sampls contamination; ons
field duplicate is routinely collected within each analytical block of 20
samples. Unfilterad water samples ars collected in 250 ml nalgene bottlas;
precautions are taken to exclude suspanded sclids when possible. Ficld
obzarvations regarding sample site, media, and local terrain are recorded.

SAMPLE PREPARATION AND AMALYSIS

Sediment samples are air dried in the field and shipped to a sample
preparation laboratory. Sediments are dry-sieved to -80 mesh (<177 microns), and
analytical eplits of the -80 mesh fraction are prepared. An analytical blind
duplicate and a control reference standard are inserted in each block of 20
sediment or water samples at the sampls preparation laboratory to assess
precision and accuracy.

Prepared sadiment samples are analyzed by & waristy of methods at
commercial laboratories for up to 38 elements, Total concentrations of metals
ars determined by instrumental neutron activatlion analysis (INARA) for a suite of
28 elements. Partial and total concentrations of metals are determined by agua
regia digesticon - atomic abscrption spectrophotometry (AAS) and a number of
alement-specific methods (Table 1). Waters are analyzed for fluorine, uranium,
and pH.

RGS STUDIES WITHIN THE HOWE SOUND WATERSHED

Stream sediments within the Howe Sound watershed wers collectad during 1981
and 1%89 as part of two Regional Geochemical Surveys conductesd in NTS mapsheets
92J {Pemberton) and 92C (Vancouver), respectively. A total of 320 sites from the
two mapsheests occur within the Howe Sound watershed. Stream sediment and water
samples were collected at an average density of one sample per 16.5 km® in %27,
and one per 10.8 km®* in 92G. Provincial parks were excluded from the sampling

DEOTTAm.

Samplas from both NTS 92G and 527 wers analyzed for Sh, As, Co, Cu, Fe, Pb,
Mn; Hg, Mo, Wi, &g, W, U, and Zn. Sediments from 932G were also analyzed for Au,
Bi, cd, Cr, F, Zn, and V. fnalytical results from these surveys have been
released as Britizsh Columbia Ministrvy of Energy, Minss and Petrolsum Resolurces
Open Files RGS 9 (NTS 92J - Pamberton) and RGS 26 (NTS 926G - Vancouver) [(British
Columbia Ministry of Energy, Mines and Petroleum Resources, 1%82; Matvsek, et.
al., 1989)%

Data for the Howe Sound drainage basin was compiled from RGS 9 and RGS 26
and subdivided into groups based on underlying geoclogy. Basic statistics
(minimum, maximum, mean, standard deviation, and coefficisnt of wvariatien]) for
each geologic subgroup were calculared for <opper, arsenic, lead, zinc, iron,
nickel, uranium, uranium in water, and pH. F and t-tests for sach elemant were
performed on the three prevalent rock types (number of sample sites > 40) of the
wartershed: quartz dicrite [(gd), grancdicrite {gd) and Gambier Group (1KG)
velcanics and sediment=. Significant scutlisrs were removed from the dataser to
provide a more realistic estimate of variance. Frobability plots were employed
to determine the background concentration of copper in the three major rock
tvpes.
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RESULTS AND DISCUSSICH

Ten rock types are represented within the Howe Sound drainage basin. Of
the 320 sample sitss within the watershed, 210 are underlain or drain intrusive
rocks, consisting of 165 guartz diorite (gd) and 45 grancdiorite (gd) sitas.
Gambier Group (1KS) wvolcanic and sedimentary rocks comprise 43 of the sitas,
followed by Cheakamus Formation sediments (1KC: 19 sites), diorite (di: 12
sites), migmatitic rocks (ng: 12 sites) and Garibaldi Group volcanics (D5: 11
sites). The remaining three rock types each account for less than ten of the
sample sites within the watershed. Statistical summaries of stream sediment data
subdivided by rock type are shown in Table 2. HMHean concentrations for sach
element wvary considerably between rock typae. F and t-tests carried out on
samples draining the three most prevalent lithologies (guartz diarite,
granodiorits, and Gambisr Group) for aight elsment= (copper, arsanic, lead, zine,
iron, nickesl, uranium, and uranium in water) and pH indicate that significant
differences exist between rock types (Table 3).

Background copper concentrations, gensratsd using probability plota, are
shown in Table 4. At the 95% confidence level, meapn background copper
concentrations of the three main rock types are all significantly differant
(Table 5). Gambisr Group rocks have 2 higher background copper concantration
(32.6 ppm) than guartz diorite bedrock (23.7 ppm), whereas grancdiorite has the
lowest background copper content of the three (14.3 ppm). These differences in
background concentrations represent inherent characteristics of sach rock type
and are directly related to their composition and origin.

CONCLUSIONS

Resulcs from the Howe Sound watershed indicarte that significant differences
in metal concentrations exist between rock types of the basin. Failure to
identify wariation in the natural background concentration of metals within a
watershed may lead to the establishment of unrealistic thresholds for accaptable
metal levels in the environment.

REFERENCES

British Columbia Ministry of Energy, Mines and Petroleum FResources. 1982. British
Columbia Regional Geochemical Survey - Pemberton (NTS 9%2J). British
Columbia Ministry of Energy, Mines and Petroleum Resources, RGS 09,

Day, E.J. and P.F.Matysek. 1989, Using the Regional Gecchemical Survey datab'?su:
examples from the 1988 ralease. British Columbia Ministry of Energy. Mines
and Petroleum Resources, Paper 1989-1, p.59%31-602.

Levinson, A.A. 1974, Introduction to exploration geochemistry. Applied Publishing
Ltd. Calgary. 612 p.

McMillan, W.d., §.,J. Day and P.F. Matysek, 1990. Tectonic terranes, metallogeny
and regional geochemical =surveys: an example £rom Horthern British
Columbia. Journal of Geochemical Exploration 39(1/2):175-1%24.

Matysek, P.F., J.L. Gravel, W. Jackaman and S. Feulgen. 1%8%. British Columbia
Regional Geochemical 3Survey - Vancouwver (NTS 92G). British Columbia
Ministry of Energy, Mines and Petrolsum Rescurces, RGS 26,

Menger, J.W.H. 1990, Georgla Basin: Reglonal setting and adjacent Coast Mountains
geclogy, British Columbia. Current Research, Part F, Gaolcgical Survey
of Canada, Paper 90-1F, p.85-107.



Elements, analytical methods,

and detection limits.

ELEMENT METHOD DETECTION ELEMENT METHOD DETECTION
OF ANALYSIS LiMIT OF ANALYSIS LiMIT

Antimany AAS-H/ INAA 0.2/0.1 ppm | [Mickel AAS [ INAA 2/ 2ppm
Arzenic AAS-H/ INAA 10/ 0.5ppm | |Rubidium INAA 5 ppm
Barium INAA 100 ppm | |Samarium INAA 0.5 ppm
Bismuth AAS-H 0.2ppm | |Scandium INAA 0.5 ppm
Bromine INAA 0.5ppm | |Silver FA-AAS 0.2 ppm
Cadmium AAS 0.2ppm| |Sodium INAA 0.1 pot
Cerlum INAA 10ppm | [Tantalum INAA 0.5ppm
Cesium INAA 0.5 ppm | |Terbium INAA 0.5 ppm
Chromium AAS 1 INAA 5/5ppm| |Thorium INAA 0.5 ppm
Cabalt AAS | INAA 2/5ppm| [Tin AAS 1 ppm
Coppear AAS 2ppm | |Tungsten COLOR r INAA 1/2ppm
Fluoring ION 40 ppm | |Uranium INAA | INAA &5 /0.2 ppm
Gold IMNAA 2ppb | [Vanadium AAS 5 ppm
Iron AAS / INAA 0.02/02 pct| |Yterbium INAA 2 ppm
Halnium INAA 1ppm| |[Jinc AAS 2 ppm
Lantanum IMNAA S5ppm | |Zirconium IMAA 200 ppm
Lead AAS 2ppm | |LOI GHRAV 0.2 pct
Lutetium INAA 02ppm| ipH - water pH metar 0.1 pH unit
Manganese AAS Sppm | |U - water FLUOR 0.05 ppb
Mercury AAS 10ppb | |F - water ION 20 ppb
Molybdenum |  AAS /INAA 1/ 1 ppm

METHODS OF ANALYSIS

AAS-H Hydride AAS AAS Alomic absorption spectrophotomeatry
FA-AAS Fire assay AAS INAA Instrumental neutron activation analysis
ION lon specific electrode
COLOR Colowrometric method
GRAY Gravimetric method

FLUCH

Fluorometric method
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Table 2. Summary statistics on stream sediment data, Howe Sound Watsrshed.
ROCK Cu As Pb Zn __ Fe% i U uUw pH
qd MIN 4 1 1 8 0.40 1 o2 0.02 480
n=165 [MAX 120 460 41 215 465 62 136 200 B350

MEAMN 30 B 7 48 1.8 9 2869 006 678
S0 20 36 L] 31 070 7 233 037 057
Cv% 582 121 B4 38 82 89 283 B
gd MIN 2 1 1 9 0.00 1 0 0.02 5.40
neds  [MAX 54 as 25 122 300 13 59 o088 790
MEAM 17 3 5 ag 1.30 5 530 010 6.59
SD 13 B 6 27 a.70 4 11.00 010 0.54
CV% 75 182 125 o 54 66 208 100 B
KG MIN -4 1 2 13 0.85 1 0.6 0.a2 520
n=43 |MAX 1660 120 103 770 650 79 128 065 800
MEAN 85 10 17 w7 253 15 258 008 657
S0 248 18 18 120 1.03 14 215 012 0.69
GV 233 189 105 m 40 97 83 200 1
IKC MIN 13 1 1 1 0.90 4 0.4 0.02 6.80
a=19 |MAX 270 45 128 255 370 310 50 530 a20
MEAN 59 B 12 75 204 32 188 034 742
SD 59 1 29 a5 0.86 70 1.06 1.20 0.40
CV% 99 134 247 85 42 217 63 353 5
di MIN 6 1 1 21 0.55 4 09 0.02 6.60
=12 |MAX 80 13 8 81 2.20 65 25 o.02 730
MEAM 23 2 3 43 1.61 13 1.35 Q.02 6.98
S0 16 3 2 18 0.49 7 0.48 0.00 0.22
SV 70 142 73 41 30 131 35 0 3
ng MIN 10 1 1 17 080 1 1.0 002 600
n=12 |MAX 40 2 1 120 185 19 BO 002 VA0
MEAN 19 1 1 37 1.26 L 2.08 g.02 6.70
SD 1n o 0 28 0.36 & 182 0.00 0.40
CVo% 57 33 0 T4 = 103 o2 0 8
QG |MIN 12 i 1 16- 055 x| 05 002 660
a=lt  [MAX 0 13 3] 550 6 21 g.a2 7.70
MEAMN 25 2 5 43 1392 15 11 0.02 7.09]
S50 16 3 4 24 1.3 12 0.5 0.00 0.34
CVo% 63 13 9 55 £ a1 45 o 5

50 = standard deviation; CV% = coafficient of variation
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Table 3. Comparison of the three major rock types by element, Howe Sound

watershed.
[ Elsmant | Compatison | F value F crilical Null Test Nuil
Hypothesis Hypothesis
od v qgd 1im 1.58 accepted 40,15 rejecied
Arsenic od vs. IKG .00 150 rejacted - -
pd v, IKG 891 1.58 rejeciad . 2
oqd vs. gd 258 1.58 rajuctod - .
Coppet od ve, IKG 203 1.5 repected - .
od ve, IKG .8 189 rejecied * *
gd vs gd 156 1.58 accepied R rejected
Lead od v, G 5.18 1.50 rejected - -
od vs. IKG B.03 1.58 rejectad -
gd ws. gd 1.32 1.58 accepled ana rejecied
ing gd vs. IKG 3.82 1.50 rejected . .
gdvs, KG 5.08 1.68 myjeciad - B
qd vs. gd 1.00 1.58 accepted 022 accapted
tran od ve. KG 216 1.50 rejected - -
o vs. MG 216 1.68 rejectad - -
od vs.gd 1.00 1.58 rejected - -
Mickel od vs. KG 216 1.50 rajected - -
gd vs. MG 218 1.68 rijaciad - -
od va. gd 2120 1.50 rejectad . -
Uranium od vs. IKG 124 1.58 accopléd 235 rejected
od ve. IKG %2 169 rejectad - -
od vs. gd 289 1.58 rejected - s
Uranum ad ve. IKG am 1.58 rejected . .
(water) pd vs. ING 144 168 wccepted N accepted
qd vs gd n 158 accepled 0.57 accepted
pH td vs. IKG 1.47 1.50 accepied 234 rejecied
od vs. IKG 1.63 1.69 accaptied 1 accapted
od - guarts diorie - gd - granodioris WG - Gamibver Groog
teritica = 108 af B5% confidence evel and n=120

Tabls 4. Background copper concentrations, Hows Sound watershed.
ROCK TYPE | Quartz Diorite| Grancdiorite |Gambier Group
(ad) (gd) {IKG)
MEAN 237 14.3 326
STD. DEV. 0.1 6.6 125
% OF SITES B7 100 79

Values In ppm excepl whera noted
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Table 5. Comparison of background copper concencrations, Howe Sound watershed.

COMPARISON| F value F critical t-Test
qd vs. gd 2.34 1.68 -
gd vs, IKG 1.53 1.55 10.64
gd vs. IKG 3.58 1.84 -

I-critica! = 1.98 al 95% confidence level and n=720

Figure 1, RGS Coverags.

T » ,' ) 1 _?__\
Figura 1. RGS Coyeroge Tl / J“‘ié\
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INTRODUCTION

Since the mid-1970's faculty and graduate students of the S.F.U. Department
of Gecgraphy have completed a wvariety of research projects in the Howe
Sound-Sguamish Basin region. Thase studies can be grouped into cns of six types
of activity:

1. Surficial geology and geomorphology and their control on sediment
supply to Squamish River.

2. Frocess studies of flow and ssdiment deposikion in the contemporary
channel of Squamish River.

3. Ssdimentology of the Squamish River floodplain,

4. Channel planform dynamics of Sguamish River.

5. Process studies of flow and sediment deposition in Sguamish Estuary.
B Plant ecolegy of Sguamish estuary.

The nature of the particular studies are briefly outlined below; all graduats
theses cited are available in the S.F.U. Bennett Library.

THE RESEARCH INVENTORY

i Surficial geoclogy and gecmorphology and their control on sediment supply
teo Sguamish Fiver.

This 4-year project will be completed in 1991 by Greg Brogks, a Ph.D,
candidate in the Department of Geography. All of the data will be available in
his doctoral thesis (Brocks, 1991) and subsets or extensions of it are available
in two recent papers (Brooks and Hickin, 1991; Evans and Broocks, 1991). This
major study documents the locations and volumes of fluvial sediment scuress in
Squamish Basin and describes the long-term rate of sediment delivery to Sguamish
River since deglaciation. Interpretations are based on Brooks' mapping and
analysis of the surficial geology in the Basin and a large set of new Cl4 dates
provides the dating control for reconstructing the geomorphic history and
Helocene =adiment budget. In addition to quantifying aspects of the paraglacial
sediment supply, this study documents saveral catastrophic non-glacial sediment
inputs which have very significantly influenced the character of the contemporary

Squamish River.

2. Process studies of flow and sediment deposition in the contemporary
channel of Sguamish River.

Sguamish River is a very useful outdoor laboratory for those interestad in
measuring river processes becauss the many glacierized first-order basins sustain
predictable high flows for wesks at a time during the summsr. Explciting this
convenient hydroleogy, Hickin (1978) obtained near-bankfull measurements of the
primary and secondary velocity fields through a series of contiguous channel
bends of wvarying curvature in the upper meandering reach of Squamish River.
Although these measurements were collected to test various hypotheses about the
Eluid mechanics of helical flow through open-channzl bends, they alsoc highlight
the occurrence of separated flows in parts of the channel which induce
depositional sinks for the very fine suspended material being transported by the
river. The depositional eceonsequences of separated flows in Sguamish River
[concave-bank benches) are describéed in Hickin (197%). Other velocity
measurements in Squamlish River have been obtained by Rood (1980). He obtained a
long {several hours} continuous velocity record using a magnetc—-type Ottt currant
meter in order to spectrally characterize the macroturbulence in the flow near
the Squamish River gauging srtation (Brackendale). This work also included a
high-resolution depth-scunder profile of the bed for several hundred metrss
upstream of the gauging statien.
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Sorting of gravel in the bed and bars of Squamish River downstream of the
Turbid Creek confluence is the subject of another study reported by Brisrley
(1984) and Brierley and Hicken (1985). Brierley's 1%84 study included an
inventory of bed material found in bars, full discussions of the sediment
sampling problems involved, the mechanics of downstream bed-material sorting, and
the nature of channel equilibrium/disequilibrium in Squamish River. The 19B5
study summarizes the downstream bed-material sorting data in the contsxt of a
test of the exponential decay law of Sternberg.

3, Sedimentolegy of the Sgquamish River floodplain.

Gary Brierley, a former doctoral student in the S.F.U. Department of
Geography (now at the A.N.U., Australia) complsted a wery detailed study of
Sguamish River floodplain sedimenteleogy in the reach batween the Squamis=h canyon
and the meandering channel downstream (Brierley, 1%8%a). The study describes the
sadiments and internal structures of both the contexrporary bars and the floodplain
{from facles to elament scales) based on hundreds of pits, trenches, and cut-bank
axposures of the sadiments above the basal river gravels, It is likely the most
comprehensive sedimentological data set for a floocdplain of this size sver
assembled. An important thrust of this work involves tests of existing planform
facies models and of architectural element analvsis [(none work very well &in
Squamish River) and of Markov-chain based modelling (found te be misleading].
Varicus parts of this work are available (or will scon be available] in print
{Brierley, 198%a, 1983%b, 1991; Brierley and Hickim, 19%1a, 1991b).

4. Channel planform dynamics of Sguamish River,

The role that vegetation plays in a variety of erosional and dspositicnal
procesgses in Sguamish River (and elsewhere) is discussed by Hickin (19584). OF
particular interest hers is the importance of the making and breaking of log jams
to the secondary channel dynamics of the braided and wandering gravel bad
reaches of the river. In another study, Sichingabula used sequential aerial
photography to document channel boundary changes zlong Sguamish River since the
1940's (Sichingabula, 1986}. These data are summarized in = number of reach
maps showing how the channel boundaries have shifted over a period of several
decades. Some of the aerial photography used in cthis project was flown by the
S.F.U, Remote Sensing Unit especially for the task at hand; it is in false colour
35 mm sterecscopic format and available from the S5.F.U. Department of Gecgraphy,.
Fortuitously, one of these S.F.U. flights immediately precedsed the 1984 Octobear
flood and thi= photography, together with additional post-flood photography,
provided the basis for assessing the related channel changes (Hickin and
Sichingabula, 1988). Channel changes were surprisingly modest in most
single-channel reaches although major shifts of secondary channels occurred in
the braided reach downastream of the Turbid Cresk canflusnce. Same of theass
secondary-channel changes; however, likely wers conditioned by sariier debris
flows from Turbkbid Cre=k into Sguamish River (Hickin and Sichingabiula, 1989 and
the preceding discussion by Cruden and Lu Z-v in the same journall.

5. Frocess studies of flow and sediment deposition in Squamish estuary.

Hickin (1989a) differenced Bell's Squamish River delta hydrographic charts
and subssguent soundings to 1984 and 19B8 to cobtain an sstimats of the annual
rate of delta growth and, therefore, the sediment discharge from Squamish River
to Howe Sound {1.3 x 106 m'/year or 1.8 % 1092 kg/yvear). This sadimenr-discharge
estcimate is consistent with the very limited suspended sediment data for Sgquamish
Estuary and associated with a mean delta progradation rate of 3 .86 m/vear. Cl4
dating of delta sediments 2.75 km upstream from the front indicated an age of 620
£ 55 years BP (SFU 711) and thus an average progradacion rate for this much
longer period alsoc of about 4 m/year. The concentration of suspended sediment in
Squamish Estuary in relation to surface flow structures has been measured through
the tidal cycle (Reod and Hickin, 13989}, Concentrations as high as 3000 mg/L of
sand can be found in boils near the delta front while at the sam= time ambient
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fluid suspended-sediment concentrations are an order of magnitude lower. This
work continues.

a. Aspects of plant ecology of Squamizh Estuary.

Hutchinson studied wetland wvegetation in a large number of Strait of
Georgia river deltas, including Sguamish River delta (Hutchinson and Smythe,
1%988) . Working under his direction, Smythe (1%87) has described various aspects
of the plant ecology of Squamish River delta, has cbtained measurements of plant
growth rates, determined environmental teolerances for several plant species
(Carex lyngbei in particular}, and measursd surface-sedimentation rates.

FUTURE WOEBK

Secientists of the S.F.U. Department of Geography continue to conduct
studies in Squamish Basin and two major programmes currently are active. The
first study, a continuation of Project 5 above, involves continuous measurement
of suspeéended sediment concentrations and loads in relation te [low structures
{boils and persistent longitudinal vortices) over the tidal cyecle in Squamish
Estuary. Measurements of suspended sediment concentrations are being cbtained
indirectly using an optical back-scattering sensor |(turbidity meter] cperatsd
from a survey boat. It is hoped that this work will lead to the development of
& new technigue for measuring suspended sediment concentration and leoads in
boil-structured flows. The second study, also a continuaticn of Projesct 5,
invelves subsurface surveying of Sguamish River delta. 1In addition to the
drilling of several more 15-20 m holes for direct sampling of sediment and
datable organics in the wvicinity of Sguamish, a ground-penetrating-radar (GPR!
survey is planned for summer 1592; The GPR survey should provide the first
high-resolution picture of the three-dimensional internal architecturs of the
daltz.
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ABSTRACT

A four-year field study (1988-1991), using sxperimental stream-troughs,
gquantifisd the nutrient contribution of sewage esffluant (with particular
raference to phosphorus|, from the racreational community of Whistler to the
Cheakamus River, British Columbia. Downstream fisheries and asesthetics were
adversely affected at periphyton biomass values excseding 2,500 Hg/fom. ThHa
latter was sxpsrimentally determinsd to cccur given an upstream increase in
ortho-F of 2.0 Hg/L, eguivalent to an increased sewage =ffluent discharge of
5,339 to 5,884 mi/day (based on an effluent ortho-P concentraticn of 200 P L) <
Revaaling the river‘s limited nutrient assimilative capacity, in view of propossd
new devslopment, resulted in a Liguid Waste Managament Flan whHich proposed ths
dischargs of sewage effluent ints the adjacent Squamish RHiver. A str=am-trough
study on the Sguamish River was conducted in the summer of 13%] to assess how ths
affluent diversion would affect water quality, espscially with respect to tha
development of undesirable algal growth. The lattaer ceuld adversely affect fis
spawning and rsaring habitar.

INTRODUCTION

With respect to the dispesal of agrieulturs and domestic wastewaters,
society's concern has traditionally been with public health issues. Broadening
of the term ‘he=slth’ now encompassss the well-being of scosystsms, rhab is,
sutrophication of agquatic communities subjected to treated and untreated nutrient
effluents. The algal component of letic periphvton freqguently exhibits
senaitivity to nutrient ratios and concentrations (McIntire et al., 1984;
Steinman and McIntire, 193%0). Since the periphyton community is an important
enargy producer and subseguent snergy transducer Eetween trophic levels in lotic
ecosystems (Wetzel, 1283; Sinsabaugh et al., 1981}, it has bean used to
characterize aquatic health responses to anthropogenic eutrsphication (Perrin st
al. 1887; Bothwell =t al., 1988). Beginning in ths 18%B0's a number aof
whole-system studies in stream=s and rivers have demonstrated positive
correlations batween phosphorus enrichment and increased periphyton biomass
accrual and productivity (Lock et al., 1990; Stockner and Shortresd, 1978; Elwood
et al., 1981). These and other works have demonstrated that, in. coastal {and
numercus interior platsau) oligotrsphic regions of the Pacific Northwsst, lotic
environments exhibit phosphorus limited primary production during Summer
{Stockner and Shortreed, 15985; Bothwell 1985; Bothwall, 1988).

Productive and ecotoxicological aspacts of lotie periphyton have grewing
relevances to water guality., Streams and rivers, especially those adfacent to
large urban centres, are important for assthetics, recreational activitiles such
as fishing (spawning and rearing habitat), water supply, capacity for
assimilation of nutrients (i.e., sewage disposal), and as a sensitives,
integrating menitor of other potentially ecosystem—deforming land-use activities,
Streams are the catchment for both point and non-point anthropogenic pellutants
which alsc influsrce lake and ground water sources. Periphyton communities, by
virtue of their sedentary and senszitive nature, reflect the health of surface
waters by integrating such environmental parametars as nutrients, velocity, and
turbidity (Horner et al., 18803,

Regulatory decisions are incrsasingly requiring collaboration of heretofore
separate types of studies. Observational/natural studies are being designed in
conjunction with in-fisld laboratory experiments le.g., using micro- or
mesocosms, split lakes, or streams}] as a basis for modelling potential
perturbation-induced ecosystem changes (La Point and Perry, 19859). Day et al.
(1288]) recommendsd that "bilcological testing and monitoring must be integrated
with chemistry ln a multi-disciplinary manner when applisd in hazard assessment
and regulatory control®,
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The Cheakamus Riwver, located within one nour of Vancouver (British
Columbia‘s largest metropolitan ares), flows through an extsnsively used
recreation area highly rated for stream fishing of e¢ohe, spring salmon, and
steelhead. Since the sarly 1980°s public concern about the effects of algal
growth upon aesthetics and fisheries has bean raised. The chjective of the 5 Ly
reportad here was to determine whether increased, treated-sewage sffluent
discharges te the uppsr Chsakamus River would increase existing, marginally
acceptable algal production in the lower Cheakamus River (LCR}. Should such a
perturbation be identified, using in-situ experimental stream-troughs, an attempt
would bBe mads to determine the river's limiting-nutrient and its assimilative
capacity for additional effluent.

HISTORICAL SETTING & SITE DESCRIPTION

The Resort Munieipality of Whistler (RMOW) is located 125 km north of
Vancouver, approximately 50 km north of the Town of Sguamish, straddling parts
of the Creen and Cheakamus River catchment basins (Fig. 1). Originating io
Cheakamus Lake, the Cheakamus River flows 11 km west to the Whistler Sawage
Treatment Plant. At this point the river raceives the treated effluent, then
bends southward and joins Millar and Callaghan Creaks before flowing inte Dalsy
Lake. The latter, 10 km downgtream of the effluent discharge, is a B.C, Hydro
ragservoir from which B0% of the pre-1280 annual discharge was diverted via a 132
km tunnel under Cloudburst Mcuntain to the Squamish Riwver, approximatsly 40 km
upstream of the Sguamish Estuary. The hsadwaters of the LCR (from Daisy dam
downstream to the Chsakamus-Squamish conflusnce) consist of Daisy Lake water that
is allowed to spill through the dam, with a minimum {winter) discharge of 200,000
m'/day (80 cfs).

Tha Cheakamus and Green River watersheds are characterized by high
glaciated peaks and stesp vallsys, typical of the Coast Mountains, whose
extensive volcanie intrusions and often phosphorus rich parsnt material, when
weathersd, contribute higher than normal background concentrations of pheosphorus
fnto the aguatic environment (Squamish Estuary Management Plan, 19B1). The RMOW
exparisnced significant residential and commercial development in the early
1980"'s and is now u=ed on a year-round basis, This existing and proposed
expansion has resulted in the need to treat and discharge additional volumes of
sewage (Fig. 2), a condition likely to centinue in the immediate future. EMOW
access 1is via Highway 99 (which carries mors summer traffic than any othexr
highway north of the trans-Canada highway in B.C.)}, which parallsls the heavy
growth section of the LCR; the B.C. Rail Line alsc parallels this 7 km sacticn
of the river. Heightened public concern about adverse effects on fisheries by
highly wvisible, aextensive periphyton growth, has been directed to Fisheriss
Managemsnt.

Pogt-1870 periphytic algal growth in the upper reaches of the Lower
Cheakamos resulted in a field study te as=sess the sewage esffluents' acute
toxicity, bacteriological and algal growth-enhanzing effects, and assthetic
impacts (Nordin, 1584). The resulkt of this study was identification of a 100 m
zone of acute toxicity and aesthetic deterioration Immediately below the ESTP
discharge. Alsc identifisd was a perception that construction of the Daisy dam
in the late 1850's likely enhanced LCR algal growth by stabilizing water depth,
velocity, and flow regimens.

algal growth in the Lower Cheakamus had besn determined to ke marginally
below the criterion aestablished to maintain optimal lotic water quallty. Of
principal concern was whether projected dissolved ectho-pheospherus and inorganic
nitrogen increases=, discharged by tHe EMOW STP, would aggravate downstream algal
growth. Although the STP's contribution was approximately 10% of riverine N and
F, it was hypothesized that marginal ortho-P incrzases would markedly enhance
algal production.
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STUDY QUTLINE

The 18587-13%1 =atudy objectives included establishing lotic sampling
stations on the Cheakamus River, zome triburary streams, and Dai=y Lake, at which
physical, chemica’, and biclegical patameters were measired. Limnological sampla
sites were locatad 0.5 km upstream; and 100 m and 4 km downstream of the STP: 500
m, & km, and 12 km dowvnstream of Daisy dam; on Millar, Callaghan, Brandywina, and
Rubble creeks; at the STP point-of-discharge; and on Daisy Lake. In 13987, a
whole-river study was conducted teo destermine whether incrsased sewaga-based
ortho-F would incrsase algal growth. Pickling liguor, normally added as a
phosphorus precipitator to post-secondary effluent, was temporarily omitted and
downstream ortho-2 concentrations and algal prodiuction monitored. '

In 1988, 16 nutrisnt-doszing troughs wera astablished at the bass of thae
Daisy dam, within which N and P were added to correlate nutrient concsntration
with algal preoduction. These experiments were conducted in 1588, 1969, and 1891;
the 1988 and 198% results of which are presented here.

METHODS

In-situ sxperimsntal stream-troughs were used to measure algal production
at dncreasing nutrient cencentrations (Bothwell and Jasper, 1983; McIntire =t
al., 1964). All troughs received siphoned lake water, pa=zsed once through =ach
trough at a flow of 1.0 L/sec; this flow is gimilar to that typically measugad
in the LCR shallow side chammels. The gravity-feed, nutrisnt-desing apparatus
consisted of carboys (20 L) containing stock sslutions of nitrogen (Nalg,),
phosphorus (NaHPO,], or both, in conjunction with a drip Feed svstem (Flexiflow
gravity gavage set (Ross Co., Ohio)}: Stock W and P solutions were added to
de-ionized water in the carboys; nutrients from the carboys dripped (1.5 ml/min)
into supply manifolds to achisve thorough mixing pricr ko flewing through the
trough. Carboyvs were replenished weekly and drip feed rates monitorsed and
alterad as necessary. Hutrient enhancement was based an P additions above an
gvearage background (1.0 ug/L) P and (25 Wg/L) N concentration. The: 1O08E
nutrient—desing regimen consisted of 3,10, 1.80, 1.04, 0.70, and 0.50 pg/L P;
3.75:0.50 Wg/L M:P, and 4.25 ug/L N. These wvalues represent the actual
concentrations added to each trough during the sxperiment, While =light
Fluctuations im nutrient additicnsz occurred, nutrient-dosade rates wara
reasenably consistent across time. The 1988 nutrient-dosing study concentraticns
were .40, 0.42, 0.25, 0.12, 0.98, and 0.02 pg/L P and 1.0 pg/L N. The 1251
concentration was 0.25 Jg/L P. Contrel troughs received only lake water.

Natural river rock had bean previously cellected, cleaned, dried, and
placed within the troughs. Petiphyton was collected from this sampling surfacs
by scraping the algase from within a measured, circular area ([(Eftl, 1971). Every
effort was made o standardize substrata depth, solar angle, and velocity.
Growth estimatss were cbtained by splitting sach sample voelumstrically to provids
equal aliquots for measuring kiomass and chlerophvll a.

Water chemistry and periphyton analyses were conducted by the British
Columbis Environmental Laborabory and Zenon Environmental Inc.; all chemiatry and
periphyton analyses were conducted in accordance with progedures set ouk In A
Laboratory Manual for the Chemical Analysis of Water, Wastewatsr, Sediments and
Biological Tissues (Ministry of Environment, 198%¢). Low-level nukrient samples
were collected in laboratory-prepared amber glass bottles, field filtered
lapparatus prewashed in 10% hydrochloric acid), with samples measured in =
dedicated analytical "stream®, Minimom dstectabls concaptraricns (MDCs] of
inordganic N and ‘ortho-P were 5.0 and 1.0 pg/L, regpectively.



RESULTS

Since the early 1980's the guantity of treatsd sfflusent dischargsd during
the fionths of July and August has increased approximately 400% (Fig. 2). With
the sxception of a siight reductieon in 1990, mean monthly effluent dizcharge had
steadily increased,

An sestrhatice standard was establishad (Fig, 3) at a maximum biomass of
2,500 jg/cm®, for the LCR, The standard was determined by plotting the waekly
biomass data from 1987 to 1989 at two stations in the LCR to assess the average
bicmass level durirg this peried, 1In general, the averags biomass was similar
toc that at which public complainks wers received by government agenciss. The
1989 average summer biomass was 2,365 pg/cw’ (or §.7% less than the 2,500 pg/em’
max fmum) .

Data summaries from the 1988 and 198% trough studies are shown in Flgures
4z and b, respectively. Ths 1988 data indicate that additional nitrogsn induced
minimal inctease in bismass accrual. When P was added at any concentration there
was a significant incrsase in production, even when combinad with N. Growth in
Fha two 50% P addicions were similar until the last sampling pesried, when the
Ereatment with N was subject tc sarlier than normal sloughing of the psriphyton
community, as indicated by the reduction in accrusd biomass. The overall Erend
in tHe control was for biomass to incr=ase slowly for four weske until s more
rapid increase was obsarved in the last ten days of the experimsnt. Additicn of
phospherus produced the same trend; however, withk =sach higher P addition the
glopa of the accrual curve stespened, indicating an earlier onset of enhanced
production. In 1989 a significant increasse in growkth Iyslarive to that of the
control) occurred at a P conceatration of B% above background. Significantly
less bicmass had developed by lats August 1989 than had occurred in the previcus
YE&T .

The trough data showed that a 13% biomass increasa could result from a 0.5%
increase in background ortho-P copsentration. Bassd upon Cheakamus River water
chemistry data, it was known that Upper Cheakamus River ortho-P concentrations
{immadiately above Daisy Lake and below Brandywins Creek (Fig, 1)] were
aspproximately 4 times the wvalues cbserved at the dam. (The remaining 75% is
thought to be retained within the sediment load which settles ocut within the
laks.) The Upper Cheakamus ortho-P wvalues, at a position in the river clesest
to Daisy Lake, ars approximately 42% of the values measured immadiately below the
STP dischargs. Based upon this downstream ortho-P gradient, a 0.25% ortho-F
increase at the dam site would be sesquivalent to a 2.35% ortho-P increase
immediately downstream of the STP discharge. The average summer (1983) effluent
discharge of 5,239 m/day received an average 670:1 dilution with river water,
based upon an averages summer flow calculatsd en river flows from the 1524-4€ and
1882-88 periocd (Water Survey of Canada). The average ortho-P concentration of
the 1989 effluent was 200 pag/L, while the awverage background ortho-P
concentration was 1.0 Bg/L, Therafore, for thea latter effluent guality to effsct
an increase in riverine ortho-F by 2.35%, effluent discharge would nsed to be
increased by approximately 10.2%. The linkage betwsen the permissible biomass
masimum in the Lower Cheakamus (a=2 & result of increased P upstrsam) and
discharge of treated effluent from the STP is characterized in Figure 2. Thus,
should sfflusnt discharge (at a P of 200 Mg/L) excead 5,884 m'/day, the
downstream assimilative capacity would be surpassed; these flows were achievad
in 1991 (Pig. 2.

DISCUSSION AMD CONCLUSIODNS

The sensitivity of many coastal British Columibia lotic and lentic habirtats
to phosphorus-based eutrophication has been well documented (Stocknser and
Shortreed 1978; Shortresd et al., 1984; Perrin et al., 1%84 and 1987; Mundi= et
al., 1991). Bothwell et al., (1989) demonstrated the sensitlvity of the Thompson
River periphyton community to phosphorus-mediated sutrophication. The 1588-1058%
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data reported here confirm these authors’ findings, of letic perighvten
sensitivity to ortho-P, for the Cheakamus River.

The 1588 stream-trough data were toa robust to permit the accurats
quantitative assessment of the LCR's assimilative capacity for srtho-P. Thess
data indicatsd that the sensitivity of this portivn of tha river to ortho=F was
significantly lese than the lowsst concentratien used (0:5 pg/L) and were the
latter concentratlon to ocour in the Lowsr Cheakamus, growth would substantially
axceed maximum permissible criteria for the maintenance of water and habicat
guality, It is suggested here that maximum zcceptable incresasss arse best
discussed in terms of percent addition over background, rather than as absslute
increase in algal production, since additional algal growth could partially mask
ortho-P concentration slevations by increased P uptake. Thus, furthsr study was
required to assess algal preducticn at below dete-table ortho-o concentrations,
which would not sxcsed acceptabls valuss.

The 1989 study explored algal production at ortho-P concentrations below
0.5 pg/L [(Fig. db). @Given the consiztent cerrelation bBebwesn increases in
ortho-F and biomass, it was possible to estimate proposed nutrient logading and
assimilacion rates, based upon bicmass acerual. Provincial Fisheries Management
staff have indicated 15895 1CF algal production was approaching that which could
sighificantly alter or reduce fry habitat in shallow river margins and =ide
channels; this valus was alsc aesthetically undesirable (Fig. 3j. & preliminary
assessment of periphyton community structurs indicates the upper Cheakamus River
|above and below Ehs STP) is diatom dominated with minimal chlorocphyte canopy

dev=lopmant . Tha LCR and all troughs exhibited a periphyton assemblage
consisting of an adnate and stalked diatom understory and a well developed
chlorophyte canopy. The latter was the dominant contributer te pariphyvton

biomass. & detailed assessment of periphyton community structure, including
diversity, is besing conducted. Macroinvertebrats biomsss in 1387 in the upper
Cheakamus (downstream of the STP) ranged from approximatsly 100 to 670 mg dry
weight per 0.45 m* (to a depth of 0.05 m] compared to lowsr Cheakamus values of
approximately 40 =5 300 mg. Although not presented here, data on the seasconal
changes in dissolved P, N, total dissolyad solids, sslected conservative ions,
velocity, light, dissolved oxXygen, turbidity, temperature, bactericlogy, and
periphyten biomass (AFDM and chleorophyll] are being analyzed to permit an
improved understanding of periphyton dynamics in the river.

The considerable differences in periphyton community function and structurse
Betwsen the upper and lowsr Cheakamus ars thought to result from hydrological
changes effected by the dam and the diversion 3 major portion of Cheakamus Rivar/
PDalsy Reservolr scrface water into the Sguamish River. The principal flow from
the reservoir into the lowar Cheakamus occurs through a deep water discharge at
Ehe base of the dam. These hydraulic alterations reduce and stabilize watsr Elow
in the LCR resulting in increased temperaturs and reduced episcdic scouring.
They =lso gause the reservolr to function as a sediment trap and barrier to
surface macroinvertebrate dispersal. The latter results in decreased grazing of
Feriphyteon and the former in decreased turbidity, which in turfn increasss
photosynthesis and water temperature in the LCR., Alss, the deepwater discharge
tc the lower Cheakamus River is known to contain an slevatsd nutrient supply,
contributing to increased LCR algal growth. Unforsunately, minimal research has
been undertaksn te slucidate the effects of lake circulation patterns, drawdown
procedures (and associated sediment/water column nutrient Flux), disselved ien
and glacial flour interactions, plankten uptaks, intarnal nutrisnt recycling, and
saquestering of nutrients into the sediments, on periphyton dynamics in thHe lower
Cheakamus .

As a result of the demonstrable LCR eutrophization which would result from
additional ortho-F increases, a Ligquid Waste Management Flan {(LWMP) was adopted
which sought to eliminate the STP discharge of ortho-P into the Cheakamus River.
This would be accamplished through the construction of a pipeline adjacent ko
Highway 38 (beginning at the 2TP and snding at the B.C. Hydreo cunnel) which would
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transport treated effluent from the STP to the Hydro penstocks (Fig. 1l). The
efflvent would be diverted directly intea the Sgquamish Biver, thersby aveiding any
STP-basead nutrient loading of the Cheakamus River. It was postulated that
because of the high turbidity and larger flows in the Sguamish Riwver, that the
additional nutrients antering the Sguamish would not create a potential algal
production problam. Since nothing is known about the structiure and function of
Sguamish River periphyton communities, or hew the attributes of these communities
would respond to nukrient additions, a program of study similar t£o that conducted
on the Cheakamus River was lnitiated in the summer of 1991, Samples sites
upstream, within the tailrace of the Hydro-generating station, and downstream of
the latter's confluence with Ethe main river channel were estzblished.
Physico-chamical and periphyton production data were collected to establish
Background Erends. A stresam-trough facility was constructed below the tailracs
and a nutrisnt-dosing study conducted. Preliminary findings indicate that the
summer of 1991 was non—typical both climatically and hydroleogically. In
particular, it would appear that the necessary overlap betwssn a "climatic
window® and a *hydrolegic window®, within which envirommental conditions would
be favourable for periphyton productivity, did not occur. Thus, although the
1891 river and stream-trough data for the Cheakamu=s indicate similar growth
patterns to previous years (1%87-1990), growth patterns: in the Sguamish were
significantly atypical to those which would likely have cccurrad.

Although not presented here, our data show that downstream, dam-modified,
environmental parameters affected algal production through i) post-freshet,
nucrient rich, desep-lake discharges to the Lower Cheakamus (Marsden, 188%): 4ii)
claar water discharge whose raduced turbidity resultsed in higher Secchi depth
values (Horner et al., 1980); and, iii) discontinued downmstream drift of mscro
ifvertsbrates, thereby reducing grazer stress on periphyton biomass accrual
[Steimman =t al., 1987). The LCR's extenzive shallew sidechannsl zcnes (Biggs
and Closze; 1989), with minimal riparian canopy, provide optimal habitat for
snhanced periphyton growth. These shallows thus minimize beth velocity (Antoins
and Benson-Evans, 1982) and flow (Whitford, 1960) and maximize irradiance,
important considerations in periphyton community development (Hill and Harvay,
15990) . Riber and Wetgel (1987), studving boundary layer and internal diffusion
effacts on phosphorus fluxes in periphyton, suggested that, while internal
nutrient cycling will sustain periphyton communities, net accumulation of biomass
requires =piscodic ? addicions.
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SUMMARY OF RESULTS

Foreat harvesting in the Howe Sound drainage has converted axtensive ar=as
of ocld-growth Coastal Western Hemlock forest intc & mixturs of recent clesaroits
and second-growth forests ranging from 19 teo 100 ysars of age. There i3
increasing public concern that many wildlife species are dependsnt on old-growth
forests and that harvesting of thess forssts is reducing biclogical divarsity in
coastal British Columbia.

We have been studying the abundance and diversity of vartebrata speciss in
old-growth forests, second-growth forests and clearcuts on the socuth coast of
British Columbia. Foreasc birds were counted during the brseding seasscn by
recdording birds heard singing within 75 m of census points. BSmall mammals and
salamanders were captursd using a varisty of traps. Special survey techniguss
wers used for marbled murrslete and spottsd owls. In this paper, we provide
information on the speciss for which Wwe have collected sufficiesnt dats to
formulate conclusicna.

Soma spaciss, such as montane shrews, deermics and Efisatina salamanders ars
common and ubiquitous in 11 foraest types (Tables 1 and 2). Other spacias of
small mammals and birds are most abundant in clearcuts. It i=z likely that
populations of spacies that prefer early seral habitats, such has long-tailsd
voles, Juncos and MacGillivray's warblers, have increased in response to forsst
harvesting.

Other wildlife species live primarily in forest habitats but many ars
present in similar numbers in old-growth and 40-80 year old second-growth stands.
For species such as Golden-crowned kinglets and Tocwnsend's warblars that faad on
foliage ilnsects and build their nests in the branches of krees, second-growth
forests and old-growth forests apparsntly provide similar habitac wvaluss,

Forast bird species such as woodpeckers, crespers and nuthatches, that nest
in tree cavities and forage for insects living in snags, occur in both old-growth
and second-growth stands. However, some cavity-nesting speciss appear to be mors
abundant in old-growth stands, presumably due Eoc a greater abundance of snags
{Seip and Sawvard 1991).

Curraent forest harvesting methods and intensive silwvicultursl treatments,
such as spacing and thinning, may not produce second-growth forests chat ars
comparable to the second-growth stands resulting from logging and forsst
management practices of 40-80 vears ago. In the past, low valus trees wers often
laft unharvested and the paturally regensrating forests were= not spaced or
thinned. It is likely trhat more recent forest harvesting and management
practices will not produce second-growth forests that provide abundant snags.
Conseguently, there is increasing intersst in implamenting modified hm:*vestfng
and silvicultural practices that provide snag: and obther wildlife Habitat
attributes in second-growth stends.

Although most vertebrate speacies appear to ba able to live in clearcuts cor
second-growth forests, there are at least two sSpecies, the spottad owl and ths
marbled murrelet, that appear to be dependent on old-growth coastal forests. 21ld-
growth Douglas-fir forests on south-facing slopea also provide the best winter
range for black-talled deer during severe wintsrs.

Extansive research in Oregon, Washington, and northern Californis has
demonetrated that spotted owls live almost exclusively in old-growth forests
(Thomas &t al., 1890). Spotted owls are classifisd as an endangersd aspecies in
Canada. The historic range of spctted owis in Canada was limited to the socuthwest
corner of British Columbia and barely eaxtended into the Howe Sound area. Past
logging has eliminated most of the old-growth forest along the shores of Hows
Sound so any spotted owis that may have lived there were sliminated long ago.
RBecent saurveys have failed to find any of these birds in remaining old-growth
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forests in the Sguamizh River watershed. Almost all of the sSpotted ouls
remaining in British Columbia are in the Fraser Valley and lower Fraser canyen.

The marbled murrelet is a seabird thet feeds and spends most of the year
at sea buft in summer nests on mossy platforms in the branches of large conifer
trees along the csast. Although nasts are very difficult te locate, marbled
murrelets can be detected in the sarly meorning hours during the breeding seascon
as they fly from the nest to the sea. Detection rates are much greater in ateas
with old-growth forest, which suggests that marbled murrelets nest primarily or
exclusively in this habitat. Although marbled mur-elets are currently abundant,
with an estimated population of 45,000 birds in B.C., thsy are classified as a
thrsatened speciss because the continued harvesting of old-growth faorasts may
endanger the species in the future (Rodway, 1994).

Marbled murrelets are present on the water in Howe Scund but te data, no
siirvays have been conducted in thes surrounding forests. Marbled murrelets have
been detected in cld-growth stands in the nearby Capilano Valley and those birds
may feed in the waters of Howe ZSound.

FOREST MANAGEMENT TMPLICATICNS

Most forest-—dwelling wildlife specias in the Howe Sound area can probably
be malntained in second-growth forests if those forests are managed to provide
important wildlife habirtat attributes. However, there is a need to protsct some
old-growth forests in the watershed if all native spaciss aAre to be maintained.
Important deer winter ranges and marbled murrslet nesting habitat needs to be
identified and protected.

Provision of a mixture of clearcuts, old-growth forests and an age range
of second-growth forests in the watershed would provide habitat for a diverss mix
of wildlife species., Extanzive, progressive clesrcuts do not produce & good
mixture of habitat types.

Modified harvesting and silvicultural practices that provide important
wildlife habitat characteristics, especially snags, in second-growth forests are
likely requited if those forests are to provide geood habitat for cavity-nesting
bird species, Practices such as leaving small patches of snags and trees in
clearcuts during harvesting and retaining firm snags during thiming would
enhance wildlife habitat characteristics in second-growth stands.
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Table 1. Breeding birds detected in coastal forests on the Scuth Coast, B.C.
old 4A0=80
Growth Teur Old Claarcots

-

MacGillivray's warblar

prange-crowned Varolar

park-eyed junco

.
. -

Sualnson's thrush . Ll

Hinter wren

Facific slope flycatchar

Chestaut-backed chickades

Solden-crownaed kinglet

L ¢
L ¢
Townsend's warbler 4 [
¢ ¢
¢ +

Red-breasted sapausckar

Halry woodpecker " .
Erosn Crespar . bl
Red-breasted nuthatch . L
Yaried thrush "' .
Spotted owl -
Marbled murrelet .
* prassnt
# common
Table 2. Small mammals and ‘amphibians captured in coastal forest= on the

South Coast, B.C

ald +0-80

Growth Yaar Old Clearout
Montans shraw ] L 4
Cinareus shrev [ ] "' "
Mandering shrev . .
Shravecls - L -
Dearmauss ¢ ‘ ¢
Jumping mousa - - .
Long-tailed vols . [
Rad-backed vole . ] .
Chipmunk "
Douglas eguirrel * ‘ -
Flying aguirzel = '
Ehorr-talled veassl - . .
Ensatina salanmander " " &
Red-backed salamandar - ~ ~
+ present

4 common
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IRTRODUCTION

In thi=s paper wa review the current status of salmon populatiens and their
habitats in Howe Sound and rivers draining ince the fjerd. Befere closure of
commercial fishing in Hows Sound in 1968, thes Scurd was a major harvest area for
salmon; particularly for chum, pink, and chinook salmon [(Anon; 1980). Since
1983, salmoen produced in rivers Fflowing into the Sound are taken in net and troll
fisheries ocutaide the fjord, including U.5. waters. Hecreational fishing for
salmon is still pursned in the Sound and freshwater sportsfishing for staslhead
and trout is impertant in the watershed. In 1957 a limit (two Tish per day) was
placed on chinook salmon caught by sports fishing in the inner part of the Ssund
in Jaly and August. In more recent yaars this has been extended to a complets
closure for chinook salmon sports fishing in summer and fall in the inner Sound.
Becvause of the depressed condition of the chinock salmon stocks of tha Squamish
River we have provided & detailed raview of their population dynamics and
recommendations for research to improve knowledge on this topic.

DISTRIBUTION OF SALMONIDS IN HOWE SOUND BASIN

Chum salmon (Opcorhynchus keta): Chum salmon have besen reported as
spawners in almost all the rivers and creeks draining into Howe Sound, axcépt
thosa with wery acesp gradient= pear their mouths (Fig. 1). An sxceprtion is
Britannia Creek where acidic water draining from copper depcosits has apparently
pravanted colonization by fish (Broughton, 19%2). Since 1984, spawning chum
salmon have besn raported from Mill Creek, at Woodfibre, where they were
praviocusly excluded due te pulp mill pollutien (F. Vesey, DFQ,, pers. ceomm.,
Novamber 1921} . The majority of chum salmon using Howe Sound basin spawn in the
lower reaches of the Sguamish River and its trzibutaries. Chum fry use the
Sguamish Estuary as a rearing arsa (Goodman and Vroom, 1972; Hask and Parker,
1872; Levy and Levings, 1978; Ryall and Levings, 1987} and have been reportaed
using foreshore habitat neat the mouth of the Rainy River (Birtwell and Harbo,
1980).

Coho salmon 435"“5@3“1’?5 fisut%j :  spawning coho salmon have been reportad
from streams draining rectly intc Howe Sound (FPig. 1). In the Sguamizh River
system, spawning cocho have peen reported from a number of tributariss, including
some on the upper reaches such as Shovelnose Cresk (Argue and Wilson, 1978). Coho
salmon fry rear in freshwater for at least one year and there is evidence from
Howa Sound that this species also uses the estuary in the fry and smolt stages.
Argue and Armstrong (1977) and Clark (1381} reported that the Little Stawamus
Rivar and several tributaries to the Cheakamuis, Sguamish, and Mamguam Rivers were
major rearing areas for cohe salmon Ery. The Sguamish River Estuary has also been
reported as & rearing area for coho salmon fry (Ryall and Levings, 1987) and
smolta (Levy and Levings, 1978; Kask and Parker, 1972).

Pink salmon (Oncor hiia gorbiuscha) : Spawning pink salmoh wers abundant
in past years in the Sqguamish River but now are scarce. Clark (1981) reported
adult pink salmon from four trikitaries, in addition to the mainstsm river, Pink
salmon ware also reportad from the Rainy River and McHab Crssk (¥napp and Cairns,
1978). Pink salmon move to the asa almost immediataly after emergences and do not
rear in estuaries.

Chinook salmon (Onocorhynchus tshawytschal: Chincok salmon spawn throughout
the Bguamish River, especially in the mainstem river above the conflusnce with
Ashlu Riwver and in the Chesakamus River above Culliton Creek. However spawning
adults have alss besn rsportad from several other tributaries, including the
Mamquam Biver whets adults originating from a net pen rearing facility at Porteau
Cove operated by the Salmonid Enhancement Program were cbsarved in autumm 1330
{C. West., DFD.. pars. comm., November 19291) . Juvenile chinook salmon hHave besn
cbeervad in the Sguamish River in gutumn (Clark, 1987) and these fish were
probably -aboit bto begin winter fearing. Juvenile chinock salmon have also been
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found in the Squamish Estuary during late spring and summer (Levy and Levings,
1978) .

Sockeye salmon {Dncﬂ:ﬂxﬁ:hus erks}: There are & few cbservations of adult
sockeye salmon in the Cheakamu iver (DFO, 1988). If sockeyve salmon are present
in the Sguamish River watarahad this specises would be rearing in the riwver as
there are no major lakes in this aystem.

Steelhead and rainbow trout |(Docorhvnchus myvkiss): Steslhead are widely
distributed in bthe Squamish River watershed and have besn reported as juveniles
or adults in 28 tributaries as well a= the mainstem Squamish River. Steelhead
alsoc use the Littlse Stawamus River ([Clark, 1981). Rainbow trout have been stocked
in many of the lakes of the Scuamish River watershed. Rainbow trout hawve been
reported from 14 tributary streams in addition to the mainstem Sguamish Biver
(Hartman and Gill, 1968; Clark, 1981} . Steelhead have also been reported fram the
fellowing streams on the wesk sids of Howe Sound: Potlatch Cresk, McMab Crask,
Rainy River, MeNair Creek, Dakota Creesk, and Langdale Crask (DFO, 1991)

Cutthroat trout (Oncorhvnchus clarkii clarkii): Cutthroat trout have been
teported from 16 streams in the Sgquamish River drainage basin as well as the
mainstem Sguamish River |Hartmapn and ill, 1968; Argue and Armstrong, 1877;
Clark, 1981). The presence of cutthroat trout has besn noted in almest all ths
small streams on the west side of Howe Sound and on Bowen and GCambisr Islands.
(DFD, 1989 and 1991). The fish observad were prchbably a mixture of resideant and
anddromous forms of cutthroat trout. The anadromous form has been reported Erom
the Squamish Estuacy: (Levy and Levings, 1878). Spawning cutthroat trout have heen
observed inm the upper portion of the central basin of the estuary (CDL,
unpublished data).

Dolly varden char (Salvelinus malma): Dolly Varden have been recorded as
adults or juveniles in 15 tributaries of the Sguamish River. Dolly Varden ars
found throughout the length of the Sguamish River, including the upper rsaches
of the river not utilized by other salmonids. This species has also been raported
from Potlatch Creek and Rainy River, on the west szide of Howe Sound (DFD, 19891)
and from the Little Stawamus River (Argue and Armstrong; 1977] . Levy and Levings
(1978) recorded Dolly Varden in the Squamish River Estuary.

Eastern brook trout (Salwvelinus fontinalis): Eastern brook trout have been
introduced to certain lakss in the Sguamish River watershed (B. Clark, EBE.C.
Ministry of Environment, Lands and Parks, pers. ccmm., Octobsr 1991). Jasephine
Creek, on Bowen Island, was also reported to support a population of this species
[Anon, 1980).

STATUS OF ENOWLEDGE OF HABITAT CONDITICNS

SPAWNING HABITATS

Poaw spacific data are available on the amount, availabiliey, and condition
of the natural spawning habitats for any of the zalmonids in the Sguamish River
watershed or the smallsr drainage basine an Howe Sound. For sxample, the Strsam
Summary Catalogue [or the Sguamish River (DFO, 1988) only provides genesral
information on spawning areas in the Squamish River basgin. This catalogue alsc
provides cbservations or anecdotal information orn the types of disruption that
might be affecting freshwater habitat=. The most fraguently menticned disruptive
influences include gravel removal, urban development (e.g., housing), linear
development |(especially dyking in the lower reaches of the Squamish and Mamquam
givuys, but alsa road, railway, pipeline, and powerlines), flow diversicns, and

ogging.
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Some quantitative data on steslhead spawning habitat in the Sguamish Biver
are available. Clark (1928) stated that Reach 3 (12 km r=ach bestwsen the
confluesnce with Asalu Creek and the "32 mile rapids") contained the majority of
the habitat suitable for steelhead spawning and rearing in the mainscem Sguamish
Rivar.

One of the problems for salmen spawning may be on the Cheakamus River;
where diversion of water from Daisy Lakée through a hydroslectric facility has
madifiad the mean flow and the range of Elows. The flow modifications are thought
to have major affectsz on spawning success and egg survival for chinock szalmon
which spawn in the lowsr Cheaksmus (Hirst, 1921) but detalled data ars mnot
availabla on this topic. Fall and winter fresghets in the Sguamish Rivar, which
are thought to be more freguent and intenss in recent years, may affect chincok
salmon spawning habitats in the maingtem river. Chum and <ohe salmen tend to uss
tributariss and side channels as =pawning areas.

Spawning channels have been developed by the Saimonid Enhancement Program
(EEP) in the lower Sguamish and Mamguam Rivers. Approximately 15,000 m of
gpawning habitat were developed by modification of existing gravel or by
importing graded gravel (Bonnell, 1591}, These channels wers builft to enhance
chum productisn bBut are alas being used by coho salmon  (Bonnell, 15%1).
Incubation boxes were bullt te increase vohe dalmon production on a number of
smaller systems within the Howe Sound watershed.

The Rainy River was dammed in the sarly 19003 For watar storage for the
Port Mellen pulp mill which created a migration block for coho and chum salmon.
A fishway was built on the Tiver: Urbanization has affected spawning habitat on
gome of the small creeks on the wast side of Howe Sound (e.g.. Langdals Cresk)
but most of these systems have supportsd small spawning populations of chum
salmon in recent years (Gould =t al., 1%91).

REARING HAEBITATS

A. Freshwater Rearing Habitats

A few gquantitative studlss on fry rearing habitat for coho salmon and
staelhead have been conducted ipn the Sguamiz=h River watershed hut almeost na
information iz available for the other species of zalmonids. As mentioned abowve,
the Stream Summary Cataleogue (DFO, 15888) provided anecdotal information on
frashwater disruption that might bes affecting freshwater rearing of juvenile
salmon.

Based on elecrrofishing surveys in October in several habitat types within
Fsach 3 of the Sguamish Riwver, Clark (1988) found that the abundance of salmon
fry wvaried between habitats (Fig. 2). Steelhead and coho salmon fry wers most
abundant in tributariss and groundwater-fed side channels, whereas chinook salmon
fry were mors numerous in mainstem habitat downstream of the canyon near the
confluence with th=a Elaho Riwver. In the mainstem above the canyvon, Dolly Varden
char and steslhead wers rthe-only speciss caught. Elark (1988) ocbserved that
steslhsad fry from groundwater—fad sites off the main channel wers larger than
those using the mainstem and inferred the former habitats wera more productive.
Although the groundwatsr-fed channels comprised only 7% of the availables hahitat,
they were thought to producing 57t of the stesalhsad fry from Reach 3. Steelhead
fEry were found to bs the most abundant salmeonid in & 16 km reach of the mainstsm
Cheakamus River below Daisy Lake in October 1588 (Clark, 1%88). Mesan density
(mumber/100m®) owver 7 sites was as follows: steelhead - 164; coho salmon fry -
16; <hinook: Ery - 2; and Dolly Varden = < 1.

Quantitative data on the denzsibty of coho salwon smolts that were produced
from fry reared in streams were obtainad by Argus and Armstrong (1277) in three
areas near Sguamish. 'The mean depsity of ccoho salmon: smolts in Eha Little
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Stawamus River was 54 fish 100/m’; in Maigan Creek, 44 fish 100/ and in
Tenderfoot Cresk (including Mosley Lake)], 5P fish 100/m*. Argue and Armstrong
(18771 concluded that the three systems they studied, =specially Tenderfoot Cresk
and its headwater, Mosley Lake, provided valuable habitat for natural production

of coho salmon.
B. Estuary and Marine Rearing Habitat

In 1972, when total development of the estuary was proposed for a major
coal port, =ampling in the intertidal portion (Coodman and Vroom, 1872) -and
offshore at the mosth of the Squamish Rivar (Kask and Parker, 1972) showed that
the s=tuary was used sxtensively as raaring habitat for Yyoung salmen. Later
studisgs showed the salmon fry and smolts were dependent on invertebrate foed such
as amphipods, mysids, and insect larvae (Levy and Levings, 1978; Byall and
Levings, 1987) which in Eurn relied on detritu=z from the sedge plants that
dominate the flora of the sstuary. The abundance, timing, and growth patterns of
galmon fry using the estuary were closely related teo the patterns of plant and
invartebrate production, Lavings and Moody (1578) described lévels bof primary
production in the sedge marshes (Carex lvngbveil| which dominate the intartiﬁal
zone of the estuary. Stanhope and Levings (1985) described secondary production
of an amphipod, ode of the key invertebratss used by juvenils salmon 1in the
astuary.

Loss of estuarins habitat began in the Sguamish Escuary nsar the turn of
the century when the sattlers bailt dykss to protect their homes and farms Erom
locding (Deans, 1%82). Since then, landfilling, port c¢omstruction, and log
storage have alienated Further area=s of rearing habitat. According to maps
prepared by the B.C: Ministry of Environment based on aerial phokbos from 1976
(Anon, 1980}, aporoximately 26.4% (2,545.7 hz- from 5,636.9 ha) of ths
backshore/lowland and intaertidal arsas within the estuary boundaries wers
considered disturbed or developed.

Judging from ressarch conducted in the 1%70's and 1%80's, watsr quality
degradation due to disposal of pulp mill effluent discharged into the intertidal
zone at Fort Mellon was implicated in behavioural and physiclogical changes of
Juvenile salmon using litteral hbabitats for rearing (=.g., Birtwell .=nd
Kruzynski, 1989; Davis and Ma=zon, 1973), Effiuvent from both the Port Melilon and
the Woodfibre pulp mills is now discharged well below the surface (Swain =t al.,
1992: Rasmpel, 19333 which ls rhought to be less hazardous for salmon. Use of
shoralines by juvemils =zalmen in Howe Sound has fnot been adeguately resesarched
biut is likely to be significant. For sxample, Birtwell and Harbs (1920) found
that juvenile chum salmen were the most abundant salmonids in beach seiming
survays on Thornbrough Channel. Shotelines have been permansntly disrupted by
disposal of mine tallings at Britannia Beach, acid rock drainage at the mouth of
Britannia Creek and dock construction at sewverdl ether locaticns (Levings and
McDanisel, 1%7E].

STATUS OF ENUWLEDGE: CHINOOK STOCK DYNAMICS

In theory, assassment of a sabmon populsatichn Involves detsrmining the rats
@f adult returns from fish Teproducing (spawnere) in the previous gesneration,
datermining the dasired numbar of spawners to maximize annual returns (the
management goal), and comparing the present number of spawnars with this gosl.
The Ricker productien curwve (Ricker, 19%4), common.y applied in managing Pacific
salmon, is exemplified im Figure 3. In this figure, linss E and € rapressant twe
production ¢urves [adult retiurns per spawner); line B having higher producstivity
(i.2., oreater returns per spawner ab low spawning numbsrs). Linse A is refarred
to as the replacement line where the adult returns only egual the numbsr of
spawners. The greatsst diffsrences betwsen line A and linés B or & (line segmentcs
D and E, respactively| sstimates the maximum catch 8llowabls while maintaining
the desired number of spawnsrs. The number of spawners which maximizes the



T4

allowable catch i3 called the cptimum number of spawnasrs and is the management
goal. A population with high productivity has greater allowable catch at a lowst
optimal number of spawners; indicating that the pooulatien can sustain a higher
exploitation rate than a less productive population. Ideally, a managemsant
agency would determine such productivity curves for each =almon population
thereby maximizing the total available catch 1if each population could be
harvested separately (Ricker, 19%58). However, in actuality, we seldom have the
data necessary tc accurately estimate these curves becausze the catch of each
population is unknown and the number of spawners difficult to sstimats.
Consequently, management of most salmon popilationz assumes the aboves theory bBut
assessment frequently depends on the rtrends in sscapement estcimates, and
comparing recent escapemeants to the management goals. Further, these goals ars
galdeom based on proeduction curves but may be based on habltat capacity or simply
be intsrim managemernt goals e=stablished to protect a population while
bicleogically-based goals can be determined.

Assegsment of Squamish River chinook i3 uncertain because the vast majority
of the adult returns are caught in large mixed-steck fisheries and because the
visual sstimation cf spawnaers is highly unreliabls in the glacialiy turbid water.
Howewver, wvistal estimates of spawners may be a consistent index of escapemant
trends (Healey, 1982). Consaguently, the marked dscline in spawning ascapement
of Sguamish chincok |(Fig. 4) is considsred strong svidence that chinook
production is very depressed; present escapements being lessz than 10% of pre-1870
levels. Recoveries of coded-wire tagged chinock (Jefferts et al., 1963 from
Tenderfoot Hatchery demonstrate that these chinook are widely distributed
northward along the coast (Fig. 5), and tend to be caught further north at older
ages.

Average  catch distribution of Tenderfoot Hatchery chinoock cochorts
from the 1981 through 1984 brood years. The average distribution is
unweighed between brood years and representa the distribution over
ages 2 through 5.

Fishary T of Tokal Catch
Strait of Georgia Sport 39.0%
North & Central B.C, Hets 21.4%
Alazkan Troll, Net, Sport 12.6%
Noxth & Central B.C. Sport 5.5%
North & Central B.C. Trell 6.4%
Strait of Gaebrgia Troll d.4%
Southern B.C. Nets 3.4%
Northern Washingteon State Nets 1.0%
West Coast Vancouvar Island Troll 0.2%

Razults From thia tagging indicata that Squamish chinook differ from other
local chincok populations (for example Cowichan, Nanaimo, or Big Qualicum
chinook) in that a larger portion of the Squamish populstion migrate sutside of
the Strait of Ceorgia at an earlisr age. Over 50% of the age 2 recoveries from
these brood years were from northern and central B.C., net fisheries, whareas the
majority of the other populations are recovered in the Strait of Cecorgia sport
fishary.

Future chinoox< returns may be assisted by the increase in chinogk relsased
from the Tenderfoot Hatchery on Cheakamus River but significant returns from the
hatchery releasas have not vet been observed. Hatchery sxpansion in the mig-
1980 "s increased chinock releases from approximately 200,000 to osver 1 million
annually (Fig. 8). Further, the implementation of sea-pen rearing of chinook
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smnltas, commencing with the 1387 brood year, seems to be improving the survival
rate af thess smolts.

Prognosis for Bsbuilding Chimook Production

Effarts to control exploitation of Sguamish chincok have baen undertaken
since 1958 when Statistical Area 28 (including Howe Sound) was cleosed ko
commarcial fishing for all salmen. In the early 19307's sport fishing for chinook
was also closad, and since 1985 two additional programs have bBesen implemeinted be
rebuild chinmok escapesments. These programs follow from the coast-wide chinosk
rebuilding program implemented by the Pacific Salmon Treatf |Pacific Salmon
Commission, 1986} and the 1988 chinook conservatisn program impl=mented by the
Department ofF Fisheries and Oceans. The objective of the former program was Eo
reduce the brood yaar exploitation rate on chincok salmon by 15 percentage points
through catech linjtatiens 4in. ocean troll, ocsan sport, and mneorthern net
fisheriss, and hatvest rats limitations in southern B.C. net fisheries. The
latter program was specifically targsted at reducing the harvest rates in the
principal fisheries exploiting chinogk salmon originating from the soguthern
portion of the Strait of Georgia, For bath of thess programs, an intarim
spawning escapement goal was established as twice the average escapement during
the 19753-1982 pericd. The rebuilding goal is consistent with a Departmental
policy decision which recognized the limitations of our biclogical informatisn
but the nesd for fishery management objeckives: For mest chinook populations in
British Columbis, doubling the 1873-1982 averags escapements resulted in & goal
below previously cbserved sscapements, but doubling was copsidered to be a larges
enough change in escapements that the resulting production could be assessad.
Unfortunately, spawning escapements since 1985 have not increased as anticipated
(Big. T)-

In Figure 7, the estimated number of spawners (line with open =quares) are
the =zame waluss as in Figure ¢, but the total return includes the spawning
escapement plus the catch by Wative peocples and chinook removed from the patural
spawning populaticnes for brood stock in the hatchery. The expanding difference
betwaen thess lines indicates greater racent ramevals as the Native catch and
broed stock requitrements increased. The dashed straight line at 6,860 spawners
ig the management goal and;, under the Pacific Salmon Trsaty, was to be achieved
by 1888, The straight dotted line from the baze pericd (1879-1983) ‘average
escapement in 1984 to 6,680 spawners in 1998 is simply a linear approximation Lo
the rebuilding rate required to achieve the goal by 1388. It is immediately
ob¥iocus that since 1985 the number of =pawners has pot progrsased towards the
gascapsment goal.

Achieving the aggregate sscapement goal for chincok in the lower Strait of
Georgia (aggragate goal for the Manaimo, Cowichan, and Sguamish river chinook]
iz a reguirement in the Pacific Salmon Treaty. However, to achiewve the goal will
require a substantial increase in the Sgquamish chinook escapement, poasibly not
to its goal but certainly above recent lavels, Thiz may be accomplished by
relying on hatchery returns since the facility kas been expanded and sea-pen
rearing is now being used; or by further reducing exploitation in fisheries, The
latter, however;, would be a serious action with significant sccic-sconcmic

implications partieularly in the Strait of Georgia. Within ths Straic,
recreational fishing alone is estimated to generate $0.5 billion per year and
invalve over 400,000 persons (Price Watsrhouss, 18%0). It is, therefore,

essential to ipvestigate all possible explanaticns to the lack of rebuilding
before further managemsnt actions are implemsnted. Explanations may include
sscapement estimation procsdures that are simply lnsensitive bo changes in small
population sizes {(rscent sscapemsnts being less than 1,000 chineck], or more
complex problams such as habitat alteratiens that have reduced ths productive
capacirty for chinook salmon in the Sguamish River. Habitac change. i= an
important consideration since productive capacity and sxploitacion rates are
inter-related. For sxample, in Figure 3, if curve B was the original production
curve for Squamish chinook but productivity was reduced (curve C} due tao habitac
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changes, then fishing plans resulting in exploitaticn rates sustainable by curve
B would over exploit a population represented by curve C. The result would be
that the population aize of the lower productivity populaticon would stabilize at
a value below the optimum and the populaticon would not rebuild bescause of
insufficient numbers of spawnsrs.

Salmon habitat in the Squamish river (recurrent major floods, altered flow
in the Cheakamus River, logging,; etc.}] and the estuary has been lest or
dizsturbed. Consecusntly, an important assessment issus is to differentiate
habitat and explcitation causes of the contimisd low spawning escapement. 2A
multi-disciplinary and agency approach to such a large scale project may be the
only way to initiats the reqguired studias and would be a important recommendation
from this workshop., The Squamish chinook stock is the only significant summer-
run timing chinook stock remaining in coastal scuthern B.C. and could be an
invaluable resource if rebuilt to previous abundances,
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Map of Howe Sound showing some creeks and rivers used by salmonids.
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Figura 4. Annual number of chinoock salmon resportad to reproduce (number of
spawners) in the Sguamish River (including all tributaries), and a
9-point moving average to smooth the annual variabilitv. Ninse ysars
was selected because of the multiple ages at spawning in chincok
{(usually over 3 major age classes) and the age-at-maturation in this
stock (up te & years).
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BACKGROUND

Ever since the white man landed at the mouth of the Sguamish Rivar, thers
have been incursicns in the Squamish estuary. Some of the types of sconomic
activity which put pressure on the sstuary over the past 100 years or szo includs
log storage, deep sea port development, industrial actiwvities, flood protection,
and many small foreshore developments. These types of projects are still being
dealt with by habitat managers today.

In the sarly years, development of estuary lands was ssen as a necessity,.
In later years, development actiwvity was met with a growing determination to
protect the natursl estuary values. The most recent significant alteration of the
sstuary occiurred between 1968 and 1972 when the Squamish Terminals and B.C.Rail's
*"Training Wall® (Fig. 1} with its infamous "dredges spoil site® were constructed
without a great deal of successful ocpposition.

However, mors recently strongesr snvirconmental legislation has been passed
by govarnment and regulations and guidelines have bscome factors to be dealt
with. This ha=z lsd to the development of the Sguamish E=tuary Managem=nt Plan.

THE PLAN

In May 19793 the federal and provincial governments announced theair
intention to estakbli=h the Sguamish Estuary Management Plan. The Plan was to be
a decision making Framework for determining the best use for the lands and watsrs
of the Estuary. The process was to have its Eoundations in the results of four
technical reviews. These were: air and water gquality, land and water use,
recreation, and habitac. The technical documentz reviswed the current situation
and contained recommendations for managing activities which fell under their

purview.

The proposed Plan was to have several key features:

- an environmental review process

= public inpvolvement

pac an amendirng process that could involvwe Ministers

- all approving agsncies werse to be lnvolved

- major property owners were to be part of the process

= area designationa were to be used to identify edpectations for the
entira estuary

In 1982 the Plan was completed and, while some might say that 1t was nevsr
ratified by the Ministers of the day, it is the process that is being used to
manage the Estuary at this time.

THE PROCESS

The Plan iz managed by the Sguamish Estuary Coordinating Committea (SECC) with
the support of a technical sub-committes called the Sguamish Eatuary
Environmental Assessment Committse (SEEAC). The land and water coverad under the
plan is callad the "Estuary Study Area® (Fig. 1;. &ll work proposed for the
study area must be reviewed by thess two committees. At the regusst of SECC,
SEEAC reviews each proposal and works with the proponsnts to ensurs that all
impacts are properly considered. Their recommendations are prasented te SECC who
then give the proposal its approval or denial,

This process 1is similar to those now ussd in the other project rsview
processes in the British Columbia, under federal or provincial l=gislatien.
There is, however, one minor difference.
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As mentioned above, the guides wused in the Plan are the “Arsa
Designations®. As shown in Figure 1, the estuary has besn divided into thres
categories: Conservation, Planning and Assessmernt, and Industrial/Commercial.
These designations establish ths expectations for the usage of habitats with
differing values. The designations provide the foundation for the decisions mada
by people using the Plan.

A unigua feature of the SECC is membership. All the environmental agencies
are represented on the SECC as well as the major land holders in the estuary and
those ministries which have mandates for economic development in the province.
Thiz membership provides the ingredients for *Envircnmentally Sustainabla
Development®. Ths Committee, therefors, could well rapresent the first, if not
the only, environpmentally sustainable development process in the province. In the
SECC forum, all of the osbjectives associated with a given development are placed
on the agenda, discussed, and decisions made by concensus.

The public are also asked to participate in the process by commenting on
a proposed devalopment. Information iz made available From the public registry
at the local library.

SECC members have found that not all citizens agree with decisions made by
the Committee. However, in general the SECC seems to be a workable forum for
dealing with development issues in the estuary.

m” les of proposals reviswed

Thae following describes thres examples of actions taken as a result of the BECC,
They have beean chosen because they represant three differant diresctions the
Committee has taken,

1 The West Barr Industries Expansion in 1986 (Fig. 1):

= the cutcome was the expansion of the dry-land sort operation
in the central delta.

2 The Sguamish Termins]l Expansion (Fig. 1):

- The proposal was rejected and the company was
encouragesd to redefine the way in which products wers handled
and stored.

- Improved procedurss for handling material wers implementad and
expansion was not needad.

3. Dredging of the Mamquam Channel and Zilling of the northern
portion of the land, commonly called Site B, on the sa=st shore of
the Mamguam Blind Channel (Fig. 1)

= A decisicn was made to allow tha =ite to be filled.
Subsequently, because of difficultiea after the €£ill was
placed, a Tund of 530,000 was established to restore habitats
en the west side of Cthe central delta, designated &s
Consarvation. The restoration action iz still cutstanding
because the owner of the land refussd to allow the habitats ko
be rastorad,

Hecent Deliberations

The refusal of the land owner to allow remedial work to be undercaken in
the consarvation zons made SECC members realizs that, in spite of the Plan, all
the issues had nok been tablad and fully discussed.
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Subsequently, two new issuss smerged. First, the land owners did not fesl
that the current draftc of the Plan gave the certainty thesy nesded to be able to
attract devslopers and second, the area designations with the dsfinitions of
their use needed further resolution by Ffurther raviaw.

The review pegan in 1985 with an attempt te refine the aresa designations.
Additional studies were undertaken by the SEEAC and a proposal was tabled with
the SECC by the SEEAC in 1986, The proposal was never accepted by SECC. The
review stimulated discussion of the more fundamental guestion of just how much
of the Estuary should be turned over to the developers, Discussions alsoc involved
the issue of how developers would be expected to contribute to the opportunity
to establish environmentally sustainable sconomic stability in the Estuary,

In 1286 ths SECC went "undsrground” and the minutes of SECC mestings at
this tims wers not put intc the lecal library. This action waa taken in order
to get to the heart of the issuaes, which had to be done confidentially. The land
owners had to table their long range plans which were considersd toc be
proprietary information thet could have led to unhealthy spsculation in the
community. Without the tabling of the company’'s plans the issues could not be
rasolved.

In essenca,; the land owners wanted to know all the encunbrances on their
properties before developing them. This was especially true for the envirommentcal
ancumbrancesz relstsd to possible hablitat compensation. Thay f=lt that ths
proparties would be motre marketable if thess siivironmmental compensations weate
addressed at the time the Plan was fully implementad. Then their customers would
only be responsible for the good environmental practices thar are required of any
davealopmernt in order tc mitigate impacts due Eo construction and operation of the
facilitiaes.

Area designationa then had to be made and habitat claszified so that
anvircnmental value=s could be attached to the various parcels of land and lasad
to the integration of the environmental and economic values of the Estuary. Once
this was done, comparisons to the long-term goals and objectives of the land
holder could be discussed.

The process is not yet complata, ' The SEOC pressnted the proposed area
designation plan and a revised management strategy for public comment in sarly
November 1891, The Plan was awvailable as a public document atr that ctime
(SECC,1981) ., 'The principle of the propossd Plan is based on categorizing part
of the Estuary for conservation and part for sconomic development. Thes Plan also
includes compensation schemss to ensurs no nat loss of habitat values.
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ABSTRACT

Geochemical surveys involving samples of water, sediment, seaweed, and trae
tissues were conducted to didentify sources and dispersion of natural and
anthropogenic inorganiec constituents throughout Hows Sound. All contained
anomalous levels of Cu and Zn near the Britannia mine sita, although no seaweed
was present on shores for 1.5 km north and south of Britannia Beach, presumably
dus to metal polisoning. Surface waters in the Sound have significantly lower
salinity than those below a few metras' depth, and chemical stratification of
some elements occurs l(e.g., As). The seawesd Fucus gardneri (Common rockweaed)
lines thes shores of the Sound and is a sensitive indicator of many elements in
the tidal environment.

A detaliled study of watsrs and precipitates around the sbandoned Britannia
copper mine disclossed up to 44 ppm Cu and 26 ppm 2Zn in waters at the mine
portals. Concentrations ares reduced to 300 ppb at the mouth of Britannia Crezsk
through dilution and co-precipitation with amorphous oxides. With tha sxcsption
of Britannia, creeks flowing into Howe Sound contain low concentrations of most
elemants determined.

INTRODUCTTION

In July 1991, geocHemical investigaticne of the 42 km-long Howe Sound fiord
wera initiated to identify scurces and map dispersion of natural and
anthropogenic inorganic con=tituents. Surveys wers conducted at two levels: aj
low density regional sampling of sediments, waters, and vegetation close to ths
shores of tha Sound; and b) local sampling of wetars and precipitates from tha
Britannia mine site (Pig. 1l). This report concentrates on the distribution of
Cu and Zn, since thesa metals weres mined at Britannias and show greater regional
variation than other slements in the drainage basin. Summary statistics ars
presented on the multi-slement data setz that arse being developed. Details of
techniques, instrumentation, and element concentraticns at individual sites ars
given in Percival et al. (in press).

REGIONAL GEOLOGY

The Howe Scund drainage basin is located in the southwest Coast Belt,
divided into three MNNW-trending tracts which, from south to north, are ths
Sechelt, Howe Sound and Squamish River (Fig. la; Monger, 1991). The Secheslt
tract is composec of Lower and Middle Jurassic inkerbedded clastic sediments and
volcanic rocks of the Bowen Island Group, with minor metabasalt and marble, which
form a saries of NNW-tranding peandants within Late Jurassic and Early Cretacscus
granitic plutons. The northern part of the drainage basin is underlain by the
Hows Sound tract, consisting of Lower Cretacsous volcanic and sedimentary rocks
of the Gambier Group and Early Cretacecus felsic plutons (Monger, 1%91). The
Gambier Group consists of a lower volcanic complex, a middle sedimentary interval
and an upper volecanic complex (Roddick, 1985; Lynch, 1%51) which hosts the
Britannia Cu-Zn-Pb-Ag-Bu orebodiss,

SAMPLE COLLECTION AND METHODS

All sampling was conducted during July,., 1931, Sediment samples (100 - 200
g] wara collected with a Ponar grab sampler from a small boat and placed inte
plastic bags. They wers freeze-dried and pulverized in an agate dish. Major
element analyses were cbtained by ICP-ES (inductively-coupled plasma emission
spectrometry) following a LiBO, fusion, and trace elements were determined by
ICP-ES following agua regia extraction. The mineralogy was destermined using X-
ray diffraction analysis of oriented, air-dried mounts,
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Precipitates or coatings on pebbles were collected from stream and mine
waters in the Britannia area. The pebblez were cleansed using an ultrasonic bath
and the rasidues wers concentrated by centrifugation and freeaze-dried. Chemical
and mineralogical determinations were similar to those applied to the bottom
sediments.

Twe water samples were collected at each site: one 250 ml volume for cation
determination and one 125 ml volume for anion determination and pH. Eleoctrical
conductivity and pH were detsrmined in the field. The waters were filtered
through 0.45 pm Millipore filter paper and the 250 m]l samples were acidified with
Ultrex nitric acid to a concentration of 0.1%. Daterminations were made by flame
Atomic absorption spectrometry (FAAS) for Ca, Cd, Co, Cu, Fe, K, Mg, Mn, MNa, Ni,
Pb, and Zn., Arsenic, Bi, and 5b wers determined by hydride generation followad
by guartz tube AAS.

Seaweed samples (100 - 200 g} were plucked from the rocky shorss at
intervals of approximately S5 km during periods of medium to low tidas. Basal
holdfasts wara removed with pruning snips, and any biota (mostly mussels, Mytilus
app.) were removed. Samples were placed in ‘ziploc-type’' plastic bags while at
saa, and latar placed into cloth bags to facilitate drying. Partially dried
samples were placed in aluminium trays and ignited for 24 hours in a kiln at
470°C. Ash portions welghing 0.5 - 1 g were transferred into plastic vials and
submitted for multi-element instrumental neutron activation analysis (INAA). In
addition, an ash split of similar size was submitted for analysi= by ICP-ES,
following digesticon in agua rsgia, to obtain data for base metals and other
glements. The IMAA givss total slement contents, whereas the acid extraction for
the ICP-ES analysis is partial for a few slemsnts (e.g., Al, Ti).

Along the shore, closs to sach seawsed sanple, twigs and foliage of westsrn

red-cedar (Thuja plicara)l and western hemlecck (Tsuga hgtgrggljgl}g! ware
collected. Analytical procedures ware the same az for the ssaweed.

REGIONAL SURVEYS

Sample sites are shown In Figure la, and the distribution patterms of Cu
and Zn in nearshore sediments, waters, and sesaweed are shown in Figures 1b, 1lc,
and 1d, respectively. Summary analytical data are given in Tabls 1.

HEAR-SHORE BOTTOM SEDIMENTS

Thirteen sediment samples wers dradged from nearshores sites in the Sound
[(Fig. 1b). Sampling was limited by the great dspth of water, the nature of ths
bottom sediments |(commonly coarse sand, pesbbles, and bark fragments), and the
typa of sampling device. Samples were Ltaken to: i) lock at ths nature and
possible source of the materials being deposited in the bavs; and 1i) determine
their geochemical signature and identify natural background versus point aource
contamination.

Table 1 shows a wide range in Cu (12 to 1,750 ppm) and Zn (32 teo 1,500
ppm) concentrations, with the highest values occcurring near Britannia Beach (Fig.
lb; sites 38 and 39) reflecting the presence of near shors submarine mine
tailings. In the southern basin two clay-rich sitas (& and 12) yielded higher
Cu and Zn than elsewhere, possibly beécauss of the high surface area of particles
available for metal adsorption. Zinc concentrations are generally higher than
Cu, reflecting the greater natural abundance of &n. However, the slavated valuss
may alsc reflact an undeveloped copper daposit that occurs on sastsrn Gambier
Island between thess two sample sites.
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Barium and Cd concentrations co-vary with those of Cu and Zn, respectively;
Pb and Sb are enriched at Britannia Beach. Most othar trace e&lsments are prasent
at levals closa o typical background valuss for sediments.

Mineralogical determinations show the presence of guartz, E£eldspar,
chlorite, mica and amphibole. Syvitski and Macdonald (1%82) suggested that the
mica indicates a Sgquamish River sediment source whersas chlorite is derived from
the Frasar River.

WATEES

Of the 44 water samples collected, 20 focused on drainages of the Brikannia
copper mine and are discussed later. Samples were taken mostly from the main
streams that drain intoc the Sound, except for a few taken from the surface and
at depths up to 50 m in bays to examine the affact of mixing river or creek
outflow with seawater. Surface waters in the Sound have low salinity dus to the
high influx of fresh waters from the =urrounding mountaine.

The highest levels of major cations and, hence, conductivity, wara
sbtained in samples from the Squamish River harbour mouth (sites &0, 41),
Britannia Creek side channel, and Gambier Island and are due to mixing with
seawater. The influence of the Britannia mine is seen in the more acidic pH
levels and in the slevated contants of major cations dus to acid Ilsaching (sites
38, 3%, 3%a). TIron and Mn concentrations show little variation throughout the
Sound and are in the low ppb range.

Tha only significant levels of Cu and Zn in the drainage basin waters ocour
in samples taken at the mouth of Britannia Creek where they rise bto a few hundrad
ppb (sites 38, 39, 3%a; Fig. 1la and 1c). Most of the waters contain
insignificant amounts of Bi and Sb (near the d=tection limit of 0,1 ppbl, sxcept
for a high value of 4.3 ppb of Sb at a depth of 20 m at site 37; the source is
perplexing as the values above and below in this water column are low. Arsenic
cancentraticns are near the datection limir of 0.1 ppb for most samples, but
approach 1 ppb with depth due to the influence of more saline waters (sites 4 and
37). Cadmium, MNi, and Pb were below detection limits of 2, 10, and 20 pphb,
respectively.

SEAWEED

Investigations into the use of seawsed (macroalgae) chemistry in mineral
prospecting (e.g., Bollinberg and Cooke, 1985) and senvironmental monitoring
{s.g., Bryan, 1969; Puge and Jamss, 1974) are faw but have yielded pozitive
resultas. Of the three types of seawesd [(brown, rad, and green) investigated in
western Canada it is the brown variety that accumulats the highest concentrations
of most trace elements (Dunn, 1990). Fucus gardneri (Common rockweed) isz a
spacies of brown seaweed that grows in abundance, particularly sround Hows Sound,
and was selected as the sample medium for this study. Rockwesd clings to rocks
in the int=rtidal zone, and within th= Sound it is ths only seaweed at most
locations because of its high tolsrance to the relatively low salinity of the
Howe Sound surface wacers.

Ssawsed data in Table 1 are element concentrations in ash; the ash yield
of dry tissue is approximately 30%, Figura 1d shows low Cu level=s in the
southern part of the Sound (80 - 70 popm), whereas near PBritannia Beach they
locally exceed 3,000 ppm Cu. Similarly, high concentrations of Z2h (up te 1,540
ppm) are prasent in samples near Britannia Beach, whereas te the south In
contents range £rom 300 - 400 ppm. Dispersion of these elemsnts from the
mineralized rocks at Britannia is evident:; winds and current= have transported
some elements northward, and some toward the south as far as Anvil Island. It
is noteworthy that the shoreline is devoid of any seaweed for a distance of 1.3
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km both north and south of Britannia Beach, presumably because of its intolerancs
to the influx of metals. AL the north end of the Sound, relative U enrichment
[up to 15 pom) is probably derived from the granitic plutons. Iron and Ba are
alsqc more enriched din samples from ths north Ethan thoss 'from the south.
Conversely, Aa, Pb, and N1 concentrations are lowest in samples from CcChe
Britannia area (sites 2&, 27, 287 Fig.la). The low As and Pb levels are probably
due to their precipitation with bottom sediments and con pebbles and rocks (Table
2], thereby rTemoving them from waters draining into the Sound. The higher Ni
eontent of samplss in the southern basin may reflect the relatively mafic
compositieon of the logal volcanic and zedimentary rocks of anthiopogsnic nicksl
transported in the Fraser River plume that invades the southern sound as noted
by Syvitski and MacDonald, 1582.

TREE TISSUES

Praliminary data on a faw samples of western hemlock (Tsuga hetaroohylla]
and western red cedar (Thuia pliecata) from the Britannia Beach area indicats
enrichment of Cu, 2Zn, Au, and As, =sspecially in the hemlock twigs. Data on
gamples from tha regictal survey are pending.

BRITANNIA MINE ' SITE

Mineralization at the Britannia mine sita was discovarsd more than a
cantury ago. Ths depositsa ogcur as volcanogsnic CU-2n massive sulphids orebodies
that wers deposited by hydrothermal and exhalative solutions. They weres emplaced
intc the Britannia shear zons, which is a NW-tranding zons of flattening (Payne
et al., 1980; Lynchl, 132l). Copper was First reported in 1688 by Forbes, and in
1858 Qliver Furry staked five claims (Ebbutr; 1535). Underground and open pit
prodiuction begap in 1905 and continued until the mine closure in 1974. Abouk S0
miliisn tonnes of ore grading 1.1% Cu, 0.85% Zn, 6.8 g/tonne Ag, and 0.&8 g/tonns=
Au were produced (Payne =t al., 18B0).

During the mining operatiena, mine-waters from 'the 2,200 and 4,100 levels
zites & and 7 end 13 to 15, reapectively, in Fig. 2a&) £lowed through twa Cu
precipitation plants which contained scrap metal (tin and iron). This process
raduced the amoimt of dissslyed Cu discharged bto receiving waters. Currently,
acldic mine ‘watsrs e=xiting from the 2,200 and 4,100 levels supply high
concentrations of Cu and other metals to nearby surfacs waters, The acidic water
rasults from the oxidation of pyrite by © and is characterized by low pH, high
50, in sclution, and the presence of a yellowish-rad precipitate of amorphous
Fe oxide [limonit=s). The low pH causes metals to be lesached from the mine
workings and transported to receiving waters, although their concentrations in
solution may be reduced by co-precipitation or sorption with limonita (Fig. 2b;
Tabls 2).

The highast matal and lowest pH values ocour in waters amanating from the
mine portals at the 2,200 and 4 100 lewels (site & and 13: Fig. 2a) mnd in the
mine museum tunnel (site 181. The lowest concentrations ococur in watsrs above
and slightly east of the open pit area |sites 1 and 2), in Britannia Creek near
MarmokE Craek (site 3], in 'Mineral Cr=ek (=ite 12), atd in the town drinking water
{site 1T): ALl other samples show elevated lavels of Cu and Zn. Toncentratiens
of A=, Bi, and Sb are low to non-d=tectabls, and Cd covarises with Zn. Ths acidic
mine waters have elevated levels of the major slaments (Tabls 2), especially Fs
and Mn (sites § to'9 apd 13 to 16).

The effact of dilution by receiving waters is readily cohsarved at the Mount
Sheer sits. Wabter smanating from ths 2,200 level portal (site &) is highly
acidic and carrise high concancrations of disseclved metals. Over a shert distance
(<10 m) .tha Cu concentration drops from 44 to A0 ppm (sics 7). Whan the mine
water mixes with Jane Creek (site B) the conceritration of Cu decreases again,
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down to 20 ppm. The Cu level is stable until the combined waters mix with
Britannia Creek (site 10). AE this point, a major decrease from cver 19 ppm to
1.2 ppm indicates strong dilution by the larger crsek.

The decrease in dissolved metal loadings may alsc reflect co-pracipitation
with sorption of metals by amorphous Fe oxides [limonite; yellowish red] or Al
oxides (white) that occur ubiquitously in the stream bed as coatings or
pracipitates on pebbles. 2inc concentrations in precipitates correspond to high
Al.0y values, and elevated Cu levels are associated with high Fe.0, and Al.0;.
Levels of the other trace slements are highly wvariable, ranging, for sxamples,
from non-deatectzble to more than 1,500 ppm Pb (Tables 2). Major element
concentrations, other than those of Al.0, and Fa.0,, are generally low (Tabls 1).
These samples may contain trace amounts of clay (kaolinite or chlorite), guartszs,
and feldspar but are dominated by the amorphous oxides.

Alcthough there is a natural decrease in the lecadings of the metals from the
Britannis mine to the Sound, the data show that levels of metals entering How=
Sound are slevated relative to the background values. The concentrations of Cu
and Zn emanating from Britannia Creek (Fig. 2a) are within the drinking watsr
guidelines (Cu <L ppm; Zn <5 ppm) but exceed safe limits for freshwatsr aquatic
life (Cu <2 - 4 ppb; Zn <30 ppb; Canadian Water Quality Guidelines, 1987). Also,
Britannia Creek experiences high flows in the spring and fall, as well as
pericdic floodirg: During these events, it is highly probable that ths
pracipitates would be [lushed out and released or depocsited in Howe Sound.

SUMMARY

Regional gecchemical studies of the Howe Sound drainage basin involved the
collection and analysis of near-shore bottom sediment, water at several depths
from within the Sound, the brown seawsed ‘rockweed' (Fucus gardneri|, stream
water and tree tissue. A more detailed study was conducted around the abandoned
Britannia copper mins to examine local variaticons in stream water chemistry, and
ths precipitates on rock surfacss. This study places emphasis on the
distribution of Cu and Zn in and around the Sound, because of the significant
infiusnce of the Britannia arsa from where these metals were mined.

Except near Britannia Beach, waters of the Sound contain low ¢concentraticns
of most of the elaments determined, although masor cations are enriched at the
north end. Surface waters have low salinity due to the influx of fresh waters
from the surrounding mountains, and concentrations of some elements (=.g., As)
increase with depth and increasing salinity. High levels of Cu and Zn wers found
in all sample media from the vicinity of the mine; no seaweed grows on the shores
gither side of Britannia Beach for a total distance of 3 km presumsbly bacauss
of metal poiscning. In the southern basin, Zn concantraticons in sediments and
zeaweeds are higher than those of Cu in accord with the relative crustal
abundances of these metals. The rockwesd appears to be a sensitive indicator of
the chemistry of the environment exhibiting enrichment of Cu, Zn, Fa, U, and Ba
in the north basin.

Waters flowing from the mine portals are acidic and contain high
concentrations of dissolved matals. Metal concentrations decrease through
dilution by receiving waters and/or precipitation with Fe or 21 amorphous oxides.
Pericdic flooding probably flushes the precipitates into the Scund, resulting in
temperal variations in the chemistry of the Howe Scund water, sediment, ssawesd,
and bilota. Consequently, monitoring of these mediaz is reguirsed 4in corder to
establish long-term patterns of chemical variability.
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Britannia mine drainage - element concentrations in precipitates and
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Figure 1.

Sketch map of Howe Sound showing: la} regional geoclogy (after
Armstrong, 1980; Monger, 1991} and sample sites: 1b) Cu and Zn in
bottom sediment; 1le) Cu and Zn in water from streams and bays; 14)
Cu and Zn in ash of common rockweed (Fucus gardneri) from the
shores.
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INTRODUCTION

Britannia Beach is located at the mouth of Britannia Creek about 7 km south
of Sguamish at the end of Howe Sound. The creek has a total watershed ar=a of
28.5 km® and travels through a narrow canvon before flowing over it=s alluvial fan
Ec the ocean (Fig. 1). The lower townsite, built on the fan, includes
residencas, offices, museum, gas station, and stores. One railway bridge and tweo
read bridges cross the cresek in this area and the recent flood washed out a
smaller foot bridgs,

THE 15%1 FLOOD

Heavy rainfall caused severe flooding in the Howe Sound Basin between
August 29-31, 1991, The Squamish highway was blecked for 36 hours and initial
damage estimates totalled 57-511 million for the Howe Scund Basin and Pemberton
areas. The flooding at Britannia Beach was marked by the avulsion of Britannia
Creak through the lower towmsite, severe debris deposition, and several millicn
dellars damage.

Flooding is not new to Britannia Beach. Damaging floods of Britannia Cresk
occurred in 1906, 1921, 1933, and on four occcasions during the 1960°'s ([(Jackson
et al., 1983). Tha 1921 flood followsd 146 mm of rainfall in 24 hours. & flood
caused by the Failure of a railway smbankment released a surge of water that
destroyed half of the 170 houses in the ssttlement and washed some into Howe
Sound. It is likely that activities related to the mine davelopment such as
logging in tha watershed, logging debris in the cresk channel, water supply dams
and other interference with the strzam channel, contributed to the disaster
(Jackson =t al., 19813),

The Eive dans built on the creek are now completely or partly infilled with
sediment. In 1989, one dam was purposely brsached because of stability concerns;
however, the breach was larger than expected causing a spactacular fload
downstream.

The recent flocding was unusual in that it ccourrsd in August. Preliminary
data for August 1991 shows widsspread precipitation with the heawvisst rain
falling between August 29-30. The Squamish airport reported a 24-hour maximum of
103 mm, and Woodfibre 88 mm. By comparison, the highest previously recorded 24-
hour rainfall for Sguamish was 164 mm (Movember 10, 19%0). Although the rains
were heavy, the unusually wet August conditions most 1likely caused the
axceptionally high runcoff. When the Augqust 28-30 rains came, the already
saturated around provided no attsnuation. ‘Warm Etemperatures precluded
precipitation falling as snow, and almost all the precipitation became direct
runcff. The heavy runoff contributed to severe srosion and debris transport.
After passing through the narrow canyon, the reduced gradient on the alluvial fan
caused debris deposition in the creek channel, severaly reducing capacity. The
craek then flowed owver its banks, through ths townsite to pond behind the railway
embankment, which eventually failed.

Bank srosion, channel ercsion, and slide debris partly asscociated with past
mining road conatruction, appeared to be the main sources of sediment supply.
There was soms speculation that the 1989 dam breach may have sither loosened up
the channal bed and/or transported additional debri= down channel. Temporary
debris dams may have also contributed to surges.

FUTURE CONSIDERATIONS

The sediment and debris sources remaining upstream are considsrable and
severe flooding with debris will undoubtedly recur (Fig. 2). & possible rock
avalanche on the Jane Creek tributary also is of concern. The lesson to learn is
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that reconstruction and further develcpment must wait until suitable zoning
and/or engineering works, such as setback dykes and a dredging program, are in
place. One possible sclution is to restrict flocd prone arsas to day use
activities with no overnight residences.
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Figure 1. Skatch map of effects of Britannisa Beach Flood August 29-31, 1991,
{Bass map after Thurber, 1983)



105

Debris sources associated with roads

Highway 99
B.C, Railway

Sediment and
debris snurces

Figure 2, Schematic illustraticn of debris scurces along stesp mountain streams
such as Britannia Creek that dischardge across raised fan deltas inte
a fiorc.
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The eastern shore of Howea Sound south of Brunswick Point is & remarksbly
stesp mountain wall. Drainages slong this mountain wall are short and steep, and
catchment arsas socuth of Brunswick Foint are small. Further north, drainages are
somewhat larger and the mountain front less steep. From Brunswick Point south
to Charles Cresk, less resistant metamorphic rocks underlie the lowar slopes
while cliff forming granitic rocks form the upper slopes and peaks (Roddick and
Woodaworth, 197%). A mixture of rock, till, and colluvium iz found in headwater
regions. Fans or cones of fluvial and colluvial debris have been constructed in
the lower parts of drainages since glaciser ice retreat 10,000 years ags. Beacause
of ths steep shors of Howe Sound, the shallower slopes on these cones have bean
favoursed sites for residential construction (=.g., lower Lions Bay wvillags).
Alluvial cones and fans constructsd prior te full iscstatic rebound of the land
following deglaciation weres uplifced and eroded (Clague st al., 1282a) an example
being ths uplifted alluvial deposits of Magnesia Creek exposed aleng the highway
above Brunswick just north of Lions Eay.

Channelized debris flows, ‘debris torrents', in steso drainages along the
=ast side of Howe Sound have causad costly damage to Highway 99 and various
settlements along ita route (Jackson et al., 1%85). 2 dsbris torrent is a moving
mass of rock fragments, soil, and mud with very high water content that develops
within the confines of & steep channal. A debris torrent may eoriginate as a
slide from adjacent hillslopes which enter a steep channel and move downstream,
or by the mobilization of debris within a steep channel. #As the debris torrent
moves downstream, it incorporates organic debris, trees, soil, and channel
sediments (sahd, gravel, boulders) from the channsl, often scauring ths channel
to bedrock. As the debris torrent loses momentum on a flattening slaope, Etharas
iz deposition of a tanglsd mass of vegetation debris in & matrix of sediment and
fine organic matarial.

Since complecion of the railway and highway in 1358 from Horseshoe Bay to
Sguamish, there has hesn record kesping of floods and debris torrants large
encugh to disrupt road and rail traffic, Debris torrents in the Howe Sound area
ars associated with heavy precipitation during the autumn and early wintsc.
Thirty-five flood and debris torrent events have occurred in 15 of the 26 creesks
betwsen Britannia Beach and Horseshoe Bay. About half the svents have been
debris torrents, all but one were restricted te 9 craeks south of Brunswick Point
{Jackson =t al., 1985}). This distributicon may rzflect several factors: the
stesper nature of crainages, the ococurrence of more srodible metamorphic bedrock
in at least parts of drainagss, and the more northerly orisntation of the
mountaln front which increases the forced 11ift of air masses causing more intense
rainfall.

The Efrequency of debriz flows 1= significantlv higher on logged =slopes
varsus unlogged slopes. The highest incidence of slops fallures cccurs several
years after logging when root systesms of cub trees gtart to break down decreasing
the strength of the =slops =soils, and before new growth root systems are
developed. Clear cuts and associated logging roads occur in the drainages of
Harvey and Alberta Cresaks, Tt is likely that a significant amount of the debris
in the destructive dabris torrent of February 1982 on Alberta Cresk was derived
from area where a logging road crosses Alberta Creek at the 810 m elevation
(Jackson et al., 1B885).

LTCNE BAY AREA

The willage =f Licons Bay is built on and adjacent to a steep cone or fan
of alluvium deposited by Harvey and Alberta creeks since the glacier retreat.
Residential develooment began in 1957 after the construction of Highway 25 and
part of the village has been built on the shallower lower slopes of the fan
surface. Howaver, the same depositional processsa that have built the alluvial
fan put the comminity at risk. Major debris torrents occurrsd in both Alberta
and Harvey Craeeks during the 1930's. The catalyst for the construction of the
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control structures we see today was an event on February 11, 1583 that Eollowead
three days of heavy rain. A debris torrent descended Alberta Ctresk dsstroying
the highway bridge, several wvillage bridges,; and five homes adjasent teo the
channel. The debriz flow moved in a series of surges with flow velocities of 2
to 9 m/sec down Alberta Creek (slocpe -16 degrees), transporting a total yolume
of 20,000 of debris (Thurber Consultants, 1983). Log and boulder tongues were
forced out of the channel and into residential neighbourhoods at bends and
ocbstructions in the channel. These tongues froze after a few metres' progreas
but, nonetheless, caused significant damage.

PROTECTIVE ENGIMEERING ‘STRUCTURES

To mitigate debris torrent hazard, structures can be designed to either
stop and pond the debris torrent (i.e., dam structure) before entering the
vulnerable area, or to allow controlled passage of the debris torrsnt safely
through the area. Examples of such structures occur along Highway 59; these were
designed by Thurber Consultants and built by the Department of Highways fram 1984
to 198%. BAn example of a dam and debris catch basin structure is upstream from
Lisns Bay on Harvey Craek. The catch basins are designed toc retain the "design
torrent® (the debris torrent with a recurrence interval of 200 years), but allow
normal floods to pass without trapping normal sedirment=. &fter the capture of
a debris torrent, the material is excavated with bulldozer and truck so that the
basin doss not lose its capacity. The second strategy was used on Alberta Creek
where a deep, straight walled channel with necessary clearance for bridges was
built =s=o that the torrent can pass through without sbstacle. & large submarine
storage basin area was dredged at the mouth of Alberta Creek so that debris would
not backfill up the channel. The cost of these and other protective measures
were: Alberta Creek, %8.6 million; Harvay Cresek, 54.4 million; Charles Creek,
53.5 million; and Magnesia Creek, 53.1 million (Thurker Consultants, 15883).
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INTRODUCTION

Water movements and sedimentation in Howe Sound are of considerable
interest at present because of the Iincreasing residential and recreaticnal
davelopments thers, the reduction of harmful discharges from the two pulp mills
in the Sound, and the ongoing fisheriss activities. One of the factors entering
intc the environmental state of Howe Sound iz the dynamicsz of sedimentation
because of the ability to bury oclder, contaminated sediments, and because of thes
physical-chemical interaction between sediment and pulp mill =ffluant. A= part
of the current examination of the Howe Sound environment, this report describes
a combined hvdrodynamic and sedimentation model of the Sound. The model was used
to hindcast the deposition of sediment from = summer freshet of the Sguamish
River, and could be extended to cover a number of years of sedimentation in the
Sound. The motivation for the study was to provide input inte assessing the
recovery of Howe Sound from its historic high levels of industrialization and
associated pollutant lcadings. Bottom sediment= 1In Howe Sound have bean
contaminated by discharge of toxic organic material from the two pulp mills
operating at Port Mellon and Woodfibre. These discharges have recently besn
greatly reduced az a rasult of upgrades to the mills, and it is expected that the
levels of contamination of benthic organisms will decrease as the oldsr
contaminated sediments are buriad by newsr, less contaminated s=diment. Thus,
the question arises: what i= the present rate of accumulation of sediment in Howe
Scund? Theres are other aspects to the sedimentation and peollutant transport
question which can be addresszed by this modelling approcach. For instance, a
recent study (Mclaren, 15%50) established the directicn of sediment transport
throughout the Scund, based on the change of grain size spectra from station to
station over a grid of bottom sediment stations with spacing of 500 m in the
crogss-channel direction and 1 km in the down-channel dirsction. The McLaraen
{1950) approach ia somewhat indirect, and provides no indication of the rate of
transport. It would be useful to provide an independent calculation of the
inferred net currents. The hydrodynamic/sedimentation model could also provids
a flow field for tha transport of both dissolved and particulate organic material
currently discharged by the mills, in order to examine the fate of the present
pellutant load.

STUDY ARER

Howe Sound is a coastal fjord located along the British Columbia mainland
coast, immediately north of Vancouver, shown in Figure 1 from the parspectivae of
a coupled numerical model consisting of a 2 km resolution model of the Strait of
Gecrgia - Strait of Juan de Fuca system and a 400 m resolution model of Howe
Sound. Howe Sound consists of a deep ocuter basin, with depths up to about 250
m, and an inner basin with similar depths, separated by a =ill whose depth is 70
m. The inner basin 1s a single channel; the cuter basin contains several islands
and thus assumes a more complicated shape. There are two principal Ireshwater
sources, the Sguamish River at the upper end of Howe Scund, and the Fraser River,
which eriters becanse of the open connection to the Strait of Georgia. Both of
these rivers are also sediment sources to the Sound.

The Sound is well stratified due to the iInfluence of the Sguamish and
Fraser Rivers. Currents in the Sound are strongly influenced by wind effects,
aither by the land-sea breezes which are a strong and persistent part of the wind
field in the summer months, and by the Sguamish winds, arising from ocutbhreaks of
Arctic air in the winter. The dynamic= of the surface currents driven by the
Sguamish River discharge, tides, and wind have been described by Buckley (1377).
Currents at discrete depths, as determined by moored current meters, have been
described by Bell (1975a-d). Bell (1973) alsoc examined historical eceancgraphic
data from 1959 to 1973 to estimate the sxchange of deep water in Howe Sound.
There has been little other work of an ocsanographic basi= in the Socund; axcept
for hydrographic surveys carried out by staff and students at UBC (s.g., UBC,
1973), and by Crean and Ages (1972).
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Sedimentation in Hows Sound has been described by Sywitski and Macdonald
(1982) . The Water Survey of Canada maintains a stream flow gauge at the Sguamish
River at the Mamquam confluence. As well, in 1974 and 1975, water samples wsre
collacted from the river and analyzed for suspended sediment concentration and
grain size distribution.

In this paper, two hydrodynamic models of Howe Sound are describad,
differing in their spatial resclution (2 km and 400 m). As well, a sedimentation
model is described, which was used to determine the dynamics of the deposition
of sediment discharge by the Sgquamish River. Recommendations are alsc prssented,
bazed on the work described here, which will allow a more complete description
of hydrodynamics and sedimentation in the Sound, and their interaction with
pollutant fate modelling.

THE HYDRODYMAMIC MODEL

The Hows Sound hydrodynamic model is designated HS8, the first two
characters standing for Howe Sound, the character B8 indicating its origin with
the GF8 model for the Strait of Georgia (Stronach, 1%51). HS8 i=s a
thres-dimensional model of Howe Sound, using both the GF8 code and data from GF2
for boundary conditions. Twe versions of the model have been developed: a 2 km
coarse grid version, and a 400 m fine grid wversion. The fine grid wversion
consumes considerable computer rescurces, so only preliminary instantaneous
velocity fields will be presented from it. The coarse grid model was developed
for the sedimentation study described here. Its rapid speed of execution allowed
long-term sedimentation studies ko be carried out, and alsc allowed for testing
the implementaticon of boundary conditions. The code developed for the sediment
model can be run in the Future using the fine grid model. Both us=s the sams
boundary condition data filea, and tha same wind £forcing €£iles, =& are
interchangeable as far as external forcings are concerned. The fine grid version
resolves all significant features of the topography and bathymetry, and will be
used for future studises. The interfaces between levals of the HS58 model lie at
5. 10, 20, 30. 60, 90, 150, 250, and 400 m.

BOUNDARY AND INITIAL CONDITIONS

GF8 is run for the entire simulation pericd, and mod2l variables along ths
HSE open boundary are saved svery tims step. Specifically, the values of surface
elevation at the centres of the GFB grids forming the HS8/GF8 boundary are saved,
as well as the components of velecity parallel tc the boundary connecting thess
points, and the componsnt of velocity perpendicular to thes boundary. 1/2 grid
outside the boundary. As wall, the wertical weloccity and densities at the
elevatien points are saved. Subsequently, whsn HS58 is run, the boundarv
condition file is read, one btimestep at a tima, For ths coarse grid model, the
boundary file points lie exactly on the grid points of HSB, so no spatial
interpolation is required. In that sense, HSE i= mersly repeating the algebra
of the original GF8 run. For the fine grid model, bilinear spatial interpolation
is used to establish wvelocities, densities and slevations at the relevant parts
of the boundary cpenings.

The validity of the boundary condition implementation is shown in Figure
2, which compares the surface current fields calculated by HSE and by GFB
respectively, both plots representing snapshots after 12 dayes of simulation. The
agreemant is very close, but not axact, the reasan for the difference being that
GFB contains a narrow grid cell representing Shoal Charinal, wher=as the HSB grid
does not.

The density fields for both models ware cbtained by interpolating onto the
GFE grid historical data from Cr=an and Ages (1972) and from the UBC (1273) data
raport for the relevant month. Thi=s fisld of densitie=s was then transferred to
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the HSE8 grid. The transfer process was a direct transcription in the case of the
coarse grid model. In the case of the fine grid model a small amount of manual
adjustment was required becasuse of the different resoluticn of the two grids.
The wind field was obtained by interpclating spatially the observations from AES
caast;l lighthouses. In Howe Sound itself, the Pam Rock station dominates the
wind field.

VALIDATION AND RESULTS OF THE HYDRODYNAMIC MODELLING

Validation of the Howe Sound modal can be partially assesssd by comparing
a typical flow field ar low tide, the time of maximum river discharge, (Fig. 3},
to a subjective flow field prepared by Buckley (1877} (Fig. 4), which would be
dominated by currents at this phasa of the tide. The computed flow fizld shows
similar features to the subjective Ffield, which was based on a combination of
drogue tracks and examination of asrial photographs of surface saediment patterns.
Particularly notable iz the jet of water which issues from the Squamish River,
moves across to the opposite shore, and then back to the western shore, in both
diagrams. The back eddy off Britannia Beach is simulated by the model, as well
as the eddy lateral to the issuing jet at the head of Howe Sound. Also noted in
the fine grid model was the development of a counterflew immediately undsr the
surface layer in the region arocund the sill. This featurs was noted by Buckley
(1977) in the Bell (1975a-d) measurements; and is another form of validation of
the model, in a gualitative sense.

THE SEDIMENT MoDEL

Sedimentaticon is of particular concern in Howe Sound because of the role
that sedimsnt plays in the fate of trace organic pollutants discharg=ad Erom the
two pulp mills in the Sound, and alsc because of questions concerning the rate
of burial of older contaminated sadiment by new sediment. The sediment module
in HS8 at present simulates only depositional processes, as there is litcle
resuspensicn in most of Howe Sound (Mclaren, 19%0). The sediment moduls uses a
Monte Carlo approach to describe the fate of sadiment discharged by the Squamish
River. In this approach, a large number of artificial particles are tracked,
with esach particls represzenting & caonstant mass (saveral kg) of =sdiment. Each
particle moves according to the three-dimensional velocity field computed by HS8,
along with a random motion to simulate turbulent processes, and a =ettling speed
determined by the size of the grains comprising sach particle. The model can
support simultaneously a number of grain size fractions, e=ach with its own
specific settling rate. The daily rate of supply is dstermined from Water Survay
of Canada data.

The sediment model has yet to be verified against cbasarved data, although
the rate of accumulation agrees with recent results reported by Sywitski (Carl
Amos, pers. comm.). That verification process must await a parallel modelling
process for Fraser River sediment, as the flow fields computed so far, as well
as observational evidence, indicats significant intrusions of Fraser River water
and sediment into Hows Sound.

SEDIMENT SOURCES

The Howe Sound sediment model considered a single scurce, the Sguamish
River. Daily flow rates for the Sguamish River below the Mamgquam were obtained,
az well as ctotal suspended solids on a daily basis for 1974 and 15975. Thesa two
Eime series allowed & daily sediment loading, in kog/s, to be computed. In
addition, grain size distributions were cbtained on 10 occcasions in 1973,

Figure 5 plots the average grain size distribution for all samplas. The
1275 sediment loading time series was selacted for tha simulations presented
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here. The time origin was shifted (Fig. 6), teo coincide with the boundary
condition data which was available - the sadiment peak actually occurred about
July 11.

SEDIMENT MOVEMENT

The key aspects of the sediment model are that it is a Monte Carlo
simulation, and that the particles which form the sediment are installed at a
rate governed by the daily sediment loading. As well, the hourly rate is
modulated according to tide height, in the same way that the river flow i=
modulated by the tide. Thus, when the tide is high, the river flow is shut off,
and the sediment supply is alsoc set to Zero. A&t low tide. the river flow is a
maximum, and so is the sediment loading. The modulaticn function was chosen so
that over ths period of the simulacions it had an average value of one, and hencea
the daily supply of water or sediment was not cuantitatively affected by the
medulation factor. Each particle released was assigned a grain size, and hence
fall velocity, according to the average observed grain size spectrum as follows.
When the particls was installsd, a random number betwesn zero and one was
generataed. Its value was compared to the cumulative exceedances assigned to the
grain sizes, and a corresponding fall wvelocity determined. Thus, when a
statistically significant number of particles has been installed, their size
distribution would approach the chserved spectrum.

Once a particle is installaed, it is acted on by:

I Three-dimensional currents calculated by HS8, bilinsarly interpolated in
% and ¥, linearly interpolated in z;

2. A random component, governed by the horizontal diffusivity of 100 m*2*/s;

3. A fall velocity calculated from its grain size. using Stokes' Law.

When a particle touched the bottom; it was recorded in a two-dimensicnal
array containing the bottom-deposited particle count, and removed from the array
of suspended particles. Computer memory was reclaimed for use by a newly
installsd particle,

The advection of the particles was complicated by the presence of side
walls. A scheme was devised which prevented the particle from drifting through
the side wall due ko diffusion and also due to small discretization errors in the
interpolation schema for the advective step. This was achieved by treating =ach
particle as & perfectly elastic particle colliding with & =olid wall. This
becomes a lengthy check because of the possibility of mulciple reflections in
corners. However, the resulting code reproduced analytic solutions with a high
degres of acouracy.

SECIMENT RESULTS

The model was run for a 69-day period. During the first 45 days, the
sediment supply was determined from the observed loadings illustrated in Figurs
6. For the last 24 days, the sediment supply was set to zero, for two reasons.
First, the actual supply was in fact close tc zero. Second, setting the supply
to zero would allow a well-defined numsrical experiment to be carriad out, in
that the sinking of the sediment cloud deposited during the first 45 days could
be examined, without the complication of additional sediment supply. Figures 7,
8, and 9 illustrate representative stages of the simulation, showing a wvertical
section of suspended sediment concentration taken along the main channel, from
the Strait of Geozgia on the left to the head of Howe Sound on the right. The
key feature of these diagrams is the three~dimensional plume of smaediment, which
achieves itz maximum concentration at about hour 300 (Fig. 7), and proceeds to
sertle out cver the entire period. Many of the diagrams illustrate the effect
of shesar in the watsr column, such a=z the tongue of lower concentration water
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between 10 m and 50 m depth at hour 800, in Figure 8, The last diagram in the
segquence, Figure '8, illustrates also ths deposition on the bottom, shown by
filled rectangles along the bottom, whose height i= proportional te the thickness
of deposited sedimemt. For =scaling, the greatest deposition is 4.3 om at the
head of Howe Sound.

CONCLUSIONS AND RECOMMENDATIONS

This study generated preliminary but beliewable results, and the bottom
deposition rate which was calculated is consistent with observations. The model
made wvery few approximations about the physics involved, and calculatad tha
annual sedimentation in full detail. The feasibility of carrying out sadiment
and pollutant modelling using a numerical model such as HS8 has been clearly
demonstrated, The principal conclusions of this report are:

1. HE8 demonstrated it iz capable of providirng realistic welocity fields,
particularly with the high resolution grid. The velocity fields appeared
intuitively correct, and agreed well with the limited amount of available
cbservational data;

2. The feasibility of the Monte Carlo sedimentation approach was alse
demonstrated. The only verification is the agreement with sstimates of
bottom sedimentation rates calculated using other methods. However,
because the procedure was checked carefully against analytic solutions for
simple cases, and because it was not changed during implementation in HSE,
it can be concluded that the numerical code expressed eaxactly the
mathematical and conceptual model on which it was based;

3. The specification of the sediment source was inadequate. First, the
frequency of sampling was low. Second, it i3 not known whether the
analytical methods used to determine suspended sedimert concentration and
grain size distribution were sensitive enough to resclve the contribution
of the glacial flour which freguently £fcrms part of the Howe Sound
sediment supply. As well, the variation in grain size over a ssason was
not readily addressed with the awvailable data. Recommendations for
additional work, which will make this sediment mcdel a more useful part of
future Howe Sound environmental studies are as follows:

1. The sediment supply should be mors precisely determined. This procedure
would also ba usaful for hydrological studies in the Howe Sound watershed.

e 2 The hydrodynamics should be based on the fine grid modal, Lateral
differences across each of the main Howse Sound channels could then be

razolvad.

3. The simulations need to be axtended over a number of seasons, Cto
adequately sample the seasonal wvariations in wind forcing and sediment
supply.

4. For other purposes, such as bottom flushing, the modsl needs to be
calibrated over long time periods.

5. The relationship between sediment and trace organic pellutants should be
examined in more detail. At present, the model 1is suitable for
calculating the rate of supply of new sedim=nt to the sea floor from the
Squamish Riwver. Other question= remain to be addraszsed, such as the
ability of sadiment to adsorb organic contaminants, and carry them to the
g=a floor.
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6. The effect of Fraser River sediment should also be investigated. This
could readily be done, using GF8 coupled with the sediment model. The
results would be calculated at the same resolution as the coarse grid form
of HS8, but would allow an estimate of the relative roles of the two
sediment sources. The GFB sediment results could be applied to the HSS8
fine grid sediment model if required.

7. For present pollutant loadings, the nature of organic supply should be
quantified, the particulate material should be treated as described in
this report, and the dissolved material should be treated in a fully
three-dimensional transport-diffusive calculation.

8. To improve the hydrodynamic modelling, a mesoscale wind model should be
considered. For instance, folklore indicates that Thornbrough Channel is
usually much calmer than Montagu Channel, but this is at present not
incorporated in the hydrodynamic model.
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ABSTRACT

About 550 bottom grab samples wars collscted Ar regular intervals over Hows
Sound. These were analyzed for their complets grain-size distributions in order
to perform a sediment trend analysis. This is & technigue whereby net sediment
transport patterns are determined by assessing statistically the relative changss
in grain-size distributions along selected sample segusnces. The analysis also
provides an understanding of the behaviour of the sedimentary environment with
respect to erosion, deposition, or dynamic equilibrium.

The study bemefitted from an excellant data base and the results showed
that the area could be divided into four transport environments; namely Upper
Howe Sound (from Squamish to the sill), Ramillies and Montagu Channels (from the
8ill to Bowyar Island), Thernbrough Channel, and Southsrn Gambier Island, Upper
Howa Bound is dominated by the Sgquamish River cutflow and the derived trends all
showed a southward transport indicative of total depesition (i.e., onc= a
particle is depozited, no further transport takes place|. As a resulr,
contaminants are deposited at specific locations and may be related to specific
sources, a finding that is supported by the distribution of mercury found in the
bottom sediments.

The trends in Ramilliss and Montagu Channels demconstrated that down-fiord
transport continues south of the sill. Here the grain-size is very small (fine
silt and clay) and it appears that thers is an equal probability for all sizes
to be deposited (i.e., size-sorting is no longer applicable). Thus contaminants
are unlikely teo concentrate at a preferred locality and would tend to be
dispersed squally throughout the region. Existing contaminant data support this
cancept.

Transport in Thornbrough Channel was datetrmined to be northwards with total
deposition occurring. Contaminant data show high —oncentrations beth north and
scuth of Port Mallon which ars explained by the influence of =bb and flood tidal
currents as well as dumping operations that have ococurred in the channel
immediately adjacent to the mill, Total deéposition was alsoc determined for the
sadiments originating from the streams sntering the channel aleng the south coast
of Gambiser Island. Becauze there is po contaminant source associated with this
arsa, it ia unlikely that significant lsavels would be found in this area of the

study.

INTRODUCTION

The Howe Sound fishery has been closed due to unacceptable concentrations
of polychlorinated dibenzodicxins (PCDDe) and dibenzefurans (PCDFs). These
compounds ars known to have a high affinity for the organic constitusnts of
abiotic and bioric particles, and therefore they bscome, through physical,
chemical, and biological processes. inextricably linked to the natural sediment
ragime. As part of & program to determine the behaviour of dioxins and furans in
the Howe Sound ecosystem, the Ocean Chemistry group 4t the Institute of Ocean
Sciences supported a study to determins the role of sediment transport on their
distribution in the bottom sediments. The principal purpese of this study,
therefore, is to establish thas probable sediment cransport pathways and to ass=3s
thocse areas in the Sound particularly susceptible Tto contaminant build-up or
dispersal.

METHODS
THEQORY

The technique to determine thea axisting sediment transport regime utilizes
the relative changesa in grain-size distributions of the bottom sediments. The
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derived patterns of transport are, in affect, an integration of all processes
responsible for the transport and deposition of botrtom sediments over the period
of time repressnted by the actual samples. Details of the theory are contained
in McLaren and Bowles (1985); however, the approach is summarized hers.

Suppose two sediment samples (D, and D;) are taken sequentially in & known
transport direction (for example, from a river bed where I is the up-current
sample and D, is the down-current sample). The theory shows that the sesdiment
distribution of D, may become finer (Case B) or coarser (Cass C) than D;; if it
becomes finer, the skewness of the distribution must become more negative.
Convaersely, 1f 0, is coarser than 0,, the skewness must become more positive. The
sorting will become batter (i.=., the value for variance will become less) for
both Case B and C (Fig. 1). Tf sither of these two trends is cbserved, we can
infer that sediment transport is occurring from D; to D;. If the tremnd is
different Erom the two acceptable trends (e.g., if [, is finer, better sorted,
and more positively skewad than D,), the ktrend is unacceptable and we cannot
suppose that transport between the two samples has taken place.

In the sbove esxample, where we are already sure of the transport directien,
Ih(s) can be related to D,(s) by a function X{s) where ‘s’ is the grain size. The
distribution of X(s) may be determined by:

X{s)= Dy(=s) /D, (&)

X(s) provides the statistical relationship betwsen the two deposits and its
distribution defines the relative probability of each particular grain size being
ercded, transported, and depesited from D; to Dy.

INTERPRETATION OF THE X-DISTRIBUTION

Empirical examination of ¥-distributicns from a large number of differant
anvironments has shown that four basic shapes are most common when campared to
the D, and D distributions (Fig. 2). These are as follows:

13 Dvnamic¢ Equilibyrium (Fig. 2A): The shape of the X-distribution closely
resembles the D, and Dy distributions. The relative preobability of grains
being transported, Cthereforse, is2 a zimilar distribution to the actual
deposits. This suggests that for every probability of finding a particular
grain in the deposit, there is an =qual probability that it will be
transported and redeposited (i.e., there is a grain by grain replacement
along the transport path). The bed is neither accreting nor eroding and
is, thersfore, in dynamic squilibrium.

(2) Net Accretion (Fig. 2B): The shapes of the cthree distributions are
similar, but the mode of X is finer than the modes of D; and D,. Sediment
must fine in the direction of transport; however, more fine grains are
deposited along the transport path than are eroded, with the result that
the bad, though mobils, is accrating.

t3) Mst Erosion (Fig. 2C): Again the shapes of the thres distributions are
similar, but the mcde of X is coarser than the D, and D; modes. Sediment
coarsens along the transport path, more grains are sroded than depositad,
and the bed is undergoing net erosion.

d) Total Deposition: (Fig. 2D): Regardless of the shapes of 0, and DO., the
X-distribution more or less increassas monotonically over the complete size
range of the deposits. Sediment must fine in the dirsction of transport;
however, the bed is no longer mobilae. Rather, it iz accreting under a
*rain* of sediment that fines with distance from source. Once depositad,
there is no further transport.
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INTERPRETATION OF A TREND

In reality, progressive changes in graln-size distributions as shown in
Figure 1 are seldom cbserved in a ssquence of samples, even when the transport
diraction is clearly known. Thiz is due to complicating factors such as variation
in the grain-size distributions of the source material, lecal and temporal
variability in the X (s} function, and a varisty of sadiment sampling difficultiss
(1.2., sample does not adequately describe the deposit; it is taken too deeply;
not deep encugh, ekc.l.

Initially, & trend is easily determined using a statistical approach
whereby, instead of searching for "perfact® changes in a sample sedquencs, all
possible pairs contained in the seguence are assessed for possible Etransport
direction. When cne of the trends exceeds random probabiliby within the sampls
gegquence, we infer the direction of transpert and calculats X({z2). The precise
statistical technigue is described more fully in Mclaren and Bowles (1985).

Despite the initial ose of a statistical test, varicus other gualitative
azssegsments must bs made in the final acceptancse or rejectisn of a trend.
Included i=s an evaluation of R’, a multiple correlation coefficisnt defining the
relationship between the mean, sorting, and skewness in the sample sequence. If
a given sample saquence follows a transport path perfectly, the three grain-size
descriptors will contain a relationship as defiped in Figure 1. B will,
therefors, approach 1.0 (i.2., the sadiments are perfectly "transport-related").
& low R* may occur, even when a trend is statistically acceptable for the
following reasons: (i) sediments on a presumed Eransport path ara, in reality,
from different facies, and valid trend statistics occurred aceidently; (1ii) the
sediments are from a single facies, but the saguence chozen deviates from Ehe
actual transport path;, and {iii) extransous sediments have been introducsed into
ths natural transport regime, as in the case of dredged material disposal. B,
therefore, is assessed qualitatively, and when low, statistically ecceptsd trends
muist be treated with considerable caution.

To analyze for sediment transport directicns over 2-dimensions, a4 grid of
gamples i= reguired. Each sample is analyzed for its complete grain-size
distribution a&and thess are sntered inte a micro-computer eoguipped with
appropriate software to.calculate statistically acceptable trends for all sample
segquences and the corresponding transport (X(=)) functicns. Most importantly, &
final interpretation of the sadiment pathways is accepted only when the patterns
of transport form a “"coherent" whole over the entire area of sampling.

FIELD METHODS ANLD DATA BASE

Sampla Collaction

The findingz described in this paper are the result of twe saparate
projects, In the first, =samplss ware collscted with a Van Vean grab between
January 4 and January 12, 189%0, Sampling was carried out from the M.V. Beatrice
1108 Cruise 20-01) and the arsa coverad exXtended from Sguamizh south to Lakt.
49°30' (immediately south of Port Mellon and Anwvil Zsland). The sampling strategy
was based on a dgrid with spacing of 500 m across the channsl [(fjord) width and
1 km spacing down =he channels. Pogitioning was acshieved using radar bearings.

A sub-sample of the top 10<15 cm of sach grab was collected for grain-size
determination. In additicon, about svery third gras was further sub-sampled for
lartey chemical anmalysis. A btotal of 312 stations werse wvisited from which 283
samples wers collected and analyzed for their full grain-size distributions {(no
samples could be cbtained at 19 stations due to the steepness of the Ejord sides
or an excessive covering of bark over log booming arsas). A report using these
data was prepared and submitted to Ocean Chemistry in September 195%0 (GeoSea
Congulting, 1390).
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The sscond project continued from the Ffirst with an identical sampling
strategy. Sample coverage was extended farther south to Lat. 45" 25'. A further
227 samples were obtained between Dec. 3 and TDec. 17, 13%0. For the
interpretation of the sediment trends, however, the new data were integrated with
the previous samplesa and a second report prepared (GecSea Consulting, 19%1). The
sample locations Eor both studies are shown in Figure 3.

Grain-size Analysis

The samples wers all analyzed using a standardized method developed by
GeoSea Consulting. This combines measurements on a Malvern Z600L laser particle
sizer with data obtained from dry sieving the gravel fraction where necessary.
It provides a consistent method of analysis which allows large numbers of samples
toc be analyzed. Bscause a sadiment trapnd analysiz locks at relative changes in
tha grain-size distributions, it is of prime= importance to have a constant method
of analysis. All samples were well mixed prior tc analysis in order to obtain a
representative sub-sample. A series of tests on a muddy sand showed sxcellent
reproducibility oF results.

The Malvern instrument amploys lapses of different focal langths to look
dt portions of the total range of grain sizes. Frequently, two measurements wera
required; one to cover the sand fraction and the other for the silts and clays.
The separate distributions and the sieve datsa wersa then *"merged" together using
an algorithm to reproportion the weight percents into a single, complete
distribution. This was accomplished with software developad by GeoSea Consulting
and the merged data provides the data base used in the sediment trend analysis.
The full grain-size distributions are contained on diskettes in an ASCIT file
(HOWE.DAT and HOWSOUTH.DAT) and are available from the authors on reguest.

PHYSICAL SETTING

Howe Sound iz a fjord sxhibiting a typical U-shaped submarine valley. In
the area of the study, its width is about 3.5 km and it originates in the north
&t the Bguamish delta., Water depths increase rapidly to about 220 m near
Woedfibre (Fig. 3], and then more gradually to nearly 300 m at the base of the
=111 17 km to the south. The water depth over the sill is in places less than 50
m; it i= composed of morainic materials and marks the maximum ice advance of the
Fraser glaciation {11,300 years B.P.]) (Mathews et al., 1970). Immediately south
of the =ill, the [jord divides into a number of channels separated by Anwvil,
Gambier, and Bowan Islands, each with an average depth of 230 m.

The Scquamiah River, which drains 3,800 km® of the scuthern coast mountains,
vields about 1.5 % 10° m'/y of sediment intoc Howe Sound and appears to be the
dominant influence on the circulation of surface watsrs in the Sound (Hickin,
1589) . The present Squamish delta i=s prograding down-fjord at an average rate of
3.86 m'/y. In the Sound itself, ths bottom is covered by a layer of 50-150'm of
Holocene sediments that overlie thick deposits of Pleistocene sediment (Syvitski
and MacDonald, 1982). According to Hickin (1989}, the rate of sedimentation
decreagses exponentcially down the f£jord with an aversge annual accumulation of
0.004 m/y near Britannia Besach and 0.0002 m/y &4t the foot of the sill.

In addition to the transport and deposition of sedimentes by the *normal®
circulation of the f£jord watsrs, considerable transfer of materials is achieved
by catastrophic mass movements down the Squamish delta front and sides af the
Sound. Prior and Bornhold (1584), using sub-bottom profiling and side =can sonar
surveys have shown a complex bottom morphology consisting of numercus =longats
chutes which incise the delta slope to water depths of 200 m. At their downslope
=nds, these chutes terminate in debris fans and assoclated features such as
closely spacad arcuate scarps and large allochthonous sediment blocks that have
moved across the Ejord floor as a result of load-related sliding,
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The oceanography of the Sound has rTeceived much abtention and excellent
literature reviews are contained in Syvitski and MacDonald (1982 and Hickin
{1989). Tha fjord i= contained in a macrotidal environm=nt (range 5.5 mi;
howevey, tidal oacillations contribute little tc residual currents and their
influsnce decreases with depth (Pickard, 1961). Mors important Lo gensrating
residual flow are the Ereshwater discharge of the Sguamish River and katabatic
winds, the lattsr being generated over the hinterland ice fields to producs high
velocity outflow winds. These result in strong up-inlet and stronger down-inlst
forces causing both short-tearm residual velocitises in the surface waters and desp
watcer sxchanges at the =sill (Bucklsy, 1977).

Currsnt measurements show that velocitles throughout the water column ars
usually lower that 0.8 m/s. Buckley (1277} and Buckley and Pond (1876) described
a surface-layer outflow and a return flow in the waters immediataly below. A mean
down-inlat flow was ocbsarved in the deepsr waters below about 130 m.

At present Howe Sound supports two pulp and paper mills at Port Mellon and
Woodfibre, as well as a chlor-alkali plarnt at Sguamish., The lattsr was & source
for mercury in the sediments, the distribution of which is described in Thompson
et al., {(1980). Much of the fjord bottom in the wicinity of the two mills is
coverad with bark mulch, and effluent from the manufactures of pulp and papar is
considared to be a scurce of dioxins.

PRESENT PATTERNS OF SEDIMENTATION

For the sediment trend analysis, numerous seguences of samples were tested
for preferred transport directions. For the first part (nhorthern portion) of the
gtudy, 25 lines of samples produced a cohsrant pattern of transport. In ths
second part (southern portion) samples from both studiss were used to obtain an
interpretation over the whole region. The findings of both studies wsrs
compatible with e=sach other, thus providing mutoal support for their
interpretation. The appropriats maps of sample lines and their individual trend
statistics ars provided in the two reports (GaoSsa 1990 and 15%1i) but, for the
sake of brevity, are not included here. PFigurs 4 illustrates the derived
transport pathways, -and the findings of the spdiment trend analysis are discussed
according to specific regions. as follows:

(1) Upper Howe Sound

The lines of zamples usad in the trend analysis for this region originated
at the Sguamish deita and terminated at the base of the sill. With the exception
of ons line immediately adjacent to the eastern shoreline, all the Erends
produced Casa E transport in a down-fijord direction, and an X-dietribution
=ignifyving total deposition (Table 1 and Fig. 5}. The trend statistics were
exceptionally Highk with a mean B* wvalue of 0.86+0.10. Howewver the two lines
clogest to the fjord eides ware the weakast, probably the result of local
sediment sources derived from the stesp surrcunding walls.

(2) Bamillles Chanmsl

Ten zample sacuences were used to datermine the transporc crends from the
bagsa of the s3ill, through Ramillias Channel to the norchern parkt of Quesan
Charlotte Channel. The direction for all the linpss was =outh, altheugh thers
appeard te be some indication that transport id diverted in and out of the
channal separating Gambier Island from Bowen Island (Fig. 4). The distinguishing
feature of these linsz compared to the Upper Hows Sound lines i= that virtually
all the trends ars Case C, Purthermore, the derived X-distribution is essentially
horizontal (Fig. &), a shape that is undefined according to Figurs 2. The average
R walus for this region is significantly lower than that of Upper Howe Sound
(0.6940.27; Table 1j.



(3} Montagu Channsl

Similar tc Ramilliszse Channel, the sampls seqiiences for this ar=a also
ariginiate at the bass of the sill and continue scuthwards as far as Bowyer
Isiand. The trends are identical to those in Ramillias Channel, the statistics
showing Case € transport as well as an idsntical (undefined) X-distcribution (Fig,
7). The B value, however, is considerably higher with a walue much the same as
iUpper Howe Sound (0.88#0.06; Tabla 1)-

(4} Thornbrough “hannsl

Transpert in Thornbrough Channel originates at the south end nsar Langdale
and continues northwards and sastwards bto join with Bamilliss Channel (Fig. 4.
All the sample sequences produced an X-distribution Aindicative of total
depusition (Fig. 8). The R* wvalues, however, were the lowest found in the
complate study area (0.40+0.19; Tablas 1).

(5} Seuthern Cambier Islatd

The southe:sn &nd of Gambisr Island is composed of three bays that open into
a single large bay (ummamed). A small river snters =sach of the small bays.
Excellent trends wers determined for lines of samples originating near the river
mouths and antearing the larges bay. All lines showed Case B transport indicative
of total depoaition (Fig. 3). Simlilar to Upper Howe Sound and Montagu Channel,
the average R’ walue was extremely hich (0.88+0.07: Table 1).

DISCUSSI0ON
GENERAL TRANSPORT PATTERNS

The derived transport patterns in Upper Howe Scund (Fig. 4] agres well with
known =urfacs currents which are dominated by the outfiow of the Sguamish River
(Buckley, 1977) aa well as with currspts in desh water (=150 m] (Bell, 1975). Two
minor discrepancies exist: surface drogue studies by Buckley (1977) show the
pragsence of & clockwi=a gyra betwsen Sguamish and Woodfibre and a
counterclockwise gyre in the wicinity of Britannia B=ach. Neithsr gyre could be
detected in the trend analysis suggesting that cutflowing bottom currsnts may ke
negating the effacts of the surface circulation at thesse locations.

Down-fjord transport appears to dominate the greater part of Howe Sound at
least as far as Bowyer Island. However, the ¥-distribution which so clearly
defines an snvircnment of total deposition betweesn Squamish and the sill, changes
in Ramillies and Montagu Channels. South of the =ill, the X-distributrion is
essentially horizontal which has not previously besn chaerved, The modal size for
sediments. north of the si1ll (6.5 phi) i= a full phil size coarser than .chosa
Earther scuth (7.5 phi)l. The herizontal X-distributicn suggests that, for the
very fine sizes of particlsa remaining in transport bevond the sill, there is5 an
aqual probability of all =zizes to be deposited. Im other words, the particles are
now too small to be deposited on the basis of a size sorting. Only along the
sides of the fjord where there 1s an input of larger sized materials can the mors
typical X-distributions be cbserved (Fig. 4).

Disagreemsnt in the transport paths occurs in Thornbrough CThannel whers
Syvitski and MacDopald {1%82) have =shown & Sguamish River-dominated west and
southwest transport. The ssdiment trends, on the other hand, indicate an opposite
diraction in which sediment is transported in a clockwisa direction around
Gambier Island. The interprstaticon by Syvitski and MacDonald i3 based primarcily
on the pattearns of mica, nickel, and copper cortained in the sedimant, all of
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which show protrusions of high concentrations from the north inteo Thornbrough
Channal. Published current dara for this area do not exist.

There are two principal failings in the arguments used by Syvitsky and
MacDonald. First, in their map of mean grain size, they show the =adiments
becoming coarsser ktowards the southern end of Thornbrough Channel. For this to
occur in the direction of transport, a high energy regims iz required, a
situation which is mest unlikely at the bottom of a fjord more than 200 m deep.
Second, the trends are based on very few samples (8 in Thornbrough Channel) and
the mineralogy content appears to be related much more to grain size than to
transport direction. In favour of the findings of the trend analyvsis is thar
sight separate lines of samples all produced excestionally good transport paths
with no ambiguities. Purthermore, the fining sequsnce of total deposition iz
completely acceptable in the deep water, fjord smvironment.

The excaptionally low R values observed in Thornbrough Channsl (Tabls 1)
are attributed to a dumpsite adjacent te Port Mellon. It i= interesting to nots
that R' for Ramillies Channel is also low compared to the other environments.
Thiz may be explained by an input of Thornbrough Channel sediments mixing with
the Ramillies Channal transport regime, The latter is dominated by the Squamish
River and even a small input Erom Thornbrough Channel would have the =ffect of
introducing an extranecus sadiment, and thua lowering the R* value. The sediments
on the Montagu Channel side have no such mixture of sediments from a differsnt
source; hence, the B valus iz significantly higher,

The south side of Gambier Island is characterized by three bays, sach
associated with a small river. Similar to Upper Howe Sound, this environment is
dominated by alluvial sediments which are torally deposited in the main channsl.
Samples taken in the middle of the northern and of Collingwood Channel could not
be related to any transport paths. They may be the result of:

(1} Given gredter surface areas and more aites available for adscorption,
contaminants have a greater association with fine sediment (silt and clay)
than with coarse sediment (sand).

(2} Dynamic Equilibrium (Fig 2A]: When sediments are in dynamic eguilibrium,
thars is no ralationship between the contaminant loading and distancs

along tha transport path.

f2) Wet Accretion (Fig. 2BE): In environments undergoing net accretion there i=s
a general, linear increase of contaminant lpadings along the transport

path.

(4) Net Erosion (Fig. 2C): Contaminant loadings decrease rapidly along the
transport path.

(5) Tetal depeosition: (Fig. 2D): The highest econtaminant loadings are
associated with environments of total depoaition.

The trend analysis in this study indicates that the area can be divided
inco four transport environments. These are:

(L) Upper Howa Sound - total deposition; high R? value.

(i1) TRamiliies and Montagu Channels - undefined, herizontal
X-distribiution; low R* in Ramillies Channel, high B in Montanou
Channel .

{iii) Thornbrough Channsl - total deposition; very low R? valuas,

{iv) Southern Gambier Island - total depositiom; high R® value,

According to the above concepts, contaminant levels should be highest dn
the environments of total deposition (i.e., Upper Howe Sound, Thornbrough
Channal, and Southern Cambier Island). Data for mercury in the sadiments of the
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northern part of Upper Hows Sound [Thompaen «t al., 1280) showed highest
concentrations in the centre of the fiord about 2 km south of Wocdfibre. Beyond
this point concentrations decrsased: A repeat survey foury years later showed ne
change in concentrations, lending support to the inrerpretation tChat che
spvironment is one of total depesition, Once mercury-contaminated sediment is
deposited; no further transport takes place.

The location of the high concentration of mercury coincides with the
*start” of the finest sediment in Upper Hows Sound. Grain-size steadily decreases
from Squamish to about the 225 m water depth beyond which there 13 negligible
changa in size to the Ffoot of the aill (Fig. 10). This suggests that mercury is
associated with the finest sediment and the prefarred location for its deposition
iz the result of proximity to scurce rather than ro.a build-up along an accrsting
sediment transport path. The decline of mercury in sadimspts farther south
indicates that there must be a dilution effect by uncontaminated sediments
entering the fiord from the innumerable smsll streams running down either sids.

A sacond explanation i= that the rate of sedimant accretion near Woodfibre
is small compared to that towards the sill, a concept that appears unlikely given
the dominance of the Sguamish River and its associated prograding delta. Hickin
(1989) suggested a formula to pradict the annual ssdimentation rate down the
length of the £jord. It is a decreasing log functicn and provides a sedimentaticn
rate of 1,2 om/y at the location of tha high mercury concentraticon. Given that
much of the mercury =tfluent was reduced in 1970, and the high concentration was
found about 7 on below ralatively uncontaminated sediment & years later, this
sedimentation rate appears to be guite reascnable,

By analogy, contaminants found in the sediments of Thornbrough Channel
should also be "Bource-ralated®. It would be expected;, therefcre, that highest
concantrations should be found north and east of the Port Mellon pulp and paper
plant (i,=2,, in the direction of pet sediment transport). In a study by Hatfield
Consultants Ltd., the highest concentrations of tetrachlorogualacscl and
terrachlorocatacs] ware located just northeast of the plant near the north and
of Woolridge Island (Dr. Wayne Dwernychuk, Hacfield Consultants, pers. comm.,
1991) , Howewver, their data show concentrations decreasing on-sither side of this
*high" to both the southsrn and northern ends of the channel, an cbservation also
madse by researchars at JOS (Ocean Chamistry).

There are ftwo explanations for these findings and neither iz likely to ke
axclusive of the other. First, thers is & dumpsite in the middls of the channel
immediately adjacent to Port Mellon. The low R walues in Thornbrough Channel
attest to the affects of dumped material affscting the natural transport regime,
If dumped material is contaminated, then transport of material at the time of
dumping would be affected by the flood and =bb tidal ragime. Dumping and total
deposition could occur in both abh and flood conditions giving yise to the
observed concentrations decreasing in both directiens.

The se=cond also suggests that =bb and fleod currents ars dispersing
contaminated particies despite the fact: that flood-direcked Cransport is
favoursd. Unlike the Woodfibre site where the influsnce of the Sguamish River is
unidirectional and Apparantly overrides the tidal influence, Thornbrough Channel
iz entirely tidally dominated. In an environment of total dapositicn, particlas
may be dapesited at both slack high and low water perieds giving rise to
dacrsasing contamination on aither side of the source,

The bays and adjacent channel on the south side of Cambier Island are also
in an eavirooment of total deposzition; howsver, thers is no contaminant sourcs
assocdiated with these sadiments and they are anlikely teo contain concentrations
of any significance.
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The remainder of the study area (Ramillies and Montagu Channesls] are
characterized by the *horizontal®, undefined X-gistribution. If, a5 dizcussed
above, such a distribution represents no further size sorting of the 2ediments
in transport, it is unlikely that contaminants would have any favoursd lecation
for their depositicon., Hather, particlss contzining contaminanta would be
deposited with equal probability throughout the arsa. The Hatfisld data strongly
suggest that this 1s the case. Contaminant wvalues from sites encompassing the
2ill, Ramilliss, and Montagu Channsls all show low and equal concentrations.

SUMMARY AND CONCLUSIONS

(1] A =ediment trend analysis was performed on: aboit 550 grain-size
distributions taken from the bottom deposits of How= Sound. The technigue
enabled patzerns of net sediment transport to be determined, as well as
the depositional behavicur of the sediments.

{2) The trends indicate that the transport regime Erom Squamish to Bowyar
Izland is driven largely by the inflowing Squamish River (i.a., in a
southerly direction). From Sguamish Eto the s1ll, the deriwved
X-distributicons are typlcal of total depos.ticon. Thus, sediments tend ta
fine in the down-fijord directicn and, once deposited, underge no further
transport. Scuth of the sill;, howsver, thes X-distributions sre horizontal,
a shape never previously observed. It is suggested that the horizontal
X-distributicn signifies deposition of extresmaely fins material that ia no
longer sorted according to the size of particle (i.e., tEhers i=s an egual
probability of all sizes to be deposited].

(3) Sedimenta in Thornbrough Channel show tranaport in 4 northerly diresction
indicating & clockwise regime arcund Gambier Island. As in Upper Howe
Sound, the X-distribution ls one of total deposition. Very low R® valuas
ars explained by a dumpsite in the middle of the Channel adjacent to Fort
Mellon. Total depesition of sediments is alszo observed in the bays along
the south side of Gambier Island.

(4) Data for mercury levels in the sediments of Upper Howe Sound agrse wsll
with the concept of total depositicn. Rapeat surveys showsd the same
layels and the amount of relatively clsan s=ediment overlying
marcury-contaminated sediment stpports a publishsd deposition rarce cf
about 1.2 em/y nsar Wecdfibre (Hickin, 19389).

(5} In ‘Thornbrough Channel, highest 1levels of contaminants ars found
immediately northesst of the pulp and paper plant which is consistent with
the derived transport regime, Unlike Upper Howe Sound, which is dominated
by the unidirectional Sguamish River inEluence, Thornbrough Channel
appears to hava a strong tidal component respansible for transporting and
depositing contaminated particles. As a result, levels of contaminants
decrease in both directions away from For: Mellon. Disposal operations
adjacent to Port Mellon, which would occur at any stage of the tide, may
also contribute to the southward disper=al of contaminants.

(&) Given that particles are not depositad according to size in Ramillies and
Montagu Channels, it is unlikely that contaminants could become
concentrated at a particular locality; or be related to a specific source;
rather they will be dispersed meor= of less =qgually throughourt the arsa.
Existing contaminant data support this corcept.

{73 The total deposition of ssdiments occurring on the scuth side of Gambisr
Island have no association with a contaminant scurce and are, therefors,
unlikely to show significant contamination levels.,
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Table 1. Summary of the sediment transport enviromments in Howe Sound.
Environment No. of Mean R° Interpretation of
Sample values E-distribution
Lines
Uppar Howe Sound K 0.88 £ 0.10 Total desposition
[Fig.-5)
Eamillies Channel 10 0,89 + 0,27 Horizontal
R-distribution
[Pig. &)
Montagu Channel 8 0.88 =+ 0.08 Horizontal
E-distribution
(Fig. 7)
Thornbrough 8 0.40 = 0:19 Total deposition
Channal (Big. 7)
South Gambisr 14 0.88 = 0.07 Tatal depesition

Island (Pig. 9
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Location map and sediment sample sites.
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Figure 4. Net sediment transport pathways in Howe Sound,



140
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ABSTRACT

Howe Sound, a fjord system contiguous with the Strait of Georgia, has two
bleached kraft mills at Woodfibre on the upper basin and at Port Mellon on
Thornbrough Channal. Subtidal surface sediments were collected at mid-channel
at varving distances from both mill sites to look for trends in the PCOD and PCDF
distributions. Sadiment cores wers collected and age-dated to examins ths
historical records of these compounds as well as those of PAH=s, PCEs, and othser
selected crganics and metals. In surface sediments, the concentratians of BCODs
and PCDFs, excepting OSCDD, generally diminished with distance from the mill
gites. In cores, 2,3,7,8-T4CDF, the PSCDDs, and the HSCDDs were found to exhibit
aelevated concentrations dating from about the time of the introduction of
chlorine bleaching of pulp. The 08CDD concentrations, however, were found te
have been elevated for a pericd of time befors that. Thess results ars
consistent with a time-varving, mixed input of mill and combustion derived
dioxing and furans.

INTRODUCTION

In a Dioxin Workshop held at I0S on July 19, 1989, and atctended by Pacific
Region Department of Fishaerie= and Oceans ressarch and operations personnel,
there was agresment that the two related key qusstions regarding the Hows Sound
and Prince Rupert fisheriss closures were:

p s How lang will the Eish remain inedikles due to TCDD and TCOF
concentrations?

ey How long will the sediments remain & potential scurcs of thesse compounds
to biota?

To begin to answer these gquestions a multifaceted research strategy was
bequn by researchers at the Institute of Ocean Sciences of the Department of
Fisheries and Oceans with the primary focus on Hows Sound [(Fig. 1.). One facet
of the work was to estimarte the spatial extent in sediments of pulp mill-
gensrated dioxins and furans. A second facst was to develop a predictive model
for burial of the dioxing and furan= in subtidal sadiments. Key to this medal
development, 1t was felt. would be the uss of sediment cores to dstermine ths
historical wvariation of concentration= of thess and other contaminants, such as
mercury and polycyclic aromatic hydrocarbons, which were known tc have increased
in the environment and then decreased because of public pressurs and government
regulation. This paper presents ayidenca of the historical record and spatial
distribution in surface sedimsnts of the octachliorodibenzodiexin (OBCDD) and
2,3,7,8-tetrachlorodibenzofuran (2,3,7,8-T4CDF) .

METHODS
SAMPLING

Surface s=2diment samples weres collected in Howe Scund from the M.V,
Beatrice between January 4 and 12, 1990, on December 15 and 17, 1%20, and from
the C.5.S., Vector Setween December 2 and 7, 19290. A Van Vean grab was deployesd
from tha M.V. Beatrice and a Smith-McIntyrs grab from the C.5.5. Vegtor. A box
corer [0.% m' arsal with stainless steel liner was used from the C.5.5. Vector
to obtain core samples, The cores were segmented at 1 cm intervals to 10 cm and
then at 2 cm intsrvala. FPFrecleanad stainles=s stesl sampling cocols wers used and
samples for PCDD and PCDF analyses were transfsrred bo preclssred mason jars with
Teflon-lined lids. Samples for chemical analysis were immediately [rozen and
kapt frozen pricor to analysis.
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ENALYSIS

Lead-210 determinations for age-dating of the cores were dons under
gontract by Flett Ressarch Ltd. Ths msthod of Eakins. and Morrison (1878) was
used. Age-darting followed the procedurss described in Macdopald et al. (1931).
PODD and PCOF analyses wers performed as cutlined inh Figure 2 undesr contract by
Zenon Environmental Laboratoriss Ltd. (B.C. Lab.].

Sample Extraction

About 20 o of accurately weighed wet sediment and anhydrous Na,s0, werse
ground with a mortar and pestle until the mixture was free flowing. A surrogats
standard solutien containing 2,3,7,8-[YC,1T4CDF (2 ngl), 2,3,7,8-["g;;1T4CDD (2
n?i. 1,2,3;:7,8=1Y2,,]1P5CDD (2 &), 1,2 3.6,F.8-1Y¥C]H6CDE (4 ngl . 2,23, 40Ba7 8=
[c,;1B7CDD (4 ng), and [YC,:]0BCDD (6 ng) was added to the sample in s soxhlst
thimble. The sample was soxhlst sxtracted overnight with CH,CI, {408 ml). The
extract was rotary svaporatsd to fiear dryness, itz solventc displaced with hexans
and then treated with acid-activated copper filings to remove sulfur.

Chromatographic Separaticon

Gel permeation chromatography using an Autoprep 1002A (Analytical
Biochemistry Laboratories) separated high melecular weight (lipid) compounds from
the analytes. Further purification was achieved by chrematography on columns of
carbon/celite and acidic bipsil over alumina. The analyte fraction was
transferred to a toluens aolution containing the shromatography recovery standard
1 &3 6= [, JToiR

Measurement

Gag-chromitographic separation was achieved with a 60 m DBE-§ fused silica
columm (0.25 mm i.d.) using helium carrier gas and temperaturs programming: 100
ot far 1 min; 20 C€%min to 200 °C, then 3 €%min te 280 °C, and hold for 30 min.

2r /Low Fesolucion(LR) ME determinations were performed on all samples using
a Hewlskt Packard 5890 G0 with a 5970 mass selective detector (resclution 200,
1 secan/fsec). guantification iong, cohfirmatien ioms (2] and chicrobiphenyl
interferance ions wers monitored. Measursment criteria included: peak maxima for
guantification and confirmation Icns within 2 scan units of sxpected, and
conforming to the retention time limits as defined by the windew standards; m/z
within +/= 0.5 am. for labeled and unlabeled standards: guantification and
confirming peak arsa ion ratio= within 20% of theoretical walues; satisfactory
separation of 2,3,7,.8-T4cOD from 1,23,3,7-T4CDD and 1,2,3,8-T4CDD.

Linearity of the GC/LEME was determined from a S-point calibration in the
range: 0.01 to 0.5 ng/ul. Sitgle point calibrations were dons at least every &
hours. Relative Response Factors (RRFs) were calculated as the mean from Ehe 5-
point calibrations provided that the standard deviation (=] was less than 20% of
tha mean. The REFs from the single point calibraticns had to be within 20% of
the mean £rom the S—point calibrations. GC/High Resolution{HR)MS was used to
confirm the analyses by GC/LEME. The machine was operated according EPA Method
1513

Blanks, splked blanks,; and replicate sample determinations were run it a
rate of about one for svery 10 samples. Detection limits (3 s| were determinsd
from actual famples and blanks and were corrected for surrogate racovary.

RESULTS

The concantration profiles of 08CDD in Core A from Howe Sound (Fig. 3] and
in Cora © from Ballenas Basin (Fig. 4] wears wery similar, Both showed =
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subsurface maximum which dated at about 1870. The concantrations decreassd up
to the present time, bukb had not vet decreased tec concentrations found for the
pericd prior to the early 1850%s. The GACDD prof:le in Core B from Thornbrough
Channel in Howe Sound (Fig. 5) was distinetly difEferent from the other two in
damonstrating no, or & perhaps a modest, maximum in the post-1970 periad. The
pericd of rapid irecrease in OSCDD for this core was very similar to the other
two. The concentration profiles. (net shown) of unsupported lead-210, by which
the strata in the cores were dated, sstablished that Cores A and C were unmixed
by bicta in the upser lavers whereas Cors B was mixed te a depth of about 8 cm.

Tha econcentration profiles of 2,3,7,8-T4CDF in Core A and Core C were
similar to sach other, but differsd significantly from thos=e of 08CDD in tha same
cores. There was an increase 1in the 2,3,7,8-TACDF copcentration up to the
present, beginning much later in time than for OBCDD. Core B showed a similar
incresase to Cores A and C in 2,3,7,8-T4CDF concentraticn, apparently beginning
sometime in the 1360"'s and maximizing in the post-1970 period.

The concentrstion of OBCDD in surface ssdimsnts (Fig. &) showed no general
correlation with proaximity to the pulp mills at Port Mellon and Woodfibre. Some
of the concentrations in samples from Bamillies and Montagu channels and ths
lowstr basin were as high a=s thosze in the vicinity of the mills. One wery high
values was obtained for a sample from Thornbrough Channel a4t a4 gite =ome distancs
from Port Mellon. ©Only the 08CDD and the H7CDDs, however, were anomalously high
in this sample, Confirmation of this result with other samples from the area i=
required,

The concentration of 2,32,7,8-T4COF in surface sediment=s |(Fig. 7] showed a
strong correlation with proximity to the pulp milis., The highest concentration
in the upper basin was cbtained at a station just south of Woedfibra and near the
western shore. In the middle of the basin at the same latitude and north of
Woodfibre, the wvalues were low. 2&side from the ssdiment concantrations in the
lowest part of the upper basin, Montagu Channel and the lower basin, thess valuss
were the lowsst of all. The concentration of T4CDF was found to obrain its
maximum values in Thornbrough Channel, Interestingly. the site of the highest
concentration was further south of the nearest stations2 te Fort Mellon. A4Also,
the concentrations in sSadiments to the south of Port Mellon were: found to he
somewhat higher than those in sediments to Lhe sast.

DISCUSSION

From these results we may infer that the sources of 2,3,7,8-T4CD0 and OBCDD
are different. Thes fairly uniferm distribution af OBCDD in the Sound indicates
that its source is diffuse or multifold and its dispersal primarily through the
atmosphera, The ene very high %alus sbtainsd in a sample from Thernbrzugh
Channel may indicats a local major combustion source. More samples must be
analvzed from the area to confirm this result, which may also have resulted from
sampling or analytical contamination, The 2,3,7,8-T40DF is directly linked to
the pulp mills by Ehe local maxima and gradient away from them. In the cores,
the presehce of a subsurface maximum in the 08CDD prefiles corrssponding to about
15970 compares wall with results from cores obtained by cthers in eastern Canada,
sastern U.5.A., and Europe. The decrease following this maximum is attributabls
to ths use of emizsion eontrols on combustion in cars, incinetraters, and
thermoelectric plants; the increase after World War TI, to the production and
subseguent incineration of organcchlorine-based chemicals and products (Hites,
16490). The lack oF a distinct =subsurface maximum for OBCDD in €Core B can bes
explained by the role of organisms living ih the surface layers in mixing the
sadiment to a depth of about 8 cm as determined by the lead-210 results. The
maximum for 2.3, 7,.B-TACDOF is mors distinct and may be related £o the change fram
using two near surface effluent diffusers to using a sihgle deep water diffuser
made by Hows Sound Pulp and Paper in 1983. Sincs that time lezs effluent matsrial
mav have been transported to the core site, Alss, mors recent changes in the
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bleaching process may ba contributing to the apparent decrease in 2.3,7,8-T4CDF.
2 sediment mixing and deposition model that has been developed at I0S pradicts
well the observed distribution of OBCDD in Core B using a source function derived
from the other two non-mixed cores. The detailad development and results of this
model for Howe Sound are the subject of a paper in preparaticn. For the site of
Cors= B the model pradicts that the furans and dioxins from the mill will have a
half life of about a decades at the sediment surface, The half life at the sitas
of little or no bicturbation will, of course, be much shorter. At these sites
without benthic organisms, however, there is little or no potential for uptake
into the food chain.
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Map of sampling sites in Howe Scund and Ballenas Basin,
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ABSTRACT

One hundred surface sedimsnt samples and two 30 cm cores were collected
in 1987 and 1988 from Howe Sound, British Columbia, a desp (-280 m) Ejord with
a restricted inner basin into which mine tailings rich in Cu, Zn and Fb had been
discharged for 75 years. The samples weres analyzed for an sxtensive suite of
major and minor elements, including organic C and M. In addition, nutrient and
dissclved trace metal concentrations in pore waters were examined in order to
assess the geochamical reactivity of the metals contained within the buried
tailings deposit.

The solid-phase data suggest that the inner basin sedimentsz are dominated
by Squamish River-derived plagioclases, while the ocuter basin is characterized
more by sediments from Georgia Strait, which are discernible in the Cr signal.
Although Cu, 2n and Pb are still eanriched in sediments near the old talilings
outfall, 13 years of natural sedimentation since cessation of tailings deposition
has resulted in reduced metal levels throughout much of the rest of the inlet.
Profiles of these metals with depth show that the tailings deposit proper is
ﬁ:ritd by -14 em of pnatural sadiment in the desep central portion of the inner

=in.

Porewatsr analysis of the two cores revealed that the redoxcline occurs at
approximstaly 2-3 cm depth in the inner basin, and at 6-8 cm in the outer basin.
Cu and Zn are enriched in surficial pore watsrs of both basins, but decrease
rapidly within the top 2-3 om, suggestive of active removal by some mechanis=m,
possibly authigeniec sulphide precipitation. Dissolved Pb levsls are extremely
low throughout both cores (1-3 nmol/L)} and show no surface enrichment. These
data suggest that the reducing environment which develops at shallow sediment
depths i3 inhibiting the remcbilization of potentially labile metal=s in the
tailings.

INTRODUCTION

Traditicnally the disposal of mine tailings haa been governed by simple
economics: sSince it gensratss no revenus, the practice has besn Eo do it as
cheaply and as quickly as possible. In some cases, disposal of tailings into a
nearby body of water has been used as a convenient and sconomic alternative to
land-bassd disposal, without much considerastion given toe the environmental
coanseguences. Howeaver, there iz a growing consensus that in certain cases,
subaqueocus deposition of mine wastes may actually be preferable to land disposal
{(Waldichuk, 1%978). BScme of the fjords on the west coast of British Columbia (an
area characterized by heavy rainfall, high seismicity, and high local relisf)
have been considered &= acoeptable receiving environments for metal-rich mine
wastes from nearby mine=s (Caldwell and Welsh, 1982), despite some evidence that
ocbliteration of the benthic habitat and relsase of dissolved metals intoe Ehe
overlying watsrs may be undesirable consegquences of such action.

In an attempt to broaden our understanding of this subject, wa have
recently examined the submerged tailings deposit from a mine that had been
abandoned for fifteen years prior to collection of our samples in 1987-88. The
Anacénda Mines, located at Britannia Bsach in Howe Sound, British Columbia [Fig.
1), had for seventy-five years discharged copper- and zinc-rich tallings into the
upper basin of the fiord wia an cutfall located just below the low-tide mark.

Subssguent slumping and winnowing carried much of these unstable sediments
into the deep, flat portion of the basin, and an earlier study indicated that
they may alsc have been dispersed beyond the sill into the outer basin (Thompson
and Pateon, 19%76).

Although the mins has been closead since 1574, the waters in Britannia Eay
have since been found to contain elevated levels of dissclved coppetr and ginc
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(van Aggelen and Moore, 1986}, and fish and invertebrates living in the area have
relatively high concentrations of these metals wikhin their tissues (Goyette,
1975; wvan Aggelen and Moore 1986). Faunal assemblages are also considerably
raduced in the inner basin (McDaniel at al., 1978; Levings and McDaniel, 1980],
although this may be influsnced by intermittently low O; concentrations in bottom
water. It has been suggested that the buried tailings deposit may be a source
of the high metal levels in the desp waters |(Thompson and Paton, 1978).

Detalled analysis of both solid and dissolved (porewater] phases is
essential if the flux of materials into or out of ssdiments or tailings is to be
discussed. Using this approach, the submerged tailings deposit in Rupert Inlet
on Vancouver Island has been shown to relsase dissclved copper and molybdenum to
the overlying waters of the inlat, although tha dissalved copper efflux is much
smaller than that from many natural sediments {(Pedersen, 1985). In contcrast,
tailings deposits in Buttle Lake, British Columbia, and Anderson Lake, Manitoba,
appear to be sinks for dissolved zinc in the overlying water, rather than sources
(Pedersen, 1983; Pedersen et al., 1%99la and b).

In order to assess the current geochemical state of the Britannia tailings
deposit, a two-stags study was therefore initiated in April 1887 to 1) determine
the areal extent of the tailings and the degree to which they are being covered
or diluted by natural sediments, and 2) to assess the contribution of dissclvad
trace metals (specifically coppsr, 2int, manganeses, iron, and lead) from the
tailings deposit tc the overlving waters,

To that end, an sxXtensive geochemical analysis was performed on a suite of
100 surface sedimenc (0-2 cm) samples (see Figs. la & b): The major elements Si,
ARl, Ti, K, Na, Ca, Fe, Mg, and ¥, minor alsments Rb, Ba, Sr, Ca, Cr, Ni, V. ¥;
¥Mn, Cu, Pb;, Zn and Zr, and organic C and N were determinsd in the solid phase.
In addition, a core was taken from sach of the zwo basins (ses Fig. 2) and
analyzed for the above elements in the sclid phase, and for interstitial water
concentrations of diagenetic jindicator speciss such as 50,7, Po,*, NH,,
alkalinity, Fe®™, and Mn**. Finally the concentrations of the trace metals Cu,
Zn and Fb in porewater were detsrmined in order to assess the contributiaon, if
any, of these metals toc the overlying waters. The analvtical methods are
detailed in (Drysdale, 1550).

THE PHYSICAL SETTING

Howa Bound is the first inlet north of Vancouver on the mainland of
southwestetn EBritish Columbia (Fig. la). The south end of the Sound connects
with the Strait of Georgia from which Fraser River water enters, and at the
northern snd, the Sguamish River is the principal fresh water socurce. The two
basins ars separated by a =211l which rises over 200 m from the fjord floor to
within 70 m of the water zurface (Fig. 2). Both inner and cuter basins are
characterized by steep walls and flat bottoms.

The northernmoszst section of Howe Sound, callsd the Britannia Basin (maximum
depth 285 m), is bounded at the seaward end by the stssp-sided sill and at the
hiead by the more gradually-sloped Sguamish Delta. One effect of the s1ll is to
prevent the continuous renewal of deep water in the upper basin, resulting in
occasional hypoxia in the bottom watsrs,

RESULTS AND DISCUSSION
S0LID SEDIMENT AMALYSTS
The organic carbon (C,,) concentration in these sesdiments averages less

than 3% over mest of the Scund (Fig. 3a). This= relative paucity of organic
matter largely reflects dilution by the riverina lithogenous fraction rather than
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low absolute organic inputs. Exceptions are Areas dominated by pulp mill waste
in the westernmost channel and the far northwest corner of the upper basin, and
a shelf area near the sill dominated by plant debris from nsarby Potlatch Creek.

The C/N ratio is useful for determining the origin of organic material
within sediments: terrigenous plant material typically exhibits C/N weight ratios
from -20 teo as high a=z 200 [Emerseon and Hedges, 19%88), while marine organic
matter has a C/N ra2tic of about & [Borodowakiy, 1965). The gsnerally high C/N
values over most of the region (Fig. 3b) reflect the predominance of terrigencus
plant material in the Sound; only =ediments from the largs channel near the mouth
Have C/N ratios which approach that of marine plankton.

In the cuter bazin core, the organic carbon content decreasss linearly froam
=1,75% at the surface to ~1% at 30 om depth, whick may reflect decomposition of
organic material over time in addirion to-a time warying input (Fig. 4a). The
overall C,. content of the inner basin is lower due to dilution by rapidly-
accumulating Sguamish River sediments. Both the €., and C/N ratioc profiles for
the inner pasin wvary with depth, reflecting wariabla inputs of inorganic
sediments and changes in relative proportions of terrsatrial and marine organic
matarial. The highsr C/N ratios in the inner basin indicate that the organic
material in thesa sadiments is predominantly of bterrestrial origin.

The major and minor element distributions in Howe Sound surface sediments
support earlier work by Syvitzki and MacDonald (1982} and show that sedimentation
patterns are dominated by input from three primary sources: the Fraser
River/Georgla Strair waters which enter Howe Sound at the south end, and which
ars visible in the distributions of several majoer and minor elsments, including
Cr (Fig. 5b);: the Sduamish River which enters the upper fjord portion of Howe
Scund at the north end, and whosa sediments; rich in plagloclase feldspars, are
depicted by the Ca and Ma distributions (e.g., Fig. ba)i and the tailings from
the Britannia Mins, which are still disecernible ‘in the trace metal (Cu, Zn, Phb,
Ba, ‘and Fe) distributions in the upper basin and portions of the lower basin.

The areal distributions of coppsr and zime (Figs. 6a, &b, 7Ta, & 7b)
ifidicate that the =ailings have been considerably dispersed from their place of
origin. However, concentrations are sxtremely high (=300 pom) only very near the
site of the old mine outfall., Comparison of these distributions with those of
Thempson and Paton (13%78) indicates that the tailings have been diluted by recent
sedimentation. Cu concentrations approach normal background levels (20 ppm| in
most of the cuter basin. Sediments surrounding Gambier Island appear to have
some secondary, though probably unrelated, enrichment in 2Zn and Pb. Further
study is nesded to determine the source of metals in this area.

In both coras, high copper and zinc levels were encountersd at 14 com below
the sediment surfaces (Figs. Ba & 8b); this depth i= interpretad to be the top of
the tailings deposit. The Ba, Ph, and F= profiles all show similar increases at
14 cm (data not shown), reflecting the relatively high contents of barite,
galsna, and pyrite associated with the Britannia ore.

PORE WATER ANALYSES

Studies of the chemistry of pore waters yield significant insight into the
diagenetic environment within sediments. BEarly diagenesis is driven by
bacterially-catalyzad oxidation of organic matter, during which a number of
componaents are remobilized from the solid phase and released a=s sclutes to the
surrounding water. When this occurs at the sediment surface, the oxidation
products are relesasad diractly to the overlying water. ‘Below the surface, they
accumulata in pore water and may migrate upward or downward along concsntration
gradients until they encounter other conditicns under which they may precipitats
or dissolve,
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During the progressive diagenetic degradation of srganic matter, mangansse
oxyhydroxides become the preferred oxidant after O; and NO,” have been depleted.
Utilization of these phases results in the addition of MN* to pore water as the
oxyhydroxides ars reduced. In the Howe Sound cores, upwatrd concavity in the pore
water mangansse profiles (Fig. 9) indicates that Mn* is being produced at depths
as shallow as 2-3 om. Thuzs the sedimentary redoxcline must be located at
approximately this level. The profiles suggest that the redox boundary is
slightly shallower in the inner basin, which may reflect the characteristically
lower O, content in bottom waters north of the sill. The depletion of manganess
at depth in both cores can be attributed to the pracipitation of an authigenic
manganese carbonate phase, which is a common phenomencn in reducipng marine
sadiments (Shimmield and Pedarsen, 1990). Dissolved pore water sulphate data
{Drysdala, 19920} indicate that sulphate reduction occurs to a limited extent at
shallow depths in both basins, which 1is consistent with the interstitial
manganese distribution. Howsver, dis=solved sulphide is wirtually absent,
indicating active near-surface precipitation of authigenic iron sulphide phases
(Drysdale, 1550).

Concentrations of Cu in the surface pors waters (Figs. 10a and b.) of both
corese are similar in magnituds to those in pristine coastal, hemipslagic or
pelagic sediments (e.g.., Klinkhammer, 19380; Emerson et al., 1%84; Heggie ot al.,
1986, 1987). Indeed, assuming Cthat the profiles presented here are
representative, the benthic copper efflux in the inner basin of Hows Sound is
about half that cbserved in the tailings-free cuter basin.

The 2Zn distributions also suggest releass of Zn™ Erom surface sediments
due to dissalution of some phase [likely opal or organic matter) and subseguent
removal at depth by precipitation of zinc sulphide or coprecipitation with iron
sulphide. Thess dats indicate that zinc must be diffusing both upward intc the
overlying water and downward to be fixed at shallow depths in the sediments.
Mote that Zn® in the topmost sample in the outer basin core is substantially
higher than that at the inner basin site, sven though the solid-phase Zn content
is higher in the latter. This suggests that the tailings may not be the source
of the labile zinc.

There is little wariation with depth in the generally low dissolwved Pb
concantrations in either core; thus it is unlikely that Pb associated with the
tailings i=s meobile in these deposits.

The dissolwved metals profiles suggest clearly that the tailings buriaed
below the oxic zone in Hows Sound are not undergeing active diagenesias with
respeckt to Cu, Pb, and Zn.

SUMMARY AND COMCLUSIONS

Although other ressarchers have determined abrnormally high levels of coppsr
and zinc in the surface and bottom waters of the inner basin of Howe Sound, the
diagenetic environment of the tailings-rich sediments defined by this study
indicates that there is littls likalihood that the burisd tailings deposit is
substantially contributing to this excess.: In both basins active bacterial
decomposition of organic matter renders the =zediments anoxic within centimetres
of the sediment surface. In thesa reducing conditions, dissclution of trace
metals is inhibited; any metal caticns in pore waters are likely removed by
sulphide precipitation or adserption onto particulates.

It should be noted, however, that these cores represent conly the deep,
flat, relatively undisturbed portions of the two basins. The gecchemical
snvironment may be guite differsnt in shallowsr, mors oXygenated arsas of the
Sound; or whers Eajilings material is=s regularly resuspended by subsurface
currents. Further study is recommended to sxplore the reactivity of metals in
these areas. In addition, mors work is needsd to define both the spatial
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variability of the Zn release to pore water at the interfacs, and the specific
reason for this encichment.
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Figure 7a & 7b. Detail of inner basin of Howe Socund showing copper and
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INTRODUCTION

Howe Sound has been the subjact of sevaral planning studies during the past
two decades: The Burrard Inlet - Howe Sound Area Planning Study by Environment
Canada in 1973, a Howe Sound Overview Study by the B.C. Environment and Land Use
Committee Secretariat in 1%80 and a federal-provincial Sguamish Estuary
Management FPlan, complsted in 1982, These planning initiatives have bean
supported by numerous sclentific environmental studies. This overview summarizes
some of the key phvsical and biclogical features cof Howe Sound as they ralata to
functioning of the marine sccaystem.

Marine acosyvstems, like other ecosystems, are complex and defy simpls
categorization. The scientific community has standard measures for hsalth of
lower levels of biolegical organization such as organisms, of populations, and
of communicies, but not for ecosystems. Actributes of ecosystems includs
resilience, resistance, stability, carbon cycling, energy cycling, carbohydrats
production, diversity of niches and of specias filling them, and relations
batween trophic lewvels. *Unhealthy® marine eccsystama are characterized by
smaller and less specialized, more opportunistic speclies; excessive or unduly
limited primary production; reduced diversity of niches and of species; wild
fluctuations in populations; and rapid change in functional relationships between
trophic levels,

"Health"® of marine ecosystams, therefore, means the states of the system in
relation to other, possible ecosystem states, scme of which may be undesirabls.
“Health" of marine ecosystems implies not only scientific parameters, but
cultural ches: we want the marine environment to produce abundant resourcss, to
be aeathetically pleasing, to be *"fishable" and “swimmabl=®.

While we don't have any standard measures for health of marine ecosystems,
we can identify processes leading to scosystem state changes, and we can detect
when structural changes have occurred. This paper revisws some of the physical
and biclogical features of Howe Sound against this theoretical background of
ecosystem health, and drawas some conclusions about the state of the Hows Sound
ecosystem. The purpose 1s to provide an ecological context for the presentatiocns
that follow, some of which will elaborate on these points in more detail.

OCEANOGRAPHY

The upper Howe Sound basin (Fig. 1) i= a true fjord, approximately 220
metres at the despest point, bounded by the Squamish River estuary to the north
and a shallow sill (61 m} near Anvil Island te the scuthwest (Fig. 2). The sill
inhibit= regular flushing of the upper basin. The waters of the upper basin are
atrongly influenced by salinity, temperature and current changes associatad with
freshwater input. A pronounced stratification occcurs during freshet of the
Sguamish River (May to September) and extensive silc lcading and turbidity
result. Progressive density differsnces betwesn water ocutside and in=ide the
3ill, which entrains lower-density freshwater from the Sgquamish River (Fig. 3.
cause pericdic renewal of bottom water in the inner basin,

PEIMARY PRODUCTIVITY

Plant biomass 'is produced in ©wo principal aveas: producticn by
phytoplankton in the suphotic zone of the surface waters of the Sound (Fig. 4},
and production by marsh plants in the Squamish River estuary.

Throughotut upper Howe Sound, the impact of turbidivy from the Sguamish
BEiver raduces primary productivity during freshet (Stockner and Cliff, 1976;
Figura 5). Turbidity from the Frassr River plume alseo intrudes ints the outer
basin. However, the light attenuation properties of bleached kraft pulp mill
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effluent (BKME) were shown to ba the major cause of reduced phytoplankton
productivity nesar Woodfibre (Stockner st al.., 1975). Under certain cenditicns,
nutrient enrichment from the effluent can enhance productiviey 4L light
conditions are suitabls (Stockner and Costella, 1976). announced new fedstral and
provincial sfflusnt regulations will reduce these impacts.

Tha Squamish =sstuary is a detrital-based community, with considerable
production of plant biomass by rootsd smergents providing a carbohydrate base for
defritivores, which in turn nourish sacondsry consumers; and so on (Figure &;
Hoos and Veld, 1974). Salmon and steelhead rear in the estuary and migrate up
the river, providing seascnal fare for eagles and other scavengers and predators.
The Sguamish estuary has been extensively restructured by training dikes,
dredging, filling, and other industrial activities (Fig. 6). These have raduced
freshwartsr-saltwater mixing with conseguent sffect= on marsh vegetation, and
altered sediment deposition patterns. Extensive use of intertidal areas for leog
storage has further reduced productivity. Although thes=e effects ares probably
permanent, implementation of the Scquamish Bstuary Management Plan could help
pravent further habitat loss and degradation (Deans, 1283).

DISsSCLVED OXYGEN

Surface dissolved gxygen (D0) is strengly influenced by the Squamish River
flow. The stratification created during freshet aids in dilutidn and dispersion
of effluent discharasd at theé surface. The effacts of tides, winds, and currents
alsoc lessen the impact of BEME: Poor flushing and sxchange because of restricted
subsurface flow over the =ill can result in a progressively hypoxic enviroament,
Renewal ococurs approximately svery thres years [(Giovande, 1373; Bell, 1973).
Extramaly low DO (= 1.0 mg/L] is typical of the desp basin in between renewal
eventa.

BENTHIC COMMUNETIES

Shallew subtidal spibenthic communities in the upper basin include
brachiopods, nudibranchs; numerous crab species, shrimp, tubsworms, anemonss, sSea
cucumbsrs, eto., typlcal of sheltered, west coast inlets ([McDaniel, 1373}.
Trawls in dasper water have produced prawns, ratfish, walleye polleck, several
go0la specisa, solpouts, deepsea smelb, prickleback., seulpin, Pacific cod,
northern lampfish and wvarious shark species, numercous bivalve and gastroped
molluscs, polychaets annelids, echinoderms and an ascidian ¢hordats [Harbo and
Birtwell, 1378: Lavihgs, 19%9B0; Levings and McbDaniel, 1980; McDaniel &t al..
1878) . Halibut are no longer fished in the Sound, and lingcod have declined to
the point that severa restrictions on the recreational f£ishery have become
necessary.

Tha prasence of pulp mill fibre beds at Woodfibre and, to a lesser extent
at Thernbrough Channel, locally reduces or eliminates  infaunal communities
(MeGrear, 19B4). The size of the fibre beds is probably stabls: improved
suspended solids control at the mills, commensurate with announced new fedsral
and provincial sffluent regulations, may permit some recovery. HBenthic biota were
alen scarce or absent on the ©ld mine tailings from the abandoned mine ak
Britannia Beach (Gowatte, 1975; Goyette and Ferguson, 1585). Hecolonization doas
occur, but may bs inhibited by the periodic hypoxia of desper waters.

INTERTIDAL COMMUNITIES

The usual mix of nemerteana, oligochaetes, chirconomid larvae; amphipods,
isopods, barnacles, crabs, snails, clams, mussels, oysters, urchins, sea stars,
etc. ooours in intertidal communitiss except near the cwo pulpmills (Levings and
McDaniel, 19768) and other modified shorslines,; stch as wharves and marinas.
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Approximately 40% of the shorsline of the Sound has been leased for log booming
and other industrial usas, and this aresa has not changed for ths past decade.
Bagterial contamination from municipal (Gibsons) and domestic sources has closed
a pumber of areas to gyster and clam harvesting.

PELAGIC COMMUNITIES

Primary production by phytoplankton was discussed above,. This carbohydrate
source supporta an abundant and diverse zoeoplankten cemmunity, which in turn
supports resources such as salmon, shrimp, and prawns. The Sound, howsver, has
changed a lot ‘in thes last century. The Howe Scund Whaling Campany found
productive hunting for humpback whalses during the mid-1800's; however, that
speciss was extirpated from the Stralt of Gsorgia area by 1808. Anecdotal
informarion sugge=sts that killer whales enter the Scund much less frequently than
previcusly. After the commercial salmon fishery in Howe Sound was closed in 1971
because of mercury contamination, i1t was latsr re-cpened for recreational fishing
only; commercial fishing remains closed for "conservation purposes®, meaning that
the populations no longer support commercial fishing. Chinocok, the largest and
most desirable species for sportamen, ramain at critically low lewvels. A major
herring spawning area in the Squamish estuary has been eliminated by industrial
ige, On the ath=r hand, seal and sea lion populations are known to be stablae or
increasing in the area, and cormorant poapulations have made a major comesback in
recant decades (Vermeser at al., 198%9).

INDUSTRIAL IMPACTE

Biclogical communities (intertidal and subtidal) are greatly modifiad near
the two pulp mills, and on tailings depesits from a mine, which has been closed
for many years, at Britannia.

Mussels and oysters have increasing levela of heavy metals (espacially
copper) with proximity to the Britannia mine (Figs. 8 & 9; Goyette, 1975).
Mercury from the chlor-alkali plant occcurred at high encugh levels to force
closure of =some fisheries during the esarly 1%70's wuntil more stringent
regulations brought these levels down. Figure 10 shows the levels in sadiments
at the time of the fisheries closure; Figure 1l shows more recent (15%84) mesrcury
levals in sediments near the plant, a legacy of past abuse that will remain for
many years.

More recently, dioxins and furans have been fournd in Eish, crustacean
shallfish, and waterfowl, indicating uptake through the £sed chain. Morsa
research is neeaded to determine if these contaminants have had any influence on
the complex marine ecosystems oF the Sound. The sources of dioxins and furans
have largely been eliminated commensurate with anncunced new federal regulations,
but will be a fzature of the benthic environments for many years or dscadss,

Tributyl tin (TBT} compounds used as anti-fouling paints on boat hulls have
been implicated in effects on aysters and marine gastropods elsawhere in B.C.,
and these probably occurred in Howe Sound as well, a&although no data ars
available. TET has now been eliminated for most marine uses and restricted for
use cn large ships. Figurs 12 shows a summary of pellution and shorsline
impacts.

CONCLUSIONS

Overall, the Sound can be characterized has having some natural limitations
on productivity, owing to the natural turbidicy in surface wacers, the naturally
hypoxic and occasionally anoxic deep waters of the inner basin, and the steap
rocky shorslines. Productivity has been further reduced by restructuring and
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industrial use of the Squamish estuary, and by habitat damage near the two pulp
mills and the abandoned mine, Howaver, the remaining productivity of the
Squamish sstuary, and the areas of good habitat and well-oxygenated waters near
the outer Socund support wall-developed;, productive and stable biclogical
communitcies. It is not known if industrial contaminants have had any impact on
the complex marine ecosystem.

Processes have been detectsed in Howe Sound that may lead, or mav have
already led, to =scosystem state changes. These include limitations on primary
productivity in the Squamish River estuary, uptake of contaminants (mercury,
diexins) and bieragnification in successive trophic Ilevels (cormorants,
waterfowl), and over-harvesting of whales and fish. The loss or significant
declines in the largest representatives of sevaral communities - humpback whales
and chinook salmon from pelagic communities, halibut and lingcod from benthic
communities - fits the classic ecosystem theory that size of organisms declines
in degradsd environments.

It seems clear that, whila the Socund remains a productive and diverse
marine environment, it has changed to a less desirable state, Tha known
processea that could lead to further scosvstem state changes have largely besn
arrestad: mercury contamination has been controlled, dioxins have virtually bean
eliminated from pulp mill effluents, further alisnation of shorsline developmant
throughout the Sound and industrial development in bEhe Squamish estuary have besn
restricted, and fishing is now mors carefully managed. The prognosis is for
continued stability of the Howsa Sound ecosystem in a reduced state of
desirability, and perhaps some recovery as contaminants arae gradually eliminatad
by long-term ecological processes and as salmon stocks are snhanced.
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Figure 10. Contour diagram of mercury concentrations (fag/g dry weight). From
Thompson and McComas, 1873, '
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INTRODUCTION

The B.C. Ministry of Environment is setting water gquality objectiwves in
priority water basirns in the FProvince. Ons of those priority water basins
currantly being essessed is Hows Sound: Water quality objectives are numerical
concantrations of water quality wvariables measured in ths watsr column,
sedimants, or biota, which protect designiated water uses in the water body. 1In
order to propose water quslity objectives, & water quality assessment is prepar=d
which evaluates factore such as ocsanography, current watsr uses, wastewatar
discharges, and smbient water quality. This papesr provides an overview of tha
factors which are considered in the procsss.

THE SETTING

Howa Sound is immediately north of Burrard Inlst, north from a line b=tween
Point Atkinson and Gower Polint at the south, to the mouth of the Sguamish Rivar
at the north. It is 43 km long, actually consisting of two basins. The scuthern
basin, south of Dasfanse I=lands, is about 3.5 km wide, and extends 26 km
southward through a4 series of islands. The northern basin is fjord-lika, with
high £liffa, the Sguamish River at its north, and a 5ill at its scuth:

Howe Sound axpariences 4 moderate maritima elimates with coal, moderatsaly
dry summers and wet, moderately cold winters. Thea Sguamish Valley which intrudes
into the interior of British Columbia can affect Howe Sound by allowing sxtremely
cold air from the Interior to sweep pericdically into the Scund, resulting in
very cold temperatures and strong winds. These *Sguamishes® can be sudden and
viclsnt.

Glaciers formed the two major sille in Howe Sound. The more northern sill
extands betwsaen Fortsay Cove afd Defense Islands, and rises to within 35 m ef the
surface. This causes stagnation of the deep waters pnerth from the =111, The
sscond sill i= ac- the southern end of Howe Sotund, and this 311l rises only to
within 60 m of the surface, allowing better desp water exchange. In addition,
thers i= a smaller =ill betwesn Gambiasr I=land and the mainland, with a minimum
water depth of 30 m.

Watar depths on average are 240 m in the southern basin and 275 m in the
northern basin. Both basinas are flat bottomed by coastal standards with
mid-channel reliefs of only a few metres (Thompson, 1981). Near the islands and
the mainland shores the bottam is much more rugged. There iz a fairly stesp
bottom slope seaward from the Squamish River, with river sediments advancing ths
delta front as much as 7 m/yesar (Thompson. 1981).

DRATNAGE, TIDES, AND FLUSHING

Fr=s2h snowmelt water drainipng into Howe Sound comes Eram a numnb=r of cresks
and rivars in the adjacent Coastal Mountains. By far, the largest i= the Sguamish
River, which drains an area of 2,330 o', and has a mean annual flow of 2328 m'/s
(Inland Waters Directorate, 198%), Others ineclude the HRainy River ab Port
Mellon, with an averages annual flow of 8.7 w'fs, and the Stawamis River at
Squamish, with an average annual flow of 3.63 m'/s. There are incomplsts or no
flow records for tha other creaks.

Tides in Howe Sound are predominantly semi-diurnal, with lirttle differsnce
in tide height throughout the Sound. The mean high tide is 3.1 m at Point
Ackinscn and Sguamish, and 3.2 m at Gibsons (Canadian Hydrologic Service, 19B4).
The largs tides range from 5.0 metrss at Point Atkinsen, 5.1 m at Squamish, and
5.2 m at Gibsons (Canadian Hydrologic Servics, 1984).
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Frashwater input from the Sguamish River driwves estuarine circulation
[Canadian Hydroliogic Serwice, 1984). There is a net meaward flow of brackish
water in a relatively shallow-gsurface layer of about 10 m. A slow inward drifc
at depth compensatss for tha loss of salt water at the surface (Thompson, 1581) .
Currants in the top 3 m &re uniform with deprh; however, there is cross—channel
wariation in seaward surface currents in the nerthern basin.

Winds ovar the northern bBasin can cause considerable wariaticn in the
general circulation patterns, usually at velocizies greater than 10 m/s. Winds
from the south can actually raverse the surface circulation pattern, especially
at times of low runoff. Down-inlat current spseds can be from 0,35 ko 0.5 m'/s,
while up-~channel velocities can reach 0.25 m/s with scutherly winds in exXcesa
af 15 m/s.

SALINITY and TEMPERATURE

The =salinicy of surface waters is lower (down to */.| than that of desper
water {(typically closa to 30%/..) due to Fresh water at the surface from local
runoff with & lack of vertical mixing (Bucklsy and Pand, 1%76).

The water is genervally well mixed at a staticn S5 km north from the inner
511l with salinity waluss of aboutc 30°/,.. Salinicy in the southern basin is
typically slightly higher than is the northern basin, dus to the blocking effect
of the =2ill between the two basin= (Thempson, 19B1).

Howe Sound surface water tamperatures are cooled by the Sguamish Riwver,
which has summer temperaturss of only abgut 10°C (Thompscn, 193}]. In winter
they can drop to 5°C (Thompsan, 1981). Temperatures balow the surface water are
8 - 10°C throughout the year, with only mindr modifications in the outer basin
caused by incursions of warmer water from tha Strait of Georgia (Thompson, 1981 .
The surface water lens varies in thickness from 0.5 to 2 m. The temperature 5
km north Erom the inney s5ill at 3 depths was generally well-mixed with
tempesrature about 8° throughout the wabter column,

DISSOLVED OXYGEN

Dissclved oxygen copncentrations located batwesn the ipner =11] and the
Sguamish River are typically about € to 10 mg/L in the Eop S0 m, daclining to
less than 1 mg/L at dapths greatar than 100 m (Waldichuk, unpublished). Below
sill depth in the inner basin, an overflow of mors oxygen-rich water Erom ths
cuter basin provides an approximatesly biannual re-freshening of the deeper
waters. Such overflow svents are triggered by a combination of strong Sqguamish
winds and abnormally high river dischargs producad by heavy rainfall or sudden
thaw at higher eslevations (Thompson, 1981).

About = km north from the inner sill the water in the Scund is generally
well mixed, although low oxygen concentraticpns are often cheserved at depths
greatsr than 150 m.

WATER USES

Recrs=ation |fishing, boating), marins shipping, and wasts discharges are
cbwious water uses in Howe Sound. Recently, public attention has heightened with
respact to dioxin and furan discharges from the Howe Sound pulp and paper mills,
and thelir eifects on the crab fishery.

Envircnment and Land Use Secretariat (1%980) cgutlined the rscreational uss
of Howe Sound. The Sound provides A maAjor protacted boating area accessible to
Greater Vancouver residents. There are many marinas, vacht clubs, public wharfs,
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provincial parks, and recreaticnal areas along the Sound, Commerclal salmen
fishing was clos=d In 1983 to pressrve Howe Sound for recreational fishing and
is closed to sports salmon fishing annually in wvarious periods. The ling cod
fishery i= clo=ad from Novembar 15 to-April 30 annually,

The crab fishery of the sntire Howe Sound aresa is closed to commercial
fishing {at the time of writing), while sports fishermen can only crab in an arsa
south from Anvil and Gambier iglands and sast from Cambier and Keats islands,
In these arsas, sport fishéermen ars advised not to sat the hepatopancreas from
the crabs. Ehrlmp and prawns can not be taken by sport or commercial fishermen
in an area north znd sast from Anvil Island, nior west from Gambier or Ksats
islands. These closures ara dus to diexin end furan contamination.

The fishearies resources of Howe Sound are valuable. The area supports
large populations of chum, ccho, and pink salmon.

Virtually ths entire escapemsnt of salmon is bound for spawning in the
Sguamish River or its tributaries, as shown below (Farwell st al., 1%B87; G.
Serbic, DFO Pacific Biological Station. pers. comm., July 2. 1331].

AVERAGE CHINOOK CHUM COHG PINK SOCKEY
1951-1%60 16,925 B6, 368 32,443 160,955(A] NO RECORD
1961 -3970 18,713 46,743 21,378 251, 065(A) NO RECORD
1971-1984 6,344 133 175 27,1386 42,7001(4&) xad
1381-1850 1,883 107.838 B.378 4.130(A) 61

{A) : an average of &dd vears.

Thess data i{llustrats a dramatic decline in average escapements of salmon
to Howe Socund rivers in the last decade. The dacline in the population of chum
sgalmon returning to ths Squamish River is even worse than the data rtray, since
ascapements for the last three ysars of record (1387, 1988, 1289 were 18,270,
12,000, and 25,000 per year, respectively. For all the specles of salmon, the
number of Eiah raturning to spawn since 1586 has been less than ths average for
the nine-year period ending in 1983,

The following species return to nnn—Equnmish rivers: a faw chinook salmon
spawn . in McHab Creek; chum =almon spawn in Archie, Avalen, Centrs, Dakota, Eagle
Harbour, Langdale, Long Bay, Mannion, McNab, Mchair, Nelson, Quillet, Potlatch,
Williamson, Whispering, and West Bay creeks, and te the Rainy River; coho salmon
=pawn 1in Dakota, EBEagle Harbour, Mannion, McNab, McMair, Ouillet, T=rminal,
Williamson, and Whispering c:eekx, and 'to the Rainy River; and-?ink salmon in
Rainy BRiver and McHab Cresk (Farwell st. al., 1887].

The Rainy, Sguamish, and Mamguam rivers ars major steelhead rivers. Some
searun cutthrcat trout are present in the Howe Sound arsa. Ling cod, rock cod,
and dogfish are presspnt throughout Thornbrouch Channsl, with rock cod and
flacfish present in upper Hows Sound. Small numbers of herring spawn ars=as
axist, west Trom Keats Island and southeast from Gambier Island. A third spawning
area near Squamish in the Mamguam 2lind Channsl was ruinad by log booming.
Herring are not fished in thes area.

The value of the commercial fishery in 1988 (lateat available data) was
5115, 851 for shrimo (53, 61% kg), 5197,522 for prawn (23,482 kg) and 525,321 for
crab (6,239 Rgl.

WASTE WATER DISCHARGES
A numbar of emall discharges of treated domestic wastewater from various

establishments to Howe Sound ars allowed under Waste Management permits. Many
are assoclated with summer camps or cottages, dischatging =ither to tile fields
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located near Howa Sound, or dirsctly into Howe Spund through submerged outfalls.
In addition, many =mall discharges from homes and cottages to septic fislds ars
regulated by the Health Act and do not regquire Waste Management permits.
Parmitted domestic discharges are listed below:

DISCHARGES TO TILE FIELDS

Gambier Island S=a Ranch Strata Corporation operates a residentcial
condominium development on Gambier Island. The wastewater is treated in septic
tanks prior to disposal in four tils fields. Waste Management permit PE 5301
allows the diachargs of a maximum of 75 m'/day of trsated effluent.

Farwest [Developments and the Sunshine Coast Regional District will
discharge wastewater from a proposed 40-lot subdivision located at Langdale cn
the west shores of Howe Scund. The domestic sewzgs i= to be treated toc secondary
atandards prior to discharge. Waste Management permit PE 6209 allows the
discharge of 54.6 m’/day of treated affluent.

A restaurant/campsite complex located 4.8 km south from Sguamish near the
ferry dock to Woodfibre discharges treated wastewater. Waste Management parmit
PE 3801 allows the discharge of 32 w'/day of domestic sewage from a package
asration plant.

Porteau Cove Provincial Park, south of Britannia Beach on Howe Sound, has
33 campsites, thres common toilet buildings, and a sani-station. The wastewater
frem each of these sources is settlead in separate septic tanks prior to discharge
to about 490 m of tile, located about 100 m Trom the Howe Sound shoreline, and
about 5§ m above the high tide level. Waste Management permit PE 6239 allcw= the
discharge of 2% m'/day.

Van Mor Holdings Ltd. own a luxury dwelling at the north end of Bowen
Island. Filter backwash water from a swimming pocl and hot tubs is discharged
toc & sespage pit located at the high water level. Waste Management permit PE
6273 allows the discharge of a maximum 5 m'/day to tha pit.

The Camp Pircom Society of the United Church of Canada Bible camp
discharges wastswater from a two bedroom cabin under Permit 31755, The sewage is
settled in a septic tank and discharged to a field 55 m from Fircom Bay.

None of these discharges to tile fields would likely affect the water
gquality of Howe Sound.

SMALL-VOLUME DISCHARGES TO HOWE =S0OUND

Copper Beach Estates, near the old Britannia Mine Site, operates a geptic
tank which serves the area. Flows from the septic tank are discharged into ths
acid mine -drainage pipe along EBritannia Creek. The acid mine drainage pipe
extends into Howse Sound for a distance of about 170 m to a depth of about 55 m.
Parmit PE 1989 allows the discharge of up tc 205 o' /day.

Tha B.C. Ferry Corporation discharges treated domestic wastewater from ite
Langdals Terminal. The wastewater is provided secondary treatment with a
rotating biclegical contactor, and is discharged through a submerged outfall 6.1
m below the low water level. Waste Management permit PE 3357 allows the
discharge of up to 42 m"/day of effluent with maximum concentrations of 45 mg/L
of BODS and 60 mg/L suspended solids.

Wastewater from The Daybreak Bible Camp on Anvil Island is =sattlad in a
geptic tank and discharged through 4 marine outfall ‘abouk 1S m from the low water
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mark at a depth of about & m, Waste Management permit PE 2784 allews Cthe
discharge of 20.5 m’/day.

The Camp Fircom Soclety of the United Church of Canada oparates a bible
camp on Gambier ¥sland. The wastawater is in & septlc tank which discharges
into Haklett Bay, &1 m from the shores at 4.6 m below the low water mark. Wastes
Management permit PE 3755 zlleows the discharge of a maximum 17.5 m'/day.

The Hoys' and Girls' Club of Greater Vancouver cperates a summer camp oOn
the west shore of Howe Sound, about halfway betwesn Port Mellon and Woodfibre,
at the mouth of Potlatch Creek. The wastewater from the main washroom arsa and
the dining hall -omplex is treatad in a ssptic tank and discharged through a
submerged outfall 38 m into Howe Sound at a depth of 23 m. Waste Mansgesment
permit PE 6490 allews the discharge of 27 m/day.

Six cottage sites have besen devaloped on the east side of Howe Sound,
approximately four kim southwest from Britannia Beach. Sewage 1s treated in a
septic tank, pricr to discharge through sand filters and a submerged ocutfall
extending 122 m offshore 15 m below the mean low watsr mark. Waste Managemenc
permit PE 8754 allows the discharge of a maximum 5.5 m'/day.

DISCHARGES LOCATED NEAR SQUAMISH

The Western Pulp (Woodfibre) mill, built in 1912 as a aulphite pulp mill,
was converted to a bleached kraft mill during 1953-62, Wood chips are brought to
the mill, where they are passed through digesters, prior to brown stock Washmg
and scrdeninq then bleaching with washing solutions of chlorine, caustic,
hypochlorite, chlorine dioxide, caustic, and finally chlorine dioxide before the
pulp is pressed and dried. A 198% Waste Management permit application cited a
dasira to increase the pulp pxﬂduct:ion up to 750 t/day on average and a maximum
of B50 t/day. This would be accompanisd by a secondary treatment of the effluent
streams.

Waste Manpagement permit PE 1239 allows the discharge of wasts water as
shown below and as applied for in the 198% permit amendment application:

Hraft Hydraulic Debarker
Bafore Aftar Bafors Afcer

mapundnd Solids (kg/t) 17.5 10.0 0.64 kg/m’ i3 gm
BODS (kg/t) 30.0 7.8 0.84 kg/m 038 g
96-htr LCS50 (5 affluent) 30 100 an 100
Volume (x1,000 m'/day) 76 76 + 1l0% 7 7 + 10%
pH = - £-8 -
Dissolved

Oxygen (mg/L min) - 2.0 - -

AKX (kg/t) = 2.5 - -
Temperature (°C) 35 35 = =

F.M.C. of Canada has operated & chlor-alkali plant near Squamish since
1965. The basis of the process at the plant is tha slectrolysis of purified
brine to obtain chlorine and sodium, followed by, the mercury cell hydroly=is of
the sodium to produce caustic scda (HaoH) and hydrochloric acid (HC1). Mercury
sntralned in cooling water is saparated prior to the sffluent's diacharge to an
effluant pond. The recovered mercury is returned ce the cell. Cooling water is
recycled to reduce mercury vapour losa, and this cooling water is alsc treated
in the mercury separator. The sludge geheraked in the process is also
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copntaminated with mercury, which is partially removed with hypochlorite
leaching.

Wastes Management permit PE 138 was issued in 1965 for the dispesal of tha
sludge slurry. & settling pond with 24-hour retention was constructed in 1870,
at which time che company began to ssparate and dry the sludge while continuing
to discharge liguid waste Chrough the setfling pond. The process cooling water
and the filtrates from the mercury recovery system are discharged teo the settling
pond. Effluent from che pond is discharged to Howe Sound through an intertidal
outfall. Waste Management permit PE 138 allows the discharge of 55,000 m’/day
with tha following maximim concentrations: 30 mg/L suspanded :olidn {mean
concentration of 20 mg/L), 27°C, 0.008 mg/L mercury [(mean concentraticn of 0.005
mg/L), 0.15 mg/L residial chlorine (mean concencration of G.008B mg/L), 0.5 ma/L
sulphide (mean concentration of 0.2 mg/L), 15 mg/L hydrogen peroxide, and a 96-hr
LCS50 of 1I00%.

Zince 1970, the sliudge solids have been discharged to a s=olid wasta
disposal site. Waste Management permit PR 1827 s£llowa the disposal of the sludge
filter cake and solids from the effluent treatment backwash. Bacause the waste
has been classed as & "special waste, * the ald site used for disposal was coversd
with a 10 mm thick peolysthylens mambrane and then a ¢lay cover in 1281, The nsw
cell area is lined with a doublae flexible membrane liner. TE covers an area of
about 55 m by 46 m Waste Mapag&ment permit PR 1627 allows the disposal of 30
o' /wesk |[mass of 5 kg#mk!l of tha mercury contaminated sludge which ia to be a
mixture of 40% =and and 60% sludge, with the mercury contamination of the sludge
not to excesd 100 mg/kg and the pH toc be & minimum of 5.5.

The Canadianoxy Industrial Chemicals plant has produced liguid sodium
chlorate by electrolysis of brine since 1973. It 1= located on the s=ast bank of
Cattsrmole Creek, to the north of F M.C. A saturated solution of brine is mixed
and then treated with sodium hydroxide (NaQH) and sodiuom carbonate (Na.CO,). The
solution is passed to a brine clarification tank where inecluble salts which have
formed are precipitated out. The sludge from the brine clarifisr conesisting of
calcium and magnesium precipitates is periodically removed and discharged without
treatment to a landfill., The =ludge is basic {pH of about 10) in nature,

Sodium dichromate [Na,Cr;0,) is added b6 the clarified saturated brine prior
tc At passing to the electrolytic cells where a weak sclution of hydrochloric
acid (HC1l) is addad. The products of the elsctrolvsis ares sodium hydroxide at
the gathods and chlorine at the anode. These are mixed to form sodium
hypochlorite (HaOCl), prior to being oxidized to form sodium chlorate (HaClo;j).
The Efinished cell liguor is treated with urea to destroy any remaining
hypochlorite.

Only cooling watar is discharged. The electrolytic cells are cocled by a
closed coeling water circult with & coeling tower, Wasts Management permit PE
1700 allows the discharge of a maximum of 20 m'/day of overflow from the cooling
water system, at a maximum temperature of 30°C, and with a chlorine residual of
leg=s than 0.2 mo/L.

Since 1983, Weldwood ©f Canada (Empire Lumber Division]| has operated a
sawmill /planermill complsx on the east bank of Mamquam Blind Channel in Sguamish,
Logs are trucked to, and sorted on, the west bank of Mamguam Blind Channel, prior
te being boomed: The hemlock lcgs are mechanically debarked, with the hogged
materials being =old8. The finished lumber is graded and dried, with seme of the
lumber bsing treated in‘a dip tank. '

Cocling water from three compressors is diacharged dirsctly through twe
cutfalls into Mamguam Blind Channel. Waste Managjement permit PE 4951 sllows th=
discharge of a up to 390 m'/day at a maximum temperature of 35°C. Squamish
Terminals has oparAted a deep sea berth and barge slip for forest products since
1870. Wastewater from the =guipment Services (floor wash water) and steam
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cleaning pad water are treated in two oll separators prior to discharge lnto &
rock ssspage pit, Waste Management permit PE 1749 allows the discharge of 2.3
m'/day with a maximum oil and grease concentration of 70 mg/L.

Tha District of Squamish operates twe high-rate activated sludge secondsary
sewage treatment plants which diacharge sffluent to the Squamish Hiver. The
Cantral Sguamish Sewage Treatment Plant ({5TP), constructed in 1972 feor the
southern area of Squamish, was designed for flows of ¢,545 m'/day. The Mamguam
STPF began operating in 1973 and is designed for flows of 5,450 m'/day.

The Central Sgquamish STP, under Waste Management permit PE 1533, allows the
discharge of ‘& maximm 4,550 n'/day, with a maximum suspended solids
concentration of 40 mg/L and a maximum BOD5S of 40 mg/L. The Mamguam STP 1s under
Waste Management permit PE 1512, allows the discharge of a maximum 5,500 m'/day,
with a maximum suspended solids concentration of 60 mg/L and a makimum BOD5 of
45 mg/L., The effluents from the two plants are not disinfected due toc a concern
for toxicity to the fishseries rescurces of the Sguamish Estuary.

HOWE SOUND PULP AND PAPER LIMITED (PE 1149)

Howe Sound Pulp and Paper at Port Mellon on the west shore of Howe Sound
operates both kraft and thermo-mechanical pulping processes. The kraft mill has
a production rate of 1,400 ADt/day, while the thermo-mechanical pulp mill has =
production rate of 750 ADt/day.

Wastewater i3 treated in an oxygen-activated sludge secondary treatment
systaem. Effluent is discharged through a submerged ocutfall at a depth of 115 m
and at a distance of 250 m from shore at low water. Wasta Management permit PE
1149 allows the discharge of a maximum of 76,000 m'/day with a range of pH from
6.0 to 8.0; a maximum temperature of 35%C; a dissolved oxygen concentraticn > 2.0
mg/L; a 96~hr LCSO > 100%; egquivalent maximum and average suspended solids of 283
ma/L, 10.0 kg/ADt, and 21,500 kao/day; equivalent maximum and average BODS of 212
mg/L, 7.5 kg/ADE, and 16,125 kg/day; and with the following average and maximum
AQX walues: 1.5 kg/ADt and 3.0 kg/ADt, respectively; 2,100 kg/day and 4,200
kg/day, respectiwely; and 28 mg/L and 55 mg/L, respectiwvely. Aftsr June 30,
1932, the maximum ACX valuss are teo ba 42 mg/L, 3,220 kg/day, and 2.3 kg/ADt,.

Also discharged through the same ocutfall is treated domestic sewage from
the mill, Sewage is treated using two types of secondary treatment facilities,
& rotating biclogical contactor and an extended asration type plant. Permit FE
1148 aliows the discharge of a maximum 118 m'/day treated sewage with maximum
concentraticons of 45 mg/L of BODS and 60 mg/L suspended sclids.

Permit PE 1149 also covers the diascharge of cooling water and stormwater
through eight additional submerged cutfalls. Tha maximum allowable discharge i=
76,000 m'/day with a pH from §.0 to 8.5, a maximum tempserature of 35°C, and a 96-
hr LCS0 of > 100%.

ERITANNIA MINE

The Britanmia Mine complex is located on the =ast shore of Hows Sound,
about 45 Jm north of Vancouver. It consisted of six open pits in a tributary
(Jane Creek) to Britannia Creek, as well as seyverzl shafts and adits. The copper
mining and milling operation began in 1905 apd shut down in 1974. During the
operation of the mine, over 52 million teons of ore were processed, yielding 0.8
million tons of copper; 15.3 tons of gold, and 181 tens of silver (Moore,
unpublighed) .

Acid mine drainage from the Britannia complex was carried for more than
gsaventy years in PBritannia Cresk, until a pips was laid on the bottom of
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Eritannia Creek to carry the drainags watsr into Howe Sound through a submerged
marinse outfall.

THE MUNICIPALITY OF THE VILLAGE OF LIDNS BAY

This discharge, 10.5 km north of Horseshoe Bay 1s from a 140-unit
condominium and five =ingle family rasidancas. The wastewatsr is provided
secondary treatment in a rotating biological contacter prior to discharge through
a submerged outZfall lIccated 180 m beyond the low tide mark at a depth of &0 m,
Sludga iz taken to the Lions Gate sewage treatment plant in West Vancouver.

Wasts Managsment permit PE 5188 allows the discharge of 340 m'/day with 2
maximum concentration of 45 mg/L BODS and 60 g/l suspended sclids. Dus to the
small volume of discharge, and the fact that it is provided such a high level of
treatment, it is unlikely that this dischargse will affect the water guslity of
Howe Sound.

ENVIRONMENTAL. TMPACTS FROM WASTEWATER DISCHARGES

While much impact-ralated data for benthos have been collected in the last
few years by the companies and Environment Canada, the efforts of the EBE.C.
Ministry of Environment have besn concentratad on watar column mbnicoring,
plankton mopitering, sediment, and toxicity. Sampling sites us=ad by the Hinistry
are shown in Figurs 1.

Results from 1989 showed that the water c¢olumn concentratlcocns of
chloroguaiacols and chlorophenols were undetectable [(=0.0002 mg/L and <0.000]
mg/L, respectively), although detectable concentrations were found near the miils
in the sediments, sediment extracts, and in plankton. The highest sediment
concentrations Eor Port Mellon were at PM2, with concentrations of 0.30 upg/c
tetrachlorogualiacol and .11 Hg/g trichlorcgumiacol, while at Woodfibre the
highest concentrations were 0.43 JMo/g and 0.10 lg/g, respectively, at WF2. Thsse
concentrations compare to 0.08 ug/g and <0.01 Mg/g, respectively, at the Howse
Scund contrel site located at the north end of Bowen Island.

In the plankton tissue, concentraticone in samples from PM2 wer= 0.862 Ha/c
tetrachloroguaiacol and <0.05 |lg/g trichloroguaiacel. At WF2, the concentrations
in the plankton tissue weres 0.200 pg/g and 0.06B |ig/g, respectively. Values irn
the plankton collected at a contrel site were <0.05)g/g tetra- and
trichloroguaiacol.

Copper-complexing woerk undertaksn in 1930 near the Britannias mine site
showed that copper levels radiating out [rom Britannia Beach, both in the surfacs
water samples and those collected at depth, were sxtremely high (up to 0.886 mg/L
in the surface sampls and 0.170 mg/L at 15 m depth) (Fig. 2). The complexing
capacity of Howe Sound waters near Britannia Beach has besn exceaded; howaver,
sediment axtract analyses for mertals and chlorinated organics showed that
typically, sedinent contaminants are not released back inte the watsr column at
concentrationse which would Be & coficern.

Total dioxin concentrations measured in the sedimants at PMZ and WF2 wers
6,680 pg/g and 5,805 pgrg, respectively, compared to a concentraticon of 5% pg/g
at the coptrol site. The associated toxicity eguivalents (tec 2,3,7,8-TCDD) wers
146.7, S5.7, and 1.7, respactively. For total furansg, ths concentrations wers
640 pg/g, 848 pg/g, and 20.9 pg/g, rTespactively, with associatad toxicity
equivalents of 30.8, 28.9, and 1.3, respectively. The International Joint
Commission (Environment Canada, 1990} has established a water quality cbjective
of 10 pg/g of 2,3,7,-TCD0 for sediments. Thse toxicity equivalenta calculatad
for the measursd dioxins and furans at sites WF2 and PM2 are well above this
valus,
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Wacer column monitozing in 1591 has shown that mercury levels ars extremely
low [<0.005 pg/Li, and that metals concentrations in sedimants throughout the
Sound are ‘generally acceptable, except na2ar Britannia Beach wheye copper
concerntrations ars high. Copper concentraticns in the watsr column near the mine
ware again high in 1991, with maximum concentraticns measured of 1.75 mg/L in &
surface sample and 0.22 mg/L in a sample collected at a depth of 15 m.

At this site, Zfopper concentrations in sediments wera B28 Jg/g and zinc
concentrations were 362 pg/g. Concentrations in the interstitial watsr were 50.5
mg/L and 0.033 myg/L, respectively. Interestingly, copper concentrations msssurad
in sedimants from two other sites ns=ar the Britannia discharge wers 1,610 and
1,570 pg/g in 19B5. For comparison, SEancil [I980] indicated that an-area of
Sturgeon Bank with 200 pg/g copper in sediments had been severely impacted by the
former discharge from tha Iona Sewags Treatment Plant,

) During 1991, toxicity was tested by a varisty of bicassays, including sand
dollar bicassays, and microtox ECS50 tasts on sediment, pore water, and directly
on the sediment (soclid phase). Only the =olid phasze technigque gave positive
{toxig) results (Fig, 3]. The data i1llustrate that the greatest toxicity 1is
agsoriated with sadiment from Woodfibre, followed by that from Canoxy, Britannia,
and then Port Mellon.

From the overvisw perspsctive that this paper was intended to provids, the
major concerns in Howe Sound 4t present are copntamination by dioxing and related
organcchlorines emanating from the mills, and copper and related metals radiating
out from the Britanpia mina site. Remedial measur=s have begun to soms degree
at the mills by installing or planning to inscall secondary treatment. Ewven at
reduced loadings, we do not know if dioxin degradation will be adequate.

With respeet to the mine, remedial mesasursas have been discusaed, but no
action has yet been taken.
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ABSTRACT

Documentaticon of newly discovered natural history phenomena is the primary
goal of Vancouver Aguarium ressarch in Hows Sound. Ancillary to that goal is tEhs
desire bto provide a basis for futurs comparisons, a continuum of baseline dakta
on marine life in Howe Sound., Emphasie has been on sarly 1lifs history of marine
fishes and shrimps, but those 1ife stages are sephemeral, with expected
interannual and long-term fluctuations. To balance this emphasi= on planktonic
larval forms, projects mors recently hawve been iritiated for monitering larger,
mera long-lived forms such as harbour seals, intercidal starfish, and glass

spongas .

Accomplishments to date from ichthyoplankton surveys includs di=proving the
assumption that planktonic drift is a dispersal mechanism for larval rocky
shoreline fishes, demonstration of larval polymorphisms, mnew taxcnomic
deacriptions of larval fishes, and documentation of the distributicon of the lates
larval forms of Pacific whiting. Beds of Agarum kelp have been identified as
Jjuvenile nursery habitat for spot prawns, and year-class fluctuations .of spot
prawns have besen documentsd. Enumeration of harbour seals at Popham Island has
included photoaraphic identification of individuals and seasonal changes in sax
and age composition of the coclony have besn monitored. Studiss of seasonal and
tidal movements of Pisastar starfish and growth rates and environmantal limits
of hexactinellid sponges provide monitoring results from more stakls populations
of benthic life. Long-term commitment to these projects will provide a basis for
gauginglghangns which may occur in the guality of Howe Sound as a habitar for
marine fe.

INTRODUCTION

In 1983, the Vancouver Aquarium sntered a reominal lease agreement for use
of Popham Island, in southwestern Howe Sound, as a ressarch bases. Construction
cf a field station building was undertaken in 1988, along with necessary repairs
to the breakwater and installation of a dock and ramp. Field work from the
station is supported by a 6 m alumimon boat and the 15.3 m MV Aguarius. October
19, 1989, marked Ehe official cpesning of the Murray A. Newman Fiald Statien for
Howe Sound Research, the designation heopnouring the man who has directed the
Aguarium since its opening in 1956.

Popham Island is a private mature refuge, exclusive access being granted
to Aguarium research staff and their assistants. 1In addition to the caretaking
protection of the island which this research arrangement provides, the natural
history monitoring of Hows Sound marine lifs, based from this island, provides
a data record which can provide for correct environmental assessments in the
future. The Vancouver Acuarium is the only institution committed to a continuous
research presence in Howe Sound. This research is privately funded by tourism
incoms;, with no regular taxpayer support.

Agquarium research amphasizea basic studlies at the descriptive level.
Interest in larval form= of local marine fishesz and shrimps criginated with
captive spawnings in the Agquarium’s display tanks, which form the bhasis for a
propagation laboratory at the Aguarium. In conjunction with the laboratory
culture, ichthyoplankton surveys have been conducted in the field since 13983,
with special amphasis on the southern Howe Sound basin.

EARLY LIFE HISTORY STUDIES

Ichthyoplankton taxcnomy is a relatively recent and rapidly developing
discipline. Larvas of the manacled sculpin, Synchirus gilli, were first described
from material taken in Howe Scund (Marliawve ot al., 1285). New descriptions of
NE Pacific Liparis species, including material from Howe Sound, have clarified
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the phylogenstic significance of exclusively larval morphological fsatures in
this genus (Marliave and Peden, 1289). Additicnally, microgeographic populatien
variationa have besn documented in larval tidepool sculpins, Oligocottus

cuilosus, Both clinal wvariation through the Strait of Juan de Fuca and
polymorphic variation within populacions in Howe Sound have been documented for
larvae of this speclies (Marliave, 1988).

A standard assumption about larval stages of marine crganisms is that
larval distribution is random or uniform. The phenomencn of planktoniec larwval
drift dispersal occurs for larvae of wvarious pelagic marine fishas, but the
larvae of rocky intertidal species in Howe Scund tend to remain where they hatch,
without either alongshore or offshore diapersal (Marliave, 1986). The larvae of
the Pacific whiting, Merluccius productus, show diffsrences in distribution and
habitat praferasnce at successive stages in their larval development, the later
stages associating with substrate at increasing depths (Marliave, 1989). Pacific
whiting =spawn at great depths on the west =side of the Strait of Georgia
{McParlane and Beamish, 1285); intermediate larval stages accumulats along the
shores of Howe Sound and then move desper along the fjord walls as they grow
(Marliave, 1988).

Similarliy, the larvae of the spot prawn, Pandalus platyceros, shift from
plankteonic to non-planktonic distribution prior to settlement uUnder Agarum kelp
Eronds. Several arum beds in Howe Sound have been monitored since 1985
{Marliave and Roth, tted) and varying levels of *year-class strength® have
been documentad at different sites in different years. During 1990 thare was a
complete year-class failure of spobt prawn settlement on the west side of the
southern basin of How= Sound, whareas the sastern side showed normal levels of
recruitment to the nursery grounds. No obvious explanation ia apparent for this
trend in 1990. In 1991, nearly ths opposite picture emerged, apparsntly dus to
the eastern site Seing in line with the fetch of northerly outflow winds, which
destroyed the kelp bed habitacts in comparable fashion to the damage done to tress
during unusual wintar storms.

Curresnt Aguarium resaarch utilizes novel procedures for discovering routes
by which sarly life history stages of varicus marine species have praviously gone
through “disappearing acts,” bevohnd detection by standard gear and techniques.
A long series of data sets will permit cbservation of any patterns which may
emerge; in the meantime, such observations provide documentation of basic natural
history phenomena:

INDICATOR SPECTIES

A recent trand in Aquarium research in Howa Sound is a focus on ecological
indicator species. Recognizing that sarly life history atages; such as larval
Eish; are very susceptible to short-term variations due to weather effects; added
focuzs has been placed on long-lived, prominent organisms such as boot =ponges,
starfish, and harbour seals. On Ejord walls, basic studies of growth in boot
sponges, Rhabdoczlyptus dawsoni, will provide for long-term data on & major
faunal component of Howe Scund’'s desp waters. Similarly, on rocky shores, secudy
of gsasonal and tidal movements of the purple starfish, Pisaster ochraceus, will
provide for long-term records of an intertidal keystone species. A colony of
harbour seals resides adjacent toc Popham Island, providing cpportunity for study
of thesa Baagls at a time whan public concern has bean axpressed over their
growing numbsrs in B.C. watsrs.

GLASS SPONGES

Howe sSound apparently has the shallowest known rossellid sponges outside
of Antarctica. Glass sponges in E.C. typically range at depths greater than 20
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m, but varicus sites in Howe Scund have been found with Rhabdocalvptis dawsorl
at depthe starting as shallow as 13-1% m belew extreme low water,

Six individual sponges at a site nsar Hutt Tsland were bEagoed on Fsbruary
8, 1980, for growth monitoring, and for use as peferance points for locating
other sponges at the same site. A census on Februarcy 5§, 1990 revealed that 170
sponges wers then present; none smaller than about 30 em in length. During
September and October 19%1, this =ite was precissly mapped and a total of 398
sponges were counted. The colony approximately doublad in numbers over twe grewth
seasons.

Morphology appears to be plastic in boot sponges (Fig. 1), as the asculum
slze and shape is highly wvariable and the circumférsnée somewhat less variahle.
During late winter of 1990, scme were ocbserved to collapss (Fig. 1). Soms
sponges grew largsr, then amallsr in circumferercs (Fig. 2), possibly on the
basis of changing levels of turgor, although svidénce for resorption or lo=a of
glass spicules exists from reversibls patterns of healing of biopsy plug holes.
These variations ranged beyond the possible level of aryor for measures. Maximum
circumference approximated length, and the greatest wariability cver time in
circumference was in the largest sponges, for which circumference sxcasdad l=ngth
(Figs. 2 & 2). Sponge 3 was repairing damage and grew lesast.

In late Febraary 1391, the smallest sponges found at that time (Fig ¥: A-G)
ware 2-3 cm height and 2-4 mm osculum diamster. Spenge lengths fer these
"underyearling" sponges increased far more rapidly than for the six tagged
*adult® sponges (Fig. 3: #1-6), and the small spongsz incrsased up to 71% in
length by the =nd of August (6 menths) as opposed to lass than 20% for large
sponges. At the end of June, growth had been less in the small sponges (Fig. 3:
£,D,E) above the average upper depth limit for adult sponges (Fig. 4), compared
to that for those below the average Llimit (Flg. 3: A,B,F,;8}). All of the =small
sponges monitored below the modal limit survived through July and August, whereas
the thres small sponges at shallower depths (Fig. 1; C.D,E) perished betwsan the
#nd of June and the end of August.

The smallest sponges found to date were cbssrved in fall of 1591, ranging
from 1-2 cm in length. These new sponges occurred in dense patchss at a varisty
of depths,. Ne s=arch was made in fall eof 193¢, -so the small sponges from
Fabruary 16891 can only be presumed to have alsc bBesn 1-2 em in Fall of 1884,
Thus, reproducticon apparently occurs during summer. Sloughing of exterior lavers
of all boot sponges was chserved in esarly summer of 1991, Thus, bicherms, the
raefs made up &f dead sponge matsrial, may be deposited spiscdically by colonies
of living sponges.

The upper death limits of boot s=ponges in Howe Sound appear corrslatad to
deep water condi-ions bounded by about 28%ece salinity and 10°C summer
temparature (Fig. 4}. Profiles of tempsrature/salinity wers conducted By divers
oenly on the two occasions depicted in Figure 4, but remote praofile readings ware
made Erom &n anchored boat adjac¢ent to the site on nine other dates beatwsen
February and September 1830. Tha discontinuity in temperaturs/salinity alwaye
occurred aboye the level of the sponges, and the extreme data for
Eemperature/salinity combinaticrs at the depth of the sponges were 7%°/27%/co,
12°C/27% oo, and 11°C/24%/oo. Temperature/salinity profiles within a tidal syels
during different seasons have yet to be fully documented, but axisting data
suggest that the seasopnal discontinuity forms an uppesr physical limit to
occurrence of boot sponges.

Three transplants at the Hutt Island site wers cut off at the base and
strapped into concretes blocks with elsctricsal cable-tias or "zgap-straps, " than
the blocks were p.aced at an .angle against the cliff on ladgss; ineluding a
control at the base of ths cliff. The mortality rate of small sponges abovs ths
modal upper depth limit (Fig. 4) was different than the survival for over ons
year of a large sponge transplanted from below the modal depth limit te 2 m
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above. That is, the surviving sponge cocurred 1 m abave the extieme Upper limit
of naturally occurring sponges &t this particular area, which happens to be the
shallowast known site for koot sponges; about 12 m balow low water., Anather
transplant 2 m higher (4 m above tha mpdal upper limit) perished within a few
months during autumn of 1390, Thus, depth involves s mortality factor, presumably
related to the geasonal discontinuity of temperature and salinity, which appears
more critical to younger sponges than to older individuals. Tissue plugs have
been removed from boot sponges at various depths, seasons, and sitea in Howse
Sound. William €. Bustin [(Khoyatan Marine Laboratoxy, Cowichan Bay) will assess
the spicules from these tissus samples for growth analysis and taxcnomic
varification.

INTERTIDAL STARFISH

Pisaster ochraceus, the common intertidal ochre starfish, has been observad
to undergo sxponential population incrsasss in the English Bav/Howe Sound region
during beth the lats 1970's and the late 1980's (personal chservation). With the
populacion level recenctly at a peak, it has been possible to chserve geasonal and
tidal patterns of movemeni, both din the horizontal and in the vertical. Wikh
assistance from the B.C. Environment Yeouth Corps, large-scale transplankts of P
cchraceus wers undertaken, including transplants of the relatively rare orange
morph (1-3% of Howe Scund population, perscnal cbservaticon). The crange morph
is readily distinguizshed from the more prevalent purple morph, and provides a
nacural marker for short-term transplant studies, Orids and transects havs been
conducted on pne wvertical cliff face at Popham Island to guantify vartical and
horizontal variation in distribution over differert tidal cycles.

Transplants at different times of the year (unpublished data) have shown
very -little horizontal movement ef these starfish betwesn mid-December and
mid-March, although vertical movement, as wall as fesding, continued, Affer the
vernal sequinox, horizontal movements rapidly accslerated, and the higher rate of
movesment remainsd apparently constant until the approach of the winter solstice
and decay of the seasonal thermocline. Although horizontal movements were nsarly
random, the “tagged® orange morphs indicated that starfish spread more rapidly
toward low density areas (clesarsd by transplant) than inte nermal high densitcy
arsas. Furthsrmore, orande morphs placed at a cliff corner moved mere rapidly
and in higher numbsrs slong a turbulsnt, current-swept face than inte a calm,
back-=ddy area arcund the corner of the study are:.

There is alsc evidence Tor regulation of wertical movement in synchrony
with the higher low water of the semidiurnal tidal pattern typical of B.C. Only
when there 1= an upward trand teward high plateaus (higher low tide approaching
haight of high tides|, will the P. ochraceus move up through the entire Mytilus/
Balanus zone. These high platsaus coincids with extrems low tides. During most
portions of the tidal oyele, the ochre starfish ls at sea level or up Eo 0.5 m
above =sa level at lowsr low water, with maximum vertical movements on the order
of one metre. With high plateaus, however, the starfish gradually move higher
up the shore, initially becoming exposed by less than one metre at extreme low
tide by wvirtus of wvartical movements of just over two metras. Toward the end of
such a phase, howsver, the vertical movement rate decreases back to the order of
one metre, rssulting in low tide exposures of over two metres above sea level,
Such extreme aerial sxposures thus tsnd to ocour boward the latter part of an
extreme Iow tids seriss, mostly becauass the starfish expleit the high plateaus
and perhaps oversxtend their capasbility of vertical mavement (usually only about
&ne metre). Vertiocal 1imit=s eof =starfish during moderate and sxtreme tidal
fluctuations are shown in Figure 5.

2 final observation regarding vertical movements of echre starfish concerns
the sffect of direct sunlight on haight of asrial exposure. During a tide series
with constant cloud and rain, exrrems low tide expeosiute was abserved. During a
pericd of constant summer sunshine, howesver, starfish exposed to direct sum wers
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obzerved to ba 1 m lower in the intertidal at extrems low tide than thosa on ths
shadsd side of a gslcped cobble beach, This difference in tidal height resulted
in those starfish on the shaded side Leing 15 m further inshore, horizontally,
than those on the sunlit side. Shaded Mytilus/Balanus areas thus may suffer mors
Pisagster predation than adjacent areas exposed to direct sun.

HARBOUR SEALS

Dr. H. Dean Fisher,; Professor Emeritus of Zoolegy at UBC, has beaen an
Aquarium Research Associate since 1987, satudying the Howe Scund harbour seal
{Bhoea wvitulina) population, Attempts are underway to identify individual seals
on the basis of pelage patterns. Various natural history observations on ths
harbour seal have alsc been made in Howe Sound. Generally, the physiclogy and
anatomy of this speciss are very well documented, but its sscretive habits have
resulted in little natural history documsntation anywhers,

Harbour seals have increased in number in Howe Sound from about 60 to
600-700 since the end of the sesal bounty about 20 VYears ago (H. O. Fisher, pers.
comm. | - Pupping was observed to occur in Howe Sound from 1983 to 1985, from
April through August, but pupping has not been svident in Howe Sound in the lastc
two Vears. The offshore haul-out rTock at the we=t =nd of Popham Island i=s
perhaps the second most regular haul-out area in Hows Sound, after Pam Rocks in
Quesn Charlette Channel. The =sesal= ardund Popham Island also tend to use west
Wherlcombe Island, east Hermit Island, and other arsa= in the Paslsy Island group
arcund Popham Island. Particularly during winter, the seals hauling out at
Popham Island are exclusively mature males, so some aspect of bachelor herding;
known for sea lions, may exiat for harbour szeals, at lsast in winter.

CONCLUSIONS

The proximate goal for the studies based ocut of the Murray A. Newman Field
Station for Howe Sound Research is the descriptive documentation of new data on
natural history pkenomena. Perhaps the ultimate goal of our work is the correct
understanding of the marine ecology of Howe Sound. An intermediats geoal of
considerable significance, however, is to maintain a cortinuum of cbzervational
data which will provide a sound basis for comparisons in the furtura., Should the
gquality of Howe Sound as a habitat for marine organisms changs in the futurs,
these data sets will provide the basis for demonstrating any significant changes,
and hopefully, may also indicate some sxplanatory basis for such changsas.
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Figure 1.
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Schematic depiction of measurements and growth patterns in boot
sponges (Rhabdocalypbus dawgend) . Maximum lsngth, L, from bass te
osculum and maximum circumferance, C, were maagsured [(A). The
sequence from A to D has been observed in individual sponges, where
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January 1920}, then extreme inecreases in circumference (€) typically
occurred during summer, with nst increass in length (D) obsarwved
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Figure 4.
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The Woodfibre mill is located at the mouth of Mill Cresek approximately &
kilometres from the head of Howe Sound on the western shore. Industrial activity
has been continuous at this site since the beginning of this century. Following
several vears of sawmill operation, pulp production began in 1912, utilizing an
unkleached sulphite process. The mill was converted to the bleached kratft
{sulphate) process in 195l.

In 1286, the company completsd a 5200 million modernizatlon program thst
was largely environmentally driven. This included a new low ocdour recovery
boilsar with slectrostatic precipitators designed to meet ths mest stringent air
emission standards. This, together with incineration of non-condensible gasses
in the new lime kiln, have wvirtually eliminated the characteristic kraft mill
edour. In 1985, the mill started up Canada's first R-B chlorine dioxide
generator and Kamyr displacement bleach plant. Our mill was, theresfore, in a
position to guickly and effectively address the dioxin problem when it first
became known, and to reduce other chlorinated organic compounds. All of the
aeffluent stream= (socme of which previcusly discharged inte Mill Creek) were
consclidated; and after primary treatment, are now discharged through a deep
water diffuser 22 metres below low tide.

The Sguamish mill produces 700 tonnes per day of bleached kraft market
pulp. All of the fibre supply is in the form of residual chips from sawmills in
the lower mainland and Vancouver Island areas. With no road access, all of the
raw materials te the mill come in by bargs or truck/ferry. A deep sea ‘dock at
the mill facilitates shipment of the finished preduct to markets arcund the
world.

The desired blends of Douglas-fir, Hemlock and Cedar chips are cooksd in
a FKamyr and five batch digsstsrs. A new 300 tonne blow tank and double
atmospheric diffusion washers on the Kamyr line and a new drum washer on the
batch line provide theorough brown stock washing, This is followed by three
stages of pressurs screening before passing over a decker-rewasher to further
minimize the carry-over of organic materials to the bleaching process. Medium
consistency chlorination with thrse high shear mixers prscedes the computer
centrolled dynamiec blesaching process. The mill uses a D. E. DED bleaching
sequence with over 50% chlorine dioxide substitution in the first stage. About
one-third of the production is currently bleached without any melscular chlerine
using chlorine dioxide, oxidative extraction and hvdrogen perexide in a D E, DP
bleaching segusnce.

In 1989, Western Pulp ¢ommitted a further 570 million to improve sffluent
gquality. This included the new brown stock washing facilitiss mentioned abeows,
upgrading the chlerine dioxide generator te snable the mill to sustain high
substitution level=, and secondary traatment.

Site copstraincs at the mill, situaced on a narrow bench at the bass of a
mountain, precluded conventional aeration ponds. A compact, but more costly
activated sludge system wae chosen. To establish the optimum design paramsters,
an extensive series of pilot plant studiss were undertaken. The results of this
research were published and have been widely referenced in scientific journals
as cne of industry's most thorough analysis of bicdegradation of srgancchlorines.
A low rate oxygen activated =ludge efflusnt treatment system with 12 hours cf
hidraulic retention time was chosen. aAfter sxcavating over 400,000 m' of
mountainside, construction of the secondary effluent treatment plant is well
underway .

MNegotiaticns are currently being held to snable the mill to construct a new
wood waste power boilesr with co-gensration. This will greatly reduce particulate
air smission=z as well as making the mill self-sufficient in eleetriecity. At
present, the mill generates approximately 2 megawatts of hydro power and 3
megawatts C[rom srteam turbine gensrateors; a further 13 - 1% msgawatts are
purchased from E.C. Hydro.
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Ths Woodfibre mill*s impact on the Howe Sound watershad can be summarized
as follows:

E aent

Average volume — 65,000 m'/day

Suspended solids - 3 tonnes/day

Bicchemical oxygen demand (BOD) - 17 tonnes/day, (2 tonnes/day by late 1552

Chlerinated organic compounds measured as adsorbable organic halogens - 1.5
tonnes/day

Particulats emissions

Recovery boiler - 0.8 tonnes/day sodium sulphate and sodium chlorids

Lime kiln and dissolving tank combined - (0.4 tonnes/day, primarily Ca & Na
carbonate

Power beiler - 2.0 tonnes/day fly ash (0.5 tonnes/day with new boiler by 1994)

Basad on a reviaw of research done in the 60's and 70's, ths environmental
impact of the mill‘s efflusent was confined to a localized area adjacent to the
outfall. Geood circulation and flushing of surface waters due to the Squamish
River flow wers interpreted as limiting the impack (Melson, 187%)., Studiss did
ghow depleted communities of invertebrate taxa on the beach area for several
hundred metres adjacent to the mill (Levings and McDaniel, 1976). Installatiocn
of a sulbmerged outfall and diffuser system in sarly 1986 was designed to improve
water guality and intertidal life near the mill.

Becent recelving water surveys conducted by Hatfie=ld Consultants, beginning
in 1989, show a more widespread impact. Highly chlorinated catechels and
guaiacols were detectad in sediments up to 10 kilcmetres from the mill. Dioxins
and furans, though not exclusively from the pulp mills, were detected in crab
hepatopancraas in increasing concentraricns in samplss aporoaching the mill
outfall (Dwernychuk, 198%, 1950).

Process changes in the last two years have wvirtually eliminatsd the dioxin
discharge and reduced the sffluent organochlorine loading by well over 50%. The
new oxygen activated sludge effluent Etreatment system currently under
construction, will] further reduce thessa unwWantad compounds as well as rendering
the sffluent non-toxic.
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ABSTRACT

In early 1988, a monitoring program was initiaced to document the presencas
and concentration of dioxins and furans in aquatic organisms near British
Columbia pulp and paper mills. Preliminary data for selected finfish and
shellfish from Howe Sound indicated that slevated levels of csrtain dioxin and
furan congeners wWere present in prawns and in the hepatopancreas (digestive
gland] of Dungeness crab. Subseguently, mors intensive monitoring led te the
closure, in November 1988, of a portion of Hows Sound near the Port Mellon and
Woodfibre pulp mil_ls to all harvesting of prawn, skrimp, and crab. In June 1389,
the prawn, shrimp, and crab closure was expanded to include an additicnal part
of the Scund in the vicinity of Keats Island and the rsmainder of Howe Sound was
cloged te commercial crab fishing. A consumpt:on advisory was also ismsued
recommanding that the hepatopancreas of crab taken from that portlon of Howe
Scund cpen to non-commercial harvesting not be consumed. Finfish collected from
the Scund containad non-detectable or low levels of dioxins and furans.
Monitoring of aguatic organisms in Howe Scund iz continuing and results obtained
will be used to determine when areas closed to prawn, shrimp, and crabk fishing
can be reopened.

INTRQDUCTION

PFrior to the mid-1%80s, the presence of polychlorinated-p-dicxins (diexins)
and polychlorinated dibenzofurans (furans] in British Columbia blsached kraft
pulp mill effluents had not been documsnted and contamination of the aguatic
environment from these substances wWas not a significant concern. In 19886,
certain congeners of dioxins and furans, specifically the most coxic form,
2,3,7,8-tecrachloradibenzo-p-dioxin (TCDD), wers reported in kraft pulp mill
sludge at mills in the sastern United States and ip Untaric (Ontario Ministry of
the Environment, 1984). Such reports stimdlatesd interest in determining if
dioxins and furans were pressnt in B.C. mill effluents and the treceiving
environment into which these mills discharged their effluents., The Canadian
Wildlife Service measured dioxins and furans in the eggs of Great Elue Herons
collected near Crofton, B.C., the site of a blsached krafr pulp mill, and other
Strait of Georgia locations in studies between 1983 and 1%87. Suspected sources
of thsse contaminants found in the heron eggs of the Crefrton colony wers
chlorophencls; a chemical used to treat lumber prior to export, and pulp mill
effluanc (Elliot =t al., 1988)., 1In early 1988 the anvironmental organization
Greenpeace reported the presence of a variety of dioxin and furan congeners in
4 marine sediment sample collected near the outfall of the Harmac pulp mill on
Vancouver Island (Greenpeacs, 1988).

The Department of Fisheries and Oceans (DFO)| and Environment Canada (DOE)
began the design of monitoring programs in 1287 and a =small number of biockta
samples were collected that year by DOE. In early 15988, comprehensive monitoring
began near B.C. pulp mille including the two bleached Kraft pulp mills on Howe
Bound, Woodfibre and Port Mellon, which discharge their afflueants inte the Sound.
This report summarizes selected dioxin and furan data from the Howe Scound
monitoring programs and describes the subsequent closures to shellfish harvesting
implementad within the Sound.

HOWE SOUND FISHERY RESGURCES

Howe Sound supports diverse finfish and skellfish populations that are
harvested in Native, commercial, and recresaticnal fisheries. The generalized
distribution of majar specles groups within the Ssund is illustrated in Figure
1. Dungeness crab, shrimp, and prawn are the principal shellfish species
harvestad, There are small commercial lengline fisheries for lingeod, rockfish,
and dogfish. The Sound and the streams draining inteo it (e.g., the Sguamish
Riwver) suppert important stocks of all five species of Pacific salmon. The Sound
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iz closed to commercial harvesting of salmen for conservation reascns but is an
important recréeaticnal fishing area, primarily for chincok and coho salmon.
Mumerous other species of invertebrates and fish comprise the agquatic biclegical
community of Howe Sound.

OVERVIEW OF MONITORING PROGRAMS

In January 15988, samples of dungenesa crab ([(Cancer magister|, prawn
(Pandslus platycercos), softshell clam {(Mya aranaria) and guillback rockfish
(Sabastes maliger) wers collected near the Port Mellon and WeodEibre pulp mills
{Fig. . The samples ware analyzed for dioxins and furans by the Department of
Fisheries -and QOceans' Ultra Trace Laboratory in Burlington, Ontaric. @A more
eXtensive series of samples was collected from the Scund in May 1988, Dungeness
crab, prawn, shrimp (Pandalopsis dispar apd Pandalus sp.), quiliback rockfish,
red snapper (Sebastes ruberrimus) and chinook salmen (Oncorhvnchus cshawvtscha)
were obtained from the sites indicated in Figure 3 and submitted to ths DFO
Burlington laboratory for analysis. Chum =almon were alsoc collected from twe
gitss in Novembesr 1938 (Fig. 4).

The next round of sampling in the Sound was carried cut batwsen Decamber
1988 and February 198%. Samples were collected by OF0 and by consultants for the
two Howe Sound pulp mills under tha direction of DFOD and DOE. Spacies samplad
ware dungeness crab, red rock crab (Cancer productus), prawn, shrimp, and mussel
(Mytilus edulis) [Fig, 4). Samples collected by DF0 were analyzed by the
Burlington laboratory and those collected by the mills, by Seakem Analytical
Services Ltd. of Sidney, B.C. The last available data are for prawn samplas
collectsd by DFD in December 1988 and April 198% and analyzed at Burlington
(Fig. §5).

Tissues analyzed weres thoss commonly consumed (e.g., fish fillst and
shellfish body muszle or soft tissue). EBecause the analysis of a f=w initial
samples of crab bepatopancreas (digestive gland) indicated the presance of
elevated concentrations of dioxins and furans and because some individuals
consume this organ, the hepatopancreas was also analyraed,

FISHERY CLOSURES AND SUMMARY OF RESULTS

Cther raports (in prep.| will detail the dioxin and furan data chtained
from Howa Sound and othar coastal B.C. zites. This paper presents a salactad
summary of data with emphasis on those dioxins and furans that are typically
azsociated with bleached kraft pulp mill =fflusnt namely, 2,3,7,8-TCDD and
2,3,7,8-TCDF (tetrachlorodibenzofuran) (MNCASI, 19%0; Berry et al., 1591},
Certain 2,3,7,8-sukstituted forms of hexachlorsdibenzo-p-dioxin (HECDD) have alsoc
been discharged by mills, particularly theose that used wood chips contaminated
with chlorophenols. When pressnt at sufficiently elevated concentrations, HECDD
can contribute significantly to overall toxicity on a toxic eguivalency basis
[North Atlantic Treaty Organization; 1988). For the purposes of this paper, the
total concentration of HECDD is presented because some data sset= did not include
the analysiz of specific HACDD isomers.

211 data wer= assessed by the Department of Health and Welfare [HEW] Eo
detsrmine if concentrations measured posad a health risk to human consumers. All
congeners of dioxirs and furans present in the samples were considersd by HEW in
the health assessments. DFO subssquently used the HEW health assesaments to
determine if fishery closurss or consumpticn advisories were reguired. !
description of the factors considersd and methodology used by HEW in conducting
health assessments of the dioxin and furan data, including the concept=s of
tolerable and probable daily intakes, are discussed in Huston (1992)].
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The results in thisz section are presented in accordance with the date of
theilr public release.

MAY 1983

In May 1988, all available data for Howe Sound and other sites in Canada
were released to the public. Concentrations of dioxines and furans in Howe Sound
bottomfish were low; the level of 2,3,7,8-TCDD was below detection limits and the
maximum concentracions of 2,3,7,8-TCOF and total HECDD diexin were 27 and 15
pg/g (parts per trillion, or ppt), respectivelv. Maximum concentrations of
2,32,7,8-TCDD, 2,3,7,8-TCDF and total HECDD for clam, prawn, crab muscla, and crab
hepatopancreas are shown in Figure 6. Of particular interest are the high values
reported for crab hepatopancreas (682 ppt 2,32,7,8-TCDD; 24,968 ppt 2,3,7,8-TCDF;
4,682 ppt total HeCDD). At the time these data were assessed, hepatopancreas was
not considered to be normally consumed. For this reason and because only very
few samples had been analyzed, H&W did not recommend any consumption
restrictions. HEW did, however, recommend that further zamples be analyzed from
gites near and extending outward from the pulp mills te determine Lif the esarly
sampls results were representative (Governmesnt of Canada, 13%88a).

NOVEMBER AND DECEMBER 1988

In November and December 1988, the second and third sets of dioxin data for
Howe Sound were released to the public and fishery clesures for crab, shrimp, and
prawn near the two pulp mills were implemented, Dakta on bottomfish confirmed the
low levels reported in May 1988, Maximum concentraticns of 2,3,7,8-TCDD (3 ppt),
2,3,7,8-TCDF (28 ppt}), and total HECDD (6.4 ppt) were measured in quillback
rockfish. The chinceok salmon concentraticons wers als=oc Jlow from a human health
perspective (maximim values of 19 ppt 2,3,7,8-TCDD; 15 ppt 2,3,7,.8~TCDF; 24 ppt
total HECDD). No consumption restrictieons were required for any finfish species
{Government of Canada, 1988k and c¢}.

Dioxin and furan concentrations in crab, prawn, and shrimp collected near
the mills were elsvated above limits considersd safe for human consumptian.
Maximum levels of 2,3,7,8-TCDD, 2,1,7,8-TCDF, and total HECDD arese shown in
Figures 3 and 7. The High concentrations in crab hepatopancreas were again
gignificant in terms of human health with maximum values of 115 ppt 2,3,7,8-TCOD,
4,461 ppt 2,3,7,8~TCDF, and 1,530 ppt total HECDD recorded. H&W advised that
crab, prawn, and shrimp from near the Woodfibre and Port Mellon mills could pose
a health hazard if esaten freguently. As & result, DFO closed that portion of
Hows Sound (Fig. &) near the two mills to all harvesting of these species
|Sovernment of Canada, 1988b).

MAY 1989

In May 1989, data on concentrations of dioxins and furans in Pacific salmon
from various locations, including the chum salmon collectsd from Howe Scound in
November 1988, wers released. Concentraticns of all dicxin and furan congeners
in the chum salmon were below detaction limits except for 2,3,7,8-TCDF (maximom
of 8.9 ppt). As with salmon from other B.C. locations, the non-dstectable to low
concentrations of dioxins and furans measured precluded the need for consumption
rastrictions or fishery closures (Government of Canada, 198%a).

JUNE 19892

Howe Sound data for samples collectsd from December 1288 to February 1383
and some samples of prawns retained from the May 1288 sampling program wWere
raleased in June 1%989. Dioxin and furan values recorded for prawn, shrimp, crab
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{musele and hepatcopancreas), and mussel are =zhown in Figures 4 and 9. Elevated
concentrations in prawn, shrimp, and crab muscle were again recorded near the
mills as well as an area in the wvicinity of Keats Island seaward of Eths
previocusly closed portion of the Sound. Maximum values of 2,3,7,8-TCDD, 2,3,7, 8-
TCOF, and total HECDD in crab hapatopancreas wesre 330 ppt, 15,000 ppt, and 2, 400
ppt, respectively. Concentrations in crab hepatopancreas samples from sites soma
distance from the mills were also unacceptably high for human consumption. For
axample, the hepatopancreas of dungeness crab collected near Horseshos Bay
contained concentrations of 2% ppt 2,3,7.8-TCDD, 1,300 ppt 2,3.7,8-TCDF, and 270
rpt total HeCDD.

The health assessment of these data resulted in DFU esxtending the boundary
of the area previously closed to crab, prawn, and shrimp harvesting into that
portion of the Sound in the vicinity of Keats Island (Fig. 8). PFurthermere, the
entire remaining part of the Scund was closed to commercial crab harvesting
bacausa of eslevated dioxin and furan concentrations in c¢rab hepatopancreas
samplea collected over the sxtent of Howe Spund. HNen-commercial harvesting of
crab in this same part of the Sound i= permitted subject to a health advisory
against the consumption of the hepatopancreas (Government of Canada, 1983b).

APRIL 1950

The data for prawn samples collectad in Decamber 1988 and April 1989 formed
part of a larger set of B.C. data released in April 1990. Low levels of dioxins
and furans were found in the samples [(Fig. 5) and were not considered Lo pdse a
health hazard (Government of Canada, 1990). Maximum levels reported were 3.1 ppt
2,3,7,8-TCDD, 72 ppt 2,3,7,8-TCDF, and 13.3 ppt total HECODD. Alchough one of the
samples was from Ehe arsa of the Sound previously closed to prawn, shrimp, and
crab harvesting, no changes to the fishery closurs boundariss were made.

COMPARTISONS WITH OTHER SITES

The highest values of 2,3,7,8-TCDD and 2,3,7,8-TCDF in crab hepatopancraas,
prawn, and shrimp collected near B.C. coastal pulp mills ocecurred in Howe Sound.
The body meat or muscle of crab from Howe Sound also contained the highest
racorded 2,3,7,8-TCOF valums. The highest 2,3,7,8-TCDD values (31 ppt) was [or
crab collected near the pulp mill at Prince Rupert. Figures 10 and 11 provide
a comparizon of The maximum wvalues of 2,3,7,8-TCDD and 2,3,7,B-TCOF in crab
muscle and hepatopancreas from the coastal sites sampled. Elevated lavels of
these and other ccngeners of dioxins and furans have led to crab fishery closures
in the vicinity of mills at Campbell River, Crofton, Gold River, Kitimat, Harmac
[Manaimo}, Powell River, and Prince Rupert as well as Howe Sound. Frawn fishery
closures are in effect in Howe Sound and near Gold River while shrimp fishery
closures ars in place in Howe Sound and near the Prince Rupert mill (Figs. 12 &
b

DISCUSSION

The monitoring strategy employed in Howe Sound was directad at determining
the concentration of dioxins and furans in fishery rescurcss, the extent of
contamination, and the significance of levels recorded in terms of human health.
Initial monitoring focused on the receiving environment near the pulp mills and
species harvested in various fisheries. Subsequant monitoring targetted sites
at progressively greater distances from the mill outfalls to detarmine the
spatial extent of the contamination. Shellfish fishery closures affecting crab,
shrimp, and prawn wers first implemented in MNovember 1988 and subsequently
extanded in June 1989.
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The decision by DFO to prohibit harvesting of the affected species followad
receipt of health assessmentz completed by H&W. In prohibiting both commercial
and non-commercial harvesting, the department’'s first priority was to provide
maximum protection to anyone who consumed crab, shrimp, and prawn Erom Howe
Sound. A second major consideration involved the Sessible negative implications
of the analytical results on the integrity of the shellfishing industry in B.C.
and the confidence consumers had in the quality of B.C. coastal shellfish. As
shellfish consumera typically are unawars of the preciss origin ©f the shellfish
they purchase, [OFC wanted to assure consumers that the seafood products they were
purchasing were not contaminated, regardless of their origin, This assurance was
required for all consumable parts of shellfish, including crab hepatopancreas.
For this reason, &ll of Howe Sound was closad to commercial harvesting of crab
in June 198% even though for a large part of the Scund the health concern
pertained to =lsvzted levels of dioxins and furans in crab hepateopancreas, not
crab body meat. Thus, commercial shellfish closures implesmented in Howe Sound
and other ccastal areas near pulp mills ansure that shsellfish with unacceptabkls
levels of dicoxins and furans in any edible tissue do not enter the markstplacs.
Non-commercial harvesters, however, can continue to catch crab in that part of
the Sound closed only to commercial]l harvestcing but are advised not to consume the
hepatopancreas.

A kay guestion related to the fishery closures in Howe Scund and eslsewhara
iz the rate at which contaminated areas will recover and tissue concentrations
in affectad speciesz decresse to acceptable levels. Recently, the mills in Howa
Sound and elsswhere in B.C. have taksn steps ta raduce the concentratien of
dioxins and furans in their effluents. Large loads of dioxins and furans wers,
however, discharged into the environment pricor to this abatemant. Important
factors which will affect environmental tecovery include the environmental
stability and persistence of dioxins and furans; the bicavailabilicy of
previously discharged dioxins and furans; oceanographic processes; sedimentation
rates and sinks; benthic infaunal activity (bioturbation); and the ability of the
affected shellfish to metabolize dioxins and furans. Certain shellfish such as
crabs, unlike fish, cannot metabolize many dioxin and furan isomers (Cehme ot
al., 198%9: Cooper, 1989). This, among other factors, liksly accounts for the
much higher levels of dioxins and furans in crab compared to fish., Curresnt
studies in Hows Scund (Cretney =t al., 1992) are directed at undsrstanding the
fate and persistence of dicxins and furana which reside principally in the bottom
sediments of the Sound. Should these dioxins and furans remain biclogically
available, rapid decreases in the concentrations of these contaminants in crab,
ahrimp, and prawn may not occur. For this reason, further monitoring of Howe
Sound biota is necessary and is being carried cut to docum=nt when the levels of
dioxins and furans in the affécted corganisms have bBeesn reduced to levels which
wWill not affect human hesalth, Areas closed ta zhellfish harvesting will be
recpened when these acceptable levels have bsen reached.
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Figure 2. Location of Howe Sound samples collected in January 1988, (From
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Figure 4. Location of Howe Socund shellfish and finfish samples collected in
May 1988 and December 1988 - February 1989 and maximum levels of
2,3,7,8-TCDD and 2,2,7,8,-TCDF in e¢rab, shrimp and prawn. {From
Government of Canada, 1%8%a).

Figure 5, Location of Howe Sound prawn samples collected in December 1988 and
April 1989 and maxinum levels of 2,3,7.8-TCDD and 2,3,7,-TCDF (Fram
Governmant of Canads, 1990} .
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ABETRACT

In 1988 - 1950, eggs from Double-crested Cormorants {Phalacrocorax auritus)
and livers and breast muscles of =2ix species of diving ducks were collentad from
Howe Sound, B.C., &= part of a Canadian Wildlife Service program to monitor
contaminants in coastal habitats. The major PCOD and PCDF congeners identified
in the cormorant eggs wers 1,2,3,6,7,8-HxCOD > 1,2,3,7,8-PnClD > 2,3,7,8-TCDOD >
2,3,4,7,8-PnCDF, with the axception of 1989 when 2,3,7,8-TCDD > 1,2,.3,7,.8-PnCDD.
Regidue levels declined by more than 30% between 1988 and 1385; 1980 residues
were relatively unchanged from 1989 levels. PCB contamination of cormorant =ggs
was slgnificantly lewer in 1950 than in 1988,

The levels pf PCDDs and PCDOFs in diving ducks wvarised coneideranbly among
speciss and between liver and muscle of the szame specile=s., 2,3,7,8-TCDF was ths
only contaminant Ecund in all samples analyszed. Filsh-sating species were the
mest contaminated and, for a given species, the liver contained higher
concentrations of dioxins and furans than did the bresast muscle, A heslth
advizery ragarding the consumption of livers from Western Grebes (Aechmophorus
coccidentalisa) and Common Mergansers {Mergus mercus) Erom Howe Sound has besn
issued by Health and Welfare Canada.

INTRODOCTION

Since 1877, the Canadian Wildlife Serwvice ([CWS) has used the eggs of
waterbirds to monitor the levels of environmental contaminants in the Strait of
Georgila, British Columbia. High 1lsvels ef polychlorinated dibenzeo-p-dioxins
(PCDD=) and polycklorinated dibenzofurans (PCDFs) have been found in the eggs of
Great Blue Herons (Ardea herodias) from some coloanies in the Strait (Elliott st
al., 1289%a; Whitehead, L19BS5). These contaminants are preduced during the
manufacture of blaached kraft wood pulp (Amendola et al., 1887). Chlerophenol,
formerly used by the lumber industry as wood préservative, &also contributes to
PCOD contamination (Norstrom &t al., 12B&}.

Howe Sound, a fjord contiguous with the Strait of Georgia, contalns two
bleached kraft mills: one at Port Mellon and another at Woodfibre, Unacceptably
high levels of dicxins and furans in shellfish from the Sound led ro the closure
of the commercial harvest of shrimp, prawns, and crabs in some areas in 19848
{Dwernychuk, 1991). In that year, CWS expanded its monitoring program to inciude
birds nesting and/or feeding in Howe Sound. Eggs Erom Double-crested Cormorankts
(Phalacrocorax auritus), and livers and breast muscles from six specles of diving
ducks were used to axamine the dioxin and furan contamination of birds that use
the marine habitat. Human health concerns also prompted the inclusion of
waterfowl in the monitoring schems as many species of waterfowl are hunted for
food.

MATERIALS AND METHODS

SAMPLE COLLECTION

Doubla-cres-ed Cormorant eggs were collscted from the colony on Christis
Islst (Fig. 1). Single eggs wers collected from seven nests in Juns 1988, ten
nests in July 1989 and seven nests in July 1990. The contents of the eggs wers
placed in acetone-rinsed jars with foil-lined caps. Samples were frozen and sent
to tha Natienal Wildlife Resesarch Centra (NWRC) Ln Hull, Quebec for analysis.

adults of six species of waterfowl were collected from the Ilocations
indicated in Figurs 1 in April 15%0. 'The birds were shot on the water and sent
to MWEC where the livers and breast musclses were removed and pooled by species
and organ.
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CHEMICAL AMALYSTS

The Doubkle-ocrested Cormorant edgs Ware poclsd, on an egqual wsight basis,
for PCCD and PCOF analysis in 1988 and 1989; analysis was performed on individual
samples in 1950, EResidue lesvels were determinsd by gas chromatography/mass
spectrometry following the procadure described by Norstrom et al. (1381},
Results were accepted when recoveries for (13-C-12)-PCODs were between 80% and
110%, Analy=is of a quality control sampls, a pool of 117 naturally-contaminated
herring gull egogs collected from Hamilton Harbour in 1986, was performed alona
with the samples. Thesrs was good agresment with the control results,

PCB levels in Ehe cormorant sggs wers determined using a pooled sampls in
1889, whereas individual samples were used for analysls in 1988 and 1350,
Residue levels were determined according to the method described by FPeakall =t
al,. (19B6). 1In 1989 and 19980, the sum of PCE congsners was salculated., In 1888,
Arocleors 1254:1260 (1:1) was calculated. This value can be convertsad Eo the sum
of PCB congeners by multiplving by 0.38% (see Turle =t al., 1321 for procedure).
The conversion factor used is applicable only to PCE levels in Double-crested
Cormorants from British Columbia.

BCDD and PCDF levels in waterfowl liver and muscle werse determined by Zenan
Environmental Inc. Samples were ground with sodium sulfate, extracted with
methanol:dichloromethane (1:2) and the liplids were ramoved by gel-parmeation
chromatography, HResidual interfering organic material was separated using acid
silica gel/alumina column chromabography and carbon column chromatography with
revarse rColuene elution. PFCOD= and FPCDFe were quantified using gas
chromatography/mass spectrometry. Data quality was assured by NWEC.

RESULTS

The relative levels of the main PCOD congeners identified in Double-crested
Cormorant eggs wers the same in all three years of the study: 1,2,3,8,7,8-HxCDOD
>1,2,3,7,8-PnCBE > 2,3,7,8-TC0OD > 1,2,3,7,8,9-H+C0D0, with the exception that in
1989 2,3,7.8-TCDD = 1,2,2,7,.B-PnCDD (Tahle 1). All eggs or egg peools had
datactable levels of thess PCDD congeners. Fesidus levels of the above compounds
decreassed by more than 50% between 1988 and 1983, but increased slightly or
remained almost urchanged betwsesn 1%8% and 1590, In centrast, 1,2,3.4.6,7,8~-
HpCOD and OCOD were found akt very low levels in 1988 and 1990, but were slightly
higher in 19892,

The only PCDF consistently present in all egge and pocls was 2,3,4,7,8-
PnCDF. PResldues of 2,3,4,7,8-PnCDF ware higher than those of 2,3,7,8-TCDF in the
three years examined. The pattern of PCDF contamination was similar to that of
the main PCODs: levels fell betwsen 1982 and 198%, but incresased or cesmalned
relatively constanc barwsen 19829 and 1990,

PCE residues in Double-crested Cormorant eggs declined by 21% hetween 1988
and 1983 and by 42% between 1989 and 192%0. The decline betwaeen 1988 and 1930 'was
gignificant (kE-test performed on log-tratsformed data; £ = -5.34, df = 12, P =
0:6L) -

The anly PCDOD or BCDF congsner prezent in 2ll watarfowl species and tissues
examined was 2,3,7,8-TCDF (Takle 2Z). In addition, the levels of 2,3,7,8-TCODF
were higher than those of the other contaminants in all samples analyzed. The
highest dioxin and furan levsls were found in Western Grebes |Aschmophorus
occidentalis) and Common Mergansers (Mergus mergus). Th= breast muszles of the
Camman Goldeneye (Sucephala clangula) and Harleguin [Histrionicus histrionicus)
vere the lsast concaminated: 2,3,7,8-TCOF was the only contaminankt dest=cted. In
those dpecies for which both bresast muscls and liver weres analysed, PCDDs and
PCOFs were higher in the livers.
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PISCUSSION

The results presentad here indicate a decresse in the PCDD, PCDF and PCH
contamination of Double-crested Cormorant eggs from Howe Sound between 1588 and
1980. PCODs and PCDFs exhibited a large decreass between 1988 and 19489 and PCEB=s
ware aignificantly lower in 1990 vhan in 193883,

The PCOD residuss in Christie Islet cormorant eggs £all within the range
found in previous studies of contaminants in Great Blue Heron eggs collected from
various sites arcund the Strait of Georgia (Elliott =t al., 1%B%a; Bsllward et
al., 1990) 7 both species are primarily piscivorous. The cormorant eggs contained
lowsr residues than those found in heron eggs from the Crofton coleony, which is
next to a bleachad kraft pulp and paper mill. The cormorant eggs were more
contaminated, howewver, than heron eggs from a coleny at UBC; birds from the UBC
colony forage in the lowsr Fraser Hiver, an industrial turban area that receives
wastes from pulp and paper mills as well as weood tresatment plants along the
Fraser River.

ThHe high relative abundance of the 1,2,3,7,38-PnChD and 1,2,3,6,7,8-HxCDD
congeners in cormorant eggs from Howe Sound is similar te the pattern reported
for heron eggs from the Strailt of Georgia (Elliectt st al., 198%; Bellward =t
al., 1990). The levels of 1,2,3,7,8-PnChD and 1,2,3,6,7,B=H%CDD found in aggs
from the B.C. marine ecosystem ars higher than res.iduess reported for other fish-
sating birds in Canada (Norstrom and Simon, 1883; Stalling et al., 1986) and
suggest that thé source is related to chlorophencls (Norstrom & al., 1988).
Tetrachlorophenols and pentachlorophencls were used as wWood pressrvatives by the
forest products industey in B.C. The practice of stacking trasated lumber
uncoverad resulted in chlerophencls in the stormwater runcff from mills (Krahn
at al,, 1987). In addition, chlerophenol-contaminatsd wood chips were used in
pulp mille. It is preobable that the high PnCDD/HwxCDD in the Strait of Georgia
biota is a result of the use of contaminated wood chips (Norstrom et al., 19B8).
Grey Herons (Ardea cinerea) in the Netherlands had similar patbterns of
contamination by these PCOD congeners; chlorophencls have been suggested . as the
source of the residuss for these birds (Van den B=rg et al,, 1887},

2,3,7,8-TCDD and 2,3,7,8-TCDF are produced during the chlerine bleaching
procass at kraft pulp and paper mills (Amendolas et al., 1987). The leval of
thege compounds in Doubla~-crested Cormorant egos from Chriastie Iglet in 198B was
below that reported for Great Blue Heron aggs from Crofton and UBC in the same
srear (Ballward at al., 19%0}. 2,3,4,7,8-PnCDF is found, along with 2,3,7,8-TCOF,
in commercial PCE mixtures (Van den Berg et al., 1985). Results from analyses
of Great Blue Hercn eggs from the Strait of Georgla and Grey Heron and cormorant
2ggs from the MNetherlands suggest that PCBs are the most important socurce of
2,3.4,7,8-PnCDD contamination in these arsas (Van den Berg =t al., 1387; Elliote
&t al., 1989a). Tne level of 2,3,4,7,8-PnCDF in cormorant eggs from Hows Scund
in 19848 was higher than those reported for herons in any of the Strait of Georgia
celoniea, Similarly, in 1988 PCB residuses wers higher in the cormorant eggs than
in heron eggs. The reason for the alavated levels of PCEs in Howe Sound in 1988
is unknown.

The patterns of PCDD and PCDF contaminaticon found in watsrfowl speciles
collected from Howe Sound differ from these found in Double-crested Cormeprant
eggs. The main congensrs identified wers 2,3,7,8-TCDF and 2,3,7,8-TCDD. This
giiggesta that the primary source of the contaminants is the chlorine bBleaching
process at kraft pulp mills. Western Grebes contatned elevated levels of highly
substituced PCDD=s, indicating a chlorophenaol solurze as well.

The highest residuss were found in ths two fish-sating specles: Westcsrn
Crebes and Common Mergansars. The other four species are primarily benthiverss
and contained very low levaels of most congeners with the exception of 2,3,7,8-
TCDFE. The levels of 2,3,7,B-TCDD in the Westeryn Creba and Combon Marganser
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Iivers were within the rangs found in Double-crestced Cormorant eggs from the zams
reglon. The waterfowl contained much higher levels of 2,3,7,8-TCDF;, however,
than did the cormerant eggs. The apparent species difference in TCEF wvaluss may
have a pharmacodynamic basis as residues wers measured 1in the eggs of the
cormorants, but in tHe liver and breast muscls of tha waterfowl.

High lesvels of PCODs and PCDFe in several speciss of waterfowl from ths
Scmass Riwver estuary near Port Alberni in 1989 led Health and Welfars Canada to
issue a hesalth adwvisory ceonesrning the consumption of livars from Common
Mergansars and Surf Scoters (Melanitta perspicillsta).  Bassd on the resulks
presented here, -a simllar health advisory was issued in 1880 for Common
Mergansers and Western Greabes from Howe Sound. HResiduss of mest FCDDs in Commen
Merganssrs from Hows Sound were z2imilar te those from the =same species in the
Somass River estuary: 2,3,7,8=-TCOF levels, however, were about 0% highsr in the
Howe Sound birds (Whitehead et al., 1920, In cantrast, Western Grebes and Sucf
Beaters from Hows Sound wers generally less contamipated than their ZSomass
estuary counterparts.

Avian contaminatisn by PCCDs, PCDF=, and PCEBs may produce toxic effects
including edema, weight less, hepatoroxicity, and decreassd reproductive success
(Flick et al., 19%2; Poland and KnutsEen, 1982; Safe, 1984; Brunstrom and
Reutergardh, 1285), Speciss asnzibivity to thsses compounds variss widely.
Verrstt (1970] reported =dema, teratogsnic effects and smbryonlic mortality in
chicken eggs injected with 10 ng/kg TCOD. In centkast, no effecks on Great Blue
Hersn productivity wera notsd at the Crofren coleny in 1986 (mesan egg lavel of
66 ng/lkg 2,3,7,8-TCDD) (Ellictt =2t al., 1%8%a) and hatching success of lab-reared
hercn =ggs from the Croften colony in 1988 was similar to that of eggs from an
uncentaminated site (Hart =t al., 1590}, Ellioctt =2t al. (198%a) =oncluded that
Grest Blue Herons are less sensitive to the embryoctoxic action of PCDDs and PCDFs
than are chickens.

Toxic effects of PCDDs, PCDFs, and PCE: on waterbirds have been reportad.
Hart =t al. (1990) found that heron chick bedy growth was inversely telatsd bo
TcDD levels in egge. The same study reported that the incidence of subcutanacus
edema in heron chicks increased with the level of PCDD and PCDF contamination.
Bellward et al. (19%)) found = significant correlation between 2.3;7,8-TCED
levels in Sreatbt Bluas Heron eggs and hepatic microsomal monooxygenase activibty in
newly hatched chicks., These =ffects have also been noted in chickens (Flick et
al., 1872;: Sawyer =t al., 19848).

PCE contamination may also causs embryatoxic sffects in watarbirds. In the
field, PCEB levels [mean =gg residus of 4.1 mg/ka) wsre negatively correlated with
embryonic weight in Black-crowned Might Herons (Nycticorax nycticorax) from San
Francisco Bay (Laports, 1982).

The dabta presentsd here indicats that PCID, PCDF asnd PCE levels ars
declining in Howe Sound. This is the first svidsnce of a decline in dioxin and
filran contamiration in the B.C. =soastal envirsnment. Unfortunately, cormorant
eggs were not cocllected inm Howe Sound prior to 1888. PCE levels have declined
in the Strait of Ssergia sincs the mid-1970's. & significant decline in the
levals of PCB= in Great Blue Heron egos from the UBC colony betwesn 1977 apnd 1987
was reporced by Whitshead (1989). PCBEs decreased significantly in Double-crested
Cormorant eggs (1273 ko 1890} and in Pelagic Cormorant eggs (Bhalactocorax
pelagicus) (1973 to 1984) collected from Mandarta Tsland in the Strait (Elliart
et Hl., 198%bk; EBlliott et al., in press). Thess data show the usafulness of
fish-=sating birds as indicators of ecocaystem contamination.
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Table 1. PCDD, PCDF and PCB levels in Double-crested Cormeorant eggs from Howe
Sound, British Columbia, 1988-1990. For analyses performed on
individual samples, results are arithmetic means + 5D (range in

bracksts) .
Rasidue Lewval®
Year 588 1385 1880
b® 7 10 7
2,3,7.,8- &3 30 38.7 # 14.5
TCDD {30 = 85)
1.2‘1_3;?.3- lﬂl 23 4z2.0 i 1':'.-5
BncoD (30 = 87
,2,3.68.7.8= 237 ie 68.1 + 28.5
HxCDD (47 - 114
ledyd, T8, 9- 23 10 2.7 & 1.3
HxCDD -
L2,3,4,8,7,8- g5 12 as
HpCDD
ocDD 10= 14 10%
2;3}'?'3"' ‘ 25 3-5 x 1.5
TCDF (2= - 10}
2,3, 4,7,8- 51 12 12.4 =+ 3.5
PnCDF 18 — 19
Total 2.229 + 1,280 1.764 1.005 + 0.425
PCBs (0.737 - 3.702) (2.508 - 1.822)
% H,0 g3.5 84.0 84.33 + 1.22
% Lipid 4.5 5 3.89 » 1.02
- FCDD and PCDF levels reportesd in ng/kg, wet weight; PCE lavels teported in
mg/ kg, wet weight
k No. of eggs in pooled sample or no. of individual samples

A Minimum detectabls lawval



Table 2. PCOD and PCOF levels (ng/kg.
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Figurse 1. Locations of collection sites for Double-—crested Cermerant eggs and
waterfowl adultes in Howe Sound, British Columbia, l: Western Grebe;
2: Common Merganser; 3: Surf Scoter, Harlsgquin and Oldscuawp &:
Common Goldeneye,




FREVALENCE OF IDIOPATHIC SILL AND LIVER LESIONS IN ENGLISH AND
FLATHEAD SOULE COLLECTED NEAR PULP MILLS OF HOWE SOUND

by

D.G. Brand, R.C.B. Reid and M.L. Barris
Univer=ity of Victoria,
Yigteria, B.C.

VaW 2v2



240

ABSTRACT

Sublethal toxicity tests make it possible to detect incipient sffects en
fish and aid in the =stimation of Ehreshold concentrations for warious
pellutants, Histopathology is an effsctive approach for documenting exposurs to
and svaluating the effects of pollutant stress, Our ressarch iz concermed with
the examination of the impact of two pulp mills, Woodfibre and Port Mellon, on
two marine species of flacfish, Paﬁm_gﬁg_ tulus and Hippoglossoides slassodon.
Results ravealed a 308 prevalence o opathic liver lesions in flatfish and the
prasence of fused gill secondary lamellae due to hyperplaszia, as wesll as stunted
and aplic lamellas. This approach provides an sarly warning bioindicator and
insight into causal r=lationships between stressors and effects rssulting From
a4 complexly contaminated marine environment. '

INTRODUCTION

Marine environments near industrial and urban centres ars sxpossd to a wids
range of chamicals that may be transformed, either bioclogically or chemically,
into pew., potentially toxic compounds (Malins and Hodgins, 1881). Chemical
analysie and acute toxicity responses are insufficient to assess the long-tsmm
impact= of various ppllutants on aquatic ecosystema. In this context, sublethal
toxicity tests may make it possible to detect incipient esffects on fish and
shellfish and tc estimate threshold concentrations. There is a positive link
betwe=n certain xsnobiotic chemicals present in sedimesnts, ssawater, or food
organisms, and histopathelogical conditions in demersal fish spscies (Myers, et
al., 1987). In particular, high tumor incidences have besn identified in the
livers of wild Eish from areas receiving industrial effluents (Brand, 1990;
Malins et &l., 1988; McCain et al., 1982; Mix, 1986; Myers et al., 1987). Fish
with liver lesions exhibit the effects of long-term exposure to a broad range of
pellutante. Hence, liver of wild fish has been chosen as the primary target
organ in monitoring the =ffects of xanobiotic chemical toxicants and carcinogens.

Fish gills appear to be more susceptibls than othser tissues te thsse
irritants, both chemically and physically, dua to their external location and
constant contact with water. cGill lesions are seldom present in the abssnce of
other systemic changes. For sxample, in "nutriticnal gill disease* livar damage
usually takes the form of degeneration and regeneration of liver paranchyma and
cytopathological changes. Thusa, gill damage correlated with other systemic
ﬂhazfgas ::rf;:;n jdentifies the causative agent or agents producing gill lasions
{Elier, 1975).

To date there is po information on the ccocurrance of histological discorders
4n fish collected near pulp mills located along the British Columbia coastline.
The objective of this study is te ascertain whether any histopathological
relationship exists. With this eastablished association between certain
histological conditions in fish and their sxpeosure to xenobiotic chsmicals,
monitoring for neoplasisi and related cell disorders has merit (Coystte &t al.,
1988) . The study was conducted to screen the receiving snvironment at two pulp
mill locations, Woodfibre and Port Mellon, and ar one refsrence site, Satellite
Channel. In this report, types and freguencies cof histopathelogic conditions in

English sole [Pa:f&_ghgs vetulus) and flathead sole '(Hig%lnsmides elassodon) ,
with emphasis on idiopathic liver lesions and gill abnormalities, are describad.
MATERIALS AND METHODS

English scle, Parophrws wvetulus, and flathead scle, Hippoglessoidas
ela=sodon, were collected from Woodfibre and Pocrt Mallon, Howe Sound, B.C. in
April and Decsmbear 1290 and from ths referdnce site, Satellite Channel, in July
1930 and March 1991. All collections were carried out aboard tha survey vessal
C.5.5. Vector using an ofter trawl with & 3.8 cm mesh net and a 5.8 m throat.
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Trawls were towed with a 331 sceope [wire length ws. depth] a2t a speed of
approximately 1.5 knots, over an average distancs of 0.5 nautical miles as
datermined by radar bearings. Livers and gills wers excised and fixed in
buffered formalin or Deitrich's fixative and then shipped to ths University eof
Victoria for histopathological analysis. Gill tissus wa=s also fixed in
glutaraldehyde for =canning EM analysis.

Formalin fixed tissuss were washed in watsr, dehydrated. cleared, and
embeddsed In paraffin, Skip serial sections were cut at 7 |im. Secticns wers
stained with Delafield's haematoxylin and <os:n (Humason, 1979) Ffor gansral
histology. Liver tissue was also stained with PAS for glycoproteins and
micopelysaccharides (Humason, 19728) and Perls' method (Prussian blue} for ferric
iron (Pearce, 1972}, Gill tissus was stained with phloroglucinol (Clark, 1981)
for cellilose and Grams iodine (Humaseon, 1979) for bacteria. Liver abnormalities
were classified using nomenclature consistent with Myers ar al. 1(1987) and
Mallste (1985) for gill structural changes.

Gills fixed in 2.5% glutaraldehyde (0.1 M phosphats buffer, 3.5% sucrose,
pH 7.4) were post-fixed in 1% osmium tetroxide before dehydration in alcohels.
Specimens were critical-point dried, gold sputter-ccated, and analyzed on a JEOL
200 scanning electron microscope.

Age determination of spacimens was completed by otolith analysis (using
break and burn mathods recommended by Chilton and Beamish, 1982].

RESULTS AND DISCUSSTION

Through otolith analysis, average age ranged from §-8 yesrs betwsen the
sites and the spaciss collected.

LIVER HISTOLOGY

Sole with normal livsr tissue were found at all sampling sites (Pig. 1).
Normal liver is composed of hapatocytes with a miralial tubulo=inusgidal (1 to
2 cell layers] architecture, often irrsgularly arraysd about the central veins.
Bile ducts, pancreatic acini, and melano-macrophsags centras ars found scattsred
irregularly througheout the parenchvma. The hepatocytes are often vacuolated due
to the presence of glycogen and lipid and generally are eosinophilic or
basophilic depending on the spawning and nutritional status of the fish (Myers
at al., 1987).

Two types of idicpathic lesions are cbssrved in the fish collactad
Eram kthe wviecinity of pulp mills. These lesions ars: =) foci of cellular
alteration; clear cell, eosinophilic and bascphilic foci (Figs. 2, 3 and 4) and
b) the neoplasm, Lliver cell adenoma; clear cell type; .and ecsinophilic type
(Figae. 5 and &),

Foci of cellular alteration are arranged in discrete micronodular centres
with borders blending indistinctly into the surrounding muralia and minimal or
noc compression of adjacent parenchyma. Foci rarsly contain other hepatic
elaments (i.e., bile, duct, pancreatic acini, or melanc-macrophage=]. The
miralial architecturs within ths foci is generally hormal. Clsar c=ll foci
coritain wvacuolated hepatocytes dile to either lipid accumuilaticn or glycogen
stecrage (Fig. 2). These types of lesions ara rarely found cless to othar tybes
of idiopathic lesions (Myers et al., 1587) and were prasant in 16.6% of the fish
collected from Woodfibre. Eosinophilic foci, present in 13.3% of the fish from
Woodfibre and 10% from Fort Mellon, showed a slight to dramaric heparccallular
hypartrophy, increased cytopla=mic ecsinophilia with a granular texfurs, and
varying degrees of plscmorphism of the nuiclel (Fig. 3). Eosinophilic foci ars
oocasionally found proximats Eo bascphilic foci (Myers et al., 1987). Basophilic
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focli characteristically possess hyperbascphilic cytoplesm in normal-sized
hepatocytes with pleomorphic nuclei [Fig. 4). They were found in 23.3% of ths
figh from Woosdfibre and 30% of the Fish From Port Mellon: This lesion ha= beean
shown to be a precursor in the pathogenesis cf liver nsoplasms in rodentcs;
howavar, thizs relationship remaine to ba confirmed {(Hyer=s et &1., 1987}, Through
co-occurrence analysis, Myers et al. [1987) hypothesized that clear call and
sosincphilic foci are putatively prenecplastic _eaions and basophilic foci are
presumptively prepscplastic lssions which may immediately precede the development
of the neoplasms, liver cell adencmas, and hepatocellular carcincmas.

The necplasm, liver cell adanoms (Figs. 5 and &), was observed in 10% of
the fish from both Woodfibre and Port Mellon, plus= a ‘single f£ish collact=d fzom
the r=ference sits, Satellite Channel (S%). The sdenomas exhibit compression of
surrounding tissue, well-defined sepsration of proliferative tissue from normal
tissue, increased calltlay density, normal murslisl architscture, and the abssncs
of other hepatic slements (bile ducts, pan:ren:ic acini, and melanc-macrophags) .
Cytologically, there js an incresase in the nuclear:cvteplasm ratic and the
tinctorial quality was either clasar zell or sosinophilic typs,

The intracytoplasmic storags disorder, hepatocallular hemosidercsis [Figs.
7 and 8), i3 a condition suggestive of an underlying metabolic disorder
characterizaed by excesaive accumulatisn af intracyeaplasmic iron within ths
hepatocytesa (Myers et sl., 1%87). Thias condition was identified histochemically
by tha Prussian blus reaction for 'iven. It was found in all of the ssle
cellsctad from the “vicinity of oulp =ills; but absent in the fish from the
referencs arsa,. Myers ef al. [1987) noted a weak associaticon of hemosidsrosis
with the prenscplastic lesions, scsincpliflic focl, and bascphilic foci; howevet,
to date this disorder has not been esxperimentally induced in fish by
hepatocarcinogens-hepatotoxins., It was therefore decided in this report not to
include hemosidecosiz as an idicpathic lssion.

The incidence of 1diopathic liver lesions is strongly dependent on locatiosn
of capture (0,01 < P{X* 0.05,2 » 6.89) < 0.025). Both trawl staticns, Weodfibre
and Port Mellon gave the highest prevalencs of both prenecplastic and necplastic
liver lesions with 310% of the fish affected. Fish collected from Satellits
Channel had a prevalence of 5% with idicpathie liver lesions. Only prenesoplastic
{foci of cellular alteraticn) and neoplastic (liver cell adenomas) lesions wers
considered in calculaking thess Ereguencises. Other idiopathic liver lesions wera
omitted due to tha uncertainty in their relationship to exposure to xencbiobilc,
carcinogenic chemicals.

The positive correlation that exists betwesn idiopathic liver lesions and
sampling site may partly be due to tha strong homing instinct= pre=zent in socle.
Tagging studies conducted in Puget Sound by Day (1978 showed that English soils,
after being displaced (maximum distance 20 lm], rapidly returned to the area of
capture. Thosa that migrated out of the area during the fall and winter spawnlng
pericd to desper waters alsc rasturnsd to their home territory. The proncunced
heming of the displaced f£fish =suggesta that resident English sale may be
territorial and the population stratification sxtsnds down to the level of the
individual territory (Ray, 1276).

Studies of wild fish populations from pelluted envirenments have shown a
high pravalence of hspatic ls=icnhs (Harshbarger and Clark, 1%2G¢). Fer instance,
a numbetr of aresas in Puget Sound (=£.g., Eagles Harbour and Duwamish Waterway)
(Maline =t al., 1984 and 1988) and Vancouver Harbour (Brand and Goystte, 1985;
Brand, 1930) have shown a positive corralation betwesn seadiment-associatsd
polycyclic aromatic hydrocarbons |PAHs) with prevalences of several categorles
of idicpathic liver lesions in English sole. Fish from Woodfibis and Port Mellon
pulp mill arcas may be sxposed to a wide range of chemical contaminants including
compounds with hepatotoxic and hepatocarcinogenic propertiss, due to efther mill
sefflusnts, creoscte pllings, of woodchip preservatives.
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GILL HISTOLOGY

Gill histology was not examined from Ethe Woodfibre site; however,
unpitblizhed data from the Croften mill (sast coast of Vancouver Island) was used
for comparative purposes. All fish, ineluding the contrel, possessed normal gill
secocndary iamellas (Fig. 2) as well as damaged lamellia=. All fish exhibitsd some
degree of vascular constriction and congestion, and epithelial lifting similar
to theose illustrated by Mallatt (19B5). In addition, all sites displayed
exampless of moderate to heavy external parasitic flatworm and Trichedins sp.
infections, encysted ccpspcds, and Ricketbsiales. However, fish examined from
pulp mill areas had a: higher prevalence of mucus call proliferation (Fig. 10},
non-focal hyperplasiz (Fig. 1l) and fusion of secondary lamslla= (Fig. 13}.
Mallatt's {[1285) review of Eish gill histology l:sts five lesion classes that ars
preferentially associated with chronic, long-term. sublethal studias. Thase
included hyperplasia and mucus cell proliferation. Stunting of secondary
lamellas (Fig. 13), and splitting of gprimary (Fig. 14} and secondary lamellas
wera found only in fish from the wvicinity of polp mille (60% of the Port Me=llon
gample showed these deformitiss).

Hyperplasia of the lamsllas iz a condirtion that is conduciwve to excess
mucus production (Khan, 1930); when it cccurs as discrete pockets it is likely
associated with some physical agent, whereas chemical damage gensrally takes con
a more diffuss appearance (J. Bagshaw, Pacifiec Biclogical Statien, Napaims, B.C.,
pers. c<omm., 13%i). The characteristic non-Tocal pature of the hyperplasia
{non-focal refers tc cbservaticns of opne or more completely hyperplastic primacy
branches/tissus section) from mill sites fish may suggest the agentsa of strass ars
mors chemical than physical: In addition; the absence of physical artifacts was
further confirmed by gram stalning s=suspsct regions of gill tissue for ths
praszence of bacterial populations and by phlorcglucinol staining for cellulose
or wood debris; in all cases tesced, Cha results were copsistently negative.
Epithalial lifting and fusion of secondary lamellas (Hasnsly «t al., 19332,
Solangi and Overstrast, 1982; Khan and Kiceniuk, 1988; Grizzle, 189B&) and stress
responses such as gill sccoparasices, in parcicular monogeneids (Ehan and
Kiceniuk, 1988; Khan, 19%0) have bean linked to 3 broad spectrum of envirocnmentcal
xenoblotlca. Excluding parasitic infection, these abnormalities generally act
to slow entry cof toxicants, bubt at the same time reduce the surface area of
effective gill tissue, Ultimately to the point of suffocation (Mallatt, 158%5).

The referencs site in Satellite Channel is sxposed to other forms of marine
pollution - in particular, heavy recreational and Industrial boat traffic and
municipal output. Given ths frequency of conditions 1like clavata lamsllae (a
third charactkeristic sub-lethal, long-term lesion) at this site, thesa traits can
only be indicative of gensral stress responsss. The nc{ispicifiaity_ cf branchizal
alterations suggests that they primarily represent general physiclogical
reactions of gills to stress, and many of them are logically considersd defenss
responses  [(Mallatt, 1985], In addition, £ish gill tisaus has extensive
regenetative capacitiss, and many alterations, eapecislly Ffocal lesicns, may bs
short-term if contaminant exposure is not continucus [J. Bagshaw, Pacific
Biclogical Station, Manaimo, B.C., pers. comm., 1991);

The manner in which gill changes occur is oftsn an accurates indicator of
the causative agent, for sxample, backeria, dist, or chemical., However, variopus
agents may produce gill lesione simultansously. Extansive damage from a specific
agent may overshadow or mask gill injury produced by & second or third agent.
i1l alterations such as hyperplasia and hypertrophy of gill epithelium reprassnt
bazic physiological problems. Such changes gocur singly, or in combinaticn, in
fish dissases or toxicosis and are often directly relatsd to disordsrs in gill
functions which, with Iong-term axposure, may affect phveiological paramsetetrs
(2.g9., Teproduction).
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One lesion not mentioned iIn the aforementioned literature, but freguent at
all sites (25% at Port Mellon, 40% at Crefton, and 50% at Satellite Channel) ware
cartilaginous nodules (Figs, 15 and 16] (R. Spies, Applied Marine Sciences,
Livermora, CA; and D. Hinton, University of California, Bavis, CA, pers. comm.
1991.) or otherwise termed ectopic ovulation (Munday and Brand, 1952). Munday
observed these lesions in bearded vod 2 km away from a pulp mill sice, apd
determined that they enclosed displaced ova in the primary filament of the gill.
He had no explanation for the cause of such an extreme physiclogical abnormality,
biit did confirm by viewing stained slides of Port Mellon English sole that thess
lesions were identical to those found in the cod. Spies et. al., [unpublishsd
data) observed this lesion in surfpsrch exposed to a petroleum seap. Thi= group
also observed splitting lamellse similar to those =een in thi= srudy. The
rresence of these more severe, potentially mere permanent tissue deformations
like stunting and splitting of secondary lamasllae may ke a mors specific
indicater of chemical, pulp mill-linked stressors. The pessible mutagenic
properties of this type of damage needs further study.

CONCLUSIONS

Although many of the English and flathead sole liver and gill samples
showsd no gross vistal siagns of sbnormalities, histological examination revealed
4 zignificant number of idiopathic lesions. The observed differant types of
idiopathic lesions are to be expected in fish that are continuously exposed to
various hepatocarcinogens and hepatotexins in merins sediments (Myers =c al,,
1987). It is predicted that in ten Yyears time the concentration of present
anthropogenic xemobioctics could be diluted to 50% duese ko the chasracteristic
sedimentation rate of Howe Sound (W. Cretney, Institute of Ocean Sciances,
Eidnay, B.C. pers. comm., 1991}. Taking Ethis into considerakion, plus ths
improvements made by the mills in w=sate output, it would be interesting to repeat
this histopathelogical study in ten years to sese if the frequency of idiopathic
lesions has also decreased by 50%.
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Figures 5-8, Liver tisesus from English =sole (Parophrys +etulus) and
Flathead sole (Hippoglossoides alsssodon),

S5.Liver cell adenoma {leca) clear ecell type, HEE stalned, border ocutlined by
ATTOWS .

6.Liver cell adenoma [(lca) esosincphilic type, HGLE stained, border ocutiined by
ATYOWS.

7.The intracytoplasmic di=order, hepatocellular hemosiderosis (hh) in a Woodfibre
Flathead socla, Perls® ilron stained,

f _Hemosidarosis (hh) in a Port Mallon Flathead sola, Perls' stained. Bar = 100pm
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Figures S=-12. Gill tissue from English sols (Parophrvs vetulus) and Flathead
2ole (Hippoglosscides elassodon) .

8.5canning electron micrograph of normal gill, shkowing primary (pl) and secondary
{21} lamellae. Bar = 100 pow.

10 . Mucus cell proliferation (mcp) resulting in fusion of secondary lamallaes, HLZE
astained, Bar = 100 jm.

11.Non-focal hyperplasia (nfh] over a complete primary lamellum, and hypertrophy
(artows), H & E stainsd. Bar = 100 pum.

12 .Scanning 2lectron micrograph showing the fusion (£) of 3-4 secondary lamallaa.
Bar = 50 pm.
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Figures 13-16. Gill tissus [rom English sole [(Parophrys vetulus) and Flathead
sole (Hippogleseoides elassodon).

13.8camming electron micrograph of a stunted (st) secondary lamella. Bar= 50um.

14.2 split (arrows) in the primary lamella, HEE stained. Bar = 100pm.

15.A ecartilaginous noduls or =ctopic ovulation (arrows) with its fibrous and
cartilaginous covering, HLE stained. Bar = 1{00um.

16.A cartilaginous nodule {arrows), closer to the central core of ova, HKE
stained. Bar = 100jm.
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ASPECTS OF POSTGLACIAL SEDIMENT SUPPLY

TQ THE SQgUAMISH ERIVER

by

G.R. Brooks

Departm=nt of Geography
Simon Fraser University
Burnaby,. B.C.

VEA 156

Recent work has focused upon two major components of the postglacial
sediment supply to the Squamish River: mass movement from Mt. Cayley, and the
reworking of glacial dsposits.

Mt. Cayley iz the largest Quartsernary volcano in the central portion of the
Garibaldl Voleanic Belt. Stratigraphic work esxamining debris avalanche and
backwater deposits along ths bottom of the Squamish Valley reveal a long
chronology of debris avalanches and river impoundments attributed to debris
avalanches,. This chronology began with a massive collapse of the Mt. Cayley
volcanic cone =4,800 years BP which generated the largest of the dsbris
avalanches [-2 x 17" »'). Subsequent debris avalanches have been smallsr (up to
~2 % 10" w'), but have occurred regularly up to the present day. These debris
avalanches and related secondary debris [lows form an episodic sediment supply
to the Squamish River. The present unstable character of the Mt. Cayley cons
suggests that they will continue to supply the river in ths futurs,

Extensive incised valley fill deposits in the five major cributary vallsys
identify the ccourrence of & major sediment transfer into the trunk valley. The
vallay fill deposits relate tec the Fraser Glaciation and consizt of ice-contact
glacicfluvial, and glacig-lacustrine, deposits. Radiocarbon dating of fluwial
terraces excavated intec the walley fills indicates that thes incizion generally
caassed thousands cof yesars ago, with the most representative dates being -4,150
years BP from Ashlu Valley. The volume of material inveolved varies considerably
between valleys (6 x 10° to 3.5 x 10* m'), reflecting local valley morphology and
late Quaternary history. The incision of the wvalley fills is believed to
represent the primary source of the reworked componant of paraglacial
sedimsntation. ;

The reworked and mass-movement componsnts of the sediment supply condition
the contemporary morphology of ths Sguamish River and also control the present
positien and rats of adwvance of the Squamish Delta.
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GLACIER WATER INPUT INTO HOWE SO0UND FROM GARIBALDI LAKE REGION
by

M.M. Brugman,
National Hydrology BResearch Institute
11 Innovation Bouleward
Saskatoon. Saskatchewan

E7N 3HS

The seasonal timing and volume of water imput into the Howe Sound region
is strongly modulated by the presance of glaciers, some of the largest of whick
occur in the Garibaldi Lake regicn. The impact of Santinel Glacier on the lawvel
of Garibaldi Lake and the downstream string of lakes and streams through which
the water discharges was studised, Glacier= make a large impact on the amount and
timing of runcff generated, water stored snroute in lakes, and water discharged
into Howe Scund from the Garibaldi Lake Basin, and because of the related hazard
potential of large landslides at Barrisr Dam and in the vicinity of Rubble Creek.
Generally, the highest lake levels ocour during late summer and have been assumsd
to be due to glacier runoff, although lake layels should be highest near the time
of maximum snow melt in late spring to sarly summer. The issus was examinsd
using a simple surface runcff and lake-water storage modsl, that was coupisd tc
& model of the local groundwater flow and glacier mass balance bahaviour.

Glacier extents have dramatically reduced in the region since the 1920's
and have apparsntly caused a reduction in summertime runoff inte the laka.
Average glacier water input into Howe Sound was sstimated using Sentinel Glacier
as an index basin for the other relevant glaciated arsas. Future trends of
glacier runoff into Howe Sound from the basin were projected for doubling of
atmospheric CO; and attendant warming; these were compared to effects of possible
raturn to “Little Ice-Age® conditions. Glacier water input is an important
component of the water balance in Howe Sound, and may changea significantly during
the next century.
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MASS MOVEMENT AND SEDIMENT YIELD IM THE HOWE SOUND

DRAINAGE BASIN: THE SIGNIFICANCE OF INDUSTRIAL DEVELOPMENT

by
B. Jordan,
Forest Scisnces Section
Vancouver Forest Region
B.C. Ministry of Forests
4595 Canada Way

Burnaby, B.C.
VoG 4L9S

Landslides and debris flows are widespread natural processes in the Howe
Sound drainage basin, as in all mountainous regions, and ars responsible for much
of the sediment eantering river systems and the oc=an. An important gquesticn for
resource management i= the extent to which industrial development, especially
logging, has increased the sediment yield.

The watersheds of the upper Sguamish River and several of its tributaries,
which are extensively glacierized and include Quaternary volcanic centres, have
wvery high sediment yields. Additional contributions of sediment from industrial
activity are likely to be negligible. However, other watersheds have low natural
gadiment vields, which in some cases may be significantly incresased by mass
movement and erosion related to logging or other develocpment. The Sguamish River
dominates sediment inputs to Howe Scund. Increased se=diment input from other
sources is probably not significant to the sediment budget of the Sound as a
whole; howsver, it may be wvery important leocally for stresams or estuariss with
valuable aoguatic habitat or which are usad for water s=upply.

The Mamguam River doss not have extensive natural sediment sources,
compared with other parts of the Sguamish basin, but logging covers much of its
watershed. Numerous landslides and debris flows during heavy rainstorms in 1980
illustrate the importance of logging roads and clearcits as saediment sources, and
show that mass movement may be delayed for several decades following logging.
Mashiter Creek displays some evidence of an increase in sediment viesld following
logging, and a subseguent decreass a faw decades later, In Britannia Cresk, and
possibly Purry Creek, mass movement directly or indirectly related to mining has
substantially increased the sediment yield. Mass movement and soil erosion
resulting from pipeline construction in 1220 have been significant as sediment
sgurcas in several watersheds.
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FOREST ECOSYSTEMS IN WATERSHEDS DRAINING INTC HOWE SOUND

by
F.C. MNuszdorfer., Ecoleogist

Ministry of Foresta
4595 Canada Way
Burnaby, B.C.
V5G 4LS

Tha watersheds of the rivers (Cheakamus, Elaho, Mamcuam, and Squamish), and
streams that Eorm part of the Howe Sound system, enccompass an arsa approximately
463,000 ha and axtend from ssa level to 2,678 m at the peak of Garibaldil
Mountain. Three of the 14 bicgecoclimatic zones of British Columbia occur in
these watersheds. The Coastal Western Hemlock (CWH) zone predominates. The
Mountain Hemlock and Alpine Tundra zones are also found.

Some of the major upland forested ecosystem associations that are prasent
are: Western Hemlock - Amabilis Fir - Blueberry; Westsrn Hemlock - Flat Moss;
Douglas-fir - Salal; Douglas-fir - Western Hemlock - Falsebox; and Mountain
Hemlock - Amabili= Fir — Blueberry. On floodplains, Sitka Spruce - Salmonbarcy;
Black Cottonwood - Red-osisr Dogwood; and Black Cottonwood - Willow are the major
forested scosystem associations pressnt. The ecosystems in the area have soil
molsture regimes ranging from very dry to wet. Soil nutrisent regimes tend to be
very poor to medium dus to the dominance of the granitic bedrock that was the
parent material of many of the soils of the area.

Two ecological ressrves have been established in the watersheds of the Howe
Sound system:; ER 6%, Baynes Island - black cottornwood scosystems on an island of
the Sguamish River (71 ha) and ER 48, Bowen Island - scosystems reprsssntative
of the drier maririme part of the CWH zone (387 ha). Parks also offer some
pretection of écosystems (=.g., the montans and subalpine scosystems of Garibaldi
Provincial Park - 53,000 ha).

The forssts of the area provide habitat for a wide wvariety of spascies;
influence the guantity and quality of water that reaches streams and rivers,
affecting drinking water, anadromous and resident fish and other species; provide
a scenic wview for travellars ro .dastinaticns such as Sguamish, Whistler,
Pemberton, and the interior of the province; provide a recreaticnal sxpsrisnce
for many; stabilize seolls on slopes; relaass cxygen; and are a sink for carbon
dioxide. In addition, lower elsvation forests have provided substantial timber
for tha forest industry and are sxpected to continue to provide it, albsit at
raduced lawvels, in the futurs.

The Ministry of Forest’s research in the area incluides testing different
genctypes of spacies, methods of controlling unwantsad speciss, trss response to
applicaticon of fartilizer, and characterizing forest ecosystams.
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SEA FLOOR SEDIMENT TRANSPORT PROCESSES: HOWE SOUND, BRITISH COLUMBIA

by
D.B. Prlor and B.D. Bornhold

Pacific Geogscience Centre
Geclogical Survey of Canada
9860 West Saanich Rcad
Sidney, B.C.
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High rasolution acoustic surveys of the sea floor in Howe Sound reveal a
variety of high energy ssdimentary processes that create distinctive bottaom
topography and near-surface sediment distributions. Interpretation of side scan
gonar and sub-bottom profiler data indicate that wery energetic underwalter
processes such as landslides, debris flows, and turbidity currents distributse
sediment wicthin the Scund.

At the front of the Sguamish Delta, the river distributary <hannels carny
coarse saediment and feed offshore channels incised into the subagquecus slopes.
Asgociated features, stuch as flute marks and arcuate sea floor scarps, suggest
a combination of turbidity current and shallow sliding.

Slope instability has besn documented at the Woodfibre fan delta, whsre
dramatic changes in nsarshore bathymetry accomparied damage to the jettiess., The
underwater slopes of the fan delta are cut by chutes, scarps, and rotated blocks
leading downslope to debris aprons arranged around the base of the fan wedge.

Subserial floods, debris torrents, and debris flows feed sediment to the
shoraline of the Sound at various locations, including Britannia Beach and M
Creek. Offshore from Britannia Beach there are coarse-grained sediment splays
that trend downslope to a large area whers intricate patterns of intersscting
scarps bound sediment blocks displaced by shalleow translational sliding. Further
downslope theres ar= hummocky, blocky, debris accumulations marking the down-fjord
limit of the landslide activity. Off M Craesk and other similar high relief
catchments along the eastern flank of the Sound there is evidence of sediment
dispersal away fram thes shorslins by debris avalanching down the stesp undsrwarter
slopes, forming distinct debris lobes, and sand and gravel splays.



257

THE HOWE SOUND FJORD; GEOLOGICAL AND GEOPHYSICAL:
EVIDENCE FOR ITS ORIGIN AND QUATERMNARY DEVELOBMENT
by

T.S. Hamilton
Pacific CGeoscience Center
Geological Surwvay of Canada
B.0. Box 6000, Sidpsy, B.C.
V8L 482

Marine seismic profiles and regional maps are ussd £4 ildentify Howe Sound's
geclogy and sedimentary processes. The [jord incises the Coast Mountains about
halfway from CGeorgla Strait te the Garibaldi Arc. The nartow reach from the
Equamish River mouth to the Portsau 5ill has depths to 285 m. Flow is confined
te <55 m over the sill while lower Howe Sound has depths >245 m. Bedrock relief
iz great and sediment thickness locally exceeds 500 m. Despite regional
Iineations of 41" and 131° in the geocleogy, gravity, magnstics, and seismicity,
no actiwve faults are known.

Substrates includs: modarn sand Co supsrhydious silt, tailings and organic
wasta, glaciomarine turhidites, diamicts; and various badrock typas. Rock is
restricted Eo =lopes owver 30° and hills. Layered reflectors and diffractors
characterize proglacial turbidites (»17,000 BP), typically 150 ta over 450 m
thick. Variable offlap and lenticular deposits imply multiple ice lobes, Some
strata suggest ice incursion from the scuth. Outcrop is restricted to the sroded
fjord walls and floor. The top of this faciss dips slightly from Porteau te
Horseszhoe Bay, pessibls due to congoing uplift in the Coast Mountains.

The Portsau Sill is one of the few fjord sills in western Canada that is
d terminal moraine., Built on ercded glacicmarine deposits and bedrock, it marks
& gstillstand or readvance during the last ice retreat. Its coarse ssadiment hHas
an arculate structure with bedding dips that stespen upsection to 28°.

In upper Hows Sound the main scurce of modern sediment is the Squamish
River delta. This acoustically coarse and gassy sediment thins to <10 m along
the basin axis. Seismic data shows that no significant Squamish ssdiment
craverses the =ill to the socuth.

Si1lt from the Fraser River plume enters wvia Qusen Charletts Channsl to
accumulats on the flat basin floor in water >200 m. Since deglaciation, this has
formed a transparent to faintly laminated wodgs shaped deposit which tapers from
>30 m off Horseshoe Bay to about & metres on the Porteau Sill and is abssent
further neorth. From saismic character and correlation, the sedimentation rate
i= highest in southeast Howe Sound, and there it is still less than 7.5 mm/ve.
The Fraser =silts also thin Eo the west, and do not axtend into ths westernmost
Howe Sound or Thornbrough Channel. The distribution of the Fraser silt resembles
that of the peak velcmities for the surface currents. The only modern sedimants
in western Howe Scund are small debris fans from high gradient streams and local
reworked lags.

In -addicion to the twd main sediment =ources restricted te the lower
(Fraser) and upper (Squamish) Howe Sound, sare local sources from arssion of
unconsclidated sediment and from industry such a=s tailings, mills, and outfalls.
The low sedimentation rats=z in many parts of this fjord imply thac pellutants ars
not being burisd ar diluted and are likely to persist.
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PHYSTCAL QCEANCOCGRAPHY OF HOWE SOQUND, B.C.

by
2. Pond

Department of Oceanocgraphy
University of British Columbia
Vancouver, B.C.
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Howa Scound is a British Columbia fjord which smpties into the Stralt of
Georgia. There is a sill of 70 m depth about 17 ¥m from the head. Beyond the
8ill the width increasss from about 3.5 km to 20 km at the entrance. The cuter
triangular basin has many islands and an average depth of about 200 m. It is
fresly connected to the Strait and, except for the influence of the sstuarine
circulation of the upper region in the upper few metres, is ocsanographically
part of the Strait of Ceorgia. Inside the sill, the width is a roughly constant
2.5 km; the channel is somewhat sinuous and the inner basin has a maximum depth
of almost 300 m.

The Squamish River flows in at the head and has an average annual discharge
of 242 m'/=, one of the larger outflows into a fiord in British Celumbia. The
runoff is seasonally modulated with a peak in lake spring which is two or so
timss the annual average. This freshwater inpubt causes a lower density layer of
a few metras thickness and drives an cutflowing surface current of a few
centimetres per second. Thers is an estuarine retutn flow below of comparabls
magnitude. The tides also produce currentz of a few cantimetres per s=econd. Ths
tidal currents show considerable variation in amplitude and phasa with depth
indicating that internal tides are generated at the sill. Wind driven currents
in the upper layer have amplitudes of tensz of centimetres per second and totally
dominate the near-surface currents. There are substantial latesral wariations in
the near-surface currents and in the estuarine return flow.

The desp water insids the 5ill is Fairly homogsneous and usially has fairly
low cxygen levals. Partial or total replacements eccur f£rom tim= to time raising
oxygen and density values. Replacements to the bottom occur in late fall or
early winter at intervals of one to three or four years. Replacemants to
intermediate depths occur mors often and sometimes occur during freshet in lats
spring (or other times assoclated with short high rainfall pericds] as 'well as
in the late fall-early winter periocd.
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ASSESSMENT AND CONTROL OF ACID ROCUK DRAINAGE FROM BRITANNIA MINE SITE

by
L.M. Broughton, Division Head, ARD

Steffen Robertson -and Kirsten [(B.C.) Inc.
#800 - 580 Hornby Strast
Vancouver, B.C.
VeC 3B&

The dacommissionad Britannia Mine is located at  Eritannia Beach
approximately 48 km north of the city of Vancouwer, on the east shors of Howe
Sound. The underground and open pit mine was operated by the Britannia Mining
and Smelting company Ltd. from 1905 to 1963 at which time it was purchased and
operated by Anaconda Mining Company until shutdewn in 1974. During operation,
approximately 45 million tennes of ore were processed for recovery of copper and
lesser amount= of silver, zinc and gold.

Acid rock drainage containing elevated acidity and metal levels has issued
from the Britannia site since the operational period, discharging into Britannia
Crask and Howe Sound. In 1972, in an attempt to improve drainage quality from
the sits, acidic mine water wasz diverted within the mine workings for btreatment
in a copper cementation plant prior te discharge at depth te Howe Sound. Recent
investigations, however, have indicated that contaminated water is again draining
directly inte Jans Creek, then into Britannia Creek, and ultimately into Howe
Sound.

We recently completsd an investigation of ARD from the Britannia mine site
faor the B.C. ARD Task Force. An agssessment of acic generation and the sources
of contaminated drainage was conductsd, and alternacive options for control and
ramediation developed. Site water quality data was compiled in a Geographic
Information System (3IS) with recent topographical data for graphical display of
the sources of contaminated drainage, and the current physical naturs of the
sita.

The Britannia site could provide a unique opportunity for research and
investigation into ARD processes and control. The site i= readily accessible by
toad with a long history of ARD potentially from all components of any mine sita:
opernr pits, underground, tailings, waste rock and construction materials.
Consideration should be given to developing the site as a rasearch facility, and
also as an opportunity to disseminate infermation to the public regarding acid
rock drainage and the measures that can be taken to asssss and remediate these
sices,
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HEALTH HAEARD ASSESSMENT OF DIOXINS AND FURANS

by
B.L. Huston, Chiaf

Chemical Evaluation Division
Bureau of Chemical Safety
Food Directorats
Health Protection Branch
Dapartment of Health and Welfare

Ottawa, Ontarieo

Health hazard assessment is made up of two major components, an exposurs
assessment and a toxicity assesament. The toxicity sssessment of dioxins is
based on studies carried out in laboratery animals with the meost bexic diepxin
congener 2,3,7,8-tetrachlorodibenzedioxin (2,3,7,8-TCOD] as well as comparative
studies with the other dioxin and furan congenerz. The toxicity of the cother
dicxin and furan congeners is normalized to the toxicity of 2,3,7,8-TCDD through
the usze of toxicity esguivalence factors.

Based on all the toxicity information available, a Tolerable Daily intaka
(TDI) of 10 pg/kgbw/day total dicxin egquivalents has been egtimated. For the
purposes of calculating exposure, consumption of fish and shellfish muscle as
well as crab hepatecpancreas has been estimated from various sources including the
Mutrition Canada Survey, USA survevs, and anecdotal data. Bassd on these data,
it is estimated that for eaters of fish and shellfish muscle, the averags
consumption is 40g/day while for eaters of crab hepatopancraas the average
consumption iz 20g/day. Using these criteria, it has been determined that
consumption of crab hepatopancreas, from crabs caught in the certain arsas of
Howe Zound would =esult in intakes of boral dioxin toxic eguivalents much in
excess of the tolerable intake for these substances, Hence, recommendations have
been made to not consume orab hepatopancreas from these sites.
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THE PHYTOPLANKTON ECOLOGY OF HOWE SCUND
by
J.G. Stockner
Pisheries and Oceans
Wast Vancouver Laboratory
4160 Marine Driwve
Weat Vancouwver, B:.C.
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The production, distribution, and abundance of phytoplankton in Hows Sound
were studied from 19872 to 1978. Resiults of this S-y=ar fi=ld study, coupled with
laboratory biloassay exXperiments, vtevealed a wvery heterocgenous population
distribution with considerable spatial, temporal, and interannual variability.
Greatest population abundances =snd highest daily and annual rates of carbon
production were in the ssaward boundaries of the Sound contiguous with the Strait
of Georgla where average annual values often were =350 gchffyr. The l=ast
productive regions of the Sound were off the Sguamish River delts and in waters
adjacent te the pulp mills and Britannia copper mine whers values were typically
<50 gC/m*/yr. Severs light attenuation in surface waters of the Sound extending
from Sguamish to Anvil Island and caused by the turbid, glacial Sgquamish River
and stained pulp mill sffiluent discharges, wers thought to be the major factors
limiting rates of primary production in Howe Sound. Strong seaward flushing of
the surface layer and stable stratification from May to October with summsr
declines in available nitrate-nitrogen alse influenced phytoplankteon dynamics in
certain regions of the Sound. An annuzal spring diatom 'bloom' is a common,
dominant feature in all coastal B.C. fijords. In Howe Sound, it uzually commenced
in April just off the Squamish delta and moved progressively seaward down the
Scund over about a -4 week pericd., But in some years it was rastricted and/or
eliminated by poor spring weather conditions or esarly Squamish River discharge
which influenced the production dynamics of the Sound. Autumn blooms were common
in the seaward boundary watsrs but not in cother regions of ths Sound whera
Eurbidity and hydrographic conditions sither prevented or dampsned the autumnal
response.



262





