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ABSTRACT

Levings, C.D., R.B. Turner and B. Ricketts (Editors). 1992. Proceedings of the
Howe Sound Environmental Science Workshop. Can. Tech. Rep. Fish. Aquat.
Sci. 1879: 261 p.

The Howe Sound Environmental Science Workshop was held on September 30 -
October 3, 1991, on Bowen Island, B.C. Scientists working in the Sound and the
watershed draining into the fjord exchanged information with environmental
managers. The Proceedings include 22 papers dealing with meteorology,
oceanography, geology, water quality, contaminants, fish and wildlife habitat
management, forestry, and marine biology. Results of current research, as well
as overviews of past work in Howe Sound and the watersheds are presented. Some
of the major environmental topics discussed in the papers include dioxin and
metal levels in marine biota, waterbirds, and sediments in Howe Sound; vulcanism,
debris torrents and other geological hazards; the status of chinook salmon
(Ooncorhynchus tshawytscha) populations and habitats in the Squamish River;
biological effects of nutrient enrichment in the Cheakamus River; and the status
of wildlife and forest habitats in the watershed.

RESUME

Levings, C.D., R.B. Turner and B. Ricketts (Editors). 1992. Proceedings of the
Howe Sound Environmental Science Workshop. Can. Tech. Rep. Fish. Aquat.
Sci. 1879: 261 p.

L’atelier sur les sciences de l’environnement dans le détroit de Howe a eu
lieu du 30 septembre au 3 octobre 1991, dans 1’1le Bowen. Des scientifiques de
la Colombie-Britannique travaillant dans le détroit et le bassin hydrographique
se jetant dans le fjord ont échangé de l'information avec des gestionnaires de
l’environnement. Le Compte rendu comprend 22 exposés portant sur la
météorologie, 1’océanographie, la géologie, la qualité de 1l'eau, les
contaminants, la gestion de 1l’habitat du poisson et de la faune terrestre, la
foresterie et la biologie marine. Les résultats des recherches en cours, de méme
que des apercus des recherches déja menées dans le détroit de Howe et dans les
bassins versants, sont présentés. Parmi les principaux sujets environnementaux
abordés, mentionnons les teneurs en dioxines et en métaux dans le biote marin,
les oiseaux aquatiques et les sédiments du détroit de Howe, l'activité
volcanique, les glissements de terrain et autres phénoménes géologiques; la
situation des populations de saumon quinnat (Oncorhynchus tshawytscha) et de
leurs habitats dans la riviere Squamish; les effets biologiques de
l’enrichissement en nutriments dans la riviére Cheakamus; et la situation des
habitats fauniques et forestiers dans le bassin hydrographique.
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INTRODUCTION

Howe Sound and its adjacent watershed, a mountainous area transected
primarily by the Squamish River system that drains into a coastal fjord, is
representative of southern coastal British Columbia and its environmental
concerns. Within the fjord watershed boundaries are the communities of Gibsons,
Horseshoe Bay, Squamish and Whistler, pulp mills at Port Mellon and Woodfibre,
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 throughout the Squamish River
system. Recreational use of the watershed is heavy, particularly boating and
fishing on Howe Sound and all-season sports in the Whistler area. This activity
is causing considerable stress on the ecosystem and there is concern about the
sustainability of resources in the watershed.

In part spurred by the controversy and concern which have been engendered
by such problems, a 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 progress and
results. Given that the many problems facing Howe Sound and watershed demand
investigation of an interdisciplinary nature, it was appropriate that a
conference be held which brought together active researchers from a broad range
of disciplines.

The Howe Sound Watershed Environmental Science Workshop, held October 1-3,
1991 on Bowen Island in Howe Sound, brought together about 70 scientists as well
as representatives of environmental groups, government and industry. The focus
of discussion concerned the physical and biological processes within the
watershed, and the impact of human activity on the long-term health of the
ecosystem. Concerns expressed at the workshop included: damage to the marine
ecosystem caused by effluent from the two pulp mills and the abandoned Britannia
mine; loss of critical natural habitat for juvenile salmon and other species in
the Squamish River estuary because of industrial development; the sharp decline
of some salmon stocks in the Squamish River; algal growth in the Cheakamus River
due to sewage effluent discharge from Whistler municipality; sediment erosion
from old logging roads and the potential damage to salmon spawning habitat in
streams; and loss of mature forest habitat due to logging in the lower valleys
of the Squamish and Mamguam river systems. The discussions following papers and
during a final plenary session were recorded and have been published through
Environment Canada in a companion volume Howe Sound Watershed, Environmental
Science Workshop and Public Meetings -Summary of Proceedings*. The proceedings
volume also contains summaries of discussions during a series of public meetings
which were held in the watershed communities of Whistler, Gibsons, Squamish, West
Vancouver, as well as Vancouver. Each public meeting consisted of an information
fair during the day followed by a scientific panel discussion in the evening.
The public meetings were preceded by a series of presentations made by Tim
Turner, an educational consultant on contract to Environment Canada, to watershed
school and public groups during the winter and spring of 1991. This series of
presentations has led to new environmental education initiatives within watershed
schools and the community.

A strong commitment was expressed by participants of the Science Workshop
to develop stronger links with other disciplines through meetings, a scientific
newsletter and coordinated scientific research and technical monitoring. A Howe
Sound Watershed Science Advisory Committee has been formed to promote these
objectives. It is hoped that this Committee will improve the history of limited
coordination of research and monitoring efforts among the many government
agencies and other technical groups that have operated within the watershed.

! Copies of these volumes are available from Bob Turner, Geological Survey of
Canada, 100 W. Pender Street, Vancouver, B.C. V6B 1R8
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INTRODUCTION

If the earth were smooth and its surface homogeneous, climate would vary
by latitude only. It is apparent Howe Sound (and the earth), is neither flat (it
is enclosed by steep mountains), nor of homogeneous surface type (having both
land of varying surface roughness, and water). Consequently it displays a variety
of climates. Howe Sound is a steep walled channel oriented perpendicular to, and
dissecting, a substantial topographic barrier (the Coast Mountains). As such, it
(as well as other fjords along the coast) links the elevated interior plateau of
Central British Columbia with the coast (see Fig. 1). These topographic factors
result in fascinating local modifications to regional climate and weather. 1In
order to illustrate this, and build a picture of the weather and climates of Howe
Sound, some of the topographic modifications of the main synoptic weather types
of British Columbia defined by Suckling (1977) will be examined. This will be
done for typical summer and winter patterns emphasizing conceptual understanding
of some of the more interesting topographic enhancements which are depicted

schematically in Figure 2.

SUMMER

Figure 3, from Suckling (1977), shows a typical summer surface weather
pattern. A ridge of high pressure oriented across the coast with generally light
pressure gradients is associated with clear skies and light winds. These
conditions are ideal for the establishment of a (daytime) seabreeze/(nighttime)

landbreeze circulation.

Seabreezes occur 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, due to its large heat capacity, has relatively small
diurnal temperature fluctuations. In contrast, land has a relatively large
fluctuation in temperature, warming during the day and cooling at night. This
results in hydrostatic expansion of the air column over land during the day
causing low pressure over land near the surface and high pressure over land at
elevation. The air near the ground then moves from the relatively high pressure
over water to low pressure over land, rises up over the land and then flows at
elevation from land to water where it subsides, completing the circulation.

In Howe Sound the same process occurs; however, two topographic factors act
to enhance the seabreeze circulation. Howe Sound is part of a low level path to
the Interior Plateau where daytime temperatures can be very high, resulting in
very low surface pressure which draws surface air from the Coast, through the
fjord to the Interior. This seabreeze circulation is on a scale that is much
larger than typical. As low level air is drawn up valley, the constriction of
Howe Sound causes the air to converge and increase in speed resulting in an
enhanced seabreeze, with speeds that can easily double the typical 5-10 m/s
maximum seabreeze found on flat coastlines. The seabreeze circulation in Howe
Sound is schematically illustrated in Figure 4.

At night the land surface cools due to longwave radiative losses more than
the ocean surface so that the air column over land contracts relative to that
over water. This results in a relatively high pressure near the surface and low
pressure at elevation over land creating a landbreeze circulation depicted in
Figure 5. The speed of the landbreeze is less than that of the seabreeze, but is
enhanced in Howe Sound by the katabatic drainage of air down the slopes and sides
of valleys which concentrates along major valley axes. This katabatic flow, which
is a nocturnal calm wind feature over most of the slopes, is a more or less
constant feature on the glaciers which cover the highest terrain to the north of
Howe Sound.
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WINTER

Two typical winter synoptic patterns in which the Howe Sound topography
results in distinct local weather conditions are shown in Figures 6 and 7
(Suckling, 1977). The first (Fig. 6), depicting a large area of low pressure at
the surface in the northeast Pacific, is a pattern typically associated 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 Winds".

PRECIPITATION

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

The most important topographic enhancement is the "upslope" effect, 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 "upslope" effect is dramatically illustrated by the five-fold
increase in annual precipitation amount (Fig. 8) as one moves from sealevel to
the mountain tops.

The second topographic enhancement of precipitation in Howe Sound, like the
*upslope effect* also increases precipitation by forcing ascent in the moist air.
As for the case of seabreeze enhancement, it is a result of confluence of Howe
Sound causing convergence of air and consequent upward motion as the air flows
to the North. This is illustrated in Figure 8 by the increase in precipitation
amount from south to north up the axis of Howe Sound.

SQUAMISH WIND

The most singular meteorological phenomenon encountered in Howe Sound (as
well as the other fjords of British Columbia and Alaska) is the locally named
*Squamish Wind*. These winds occur in Howe Sound mainly in winter when an intense
anticyclone building over Alaska and the Yukon Territory moves southward. The
coastal mountains act as a partial barrier, separating the cold, dense air
associated 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 mountains.
Figure 9 is a schematic representation of a Squamish Wind flow showing dense low
level air moving down a pressure gradient through the fjord dissecting the Coast
Mountains.

Figure 10 is a representation of the wind frequency by speed and direction
at the Pam Rocks buoy (see Fig. 1 for location) from October 1987 until April
1988. Several things are apparent from this diagram:

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

2 s the predominant wind direction at this location is northerly, with
strong winds having a large frequency, an indication of Squamish
Winds.



One of the consequences of a high frequency of northerly winds in the
winter, is a decreased incidence of persistent fall/winter fog compared to the
neighbouring Lower Mainland as the fog is displaced by the dry outflowing air.
While Squamish Winds represent a topographic enhancement of the regional wind,
there are many situations when, for example, the wind and waves are much less
severe in Howe Sound than in surrounding open areas due to topographic
sheltering. This occurs when the synoptic configuration is such that the
predominant regional wind direction is across (rather than along) the axis of
Howe Sound.

A field study of the Squamish Winds in Howe Sound was undertaken in the
period October 1987 to April 1988, using meteorological stations shown in Figure
1. Subsequently, a 3-dimensional mesoscale numerical model (Colorado State
University Regional Atmospheric Modeling System - CSU RAMS) was applied to a
Squamish Wind event that occurred during the field study period. 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 before the onset of
Squamish Winds in Howe Sound. It shows an Arctic airmass associated with the high
pressure centre of central B.C. separated from maritime air by an Arctic front
which, at map time, is passing through Howe Sound.

Figure 12 is a vector representation of the modelled winds on January 31
at 16:00 PST showing a well developed Squamish Wind. The flow is down the
Cheakamus and Squamish river valleys, and out of the main channel. Notice the
increase in speed down the channel, and also the difference in direction and
speed of the winds over the high terrain on either side of the Sound compared to
the winds near sea level in Howe Sound.

Vertical cross sections of down channel wind component and potential
temperature are shown in Figure 13. The cross section is oriented along the main
channel (east side) of Howe Sound. The winds below 1 - 2 km are clearly distinct
from the winds above this elevation. This is also 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 stability (shown by
a rapid increase in potential temperature). Since the potential temperature
contours are isentropes, the flow in the plane of the vertical cross section
parallels them. In the southern part of Howe Sound (near coordinates -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 increases its thickness (near
coordinate -165 in Figure 13) and the surface winds decrease. This is analogous
to the transition from subcritical to supercritical flow in hydraulic theory. The
increase in thickness of the Squamish Wind, and decrease in velocity is analogous
to a hydraulic jump.

The Squamish Winds are a strongly forced (by both synoptic conditions and
topography) meso-scale phenomenon with considerable spatial variability, the
small scale details of which appear to be analogous to hydraulic flow of water
in a channel.

CONCLUSIONS

The topography of Howe Sound results in some fascinating local
modifications to regional weather, making its climate distinct from that of
neighbouring areas. Some of these modifications, which are summarized in Figure
2, have been discussed. These include enhanced sea and land breezes during the
summer, enhanced precipitation over higher terrain, and Squamish Winds during the
winter.
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Figure 3. 100 Kpa weather map from July 23, 1968 illustrating Ridge synoptic Figu

type, from Suckling (1977). This is a typical summer fair weather
pattern allowing seabreeze development.
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Figure 4. Schematic depiction of seabreeze circulation in Howe Sound. View is
from the southsouthwest looking up Howe Sound. Vertical exaggeration
of the topography is 10.
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Figure 5. Schematic depiction of landbreeze circulation in Howe Sound. View
is from the southsouthwest looking wup Howe Sound. Vertical
exaggeration of topography is 10.
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Figure 6.

100 kPa weather map from December 29, 1970 illustrating Ocean Low
synoptic type, from Suckling (1977). This is a typical winter
weather pattern bringing precipitation to B.C.
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Figure 7.

100 pKa weather map from January 30, 1966 illustrating Trough
synoptic type, from Suckling (1977). This is a typical winter
weather pattern which could develop into a *Squamish Wind*
situation.
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Figure 8. Mean annua 1 precipitation map, from Schaefer and Nikleva (1973).
Isohyets are in increments of 20 inches (508 mm), starting at 40

inches (1,016 mm). Data is based on climate station as well as
streamflow data.
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Figure 9. Schematic depiction of Squamish Wind flow in Howe Sound. View is
from the southsouthwest looking up Howe Sound. Vertical exaggeration
of the topography is 10.
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wind frequency in various speed <classes by direction. This
bidirectionality of the diagram is a consequence of topographic

channelling. The preponderance of northerly winds
Squamishes.
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Sea level Jan 30/18Z

Figure

Surface weather map for January 30, 1988 at 10 a.m. PST, just before

the onset of Squamish Winds in Howe Sound.

Figure 11.
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Figure 13.
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ABSTRACT

The Howe Sound Drainage Basin is part of the geologically dynamic west
coast of North America; the result of subduction of the Juan de Fuca Plate under
Vancouver island. As a consequence of subduction, the region 1is subject to
volcanism and earthquakes. A chain of volcanoes extend northward from California
(the Cascade Volcanoes) into British Columbia where they are referred to as the
Garibaldi Volcanic Belt (GVB). The GVB consists of three major strato-volcances;
Mount Garibaldi (just north of Squamish), Mount Cayley (25 km west of Whistler),
and Mount Meager (just north the drainage divide), and other smaller, less

voluminous centres.

Volcanism in the GVB started some 3 million years ago and eruptions have
continued into the Holocene Epoch (the last 10,000 years). The most recent well
documented event, a Pelean eruption from Mount Meager, about 2,300 years agdo,
blocked the Lillooet River and spread ash across southern B.C. into Alberta. The
geological record of lava flows and volcanic debris suggests that both basaltic
eruptions, and infrequent violent explosive eruptions, may both occur in the
future. Small basaltic eruptions may have little or no warning; explosive
eruptions usually have associated earth tremors that will be detected on the
regional seismic network. Subduction continues and with it, the potential for
future volcanic eruptions.

A continuing hazard in the GVB is posed by the extreme relief 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 surrounding drainages
and leaching of more soluble elements into the groundwater. Landslides and
debris flows from these volcanoes pose a very real threat. Landslides from Mount
Cayley (Dusty Creek slide) and the "Barrier" blocked the Sguamish and Cheakamus
rivers during the 1800‘s. Debris flows originating on steep volcanic slopes have
nmuch greater run out distances than those generated in nonvolcanic 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 been spared the almost ceaseless volcanism characteristic of
such places as Hawaii, Japan, or Indonesia, but it has not escaped completely.
We are part of a continuous line of subduction zones and transform faults that
encircle the Pacific Ocean. Our global position on this dynamic sphere, earth,
gives rise to volcanoes, some of which lie along the axis of Howe Sound. These
are the volcanoes of the Garibaldi Volcanic Belt (GVB) which is a continuation
of the Cascade Volcanoes that extend northward from Lassen Peak in northern
California to Mount Baker, just south of the Canadian border (Fig. 1). These
volcanoes originate due to subduction (the process whereby oceanic crust is
consumed beneath continental crust producing volcanoes and earthquakes) off the
west coast of North America.

The short-term threat of a volcanic eruption occurring is low. As near as
can be determined, return eruption intervals for the Garibaldi Belt are very long
= specific, individual centres may never erupt again. However, there has been
significant volcanism in the geologically recent past and subduction continues
to the present day. Within the belt, volcanism has not been concentrated at
individual stratovolcanoes as is the case to the south, rather volcanism has
qccurred at centres that are closely spaced. Eruptions in the future may occur
in close proximity to existing centres, but will probably not be coincident.
Determining the details of the eruptive history of the Garibaldi Belt is a
challenge that awaits further work.

Debris flows and landslides will pose the greatest short-term threat to
downslope and downstream communities. The volcanoes are regions of rugged relief
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and unstable rock. Numerous rock avalanches and debris flows have been documented
from all of the areas and these events will continue to pose a threat into the

future.

VOLCANIC HAZARDS

Volcanoes, when they erupt, produce a number of hazardous events (Table 1).
What hazard will occur at which volcano will depend to large degree on the
composition of the erupting magma (Table 2). Basaltic eruptions (basaltic magmas
are low in silica, an essential building block element of minerals) pose a
minimal hazard in comparison with explosive felsic eruptions (felsic or the older
term "acid" magmas are high in silica). Similarly, an andesitic eruption is less
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 the eruption of intermediate to high silica content magmas
(called Dacite and Rhyolite) can be moderate to extreme, depending on the size
of the eruption. The size of an eruption is quantified using a scale called the
Volcanic Explosivity Index (VEI; Newhall and Self, 1982). The VEI takes into
consideration the volume of eruptive products, height of eruption cloud, duration
of the main eruptive phase, and other parameters to assign a number from a
linear, 0 to 8 scale. The May 18, 1980 eruption of Mount St. Helens, which
destroyed 632 km? of land, expelled 1.4 km’ of magma (dense rock equivalent, or
DRE) and produced an eruption column which peaked at an altitude of 24 km, had
an VEI of 5. Table 3 gives a listing of the VEI of some noticeable volcanic
eruptions in relationship to the loss of life. It can be seen that the actual
size of the eruption does not have a direct relationship to the number of lives
lost; however, it is directly proportional to the economic losses sustained by
the region.

VOLCANIC RISK

Erupting volcanoes only become a risk when there is something valued that

may be destroyed -- either lives, property, or resources. Risk is usually
assessed on the basis of the number of human lives which may be lost as a result
of a hazardous event (Morgan, 1992). But, in actual fact, natural disasters

throughout history have taken only a small fraction of the lives that have been
lost in armed conflict. In 1,000 years of record keeping, volcanoes have taken
less than 300,000 lives (Tilling, 1989).

Yokoyama et al. (1984) devised a method for assessing risk at a volcano
(Table 4). High risk volcanoes "score" 10 or above. Using this scheme and our
present knowledge level, no Canadian volcano falls into the high risk category.
Growing populations, however, increase the risk posed by volcanos both here and
abroad. For example, Mount Ruiz, Colombia, was not considered a high risk
volcano, yet its eruption on November 13, 1985 killed 25,000 people -- the
greatest volcanic disaster since the eruption of Mount Pelée at the turn of the
century. A poignant point brought out in Voight'’s (1990) retrospection of this
event was the observation that in 1845, a similar event wiped out 1,400 people
-- all those that lived in the town at that time. In 1985, 30,000 people now
lived in the same area and repeat of the 1845 event resulted in an order of
magnitude escalation in the loss of life. In a similar vein, the Philippine
volcano of Mayon produced pyroclastic flows during its 1814 eruption which killed
1,200 people -- 800,000 people now live in the same area (Voight, 1990) .
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GARIBALDI VOLCANIC BELT

The Garibaldi Volcanic Belt is the northward extension of the Cascade
volcanoes. This chain of major andesitic to dacitic strato-volcanoes extends
northward from northern California to British Columbia (Fig. 1). In Canada, the
major volcanic edifices which make up the chain are mounts Garibaldi, Cayley, and
Meager (Fig. 2). Composition of the magmas erupted in this region range from
basalt to rhyolite. The arc appears to be segmented (Guffanti and Weaver, 1988;
Sherrod and Smith, in press); the central portion is the most active (Scott,
1990) and the northern end least active (Sherrod and Smith, in press). Scott
(1990) tentatively identified periods during which the entire arc appears to have
been active during the last 15 ka.

The major edifices of the GVB and associated volcanoes which make up areas
referred to as volcanic fields (Fig. 2), have been sporadically active over a
time span of millions of years (Fig. 3). Mount Garibaldi (Fig. 4), one of the
three major strato-volcanoes that make up the GVB, is the closest major explosive
vent to the Sound. The edifice was built in several explosive (Pelean) phases
during the waning stages of the last ice age (Mathews, 1952). These explosions
built blocky, unconsolidated material up around the vent area and out onto the
surrounding sheet of thick glacial ice. As the ice receded, the cone collapsed
leaving the steep (600 m) front seen today. The faint layers that can be seen in
this steep face are the layers of ash and blocks, some blocks of which are up to
6 m in diameter. This material readily landslides in addition to contributing
enormous amounts of sediment to debris flows originating on the volcano’s slopes.
This debris built up Cheekeye Fan and continues to contribute to debris flows and
rock failures.

The most recently documented eruption in the GVB was about 2,300 years BP
at Mount Meager (Fig. 5), 50 km northwest of Pemberton. This eruption was very
violent and may have been close in size to that of the May 18th, 1980 eruption
of Mount St. Helens. Ash from this 2,300 year old event at Mount Meager can be
traced as far east as western Alberta (Fig. 6). It has been recently suggested
that some postglacial landslides and debris flows in the vicinity of Mount Cayley
(Evans, 1990) and Mount Meager (Jordan and Bovis, pers. comm., 1991) may have
been volcanically triggered; if true, it would indicate that the belt is more
active than presently thought.

A number of studies address volcanism in the Garibaldi Volcanic Belt. Among
these are work by Mathews (1952, 1958), Green (1981, 1290), Green et al. (1988),
Souther (1980), Read (1978, 1990), and Stasiuk and Russell (1989, 1990). However,
detailed physical volcanology studies have not been the principal focus of most
of this work. Understanding eruptive processes and timing at individual volcanic
complexes remains to be addressed. All of these studies have identified eruptive
periods. (An eruptive period is "a single eruption or series of eruptions closely
spaced in time at a volcano...that yield a preserved deposit and are
differentiated from preceding and subsequent eruptive periods by one or more of
the following criteria: (1) separated by an apparent dormant interval of decades
to centuries, (2) distinguished by a change in vent location, and (3) marked by
a distinct compositional change in eruptive products." [Scott, 1990].) These
eruptive periods are compiled from Green et al. (1988) and shown diagrammatically
in Figure 3.

Long repose periods, up to several thousand years, between major explosive
events at the major volcanoes, appears to typify the Canadian portion of the arc.
Mathews (1958) has also suggested there may be a causative link between glacial
loading of the crust during ice ages and increased rates of volcanism in the
Garibaldi belt.

However, this long history, coupled with continued subduction off the
coa§t, sqggests we have not seen the last of volcanism in the Garibaldi belt. Hot
springs in the vicinity of mounts Cayley and Meager suggest that magmatic heat
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is still present. Recent seismic imaging from Geological Survey of Canada
supporting Lithoprobe studies in the region of Mount Cayley produced a ‘bright
spot’ which may be attributable to a magma chamber at approximately 15 km depth
(R. Clowes, University of British Columbia, pers. comm., 1990).

In addition to possible future volcanic eruptions, the Garibaldi Volcanic
Belt poses a considerable threat in the form of large rock failures (Evans, 1990;
Clague and Souther, 1982; Read, 1981) and catastrophic debris flows (Jordan,
1990). The volcanoces are extremely rugged regions of high relief underlain by
unstable, poorly consolidated and/or strongly jointed volcanic rocks. These
conditions have already led to a number of failures and debris flows. Comparable
debris flows generated in volcanic areas have much greater run out distances than
those generated in nonvolcanic areas, in part, because of a greater percentage
of fine material in "volcanic" debris flows (Jordan, 1990). These factors must
be taken into consideration before any development in the vicinity of the
volcanoes.

The volcanoes, by virtue of the composition and physical attributes of the
rocks which compose them, are much more susceptible to weathering than the
surrounding "granitic" rocks. Weathering leads to increased particulate matter
in streams draining the edifices and higher concentrations of certain elements
easily leached by percolating groundwater. Because of these attributes, streams
draining volcanic areas may have significantly different trace element chemistry
than nearby streams draining other regions underlain by more chemically stable
rock types.

CONCLUSIONS

The Howe Sound Drainage Basin is blessed with some of the most spectacular
scenery in the world -- but we must not forget this scenery owes its origins to
cataclysmic events in the earth’s interior. Uplift, mountain building,
earthquakes, and volcanoes are all part of our heritage. Although we have been
spared continuous volcanism on a human time frame, we have not on a geological
one. We must try to look beyond the short recorded history of the human species
when we are dealing with geologic hazards which have recurrence intervals longer
than 50 years. Hazard zonation and planning must be an integral part of our
future if we are to save lives and property. Detailed geological work at specific
volcanoes that potentially threaten populations would help quantify the risk from
future eruptions, rock failures, and debris flows. This work should be carried
out before rezoning or major shifts in population occur. We may not see an
eruption in this region in our lifetime, but we may -- shouldn’t we be prepared?
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Table 1. Volcanic hazard summary (modified from Blong, 1984; Table 1.4, p. 12).

Frequency of Adverse Effect/Damage/Death

<10

10-30

30-100

Distance (km)

100-500

500-1000

>1000

Volcanic hazard!

Lava flows
Ballistic projectiles
Tephra falls
Pyroclastic flows and
debris avalanches
Lahars and
jokulhlaups?
Seismic activity and
ground deformation
Tsunami
Atmospheric
effects
Acid rains
and gases
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Lahar = debris flow;

A = Always; VF = Very Frequent;

VR = Very Rare.

jokulhlaups

F

glacial outburst floods.

Frequent; C = Common;

R = Rare;

Hazard level is based on the relative frequency of deaths given that the
specific type of activity occurs.
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Table 2. General relationships between volcano types, predominant lava,
eruption styles, and common eruptive characteristics (from
Tilling, 1989; Table 1.1, p. 2).
Predominant Lava
Volcano Composition Relative Eruption style Common Eruptive
type Viscosity Characteristics
Shield! Basaltic Fluidal Generally non- Lava fountains,
(mafic) explosive lava flow (long)
lava lakes and
pools
Andesitic Less Generally Lava flows
fluidal explosive but (medium) ,
sometimes non- explosive
explosive ejecta, tephra’
falls
Composite®? Dacitic to Viscous to Typically Explosive
rhyolitic very highly ejecta, tephra
(felsic) viscous but explosive but falls,
can be non- can be non- pvroclastic
explosive explosive, flows and
especially surges, and lava
after a large domes
explosion

to overlie

*hot spots",
Anahim Volcanic Belt, Galapagos,

Generally located along or near the boun

Generally located in the interior tectonic plates (*intraplate*) and presumed
but also may occur in other tectonic settings (e.g..,
Iceland, Kamchatka) .

daries of convergent tectonic plates

(subduction zones); also called strato-volcanoes (e.g., Cascade-Garibaldi
Volcanic Belt, Wrangell Volcanic Belt).

Tephra =

fragment or

"clast"

that is ejected from a volcano

class sizes from ash to large fragments).

(includes all
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Table 3. Volcanic Explosivity Index (VEI) of Mount St. Helens and the deadliest

eruptions since A.D. 1500 (modified from Tilling et al.,

ERUPTION YEAR VEI CASUALTIES
Nevado del Ruiz, Colombia 1985 3 25,000
Mount St. Helens 1980 5 57
Mount Katmai 1912 6 0?
Mont Pelee, Martinique 1902 4 30,000
Krakatau, Indonesia 1883 6 36,000
Tambora, Indonesia 1815 7 92,000
Unzen, Japan 1792 3 15,000
Lakagigar (Laki), Iceland 1783 4 9,000
Kelut, Indonesia 1586 4 10,000

Table

HAZARD
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Proposed criteria for identification of high-risk volcanoes (from

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

HAZARD SCORE

SCORE

High silica content of eruptive products (andesite/dacite/
rhyolite)

Major explosive activity within last 500 yr

Major explosive activity within last 5,000 yr
Pyroclastic flows within last 500 yr

Mudflows within last 500 yr

Destructive tsunami within last 500 yr

Area of destruction within last 5,000 yr is >10 km?

Area of destruction within last 5,000 yr is >100 km?
Occurrence of frequent volcano-seismic swarms

Occurrence of significant ground deformation within last
50 yr

RISK RATING

Population at risk >100

Population at risk >1,000

Population at risk >10,000

Population at risk >1 million

Historical fatalities

Evacuation as a result of historical eruption(s)

TOTAL SCORE
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Simplified geological map of the Howe Sound Drainage Basin showing
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WITHIN THE HOWE SOUND WATERSHED

by
S.J. Sibbick, P.F. Matysek, S.J. Cook and W. Jackaman

Environmental Geology Section
Geological Survey Branch
British Columbia Ministry of Energy
Mines and Petroleum Resources
553 Superior Street
Victoria, B.C.

V8V 1X4

35



36

ABSTRACT

Since 1976, the Geological Survey Branch of the British Columbia Ministry
of Energy, Mines and Petroleum Resources have conducted regional (1 sample per
12 km?) geochemical drainage surveys. These surveys presently cover approximately
65% of the province and involve the systematic collection, preparation, and
chemical analysis of sediments and waters from first or second order drainages.
Although primarily used by the mineral exploration industry to locate mineralized
districts and individual mineral deposits, they have also been employed for
delineating regional geochemical patterns throughout the province and as baseline
information for environmental studies.

Primary and secondary streams of the Howe Sound drainage basins were
sampled in 1981 and 1989 as part of two larger surveys covering NTS 1:250,000
scale mapsheets 92J and 92G. Results from these surveys indicate that
statistically significant differences in copper and other metal concentrations
exist between major geological units within the basin. These variations should
be taken into account when establishing values for ‘natural’ levels of metals in
the environment.

INTRODUCTION

The Geological Survey Branch of the British Columbia Ministry of Energy,
Mines and Petroleum Resources has been involved in regional geochemical sediment
and water surveys since 1976. The database represents multi-element (up to 35
metals) determinations and field observations of reconnaissance stream sediment
and water sampling of first or second order streams from 41 1:250,000 Naticnal
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 square kilometres at an average density
of 1 sample per 12.6 km?. These data are available on a 1:250,000 NTS mapsheet
basis in digital and map format.

Although primarily used by the mineral exploration industry for outlining
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 delineate regional geochemical patterns important for land use and
environmental studies. Studies have shown (Day and Matysek, 1989; McMillan et
al., 1990) that estimates for background metal concentrations in sediments and
resultant regional geochemical patterns often reflect the underlying geology
within the drainage basin. The objectives of this study are to illustrate the
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
(quartz diorite and granodiorite) ranging from Middle Jurassic to Middle
Cretaceous in age (Monger, 1990). Isolated roof pendants of Jurassic to
Cretaceous age metamorphosed volcanic and/or sedimentary rocks (Gambier Group,
Cheakamus Formation, diorite and migmatite) occur throughout the study area.
Quaternary age volcanic rocks of the Garibaldi Group mantle these older rocks and
are especially prevalent in the Mt. Garibaldi area. Valley slopes and floors are
covered with a variable thickness of unconsolidated sediment deposited during and
after the Fraser Glaciation which ceased approximately 10,000 years ago.
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METHODS

SAMPLE COLLECTION

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 (<1 mm) weighing 1-2 kilograms are collected within
the active stream channel and placed in kraft-paper bags. Weathered boulders,
rotting logs and channel banks are avoided to prevent sample contamination; one
field duplicate is routinely collected within each analytical block of 20
samples. Unfiltered water samples are collected in 250 ml nalgene bottles;
precautions are taken to exclude suspended solids when possible. Field
observations regarding sample site, media, and local terrain are recorded.

SAMPLE PREPARATION AND ANALYSIS

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 splits 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 sample preparation laboratory to assess
precision and accuracy.

Prepared sediment samples are analyzed by a variety of methods at
commercial laboratories for up to 38 elements. Total concentrations of metals
are determined by instrumental neutron activation analysis (INAA) for a suite of
26 elements. Partial and total concentrations of metals are determined by aqua

regia digestion - atomic absorption spectrophotometry (AAS) and a number of
element-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 were collected during 1981
and 1989 as part of two Regional Geochemical Surveys conducted in NTS mapsheets
92J (Pemberton) and 92G (Vancouver), respectively. A total of 320 sites from the
two mapsheets occur within the Howe Sound watershed. Stream sediment and water
samples were collected at an average density of one sample per 16.6 km* in 927,
and one per 10.8 km? in 92G. Provincial parks were excluded from the sampling
program.

Samples from both NTS 92G and 92J were analyzed for Sb, As, Co, Cu, Fe, Pb,
Mn, Hg, Mo, Ni, Ag, W, U, and Zn. Sediments from 92G were also analyzed for Au,
Bi, ¢d, Cr, F, Sn, and V. Analytical results from these surveys have been
released as British Columbia Ministry of Energy, Mines and Petroleum Resources
Open Files RGS 9 (NTS 92J - Pemberton) and RGS 26 (NTS 92G - Vancouver) (British
Columbia Ministry of Energy, Mines and Petroleum Resources, 1982; Matysek, 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 geology. Basic statistics
(minimum, maximum, mean, standard deviation, and coefficient of variation) for
each geologic subgroup were calculated for copper, arsenic, lead, zinc, iron,
nickel, uranium, uranium in water, and pH. F and t-tests for each element were
performed on the three prevalent rock types (number of sample sites > 40) of the
watershed: quartz diorite (gd), granodiorite (gd) and Gambier Group (1lKG)
volcanics and sediments. Significant outliers were removed from the dataset to
provide a more realistic estimate of variance. Probability plots were employed
to determine the background concentration of copper in the three major rock

types.
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RESULTS AND DISCUSSION

Ten rock types are represented within the Howe Sound drainage basin. Of
the 320 sample sites within the watershed, 210 are underlain or drain intrusive
rocks, consisting of 165 quartz diorite (gd) and 45 granodiorite (gd) sites.
Gambier Group (lKG) volcanic and sedimentary rocks comprise 43 of the sites,
followed by Cheakamus Formation sediments (1lKC: 19 sites), diorite (di: 12
sites), migmatitic rocks (ng: 12 sites) and Garibaldi Group volcanics (QG: 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. Mean concentrations for each
element vary considerably between rock type. F and t-tests carried out on
samples draining the three most prevalent lithologies (quartz diorite,
granodiorite, and Gambier Group) for eight elements (copper, arsenic, lead, zinc,
iron, nickel, uranium, and uranium in water) and pH indicate that significant
differences exist between rock types (Table 3).

Background copper concentrations, generated using probability plots, are
shown in Table 4. At the 95% confidence 1level, mean background copper
concentrations of the three main rock types are all significantly different
(Table 5). Gambier Group rocks have a higher background copper concentration
(32.6 ppm) than quartz diorite bedrock (23.7 ppm), whereas granodiorite has the
lowest background copper content of the three (14.3 ppm). These differences in
background concentrations represent inherent characteristics of each rock type
and are directly related to their composition and origin.

CONCLUSIONS

Results from the Howe Sound watershed indicate that significant differences
in metal concentrations exist between rock types of the basin. Failure to
identify variation in the natural background concentration of metals within a
watershed may lead to the establishment of unrealistic thresholds for acceptable
metal levels in the environment.
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Table 1.

Elements, analytical methods, and detection limits.
ELEMENT METHOD DETECTION ELEMENT METHOD DETECTION
OF ANALYSIS LIMIT OF ANALYSIS LIMIT

Antimony AAS-H / INAA 0.2/0.1 ppm | [Nickel AAS / INAA 2 /2ppm
Arsenic AAS-H / INAA 10/0.5 ppm | |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 0.5 ppm | |Silver FA-AAS 0.2 ppm
Cadmium AAS 0.2ppm| |Sodium INAA 0.1 pct
Cerium INAA 10 ppm | |Tantalum INAA 0.5 ppm
Cesium INAA 0.5 ppm | |Terbium INAA 0.5 ppm
Chromium AAS / INAA 5/5ppm| |Thorium INAA 0.5 ppm
Cobalt AAS / INAA 2 /5ppm| |Tin AAS 1 ppm
Copper AAS 2ppm| |Tungsten COLOR/ INAA 1/2ppm
Fluorine ION 40 ppm | |Uranium INAA / INAA 0.5 /0.2 ppm
Gold INAA 2ppb | |Vanadium AAS 5 ppm
Iron AAS / INAA 0.02/0.2 pct| |Ytterbium INAA 2 ppm
Hafnium INAA 1ppm| |Zinc AAS 2 ppm
Lantanum INAA 5 ppm | |Zirconium INAA 200 ppm
Lead AAS 2ppm| |LOI GRAV 0.2 pct
Lutetium INAA 0.2ppm| |pH - water pH meter 0.1 pH unit
Manganese AAS S5ppm| |U - water FLUOR 0.05 ppb
Mercury AAS 10 ppb | |F - water ION 20 ppb
Molybdenum AAS / INAA 1/1ppm
METHODS OF ANALYSIS

AAS-H Hydride AAS AAS Atomic absorption spectrophotometry

FA-AAS Fire assay AAS INAA |Instrumental neutron activation analysis
ION lon specific electrode

COLOR Colourometric method

GRAV  Gravimetric method

FLUOR Fluorometric _method
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Table 2.

Summary statistics on stream sediment data,

Howe Sound Watershed.

ROCK Cu As Pb Zn _ Fe% Ni U Uw pH
qd MIN 4 1 1 8 0.40 1 0.2 0.02 4.60
n=165 |MAX 120 460 41 215 4.65 62 13.6 2.00 8.50
MEAN 30 6 7 48 1.81 9 2.69 0.06 6.78
SD 20 36 8 31 0.70 7 2.39 0.17 0.57
CV% 68 582 121 64 39 82 89 283 8
fole] MIN 2 1 1 9 0.00 1 0 0.02 5.40
n=45 |MAX 54 35 25 122 3.00 13 59 0.86 7.90
MEAN 17 3 5 38 1.30 5 5.30 0.10 6.59
SD 13 6 6 27 0.70 4 11.00 0.10 0.54
CV% 75 182 125 70 54 66 208 100 8
IKG MIN 5 1 2 13 0.85 1 0.6 0.02 5.20
=43 |MAX 1660 120 103 770 6.50 79 12.6 0.65 8.00
MEAN 85 10 17 107 2.58 15 2.59 0.06 6.57
SD 248 19 18 120 1.03 14 2.15 0.12 0.69
CV% 293 189 105 111 40 97 83 200 11
IKC MIN 13 1 1 11 0.90 4 0.4 0.02 6.80
n=19 |MAX 270 45 128 255 3.70 310 5.0 5.30 8.20
MEAN 59 8 12 75 2.04 32 1.69 0.34 7.42
SD 59 11 29 65 0.86 70 1.06 1.20 0.40
CV% 99 134 247 86 42 217 63 353 5
di MIN 6 1 1 21 0.55 4 0.9 0.02 6.60
n=12 |MAX 60 13 8 81 220 65 2.5 0.02 7.30
MEAN 23 2 3 43 1.61 13 1.35 0.02 6.98
SD 16 3 2 18 0.49 17 0.48 0.00 0.22
CV% 70 142 73 41 30 131 36 0 3
ng MIN 10 1 1 17 0.80 1 1.0 0.02 6.00
n=12 |MAX 40 2 1 120 1.85 19 8.0 0.02 7.10
MEAN 19 1 1 37 1.26 6 2.08 0.02 6.70
SD 11 0 0 28 0.36 6 1.92 0.00 0.40
CV% 57 33 0 74 29 103 92 0 6
QG MIN 12 1 1 16 0.55 3 0.5 0.02 6.60
n=11 |MAX 68 10 13 91 5.50 36 2.1 0.02 7.70
MEAN 25 2 5 43 1.92 15 1.1 0.02 7.09
SD 16 3 4 24 1.33 12 0.5 0.00 0.34
CV% 63 113 9N 55 69 81 45 0 5

SD = standard deviation;, CV% = coefficient of variation

Tab

Tabl
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Table 3. Comparison of the three major rock types by element, Howe GSound
watershed.
Element | Comparison | F value F critical Null t-Test Null
Hypothesis Hypothesis
qd vs. gd 1.01 1.58 accepted 40.15 rejected
Arsenic qd vs. IKG 9.00 1.50 rejected - -
gd vs. IKG 8.91 1.69 rejected - -
qd vs. gd 2.58 1.58 rejected - -
Copper qd vs. IKG 3.03 1.50 rejected - -
gd vs. IKG 7.81 1.69 rejected - -
qd vs.gd 1.56 1.58 accepted 7.72 rejected
Lead qd vs. IKG 5.18 1.50 rejected - .
gd vs. IKG 8.09 1.69 rejected - -
qd vs. gd 1.32 1.58 accepted 30.31 rejected
Zinc qd vs. IKG 3.82 1.50 rejected - -
gd vs. IKG 5.08 1.69 rejected - -
qd vs.gd 1.00 1.58 accepted 0.22 accepted
Iron qd vs. IKG 2.16 1.50 rejected - -
gd vs. IKG 2.16 1.69 rejected . -
qd vs.gd 1.00 1.58 rejected - -
Nickel qd vs. IKG 2.16 1.50 rejected - -
gd vs. IKG 2.16 1.69 rejected - -
qd vs.gd 21.20 1.50 rejected - -
Uranium qd vs. IKG 1.24 1.58 accepted 235 rejected
gd vs. IKG 26.2 1.69 rejected - -
qd vs. gd 2.89 1.58 rejected - -
Uranium qd vs. IKG 2.01 1.58 rejected - -
(water) gd vs. IKG 1.44 1.69 accepted 0.11 accepted
qd vs. gd 1.11 1.58 accepted 0.57 accepted
pH qd vs. IKG 1.47 1.50 accepted 2.24 rejected
gd vs. IKG 1.63 1.69 accepted 1.1 accepted
qd - quantz diorite  gd - granodiorite IKG - Gambier Group
t-critical = 1.98 at 95% confidence level and n=120
Table 4. Background copper concentrat ions , Howe Sound watershed.
ROCK TYPE | Quartz Diorite| Granodiorite |(Gambier Group|
(qd) . (gd) (IKG)
MEAN 23.7 143 32.6
STD. DEV. 10.1 6.6 12,5
% OF SITES 87 100 79

Values in ppm except where noted



Comparison of background copper concentrations, Howe Sound watershed.
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Table 5.
, COMPARISON| F value F critical t-Test
qd vs. gd 2.34 1.68 -
qd vs. IKG 1.53 1.55 10.64
gd vs. IKG 3.58 1.84 -
t-critical = 1.98 at 95% confidence level and n=120

Figure 1. RGS Coverage.
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INTRODUCTION

Since the mid-1970’s faculty and graduate students of the S.F.U. Department
of Geography have completed a variety of research projects in the Howe
Sound-Squamish Basin region. These studies can be grouped into one of six types
of activity:

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

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

3. Sedimentology of the Squamish River floodplain.

4. Channel planform dynamics of Squamish River.

5. Process studies of flow and sediment deposition in Squamish Estuary.
6 « Plant ecology of Squamish estuary.

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

THE RESEARCH INVENTORY

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

This 4-year project will be completed in 1991 by Greg Brooks, a Ph.D.
candidate in the Department of Geography. All of the data will be available in
his doctoral thesis (Brooks, 1991) and subsets or extensions of it are available
in two recent papers (Brooks and Hickin, 1991; Evans and Brooks, 1991). This
major study documents the locations and volumes of fluvial sediment sources in
Squamish Basin and describes the long-term rate of sediment delivery to Squamish
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
Holocene sediment budget. In addition to quantifying aspects of the paraglacial
sediment supply, this study documents several 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 Squamish River.

Squamish River is a very useful outdoor laboratory for those interested in
measuring river processes because the many glacierized first-order basins sustain
predictable high flows for weeks at a time during the summer. Exploiting this
convenient hydrology, Hickin (1978) obtained near-bankfull measurements of the
primary and secondary velocity fields through a series of contiguous channel
bends of varying curvature in the upper meandering reach of Sguamish River.
Although these measurements were collected to test various hypotheses about the
fluid mechanics of helical flow through open-channel bends, they also 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 consequences of separated flows in Squamish River
(concave-bank benches) are described in Hickin (1979). Other velocity
measurements in Squamish River have been obtained by Rood (1980). He obtained a
long (several hours) continuous velocity record using a magneto-type Ott current
meter in order to spectrally characterize the macroturbulence in the flow near
the Squamish River gauging station (Brackendale). This work also included a
high-resolution depth-sounder profile of the bed for several hundred metres
upstream of the gauging station.
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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 Brierley
(1984) and Brierley and Hicken (1985). Brierley’s 1984 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 1985
study summarizes the downstream bed-material sorting data in the context of a
test of the exponential decay law of Sternberg.

3 s Sedimentology of the Squamish River floodplain.

Gary Brierley, a former doctoral student in the S.F.U. Department of
Geography (now at the A.N.U., Australia) completed a very detailed study of
Squamish River floodplain sedimentology in the reach between the Squamish canyon
and the meandering channel downstream (Brierley, 198%9a). The study describes the
sediments and internal structure of both the contemporary bars and the floodplain
(from facies to element scales) based on hundreds of pits, trenches, and cut-bank
exposures of the sediments above the basal river gravels. It is likely the most
comprehensive sedimentological data set for a floodplain of this size ever
assembled. An important thrust of this work involves tests of existing planform
facies models and of architectural element analysis (none work very well in
Squamish River) and of Markov-chain based modelling (found to be misleading) .
Various parts of this work are available (or will soon be available) in print
(Brierley, 1989a, 1989b, 1991; Brierley and Hickin, 1991a, 1991Db).

4. Channel planform dynamics of Squamish River.

The role that vegetation plays in a variety of erosional and depositional
processes in Squamish River (and elsewhere) is discussed by Hickin (1984). Of
particular interest here is the importance of the making and breaking of log jams
to the secondary channel dynamics of the braided and wandering gravel bed
reaches of the river. In another study, Sichingabula used sequential aerial
photography to document channel boundary changes along Squamish River since the
1940's (Sichingabula, 1986). These data are summarized in a number of reach
maps showing how the channel boundaries have shifted over a period of several
decades. Some of the aerial photography used in this project was flown by the
S.F.U. Remote Sensing Unit especially for the task at hand; it is in false colour
35 mm stereoscopic format and available from the S.F.U. Department of Geography.
Fortuitously, one of these S.F.U. flights immediately preceded the 1984 October
flood and this 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 downstream of the Turbid Creek confluence. Some of these

secondary-channel changes; however, likely were conditioned by earlier debris
flows from Turbid Creek into Squamish River (Hickin and Sichingabula, 1989 and
the preceding discussion by Cruden and Lu Z-y in the same journal). .

S Process studies of flow and sediment deposition in Squamish estuary.

Hickin (1989a) differenced Bell’s Squamish River delta hydrographic charts
and subsequent soundings to 1984 and 1988 to obtain an estimate 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 x 109 kg/year). This sediment-discharge
estimate is consistent with the very limited suspended sediment data for Squamish
Estuary and associated with a mean delta progradation rate of 3.86 m/year. 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 progradation rate for this much
longer period also 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 (Rood and Hickin, 1989). Concentrations as high as 3000 mg/L of
sand can be found in boils near the delta front while at the same time ambient
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fluid suspended-sediment concentrations are an order of magnitude lower. This
work continues.

6. Aspects of plant ecology of Squamish Estuary.

Hutchinson studied wetland vegetation in a large number of Strait of
Georgia river deltas, including Squamish River delta (Hutchinson and Smythe,
1986). Working under his direction, Smythe (1987) has described various aspects
of the plant ecology of Squamish River delta, has obtained measurements of plant
growth rates, determined environmental tolerances for several plant species
(Carex lyngbei in particular), and measured surface-sedimentation rates.

FUTURE WORK

Scientists 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 suspended sediment concentrations and loads in relation to flow structures
(boils and persistent longitudinal vortices) over the tidal cycle in Squamish
Estuary. Measurements of suspended sediment concentrations are being obtained
indirectly using an optical back-scattering sensor (turbidity meter) operated
from a survey boat. It is hoped that this work will lead to the development of
a new technique for measuring suspended sediment concentration and loads in
boil-structured flows. The second study, also a continuation of Project 54
involves subsurface surveying of Squamish River delta. In addition to the
drilling of several more 15-20 m holes for direct sampling of sediment and
datable organics in the vicinity of Squamish, a ground-penetrating-radar (GPR)
survey is planned for summer 1992; The GPR survey should provide the first
high-resolution picture of the three-dimensional internal architecture of the

delta.
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ABSTRACT

A four-year field study (1988-1991), using experimental stream~tr9ughs,
quantified the nutrient contribution of sewage effluent (with particular

reference to phosphorus), from the recreational community of Whistler to the
Cheakamus River, British Columbia. Downstream fisheries and aesthetigs were
adversely affected at periphyton biomass values exceeding 2,500 pg/cm*. The

latter was experimentally determined to occur given an upstream increase in
ortho-P of 2.0 ug/L, equivalent to an increased sewage effluent discharge of
5,339 to 5,884 m’/day (based on an effluent ortho-P concentration of 200 pg/L).
Revealing the river’s limited nutrient assimilative capacity, in view of proposed
new development, resulted in a Liquid Waste Management Plan which proposed the
discharge of sewage effluent into the adjacent Squamish River. A stream-trough
study on the Squamish River was conducted in the summer of 1991 to assess how the
effluent diversion would affect water quality, especially with respect to the
development of undesirable algal growth. The latter could adversely affect fish
spawning and rearing habitat.

INTRODUCTION

With respect to the disposal of agriculture and domestic wastewaters,
society’s concern has traditionally been with public health issues. Broadening
of the term ‘health’ now encompasses the well-being of ecosystems, that is,
eutrophication of agquatic communities subjected to treated and untreated nutrient
effluents. The algal component of lotic periphyton frequently exhibits
sensitivity to nutrient ratios and concentrations (McIntire et al., 1964;
Steinman and McIntire, 1990). Since the periphyton community is an important
energy producer and subsequent energy transducer between trophic levels in lotic
ecosystems (Wetzel, 1983; Sinsabaugh et al., 1991), it has been used to
characterize aquatic health responses to anthropogenic eutrophication (Perrin et
al. 1987; Bothwell et al., 1989). Beginning in the 1980‘s a number of
whole-system studies in streams and rivers have demonstrated positive
correlations between phosphorus enrichment and increased periphyton biomass
accrual and productivity (Lock et al., 1990; Stockner and Shortreed, 1978; Elwood
et al., 1981). These and other works have demonstrated that, in coastal (and
numerous interior plateau) oligotrophic regions of the Pacific Northwest, lotic
environments exhibit phosphorus limited primary production during summer
(Stockner and Shortreed, 1985; Bothwell 1985; Bothwell, 1988).

Productive and ecotoxicological aspects of lotic periphyton have growing

relevance to water quality. Streams and rivers, especially those adjacent to
large urban centres, are important for aesthetics, recreational activities such
as fishing (spawning and rearing habitat), water supply, capacity for
assimilation of nutrients (i.e., sewage disposal), and as a sensitive,

integrating monitor of other potentially ecosystem-deforming land-use activities.
Streams are the catchment for both point and non-point anthropogenic pollutants
which also influence lake and ground water sources. Periphyton communities, by
virtue of their sedentary and sensitive nature, reflect the health of surface
waters by integrating such environmental parameters as nutrients, velocity, and
turbidity (Horner et al., 1990).

Regulatory decisions are increasingly requiring collaboration of heretofore
separate types of studies. Observational/natural studies are being designed in

conjunction with in-field laboratory experiments (e.g., using micro- or
mesocosms, split 1lakes, or streams) as a basis for modelling potential
perturbation-induced ecosystem changes (La Point and Perry, 1989). Day et al.

(}988) recommended that "biological testing and monitoring must be integrated
with chemistry in a multi-disciplinary manner when applied in hazard assessment
and regulatory control®.
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The Cheakamus River, located within one hour of Vancouver (British
Columbia’s largest metropolitan area), flows through an extensively used
recreation area highly rated for stream fishing of coho, spring salmon, and
steelhead. Since the early 1980’s public concern about the effects of algal
growth upon aesthetics and fisheries has been raised. The objective of the study
reported here was to determine whether increased, treated-sewage effluent
discharges to the upper Cheakamus 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 be made to determine the river’s limiting-nutrient and its assimilative
capacity for additional effluent.

HISTORICAL SETTING & SITE DESCRIPTION

The Resort Municipality of Whistler (RMOW) is located 125 km north of
Vancouver, approximately 50 km north of the Town of Squamish, straddling parts

of the Green and Cheakamus River catchmente basins (Fig. 1). Originating in
Cheakamus Lake, the Cheakamus River flows 11 km west to the Whistler Sewage
Treatment Plant. At this point the river receives the treated effluent, then

bends southward and joins Millar and Callaghan Creeks before flowing into Daisy
Lake. The latter, 10 km downstream of the effluent discharge, is a B.C. Hydro
reservoir from which 80% of the pre-1990 annual discharge was diverted via a 12
km tunnel under Cloudburst Mountain to the Squamish River, approximately 40 km
upstream of the Squamish Estuary. The headwaters of the LCR (from Daisy dam
downstream to the Cheakamus-Squamish confluence) 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).

The Cheakamus and Green River watersheds are characterized by high
glaciated peaks and steep valleys, typical of the Coast Mountains, whose
extensive volcanic intrusions and often phosphorus rich parent material, when
weathered, contribute higher than normal background concentrations of phosphorus
into the aquatic environment (Squamish Estuary Management Plan, 1981). The RMOW
experienced significant residential and commercial development in the early
1980's and is now used 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 continue in the immediate future. RMOW
access is via Highway 99 (which carries more summer traffic than any other
highway north of the trans-Canada highway in B.C.), which parallels the heavy
growth section of the LCR; the B.C. Rail Line also parallels this 7 km section
of the river. Heightened public concern about adverse effects on fisheries by
highly visible, extensive periphyton growth, has been directed to Fisheries
Management.

Post-1970 periphytic algal growth in the upper reaches of the Lower
Cheakamus resulted in a field study to assess the sewage effluents’ acute
toxicity, bacteriological and algal growth-enhancing effects, and aesthetic
impacts (Nordin, 1984). The result of this study was identification of a 100 m
zone of acute toxicity and aesthetic deterioration immediately below the STP
discharge. Also identified was a perception that construction of the Daisy dam
in the late 1950‘s likely enhanced LCR algal growth by stabilizing water depth,
velocity, and flow regimens.

Algal growth in the Lower Cheakamus had been determined to be marginally
below the criterion established to maintain optimal lotic water quality. Of
principal concern was whether projected dissolved ortho-phosphorus and inorganic
nitrogen increases, discharged by the RMOW STP, would aggravate downstream algal
growth. Although the STP’'s contribution was approximately 10% of riverine N and
P, it was hypothesized that marginal ortho-P increases would markedly enhance
algal production.
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STUDY OUTLINE

The 1987-1991 study objectives included establishing lotic sampling
stations on the Cheakamus River, some tributary streams, and Daisy Lake, at which
physical, chemical, and biological parameters were measured. Limnological sample
sites were located 0.5 km upstream, and 100 m and 4 km downstream of the STP; 500
m, 6 km, and 12 km downstream of Daisy dam; on Millar, Callaghan, Brandywine, and
Rubble creeks; at the STP point-of-discharge; and on Daisy Lake. In 1987, a
whole-river study was conducted to determine whether increased sewage-based
ortho-P would increase algal growth. Pickling liquor, normally added as a
phosphorus precipitator to post-secondary effluent, was temporarily omitted and
downstream ortho-P concentrations and algal production monitored.

In 1988, 16 nutrient-dosing troughs were established at the base of the
Daisy dam, within which N and P were added to correlate nutrient concentration
with algal production. These experiments were conducted in 1988, 1989, and 1991;
the 1988 and 1989 results of which are presented here.

METHODS

In-situ experimental stream-troughs were used to measure algal production
at increasing nutrient concentrations (Bothwell and Jasper, 1983; McIntire et
al., 1964). All troughs received siphoned lake water, passed once through each
trough at a flow of 1.0 L/sec; this flow is similar to that typically measured
in the LCR shallow side channels. The gravity-feed, nutrient-dosing apparatus
consisted of carboys (20 L) containing stock solutions of nitrogen (NaNO;),
phosphorus (NaHPO,), or both, in conjunction with a drip feed system (Flexiflow
gravity gavage set (Ross Co., Ohio)). Stock N 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 achieve thorough mixing prior to flowing through the
trough. Carboys were replenished weekly and drip feed rates monitored and
altered as necessary. Nutrient enhancement was based on P additions above an
average background (1.0 png/L) P and (25 pg/L) N concentration. The 19588
nutrient-dosing regimen consisted of 3.10, 1.80, 1.04, 0.70, and 0.50 upg/L P;
3.75:0.50 pMg/L N:P, and 4.25 ug/L N. These values represent the actual
concentrations added to each trough during the experiment. While slight
fluctuations in nutrient additions occurred, nutrient-dosage rates were
reasonably consistent across time. The 1989 nutrient-dosing study concentrations
were 0.40, 0.42, 0.25, 0.12, 0.08, and 0.02 pg/L P and 1.0 pg/L N. The 1991
concentration was 0.25 HUg/L P. Control troughs received only lake water.

Natural river rock had been previously collected, cleaned, dried, and
placed within the troughs. Periphyton was collected from this sampling surface
by scraping the algae from within a measured, circular area (Ertl, 1971). Every
effort was made to standardize substrata depth, solar angle, and velocity.
Growth estimates were obtained by splitting each sample volumetrically to provide
equal aliquots for measuring biomass and chlorophyll a.

Water chemistry and periphyton analyses were conducted by the British
Columbia Environmental Laboratory and Zenon Environmental Inc.; all chemistry and
periphyton analyses were conducted in accordance with procedures set out in A
Laboratory Manual for the Chemical Analysis of Water, Wastewater, Sediments and
Biological Tissues (Ministry of Environment, 1989). Low-level nutrient samples
were collected in laboratory-prepared amber glass bottles, field filtered
(apparatus prewashed in 10% hydrochloric acid), with samples measured in a
dedicated analytical "stream". Minimum detectable concentrations (MDCs) of
inorganic N and ortho-P were 5.0 and 1.0 pg/L, respectively.
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RESULTS

Since the early 1980’s the quantity of treated effluent discharged during
the months of July and August has increased approximately 400% (Fig. 2). With
the exception of a slight reduction in 1990, mean monthly effluent discharge has
steadily increased.

An aesthetics standard was established (Fig. 3) at a maximum biomass of
2,500 pg/cm?, for the LCR. The standard was determined by plotting the weekly
biomass data from 1987 to 1989 at two stations in the LCR to assess the average
biomass level during this period. In general, the average biomass was similar
to that at which public complaints were received by government agencies. The
1989 average summer biomass was 2,365 Ug/cm? (or 5.7% less than the 2,500 pg/cm?
maximum) .

Data summaries from the 1988 and 1989 trough studies are shown in Figures
4a and b, respectively. The 1988 data indicate that additional nitrogen induced
minimal increase in biomass accrual. When P was added at any concentration there
was a significant increase in production, even when combined with N. Growth in
the two 50% P additions were similar until the last sampling period, when the
treatment with N was subject to earlier than normal sloughing of the periphyton
community, as indicated by the reduction in accrued biomass. The overall trend
in the control was for biomass to increase slowly for four weeks until a more
rapid increase was observed in the last ten days of the experiment. 2ddition of
phosphorus produced the same trend; however, with each higher P addition the
slope of the accrual curve steepened, indicating an earlier onset of enhanced
production. In 1989 a significant increase in growth (relative to that of the
control) occurred at a P concentration of 8% above background. Significantly
less biomass had developed by late August 1989 than had occurred in the previous
year.

The trough data showed that a 13% biomass increase could result from a 0.5%
increase in background ortho-P concentration. Based upon Cheakamus River water
chemistry data, it was known that Upper Cheakamus River ortho-P concentrations
(immediately above Daisy Lake and below Brandywine Creek (Fig. 1)) were

approximately 4 times the values observed at the dam. (The remaining 75% is
thought to be retained within the sediment load which settles out within the
lake.) The Upper Cheakamus ortho-P values, at a position in the river closest

to Daisy Lake, are approximately 42% of the values measured immediately below the
STP discharge. Based upon this downstream ortho-P gradient, a 0.25% ortho-P
increase at the dam site would be equivalent to a 2.35% ortho-P increase
immediately downstream of the STP discharge. The average summer (1989) effluent
discharge of 5,339 m’/day received an average 670:1 dilution with river water,
based upon an average summer flow calculated on river flows from the 1924-48 and
1982-88 period (Water Survey of Canada). The average ortho-P concentration of
the 1989 effluent was 200 WMg/L, while the average background ortho-P
concentration was 1.0 pg/L. Therefore, for the latter effluent quality to effect
an increase in riverine ortho-P by 2.35%, effluent discharge would need to be
increased by approximately 10.2%. The linkage between the permissible biomass
maximum in the Lower Cheakamus (as a result of increased P upstream) and
discharge of treated effluent from the STP is characterized in Figure 2. Thus,
should effluent discharge (at a P of 200 pg/L) exceed 5,884 m’/day, the
downstream assimilative capacity would be surpassed; these flows were achieved
in 1991 (Fig. 2).

DISCUSSION AND CONCLUSIONS

The sensitivity of many coastal British Columbia lotic and lentic habitats
to phosphorus-based eutrophication has been well documented (Stockner and
Shortreed 1978; Shortreed et al., 1984; Perrin et al., 1984 and 1987; Mundie et
al., 1991). Bothwell et al., (1989) demonstrated the sensitivity of the Thompson
River periphyton community to phosphorus-mediated eutrophication. The 1988-1989



54

data reported here confirm these authors’ findings, of lotic periphyton
sensitivity to ortho-P, for the Cheakamus River.

The 1988 stream-trough data were too robust to permit the accurate
quantitative assessment of the LCR’s assimilative capacity for ortho-P. These
data indicated that the sensitivity of this portion of the river to ortho-P was
significantly less than the lowest concentration used (0.5 pg/L) and were the
latter concentration to occur in the Lower Cheakamus, growth would substantially
exceed maximum permissible criteria for the maintenance of water and habitat
quality. It is suggested here that maximum acceptable increases are best
discussed in terms of percent addition over background, rather than as absolute
increase in algal production, since additional algal growth could partially mask
ortho-P concentration elevations by increased P uptake. Thus, further study was
required to assess algal production at below detectable ortho-P concentrations,
which would not exceed acceptable values.

The 1989 study explored algal production at ortho-P concentrations below
0.5 pg/L (Fig. 4b). Given the consistent correlation between increases in
ortho-P and biomass, it was possible to estimate proposed nutrient loading and
assimilation rates, based upon biomass accrual. Provincial Fisheries Management
staff have indicated 1989 LCR algal production was approaching that which could
significantly alter or reduce fry habitat in shallow river margins and side
channels; this value was also aesthetically undesirable (Fig. 3). A preliminary
assessment of periphyton community structure indicates the upper Cheakamus River
(above and below the STP) is diatom dominated with minimal chlorophyte canopy
development. The 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 contributor to periphyton
biomass. A detailed assessment of periphyton community structure, including
diversity, is being conducted. Macroinvertebrate biomass in 1987 in the upper
Cheakamus (downstream of the STP) ranged from approximately 100 to 670 mg dry
weight per 0.45 m® (to a depth of 0.05 m) compared to lower Cheakamus values of
approximately 40 to 300 mg. Although not presented here, data on the seasonal
changes in dissolved P, N, total dissolved solids, selected conservative ions,
velocity, light, dissolved oxygen, turbidity, temperature, bacteriology, and
periphyton biomass (AFDM and chlorophyll) are being analyzed to permit an
improved understanding of periphyton dynamics in the river.

The considerable differences in periphyton community function and structure
between the upper and lower Cheakamus are thought to result from hydrological
changes effected by the dam and the diversion a major portion of Cheakamus River/
Daisy Reservoir surface water into the Squamish River. The principal flow from
the reservoir into the lower Cheakamus occurs through a deep water discharge at
the base of the dam. These hydraulic alterations reduce and stabilize water flow
in the LCR resulting in increased temperature and reduced episodic scouring.
They also cause the reservoir to function as a sediment trap and barrier to
surface macroinvertebrate dispersal. The latter results in decreased grazing of
periphyton and the former in decreased turbidity, which in turn increases
photosynthesis and water temperature in the LCR. Also, the deepwater discharge
to the lower Cheakamus River is known to contain an elevated nutrient supply,
contributing to increased LCR algal growth. Unfortunately, minimal research has
been undertaken to elucidate the effects of lake circulation patterns, drawdown
procedures (and associated sediment/water column nutrient flux), dissolved ion
and glacial flour interactions, plankton uptake, internal nutrient recycling, and
sequestering of nutrients into the sediments, on periphyton dynamics in the lower
Cheakamus.

As a result of the demonstrable LCR eutrophication which would result from
additional ortho-P increases, a Liquid Waste Management Plan (LWMP) was adopted
which sought to eliminate the STP discharge of ortho-P into the Cheakamus River.
This would be accomplished through the construction of a pipeline adjacent to
Highway 99 (beginning at the STP and ending at the B.C. Hydro tunnel) which would
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transport treated effluent from the STP to the Hydro penstocks (Fig. 1). The
effluent would be diverted directly into the Squamish River, thereby avoiding any
STP-based nutrient loading of the Cheakamus River. It was postulated that
because of the high turbidity and larger flows in the Squamish River, that the
additional nutrients entering the Squamish would not create a potential algal
production problem. Since nothing is known about the structure and function of
Squamish River periphyton communities, or how the attributes of these communities
would respond to nutrient additions, a program of study similar to that conducted
on the Cheakamus River was initiated in the summer of 1991. Sample sites
upstream, within the tailrace of the Hydro-generating station, and downstream of
the latter’s confluence with the main river channel were established.
Physico-chemical and periphyton production data were collected to establish
background trends. A stream-trough facility was constructed below the tailrace
and a nutrient-dosing study conducted. Preliminary findings indicate that the
summer of 1991 was non-typical both climatically and hydrologically. In
particular, it would appear that the necessary overlap between a “climatic
window* and a *"hydrologic window", within which environmental conditions would
be favourable for periphyton productivity, did not occur. Thus, although the
1991 river and stream-trough data for the Cheakamus indicate similar growth
patterns to previous years (1987-1990), growth patterns in the Squamish were
significantly atypical to those which would likely have occurred.

Although not presented here, our data show that downstream, dam-modified,
environmental parameters affected algal production through i) post-freshet,
nutrient rich, deep-lake discharges to the Lower Cheakamus (Marsden, 1989): ii)
clear water discharge whose reduced turbidity resulted in higher Secchi depth

values (Horner et al., 1990); and, iii) discontinued downstream drift of macro
invertebrates, thereby reducing grazer stress on periphyton biomass accrual
(Steinman et al., 1987). The LCR's extensive shallow sidechannel zones (Biggs

and Close, 1989), with minimal riparian canopy, provide optimal habitat for
enhanced periphyton growth. These shallows thus minimize both velocity (Antoine
and Benson-Evans, 1982) and flow (Whitford, 1960) and maximize irradiance,
important considerations in periphyton community development (Hill and Harvey,
1990) . Riber and Wetzel (1987), studying boundary layer and internal diffusion
effects on phosphorus fluxes in periphyton, suggested that, while internal
nutrient cycling will sustain periphyton communities, net accumulation of biomass
requires episodic P additions.
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SUMMARY OF RESULTS

Forest harvesting in the Howe Sound drainage has converted extensive areas
of old-growth Coastal Western Hemlock forest into a mixture of recent clearcuts
and second-growth forests ranging from 10 to 100 years of age. There 1is
increasing public concern that many wildlife species are dependent on old-growth
forests and that harvesting of these forests is reducing biological diversity in
coastal British Columbia.

We have been studying the abundance and diversity of vertebrate species in
old-growth forests, second-growth forests and clearcuts on the south coast of
British Columbia. Forest birds were counted during the breeding season by
recording birds heard singing within 75 m of census points. Small mammals and
salamanders were captured using a variety of traps. Special survey techniques
were used for marbled murrelets and spotted owls. In this paper, we provide
information on the species for which we have collected sufficient data to
formulate conclusions.

Some species, such as montane shrews, deermice and Ensatina salamanders are
common and ubiquitous in all forest types (Tables 1 and 2). Other species of
small mammals and birds are most abundant in clearcuts. It is likely that
populations of species that prefer early seral habitats, such has long-tailed
voles, juncos and MacGillivray’s warblers, have increased in response to forest
harvesting.

Other wildlife species live primarily in forest habitats but many are
present in similar numbers in old-growth and 40-80 year old second-growth stands.
For species such as Golden-crowned kinglets and Townsend’s warblers that feed on
foliage insects and build their nests in the branches of trees, second-growth
forests and old-growth forests apparently provide similar habitat values.

Forest bird species such as woodpeckers, creepers 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 species appear to be more
abundant in old-growth stands, presumably due to a greater abundance of snags
(Seip and Savard 1991).

Current forest harvesting methods and intensive silvicultural treatments,
such as spacing and thinning, may not produce second-growth forests that are
comparable to the second-growth stands resulting from logging and forest
management practices of 40-80 years ago. In the past, low value trees were often
left unharvested and the naturally regenerating forests were not spaced or
thinned. It is likely that more recent forest harvesting and management
practices will not produce second-growth forests that provide abundant snags.
Consequently, there is increasing interest in implementing modified harvesting
and silvicultural practices that provide snags and other wildlife habitat
attributes in second-growth stands.

Although most vertebrate species appear to be able to live in clearcuts or
second-growth forests, there are at least two species, the spotted owl and the
marbled murrelet, that appear to be dependent on old-growth coastal forests. Old-
growth Douglas-fir forests on south-facing slopes also provide the best winter
range for black-tailed deer during severe winters.

Extensive research in Oregon, Washington, and northern California has
demonstrated that spotted owls live almost exclusively in old-growth forests
(Thomas et al., 1990). Spotted owls are classified as an endangered species in
Canada. The historic range of spotted owls in Canada was limited to the southwest
corner of British Columbia and barely extended into the Howe Sound area. Past
logging has eliminated most of the old-growth forest along the shores of Howe
Sound so any spotted owls that may have lived there were eliminated long ago.
Recent surveys have failed to find any of these birds in remaining old-growth
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forests in the Squamish River watershed. Almost all of the spotted owls
remaining in British Columbia are in the Fraser Valley and lower Fraser canyon.

The marbled murrelet is a seabird that feeds and spends most of the year
at sea but in summer nests on mossy platforms in the branches of large conifer
trees along the coast. Although nests are very difficult to locate, marbled
murrelets can be detected in the early morning hours during the breeding season
as they fly from the nest to the sea. Detection rates are much greater in areas
with old-growth forest, which suggests that marbled murrelets nest primarily or
exclusively in this habitat. Although marbled murrelets are currently abundant,
with an estimated population of 45,000 birds in B.C., they are classified as a
threatened species because the continued harvesting of old-growth forests may
endanger the species in the future (Rodway, 1990) -

Marbled murrelets are present on the water in Howe Sound but to date, no
surveys have been conducted in the surrounding forests. Marbled murrelets have
been detected in old-growth stands in the nearby Capilano Valley and those birds
may feed in the waters of Howe Sound.

FOREST MANAGEMENT IMPLICATIONS

Most forest-dwelling wildlife species in the Howe Sound area can probably
be maintained in second-growth forests if those forests are managed to provide
important wildlife habitat attributes. However, there is a need to protect some
old-growth forests in the watershed if all native species are to be maintained.
Important deer winter ranges and marbled murrelet 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 diverse mix
of wildlife species. Extensive, progressive clearcuts do not produce a good

mixture of habitat types.

Modified harvesting and silvicultural practices that provide important
wildlife habitat characteristics, especially snags, in second-growth forests are
likely required if those forests are to provide good 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 thinning would
enhance wildlife habitat characteristics in second-growth stands.
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Table 1. Breeding birds detected in coastal forests on the South Coast, B.C.
old 40-80
Growth Year 014 Clearcuts
MacGillivray'®’s warbler .
Orange-crowned warbler ®
Dark-eyed junco . . 0
Swainson's thrush - . °

Winter wren

Pacific slope flycatcher
Townsend's warbler
Chestnut-backed chickadee

Golden-crowned kinglet

LR B 2 2B 2B o
> @ S S & &>

Red-breasted sapsucker

Hairy woodpecker * *
Brown creeper ® *
Red-breasted nuthatch * .
Varied thrush ‘ .
Spotted owl w
Marbled murrelet *
* present

common

Table 2. Small mammals and amphibians captured in coastal forests on the
South Coast, B.C
ola 40-80
Growth Year Old Clearcut

Montane shrew ’ . ‘
Cinereus shrew ‘ . .
Wandering shrew * *
Shrewmole * - ®
Deexrmouse ‘ 0 .
Jumping mouse * . ®
Long-tailed vole * 0
Red-backed vole * ' «
Chipmunk ’
Douglas squirrel ¢ ¢ *
Flying squirrel @ ’
Short-tailed weasel * * @
Ensatina salamander 0 ‘ ’
Red-backed salamander * * "
* present

¢ common
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INTRODUCTION

In this paper we review the current status of salmon populations and their
habitats in Howe Sound and rivers draining into the fjord. Before closure of
commercial fishing in Howe Sound in 1968, the Sound was a major harvest area for
salmon, particularly for chum, pink, and chinook salmon (Anon, 1980). Since
1963, salmon produced in rivers flowing into the Sound are taken in net and troll
fisheries outside the fjord, including U.S. waters. Recreational fishing for
salmon is still pursued in the Sound and freshwater sportsfishing for steelhead
and trout is important in the watershed. In 1957 a limit (two fish per day) was
placed on chinook salmon caught by sports fishing in the inner part of the Sound
in July and August. In more recent years this has been extended to a complete
closure for chinook salmon sports fishing in summer and fall in the inner Sound.
Because of the depressed condition of the chinook salmon stocks of the Squamish
River we have provided a detailed review of their population dynamics and
recommendations for research to improve knowledge on this topic.

DISTRIBUTION OF SALMONIDS IN HOWE SOUND BASIN

Chum salmon (Oncorhynchus keta): Chum salmon have been reported as
spawners in almost all the rivers and creeks draining into Howe Sound, except
those with very steep gradients near their mouths (Fig. 1). An exception is
Britannia Creek where acidic water draining from copper deposits has apparently
prevented colonization by fish (Broughton, 1992). Since 1984, spawning chum
salmon have been reported from Mill Creek, at Woodfibre, where they were
previously excluded due to pulp mill pollution (F. Vosey, DFO., pers. comm.,
November 1991). The majority of chum salmon using Howe Sound basin spawn in the
lower reaches of the Squamish River and its tributaries. Chum fry use the
Squamish Estuary as a rearing area (Goodman and Vroom, 1972; Kask and Parker,
1972; Levy and Levings, 1978; Ryall and Levings, 1987) and have been reported
using foreshore habitat near the mouth of the Rainy River (Birtwell and Harbo,
1980) .

Coho salmon (Oncorhyvnchus kisutch): spawning coho salmon have been reported
from streams draining directly into Howe Sound (Fig. 1). In the Sguamish River
system, spawning coho have been reported from a number of tributaries, including
some on the upper reaches such as Shovelnose Creek (Argue and Wilson, 1978). Coho
salmon fry rear in freshwater for at least one year and there is evidence from
Howe Sound that this species also uses the estuary in the fry and smolt stages.
Argue and Armstrong (1977) and Clark (1981) reported that the Little Stawamus
River and several tributaries to the Cheakamus, Squamish, and Mamquam Rivers were
major rearing areas for coho salmon fry. The Squamish River Estuary has also been
reported as a rearing area for coho salmon fry (Ryall and Levings, 1987) and
smolts (Levy and Levings, 1978; Kask and Parker, 1972).

Pink salmon (Oncorhynchus gorbuscha): Spawning pink salmon were abundant
in past years in the Squamish River but now are scarce. Clark (1981) reported
adult pink salmon from four tributaries, in addition to the mainstem river. Pink
salmon were also reported from the Rainy River and McNab Creek (Knapp and Cairns,
1978): Pink salmon move to the sea almost immediately after emergence and do not
rear in estuaries.

Chinook salmon (Oncorhynchus tshawvtscha) : Chinook salmon spawn throughout
the Squamish River, especially in the mainstem river above the confluence with
Ashlu River and in the Cheakamus River above Culliton Creek. However spawning
adults have also been reported from several other tributaries, including the
Mamguam River where adults originating from a net pen rearing facility at Porteau
Cove operated by the Salmonid Enhancement Program were observed in autumn 1990
(C. West., DFO., pers. comm., November 1991). Juvenile chinook salmon have been
observed in the Squamish River in autumn (Clark, 1987) and these fish were
probably about to begin winter rearing. Juvenile chinook salmon have also been
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found in the Squamish Estuary during late spring and summer (Levy and Levings,
1978) .

Sockeye salmon (Oncorhynchus nerka): There are a few observations of adult
sockeye salmon in the Cheakamus River (DFO, 1988). If sockeye salmon are present
in the Squamish River watershed this species would be rearing in the river as
there are no major lakes in this system.

Steelhead and rainbow trout (Oncorhynchus mykiss): Steelhead are widely
distributed in the Squamish River watershed and have been reported as juveniles
or adults in 28 tributaries as well as the mainstem Squamish River. Steelhead
also use the Little Stawamus River (Clark, 1981). Rainbow trout have been stocked
in many of the lakes of the Squamish River watershed. Rainbow trout have been
reported from 14 tributary streams in addition to the mainstem Squamish River
(Hartman and Gill, 1968; Clark, 1981). Steelhead have also been reported from the
following streams on the west side of Howe Sound: Potlatch Creek, McNab Creek,
Rainy River, McNair Creek, Dakota Creek, and Langdale Creek (DFO, 1991)

Cutthroat trout (Oncorhynchus clarkii clarkii): Cutthroat trout have been
reported from 16 streams in the Squamish River drainage basin as well as the
mainstem Squamish River (Hartman and Gill, 1968; Argue and Armstrong, 1977;
Clark, 1981). The presence of cutthroat trout has been noted in almost all the
small streams on the west side of Howe Sound and on Bowen and Gambier Islands.
(DFO, 1989 and 1991). The fish observed were probably a mixture of resident and
anadromous forms of cutthroat trout. The anadromous form has been reported from
the Squamish Estuary (Levy and Levings, 1978). Spawning cutthroat trout have been
observed in 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 Squamish River. Dolly Varden are
found throughout the length of the Squamish River, including the upper reaches
of the river not utilized by other salmonids. This species has also been reported
from Potlatch Creek and Rainy River, on the west side of Howe Sound (DFO, 1991)
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 (Salvelinus fontinalis): Eastern brook trout have been
introduced to certain lakes in the Squamish River watershed (B. Clark, B.C.
Ministry of Environment, Lands and Parks, pers. comm., October 1991). Josephine
Creek, on Bowen Island, was also reported to support a population of this species
(Anon, 1980).

STATUS OF KNOWLEDGE OF HABITAT CONDITIONS

SPAWNING HABITATS

Few specific data are available on the amount, availability, and condition
of the natural spawning habitats for any of the salmonids in the Squamish River
watershed or the smaller drainage basins on Howe Sound. For example, the Stream
Summary Catalogue for the Squamish River (DFO, 1988) only provides general
information on spawning areas in the Squamish River basin. This catalogue also
provides observations or anecdotal information on the type of disruption that
might be affecting freshwater habitats. The most frequently mentioned disruptive
influences include gravel removal, urban development (e.g., housing), linear
development (especially dyking in the lower reaches of the Squamish and Mamquam
Rivers, but also road, railway, pipeline, and powerlines), flow diversions, and

logging.
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Some quantitative data on steelhead spawning habitat in the Sgquamish River
are available. Clark (1988) stated that Reach 3 (19 km reach between the
confluence with Ashlu Creek and the "32 mile rapids") contained the majority of
the habitat suitable for steelhead spawning and rearing in the mainstem Squamish

River.

One of the problems for salmon spawning may be on the Cheakamus River,
where diversion of water from Daisy Lake through a hydroelectric facility has
modified the mean flow and the range of flows. The flow modifications are thought
to have major effects on spawning success and egg survival for chinook salmon
which spawn in the lower Cheakamus (Hirst, 1991) but detailed data are not
available on this topic. Fall and winter freshets in the Squamish River, which
are thought to be more frequent and intense in recent years, may affect chinook
salmon spawning habitats in the mainstem river. Chum and coho salmon tend to use
tributaries and side channels as spawning areas.

Spawning channels have been developed by the Salmonid Enhancement Program
(SEP) in the lower Squamish and Mamquam Rivers. Approximately 15,000 m* of
spawning habitat were developed by modification of existing gravel or by
importing graded gravel (Bonnell, 1991). These channels were built to enhance
chum production but are also being used by coho salmon (Bonnell, 1991).
Incubation boxes were built to increase coho salmon production on a number of
smaller systems within the Howe Sound watershed.

The Rainy River was dammed in the early 1900’s for water storage for the
Port Mellon pulp mill which created a migration block for coho and chum salmon.
A fishway was built on the river. Urbanization has affected spawning habitat on
some of the small creeks on the west side of Howe Sound (e.g., Langdale Creek)
but most of these systems have supported small spawning populations of chum
salmon in recent years (Gould et al., 1991).

REARING HABITATS

A. Freshwater Rearing Habitats

A few gquantitative studies on fry rearing habitat for coho salmon and
steelhead have been conducted in the Squamish River watershed but almost no
information is available for the other species of salmonids. As mentioned above,
the Stream Summary Catalogue (DFO, 1988) provided anecdotal information on
freshwater disruption that might be affecting freshwater rearing of juvenile
salmon.

Based on electrofishing surveys in October in several habitat types within
Reach 3 of the Squamish River, Clark (1988) found that the abundance of salmon
fry varied between habitats (Fig. 2). Steelhead and coho salmon fry were most
abundant in tributaries and groundwater-fed side channels, whereas chinook salmon
fry were more numerous in mainstem habitat downstream of the canyon near the
confluence with the Elaho River. In the mainstem above the canyon, Dolly Varden
char and steelhead were the only species caught. Clark (1988) observed that
steelhead fry from groundwater-fed sites off the main channel were larger than
those using the mainstem and inferred the former habitats were more productive.
Although the groundwater-fed channels comprised only 7% of the available habitat,
they were thought to producing 57% of the steelhead fry from Reach 3. Steelhead
fry were found to be the most abundant salmonid in a 16 km reach of the mainstem
Cheakamus River below Daisy Lake in October 1988 (Clark, 1989). Mean density
(number/100m?) over 7 sites was as follows: steelhead - 164; coho salmon fry -
16; chinook fry - 2; and Dolly Varden - < 1.

Quantitative data on the density of coho salmon smolts that were produced
from fry reared in streams were obtained by Argue and Armstrong (1977) in three
areas near Sqguamish. The mean density of coho salmon smolts in the Little
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Stawamus River was 54 fish 100/m; in Meigan Creek, 44 fish 100/m*; and in
Tenderfoot Creek (including Mosley Lake), 59 fish 100/m?. Argue and Armstrong
(1977) concluded that the three systems they studied, especially Tenderfoot Creek
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, sampling in the intertidal portion (Goodman and Vroom, 1972) and
offshore at the mouth of the Sguamish River (Kask and Parker, 1972) showed that
the estuary was used extensively as rearing habitat for young salmon. Later
studies showed the salmon fry and smolts were dependent on invertebrate food such
as amphipods, mysids, and insect larvae (Levy and Levings, 1978; Ryall and
Levings, 1987) which in turn relied on detritus from the sedge plants that
dominate the flora of the estuary. The abundance, timing, and growth patterns of
salmon fry using the estuary were closely related to the patterns of plant and
invertebrate production. Levings and Moody (1976) described levels of primary
production in the sedge marshes (Carex lyngbvei) which dominate the intertidal
zone of the estuary. Stanhope and Levings (1985) described secondary production
of an amphipod, one of the key invertebrates used by juvenile salmon in the
estuary.

Loss of estuarine habitat began in the Squamish Estuary near the turn of
the century when the settlers built dykes to protect their homes and farms from
flooding (Deans, 1992). Since then, landfilling, port construction, and log
storage have alienated further areas of rearing habitat. According to maps
prepared by the B.C. Ministry of Environment based on aerial photos from 1976
(Anon, 1980), approximately 26.4% (2,545.7 ha from 9,636.9 ha) of the
backshore/lowland and intertidal areas within the estuary boundaries were
considered disturbed or developed.

Judging from research conducted in the 1970’'s and 1980’'s, water quality
degradation due to disposal of pulp mill effluent discharged into the intertidal
zone at Port Mellon was implicated in behavioural and physiological changes of
juvenile salmon using littoral habitats for rearing (e.g., Birtwell and
Kruzynski, 1989; Davis and Mason, 1973). Effluent from both the Port Mellon and
the Woodfibre pulp mills is now discharged well below the surface (Swain et al.,
1992; Rempel, 1992) which is thought to be less hazardous for salmon. Use of
shorelines by juvenile salmon in Howe Sound has not been adequately researched
but is likely to be significant. For example, Birtwell and Harbo (1980) found
that juvenile chum salmon were the most abundant salmonids in beach seining
surveys on Thornbrough Channel. Shorelines have been permanently disrupted by
disposal of mine tailings at Britannia Beach, acid rock drainage at the mouth of
Britannia Creek and dock construction at several other locations (Levings and
McDaniel, 1976).

STATUS OF KNOWLEDGE: CHINOOK STOCK DYNAMICS

In theory, assessment of a salmon population involves determining the rate
of adult returns from fish reproducing (spawners) in the previous generation,
determining the desired number of spawners to maximize annual returns (the
management goal), and comparing the present number of spawners with this goal.
The Ricker production curve (Ricker, 1954), commonly applied in managing Pacific
salmon, is exemplified in Figure 3. In this figure, lines B and C represent two
production curves (adult returns per spawner); line B having higher productivity
(i1.e., greater returns per spawner at low spawning numbers). Line A is referred
to as the replacement line where the adult returns only equal the number of
spawners. The greatest difference between line A and lines B or C (line segments
D and E, respectively) estimates the maximum catch allowable while maintaining
the desired number of spawners. The number of spawners which maximizes the
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allowable catch is called the optimum number of spawners and is the management
goal. A population with high productivity has greater allowable catch at a lower
optimal number of spawners; indicating that the population can sustain a higher
exploitation rate than a less productive population. Ideally, a management
agency would determine such productivity curves for each salmon population
thereby maximizing the total available catch if each population could be
harvested separately (Ricker, 1958). However, in actuality, we seldom have the
data necessary to accurately estimate these curves because the catch of each
population is wunknown and the number of spawners difficult to estimate.
Consequently, management of most salmon populations assumes the above theory but
assessment frequently depends on the trends in escapement estimates, and
comparing recent escapements to the management goals. Further, these goals are
seldom based on production curves but may be based on habitat capacity or simply
be interim management goals established to protect a population while
biologically-based goals can be determined.

Assessment of Squamish River chinook is uncertain because the vast majority
of the adult returns are caught in large mixed-stock fisheries and because the
visual estimation of spawners is highly unreliable in the glacially turbid water.
However, visual estimates of spawners may be a consistent index of escapement
trends (Healey, 1982). Consequently, the marked decline in spawning escapement
of Squamish chinook (Fig. 4) is considered strong evidence that chinook
production is very depressed; present escapements being less than 10% of pre-1970
levels. Recoveries of coded-wire tagged chinook (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 chinook cohorts
from the 1981 through 1984 brood years. The average distribution is
unweighed between brood years and represents the distribution over
ages 2 through 5.

Fishery % of Total Catch
Strait of Georgia Sport 39.0%
North & Central B.C. Nets 23.4%
Alaskan Troll, Net, Sport 12.6%
North & Central B.C. Sport 9.5%
North & Central B.C. Troll 6.4%
Strait of Georgia Troll 4.4%
Southern B.C. Nets 3.4%
Northern Washington State Nets 1.0%
West Coast Vancouver Island Troll 0.2%

Results from this tagging indicate that Squamish chinook differ from other
local chinocok populations (for example Cowichan, Nanaimo, or Big Qualicum
chinook) in that a larger portion of the Squamish population migrate outside of
the Strait of Georgia at an earlier age. Over 50% of the age 2 recoveries from
these brood years were from northern and central B.C. net fisheries, whereas the
?ajority of the other populations are recovered in the Strait of Georgia sport

ishery.

Future chinook returns may be assisted by the increase in chinook released
from the Tenderfoot Hatchery on Cheakamus River but significant returns from the
hatchery releases have not yet been observed. Hatchery expansion in the mid-
1980’s increased chinook releases from approximately 200,000 to over 1 million
annually (Fig. 6). Further, the implementation of sea-pen rearing of chinook
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smolts, commencing with the 1987 brood year, seems to be improving the survival
rate of these smolts.

Prognosis for Rebuilding Chinook Production

Efforts to control exploitation of Squamish chinook have been undertaken
since 1968 when Statistical Area 28 (including Howe Sound) was closed to
commercial fishing for all salmon. In the early 1980's sport fishing for chinook
was also closed, and since 1985 two additional programs have been implemented to
rebuild chinook escapements. These programs follow from the coast-wide chinook
rebuilding program implemented by the Pacific Salmon Treaty (Pacific Salmon
Commission, 1986) and the 1988 chinook conservation program implemented by the
Department of Fisheries and Oceans. The objective of the former program was to
reduce the brood year exploitation rate on chinook salmon by 15 percentage points
through catch limitations in ocean troll, ocean sport, and northern net
fisheries, and harvest rate limitations in southern B.C. net fisheries. The
latter program was specifically targeted at reducing the harvest rates in the
principal fisheries exploiting chinook salmon originating from the southern
portion of the Strait of Georgia. For both of these programs, an interim
spawning escapement goal was established as twice the average escapement during
the 1979-1982 period. The rebuilding goal is consistent with a Departmental
policy decision which recognized the limitations of our biological information
but the need for fishery management objectives. For most chinook populations in
British Columbia, doubling the 1979-1982 average escapements resulted in a goal
below previously observed escapements, but doubling was considered to be a large
enough change in escapements that the resulting production could be assessed.
Unfortunately, spawning escapements since 1985 have not increased as anticipated
(Fig. 7).

In Figure 7, the estimated number of spawners (line with open squares) are
the same values as in Figure 4, but the total return includes the spawning
escapement plus the catch by Native peoples and chinook removed from the natural
spawning populations for brood stock in the hatchery. The expanding difference
between these lines indicates greater recent removals as the Native catch and
brood stock requirements increased. The dashed straight line at 6,860 spawners
is the management goal and, under the Pacific Salmon Treaty, was to be achieved
by 1998. The straight dotted line from the base period (1979-1982) average
escapement in 1984 to 6,680 spawners in 1998 is simply a linear approximation to
the rebuilding rate required to achieve the goal by 1998. It is immediately
obvious that since 1985 the number of spawners has not progressed towards the
escapement goal.

Achieving the aggregate escapement goal for chinook in the lower Strait of
Georgia (aggregate goal for the Nanaimo, Cowichan, and Squamish river chinook)
is a requirement in the Pacific Salmon Treaty. However, to achieve the goal will
require a substantial increase in the Squamish chinook escapement, possibly not
to its goal but certainly above recent levels. This may be accomplished by
relying on hatchery returns since the facility has 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 socio-economic
implications particularly in the Strait of Georgia. Within the Strait,
recreational fishing alone is estimated to generate $0.5 billion per year and
involve over 400,000 persons (Price Waterhouse, 1990). It 1is, therefore,
essential to investigate all possible explanations to the lack of rebuilding
before further management actions are implemented. Explanations may include
escapement estimation procedures that are simply insensitive to changes in small
population sizes (recent escapements being less than 1,000 chinook), or more
complex problems such as habitat alterations that have reduced the productive
capacity for chinook salmon in the Squamish River. Habitat change 1is an
important consideration since productive capacity and exploitation rates are
inter-related. For example, in Figure 3, if curve B was the original production
curve for Squamish chinook but productivity was reduced (curve C) due to habitat
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changes, then fishing plans resulting in exploitation rates sustainable by curve
B would over exploit a population represented by curve C. The result would be
that the population size of the lower productivity population would stabilize at
a value below the optimum and the population would not rebuild because of
insufficient numbers of spawners.

Salmon habitat in the Squamish river (recurrent major floods, altered flow

in the Cheakamus River, logging, etc.) and the estuary has been lost or
disturbed. Consequently, an important assessment issue is to differentiate
habitat and exploitation causes of the continued low spawning escapement. A

multi-disciplinary and agency approach to such a large scale project may be the
only way to initiate the required studies 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 southern B.C. and could be an
invaluable resource if rebuilt to previous abundances.
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Figure 1. Map of Howe Sound showing some creeks and rivers used by salmonids.
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Figure 2. Percentage abundance (numerical data) of juvenile chinook, coho,

steelhead, and Dolly Varden in various habitats at Reach 3 in the
Squamish River (From Clark, 1988).
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Numbers of Spawners (Thousands)
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Figure 4. Annual number of chinook salmon reported to reproduce (number of
spawners) in the Squamish River (including all tributaries), and a
9-point moving average to smooth the annual variability. Nine years
was selected because of the multiple ages at spawning in chinook
(usually over 3 major age classes) and the age-at-maturation in this
stock (up to 6 years).
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Figure 6. Numbers of Chinook smolts (underyearlings), Coho smolts (yearlings),
and Steelhead fed fry released from the Tenderfoot Hatchery.
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Figure 7. Numbers of chinook spawning (Obser. spawners) and total chinook
return to the Squamish River (Obser. total ret.) since 1975, and a
linear approximation to the rebuilding schedule required to comply
with the chinook rebuilding program in the Pacific Salmon Treaty.



82



SQUAMISH ESTUARY MANAGEMENT PLAN: HISTORY AND CURRENT STATUS

by

D.L. Deans

Head, Habitat Management Division
Fisheries and Oceans
555 West Hastings Street
Vancouver, B.C.

V6B 5G3

83



84

BACKGROUND

Ever since the white man landed at the mouth of the Squamish River, there
have been incursions in the Sguamish estuary. Some of the types of economic
activity which put pressure on the estuary over the past 100 years or so include
log storage, deep sea port development, industrial activities, flood protection,
and many small foreshore developments. These types of projects are still being
dealt with by habitat managers today.

In the early years, development of estuary lands was seen as a necessity.
In later years, development activity was met with a growing determination to
protect the natural estuary values. The most recent significant alteration of the
estuary occurred between 1968 and 1972 when the Squamish Terminals and B.C.Rail’'s
"Training Wall" (Fig. 1) with its infamous "dredge spoil site" were constructed
without a great deal of successful opposition.

However, more recently stronger environmental legislation has been passed
by government and regulations and guidelines have become factors to be dealt
with. This has led to the development of the Squamish Estuary Management Plan.

THE PLAN

In May 1979 the federal and provincial governments announced their
intention to establish the Squamish Estuary Management Plan. The Plan was to be
a decision making framework for determining the best use for the lands and waters
of the Estuary. The process was to have its foundations in the results of four
technical reviews. These were: air and water gquality, land and water use,
recreation, and habitat. The technical documents reviewed the current situation
and contained recommendations for managing activities which fell under their
purview.

The proposed Plan was to have several key features:

B an environmental review process

= public involvement

= an amending process that could involve Ministers

- all approving agencies were to be involved

= major property owners were to be part of the process

= area designations were to be used to identify expectations for the
entire estuary

In 1982 the Plan was completed and, while some might say that it was never
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 is managed by the Squamish Estuary Coordinating Committee (SECC) with
the support of a technical sub-committee called the Squamish Estuary
Environmental Assessment Committee (SEEAC). The land and water covered under the
plan is called the "Estuary Study Area" (Fig. 1). All work proposed for the
study area must be reviewed by these two committees. At the request of SECC,
SEEAC reviews each proposal and works with the proponents to ensure that all
impacts are properly considered. Their recommendations are presented to SECC who
then give the proposal its approval or denial.

This process is similar to those now used in the other project review
processes in the British Columbia, under federal or provincial legislation.
There is, however, one minor difference.
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As mentioned above, the guides used in the Plan are the “Area
Designations*. As shown in Figure 1, the estuary has been divided into three
categories: Conservation, Planning and Assessment, and Industrial/Commercial.
These designations establish the expectations for the usage of habitats with
differing values. The designations provide the foundation for the decisions made
by people using the Plan.

A unique 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.
This membership provides the ingredients for "Environmentally Sustainable
Development®. The Committee, therefore, could well represent the first, if not
the only, environmentally sustainable development process in the province. In the
SECC forum, all of the objectives 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 development. Information is 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.

Examples of proposals reviewed

The following describes three examples of actions taken as a result of the SECC.
They have been chosen because they represent three different directions the
Committee has taken.

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

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

2. The Squamish Terminal Expansion (Fig. 1):

“ The proposal was rejected and the company was
encouraged to redefine the way in which products were handled
and stored.

- Improved procedures for handling material were implemented and
expansion was not needed.

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

- A decision was made to allow the site to be filled.
Subsequently, because of difficulties after the fill was
placed, a fund of $30,000 was established to restore habitats
on the west side of the central delta, designated as
Conservation. The restoration action is still outstanding
because the owner of the land refused to allow the habitats to
be restored.

Recent Deliberations

The refusal of the land owner to allow remedial work to be undertaken in
the conservation zone made SECC members realize that, in spite of the Plan, all
the issues had not been tabled and fully discussed.
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Subsequently, two new issues emerged. First, the land owners did not feel
that the current draft of the Plan gave the certainty they needed to be able to
attract developers and second, the area designations with the definitions of
their use needed further resolution by further review.

The review began in 1985 with an attempt to refine the area 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 question of just how much
of the Estuary should be turned over to the developers. Discussions also involved
the issue of how developers would be expected to contribute to the opportunity
to establish environmentally sustainable economic stability in the Estuary.

In 1986 the SECC went "underground" and the minutes of SECC meetings at
this time were not put into the local library. This action was taken in order
to get to the heart of the issues, which had to be done confidentially. The land
owners had to table their long range plans which were considered to be
proprietary information that could have led to unhealthy speculation in the
community. Without the tabling of the company’'s plans the issues could not be
resolved.

In essence, the land owners wanted to know all the encumbrances on their
properties before developing them. This was especially true for the environmental
encumbrances related to possible habitat compensation. They felt that the
properties would be more marketable if these environmental compensations were
addressed at the time the Plan was fully implemented. Then their customers would
only be responsible for the good environmental practices that are required of any
development in order to mitigate impacts due to construction and operation of the
facilities.

Area designations then had to be made and habitat classified so that
environmental values could be attached to the various parcels of land and lead
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 complete. The SECC presented the proposed area
designation plan and a revised management strategy for public comment in early
November 1991. The Plan was available as a public document at that time
(SECC,1991). The principle of the proposed Plan is based on categorizing part
of the Estuary for conservation and part for economic development. The Plan also
includes compensation schemes to ensure no net loss of habitat wvalues.

REFERENCE

Squamish Estuary Coordinating Committee. 1991. The Squamish Estuary Management
Plan: questions and answers. B.C. Environment, Surrey, B.C.
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ABSTRACT

Geochemical surveys involving samples of water, sediment, seaweed, and tree
tissues were conducted to identify sources and dispersion of natural and
anthropogenic inorganic constituents throughout Howe Sound. All contained
anomalous levels of Cu and Zn near the Britannia mine site, although no seaweed
was present on shores for 1.5 km north and south of Britannia Beach, presumably

due to metal poisoning. Surface waters in the Sound have significantly lower
salinity than those below a few metres’ depth, and chemical stratification of
some elements occurs (e.g., As). The seaweed Fucus gardneri (Common rockweed)

lines the shores of the Sound and is a sensitive indicator of many elements in
the tidal environment.

A detailed study of waters and precipitates around the abandoned Britannia
copper mine disclosed up to 44 ppm Cu and 26 ppm Zn in waters at the mine
portals. Concentrations are reduced to 300 ppb at the mouth of Britannia Creek
through dilution and co-precipitation with amorphous oxides. With the exception
of Britannia, creeks flowing into Howe Sound contain low concentrations of most
elements determined.

INTRODUCTION

In July 1991, geochemical investigations of the 42 km-long Howe Sound fjord
were initiated to identify sources and map dispersion of natural and
anthropogenic inorganic constituents. Surveys were conducted at two levels: a)
low density regional sampling of sediments, waters, and vegetation close to the
shores of the Sound; and b) local sampling of waters and precipitates from the

Britannia mine site (Fig. 1). This report concentrates on the distribution of
Cu and Zn, since these metals were mined at Britannia and show greater regional
variation than other elements in the drainage basin. Summary statistics are

presented on the multi-element data sets that are being developed. Details of
techniques, instrumentation, and element concentrations at individual sites are
given in Percival et al. (in press).

REGIONAL GEOLOGY

The Howe Sound drainage basin is located in the southwest Coast Belt,
divided into three NNW-trending tracts which, from south to north, are the
Sechelt, Howe Sound and Squamish River (Fig. la; Monger, 1991). The Sechelt
tract is composed of Lower and Middle Jurassic interbedded clastic sediments and
volcanic rocks of the Bowen Island Group, with minor metabasalt and marble, which
form a series of NNW-trending pendants within Late Jurassic and Early Cretaceous
granitic plutons. The northern part of the drainage basin is underlain by the
Howe Sound tract, consisting of Lower Cretaceous volcanic and sedimentary rocks
of the Gambier Group and Early Cretaceous felsic plutons (Monger, 1991). The
Gambier Group consists of a lower volcanic complex, a middle sedimentary interval
and an upper volcanic complex (Roddick, 1965; Lynch, 1991) which hosts the
Britannia Cu-Zn-Pb-Ag-Au orebodies.

SAMPLE COLLECTION AND METHODS

All sampling was conducted during July, 1991. Sediment samples (100 - 200
g) were collected with a Ponar grab sampler from a small boat and placed into
plastic bags. They were freeze-dried and pulverized in an agate dish. Major
element analyses were obtained by ICP-ES (inductively-coupled plasma emission
spectrometry) following a LiBO, fusion, and trace elements were determined by
ICP-ES following aqua regia extraction. The mineralogy was determined 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 pebbles were cleansed using an ultrasonic bath
and the residues were concentrated by centrifugation and freeze-dried. Chemical
and mineralogical determinations were similar to those applied to the bottom

sediments.

Two water samples were collected at each site: one 250 ml volume for cation
determination and one 125 ml volume for anion determination and pH. Electrical
conductivity and pH were determined in the field. The waters were filtered
through 0.45 pm Millipore filter paper and the 250 ml samples were acidified with
Ultrex nitric acid to a concentration of 0.1%. Determinations were made by flame
atomic absorption spectrometry (FAAS) for Ca, cd, Co, Cu, Fe, K, Mg, Mn, Na, Ni,
Pb, and Zn. Arsenic, Bi, and Sb were determined by hydride generation followed
by quartz tube AAS.

Seaweed samples (100 - 200 g) were plucked from the rocky shores at
intervals of approximately 5 km during periods of medium to low tides. Basal
holdfasts were removed with pruning snips, and any biota (mostly mussels, Mytilus
spp.) were removed. Samples were placed in ‘ziploc-type’ plastic bags while at
sea, and later 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 weighing 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 analysis by ICP-ES,
following digestion in aqua regia, to obtain data for base metals and other
elements. The INAA gives total element contents, whereas the acid extraction for
the ICP-ES analysis is partial for a few elements (e.g., Al, Ti) s

Along the shore, close to each seaweed sample, twigs and foliage of western
red-cedar (Thuja plicata) and western hemlock (Tsuga heterophylla) were
collected. BAnalytical procedures were the same as for the seaweed.

REGIONAL SURVEYS

Sample sites are shown in Figure la, and the distribution patterns of Cu
and Zn in nearshore sediments, waters, and seaweed are shown in Figures 1b, 1le;
and 1d, respectively. Summary analytical data are given in Table 1.

NEAR-SHORE BOTTOM SEDIMENTS

Thirteen sediment samples were dredged from nearshore sites in the Sound
(Fig. 1b). Sampling was limited by the great depth of water, the nature of the
bottom sediments (commonly coarse sand, pebbles, and bark fragments), and the
type of sampling device. Samples were taken to: i) look at the nature and
possible source of the materials being deposited in the bays; and ii) determine
their geochemical signature and identify natural background versus point source
contamination.

Table 1 shows a wide range in Cu (12 to 1,750 ppm) and Zn (32 to 1,500
ppm) concentrations, with the highest values occurring near Britannia Beach (Fig.
1b; sites 38 and 39) reflecting the presence of near shore submarine mine
tailings. In the southern basin two clay-rich sites (4 and 12) yielded higher
cu and Zn than elsewhere, possibly because of the high surface area of particles
available for metal adsorption. Zinc concentrations are generally higher than
Cu, reflecting the greater natural abundance of Zn. However, the elevated values
may also reflect an undeveloped copper deposit that occurs on eastern Gambier
Island between these 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 other trace elements are present
at levels close to typical background values for sediments.

Mineralogical determinations show the presence of quartz, feldspar,
chlorite, mica and amphibole. Syvitski and Macdonald (1982) suggested that the
mica indicates a Squamish River sediment source whereas chlorite is derived from

the Fraser River.

WATERS

Of the 44 water samples collected, 20 focused on drainage of the Britannia
copper mine and are discussed later. Samples were taken mostly from the main
streams that drain into the Sound, except for a few taken from the surface and
at depths up to 50 m in bays to examine the effect of mixing river or creek
outflow with seawater. Surface waters in the Sound have low salinity due to the
high influx of fresh waters from the surrounding mountains.

The highest levels of major cations and, hence, conductivity, were
obtained in samples from the Squamish River harbour mouth (sites 40, 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 elevated contents of major cations due to acid leaching (sites
38, 39, 39a). Iron and Mn concentrations show little variation throughout the

Sound and are in the low ppb range.

The only significant levels of Cu and Zn in the drainage basin waters occur
in samples taken at the mouth of Britannia Creek where they rise to a few hundred
ppb (sites 38, 39, 39a; Fig. la and 1c). Most of the waters contain
insignificant amounts of Bi and Sb (near the detection limit of 0.1 ppb), except
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
concentrations are near the detection limit 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) s Cadmium, Ni, and Pb were below detection limits of 2, 10, and 20 ppb,

respectively.

SEAWEED

Investigations into the use of seaweed (macroalgae) chemistry in mineral
prospecting (e.g., Bollinberg and Cooke, 1985) and environmental monitoring
(e.g., Bryan, 1969; Fuge and James, 1974) are few but have yielded positive
results. Of the three types of seaweed (brown, red, and green) investigated in
western Canada it is the brown variety that accumulate the highest concentrations
of most trace elements (Dunn, 1990). Fucus gardneri (Common rockweed) is a
species of brown seaweed that grows in abundance, particularly around Howe Sound,
and was selected as the sample medium for this study. Rockweed clings to rocks
in the intertidal zone, and within the Sound it is the only seaweed at most
locations because of its high tolerance to the relatively low salinity of the
Howe Sound surface waters.

Seaweed data in Table 1 are element concentrations in ash; the ash yield
of dry tissue is approximately 30%. Figure 1d shows low Cu levels in the
southern part of the Sound (60 - 70 ppm), whereas near Britannia Beach they
locally exceed 3,000 ppm Cu. Similarly, high concentrations of Zn (up to 1,540
ppm) are present in samples near Britannia Beach, whereas to the south Zn
contents range from 300 - 400 ppm. Dispersion of these elements from the
mineralized rocks at Britannia is evident; winds and currents 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 1.5
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km both north and south of Britannia Beach, presumably because of its intolerance
to the influx of metals. At the north end of the Sound, relative U enrichment
(up to 15 ppm) is probably derived from the granitic plutons. Iron and Ba are
also more enriched in samples from the north than those from the south.
Conversely, As, Pb, and Ni concentrations are lowest in samples from the
Britannia area (sites 26, 27, 28; Fig.la). The low As and Pb levels are probably
due to their precipitation with bottom sediments and on pebbles and rocks (Table
2), thereby removing them from waters draining into the Sound. The higher Ni
content of samples in the southern basin may reflect the relatively mafic
composition of the local volcanic and sedimentary rocks or anthropogenic nickel
transported in the Fraser River plume that invades the southern sound as noted

by Syvitski and MacDonald, 1982.

TREE TISSUES

Preliminary data on a few samples of western hemlock (Tsuga heterophylla)
and western red cedar (Thuja plicata) from the Britannia Beach area indicate
enrichment of Cu, Zn, Au, and As, especially in the hemlock twigs. Data on
samples from the regional survey are pending.

BRITANNIA MINE SITE

Mineralization at the Britannia mine site was discovered more than a
century ago. The deposits occur as volcanogenic Cu-Zn massive sulphide orebodies
that were deposited by hydrothermal and exhalative solutions. They were emplaced
into the Britannia shear zone, which is a NW-trending zone of flattening (Payne
et al., 1980; Lynch, 1991). Copper was first reported in 1888 by Forbes, and in
1898 Oliver Furry staked five claims (Ebbutt, 1935). Underground and open pit
production began in 1905 and continued until the mine closure in 1974. About 50
million tonnes of ore grading 1.1% Cu, 0.65% Zn, 6.8 g/tonne Ag, and 0.68 g/tonne

Au were produced (Payne et al., 1980).

During the mining operations, mine waters from the 2,200 and 4,100 levels
(sites 6 and 7 and 13 to 15, respectively, in Fig. 2a) flowed through two Cu
precipitation plants which contained scrap metal (tin and iron). This process
reduced the amount of dissolved Cu discharged to receiving waters. Currently,
acidic mine waters exiting from the 2,200 and 4,100 1levels supply high
concentrations of Cu and other metals to nearby surface waters. The acidic water
results from the oxidation of pyrite by O, and is characterized by low pH, high
SO,*” in solution, and the presence of a yellowish-red precipitate of amorphous
Fe oxide (limonite). The low pH causes metals to be leached from the mine
workings and transported to receiving waters, although their concentrations in
solution may be reduced by co-precipitation or sorption with limonite (Fig. 2b;

Table 2).

The highest metal and lowest pH values occur in waters emanating from the
mine portals at the 2,200 and 4,100 levels (site 6 and 13; Fig. 2a) and in the
mine museum tunnel (site 16). The lowest concentrations occur in waters above
and slightly east of the open pit area (sites 1 and 2), in Britannia Creek near
Marmot Creek (site 3), in Mineral Creek (site 12), and in the town drinking water
(site 17). All other samples show elevated levels of Cu and Zn. Concentrations
of As, Bi, and Sb are low to non-detectable, and Cd covaries with Zn. The acidic
mine waters have elevated levels of the major elements (Table 2), especially Fe
and Mn (sites 6 to 9 and 13 to 16).

The effect of dilution by receiving waters is readily observed at the Mount
Sheer site. Water emanating from the 2,200 level portal (site 6) is highly
acidic and carries high concentrations of dissolved metals. Over a short distance
(<10 m) the Cu concentration drops from 44 to 30 ppm (site 7). When the mine
water mixes with Jane Creek (site 8) the concentration 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). At this point, a major decrease from over 19 ppm to
1.2 ppm indicates strong dilution by the larger creek.

The decrease in dissolved metal loadings may also reflect co-precipitation
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
precipitates on pebbles. Zinc concentrations in precipitates correspond to high
Al,0; values, and elevated Cu levels are associated with high Fe;0; and Al,0;.
Levels of the other trace elements are highly variable, ranging, for example,
from non-detectable to more than 1,500 ppm Pb (Table 2). Major element
concentrations, other than those of Al,0, and Fe,0,, are generally low (Table 1).
These samples may contain trace amounts of clay (kaolinite or chlorite), quartz,
and feldspar but are dominated by the amorphous oxides.

Although there is a natural decrease in the loadings of the metals from the
Britannia mine to the Sound, the data show that levels of metals entering Howe
Sound are elevated relative to the background values. The concentrations of Cu
and Zn emanating from Britannia Creek (Fig. 2a) are within the drinking water
guidelines (Cu <1 ppm; Zn <5 ppm) but exceed safe limits for freshwater 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
periodic flooding. During these events, it is highly probable that the
precipitates would be flushed out and released or deposited in Howe Sound.

SUMMARY

Regional geochemical 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 seaweed ’‘rockweed’ (Fucus gardneri), stream
water and tree tissue. A more detailed study was conducted around the abandoned
Britannia copper mine to examine local variations in stream water chemistry, and
the precipitates on rock surfaces. This study places emphasis on the
distribution of Cu and Zn in and around the Sound, because of the significant
influence of the Britannia area from where these metals were mined.

Except near Britannia Beach, waters of the Sound contain low concentrations
of most of the elements determined, although major 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 (e.g., As)
increase with depth and increasing salinity. High levels of Cu and Zn were found
in all sample media from the vicinity of the mine; no seaweed grows on the shores
either side of Britannia Beach for a total distance of 3 km presumably because
of metal poisoning. In the southern basin, Zn concentrations in sediments and
seaweeds are higher than those of Cu in accord with the relative crustal
abundances of these metals. The rockweed appears to be a sensitive indicator of
the chemistry of the environment exhibiting enrichment of Cu, Zn, Fe, U, and Ba
in the north basin.

Waters flowing from the mine portals are acidic and contain high
concentrations of dissolved metals. Metal concentrations decrease through
dilution by receiving waters and/or precipitation with Fe or Al amorphous oxides.
Periodic flooding probably flushes the precipitates into the Sound, resulting in
temporal variations in the chemistry of the Howe Sound water, sediment, seaweed,
and biota. Consequently, monitoring of these media is required in order to
establish long-term patterns of chemical variability.
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Table 1. Regional study - element concentrations in bottom sediments, seaweed
(ash), and waters.

Marine Secziiments1 Seaweed Waters
(Nearshore) (Fucus gardneri) (Bays and streams)
n=12 =36 n=27
Range Median Range Median Range Median
P G T R P
% X X % ppm ppm
sio, | 37.3-65.9 58 - - - -
Tio, | 0.32-0.66 0.5 Ti 0.001-0.06% 1 0.007 - -
AL0, | 11.9-16.2 14.5 at |l o.02-0.8? 0.10 - -
Fe,0, 3.1-9.3 5.2 Fe 0.05-1.1 0.18 <0.02-0.14 <0.02
MnO 0.06-0.12 0.09 Mn 0.02-0.082 0.06 <0.01-0.05 <0.01
MgO 1.6-3.9 2.3 Mg 4.2-7.22 5.0 0.1-1t16 0.5
ca0 2.4-7.9 4.2 ca 4.4-10.8 6.9 1-340 3
Na,0 2.5-4.9 4.1 Na 4.8-14.5 10.7 0.4-8460 1.0
K50 1.4-1.9 1.6 K 10.4-26.2 15.0 0.1-375 0.3
P05 | 0.10-0.29 0.16 P 0.2-1.12 0.7 - -
LOI 0.8-33.4 8.2 approx. 70 = & 4
pH - - - - 5.3-8.1 6.4
cond? - - - - 7-49400 270
As 5-46 15 7-28 17 <0.1-1.1 <0.1
Ag <0.2-1.4 <0.2 1.3-2.7 2.0 - -
Au - - <5-58(ppb) 7(ppb) - -
Ba 35-590 95 <20- 1200 220 - -
Bi - - - - <0.1-0.3 <0.1
cd <0.2-7.7 1.0 <0.1-8 2 <2 -
Co 4-17 12 10-25 13 - -
cr 9-41 16 <1-8 <1 = -
Cu 12-1750 49 64-3210 147 <5-378 <5
Mo <1-19 2 <1-4 <1 . .
Ni 6-33 12 <1-36 20 <19 -
Pb 10-120 16 <2-14 3 <20 -
sb 7-17 9 <0.1-0.4 <0.1 <0.1-4.3 <0.1
sr 49-310 85 2900-6100 4100 - -
u . - 3-15 5 - -
Zn 32-1500 80 220- 1540 420 <2-323 2

% not determined

Excludes one Al-rich sample (59% Al,05) from Britannia Beach
Partial extraction: aqua regia - ICP-ES
Conductivity in wS/cm
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Britannia mine drainage - element concentrations in precipitates and

waters.

Precipitates Waters
n=12 n=20
Range Median Range Median
3 % ppm ppm
Si0y 1.8-62.9 17.5 - -
Ti0y 0.01-0.28 0.09 & -
Al,04 1.1-34.5 10.5 » -
Fe,0q 1.1-58.8 8.3 fe <0.002-16.1 0.015
MnO 0.04-1.2 0.2 Mn <0.001-0.45 0.01
Mg0 0.04-2.8 0.4 Mg 0.1-7.2 10
Ca0 0.15-6.5 0.8 Ca 0.9-420 20
Na,0 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>