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ABSTRACT

This dissertation has been divided into three separate but related parts. The
first describes the Saanich Inlet setting and gives a brief review of possible
sedimentary processes in a submarine environment, the second establishes the
environmental significance of foraminiferal biofacies from Saarich Inlet and the third,
a paleoseismic study, describes and interprets sediments from cores collected in the
central part of the basin. Foraminiferal analyses conducted on certain units in the
paleoseismic study helped determine their origin.

In a reconnaissance study, foraminiferal biofacies identified in Saanich Inlet
appear to be closely linked to a variety of environmental parameters including water
quality. Five biofacies were defined based on Q-mode cluster analysis and faunal
distribution profiles of foraminifera-bearing sediment surface samples from Saanich
Inlet. Biofacies 1 (Eggerella advena Biofacies), is found nearshore in two densely
populated bays. This assemblage appears to have an affinity to areas contaminated by
sewage outfall and septic system drainage. Biofacies 2 (Eggerells advena-
Spiropleciammina biformis Biofacies) and 3 (Miliammina fusca Biofacies) characterize
shallow, brackish waters, and are distributed in shallow bays near Biofacies 1.
Biofacies 4 (Lobatula fletcheri Biofacies), the only biofacies dominated by a
calcareous fauna, has been subdivided into two subbiofacies: Sub-biofacies 4A
(Stainforthia feylingi Sub-biofacies) and 4B (Buccella frigida Sub-biofacies). Sub-
biofacies 4A is found in deecp water, low oxygen environments and Sub-biofacies 4B
characterizes shallow water, normal marine environments. The patchy distribution of
Sub-biofacies 4B samples is probably due to vagaries of water circulation in the
restricted basin. Biofacies 5 (Leptohalysis catella-Spiroplectammina biformis
Biofacies) defines a relatively deeper muddy environment with a high proportion of
plant debris and low oxygen levels. The main environmental control is restricted
water circulation which is guided by the shape of the basin, i.c., presence of the sill.

Eight sediment piston cores spanning the last 1500 years were collected from .
Saanich Inlet to obtain information on sedimentation and prehistoric earthquake
activity. The cores consist mainly of silty clay varved sediments and massive beds
deposited by debris flows. The debris flows may have been triggered by earthquakes
or by the build-up of fine sediment on the walls of the inlet. Cesium-137 and #%Pb
data, C ages, and varve counts were used to correlate massive layers in the eight
cores. The uppermost massive layer in two cores may record a magnitude 7.2
earthquake in 1946 near Comox, B.C., 200 km north-northwest of Saanich Inlet.
Five older layers, found in two or more cores are about 200, 550, 800-850, 1050-
1100, and 1100-1150 years old. Some of these ages correspond to the times of
documented seismic events. There is an average of one massive layer per 116 varves
(range of 15-336) in the core with the greatest number of such layers. These results
are broadly consistent with the expected periodicity of moderate to large earthquakes
in the region (on average, one earthquake of local Modified Mercalli Intensity VII or
VIII per 100 years). Saanich Inlet may contain a proxy record of all moderate and
large earthquakes that have affected southwestern British Columbia during Holocene
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time, but the set of massive layers likely includes both seismically and nonseismically
generated deposits.




RESUME

Ce mémoire traite de trois sujets différents mais liés. Le premier est une
description de 1'encadrement de 1'inlet Saanich en Colombie-Britannique et une
révision de quelques processus de déposition sédimentaire et sous-marine. Le
deuxitme est une étude qui détermine la signification environnementale des biofacids
de foraminiféres dans 1'inlet Saanich. Le troisitme est une étude paléosismique
décrivant et interprétant des sédiments prélevés avec un carottier i piston dans la
partie centrale du méme inlet Saanich. L'étude des foraminiferes a permis d’identifier
I'origine de certaines unités de 1'étude paléosismique.

L’é&ude préliminaire des foraminiftres semble indiquer que les biofacids
identifiés sont reliés & des paramitres environnementaux, tels que la contamination de
I'eau associés au déversement de vidanges et au drainage de fosses septiques. Sur la
cOte ouest de I'inlet Saanich, on planifie un aménagement de la banlieve au nord de
Victoria, la plus grande ville sur I'tle de Vancouver. L'éude des foraminiféres peut
servir 2 mesurer le stress qu'un tel aménagement fera subir au délicat écosystiéme de
Pinlet.

En combinant les résultats d'une analyse statistique appelée “Q-Mode cluster
analysis” et ceux de profiles de distribution de la faune foraminifére, cinq biofacids
ont été définis. Le biofacids 1 (biofacids Eggerella advena) est localisé dans deux
baies densément peuplées de 1'inlet Saanich. Il semble y avoir un rapport entre ce
type d’assemblage et le déversement de vidanges et le drainage de fosses septiques
dans ces baies. Le biofacids 2 (biofacids Eggerella advena-Spiroplectammina
biformis) et le biofacids 3 (biofacits Miliammina fusca) représentent un :
environnement d’eaux saumditres peu profondes situé dans des baies sises A proximité
de celles du biofacids 1. Le biofacids 4 (biofacids Lobatula fletcheri), le seul
représenté par une faune calcaire, a &€ subdivisé en deux sous-biofacids, soient 4A
(sous-biofacits Stainforthia feylingi) et 4B (sous-biofacids Bucella frigida). Le sous-
biofacis 4A représente des conditions d’eaux profondes 2 faibles teneurs en oxygine.
Le sous-biofacits 4B représente des conditiors d’eaux peu profondes et un
environnement marin normal. La distribution sporadique de ce dernier sous-biofacids
est probablement liée aux variations de circulation des eaux dans un bassin restreint.
Le biofaci2s S (biofacids Leptohalysis catells-Spiroplectammina biformis) représente
un environnement d’caux profondes, i faibles teneurs en oxygene et riches en
matidres végétales. Le principal facteur contrdlant la distribution des biofacids est le
manque de circulation des eaux qui est influencé par la présence d'un seuil.

Huit carottes prélevées dans 1’inlet Saanich représentent une sédimentation au
cours des 1500 demitres années. Le but des prélévement est d’obtenir de
I'information sur la sédimentation et 1’activité pré-historique des tremblements de
terre. Les sédiments sont constitués de varves dans lesquelles des couches massives
résultant supposément de séismes, sont interstratifiées. La présence de foraminiferes
dans les couches massives a pu confirmer que celles-ci sont des coulées de boue. Ces
coulées de boue peuvent avoir &€ déclenchés par des tremblements de terre ou par
I’éboulement de sé&diments fins, mous et instables sur les murs du bassin. Les
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résultats d’analyses radiométriques du '*'Cs, 2'°Pb, 'C et du comptage de varves ont
ét€ utilisés pour établir 1a corrélation entre les couches massives de diverses carottes.
La plus haute couche massive dans deux carottes représente possiblement le
tremblement de terre qui a eu lieu en 1946 A Comox, situé quelques 200 km au nord-
ouest de 1'inlet Saanich. Cinq autres couches massives ont &€ identifiées dans deux
ou plusieurs carottes et sont gées de 200, 550, 800-850, 1050-1100 et 1100-1150
ans. Trois de celles-ci ont possiblement ¢ mises en plac: icrs d’autres tremblements
de terres documentés dans la région. Il y a en moyenne 116 varves pour chaque
couche massive (écart de 15 & 336) dans la carotie contenart le plus grand nombre de
ces couches. Ces résultats concordent avec les prédictions de la périodicité des
séismes moyens 3 grands dans la région. En moyenne, on calcule qu'il y a dans cette
région un séisme par 100 ans de niveaun VII ou VIII A I'échelle Mercalli. La séquence
sédimentaire de Saanich documente possiblement tous les tremblements de terres qui
ont secoué la région du sud-ouest de la Colombie-Britannique pendant 1’Holocdne
supérieur. Une mise en garde- la séquence peut également inclure des sédiments
résultant d*éboulements de sé&diments, non occasionnés par des séismes, 2 partir des
murs de bassin.
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ORIGINAL CONTRIBUTION

The economy of southemn Vancouver Island relies heavily on fishing, tourism,
and aquaculture, all of which are adversely affected by water pollution. Plans to
build 5000 new houses with septic system sewage treatment on the southwestern side
of Saanich Inlet could have considerable environmental impact on the inlet.
Foraminifera are used as environmental indicators of pollution sources but no work of
this type has been carried out on the northwest coast. Consequently, there is an
interest and a need to conduct a reconnaissance foraminiferal study to establish the
biofacies of this fiord, which is anoxic at depth.

The foraminiferal biofacies project evolved from discussions with Dr. R. T.
Patterson about the effects of restricted water circulation and pollution in Saanich Inlet
and the use of foraminifera as proxies of slumping. For this portion of my
dissertation research, I collected grab samples from a small boat during a period of
three weeks in July 1992. I also processed the samples, identified, and quantitatively
analyzed the foraminiferal populations over a period of 14 months (September 1992- -
October 1993).

Furthermore, there is concem that a moderate to large earthquake may damage
cities and the economic infrastructure. In southwestern British Columbia, the search
for paleoseismic evidence in the sediment record may provide insights into the
frequency and magnitude of past earthquakes. Since the sediments in the central part
of Saanich Inlet consist of varves intercalated with massive layers which have been
attributed to earthquakes, a paleoseismic study was conducted on eight piston cores



containing sediments that span the last 1500 years to determine the origin of the
massive layers.

The original proposal for the project on sediment cores evolved from a post-
doctorate fellowship project ~arried out by Dr. P. T. Bobrowsky (who, at the time
was stationed at Pacific Geoscience Centre) under Dr. J. J. Clague’s supervision
(GSC). Their interesting results led to the collection of additional cores, which I
utilized in my dissertation research.

With assistance, I split, described in detail, and subsampled both sets of cores
over eight summer months in 1992 and 1993. I prepared samples for “C, °Pb, and
191Cs dating, and conducted most of the '”’Cs analyses. I performed clay fraction
separations on sediment samples and prepared them for X-ray analyses. I also
processed sediment samples for identification and point-counting of foraminiferal
species.

My contribution to the field of micropaleontology is that I have provided the
first baseline foraminiferal study in Saanich Inlet in which biofacies were established.
I have initiated interest in using foraminifera for detecting subtle environmental
changes. In the field of sedimentology, I have documented the sedimentation pattern
in Saanich Inlet and confirmed the origin of the massive layers as sediment gravity
flow deposits, more precisely, debris flows deposits. Foraminifera were used to
confirm the sediment gravity flow origin of the deposits. Furthermore, 1 have
documented that some debris flow deposits are coincident with known seismic events.

I have benefitted from discussions with my advisors, colleagues, and students



but take full responsibility for the data and interpretations presented in this thesis.
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CHAPTER 1. Introduction
Method of presentation

This dissertation is presented, in part, in the form of scientific journal articles.
The first chapter is an introduction to Saanich Inlet and a review of sedimentary
processes in the fiord. The main chapters (2 and 3) detail the contents of two
separate projects. The last chapter outlines the conclusions. Due to the format, there
is some repetition of introductory material in Chapters 1, 2, and 3.

Location and description of Saanich Inlet and the surrounding area

Saanich Inlet is a fiord located on southern Vancouver Island, approximately
15 km north of Victoria, British Columbia (Fig. 1-1). It is 26 km long, up to 8 km
wide, and has an average and maximum depths of 120 m and 236 m, respectively
(Fig.1-2 and Plate 1-1). A bedrock sill is located at the north end of the inlet at 70 m
depth (Herlinveaux, 1962). In the northem part of the basin, wall slopes are shallow
and in the southem part, steep.

Saanich Inlet lies in the Nanaimo Lowlands physiographic region (Holland,
1964). The terrain surrounding the inlet ranges from gently rolling in the north to
steeply sloping in the south. Relative to much of Vancouver Island, the area has
generally low relief (Holland, 1964).

Climate, temperature, and precipitation

The climate is temperate maritime with wet winters and dry summers
(Herlinveaux, 1962; Gucluer and Gross, 1964; EnviroEd Consultants Ltd., 1995).
Air temperature at Victoria is coldest in January with a mean of 4°C and
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Figure 1-1. Location map, Saanich Inlet, British Columbia.
The shaded box locates the bedrock sill at the north end of the
inlet. PGC=Pacific Geoscience Centre.



Figure 1-2. Map of Saanich Inlet, British Columbia. PGC= Pacific Geoscience
Centre. Stations O, M, L, J, H, and B are from a hydrological study by Herlinveaux
(1962). They are referred to in Figs. 1-4, 1-5, 1-6, and 1-7.
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Plate 1-1. Bathymetric map of Saanich Inlet.
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7
warmest in July with a mean of 16°C (Kendrew and Kerr, 1955; Herlinveaux, 1962).
The mean annual temperature at the Victoria International Airport is 9.5 °C
(Atmospheric Environment Service, 1982; EnviroEd Consultants, 1995).

Precipitation is usually in the form of rain. The average annual precipitation
is 81.5 cm. Precipitation is greatest in December (13.7 cm) and least in July (1.8
cm; Herlinveaux, 1962).

Runeff

The main source of freshwater and sediment is Cowichan River northwest of
the mouth of the inlet. In addition, Saanich Inlet is surrounded by a number of small
watersheds which cover approximately 395 km? (Fig. 1-3). The only significant
stream flowing into Saanich Inlet is Goldstream River, and it contributes only a small
percentage of the 9 x 10 tonnes of sediments that accumulate in Saanich Inlet each
year (Gross and others, 1963). In most British Columbia fiords, the runoff enters at
the head and develops a two-layer flushing system. In contrast, the freshwater runoff
at the head of Saanich Inlet (Goldsteam River) is negligible, and the dominant
freshwater source originates from the approaches (Cowichan River).

Between 1892 and 1910, the Greater Victoria Water District began diverting
water from the Goldstream River watershed by building reservoirs. As the population
of Victoria increased, the demand for freshwater grew and diversions from
Goldstream River also increased. Records of water supply for the area in the late
1800°s are either nonexistent or very poor, and there are no quantitative observations
for the watershed prior to dam construction. Nevertheless, from observations using a
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Figure 1-3. Watershed boundaries and precipitation stations with annual mean
precipitation (modified from EnviroEd Consultants Ltd., 1995).




9
topographic map (NTS: 92B/05; 1:50 000 scale), it is apparent that the base widths of
the tributary stream channels flowing into Goldstream River and of Goldstream River
itself are on average small (<100 m wide) and therefore, do not indicate that the
water supply was considerably greater before water supply diversion. This is
discussed further in Chapter 3.

Winds
Winds generally blow from the southeast in summer and from the west in
winter (Kendrew and Kerr, 1955; Herlinveaux, 1962). From measurements at
Patricia Bay, the mean speed is highest at 9.6 km/h in winter and lowest, at 8 km/h
in summer (Kendrew and Kerr, 1955).
Physical oceanography
Tides
Tides in Saanich Inlet are intermediate in range. The mean range is 2.44 m
and the maximum is 3.8 m (Herlinveaux, 1962). They are classified as mixed semi-
diumnal tides with the diumal components dominant (Stucchi and Giovando, 1984;
EnviroEd Consultants Ltd., 1995; D. Stucchi, oral communication, 1995).
Currents
A compilation by EnviroEd Consultants 1.td. (1995) describes currents in
Saanich Inlet in plan view and in elevation. In plan view, currents are divided in two
components: one north of Mill Bay and Patricia Bay, and the other to the south.
Currents north of the Mill Bay/Patricia Bay line are thought to be associated with
currents from Satellite Channel travelling from the west to east. South of the Mill
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Bay/Patricia Bay line, currents are thought to travel longer and may come from any
direction. It is not known whether they are wind-driven or an expression of tidal

resonance.

In depth, currents are divided in three components: one above sill depth (70
m); the second at sill depth; and the third below sill depth. In the northern part of
the inlet, currents from the upper two components (sill depth and above) are thought
to be products of estuarine circulation from Satellite Channel presumably from fresh
water flowing from Cowichan River. These currents are typically slow (c.g., mean at
14 m depth= 4.9 cm/s) but can occasionally be rapid (e.g., maximum at 44 m
depth= 26.4 cm/s). In the southern part of the inlet, below the sill, currents usually
travel at low speed (mean at 88 m depth= 5.7 cmv/s; EnviroEd Consultants Ltd.,
1995).

Flushing

The sill at 70 m depth restricts water circulation into the inlet, creating anoxic
conditions below 70-150 m (Carter, 1934; Gross and others, 1963). However, in late
summer or fall, cold water usually enters the north end of the inlet from Haro Strait
through Satellite Channel (Herlinveaux, 1962; Anderson and Devol, 1973; Stucchi
and Giovando, 1984). This causes flushing and oxygen renewal in the inlet (Fig. 1-
4). The amount of flushing varies from year to year (Anderson and Devol, 1973) and
sometimes does not take place (Stucchi and Giovando, 1984). Flushing rates
are thought to be high and residence times short aithough no detailed data are
available (EnviroEd Consultants Ltd., 1995). Due to the short residence time and low




Figurel-4. Oxymmaiong a longitudinal
profile of Saanich Inlet. Stations are plotted on Fig. 1-2
(modified from Herlinveaux, 1962).
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concentrations of oxygen, conditions below 150 m are considered anoxic.

Temperature, salinity, density, and oxygen in the water column

Water temperatures in the fiord fall within the expected range for fiords in
British Columbia (Pickard, 1975). At <50 m depth, temperature changes arc
scasonal, ranging from ~5°C in January to ~ 18°C in July. Below 50 m,
temperatures are stable at 8-9°C. Figure 1-5 shows observed temperature structure
along a longitudinal section of the inlet (Herlinveaux, 1962). It shows that
temperature varies along the inlet, with patches of warmer or cooler water at different
depths.

Surface water salinities range widely depending on precipitation and drainage
(Herlinveaux, 1962). Waters below sill depth appear to be isolated from the
approaches, i. e., waters entering from Satellite Channel (Fig. 1-6; Herlinveaux,
1962). Moreover, water density concentrations reflect similar patterns (Fig. 1-7).

Bedrock geology

Vancouver Island is part of the Insular mountain belt, which is one of five
northwest-southeast trending mountain belts that make up the Canadian Cordillera.
The island, along with much of the rest of British Columbia and the Yukon, is
thought to consist of a series of exotic terranes originating in distant latitudes in an
ancient Pacific Ocean. These exotic terranes were accreted to the edge of North
America over a period of 170 million years. Most of Vancouver Island belongs to a
piece of the earth’s crust known as Wrangellia which ranges in age from Lower
Paleozoic to Upper Cretaceous. The south and west part of the island are part of the
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Figure 1.5. Temperature structure along a longitudinal
profile of Saanich Inlet. Stations are plotted on Fig. 1-2
(modified from Herlinveaux, 1962).




Figure 1-6. Salinity structure along a longitudinal
profile of Saanich Inlet. Stations are plotted on Fig. 1-2
(modified from Herlinveaux, 1962).
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Figure 1-7. Density structure along a longitudinal section
of Saanich Inlet. Stations are plotted on Fig. 1-2 (modified
from Herlinveaux, 1962).
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Pacific Rim and Crescent terranes of Eocene age (Yorath and Nasmith, 1995).

Bedrock surrounding Saanich Inlet includes components of all three terranes
(Fig. 1-8; Muller, 1981). Wrangellia bedrock comprises a variety of island-arc
assemblages: plutonic and metaplutonic rocks including granodiorite, diorite,
metadiorite, metagabbro; volcanic rocks such as tuff and basalt; and marine
sedimentary rocks, including limestone, chert, argillite, greywacke, and sandstone.
Pacific Rim rocks consist mainly of metasedimentary and metavolcanic rocks. The
Crescent terrane consists mainly of volcanic rocks (Yorath and Nasmith, 1995).

Surficial geology

Surficial sediments surrounding Saanich Inlet were deposited during the last
(Wisconsin) glaciation and during post-glacial (Holocene) time. These sediments are
shown on Muller’s 1981 bedrock geology map (Fig. 1-8) and, more recently, were
mapped in detail by Blyth and Rutter (1993) and Blyth and others (1993). Three
principal units are found in the Saanich Inlet area. The oldest unit is Vashon drift'
(Qv; Fig. 1-8), deposited by a lobe of Cordilleran ice sheet during the Fraser
Glaciation (Clague, 1994; Fig. 1-9). Vashon Drift consists till, sand, and gravel.
The Capilano Sediments (Qc; Fig. 1-8) deposited in the sea at the end of the Fraser
Glaciation (Clague, 1994) consist of sand, gravel, silt, and clay. Postglacial
sediments (Q; Fig. 1-8) are of Holocene age (Clague, 1994), consist of fluvial,
marine, lacustrine and organic deposits.

! Some surficial units may be slightly older in age (Quadrs Sands).
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Figure 1-8. Bedrock geology map of Saanich Inlet area
(modified from Muller, 1981).
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Sediment distribution in Saanich Inlet

There are three main types of sediment in Saanich Inlet (Fig. 1-10; Gucluer
and Gross, 1964): (1) silt on the sill at the mouth of the inlet; (2) poorly- to
moderately-sorted fine sand in nearshore environments; and (3) diatomaceous silty
clay in deep water. The last group of sediments consists primarily of alternating
laminae of terrigenous silty clay deposited during fall and spring freshets and diatoms
deposited during spring and summer blooms. Individual couplets have been shown to
be annual deposits and thus may be termed varves (Sancetta and Calvert, 1988;
Sancetta, 1989).

Intercalated between the varves are massive layers of silty clay thought to be
sediment gravity flow deposits (Bobrowsky and Clague, 1990; Blais, 1992; Blais and
others, 1993). Some of these deposits are interpreted as products of earthquakes and
are discussed in Chapter 3.

Sedimentary processes

Much of the sediment in Saanich Inlet was deposited from suspension (Gucluer
and Gross, 1964). However, some strata, which were central to this study, were
deposited by sediment gravity flows. Thus, some classifications of sediment gravity
flows are reviewed below.

Classifications of sediment gravity flows

Lowe (1979, 1982) classified sediment gravity flows on the basis of rheology
of the flow (plastic or fluid) and dominant coarse-particle support mechanism
(turbulence, fluidization, escaping pore fluid, dispersive pressure, matrix
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Figure 1-10. Surface sediment samples (black dots) and distribution of
sediment types in Saanich Inlet. Central Basin sediment= silt and clay
with abundant distom frustules. Sill sediment= silt. Nearshore
sediment= poorly sorted, fine sand and some gravel. Carbonate-rich
sediment= near limestone quarry in Bamberton. (Modified from Gucluer
and Gross, 1964).
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cohesiveness). Another classification presented by Postma (1986) is based on the
flow character of a sediment gravity flow implanted during the depositional stage of
the flow, which is more likely to be reflected in the deposit. The flow character can
be laminar or turbulent, plastic or fluid, low or high density. Comparing his
classification to Lowe's, Postma disagreed with Lowe’s classification of liquified
flows, fluidized flows, grain flows, and modified grain flows. Postma classified these
as part of the same rheological model, namely, a high concentration, laminar,
cohesionless sediment flow.

The classification used in this thesis is that of Middleton and Hampton (1973,
1976) and Middleton and Southard (1984) with additional information taken from
Prior and Coleman (1984), Johnson and Rodine (1984), and Amott and Hand (1989).
This classification is based on how grains are supported during flow. It was chosen
because it added textural and structural interpretations of the flows and their
associated deposits. This classification is briefly described in the following sections.
Classification utilized in the thesis

Sediment gravity flows are described as "flows consisting of sediment moving
downslope under the action of gravity® (Middieton and Hampton, 1976, p. 197). The
physical behaviour, (i.e., flow mechanism) determines the type of sediment gravity
flow. There are four types of sediment gravity flows based on how grains are
supported above the bed (Fig. 1-11): (1) turbidity currents, in which sediment grains
are supported by fluid turbulence; (2) liquified sediment flows, in which sediment is
supported by the upward flow of fluid as grains settle out; (3) grain flows, in which
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Figure 1-11. Classification of subaqueous sediment gravity flows
(modified from Middleton and Southard, 1984),
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sediment is supported by grain-to-grain interaction, either collisions or as a result of

viscous forces produced by near approaches of grains; and (4) debris flows, in which
sediment is supported by matrix strength. There can be more than one type of flow
during a single event. The four flow mechanisms outlined above are conceptual end
members. Distinctive sedimentary structures are associated with each of these end

members (Fig. 1-12).

1) Turbidity currents

Most turbidity currents appear to be initiated as surges. Travelling away from
the source, the surge will develop into a turbulent flow consisting of four parts: the
head, neck, body, and tail (Fig. 1-13).

For a steady uniform turbidity flow, fluid and sediment sweep forward and
upward through the head and circulate around to the back of the head where some
sediment is lost in eddies torn away by separating flow (Fig. 1-13). The coarser
sediment is circulated back into the flow, but finer sediment is incorporated into a
dilute cloud that trails behind the head and is swept along by entrainment. This flow
pattern has three important consequences: (1) the head may be a region of erosion
even while deposition is taking place from the main body of the flow; (2) dense fluid
must continuously be supplied to the head to replace that lost in eddies, resulting in a
concentration of coarsest sediment in the head; and (3) the head is slower and thus
thicker than the body.

Sedimentary structures of turbidites
A turbidity current leaves a sediment package that has been described as the
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Figure 1-12 . Sequence of sedimentary structures in hypothetical
single-mechanism deposits (modified from Middleton and
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Figure 1-13. Hydraulics of turbidity currents. (a) Turbidity current surge, as
observed in a horizontal channel afier releasing suspension from a lock at one
end. The velocity, v, is related to the thickness of the head, d,, the density
difference between the turbidity current and the water above, +p, the density
of the water, ¢, and the acceleration due to gravity, g. (b) Steady, uniform
flow of a turbidity cumrent down a slope, s. The average - elocity of flow, u, is
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resistance st the bottom, f, , and upper interface, f,. (c) Fiow pattern within
and around the head of a turbidity current. (d) Schematic division of a
turbidity current into head, neck, body, and tail (modified from Middleton and
Hampton, 1976).

26




27

Bouma sequence (Bouma, 1962; Blatt and others, 1972; Middieton and Hampton,
1973, 1976), also called a turbidite. It is composed of a set of five units that usually
grade upward (Figs. 1-12, 1-14). Sole marks formed by erosion are common at the
base of the sequence. Load structures are present where the base of the turbidite is
denser than the underlying sediment, e.g, sand over mud; but the viscosity of both
materials has to be low enough to permit deformation of the interface between them.

Most sedimentary structures associated with turbidites are formed by a
combination of erosion at the head and more or less rapid deposition from the body
and tail of the flow. Rapid deposition will produce & unit that is structureless.
Slower deposition will produce parallel lamination. With less energy, plane
lamination and cross-ripple lamination are produced, reflecting more traction in the
flow. Grain fabric wik tend to be paralle! to current (Amott and Hand, 1989).
Generally, the Bouma sequence indicates a decrease in flow intensity with decreased
deposition from suspension, from bottom to top.

2) Liquified flows

Liquified flows, originally called fluidized flows by Middleton and Hampton
(1973, 1976), are produced when grains in a loosely packed sand temporarily loose
contact with one another and become suspended by pore fluid. Contact between the
grains and the strength of the mass are restored when the grains settle through the
interstitial fluid, part of which escapes vertically upward to the surface. Sand units
that are subject to liquefaction are ones that are loosely packed so that the liquid can
expand the fabric and support the grains. A liquified sand can flow rapidly down
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relatively gentle slopes (3°-10°). Deposition takes place when pore fluid is lost.
Sedimentary structures of liquified flow deposits

Excess pore fluid can produce liquefaction structures either during deposition
or after deposition. Sedimentary structures that are common in liquified flow deposits
include dish and pillar features, convolute laminae, and load structures (Fig. 1-12).

3) Grain flows

Grains flows are cohesionless flows in which grains are supported by a
dispersive pressure that causes the grains to bounce off one another. The dispersive
pressure is proportional to the shear stress transmitted between the grains; it
counteracts the tendency for the grains to settle out of the flow. Dispersive pressure
is generated by the downsiope pull of gravity on the grains, which varies with the
slope angle. This process applies specifically to the movement of loose sand grains
without clay or silt (Prior and Coleman, 1984). The expected slope angle necessary
to sustain movement is high whether the flow is a viscous regime or an inertial
regime (37°, viscous ; 18°, inertial). Since such slopes are uncommon on the ocean
floor, it is thought that pure grain flows do not travel long distances in submarine
environments. Deposition of grain flows occurs "en masse” in layers several grains
thick when the driving force becomes less than the force necessary to propel the flow.
This is different from deposits formed by traction (turbidites) where grains are
deposited particle by particle.

Sedimentary structures of grain flow deposits
Lateral and inverse grading, dish structures, diffuse or swirled laminae, and
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intraclasts are common in grain flow deposits (Fig. 1-12). Sole structures may or
may not be present at the base. In addition, elongate grains are parallel to flow.
Some deposits are massive and structureless.

4) Debris flows

The term debris flow "implies a process by means of which granular solids, in
general admixed with minor amounts of clay, entrained water and air (in subaerial
flows), move readily on low slopes” (Johnson and Rodine, 1984, p. 257). Other
terms have been used to identify similar processes including debris slide, mudflow,
rocky mudflow, mud slide, earth flow, mudspate, lahar. According to Johnson and
Rodine (1984), all these sediment gravity flows reflect the same mechanism.
Differentiations are based on the rate of movement and percentage of fine particles
which tend to mask the similarities of these types of flows.

A typical debris flow is a large wave of admixed solid and fluid materials
moving steadily though a channel with superimposed, smaller waves travelling at
velocities higher than those of the debris flow itself (Johnson and Rodine, 1984). The
debris flow acts as a cohesive fluid that carries coarser particles. These particles are
supported by floating within the matrix. Deposition of debris flows occurs instantly,
"en masse”, when the driving force decreases below the strength of the debris.

Lateral and medial deposits commonly are left by debris flows. During flow,
sediment is deposited along the sides of the channel in terraces or levees. Medial
deposits form in the centre of the channel (Fig. 1-15). A rigid plug forms in the
centre of the flow and is rafted along downslope. In some subaqueous flows with




Figure 1-15. Idealized cross-sections of debris flow
in a V-shaped channel. (a) Flow is contained within
the channel. (b) Flow overlaps the channel (modified
from Johnson, 1970; Middleton and Hampton, 1976).
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large stress imposed by the water on the upper interface, the rigid plug will flow
below the surface of the flow. Around the plug, there is a zone of laminar flow
where shearing occurs (Middleton and Hampton, 1976; Johnson and Rodine, 1984;
Fig. 1-15). The thickness of the rigid plug will vary directly with strength and
inversely with density and slope angle. The flow will stop when the thickness of the
plug becomes equal to the thickness of the flow.
Sedimentary structures of debris flow deposits

Bouldery debris flow deposits are typically massive and have a random fabric.
Fine-grain debris flow deposits may contain normally or inversely graded laminae.
Such laminae would form in the area of flow below the rigid plug in the zone of
shearing (Johnson and Rodine, 1984). The base of a debris flow deposit may contain
load casts or erosional features, such as slide marks (Fig. 1-12). Generally, debris
flows do not abrade the underlying bed unless pull-apart or rigid block sliding occurs,
in which case there may be slide marks at the base of the bed. Pull-apart involves
tensile separation of a debris flow, for example when the channel is smooth and wet.
Blocks produced by separation slide rigidly ahead of the main flow.
Objectives

Saanich Inlet, a fiord on southern Vancouver Island, is a quiet basin in terms
of water circulation and sediment deposition. These conditions make it a natural
laboratory for studying foraminiferal assemblages and Holocene sediments. Chapter 2
is focused on understanding the response of foraminiferal assemblages to restricted
water circulation and the potential environmental implications. Chapter 3 considers
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the paleoseismic implications of the sediments in the inlet.

The objectives of the foraminiferal study are: (1) to document the distribution
of foraminifera in Saanich Inlet and to determine the effects of this intermittently
anoxic basin on foraminiferal ecology; (2) to provide baseline data for a paleoseismic
study of sediment cores from Saanich Inlet (Chapter 3); and (3) to assess the
environmental impact of industry and encroaching urban development on the fragile
fiord ecosystem.

The objectives of the paleoseismic study are fourfold: (1) to determine the
source and age of the sediments in Saanich Inlet; (2) to ascertain whether the massive
silty clay layers are indeed sediment gravity flow deposits; (3) to determine whether
the massive layers are products of earthquakes, and (4) to attempt to use varves as a
precise dating tool.
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CHAPTER 2. Biofacies of benthic foraminifers from Saanich Inlet, Vancouver

Island, British Columbia: valuable environmental indicators.

ABSTRACT

Foraminiferal biofacies identified in Saanich Inlet appear to be closely linked
to a variety of environmental parameters including water quality. The area adjacent
to this fiord is slated for a large suburban development as Victoria, the largest city on
Vancouver Island, continues to rapidly expand. Foraminifera may thus prove to be
good indicators of the stress that this development may place on the delicate Saanich
Inlet ecosystem.

Five biofacies are defined based on Q-mode cluster analysis and faunal
distribution profiles of foraminifera-bearing sediment surface samples from Saanich
Inlet. Biofacies 1 (Eggerrlia advena Biofacies), is found nearshore in two densely
populated bays. This assemblage appears to have an affinity for arcas contaminated
by sewage outfall and septic system drainage. Biofacies 2 (Eggerclla advena-
Spircplectammina biformis Biofacies) and 3 (Miliammina fusca Biofacies) characterize
shallow, brackish waters, and are distributed in shallow bays near Biofacies 1.
Biofacies 4 (Lobatula fleicheri Biofacies), the only biofacies dominated by a
calcareous fauna, has been subdivided into two subbiofacies: Sub-biofacies 4A
(Stainforthia feylingi Sub-biofacies) and 4B (Buccella frigida Sub-biofacies). Sub-
biofacies 4A is found in deep water, low oxygen environments and Sub-biofacies 4B
characterizes shallow water, normal marine environments. The patchy distribution of




Sub-biofacies 4B samples is probably due to vagaries of water circulation in the
restricted basin. Biofacies S (Leptohalysis catella-Spiroplectammina biformis
Biofacies) defines a relatively deeper muddy environment with a high proportion of
plant debris and low oxygen levels. Hence, the main environmental control defining
the biofacies is water circulation (or lack thereof) which is influenced by the shape of
the fiord (presence of the sill).
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INTRODUCTION

The economy of southern Vancouver Island, British Columbia, relies heavily
on fishing, tourism, and aquaculture, all of which are adversely affected by water
pollution. As the population of greater Victoria, the largest city on the island,
continues to burgeon, water pollution caused by sewage outfall and industrial waste
has become a matter of concern (Vancouver Sun; The Province; Times Colonist;
1993, 1994, 1995). Encroaching housing developments (Development Services
Department of the Cowichan Valley Regional District, oral communication, 1994)
also may threaten the ecosystem of Saanich Inlet (Fig. 2-1). Foraminifera are used as
environmental indicators of pollution sources but no work of this type has been
carried out on the northwest coast. Consequently, ther: is an interest and a need to
conduct a reconnaissance study to establish the foraminiferal biofacies in Saanich
Inlet.

Southwestern British Columbia is also one of the most tectonically active
regions of North America. In light of recent major earthquake damage to other west
coast cities, there is increasing concern about the effects that a moderate to large
carthquake would have on the region. In response to this concern, research has been
initiated by the Geological Survey of Canada, primarily in southwestern British
Columbia, to determine the times and effects of large prehistoric earthquakes (Clague
and Bobrowsky, 1994a, b; Mathewes and Clague, 1994).

Analysis of foraminiferal assemblages and biofacies distribution is a proven
tool in the paleoceanographic interpretation of marine sediments worldwide (Culver,
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Figure 2-1. Location map, Saanich Inlet, British Columbia.
The shaded box locates the bedrock sill at the north end of the
inlet. PGC=Pacific Geoscience Centre.
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1993). With the concerns outlined above, the purpose of this reconnaissance study is
threefold: (1) to document the foraminiferal distribution in Saanich Inlet and to
determine the effects of an intermittently anoxic basin on foraminiferal ecology; (2) to
provide baseline data for a paleoseismic study of sediment cores (Chapter 3); an (3)
to assess the environmental impact of industry and urban development on the fragile
fiord ecosystem.

STUDY AREA

Saanich Inlet, located at the southern end of Vancouver Island (Fig. 2-1), is 26
km long, up to 8 km wide, and has avzrage and maximum depths of 120 m and 236
m, respectively. It is indented by five bays into which small ephemeral streams flow
(Fig 2-2).

Unlike other inlets in British Columbia, freshwater runoff into Saanich Inlet is
negligible as a flushing mechanism (Herlinveaux, 1962). Goldstream River, the only .
significant stream flowing into the inlet, discharges only a small amount of
freshwater. The main source of freshwater and sediment is Cowichan River which
flows into Satellite Channel northwest of the inlet (Fig. 2-1). A bedrock sill at 70 m
depth at the mouth of the inlet (Figs. 2-1 and 2-2) restricts water circulation, creating
anoxic conditions below depths of 70-150 m (Carter, 1934; Gross and others, 1963).
In late summer or fall, dense cold water enters the inlet from Haro Strait. This water
flushes the upper part of the anoxic zone, and increases the amount of dissolved
oxygen in the water (Herlinveaux, 1962; Anderson and Devol, 1973; Stucchi and



Figure 2-2. Location map of grab sample sites in Saanich Inlet. Stations O, M, L, J,
H, and B are from a hydrological study by Herlinveaux (1962). They are referred to
in Figs. 2-3, 2-5, and 2-6.




45

A — o |

Sateih‘te Channel
Cove
S

Saanich Inlet
e . B-'hym-y

- Couastline
4 Sample Location




46
Giovando, 1984). The amount of flushing differs from year to year, and, as a result,

the thickness of the anoxic layer is highly variable to the extent that it sometimes does

not take place (Anderson and Devol, 1973; Stucchi and Givando, 1984). An example

of oxygen replenishment in Saanich Inlet is shown in Figure 2-3 (Herlinveaux, 1962)
where oxygen concentrations decrease with depth throughout the year, except in late
summer, for a short period of time, there is a minor increase in oxygen at lower
depths.

In the shallower oxygenated areas of the inlet, sediments range from silt to
fine sand with gravel in some areas. In the anoxic part of the basin, the sediments
are mainly muddy diatomaceous ooze (Fig. 2-4; Gucluer and Gross, 1964).

Annual water temperatures in the fiord fall within the expected range for fiords
in British Columbia (Pickard, 1975). At <50 m, temperature changes are seasonal
ranging from ~5°C in January to ~18°C in July. Below 50 m, temperatures are
stable at 8-9°C. Figure 2-5 represents observed temperature structures in a
longitudinal section of the inlet (Herlinveaux, 1962). These show that water
temperature is not constant longitudinally throughout the inlet. There are patches of
warmer or cooler water at various depths.

Furthermore, water salinities compiled by Herlinveaux (1962) indicate that

surface water salinities vary widely depending on the precipitation and the local land

drainage. However, waters below the sill appear to be isolated from the approaches,

i. e., waters entering from Satellite Channel (Fig. 2-6; Herlinveaux, 1962).
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Figure 2-3. Oxygen structure in a longitudinal profile
of Saanich Inlet. Stations are plotted on Fig. 2-2
(modified from Herlinveaux, 1962).
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Figure 2-4. Location of surface sediment samples (black dots) and
distribution of sediment types in Saanich Inlet. Central Basin sediments=
silt and clay with abundant diatom frustules. Sill sediments= silt.
Nearshore sediments= poorly sorted, fine sand and some gravel.
Carbonate-rich sediments= Near limestone quarry in Bamberton.
(Modified from Gucluer and Gross, 1964).
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Figure 2-5. Temperature structure in a longitudinal
profile of Saanich Inlet. Stations are plotted on
Fig. 2-2 (modified from Herlinveaux, 1962).
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Figure 2-6. Salinity structure in s longitudinal profile
of Saanich Inlet. Stations are plotted on Fig. 2-2
(modified from Herlinveaux, 1962).
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PREVIOUS WORK

Until recently, very few studies of recent foraminifera had been carried out
along the coast of British Columbia and adjacent Washington state. In addition, most
of these studies were of a reconnaissance nature or targeted to specific stratigraphic
problems and thus provided little ecological information.

Systematic studies on recent shelf foraminifera in the northeast Pacific Ocean
along the coast of British Columbia and Washington have been carried out by
Cushman (1925), Cushman and Todd (1947), Phleger (1967), McCulloch (1977), and
Patterson (1991). As the study of foraminifera developed, some foraminiferal species
names were changed, which led to some confusion. Thus, to standardize
nomenclature and assist subsequent researchers in the area, Patterson and others (in
press) prepared a monograph on the foraminiferal faunas of the British Columbia
shelf. The results of several stratigraphic, distributional and palecenvironmental
studies in the region are of limited use in the Saanich Inlet work as none was carried
out in fiords (Scott, 1974; Gallagher, 1979; Jones and Ross, 1979; Williams, 1989;
Patterson, 1989; 1990; 1991; 1993; Patterson and Cameron, 1991; Jonasson and
Patterson, 1992; Snvder and others, 1990 a, b; and Patterson and Luternauer, 1993).
The only foraminiferal distribution study geographically close to Saanich Inlet was
carried out by Cockbain (1963) in the Strait of Georgia (Fig. 2-1).

Studies of diatoms in Saanich Inlet sediments (Gucluer and Gross, 1964;
Sancetta and Calvert, 1988; Sancetta, 1989) have confir~2d that thythmites in the
central anoxic part of the basin are varves. One varve consists of a dark, terrigenous-
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rich, silty-clay, winter layer and a light, diatom-rich, summer layer. These layers are

deposited annually from settling of pelagic matter.

METHODS AND MATERIALS

Fifty-six grab samples were collected from sites distributed throughout the
inlet (Fig. 2-2) using a Dietz-Lafond grab sampler with a sampling area of 11 X 14.7
cm and a capacity of 480 cm®; only the top 5 cm were saved for analysis. The initial
idea was to sample in transects across the basin. However, sampling in the central
part of the fiord was not always possible because the grab sampler employed did not
always snap shut at greater depths in the soft diatomaceous ooze. Locations of
sample sites were determined using a Trimble-NAVTRAC Global Positioning Systemn
(GPS) instrument. Sampling depths (in metres below sca level) were recorded with a
200 kHz Ross echosounder (Table 2-1). After qualitative sedimentological description
(Table 2-1), each sampie was transferred 0 a vial and immersed in a formalin Rose
Bengal solution for 24 hours to help distinguish live (stained pink) from dead
(unstained) specimens. The following day, samples were rinsed through a 0.5 mm
screen to remove coarse organic matter and rock fragments and a 0.063 mm screen to
retain the foraminifera. The 0.063-0.50 mm fractions were wet split for quantitative
analysis using a wet splitter described by Scott and Hermelin (1993) and preserved in
buffered formalin solution. The amount of sediment retained for examination ranged
from 20 to 100 cm®.

For identification and point-counting of specimens, samples were immersed in




Table 2-1. List of samples with their location, depth, brief qualitative sediment
description (not using Wentworth scale) and total percent of live specimens. In the
last column, the samples with no number have less than 100 specimens and were not
included in the scattergram of Figure 2-7. Sample GS-04 was included because it was
statistically significant (Fishbein and Patterson, 1989).




Semple _Latitude °W __ Longitude N Depth (m) Description Total *e bive
GSOl  48°3937"  123° 2683 1 Grey coarse sand

GS02 4873937 123°2690° 3 Greycoarse sand high orgamics 128
GS03  48°3933)  123°26.86" 6  Greycoarsc sand high organics 18
GSO4  48°3943"  123°27.11" 12 Olve cosrse sand a8
GSOS  43°1947"  123°21.32" IS Otive coarse sand 36
GSO6  48°39.51"  123°2749" 20 Olive coarse sand a3
GS07  48°39.51°  123°27.70" 26 Olive coarse sand LY
GSO8  48°39.57"  123°28.09" 23 Otive cosrse sand 192
GS09  48°39.50"  123°28.57" 36 Oive coarse sand ]
GSI19  48°3947"  123°29.03" 72 Sand and mud

GSI1  48°39.30"  123°28.90" 73 Olive coarse sand 14
GSI2  48°3992°  123°3308" S Sandand mud 238
GSI13  48°3893"  123°3289" 1S Olive cosrse sand 27
GSI4  48°3890"  123°3267" 13 Coarse sand 1
GSI5  48°3894"  123°3255° 21 Medium-coarse olive sand 46
GS16  48°3895"  123°32.43° 34 Medium-coarse obive sand 148
GS17  48°3890"  123°32.12" 42 Modium-cosrse olive sand 212
GSI8  48°3872"  123°3).77 9  Olivemud

GSI9  48°38.79"  123°31.72" 90  Olivemud 0
GS20 48°45.14"  123°36.75" $3  Ohve mud high organic content o
GS21  48°4477  123°37.05" 40 Olive mud high organic content 0
GS22  4%°4127"  123°319%" 19  Olive coarse sand a6
GS23  48°41.23"  123°31.79" 67  Otive mud high organic content 0
GS24  48:4122"  123°3) 57" 72 Olive mud and sand 0
GS25  48°4121"  323°31.19" 73 Olivegrey mud and sand 0
GS26  48°41.24"  123°31 04" 73 Olve mud and sand 0s
GS27  48°41.15"  123°30.79" 76 Olve mud and sand 16
GS28  48°4099"  123°28.58" 18 Coarse dark grey sand 0
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Sample Lattude”W  Longitude °N Depth  Description Total % live
GS29 48-41 1y 123-2841" 2 Coarse sand _
GS30 48741 01"  123°2862" 25 Ofive coarse sand 46.6
GS31 48" 40 98" 123-28.84" 30 Medium-coarse olive sand 40.1
(5S32 484096 1232882 30 Medium-coarse olive sand 12
GS33  48°4099" 123°29.02" 41 Medium-coarse olive sand 206
GS34  48°41.00"  123°29.30" 49 Med:ium-coarse olive sand 232
G835 48741 02"  123°2949" 57 Medium-coarse olive sand 59
G336 48'41 02" 123-29.49" 56 Medium-coarse olive sand 21
GS37 48 41.05" 12329777 95 Olive mud high organic content 12
GS38  48-41 .09 123~ 29 90" 97 Olive mud and sand 1.5
GS39 48 4108" 123°30.08" 112 Olive mud high organic content 0
GS40 4B 41.10" 123°3040 84 Olive mud and sand 05
GS41 48 41.11" 123°30.57" 78 Olive mud and sand 5.6
GS42 48 35.02" 12372803 10 Coarse sand and mud 38
GS43  48°35.10" 12328 18" 44 Coarse sand and mud 233
GS44 487 35.18"  123¢.8.30" 52 Olive mud high organic content 32
GS4S 483518 123728 60" 78 Olive mud high organic content 2
GS46 48 35127 123728407 62 Olive mud + 1.:7h organic content 0
G547  48°3525" 123-28 72" 42 Medium-coarse olive sand 7
GS38 48 3532" 123 2893¥ 62 Sand and mud _
GS49 48 3539" 123729 08" 31 Coarse sand and mud 03
GSS0 47 3639”123 31.08" 2 Olive-grey coarse sand 80.7
GSS1 48" 36 30" 12373097 3s Coarse sand _
GS52  48°3630"  123'3088" 74 Olive coarse sand and mud 108
G853 4873582 1233087 221 Black mud and H2:5 odor 0
GSS4 48°3520" 123-31 09" 88 Light grey med. sand 0.2
GSSS 48 2997 123°3501" 16 Medium-coarse olive sand 30.2
GSS6 48 2994 12373294 14 Coarse sand + high org. content 09
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water and examined with an Olympus (Model 219142) binocular microscope. Total

abundances (live and dead) of specimens were tabulated (Appendix 2-1). Specimens
were considered live when globules of stained protoplasm were identified. In
addition, the percent abundance and the percent error for each species were calculated
(Appendix 2-1) using the methods of Patterson and Fishbein (1989). These authors
suggest that percent abundance and percent error values be included in the data
compilation to provide an indication of accuracy of species estimates. The percent

error (95% confidence level) was calculated using the standard error equation

(*X):

57,196 -———[x‘[:v'x‘]

where (N) is the total number of counts, and (X) is the fractional abundance of a
species (Patterson and Fishbein, 1989).

A Q-mode cluster analysis was carried out on the data using a technique that
has been demonstrated to closely emulate the results of the statistically significant
*error weighted maximum likelihood” clustering method of Fishbein and Patterson
(1993). This method requires that only the species present in statistically significant’
populations be analyzed. From a total of 96 observed species, the Q-mode cluster
analysis was carried out on the 34 statistically significant species using SYSTAT (v.

5.2; SYSTAT Inc. 1992). Euclidean distance correlation coefficients were used to

2 Percent sbundance of species >standard error (Fishbein and Patterson, 1993).
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measure similarity between pairs of species, and the Ward’s linkage method was
utilized to arrange sample pairs and sample groups into a hierarchic dendrogram.

Four faunal distribution profiles of the dominant species were plotted against
sample depth (i.e., water depth) in order to help define, along with the cluster
analysis, the ecological parameters.

Selected specimens of common species were mounted, gold coated, and
examined using a LECA Cambridge S360 scanning electron microscope at the

Geological Survey of Canada, Ottawa.

RESULTS
Species abundance and preservation

All 56 grab samples with the exception of GS-53, collected at 221 m (deepest),
contain benthic foraminifera. Eight samples have less than 100 specimens and are not
included in Appendix 2-1 (where relative abundances are tabulated) because the
species makeup in these samples is not statistically significant (Patterson and Fishbein,
1989; Fishbein and Patterson, 1993). However, one sample (GS-04) containing less
than 100 specimens is included as it only contains two species and is considered
statistically significant. Of the 49 samples that are tabulated (Appendix 2-1), 39
contained specimens with protoplasm that stained with Rose Bengal.

In general, most specimens are well preserved. Some post-mortem dissolution
is indicated by the presence of variably dissolved Cribroelphidium spp. tests in 36 of

the 49 samples. It is also apparent that some dissolution has continued after collection
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because stained specimens of Cribroelphidium spp. and Quinqueloculina spp. are
partially to completely dissolved, in some cases with only the organic linings

Agglutinated species characterize the foraminiferal fauna of most samples.
Only six samples contain relatively more calcareous specimens than agglutinated ones.
However, the calcareous faunas are more diverse than agglutinated faunas where they
dominate an assemblage. No planktic foraminifera are observed in any sample.

% live vs. sample depth

The percentage of live specimens per total (live and dead) abundance of
sample (Table 2-1) is plotted against depth of sample (Fig. 2-7). The scattergram
indicates a negative relationship, which means, the deeper the sample, the lower the
percentage of live specimens. Furthermore, in samples collected at deeper depths
(73-97 m), only trace abundances of live specimens are found. These live specimens
Cluster analysis

Q-mode cluster analysis on the foraminiferal data (total abundance =live and
dead) for 34 statistically significant species (Appendix 2-1), yields six clusters (Fig. 2-
8). Each cluster also has a slightly different sediment texture (Table 2-1).

These clusters are: (1) Eggerella advena Cluster, found in grey sand at depths
ranging from 15-26 m; (2) Eggerella advena-Spiroplectammina biformis Cluster found
in olive coarse sand at depths ranging from 12-57 m; (3) Miliammina fusca Cluster

found in coarse sand with a high proportion of plant debris at depths ranging from 3-




Figure 2-7. Scattergram of the total percent abundance of live specimens versus
sampie depth. “Best-fit" regression line shows negative relationship as calculated by
Delta Graph version 3.0 (for Apple Macintosh). Correlation coefficient (r)= -0.5325.



% live vs. sample depth

b

-3

100
Total % live specimens




Figure 2-8. Q-mode cluster dendrogram defining six clusters. Cluster 4 is divided
into two sub-clusters: 4A and 4B. Dashed line defines confidence level. Shaded
boxes indicate anomalous clustering.
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14 m; (4) Lobatula fletcheri Cluster characterized by calcareous foraminifera and
divided into two sub-clusters based on dominant species, depth ranges, and sediment
texture: (4A) Stainforthia feylingi found in two samples; one of olive mud and one of
grey medium sand at depths of 88-90 m and (4B) Buccella frigida found in coarse
sand at depths ranging from 10-31 m; (5) Dissolved Cribroelphidium-
Spiroplectammina biformis-Leptohalysis catella Cluster found in olive mud at depths
ranging from 72-97 m; and (6) Spiroplectammina biformis-Leptohalysis catclla
Cluster found in olive mud with a high proportion of plant material (with the
exception of GS-11, which was found in olive sand) at depths ranging from 40-112
m. In Clusters 2, 3 and S, some samples are anomalously distributed within a cluster
because of their differing taxa, sediment texture, and sample depths.
Faun:i distribution of dominant species

To examine faunal changes with depth across the fiord, cumulative abundances
of dominant foraminiferal species, i.e., dominant in at least one sample (Appendix 2-
1), are plotted against sample depth in four profiles (Figs. 2-9, 2-10, 2-11, and 2-12),
which are located on Figure 2-13. Five samples (GS-20, 21, 54, 55, and 56; Fig. 2-
13) are not in line with the profiles and therefore are excluded.

Bays/shore

Eggerella advena dominates the assemblages in Deep Cove (Profile 1; Fig. 2-
9) and in Patricia Bay (Profile 3; Fig. 2-11), two bays subject to septic tank drainage
and sewage outfall; only trace amounts of other species are present in these areas.
Miliammina fusca dominates the agglutinated foraminiferal assemblages (Profile 3;



Figure 2-9. Profile 1: Cumulative percent abundance of the dominant foraminiferal
species plotted against sample depth. See Fig. 2-13 for location of profile.
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Figure 2-10. Profile 2: Cumulative percent abundance of the dominant foraminiferal species
plotted against sample depth. See Fig. 2-13 for location of profile.
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Fig. 2-11) within Patricia Bay, at depths shaliower than 12 m, closer to the mouth of

an ephemeral stream (Fig. 2-13).

In samples dominated by agglutinated species, Leptohalysis catelia is absent at
depths shallower than 20 m and Spiroplectamming biformis is present only in trace
abundances (all profiles; Figs. 2-9, 2-10, 2-11, and 2-12).

In samples consisting mainly of calcareous foraminifera, Buccella frigida
characterizes the assemblages at shallow depths (<20 m; Profiles 1, 2, and 4; Figs.
2-9, 2-10, and 2-12, respectively). At depths of 20-50 m, Buccella frigida and
Stainforthia feylingi occur in approximately equal abundances (Profile 4; Sample GS-
49; Fig. 2-12).

Where dissolved Cribroelphidium spp. dominates an assemblage at shaliow
depths (< § m), it represents a substantial abundance of live Cribroelphidium spp.
that has been dissolved after collection (Appendix 2-1; Samples GS-12 and -50:
Profiles 2 and 4; Figs. 2-10 and 2-12, respectively). On the other hand, dissolved
Criobroelphidium spp. indicating post-mortem dissolution are found in deeper samples
(>S5S m).

Basin trough

Leptohalysis catella and Spiroplectammina biformis are the most abundant
species in dominantly agglutinated assemblages below 57 m (Profile 1; Fig. 2-9;
Samples GS-40, 38, and 35). S. biformis is present in 1aest samples from this study
and it increases in samples of depths greater than 30 m (all profiles; Figs. 2-9, 2-10,

2-11, and 2-12). At depths >50 m, calcareous assemblages are characterized by
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Figure 2-11. Profile 3: Cumulative percent abundance of the dominant foraminiferal
species plotted against sample depth. See Fig. 2-13 for location of profile.




Profile 3

W; Patricia Bay

100

3 % s biformis

rd % Diss. Cribroelphidium

W o M fisca
=] % L. catella
il % E. advena

Ephemeral stream ; sewage outfall

E; Patricia Bay

Edge of bay

920
80
70

e

60

IOUEPUNQE o, dAnE[NWN))

50
40
30
20
10

0

10

Sample numbers

73 36 23 26 20 15 12

72

Depth (m)

70




Figure 2-12. Profile 4: Cumulative percent abundance of the dominant foraminiferal
species plotted against sample depth. See Fig. 2-13 for location of profile.
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an abundance of Stainforthia feylingi (Profile 2; Fig. 2-10; sample GS-54, not
included in the profiles; Appendix 2-1).

Dissolved Cribroelphidium spp. increases with depth, with the exception of
sample GS-40 (depth 84 m; Profile 1; Fig. 2-9) which does not contain any.
Althougk: it is a significant component of deeper water assemblages, it dominates only
in samples GS-26 and -27 at 73 m and 76 m depth, respectively (Profile 1; Fig. 2-9).
Biofacies

Five biofacies (as defined by Bates and Jackson, 1987; p. 232) are defined on
the basis of cluster aralysis and faunal distribution profiles. Table 2-2 summarizes
the biofacies, their assemblages, the dominant species, the depth range, and the
environment in which they are found.

Biofacies 1: Eggerella advena Biofacies

This biofacies, which is also represented by Cluster 1 (Fig. 2-8), is
characterized by Eggerella advena, with a relative abundances ranging from 64.3% to
89% among the four samples of the group (Profiles 1 and 3; Figs. 2-9 and 2-11,
respectively). The foraminiferal diversity of this biofacies is low. Samples which
represent the biofacies range in depth from 15 to 26 m, are grey sands, and are
located in Patricia Bay and in Deep Cove on the eastern shore of Saanich Inlet near a
highly populated area.

Biofacies 2: Eggerella advena-Spiroplectamming biformis Biofacies

Biofacies 2, which is represented by Cluster 2 {excluding sample GS-52),

is dominated by Eggerella advena and Spiroplectamming biformis. Biofacies 2 had



Figure 2-13. Distribution of foraminiferal biofacies in Saanich Inlet defined by Q-
mode cluster analysis and the distribution profiles of the dominant species (P-1 to P-4,
Figs. 2-9 to 2-12). The triangle (a) indicates that there were not enough specimens in
the sample to assign it to a biofacies. The question mark (?) indicates that the sample
was anomalously clustered in the dendrogram and could not conclusively be assigned
to a biofacies based on other criteria, including, dominant fauna, depth of sample,
sediment texture.
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a slightly greater foraminiferal diversity than Biofacies 1 (Appendix 2-1). Samples of

the biofacies consist of olive coarse sand, are found at depths ranging from 12 to 57
m, and are located in the bays (Profiles 1 to 4; Figs. 2-9, 2-10, 2-11, and 2-12,
respectively).

Sample GS-52 is excluded from Biofacies 2 even though it falls within Cluster

2 (Fig. 2-8). The abundance of Leptohalysis catella in this sample and its greater
depth (74 m; Profile 4; Fig. 2-12) reflect conditions of Biofacies 5 as discussed
below.

Biofacies 3: Miliammina fusca Biofacies
Biofacies 3, which is represented by Cluster 3 (excluding sample GS-25; Fig. 2-8), is
characterized by relatively high abundances (12.8% to 65 %) of Miliammina fusca.
Samples from Biofacies 3 are coarse sands with abundant plant debris at depths of 3
to 14 m.

Biofacies 4: Lobatula fletcheri Biofacies

This biofacies, which is represented by Cluster 4 (Fig. 2-8) is dominated by a
calcareous fauna; Lobatula fletcheri is the only species present in all samples. The
biofacies is subdivided into two sub-biofacies, 4A and 4B, on the basis of depth and
sediment texture.

Sub-biofacies 4A: Stainforthia feylingi Sub-biofacies

Sub-biofacies 4A, which is also represented by Sub-cluster 4A, is dominated

by Stainforthia feylingi and is found at much greater depths (ca. 90 m) than Sub-

biofacies 4B (10-31 m; Fig. 2-8).
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Sub-biofacies 4B: Buccella frigida Sub-biofacies

Sub-biofacies 4B, which is represented by sub-cluster 4B (Fig. 2-8), is
dominated by Buccella frigida. The samples from this sub-biofacies are sandy and
distributed within the bays along the margins of Saanich Inlet (Fig. 2-13; Profiles 1,
2, and 4; Figs. 2-9, 2-10 and 2-12, respectively).

Biofacies 5: Leptchalysis catella-Spiroplectamming biformis Biofacies:

This biofacies includes samples from Clusters S and 6 (Fig. 2-8), which have
similar foraminiferal content, average depth, and sediment texture. Cluster 5 contains
a higher abundance of dissolved Cribroelphidium spp. and less plant debris than
Cluster 6.

Biofacies 5 is dominated by Leptohalysis catella and Spiroplectammina
biformis. Samples are found at depths of 40-112 m, deeper than all other biofacies
except 4A (Table 2-2). Samples consist of olive mud with the exception of sample
GS-11, which is olive sand. Some samples contain high proportions of plant debris.
Most of the samples are from the basin trough distant from shoreline and bays (Fig.
2-13). Those within bays came from depths of 40 n. or more (Figs. 2-9, 2-10, 2-11,

and 2-12).

DISCUSSION
% live vs. sample depth
As mentioned above, the percentage of live specimens decreases with depth

(Fig. 2-7). Although the percentage of live specimens depends on the percentage of
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dead specimens, which in turn, can be affected by other factors, such as production
rates, sedimentation rates, and preservation of tests, the lack of living foraminifera at
greater depths may also reflect a decrease in dissolved oxygen with depth in the
seawater (Fig. 2-3). Furthermore, at greater depths, only trace amounts of live
species (T. pacifica and S, biformis) that can tolerate a wide variety of’ marine
conditions (Murray, 1991) are found. This probably reflects strained living conditions
due to low oxygen concentrations.
Biofacies

Biofacies 1: Eggerella advena Biofacies

As mentioned above, Eggerella advena dominates this low-diversity

assemblage at shallow depths near a highly populated area. Patricia Bay contains a
sewage outfall, and Deep Cove is denscly populated with septic systens that may be
contaminating the groundwater discharging into the inlet. Furthermore, water quality
analyses of Saanich Inlet show that after a period of rainfall, Deep Cove and Pat Bay
have the highest fecal coliform sources in the inlet and may exceed the swimming
criterion of 200 MPN/100 ml (Aquatic Science Consultants Ltd., 1995).

Although in warm climates, sewage outfall may cause an increase in
foraminiferal diversity (Yanko and others, 1994), along the coast of California,
sewage reduces the diversity of the foraminiferal biofacies and favours a dramatic
increase of agglutinated taxa such as Eggerella advena and Trochammina pacifica
(Watkins, 1961; Bandy and others, 1964a, b; Murray, 1991). Similar foraminiferal

biofacies are also reported from Atlantic Canada, the Fraser River delta, and
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southeast Norway (Schafer and Cole, 1974; Patterson, 1990; Alve 1993,
respectively). Schafer and Cole (1974) report foraminiferal diversity decreases and
that Eggerella advena, along with Miliammina fusca, dominate assemblages near a
pulpmill effluent on the Antlantic coast, Baie des Chaleurs, eastern Québec.
Patterson (1990) observes a dramatic increase in abundance of Trochammina pacifica
and low foraminiferal diversity in samples located between two causeways on the
Fraser River delta tidal flats containing high levels of organic mud. He attributes the
presence of this biofac’es to the high levels of organic mud in the area. Alve (1993)
reports that one of the most abundant taxa found near sewage outfall is Eggerrella
advena. This species is also known to tolerate slightly brackish water conditions
which are generally found near sewage outfalls (Murray, 1991). Hence,
contamination of the water in Saanich Inlet because of sewage outfall and septic
system leakage is probably responsible for this low diversity foraminiferal biofacies.

Biofacies 2: Eggerella advena-Spiroplectamminga biformis Biofacies

This biofacies is characterized by the abundances of Eggerella advena and
Spiroplectammina biformis. Spiroplectammina biformis can tolerate a wide range of
marine conditions (Murray, 1991) and increases in abundance with depth along
Profiizs 1 to 4 (Figs. 2-9, 2-10, 2-11, and 2-12, respectively). The combination of
Eggerella advena, which is known to tolerate brackish waters (Murray,1991), and
Spiroplectammina biformis expands the depth range (12-57 m) of Biofacies 1 and
becomes Biofacies 2, yet still characterizes shallow waters. Biofacies 2 is found

nearshore in bays and near mouths of freshwater streams adjacent to Biofacies 1 (Fig.
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2-13). Thus, brackish water conditions and contamination of the water likely play a
role in the distribution of Biofacies 2 because of its close association to Biofacies 1.

Biofacies 3: Miliamming 7usca Biofacies

Miliammina fusca is characteristic of brackish waters with salinitics less than
20%o (Scott and others, 1980; Alve, 1990) and a high abundance of plant debri; at
the surface where the sample is collected (Alve, 1990). Biofacies 3 comprises tiree
nearshore samples, two in Patricia Bay and one near the mouth of Goldstream River.
These three occur near samples from Biofacies 1 and 2 (Fig. 2-13). This association
provides further evidence that the nearshore environments of Patricia Bay and
Goldstream River outlet are brackish water environments probably rich in organic
debris. Eggerella advena can tolerate brackish waters; however, when the water
becomes too brackish, Miliammina fusca will dominate the foraminiferal asscmblage
close to a zone of freshwate~ discharge (Scott and others, 1980).

Sample GS-25 grouped within Cluster 3, but does not contain Miliammina
fusca, therefore is excluded from Biofacies 3. This sample contains abundant
Discammina compressa and Saccammina cf. atlantica, which are common to some
samples from Cluster 3 and Biofacies 5 (Appendix 2-1). Discammina compressa
should not be considered as an indicator of brackish waters because it is identified in
a variety of marine environments (Schroder, 1986; Loeblich and Tappan, 1987).
Saccammina lives in a temperate to cold inner shelf (0-100 m) setting (Murray,
1991). Since, all samples from this study were collected within a temperate, inner

shelf oceanographic setting, Saccammina should net be considered as an indicator of
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any particular environment in Saanich Inlet. Thus, sample GS-25 remains
anomalously linked to Cluster 3 without representing the environment of Biofacies 3,
although it is geographically associated with samples assigned to Biofacies 5 (Fig. 2-
13; Table 2-1). One reason for its anomalous clustering could be that the total count
is too low for the fractional abundance of many species to be statistically significant
(Fishbein and Patterson, 1989).

Biofacies 4: Lobatula fletcheri Biofacies

Sub-biofacies 4A: Stainforthia fevlingi Sub-biofacies

The assemblage from sample GS-19 (Profile 2; Fig. 2-10) of Sub-biofacies 4A
is characterized by an abundance of Stainforthia feylingi and has low species
diversity. The sample comes from a muddy substrate at a depth of approximately 90
m. $. feylingi is a newly named species, which is conspecific in many studies with
specimens referred as Fursenkoing fusiformis and is described as normally being
found in arctic to cold boreal environments (Knudsen and Seidenkrantz, 1994).

A similar foraminiferal assemblage from Drammensfjord, southeast Norway is
described by Alve (1990). Alve reports that an assemblage dominated by S.
fusiformis characterizes a low oxygen environment (towards the redox cline), a
muddy organic substrate, and salinities exceeding 30%o0. S. fusiformis may be
conspecific with F, fusiformis (Alve, 1990, p. 681), which would make it conspecific
with S, feylingi (Knudsen and Seidenkrantz, 1994). This issue aside, the
foraminiferal assemblages from Drammensfjord and Saanich Inlet reflect similar

environmental conditions including deep water, low oxygen, salinities close to 30%,
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and a muddy substrate (Figs. 2-3 and 2-6).

Other studies document that S, fevlingi (often listed as Furkensoina fusiformis;
Knudsen and Seidenkrantz, 1994) i. dominant in deep estuarine environments in
eastern Canada (Miller and others, 1982) and coastal fiords in northern Europe
(Murray, 1985).

Sample GS-54 in Sub-biofacies 4A is not from a muddy substrate but rather a
sand and has a relatively high foraminiferal diversity. Nevertheless, the dominance of
Stainforthia feylingi in this sample suggests low oxygen conditions like those reported
from a similar environment in Norway by Alve (1990). The small number of live
foraminifera in this sample (0.2%) is likely the result of low oxygen conditions. The
light colour of the sediment and the greater foraminiferal diversity may be related to
the proximity of the sample site to a cement plant (also called limestone quarry)
which supplements the water and that contributes high amounts of CaCO; (Fig. 2-13;
Gucluer and Gross, 1964).

Sub-biofacies 4B: Buccella frigida Sub-biofacies

Sub-biofacies 4B is dominated by Buccella frigida which is indicative of
normal®, temperate marine waters (Murray, 1991). This calcareous biofacies indicates
relatively higher salinity concentrations and is isolated among agglutinated biofacies
reflecting brackish waters in shallow nearshore environments. Such heterogeneity ir
the spatial distribution of species (Buzas, 1968) has been previously observed and is

referred to as patchiness. It is the result of daily temporal and spatial fluctuations of

3 Salinity ranges from 32-37%0 (Murray, 1991).
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physical environmental parameters, such as salinity, temperature, oxygen
concentrations, etc. (Schroder, 1986; Kaminski and others, 1988). Although other
scientists describe patchiness on a centimetre-scale, i.e., within a single box core
(Schroder, 1986; Kaminski and others, 1988), we extend its definition to a large
scale. Patchiness is not unexpected in Saanich Inlet because of its restricted water
circulation pattern.

Biofacies 5: Leptohalysis catella-Spiroplectammina biformis Biofacies:

As mentioned above, Spiroplectammina biformis increases with depth along
sample profiles. In addition, Leptohalysis catella becomes more common in
agglutinated assemblages with increasing depth, except where §, biformis dominates
(Profile 1; Fig. 2-9). Therefore, high numbers of L. catella and S. biformis seem to
signal low oxygen levels in deeper water.

Differences in sediment texture most likely explain the statistical distinction
between Clusters 5 and 6. Although the sediments hosting Clusters 5 and 6 comprise
olive mud with some sand, Cluster 6 samples contain a higher proportion of plant
debris. However, the results are not clear enough to separate Clusters 5 and 6 into
two biofacies.

Samples GS-20 (53 m) and GS-21 (40 m) contain high amounts of plant
debris, probably related to a nearby sawmill on the shore of Cowichan Bay (Fig. 2-
13). A high proportion of plant debris, a muddy substrate, and low oxygen levels
probably create ideal conditions for Leptohalysis catella to flourish.

Samples GS-12 (5 m) and GS-50 (2 m) are anomalously grouped with Cluster
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5 and are excluded from Biofacies 5. Both samples are characterized by a high

percentage of live dissolved Cribroelphidium spp. The clustering of these samples
with deep-water samples of Biofacies 5 is due to dissolution of Cribroe¢lphidium
specimens after collection. The absence of Leptohalysis catella in these shallow-water
samples and the predominantly calcareous fauna (Appendix 2-1) clearly differentiate
them from true Biofacies 5 samples.

Sample GS-52 is included in Biofacies 5 because it possesses the same texture
and falls within the depth range of this biofacies. It groups within Cluster 2 because
of the presence of Eggerella advena (2.7%) and Spiroplectammina biformis (13.4 %)
but it contains more Leptohalysis catella (17.9%).

Environmental control of the biofacies

In Saanich Inlet, water circulation (or lack thereof) is the main environmental
control, which is in turn responsible for variations of environmental parameters, such
as salinity, oxygen, temperature, etc. Thus, the bathymetry of the fiord (i.e.,
presence of the sill) controls water circulation in the basin. Other environmental
controls are surface land drainage, contamination, and sediment texture, but these are
also influenced by the degree of water circulation in the basin. For example, water
contamination occurs in two bays of the inlet and define a biofacies; however, if
water circulation were not restricted, contamination might not affect foraminiferal
assemblages.

Hence, foraminiferal biofacies indicate that, at shallow depths (above the sill),

surface waters are oxygenated and brackish with isolated areas of contamination or
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higher salinity. At greater depths (below the sill), biofacies reflect a low oxygen and

higher salinity environment.

CONCLUSIONS

A reconnaissance distributional analysis of foraminifera from Saanich Inlet, a
fiord with restricted water circulation, demonstrate that:
1) The percentage of live foraminifera decreases with increasing depth, probably due
to decreasing oxygen concentrations.
2) The main environmental control is water circulation which is influenced by the
shape of the fiord (i.e., presence of the sill). Related to water circulation are
different environmental parameters including salinity, oxygen, temperature, which
explain most of the clustering and the distribution of the dominant foraminiferal
fauna. Other environmental controls are surface land drainage, contamination, and
sediment texturs, but these are also affected by the degree of water circulation in the
basin.
3) Certain foraminiferal species are closely linked to specific environmental
parameters. Eggerella advena indicates contamination and brackish water conditions.
Miliamming fusca probably reflects very brackish water conditions. Leptohalysis
catella reflects deep water, low oxygen concentrations, high organic content, and a
muddy (with some sand) substrate. Similarly, Stainforthia fevlingi indicates deep
water and, probably, low oxygen concentrations. Buccella frigida is indicative of

normal temperate marine conditions.
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4) Using Q-mode cluster analysis and distribution profiles of dominant species, five

foraminiferal biofacies of distinct geographic distribution are defined. These are: 1-
Eggerella advena Biofacies of shallow nearshore environments near sewage outfalls
and septic system drainage; 2- Eggerella advena-Spiroplectamming biformis Biofacies
and 3- Miliammina fusca Biofacies, located close to Biofacies 1 at shallow depths in
brackish bays. Although there is relatively little freshwater runoff into Saanich Inlet,
Biofacies 1, 2, and 3 indicate that localized ephemeral runoff affects the foraminiferal
distribution; 4-Lobatula fletcheri Biofacies, subdivided into: 4A- Stainforthia feylingi
Sub-biofacies dominant at greater depths where oxygen levels are low; and 4B-
Buccella frigida Sub-biofacies at shallow depths within the bays of the inlet, reflecting
poor mixing of normal marine seawater because of restricted circulation; 5-
Leptohalysis catella-Spiroplectammina biformis Biofacies found at greater depths far
from shore.

Plans for the construction of 5000 houses with tertiary sewage treatment
(septic systems) are under consideration (Development Services Department of the
Cowichan Valley Regional District, oral communication, 1994) in the Bamberton area
(Fig. 2-13). The present foraminiferal study indicates that increasing the amount of
septic system drainage into Saanich Inlet could have considerable environmental

impact on water quality.
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FAUNAL REFERENCE LIST
In the abbreviated list of species given below, names enclosed by square
brackets indicate the original generic designations. Original references are cited from
the Catalogue of Foraminifera (Ellis and Messina, 1940 and supplements). Plate and

figure numbers refer to taxa illustrated here.

Order Foraminiferida
Alveolophragmium crassimargo (Norman), 1892. [Haplophragmium crassimargo].
Alveolopragmium jeffreysi (Williamson), 1858. [Nonionina jeffreysi].
Ammediscus incertus (d’Orbigny), 1839. [Operculing incerta].
Astrononion gallowayi Loeblich and Tappan, 1953.
Atlantiella atlantica (F. L. Parker), 1952. [Trochamminella atlantica], (Pl. 2-2, Fig.
J).
?Bathysiphon sp. 1.
Remarks: Fine-grained agglutinated tube.
?Bathysiphon sp. 2.
Remarks: Coarse-grained agglutinated tube.
Bolivina compacta Sidebottom, 1905.
Bolivina minuta Natland, 1938.
Bolivina vaughani Natland, 1938.
Bolivinellina pacifica (Cushman and McCulloch), 1942. [Bolivina acerosa var.

pacifica), (P1. 24, Fig. 3).
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Buccella frigida (Cushman), 1922. [Pulvinulina frigidal, (Pl. 24, Figs. 7, 8).

Buccellg inusitata Andersen, 1952.
Buliminella glegantissima (d’Orbigny), 1839. [Bulimina elegantissimal, (P1. 2-4,
Fig. 2).
Cassiduling Jimbata Cushman and Hughes, 1925.
Cassiduling reniforme (N6rvang), 1945. [Cassidulina crassa ¢'Orbigny var.].
Cibicides sp. 1.
Cibicides sp. 2.
Cribroelphidium sp.

Remarks: Partially to completely dissolved.
Cribroelphidium bartletti (Cushman), 1933. [Elphidium bartletti]
Cribroelphidium excavatum (Terquem), 1876. [Polystomella excavata].
Cribroelphidium foraminosuym (Cushman), 1939. [Elphidium hughesi var.
foraminosum].
Cribroelphidium frigidum (Cushman), 1933. [Elphidium frigidum], (P1. 2-5, Fig. 6).
Cribroelphidium groenlandica (Cushman), 1933. [Elphidium groenlandica].
Cribroelphidium microgranulosum (Galloway and Wissler), 1927. [Themeon
microgranulosum], (P1. 2-5, Fig. 10).
Cribroelphidium hallandense (Brotzen), 1943. [Elphidium hallandense].
Cribroelphidium tumidum (Natland), 1938. [Elphidium tumidum].
Cribrostomoides sp.
Cribrostomoides wiesneri (Parr), 1950. [Labrospira wiesneri].
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Cuneata arctica (Brady), 1881. [Reophax arctica], (Pl. 2-3, Fig. 5).
Discammina compressa (Gogs), 1882. [Lituolina irregularis var. compressa], (Pl. 2-
1, Fig. 9).
Discorbis sp.
Dyocibicides biserialis Cushman and Valentine, 1930. (Pl. 2-4, Figs. 4, 5).
Eggerella advena (Cushman), 1922. [Verneuilina advena], (PL. 2-1, Fig. 3).
Elphidiella hannai Cushman and Grant, 1927,
Elphidium crispum (Linné).
Epistominella pacifica (Cushman), 1927. [Pulvinulina pacifica].
Epistominella vitrea Parker, 1953.
Favulina melo (d’Orbigny), 1839. [Oglina melo], (P1. 2-4, Fig. 6).
Fissurina lucida (Williamson), 1848. [Entosolenia marginata (Montagu) var. lucida].
Fissurina marginata (Montagu),1803. [Vermiculum], (Pl. 2-4, Fig. 9).
Fissurina vitreola (Buchner), 1940. [Lagena vitreola].
Haplophragmoides sp.
Haplophragmoides canariensis (d’Orbigny), 1839. [Nonionina canariensis], (P1. 2-2,
Fig. 6).
Haplophragz..ides columbiensis Cushman, 1925.
Haplophragmoides tenuum (Cushman), 1927. [Haplophragmoides tenuis].
Homalohedra borealis (Loeblich and Tappan), 1954. [Qolina borealis].
Hyalinonetrion gracile (O.G. Costa), 1856. [Amphoring gracilis].
Hyperammina friabilis Brady, 1884.
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Islandi¢lla norcrossi (Cushman), 1933. [Cassidulina porcrossi].

Lagena sp. 1.
Lagena sp 2.
Remarks: Partially to almost completely dissolved.
Lagena dorseyae McLean, 1956.
Lagena laevis (Montagu), 1803. [Vermiculum laeve].
Lagena sulcata (Walker and Jacob), 1798. [Serpula (lagena) sulcatal.
Leptohalysis catella (Hoglund), 1947. [Reophax catella], (P1. 2-1, Fig. 6).
Lobatula fletcheri (Galloway and Wissler), 1927. [Cibicides fletcheri], (Pl. 2-5, Figs.
1, 2).
Lobatula mckannai (Galloway and Wissler), 1927. [Cibicides mckannai], (Pl. 2-5,
Fig. 3).
Miliammina fusca (Brady), 1870. [Quinqueloculina fuscal, (P1. 2-1, Figs. 1, 2).
Miliolinella subrotunda (Montagu), 1803. [Vermiculum subrotundum].
Nodosaria emphysaocyta Loeblich and Tappan, 1953.
Nonionella aguricula Heron-Allen and Earland, 1930.
Nonionella stella Cushman and Moyer, 1930. (Pl. 2-5, Fig. §).
Nonionella turgida Williamson, 1858.
Nonionellina Jabradorica (J.W. Dawson), 1860. [Nonionina scapha var. labradorica].
Procerolagena sp.
Procerolagena wiesneri (Parr), 1950. [Lagena striata].

Pscudononion bassispinata (Cushman and Moyer), 1930. [Nonion pizarrensis var.
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Pygmacoseistron hispidum (Reuss), 1863. [Lagena hispida].
Quingueloculing sp. d’Orbigny, 1826.

Remarks: Partially to almost completely dissolved.
Quingueloculing arctica Cushman, 1933.
Quinqueloculing scminula (Linn€). [Serpula seminulym].
Reophax curtus Cushman, 1920. (Pl. 2-2, Fig. 2).
Reophax gracilis (Kiaer), 1900. [Noculina gracilis]
Reophax scorpiurus de Montfort, 1808. (Pl. 2-2, Fig. 9).
Rosalina columbiensis (Cushman), 1925. [Discorbis columbiensis].
Saccammina atlantica (Cushman), 1944. [Proteonina atlantica].
Saccammina cf. atlantica (P1. 2-3, Fig. 4).

Remarks: Fusiform agglutinated foraminifera with one chamber.
Saccammina sphaerica Brady, 1871.
Siphonaperta stalkeri (Loeblich and Tappan), 1953. [Quinqueloculina stalkeri].
Spirilina arctica Cushman, 1933.
Spiroplectammina biformis (Parker and Jones), 1878. [Textularia biformis], (Pl. 2-1,
Figs. 4, 5).
Spirosigmoiling tenuis (Czjzek), 1848. [Quinqueloculing tenuis].
Stainforthia feylingi Knudsen and Seidenkrantz, :993. (Pl. 24, Fig. 1).
Textularig earlandi Parker, 1952. (Pl 2-2, Fig. 1).
Trochammina charlottensis Cushman, 1925. (Pl. 2-3, Fig. 6).
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Trochamming discorbis Earland, 1934. (Pl. 2-1, Figs. 7, 8).

Trochammina inflata (Montagu), 1808. [Nautilus inflatus], (Pl. 2-3, Fig. 9).
Trochamming nang (Brady), 1881. [Haplophragmium nana].
Trochammina pacifica Cushman, 1925. (Pl. 2-2, Figs. 7, 8).
Trochamming rotaliformis Wright, 1911, (Pl. 2-3, Figs. 1, 2, 3).

Remarks: Specimen is abnormally large.
Trochamming cf. squamata Wright in Heron-Allen and Earland, 1911. (Pl. 2-2, Figs.
4, 5).
Trochamming squamata Parker anu Jones, 1860. (Pl. 2-3, Figs. 7, 8).
Trochamminopsis pusilla (Hoglund), 1947. [Trochammina quadrilobal.
Valvulineria sp.

Valvulineria arctica Green, 1960. (Pl. 2-5, Fig. 4).
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PLATE 2-1

1, 2 Miliammina fusca (Brady). 1 Side view of hypotype from station GS-55, X 240.
2 Side view of hypotype from station GS-03, slightly broken, showing
quinqueloculine chamber arrangement and part of the apertural opening at the top, X
300. 3 Eggerella advena (Cushman). Side view of hypotype from station GS-04
showing triserial chamber arrangement, X 380. 4, § Spiroplectammina biformis
(Parker and Jones). 4 Side view of hypotype from station GS-24 showing chambers
with initial coiling and later biserial arrangement, X380. § side view of hypotype
from station GS-46 with chambers anomalously bent in the early biserial arrangement,
X 400. 6 Leptohalysis catella (Hoglund). Longitudinal section of hypotype from GS-
24 showing beaded chamber arrangement gradually increasing in size, X 380. 7, 8
Trochammina discorbis Earland. 7 Dorsal view of hypotype from station GS-05
showing coarsely agglutinated wall, X 320. 8 Ventral view of hypotype from station
GS-47 showing deep umbilicus, X 320. 9 Discammina compressa (Goés). Side view

of hypotype from station GS-25 showing coarsely agglutinated wall, X 140.



PLATE 2-2

1 Textularia earlandi Parker. side view of hypotype from station GS-23 showing
biserial chamber arrangement, X 300. 2 Reophax curtus Cushman. side view of
hypotype from station GS-56 showing extended apertural neck and coarsely
agglutinated wall, X 220. 3 Atlantiella atlantica (F. L. Parker). Dorsal view of
hypotype from station GS-02 showing globular chamber arrangement with protruding
final chamber, X 160. 4, § Trochammina cf. squamata Parker and Jones. 4 Dorsal
view of hypotype from station GS-47 showing numerous chamber arrangement, X
240. 5 Ventral view of hypotype from station GS-24 showing large final chamber
and lunate chambers, X 400. 6 Haplophragmoides canariensis (d’Orbigny). Side
view of hypotype from station GS-56 showing coarsely agglutinated wall, X 220. 7,
8 Trochammina pacifica Cushman. 7 Dorsal view of hypotype from station GS-30
showing globular chamber arrangement, X 280. 8 Ventral view of hypotype from
station GS-30 showing apertural slit, X 300. 9 Reophax scorpiurus de Montfort.
Side view of hypotype from station showing distinct uniserial chamber arrangement

with chambers increasing dramatically in size, X 150.



PLATE 2-3

1, 2, 3 Trochamming rotaliformis Wright in Heron-Allen and Earland. 1 Dorsal view
of hypotype from station GS-36 showing numerous chambers, X 170. 2 Ventral view
of hypotype from station GS-36 showing final chamber occupying one-third of the
ventral side, X 170. 3 Side view of hypotype from station GS-36 showing trochoid
concavo-convex test and slightly broken apertural slit, X 240. 4 Saccammina cf.
atlantica (Cushman). Side view of hypotype from station GS-56 showing fusiform
shape rather than tear-drop test shape, X 360. § Cuneata arctica (Brady). Side view
of hypotype from station GS-24 showing coarsely agglutinated test, X 500. 6
Trochar ning charlottensis Cushman. Dorsal view of hypotype from station GS-09
showing large final chamber, X 340. 7, 8 Trochammina squamata Parker and Jones.
7 Dorsal view of hypotype from station GS-30 showing multiple chambers, flat
trochoid shape, and rounded periphery, X 340. 8 Ventral view of hypotype from
station GS-30 showing lunate chamoers, X 340. 9 Trochammina inflata (Montagu).
Dorsal view of hypotype from GS-56 showing smooth finish on aggl itinated test, X
200.




PLATE 24

1 Stainforthia fevlingi Knudsen and Seidenkrantz. Side view of hypotype from station
GS-49 showing porous wall and part of the apertural opening at top, X 550. 2
Buliminellg glegantissima (d’Orbigny). Side view of hypotype from station GS-32
showing apertural opening and porous test, X 400. 3 Bolivinellina pacifica (Cushman
anu McCulloch). Side view of hypotype from station GS-49 showing slightly broken
elongate test, X 130. 4, § Dyocibicides biserialis Cushman and Valentine. 4 Dorsal
view of hypotype from station GS-42 showing coiling in early chamber arrangement,
X 150. § Ventral view of holotype from station GS-42 showing coarsely perforate
wall, X 160. 6 Favulina melo (d’Orbigny). Side view of hypotype from station GS-
24 showing elevated ridges forming polygonal reticulations, X 360. 7, 8 Buccella
frigida (Cushman). 7 Dorsal view of hypotype from station GS-14 showing lobulate
but rounded periphery, X 320. 8 Ventral view of hypotype from station GS-14
showing numerous pustules concentrated along incised sutures, X 320. 9

Fissurina marginata (Montagu). Side view of hypotype from station GS-49 showing

narrow marginal keel, X 340.



PLATE 2-5

1, 2 Lobatula fletcheri (Galloway and Wissler). 1 Dorsal view of hypotype from
station GS-49 showing only a few perforations and a slightly etched test, X 360. 2
Ventral (spiral) view of hypotype from station GS-49 showing a coarsely perforate
wall, X 380. 3 Lobatula mckannai (Galloway and Wissler). Dorsal view of hypotype
from station GS-49 showing protruding final chamber, X 360. 4 Valvulineria arctica
Green. Ventral view of hypotype from station GS-42 showing apertural flap covering
the aperture, X 400. S Nonionella stella Cushman and Moyer. Ventral view of
hypotype from station GS-49 showing flap covering umbilical region, X 130. 6
Cribroelphidium frigidum (Cushman). Side view of hypotype from station GS-42
showing inflated final chamber, X 180. 7 Cribroelphidium hallandense (Brotzen).
Side view of hypotype from station GS-14 showing pustules concentrated along
sutures, X 300. 8, 9 Elphidiella hannai Cushman and Grant. 8 Side view of
hypotype from station GS-42 showing characteristic double rows of pores along
sutures, X 220. 9 Apertural view of hypotype from station GS-42 showing
concentrated pustules in the apertural region, X 280. 10 Cribroelphidium
microgranulosum (Galloway and Wissler). Side view of hypotype from station GS-42

showing numerous pustules, X 400.



Appendix 2-1. List of species for each sample with their total percent abundance
(live and dead), percent live specimens, and total percent error. Asterisk indicates
that there were no live specimens in the sample. Samples with less than 100
specimens were not included in the list (GS-04 is an exception). Double asterisk
indicates that sample is statistically significant (Fishbein and Patterson, 1993).
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Q seminuia live % 02

% Uncertanty + . oy

Quingueloculing sp % ** . 3 01
Quinqueloculing sp hive & 04

% Uncertanty ¢ 1s 04
R columbiensis & . N 0o

R columbiensis live %
% Uncertanty 2 LR

R curtus % . . 02 04
R curtuslive

% Uncertanty ¢ 04 07
R grocie %

R groede live %
% Uncertunty +
R scorpiurus % ** 14 34 12 313 2 152 7 3 7
R scorpiurus ve % 09 20 12 2 11 67 4 03 18
% Uncertamty + 12 13 09 17 13 43 87 17 25
S arctico live %

S arctica % 03

% Uncertanty + 0s



Semple GS92 GS-03

G504

GS-0%

G006 GS-07

GS-08

GS-0%

GS-11t

GS-12

GS-13

G514

$ odlantiea % -
S wtlantira five %

% Uncertanty + -
& biformis %y *° 09
S biformis five %
% Unvertunty + ]
5 «f arlantica % ** 1s 22
8 of atiantica live % 15 1t
% Unvertamty ¢+ 2 52
S Joylings % ** - .
S Joyhingi live % _
s Uncertamnty ¢
S sphaericas -
S sphaericalive s
*s Uncertamty 1

S nralkers %

S sralkert live &
% Uncertainty 4

S rermis

S tenmuslive b N
®o Uneertainty #

T charlotiensis % °®
T charlottensis live %
®¢ | Incertanty 1

T discorbis s **

T discorbislive &

®e Lincertanty ¢

T earlondt %

T eariandi hve &

%o Uincertanty +

T inflata®s 03
T inflata live
%5 Lncertanh, ¢ 002
T of voraltformst ** 03
T of rotalsforms lvi's
s Uncertunty ¢ 002
T rotahforms & ¢ 15 $7
T roralifiemidive 8 1

%o Uncertanty 2 17 14

sS4

03

08

03

03

0%

03

0s

03

03

2%

02

04

26

07

59

20

39

98

08

03

os

0s

a7

25

02

04

26

1s

3

0a

05

01

03

69

120




Sample

GS-03  GS-0X G804 GS-0¢

[}
k4
)

4

G800 G811 GR 1T GN 13 Gis1e

7 pacifica % **
7 pacifica live &
%s Uncertanty ¢
T punlia &

T pusilio live &
% Uncertamty =
T nana %

T nanalive™
%% Uncertunty +
T agquamato e
T squamara iive &
*% Uncertunty +
I’ archicg % **
V arcticalive %
%5 Uncentanty +
tah spte

Vals splive ™

*o Uncertanty ¢

03

002

2 2"

kL 13

s 11

(UR}

e



Sample
Drepth (ney
No of Speaes

Tl Abundance (hves dead:

G518

H

GS 1o

n

GSI17T GS19*
42 90

14 13

G320

8

2%0

GS-21* G822

GS-23 ¢

63

GS-24*  GS2s*

A gtlantca™% **
A atlantscalive %
%e tncertanty ¢

A ceasumargn %
A rvassimorgo live %
®s lincertamty +

A gallowars 4 **
A gallowayi live ™
*o Uincertainty »

A ancerius %

A nrertus five Y
% Lincertanty +

A pflressi h

A jeffrersiive
%o Lincertanty 1

H compacra®

B compacialive b
*o {incerianty ¢

B tlegantistima &
B elsgantisnimao live &
*+ Upcertamty +

B fgrda b **

B pagedalive %

*s Uncertamty ¢

{ nusitata by
Hoamusisatabive Y
%ol uertamty +

B ominurot

B minuralive &
o Uncertamnty ¢

H pasfican *®

B pocificalin®
S» Uneertamty +

B vaugham %

B vaughans bive %

*o Linpertatnty 4

29

33

oR

S8

04

04
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Sample GS-18

GS 10°

U8-20

G821 G833

LRt

Barthysiphan sp 1™
Ratmysiphon sp e s
*v Uncertaint 1
Hathysiphonsp 2%
Batmsiphon sp 2 bve™s
% Uincertamnty 2

C erctica®n *® 1o
C arcticalive s

*» Uncertamty + 1
C bartletir 4 *~

C bartlerir hive

*« Uncetanty «

C excaratum ‘o **

C excavatum live “c

*e L'ncemtaunty +

C forgminosum S

C foraminosum hive &

*a Uncertanty ¢

C frigidum & *°

C fagidumine &
Colimgent - 1

C grornlandica %

C groenlandrcg hve Y

*e L ncertainty

C* limbara %

C hmbata hve

*e Lncertant =

C mucrogranudosum %

C mucrogranulusumlive %
*¢ Uncertamnty +

O remforme b

C rensforme ine %

*e Uncettants 2

C hallanderse % *° ‘6
C hallandense live 64
*s Uncertamnty 2 2
C rmedum &

C rumidum live %

%, Ungertanty +

[

09

[\RY

L)

US4 L e

[\R]

123




Sample

G518 GS 16 G517

GS-19°*

G5-20 ¢

(121

G2

GS-23*

GS-24°

GS-23°

GS-26

C wiesners %

O wiemnerilive &

% Uncerunty +
Cibresdessp 1% °°
Cabicrdes sp 1 hive ™
% Uncertamnty +
Cihieadessp 2%
Cibicedes sp 2live %2
%a U incenanty +
Cribrostomotdes sp frve %
Cribrastomoides 1 %
% Uncertunty ¢

D biserealis % **

D biserralis ive &

*s Unceraunty +

D compressa ® **

I rompiressa live &
* Uncettunty +
Drigcorbessp ™
Dascorbts sp hive &
%o Unvertanty

Juss Cribroelphidium % **
Fugs Cribroelphidium five %
*, Unicertaunty +

t advena e *®

F advena hve &

S Uincertamty ¢

F erigrum %

F erigrumine %

®o Uincertanty ¢

E hannar &

& hannushive b

*o Lincertamty ¢

F pactfican ®®

F pacificolive B

“» Unvertanty ¢

b vvea s ®”

b vivealive s

*u Uncertann 1

94

€2

k13

24

6

23

28

3

07

03

09

3s

28

183

51

124



Sample

GS-18  GS-16

GS-1?

GS-19*

Gs-20* Gs*

GS- 2

G8-23 ¢

LS 24"

[P

UGS 20

F tucida ™

F lucrdaive

% Uncertanty ¢

F marginatah

F marginata hive )y
% Uncertanty ¢

F melo %

F melolive

%, Uncertunty ¢

F witreola %

F wireclalive

%e Uncertanty =

H boreahsine h

H borealis™s

% Uncertanty =

H canariensis % *°
H canariensislive %
% Uncertainty =

H columbiensis % **
H columbiennis hve %
% Uncertainty +

H friabilis %

H friabalis hive %

%e Uncertainty =

H gracile %

H gracile live™

% Uncertanty

H tenwum

H terusum hve 5o

% Uncertainty

Haplophrogmordes sp %

Haplophragmoides sp five %

% Uncertainty 1

1 norcrossi %

I norcrossi hive %
% Uncertamty ¢

L cotellah **

L casello live %

% Uncertanty +

34

16

22

02

0

06

74

3

123

32

29

33

343

92

392 243
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44
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42

02

04
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Sample

GS-13 GS-16 GS-17

GS-19*

GS-20 ©

Gs-21*  Gs-2

GS-23°  GS-24°  GS-25°  GS-26

L dorseyae %

L dorseyae live %
% Uncertainty ¢

L. fleichert % =

L fleschert lrve %
% Unocertamty +

L laevis ¥

L laevishve %

% Uncertanty +

L. mchannai %

L mckannai ltve %
% Uncertamty #

L sulcato ¥

L sulcata live %

% Uncertainty +
lagenasp t'%
Lagena sp I live %
% Uncerunty 4
logenasp 2 lives
dogenasp 2%

% Uincentamnty +

M fusca % *®

M fuscalive &

% Uncertamnty +

M subrotunda %
Af subrotunda live %
%4 Uncertainty +

N aurscule b **

N auricula live %
% Unceriainty +

N emphysaoryia live %
N emyphvsaocyta
%s Uncertrnty +

N labradorica

N labradorica live %
% Uncertanty +

N stellahy

N stellabive

*e Lincertunty =

06

07

04

06

02

04

04

06

126




Ssmple

Gs-18

GS-16

GS-17

GS-1¢*

G§-20°

Gs-21*

GS-12

GS- 1

GS-24* G828

US-

3

N turgida %

N turgida live

% Uncertainty

P bassispinata

P bassizspincialive
% Uncertanty ¢

P husprdum %

P Susprdum live s

% Uncertanty #

P wiesnernn %

P wiesners hve %

% Uncertanty ¢
Procerolagena sp &
Procerolagena sp live %
% Uncerimnty +

Q artica s

QO articalive s

% Uncertrinty +

O seminula %

Q seminula live %

% Uncertanty +
Ouinqueloculina sp % **
Cwinqueloculing sp five %
% Uncertanty +

R columbiensis %

R columbiensis lve %
% Uncertainty =

R curtus %

R curtus ive %

% Uncertamty +

R gracile %

R gracile hve %

% Unocertainty 4

R seorpiurus % **

R scorpiurus hive %
% Uncertaunty +

S arctica hive %

S arehica s

% Uncertanty *

68

22

02

04

126
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06
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04
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38
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07

42
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Sample GS-1% GS16  GS-17 GS-19° GS-20* GS.21¢ GS-2) GS-23* GS-24* G525 GS-26
5 atlantica % _ . N - . - - - - 79 -
§ etlantralive % _ _ _ - - - - - - -
% Uncertunty + _ _ - - - - - - 53 -
S biformis % ** 7 86 168 29 kY 402 67 1o 85 2 184
S biformis bve % . - 1 _ - - 23 _ - - 02
% Uncertanty & 22 23 37 33 $9 93 28 32 44 27 34
8 ¢f atiantica % *° 4 a4 8 - 1] 28 03 2 25 13¢ 0o
S ¢f etlantico hive % _ = 33 . - - _ _ - - -
% Uncertanty 4 17 18 27 R 16 31 07 12 1s 67 07
S festingt % ** _ _ -~ 2145 _ _ - _ _ - -
S Jeytingt live % - _ - _ . - - . - - -
% Uncertanty # ~ _ - 83 . - _ _ - -~ -
S sphaerica - _ - _ " - - - - - -
S sphaericalive % _ _ _ _ _ _ - - _ - -
% Uincertamty + _ _ - _ _ - - _ - - -
S stalker1 % _ - _ - - - - - - - -
S stalkers live % - - - - - - - - - - -
% Uncertainty 2 ~ - - - - - - - - - -
S temush _ - - - - - - - _ - _
S renuishve & _ - . - - - - - - - -
*» Uncertamnty ¢ _ - _ _ _ - - - - - -
T charfottensis % ** | 42 R . _ 1 - - - -
T charlottensis live % _ - . _ _ _ - ~ - - -
s Uncertanty & 09 18 _ - _ _ 11 - - - -
7 discorbrs % ** I 36 03 - _ " 17 - - - -
T discorbislive & _ 06 _ R _ _ 1 _ . _ _
%o Uncertamty + 09 15 07 _ _ _ 14 _ _ _ ~
T earland: 4 09 02 . ~ ~ _ 07 08 ! _ 04
T earlandi hive % _ _ . ~ _ - 03 - - . _
% Uincertanty + 12 o4 . . - - 09 08 1 _ 06
¥ mflata . N . -~ ~ - _ - - - -
T mflatolive _ ~ . _ _ _ - _ - - -
%e Uncertainty ¢ A A _ - - - - - - -

T of rotaliformists ** ~ 02 N _ _ 19 07 _ - - 04
T of rotahiformis hives ~ ~ = _ _ - 07 _ - - _
24 Uncestanty 2 04 _ _ _ 26 09 ~ - _ 06
T rosalformis b ** 222 Is4 1ns - 12 47 87 34 2 - 46
T rotaliformishve % 06 t 03 _ _ - 17 _ - - -
*» Unceramnty ¢ 36 32 3 13 4 iz 16 14 18
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Sample GS-13 G816 GS-17  GS-19°  GS-20°  GS-21*  OS-22  GS-23%  GS-24°  GS-29% LS 2o
T pocificah ** 78 48 10 1 04 _ ar” oR 04
T pacificalive 08 14 48 _ ~ - 183 . 02
% Uncertamty 2 24 19 29 19 08 ~ 4 ) ot 0o
T pusilla™ n - - . B 02
T pusillalive & - _ = - ~ _ - -

% Uncertamty _ - _ _ _ . - . 04
T nana%h 1 - 3s . - - ! - N

T nanclive s - - _ _ _ . ~ .

% Uncertanty ¢ 09 _ 18 _ - . " _

T squamata % i . 03 - ~

T aquamata live % _ - - - - -

% Uncertmnty + 09 0s

V arctica h **
V arenicalive s
% Uncertamnty +
Valv sp %

Valv sp hve *s

% Uncertanty 2
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Sample
Depth tm)
No of Species

Teotal Abundance (ivesdead)

G5-27 GS-28°

% 18

18 29

400 $00

G5-30

25

13

403

GS-31

»

17

204

GS-33

%63

403

GS-36

6

2)

GS-37

93

2%

GS-38

9

350

Gs-39*

93

A atlanriea % **
A atlantica live %
% Uncertunty #

A crasmmargo %
A crarnmargo live %
“s Uncertainty

A galloway % **
A gallowayt live %
% Unc-ttanty ¢

A incertus s

A incertus hive Y
*s Uincertunty +

A Jeffreyvsih

A jeffrevstlive
%o { ncertamnty +

B compaciahs

B compactalive &
%o Umicertunty ¢

B eegantssnimo &
B elegantissima hve &
*e Uncertanty ¢

B figida % "

B fagidahive s
*s Uncestamty 1

8 anusitara b

B nusitota hive ©
% Uincertamnty t

B minuta %

B minutalive &

%» Uncertanty +

8 pacificath **

B pacificalive &
% Lincertamnty ¢

B saugham &

B saugham hive %

€ Uncertanty ¢

44

02

04

06

08

02

02

0s
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Sample

GS-27

GS-28°

GS-30 GS-31 Gs-12

GS-3} GS-M

G838

GS-e

G 1T

US-T8

G W

Bathysiphonsp 1%
Bathysiphon sp 1hive %
% Uncertamty
Bathysiphon sp 2%
Bathvsiphonsp 2 hive
% Uncertamty ¢

C arenica % °*

C arctsicalive %

% Uncertanty =

C bartlertt h **

C bartletts ive %

% Uncertanty =

C excavatum % **®

C axcavatum live %
%¢ Uncertanty +

C forammosum %

C foramnosum live &
% Uncertamty ¢

C frigidum h *®

C frigedum live %

% Uncertamty +

C groenlandica %

C groenlandica hve %
% Uncertanty +

C limbata %

C himbata live

%% Uncertamty =

C microgranulosum
C mucrogramulosum live
% Uncertanty =

C remuforme %

C rensforme yve %

% Uncertamty #

C hallandense % **

C hallandense live %
% Uncertainty +

C tumsdum %

C tumidum live %

% Uncertamty 2

os

04

06

68

22

[ ! 0

- 03

0% 0o

24

24

49

23



Sample 0527 GSIB* GS-W_GS3l G532 GS-33 GS-34  GS-35 GS-36  GS-3© GS-38  GS-39°¢ 132

€ wiemer: %

C wiemeri live S

% Uncertamty 3
Cidieidessp 19 *°
Cibicides sp L hive s
% Uncertunty ¢ - - . - - . - - - - -
Cibicidesap 2%
Cibicides sp 2live %

% Uncertanty ¢
Cribrostomoider sp ltve
Cribrostomoides sp %

% Uncertamty 1

D biseriahs % ** 16 o
D biaerialis ive %
% Uncenanty 1

D compressa % ** 13 25 18 $? 3¢ 132 s
D compressahive
%tk _ntys 12 21 17 26 21 33 22
Iuscorbissp &

Discorbas sp live

*o Uncertainty + . - - - - _ - - - _ - -
Luss Cribroelphidium % ** 325 = 17 0s 6S 7? 42 i 1 10 74 143
Lhss Cribrodlphadium live % 08 . 57 R 3 27 _ _ B - - _
*» Uncertanty 2 40 _ 16 1 34 3 22 1 | 37 27 4
E adwna% *® $3 12 643 471 455 287 281 186 12 44 134 57
F advenalive % 0s _ s 84 55 97 113 45 _ - (114 _
% Uncertunty ¢ 22 1 47 68 69 S1 48 38 3 25 36 26
E crispum . - - - - - - - - - - -

E crispum hive &
%o Uncertunty 2
E hannars

E hannarlive %
*2 Uncertamty +
F pacifica®s ** 18
F pouficalive s
*» Uncertanty ¢ 12
F osirreo b **

F wvirreahive b

%y Uncertainty 2




Sample

GS-27

Gs-28e

Gs-30

Gs-31

Gs-12

GS.3)

GS-M  GS.3

uUs-e

us

OGS W

VS we

F luctde®

F lucidalive &

% Uncertanty =

F margingia

F marginataiive s
% Uncertamty +

F melo %

F melo ive %

% Uncertunty

F wireola s

F wvitreclofive

% Uncertunty 2

H borealrs live %

H borealtsts

% Uncertanty 2

H canariensis b *°
H canariensis hive %
*, Uncertanty ¢

H columbiensis % **
H columbiensis hive s
% Uncertamty »

H friabihis %

H friabihis hve %

% Unvertainty =

H graciie ™

H gracie hvets

%s Uncertanty ¢

H termum s

H tenuum live %

% Uncertamnty +
Haplophragmoides sp %
Haplophragmoides sp live %
% Uncertamty 4

1 norerozss %

1 norcrossiive %

% Uncertanty +

L catella s **

L carella lrve %

% Uncertamnty +

27

67

28

I8

07

os

22

w4

56

34

2%

L]

32

ad
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134

Sarnpie US-27 GS28° G530 GS-3l GS-32 GS-3Y GS-3 . GS-3% G836 GS-3" GS-3B  GS-30°

L dirseyae ™
1. dewseyae live s i R _ . . - - - - - -
% Uncertainty +
L fletchers % >° 3 - - - - - -
1. flatchose ive &
% Uncertanty ¢ 1 N _ - - — - -
L larvis % . -

L lasvizhive h

% Uncertainty ¢ - _ - _ - - - - - - -
1. meckonnar % _ 02 - _ N - _ - _ - - -
1. mckannot lve % . B - N - - - _ N . N
%o Uncertanty » _ 04 _ - . - - - _ - - _
L mulcata % - - - - - - -

L pulcara live %

% Uncertanty 2
lagenasp I Y
Lagenasp 1 hiive s
% Uncertanty s
Logrnasp 2 hves

lLagenasp 2%

*s Uncertuinty ¢ R - _ _ _ - - _ - - . _
Af fusca b ** R . 02 _ _ 1 03 22 4 04 03 _
A fusca live hr - _ _ _ - - - _ _ - - -
%o Uncertainty 2 i i 05 _ - 1 06 14 19 08 [ R

M subvotunda

K subrotunda live %
*o Untertamty ¢

N auriculo % ** 42
N aurieula ltw &

*» Lincertamty ¢ 18
N emphvsaocvia hive %
N emphysaocria %

%o Lincertasnty ¢

N labradotica 0o 02
N labradoricalive %

%, Uncerimnty ¢ 07 . as
N stelia b 04

N stellulive &

*o Uncertanty ¢ LR ]



Sample

GS-2°

GS-2R*

GS- W

GS-M

GS- M GSAY GS M GS W GS W

s

GS B N ee

N turgido %

N rurgida live %

% Uncertamty ¢

P basnispinata &

P basuspinatalive
% Uncertunty

P higprdum %

P hisprdum live

% Uncertanty =

P wiepren

P wiemenihive %

% Uncertainty 4
FProcerolagena sp %
Procerologena sp five &
%« Uncertamty 2

© artica’s

O oriicaline ™

®e Uncertunty =

@ seminulo &

Q semirmdda live Y

%s Uncertanty +
Quingueloculing sp % **
Quingueloculing sp Iive %
%s Uncertunty +

R columbiensis %

R columbiensis live *»
%o Uncemtainty 3

R ocurtus ™

R ocurtuslive %

% Unigertainty +

R gracile %

R gracile ive %

% Uncertanty 2

R scorprurus  *°

R scorprurus ive %
“% Uncertanty ¢

S arenca hive s

S arcuco b

%» Uncertanty +

25

03

15

0o

0"

03

07

1$ t G2

17 14 0%

04

L2

‘13
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Sunple

GH 27

(G5 28°

G5-W

GS-31

GS 32

GS-M

GS-M

GS-33

G536

GS-17

GS-3R

GS-39*

§ atlantita %

3 otlantica live 4
% Uncertunty ¢

S biformiz b =

X befrurmes live ©

% Uncertunty 3

S of otlantica % *°
S of otlartiea leve s
% Uncertanty ¢

S fedingi % **

S festings live %

*s Uncertanty ¢

X sphaerscate

S sphaertcalinve &
%o UIncertanty

8 stalkers &

S stalkers live S

*s Unceriardy &

S renues Y

S penmutslive b

*s Uncertainty 1

T charlotiensis % **
T chorlugga=ers e &
®o Uniertainty +

T discarbis by **

T duscorbislive
*o Lincertamn ¢

T easlandi &

1 earfandilive %

®, thuertanty 1

T inflasa

T inflasa five &

*» Uncertanty +

T of rotalifoemish *®
T of rotahfoems Livets
%4 Lncertanty ¢

T rotaliforms & **
T rotaliformesiive &

®o Uncertainty ¢

03

0

™

44

01

0s

[

08

0%

[

S8

23

04

04

(L4

2¢

02

is

0~

2%

k]

10

30

34

27

04

74

30

12%

2s

46

FA

2

24

21

3]

34

23

3t

57

26

67

28

$3

24

193

33

43

2"

R9

28

42

kA

Q7

g~

02

28

28

02

25

is

17
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3o

08

34

si

23

136



Sample G822 GSIR* GEW GEN GSI2 GS A GS M GS W

T pacifica % ** 1 02 ~4 81 2 [ 48 4 P
1 pocificalne by 4 a4 (R LR

%u Uincertanty ¢ 12 04 26 1R 22 0" 23 19 io
T puniie @ [ 3 0}
T pustllo live & B

*e Uncertant ¢ 08 N ~ ()
T nana's - . 43 ] R” ?
T nanalive% _ ~ 03

*» Uncertainty + _ . _ 24 18 27 14
T squamata™ _ ~ 1% ~ 17 1 0"

T aquomata live %

*« Uncertainty ¢ 1" i4 1 [}

V- aretica 4 *°

¥ arcricalive
*s Uincertunty 1

Vah sp @

Valv splive &

*s Uncertanty =

4%

[

137



138

hample GH40  (S-4 GS42 G54) GS-44 G543 GS46° G547 GOS89 GSN0 GS-52 GS-34 GS-55 GS-%
Depthtmy 84 ™ 10 “ 2 m 62 L] K] 2 74 8 135 138
N of Specres 14 18 L 12 14 B 1} 17 k3 10 18 8 19 [}
Tutal Abundance (hverdead, 400 00 600 1350 170 100 100 402 400 201 112 S04 324 110
A otlantica % ** N R - - - - - - - -

A atlantica live

% Uncertanty ¢ ) R i _ _ - - - - - — -
A cvasumargo & R _ N . _ . - _ 06 -
A crasymargo live % B - R _ _ _ _ - - R - - - -
* Uncertamty + B . B - - . - - - - - - 09 -
A gallrwan 4 ** . . 08 _ - _ _ _ 2s _ - 1 - -

A galloway: hve %
% Uncertanty ¢ 07 . _ _ 13 - - 09 - -
A incertur®

A ncertus hive %
*e Uncettainty 1
A geffrerst Sy R _ _ - _ - - - - 03 -
A geffrersshive b
*o Ungertanty + . - - - - 06 -
H ecompacta b

B compactalive ™

*o Ulncertunity ¢ - _ - - - o - - - - -
8 eleganrissima % ~ Pe _ . _ N _ 1 - , 04 - -
B elegonnisnma line & R 0s _ _ _ _ - N _ _ - - -
*o Uncertauty + - i 1 R _ _ _ _ ! _ - 0o - -
K fagida b ** . - i . ‘ B _ B 158 _ _ 4 _ -
B fagidalive H _ 22 ~ - = - - - _ N - - -
*4 Lintertanty . 3o . B _ _ _ 36 - _ 17 _ -

A anusitato &

K snusitata live %
®s Lincertainty +

B minuta 04 2 04

B mumusto live b

*4 Unpertainty ¢ . _ o6 _ . . . _ 14 - - 06 - -
B pacifica % ** i i ) , . _ 18 TR _ _
B pocificolie . N - - - - _ - - - 02 - -
o Lhicertunt, N . i _ R _ - 41 - 17 38 - -
R voughan b _ _ - ~ - - - - - - - -

B suugharm live &

¢ Uncertanty 1




Sample

GS-4 G841 Gs-42

GS-44

GS-44

GS-46 =

Borhystphonsp 1%
Barhysiphon gp 1 live %
% Uncertanty ¢
Barky. whonsp 2%
Bathysiphon p 2 ftve “¢
% Uncertunty +

C arctica™s *°

C arcticalive ™

% Uncertunty +

C bariletts % **

C bartietts live %

% Uncertamty =

C excavatum % **

C excavatim live %
% Uncertamty +

C foraminosum %

C foraminosum hive %
% Uncertamty +

C frigidum % **

C fagiduminehr

% Uncertanty +

C groenlandica™

C groenlandicalive s
% Unceranty 2

C hmbato %

C hmbata lsve &

%e Uncertainty ¢

C microgranulosum %
C mrcrogramulosum hive
% Uncertamty +

C rensforme Y

C rentforme live %

% Uncertamty

C hallandense % **

C hallandense live %
% Uncertanty +

C tumidum %

C tumidum hive %

% Uncertanty +

123 126

32 29

33

02

73

21

67

03

29

23

0s 1

07 1

31

01

0K

ok

33

02

04

04

e

IR



140

Sunple G540 G541 GS-47  GS-43 GS-44 G545 G548°*  GS-47  GS-49  GS-0_ GS-52 Go-34  GS.53 _ GS-%6

C wiepert % _ - - - - - - - - - 3¢
€ wiemerilive
% Unceramty & _ _ N - . - - - - - - 33
Cibicidessp 1% *°
Cibicides sp Fhive h
% Uncertanty #
Ctbicidessp 2% ~ 03 _ _ 06 _
Citicrdes sp 2 live
% Uncertunty ¢ N = _ - 03 - . 07 - -

Crivrostomardes sp live %

Cribrostomodes sp © _ _ _ _ . _ _ - . 03 - - - _
% Uncertainty ¢ _ - - _ - - _ - - ] - - - -
i) Biserralis & ** _ - 4 _ _ _ _ - 08 —- - og - -
D bisersahs live % B R 03 _ _ _ - _ . _ _ _ - -
% Uncertanty ¢ _ . i6 _ . - _ - 08 _ - 08 - -
D compressat ** N _ R 2 ~ _ _ 4 _ - 18 - n? 382
D compressalive % _ _ - N " - - . - . - 0o -
%4 Uncertamnty 3 _ _ - 22 _ _ _ i9 N . 25 _ 3s 91

Descorbis sp %

Dascorbis sp live %

%o Uncertainty ¢ . - _ . _ - - - _ - _ _ -
Diss Crabroelphidium % ** . 01 _ 351 2 N _ss7 g9 06 _
Dugs Cribroelphidium live % _ 3 _ _ ~ = - - _ 532 _ _ _ _
% Uncertunty ¢ .35 03 _ 28 61 27 . T . 09 .
E odvenats ** 183 62 02 2 71 S 3 338 03 1 27 ~ 432 3s
E advenalive % Y _ 67 06 R ) 7 0% B _ 8 _
%o Uncertamty ¢ k1] 21 03 66 39 43 33 46 0s 14 3 - 54 42
F crispum s ; = 03 _ ~ ~ _ . _ . _ _ . _

b erispumlive b
¢ Uncertamty + R 05
F hannat % 13
F hannaihive &

%+ Uncertaunty » 3 . 09
E pocificath *® 4 1 02
t pacificalive &
*» Uncertamty + 16 ! 04
E vitreah ** 47 [} 28
b virealive Y

*o Unicertamnty ¢ 17 08 14




Sample

GS-40

GS-41

G842 GS-4%

ry

us 40

b S

(LI

UGS M Gh S

S Ao

F lucrda h

F hucedabive

%e Uncertamty ¢

F morginata v

F margmata live %
%o Uincertunty 3

F melo %

F melo live s

% Uncertanty ¢

F vureola

F vureolalive &

%« Unccrtanty +

H boreahshive

H boreahs%

% Uncertanty +

H canarrensis %
H canariensis hive %
%¢ Uncertanty ¢

H columbiensis % **
H columbiens:s hive %
% Uncertunty 1

H friabihs

H frabilishive %

%s Uncertainty +

H gracile b

H gracile ive%

% Uncettainty ¢

H terneum %

H tenuum live %

% Uncertainty #
Haplophragmosdes sp %
Haplophrogmoides sp hve %
% Uncerdainty +

1 rorerosn %

1 norcrossilive %

%s Uncertainty +

L catelloh **

L catelio live %

% Uncertamnty +

S8

23

48

21

21

182

34

22

48

341 44 (33

ue

24

182

38

08

[13.1

0

0s

U8R

0K

174

04

LK

oV

141




Saguple S 40 GS 4l GS-@

GS-43

G5-44  GS-4%

GS-46 *

GS-47

GS-49

GS-52  GS-34

GS-5%

GS-%6

L. dorseyae

1. durseyas five %
% Uncentanty +

L. fletchers %y **

L fetchert hve %
% Uncertanty »

L laevis™

L laevislive hs

% Uncertanty +

1. mckanna %

1. mchannai ive %
% Uncertanty ¢

1. suicata%h

1 selcaralive &

*s Uncertanty 1
lagenasp 1%
Lagenasp 1 hive &
%o lincertamty ¢
lLagenasp 2 hve ™
lLagenasp 2%

%o Uncertanty +

Af fusca b o

Af fusculive B

%o Uncertanty +

Af subromnde %
A subrotunda live %
®¢ Lincertamnty ¢

A aunicula & **

N wesculy five 2
*o Uncertamty ¢

N emphysaocvia Ine
N empinsaociio®
*o Uncertaunity +

N labradorsca %

N labradorica Ine b
*o Ucertanty ¢

N stella s

N stella hive &

*o Uncenairty ¢

08

[

03

0s

06

02

(5

138

34

05

07

05

07

08

08

08

08

06

07

02

04

26

136

37

27

Ry

142




Sample

GS-40  GS-41

G542 GS43

GS-40*

us-4"

UGS GS YWtk 92

UGS 4

[T

UGS S

N negida ™

N surgidahive %

% Uncertunty £

P bassispinara b

P bassispinata live %
% Uncertunty +

P Mspidum %

P hispicum bive &

% Uncertamty +

P wiesner: %

P wiesnerihioe

% Uncertanty ¢
Procerolagena sp %
Procerolagena sp live %
% Uncertainty +

Q articath

QO articalive %

% Uncertamty

Q seminwla %

Q seminulaliveh

% Uncertanty +
Quinqueloculing sp % **
QCuinqueloculing sp live
% Uncertamnty +

R columbiensis »

R cobumbiensis hve %
% Uncertanty +

R curtus %4

R curtus hive 5

% Uncertunty +

R gracile s

R gracile live %

% Uncertainty +

R scorprurus % **

R scorpruruslive
% Uncertamnty +

S arctica live %

S arcticah

% Uncertamnty +

03

0s

03

05

04

06

02

02

04

02

04

1~

03

0s

03

0s

03

09

07

08

o8

oR

Vil

03

0s

39

0

9

44

41

0s

04

06

w4

U

G2

Ha

({1

12

2%

143



144

Senmple G40 GH4]  GHM-42 G543 G544 G545 GS-46°  (S5-47 G549 GS5-50  GS5-52  GS-%4  G§-35  GS-36
S atlanitcahs : - . - - - - - - - - - - -
5 atlgntcca hve % . - - - - - - - - - -
e tincertanty + - - _ _ - - - - - - - - -
5 bifiwmis % ** 373 24 . 18 212 13 12 62 03 _ 134 I8 12 45
S biformis hve 4 N 06 ~ 53 - N _ _ _ _ 36 - 09 -
% Uncertanty 4 4?7 37 B 61 61 66 64 24 03 _ 63 12 3s 39
S ¢f atlantica % 2 04 . . 06 R 1 3 _ _ 09 02 _ L]
§ of allanticalive % - - . - - - - - - - - - - 09
% Uincettainty # 14 06 _ .~ 1 _ 2 17 _ _ 17 04 - 39
S foyling: 4 ** ~ R R - - - - - 158 _ . %1 _ _
8§ Jerings hve % - N . B _ . - -~ - - - _ - _
% Uncertunty » _ - _ _ - _ - - 36 - - 38 _ _

S sphaersca v

S sphaerica live %
*+ Uncertunty ¢

S stalkery % 16 _ _
S salkers ive &
*s Uncertanty 1 _ 11
§ temuis by

S tenuislive &
*s Uncertanty ¢
T charlottensis % ** 19 2 1s 8

T charlottensis live %

%o Uncertamnty ¢ 12 _ - - _ - 27 12 - - 5 - - -
T discorbis % *® i oo - 2 oo - ) 2 _ } 71 08 03 B
T discorbishve & 06 _ 2 _ - _ . _ _ 27 - - -
%4 Uncertunty ¢ R 07 _ 22 11 R _ 14 i ~ a8 08 06 _
T earland, & 12 02 13 18 02 04 06

T earlands live &
*e Uncertamty + 3 § 03 18 2 0% 06 09
T anflata b 03 ss
T nflata Live
“¢ Uncertaanty + B 06 42
T of rotaliformish ** . 16 A 24 3 H 71 ) 09

T cof rotalsfarmus hive®s

%o Uncertay v ¢ . 1" ~ _ 23 33 _ 1 _ _ 48 . i -
T rotaifirmis & ** 73 02 08 127 141 18 5 134 IS 3 54 18 31 -
T rotahiforsushse ™ . 13 25 - _

e Linvertaunty ¢ 29 25 07 53 $2 75 43 33 12 25 42 12 19




Sample

GS-40 G841

GS4? GS-43 GS-84 GS-4%  G5-46° GS-47  GS5-40 GS W0 UGS A2 GS-M GS S% Nt
T pacifica % ** 38 4 (] L 41 2 1 3 1 q He AR R
7 pactficalive s 0s 06 _ 6 2 _ 03 T 09
% Uncertanty + 19 17 08 ol 3 27 2 to 1 M AR 1° 8.}
T pusillahs - _ ~ _ . R B
T pusiliolive _ = R ~ ~
%o Uncertainty + - . - - - -
T nana % R _ - _ B N . ol
T nanalive % - _ ~ _ . _ . 18
% Uncertamnty ¢ . _ _ . 44
T squamaiats 0s 04 _ o 417 - & 3 s o ()
T squamatahive _ _ ~ _ . 4
% Uncertaunty 2 07 0e¢ _ 38 32 38 i? L} 4 o
V" arenca 4 *® _ _ 42 B B _ 44 )
¥V arcticalne % - _ - - -
%o Uncertanty ¢ B _ 16 . 2 on
Valv sp% . 03 - -
Valv splive ™ _ _ - _ N
%4 Uncertamty 0%

145




146
CHAPTER 3. Paleoseismic evidence in late Holocene sediments, Saanich Inlet,

British Columbia.
ABSTRACT

Eight piston cores of sediment spanning the last 1500 years were collected
from Saanich Inlet, an intermittently anoxic fiord on southern Vancouver Island, to
obtain information on sedimentation and prehistoric earthquake activity. The cores
consist mainly of fine-grained varved sediments and massive beds deposited by
subaqueous debris flows. The debris flows may have been triggered by zarthquakes
or by the build-up of fine sediment on the walls of the inlet. Cesium-137 and *°Pb
data, "C ages, and varve counts were used to date and correlate massive layers in the
eight cores. The uppermost massive layer in two cores may record a magnitude 7.2
earthquake in 1946 near Comox, B.C., 200 km north-northwest of Saanich Inlet.
Five olaer layers are found in two or more cores and are about 200, 550, 800-850,
1050-1100, 1100-1150 years old. Two or three of these can be correlated with
previously documented earthquakes in the region. There is an average of one massive
layer per 116 varves (range of 15-336) in the core with the greatest number of such
layers. This is broadly consistent with the expected periodicity of moderate to large
earthquakes in the region (on average, one earthquake of local Modified Mercalli
Intensity VII or VIII per 100 years). Saanich Inlet may contain a proxy record of all
moderate and large earthquakes that have affected southwestern British Columbia

during Holocene time, but the set of massive layers likely includes both seismically

and nonseismically generated deposits.
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INTRODUCTION

Southwestern British Columbia is one of the most tectonically active areas in
Canada, and as a result, there is concern that a moderate to large earthquake may
extensively damage the cities and economic infrastructure of the region. Seismic
activity is related to subduction of the oceanic Juan de Fuca plate beneath the
continental North America plate along the Cascadia subduction zone (Riddihough and
Hyndman, 1976; Fig. 3-1). The Juan de Fuca and Explorer plates are young (6-9 Ma
and <6 Ma, respectively), thin (<30 km), hot, and buoyant (Rogers, 1988).
Geodetic evidence (Savage and others, 1991; Dragert and others, 1994) and heat-flow
modelling (Hyndman and Wang, 1993) indicate that the boundary between these
oceanic plates and the North America plate is presently locked and is accumulating
strain. Eventually the boundary may rupture, releasing the accumulated strain energy
in a meegathrust earthquake (M, =8)', with potentially catastrophic consequences
(Clague and Bobrowsky, 1993).

Two other types of earthquakes also occur in southwestern British Columbia.
The most common are earthquakes originating within the North America plate,
generally at depths nf 10-30 km (Rogers, 1992). At the leading edge of the North
America plate, heat flow through the upper crust is low because the subducting
ocr 10y plate absorbs much of the heat flowing upward from the Earth’s interior. As
a consequence, there is a thickened section of crust cool enough to permit brittle

fracture causing earthquakes (Rogers, 1992). Four large crustal earthquakes have

1 Also referred to as & plate-boundary or subduction earthquake.
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Figure 3-1. Schematic diagram showing subduction of the oceanic Juan
de Fuca plate beneziz North America, and epicentres of large historic
earthquakes that have affected southwestern British Columbia and
northwestern Washington. The two plates are locked and accumulating
strain, which will eventually be released in a large earthquake (modified
from an Energy, Mines and Resources Canada illustration).
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affected the region in historic time, in 1918 (M=7) and 1946 (M=7.2) on Vancouver

Island, in 1872 (M=7.4) probably near Lake Chelan in northern Washington, and
near Seattle and Tacoma (M ~7.0; Rogers, 1994). Three of the four earthquakes
occurred away from the southern Strait of Georgia-Puget Sound area, where most
small and moderate earthquakes are concentrated.

Earthquakes also occur at depths of up to about 80 km within the Juan de Fuca
plate. These subcrustal earthquakes are concentrated in two regions -beneath
Vancouver Island where the descending plate bends from horizcntal to 10-20°, and
beneath the Strait of Georgia where the plate bends further to about 30°. The
seismicity is also concentrated between latitudes 47° N and 49.5° N, continuing at a
much lower rate to the north and south. This is likely due to arching of the
subducting plate to accommodate the bend in the coastline in this region (Crosson and
Owens, 1987).

A major problem in assessing seismic risk in southwestern British Columbia is
that the historical period, duning which earthquakes have been instrumentally
recorded, is very short (ca. 100 years; Rogers, 1988). Geologic studies can be useful
in extending this short record and thus may provide better estimates of earthquake
recurrence and magnitude. Several different types of geologic evidence have been
found for past large earthquakes in southwestern British Columbia and northern
Washington. These include: (1) stratigraphic indicators of sudden land-level changes
and tsunamis, i.e. buried marsh soils capped, in some cases, by sheets of sand and

gravel (Atwater, 1987, 1992; Darienzo and Peterson, 1990; Atwater and Moore,




150
1992; Clague and Bobrowsky 1994a, b; Clague and others, 1994; Mathewes and

Clague, 1994); (2) sand dykes and sand blows produced by coseismic liquefaction
(Clague and others, 1992; Obermeier, in press); and (3) seisically triggered
landslides (Adams, 1990; Jacoby and others, 1992; Karlin and Abella, 1992; Schuster
and others, 1992).

A limitation of most palecseismological studies is that the timing of events
cannot be precisely established because of reliance on radiocarbon dating. Even using
well constrained, high resolution radiocarbon ages, temporal resolation is at best +20
years. In some cases, however, sediments with high temporal resolution, such as
varves, can be used to more precisely date past events, including earthquakes.

Varves are annual deposits which are best preserved in anoxic marine basins and
inlets, and in some glacial and nonglacial lakes.

Saanich Inlet on southern Vancouver Island (Fig. 3-2) was chosen as a site for
a paleoseismicity study because the thick Holocene sediments in the central part of the
fiord are varved and thus have the potential for providing annual resolution for events
such as earthquakes. In addition, massive silty clay layers, which may have been
emplaced by sediment gravity flows triggered by earthquakes are present within the
varved sequence (Bobrowsky and Clague, 1990; Blais, 1992; Blais and others, 1993).

The objectives of this study were fourfold: (1) to determine the source and
age of the sediments in the central part of Saanich Inlet; (2) to ascertain whether the
massive silty clay layers are indeed sediment gravity flow deposits; (3) to determine

whether the massive layers are products of earthquakes, and (4) to attempt to use
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Figure 3-2. Location map, Saanich Inlet, British Columbia.
The shaded box locates the bedrock sill at the north end of the
inlet. PGC=Pacific Geoscience Centre.
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virves as a precise dating tool.

STUDY AREA

Saanich Inlet (Fig. 3-2) is 26 km long, up to 8 km wide, and has average and
maximum depths of 120 m and 236 m, respectively. It is indented by five bays into
which small ephemeral streams flow. The only significant stream is Goldstream
River at the soutii end of the inlet, and it contributes only a small percentage of the 9
x 10* tonnes of sediment that accumulates in Saanich Inlet each year (Gross and
others, 1963). In this respect, Saanich Inlet differs from most other fiords in British
Columbia which have large inputs of freshwater and sediment at their heads
(Herlinv zaux, 1962).

Plumes of clay- and silt-size sediment from Cowichan River enter Saanich
Inlet from the northwest (Fig. 3-2) during periods of high discharge, commonly in the
fall and winter (Herlinveaux, 1962). Another possible source of terrigenous sediment
is Fraser River, which is the largest river in the region. Although it has not been
proven that Fraser River sediment enters Saanich Inlet, some satellite images show a
turbid plume extending westward from the mouth of the river across the Strait of
Georgia towards the Gulf Islands (e.g., RadarSat Images 02020-212, 02020-5538,
02020-7575; May 13, July 16, and August 17, 1992, respectively).

A bedrock sill at 70 m depth at the mouth of the inlet (Figs. 3-2 and 3-3)
restricts water circulation, creating anoxic conditions below depths of 70-150 m

(Carter, 1934; Gross and others, 1963). In late summer or fall, dense cold water
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enters the inlet from Haro Strait. This water flushes the upper part of the anoxic
zone and increases the amount of dissolved oxygen in the inlet (Herlinveaux, 1962;
Anderson and Devol, 1973; Stucchi and Giovando, 1984). The amount of flushing
differs from year to year, and, as a result, the thickness of the anoxic layer is highly
variable (Anderson and Devol, 1973) and sometimes does not take place (Stucchi and
Giovando, 1984). Flushing rates are thought to be high and residence times short
(Stucchi and Giovando, 1984; EnviroEd Consultants Ltd., 1995). Due to the short
residence time and low concentrations of oxygen (Herlinveaux, 1962), conditions
below 150 m dep - are considered anoxic.

There are three main types of sediment in Saanich Inlet (Fig. 3-4; Gucluer and
Gross, 1964): (1) silt on the sill at the mouth of the inlet; (2) poorly- to moderately-
sorted fine sand in nearshore environments; and (3) diatomaceous silty clay in deep
water. The last group of sediments, which is of particular interest in this study,
consists primarily of alternating laminae of terrigenous silty clay deposited during fall
and spring freshets and diatoms deposited during spring and summer blooms.
Individual couplets have been shown to be annual deposits and thus may be termed
varves (Sancetta and Calvert, 1988; Sancetta, 1989). Because anoxic conditions exist
at the sediment-water interface in deep water in the central part of the inlet, epifauna
and infauna are absent, and there is no bioturbation that would otherwise destroy
stratification.

The sill not only inhibits water circulation but also "prevents the introduction

of any coarse-grained sediments that might ente: as turbidity currents along the
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and Gross, 1964).
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bottom of Satetite Channel" from Cowichan River or possibly Fraser River (Gucluer
and Gross, 1964, p. 373). Suspension, therefore, is the main mode of sediment
trarsport in the inlet. This explains why sediments along the axis of the basin are
finer than those along bordering slopes and on the sill (Fig. 3-4; Gucluer and Gross,
1964). However, if suspension is the main mode of sediment transport, what is the

origin of the massive layers observed in the varved sequence:

PREVIOUS WORK

Previous oceanographic, geochemical, and sedimentological work in Saanich
Inlet provided a foundation and a point of departure for this study. The first baseline
oceanographic data were presented by Herlinveaux (1962). Anderson and Devol
(1973) extended this work by documenting and explaining the flushing events that
affect the fiord.

Numerous geochemical studies have been conducted on Saanich Inlet waters
(e.g., Brown and others, 1972; Devol and others, 1984; Hamilton and Hedges, 1988;
Kuivila and others, 1990) and sediments (e.g., Matsumoto and Wong, 1977;
Bornhold, 1978; Carpenter and Beasley, 1981; Devol and Ahmed, 1981; Powys,
1987; Frangois, 1988; Anderson and others, 1989; Cowie and others, 1992). Most of
these studies address issues beyond the scope of this paper, with the exception of
those in which 2°Pb data were used to date the upper parts of sediment cores. For

example, from 2'°Pb analyses on sediment cores coliected in the central part of the
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basin, Matsumoto and Wong (1977) established that sedimentation fluxes® were higher

at the north end of the inlet (0.27 g cm? y!) than at the south end (0.093 g cm? y™),

Gucluer (1962), Gross and others (1963), Gucluer and Gross (1964),
Buddemeier (1969), and Powys (1987) studied the physical properties of Saanich Inlet
sediments and postulated that the rhythmically laminated deposits in the deeper parts
of the fiord were varves, Sancetta and Calvert (1988) and Sancetta (1989) confirmed
this by documenting seasonal changes in diatom assemblages within individual
couplets.

Heusser (1983) conducted a palynological study of sediment cores from
Saanich Inlet. The resulting climatic and vegetation reconstructions complemented
those made elsewhere in southwestern British Columbia (Mathewes, 1985).

Most attempts to obtain good seismic images of the subbottom in Saanich Inlet
have been thwarted by the presence of interstitial gas in the sediments: -The gas
scatters and attenuates the seismic energy from penetrating into the sediment column.
Lister (1967), however, obtained seismic records that showed the Holocene fill in the
central part of the fiord to be more than 55 m thick.

Heightened awareness of the earthquake hazard in southwestern British
Columbia in the 1980s stimulated stratigraphic and sedimentological studies in Saanich
Inlet that were aimed at providing paleoseismic information. Bobrowsky and Clague
(1990), for example, suggested that massive layers within the varved succession were

deposited by sediment gravity flows triggered by large earthquakes. Blais (1992),

XCalled sedimentation rates in Matsumoto and Wong (1977).
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Blais and others (1993), and this paper expand on this early work.

METHODS AND MATERIALS

Eight 10-cm diameter cores, ranging in length from 8.85 m to 11.91 m, were
collected in 1989 and 1991 aboard the CSS Tully with a piston corer (Fig. 3-3). The
cores were collected along the axis of Saanich Inlet at water depths ranging from 168
to 227 m (Table 3-1) using a Magnavox MX1102 GPS (Global Positioning System)
for navigation. The amount of freefall of the trigger (pilot) core was reduced during
the 1991 coring operation in an effort to recover the uppermost water-rich sediments
that appear to have been lost during 1989. Cores were collected in standard CAB
(cellulose acetate butyrate) tubes which fit inside the metal core barrel. Some
disturbance of the cores occurred as they were recovered due to the escape of gas
from the sediments. Expansion of the gas upon core retrieval resulted in the
formation of horizontal and subhorizontal cracks between laminae.

Each core was cut into approximately 1.5 m lengths and later split and stored
in a cold room at the Pacific Geoscience Centre (PGC). The split cores were
photographed and described in detail (colour, unit thickness, contacts, structures,
fossils).

Subsamples were analyzed for particle-size distribution and clay mineralogy to
detect possible textural and compositional differences between varved and massive

units. Grain size analyses were performed at PGC using a Micromeritic SediGraph

5100. Clay mineral analyses were conducted on the <2um fraction of subsamples.




Table 3-1. Location, depth, and length of piston cores
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Core Latitude N  Longitude W Core depth (m) Core length (cm)
TULB9A001 48°33.73'  123°30.45' 227 885
TUL8S9A002 48°3841' 123°30.17 198 1178
TULS9A003 48°36.10"  123°30.00' 227 1180
TUL91A001 48°33.21' 123°32.07 220 1191
TUL91A002 48°3494"  123°30.23' 228 1155
TUL91A003 48°39.63'  123°30.19 176 1161
TULS91A004 48°37.21' 123°30.11 214 1030
TUL91A005 48°40.74'  123°30.22' 168 945
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Clay extractions were carried out at PGC according to the method outlined by
Holtzapffel (1985). Dried clay pastes were analyzed with a Phillips 1710 X-ray
diffractometer at the Geological Survey of Canada in Ottawa (GSC). The relative
abundance of each clay mineral species was determined from peak heights on
diffractograms.

Subsamples were also collected for foraminiferal analysis. Each subsample
was washed on a 63 um screen; residues were transferred to vials, immersed in a
formalin solution, and examined with an Olympus (Model 219142) binocular
microscope (see Chapter 2 or Blais and Patterson, in press, for identification keys).
All foraminifera in each sample were counted; no sample contained more than 14
specimens. A cellulose tape peel of a freeze core containing a massive layer and over
40 varves (collected by C. Sancetta in 1989) also was examined for foraminifera.

Shells, wood fragments, and other plant material extracted from the cores were
radiocarbon dated at IsoTrace Laboratory (University of Toronto). Approximate
calendric ages were calculated from the radiocarbon ages using the calibration method
of Stuiver and Reimer (1993). A reservoir age correction of 801423 years was
applied to marine shell age determinations (Robinson and Thomson, 1981; Stuiver and
Braziunas, 1993).

The uppermost sediments in each core were analyzed for 2%Pb and '¥'Cs.
Cesium-137 is a short-lived artificial radioisotope (half-life=30 years) produced by
atmospheric nuclear testing in the 1950s and 1960s. It first appeared in the

atmosphere in 1954, and concentrations peaked in 1963. The technique thus can be
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used to date sediments that are less than 40 years old (Ritchie and others, 1975;

Ashley and Moritz, 1979). However, '*’Cs is not completely immobile in some
sediments; it can be transported by molecular diffusion through pore water (Santschi
and others, 1983; Geyh and Schleicher, 1990). Nevertheless, the technique was used
on subsamples from the tops of each piston core; the results are discussed in the error
analysis section. Each sample was freeze-dried, weighed, and transferred to a
Marinelli beaker. Cesium-137 concentrations were then determined with an APTEC
gamma ray spectrometer at PGC.

Subsamples of the upper parts of all cores were analyzed for #%Pb at Flett
Research Ltd. (Winnipeg) using a 4000 channe! Canberra Model 8180 Multichannel
Analyzer connected to a 300 mm?® surface barrier detector following the method
outlined by Eakins and Morrison (1978). Lead-210, a member of the 2**U decay
series, has a half-life of 22 years and can be used to date sediments that are up to 150
years old (Robbins, 1978). In this decay series, 2?Ra is formed as gas and diffuses in
the atmosphere where it decays through a series of short-lived intermediates to 2'°Pb.
Lead-210 is depusited in sediments at the earth’s surface in rain or by dry fallout
(Beasley, 1969; Feely and Seitz, 1970). This atmospherically derived 2*°Pb is termed
"excess 2'°Pb". Lead-210 is also produced from ?Ra in sediments; this component is
called "supported or background ?'°Pb”. Dating is done by measuring excess *'’Pb
concentrations as a function of depth in a sequence of sediments. The technique is
applied assuming that excess 2'°Pb has a constant rate of input and is not mobile in the

sediments (Macdonald and others, 1984). Analyzed sediments should not have been
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disturbed by bioturbation or physical mixing. A complete sediment profile without

hiatuses is preferable (Geyh and Schleicher, 1990). If only part of the sediment
profile is sampled, a regression line can be calculated to extrapolate values (R. Flett,

oral communication, 1994). This procedure was uszd in this study.

RESULTS
Sedimentology

Varved sediments

The varved sediments consist of alternating, light-coloured (olive to olive
brown; 5Y4/3, 2.5Y4/3) diatom-rich laminae and darker (dark olive grey to very dark
greyish brown; 5Y3/2, 2.5Y3/2) silt and clay laminae. Most laminae are horizontal
and undisturbed (Plate 3-1), but laminae in the upper parts of cores are commonly
contorted, probably due to disturbance during coring. The terrigenous lamina of
many couplets commonly consists of a lower, lighter, clay-rich zone and an upper,
darker, more silty zone (Piate 3-1).

Couplets range from 1 to 25 mm in thickness, generally with gradational
contacts between light- and dark-coloured laminae. There are no obvious variations
in varve thickness (Fig. 3-5) and therefore no change in the sedimentation rate during
the period spanned by the cored sediments. In addition, varve thicknesses do not
appear to change at depths corresponding to the period of reservoir construction and
water diversion in the Goldstream River watershed (ca. 1892-1900 AD).

In order to estimate sedimentation rates at core sites, average varve thicknesses



Plate 3-1. Typical varved sediments from Saanich Inlet (core TUL89A-002). Each
couplet comprises a dark silty clay (terrigenous) lamina and a light diatom-rich lamina
(arrows).
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A) TUL91A-001

8 10 12 14 6 1%

Varve thickness (mm)

6
A)TUL91A-001 and B) TUL91A-004 Correlation cocitients are -0 1924

Figure 3-5. Scattergram of varve thickness versus core denth for cores
and r=0.0167, respectively.
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were calculated using two methods. The first method ignores the compaction that
resulted from brief upright storage of the cores prior to splitting. However, all the
cores were subjected to the same amcunt of compact.un, therefore data from one core
should be comparable with those from another. Average varve thicknesses for four of
the five cores collected in 1991, are given in Table 3-2. The second method
compensates for compaction of the varves. Thus, for each core, the total thicknesses
of the massive layers were subtracted from the length of core, and the remainder
divided by the total number of varves. This gives the average varve thickness and,
therefore the sedimentation rate. With both methods, sedimentation rates generally
decrease from north to south with the exception of core TUL89A-003 (Table 3-2).
The concentrations of points in Figure 3-5 also shows that sedimentation rates are
higher (varves are thicker) in the north (TUL91A-004) than in the south (TUL91A-
001).
Massive layers

Massive layers comprise dark olive grey (5Y3/2), homogeneous silty clay with
no obvious sedimentary structures (Plate 3-2). Commonly, these layers erosively
overlie varved sediments. Above most basal contacts, there is a 2-10 cm zone of
diffuse, brecciated, horizontal to nearly horizontal fine laminae with similar colour
variations observed in the varved winter and summer layers (Plate 3-3). Varve
intraclasts with no apparent fabric are present in the lower parts of some massive
beds, indicating that varved sediments have been eroded and incorporated into some

of the massive layers. In places, varves are overturned, truncated, and erosionally
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Plate 3-2. Massive silty clay layer underlain and overlain by varved sediments (core
TULSSA-002).
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Plate 3-3. Brecciated laminae at the base of a massive layer (core TUL89A-003).
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overlain by massive layers (Plate 3-4).

A total of 53 massive layers are found in seven of the eight cores (Fig. 3-6;
Table 3-3). They range in thickness from 2 to 110 cm (average thickness = 16.5 cm;
Table 3-3). There are no systematic trends in the thickness of massive layers within
any core, but the layers appear to be slightly thicker in southern Saanich Inlet
(TUL89A-001, TUL89A-003, TUL91A-001, and TUL91A-002; Fig. 3-6). Massive
layers are more abundant in the narrow, steeply-inclined, southern part of the inlet
(TUL89A-001, TUL89A-003, TUL91A-001, and, TUL91A-002, Fig. 3-3) than in the
wide, gently-sloping, northern part of the inlet (TUL89A-002, TUL91A-003, and
TUL91A-004).
Particle-size analysis

Cored sediments are generally fine-grained silty clay; a notable exception is
the gravelly base (granule-sized clasts) of one massive layer (TUL91A-001 at 9.86-
9.88 m depth). Particle-size analytical data show that most sediments consist of silty
clay with less than 5% fine sand (Fig. 3-7; Appendix 3-1). Many massive layers are
coarser than the varves that bound them (see also Bobrowsky and Clague, 1990), but
otherwise there is little difference in texture between the varved and massive
sediments (Fig. 3-8).

In order to test whether there are grain size differences between the massive
layers and the varves, a Student t-test was performed on the percent sand in the two
types of sediment. In this test (Davis, 1986), the mean percent values of fine sand

are compared and hypothesized to be equal. In other words, the null hypothesis, Hy:




Plate 3-4. Discontinuous lamina and deformed overturned varves below massive
layer. Base of massive layer is showing erosional contact overlying truncated and
overturned varves (core TUL89A-001).
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Sand

Silt Clay

Figure 3-7. Particle-size distribution of all samples (varves, massive layers, and massive
clayey silt from core TUL91A-005). Sand apex fraction is fine sand (<0.25 mm)
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Figure 3-8. Particle-size distribution of samples of varves and massive layers. Sand
apex fraction is fine sand (<0.25 mm).
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k1 =n, , Where u, is the hypothetical mean percent fine sand for the varves and y, is
the hypothetical mean of percent fine sand for the massive layers (see Appendix 3-2
for details).

The result (t= -3.22 for a two-tailed distribution) is that there is one chance in
a thousand that the mean sand contents the varves and the massive layers are equal.
Therefore, we can reject the hypothesis that the means are the same (Davis, 1986).
The significance of this result is discussed in the section entitled "Debris flow
deposits".

There appears to be no normal or inverse grading in the massive layers (Fig.
3-9; Appendix 3-3). However, in some cases, there are not enough data to draw this
conclusion.

Particle-size data for varve samples were plotted on ternary diagrams
(Appendix 3-4a) to compare particle size and sedimentation rates (Table 3-2). As an
example, core TULS1A-001 (farthest south) has the lcwest calculated sedimentation
rate and some of the coarsest varves. In contrast, core TUL89A-001 (second farthest
south) has some of the finest varves and second lowest calculated sedimentation rate
(Fig. 3-10; Table 3-2; Appendix 3-4a). Overall, there is no discernable trend in
particle size towards the south corresponding to the decreasing sedimentation rate in
this direction.

Particle-size data for massive layers were also plotted on ternary diagrams
(Appendix 3-4b) to determine whether or not there are areal trends. Overall, grain

size variations vary randomly from one core to the next.
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Figure 3-9. Percent clay in massive layers showing lack of normal
and reverse grading.
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Figure 3-10. Comparison of varve size fractions of varved sediments
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The northernmost, shallowest core (TUL91A-005) lacks distinctive massive
layers or varves. The entire core is composed of weakly stratified clayey silt with
scattered shell fragments and whole shells and no obvious trace fossils (Plate 3-5).
Silty-clay laminae similar to the ones observed in the varves are randomly distributed
throughout the core. Foraminifera are also present throughout the sediments.
Particle-size data indicate that the sediments in this core are more silty than varved
and massive sediments in the other seven cores (Fig. 3-11).

The sedimentation rate for core TUL91A-005 was calculated from mean
calibrated C ages. Values range from 12.55 to 25.7 mm/a. These values also
indicate that the sedimentation rate is higher in the north than in the south.

Clay mineralogy

Clay mineral analyses were performed on massive layers and on light and dark
layers of couplets in an effort to determine the provenance of the sediments. Samples
of possible source sediments (Cowichan, Goldstream, and Fraser River deposits) were
also analyzed. It was theorized that sediments from the Fraser River would have
higher percentages of muscovite-illite (Mackintosh and Gardner, 1966) because of an
S-type pluton (two mica granite) provenance (Roddick, 1965). The X-ray diffraction
analyses, however, are inconclusive because there are no significant differences in
clay mineralogy among the various types of sediment (Appendix 3-5).
Micropaleontology

The varved sediments contain diatoms (siliceous tests) but lack foraminifera;

this is confirmed with observations made on the cellulose tape peel. This is expected




Plate 3-5. Clayey silt containing scattered shells and shell fragments (core TUL91A-
005). The sediment in this core appears massive, but includes some poorly-defined
laminae.
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Figure 3-11. Particle-size distribution of samples of massive clayey silt from core
TUL91A-005. Sand apex is fine sand fraction (<0.25 mm).
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because calcareous foraminifera dissolve in a reducing environment. The massive
layers, however, contain both diatoms and calcareous and agglutinated berthic
foraminifera (Tables 3-3 and 3-4; Appeadix 3-6). This implies that the foraminifera
were transported from above the anoxic zone (< 150 m depth), deposited, and buried
rapidly within the sediments to inhibit dissolution of the tests.

The most abundant types of foraminifera found in the massive layers are
Trochammina spp. (T. nana= 18, T. pacifica= 16, T. squamata= 10; Appendix 3-
6). This genus is common in a variety of marine environments. The second most
abundant foraminiferal taxa are Spiroplectammina biformis and Eggerella advena (17
and 13, respectively). These two species dominate foraminiferal assemblages of
shallow waters in Saanich Inlet (Blais and Patterson, in press, Chapter 2).

Dating

Cesium-137

The uppermost sediments in four of the eight cores (TUL91A-001, TULS1A-
002, TUL91A-003, and TUL91A-004) contain trace amounts of **’Cs.
Concentrations are too low to identify the expected 1963 peak (Ashley and Moritz,
1979). Furthermore, as mentioned above, there is slight possibility that '*’Cs is
mobile within the sediments after deposition (Santschi and others, 1983). However, it
does not appear to be the case in Saanich Inlet varves (A. Collins, oral
communication, 1995). From a study carried out by Ms. Collins (M.Sc. thesis at
University of Victoria, B. C.), a layer of wood chips resulting from saw mill activity

at Mill Bay between 1863 and 1878 was found in Saanich Inlet sediments. The




Table 3-4. Faunal reference list 188
Bolivinellina pacifica (Cushman and McCulloch), 1942. [Bolivina acerosa var. pacifica)
Buccella frigida (Cushman), 1922. [Pulvinulina frigidal*

Bulimirella elegantissima (d’Orbigny), 1839. [Bulimina elegantissimal*
Cassidulina limbata Cushman and Hughes, 1925

Cibicides sp. i.

Cribroelphidium sp.

Cribroelphidium bartleiti {(Cushman), 1933. [Elphidium bartletti]
Cribroelphidium frigidum (Cushman), 1933. [Elphidium frigidum)*
Cribroelphidium hallandense (Brotzen), 1943. [Elphidium subarcticum}
Cuneata arctica (Brady), 1881. [Reophax arctical*

Eggerella advena (Cushman), 1922, [Verneuilina advenal*

Elphidiella hannai Cushman and Grant, 1927

Epistominella pacifica (Cushman), 1927. [Pulvinulina pacifica].

Favulina melo (d’Orbigny), 1839. [Oolina melo]*

Globigerina sp.

Haplophragmoides canariensis (d’Orbigny), 1839. [Nonionina canariensis]*
Leptohalysis catella (Hoglund), 1947. [Reophax catella}*

Lobatula fletcheri (Galloway and Wissler), 1927. [Cibicides fletcheri}*
Lobatula mckannai (Galloway and Wissler), 1927. [Cibicides mckannail*
Miliammina fusca (Brady), 1870. [Quinqueloculina fuscal*

Nonionella stella Cushman and Moyer, 1930*

Procerolagena wiesneri (Parr), 1950. [Lagena striata)

Quingueloculina sp. d’Orbigny, 1826

Reophax gracilis (Kiaer) 1900. [Nedulina gracilis]

Rosalina columbiensis (Cushman), 1925. [Discorbis columbiensis]
Spiroplectammina biformis (Parker and Jones), 1878. [Textularia biformis]*
Stainforthia feylingi Knudsen and Seidenkrantz, 1993*

Trochammina charlottensis Cushman, 1925*

Trochammina discorbis Earland, 1934*

Trochammina nana (Brady), 1881. [Haplophragmium nana)

Trochammina pacifica Cushman, 1925*

Trochammina rotaliformis Wright, 1911*

Trochammina squamata Parker and Jones, 1860*

Note: Species identified with an asterisk are illustrated in Blais and Patterson (in press,
Chapter 2).
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number of varves between the marker horizon and the lowest occurrence of ¥'Cs
concentrations shows that '*’Cs is not mobile in the Saanich Inlet sediments. Hence, a
datum of 1954 (beginning of nuclear testing in the atmosphere) is assigned to the
deepest sediments containing "¥Cs.

Due to the soupy nature of the uppermost sediments at the core sites, there
was concern that the sediment-water interface was not recovered during coring. This
appears to be true for most of the 1989 cores, but the presence of '¥'Cs in four of the
five 1991 cores indicates that they are nearly complete.

Lead-210

Two cores (TUL89A-003 and TUL91A-005) contain sediments with excess
29pp concentrations (Fig. 3-12). Because of a lack of data points, it is not possible to
estimate the background concentrations of #°Pb, which are required to accurately
calculate the ages of the sediments. Nevertheless, age estimates were obtained using
a least squares method for calculating a best-fit regression line with background as a
variable (Appendix 3-7). A best-fit line was calculated by varying the background
value, with the available data points providing constraints. The best-fit line was then
used to estimate the accumulation rate and, hence, the age of the sediments at a
specific depth.

In core TULB9A-003, sediments at 83-85 cm depth are approximately 115
years old. Two age estimates were made for core TUL91A-005 using different data
points. Using all the data, sedimcnts at S0-51 cm depth are estimated to be 35 years

old. If only the lowest three data points are used (the uppermost sediments m~-" be
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mixed), the calculated age at 50-51 cm depth is 82 years. Even wit~ this uncertainty,

the analyses show that sediments near the sediment-water interface were recovered in
both cores.

Carbon-14

Mean calibrated '“C ages range from 115 (0-155)° cal y BP (calendar years
before AD 1950) to 2110 (1885-2330)” cal y BP (Table 3-5; Fig. 3-6). Five of the 26
UC ages are considered anomalous, based on stratigraphic position, calculated
sedimentation rates, varve counts, and other radiometric ages (Fig. 3-6). Four of the
five appear to be too old; in these cases, the dated material may have been reworked
from older Holocene sediments. One *C age from core TUL91A-003 may be too
young. Its stratigraphic position within the core and its relation to other radiometric
ages are discussed below.

Varve chronology

Varves are counted and tabulated on the core logs (Fig. 3-6). Cumulative
numbers of varves down to each massive layer are also tabulated (Table 3-6).
Sediments at the top of each core are loose and water-saturated, making it difficult to
count the varves. Only the visible varves were counted and no estimate was made of
the number of varves in uppermost sediments that were completely disturbed. In
addition, there was some disturbance of the sediments due to sectioning of the cores.
Sediment disturbance was only a few cm’s thick when it was observed and generally

varves were still visible. Because some erosion occurred during the emplacement of

3 Values in parentheses are 20 age mnges.



Table 3-S_Radiocarhon ages from the study area e 192
Calibrated age
range Location
Radiocarbon  (cal yr before
age A.D. Leaboratory Latitude Longitude Depth Dated matenial
(‘Cyr B.P.) 1950) Core TUL No.¢ (°N) ‘W) (cm)’ o
110450 mod.-280 91A-002 TO-3535 48°34.9 123°30.2 229230 twig
370450 300-515 91A-004 TO-3539 48°37.2 123°30.1°  248.5-249.5 lexf fragments
400480 290-545 91A-003 TO-4059 48°39.6 123°30.2 680.5 twig
430150 425-535 91A-005 TO-3687 48°40.7° 123°30.2' 478.5 deciduous twig
560+ 100 440-670 89A-003 TO-3533 48°36.1° 123°30.0° 53 comifer neadle
580480 495-665 89A-003 TO-3632 48°36.1" 123°30.0° 81 leaf fragments
620170 515670 91A-003 TO-3536 48°39.6 123°30.2° 115 plant remains
710150 630-720 91A-001 TO-3703 48°33.2 123°32.1" 329.5-330  wood fragments
720480 545-780 91A-001 TO-3534 48°33.2 123°32.1* 66-68 deciduots leaf
820+ 150 §30-990 91A-004 TO-3686 48°37.2 123°30.1° 365 leaf fragments
960150 735-955 91A-003 TO-3685 48°39.6° 123°30.2° 952.5 conifer twig
970 £50 740-9G5 91A-002 TO-3684 48°34.9° 123°30.2° 662 conifer cono
970 +80 mod.-405 91A-005 TO-2904 48°40.7° 123°30.2* 158 bivalve shell
1000140 890-970 91A-004 TO-2903 48°37.2 123°30.1° 759.5 bark
1010170 740-1060 89A-001 TO-3531 48°33.7° 123°30.4 172 conifer twig
1130150 935-1165 89A-001 TO-3530 48°33.7 123°30.4* 448 nut shell
1170450 955-1180 91A-001 TO-2900 48°33.2 123°32.1° 606.5 conifer twig
1300150 1075-1295 91A-002 TO-2901 48°34.9° 123°30.2° 921 plant fragments
1320150 1155-1305 89A-002 TO-3537 48°38.4° 123°30.2° 826 wood fragments
1370160 475-655 91A-003 TO-3705 48°39.6' 123°30.2° 411.5 seaweod
1410440 515-655 91A-005 TO-2905 48°40.7 123°30.2° 602.5 biv 've shell
1460 +60 525-720 91A-003 TO-2902 48°39.6 123°30.2* 738 fish b,
156050 630-820 91A-005 TO-2906 48°40.7' 123°30.2* 846 shell fragments
1880£240 595-1525 89A-001 TO-3532 48°33.7° 123°30.4° 76 soawoed
1940 160 940-1240 89A-003 TO-1553 48°36.1° 123°30.0" 1041 shell fragments
212080 1885-2330 91A-001 TO-3683 48°33.2' 123°32.1° 1138 bark

* Laboratory reported error terms are 16. Ages corrected to 8¢ = -25.0% PDB.

* Determined from dendrocalibrated data of Linick and others (1986), Kromer and Becker (1993 ), Pearson and Stuiver
(1993), Stuiver and Brazuinas (1993), Stuiver and Reimer (1993), and Stuiver and Pearson (1993) The range
represents the 95% confidence interval (+20) using an error multiplier of 1.

*TO, IsoTrace (University of Toronto).

¢ Depth below sediment-water interface.



193

"Qd,,; 10 S, JO 0ouasard sLOIPUL YSUSISY NN

SOAIRA JO
606 6111 0901 sEpl 19v1 414 Lbvl 1qUING [E10L

sevl
[u

1011 L621

w o

Tvol 19¢1 Lz

w s Lt

9€6 L8€1 LSOT

w w _e

126 §901 x4d| 878

o o u _E

058 Liot L88 85L

o e gt _e

86 018 5L8 €28 w9

o o w w o

£L ¥ss ShL 069 zs

s w e w w

€19 061 us 189 Lss Evp

s w w w w w

£vs 6§ 1y £8p s8p £0Z

u e w w w w

191 STy pEE p8E 912 oLl

_E i _E w u w u

§s1 LOT b§e 65 202 ) ov

#£00-VIOTHIL T00-VOSTULL »FP00-VIOTLL «£00-V6STLL #I00-VI6GTLL 100-V6SINL »100-VI6TINL
quoN ynos

(Jur) aaAe] AIsSEUI 0} 3100 JO dO) WO SIAICA JO ISGUNU JARR[MWNY) "g-€ J|qE ]




194

the massive layers, the total number of varves in each core represents the minimum

time spanned by that core.

DISCUSSION
Debris flow deposits

When the massive layers in Saanich Inlet were first studied by Bobrowsky and
Clague (1990), it was not clear whether they were products of in situ liquefaction of
varves or sediment gravity flows. Bobrowsky and Clague (1990) favoured the latter
mainly because most of the massive layers they studied were coarser than the
bounding varved sediments, which is usually incompatible with in gitu liquefacti~n,
Particle-size analyses in this study (Fig. 3-8) show that many massive layers are
coarser than the bounding varves, supporting an allogenic origin, Furthermore, the
Student t-test on the percentage of sand in sampies of the varves and massive
sediment indicates that the means are not the same, therefore implying different
depositional mechanisms.

Other evidence also supports a sediment gravity flow origin: (1) basal contacts
of massive layers are sharp, and some are clearly erosional (Plates 3-3 and 3-4); (2)
in core TUL91A-001, one massive layer contained a 2 cm granule sized gravel base
erosionally overlying varves (Blais, 1992); (3) massive layers contain brecciated
varves and varve intraclasts indicating that varves have been eroded and incorporated
into the flow; (4) most massive layers exhibit a lower brecciated zone of varves

underlying massive mud; (5) most massive layers contain benthic foraminifera (Table
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3-2), which implies that the sediment was transported from above the anoxic zone
(<150 m depth).

The above characteristics are consistent with deposition by submarine sediment
gravity flows. Sedimentary structures and textures of the massive layers point
towards two possible mechanisms for forming them; either turbidity flows or debris
flows. Some of the massive layers were possibly deposited by turbidity flows. They
could represent the E unit (pelagic mud) of the Bouma sequence. However, most
massive layers are products of debris flows: (1) none of the massive layers exhibits
sedimentary structures and textures of a classic turbidite, i.e., Bouma sequence,
formed by a turbidity flow; (2) there is no normal or inverse grading in the massive
layers; (3) most massive layers contain a basal zone of brecciated varves which is
interpreted as a shear zone at the base of a debris flow in the zone of laminar flow
(Middleton and Hampton, 1976; Johnson and Rodine, 1984); (4) massive mud
overlying the brecciated zone is possibly the plug or raft in the debris flow (Middleton
and Hampton, 1976; Johnson and Rodine, 1984); and (5) varve intraclasts show no
apparent fabric (Amott and Hand, 1989).

Correlation of the cores

Correlations are based on *’Cs and 2°Pb analyses, “C ages, and varve counts.
The presence of '*’Cs or 21%Pb in six of the eight cores indicates that the top or near
top of the sediment column had been recovered during coring. This provides a datum
(AD 1994) for correlating the uppermost part of these cores. Radiocarbon ages help

determine the stratigraphic position of the two cores lacking *'Cs and #°Pb
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(TUL89A-001 and 002). Finally, varve counts provide cross-checks on accuracy of

“C and #'°Pb ages.

Generally, there is a good correlation between the varve counts and the *C
ages (see vertical arrows on Fig. 3-6). However, correlations are less certain in the
upper part of the cores above the highest *C ages and below the *’Cs and ?°Pb
zones. The core with the largest number of massive layers (TUL89A-003) has a ?'°Pb
age near the top. There is also good agreement between a “C age on shell fragments
at 10.4 m depth in the core, and the total number of varves down to that depth. The
calibrated mean age on the shell fragments at 10.4 m depth is 1080 cal y BP (2¢
range=940-1240 cal y BP). The 2°Pb age and varve counts give an age of 1205
years (from the 1994 datum) at the same depth. Comparison of these two data sets
suggests that there are no more than 79 missing and uncounted varves in core
TUL89A-003. The age estimates for the massive layers in this core, based on varve
counts are thus considered to be accurate to within 6% (Table 3-7).

One C age (age range: 290-545 cal y BP, TO-4050) from the upper part of
core TUL91A-003 may be too young, although it is consistent with the age of the top
of the core inferred from *’Cs data and the calculated sedimentation rate. If it is
valid, the two C ages from the top of this core are too old. In either case, the
correlation of this core with the others remains unchanged because of the presence of
3Cs as a datum.

Regional correlations

The number of varves separating successive massive layers ranges from 15
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Table 3-7. Age of massive layers for core TUL89A-003
Massive layer Age of massive layer (years)

1 59
2 334
3 441
4 512
S 554
6 810
7 850
8 921
9 936
10 1042
11 1101
12 1435

Note: Age is determined by cumulative number of
varves from top of core to massive layer (1994 datum).
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(TULS89A-003) to >754 (TUL91A-003). For the core with the largest number of

massive layers (TUL89A-003), there are, on average, 116 varves per layer
(range=15-336).

It is difficult to positively correlate massive layers between the cores because
of the lack of unique markers, inherent imprecision of radiocarbon ages, and the
possibility of sediment loss due to stripping of varves by debris flows. However,
some massive layers in two or more cores appear to correlate, based on varve counts
below the surface datum established from '¥'Cs and '°Pb data (Fig. 3-6; Table 3-6).
The correlations become less certain with depth because of the increasing likelihood
that varves have been lost due to erosion by debris flows.

Inspection of Table 3-6 suggests that there are possible correlations of massive
layers dating about 200, 400-500, 750-850, 1000-1150, and 1450 years ago. We
attempted to refine the correlations by adjusting the ages of successively older
massive layers to account for missing varves using the following procedure. The
youngest massive layers of approximately the same age were assumed to correlate; of
the two or more correlated layers, that with the fewest number of varves above it was
assigned the same age as the layer with the largest number of varves (Table 3-8).
When the age of a massive layer was increased, all the other massive layers below it
in that core were similarly adjusted. Correlations and related age adjustments were
carried out in a step-wise fashion down the cores until there were no further matches
(Table 3-8).

Three scenarios were considered. In one scenario, we correlated the third
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massive layer in core TUL91A-001 with the first massive layer in core TUL91A-002

(scenario (a); Table 3-8). This produced correlations at 203, 443, 514, 5§56, 830,
876, 1068, 1138, and 1472 years. The second and third scenarios assume that the
first massive layers of cores TUL89A-003 and TUL91A-001 correlate; in one case
both are considered to be 40 years old and in the other case, 59 years old (scenarios
(b) and (c), respectively; Appendix 3-8). All three scenarios yield similar correlations
in the upper parts of the cores, massive layers that are 202-203, 441-443, and 545-
556 years old. In the lower parts of the cores, the correlations are less certain,
although there appear to be correlative layers with ages of approximately 800-850,
1050-1100, 1100-1150, and 1450-1500 years (Table 3-9).
Style and pattern of sedimentation

The eight cores collected from Saanich Inlet provide a sediment record
spanning 1500 years (Fig. 3-6; Table 3-6). During fall and winter, terrigenous
sediment (clay, silt, and some fine sand) with few diatoms is deposited from
suspension. During spring and summer, diatom-rich sediment rains out onto the floor
of the inlet. Sedimentation rates decrease from north to south demonstrating that the
main source of sediment is the Cowichan River. Seven of the eight cores show
regular deposition of rhythmites under anoxic conditions, interrupted sporadically by
high-energy debris flows that erode varves along their path (Fig. 3-13).

Particle-size distribution in the varves shows no relation to sedimentation rate.
For example, comparison of varves from cores TUL91A-001 and TUL89A-001 (Fig.

3-10; Appendix 3-4), the two most southerly cores, indicates that coarseness of the



Table 3-9. Summary of correlations based on scenarios a), b), and c)

a) b) c)

I=59 1=40
1=203 11=202 =203
11=443 =441  1I=443
11=514 V=514

| 1v=s56  Iv=545 V=556 |
VI=760

| v=830 V=810  VII=830 |
VI=876  VI=880

VII=1068  VII=1042 VIII=1080
VIII=1138 VIII=1109 IX=1150
IX=1472 IX=1443  X=1484

Note: Roman numeral indicates correlation number; arabic number
indicates years (1994 datum).
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Figure 3-13. Schematic diagram showing the inferred origin
of massive layers within the varved sequence in Saanich Inlet.
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varves does not depend on the sedimentation rate. This implies that the coarser
material (fine sand) has been derosited from sources additional to Cowichan River,
such as ephemeral streams and, pzrhaps, Goldstream River.

The possibility that turbidity currents could originate from the Cowichan River
delta and carry sediments into Saanich Inlet was considered. However, there are
arguments against this hypothesis: (1) Given the bathymetry (Plate 1-1), the size of
the sediment failure and turbidity flow would have to be extremely large. The flow
would have to start at Cowichan Bay, follow the bathymetry down to 154 m, take a
right turn, climb over the sill at 70 m, and travel down Saanich Inlet; (2) there are no
classic Bouma-sequence turbidites in the cores; (3) the massive layers do not show
grading or imbrication of clasts typical of turbidites; (4) if south flowing turbidity
currents deposited the massive layers, the layers would be thicker and coarser
(proximal to source) in the north and thinner and finer (distal to source) in the south.
On the contrary, the massive layers show no such trends in thickness (Appendices 3-
3, 3-4, and 3-8).

The northernmost core (TUL91A-005) lacks the rhythmic Iamination of the
other seven cores. It was first hypothesized that the sediments in this core were
deposited by one large debris flow. However, this interpretation is discounted
because of the presence of (1) undisturbed clay laminae throughout the core (Plate 3-
5) similar to the ones found in the varves, (2) faint layering reflecting subtle colour
and probably textural variations, and (3) paired bivalve shells that lived in situ, within

the mud.
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The sediments of core TUL91A-005 possess more silt than the varves and

massive layers in the other cores (Fig. 3-11). This leads us to conclude that the
sediments in this core were deposited from suspension like the varves, but closer to
the main source of terrigenous sedirnent (Cowichan River).

There are at least two possible explanations for the absence of rhythmic
lamination at the northernmost core site. The site is adjacent to the sill at the north
end of the inlet, nearest the Cowichan River. As a consequence, the high influx of
terrigenous sediment throughout the year may overwhelm the seasonal diatom blooms
that produce the light-coloured laminae farther south. This explanation was proposed
earlier by Sancetta (1989, p. 509), who commented that the north end of the basin
near the sill "receives a large component of lithic particles all year round”. A second
possible explanation is that bottom waters at this site may be oxygenated. This would
allow bivalves and other infauna to bioturbate the sediments, obscuring or destroying
stratification. The presence of calcareous foraminifera within the sediments indicates
that there is some oxygen at the sediment-water interface, for otherwise these
foraminifera would be dissolved in reducing anoxic conditions. This suggests that, at
least near the sill, the depth to which oxic conditions occur s deeper than 150 m in
the northern part of the basin than in the central part of the besin.

As mentioned previously, there are more massive layers 11 the southemn part of
the inlet where the sedimentation rate is lower compared to the northern part where
the sedimentation rate is higher. Assuming that sediment accumulates on steep as

well as shallow basin walls in the inlet, more frequent failures would be expected
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where the slopes are steeper, which is consistent with the core data.

Causes of the debris flows

In Saanich Inlet, potential causes of slope failures such as current scour,
surface water waves, and tidal water level changes (Prior and Coleman, 1984) are not
likely to occur because of the quiet nature of the basin waters. However, there are
two other mechanisms for potentially triggering sediment gravity flows in Saanich
Inlet. The first is oversteepening of slopes, i.e., accumulating sediments exceed their
critical angle of repose. This could result from progressive deposition of sediment
from suspension on the walls of the inlet or from the growth of deltas, such as the
Goldstream River delta or ephemeral streams.

The second mechanism is seismic shaking. Whether or rot an earthquake
would trigger debris flows in Saanich Inlet depends on many factors, including (1) the
amount of sediment on the walls of the inlet, (2) the strength of the sediments eing
shaken, (3) the acceleration and period of the seismic waves, and (4) the duration of
shaking. From the core data, it is not possible to assess these factors. Nevertheless,
some alternative scenarios can be proposed.

Model 1: None of the debris flows were triggered by earthquakes

Many of the massive layers do not appear to correlate from one core to the
next, and it is possible that the debris flows were independently triggered at different
times. The lack of correlation of many of the massive layers could be explained by
random failure of slopes on which sediment is gradually accumulating. However, this

triggering mechanism cannot easily explain massive layers that can be correlated over
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large areas, i.e., at over two or more core sites. If massive layers correlate at two
different core sites, and these sites are separated by one at which massive layers do
not correlate, it is implied that two separate debris flow events occurred
simultaneously. Separate simultaneous debris flows are harder to explain in a setting
where slope failure occurs due to gradual build-up of sediment than in one where the
trigger is earthquakes.
Model 2: All of the debris flows were triggered by earthquakes

Exposed sections of rhythmically stratified, Pleistocene glaciolacustrine varves
in the Puget Lowland of Washington, approximately 120 km southeast of Saanich
Inlet, contain deformational structures similar to those produced by simulated seismic
shaking (Sims, 1975). Sims estimated that in a section of 1804 varves, 14 of 21
exposed deformed zones were the result of seismic shaking, giving an average of 129
varves between each seismic event. Successive deformed zones were separated by 60
to 276 varves. By including additional deformational structures that could potentially
be products of earthquakes, the range becomes 23 to 276 varves. Sims (1975)
concluded from this study that varves could be used to determine the age of these
deformational structures and, hence, seismic activity assuming the presence of a
datum.

Sims’ results coincide roughly with ours. As mentioned above, the number of
varves scparating massive layers in Saanich Inlet ranges from 15 to >754, with an
average of 116. This average is near Sim’s estimate of the average number of years

separating deformed zones caused by seismic shaking.
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The recurrence interval of earthquakes of Modified Mercalli Intensity VII or

VHI in the Victoria area is about one every hundred years (Rogers and Hasewaga,
1978; Rogers, 1980; G. C. Rogers, written communication, 1994). Assuming that
such an earthquake could trigger failures of sediments on the walls of Saanich Inlet, it
is possible that all the massive layers in the cores are products of earthquakes. Core
TUL89A-003, for example, contains 10 massive layers that are younger than 1000
years, and it is possible that each corresponds to an earthquake (ages summarized in
Table 3-7). If this is correct, cores from the southern part of the inlet contain a more
complete record of earthquakes than cores farther north, probably because it requires
less seismic energy to produce slope failures where the side walls are steeper. The
earthquakes responsible for these slope failures might include all three types: crustal
and subcrvstal events, and rarer, larger plate-boundary events.

Four massive layers in Saanich Inlet may be contemporaneous with moderate
to large earthquakes that have been documented elsewhere in southwestern British
Columbia and Washington state. The uppermost massive layers in core TUL8%A-003
and, possibly, core TUL91A-001 may be products of the 1946 Vancouver Island
earthquake, centered near Comox, 200 km north-northwest of Saanich Inlet (Rogers
and Hasewaga, 1978; Rogers, 1980). The uppermost massive layer in TUL89A-003
gave an age of about 59 years (1935 AD), based on 2'°Pb data and varve counts.
There are uncertainties in calculating 2°Pb ages using best-fit regression lines that
could introduce errors of a few tens of years. This might account for an apparent

date of 1935 AD for an event that actually occurred in 1946. The presence of '¥'Cs




208
within the uppermost massive layer in core TUL91A-001 suggests a slightly younger

age (post-1954), but if coring has disturbed the uppermost soupy sediments, the debris
flow deposit may be slightly older than the 3’Cs data suggest.

A massive layer dating to about 200 years ago may have been emplaced during
a strong earthquake recorded by Spanish explorers wintering on the west coast of
Vancouver Island in 1793 (Clague, 1995). Another layer about 550 years old or one
800-850 years old may date to an earthquake that occurred sometime between 500 and
800 cal y BP (Clague and Bobrowsky, 1994b), although this link is tenuous.

Another large earthquake, centered near Seattle, approximately 140 km south-
southeast of Saanich Inlet, occurred about 1000-1100 years ago and may be
responsible for a widespread massive layer in Saanich Inlet that dates to about 1050-
1150 years ago. This earthquake produced surface rupture, numerous large landslides
and subaqueous slope failures, and a tsunami in Puget Sound (Atwater and Moore,
1992; Bucknam and others, 1992; Jacoby and others, 1992; Karlin and Abella, 1992;
Schuster and others, 1992). Although the earthquake was a considerable distance
from Saanich Inlet, it apparently was very large and may have caused sufficiently
strong ground motion on southern Vancouver Island to trigger debris flows in Saanich
Inlet. There is also evidence that a Cascadia megaquake may have occurred about
1000 years ago (Darienzo and Petersen,1990; 900-1300 years ago, Atwater, 1992),
perhaps related to the Seattle event.

The last great earthquake or series of closely spaced earthquakes on the

Cascadia subduction zone occurred about 300 years ago. There is abundant evidence
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for this event in coastal wetlands from northern California to central Vancouver Island
(Atwater, 1987, 1992; Darienzo and Peterson, 1990; Atwater and Yamaguchi, 1991;
Clarke and Carver, 1992; Nelson, 1992; Obermeier and others, 1993; Clague and
Bobrowsky, 1994a, b). The area affected by this earthquake was very large and
should have included southern Vancouver Island. Although Saanich Inlet should have
been severely shaken, only one massive layer in core TUL89A-003 was found that
might coincide with this event.

In summary, given that moderate to large earthquakes capable of generating
debris flows in Saanich Inlet are fairly frequent and that at least two historic
earthquakes appear to have produced such failures, one could conclude that all of the
massive layers record earthquakes. If correct, an earthquake strong enough to trigger
failures in Saanich Inlet occurs, on average, once every 100 years. Intervals of
earthquakes, however, are probably highly variable (a few iens to hundreds of years,
judging by the record of massive layers in core TUL89A-003; Table 3-7).

Model 3: Some, but not all of the debris flows, were triggered by
earthquakes

It is likely that the widespread massive layers that are about 200, 550-850, and
1050-1150 years old are products of earthquakes. Several other massive layers
probably are present in two or more cores, and they too may have been emplaced by
earthquakes. For example, massive layers at about 440, 550, 800-850, and 1450-
1500 years old may represent as yet unreported seismic events. On the other hand,

some massive layers appear to be present in only one core. The flows that deposited
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them just as likely were caused by the slope failures due to gradual progressive

buildup of sediment on the walls of the inlet or earthquakes. Nevertheless, given the
presence of potentially unstable accumulations of sediment on these slopes, it might
be expected that every strong earthquake that has struck the area would trigger debris
flows. Thus, Saanich Inlet probably contains a proxy record of moderate to large
earthquakes during Holocene time, but the set of massive layers includes
nonseismically triggered debris flows in addition to those caused by earthquakes (Fig.
3-14).
Error analysis

Lack of a precise datum

There are potentially many sources of error in estimating the ages of the
massive layers. The most important is probably the lack of a datum in the cores.
This potential error stems from the possibility that the uppermost sediments, directly
below the seafloor, were lost during coring. When using *%Pb as a dating tool, it is
important to collect the uppermost sediments in order to measure the initial activity
concentration of excess 2'°Pb at a specific site. When it is not certain if the
uppermost sediments are in a core, the initial activity concentration van be
extrapolated using a statistical regression line method (R. Flett, oral communication,
1994) to calculate the age of the sediments. The calculated age, however, is subject
to uncertainties.

A complete profile of concentrations '*’Cs provides precise age estimates; i.e.,

the peak concentration in radiocesium should correspond to 1964. The mere presence



Figure 3-14. Three interpretations of a hypothetical sequence of massive layers
deposited by debris flows in Saanich Inlet. A. No debris flow deposits were
seismically triggered (NST). B. All the debris flow deposits were seismically
triggered (ST). C. Some debris flow deposits were seismically triggered. (A, B, and
C correspond to models 1, 2, and 3, respectively, in the text).
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of radiocesium shows the sediments are younger than 1954, but does not give a
precise age.

Carbon-14 dating provides ages that are accurate to, at best, 20 years, and
more commonly 100 to several hundred years. Therefore “C dating is not very
helpful in establishing the ages of the massive layers in our cores which are less than
1500 years old. In addition, there is an uncertain reservoir age correction that must
be applied to marine fossils when they are dated (Robinson and Thomson, 1981;
Stuiver and Braziunas, 1993). The reservoir age correction of 801 +23 years
calculated for marine organisms from coastal Washington, Oregon and adjacent
British Columbia may not be appropriate for Saanich Inlet. It is possible that the
reservoir age for organisms from Saanich Inlet may be different.

Missing varves

Another possible source of error in estimating the ages of massive layers is
that some varves may be missing. The reasons for missing varves are that: (1)
erosion during deposition of the massive layers (the cumulative total of missing varves
increases downcore) and (2) disturbance during coring or sectioning. Our attempts at
correlation, however, indicate that only 6% of the varves are missing in the core with
the greatest number of massive layers.

Contamination

When using radioisotopes to date sediments, there is always the possibility that
the material being dated is contaminated or reworked. Precautions are taken to

prevent contamination, but the possibility can rarely be completely ruled out. By
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submitting a large number of samples, as in this study, and by using different
methods of dating, one can minimize these sources of error.

Dating using varves

The use of varves to precisely date massive layers was met with some
problems mainly because of uncertainties in the ages of the tops of the cores (see
above discussion). These uncertainties led us to refine our correlations using the
method outlined earlier in the chapter (Table 3-6; Appendix 3-8). Ages of the
massive layers that were similar in all three scenarios provided the age ranges of that
we cite. The age ranges increase downcore because of the increase in number of
missing varves due to erosion by debris flows (Table 3-9). Hence, in our study,
taking into acount the sources of error, an error estimate using varves is in the order
of 10-20 years for massive layers correlations younger than 550 years and 20-100

years for those older than 550 years.

CONCLUSIONS

1. Deep-water sediments in Saanich Inlet consist mainly of silty clay varves and
intercalated massive beds of silty clay. The varved sediments consist of alternating
layers of terrigenous detritus, derived primarily from Cowichan River, and diatoms
produced during spring and summer blooms. The varves thus record the quiet
progressive deposition of sediment from suspension.

2. Sedimentation rates decrease from north to south confirming Cowichan River as

the main source of sediment. However, particle-size variations in the varves indicate
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that there are additional sediment sources, likely including ephemeral streams and
perhaps Geldstream River.

3. Several types of evidence indicate that the massive layers were deposited by
sediment gravity flows: (a) a Student t-test on the contents of sand in varves and
massive layers indicates that the massive layers are allogenic; (b) basal contacts of
massive layers are sharp, and some are clearly erosional; (3) one massive layer in
core TUL91A-001 has a 2 cm thick granule base that erosionally cverlies varves; (d)
most massive layers contain brecciated varves and varve intraclasts indicating that
varves have been eroded and incorporated into the flow; (€) most massive layers
exhibit a lower brecciated zone of varves underlying massive mud; (f) most massive
layers contain benthic foraminifera, which implies that the sediment was transported
from above the anoxic zone (<150 m depth). Massive layers are more common in
the southern part of Saanich Inlet, where the side walls are steep, than in the northern
part where slopes are gentler.

4. Massive layers are products of small failures of sediments from the side walls of
Saanich Inlet, rather than large turbidity flows that travel the length of the fiord.

5. The sediment gravity flows are more precisely defined as debris flow deposits
rather than turbidites because: (a) none of the massive layers exhibit sedimentary
structures and textures of a classic turbidite, i.e., Bouma-sequence; (b) there is no
normal or inverse grading in the massive layers; (c) most massive layers contain a
zone of brecciated varves thought the result from shearing at the base of a debris flow

in the zone of laminar flow; (d) massive mud overlying the brecciated zone is
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interpreted as the plug or raft of the debris flow; and (e) varve intraclasts show no

apparent directional fabric.

6. Most, but probably not all of the massive layers were emplaced during
carthquakes. These earthquakes include both distant great plate-boundary events and
smaller local crustal and subcrustal quakes. Massive layers at the top of cores
TUL89A-003 and TUL91A-001 may have been deposited during the 1946 Vancouver
Isiand earthquake (M7.2; Modified Mercalli Intensity VI at Saanich Inlet). A massive
layer, dating to about 200 years ago and found in cores TUL91A-001 and TUL91A-
002, may have been emplaced during a strong earthquake in February 1793, reported
by Spanish explorers wintering on the west coast of Vancouver Island. Another
widespread massive layer, about 1050-1150 years old, may record a large crustal
earthquake centered near Seattle, 140 km south-southeast of Saanich Inlet. This
earthquake may be linked to plate-boundary failure farther west. Some of the other
massive layers probably record other prehistoric earthquakes as yet undocumented
elsewhere. Still other massive layers may be products of nonseismically triggered
failures of metastable sediments that have gradually accumulated on the side slopes of
the inlet.

7. The number of varves separating adjacent massive layers in the eight cores ranges
from 15 to >754. The a;rerage value of 116 is broadly consistent with the expected
periodicity of moderate to large earthquakes in the region.

8. There are several sources of error that introduce uncertainty into the age estimates

for the massive layers in Saanich Inlet. These include uncertainties in the ages of the
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uppermost sediments in the cores and loss of varves due to erosion by debris flows.
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Appendix 3-1. Particle-size data 230

TUL89A-001
Vanves Massive lnvers

Depth(cm)  Sand %  Silt % Clay % Depth (em)  Sand®*s Silt % Clay Yo

363-367 0.36 2353  76.11 373377 (U 1795 8193

367-371 03 2091 7879 383-387 014 IS68 T4 IR
418.5-422.5 042 2098 78.6 393-397 026 24 28 788
422.5-426.5 0.62 2189 7749 403-407 184 2071 7178

467471 0.67 30.73 68.6 413417 03 2374 75898

543.547 0.29 2309 76.62 84Y 5-852 0.47 1578 K3 7S

639643 0.31 1847 81.22

644-648 0.32 22,13 7755

670-674 0.22 23.12  76.66

709-713 0.4 23.07 76.53

741-745 0.25 2187 77.89

831-835 0.35 2232 7733
845.5-849.5 0.19 2234 7147

852-856 0.24 23.87 7588

TUL89A-002
Varves Massive faver
Depth (cm)  Sand % Silt % Clay % Depth (cm)  Sand®e St %  Clay %o
50-54 0.15 3187 6498 655.5-659.5 027 3167 6808
54-58 0.14 3189 6797
246-250 0.18 2997 6985
554-560 0.31 27.75 7195

651.5-655.5 0.13 30,99 68.88
605.5-669.5 0.2 284 7141

685-689 0.21 2735 1244
725-729 0.29 3483 6488
799-803 0.1 26.5 73.4

1053-10587 0.08 30.76  69.16
1168-1172 0.21 3001 69.78

TULRYA-003
Varves Massive layers

Depth(cm) Sand% Silt% Clay % Depth (cm)  Sand%  Silt % Clay %
314-318 0.25 27.17 72.58 318-322 021 32206 6773
343-347 0.13 2558 7428 322-326 016 3234 6749
348-353 0.48 2484 7468 328-333 022 2775 7207

382-384 0.19 2683 7298 333-3255 037  0¥3 68K

393.398 03 30.1 69.6 335.5-338 045 3165 679
403-407 0.23 2637 734 64456485 014 3377 66 0Y
418-423 0.3 2269 7701 658.5-662.5 .18 31387 6595
638.5-642.5 0.35 26,13 7353 66856725 025 31398 6577
698.5-702.5 0.29 269 7281 678 5-6825 O 18 3378 6604

931.5-935.5 0.14 23.52 7634 68856925 035 3438 651
1001.5-1005.5 0.37 21.07 7856 941.5-9455 013 3489 6497

1009.5-1013.5  0.19 2625 73.56 951 5-9555 o3 3365 6612



TULBYA-003

Varves

231

Massive layers

Depth(ecm)  Sand%  Sit% Clay % Depth (cm)  Sand%  Silt % Clay %
1011 5-1013 023 2529 74.48% 961.5-965.5 0.24 329 66 .86
1014.5-1019 5 0.16 2496 7488 971.5-975.5 0.18 3372 661
981.5-985 5 0.19 3469 65.12
991.5-995.5 0.72 2887 70.42
TULY1A-00]
Varnves Massive layers
Depth(cm)  Sand % Silt% Clay % Depth (em)  Sand% Silt% Clay %
58-60 1.53 2404 7443 64-66 3.54 2633 70.13
152-154 181 2313 7567 69-71 095 2434 74T
184-186 233 2638 71.29 76-78 3.69 2573 7058
209-211 2.36 3241 6523 226-228 4.59 2583 69.58
298-300 449 2431 71.2 230-232 6.86 31.16 6199
352-354 3.95 2933 66.72 234-236 183 2398 7418
394-396 1.98 31.71 6632 302-304 74 33.01 5959
486-188 0.89 23.41 AN 305-307 9.98 2507 6495
S512-514 4.05 2772 6824 399-401 3.36 255 71.13
535-537 173 2659 7168 428-430 i168 3081 5747
589-591 505 2629 68.66 432-434 2217 249 5293
607 5-6009.5 326 2332 7342 4534-450 5.21 27.58 6721
624.5-626.5 297 23.58 7345 462-464 3.24 3026 6649
665-667 234 2524 7242 465.5-467.5 68 3376 5944
751-753 172 2192 7636 521-523 2.05 2829  69.66
805-807 318 26.72 70.1 526-528 153 27 71.48
992-994 7.01 27.28 65.7 610-6]2 1.32 2082 7785
1027-1029 0.76 2605 73.19 639-641 374 26.18 7008
1117-E119 641 35.2 58.39 648-650 2.54 2600 714
831-833 193 264 7167
834-836 2.26 2703 70.71
837-839 3.49 27.19  69.32
847-849 156 2829 70.15
881.5-883.5 5.09 38.82  56.09
904-906 2.09 3043 6748
942-944 8.73 31.87 59.4
926-928 2.73 313 65.97
951-953 278 2438 47.79
969-971 1986 22,18 50.83
980-982 6.8 2468 68.51
985.5-987.5 8.02 5.96 14.55
1073-1075 2667 2959 4374

1079-1081

7.37 3605 56.58




TUL91A-002 232
Varves Massive Livers
Depth(cm)  Sand % Silt %  Clav %o Depth (cmy  Sand®e Silt e Clay o
200.5-202.5 211 2953 6836 277-2719 04y o2 679
246.5-248.5 1.21 29.87 68.92 279-281 216 2838 Mo
272.5-274.5 0.93 3146  67.62 484-486 198 2820 MM
285.5-287 3.24 29.22 67.54 611-013 8 3204 o408
463-165 6.25 3123 62.52 618-620 431 1763 SROL
538-540 2.56 31.33 66.1 636-638 3 S8 3296 6d 40
660-662 3.4 3264 6422 681-083 o RIUEL B TR B B
974-976 0.63 33.14 66.23 899-901 2 2582%v 73 S84
1058-1060 1.1l 2744 7143 903-908 068 27 71 4
1082-1084 0.45 2462 7493 1060-1062 132 IR 697
HaO1-1103 29% W7l 5§70
1124-1120 1 0 G608 02 49
1145-1147 358 IWOY SR I7
1ol-1163 27 37 1o o a7
TUL91A-003
Varves Massive lavers
Depth(cm)  Sand %  Silt % Clav % Depth (co)  Sand®e  Stlt % Clay %o
82-84 145 49.16 4938 350-352 1 45 4489 S160
191.5-193 5§ 233 413 56 37 353355 17 3429 S401
319-321 1.71 3577 6253
434.5-430.5 1.22 3523 63.50
471.5-1473.5 0.78 3576 6347
540.5-542.5 158 386  59.82
672.5-674.5 0.57 379 6152
720.5-722.5 1.05 3114 6481
755.5-757.5 1.08 3468 6426
828.5-830.5 2.12 41488 5301
872-874 197 4267 5536
888-890 111 3957 5932
925.5-927.5 173 4243 5585
936.5-938 5 9.92 531016 3692
1031-1033 191 3959 58S
1076-1078 0.78 4104 5818
1120-1122 1.67 4626 5207
1144-1146 0.94 37.38 6168
1192-1194 149 4062 5788
TUL91A-004
Vanves Massive Layers
Depth (cm)  Sand % Silt % Clay % Depth (e Sand% St % Clay %
97-99 212 4211 5577 448 5-4505 053 96y 5977
183.5-185.5 0.36 383 6134 810 5-812 5 165 4327 5508
199.5-201.5 0.75 3486 6439
214.5-216.5 0.25 3801 6174
233.5-235.5 0.59 3837 61.04



\ TUL91A04 233
Varves
Depthtem)  Sand%  Sit% Clay %
| 29452965 0S54 3414 6532
315.5-317.5 07 3892 6038
WRS-3905 114 4042 S8.44
41854205 127 3722 615
45554575 088 3612 62.99
| SOLS-S03S 087 3205 6708
557.5-559S5 182 3421 6397
603 S6USS 058 3293 6649
648 5-650 06 3225 6715
680.5-682.5 135 3891 5974
7285-7305 156 3498 6345
7625-7645 073 3508 6423
R005-8025 155 3685 616
| 8S6.5-8585 127 3804 6069
89859005 LI 4152 5737
9445-9465 103 3731 6166
968 59705 098 3378 6525
| 984 5-9%6.5 062 3512 6426

1038-1040 048 3695 6257
TUL91A-00S
Massive clavey silt Massive clavey silt
‘ Depth (cm)  Sand%  Sit%  Clay % Depth (cm) Sand % Silt % Clav %
42-44 282 5995 3723 43454365 456 4842 4702
89-91 2.11 5166 46.23 464.5-466.5 287 4965 4748
‘ 102-104 198 5256 4546 494.5-496.5 2.71 5133 4596
109-111 1.66 4926 49.07 502.5-5045 195 4801 5004
129-131 1.97 4854 4949 5085-510.5 258 S064 4677
140-142 22 5459 4321 541.5-543.5 257 4998 4745
147-149 394 5365 4241 563.5-565.5 317 4945 4718
159-161 278 5242 4483 567.5-569.5 348 5471 418
169-171 2.76 5027 3697 S71.5-573.5 427 5135 4438
179-181 438 §7.72 3719 575.5-577.5  3.01 51.43 3556
‘ 192-194 429 55.41 403 579.5-581.5  2.35 511 46.56
199.20]) 6 96 5418 3886 608.5-6105 238 4412 S35
241 5-2435 373 5837 379 611.5-6135 229 4569 5202
261.5-263.5 437 5703 386 6155-6175 234 4861 4906
281 5-283 5 4.09 55.7 40.2 640-641.5 251 4681 50.68
291 5-293 .8 3.66 5355 42719 641.5-643.5 314 4913 4773
31153138 2.93 5164 4544 661.5-663.5 442 55.2 4038
3415-343 8 162 5146 4692 687-689 2.51 5437 4312
384 5-386.5 424 5144 4432 697-699 398 5186 4416
394 5-396 § 333 51 45.67 712-714 269 5164 4567
408 5-310.5 3583 5094 4554 727-729 287 5001 47.12
414 5-316.5 2.52 §1.02  46.46 737-739 256 4992 4752

422 5-424 5 426 5298 4275




TULY1A-008
Massive clavey silt
Depth(cm)  Sand ®e Silt % Clav %
747-749 IR §0 38 46 5
757-7589 1 &1 S06S 47584
767-769 139 5125 37.36
787-78Y 19 5121 46.89
797-799 203 4744 5083
851-853 2n 4863 4915
855-857 1 88 4728 S0 84
881-883 288 5172 4543
898-900 239 5006 4758
905-907 178 5184 4668
910912 279 4833 4888

ARES




Appendix 3-2. T-test calculations’. 235

A null hypothesis (H,) is put foreward to find out whether the mean % sand fractions
of the varves (u;) vs. massive layers () are the same. Hy p, = po.

The formula for the t-test is:

K

X

t
S

e

where the mican % sand of varves (X;) and the mean % sand of the massive layers
{X,) are subtracted and divided by the standard error.

The standard error (S,) is calculated:

Se=S ..1_ +_1.
m I,

where S, = a pooled estimate of the standard deviation,

n,=number varve samples

n,=number of massive layer samples

$7, is calculated by combining the sample variances of two data sets (1 =varve

samples; 2=massive layer samples):

_In,-1) 87+ [n,-11 57

2

P n,+n,-2
Therefore in a two-tailed distribution:
Varves: Massive layers:
n= 116 n,=73
X,=-0.0931 X,=0.166
$,°=0.218 $,°=0.402
$,=0.467 S,=0.634

' The % values of sand are converted to log normal values in order to make values follow a normal
distribution,



n
cz. [116-1]157+([73-1] 57 236
o n,+n,-2

g2-25.07+28.94
P 187

=0.0804

AR

st
S

e

_-0931-0.166

t 0.804

=-3.2¢

The value of t is reported to Table 2.11 (p. 62) in Davis, 1986 to find the level of
significance of the null hypothesis.

To use the table, the degrees of freedom (v) are needed: n,+n,-2= 187 and the value
of t.

The level of significance is 0.1 %, which means that there is I chance in a 1000 that
the means for % sand fraction of the varves and th. massive laycrs are equal.
Therefore, the null hypothesis Hy: p; =g, is rejected.




Appendix 3-3. Percent clay fractions in massivelayers
Depth TUL89A-001
(cm)
1 T T T T 1
10 20 20 40 5 6o 70 80
50 -
150
250
350 -1
450
ss0 &
650 -
750
850 ;
{0 20 0 4o 50 e 0 80
% clay

Note. No compilation is made for core TUL89A-002 because there is only
one data point.
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Depth TUL91A-001
{cm)
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Depth TUL91A-003

(cm)

650 -E

750 -

850~ =

Y50

1240 §

1350 -

1450 :',;__;_T_: -

4 - ha

2000 = e T ) 1 T T .
10 20 30 40 50 60 70 80




Depth
(cm)

50

150 i E

250

650

1050

TUL91A-004
o 20 3% 4 ke
7 T !
0 20 30 40 g() 60

1
70

70

l
g0

K0

242



243

sand

AVAVAVANG
50/50 /\/\/\/\/\ 50/50
UNONONININON
{NONONCNNININ
CNONONININININ/N
UNONONINENININEN/N

/\ ¢ @ Oc? (o]
50/50
silt clay

TUL91A-001

Note. Sand apex fraction is fine sand. Ternary diagrams are arranged in geographic
order from south to north.
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Appendix 3-4b_ Particle-size fractions (%) of massive layers per core. _
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Note. Sand apex fraction is fine sand. Ternary diagrams are arranged in geographic
order from south to north.
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Appendix 3 5 Mincralogy of the clay ( < 2 micron) fraction of core samples determined by X-ray diffraction

257

Sample No Scdiment type Quartz Fecldspar (Na + K) Chlonte Hle Smectite Calcite
89-001-320 322 massive layer minor minor {Na) minor trace
89-001-550 552 massive laycr minor minor {Na) minor trace
89-001-558-560 varves minor minor (Na) minor trace

89 00]-596-598 massive layer minor minor (Na) minor trace
89-00}-683 grey layer in varve  minor minor (Na) minor trace
89-001-727-728 massive layer minor minor (Na) minor trace

89-002 199 varve minor minor (Na) major minor  trace
89-002-203-205 massive layer minor minor (Na) minor trace
89-002-217 grey layer in varve minor minor (Na) minor trace

89 002632 grey layer in varve  minor minor (Na) minor trace
89-002-733-735 massive layer minor minor (Na) major trace

89 002 917 grey layer in varve minor minor (Na) major trace
89-002-959 varve minor minor (Na) minor trace

89-003 210-212 massive layer minor minor (Na) munor trace
89-003-230-232 massive layer minor minor (Na) minor trace
89-003-501 grey layer in varve minor minor (Na) minor trace

89 003-539 grey layer in varve  munor minor (Na) major trace
89-003-568-570 massive layer mipor minor (Na) minor trace trace
89-003-608-610 massive layer minor minor (Na) minor trace trace
89 -003-690-692 massive layer major manor (Na) minor trace

89 003 704 varve minor minor (Na) minor trace trace
89-003-760 grey layer in varve  minor trace (Na) minor trace
89-003-825-827 massive layer minor munor (Na) minor trace

89-003 897-899 massive layer minor munor {Na) minor trace
89-003-998-1000 massive layer minor minor (Na) minor trace

89 003-1152 grey layer in varve  trace trace {Na) minor trace
89-003-1168 1170 massive layer minor minor {Na) munor trace

91 001-23 28 (ZTIRUY minor minor (Na) minor trace trace
91 001-49 grey layer in varve  minor minor (Na) minor trace

91-001 59 grey layer in varve  minor minor (Na) minor trace trace
91-001 69 70 massive layer minor minor (Na) major trace
91-001-80 grey layer in varve mnor minor (Na) minor trace
91-001-238 240 massive layer mnor minor (Na) minor trace trace
91 001 430432 massive layer trace trace (Na) minor trace trace
91-001-463 465 massive laver minor minor (Na) minor trace trace
91-001 609 610 massive layer mnor minor (Na) minor trace

91 001 638 640 massive fayer minor manor (Na) minor trace trace
91 001 655 grey layer in varve  trace trace {Na) minor trace

91 001 823 grey layer in varve  minor trace (Na) major trace

91 001 8313 835 massive layer minor munor (Na) minor trace

91-001 842 844 vanes mnor munor (Na) minor trace

9] 001 886 BRE massive layer mnor minor {Na) minor trace

91 0C1-1016 grey layer in varve munor minor (Na) minor trace
91-001-1073 1075  massive layer major minor (Na) minor trace

91-002 229 23] varves minor trace (Na) minor trace

91-002 286 grey layer in varve  munor minor (Na) minor trace

91 002 358 360 massive layer minor minor (Na) minor trace

91 002 533 grey layer in varve  munor minor (Na) munor trace

91 002 549 grey laver in varve  manor mmor (Na) minor trace

91 002 648 grey layer in vane  munor minor (Na) minor trace

91 002 676 678 massive laver minor minor (Na) minor trace

91 002 689 vane muor munor (Na) minor trace trace
91 002 899 905 massive layer major munor (Na) minor trace

91 002 1038 1040 vancs minor minor (Na) minor trace




Sample No. Scdiment type Quartz Feldspar (Na + K) Chlonte Hite Smectite Caledd 8

91-002-1059-1061 massive layer minor mnor (Na) munor trace

91-003-181 grey layer in varve  munor minor (Na) major trace trace trace amipha
91-003-310 varve major minor (Na) minor trace

91-003-352-354 massive layer major minor (Na) mnor trace

91-003-356 grey layer in varve  minor minor (Na) major trace trace ampln
91-003-357 grey layer in varve  minor trace {Na) major trace

91-003-1154 varve major minor (Na) minor trace

91-003-1183 grey layer in varve minor manor (Na) minor trace trace
91-004-38-39 grey layer in varve  minor trace (Na) major trace

91-004-43 grey layer in varve  minor trace (Na) major trace

91-004-58 varve minor minor (Na) minor trace trace
91-004-502 varve minor minor (Na) minor trace

91-004-554 varve minor minor (Na) major trace trace
91-004-594 grey layer in varve  minor trace (Na) major trace

91-004-601 varve minor minor (Na) minor trace Wace
91-004-787 grey layer in varve  minor minor (Na) munor trace
91-004-810-812 massive layer major minor (Na) minor trace

91-004-817 grey layer in varve minor minor (Na) mnor trace

91-005-25-27 clayey silt minor minor (Na) minor trace

91-005-30 grey layer minor minor (Na) major misor
91-005-278-280 clayey silt minor mit:or (Na) minor trace
91-005-404-405 clayey silt major minor (Na) minor trace

91-005-493 grey layer minor minor (Na) major trace trace
91-005-583-584 clayey silt minor minor (Na) minor trace trace
91-005-640-642 clayey silt munor minor (Na) minor trace tracye
91-005-676 clayey silt major minor (Na) minor trace

91-005-850 grey laycer mnor trace (Na) major trace
91-005-870-872 clayey silt major minor (Na) mnor trace

92-p5-21 grab sample major minor (Na) minor trace trace amphis
Yo-ps-54 grab sample minor trace thajor
92-gs-55 grab sample minor minor (Na) majer minor  trace amphy
92-gs-56 grab sample minor minor (Na) major trace trace amphs
VEC92A-59 grab sample trace trace (Na) major ninor  anor

Note Sample 92-gs-2] was collected near the mouth of the Cowichan River. sample 92-gs-53 15 g sample from the west side ot Saanch
Inlet opposite Brentwood Bay, samples 92-gs-55 and 92-gs-56 are from the mouth of Goldstream River. and sample VI CO2A-S9 wa-
collected near the mouth of Fraser River

Values are semi-quantitative, e g . if a sample contains three clay minerals with minor amounts, st means that the nunerals are present in
equal proportions (X-ray lab, GSC )
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Appendix 3-7 Pb-210 analytical data

Core
TULB89A-003 Cumulative dry wt. Specific  Error (DPM/g)
mid point activity tlo
Depth (cm) (g/cm?) (DPM/g)*
55-56 18.5 42 05
61-62 20.44 29 04
68-69 22.55 28 04
75-76 2443 1.6 03
83-84 26 52 17 03
Core
TUL91A-005 Cumulative dry wt.  Specific  Error (DPM/g)
mid point (g/cm’) activity + lo
Depth (cm) (DPM/g)
10-11 543 99 07
20-21 104 83 07
32-33 15.93 8.6 07
40-41 19.68 61 06
50-51 24 45 4 05

* DPM=Desintegrations per minute
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Core TULS9A-003
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Core TUL91A-005
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Core TUL89A-003

Determination of accumulation rates based on least square, best-fit method with

background as a vanable

Y1=4.2 DPM/g
Y2=1 762 DPM/g

Y1=4 iDPM/g
Y2=1.683 DPM/g

Y1=4 | DPM/g
Y2-=1 604 DPM/g

Y1=4 0 DPM/g
Y2=1 524 DPM/g

Y1=3 9 DPM/g
Y2=1 445 DPM/g

Y1=3.9 DPM/g
Y2=1.366 DPM/g

Y1=3.8 DPM/g
Y2=1 286 DPM/g

Y1=3 7 DPM/g
Y2=1 207 DPM/g

Y1=3.7 DPM/g
Y2=1 127 DPM/g

Y1=3 6 DPM/g
Y2=1 047 DPM/g

Y1=3 S DPM/g
Y2=-0.967 DFM/g

Y13 5 DPM/g
Y2=0 886 DPM/g

X1=18 5g/cm?
X2=24 431g/cm*

X1=18.5g/cm?
X2=24.431g/cm’

X1=18.5g/cm’
X2=24 431g/cm?

X1=18 5g/cm’
X2=24 431g/cm’

X1=18 Sg/cm’
X2=24.431g/cm’

X1=18.5g/cm’
X2=24 43 1g/cm’

X1=18.5g/cm?
X2=24 431g/cm?

X1=18 Sg/cm’
X2=24 431g/cm’

X1=18 5g/cm?
X2=24 43 1g/cm’

X1=18.5g/cm’
X2=24 43 1g/cm?

X1=18 5g/cm’
X2=24431g/cm’

X1=1¢ 5g/em?
X2=24 431g/cm’

* The accumulation rate (Accum) is determined for the best-fit line with the highest
coefficient of determination (R?)

R=03885  Bkg=0 00’
Accum=211 5 mg/cm?/yr

R’=0.884 Bkg=0.08
Accum=204.8 mg/cm’/yr

R*=0.882 Bkg=0.16
Accum=198 0 mg/cm?/yr

R*=0.881 Bkg=0.24
Accum=191.2 mg/cm?/yr

R=0879  Bkg=0.32
Accum=184.4 mg/cm’/yr

R*=0.877 Bkg=0.40
Accum=177.5 mg/cm*/yr

R>=0875  Bkg=0.48
Accum=170.6 mg/cm?/yr

R>=0872 Bkg=0 56
Accum=163 Smg/cm/yr

R=0870 Bkg=064
Accum=156.4 mg/cm’/yr

R>=0866  Bkg=0.7]
Accum=149 3 mg/cm?/yr

R’=0.863 Bkg=0.79
Accum=142.0mg/cm?/yr

R=0859  Bkg=0.87
Accum=134.5 mg/cm?/yr



Y1=3.4 DPM/g
Y2=0.804 DPM/g

Yi=3 4 DPM/g
Y2=0 722 DPM/g

Y1=3.4 DPM/g
Y2=0.639 DPM/g

Y1=3.3 DPM/g
Y2=0.554 DPM/g

Y1=3.3 DPM/g
Y2=0 468 DPiv/g

Y1=3.4 DPM/g
Y2=0.378 DPM/g

Y1=3.5 DPM/g
¥2=0.283 DPM/g

Y1=3.7 DPM/g
Y2=0 178 DPM/g

Y1=5.4 DPM/g
Y2=0 038 DPM/g

X1=18 Sg/cm’
X2=24 431g/cm’

X1=18 Sg/cm’
X2=24 431g/cm’

X1=18.5g/cm?
X2=24 431g/cm?

X1=18 5g/cm’
X2=24 431g/cm’

X1=18.5g/cm’
X2=24.431g/cm’

X1=18.5g/cm’
X2=24 43 1g/cm’

X1=18.5g/cm’
=24 43 1g/cm?

X1=18 5g/cm*
X2=24.431g/cm’

X1=18.5g/cm’
X2=24 43 1g/cm’

Calculation of age of sediment.

Cumulative dry wt. (g/cm?) + accumulation rate (g/cm’/yr) = age of sediment (yr)

24.43g/cm? + 0.211g/cm¥yr = 115 yrs.

R'=0854  Bkg-009s§
Accum=126 9 mg'cm’/vr

R’= 0 848 Bkg=103
Accum=119 | mg/em’/yr

R*= 0 841 Bkg-1 11
Accum=111 1 mg/cm’/yr

R=0832  Bkg=1.19
Accum=102 7 mg/em’/yr

R>=0822  Bkg=127
Accum=93 9 mg/cm®/yr

R*= 0.808 Bkg=1 35
Accum=84.3 mg/cm*/yr

R=0790  Bkg=143
Accur=73 7 mg/em’/yr

R*=0763  Bkg=1 51
Accum=60 6 mg/cm*/yr

R=0.700  Bkg- 159
Accum=37 2 mg/cm’/yr

Therefore, at 75-76 cm depth, the sediment is 115 yrs old.
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Core TUL91A-005 (a)

Determination of accumulation rates based on the least square, best-fit method for all data

points with background as a vanable

Yi=11 1 DPM/g
Y2=4 693 DPM/g

Y1=10 9 DPM/g

Y2=4.490 DPM/g

Y1=10 7 DPM/g
Y2-4.287 DPM/g

Y1=10 5 DPM/g
Y2-4 084 DPM/g

Yi=10 4DPM/g
Y2=3 880 DPM/g

Y1=10.2 DPM/g
Y2=3 676 DPM/g

Y1=10 1 DPM/g
Y2=3 471 DPM/g

Y1=9.1 DPM/g
Y2=3 266 DPM/g

Y1=9 8 DPM/g
Y2=3 060 DPM/g

Y1=9 6 DPM/g
Y2=2 853 DPM/g

Y1-9 S DPM/g
Y2=2 645 DPM/g

Y1=9 4 DPM/g
Y2 *435 DPM/g

Y1=9 3 DPM/g
Y2=2 224 DPM/g

X1=5432g/cm’
X2=24 452g/cm’

X1=5432g/cm’
X2=24 452g/cm’

X1=5.432g/cm’
X2=24.452g/cm’

X1=5 432g/cm?
X2=24.452g/cm’

X1=5.432g/cm’
X2=24.452g/cm?

X1=5.432g/cm?
X2=24 452g/cm?

X1=5.432g/cm’
X2=24.452g/cm’

X1=5.432g/cm’
X2=24 452g/cm?

X1=5432g/cm’
X2=24.452g/cm?

X1=5 432g/cm’
X2=24.452g/cm’

X1=5.432g/cm’
=24.452g/cm’

X1=5.432g/cm’
X2=24.452g/cm’

X1=5.432g/cm?
X2=24 452g/cm*

R=0839  Bkg=0.00
Accum=690 3 mg/cm?/yr

RZ=0.837 Bkg=0.20
Accum=668.3mg/cm*/yr

R>=0835 Bkg=040
Accum=646.1mg/cm*/yr

R=0833  Bkg=0.60
Accum=623 8mg/cm’/yr

R*=0.830 Bkg=0.80
Accum=601 4 mg/cm?/yr

R:=0828  Bkg=1.00
Accum=578 8mg/cm’/yr

R=0825 Bkg=1.20
Accum=556 1mg/cm?/yr

R>=0822 Bkg=140
Accum=533 2mg/cm’/yr

R’=0818  Bkg=160
Accum=510.1mg/cm’/yr
R=0815 Bkg=1.80
Accum=486 6mg/cm?/yr
R:=0810 Bkg=20l
Accum=462 9mg/cm*/yr
R*=0.805 Bkg=2 2]
Accum=438 8mg/cm?/yr
R*=0.800 Bkg=2.41

Accum=414 2mg/cm?/yr



Y1=9.2 DPM/g
Y2=2.010 DPM/g

Y1=9.1 DPM/g
Y2=1.792 DPM/g

Y1=9.1 DPM/g
Y2=1.570 DPM/g

Y1=9.2 DPM/g
Y2=1.342 DPM/g

Y1=9.3 DPM/g
Y2=1.103 DPM/g

Y1=9.7 DPM/g
Y2=0 847 DPM/g

Y1=10.6 DPM/g
Y2=0.553 DPM/g

Y1=18.8 DPM/g
Y2=0.090 DPM/g

X1=5 432g/cm’
X2=24 452g/cm’

X1=5 432g/cm?
X2=24 452¢/cm’

X1=5.432g/cm’
X2=24 452g/cm’

X1=5.432g/cm?
X2=24.452g/cm’

X1=5.432g/cm’
X2=24 452g/cm’

X1=5.432g/cm?’
X2=24.452g/cm’

X1=5.432g/cm’
X2=24.452g/cm’

X1=5.432g/cm’
X2=24.452g/cm’

R=0793  Bkg=2c.
Accum=389 Omg/cm’/yr

R'=0785  Bkg=2 8l
Accum=363 Img/cm’/yr

R’=0776  Bkg=3 0l
Accum=336 Img/cm’/yr

R*=0764  Bkg=32Il
Accum=307 6mg/cm’/yr

R’=(¢.749  Bkg-3 4l
Accum=276 9mg/cm*/yr

R*=0727  Bkg=3 61
Accum=242 Smg/cm’/yr

R=0695  Bkg-3 81
Accum=200 Img/cm®/yr

R*= 0 601 Bkg=4 01
Accum=110 Tmg/cm’/yr
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* The accumulation rate (Accum) is determined for the best-fit line with the highest

coefficient of determination (R?)

Calculation of age of sediment

Cumulative dry wt. (g/cm?) + accumulation rate (g/cm?/yr) = age of sediment (yr)

24.45g/cm? ~ 0.690g/cm*/yr = 35 yrs at 40-41 cm depth



Core TUL91 A-005 (b) 270

Determination of accumulation rates based on the least square, best-fit method for the
lowest three® data points with background as a variable

Y 1=8 6 DPM/g X1=15.935g/cm? R2=0.999 Bkg=0.00
Y2-4 002 DPM/g X2=24.452g/cm’ Accum=347 8 mg/cm?/yr
Y 1=8 4DPM/g X1=15.935g/cm? R=1000 Bkg=020
Y2=3 805 DPM/g X2=24 452g/cm? Accum=335.6 mg/cm?/vr
Y1-8 2 DPM/g X1=15935g/em’  R*=1000  Bkg=0.40
Y2=3 608 DPM/g =24 452g/cm’ Accum=323.3 mg/cm¥/yr
Y1=8.0 DPM/g X1=15.935g/cm’ R2Z=1.000 Bkg=0.60
Y2=3 411 DPM/g X2=24.452g/cm’ Accum=311.0 mg/cm’/yr
Y1=7 8 DPM/g X1=15.935g/cm’*  R*=1.0700  Bkg=0.80"
Y2=3 214 DPM/g X2="4.452g/cm’ Accur /8 6 mg/cm?/yr
Y1=7 6 DPM/g X1=15935g/cm’  R*=1.000  Bkg=1.00
Y2=3 017DPM/g X2=24.452g/cm’ Accum=286.1 mg/cm’/yr
Y1=7.4 DPM/g X1=15935g/em*  R*=1000 Bkg=1.20
Y2=2 821 CPM/g X2=24.452g/cm’ Accum=273.5 mg/cm?/yr
Y1=7.2 DPM/g X1=15.935g/cm’ R’=1.000  Bkg=1.40
Y2=2 624 DPM/g X2=24 452g/cm’ Accum=260.9 mg/cm?/yr
Y1=7 | DPM/g X1=15935g/em*  R>=1000  Bkg=1.60
Y2=2 428 DPM/g X2=24 452g/cm’ Accum=248 2 mg/cm?/yr
Y1-6 9 DPM/g X1=15935g/cm®  R>=0999  Bkg=1.80
Y2=2 232 DPM/g X2=24.452g/cm’ Accum=2353 mg/cm?/yr
Y 1=6.7 DPM/g X1=15.935g/cm’ R*=0.999 Bkg=2.01
Y2=2 036 DPM/g X2=24 452g/cm’ Accum=222.3 mg/cm’/yr
Y1=6 5 DPM/g X1=15935g/cm*  R*=0998  Bkg=22I
Y2=1 840 DPM/g X2=24.452g/cm’ Accum=209.1 mg/cm?/yr
Y1=6 4 DPM/g X1=15935g/cm’ R*=0.997 Bkg=2.410

Y2=1 645 DPM/g X2=24.452g/cm’ Accum=195 8 mg/cm?/yr



Y1=6.2 DPM/g
Y2=1449 DPM/g

Y1=6.1 DPM/g
Y2=1.253 DPM/g

Y1=5.9 DPM/g
Y2=1.057 DPM/g

Y1=5 8 DPM/g
Y2=0.860 DPM/g

Y1=5.8 DPM/g
Y2=0.662 DPM/g

Y1=5.8 DPM/g
Y2=0.460 DPM/g

Y1=6.1 DPM/g
Y2=0.252 DPM/g

Y1=9.3 DPM/g
Y2=0 017 DPM/g

X1=15 935g/cm’
X2=24 452g/cm’

X1=15 935g/cm’
X2=24 452g/cm’

X1=15 935g/cm?
X2=24.452g/cm?

X1=15935g/cm’
X2=24 452g/cm’

X1=15.935g/cm’
X2=24 452g/cm’

X1=15.935g/cm’
X2=24.452g/cm’

X1=15.935g/cm’
X2=24.452g/cm’

X1=15935g/cm’
X2=24 452g/cm’

R=0096  Bkg-2 o6l
Accum=182 | mg/cm /vr

R*=0.994 Bkg-2 81
Accum=168 1 mg/cm’/yr

R*=0.991 Bky- 3 01
Accum=153 6 mg/cm’/yr

R2-0986  Bkg=3 21
Accum=138 § mg/cm’/yr

R*=0 980 Bkg -3 41
Accum=122 4 mg/cm’/yr

R*=0970  Bkg:3 61
Accum=104 6 mg/cm’/yr

R*=0952  Bkg 381
Accum=83 3 mg/cmy’/yr

R=0893  Bkg- 401
Accum=42 Img/cm’/yr
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* Higher data may be unreliable because of sediment mixing during coring

* The background value (0.800 DPM) is the average of all valucs that have a coefficient of
determination (R” of 1.00.

Calculation of age of sediment-
Cumulative dry wt. (g/cm?) + accumulation rate (g/cm’/yr) = age of sediment (yr)

24 45g/cm® + 0.2986g/cm*/yr = 82 yrs at 40-41 c¢m depth
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CHAPTER 4. CONCLUSIONS

The percentage of live foraminifera in Saanich Inlet decreases with increasing
water depth, probably due to decreasing oxygen concentrations. The main
environmental control is water circulation which is influenced by the presence of a
sill. Different environmental parameters, including salinity, oxygen, and temperature,
explain most of the clustering and the distribution of the dominant foraminiferal
fauna. Other environmental controls are runoff from the land, contamination, and
sediment texture, but these are also affected by the water circulation in the basin.

Certain foraminiferal species are closely linked to specific environmental
parameters. Eggerella advena indicates contamination and brackish water conditions.
Miliammina fusca reflects very brackish water conditions. Leptohalysis catella
reflects deep water, low oxygen concentrations, high organic content, and a muddy
(with some sand) substrate. Similarly, Stainforthia feylingi indicates deep water and,
probably, low oxygen concentrations. Buccella frigida is indicative of normal
temperate marine conditions.

There are five foraminiferal biofacies of distinct geographic distribution

identified in Saanich Inlet. (1) Eggerella advena Biofacies of shallow nearshore

environments near sewage outfalls and septic system drainage; (2) Eggerella advena-
Spiroplectammina biformis Biofacies and (3) Miliammina fusca Biofacies, both
located close to Biofacies 1 at shallow depths in brackish bays. Although there is

relatively little freshwater runoff into Saanich Inlet, Biofacies 1, 2, and 3 indicate that

localized ephemeral runoff affects the foraminiferal distribution; (4) Lobatula fletcheri
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Biofacies, subdivided into (4A) Stainforthia feylingi Sub-biofacies dominant at greater
depths where oxygen levels are low, and (4B) Buccella frigida Sub-biofacies at
shallow depths within the bays of the inlet, reflecting poor mixing of normal marine
seawater because of restricted circulation; (5) Leptohalysis catella-Spiroplectammina
biformis Biofacies found at greater depths far from shore.

Data from eight piston cores show that late Holocene sediments in Saanich
Inlet were deposited from suspension as varves, interrupted sporadically and locally
by sediment gravity flows. Sedimentation rates decrease from north to south in the
inlet, confirming that the main source of sediment is Cowichan River. However,
variations in grain size between cores indicate that there are additional sources of
sediment, probably ephemeral streams and possibly Goldstream River. Varve
thicknesses do not vary with depth in the cores implying that for the last 1500 years,
sedimentation has not changed significantly.

Massive layers interbedded with the varves are interpreted as sediment gravity
flow deposits: (1) a Student t-test revealed that the particle size of samples of varves
and massive sediments are not the same, implying different transport mechanisms;
(2) basal contacts of massive layers are sharp, and some are clearly erosional; (3)
massive layers contain brecciated varves and varve intraclasts, indicating that varves
have been eroded and incorporated into the flow; (4) most massive layers have a
lower zone of brecciated varves underlying massive mu{; (5) most massive layers
contain benthic foraminifera, implying that the sediment was transported from above

the anoxic zone (< 150 m depth).
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The massive layers are classified more precisely as debris flow deposits
because: (1) none of the massive layers exhibits sedimentary structures and textures of
a classic turbidite, i.e., Bouma-sequence; (2) there is no normal or inverse grading of
grains; (3) most massive layers contain a basal zone of brecciated varves resulting
from shearing at the base of a debris flow; (4) massive mud overlying the zone of
brecciated varves is interpreted to be a plug or raft in the debris flow; and (5) varve
intraclasts show no apparent directional fabric.

Varves were used with some success to date and correlate the massive layers.
Uncertainties in age estimates result from the lack of a precise datum at the tops of
the cores and from erosion of varves during the emplacement of debris flow deposits.
Uncertainties in age increase downcore.

Correlation of the cores indicates that debris flows originated on the side walls
of Saanich Inlet and did not travel the full length of the fiord. There are two possible
triggering mechanisms. The first is oversteepening of sediment accumulations on the
side walls. The second is seismic shaking.

The number of varves separating adjacent massive layers in the eight cores
ranges from 15 to >754. The average is 116, which is broadly consistent with the
expected periodicity ¢ moderate to large earthquakes in the region.

Some massive layers may correspond to documented seismic events. Massive
layers at the top of two cores may have been deposited during the 1946 Vancouver
Island earthquake (M7.2). A massive layer, dating to about 200 years ago and found

in two cores may have been emplaced during a strong earthquake in February 1793,
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reported by Spanish explorers wintering on the west coast of Vancouver Island.
Another widespread massive layer, about 1050-1150 years old, may record a large
crustal earthquake centered near Seattle, 140 km south-southeast of Saanich Inlet.
This earthquake may be linked to plate-boundary failure farther west. Some of the

other massive layers probably record other prehistoric earthquakes, as yet

undocumented elsewhere.









