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ABSTRACT

A stpdy*of the distfibution, dispersal and composition of
surficial sediments in the Strait of Georgia, B.C;; has resulted in the
understanding of basic sedimentologic conditions within this afea.

The Strait of Georgia is a long, narrow,  semi-enclosed basin with a
restricted circulation and a single, main, sediment source. The Fraser
River supplies practically all the sediment now being deposited in the
Straif of Georgia, the bulk of it during the spring and summer freshet.
This river is building a delta into the Strait from the east side near
the south end. Ridges of Pleistocene deposits within the Strait and
Pleistocene material around the margins, like bedrock exposures,

provide local sources of sediment of only minor importance. Rivers

and streams other than the Fraser contribute insignificant quantities of
sediment to the Strait.

Sandy sediments are concentrated in the vicinity -of the delta,
and in the area to the south and southeast. Mean grain size decreases
from the delta toward the northwest along the axis of the Strait, and
basinwards from the margins. Silts and clays are deposited in deep
water west and north of the delta front, and in deep basins northwest
of the delta.  Poorly sorted sediments containing a gravel component
are located near tidal passes, on the Vancouver Island shelf area, on
ridge tops within the Strait, and with sandy sediments at the southeastern
end of the study area. The Pleistocene ridge; are areas of noh#&epos—
ition, having atrmost a thin veneer of modern mud on their crests and
upper flanks.  The southeastern end of the study area contains a thick
wedge of sandy sediment which appears to be part of an earlier delta

of the Fraser River. Evidence suggests that it is now a site of active
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submarine erosion.

Sediments . throughout the Strait are.Cbmpositionally>e%tremely
similar; with Pleistocene deposits of the Fraser River drainage basin
providing the princfpal, heterogeneous source. Gravels and coarse
sands are composed primarily of lithic fragments; dominantly of dioritic
to granodioritic composition. Sand fractions exhibit increasing
simplicity of mineralogy with decreasing grain-size. Quartz, felspar,
amphibole and fine-grained lithic fragments are the dominant constituents
of the finer sand grades. Coarse and medium silt fractions have
compositions similar to the fine sands. 'Fihe silts show an increase in
abundance of phyllosilicate material, a feature even more evident in
the @lay:.‘&i;z—es:f;ﬁacjt;-i:on‘s:’.oneMonﬁmeriwlleh;iite:,i1icl,liit:e],:'_LCh;og:}ilt@nig@,arzpzarf
and felspar are the main minerals in the coarse clay fraction, with
minor mixed-layer clays and kaolinite. The fine clay fraction is
dominated by montmorillonite, with lesser amounts of illite and chlorite.

The sediments have high base—exchange capacities, related to a
considerable content of montmorillonite. Magnesium is present in exchange
positions in greater quantity in Georgia Strait sediments than in
sediments from the Fraser River, indicating a preferential uptake of
this element in the marine environment. Manganese nodules collected
from two localities in the Strait imply slow sediment accumulation rates
at these sites. Sedimentation rates on and close to the delta, and

in the deep basins to the northwest, are high.
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for transportation, sport and recreation, as well as for disposal of
sewerage, garbage and other waste material.

The long akis of the Strait of Georgia‘extends_in a north-
westerly direction from the U.S. San Juan Islands in the south to
Quadra Island in the north, between latitudes 40°50'N and 50°00'N,

a distance of some 225 kilometres (Figure 1). Access to the open
Pacific Ocean is achieved in the south by way of Juan de Fuca Strait,
through the partial barrier of the Canadian Gulf Islands and the U.S.
‘San Juan archipelago. To the north connection with the Pacific is
made through numerous narrow channels.

Of the total length of the Strait, only the southern 110
kilometres between latitudes 48°50'N and 49°26'N are included in this
study, which covers the area extending from Alden Ridge in the south
to Ballenas Islands in the north. Within this #rea.the Strait has an
average width of 28 kilometres, varying between 17% kilometres just
south of Texada Island to 35 kilometres between Valdes Island and
Point Grey. Topography in the Strait varies considerably from the
smooth fan of sediments of the Fraser River delta that extends almost
completely across the Strait, to the rugged region of steep-sided banks
and ridges separating deep, flat-floored basins in the north (éee map,
Figure 2). Tabular summaries of the dimensions and parameters of the
Strait of Georgia are available in Waldichuk (1957), Mathews, Murray,
and McMillan (1966) and Tiffin (1969).

High mountains of the Vancouver Island Range to the west are
separated from the Strait by a broad, low-lying, emergent portion of
the Georgia Depression (Holland, 1964). On the east side,Anorth of

Burrard Inlet, the Mainland Coast Range rises almost directly above the



Strait, being separated in only a few places by a narrow strip of
lowland. ~South of Burrard Inlet the Strait is bordered by the extensive,
low-lying, flattish expanse of thé Fraser Lowland.

Names of‘geographic features referred to throughout the

text are given in Figure 2,

1.2 GEOLOGIC SETTING
A generalised geological sketch map of the area surrounding
the Central and Southern Strait of Georgia is presented in Figure 3.

The area lies in the "

...western part of the 'Paleozoic-
Mesozoic Cordilleran volcanic orogenic belt' or Pacific engeosyncline..."
(Danner, 1968, p.2). It is part of a 1ong,';inear structural
depression that extends from the Gulf of California in the south
through the Great Valley of California, Willamette Valley Oregon,
Puget Sound Washington,»Georgia Depression British Columbia, to Dixon
Entrance Alaska, where it seems to disappear. A large part of this
depression is near to or below sea-level, but is actually inundated
only in British Columbia and part of the Washington aﬁd California
sections. The Strait of Georgia is the submerged pqrtion of the Georgia
Depression (Holland, 1964) which extends along the coast of British
Columbia between Vancouver Island and the Mainland. Emergent portions
of Georgia Depression flank the Strait on either side, and are known as
the Georgia Lowland on the mainland side and the Nanaimo Lowland along
thé east coast of Vancouver Island.

The Georgia Lowland forms a narro& strip ranging from four to
eighteen kilometres in width and repfesenting in large part an elevated
Tertiary‘erosiopal surface (Holland, 1964, p.36). South of Burrard

Inlet the Georgia Lowland is called the Fraser Lowland, a large,
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triangular—-shaped feature of low relief believed to be largely
depositional in origin (Holland, 1964). The Nanaimo Lowland is a
post-Cretaceous erosional feature that has been modified locally by
glacial erosion and deposition of a mantle of glacial and fluvioglacial
material. It is underlain by a thick sequence (5,000 feet to 10,000
feet) of marine: and’ non-marine Upper Cretaceous strata of the Nanaimo
Group (Clapp, 1912, 1913, 1914, 1917; Usher, 1952; Muller and
Jeletzky, 1970) deposited in two basins which were separated by two
uplifted ridges of pre-Mesozoic rocks that treﬁd northward from the
Nanoose area on Vancouver Island (Muller and Jeletzky, 1967).

North of Burrard Inlet the Georgia Lowland is underlain by
granitic intrusions of the Coast Crystalline Belt (Holland, 1964;
Roddick, 1965) plus inliers of older rocks. To the south the
'crystalline basement lies under some 15,000 feet of late Cretaceous,
Tertiary and Quaternary continental and marine sediments (Roddick, 1965;
Hopkins, 1966; Mathews, Murray and McMillan, 1966).V Apart from an
inlier of probable ﬁid— to Upper- Cretaceous greywackes and argillites
in the Garibaldi area (Mathews, 1958), there is no definitely known
equivaleﬁt of the Nanaimo Group on the B.C. mainland. There is still
some controversy as to whether the uppermost Nanaimo Group. (Gabriola
Formation) is Palaeocene rather than Late Cretaceous in age and
therefore correlatable with the Burrard and Kitsilano Formations, or
whether on the other hand the lower part of the Burrard Formation is
Late Cretaceous in age (McGugan, 1962; Rouse, 1962; Crickmay and

Pocock, 1963; Hopkins, 1966; Scott, 1967).



The Fraser Lowland, extending eastward from Georgia Strait
as a broadly”triangular reentrant, occurs in an area that was once the
site of a structural depression known as the Whatcom Basin (Hopkins,
1966). This basin, which extended eastward from the coast to Laidlaw,
B.C. then southwestward to Bellingham, Washington, is floored by Late
Cretaceous rocks overlying crystalline basement, and is bounded to
the south by Late Cretaceous to Early Tertiary céntinental sediments
of the Chuckanut Formation. Hopkins (1966) did not regard either the
Late Cretaceous or the Chuckanut to be part of the Whatcom Basin fill,
but instead he related them to a once more extensive fegion of marine
and continental sedimentation that included the area over which the
Nanaimo Group now outcrops.

Knowledge of the rocks in the Whatcom Basin is largely
restricted to information obtained from drill cores, augmented by
scattered outcrops around the basin margin, road cuts, and some
tunnels. A thick, luxuriant vegetative cover, deep weathering of
surface material, and a thick mantle of Pleistocene deposits are
severe restrictions to the accessibility and area of outcrops. The
basin is filled with a thick sequence of continental deposits; no
marine rocks have been identified from drill core or in outcrop.
Tertiary sediments, and the underlying Cretaceous, lap on to the
intrusive complex of the Coast MoUntains (see Roddick, 1965), dipping
southward toward the centre of the basin. To the east and south
Tertiary rocks wedge out on pre-Tertiary metamorphic and ultrabasic
rocks of Canadian and American Sumas Mountains, and upon the Palaeocene
Chuckanut Formatioﬁ; The thickness of sediment in the basin, the

consistent basinward dips of strata from north and south rims of the



basin, the thickening of beds and formations toward the-centre.of the
basin, and the inélusion of younger strata that seem to wedge out to
the north, south of Burrard Inlet (Roddick, 1965; Mathews, Murray and
McMillan, 1966), suggest that persistent if intermittent subsidence
and deposition took place throughout the Late Mesozoic and Tertiary.
No Tertiary rocks similaf to those of the Whatcom Basin occur oﬁ
eastern Vancouver Island, and later Tertiary sediments, believed to
be several thousand feet thick,‘are known only from drill-holes in
the Fraser Lowland.

A descriptive summary and references to other stratigraphic
analyses are given by Hopkins (1966) for the Tertiary formations in the
Whatcom Basin. Roddick (1965) has presented a detailed account of
the geology and petrology of the southern Coast Mountains. The
geologyvgf:§ogpheésEenﬁhVanCoumef&Island;héslbeénhdisbussed by ..

Clapp (1921, 1913, 1914, 1917), Usher (1952), Muller (1967), and
Muller and Jeletzky (1967, 1970).

Pleistocene deposits are both widespread and thick,
locally reaching a cumulative thickness of 1700 feet (Johnston, 1923;
Armstrong and Brown, 1954; Armstrong, 1956, 1957, 1960; Fyles, 1963;
Armstrong et al., 1965). Late- and post- Pleistocene sediments, both
of periglacial origin and modern river deposition, have accumulated
locally to thicknesses in excess of 1000 feet (Mathews and Shepard,
1962). Since the end of the Pleistocene the Fraser River has constructed
a delta extending westward into the Strait of Georgia some 16 miles from
New Westminster (Mathews and Shepard, 1962).

The trend of fhe Strait is similar to that of the structures
in the flanking_rocks, especially on the western side in the Nanaimo

Group. Muller (1967) advanced the idea that the pattern of faulting in



the Nanaimp Group rocks might represent splays of one or more major
faults along the east coast of Vancouver Island, the pattern being of
numerous fault-bounded blocks tilted toward the northeast and down-
thrown to the southwest, Tiffin (1969) advocated a similar block-
faulted’origin for the southern Island slope ridges, although he
considered the downthrown side to be to the northeast; i.e., opposite
to that of Muller (1967). Faulting along the line of the Vancouver
Island slope followed downflexing of‘fhe Strait of Georgia associated
‘with the uplift of the Coast Mountains. Maximum depression of the basin
axis occdrred»along the western side of the Strait. The dominance of
faulting rather than folding in the Insular Belt (area west of the
mainland coast) is advocated by Sutherland-Brown (1966), Muller (1967),
and by Muller and Jeletzky (1967, 1970). Bedrock structures,

probably fault-controlled, are visible in some of Tiffin's (1969)
seismic profiles. The occurrence of fault-bounded blocks of Nanaimo
Group sediments 5000 feet above sea-level in the Alberni and Cowichan
areas (Fyles,v1963; Muller and Jeletzky, 1967) indicates that block-
faulting may well have been the common structural feature of the
Nanaimo Group rocks, but the direction of throw may not have been
consistent. The available evidence supports the contention that the

original control on the origin of the Strait of Georgia was tectonic.

1.3 GEOLOGIC HISTORY

Deciphering the geologic history of the area of the Strait
is made difficult by the lack of outcrop and by the poor résolution of
bedrock types invseismiclprofiles; Between the Late Cretaceous and

Pleistocene much of the geologic record is blank. The outline of the



CORRELATION OF KNOWN PACIFIC NORTHWEST PALEOZOIC FORMATIONS
PERIOD |EFOCH-SERIES |VANCOUVER ISLAND | CASCADE MTS OF | BC' INTERIOR:
SYSTEM SAN JUAN ISLANDS | B:C- 8 WASHINGTON| ASHCROF T-KAMLOOPS
STRAIT OF GEORGIA (NORTH OF 48°30') PRINCETON
& .
» & OCHOAN
<
5 _|euapaLupian @E MR Gs ) UP.HARPER R.
o« . SNAALS e
g JTPER | UPPER ER CHILLIWACK MIDDLE
o ! :
Z WOLFCAMPIAN | SICKER ey 1ywack UPPMASH,,I (B HARPER RANCH
Z i VIRGILIAN
= al PLANT-BEARING
< MISSOURIAN
>>_:| ? CLASTICS
w
& o DESMOINESIAN | LOWER (WASH)) (8¢
w ATOKAN e . ",\_/\;»\MM»-\/Q_N
o g chr::ail;vEAcx MIDDLE CHILLIWACK +  LOWER
g4 MORROWAN | SIcKER | , (59) ,LwAsH) , (sco| HARPER RANCH
. : . . :
~ Y CHESTERIAN
<
& | MERAMECIAN
o . NONE RECOGNIZED iN MAP AREA
©  { 0OSAGEAN
pdd =
[7;) q
g 1 KINDERHOOKAN
BRADFORDIAN
z of
I 5] cHAUTAUQUAN
z 3
g SENECAN ST U BT DI
w 5 PRESIDENT CHANMEL ,
o E ERIAN BEDS (S-91 LOWER CHILLIWACK
3 e e e e e e e o e e e e e e e — )
[
2 ULSTERIAN
? e e e e T e d
4
Ao b e e e
T ) SCHISTS OF VEODER MT
z TURTLEBACK (8-C)
2 COMPLEX
a (s-4) YELLOW ASTER
ll‘t’ COMPLEX (WASH)
X
ETGC.
TABLE 1: Stratigraphic relationships of known formations
in the Lower Mainland, Northern Washington and Interior
of British Columbia. From Danner (1968).

10



CORRELATION OF KNOWN PACIFIC NORTHWEST MESOZOIC FORMATIONS
PERIOD | EPOCH-SERIES | TEXADA 15 EVANC] CASCADE MTS OF] BC TNTERIOR:
SYSTEM 1S SAN JUAN 1S- | B:C--WASHINGTON |ASHCROFT-KAMLOOPS
STRAIT OF GEORGIA| NORTH OF 48°30' [HOPE PRINCETON
%2 LLOWER CHUCKANUT; | LOWER CHUCKANUT
Ry () i "
DANIAN HANAIMO = .| : T
r/Rscum)'s LOPEZ |
~ \ B3
© | MAESTRICHTIAN | ¢ e axanus | FiLLow
a T~ FM,COAST
= { SENONIAN - MIS{GRE YWACKES R D
[ .. \
2 TURONIAN ] PASAYTEN Y,
AY
w
o CENOMANIAN GROUP \\ _______ _
i (WASH)  (8C)  KINGSVALE
" ALBIAN T e e ABC)
@ T spsucs
© APTIAN . BRIDGE
« | BARREMIAN
¢ —_— | pmom——e JACKASS
S | HAUTERIVIAN - . e |
“““““ CommATion | T T T T HILL FM MT- [mswuu.oosr
SPIEDEN FORMATION
VALANGINIAN | (59 _» NOOKSACK {———7~—— _GROVP__ ]
________ S PENINSULA GROUP
BERRIASIAN FM- (8:C)
PORTLANDIAN ' O e v e
GroOuP DEWDNEY CREEK GROUP
« | KIMMERIDGIAN WASH) b oo |
8 p— T AGASSIZ
& | OXFORDIAN B PRAIRIE FM-|
KENT
CALLOVIAN BILLHOOK ffﬂC_R_‘?ET_ GROUP
MYSTERIOUS
w
o 2 | BATHONIAN CHEEX
by o p———— e e e s e P e
(73 e CHEHALIS
2 z BAJOCIAN NOOKSACK |VOLCANICS?| LADNER THOMPSON
ot HARRISON GROUP sRoup
S5 TOARCIAN VOLCANICS LAKE ~ L e
3 I | _ 5 (B 5
« | PLIENSBACHIAN -2 -
5;" cCuLTUS FM-
o [ SINEMURIAN | pmemee L it
PAR EON (WASH) (B-C9 NICOLA - PAVILION
HETTANGIAN "TULAMEEN'
., | RHAETIAN Eo..mrs ~ CULTUS
> ‘CIRRYTE GROUPS
Y NORIAN |SUT TON L3l MAE Ve N FM- (B-CY
g FRARKUIN| % o.’Eri =P )
© > CREEX TEZ‘XDSA;V thrsxg)m < {e-c)
7] KARNIAN VOLCANICSVOLGANICS = = ]
w w V18 (Tas
<« 2 LADINIAN (sr-s-
= g ——— 7 0 e A ]
= L_E ANISIAN
ba:
W
s | scyTHIAN
=)

Table 1

continued.

11



CORRELATION OF KNCWN PACIFIC NORTHWEST CENOZOIC FORMATIONS

EPOCH-SERIES | STAGE-AGE VANCOUVER ISLAND CASCADE MTS: B-C INTEKRIGR
CALIFORNIA | SAN JUAN ISLANDS] OF B-C- & WASH: ASHCROFT—KAMLOOPS
: NORTH CF 48°30 PRINCETON
SAN JOAQUIN PRE-SEYMOUR 1N PART
PLIOCENE |ETCHEGOIN SEDIMENTS OF |m = mr — — = = = =
] - PLATEAU BASALT
ACALITOS FRASER DELTA
DIATOMITE _ _ |
NEROLY
CIERBO

MIOCERE BRIONES

TEMBLOR
k2
VAQUEROS [|SOORE Fi.
L. _(vis)
BLAKELEY LOWER _
BLAKELEY HANNEGAN VOLCANICS |
OLIGOCENE [LINCOLN CARMANAH-FM| [T T~
m———- SRS
KEASEY ) :
HUNTINGDON|KITSILANO |
TEJON GROUP (8-C) |
- R KAMLOOPS -
TRANSITION (WASH)(B-C) BURRARD GRoup |PRINCETON
EOCENE BEDS _ (B:¢)  [YRANOUILLE|_ _GROUP _ _
=" BLDS
DOMENGINE fmnnr? ' s
METCHOSIN

PALEOCENE |MEGANOS fTJffrrﬂ CHUCKANUT :
(S ) . !
MARTINEZ fckanyt| (WASH) i

Feotnotes: .

1. The terms: Trefton, President Charnel and Lower, Middle and Upper Earper ranch are
informal stratigraphic names as yet not formally defined. The term "Trafton"
replaces "Stillzguamish" previously ascigned to these rocks but now recognized fron
earlier use as a Pleistocene stratigraphic unit, The divisions of the Sicker Group
and Chilliwack Group are based on present knowledge of fossil zones in rocks mapp=d
as belonging to these groups. Middle Pennsylvanian fusulinids have been
identified in limestone from the Ballenas Islands by C {auerles Ross (J Muller, Oral
communication). :

2. New age assignments for the Ladner Group and Dewdney Creek Group are based on the
vork of James Coates in the Mauning Park area.

Table 1 . . . . continued.



CLIMATIC TRENDS
Alpine glacioevrs
Alpine glaciers
Alpine glaciers

Tahle 1:

(apnroximate dates)

slowed recession and advance
general and rapid recession
slow recession

13

QUATERNARY RECORD

1950 A.D,
1920-1950
1850-1920

Alpine glaciers maximum recent extent
Cool period
Warmer pericd
Cold period

Xerothermic (Warm-Dry)

Clinatic Cptimum (Warm-Mcist)

A.D.

A.D,
1650-1850 A,D,
1550-1700 A.D,
900~1000 to 12C0-1300 A.D,
500 B.C,
354000 to 5-6000 BP
6000-8000 BP

S TRATIGRAPHY
Mount St, Helens Ash (1802) eruption
Mount St. Helens Ash
Mount Rainier Ash
Mount St, Helens Ash
Mount ilazama Ash

Post Glaciaf

FRASER GCLACIATION SuMAS 10,000 to

STADE 11,000 T

EVERSON 11,000 to

INTERSTADE 13,000
Glacier Peak ash (12,000 years ago)

VASHON 13,500 to
STADE 18,000 T
(Lowland)

17,000 to
21,000 ¥

WISCONSIN GLACIATION

(Alpine)
OLYMPIA INTERGLACIATION
15,000 to 30,000 T
(Cool and moist - Pine, spruce,
fir pollen)

SALMON SPRINGS GLACIATION
Greater than 50,000

about 500 years ago

2,000-2,300 years ago
about 3,000 years ago
about 6,600 years ago

BRITISH COLUMBIA

Salish Cronp

Sumas Drift
(Lowland) local

Whatcom
glaciomarine
Newton stony

clay
Cloverdale
sediments

Surry Drift
(Lowland)

Quadra
sediments

Semiamu Drift
(age unknown)
Dashwood Drift

WASHINGTON

Post Glacial
Sequences

Sumas Drift
(Lowland) local

Bellingham
glacioparine
Deming |

sand
Kulshan
glaciomarine
drift
Vashon Drift
(Lowtland)

Evans Creek
(Drift (Alpine)

Kitsap
Formation

Salmon Springs
Drift

(van,Is, age unknown)

PUYALLUP INTERGLACTATION
STUCK GLACLATION
ALDERTON INTERGLACTATION
ORTING GLACIATION

Table 1 . . . . continued.

~ Glacial and inter-

glacial sequences
in drill holes

Sequences in
Southern and
Southeastern
Puget Sound
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geologic history presented here has been compiled from Snavely and
Wagner (1963), Dahner (1965, 1968), Sutherland-Brown (1966), Hopkins
(1966), Roddick (1966), Mathews (1968), and Tiffin (1969). Table 1,
taken from Danner (1968), summarises stratigraphic relationships in
the area.

The oldest rocks in the area belong to the Sicker Group,
which comprises 8,000 to 10,060 feet of altered basaltic flows,
 breccias, and tuffs, locally intercalated and interfingering with
greywacke, argillite and chert. The Sicker Group is overlain by
about 1,000 feet of»crinoidal and cherty limestones of ?Late Pennsyl-
vannian or Early Permian age. A period of mild uplift and local
erosion is suggésted for the remainder of the Permian and the Early
Triassic: mno rocks of this age have been identified in the area. From
the Mid-Triassic to the Late Triassic (Mid Karnian) rapid sinking and
eruption of 10,000 feet of sodic basalt flows .and pillow lavas of the
"Karmutsen Formation occurred. Extrusion of lava seems to have stopped
in the Late’TriasSic,'fo be follbwed by deposition of between 400 and
3000 feet of limestones over most of the area. This limestone is
preserved in isolated patches over much of Vancouver Island and on
Texada Island. Sedimentation continued into the Early Jurassic, and
wasAsucceeded by explosive eruption of porphyritic andesite agglomerates
and tuffs of thevBonanza Formation. Most of the Middle and Late
Jurassic and Early Cre£aceous was a period of general non-deposition
and possibly erosion. The future site of Georgia Strait is believed to
have been a tectonic‘highland at this time, and most of Vancouver Island
and Georgia Strait continued to be exposed and eroded until the Santonian,

when basal conglomerates of the Upper Cretaceous Nanaimo Group were
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‘deposited in a depression (a downwarped or doﬁnfaulted trough)

called the Georgia Seaway (Sutherland-Brown, 1966). Deposition of
5,000 to 10,000 feet of alternating marine shales and marine and
non-marine sandstones, some coal measures and conglomerates, followed
and continued throughout the Late Cretaceous.

General withdrawal of the sea. from the area occurred
sometime in the uppermost Cretaceous or earliest Palaeocene. Marine
sediments are missing from the sequence of ?Late Cretaceous to Eocene
rocks in the Whatcom Basin and there are no sediments of this age on
‘the southeast coast of Vancouver Island. The early Tertiary is
represented in the southern tip of Vancouver Island by some 7,500 feet
of submarine pillow basalts (Metchosin Volcanics), although this
sequence appears to be related to a petrographic province to the south
(in Western Washington and Oregon, see.Snavely and Wagner, 1963).
Tertiary marine sedimentation seems to have been restricted to the west
coast of Vancouver Island. Snavely and Wagner (1963) depict a Mid
Tertiary shoreline crossing southern .Vancouver Island and entering
Washington near Bellingham on their Palaeogeographic reconstructions of
Tertiary history. Sutherland-Brown (1966) suggests this shoreline
extended from Kyoquot to Sooke on Vancouver Island, where Oligocene and
Early Miocene marine sediments overlap older rocks and have a distinct
shoreline conglomerate at the base of the section.

Within ﬁhatcom Basin ?Late Cretaceous to Late Eocene non-marine
conglomerates, sandstones, shales, and some lignites and coals, were
deposited in alluvial plain environments. Material'was derived from
the growing Coast Ranges and Vancouver Island mountains, although floral

evidence suggests that the growing uplands were much lower than at
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present. Local vigorous uplift may have occurred to provide a source
for conglomerates. Roddick (1966) tentatively concluded that relatively
little uplift ofvthe Coast Mountains occurred in the Early Tertiary,
but most has occurred since the Pleistocene. He cites as evidence

that althougﬁ coéfse congiomerates occur in the Tertiary, marine

Upper Crétaceous rocks intruded by quartz diorites are found in the
Garibaldi area at“an elevation of 6,000 feet. Pliocene plateau basalts
of the central interior of the Province of British Columbia rise
gradually from 2,500 feet to 8,500 feet in the Coast Mountains. 1In
both cases thelamount of uplift indicated is about 6,000 feet, and the
younger basalts place a limit in the time of uplift.

How far across the Strait of Georgia Tertiary continental
sedimentation extended is nof known. Mathews (1968) considers the
Strait of Georgia to have been a subsiding basin in which several
thousand feet of clastic sediment accumulated. However, definite
answers cannot be obtained from seismic records, and Tertiary rocks
are unknown from the east coast of Vancouver Island.

Hopkins (1966) suggests that deposition of Tertiary rocks
slowed or ceased by the end of the Eocene or earliest Oligocene. During
the Miocene orogenic activity in western Washington and Oregon produced
a number of more or less isolated, closed basins with local accumulation
within them of continental sediments. By the Late Pliocene and
Pleistocene, general uplift of the Coast Mountains and Cascade
Mountains added to the clastic sediments carried to the area.

Pleistocene stratigréphy of the Lower Fraser Valley has been
described by Armstrong and Brown (1954), Armstrong (1956, 1957, 1960),
and Armstrong et al, (1965). Up to 2,000 feet of older Pleistocene and

Pliocene sediments have been recorded in drill holes (Danner, 1968).
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Over these occur the interglacial sands and clays that make up the
Quadra sediments (see Table'l) at Point Grey; similar sediménts at
Point Roberts to the 'south are believed by Danner (1968) to be older
than the Point Grey beds. Extensive deposits of outwash, till and
glaciomarine drift, and interglacial alluvial sediments occur above
an erosion surface cut on Quadra sediments.

Pleistocene deposits with chaotic and stratified internal
structures are recorded in seismic profiles across the Strait (Tiffin,
1969). Some of these deposits have been correlated tentatively with
Pleistocene deposits on nearby land (e.g. McCall Ridge Unit and Point
Grey series). Mathews (1968) suggested that the entire Georgia
Depression was at one time filled with Pleistocene sediments but Tiffin
(1969) found no evidence of debris of Pleistocene age in the floor of
Ballenas Basin on the west side of the Strait.

‘During gach of the major glacial episodes ice advanced
southward and southwestward into the Strait of Georgia, flowing out
to sea by way of the present Juan de Fuca Strait. Ice thickness in
the Strait of Geofgia reached at least 5,000 feet (Roddick, 1965;
Mathews, 1968; Glacial Map of Canada, 1958). At least two (Fyles, 1963:
Vancouver'Isiand) or three (Armstrong et al., 1965: Vancouver and Fraser
Lowland areas) major late advances of ice are known on land sufrounding
the Strait. Tiffin (1969), however, could not find clear evidence for
the number of glacial advances that had taken place within the Strait,
partly because of the rapid lateral and vertical facies changes
exhibited by the Pleistocene deposits, and partly because the ice-
deposited material, influenced by changing sea-levels, must have undergone

some reworking and modification.
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During the Late Pleistocene or garly post Pleistocene,
the thick wedge of sediment comprising Roberts Swell (see Figure 2)
was deposited. This material appears to have come from the southeast
and is believed to have been an older delta of the FraservRiver, built
at a time when the rivér discharged into the Strait from near Bellingham
in the U.S. (Tiffin, 1969). Subsequently; at sometime shortly after
the Sumas Stade, the Fraser River changed from its southerly course to
its present one and commenced comnstructing its preéent delta. The
growth of the delta and the dispersal of sediments in the Strait were
influenced, and often directed, by Pleistocene and .older deposits.
Ponding of sediments occurred behind such upstanding features as
Roberts Reef, Fraser Ridge, Finger Ridge and the section of McCall
Ridge between McCall Bank and Point Grey, until such times as these
barriers were buried and sediment dispersal could continue unimpeded.
The present diétribution of sediments in Georgia Strait reflects both
the early influence, and the continued existence, of some of these older

ridges and Pleistocene deposits.

1.4 CLIMATE

Surface wind circulation on the Pacific coast is directly
related to the proximity of a semi-permanent high-pressure cell in the
eastern Pacifié Ocean centred at approximately 30°N, 145°W. Prevailing
winds in summer resulting from this cell are northwesterly. The slight
weakgning and southward migration of this high-pressure cell in the
winter, coupled wiﬁh the development and intensification of a low-
pressure cell in the Aleutian area, causes a reversal of Wiﬁd directions
in the winter. Prevailing winds on the Pacific coast are southeasterly
in autumn and early winter, shifting to southerly and southwesterly by

the late winter.
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(13)

()

Surface wind patterns in the Strait of Georgin during (A) winter, October=March, (B) spring transi-
Gon, April-May, and (C) smnmer, June=September (Fxtended Trone Thrris and Rattray, 1954).

FIGURE 4: Surface wind circulation in the Strait of Georgia
at different times of the year (from Waldichuk,

1957, p.417).
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Within the Strait of Georgia this general picture is strongly
modified by the presence of the mountains and by the local wind
patterns .in Juan de Fuca Strait.,. Puget Sound and the Fraser Valley. The
result (Figure 4) is a closed, anticlockwise circulation for the
southern part of the Strait (south of a line between Nanaimo and
Vancouver, and north of the Olympic Peninsula) in winter, with a shift
to generally easterly or southeasterly winds throughout the Strait
during spring, and a rather confused pattern in summer,; with prevailing
southwesterly or southeasterly winds in the southern parts and north-
westerlies at the northern end. Wind records kept by the Meteorological
Office at Vancouver International Airport show that prevailing winds at
the airport are, on the basis of percentage frequency from each
direction, almost always easterly. The monthly data for the years
1964 to 1972 suggest the average prevailing winds for each month, except’
one or twommonths in sﬁmmer, are easterly blowing at 6 to 8 miles per
hour. However, the data also shows that westerly winds are generally
stronger, if of shorter duration, and these winds will be the important
ones controlling movement of sediment on the delta, and erosion of
coastal regions-on the east side of the Strait.

Precipitation, mostly as rain, is moderate and increases
from west to east. The western margin of the Strait is in the rain
shadow of the Vancouver Island Mountains, and receives an average of
40 inches of precipitation per year. In Burrard Inlet the average
amount of precipitation per year is 60 inches. The wettest period is
from October to February, averaging 6 to 8 inches per month; the driest,

July and Augwst, averaging less than 1 inch per month.
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Air temperatures seldom fall below freezing, and never stay
that low for any length of time. Warm air from the Pacific tends to
moderate temperatures in the Strait, resulting in average winter values
of 2°C (January and February), with an increase after mid-February to
average values of 13° in May and 18°C in July and August, with midday

temperatures often reaching 24°C.

1.5 OCEANOGRAPHIC CHARACTERISTICS

A comprehensive analysis of the physical oceanographic
characteristics of the Strait of Georgia is available in Waldichuk
(1957). This study was based on data collected over a period from 1949
to 1951, taken to be representative of the seasonal variations of 1950,
and augmented by data from other oceanographic surveys in 1930 to 1932
and 1952 to-1953. A brief review will be given here, drawn mainly from
Waldichuk (1957), of those oceanographic factors considered to be of
importance to the dispersal and distribution of the Recent sediments
in the Strait of Georgia.

Waldichuk (1957) considered the Sfrait of Georgia to be an
oceanographically unique feature. In contrast to other B.C. fjords its
axis runs parallel to the coast, the freshwater inflow is lateral rather
than from one end, and there is a connection to the open ocean at both
ends. It is neither as steep-sided nor as narrow as many of the B.C.
fjords, but its great depth and obvious origin as a glacially eroded
and modified deep valley contrasts sharply to the estuaries of the
coastal plain of the eastern U.S.A.

The rate of freshwater input greatly exceeds that of evapor-
ation, and although the Strait receives Qater from many sources the

Fraser River is the most important, contributing some 80% of the total



freshwater input into the Strait. This tremendous, localised influx of
low-salinity water greatly complicates the oceanography of the Strait,
creating a highly stratified situation with mixing and entraining of
sea~-water near the river mouth. Inflow of sea-water is mainly from the
south, the effect of the northern outlets - Discovery Passage and
Johnstone Strait - is very small and may be neglected when considering
water movement: especially water movement in the Central and Southern
Strait. Intense vertical mixing of the entire water column occurs in
the San Juan Archipelago — Gulf Islands area. The stratification
patterns and fresh-water distributions are further complicated by effects
due to changing tides and seasons (see Waldichuk, 1957; and Figures 5,

6, and 7).

1.5.1 CIRCULATION

The main factors responsible for moving water masses and
determining the distribution of water properties in the Strait of
Georgia include tides, river runoff, winds and salinity gradients.
Médifying these factors are the directive influences of topography, with
Coriolis and centrifugal forces assuming minor roles.

Tidal effects in the Strait of Georgia are at a maximum near
the Fraser River mouth, and decrease to the north. With ebbing tides
the fresh-water flow is in the same direction as that of the tide and
tongues of muddy water extend across the Strait, even as far as or into
Active Pass. Flooding tides on the other hand result in a rapid flow of
water northward along the shore, which tends to shear off lobes of river
water leaving clouds of brackish water moving independently under the

influence of wind and tides (Waldichuk, 1957). Flooding tidal currents

22
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Febrmary 1050, (A) x;n]inil)',

Distribution ol properties ot the sirface in the Strait of Ceorgia,
(B) tanperature, (C) density (o).

FIGURE 5: Distribution of salinity, temperature and
density measurements in the Strait of Georgia,

February 1950 (from Waldichuk, 1957, p.353).
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FIGURE 6: Distribution of salinity, temperature and density

measurements in the Strait of Georgia, June

1950 (from Waldichuk, 1957, p.358).
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FLOQD gse

(A) Salinity distribution at the surface on flood and ebb stages
of the tide off the Fraser River estuarv. (Observed on survey, 1—§ Decem-
ber 1949.) (B) Schematic sections of salinity: distribution off the Fraser

River estuary on flood and ebb stages of the tide.

FIGURE 7: Salinity distributions on flood and ebb

tides (from Waldichuk, 1957, p.366).
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are generally stronger and of longéer duration on the eastern side of the
Strait than on the west, while the reverse is true for ebbing tides.
Since the flood tides tend to set in a northerly direction, this
combined tidal flow, augmented by Coriolis effects, topographic influ-
ences and the closed anticlockwise wind pattern, tends to produce a
general anticlockwise water circulation within the Strait. Departures
from this general picture do occur however. Even during ebb tide a
northward movement of silty water from the river mouth into Burrard
Inlet and beyond may be seen on air photographs and is indicated by
current measurements monitored continuously for one year (Dr. S. Tabata,
Fisheries Research Board of Canada, oral comm., 1972) and casual
observation.

Johnston (1921), comparing old and new soundings of the Fraser
River delta, and Mathews and Shepard (1962), in a similar type of study,
found indications of heavier silting on the northern side of the delta
than in other areas. Tiffin's (1969) studies in the Strait indicated
that active sedimentation is occurring only to the north of Sand Heads.

Salinity measurements (Waldichuk, 1957) support the concept of northward

26

transport of water along the eastern side of the Strait, with low-salinity

water from the Fraser River veering to the right almost as soon as it
enters the Strait of Georgia (see Figures 5, 6 and 7). LaCroix and
Tully (1954) offer evidence of a general, overall northward flow of
water through the Strait besides the general anticlockwise circulatory
pattern.

Surface currents in the Strait are neither as well known nor
as clearly understood as might be expected. Available information is

limited to surface-current studies made with drift-bottles (Waldichuk,
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FIGURE 8: Circulation patterns.in the Strait of
Georgia determined by surface drift-

bottle recoveries (from Waldichuk, 1957,

p.388).
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1957) or free-floating current followers (Giovando and Tabata, 1970;
Tabata et al., 1971). and to a few studies made with current meters
over varying lengths of time at different anchor stations (Pickard,
1956; Huggett, 1966; Tabata et al., 1970; Tabata et al., 1971).
Interpretation of direct current studies, whether made by surface
drifter or stationary meters, is complicated by the effects that short-
term factors such as winds, tides, yawing of the ship, etc., have on
the measurementé.

Recent shallow- and surface-current studies made in the
Strait include those of Giovando and Tabata (1970), Tabata et al. (1970),
Tabata et al. (1971) and Tabata et al. (unpubl.; oral comm. Tabata,
1972). Tabata et al. (unpubl.) report on the results obtained from
moored instruments that recorded continuously for a period of over one
year. Three mooring sites were situated along a line between Valdes
Island and the Iona Island sewage outfall channel. Of considerable
importance are the consistent, persistent easterly currents recorded
at the surface and 50 metres depth at the station in mid-Strait
(Figure 9).

Giovando and Tabata (1970) used free-floating current-followers
to determine current velocities and direction of flow of Fraser River
water subsequent to its entrance into the Strait of Georgia. They
found that water from South (Main) Arm enters the Strait as a surface
jet which undergoes- little lateral spreading and, if there is no
significant wind drift, may retain its entrant direction for some time
(e.g. high-water slack to next low-water). The surface water may move
in a variety of ways in the Strait:

(i) persistent northward movement on ebb as well as flood tides

to or near to the mainland shore west of Howe Sound.
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Subsequently the movement may be westward to mid-Strait, then
northwesfward, rather than immediately northwestward along
the mainland shore;

(ii) flow northward and eastward toward the mainland shore between
Burrard Inlet and South Arm;

(iii) westward movement to the vicinity of the Gulf Islands over
a time interval that may encompass several tides;

(iv) water entering the Strait on early stages of an ebb tide
can, if wind effects are negligible, sometimes be moved
southward;

) water entering the Strait at low-water slack, during inter-
mediate values of run-off at least, appears to turn northward
immediately, and appears to undergo persistent northerly
movement. :

i :

Surface current speeds up to three to five knots are common
at times of strong ebb t%dal flow associated with the freshet. Current
velocities in the ‘open Strait are generally in the order of ome to two
knots when there is no strong wind influence. The smallest velocity value
obtainéd'By?GiovandoéaﬂdEEabataﬂ(l970)9wdskO;2 knot?V- Water entering the
Strait from South Arm contributes to the formation and extension of a
plume of river water north of the Arm. Extension of this plume much
to the south is believed to be controlled by wind drift and tidal action.

Tabata et al., (1971) reported on a number of observations
of current movements conducted over relatively short time intervals
(less than one week). They point out that the conclusions that can be

drawn from their study are valid only if the measurements are uncontam-

inated by lower frequency oceanographic events. Other evidence



(Tabata et al., 1970) suggests that .significant oceanographic
variability with time scales greater than one week do occur elsewhere
in the Strait. Of primary concern for this (Tabata et al., 1971) study
was the determination of current movements around the Tona Island sewage
outfall, through which tr?ated effluent is released to the Strait via

an open channel that exteéds almost to the western edge of Sturgeon Bank.
Current movements were mohitored by dye-studies, free-floating current-
followers and, occasionally, meters. North of the outfall channel and in
a zone extending to about two miles offshore, current movement was
predominantly northward. Ebb tidal effects were masked except for a
slowing of the northward current's velocity, although large flood tides
sometimes induced an easterly flow. The northward flow eventually
extends around Point Grey and may move eastward into Burrard Inlet.
Westward of the northward moving stream, surface layer velocities indic-~
ated an overall southerly, although variable, flow. The net southerly
movenent occurs for periods of a few days at least and had not been
observed before. Tabata et al. (1971) suggest that it may be the
manifestation of a large clockwise eddy in the central Strait, whose
persistence and frequency are not known. Its presence conflicts with
previously-held ideas that have been postulated for current flow in the
Strait. Occasional southward movement of surface water from the Fraser
in the Strait of Georgia is indicated by Tabata et al. (1970) and
Giovando and Tabata (1970).

Little or no current velocity information is available from
the central Strait on or near to banks and ridges. Some mud obviously
does get deposited and trapped in these places, but if the sedimentation
rate was tlie same on the banks as it is in the deep basins, then no

relict boulders or gravels should be found at the surface, and no
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FIGURE 10

FIGURES 10 and 11: Living animals and gravelly deposits
as yet unburied by modern muddy sediments. 115 ft
(35 m.) depth, Halibut Ridge. (Photo: Mr R.D.
MacDonald, Geology Dept, U.B.C.)

FIGURE 11
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FIGURE 12

FIGURES 12 and 13: Views to the southwest across the
Strait of Georgia from near Sand Heads (Sand Haeds
light visible in Figure 12) showing demarkation
between silty water from Fraser River discharge
and "'clear" oceanic water of Georgia Strait.

July, 1971.

FIGURE 13
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sedentary attached life-~forms such as sponges or corals be present
(see Figures 10 and 11). Consequently, it is suspected that currents
of sufficient strength to prevent deposition of hemipelagic material
(but not necessarily strong enough to cause erosion) exist around the
tops and flanks of many of the ridges. bDiver observations by
Mr. R.D. MacDonald, Geology Dept., U.B.C., on Halibut Bank tend to
confirm this suspicion.

The "tide line" demarkation of silty water from "clear"
Georgia Strait water was explained as due to cbmpression of isohalines
by the flooding tide by Waldichuk (1957)._ Tabata et _al. (1971) provide
evidence from dye studies suggesting that the '"tide line" marks a
shear zone between two distinct water masses, one flowing north (the

silty one), and the other south.

1.5.2 FRESHWATER BUDGET

The 1largest source of fresh water for the Strait of Georgia
is from stream runoff. This runoff is of two types: gtored - from
streams with headwaters in regions of winter snow; or direct - from
streams whose discharge depends on the local rainfall.

By far the most important contributor of freshwater to the
Strait is the Fraser River. It is a stream of the stored runoff type
and reaches its peak discharge in late June or early July. 1Its low
discharge period is from February to April, during which time the
coastal drainage area is the only significant contributor of fresh
water to the Strait.

The Fraser River, contributing some 80% of the total runoff
into the Strait, drains an area of 85,600 square miles upstream from

Hope, B.C., and .a further 4,500 square miles of area downstream from
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Hope. Of the three main river mouths the greatest volume of water
enters the Strait via South Arm. ANorth Arm passes only 10 to 157% of

the total outflow, while Canoe Pass has not been a significant channel
for some years. . Mathews;gMurray and McMillan (1966) summarise
information available to that date on the Fraser River, its bed and
suspended loads, flow rates, etc. Pretious (1969, 1972) and Tywonink
(1972) provide more recent information on the sediment loads transported
by the Fraser River.

Glacial streams, such as the Squamish River at the head of
Howe Sound, are primarily of the stored runoff type. Peak discharge may
occur up to one month later than that of the Fraser River. Rivers
flowing into the Strait from Vancouver Island such as the Cowichan,
Chemainus, Nanaimo, Puntledge and Campbell are predominantly of the
direct runoff type, and peak runoff closely follows periods of high
precipitation. These»fivers are generally of little importance in
supplying anything other than suspended or dissolved materials to
Georgia Strait. They discharge into basins behind the partial barrier
of the Gulf Islands or into shallow bays.

Waldichuk (1957) suggests that the inlets bordering the Strait
of Georgia (e.g. Bute, Toba, Burrard, Saanich and Howe Sound) can be
treated as separate oceanographic entities which have little effect on
the characteristics of the Georgia Strait waters, while they themselves
are influenced greatly by conditions in the Strait of Georgia. They are
usually "silled" somewhere along their length, the sills providing
effective traps for bed-load sedimentary material. Probably the only
contirbution they can offer to the Strait is to further dilute its

surface waters and to provide some suspended sediment during freshet
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times. Even then it appears that this material is masked by sediment

from the Fraser River.

1.6 PREVIOUS STUDIES

Geological investigations in the Strait of Georgia have, until
comparatively recently, been restricted to detailed studies of areas
bordering the Strait. Johnston's (1921, 1922, 1923) studies of the
Fraser River delta were for a long time the only source of information
available on the Recent sediments of the Strait. Mathews and Shepard
(1962) duplicated some of Johnston's work in an effort to establish
growth rates and sediment dispersal patterns, among other things, for
the Fraser River delta. During their survey they located, described and
attempted to explain some anomalous, rounded hills occurring near the
foot of the delta front. These hills have been more extensively studied
by Tiffin et al. (1971) who confirmed earlier suggestions (Tiffin, 1969;
Mathews and Shepard, 1962) that théy may have'been produced by sliding
or slumping of material down the delta front.

The tidal flats at Boundary Bay are described in a publication
by Kellerhals and Murray (1969). Garrison et al. (1969) report on the
early diagenetic cementation of sands by low-magnesium calcite in the
channels of the Fraser River.

More general investigations within the Strait include those
of Waldichuk (1954, 1957), who gave a brief and very generalised
description of the boftom sediments in the Strait, and Cockbain (1963a,
1963b) who produced, as an adjunct to his foraminiferal studies, a
report and map of the distribution of sediments within the Strait. In
neither case were the sediments studied in any detail. No detailed study

of the geology or structure of the Strait had been made until 1969, when
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Tiffin (unpublished Ph.D. thesis, Institute of Oceanography and Dept.

of Geophysics, University of British Columbia) completed a survey of the
Central and Southern parts of the Strait using continuous seismic-
reflection profiling techniques. -

Mathews, Murray and McMillan (1966) summarised fully the
information available to that date on the Fraser River and the nature,
quantity and seasonai variability of its load. They also summarised
available knowledge of the setting, geomorphology, sediment distributions
and sedimentation rates of the Strait of Georgia and areas adjacent to

it (Boundary Bay, Howe Sound, Saanich Inlet, Pitt Lake).
1.7 SAMPLING PROCEDURES

1.7.1° SHIPBOARD

Sampling was carried out during January, 1970, from the
Canadian Naval Auxiliary Vessel (CNAV) LAYMORE. A total of 358
Peterson and La Fond - Dietz grab samples, 28 large Kullenberg gravity
cores and 12 small Phleger cores were collected. Fifteen camera
stations were occupied, using 50 or 100 foot %o¢lls of black-and-white
film in an Edgerton, Germeshausen and Grier underwater camera with
strobe unit. The ship's officers were responsible for navigation and
for locating sampling sites. Most of the latter was accomplished by
radar and viéﬁal fixes.

Immediately upon retrieval all samples were described in
terms of colour (against the G.S.A. rock colour chart), texture, and

macrofaunal content.



1.7;2 LABORATORY

Samples were analysed for grain-size distributions by combined
sieve and pipette techniques, and petrographic and X-ray diffraction
examinations were utilised to determine the mineralogy. Other
characteristics determined included organic carbon and calcium carbonate
contents, cation exchange capacities, oxalate-~extractable inorganic
oxides and hydroxides, and exchangeable base concentrations. More
detailed descriptions of the methods of sample treatmént and analysis
are given in the appropriate sectiomns.

0f the 358 grab samples collected, only 187 were subjected to
mechanical size-analysis because of the rather uniform nature of the
sediments over a fairly large area of the Strait; a feature recognised
in the early, visual examination of sampies immediately after their
retrieval.

Within the text samples are referred to by a single number
e.g. 123, although full identification is 70-1-123, referring to
I.0.U.B.C. cruise number 70-1. Core samples are indicated by a "C"
following the sample number e.g. 123C. Samples collected from the
Fraser River, near Ruby Creek 12 miles east of Aggassiz, B.C., are
prefixed "FR". Location of sampling sites in . the Strait of Georgia

is shown on Figure 2.
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CHAPTER 2

BATHYMETRY

2.1 INTRODUCTION:

The bathymetry and topographic features of the study area
are shown in Figure 2, which was interpolated from charts constructed
by Tiffin (1969). Canadian Hydrographic Service charts and field
sheets, and a detailed echo-sounding survey conducted by Cockbain
(1963a) in the region of the Strait north of the Fraser River delta,
provided the data from which the contours could be drawn. Contours are
missing from areas where there is little information, but their
omission does not affect this study, which is concerned with the deeper
rather than the marginal areas of the Strait. Positions of contours
are believed to be accurate to within 0.5 kilometres (Tiffin, 1969).

Nine cross-sections are presented in Figures 14 and 15, and
one longitudinal section, extending from Sturgeon Bank on the Fraser
Delta to Ballenas Islands at the north end of the study area, is given
in Figure 16. Vertical exaggeration on the profiles is x25.8. 1l:1 scale
profiles are indicated by the dashed lines on some of the exaggerated
figures.

Water depths on the Strait reach a maximum of 433 metres,
which is considerably greater than the depths usually encountered on
the nearby continental shelf, but not much greater than the depths of
some of the mainland fjords. Off Barkley Sound the shelf attains a
maximum depth of 236 metres, with an average depth for the shelf of
200 metres (Carter, 1970). The shelf break in Queen Charlotte Sound
occurs between 183 and 275 metres (Luternauer and Murray, 1969).

The percentage distributions of depths in the Strait are:
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Km2 % total area
Total study area 3780 100
Area deeper than 36.6m. (20fm) 2800 75
Area deeper than 183m. (100fm) 1640 44
Area deeper than 366m. (200fm) 367 10

2.2 PHYSIOGRAPHIC SUBDIVISIONS

It is very often useful to unite, under a single name,
individual features or areas which are sufficiently unique or distinctive
that reference to them or description of them may be facilitated by
such a grouping. That such a subdivision of Georgia Strait into
distinctive areas should have been done is at once apparent from inspec-—
tion of the bathymetric chart (Figure 2).

Waldichuk (1954, 1957) subdivided the Strait into areas
characterised by the nature of the bottom-sediments and the physical
characteristics of the water masses in the Strait. Cockbain (1963a),
and later Mathews, Murray and McMillan (1966),‘recognised areas of the
Strait characterised by distinctive morphologies. Although the sub-
divisions recognised by Cockbain (1963a) and by Mathews, Murray and
McMillan (1966) are similar, the latter extended the area of their survey
to include the regions of the Strait west and south of the Fraser Delta.

Tiffin (1969) distinguished six subdivisions that could be
recognised by their unique combinations of morphologic, bathymetric,
geological (structural) and geophysical characteristics. The regions
are (see Figure 17): the Fraser Delta; Area of Deep Basins; Elevated
Area of Ridges; Roberts Swell and Nearby Mainland Shelf; Boundary Basin
and Alden Ridge; and the Island Slope. A detailed and comprehensive
account of the structure, stratigraphy, and probable history of each

region is given by Tiffin (1969).
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Fraser Delta Area.
Area of Deep Basins.
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Roberts Swell and Mainland
 Shelf.
5 Boundary Basin and Alden
Ridge.
6 Island Slope.

FIGURE 17: Subdivisions of the Strait of Georgia into areas of distinctive

morphology. (After Tiffin, 1969).
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2.3 DISCUSSION:

The following discussion is largely a description of the
bathymetric features of the Strait, (see aléo Figure 2). The adjectives
"steep,' 'wide," '"high" etc., refer to the apparent topography as shown
on the exaggerated scale cross-profiles. In true scale, slopes are
much less pronounced (Figures 14, 15 and 16).

Johnston (1921, 1922, 1923) and Mathews and Shepard (1962)
have described the Fraser River Delta in considerable detail. Within
the scope of the present study the area referred to as the Fraser River
Delta is that portion of the delta seaward from the extensive tidal
flats that have developed around the river's mouth. The delta front
extends some 27 kilometres from Point Grey to Point Roberts, with active
sedimentation most noticeable west and north of Sand Heads. Tidal
flats extend some 9 kilometres from the land to the edge of the upper
delta slope. Foreset beds now almost reach the opposite side of the
Strait. The upper part of the delta front forms a smooth slope of
between 3%/2ato 13/40 down toward the floor of the Strait. Further from
the river mouth the gradient decreases to 1° or less and the slope merges
with bottomset beds of the northern deep basins. The only disruption to
the smooth slope of the delta front is caused by a protruding ridge top
(Fraser Ridge) northwest of Sand Heads that is believed to possess a
Cretaceous or Tertiary bedrock core (Mathews and Shepard, 1962; Tiffin,
1969). At present it is almost buried by delta sediments, but it stands
370 metres above the pre-delta basin floor (Tiffin, 1969), indicating
that not only was pre-delta relief in the area considerable, but also

that deltaic sedimentation has been very heavy.



To the west of Sand Heads, near the base of the delta slope,
is a group of small, rounded hillocks with a relief of 15 to 30 metres.
First located by Mathews and Shepard (1962) and described in more detail
by Tiffin et al. (1971), they are attributed to sliding or slumping of
material from higher on the delta front.

South of Canoe Pass the tidal flats become increasingly narrow
and the gradient of the upper delta slope increases markedly. Seawards
a smooth, featureless, flattened, dome-shaped topographic high called
Roberts Swell appears (section H-H', Figure 15) between 100 and 150
metres below the surface. Roberts Swell is a depositional feature
composed of Late or post-Pleistocene sediments, but is not related to the
present delta of the Fraser River although modern delta sediments overlie
it on the north (Tiffin, 1969).

The southwestern margin of Roberts Swell is a U-shaped, marrow
valley that changes in character from north to south. Its northern
portion is smooth-floored, U-shaped in section and not particularly
steep-sided. To the south it becomes more V-shaped, deeper and supports
quite steep flanks. It is cut deeply into Roberts Swell sediments at its
southern end, where it swings from a southeasterly to an easterly trend
before widening and merging with Boundary Basin. Tiffin's (1969)
seismic survey indicates that it has changed from a northward sloping
to a southward sloping valley as a result of sedimentation raising the
level of the floor in the north (to about 185 metres below sea level),
and erosion incising it deeper in the south (to over 220 metres below
present mean sea level at one spot west of Boundary Basin).

The roughly triangular depression of Boundary Basin occurs to
the southwest of Roberts Swell. Its floor is rather more irregular than

that of the deep basins to the north, and like the southern end of
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TrincomaliuTrqugh,it appears to be eroded into Roberts Swell sediments.
Tiffin was led to this conclusion because of the possibility of joining
reflecting horizons across Boundary Basin, tﬂe existence of truncated
reflectors in the Roberts Swell unit, and because the power necessary

to or responsible for eroding sediments in this area can be provided by
tidal currents in the vicinity of Boundary Pass (up to and exceeding

2.5 metres/sec,). The basin increases in depth toward Boundary Pass,
where the deepest point occurs (269 metres), and the southeastern margin
slopes steeply up toward Alden Bank, which rises to within a few metres
of the surface at its shallowest point, and slopes gently down on its
eastern side into a shallow depression between it and the mainland coast.

The steep slopes above Roberts Swell are continued to the -
southeast around a long nérrow ridge that extends to the southeast from
Roberts Peninsula at between 25 and 70 metres depth. This structure,
Roberts Reef, is believed to be composed of Pleistocene sediments.
Between Roberts Reef and Alden Ridge the head of Boundary Basin rises
more gently and smoothly to the north.

East of Point Roberts and Roberts Reef is the broad, almost
flat-floored, shallow (up to about 30 metres) expanse of Boundary Bay.
The extensive tidal flats on the north side of Boundary Bay are built,
as 'is much of the floor of the shelf, on a now inactive segment of the
Fraser River Delta which was constructed at a time when the river flowed
out of, or at least had a distributary into, this region.

The term shelf is used to indicate a zone close to land that
slopes basinward at a low angle. The shelf break, which can occur at
any depth in this area, is then the outer margin of the shelf where the
gradient increases suddenly. The steep zone between the shelf break and

the basin floors is referred to as the slope. The shelf or slope on the
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northeastern side of the Strait is referred to as the Mainland shelf
or slope, and on the southwestern side as the Island shelf or slope.
Shelf or slope terms are virtually meaningless in the region of the
delta, although the term slope is used in a loose way to refer to

the upper (steeper) or lower (less steep) slopes of the delta front.

The Mainland shelf is well-defined in the southeast, but in
the northwest it is either narrow or missing entirely. Instead the
slope extends from the shoreline to the floor of the Strait. The Island
Shelfr iscclearly developed in the region of Nanoose Harbour, Nanaimo’
Harbour, and along the eastern sides éf Gabriocla and Valdes Islands.

. South and north of Gabriola Reefs the Island slope has a
different character. In the south the slope is characterised by
numerous ridges, all trending in a southeasterly direction, paralleling
each other and bedrock structures on the Gulf Islands. On the upper
portions of the slope the ridgeé,maynform rocky shoals or islets. North
of Gabriola reefs the slope is smooth and unbroken by ridges, tends to
be steeper than in the south, and to be oversteepened in the lower
portions beneath the recent sediments of Ballenas Basin (Tiffin, 1969),
a feature not evident to the south. In the south the ridges are close
together, but tend to become more widely spaced approaching Gabriola
Reefs., The trend of the ridges, and the change in their spacing from
south to north, is similar to the pattern of faulting displayed in the
Nanaimo Group sediments on the adjacent Gulf Islands. North of
Gabriola reefs the change in character of the slope may be attributed
to a change in the nature of the bedrock, although Tiffin could not

conclude this definitely from the nature of the seismic records.



Extending northwest from, and merging with the lower parts of,
the Fraser Delta and situated on the west side of the Strait is an area
occupied by two deep basins. These basins were named Ballenas and
Malaspina by Cockbain (1963a). Within the study area the basins are
deparated over much of their length by Sangster Ridge, although near
the eastern end of Malaspina Basin only a low col that exists between
the eastern end of Sangster Ridge and South Ridge separates the. two.

The col is less than 20 metres above the basin floor at this junction.

Ballenas Basin, the larger of the two, extends some 65
kilometres in a northwesterly direction from Valdes Island in the
south to Ballenas Islands in the north. For the most part the floor of
the basin is wide (4 to 6 kilometres) and flat, sloping gently to the
northwest. Depths are greater than 360 metres over most of the basin,
with a maximum of 423 metres. The southeastern end of Ballenas Basin
appears to have been protected from encroaching delta foreset sediments
by a bedrock ridge (Finger Ridge: Tiffin, 1969). On the southern side
of this ridge water depths reach more than 380 metres. The northwestern
margin of Ballenas Basin is a low ridge joining Ballenas Islands to
Sangster Ridge. The bottom rises gently up from the basin floor to this
ridge, which also serves to separate Ballenas Basin from Hornby Basin
(in the northwest, but outside this study area).

Malaspina Basin extends northeastward of Ballenas Basin beyond
the limits of the study area. The portion inveétigated shows a more
irregular floor than that of Ballenas Basin, and a narrower, more
V-shaped profile. Water depths in Malaspina Basin are shallower, on an
average, than in Ballenas Basin although the deepest spot in the Central
and Southern Strait (433 metres) occurs in Malaspina Basin at the base

of Round Ridge.
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Sangster Ridge consists of two parts. The western part,
which connects to Ballenas Islands via a low saddle and to the platform
of Lasqueti Island, is an east-southeast trending hump that rises to
within 200 metres of the surface. It is believed, from seismic records
and from dredging, to'be of morainal origin (Tiffin, 1969). The eastern
part of the ridge is much smaller and consists of several separate hills
rising from a low base. It is considered to have a different origin
from the main, western, portion of Sangster Ridge; Tiffin (1960) considers
it to be part Pleistocene material and partlylofiigneous..instrusive origin.

In the northeastern side of the Strait the bedrock floor
slopes up toward the mainland coast (see seismic profiles in Tiffin,
1969) and a number of northeast-southwest trending ridges are developed
on this elevated sloping platform. Round Ridge is a steep-sided, narrow,
conical feature situated on the north slope of Malaspina Basin and
believed to comprise intrusive igneous rocks. On the northeast side of
Ballenas Basin is South Ridgé, a relatively inconspicuous feature
consisting of 2 separate peaks of limited height.

On the northeast side of South Ridge, rising slowly at first
then abruptly above it, is the much more prominent structure of Halibut
Ridge, which rises to within 23 metres of the surface at its shallowest
point. Halibut Ridge is a long, narrow feature sloping gently to the
northwest and southeast along its length, and to the northeast where a
wide valley separates it from McCall Ridge. McCall Ridge is the most
extensive of all the ridges in the Central and Southern Strait of
Georgia. It trends some 35 kilometres in a northwest-southeast direction
parallel to Halibut Bank and the mainland coast, and striking towards

but offset to the west from Point Grey.
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The 175 metre deep, flat-floored Sechelt Basin separates McCall
Ridge from the steeply inclinéd mainland slope of Sechelt Peninsula.
The southeastern end of this basin has been cut by a deep valley that
slopes down to the floor of Queen Charlotte Trench some 75 metres below.
Queen Charlotte Trench trends in a northeasterly direction toward Howe
Sound but is prevented from providing an open connection to Howe Sound
at basin floor level by a sill west of Bowen Island (Mathews, Murray

and McMillan, 1966).

CONCLUSION:

The Strait of Georgia can be subdivided, on the basis of
morphology, bathymetry and structure into distinctive regions. A broad
grouping is suggested from the description of the various areas. A
line between Queen Charlotte Trench and Porlier Pass separates the Strait
into two regions whose bottom topography is quite distinct, and is
related primarily to Pleistocene (in the northwest) or Holocene (to the
southeast) deposition and/or erosion.

Southeast of the line mentioned above, the Strait has a smooth
topography associated with active and rapid deposition of sands and muds
from the Fraser River. The Roberts Swell feature, likewise a broad,
smooth area of deposition, is also believed to have been formed by the
Fraser River, at a time when the Fraser entered the Strait from a more
southerly point than at present. Boundary Basin has a smoother outline

than the topography to the north.

To the northwest the topography reflects a complex interplay of
bedrock structure, erosion by ice, and deposition of Pleistocene glacial
and interglacial sediments. It is an area of extreme relief (from the
400+ metres depth of the deep basins to the 23 metre shoal of Halibut

Ridge) and rugged topography, although smoothing of the topography is



slowly being accomplished by deposition and accumulation of hemi-
pelagic sediments - the bottomset or pro-delta muds introduced by

the Fraser River.
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CHAPTER THREE
LITHOLOGY

3.1 INTRODUCTION

Within this chapter lithologic attributes of the sediments
are described and discussed. The results of the size analysis of 187
Strait of Georgia bottom-sediment samples are presented and explained.
From the results of these analyses, and the observations recorded when
samples were first collected, maps have been constructed of sand
distributions, and of facies based on the proportions of sand (plus
gravel):silt:c1a§ in each sample. The granulometric data was submitted
to factor analysis and fhe results of this are discussed, particularly
in relation to the question of distribution and dispersal of sediments.

The cores examined showed a remarkable uniformity in colour
and in texture, both among cores and within a single core. With the
exception of one, there was no evidence of bedding in any core. A
mottled appearance to the internal surface of split cores, and the
occurrence of what can be identified as burrows and mounds on the sea
floor in the area of some of the core sites (still Visible even in the
very poor quality photographs obtained) suggests bioturbation by
bottom—dwelling organisms is an important process in homogenising the
sediments. Accumulation of clays and fine silts by settling from

suspension is also an important factor in producing non-laminated
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sediments. X-ray diffraction analysis of the mineralogy in 10 subsamples

taken at the surface, 10, 20, 40, 80, 150, 176, 180, 200 and 230 cm.
along the length of one core indicated a similar mineralogy throughout,

with no systematic variations. Microscopic examination of smear



slides confirmed this finding, and permitted recognition of diatoms

and some radiolarian skeletons as well.

3.2 LABORAfORY METHODS

Size analyses were perfqrmed by conventional sieve and
pipette techniques (Krumbein and Pettijohn, 1938). .Samples were
homogenised prior to subsampling in case settling of particles or
fluid migration had occurred between the times of collection and of
analysis. Two subsamples were taken, one being dried to constant
weight at 120°C and uéed to calculate water content of the sediment.
The other was shaken in distilled water for two hours to remove soluble
sea salts. The material was centrifuged and the supernatant liquid
evaporated. Usually this would result in an estimation of the salt

content of the sample, but for many of the Georgia Strait sediments the

supernatant was discoloured a translucent or transparent, pale brownish,

brownish green or greenish olive colour, even after 1% to 2 hours
centrifuging at 2800 rpm. X-ray diffraction of the residue after
gentle heating toward dryness indicated that the material may be in
part poorly crystalline clay mineral matter, but most of it is likely
to be colloidal and dissolved(?) organic matter. Oxidation of the
residue with 30 percent hydrogen peroxide often removed much of the
‘discolouration.

The centrifuged sediment was mixed in a milk-shake blender
for 10 to 15 minutes with a 5 gram per litre solution of CALGON (trade
name for sodium hexametaphosphate), which was found to be an effective
dispersing agent. The mixture was then washed through a 230-mesh (62
micron) sieve, thoroughly washed with dispersant solution, and the

sub-sieve solution collected in a settling tube. The settling tube was
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made up to one litre with distilled water, and was placed in a water-
bath to come to a steady temperature. Thorough stirring of the contents
of the tube and inspection of it next day revealed whether flocculation
had taken place or whether the dispersing procedure had been successful.
If it was not, the sample was centrifuged, washed, centrifuged again,
then redispersed in fresh dispersant.

The fraction remaining on the 230-mesh sieve was washed,
air-dried, carefully disaggregated if necessary, and sieved at 1/2-phi
intervals through a nest of three inch diameter sieves (Hoskins
Scientific Ltd.). Material passing the last (230 mesh) sieve was added
to the settling tube of the same sample.

Pipette aliquots were removed at times calculated according
to Stokes' Law to permit the Qeights of material in each phi interval
to be obtained.

Raw weights obtained by sieving and from the pipette analyses
were combined to calculate weight percent per % or 1 phi interval
respectively for each sample. Reproducibility of the technique was
tested by sieving the same sample more than once, and by‘conducting
complete pipette analyses on more than one subsample of the same
sample. Results are presented in Tables II and III. Almost all
samples contained sufficient fine material to require pipette analysis,
although many did not have sufficient sand to warrant sieving. The
class limits used are those of the Wentworth (1922) grade scale (see
also chart in Folk, 1968, page 25).

Raw data was processed with the aid of an IBM Systems 360
model 67 computer (UBC Computing Centre). Measures of mean grain-size,
standard deviation, skewness and kurtosis were derived from hand-plotted

cumulative probability curves using the graphical parameters of Folk
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Size Weight percent A % § %
°] mm. 1 2 3 4 mean
0.5 0.71 .05 .03 .05 100
1 0.5 .44 .51 .62 .49 .52 .18 30 .01 1.6
1.5 0.35 21.45 20.97 21.76 20.33 21.13 1.43 6.6 .16 .74
2 0.25 44,26 45.32 44.92 45.83 45.08 1.57 3.4 .16 .35
2.5 0.177 27.34 28.72 26.63 27.01 27.42 2.09 7.3 .08 .28
3 0.125 5.78 3.99 5,40 5.71 5.22 1.79 31 .09 1.6
3.50.088 .57 .36 .52 . .50 .48 .21 34 .02 4.0
4 0.0625 .14 .12 11 11 .12 .03 21 O 0

TABLE II: Reproducibility of sieve analysis. Sample 82
split into four approximately equal subsamples.
A = greatest difference, § = least difference
between subsamples.

Size Wt % A %
e mm. 1 2
4 0.0625 .539 .581 .042 8
4.5 0.044 0 .581 .581 100
S 0.31 - 1.124 0 1.124 100
6 0.0156 1.686 1.163 .023 1.3
7 0.0078 6.181 6.395 ,214 3.3
8 0.0039 12.924 15.698 2.674 17
9 0.002 26.410 20.349 6.061 23
10 0.00098 14.610 23.837 9.227 39
>10 36.525 31.395 5.130 14
X 9.60 9.55 .05 .5
o} 2.38 2.25 .13 5.5
Table III part 1: Sample 350.
Size Weight percent A % 8 %
5] mm, 1 2 3
4 0.0625 0 1.627 1.678 1.678 100 .051 3
4.5 0.044 .683 .740 0 . .740 100 .057 7.7
5 0.031 . 341 .370 1.342 1.001 75 .029 2.2
6 0.0156 2.901 2.959 1.342 1.617 54 .058 2
7 0.0078 6.997 8.876 9.396 2.399 26 .520 5.5
8 0.0039 18.089 15.533 16.107 2,556 14 .574 3.2
9 0.002 17.406 16.642 17.114 .472 3 .292 1.7
10 0.00098 14.505 15.163 16,107 1.602 10 .658 4.1
>10 39.079 38.092 36.913 2.166 6 .987 2.5
X 10.02 9.92 9.90 12 1.2 .02 .2
o} 3.14 3.20 3.13 .07 2.2 .01 .31

Table III part 2: Sample 230.

TABLE III: Reproducibility of pipette analyses. Separate
analyses of samples 350 and 230. A = greatest
difference, 6 = least difference between analyses.
x = graphic mean grain size, ¢ = inclusive graphic
standard deviation.
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and Ward (1957).

Q-mode factor analysis was performed on the granulometric
data - percent weight of sediment in each 1 phi interval - using a
computer programme belonging to the Geology Department, U.B.C.

Isopleth maps were constructed using the technique described
by Cullen (1966), which assumes a continuous, linear change in the
values from any one station to its immediate neighbours. Due regard
is taken of topographic features between stations, and sensible,

although subjective, modifications to the contours can be made by eye.

3.3 DISTRIBUTION.OF BEDROCK OUTCROPS

Bedrock is exposed in the main tidal channels between the
islands on the west side of the Strait. The determination of the
outcrops as bedrock is based largely on negative evidence: the inaBility
to obtain grab samples from these areas despite successful triggering
of the grab; long, deep score marks on the soutsideée of the grab; the
retrieval of only isolated cobbles and boulders from nearby sample
sites; and the existence in these areas (Boundary, Active and Porlier
Passes) of strong tidal currents that locally exceed 6 knots. Huggett
(1966) presents information obtained by the U.S. Coast and Geodetic
Survey from current measurements made near Boundary Pass. Here currents
are commonly up to 5 knots and constant, with bottom currents generally
equalling or exceeding the speeds of surface currents. In the vicinity
of these tidal passes the bedrock outcrops are believed to be of Upper

Cretaceous Nanaimo Group sediments.

3.4 DISTRIBUTION OF GRAVELS
The distributions of gravel and very coarse sand are considered

together for two reasons: there is often'a mdde in the gravel to very
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coarse sand range separated from modes in the finer sizes by a distinct
gap in the size distribution; the two size-classes are believed to be
genetically related in so far as they occur either together or separately
in areas where they are unrelated to present depositional mechanisms.
Generally, the gravels are restricted to the marginal areas
or to the tops of the banks in the northern part of the study area.
However, the appearance of gravels in Boundary Basin led to a theoretical
distinction of two types of gravel deposits: those out of equilibrium
with the present sedimentary regime, considered to be relict deposits;
and those located in areas believed to be erosional, and hence considered
to be lag concentrates. The practical distinction is not easy, in fact
is rather subjective, being based on features of grain shape and surface
texture, and upon topographic and sedimentologic considerations.
Relict gravels occur on upstanding features such-:as the
ridges and in some marginal areas. The components tend to be angular
to subangular (roundness scale of Powers, 1953) with only a few
subrounded elements. Surface textures vary but tend to be rough, and
may also be pitted by preferential removal of minerals from the pebbles.
The pebbles rarely support any form of attached animal 1ife, although
sponges and sponge fragments are a common, integral part of the sediment.
The occurrence of gravelsvon ridges, separated by basins or
by long distanges from possible sources, precludes their origin as
modern deposits. There is no known sedimentary process acting in the
Strait of Georgia which could transport gravels to these areas. They
are out of equilibrium with present conditions existing in the Strait.
Their continued existence is a function of either sufficient current
movement around the ridges preventing deposition of all but a small amount

of mud, or a lack of, or low rates of, sedimentation as a result of
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insufficient sediment reaching these sites. The presence of sponges

and other life forms associated witﬁ these gravels suggests a maintenance
of food supply and a lack of suffocating deposits of mud (Figures 10

and 11). Sponge debris has been collected from the sediments on the
flanks of some ridges indicating that currents or, perhaps at times,
violent storms may be strong enough to move and redeposit this material.
A lack of gravel on the bank flanks, however, suggests that the banks
themselves are not presently active as local sources of sediment.
Decreasing amounts of gravel, but the continued presence of very coarse
sands away from the crests of McCall and Halibut Ridges, and around
Ballenas Islands, implies that the ridge deposits may have been reworked
during lower stands of sea level.

Lag concentrate 'gravels occur in the southern part of the
area of study, in the vicinity of Point Roberts, Trincomali Trough and
Boundary Basin. Here the gravels are associated with areas that show
topographic and internal morphological features attributed to active
submarine erosion (see Section 2.3). The gravel components are more
commonly subrounded than angular, although a range of shapes does occur.
Their surfaces are generally more pitted and abraded than those of the
ridge top samples. Encrustation of the pebbles with a wide variety of
life forms including mussels, brachipods, barnacles, bryozoans, and worm
tubes is common.

Near Point Roberts a sample with a low concentration of very
coarse sands appears .to be closely related to those of the ridge top
samples; however, it is considered to be the result of erosion of
Pleistocene deposits similar to those. on nearby Roberts Peninsula.

Gravels of the island shelf and slope are related to a relict

origin. Derivation from local sources, particularly in the area south
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of Gabriola Reefs, is a possibility, but the composition of the gravels
here is not significantly different from those of the ridges or the

island shelf and slope to the north.

3.5 DISTRIBUTION OF SAND

Figure 18 shows fhe distribution of sand in the Strait of
Georgia, with isopleths constructed at 5, 10, 20, 30, etc percent.

The isopleths refer to sand only. Had they been constructed on a
sand-plus—gravel basis a slightly modified picture would have emerged
in the vicinity of Boundary Basin. The general distribution is
consistent with patterns derived by other methods. Sand content of

the sediments is high in the south, decreases from the delta basinwards
to the north and west, and basinwards from the margins of the Strait.
Sand content is high in the Roberts Swell, Boundary Basin and Alden
Bank areas in the south, along the Island Shelf and upper slope, the
upper slopes of the Delta front and along the mainlaﬁd slopes north

of Burrard Inlét.

Proximity to sourcevand/or the effects of current action are
reflected in the distribution of saﬁd content isopleths. No sand
occurs in the tidal channels between the Gulf or San Juan Islands.

High percentages of sand are encountered in Boundary Basin which, as
has been indicated, is considered to be an erosional feature. High
sand and gravel contenfs here are believed due.to a washing of fine
material from older Holocene sediments, and prevention of deposition of
suspended sediment now by tidal currents. Sand concentrations over the
broad dome of Roberts Swell, west of Point Roberts, are large. In this

area tidal currents of the reversing type may exceed speeds of 30 cm/second
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only 41 cm. above the bottom (Pickard, 1956; Waldichuk, 1957). Washed
material will tend to be carried northwest or southeast and either
redeposited or even entirely removed from Georgia Strait. The sands of
Roberts Swell thus represent lag concentrates or relict sediments. A
similar explanation is advocated for the sand and gravel contents of
the bank tops - current velocities are sufficiently strong to prevent.
accumulation of muds other than as a thin, superficial veneer, or
trapped in the interstices between pebbles and cobbles.

Dispersal trends of sediment from the Fraser River upon
entering the Strait are evident from the distribution of sand. The
northwards -bend of the 5% and 107 sand isopleths just west of Sand
Heads suggests the immediate porthward deflection of the Fraser River
plume on entering the Strait, and the transport of material in this
direction. Decreasing sand contents from the delta northwards, and
from the margins basinwards, follow thg classical pattern of higher sand
concentrations closer to source areas or to land.

It has not been possible to resolve unequivocally what happens
to the bed-load material of the Fraser River when it reaches the Strait
of Georgia. Tiffin et al. (1971) considered that the bed-load,. after
initial deposition on. bars and banks, was eventually redistributed on
the extensive tidal flats around the river's mouth. Johnston (1921)
suggested that bed-load sediment eventually made its way to the delta
front, after periods of rest on bars and banks, and generally only during
the freshet, where it either came under the influence of strong,
persistent, northward tidal currents or was buried under finer material.
Mathews and Shepard (1962) proposed that under the influence of the
salt-water wedge that intrudes up the Fraser River to approximately near

Steveston during the flood tide, bottom-load sediment was stopped from



63

reaching the Strait. With the aid of south-setting ebb flow, the coarser
material was believed to be moved to the south. Evidence from factor
analysis presented later in this chapter tends to support this hypothesis.
However, most observations (Johnston, 1921; Waldichuk, 1957; Giovando
and Tabata, 1970; Tabata et al., 1971; and Tabata, 1972, oral comm.)
indicate that north-setting flood tides are stronger and of longer
duration than south-setting ebb-tides on the eastern side of the Strait,
and that in fact there is a net northward movement of sediment by
currents along the delta front, even during ebb tibes. This would
tend to move the bottom-load sediments to the north along with most of
the suspended material. A possible explanation for the anomalous
situation -of higher sand contents south of the delta may be that during
the freshet seaward flow from the river is strong enough to overpower
the northward moving currents even during flood tides.

If southward movement of Fraser River bed-load but northward
transport of suspended-load was occurring on their reaching the Strait
of Georgia, isopleths of mean grain size and of sand content should
show a pattern of decreasing values more or less concentric about Sand
Heads, since South Arm is the most active of the various distributary
channels of the Fraser River. Examinatioﬁ of Figures 18, 22, and 23
indicatés that the patterns displayed by these parameters are not logically
consistent with southward transport of bed-load sediment, although this
observation is diametrically opposed to conclusions that can be drawn
from the factor analysis (see section 3.10).

Also, apart from stations 21 (on Alden Ridge), 286 (on the
Island Shelf close to shore just north of Nanaimo), and 351 (close
to shore on' the mainland side at the northwestern end of the study area),

the highest sand values of the samples investigated occur at sample sites
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82 and 83, northwest of Point Roberts and south of Canoe Pass. While
the areal distribution of sand contents could be considered consistent
with southeastward transport of bed-load sand from Sand Heads, those

of the mean and median grain sizes are not. Rather than a southeasterly
decrease in grain-size, .the decrease is northwestward, from 82 to 83,
and the mud content of the samples increases in the same direction.
Sediment samples collected from the bed of the Fraser River at Ruby
Creek, 12 miles east of Agassiz, had a lower sand content and a finer
mean grain-size than did 82 or 83.

Thevcomposition of the sands from samples 82 and 83 is
indistinguishable from those of the Fraser River and from some of the
relict Pleisotcene deposits (e.g. 354 on Halibut Ridge, and Quadra
sediments at Point Grey). Since the Fraser River flows through, and
derives much of its load from, extensive Pleistocene deposits, it is not
surprising that Fraser River and (relict) Pleistocene sediments should
be similar in composition. Samples 82 and 83 could therefore have Been
derived from either the Fraser River or from the erosion of Pleistocene
deposits on or close to the present coast.

Derivation by erosion from the Pleistocene material of
Point Roberts is precluded‘by the occurrence, closer to Point Roberts
and in shallower water, of samples that contain less sand and of finer
mean grain size.

It is suggested that these samples were collected from an
area of erosion and washing of older Fraser River delta material,
perhaps deposited at a time when Canoe Pass was more important as a
distributary than it is now. If this hypothesis is true, material

removed from these sites will be redeposited both to north and south



along the delta front, and may obscure or modify the expected patterns
of percent sand and of mean grain-size distributions (see also

Appendix III).

3.6 DISTRIBUTION OF SILT AND CLAY SIZE MATERIAL

Fine to very fine sand, silt and clay comprise the bulk of
the modern sediment accumulating in the Strait of Georgia (see Figure
19). Accumulation of sandy material along the margins away from the
Fraser River delta is, as has been pointed out, attributable to local
derivation and deposition. Figures 20, 21, 22, and 23 indicate the
distribution of the finer sediments. As can be seen from these figures,
most of the fine material is currently being deposited to the west and
north of the Fraser River mouth. While some is obviously reaching
bank tops and the area to the south, its contribution to the sedimentary
makeup in these areas is relatively minor.

The fine fractions are mineralogically very similar over the
entire area of the Strait of Georgia. The Fraser River, accounting
for over 807 of the fresh-water inflow to the Strait (Waldichuk, 1957),
is the main contributor of fine material, to the extent that donations

from other sources are swamped and consequently indistinguishable.

3.7 SAND-SILT-CLAY RATIOS

The technique of plotting proportions of size components on
a ternary diagram provides an invaluable basis for the construction of
facies maps of Recent sediment distributions. The diagram can be
subdivided in any way that is considered to be meaningful, and the
individual subdivisions given names and used as components 6n a facies

map.

65
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The choice of end-members is purely arbitrary but, like the
subdivision of the diagram, they should be components that have some
sedimentological meaning. For facies maps the end-members are usually
size-grades. Various size intervals have been used (Wimberley, 1955) but
the most common are the gravel, sand and mud, or sand, silt and clay
grades.

Consideration was given to utilising a possible break in
the size distributions at 6 phi (i.e. coarser-than=6 phi, 6. to 8 phi,
and finer-than-8 phi) but it was considered to be a little too tenuous
since: (1) it meant combining material analysed by sieving with that
determined by pipetting; (2) the mineralogy of the coarse silt fractions
is not significantly different from that of the fine sands; and (3) it
would not significantly alter the plots of samples composed of only
finer material, much of which fell into the finer-—than-6 phi range.

The final decision was to retain the conventional end-members sand,
silt and clay. Since gravels have only restricted distribution,
grouping these with sand as one end-member was not considered to
detract from the interpretive value of this technique for Georgia
Strait sediments.

Folk (1954) and Shepard (1954) devised useful and widely
used ways of presenting sediment data on triangular diagrams (Figure
19). Sediments from Georgia Strait have been plotted on both these
schemes and the resulting distribution of facies, based on subdivisions
of the respective ternary diagrams, are presented in Figures 20 and 21.
While Shepard's (1954) scheme is encountered more commonly in the
literature it is presented here primarily for purposes of comparison
with other studies. Folk's (1954) subdivision is considered to have

more advantages for the construction of facies maps. It utilises a
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Silt Clay

FIGURE 19: Textural
diagrams for Strait
of Georgia sediments,
using the schemes of
(a) Shepard (1954)
and (b) Folk
(1954).
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sand (262 micron) end-member that can be taken to represent bed-load
or saltation-load material and two end-members in the finer range, the
suspended load. The suspended-load is divided in the proportion of
clay-size to silt-size material that is present in the sample. The
scheme produces what is virtually a sand:mud ratio, which can be taken
as representing the amount of washing at the site of deposition.
Construction of facies maps requires the drawing of only five contours
(90%, 50%, and 10% sand, and 1:2 and 2:1 clay:silt ratios), the segments
bounded by three of these contours thus being related directly to the
subdivisions of the ternary diagram. The remainder of the discussion
on the distribution of facies in the Strait will be based on Figure 20,
after Folk's scheme.

Most of the sediments in the Strait of Georgia are muds and
clays, containing less than 107 sand, with a scatter of samples in
the sandy-mud and muddy sand fields. Very few samples fall in the
sand category (>90% sand-sized material) and in fact only 15% of the
samples analysed had more than 507 sand, whereas 657% contained less than
10% sand.

The occurrence of an area of anomalously sandy, and coarse,
sediments on the east side of the Strait northwest of Point Roberts and
southeast of Sand Heads has been discussed already. Other areas of
sand deposits include: Alden Bank where wave and current action have
sorted and graded older sandy sediments (?0ld delta sediments - Tiffin,
1969); the west side of the Strait between Nanaimo and Nanoose at
locality 286, where the sands appear to be locally derived as well as
in part relict; and at the far northwestern end of the study area, on

the eastern coast (#351), where a similar, local derivation is suspected.
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South Arm of the Fraser River is the most active distributary
in supplying sediments to the delta front and to the Strait. In the
vicinity of South Arm sandy silts, silts, and silty sands grade west-
wards and northwards into the muds and, eventually, clays that floor the
largest part of the Strait. To the south, what are believed to be old
deltd foreset beds (Roberts Swell sediments, Tiffin, 1969) are repre-
sented by a zone of muddy sands which grades southwest and eastwards
into finer sediments of Boundary Bay. Overlying the muddy sands of
Roberts Swell at its northwestern edge, and extending toward the
northwest is an area of sandy muds which has a broad U-shaped distribution
closing toward the southeast. The arms of the U extend northwestward
along the Island Shelf and Slope and along the mid and lower delta
slopes. They embrace a broad, north - south trending swath of mud that
has a short northwesterly extension into Ballenas Basin. To the
northwest the muds grade into clays that cover the basin floors and are
an integral part of the ridge-~top sediments in the northwestern part of
the study area.

Along the axis of the Strait, from southeast to northwest,
there is a gradation from middy sand through sandy muds to muds and
finally clays. Where the delta encroaches on the Strait silty sand and
sandy silts grade laterally westward through sandy mud, and northward
via silts, to muds and clays. Similar gradations from sandier sediments
to basin muds take place from the margins basinwards although the areal

distributions are more compressed.

3.8 SIZE ANALYSES
Most size analyses, and the subsequent attempts at environ-
mental discrimination using .thezdata from the grain-size distribution or

parameters derived from it, have been developed through the study of
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sands and coarser sediments. The limitations involved in the size-analysis
of fine-grained sediment have been repeatedly pointed out in the
literature, and many arguments have been-presented against the empirical
"size-analysis—-to—ultimate-particles' approach for these sediments (see
Gripenberg, 1934; Swift et al., 1972; among others). Because of this,
few authors have attempted to do more than merely state that dominantly
muddy sediments exist in various environments. Duane (1964) for example,
would not analyse samples containing more than 57 sﬁb—sieve size material.
There are two possible approaches to a study of muddy sediments.
Either all arguments against analysing this type of sediment can be
reviewed and considered, and their overwhelming bias against such pro-
cedures accepted. Or, disregarding all logical arguments to the contrary,
samples can be subjected to conventional analytical techniques and the
results studied. If, when mapped, the quantitative descriptive parameters
thus derived produce geologically sensible areal distributions, with
due regard to known oceanographic features of the environment of
deposition, then the practical results must take precedence over the
theoretical arguments. The second approach has been taken in this study.
Apart from Gripenberg's (1934) study of the North Baltic Sea sediments,
few people have taken this approach with fine-grained sediments.
Granulometric studies of sediments usually produce a mass of
data that must be reduced for more efficient handling. Statistical
treatment of sediment size data has been used extensively to accomplish
this end. The statistics used, however, have relied heavily on two
important assumptions: that the size-frequency distribution follows or
approaches a log-normal (or normal, when using the log transform of the
grain-size in millimetres) probability function; and that the size

distribution is continuous. It is apparent from the literature that
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neither assumption is entirely valid, and this has important implications
for the interpretation of cumulative probability curves of sediment
size distributions.

Arguments for and against the concept of normal distribution
of sediment size-frequency distributions have been proposed by, among
others, Krumbein (1934, 1938), Krumbein and Pettijohn (1938), Doeglas
(1946), Pettijohn (1957), Herdan (1960), Friedman (1962), Middleton (1962),
Rogers and Schubert (1963), Rogers et al. (1963), and Tanner (1964).

Considerable evidence has been published that refutes the
concept of continuity of the size distribution (Folk, 1966). Udden
(1914) showed a shortage of 3 to 4 phi diameter grains in aeolian sands.
Wentworth (1933) found two gaps in natural size distributions at -1 phi
and at 8 phi, plus a minor minimum at 3.5 phi. Minima in the -1 to
—11/2 phi and 4 to 41/2 phi ranges were noted by Hough (1942), while
Pettijohn (1957) records gaps at O to -2 phi and 3 to 5 phi. Tanner
(1958, 1959), Spencer (1963) and Rogers et al. (1963) all reported minima
in the size distributions of sediments in similar size ranges. Griffiths
(1962, 1967), however, contends that the gaps are artificial, and are
induced by a change in analytical techmique. Swift et al. (1972)
discuss evidence that suggests Ehe break between 50 and 30 microns
(415 to 5 phi), commonly considered to be analytically-induced, is
in fact real. Belderson (1964) used sieves over the range 230 to 18
microns (2 to 6 phi), and found that the break still occurred in the
same place. He suggested that the break was caused by particles in
aggregates. Sheldon (1968) recorded the same break and considered that
it was formed naturally, during transportation of the sediment, not
during analysis. A similar explanation is offered for the origin of the

"Sawdust -Sand" by Pryor and Vanwie (1971).



74

The existence of minima in particle size distributions led
some workers to postulate either the existence of primary populations in
the gravel, sand (+ coarse silt), and ¢lay grades, or derivation of the
sediment by mixing of populations that represent different sources,
different ages, or different methods of transportation (Doeglas, 1946;
Folk and Ward, 1957; Tanner, 1958, 1964; Spencer, 1963; Rogers and
Schubert, 1963; Sengupta, 1967; Visher, 1969).

More detailed consideration is given later to the implications
of zig zag or polymodal cumulative probability curves of size distributions.

An abundant literature exists on the use of certain statistical
parameters derived from grain-size distribution curves to characterise
sediments by their environment of deposition (for examples see: Krumbein,
1934; Krumbein.and Aberdeen, 1937; Krumbein and Pettijohn, 1938; Inman,
1952; Passega, 1957; Folk and Ward, 1957; Mason and Folk, 1958; Friedman,
1962, 1967; Koldijk, 1968; Moiola and Weiser, 1968; Isphording, 1972; among
many others). This use, however, has been severely criticised by Klovan
(1966) and Solohub and Klovan (1970) on sound experimental grounds.

Statistical descriptors derived from the size-frequency
distributions are important in facilitating communication about the
nature of the sediment, and permitting comparisons to be made between and
among samples. The choice of which statistical measures to use, however,
is complicated by the great number available, and, especially with respect
to graphical measures, there do not seem to be any good reasons for
accepting any one kind over any other. Although Cadigan (1954), Davis
and Erhlich (1970) and Isphording (1972) have shown that graphical
measures give results that are significantly different from the method of
moments for the same curves, the present author believes that the former

may be the only theoretically sound way of quantifying size data for
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fine grained sediments.

Limitations are more or less imposed. Polymodal curves are
difficult to treat adequately despite Folk's (1966, 1968) contention
that inclusive graphic measures compensate for polymodality more than any
other graphic solutions, and "open-ended" curves create their own problems.
But as Folk (1968) points out, graphic techmiques provide a quick,
reasonably accurate method for approximating the measures of central
tendency of the distribution (i.e. the mean and median: the average
grain size), the spread of values about the centre (the standard
deviation - a measure of the degree of sorting for sediments), asymmetry
(skewness) or how well-défined the curve is (Kurtosis).

Size analyses of Strait of Georgia sediments are complicated
by the large quantity of admixed subsieve-size material. As a result,
two methods of measuring grain-size may be involved: sieving, which
measures a purely mechanical or physical size based on intermediate
diameter or least cross-sectional area; and pipetting, which measures an
hydraulic equivalent to the mechanical size. Because two separate
properties are being measured, the results must be interpreted with some
caution. Fortunately, many of the samples from the deeper or more
northerly parts of the study area contained little (less than 5%) or
no sand, so that for these samples the question of changes in technique
did not arise. Instead, they were replaced by problems of effective
disaggregation and dispersal of flocculated clays, and of "open-endedness"
of the resulting size-frequency distributions.

The problem posed by fine-grained sediments is centred on
the type of information that is required from the results. If all that

is required is a purely mechanical separation of a sample into its
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or{ginal constituents, then the problem is much reduced. If, however,

the prime reason for conducting size analysis is to obtain information
about the environment of deposition, mechanical separation into component
grains may well be meaningless (see Swift et al., 1972). Separation

of floccules into individual grains creates a situation that never

existed in the first place, and results in comparing sand grains that

acted independently with clay particles that did not. Gripenberg's work
suggests that clay floccules attain an optimum size in sea water; therefore,
to be consistent in size measurement, comparison should be made between
sand-grains and clay floccules.

Recreating conditions encountered in nature in the laboratory
is virtually impossible. No knowledge may be available of the salinity
of the water in the depositional area, and reproduction of the concentration
of fine, terrigenous, suspended matter in the water column is impossible.
Even in the Fraser River maximum concentration of suspended material
rarely exceeds 1 gram per litre (Pretious, 1969), a concentration far too
low for effective size analysié by pipette. Five samples from Georgia
Strait were size-analysed in éea water to compare the size distributions
obtained in this way with those resulting from standard procedures
(washed to remove sea-salt, dispersed in CALGON). The resulting curves
were quite irregular; probably as a result of the concentration required
for analysis and the non-turbulent nature of the water column.

During dispersion, the ultimate effect of which is theoret-
ically to disaggregate floccules into their component grains without
reducing the size of the individual particles composing the floccules,
the clay minerals, by virtue of their weakly bonded platy structure, may

well be reduced in size by cleaving. Arguments have been advanced
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(e.g. Griffiths, 1962, 1967) that size measurements in the sub-sand

range are basically measurements of degree of effectiveness of dispersion
techniques, and these may only be reliable when done at the same time,

by the same technique, in the same laboratory, by the same worker.

Despite all theoretical arguments, however, it is interesting

to consider Figures 22 and 23, showing the distributions of median and
mean values. Both show similar trends and both are explicable in a

way that is sedimentologically reasonable. If the Fraser River is the
main source of sediment for the Strait d4f would be expected that mean
size would decrease to the north and west away from the delta. There

is information available suggesting that net current movement in the
Strait is to the north (see section 1.5.1), and if this is true then

the sediments should reflect this movement. In fact, sediments probably
provide the best record available of net long term current movements in
any body of water.

Despite the drawbacks of flocculation effects, it is evident
from Figures 25 to 30 that there is a steady fining of sediment to the
north and west away from the river mouth. It can be assumed that the
variations in grain size, such as the regular décrease in mean size from
samples 201 to 317 along the axis of Ballenas Basin (Figure 30), are
real. The variation cannot be a function of the analytical technique,
since samples were not analysed in numerical order. Five pipettes |
analyses were done simultaneously, with slight staggering of withdrawal
times, and samples were taken at random such that some from the nerthwest,
some from the southeast, and some from the central regions were analysed

either together or on successive days.
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The implication is that the use of statistical analysis to
characterise properly treated, consistently analysed, fine-grained
sediments may be justified. However, the following limitations must
be realised: only graphical methods are valid; frequency and cumulative
curves may have to be subjectively extrapolated beyond the last measured
size in order to span the desired range of percentile values (5 to 95);
and while the dispersion and analytical procedures may be reproducible,
and provide values that can be compared from sample to sample, they do
not necessarily give any indication of conditions or state of the
sediment as it was being deposited.

The parameters used to describe the Strait of Georgia samples
are the inclusive graphic measures of Folk and Ward (1958). Phi
percentile values were read directly from cumulative probability curves.
In many samples the cumulated amount of sediment accounted for at the
time of removal of the last pipette aliquot was less than 70%.

Inclusive graphic measures require percentile values up to 95%. To
obtain this value the probability curve was extrapolated beyond the last
measured point by extending the curve as a straight line through and
beyond the last three plotted points. If curvature was encountered in
this region of the graph, extrapolation was based on an approximate
"best—fit" line determined by eye through these points.

Extending the curve in this way introduces a degree of
subjectivity to the results obtained - it implies that this part of the
distribution is normal. As has already been discussed, and can be seen
from Figures 25 to 37, this is not necessarily a valid assumption. As
an approximation, however, it does permit the derivation of the desired
parameters. While the median values are all unaffected, some of the

graphic mean values and all of the standard deviation, skewness and
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!
kurtosis parameters may be based on values read from the extrapolated

portion of the curve.

The final pipette aliquot was taken at a time equivalent
to all material coarser than 0.98 micron (10 phi) effective diameter
having settled below the level sampled by the pipette. This is a little
larger than 0.6 micron limiting diameter for pipetting suggested by
Griffiths (1967). It is believed that, from the point of view of
expediency and because further decrease in particle size results in
greater deviation of settling velocity from Stokes' Law, extending the
pipette analysis beyond this (0.98 micron) is unwarranted.

The cumulative probability curve must have a 1limit at the
fine end. The theoretical physical limit is the unit cell thickness
of the clay minerals. They can oniy be reduced by cleaving to a certain
thickness, and there is probably a limiting surface areanrelated to
any particular thickness also. Grim (1968) gives values for optimum
minimum dimensions of well crystallised kaolinite of 0.3 microms x
0.05 microns, and of illite 0.1 microns x 0.003 microns. No values were
given for smectite (montmorillonite group) or chlorites. Holeman (1965)
contends that the thicknesses of clay minerals may approach single, or
small multiples of, unit cell dimensions. He suspects montmorillonite
is able to produce flakes of 142 (1 unit cell) to 208 thickness and areal
dimensions 10x to 100x the thickness. Gibbs (1965) lists sizes of clay
particles determined by electron microscope as: kaolinite, average 1
micron, range 0.3 to 4.0 microns; illite no average given, range 0.1
to 0.3 microns; montmorillonite average size 0.1 micron, range 0.02
fo 0.2 microns.

Some idea of the lower limit of sizes present in Strait of



Georgia samples may be gleaned from the resqlts of size separation of
some samples prior to X-ray diffraction studies. Four samples were
separated into 2.0 to 0.2 micrén, 0.2 to 0.08 micron and finer-than-
0.08 micron size fractions using a Sharples continuous—-flow super-
centrifuge. Very little clay-mineral material was found in the fraction
finer than 0.08 microns. While this is consistent with Toombs' (1958)
observations that the bottom-sediments from Bute Inlet were the result of
mechanical rather than chemical size reduction, and therefore the clay
sizes should be rare, it is at odds with other observations.
Montmorillonite is generally considered to be restricted to
the finer clay size ranges (Grim, 1968; Holeman, 1965; Whitehouse et al.,
1960; Jackson, 1956), less than 0.2 microns in diameter. Montmorillonite
has been identified from the Strait of Georgia sediments, and might
therefore have been expected in the fraction finer than 0.08>microns.
That it does not appear in more than trace'amounfs may reflect one of
two things. First, that in fact no clays, montmorillonite included,
are finer than 0.08 microns in the Strait of Georgia sediments. If this
is so, the 1imit to the extrapolated end of the probability curve should
be somewhere between 13 and 14 phi (0.12 and 0.06 microns respectively),
and commonly will be rather abrupt. The second possibility is that the
relative lack of finer-than-0.08 micron grains is an artifact of the
treatment process for these particular samples. While the aim of the
pre—analysis treatment was to clean the samples, removing organic matter,
amorphous oxides and extraneous poorly crystallised phases, the procedure
may at the same time induce a greater degree of crystallinity in the
clay ﬁin@réag than actually existed in the untreated state. This

suspicion is reinforced after comparing X-ray diffractograms obtained

80
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from untreated samples with those from samples that were treated (see
next Chapter). Peaks are generally more intense, higher, sharper, and
narrower at their bases, and the background much reduced for the treated
specimens.

During the course of washing some samples prior to separating
the sand fraction from the mud, one sample was inadvertently overlooked
for -a period of three to four weeks, In that time the bulk of the
sediment had settled, but a transparent greenish layer, obviously
denser than the overlying water, was present above the sediment. It was
expected that this fluid would contain colloidal organic material, but
addition of hydrogen peroxide to it produced no visible effect. . Some
was X-rayed as an oriented sample on a glass slide, and a regular series
of 148 reflections that fitted a sequence characteristic of chlorite,
all well-ordered, shafp peaks, resulted. This would suggest that chlorite
can exist, at least in unnatural conditions, in particles of extremely
small size.

In a way,. the anomaly of the finest size for clay minerals
emphasises Griffiths* (1962, 1967) contention that size analyses of
multicomponent systems are difficult to interpret. Even among clay
minerals each species has its range and optimum size (Gibbs, 1965).

Median, mean, standard deviation, skewness and kurtosis were
calculated for most samples, regardless of the number of modes involved
on the frequency distribution. Folk (1966, 1968) contends that the
wider coverage of the curve provided for by the inclusive graphic-measures
pérmits:amore or less satisfactory interpretation of the curve. However,
no single parameter, or combination of them, is adequate to describe
polymodal curves. Dissection of multimodal curves into separate components

will be discussed in the next section. Possibly the only satisfactory
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way of dealing with polymodal systems is merely to indicate that they
occur, the grain-sizes corresponding to the modes, and what they might
indicate.

In Georgia Strait multimodal curves are most commonly
associated with samples containing gravels and coarse sands, and represent
a combination of present-day hemi-pelagic sedimentation of muds with
relict sediments, lag concentrates or locally derived sands. Finer
sediments are usually unimodal, although their cumulative probability
plots are often curved rather than straight (see Figures 25 to 37).

Examination of Appendix I, which lists the statistical
parameters for each sample, shows that most Georgia Strait samples are
very poorly sorted. Apart from two samples taken from the delta front
between Sand Heads and Point Roberts (samples 82 and 83), which are well
sorted, the sorting ranges from poor to extremely poor. Poor sorting
values in Strait of Georgia bottom sediments aretthé. result. of one of
two things: 1in areas of sandy or gravelly sediments the sorting is
naturally poor by virtue of admixed hemi-pelagic mud; and in the deeper
basins, or areas characterised by muddy sediments, the sorting is more
likely a function of dispersal and disaggregation methods in the laboratory
prior to analysis. Gripénberg's (1934) research suggests that, in nature,
finer sediments may actually be better sorted as a result of flocculation
of clay minerals. A similar situation is argued by Rolfe (1957), who
suggests that median diameters of clay-rich systems may shift ten-fold
from a dispersed to a flocculated situation.

Most of the Geérgia Strait sediments are strongly fine skewed
to near symmetrical. The fine skewness reflects the mixing of hemi-pelagic

muds with sands and gravels. Nearly symmetrical curves may occur in



83

sandy or muddy sediments. While there is a general trend from strongly
fine-skewed through fine-skewed to nearly symmetrical curves from southeast
to northwest along the axis of the Strait, skewness is not considered

to be of environmental significance. Instead it reflects only the general
change from coarse, sandy, relict sediments to fine, totally hemi-pelagic
clays in the northwest that has already been shown to take place in the
Strait.

Kurtosis values calculated from the Strait of Georgia samples
range from 0.33 to 5.18, that is, from very platykurtic to extremely
leptokurtic (Folk and Ward, 1957), with the majority in the mesokurtic
range. Southeast of the Fraser Delta values are predominantly in the
leptokurtic and very leptokurtic range, as is one sample from near the
river mouth at Sand Heads and some of the marginal samples at the
northwestern end of the study area. Platykurtic values are scattered
sporadically, and with no apparent pattern, throughout the length of
the’ Strait.

Mapping the distributions of values for inclusive graphic
standard deviation, graphic skewness and graphic kurtosis, using the
verbal limits applied by Folk and‘Ward (1957), resulted in irregular,
more or less random patterns. General, but vaguely defined, trends could
be established for skewness and kurtosis, but not for standard deviation.
It is stressed that, because of the limitations discussed earlier, little
emphasis should be placed on values obtained after subjective extra-
polation of the cumulative probability curves well beyond the last
measured points. Values obtained for the median and mean, however, do

show patterns that have some sedimentological meaning.
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Areal distributions of the median and graphic mean size are
shown in Figures 22 and 23. Since both are so similar and because they
are approximations of the same thing, they will be discussed together,
referred to loosely as mean grain size or mean size. Mean size decreases
radially, outward from Sand Heads. Along the line of samples that
comprise Figure 30, extending from Sand Heads northwestwards along the
axis of Ballenas Basin to Ballenas Islands, the median -and mean grain-sizes
decrease continuously, as they do across the Strait from Sand Heads to
at least the foot of the Island Slope. The anomalous region of coarse,
extremely well-sorted sand to the southeast of Sand Heads has been
discussed above, but it is interesting to note that from sample #82, mean
size decreases both to northwest and southeast along the delta front,
and to the southwest across the Strait. South and southeast of Sand
Heads the influence of strong, reversing tidal currents, which have
bottom current velocities up to 30cm./sec. (Pickard, 1956; Waldichuk,
1957) is reflected by. the unusual distribution of isopleths and the region
not only of coarser mean size, But also.of a high percentage of sand.
Mean size increases southwestward of Roberts Swell, giving way to gravels
and finally to bedrock on the floor of Boundary Pass. Eastwards the finé
silty sediments of Boundary Bay overlie the coarser, sandier Roberts
Swell sediments. The Bounaary Bay sediments probably result from
deposition of material derived by erosion of Pleistocene deposits of

Point Roberts, and from masses of silty water from the Fraser River that

make their way southeastward under unusual conditions of surface flow,
are blown into Boundary Bay, and cannot escape. The fast-flowing currents
over Roberts Swell may carry washed material either out of the system via
Boundary Pass, or northwestward and into deeper water on the northwest

side of Roberts Swell.
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The narrowness of the band of isopleths along the mainland and
island shelves and slopes opposite and north of the delta region suggests
that material locally derived in these areas is deposited locally, and
does not influence the main pattern of sedimentation in the Strait. The
relict Pleistocene sediments of the ridges likewise do not affect the
general picture very much, if at all.

The main pattern of sedimentation can be seen from the distri=:.
bution of mean sizes. Assumihg size decreases continuously in the direction
of tramsport, bulges in the general line of the isopleths should indicate
the path of maximum sediment transport. On both Figures 22 and 23
a bulge is evident on the near-source isopleths, indicating westerly/
northwesterly transport for the main mass of sediment. A similar
trend is indicated on Figure 20.

Along the axis of the Strait there is a general decrease of
mean grain size from the southeast to northwest. The trend is modified
by a reentrant of finer sediments on the west side of the Strait directed
toward the southeast. The finer sediments may represent the remnants of
an older situation, when the delta was somewhat further away than at
present: the shape of the reentrant is a result of the growth of the
modern delta. In the northwestern sector:of the study area a northwesterly
bulge in the 9 phi isopleth may indicate more rapid sedimentation into
and in the head of Ballenas Basin rather than to the north.

The reiationship of the trends displayed by changes in mean
grain size fo suspected current patterns and their value in helping
portray net current movements will be discussed later.

It has been established that, although the precision involved
with pipétte analysis ‘of fine sediment may not be excellent, the results

that were obtained produced reasonably logical patterns when mapped.
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Descriptive parameters of the size distribution can be obtained
graphically, but care must be exercised when intefpreting the results
obtained after extensive extrapolation of the fine end of the cumulative

curve.

3.9 CUMULATIVE PROBABILITY CURVES

Cumulative curves of sediment analyses plotted on probability
paper with an arithmetic scale (e.g. CODEX #3127; DIETZGEN #340-PS90;
C.C & S G-23) are presented in Figures 25 to 37. Distributions following
a normal Gaussian probability function plot as straight lines on this
paper because of the expanded scale in the "tail" regions of the curve
(Otto, 1939). Reading percentile values for graphic statistics is
facilitated (see also arguments in Folk, 1968); as are comparisons
between and among various samples.

Probability plots of many sediments however are not straight
lines (Tanner, 1958, 1964; Doeglas, 1946; Spencer, 1963; this study),
suggesting that most sediment sizeipopulations do not follow a normal
distribution. Departures from a straight line have been variously explained
as being the result of: transporting mechanisms (Doeglas, 1946);
truncating, censoring or filtering of a single population, or mixing
different populations (Tanner, 1958, 1964); simple mixing of populations
(Folk and Ward, 1957; Curray, 1960; Spencer, 1963; Sengupta, 1967);
and skewness of a single population (Herdan, 1960). Fluctuations in
current strength, fluctuating current directions, changes in rate and
quantity of sediment supplied, and mixing of sediments of more than one
source, mode of transport or age, whether naturally or artificially, all
contribute to asymmetry of distribution curves and associated bending

of probability plots.



89

Harding (1949) and Cassie (1950, 1954, 1963) discussed the use
of probability curves in biological research, and described how they might
be dissected into component parts on the basis that the straight
- sections between inflections were due to the influence on the curve of
one, single component. Their assumption was that the components have
distributions (plots) that follow a normal probability function.

Harris (1958), Spencer (1963), Tanner (1964) and Sengupta (1967) used
the assumption of normality in the size distribution of sediments to
dissect non-linear cumulative probability curves from sediments or
sedimentary rocks from various localities.

The dissection of a polymodal curve may be feasible and
practical from a mathematical point of view but is it from a geological
one? Since skewed (or asymmetrical) distributions seem to be the rule
rather than the exception in nature (that is, the size-frequency
distribution curves of natural sediments are generally not normal) the
basically artificial process of separating polymodal curves of sediments
into normally distributed components must be held to question. It may
be an unjustified exercise.

Figure 24 shows the positions of the samples whiéh were used
to construct Figures 25 to 37. Figures 25 and 33 to 37 are composite
figures of probability curves without regard to position in the Strait,
with sample 317 included in Figures 33 to 37 for comparison. Certain
features are apparent upon inspection of these figures: (1) sediments
from areas containing gravels are definitely polymodal and the resulting
curves quite irregular; (2) of the finer samples, most have probability
bloté‘%hﬁ% §rg'édﬁfiﬁﬁéﬁél§'cufviﬁé-éﬁa dé not show defifité inflexion
points; (3) as the sediments become coarser, the plots become more

obviously Bimodal or even polymodal; and (4) along the axis of the
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On the following seven pages are figures composed
of cumulative probability curves constructed from grain-

size frequency data.

Figures 25 to 32 show cumulative probability curves
for groups of samples arranged along or across the Strait of
Georgia. Figure 24 shows the locations of these sample

groups.

Figures 33 to 37 are composite diagrams of
cumulative probability curves from all analysed samples.

Sample 317 has been included for comparison.
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Strait (i.e. along Ballenas Basin, Figure 30) from Sand Heads in the
southeast to the northwestern margin of the study area, and across the
axis of the Strait from the delta to the Gulf Islands, progressively
finer sediments occur away from the delta. In the southeastern portion
of the area, in the vicinity of Roberts Swell and Boundary Basin, the
sediments are often coarse and their probability plots quite irregular.
Across the axis of the Strait in the northwest (Figure 32) the change from
polymodal gravelly muds to muds and back to gravelly muds reflects the
change from marginal and bank top deposits to basin sediments.

Curves of fine sediments are often bent, which renders their
interpretation subjective. It may be possible to approximate them by
a best-fit straight line, but these cases are few. It is difficult, on
a continuous curve, to construct two or more straight lines whose
resultant will take the bend into account, and the resultant of these
lines is often as far off the actual curve as the plotted points deviate
from a single best-fit straight line. The lack of inflexion points also
makes the interpretation of the amount of mixing of populations difficult
or impossible. Geologically, however, it presents a potentially
interesting situation when the bent curve is entirely in the fine
(suspended?) sediment range. Consideration can be given to the possibility
of two types of material in the suspended load that might behave differently
in the depositional environment. One, the coarser portion, comprises
discrete particles that do not tend to flocculate, that are sub-equant
in shape, and are composed predominantly of quartz and feldspar grains.
The other, finer, portion is composed of platy minerals that tend to behave
differently hydraulically, and to flocculate, particularly if the clay
mineral suite is well represented. Figures 42 and 41 show tracings of

X-ray diffractograms of selected samples (the same in both figures) of
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the 2 to 5 micron and the 5 to 20 micron size fractions. There seems to
be an increase, even more marked in the size fractions finer than 2
microns (Figures 44 to 49), of clay or platy minerals that might suggest
a mineralogical explanation for the shape of the cumulative probability
curve.

Interpretation of the flexed regioms of probability curves
as caused by truncation (Tanner, 1964) of coarser material was suggested
by the smoothness of the curvature and the lack of definite inflexion
points. Arguing against this explanation is the fact that‘the deviation
from a straight-line projection toward the coarser from the .finer end
of the curve is often not continuous and may even reverse.

In Figure 30 a progressive decrease in the deviation from the
straight—line projection of the fine end of the curve is evident, the
curve becoming almost straight for samples 317, 311 and 289. The
percentage of clay-size material ‘in the samples increases in the same
direction as the decrease in deviation (away from the delta and Fraser
River mouth). Perhaps this may provide more evidence in favour of a
mineralogical explanation of the curvature. Closer to the mouth of the
Fraser the region of the greatest flexing of the curve becomes coarser,
shifting to 6 to 7 phi from 7 to 8 phi, and the deviation of the coarser
end of the curve increases. Total amount of curvature of the graph
increases closer to the river mouth. This could be interpreted as
follows: for the finest sediments, the total sediment most closely
resembles the finer material, the "coarse suspended load" being much
reduced; closer to the source the influence of the coarser suspended
material, or the increasing coarseness of the sample, is greater and the

effect on the curve consequently more'pronounced.
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Sediments that are maladjusted to the present sedimentational
environment (fac;ors of source and transport) but which may be adjusting
to the oceanographic one (that is, the tidal currents, etc.) often possess
a probability curve that is marked by a coarser segment joined by a
region of low or zero increase in cumulative percentage (often between
1.5 and 3.0 phi) to a typically bent finer section. In some instances
a minimum appears at or close to 4.0 phi, but as this is the region of
change from sieve to pipette techniques, the possibility that it is
analytically induced cannot be ignored. The shapes of these curves are
believed to be caused by the mixing of relict or lag sands or gravels with
modern suspended material. The hiatus indicated by a low increase in
percentage of material is probably the result of modification (e.g. by
washing) of the sand or older deposit during changing levels of the sea.

Individual features of interest displayed by\Figures 25 to
37 include:

1. Figure 25 is constructed from samples at the southeast end of the
study area. It shows the effects of mixing fine material representing
modern accumulation of muddy sediment, and/or redistribution of older,
winnowed fines, with relict sands and gravels. The irregularity and
multicomponent nature of some of these curves is marked.

2. Figures 26 and 27 are from samples arranged in lines across the
Strait from Canoe Pass to Galiano Island. Samples 81 and 82, 83

and -85 are coarser than the rest, which tend to have the sandy portions
of their curves in the region of 3-4 phi. Samples 82, in particular,
and 83, are the coarsest of the suite, are the best sorted, and have
minimal amounts of admixed fines. The remaining samples. have very

similar curves, suggesting similar conditions of deposition.



102

Explaining the curves of 82 and 83 as the result of erosion and
winnowing of fines leads to the suggestion that the limits of this
erosion were once more extensive (basinwards) but have since narrowed to
the zone between 81 and 82 and the shore, and between 85 and 83 and the
shore. Addition of fine material now may be indicated by the higher
percentage of fines in 81 and 85 relative to 82 and 83.

3. Superimposing Figure 28 over Figure 27 indicates that, while sample
81 is not too different in content of fines or coarseness of sandy
material from sample 100, there is a grouping of samples from further
offshore (96, 97, 98) that are extremely similar to each other and are
only slightly finer in the sand fraction from the group in Figure 27.
Sample 93 reflects the additioh of gravels at the coarse end of the
distribution.

4., Figure 29 portrays cumulative probability curves of samples

collected along a line between Sand Heads and Porlier Pass. Samples
close to either end of the line (119, 103) show irregular variation in
the coarser end of the distribution. Samples 111 to 114 have distributions
very similar to those of 86 to 89 (Figure 27) while 115, 116, and 118
show the influence of large amounts of fine material. The bent curves
displayed by 115 to 118 are fairly typical of those for fine material
from samples relatively close to the river mouth.

5. A line of samples extending from near Sand Heads northwestward
nearly to Ballenas Islands (Figure-30), and aligned along the axis of
Ballenas Basin, shows a gradual increase in fineness of the sediment to
the northwest away from the delta. It is a classical example of decrease
in grain size away from the source and is associated with an increase in

clay content that is both gradual and continuous. Samples from near the
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top of the delta such as 129 have similar curves as 86 to 89 of Figure
27. Curves of samples 132 and 156 to 171 are similar to those of 115

to 118 (Figure 29). Samples 196 to 317 form a package of curves
representing the finest material in the Basin. The curves of samples
289, 311 and 317, at the northwestern extremity of the basin, become
increasingly linear although their cumulated totals are only slightly
greater than 60% at the time of the last size measurement.

6. The line of samples shown in Figure 31 is situated along the northern
side of the Strait, in the deeper water between McCall Ridge and the
mainland coast. A similar separation‘of curves into two groups separated
by a distinct gap occurs here also. Curves for samples 161, 166 and

183 comprise the coarse group. Although finer than the coarse group

from Figure 30, they are distinctly separated from the rest of the curves
in this figure. While some of .the remaining samples have curves that

are decidedly irregular at the coarser end, they are similar overall to
the finer part of the second group of Figure 30.

The reason for the grouping is not clear. It may be fortuitous,
or it may be a reflection of the clockwise current pattern that is
suspected to exist in the central Strait (Tabata et al., 1971). It
could also be explained by a mineralogic:chénge. The curves of the finer
group tend to be straighter than those of the coarser group. As
suggested above this could be explained by the existence of a 'coarse"
and a "fine" suspended load (an "equant-grain" load and a '"platy" load)
so that the change from the bent to the straighter curves might indicate
a limit to the region of maximum deposition of 'coarser' suspended load
material. However, when all curves are compared by overlaying Figures 25,

and 33 to 37 no such gaps are obvious; the changes are essentially
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continuously gradational from the finer to the coarser samples.

As a pictorial method of presenting the results of granulo-
metric analysis, the cumulative probability curve is excellent. The
nixing of populations of differing size characteristics, whether of
different sources, ages or methods of transport, is often evident.
Polymodality is generally clearly expressed by changes in slope or
irregularities of the curve. The dissection of such curves into their
fundamental components, however, relies on the assumption that the
components have distributions that are normal (or log-normal). This
assumption is not necessarily true, and dissection into components
consequently not justified.

Vishner (1969) advocates the more extensive use of cumulative
probability plots in presenting granulometric data. He suggests that
with continued presentation of data in this form it may eventually be
possible to distinguish environments by distinctive shapes of probability
plots. The present writer supports these suggestions, and would extend
them further to suggest more detailed investigation of the possibility
that cumulative probability curves are sensitive enough to show different

components in the suspended load.

3.10 FACTOR ANALYSIS

Granulometric analysis provides the basis for the calculationm,
or graphical derivation, of statistical descriﬁtors 6f the grain-size
distribution. Careful interpretation and analysis of the descriptors
can be a valuable tool in communicating iﬁformation about a sediment, or
for elucidating the nature of the appropriate sedimentary processes.
However, it has been adequately shown, both by the inconsistent .results

achieved by many workers (c.f. Moiola and Wieser, 1968, and Friedman, 1967),
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and by the comparative study of Solohub and Klovan (1970), that use of
size parameters derived from grain-size distributions to distinguish
between environments of deposition has not been particularly successful.
It has proved of limited value for modern environments, and of no

value whatever for ancient ones since previous knowledge of the
eﬁvironment is required.

Solohub and Klovan (1970) subjected the same size data derived
from samples from Lake Winnipeg to various treatments proposed in the
literature, using only those samples that were predominantly sandy since
the techniques tolbe.evaluatéd—were developed through the study of sands.
They concluded that, for the most part, unless a priori knowledge of the
environment was-available, distinctions of different environments were
practically impossible-by these techniques (C-M plots: Passega (1957);
Inclusive Graphic Measures: Mason & Folk (l958)g moment parameters:
Friedman (1961); discriminant functions: Sahu (1964)).

Klovan (1966) and Solohub and Klovan (1970) argued that there
was no good reason for using any one type of derived parameter in
perference to any other, and pointed out that it was futile to use
relatively simple bivariate analysis to explain or describe what is in
reality a complex multivariate (multidimensional: see Folk and Ward,
1957) situation. Sediments lend themselves to analysis by multivariate
techniques, and utilising the weight percent of material in each size
interval will make use of all the information that is usually |
available to statistical analysis.

Like statistical techniques, factor analysis manipulates
empirical data by reducing the complexity of the original data matrix.
It attempts to create a minimum number of new variables (factors) that

are linear combinations of the original ones such that the new variables
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account for as much of the original variance as possible. For example,
Klovan (1966), in a study of the application of factor analysis in
sedimentology using Krumbein and Aberdeen's (1938) Barataria Bay data,
found that 977% of the variance between 69 sample vectors based on 10
components (variables) could be accounted for by only 3 factors.

A mathematical description of factor analysis is outside
the scope of this report. Excellent, detailed accounts of the theory
can be found in Harman (1960) and Catell (i952, 1965a,b). Discussion of
the theory and practicalzgeolegical applications of factor analysis
are available in Imbire and Purdy (1962), Imbrie and Van Andel (1964),
Klovan (1966, 1968), McManus, Kelley and Creager (1969), Solohub and
Klovan (1970). |

Factor analysis may be carried out by two distinct but
related procedures: R-mode and Q-mode. The R-mode procedure focuses
attention on n variables, and calculates results following the inspection
of an n x n matrix of variables; i.e., it compares variables on the basis
of all samples. This method often leads to trivial or, in the case of
size data, meaningless geological results. The Q-mode procedure inspects
the relationships between N samples on the basis of all (n) variables;
i.e., attention is focussed on N samples and results follow the inspection
of an N x N matrix of relationships between all pairs of samples. The
81%o&é'ﬁ£5cééuéé was uSed for the Strait of Georgia sediments.

For the Georgia Strait sediments the data matrix used for
factor analysis was the weight percent in each size class of 1 phi.
interval (Appendix II(a)). The half-phi intervals used for sieving
were grouped into whole phi values so that the entire grain-size spectrum

was represented by the amount of sediment contained in equal-size class

intervals. Since it uses size data for the input matrix, results of the
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factor analysis are subject to the same practical and theoretical
limitations and restrictions as have been mentioned earlier. One hundred
and eighty-two samples were treated, using 15 size-classes as variables.

The factor analysis programme used belongs to the Geology
Department, U.B.C. (Dr A.J. Sinclair); the computer was the IBM systems
360 model 67 in use at the Computing Centre, U.B.C. The programme
calculates the minimum number of factors required to account for 957 of
the variance of the original data. It then proceeds with each successive
iteration to drop one of the factors and recalculate and print the
varima¥% factor matrix and varimax factor score matrix. Factor loadings
are stored on file, and can be used to construct plots of factor
distributions using the Calcomp plotter.

The minimum number of factors necessary to account for 957
of the variance in the Strait of Georgia samples is eight, which,
considering. the nature of the input data, is far too large a number
of factors to consider. A four-factor model was eventually chosen,
which accounted for 88% of the total variance (Factor I: 38.5%;
Factor II: 28.5%; Factor III: 16.8%; Factor IV: 6.8%). It is not as
easy to handle as the three-factor models of Klovan (1966) and Solohub
and Klovan (1970). A three~factor model for the Georgia Strait samples
was also inspected however, although Factors I and II are the same as
in the four-factor model, the varimax factor score matrix was not
easily interpreted.

The varimax factor score matrix (Appendix IIc) reveals that
Factor I is accounted for by variables representing the 9, 10 and >10
phi size classes; Factor II by 6 to 8 phi classes inclusive, and Factor
III by 4 to 6 phi classes inclusive. Factor IV was best accounted for

by variables representing the -3 to 1 phi classes inclusive. The factor
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score matrix also reveals that large negative values for factor loadings
in the varimax factor matrix (Appendix IIb) are the descriptors for
Factors I through III, and high positive loadings characterise Factor
Iv.

A map of the distribution of loading values for the various
factors is presented as Figure 38. Limits to the boundariesbof the
areas best described by Factors I through III were arbitrarily
chosen ét a factor loading value of -0.6: within the areas shown to be
represented by these factors the values are more negative than -0.6.
Factor IV has been indicated where the loading value was greater
than 0.6.

With due regard to the problems involved in analysing fine-
~grained sediments, and the consequent reservations that must be held
about the precision of the results, certain features of the factor
distribution are worth noting, and some conclusions can be drawn.

1. The factors represent certain size grades, and may be taken to
indicate (represent) some function of the depositional process(es)
(as opposed to certain environments — see Solohub and XKlovan, 1970).
2. The size groups represented are:

I - clays (<2.0 microns)

IT ~ medium to very fine silts (15.6< 2 microns)

III - coarse silt (62<15.6 microns)
3. The pattern depicted on Figure 38 is basically identical to that of
Figure 20, based on the sand (4+gravel):silt:clay ratios.
4, The boundary between Factors I and Ii, and II and IIT is: located
in positions that account for the gaps between bundles of cumulative

~ probability curves of similar shape and slope (Figures 26, 27, 29, 30
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and 31) i.e. the separate bundles are associated with different factors.
5. Since the main source of sediment for the Strait of Georgia is

the Fraser River, the three factors should be related to this situatiom.
In favour of this idea is the fact that none of the factors, except
Factor III locally on the Vancouver Island side of the Strait, is
related to the marginal areas.

6. The factors can bé interpreted in terms of the sediment contributed
by the Fraser River.

a) Factor III represents bed load and some coarse suspended load.

b) Factor II represents the coarse fraction of the suspended load.

¢) Factor I is the fine portion of the suspended load.

1 It has already been suggested, and some evidence exists in
support of this suggestion, that the distribution of fine-grained
sediment is to some extent mineralogically controlled.

7. Factor I, representing mainly material that is finer than about

2.0 microns, represents the clay minerals and particles that tend to
flocculate. They are platy rather than blocky, and even in the flocculated
state tend to settle somewhat slower than blocky grains of the same
diameter.

8. Although clay—mineral matter is still admixed, Factor II represents
the coarse suspended fraction composed of blocky, free—‘ggtling'gréins
The region of Factor II coincides with that of the muds in Figure 20,
which is believed to be the zone of heaviest deposition of suspended
sediment beyond the delta front.

‘9, Most of the sediment supplied by the Fraser River to the Strait of
Géorgia is contributed during the freshet. At that time the.muddy,

brackish, sediment-laden water leaves the river at Sand Heads as a
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narrow jet with a velocity at the surface of up to 5 knots (Giovando
and Tabata, 1970) and may extend all the way across the Strait to northern
Galiano Island. Current data (see map, Figure 9) suggest that the surface
waters turn north from the jet and become part of a clockwise rotation
of surface water in the central Strait.
10. The clockwise rotation is reflected by tﬁe distribution of Factor II.
11. - The northward transport of clays (Factor I) is effected by spin-off
of surface water toward the north out of the eddy, and by the general
northward flow of deeper water along the east side of the Strait north
of Burrard Inlet.
12. Factor III has been interpreted as bottom—, and some suspended-,
load from the FraserRRiwver. The distribution pattern of this factor is
of considerable interest. Mathews and Shepard (1962) suggested that
bottom-load sediment from the Fraser entered the Strait of Georgia only
during the ebb tide, having been stopped during flood tide conditions
by the intrusion of a wedge of higher salinity water along the channel
bottom. During ebb tide flow the salt wedge moves out of the channel
permitting the release of bottom-load sediment to the delta front.
Current velocities are increased during the ebb, and especially during
the freshet, since river flow and tidal outflow are in the same direction.
Ebb tide in Georgia Strait near the river mouth sets to the
south, as indicated by some of the drifter studies (Giovando and Tabata,
1970) and:.the shape of the isohalines (Waldichuk, 1957). Movement of
bed-load sediment southwards might occur on an ebb tide.
A continuous, perennial, northward flow seems to exist along
the delta front close to the river mouth (Johnston, 1921; Giovando and

Tabata, 1970; Tabata et al., 1971). This northward current should have



some effect on the suspended and bottom—load sediments, and is manifest
by the northward bulge in Factor II north of Sand Heads. Once beyond
the western margin of the narrow northward-flowing zone (Tabata et al.,
1971) the bottom load .may come under the influence of the strong tidal
currents on the east side of the Strait near Point Roberts.

The southward movement of bottom-load sediment, shown as a
southeasterly bend in the distribution of Factor III, provides an
explanation for the filling of the northern end of Trincomali Trough
that Tiffin (1969) describes.

13. That Factor III should appear in Boundary Bay may be a function
of erosion and deposition of Pleistocene sediment from Point Roberts

. and other places around the bay.

14. Factor IV, representing the coarser material, has only a sporadic
distribution.

15. The lack of factor representation of most sediments from marginal
areas and those from Roberts Swell may reflect the (partially) relict
nature of these sediments.

It is evident that factor analysis provides another useful
analytical tool with which sediments, or the data derived from them,
can be manipulated and compared. Interpretation of factor analysis must
still be made with care, but when done in conjunction with other
techniques and procedures it can yield information that may either
corroborate interpretations made by other methods, or it may suggest
patterns that might indicate the next procedure to attempt in order to

decipher the sedimentary processes:-involved.

3.11 -WATER{ CONTENT
Water contents of sediments used for textural analyses were

determined from the weight loss upon drying to constant weight at 120°C.

112
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There is a general trend, except toward the south and southeast,
of increase in water content away from the Fraser River mouth. This
observation is in general agreement with Mathews and Shepard (1962) who
relate it to changes in packing of particles. It follows the same
general trend as those of the median and mean grain-size changes and
clay content. Water contents are highest - up to 727 - where clay
content is high, at the northwest end of Ballenas Basin and in Malaspina
Basin. This trend is very similar to the observations of Inderbitzen
and Simpson (1971); from studies of sediments along a gullied section
of the upper San Diego Trough off Del Mar, California, that water content
is related to grain-size, and is related to depth or to topography only
to the extent that grain-size is. 1In the Strait of Georgia the water
content is related to, if not controlled by, the clay content.

Lowest values are associated with sandy well-sorted sediments
(82, 83, 21). The sandy sediments of Roberts Swell have relatively

low water contents.

3.12 SEDIMENT COLOURS
Colours of sediments were determined by comparison with the
G.S.A. Rock Colour Chart. Despite the apparent potential for objective
determination of sample colours by different workers it was intriguing
to note that personal bias in the interpretation of colours could still
occur. This was manifested by different watches selecting slightly
different values to describe the most commonly occurring colour.
Changing light conditions inside the ship's laboratory and sea conditions
outside, coupled with a tendency for marine sampling to become more than
a little boring, must have contributed to the variation in colour coding.
Wet sediments, immediately upon retrieval but, in the case of

large grab samples usually after subsampling, were compared with the
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rock colour chart and their colours noted. In the laboratory the colours
of dry sediment were noted after separation into gravel, sand and mud
components.

Composition determines colour in sediments to a large degree.
Gravels tend to be multi-hued, the colour depending on the source,
degree of alteration, and subsequent encrustation by iron or manganese
oxides or encrusting animals. Sands likewise show a close relationship
between colour and mineralogy, and the colour changes associated with
different grain sizes reflect the commonly observed feature of grain-size
control of mineralogy. Very coarse.and coarse sands tend to be multi-hued,
but fine sands, through loss of the multicomponent grains (especially rock
fragments of igneous origin), tend towards a more monotonous colour.
Quartz and feldspar are generally the two most common constituents of
the sands, tending to make the colour an overall light greyish.
Admixtures of varying proportions of ferromagnesian minerals, and
fragments of dark, fine-grained rocks may modify the colour toward
darker .values.

Muds tend to be greenish grey (10Y4/2) to olive grey (5Y 3/2)
or dark greenish grey (5GY 4/1). Greyish olive green (5GY 3/2) is
also é common colour. .Since muds are a prominent part of almost all
samples, the majority of the wet sediments are dark and greénish or
greyish olive hued. On drying, the muds change to light grey (N7) or
light olive grey (5Y 6/1).

No systematic patterns were evident in the colour determin-
ations. Some variability occurred in the southern part of the area, but
this was probably the result of the presence of sandier material with

the consequent heterogeneity of colours.
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During the course of treatment of samples prior to determination
of mineralogy by X-ray diffraction, several chemical procedures aimed
at selectively removing certain amorphous constituents were employed.
These include: oxidation of organic material with 30 percent hydrogen
peroxide; removal of organic material and non-crystalline iron, aluminum,
manganese and silica with acidic ammonium oxalate; removal of amorphous
oxides of iron, aluminum and manganese with sodium dithionite-citrate-
bicarbonate. Table IV shows the colour changes that occurred after

the various treatments.

TABLE IV - COLOUR CHANGES IN SEDIMENTS INDUCED BY SELECTIVE REMOVAL

OF CONSTITUENTS

SAMPLE ORIGINAL ACID AMMONTUM H,0, SODIUM DITHIONITE—
COLOUR OXALATE CITRATE-BICARBONATE

53 10Y4/2 5Y4/ 3% 5Y4/2%% T T N4=N3kkE

145 10Y4/2 " . oo

280 56Y4/1 " " "

*, *%  *%%% refer to colours of othéhe Munsell Colour Chart, and are
approximately equivalent, on the G.S.A. Rock Colour Chart, to 5Y4/4,

5Y4/1 and N3-N4 respectively!

The most pronounced colour change occurred after treatment with sodium-
dithionite—-citrate—-bicarbonate, indicating that amorphous oxides and
hydroxides of iron and manganese are the prime causes of- the dark
colours of the muds. Exposure to the atmosphere of many of the muddy
samples from the deep basins (i.e. 280 from Ballenas Basin and 295 from
Malaspina Basin) resulted in a reddish brown colour developing at the

surface and extending inwards, probably indicating oxidation of ferrous iron.
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Greenish to brownish green colloidal organic material contributes
to the colour of :the very muddy sediments.. This material is almost
impossible to sediment using even a high-speed centrifuge (indicating
that it may not be particulate but due to organic pigments), but can
often be removed effectively by addiﬁg 30 percent hydrogen peroxide to
the sample.

Limonitic stains were noted on some réck fragments, and on some
grains of coarse sand. Iron staining of coarse sand is apparent in the
Pleistocene sediments of Point Grey, suggesting that the stained grains

in the Georgia Strait sediments may be either inherited by erosion of

the Pleistocene, or may have developed their stains in situ.

3.13 DISCUSSION: SEDIMENTATION RATES AND SEDIMENT DISPERSAL

Calculation of sedimentation rates in various parts of the
Strait of Georgia from the information derived from sediment studies
has not been possible. The longest core collected was only 3 metres,
which, on the basis of rates of sedimentation calculated by other
workers (see below) does not represent more than 200 to 900 years. No
material was found in the cores that could have been used for Cl4
dating, and the cores were, in the most part, monotonous homogeneous
mud. Some mottling due to burrowing organisms was evident in one or
two cores, while rare isolated, displaced single valves of pelecypods
and small twigs were encountered.

Fortunately, information from other sources is available,
especially for sedimentation rates on the delta front (see also
Appendix III). From core samples taken from the subaqueous part of the
delta front Johnston (1921) suggested that annual increments may vary

from a few inches to several feet. Off the main mouth of the river he
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suggested an average rate of deposition of 20 feet per year, with the
variation ranging from a few inches to as much as 50 feet annually.
Core samples from depths between 50 and 100 fathoms apparently showed
no evidence of seasonal or annual layering, but rather were believed to
be an expression of massive bedding. The sedimentation rate was
postulated as 1 foot or more annually.

The lack of layering in the cores noted by Johnston was
substantiated from the:rcores collected for this study. No layering
was found in any of the cores studied that were taken off the delta
front or in Ballenas Basin. This contrasts sharply with the cores studied
by Fleischer (1972) from the Santa Barbara Basin, California, where
layering that is believed to be related to flood discharge of the Santa
Clara River is conspicuous. Fleischer identified the origin of the
layers on the basis of colour as Well as mineralogy, the colour differences
being related to differences in carbonate content between the normal
marine mﬁds and the river sediments{ In the Strait of Georgia carbonate
contents in the marine 'sediments are low and the colours of both river
and marine sediments are similar.

Johnston (1921) and Mathews and Shepard (1962) calculated
rates of delta growth based on comparisons of depth soundings taken
several years apart over the same areas. Comparisons of depth soundings
made in 1859 with those made in 1919 (Johnston, 1921, p.43-44) led
Johnston to believe an annual advance of the active part of the delta of
27 feet per year., Mathews and Shepard (1962) compared charts composed in
1929 by the Canadian Hydrographic Service with a chart made in 1959 by
the Public Works Department. From these they constructed hypsographic

curves permitting an estimation of the annual average increment to the
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delta over the 30 year interval. They arrived at a figure of 28 feet
per year at the 300 foot contour, although the annual advance at
shallower depths was somewhat less. Vertical increments were in the
order of 1 foot per year (Mathews and Shepard, 1962, Figure 7, p.1423).
Cockbain (1963a) constructed an isopach map of sediment thick-
nesses based on echosounding profiles in the Central Strait of Georgia,
between the lower slopes of the delta front and Texada and Lasqueti
Islands. - Isopachytes were drawn at 0, 50 and 100 feet of thickness
of Recent sediments. Cockbain concluded that the elevated areas, the
banks and ridges, were not covered by modern sediment, although the
valleys between the ridges may contain over 100 feet of modern muds.
The deep “basins contain thick sequences of Recent sediments, with
isopachytes compressed along the basin margins suggesting both steep
basin sides and a thick accumulation of sediment. The deposits in
Ballenas Basin show at least three sub-bottom reflecting horizons
paralleling the surface and dipping gently from southeast to northwest.
They can be followed across the basin and extend most of its length.
Malaspina Basin did not show the same development of sub-bottom
reflectors; the shallowest reflector occurs at 150 feet, while in Ballenas
Basin the shallowest reflector found occurs at 50 feet. These observations
were confirmed by Tiffin (1969), who also found that whereas the

reflectors in Ballenas Basin dip and thin toward the northwest, those of
Malaspina Basin dip and thin toward the southeast.

Cockbain (1963b) also suggested that relative rates of sedi-
mentation.could be obtained from a consideration of the total number of
foraminifers present in any unit volume of surface sediment. Where

sedimentation rates were high, the number of foraminifers would be
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diluted, and where rates were low their numbers would be correspondingly
relatively higher. Low numbers of foraminifers in the Strait of
Georgia thus suggested high sedimentation rates. Only brief mention
was given to the possibility of other factors, such as productivity
and death rates, causing variations in abundance of foraminifers.

Thicknesses of Quaternary sediments and rates of accumulation
of Holocene sediments were calculated from sparker profiles by Mathews,
Murray and McMillan (1966). In the northern central part of the Strait,
the accumulation rate is given as 18 feet per thousand years (0.55 cm./yr),
assuming the end of the Pleistocene to be 10,000 years B.P. 1In the
vicinity of the Fraser River Delta, the accumulation rate was calculated
at 90 feet per thousand years (2.7 cm./yr). Unfortunately, the actual
places in the Strait from which these rates were calculated were not
indicated.

An extremely high average rate of sediment accumulation in
Ballenas Basin was calculated by Tiffin (1969) as 2 cm./yr. This figure
is based on the assumption that sedimentation commenced some 10,000
years ago. Tiffin implies that this rate is rather high this far from
the delta, but quotes Holtedahl (1965) as finding an accumulation rate
of 1 em./yr in a Norwegian fjord that did not have a large river to
supply the sediment. However, if an empirical compaction correction is
applied to the maximum thicknesses of sediment in Ballenas and Malaspina
Basins (260 and 230 metres respectively), the corresponding thicknesses
of loose sediment would be in the order of 300+ metres, which, for a
10,000 year period of accumulation, increases the rate of deposition in
the deep basins to over 3 cm./year.

Accumulation rates for sediments from areas close to the Strait

have also been established. Kellerhals and Murray (1969) proposed an
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average rate of vertical growth.qf the tidal flat at Boundary Bay of
0.42 mm./yr, for the last 4,351 years. In Saanich Inlet on the
southeastern end of Vancouver Island a sedimentation rate of 12 to 18
feet per thousand years (0.36 to 0.55 cm./yr) based on c!* dates is
estimated by Mathews, Murray and McMillan (1966). This particular area
is of considerable interest because the sediment accumulating is
biogenic rather than terrigenous.

The results of the present study tend to substantiate the
conclusions reached in the studies cited above. In the southeastern
part of the area, in the region of Roberts Swell, Boundary Basin, Alden
Bank and the eastern end of Trincomali Trough, sedimentation rates are
either extremely low or negative. The bathymetric form of Boundary
Basin and the Eastern end of Trincomali Trough suggest active erosion,
as does evidence from seismic profiles (Tiffin, 1969), and the
presence of gravels and very coarse sands in these areas that are
believed to be lag concentrates tends to support this contention. Dredge
hauls from the flanks of Trincomali Trough (by Dr J.W. Murray,

Geology Dept, U.B.C.: dredge haul #10, July 26, 1968: 48° 51.5'N 123°
02.7'W) retrieved highly irregular carbonate cemented concretions that
contained shell and sand debris, and were extensively bored. These
concretions resemble some of those described in Garrison et al. (1969),
which were collected from an area of low sediment accumulation and
vigorous wave and tidal current action in distributary channels and from
shallow-water marine localities close to the Fraser River Delta front.

The abundant epi- and in-faunal elements of the Roberts Swell
sediments, as well as the generally sandy nature of these deposits, also

suggests slow, if any, accumulation of fine sediment. In fact, the
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shape of Roberts Swell, and the high current velocities near the bottom
(over 30 cm./sec.; Pickard, 1956) suggests that the sediments of
Roberts Swell may be being washed and the sands concentrated. Some of
the washed material may be redistributed to the northwest where currents
are less strong, and some to the south where they are removed from

the area by the intense current action through Boundary Pass, probably
to accumulate in Juan de Fuca Strait or in more sheltered waters around
the Gulf and San Juan Islands.

Within Boundary Pass itself, and the other tidal passes among
the Gulf Islands (Active Pass, Porlier Pass) the effects of tidal
scour appear to be sufficient to prevent deposition of any material and
to actually expose bedrock.

Suspended material derived from the Fraser River, and sediment
eroded from the Pleistocene cliffs aroupd Point Roberts, that is carried
into Boundary Bay tends to be retained and deposited there. Southwesterly
winds blowing into the Bay keep the sediment-laden water trapped.

The region of the Fraser River Delté, especially in the
upper parts reached in this survey, presents evidence of both active,
heavy sedimentation in the vicinity and to thé north of Sand Heads,
and possible erosion southeast of Sand Heads (see also Appendix III).

The anomaly of the coarse sands at sample locations 82 and 83 has already
been discussed. Because of the high current velocities recorded from
Roberts Swell close by, the possibility of tidal scour and washing of
older delta deposits in this area cannot be discounted. Johnston (1921)
could find no evidence of measurable advance of the delta front more than
three miles south of the present Sand Heads light despite an active growth

seawards of 28 feet per year north of here.
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The existence of coarse sands and gravels, in areas where they
could not possibly be transported under the present sedimentary
regime, and of other features to be discussed below, indicates that the
bank tops and'flanks are areas of little sediment accumulation. The
sedimentological evidence also suggests, albeit tentatively, that
sedimentation rates are higher to a shallower depth on McCall Ridge
than on Halibut Ridge, and are low in even the deeper parts of ridges
in the northwest (e.g.»Sangster Ridge) and in the area between the
northwestern end of McCall Ridge and the mainland.

The evidence upon which these suggestions are based includes:
the existence of manganese nodules; abundant faecal pellets; the distri-
bution of sands and gravels; the occurrences of large numbers of diatoms;
the existence of agglutinated mud lumps and some glauconite '"pellets."

Discoidal concretions of earthy ferromanganese material
usually about a pebbel nucleus, and poorly developed crusts or stains
that give positive tests for manganese have been found locally in
the Strait. Discoical concretions were collected from locality 341,
on the side of the col connecting the northwestern end of Sangster
Ridge with the rise that emerges as the Ballenas Islands, and from the
southern side of Sangster Ridge (dredge haul collected in 1968 by
Dr J.W. Murray, U.B.C. Geology Department, from position 49° 21.8'N,
124° 02.0'W). These nodules will be described in greater detail later.
Low rates of sedimentation are conducive to their growth and develop-
ment (Degens, 1965, p.89).

Limonitic and manganiferous stains or thin irregular
accretions are present on cobbles and pebbles in other areas of the

Strait, notably in the south, in the Trincomali Trough — Boundary Basin
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area which has already been discussed as an area of low or negative
sediment accumulation. Stains and small crusts of iron and manganese
compounds are present on pebbles from locality 172, at Gabriola Reefs
on the Island Shelf, and on some pebbles from ridge top samples (e.g.
354, 242).

Faecal pellets have been found in some ridge-top and island
shelf and slope samples. Their uniform size, shape and colour suggests
the same, but unknown, organism was responsible. They occur mainly in
the 0.3 to 0.5 mm. size range, are ellipsoidal in shape with smooth
surfaces, and tend to be a light yellowish grey, which may indicate
removal of organic pigments by the organism responsible. While not a
conclusive indicator of slow sedimentation, the occurrence of these
in areas where other evidence points to slow sediment accumulation
suggests that the habitat of the organism responsible was one where sedi-
mentation rates are low. No similar pellets were discovered from muddy
sediments collected from areas at similar depth but where sedimentation
rates are believed to be higher.

The occurrence of sands and gravels on bank tops and flanks
in positions that the present sedimentary processes active in the
Strait could not plaée them, and the lack of sufficient fine material
deposited from suspension under the present regime to bury them beyond
the reach of the grab sampler, has already been discussed. The
occurrence with these unburied coarse deposits of sedentary bottom—
dwelling organisms such as sponges is interpreted as 