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ABSTRACT

Saanich Inlet, a fjord on the eastern side of Vancouver Island, has H¡¡S in the bottom 
waters during most of the year. Recent marine sediments in the inlet include three dis­
tinctly different types. Black, fine-grained, varved clayey silts containing H2S and large 
amounts of diatom frustules and carbonaceous organic materials occur in the central part 
of the inlet. Olive-gray silts with moderate concentrations of organic materials and reduc­
ing capacities occur on the sill at the entrance to the inlet. The nearshore sands and 
gravels have low organic contents and low reducing capacity. Carbonate-rich sediments 
occur near a limestone quarry and cement factory. A carbon-nitrogen ratio of 7 is typical 
of the sediments in the inlet.

Five sources of sediment can be distinguished: (1) carbonaceous and siliceous organic 
matter from marine organisms, principally planktonic diatoms, (2) suspended sediment in 
low-salinity water brought from the Fraser and Cowichan rivers, (3) material eroded 
from adjacent shorelines, (4) streams discharging into the inlet, and (5) the cement 
plant and limestone quarry at Bamberton. The varved sediments in the central basin 
consist of olive-gray laminae, apparently formed during the peak diatom production in 
spring or summer and olive-black laminae, containing larger mounts of terrigenous sedi­
ment, probably formed during the autumn and winter. Zones of nonlaminated sediment 
may be formed by terrigenous material or by the disruption of the laminated sediment by 
other physical processes. No evidence of burrowing organisms has been detected.

Four to 6 mm of wet sediment are deposited each year in the southern portion of the 
inlet. If this rate is typical of the basin as a whole, approximately IO6 metric tons of sedi­
ment are deposited each year. At least 25-35% of this sediment is derived from marine 
organisms.

INTRODUCTION

Saanich Inlet, in southeastern Vancouver 
Island, British Columbia, at 48° 35' N lat 
and 123°30/ W  long (Fig. 1), is a fjordlike 
marine basin (Fig. 2 ). Its w idth varies 
from 0.4 to 7.6 km over its 25.7-km length 
(Table 1). At its northern end, the inlet 
is connected w ith the Strait of Georgia 
through Satellite Channel. The drainage 
basin for the inlet is small and has no 
large rivers. The nearest rivers are the 
Cowichan River, discharging into Cow-
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ichan Bay north of Saanich Inlet ( Fig. 1  ), 
and the Fraser River, discharging into the 
Strait of Georgia, approximately 50 km 
northeast of the inlet.

A sill rises to within approximately 70 m 
of the surface, restricting the circulation of 
water between the inlet and Satellite 
Channel. South of the sill, the bottom 
slopes gradually into a small depression 
where the maximum depth, 236 m, is lo­
cated (Fig. 2 ). In Squally Reach and Fin- 
layson Arm, the bottom shoals to the 
Goldstream River Delta. The sides of the 
inlet increase in steepness toward the 
southern end. Small, narrow gravel 
beaches occur at the mouths of the small 
creeks and along the shores of various 
bays.

This survey was undertaken to describe 
the sediments and their distribution in 
Saanich Inlet and to study the effects of 
the oceanographic conditions in the inlet 
on the physical and chemical properties of 
the sediments.
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F ig . 1. Saanich Inlet and its environs, showing the location of the longitudinal and cross-sectional 
profiles in Fig. 2. The ruled area shows the approximate limits of the drainage basin.
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F ig . 2. Longitudinal and cross-sectional profiles of Saanich Inlet, showing tire approximate limits 
of the hydrogen sulfide-bearing water observed in November 1961 (F. A. Richards, personal com­
munication ).

Previous reports on Saanich Inlet and its 
environs include little information about 
recent marine sediments. Clapp ( 1913 ) 
reported that an “odious ooze” saturated 
with I12S occurred in the sediments and 
bottom waters. W aldichuk (1953) noted 
that the sediments consisted mainly of 
m ud with sand and gravel in some near­
shore areas. A preliminary report on this

T a b le  1. Dimensions of Saanich Inlet, British 
Columbia

Length 25.7 km
Average width 2.6 km
Surface area 69.8 kma
Mean depth 119 m
Maximum depth 236 m
Sill depth 70 m
Mean water volume 8.3 km3
Mean tidal range 2.44 m

study (Gross et al. 1963) dealt with the 
varved sediment in a core from the central 
portion of the inlet.

The sediments in similar marine envi­
ronments have been described by Str0 m 
(1939) for certain Norwegian fjords and 
by Manheim ( 1961 ) for parts of the Baltic 
Sea.

Oceanography
The oceanographic conditions within 

Saanich Inlet are not well known. The 
earliest observations, m ade by Hutchinson 
et al. (1929), Hutchinson and Lucas (1931), 
and Carter ( 1932, 1934 ) are summarized 
and discussed by Herlinveaux (1962). 
There is no complete sequence of data for 
even one year, and the picture derived 
from a combination of the observations 
obtained over a period of years provides
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F i g . 3. Location of the surface sediment sam­
ples and distribution of the major sediment types.

only a suggestion of the processes opera­
tive in the inlet.

According to Herlinveaux (1962), H 2S

occurs in the bottom w ater most of the 
year. Carter (1934) reported that the up­
per limit of an “oxygen deficient zone” 
varied from 150 m in December to 70 m 
in October, bu t he did not indicate if H 2S 
occurred below these depths. Hydrogen 
sulfide was present in w ater below 160 m 
during April and August 1961 bu t was not 
detected in November 1961, which sug­
gests renewal of the bottom w ater (F . A. 
Richards, personal communication). H er­
linveaux (1962, p. 30-31) suggested that 
w ater in Satellite Channel above the sill 
depth of the inlet may become dense 
enough to displace the bottom w ater in the 
inlet.

Pickard (1961) contrasted the circula­
tion in Saanich Inlet w ith that observed in 
the inlets on the British Columbia main­
land. H e postulated that the low runoff 
of streams emptying into Saanich Inlet 
causes a weak estuarine circulation result­
ing in stagnation of the bottom waters. 
The freshwater in the inlet is derived from 
precipitation, local runoff, and the intru­
sion of low-salinity w ater through the 
mouth of the inlet (Herlinveaux 1962). 
The low-salinity w ater is apparently de­
rived from the discharge of the Cowichan 
and Fraser rivers which is mixed w ith sea­
water in the Strait of Georgia (Fig. 1).

The various oceanographic studies m en­
tioned above have included determinations 
of the dissolved oxygen, phosphates, ni­
trates, and silicates at selected depths, but 
no data are available as a basis for com­
parison of the biological activity in Saan­
ich Inlet w ith that in the adjacent Strait 
of Georgia. Herlinveaux (1962) reported 
high concentrations of phytoplankton, Z o o ­
plankton, and fish in the inlet.

SAMPLING AND ANALYTICAL TECHNIQUES 

Sample collection
Sediment samples were collected in 

Saanich Inlet from the RV Brown Bear in 
April 1961, November 1962, and July 1963; 
from the M V Astor in August 1961; and 
from the RV Hoh in September 1962. Sur­
face sediments were collected using Van 
Veen grab-samplers (Tham drup 1938).
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The cores were collected using a piston 
coring device, with the exception of core 
5, which was collected using a gravity 
corcr. Sample positions (Figs. 1 and 3) 
were located by resection.

Analytical techniques

As soon as a sample was brought aboard 
ship, the pH  was m easured by inserting 
electrodes into the wet sediment. The 
presence or absence of a hydrogen sulfide 
odor was recorded, and the color of the 
w et sediment was noted (National Re­
search Council, Rock-Color Chart Commit­
tee 1951). The samples were immediately 
frozen to inhibit bacterial action.

Grain-size analyses were performed us­
ing a combination of sieving and sedimen­
tation methods (Krum bein and Pettijohn 
1938). The particle-size data for the sedi­
ments are expressed in terms of phi-nota- 
tion (<f> =  -log 2 i/èo ), the diam eter of the 
particles |  is expressed in millimeters 
(M cM anus 1963), and £ 0  is 1 mm. The 
Inman sorting coefficient (Inm an 1952) 
was used to provide a measure of the uni­
formity of sorting of the sediments; the 
more poorly sorted the sediment, the larger 
its Inm an sorting coefficient.

The nitrogen content was determ ined by 
standard micro-Kjeldahl techniques (Jack­
son 1958). The P 2 O 5  concentrations were 
determ ined by digestion of a known 
amount of finely ground sediment in hy­
drogen peroxide and concentrated sulfuric 
acid to which ammonium molybdate and 
Fiske-Subbarow solutions were added. 
The absorbance a t 700 m^ was measured 
with a Beckman Model DU spectropho­
tom eter and compared to a series of stan­
dards (Barnes 1951, p. 159-161). The car­
bonate content was determ ined by reacting 
the sediment with excess sulfuric acid 
and back-titrating with sodium hydroxide 
(H errin, Hicks, and Robertson 1958). The 
results are reported as C aC 0 3. The water 
content was determined by diying the 
sediment at approximately 100C.

The opal content was estimated by X- 
ray diffraction methods (Goldberg 1958). 
The washed, carbonate-free sediment was

heated for 4 hr at 900C to convert the opal 
to cristobalite, which is detected by stan­
dard X-ray diffraction techniques.

The total carbon content was deter­
mined by heating the samples in an induc­
tion furnace in an oxygen atmosphere and 
measuring the volume of carbon dioxide 
produced by decomposition of the carbon­
ates and oxidation of the carbonaceous 
compounds. The organic carbon content 
was computed by subtracting the amount 
of carbonate carbon from the total carbon 
content.

Reducing capacity (Trask 1939, p. 432), 
or amount of oxidizable m atter (Jackson 
1958, p. 206-207), was determ ined by oxi­
dizing the sediment in a known amount of 
boiling, concentrated sulfuric acid and po­
tassium dichromate. The excess dichro- 
m ate was titrated w ith ferrous ammonium 
sulfate. No corrections were m ade for the 
oxidation by the dichrom ate ion of the 
chlorine remaining in the washed sedi­
ment. The results are expressed as the 
equivalent amount of carbon that would 
produce the same reducing capacity.

The reproducibility of the various ana­
lytical techniques is shown below:

Analysis 
Reducing capacity 
Total carbon 
Nitrogen 
Phosphorus 
Calcium carbonate 
Opal

Reproducibility
±0.03%
± 0.02%
± 0.01%
±0.05%
± 0 .1%

±10% of amount reported

The mineral content of sediments from 
six locations in the inlet and individual 
laminae from core 4 were analyzed by X- 
ray diffraction techniques (Brown 1961). 
The technique proposed by W eaver (1958, 
p. 270-271) was used to estimate the abun­
dance of chlorite, mica species, and mont- 
morillonoids.

The diatoms and silicoflagellates in 22 
laminae were analyzed by W. A. Dawson. 
About 10 cc of filtered, distilled water 
containing 1 % formalin were added to 
each aliquot of approximately 4-8 cc. This 
was then stirred thoroughly, and one drop 
of the suspension was pipetted onto a new, 
clean microscope slide. The preparation 
was scanned at 400X magnification for
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T a b l e  2. Particle-size statistics of the sediment types

Median Inman 
sorting 

coefficient 
average 
( Range)

Textural constituents
Sediment

types
diameter 
average 
( Range)

Clay­
sized
(%)

Silt­
sized
(%)

Sand­
sized
(%)

Gravei
(%)

Sediment
description*

Central basin 
sediment

7.40 
(4.97 to 9.420)

2.8 phi-units 
( 1.08-4.86 
phi-units )

43.8 44.4 11.2 
( All wood 

chips and 
diatom 
frustules )

0.6 
(All 
wood 
frag­
ments )

Olive-black to 
black, very poorly 
sorted, clayey silt

Sill sediment 5.30 
(4.77 to 6.160)

2.2 phi-units 
(1.54-2.74 
phi-units )

23.3 66.2 10.5 
( Some 
diatom 
frustules )

Light olive-gray, 
very poorly sorted, 
clayey silt

Nearshore 
sediment 1

1.90
(-1.38 to +3.770)

1.4 phi-units 
(0.50-3.07 
phi-units )

2.9 7.7 79.3 10.1 Yellow-green to 
olive-green, 
poorly sorted, 
fine sand

* Sediment class nomenclature follows Shepard ( 1954 ).

several traverses of the slide. Frustules 
were identified as they were encountered 
on the traverse until a total of at least 2 0 0  

cells and chains of the chain-forming gen­
era ( Skeletonema and Melosira) had  been 
counted. The stirring and pipetting were 
repeated at least once for each aliquot 
w ithout regard for the total counted; the 
count was continued without a break. The 
counter did not know the identity of a 
given aliquot or whether it came from a 
dark or a light layer.

SURFACE SEDIMENTS

Distribution of major sediment types

Three different types of sediment can 
be distinguished on the basis of physical, 
chemical, and mass properties of the sedi­
ment. The distribution of the three sedi­
m ent types is shown in Fig. 3, and the 
textural parameters are given in Table 2.

Below a depth of 100 m, most of the in­
let is covered by olive-black diatomaceous 
clayey silts, here referred to as the central 
basin sediment. These very poorly sorted 
sediments contain H 2 S as well as an abun­
dance of diatom frustules and some wood 
chips. On the sill near the entrance to the 
inlet, are light olive-gray silts, somewhat 
coarser than the central basin sediment

and lacking H 2 S. These clayey silts have 
fewer diatom frustules than the central 
basin sediments and no wood chips.

The coarsest sediments in the inlet occur 
near the shores, on narrow beaches, or in 
small bays or inlets. The typical nearshore 
sediment is yellow-green to olive-green, 
poorly sorted, fine sand, although in cer­
tain areas gravels are present (Fig. 3). 
These coarse-grained sediments have the 
lowest organic carbon and nitrogen con­
tents of the sediments in the inlet.

In a general way, the location of the 
major sediment types and the distribution 
of the various param eters such as grain 
size or sorting are controlled by the topog­
raphy of the inlet. The coarsest and best- 
sorted sediments occur near the shores, 
whereas the finest-grained and most poorly 
sorted sediments are found in the deep 
central portions of the inlet.

Diatom frustules are most abundant in 
the central basin sediment. The recogniz­
able diatom frustules include Melosira sul­
cata (chains of cells), Coscinodiscus ex­
centricus, Thalassiosira decipiens, and 
Skeletonema costatum  (chains of cells), 
and the resting spores of several Chaeto­
ceros species. Frustules in the central 
basin sediment are much better preserved 
than in the sill sediment. Recognizable
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frustules are rare or absent in the near­
shore sands.

Chemical and physical properties

The bulk chemical properties of the m a­
jor sediment types are summarized in 
Table 3. The distributions of the reducing 
capacity (Fig. 4 ), nitrogen content (Fig.
5 ), and C aC 0 3  content (Fig. 6 ) all show 
similar patterns and a close correspon­
dence to the sediment type. The greatest 
values occur in the hydrogen sulfide-bear­
ing central basin sediments. Intermediate 
values occur in the sill sediments, and the 
lowest values occur in the nearshore sands 
and gravels. The only exception is the 
concentration of C aC 0 3  near the limestone 
quarry at Bamberton on the western side 
of the inlet.

The central basin sediments in Squally 
Reach and Finlay son Arm contain more 
nitrogen and C aC 0 3  and have higher re­
ducing capacities than the central basin 
sediments in the main portion of the inlet. 
Also, the sediments in Finlayson Arm have 
the most constant pH  values ( 6 . 8  ± 0 .1 ) .

The grain density of the sediments is 
greatest in the nearshore sands (2.82 g /  
cc) and decreases in the finer-grained sed­
iments. In the diatomaceous clayey silts 
from the central basin arca, the grain den­
sity is 2.40 g/cc.

Composition

The sand-sized grains, coarser than 62/x 
(4</>), consist of subangular to angular, 
equidimensional, dark-colored lithic frag­
ments and grains of quartz, feldspar, mus­
covite, clinopyroxene, and hornblende. 
Montmorillonoids and chlorite were de­
tected by X-ray diffraction. Calcite is 
present near the limestone quarry a t Bam­
berton. No sulfide minerals were recog­
nized or detected by X-ray diffraction 
techniques.

Lithic fragments are most abundant in 
the nearshore sediments, constituting up to 
90% (by weight) of the total sediment, and 
least abundant in the central basin, where 
only a few fine sand-sized angular quartz 
and feldspar grains occur. In the sill sedi­

ments, quartz and mica grains and a few 
lithic fragments are present.

123° 30'

M E T E R S

Fig. 4. Distribution of the reducing capacity, 
expressed as the equivalent amount of carbon 
that would produce the same reduction of potas­
sium dichromate.
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F i g . 5. Distribution of the nitrogen content of 
the sediments.

Wood fragments, larger than 2 mm 
( - 1  $ ) , and wood chips and diatom frus­
tules, 0.12-0.062 mm (3-4$) in diameter,

make up the coarser fraction of the central 
basin sediment. The wood chips are uni­
formly distributed throughout the central 
portion of the area, whereas the larger 
wood fragments are most abundant in the 
southern half of the central basin and in 
the nearshore samples. Only plant fibers, 
seeds, and stems are found in the sill sedi­
ments. Diatom frustules and quartz grains, 
primarily between 0.25 and 0.062 mm (2 
and 4$) in diameter, adhere to the fibers 
and stems in the sediment.

SUBSURFACE SEDIMENT DISTRIBUTION

Five cores, up to 19.5 m in length, were 
obtained from the sill and central basin 
areas of the inlet (Fig. 1) in order to 
study the features of the sediments below 
the sedim ent-water interface. Preliminary 
results were reported by Gross et al. 
(1963).

Sill sediment
Core 5, 52 cm long, of grayish olive- 

green silt was recovered from the sill (Fig.
7). The sediment in the core appeared 
uniform, and no H 2S was detected.

Central basin sediment
Four cores from the central basin pene­

trated alternating olive-gray and olive- 
black laminae (Figs. 7 and 8 ). The aver­
age thickness of individual laminae was 
between 1 and 3 mm, although light-col­
ored laminae up to 7 mm thick were pres­
ent in core 4 (Fig. 8 ). Both dark and light 
laminae were composed of silt- and clay­
sized grains containing abundant diatom 
frustules. After exposure to air and drying, 
the olive-black laminae changed to light 
gray.

Core 4 had several nonlaminated zones 
at depths below 400 cm (Fig. 8 ), bu t there 
were no nonlaminated zones in the shorter 
cores.

Mineralogy
Individual laminae were separated from 

core 4, and the fractions finer than 62/* 
were analyzed by X-ray diffraction.

Quartz and feldspar were ubiquitous in 
the laminae, and no consistent variations
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in their abundance could be demonstrated. 
Although there is considerable uncertainty 
in the estimates of the quantities of the 
various clay mineral species, it appears 
that the light-colored laminae may con­
tain slightly more chlorite and mica spe­
cies than the dark-colored laminae. Mont- 
morillonoids appear to be slightly more 
abundant in the dark-colored laminae.

Chemistry of the cores
The data for the reducing capacity of 

the sediments and the concentration of 
nitrogen, C aC 0 3, phosphorus, carbon, and 
opal are plotted in Figs. 7 and 8 .

In general, there is no obvious chemical 
change with depth in the cores except for 
the reducing capacity that diminishes with 
depth in cores 3 and 5. In core 4, this de­
crease in reducing capacity is reflected in 
the absence of H 2S below 8.4 m in the 
core. The w ater content of core 4 also 
shows a general decrease w ith depth.

The chemical properties of individual 
light- and dark-colored laminae in cores 3 
and 4 were compared. Nitrogen and opal 
are more abundant in the light-colored 
laminae, whereas the phosphorus content 
and reducing capacity are greater in the 
dark-colored laminae. Total carbon and 
C aC 0 3  contents of the light- and dark-col­
ored laminae appear to be essentially the 
same.

Diatoms
The diatoms recognized in samples from 

core 4 were marine planktonic forms , 3  and

8 The following species of diatoms and silico- 
flagellates were identified in core 4 by W. A. 
Dawson. The taxonomy follows Gemeinhardt 
(1930) and Cupp (1943).
Diatoms:

Chaetoceros radicans (resting spore)
C. compressus m h
C. cinctus D 11

C. seiracanthus n n
C. subsecundus h m
C. lorenzianus n n
C. didymus n m
C. debilis h h
Chaetoceros species “A” (paired resting spores) 
Thalassiosira decipiens 
Coscinodiscus excentricus

(Continued on next page)
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Fig. 6. Distribution of the calcium carbonate 
content of the sediments. Note the carbonate- 
rich sediment near the limestone quarry and ce­
ment factory at Bamberton, on the west side of 
the inlet.
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Core No. 3  Core No. 2  Core No. I Core No. 5
Central Dosi n s e d i m e n t S i l l  s e d i m e n tC entral  b a s i n  s e d i m e n to
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Fig. 7. Textural and chemical properties of the cores from the sill and central basin areas. Note 
the general lack of variation of the chemical properties with depth in these cores.

the total diatom content of individual lam ­
inae appears to be approximately equal. 
Fig. 9 shows the variation in abundance of 
the most common diatom species in the

Thalassiosira nordenskioldii 
Skeletonema costatum (chains of cells)
Melosira sulcata (chains of cells)
Nitzschia-like spp.
Nitzschia sp.
Thalassiothrix longissima 
Coscinodiscus granii 
C. curvatulus 
C. concinnus
Ditylum brightwelli (fragments)
Actinoptychus undulans 
Naviculoid spp.
Cocconeis sp.
Biddulphia aurita 
Grammatophora sp.
Stephanopyxis sp. (resting spore)
Rhizosolenia setigera 

Silicof lagellates :
Ebria tripartita

laminae. The most obvious difference be­
tween the laminae is the greater abun­
dance of Skeletonema costatum  in the 
light-colored laminae and of Melosira sul­
cata in the dark-colored laminae. Thalas­
siosira decipiens and Coscinodiscus excen­
tricus together showed no consistent vari­
ations.

A conspicuous part of the diatom assem­
blage consists of the resting spores of the 
genus Chaetoceros. These are more abun­
dant in the light-colored laminae (averag­
ing 42.5%, ranging from 8.0 to 68.9%) than 
in the darker-colored laminae ( averaging 
31.6%, ranging from 17.0 to 48.7%).

Pollen was not common, occurring in 
only three light- and three dark-colored 
laminae. Silicoflagellates were present in 
all the darker-colored laminae; Distepha­
nus speculum  m ade up 30.2% of the recog-
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Core No. 4  
Central basin sediment
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—  140 L am inae /25  cm.

—  9 5  L am inae /20  cm.

124 L am in ae /30  cm

Organic Carbon 
3100  ( ± 2 0 0 )  Years BP

Non-lamlnated sediment 

Laminated sediment 

Dork-colored laminae 

Light-colored laminae 

Composite samples

« 0.0

40%

0.2%  0.4%
N itrogen (o )

2%  4%
Total Carbon (• )

1 1 l i l i
60 %  8 0 %  

Water Content

F ig . 8. Textural and chemical properties of the individual laminae in core 4 from the central basin 
sediment. Note the absence of hydrogen sulfide below approximately 8 m.

nizable biota in the dark lamina at 1,780 
cm. Silicoflagellates occurred in all but 
three of the light-colored laminae and 
never m ade up more than 6 .2 % of the 
sediment.

DISCUSSION

Color of sediments
The black to olive-black color of the 

highly reduced sediments is probably
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Fig. 9. Relative abundance of the dominant 
diatom species in individual laminae in core 4.

caused by the presence of finely dissem­
inated iron sulfides (Twenhofel 1932, p. 
771-773 ) which change color to light gray 
upon exposure to air. No sulfide minerals 
were detected by X-ray diffraction.

The olive-gray color of the light-colored 
laminae is caused by the abundance of di­
atom remains. Certain of the light-col­
ored laminae have yet thinner, lighter gray 
bands near their base that appear to be 
almost entirely composed of diatom frus­
tules and probably represent particularly 
large phytoplankton blooms.

Calcium carbonate content
M uch of the carbonate in the sediments 

of Saanich Inlet is in the form of mollusk

shell fragments, although a small amount 
may be derived from limestone outcrops in 
the drainage basin. The limestone quarry 
at Bamberton obviously supplies C aC 0 3  

to the nearby sediments (Fig. 6 ). The 
absence of significant variations in the 
CaCO'j content w ith depth in the cores 
(Figs. 7 and 8 ) suggests that the influence 
of the quarry is not significant over most 
of the inlet.

Except near Bamberton, all of the sedi­
ments containing more than 2.2% C aC 0 3  

also contain H 2 "S, suggesting a possible re­
lationship. The sediments in Finlay son 
Arm contain more C aC 0 3  than similar sed­
iments in the rest of the inlet; they also 
show the most consistent pH  values ( 6 . 8  ±  
0 .1 ).

Phosphorus

The phosphorus contents of the three 
sediment types in Saanich Inlet are nearly 
identical (T able 3), showing no correla­
tion w ith the concentration of carbon, 
nitrogen, or opal in the sediments. The 
concentrations observed are well within 
the range of phosphorus contents of m od­
em  marine sediments (Kato 1956, p. 104- 
105), shales (C larke 1924, p. 552), and 
carbonaceous shales (Pettijohn 1957, p. 
361 ). Strpm ( 1939 ) reported that the 
P 2 O 5 content of the sediments from stag­
nant Norwegian fjords was always low, av­
eraging 0.23% in the muds analyzed.

The coarse-grained nearshore sediments 
have the highest and the lowest concen­
trations of phosphorus (0.31% P 2 O 5  in sam­
ple 12, and 0.07% P 2 0 5 in samples 33 and 
35). This variation is apparently related 
to the distribution of detrital minerals con­
taining phosphorus.

Analyses of individual laminae from 
core 4 show that the P 2 0 5  content of the 
dark-colored laminae (0.15 and 0.16%) is 
greater than that of the light-colored lam­
inae (0.09 and 0.12%). This is probably 
caused by the abundance of opal in the 
light-colored laminae, which would reduce 
the relative abundance of phosphorus-con­
taining detrital minerals.
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T ad le  3. Average chemical and physical properties of the sediment types

ILS odor
Average

pll
(Range)

Average 
reducing 
capacity* 

(Range 
in %)

Average 
organic C 
content')' 
(Range 
in %)

Average 
nitrogen 
contentf 
(Range 
in %)

Average 
CaCOs 

contentf 
(Range 
in %)

Average 
P2O- 

contentf 
(Range 
in %)

Average 
opal 

contentf 
(Range 
in %)

Density
(g/cc)

Central basin All 7.01 4.70 2.92 0.45 2.4 0.16 24 2.40
sediment samples (6.62- (2.78- (1.63- ( 0.29- (1.1- (0.14- (17-

7.60) 7.21) 5.26) 0.66) 3.8) 0.26) 28)

Sill sediment None 7.13 2.22 1.41 0.22 1.6 0.16 14 2.67
(6.90- ( 1.54- (0.66- (0.15- (1.3- (0.15- ( lo­
7.30) 2.62) 1.96) 0.26) 2.2) 0.17) is )

Nearshore None 7.09 0.63 0.48 0.08 0.7 0.14 No 2.82
sediment (6.74- (0.25- (0.19- (0.04- (0.1- (0.07- analy­

7.35) 1.42) 0.89) 0.14) 1.8) 0.31) ses

* Expressed as the weight per cent of carbon that would produce the same reducing capacity. 
1' Values in weight per cent.

Reducing capacity and organic carbon 
content

The reducing capacity of the sediments 
is consistently greater than can be ex­
plained by the amount of organic carbon 
(Fig. 10). The discrepancy is least in the 
nearshore sands and gravels and greatest 
in the central basin sediments containing 
H 2 S. This excess reducing capacity indi­
cates the presence of reduced species other 
than carbon. In the case of the sediments 
w ith hydrogen sulfide, this is easily under­
stood, but even the sill sediments that did 
not contain H 2S have some excess reducing 
capacity. Thus, the reducing capacity of 
the sediments cannot be used as a measure 
of the organic carbon content.

Organic carbon and nitrogen contents

The highest values of organic carbon 
and nitrogen occur in the fine-grained 
black sediment in the deep central basin of 
the inlet. The high organic carbon and 
nitrogen contents of this sediment are a 
result of the following factors: 1 ) associ­
ation of organic material with fine-grained 
sediment ( Trask 1939 ), 2 ) organic produc­
tivity in the waters of the inlet, and 3  ) the 
absence of oxygen in the bottom waters, 
which prevents oxidation of the organic 
m atter or its utilization by a bottom fauna.

Relatively low organic carbon and nitro­
gen contents were found in the sill and 
nearshore sediments. These low concen­

trations of carbonaceous organic material 
indicate cither little deposition of organic 
material in these areas or the rapid de­
composition of organic m atter due to oxi­
dation and utilization by benthic orga­
nisms.

The presence of wood fragments, leaves, 
and stems in the central basin sediments 
indicates that some carbonaceous organic 
m atter is derived from terrestrial sources.

Carbon-nitrogen ratios of the sediments

According to W adsman (1933), the car- 
bon-nitrogen ratio in soils is nearly con­
stant a t 1 0 , and results from a “decomposi­
tion equilibrium” of soil organic matter. A 
carbon-nitrogen ratio of 8.4 in sediments 
from the Channel Island area, California 
(Trask 1931), is attributed to differences 
in the source of organic material. Bader 
(1954, 1955) explained the wide variation 
of carbon-nitrogen ratios in marine sedi­
ments in terms of the wide variations in 
the lignin content of marine sediments and 
the resistance of lignin to decomposition.

In  Saanich Inlet, the carbon-nitrogen 
ratios of the surface sediments vary from 
2.7 to 10.3, with an average of approxi­
mately 7 (Fig. 11). Carbon-nitrogen ra­
tios of less than 6.5 generally occur in 
coarse-grained, nearshore sands that have 
low organic carbon and nitrogen values. 
Carbon-nitrogen ratios greater than 6.5 are 
found in the central basin sediment, asso-
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ciated with higher concentrations of or­
ganic carbon and nitrogen, the finer- 
grained sediment, and the wood fragments.

The data on the chemical composition 
of plankton ( Fleming 1940 ) and wood 
( Clarke 1924 ), both of which may contrib­
ute carbonaceous m atter to the sediment, 
are given below:

Carbon
(%)

Nitrogen
(%)

C : N

Phytoplankton 42 7.0 6.0
Zooplankton 40 7.4 5.4
Average plankton 41 7.2 5.7
Wood 49.65 0.92 54.0

Studies of the carbonaceous m aterial in 
a similar bu t smaller fjord showed that the 
presence of large amounts of terrestrial 
plant material can result in carbon-nitro­
gen ratios of up to 50 ( Anderson 1962 ).

The close correspondence betw een the 
carbon-nitrogen ratio observed in the sed­
iments from Saanich Inlet and those re­
ported for marine phytoplankton and Zoo­
plankton suggests that the bulk of the car­
bonaceous material in these sediments is 
derived from plankton rather than from 
terrestrial plants growing on the surround­
ing land masses. If the carbon-nitrogen 
ratios observed in the sediments are caused 
by a simple mixing of the unaltered car­
bonaceous materials, terrestrial plant m a­
terial must constitute less than 5% of the 
carbonaceous material, w ith the remainder 
being supplied by marine plankton.

W hen the carbon and nitrogen concen­
trations in the sediments are plotted 
against each other (Fig. 11), the regres­
sion line for the data does not pass through 
the origin but intersects the ordinate at a 
value of approximately 0 .0 2 % nitrogen. 
This suggests that some nitrogen recovered 
during the Kjeldahl digestion of the sedi­
ment is not associated w ith carbonaceous 
material bu t is a constituent of the detrital 
silicate sediment. Thus, in the coarse­
grained nearshore sediments w ith nitrogen 
concentrations of 0 .1 % or less, a significant 
portion of the nitrogen may occur in the 
lithogenous part of the sediment and 
should, therefore, be excluded from any 
computation of the carbon-nitrogen val­
ues. The problem of fixed nitrogen in 
rocks has recently been discussed by Ste­
venson (1962).

Source of the sediment

The major source of terrigenous sedi­
ment in Saanich Inlet is apparently the 
low-salinity w ater that enters the inlet 
from Satellite Channel (Herlinveaux 1962). 
This water is formed by mixing of salt 
water w ith freshwater from the Cowichan 
River, which discharges into Cowichan 
Bay 6  km northwest of Saanich Inlet, and 
from the Fraser River, which discharges 
into the Strait of Georgia approximately 
50 km northeast of Saanich Inlet. During 
the peak discharge of the Fraser River in 
May and June, “clouds” of sediment-laden 
water have been observed moving in the 
direction of Saanich Inlet, especially on an 
ebb tide (Tully and Dodimead 1957, p. 
278-279; W aldichuk 1957, p. 363-365).

W aldichuk (1953) suggests that in the 
central and southern portions of the Strait 
of Georgia the Fraser River is the major 
source of sediment. Mathews and Shep­
ard (1962) report that the Fraser River 
discharged 8.3 X  IO6  metric tons of silt 
and clay into the Strait of Georgia during 
1950-52. Thus, the Fraser River is known 
to contribute large amounts of sediment 
to the Strait of Georgia, where the circula­
tion pattern can transport some of it in 
the direction of Saanich Inlet. No data on
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the sediment load of the Cowichan River 
are available.

From these data it is concluded that 
sediment is supplied to the inlet by the 
Cowichan River, which apparently has a 
small amount of suspended sediment but 
discharges into Cowichan Bay near Saan­
ich Inlet, and by the Fraser River, which 
discharges a large amount of sediment 
into the Strait of Georgia some distance 
from Saanich Inlet.

It is clear that diatoms are another m a­
jor source of sediment, since opal, presum­
ably from diatom frustules, constitutes up 
to 25% of the sediments. No data on the 
phytoplankton production in Saanich In ­
let are available, although scattered obser­
vations suggest that it is large (H erlin­
veaux 1962).

The approximate organic content of the 
sediments can be estimated by multiplying 
the organic carbon values by 1.7 (Jackson 
1958, p. 206). Thus, for the surface sedi­
ments in the southern end of Saanich Inlet, 
the biogenous component constitutes at 
least 34% of the sediment; of this, approxi­
mately 9% is carbonaceous organic m ate­
rial and 25% is opal derived from diatom 
frustules.

The coarse-grained nearshore sediments 
are probably derived from the erosion of 
the adjacent shore. These coarse sedi­
ments are not widely distributed in the 
inlet and apparently are not transported 
in any quantity into the deeper parts of 
the inlet, where the sand-sized grains con­
sist entirely of diatom frustules and wood 
fragments. Apparently no wood fragments 
are deposited in the nearshore area.

Little is known about the sediments on 
the sill. Further work is necessary to de­
termine whether these sediments are being 
deposited at present or whether they rep­
resent the reworked surface of an older 
depositional feature.

The central basin sediments are much 
finer grained than the sill and nearshore 
sediments and are most probably derived 
from sources outside the inlet. The sill at 
the mouth of the inlet prevents the intro­
duction of any coarse-grained sediment
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F ig . 11. Relationship between the nitrogen 
and organic carbon contents of the sediments.

that m ight enter as turbidity currents 
along the bottom from Satellite Channel. 
Consequently, the fine-grained terrigenous 
sediment brought into the inlet must have 
entered suspended in the water.

Some sediment may enter the inlet from 
the local streams. The largest of these, the 
Goldstream River, probably contributes lit­
tle sediment because it goes through a 
series of lakes and reservoirs before flow­
ing into the inlet. No data are available 
on the sediment load of the streams dis­
charging into Saanich Inlet.

Origin of the laminated sediments

The laminated clayey silts of the central 
basin area are the most striking feature of 
the sediments in Saanich Inlet. These re­
semble the well-known varved deposits of 
glacial lakes (Twenhofcl 1932). Varved 
marine sediments have been reported from 
the Gulf of California (Byrne and Emery 
1960), Santa Barbara Basin (Em ery 1960; 
Hulseman and Emery 1961), the Clyde 
Sea (M oore 1931), and Drams Fjord, Nor­
way (Strpm 1939). The laminated sedi­
ments of the Black Sea are a classical ex­
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ample of varved sediments (Twenhofel 
1932, p. 260; Caspers 1957, p. 827-830), 
and the Miocene Monterey formation 
(Bramlette 1946) is an example of marine, 
diatomaceous sediments in which varves 
may be preserved.

The regularity of the laminae (Fig. 8 ), 
the differences in the diatom species found 
in the light- and dark-colored laminae 
(Fig. 9 ), and the variations in opal con­
tent (Fig. 8 ) are consistent w ith our hy­
pothesis (Gross et al. 1963) that the lam ­
inae are formed during different seasons 
of the year and that each pair of laminae 
represents one year’s deposit of sediment. 
If the seasonal variation of the diatom spe­
cies in Saanich Inlet were known, this 
could be used to determine when the indi­
vidual laminae were formed. Lacking this 
information, one can only assume that the 
opal-rich, light-colored laminae form dur­
ing the time of maximum diatom produc­
tion, probably in the spring and summer.

The age of a piece of bark from a depth 
of 253 cm in core 3 (Fig. 7) and the age 
of a sample of organic carbon from sedi­
ment at 1,940 cm in core 4 (Fig. 8 ), esti­
mated by dividing the depth of the sample 
by the average thickness of the varves in 
each core, were approximately 600 and 
4,620 years, respectively. The carbon 14 
activities indicate ages of 610 ( ± 1 1 0 ) and 
3,100 (±200) years BP respectively, cor­
responding to sedimentation rates of 4.1 
and 6.3 mm of uncompacted sediment per 
year, respectively. The two determinations 
of the age of the bark in core 3 are in good 
agreement; the age obtained from the car­
bon 14 activity of the organic carbon in 
core 4  is significantly less than the esti­
mated age based on the varve thickness. 
Both cores are from essentially the same 
area (Fig. 1).

No satisfactory explanation for the dis­
crepancy in the apparent ages of the sam­
ple from core 4 can be offered. Part of the 
difficulty may lie in the carbon 14 method, 
which is known to give ages significantly 
younger than those obtained by other 
methods for samples 3,000-4,000 years old 
(Libby 1963). If it could be shown that

only two laminae are formed each year, 
the varved sediments in Saanich Inlet 
might provide an independent means of 
dating samples for a study of the accuracy 
of carbon 14 techniques (A. W. Fairhall, 
personal communication ).

The nonlaminated zones in core 4 are 
apparently the result of destruction of the 
laminae. Disturbance of the laminae dur­
ing the extrusion of the core probably 
caused some of the nonlaminated zones. 
Others may represent the effects of pene- 
contemporaneous disturbance of the sedi­
ments due to slumping. The thinner non­
lam inated zones may form when diatom 
production is inhibited for some reason. 
No evidence of burrowing organisms has 
been detected in the nonlaminated zones.

Rate of sedimentation

W ith these data, it is possible to estimate 
the amount of sediment deposited each 
year in the central portion of Saanich In­
let. An annual accumulation of 4-6 mm 
of sediment, consisting of 75% water (by 
weight) and 25% solid material (density 
of 2.4 g /cc ) , means that 0.24-0.36 g of 
sediment per square centimeter are depos­
ited each year. Assuming that the sedi­
m ent is deposited uniformly over the bot­
tom of the inlet at depths greater than 
100 m, approximately, IO5  metric tons of 
sediment are deposited each year in the 
central portion of Saanich Inlet.

Opal, carbon, calcium carbonate, nitro­
gen, and phosphorus derived from biolog­
ical processes constitute up to 35% of the 
sediment. The remainder is terrigenous 
sediment, primarily silt- and clay-sized 
material, probably derived from the Cow­
ichan and Fraser rivers.

SU M M A R Y  A N D  CONCLUSIONS

1) Saanich Inlet, a small, fjordlike m a­
rine cmbayment on Vancouver Island, has 
H 2S in the bottom w ater during most of 
the year because of the restricted water 
circulation. The drainage area of the inlet 
is small, and no large streams flow into 
the inlet.



SEDIMENTS IN SAANICH INLET 375

2) Three major sediment types may be 
differentiated:

a) Fine-grained, laminated, light olive- 
gray to olive-black clayey silt, containing 
H 2 S, large amounts of opal, and organic 
materials, occur in the central part of the 
inlet at depths greater than 1 0 0  m.

b ) Olive-gray silts, containing no H 2 S, 
with interm ediate concentrations of or­
ganic materials and opal and moderate 
reducing capacities, occur on the sill.

c) F ine sands and gravels with low or­
ganic contents and low reducing capacities 
occur near the shore and in the small bays 
and inlets.

3) Five sources of sediment can be dis­
tinguished:

a) M arine organisms, principally plank­
tonic diatoms.

b ) Suspended sediment in the low-salin­
ity w ater derived from the Fraser and 
Cowichan rivers.

c) Erosion of adjacent shorelines that is 
probably the only source of the coarse­
grained nearshore sediments.

d ) The cement plant and limestone 
quarry at Bamberton.

e) Streams discharging directly into the 
inlet.

4) The organic carbon and nitrogen 
contents are lowest in the coarse-grained, 
well-sorted nearshore sediments, and high­
est in the fine-grained, highly reduced cen­
tral basin sediment. The factors control­
ling the organic carbon and nitrogen con­
tent of the sediments appear to be the 
presence or absence of dissolved oxygen in 
the water, the grain size, and the rate of 
phytoplankton production in the overlying 
waters.

5) The carbonaceous and siliceous or­
ganic m atter in the sediment appear to be 
derived from marine organisms, principally 
planktonic diatoms, with only small contri­
butions from terrestrial sources. A carbon- 
nitrogen ratio of 7 is typical of the sedi­
ments in the inlet.

6 ) The light-colored laminae probably 
are formed during the peak phytoplankton 
production in the spring or summer, and

dark-colored laminae probably form dur­
ing the remainder of the year.

7) The nonlaminated sediment, below 4 
m in core 4, may be deposited by slumping 
from adjacent areas, or it may simply be 
the result of disruption of originally lam­
inated sediment by physical processes 
such as penecontemporaneous deforma­
tion. The presence of burrowing marine 
organisms is apparently not a factor.

8 ) Approximately IO5 metric tons of sed­
iment are deposited in the central part of 
the inlet each year. M arine organisms con­
tribute 25-35% of the sediment.

REFERENCES

A n d e r s o n , N. K. 1962. Recent sediment of 
Deep Inlet, Alaska, a fjord estuary. M.S. 
Thesis, Univ. of Washington, Seattle.

R a d e r , R . G. 1954. Use of factors for convert­
ing carbon or nitrogen to total sedimentary 
organics. Science, 120: 709-710.

--------- . 1955. Carbon and nitrogen relations
in surface and subsurface marine sediments. 
Gcochim. Cosmochim. Acta, 7: 205-211. 

B a r n e s , H. 1951. Apparatus and methods of 
oceanography. Part 1: Chemical. Intersci­
ence, New York. 341 p.

B k a m l e t t e , M. N. 1946. The Monterey for­
mation of California and the origin of its 
siliceous rocks. U.S. Geol. Surv. Profess. 
Paper 212.

B r o w n , G. [ed.]. 1961. The X-ray identifica­
tion and crystal structure of clay minerals. 
Mineralogieal Soc., London. 544 p.

B y r n e , J. V., a n d  K. O. E m e r y . 1960. Sedi­
ments of the Gulf of California. Bull. Geol. 
Soc. Am., 71: 983-1010.

C a r t e r , N. M. 1932. The oceanography of 
the fjords of southern British Columbia. 
Fisheries Res. Board Can. Progr. Rcpt. Pa­
cific Coast Sta. No. 12: 7-11.

--------- . 1934. Physiography and oceanography
of some British Columbia fiords. Proc. Pa­
cific Sei. Congr, Pacific Sei. Assoc. 5th, Van­
couver, 1933, 1: 721-733.

C a s p e r s , H. 1957. Black Sea and the Sea of 
Azov, p. 803-890. In J. W. Iledgpeth, [ed.], 
Treatise on marine ecology and paleoccology, 
v. 1, Ecology. Geol. Soc. Am. Mem. 67. 

C l a p p , C. II. 1913. Geology of the Victoria 
and Saanich map-area, Vancouver Island. 
Can. Dept. Mines Tech. Surv. Geol. Surv. 
Can., Mem. 36.

C l a r k e , F. W. 1924. The data of geochemis­
try. U.S. Geol. Surv. Bull., 770, 841 p. 

C u p p , E. E. 1943. Marine plankton diatoms of 
the west coast of North America. Bull. 
Scripps Inst. Oceanog. Univ. Calif., 5: 1— 
237.



376 SEVKET M . GUCLUER AND M . GRANT GROSS

E m e r y , K. 0 . 1960. The sea off southern Cali­
fornia. Wiley, New York. 366 p.

F l e m in g ,  R. H. 1940. The composition of 
plankton and units for reporting populations 
and production. Proc. Pacific Sei. Congr. 
Pacific Sei. Assoc. 6th, Vancouver, 1939, 3: 
535-540.

G e m e in h a r d t , K. 1930. Silicoflagellatae. in 
L. Rabenhorsti Kryptogamcn-Flora. Bd. 10, 
Abt. 2. Akad. Verlagsges., Leipzig. 88 p.

G o ld b e r g ,  E. D. 1958. Determination of opal 
in marine sediments. J. Marine Res., 17: 
178-182.

G r o s s ,  M. G ., S. M. G u c l u e r ,  J. S. C r e a g e r ,  
a n d  W. A. D a w s o n .  1963. Varved marine 
sediments in a stagnant fjord. Science, 141: 
918-919.

H e r l i n v e a u x ,  R. H . 1962. Oceanography o f  
Saanich Inlet in Vancouver Island, British 
Columbia. J. Fisheries Res. Board Can., 
19: 1-37.

H e r r in , E., H . S. H ic k s , a n d  H . R o b e r t s o n . 
1958. A rapid volumetric analysis for car­
bonate in rocks. Field Lab., 26: 139-144.

I I u l s e m a n ,  J., a n d  K. O. E m e r y .  1961. Strat­
ification in recent sediments of Santa Bar­
bara Basin as controlled by organisms and 
water character. J. Geol., 69: 279-290.

H u t c h in s o n , A. H ., a n d  C. C. L u c a s . 1931. 
Epithalassa of the Strait of Georgia. Can. 
J. Res., 5 : 231-284.

 , ------------ , a n d  M . M c P h a il . 1929. Sea­
sonal variations in the chemical and physical 
properties of the water of the Strait of Geor­
gia in relation to phytoplankton. Trans. 
Roy. Soc. Can., Sect. V, 23: 177-183.

I n m a n , D. L. 1952. Measures for describing 
the size distribution of sediments. J. Sedi­
ment. Petrol., 22: 125-145.

J a c k s o n , M. L. 1958. Soil chemical analysis. 
Prentice-Hall, Englewood Cliffs, N.J. 498 p.

K a t o ,  K .  1956. Chemical investigations on 
marine humus in bottom sediments. Mem. 
Fac. Fisheries, Hokkaido Univ., 4: 91-209.

K r u m b e i n , W. C., a n d  F. J. P e t t ij o iin . 1938. 
Manual of sedimentary petrography. Apple- 
ton-Century-Crofts, New York. 549 p.

L ib b y , W, F. 1963. Accuracy of radiocarbon 
dates. Science, 140: 278-280.

M c M a n u s ,  D. A. 1963. A criticism of certain 
usage of the phi-notation. J. Sediment. Pe­
trol., 33: 670-674.

M a n h e im , F. T. 1961. A geochemical profile 
in the Baltic Sea. Geochim. Cosmochim. 
Acta, 25: 52-70.

M a t h e w s ,  W. II., a n d  F. P. S h e p a r d .  1962. 
Sedimentation of Fraser River Delta, British 
Columbia. Am. Assoc. Petrol. Geol. Bull., 
46: 1416-1443.

M o o r e ,  PI. B. 1931. The muds of the Clyde 
Sea area. III. Chemical and physical condi­
tions; rate and nature of sedimentation; and 
fauna. J. Marine Biol. Assoc. U.K., 17: 
325-358.

N a t io n a l  R e s e a r c h  C o u n c il , R o ck -C o l o r  
C h a r t  C o m m i t t e e . 1951. Rock-color 
chart. Distributed by Geol. Soc. Am., New 
York. 3 plates.

P e t t ij o iin , F. J. 1957. Sedimentary rocks. 2nd 
ed. Harper, New York. 718 p.

P ic k a r d ,  G. L. 1961. Oceanographic features 
of inlets in the British Columbia mainland 
coast. J. Fisheries Res. Board Can., 18: 
907-999.

S h e p a r d ,  F. P. 1954. Nomenclature based on 
sand-silt-clay ratios. J. Sediment. Petrol., 
24: 151-158.

S t e v e n s o n ,  F. J. 1962. Chemical state of the 
nitrogen in rocks. Geochim. Cosmochim. 
Acta, 26: 797-809.

St r 0 m , K. M. 1939. Land-locked waters and 
the deposition of black muds, p. 356—372. 
In P. D. Trask, [ed.], Recent marine sedi­
ments. Am. Assoc. Petrol. Geol., Tulsa, 
Okla.

T iia m d r u p , H. M. 1938. Der van Veen-Boden- 
greifer. J. Conseil, Conseil Perm. Intern. 
Exploration Mer, 13: 206-212.

T r a s k ,  P. D. 1931. Sedimentation in the Chan­
nel Islands region, California. Econ. Geol., 
26 : 24-43.

--------- . 1939. Organic content of recent ma­
rine sediments, p. 428-453. In P. D. Trask, 
[ed.], Recent marine sediments. Am. Assoc. 
Petrol. Geol., Tulsa, Okla.

T u l l y ,  J. P., a n d  A. J. D o d im e a d .  1957. 
Properties of the water in the Strait of Geor­
gia, British Columbia, and influencing fac­
tors. J. Fisheries Res. Board Can., 14: 
241-319.

T w e n iio f e l , W. H. 1932. Treatise on sedi­
mentation. Williams & Wilkins, Baltimore. 
926 p.

W a d s m a n , S. A. 1933. On the distribution of 
organic matter in the sea bottom and the 
chemical nature and origin of marine humus. 
Soil Sei., 36: 125-147.

W a ld i c h u k ,  M. W. 1953. Oceanography of 
the Strait of Georgia. III. Character of the 
bottom. Fisheries Res. Board Can., Progr. 
Rept. No. 95: 59-63.

--------- . 1957. Physical oceanography of the
Strait of Georgia, British Columbia. J. Fish­
eries Res. Board Can., 14: 321-486.

W e a v e r ,  C. E. 1958. Geologic interpretation 
of argillaceous sediments. Part 1. Origin 
and significance of clay minerals in sedi­
mentary rocks. Am. Assoc. Petrol. Geol. 
Bull., 42: 259-271.


