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Rocks of the Nanaimo Group were deposited in the Nanaimo basin,

Late Cretaceous basin which occupied part of the southeastern

margin of Vancouver Island and which extended almost 200 miles north-

west from the San Juan Islands to Campbell River. In the thesis

area, low grade metamorphic and volcanic basement rock of the Paleo-

zoic Sicker Group is overlain by three formations of the Nanaimo

Group: the Haslam, Extension-Protection, and Cedar District Forma-

tion. Deposition of the Cretaceous sediments occurred during two

depositional cycles, each marked by a sea level rise.

The Haslam Formation comprises the upDer fine-grained rocks

deposited during the first depositional cycle in a nearshore to

offshore marine environment. The Hasiam is believed to overlie the

lower coarse-grained rocks of the cycle, the Comox Formation, which

is not exposed in the thesis area because of faulting.

The second depositional cycle resulted in a transition from

nonmarine to nearshore marine sediments of the Extension-Protection

Formation to offshore marine deposition of the Cedar District

Redacted for privacy



Formation. Coarser clastics of the Extension-Protection Formation

were deposited as deltas of short-headed streams which projected

into a shallow marine environment. Deposition of the Cedar District

Formation was in the delta front or pro-delta environment where pen-

odic influxes of coarser material, brought in by turbidity currents,

resulted in rhythmically bedded sequences.

Paleocurrent and petrographic data indicate that the Sicker

Group was the major source of sediments for all the formations in

the thesis area, with a nearby source located somewhere in the west

to southwest.

Diagenetic processes affecting the sandstones include cementa-

tion by calcite, quartz and feldspar overgrowths, and minor laumon-

tite. Formation of clays and alteration of volcanic rock fragments

created abundant matrix in some of the rocks.

Post-Cretaceous faulting is in two sets: one strikes northwest

and one strikes north to northeast. Faulting is responsible for

the present day configuration of rock units in the thesis area and

preservation of some of the less resistant rock units, such as

Haslam mudstone.

Erosion was severe during the Pleistocene when continental and

piedmont glaciers scoured Vancouver Island.
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STRATIGRAPHY AND DEPOSITIONAL HISTORY OF
THE CRETACEOUS NANAIMO GROUP OF THE
CHEMAINUS AREA, BRITISH COLUMBIA

INTRODUCTION

Purposes of Investigations

This thesis grows out of some two and a half months spent in

geologic activities in a southeast coastal section of Vancouver

Island in the summer of 1980. The thesis area is centered around

the town of Chemainus and the adjacent Shoal Islands and extends

along the coast northwest from Crofton to Saltair and inland to

the Chemainus River. The total land area covered is approximately

27 square miles (see figure one)

The main purposes of this thesis are 1) to reconstruct the

geological history of this area; 2) to determine environments of

deposition of the Late Cretaceous formations; and 3) to prepare

a detailed geological map of the bedrock geology.

In the course of pursuing these objectives, I determined the

structure and areal distribution of the formations of the Nanaimo

Group in the thesis area. Descriptions of the lithic units, thick-

nesses, and lateral variations within the formations have been pre-

pared. Determination of Late Cretaceous sediment transport direc-

tions has also been done.



2

Investigative Methods

The detailed field mapping of the thesis area was accomplished

during the months of June, July, and part of August in 1980. The

field data were plotted on a topographic base map (1:24,000) with

the aid of aerial photographs obtained from the Maps and Publica-

tions office in Victoria, British Columbia. The field notebook

was coordinated with the base map in recording one hundred and

thirty-one field stations (see Plate 1)

The use of a lox hand lens and dilute hdyrochloric acid made

possible the rock descriptions given here. Color of rock units

was arrived, at by means of comparison with a Geological Society

of America Rock-Color Chart (Goddard, 1963)

Comparison with a reference sand grain gauge helped determine

grain size (after Wentworth, 1922) and particle roundness (after

Powers, 1953)

A tape measure was used in the field to measure bedding thick-

nesses. Descriptions of strata are based on the terminology of

McKee and Weir (1953) . Formation thicknesses were measured with

Jacob's staff and Abney level.

Paleocurrent directions were measured according to Briggs and

dine's (1967) method.

Location and Accessibility

The thesis area occupies a southeast coastal section of Vancouver

Island 25 miles southeast of the city of Nanaimo and 65 miles north-

west of the provincial capital, Victoria (see figure one) . Centered



3

Nanaimo

Th.sis

Vancouver

Island

4830

12400'

'0/
of

Vancouver

spring I

)

dney \ rcas

San

/ria>

of
Ju0 de F0 0 5 10

MILES

Figure 1. Index Map of the Thesis Area. Modified

after Hanson (1976)



around the town of Chemainus and the adjacent Shoal Islands, the

study area extends along the coast northwest from Crofton to Saltair

and inland to the Chemainus River. The total land area covered

is approximately 27 square miles.

Excellent exposures of the Nanaimo group exist along this coast-

line. The Shoal Islands, which are accessible only at low tide,

provide a wealth of paleocurrent data in the form of well preserved

current ripple marks and channel axes. Farther inland, vegetation

and glacial cover make access and the location of rock exposures

more difficult. Most of the bedrock exposures crop out along power

lines, or in road cuts and stream beds. Access along the Chemainus

River is fairly good where the channel bedrock is Haslam Mudstone.

However, inland about three miles, the access becomes extremely

difficult because the river occupies a steep-sided canyon entrenched

in the resistant Sicker volcanics. Vertical cliffs of Sicker vol-

canics at one spot are estimated at 250' to 330' of relief (see

figure two)

Geomorphology

The topography of the thesis area shows the effects of sculp-

turing by the extensive glaciers which covered Vancouver Island

during the Pleistocene. This swale and swell topography consists

of a series of low lying, northwest-trending ridges. A northwest

trend is dominant also in the bedrock, being particularly empha-

sized in the Shoal Islands.

On the north side of the Chemainus River, where it is crossed

by Highway 1, the glacial drift reaches thicknesses of forty to



Figure 2. Sicker volcanics along Chernainus River



sixty feet. This glaciofluvial drift is stratified, showing large

scale cross bedding and scour-and-fill features (see figure three)

The western limits of the thesis area are defined by the smooth

and rounded glaciated peaks of Mt. Brenton (3970 feet) , Big Sicker

Mt. (2300 feet) , Little Sicker Mt. (2000 feet) , and Maple Mt.

(1600 feet)

Climate and Vegetation

The influence of the warm Japan current gives Canada's Pacific

margin a mild and temperate climate. Winter daytime maximum tempera-

tures average 40 F, while summer temperatures commonly are 75 F,

dropping to the lower 60's at night. Humidity levels remain high

during most of the summer.

The thesis area, as well as the remainder of the southeastern

part of Vancouver Island, being partly shadowed by mountains to

the west, receives a yearly average rainfall of forty inches. Simi-

lar to the rest of the Pacific Northwest, most of this rainfall

occurs during the winter months, leaving the summers relatively

dry. The mild climate and the moderate rainfall promote the growth

of vegetation, with lichens, mosses, and grasses covering most bed-

rock surfaces. The area is heavily forested with evergreens domi-

nated by Douglas fir (Pseudotsuga menziesii) and Madrone (Arbutus

menziesii) . Western red cedar (Thuja plicata) , broad leaf maple

(Acer macrophyllum) and the Western Flowering Dogwood (Cornus

nuttallii) also are abundant. Oregon white oak (Quercus garryana)

seems to be restricted to areas of glacial cover.



Figure 3. Glaciofluvial drift along the Chemainus River.
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Previous Work

Early geologic investigations of the Nanaimo Group were pri-

manly concerned with evaluation of the coal deposits present in

the Nanaimo and Comox areas. Later geologic studies, after a de-

dine in coal production in the mid-twentieth century, furnished

stratigraphic and biochronologic refinement and correlation of these

Cretaceous formations along the southeast coast of Vancouver Island.

A brief review of early work will be given below. However, the

reader is referred to Usher (1952) for a short summary of the

Vancouver Island coal mining history and Muller and Jeletzky (1970)

for a more detailed history of early stratigraphic and paleontologic

studies of the Nanaimo Group.

Newberry, in 1857, was the first geologist to visit the Nanaimo

area. Based on his study of plant fossils he determined a Cretaceous

age for the coal-bearing rocks. This became the first reported

occurrence of Cretaceous rocks on the western coast of North America.

Hector, on an expedition in 1861, later confirmed a Cretaceous age

for the Nanaimo Group (in: Usher, 1952)

Richardson, during the years 1871-1876, conducted an extensive

investigation of Vancouver Island coalfields for the Geological

Survey of Canada. His work has provided a good reference for later

studies of the stratigraphy and paleontology of the Cretaceous rocks.

The naming of the Nanaimo Group is attributed to Dawson in

1890, after much exploratory geological work accomplished during

the years 1875-1890. Correlation with the Chico Group of California

was also made at that time as well as recognition of the conformable



nature of the stratigraphic units overlying the Nanaimo coal beds

(Dawson, 1890)

Paleontological work during 1893-1903 by Whiteaves showed that

the Vancouver Island faunas were almost exclusively marine (Whiteaves,

1879) . Clapp began an extensive study in 1908 to determine the geo-

logic history of the southern and eastern parts of Vancouver Island.

The recognition, naming, and description of eleven lithostratigraphic

units in the Nanaimo area, as well as the naming of the Sicker Series,

resulted from this work (Clapp, 1912) . Usher, in 1952, established

a biochronologic zonation from his study of ammonite faunas of the

Nanaimc Group whereas Bell, in 1967, showed that the Nanaimo group

flora indicated a warm temperate climate.

J. E. Muller and J. A. Jeletzky (1970) are responsible for most

of the recent work involving the sedimentation, stratigraphy, and

biochronology of the Nanaimo Group. Biostratigraphic zonation using

ammonites allowed them to divide rocks of the Nanaimo Group into

nine formations and publish a 1:250,000 map of their areal distribu-

tion. They have interpreted the Nanaimo group as a series of four

transgressive cycles which show a progression from fluvial to deltaic

and/or lagoonal, to nearshore marine and offshore marine deposition

(Muller, 1967; Muller and Jeletzky, 1967; 1970; Muller and Atchison,

1971) . More recently, Muller has published a 1:100,000 map compila-

tion of the geology of the Victoria area, extending northwest to

Ladysmith and including the adjacent Gulf Islands (Muller, 1980)

His most recent publication, however, is that on the complex Sicker

volcanic series (Muller, 1980)

Since 1971, graduate students at Oregon State University, under
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the direction of Professor Keith Oles, have been engaged in geologic

investigations on Vancouver island and the Gulf Islands. Their corn-

pleted theses have provided detailed lith3stratigraphic data as well

as information on the depositional history of the formations of the

Nanaimo Group.
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REGIONAL GEOLOGIC SETTING

Basement Complex

Rocks of the thesis area lie within the Insular Belt province

(Sutherland-Brown, 1966) or what has more recently been called

Wrangellia" by some tectonic activists (Davis et al., 1978). Region-

ally, the Nanaimo Group rests unconforrnably on three different base-

ment complexes: The Paleozoic Sicker Group, Triassic tholeiltic

volcanic rocks of the Karmutsen Formation, and the Jurassic Island

Intrusions. The Sicker Group and associated Sicker gabbro-diorite

porphyrites are the only pre-Cretaceous rocks in the study area.

Sicker Group

The Sicker Group was first introduced as the Sicker Series by

Clapp (1912) for the porphyritic andesites on Mount Sicker and is

best known at this locality as the host rock for porphyry copper

deposits (see Economic Geology section) . Containing the oldest rocks

on Vancouver Island, the Sicker volcanic arc is believed to have

originated between Devoniar. and Pennsylvanian time far to the south

of its present position (Muller, 1977a)

On Vancouver Island, exposure of the Sicker Group is limited

to three uplifted belts described by Muller (1980) as the Buttle

Lake uplift, the Cowichan-Horne Lake uplift and the Nanoose uplift.

The Sicker Group, according to Sutherland-Brown (1966) , consists

of 8,000 to 10,000 feet of altered basalt flows, breccias and tuffs

which in some areas are intercalated and interfingering with grey-

wacke, argillite and chert. Muller (1980) , after many years of
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extensive study of the Sicker Group, has proposed division of the

rocks into a lower Nitinat Formation, middle Myra Formation, and

an overlying Sediment-Sill Unit. As earlier proposed lower meta-

volcanic division of greenstone, schist, and phyllite (Muller and

Carson, 1969) is now replaced by the Nitinat and Myra Formations

with the Sediment-Sill Unit replacing the earlier middle sedimentary

division.

In the thesis area, exposure of the Sicker Group is part of

the Cowichan Lake uplift and occurs along a northwest-trending belt

which includes Mount Sicker. It is a very diverse assemblage of

volcanic and metasedimentary rocks belonging to the Nitinat and Myra

Formations.

Nitinat Formation

The Nitinat Formation, proposed by Muller (1980) for the basal

part of the Sicker Group and named because of its greatest exposure

along the Nitinat River, is seen only in the Cowichan-Horne Lake

uplifted belt. Muller describes the Nitinat Formation as consisting

of predominantly basic volcanic rocks whose distinguishing features

include uralitized pyroxene phenocrysts, and exhibiting a pervasive

foliation with metamorphism to a low greenschist grade. He describes

rock matrixes as containing very fine subtrachytic feldspathic mate-

rial with assemblages of chlorite, epidote, prehnite, actinolite,

albite, quartz, and carbonate in variable proportions.

Gabbroic rocks are believed to underlie and intrude the Nitinat

with the intrusives probably having acted as comagmatic feeder dikes,
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sills, and magma chambers of the vo1canics (Muller, 1980) . These

intrusives are referred to as the Sicker gabbro-diorite porphyrites.

The Nitinat Formation, in the thesis area, occupies a block

bounded on the north by a NW-SE trending fault and on the south by

a NE-SW-trending fault. The Nitinat is also seen in the area of

Davis Lagoon. Outcrops over the area ae massive with light bluish

gray (53 7/1) to medium bluish gray (53 5/1) rocks commonly weath-

ered to a dark gray (N 3) . Rocks analyzed petrographically show

extensive alteration with secondary minerals indicating a lower

greenschist metamorphic grade. At station 12 (see Plate 1 for sta-

tions) , the Nitinat consists of a banded andesitic tuff with albi-

tized feldspars and volcanic rock fragments set in a groundmass of

calcite, chlorite, clays, metamorphic polycrystalline quartz, and

undulatory quartz. Rocks collected from stations 37 and 118 contain

secondary amphibole, which includes both green and brown hornblende

and actinolite, set in a carbonate and feldspathic groundmass with

andesine feldspar; most of the feldspar has been altered to albite.

Actinolite needles are a part of the groundmass as well. At station

117, there occurs a 8-10 foot long outcrop of the Sicker gabbro-

diorite porphyrite. The rock is coarsely porphyritic and microscop-

ically is seen to contain brown and green hornblende (commonly with

biotite rims) , apatite, andesine, and albite.

A volcanic breccia occurs along Bannon Creek (see figure 4)

and displays the typical aspects of a lahar-type breccia "just right

for the Nitinat" (Muller, pers. comm. 1981) . The breccia displays

subangular to rounded blocks (some as long as 10 inches and sheared

perfectly in half) firmly indurated into a finer grained material
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Along Bannon Creek.
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of similar appearance.

Myra Formation

The Myra Formation overlies the Nitinat and is described by

Muller (1980) as a thick succession of bedded volcanic and sedimen-

tary rocks including rhyol±tic to dacitic breccia, tuff and flows

and argillite, siltstone, greywacke, and minor conglomerate. Muller

named the Myra Formation after Myra Creek (in the Buttle Lake uplift)

where it is associated with massive suiphide deposits. The thickness

of the formation is 750-1000 meters.

In the thesis area the Myra Formation occupies the northern

more deformed belt of the Cowichan-Horne Lake uplift (Muller, 1980)

and can be traced southeast in a belt extending from Big Sicker Moun-

tam to the middle of Saltspring Island. As at the type loc&lity,

the Myra Formation in the thesis area is also the host rock to porphyry

copper deposits. Two mine shafts (now abandoned) are located along

the Chemainus River at station 102. The porphyry copper deposits

are largely fault-controlled and occur in extensively sheared fault

zones. The rocks at stations 111 and 112 are tightly folded and

metamorphosed to white (N 9) to light gray (N 7) quartz-chlorite-

sericite and talc schists. Along the Chemainus River, the rocks

generally are massive (see figure 5) , but locally are interbedded

with thinly bedded argillite. Gabbro porphyries with glomeroporphy-

ritic textures are located at station 115, but the areal extent was

undeterminable because of the steep character of the terrain. Clapp

and Cooke (1917) described the occurrence of the gabbro-diorite

porphyrites as 'masses, sills, and dykes."
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Figure 5. Massive Sicker volcanics of the Myra Formation.
Along the Chemainus River.
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Near Westholme, at station 43, the Myra Formation rocks are

light bluish gray (5E 7/li on fresh surfaces and weather to a dark

reddish brown (bR 3/4) . Along the NW-SE-trending boundary fault

zone separating the Sicker Group and the Haslam Formation, fault

movement has stretched epidote-enriched breccia fragments into

boudins (see figure 6) . The boudiris are one to five inches in

length

Age of the Sicker Group

Eased on K-Ar and U-Pb dates, as well as the ages of the overly-

ing sediments, the Sicker Group is believed to be Devonian and/or

older (Muller, 1980) . The Sicker Group is extensively metamorphosed

and in most places highly mineralized. Intrusive activity is respon-

sible for most of the metamorphism. A K-Ar age of 163±20 my (Wanless

et al., 1968) was derived from a whole rock determination of quartz-

sericite schist of the Myra Formation sampled from one of the mine

shafts along the Chemainus River. This indicates time of rnetamor-

phism. The oldest K-Ar date obtained was 249±10 my and was deter-

mined from act.inolite taken from a uralite porphyry of S.E. Salt-

spring Island (R. L. Armstrong; in Muller, 1980) . The date is

thought to represent time of burial metamorphism of the Nitinat

Formation.

Nanaimo Group

The Cretaceous rocks of the Nanairno group are exposed along

the southeastern margin of Vancouver Island and the Gulf Islands.

The rocks occupy an area, of almost two hundred miles in length,
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Figure 6. Epidotized breccia fragments stretched into boudins by

fault movement. Fault zone along Highway #1.
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extending from the San Juan Islands of Washington State in the south

to Campbell River in the north. Several authors (Crickmay and Pocock,

1963) also believe that rocks of the same age, based on the flora and

lithostratigraphic similarities, are present in the vicinity of

Vancouver on the mainland.

The thesis area is part cf the Nanaimo Basin, a Late Cretaceous

depositional basin represented today by the Nanaimo Group sediments.

The present areal distribution of the Cretaceous sediments, however,

reflects preservation caused by post-Cretaceous fault movement rather

than an actual facsimile of the original basirial configuration.

Muller and Jeletzky (1970) divided the Nanaimo Group into nine

formations with deposition in four separate onlap cycles. Each trans-

gressive sequence is characterized by a lower coarse-grained forma-

tion of conglomerate and sandstone and an upper fine-grained forrna-

tion of sandstone, siltstone, or mudstone, thereby displaying a ver-

tical sedimentary sequence of deepening, fining upward facies. The

uppermost formation of the group, the non-marine Gabriola Formation,

records a general retreat of waters from the basin, corresponding

to a general worldwide regression of waters from all cratons at the

end of Cretaceous time (Hallam, 1963) . Thickness of the entire

Nanaimo Group varies, exceeding 9,000 feet in areas (Hanson, 1976)

Glacial Drift

The Pleistocene Epoch was a period of extensive glaciation which

covered Vancouver Island with thick deposits of glacial drift.

Glaciofluvial deposits preserved along the Chemainus River (see
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figure 3) are probably representative of only a small part of the

magnitude of glaciation which existed at that time.
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STRATIGRAPHY AND DEPOSITIONAL HISTORY OF
THE LOWER NANAIMO GROUP

Introduction

The first two cycles (one is incomplete) of Muller and

Jeletzky's (1970) four depositional cycles proposed for the

Nanaimo Group are represented in the thesis area by the Haslam,

Extension-Protection, and Cedar District Formations. Each cycle

consists of a lower, coarse-grained formation and an upper fine-

grained formation. Recognition of the formations in the field was

based on stratigraphic position in sequence, lithologic character-

istics, and limited paleontologic control by macrofossils. The for-

mations are described below, from oldest to youngest, with the gen-

eral stratigraphy of the thesis area shown on figure 7.

1-laslarn Formation

The Haslam is the upper fine-grained formation of Muller and

Jeletzky's (1970) first depositional cycle. This formation was

named by Claop (1912) after Haslam Creek in the Nanaimo area where

it is a thick mudstone unit.

Some marine macrofossils were collected from the Haslarn and

identified by A. C. Riccardi of the Geological Survey in Ottawa,

but the "poorness and scarcity of the material" made precise identi-

fications difficult. The inferred fossil identifications are shown

in Table 1. The age of the Haslam Formation (Muller and Jeletzky

1970) is late Santonian and early Campanian.
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Table 1. Macrofossils collected from the Haslam Formation.
(identified by A. C. Riccardi of the Geological
Survey of Canada, Ottawa)

Fossils Field sta.

Inoceramus 9

Rhynchonella" suciensis (chiteaves) 12

?Brachiopoda (of. "Rhynchonella" suciensis (Whieaves)
cf. Nucula pectinata (?)
Bivalva indet. 74

cf. Tellina occidentalis (Meek)

Arcoida indet.
cf. Bostrychoceras elongatum (Whiteaves)
?Modiolus sp. 76

Bivalvia indet.
?Fusinus sp. cf. 'Fusus" kingii Gabb

?Limopsis sp. indet.
Mactridae cf. "Mactra" warrenana 129

Bivalvia indet.
?Naticidae indet.
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Distribution and Thickness

Outcrops of the Haslam, as displayed by the geologic map of

the thesis area (see Plate I) , occur almost entirely within two

graben-like structures, each bounded to northwest and southeast by

faults. Another belt of Haslam lies along an uplifted belt of Sicker

volcanics and is also bounded by faults.

Because of its generally non-resistant characteristics, the

Haslam Formation is covered by glacial drift in a large part of the

inferred outcrop areas. Exposure is limited primarily to stream

channels and seashore platforms. The best exposure occurs along

the Chemainus River, where the river has cut a ravine 100-250 feet

into the formation.

High angle block and some possible strike slip faulting through-

out the thesis area, coupled with a lack of good exposure makes

thickness determinations difficult. Thicknesses of over 1,500 feet

of Haslam sediments have been measured along the Chernainus River

(Usher, 1952) . The width of outcrop of the Haslam varies in the

thesis area because of cross faulting, but is typically in excess

of 2,000 feet. In the northern part of the Nanaimo Basin, the

Haslam Formation has an average thickness of 600 feet (Usher, 1952)

Southwest of the thesis area, in the Cowichan River area, Ward (1978)

estimated thicknesses of 1,500 feet. The formation appears there-

fore to thicken greatly in the southern part of the Nanaimo Basin.

Basal Contacts

The Haslam Formation stratigraphically overlies the Comox Forma-

tion which, although absent in the thesis area, is the lower
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coarse-grained formation of the first depositional cycle. The con-

tact between the Haslam and the Comox, as described elsewhere

(Muller and Jeletzky, 1970) is either abrupt, with mudstones con-

taming marine fossils directly overlying coal-bearing sandstones,

or gradational from Comox sandstones into sandy Haslam siltstones.

The lower contact of the Haslam Formation is observed at only

one locality (station 12) where the formation is seen to unconform-

ably overlie Sicker metavolcanics. Usher (1952) described a similar

contact of the Haslarn at Departure Bay in the Nanaimo area. The

rock outcrop is an eight-foot-thick massive medium-bluish gray

(SB 5/1) banded meta-andesitic tuff unconformably overlain by a

two- to three-foot-thick pebbly to coarse-grained fossiliferous

sandstone. The pebbly sandstone, weathered to a dark green±sh gray

(5G 4/1) , contains subrounded to rounded pebbles (up to 1 cm. in

size) , abundant thick shelled (1-6 mm) pelecypods, and coaly flakes.

The pebbly sandstone grades up into and is also in matrix support

with a coarse-grained, greenish gray (5GY 6/2) sandstone. Both are

calcareous with secondary porosity after abraded shell fragments.

Derivation of the pebbly material is clearly from the underlying

metavolcanics.

At other localities, the base of the Haslam is not directly

observed because of the presence of boundary fault zones between

the Sicker Group and the Haslam, along which extensive shearing and

crushing has occurred in wide zones.

Lithology and Stratification

The Haslam Formation displays more lithologic variance over
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the thesis area than in other areas where it is described as a purely

mudstone-siltstone unit. The generally nonresistant character of

the Haslam, however, does limit exposure primarily to stream chan-

nels and seashore platforms.

The formation overall consists primarily of thin-bedded, light

(N 7) to medium dark gray (N 4) , or moderate brown (5YP. 3/4) , fresh

and weathered, siltstone-mudstone. Common features observed through-

out the formation include interbedded (both vertically and laterally)

fine-grained sandstones, calcareous fine-grained sandstone concre-

tions (oblate to spheroidal) , carbonized wood fragments, vertical

burrows, calcareous cement, and lenticular conglomerate interbeds.

Spheroidal weathering is common to the more argillaceous rock types.

The variations throughout the formation will be discussed more fully

below as they occur at different localities.

The Haslarn Formation is exposed near the town of Chemainus as

a gently dipping shore platform of indurated mudstone-siltstone.

This mudstone-siltstone, weathered to a medium dark gray (N 4) for

the most part, lacks bedding (the effects of bioturbation) and is

spheroidally weathered. Pelecypod fragments are abundant. However,

the rnudstone-siltstones are rhythmically bedded with fine sandstones,

in places. The sequence consists of mudstone-siltstone beds (1-10

inches thick) intercalated with 1-2 inch-thick, laterally persistent

fine sandstones. The fine sandstones, weathered to a dark yellowish

orange (1OYR 6/6) , have sharp planar bases with the underlying mud-

stone units and gradational to sharp upper boundaries with overlying

mudstones. Many of the fine sandstone interbeds show faint parallel

laminations -



27

Calcareous concretions ranging in size from 1-4 inches and up

to 1-3 feet long are abundant along the wave-cut platform (see

figure 8) . The dark yellowish orange (1OYR 6/6) color, resulting

from disseminated pyrite (Usher, 1952) , and somewhat coarser grained

texture, makes them a noticeable feature, standing out in both ero-

sional relief and color contrast. The surrounding mudstone appears

to flow around and conform to the shape of the concretions.

Farther northwest, along the beach at station 7, the siltstone

is light olive gray (5Y 5/2) to olive gray (5Y 3/2) , weathered in

places to a dusky red (5R 3/4) or to blackish red (5R 2/1) . The

siltstorie is characterized by 3-6 inch wide dish structures and is

seen interbedded with a lenticular conglomerate unit, 4-10 inches

thick and four feet wide (see figure 9) . This conglomerate is poorly

sorted and composed of subangular to subrounded pebbles, ranging in

size from 0.1 to 2 inches. The pebbles consist predominantly of

white quartz, chert, and argillite and are in matrix support. The

matrix, analyzed petrographically, is the same siltstone material

as that in which the conglomerate is interbedded. Similar conglomer-

ate interbed occur in other parts of the thesis area where a len-

ticular conglomerate interbed 12-15 inches thick and seven feet wide

is present. Along the Chemainus River at station 98, another pebbly

interbed is interbedded in the fine-grained rock with pebbles that

range in size from 1-15 cm.

Along Highway 1 the Haslam crops out as medium (N 5) to dark

gray (N 3) siltstone. At station 40, a 20-25 foot-wide sandstone

channel overlies this siltstone unit (see figure 10) . The channel,

recognized by its geometry and cut-and-fill relationship with the
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Figure 8. Calcareous concretions in Haslam Formation.
Station 4.
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Figure 9. Lenticular conglomerate interbed in Haslam siltstone.

Station 7.



30

jjt"

TLT ;q
-

- ç
¶: -: -

I

, _.

4.

Figure 10. Above, fine-grained sandstone channel overlying and
cutting into finer-grained Haslarri rock. Below, mud-

stone ripup in fine sandstone channel fill. Channel

width is 20-25 feet. Station 40.
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underlying siltstone, is filled with a light bluish gray (5B 7/1)

fine sandstone. Rounded mudstone ripups present in the sandstone

body were apparently picked up from the underlying siltstone material

(see figure 10) . Planar and trough crossbedding indicate a general

current transport to the northeast. Fossils are seen concentrated

in a layer at the base of the sandstone. Disarticulated pelecypod

shells in a generally convex-up position and a well preserved gastro-

pod were found. The underlying siltstone is weathered to a dark

gray (N 3) or dark reddish brown (lOR 3/4) and displays classic

spheroidal weathering features (see figure 11) . Muller and Jeletzky

(1970) give the most visual description of spheroidal weathering.

They state:

In weathered outcrop, th
integrate into rows upon
ellipsoidal shapes, that
ter. The ellipsoids are
and peel off in a manner
of some granitic rocks.

shale layers commonly dis-
rows of dark rusty brown
are about a foot in diame-
layered in onion-skin fashion
not unlike the exfoliation

The main body of the Haslam Formation contains mostly finer

grained rocks, chiefly mudstone. As exposed along the Chernainus

River, the rock is a thin-bedded mudstone, weathered light gray

(N 7) to dark gray (N 3) , or moderate brown (5YR 3/4) . The mud-

stone weathers to chips and contains abundant carboni2ed wood frag-

ments. More than 600 feet of sandstones have been measured along

the Chemainus River by Usher (1952) . The occurrences of fine-grairied

sandstone are in thick beds (25-40 feet thick) , smaller lenticular

interbeds, and laterally continuous interbeds (10-20 inches thick)

Concretions are also fine sandstone and abundant throughout. The

lenticular fine sandstone interbeds (see figure 12) are fairly
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Figure 11. Spheroidal weathering features in Haslam siltstone.
Along Highway #1 at station 40.
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Figure 12. Lenticular fine-grained sandstone in Haslam rnudstone.
Along Chemainus River. See Erunton compass for scale.
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common and weather to a very pale orange (1OYR 8/2) . Carbonate con-

cretions occur in various sizes (up to four feet long) and shapes

with most elongate parallel to bedding (see figure 13) . The sand-

stone interbeds and concretions are weathered out in erosional

relief

The Haslam Formation, as it occurs in the triangular area in

the northern part of the thesis area, consists of siltstone and fine-

grained sandstone. The dominant siltstones weather light gray (N 7)

to dark gray (N 3) , or even very pale orange (1OYR 8/2) . The rock

units, spheroidally weathered in places, are calcareous and include

preserved mudcracks on a few rock surfaces.

Petrog raphy

Of the six fine-grained Haslam sandstones analyzed petrograph-

ically, four are feldspathic wackes and two are feldspathic arenites

(see figure 14) . The rocks are all poorly sorted with angular to

subrounded grains. Some variation is noticeable between samples,

but not enough to warrant separate descriptions.

Quartz and feldspar grains average 36.5 and 30.5 percent respec-

tively of the detrital fraction (see

predominantly undulatory extinction.

is also abundant. Plagioclase laths

grains. Plagioclase, which averages

spar, is albite and andesine, with a

Appendix 1) . Quartz exhibits

Microcrystalline quartz (chert)

are observed in a few chert

12.6 percent of the total feld-

desine compositions in the An30

and An45 range. The feldspars are in most cases extremely altered

and sericitized. Quartz and feldspar are both partially replaced

by carbonate.
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Figure 13. Concretions in Haslam mudstone. Along Chemainus River.

See rock hammer for scale.
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Both biotite and muscovite are present in relatively minor and

equal amounts. Biotite is commonly partially or totally altered

to chlorite.

Rock fragments are relatively significant and average 7.5 per-

cent of the detrital fraction. The rock fragments consist of andes-

itic volcanic fragments and metamorphic rock fragments of quartz-

mica schists.

The iron-bearing fraction includes epidote, clinopyroxene,

amphibole, and authigenic pyrite. Authigenic pyrite is a charac-

teristic feature of only the Haslam Formation sandstones.

The abundant matrix of four of the six samples is both detrital

and diagenetic. Diagenetic minerals, because of the presence of

unstable minerals, are expected and include chlorite (as unoriented

grains and as pore fillings) , clay minerals (some as clay coats on

grains) and calcite. Biotite is altered to chlorite as well as vol-

canic rock fragments to matrix. Clay minerals, determined for two

mudstone samples (4 and 54) using X-ray diffraction techniques (see

figures 46 and 47) include mica, chlorite, chloritic intergrade,

and possibly kaolinite.

Environments of Deposition and Provenance

Marine fossils and rock lithologies of the Haslam Formation

suggest deposition in a marine environment which encompassed both

nearshore and offshore settings. Sliter (1973) , after studying

Haslam microfossils, postulated offshore water depths of 200 meters.

Macrofossil evidence from oysters and thick-shelled pelecypods sug-

gests both high energy brackish and normal marine environments.
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In general, the fine-grained rock types reflect low energy, slow depo-

sitional processes whereas the fine sandstones and pebbly conglomerate

facies reflect input from high energy processes and a more rapid depo-

sition. Deposition of the iaslam sediments was almost inevitably

affected by periodic uplift of source areas alone or accompanied

by recurrent basin subsidence which would have resulted in a shift-

ing shoreline and caused variation in source materials.

The main body of the Haslam is dominantly mudstone. The fine-

grained lithologic uniformity seen throughout the formation suggests

deposition primarily by settling of silt and clay from the water

column in a relatively quiet water environment. The presence of

pyrite suggests, in addition, that this environment was chemically

reducing. Mudcracks, seen at one locality in the northern part

of the thesis area, could be evidence of localized deposition in

an intertidal marine environment such as a bay where subaerial

exposure occurred at times.

Concretions are abundant throughout the mudstone fades. The

tendency of the concretions to conform to bedding planes with the

mudstones appearing to flow around them suggests that the concreticns

formed while the mud was still in a plastic state. Later compaction

of the sediments would have produced the observed features. Carbon-

ate concretions, also abundant in the Cretaceous basin shale fades

of the Andes Range, were found to contain whole fish fossils as

well as other fossils. Weeks (1953) , who studied the concretions

of that area, concluded that decaying organic matter creates a

favorable environment for calcium carbonate precipitation and is

the promoting factor in concretion development. Though no fossils
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the Haslani on Saltspririg Island yielded some organic remains (Hanson,

1976) . The typical dark yellowish orange (1OYR 6/6) color of the

concretions reflects the weathering of pyrite to sulphur and limonite.

Muller (1970) described the lower few hundred feet of the Haslam

as a littoral fades with deposition occurring at shallow depths and

subject to wave action. In the thesis area, nearshore deposition

(probably prompted in part by minor regressive phases) is suggested

in parts of the Haslam by the presence of wood fragments, thick-

shelled fossils and coarser grained sediments. The coarse gravel

lag and fossiliferous sandstone seen at the base of the Haslam (sta-

tion 12) probably marks initial transgression and nearshore deposi-

tion. The deposit might also represent a storm deposit as discussed

by Kumar and Sanders (1976)

Lenticular sandstone interbeds represent sand-filled fluvial

or tidal channels which once cut into the fine-grained rocks. Mud-

stone ripups contained in the channel fill are erosive evidence

of rapid deposition and filling of the channel. Because of their

rounded form, some lateral transport of the ripped-up material prob-

ably occurred. The localization of fossil material at the base

of the sandstone channel typifies channel lag deposits. The lag

consists of a death assemblage, although not statistically proven,

of fossil material (Brenner and Davies, 1973) . Lenticular conglomer-

ate interbeds are also probably of fluvial or tidal channel origin.

Deposition by turbidity currents via distributary channels, a process

proposed for pebbly mudstone deposition (Crowell, 1957) , should

also be considered. The presence of dish structures in a nearby
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siltstone suggests rapid deposition with entrapment of large

amounts of water (Rautman and Dott, 1977)

The laterally persistent sandstone interbeds can probably be

assigned to a variety of processes. Goidring and Bridges (1973)

suggest storms, tsunamis, floods, tides, rips, and turbidity cur-

rents as possible causes of the sheet sandstones which they studied

and described as fine-grained, plane laminated or low angle cross

stratified sheet sandstones interbedded with fossiliferous marine

shales and siltstone. Cook and Gorsline (1972) actually demon-

strated offshore movement of sand by powerful short period or shoal-

ing waves. Sandstone interbeds along the Chemainus River, however,

did not allow a close examination of sedimentary structures and

hence could be attributed to any one or a combination of these

processes. Rhythmically bedded sandstones and mudstones present

on the beach platform at Chemainus resemble turbidite deposits.

The displaced clastic material (fine sandstone) and rhythmic bedding

are suggestive of deposition from turbidity currents. However,

the diagnostic mixed faunal assemblage (Dott, 1963) and sedimen-

tary structures characterizing the Bouma sequence (Bouma and

Brouwer, 1964) are not distinguishable.

In summary, most of the Haslam Formation was deposited by the

settling of silt and mud in a restricted marine environment or locale.

Petrographic examination of the fine interbedded sandstone indicates

rapid deposition and rapid burial with compositions indicating the

Sicker Group as the major source of sediments. Minor paleocurrent

evidence (trough and planar cross bedding of channel fill) suggests

a current transport direction to the northeast and therefore a
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source area to the southwest. More paleocurrent data are needed,

however, to substantiate this inference.

Extension-Protection Formation

The Extension-Protection Formation is the lower coarse-grained

part of the second depositional cycle. In the Nanaimo area, the

Extension-Protection Formation contains abundant coal seams. Clapp

(1912) originally distinguished and named five formations which

alternated with these coal seams. Later recognition of the localized

nature of these formations (Muller and Jeletzky, 1970) led to their

inclusion instead as members of the Extension-Protection Formation,

named after the town of Extension and Protection Island in the

Nanaimo Bay. Muller and Jeletzky's integrated classification for

the Extension-Protection Formation is followed in this report with

three informal members being distinguished in the thesis area.

Fossil evidence is generally absent in the Extension-Protection

Formation in the thesis area with remains limited to one well pre-

served leaf impression (7 inches long) and a 1-5 inch-thick fossili-

ferous bed containing "shell material" (Riccardi, written comrnunica-

tion, 1981) . In the Nanaimo area, fossils found in the oldest mem-

ber of the Extension-Protection and in the overlying Cedar District

Formation indicate an early Campanian age for the Extension-

Protection (Muller and Jeletzky, 1970)

Distribution and Thickness

The Extension-Protection Formation is exposed in the thesis

area along the coastline in a NW-SE-trending belt, approximately
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five miles along strike. Bare Point and several of the Shoal

Islands are included. Strata occupying a fault-bounded area immedi-

ately south of Crofton are also believed to represent the Extension-

Protection Formation.

Estimated thicknesses, as computed from the geologic map, are

about 2100 feet with variations resulting from cross faulting.

Thickness of the Extension-Protection Formation in the Nanaimo

area is approximately 1900 feet (Muller and Jeletzky, 1970) ; south-

east of the thesis area, on Saltspring Island, thicknesses range

from 1000 feet to 180 feet (Hanson, 1976)

Basal Contacts

The lower contact of the Extension-Protection Formation with

the underlying Haslam Formation is not exposed in the thesis area.

However, the contact elsewhere represents an unconformity occurring

after an abrupt regression which ended Haslam deposition and before

deposition of the Extension-Protection basal conglomerate.

The contact line, as shown on the geologic map, is drawn between

exposures of the Haslam and Extension-Protection rock units with

the distinct topographic expressions of the two formations providing

further control.

Litholoqy and Stratification

The Extension-Protection Formation is described in terms of

three members: a lower conglomerate member; a middle member; and

an upper sandstone member. These members are similar in lithology

and stratigraphic position to what Clapp (1912) originally
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introduced as formations in the Nanaimo area: the Extension,

Newcastle, and Protection Formations, respectively.

Lower Conglomerate Member. The basal conglomerate crops out

along the coastline and consists of both conglomerate and sandstone.

The conglomerate, weathered to a very light gray (N 8) to black

(N 1) , is well indurated and moderately to poorly sorted. Subangu-

lar to rounded conglomerate clasts consist of pebbles to cobbles

(up to 20 cm) f the more resistant rock types: white quartz, chert,

sandstone, and argillite. The conglomerate varies between clast

and matrix support. Matrix, typically composing 10-40% of the rocks,

consists of a poorly sorted mixture of medium to coarse sand-sized

grains of chert, quartz, and rock fragments (see Petrography section)

Stratification varies within the conglomerate from thick-bedded

to massive. On Bare Point, pebbles are generally elongate with

the direction of current flow, but lack a distinct imbrication.

The orientation of these clasts generally defines a parallel-bedded

conglomerate. Distinct normal grading is recognized at several

localities (see figure 15) . Channeling is very common throughout

(see figure 16) with some channels up to four meters wide and one

meter deep.

Sandstone, weathered to a yellowish gray (5Y 7/2), occurs in

discontinuous beds throughout the conglomerate (see figure 17)

The beds are up to one meter thick and nine meters wide in places.

Compositions of these sandstone interbeds are the same as the sandy

matrix of the conglomerate. On Bare Point, interlamination of coarse-

and fine-grained sandstone with pebbly conglomerates (see figure 18)

is fairly common. Cross-lamination characterizes these units.
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Figure 15. Normal graded bedding in conglomerate of the Extension-

Protection Formation. Station 33.
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Figure 16. conglomerate channel on Bare Point. channel is eleven

feet wide and four feet deep.
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Figure 17. conglomerate with discontinuous sandstone interbed.
See tape measure for scale. Bare Point.
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Figure 18. Interlamination of coarse sandstone and pebbles. Note
cross laminations. Bare Point.
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On Mainguy Island, as well as the other islands adjacent to

the shoreline, the conglomerate is seen to grade (fining upward)

perpendicular to strike from pebbly conglomerate to pebbly sandstone

to coarse- to fine-grained sandstone. Scattered pebbles (2-7 mm

in size) as well as local clusters of these pebbles are present

throughout the upper sandstones. The transition occurs approxi-

mately in the middle of the islands, along a line parallel to strike,

leaving the islands to be half conglomerate and half sandstone.

The coarse- to fine-grained sandstones are typically massive and

weathered light gray (N 7) to black (N 1) . Fossilized material

preserved within the sandstone includes a leaf impression.

Strata south of Crofton are believed to represent part of the

Lower Conglomerate Member, an assumption based on lithologic similari-

ties and areal distribution. These rocks vary from fine-graied

to pebbly sandstones, are weathered greenish gray (5GY 6/1) to light

olive gray (5Y 6/1) , and are massive to thickly bedded.

Four sandstone samples from the Lower Conglomerate Member were

analyzed petrographically (see 33, 63, 72,and 64 on figure 19)

Samples 63 and 64 represent the strata south of Crofton. The rocks,

moderately to very poorly sorted with angular to subrounded grains,

range from fine- to very coarse-grained lithic arenites: one is

a lithic wacke. In general, the samples display compositional simi-

larities with notable abundances of chert (6-18%) , volcanic rock

fragments (T-l5%) , metamorphic rock fragments (12-29%) and epidote

(0-13%) . Point count results are listed in appendix I.

Middle Member. The Middle Member occupies the tidal flats

between the coast and the Shoal Islands. It is nowhere exposed.
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Figure 19. Classification of the Extension-protection
Formation sandstones. Classification after
Dott (1964)
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The covered interval, because of its nonresistant nature, is pre-

sumed to represent fine-grained rock types which were probably

eroded away during the Pleistocene glaciation.

Upper Sandstone Member. The Upper Sandstone Member is similar

in overall aspects to the Protection Formation of the Nanaimo area

which is referred to by Clapp (1912) as "the best horizon marker

in the Nanaimo Group." The member trends NW-SE along the western-

most Shoal Islands (see figure 20)

The fine- to medium-grained sandstones are bluish white (55 9/1)

to medium gray (N 5) or light olive gray (5Y 6/1) fresh and weather

to grayish red (5R 4/2) , black (N 1), light brownish gray (5YR 6/1)

or even pale yellowish brown (1OYR 6/2) . Stratification varies

from thinly laminated to thickly bedded. Low angle trough and planar

cross-laminations (see figure 21) occur as well. A thin shell bed

(1-5 inches thick) is interbedded with the sandstone.

Symmetrical current ripple marks are abundant within this facies.

At one spot, three different and successively overlying beds are

exposed, with ripple-covered upper surfaces recording a different

wave direction during the time of deposition of each bed (see figure

22) . Average amplitudes and wavelengths of the oscillation ripple

marks are 2.5 cm and 10 cm, respectively. Both symmetrical and

interference ripples are preserved.

Convolute bedding occurs within the sandstones at a few places

(see figure 23) . Folds lack any detectable overturning or inclined

axes suggestive of paleoslope.
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Figure 20. Upper part of the Extension-Protection Formation
crops out along the Shoal Islands. Note dip of

beds to the northeast. View is toward the north.
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Figure 21. Planar cross-laminations in the sandstone of
the upper Extension-Protection. Station 19.
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Figure 22. Exposure of three different ripple covered
intervals preserved in the sandstone of
the upper Extension-Protection Formation.
Station 52.
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Figure 23. Convolute bedding in the sandstone of the
upper Extension-Protection Formation. See

camera lens cap for scale. Station 30.
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Petrography

Petrographically, the sandstones (see figure 19) are fine- to

mediurn-grained feldspathic arenites. Sorting is poor to moderate

and grains are angular to subrounded.

Sandstone constituents are dominated by quartz and feldspar.

The average total quartz content is 47.8%, of which 34.3% is normal

quartz (monocrystalline and unstrained) . Quartz with undulatory

extinction constitutes an average of 8.5%. Chert and polycrystalline

quartz are relatively minor in comparison. Total feldspar content

is, on the average, 26.5%. Plagioclase compositions are those of

andesine and albite.

Lithic fragments (1-9%) are mostly volcanic and metamorphic

types. Volcanic rock fragments are andesitic and metamorphic rock

fragments include quartz-mica schists, biotite schists and quartzite.

Biotite is relatively abundant and comprises 2-14% of the rocks.

It is commonly deformed by compaction, is altered to chlorite, and

gives the rocks a salt and pepper appearance.

Trace or very minor constituents include sphene, hornblende,

tourmalirie, microcline, magnetite, zircon, and epidote.

The rocks generally lack abundant matrix (less than 10%) and

typical cementing agents include sparry calcite, feldspar and/or

quartz overgrowt'ns and iron oxide.

Paleocurrent Data

Paleocurrent measurements for the Extension-Protection Formation

are bearings of channel axes and strikes of symmetrical ripple marks.
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The majority of these features are bidirectional current indicators.

Channel axes measurements, where the dip of the channel is greater

than that of the surrounding rocks, are unidirectional indicators.

Ripple marks were seen only on the Shoal Islands. The current direc-

tions (biased) indicate paleocurrents flowing toward N56E (see

Figure 24) . Although trough and planar cross-laminations are pres-

ent, exposure displaying only one dimension precluded measurement.

Environments of Deposition and Provenance

The pattern of sedimentation of the Extension-Protection Forma-

tion is similar to that of the Eocene Llajas Formation in southern

California (Squires, 1981) . The Llajas Formation is interpreted

as a transitional alluvial to marine sequence shown by vertical

gradation upward (Masters, 1967) from coastal alluvial fan to shallow

marine environments. Extension-Protection depositional processes

are also similar to those discussed by Wilkinson and Oles (1968)

for Cretaceous rocks in central Oregon. Their model consists of

extensive alluvial fans and delta plains projecting into a shallow

marine embayment.

The moderately to poorly sorted basal conglomerate and inter-

bedded sandstone lenses could have been deposited either as stream

channel deposits on alluvial fans (Allen, 1965) or as deposits of

braided delta plain distributaries of short-headed streams (Flores,

1975) . Scour-and-fill relationships, planar and trough cross-bedding

and coarse grain size suggests deposition by high energy fluvial

processes. Interlamination of coarse and fine sandstones on Bare

Point is indicative of a varying flow regime. Normal graded bedding
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Figure 24. Paleocurrent directions of the Extension-Protection Formation.



in the conglomerate at several localities is suggestive of a decrease

in current flow velocity and therefore a decrease in flow compe-

tence (Harms and others, 1975)

The gradational fining upward trend of the Lower Conglomerate

Member indicate a decreasing stream gradient from west to east.

The preservation and abundance of unstable rock fragments and min-

erals of the interbedded immature sandstones infers rapid deposi-

tion and burial. Compositions of both the sandstones and conglomer-

ate clasts designate the nearby Sicker Group as the major contributor

of sediments. Cretaceous formations underlying the Extension-

Protection Formation, such as the Benson conglomerate of the Comox

Formation, were also likely sources of sediment and probably respon-

sible for supplying some of the more rounded pebbles and cobbles

of quartz and chert.

Features of the Lower Conglomerate Member therefore indicate

deposition largely by rolling, sliding, and saltation of material

moved as the bedload component of braided streams. Rapid deposition

by debris and other turbulent flows was also probably an active

process at times.

Marine fossils in a thin fossiliferous bed and ripple marked

intervals of the Upper Sandstone Member indicate deposition in a

shallow marine environment. Convolute bedding is attributed to

the effects of loading and dewatering associated with rapid sedi-

mentation (Lowe and LoPiccolo, 1974) . Sandstones analyzed petro-

graphically lack significant matrix suggesting at least some winnow-

ing by marine processes. The abundance of feldspar and biotite
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and minor hornblende indicates rapid sedimentation and burial in

a somewhat sheltered environment, such as a bay.

Facies relationships, sedimentary structure, petrography, and

paleocurrent directions of the Extension-Protection Formation indi-

cate that deposition occurred along a coastline where coarse mate-

rial was derived from a highland in the west arid southwest and pro-

graded to the northeast. The Sicker Group provided the major source

of sediments. Material from older Cretaceous Formatins was probably

derived from erosion of uplifted areas as well as washed in along

the shoreline. I favor the short-headed stream depositional model

(Flores, 1975) whereby smaildeltas arefed by short-headed streams

with steep gradients and coarse clastic material is transported

into the delta plain by braided streams. Deposition of the Middle

Mudstone Member, presumed to represent fine-grained rocks, is then

likely to have been deposited in interchannel areas or on the flanks

of streams as they emerged from their valleys onto the delta plain.

The Upper Sandstone Member represents the seaward part of the delta

plain.

The picture envisioned of sedimentation during Late Cretaceous

time is not much different than that which is occurring today on

Vancouver Island. Short-headed stream deposition is an active process

operating along the coastline. The Strait of Georgia provides a

somewhat sheltered depositional environment as well. It has been

suggested (Hanson, 1976) , however, that the pre-glacial shelf was

probably narrower than it is today.



Cedar District Formation

The Cedar District Formation is the upper fine-grained part

of Muller and Jeletzky's (1970) second depositional cycle. Clapp

(1912) introduced the name Cedar District for the fine-grained marine

rocks overlying the coal-bearing strata in the Nariaimo area.

Although no fossil specimens were discovered, trace fossils

are abundant throughout the formation.

Distribution and Thickness

The Cedar District Formation crops out NW-SE along the Shoal

Islands, exposed for approximately three miles along strike. The

largest area of the outcrop is on Willy Island.

Several field measurements indicate that the maximum thickness

of the formation in the thesis area is about 825 feet. The base

of the section can be projected directly along strike to Saltspring

Island, where the thickness of the Cedar District Formation there

approaches 3600 feet (Hanson, 1976) . Only the lower part of the

Cedar District Formation is therefore probably exposed in the thesis

area

Basal Contacts

The basal contact of the Cedar District is conformable and

gradational over a 5-10 foot interval. The contact lies along the

eastern side of the thin string of islands occupied by the Upper

Sandstone Member of the Extension-Protection Formation. The transi-

tion is from thin to thickly bedded, fine-grained sandstone of the
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Extension-Protection Formation to thinly bedded siltstone of the

Cedar District Formation.

Lithology and Stratification

Rocks of the Cedar District Formation consist of fine-

grained sandstone, siltstone, and mudstone. Rhythmically bedded

sequences of interbedded fine-grained sandstone, siltstone, and

mudstone are characteristic of the formation. Overall, however,

mudstone-siltstone is the dominant rock type and is commonly thinly

laminated on fresh and weathered surfaces, it is light gray (N 7)

to medium dark gray (N 4) , and locally grayish red (1OR 4/2) . Inter-

bedded fine-grained sandstones are typically weathered very pale

orange (1OYR 8/2) to dark yellowish orange (1OYR 6/6)

Along the lower part of the formation, symmetrical ripple marks

and loading features are common. Loading features include flame

structures in fine-grained sandstone (see figure 25) and structures

similar to what Tyler (1972) refers to as eruption necks (see

figure 26) . In zones with ripple marks and loading features, mud-

cracks occur locally (see figure 27) . The mudcracks occur in sandy

siltstones and display V shapes in cross-section. A few small sand-

filled channels (2 feet wide by 6 inches deep) also occur locally

along the lower part of the formation.

The shore platforms, along Willy Island and the southeastern

most smaller islands, consist of rhythmically bedded sequences (see

figure 28) . The ribbed weathering effect is most pronounced along

the eastern side of the islands. Mudstone is the dominant rock type

and occurs intercalated with varying amounts of interbedded sandstone
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Figure 25. Flame structures in sandstone interbed.
Interbed is 7 inches thick. Cedar
District Formation. Station 60.
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Figure 26. Loading features in Cedar District Formation.
Note, also, honeycomb weathering. Station 60.
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Figure 27. Mudcracks preserved in siltstone of lower
Cedar District. Station 60.
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Figure 28. Rhythmically bedded sequences of Cedar District
Formation. Bedding dips 400 towards the north-
east. Station 62.



and siltstone. Mudstone-siltstone beds are massive to thinly lami-

nated and have average thicknesses of eleven inches. In places

where mudstone occurs alone, it is commonly spheroidally weathered.

Sandstone interbeds are generally laterally persistent with sharp

bases and gradational to sharp upper contacts with finer grained

rocks. The interbeds have an average thickness of 3/4 inches (up

to 12 inches) . The sandstone is generally massive or indistinctly

laminated, and locally calcareous. Underlying sandstone beds thin

and thicken along strike as a result of loading and are pulled into

pods locally. Flute and groove casts occur on the bottom of some

sandstone beds.

Trace fossils are abundant and burrows are oriented parallel,

oblique, or normal to bedding. Horizontal burrows, parallel to

bedding, occur most often on the upper surfaces of siltstones and

mudstones. Although not identified, they are very similar to what

Hanson (1976) described as Thalassinoides. Burrows oblique or normal

to bedding occur in all rock types and are typically no greater

than 3 inches long. The burrows commonly are filled with a coarser

grained. material and have mushroom-like shapes.

Two fine-grained sandstones, analyzed petrographically (see

figure 29) , are feldspathic arenites. The rocks are moderately

sorted with angular to rounded grains, largely of quartz and feld-

spar. Minor hematite staining is present as well as carbonate re-

placement of grains. Minute burrows are also recognized.
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Rock Fragments

Figure 29. Classification of the Cedar District sandstones.
Classification after Dott (1964)



Environments of Deposition and Provenance

Overall, the second depositional cycle shows a gradational

upward transition from nearshore to offshore marine deposition.

The Cedar District Formation is interpreted as representing the delta

front to pro-delta environment.

The lower part of the formation exhibits features of shallow

marine deposition such as ripple marks and mudcracks. Mudcracks,

whose V-shaped cross-sectional feature eliminates the possibility

that they are synaeresis cracks, are indicative of subaerial exposure.

Tyler (1972) , after studying similar occurrences of mudcracks, sug-

gested the possibility that the mudcracks developed during subaqueous

flow and/or under stress induced by lithostatic loading and dewater-

ing of the sediments. The mudcracks may have formed during a low

sea level stand. In the same vicinity as the mudcracks, flames

and eruption necks occur and are attributed to the effects of differ-

ential loading when the sediments were still water-saturated. High

sedimentation rates are probably responsible for high content of

pore water.

Laminated and burrowed mudstone-siltstone of the Cedar District

indicate slow sedimentation, below wave base, in relatively quiet

waters such as on the outer shelf. Rhythmically bedded sequences

record a periodic input of coarser material. The interbedded sand-

stone, siltstone, and mudstone beds resemble turbidite deposits

discussed by Bouma (1962) or Walker (1970) , although distinct Bouma

sequences are lacking. Evidence suggesting a possible turbidity

current origin includes rhythmic bedding of sandstone, siltstone,



and mudstones, sharp lower and gradational upper boundaries of sand-

stone interbeds and erosional evidence at base of sandstone beds

(minor flute and groove casts)

The fine-grained rocks of the Cedar District seem likely to

have been deposited by any of the processes described by Stow and

Shanmugam (1980) ; low concentration, thick turbidity currents, thin

turbid layer flows, bottom (contour) currents and hemipelagic and

pelagic deposition. They suggest low velocity turbidity currents

as prime moving forces for carrying large volumes of silt- and clay-

sized particles downslope to a basin plain. Material transported

seaward would also increase during flooding stages of rivers.

Minor paleocurrent evidence, although inconclusive, suggests

deposition under the influence of differing marine currents. Sym-

metrical ripple marks and channels seem to indicate that influxes

of coarser debris were probably transported toward the east. One

large trough cross-bedding set (wavelength of 10 feet) indicates

some current transport was toward the northwest or across slope

as well. Contour flowing bottom currents often deflect turbid,

suspension-rich downslope moving water masses (Stow and Shanmugam,

1980)
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PETROLOGY OF CRETACEOUS ROCKS

Modal analysis of the sandstones provides information useful

for depositional and paleotectonic reconstructions of the Nanaimo

Group sediments. Tectonic reconstructions, based on provenance

interpretations, are of particular importance in evaluating plate

motion resulting from sea floor spreading. Careful analysis of

sandstone compositions can show whether once adjacent provenances

and basins are now apart or once distant provenances and basins

are now together (Dickinson, 1970)

Sandstones

Petrographic analysis of eighteen Cretaceous sandstones rang-

ing in texture from coarse- to very fine-grained was done with the

use of a petrographic microscope (magnification of 100 power)

mechanical stage and point counter. Four hundred points per thin

section were counted at intervals determined by the size of the

sand grains.

Sandstone samples were collected from localities shown on

figure 30 with point count results presented in Appendix I.

Framework Grains

Dott's (1964) sandstone classification was used because of

its simplified, descriptive approach to the immature sandstone

category, which includes most of the Nanaimo Group sandstones.

The classification is based on a ternary diagram, whose three apices

illustrate the relative abundances of the detrital components--quartz
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(Q) , feldspar (F) , and rock fragments (RF) . The prefixes qtz-,

feldspathic- and lithic- are attached either to the term arenite,

for a rock with less than 10% matrix or wacke, if greater than 10%

matrix

The following criteria used for recognition of sandstone compo-

nents are described in order to insure reproducibility of the point

counts

Quartz. Quartz is divided into four distinctive varieties of:

1) normal quartz

2) undulatory quartz

3) polycrystalline quartz

4) chert (see figure 31)

Color photographs, illustrating each of these quartz types, are dis-

played in A.A.P.G. Memoir 28 (1981)

Polycrystalline quartz grains showing highly sutured grain

boundaries, abundant micaceous inclusions and a pervasive stretched

appearance were counted as metamorphic rock fragments. Lithic units

containing distinguishable sand grains were counted as sedimentary

rock fragments.

The average grain size (after entworth, 1922) of each sand-

stone is listed in Appendix I because it affects variations in compo-

sition between samples which could be mistaken for a change in prove-

nance (Conolly, 1965) . To find the compositional ranges, both coarse-

and fine-grained beds were sampled.

Feldspar. Staining techniques were not used to distinguish

potassium feldspar from plagioclase. Recognition and distinction

relied on the presence or absence of twinning (see figure 32) along
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Figure 31. Scanning electron photomicrographs of chert
grains with possible fossil fragments (F)

White bar scale is 10 pm. Sample 72.
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Figure 32. Photomicrograph of upper Extension-Protection feld-
spathic arenite. Note three large altered, twinned
feldspars (F) . Crossed nicols. Sample 15.
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with characteristic optical properties and alteration. A signifi-

cant amount of plagioclase in the Nanaimo sandstones is untwinned

(Pacht, 1980) and an undifferentiated feldspar category was found

necessary for identification of grains which could not be differenti-

ated in terms of K-spar or plagioclase. Many feldspar grains show

extensive replacement by calcite of sericite, but were counted as

feldspar if any original grain outlines could be seen. Detrital

plagioclase in the sandstones is commonly albite and andesine.

Microcline is also present in a few samples, but is a very minor

component (see figure 33)

Rock Fragments. Four categories permitted division of rock

fragments into:

1) volcanic rock fragments, identified primarily by the pres-

ence of euhedral feldspar laths, texture or fabric. Most volcanic

grains are andesite, commonly showing some alteration in sandstone

matrix (see figure 34)

2) metamorphic rock fragments, mostly phyllite and schist (see

figure 35) . Different varieties of schist include quartz-mica schist,

quartz-actinolite schist and quartz-epidote schist. Schistose f rag-

ments containing assemblages of actinolite, epidote, chlorite, cal-

cite, and muscovite also are present;

3) sedimentary rock fragments, including shale, sandstone and

carbonate (see figure 36) . Most of the carbonate fragments contain

fossil debris with several echinoderm plates being distinguishable;

4) intrusive rock fragments. Although not abundant, these

were distinguished by their coarse-crystalline fabric with large

variations in crystal sizes of quartz and feldspar.
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Figure 33. Photoniicrograph of upper Extension-Protection feld-
spathic arenite. Note microcline (M) , biotite (B)
altered feldspar (F) and tight packing. Crossed
nicols. Sample 29.
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Figure 34. Photomicrographs of lower Extension-Protection sand-

stone. Above, crossed nicols. Below, plane light.
Note volcanic rock fragments with intersertal tex-
tures (VRF) , shale clast (SH) , chert (C) and poiy-
crystalline quartz (PQ) . Sample 33.
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Figure 35. Photomicrographs of lower Extension-Protection
coarse sandstone. Above, crossed nicols. Below,
plane light. Note abundant epidote (E) chert (C)

and metamorpnic rock fragments (MRF) . Sample 64.
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Figure 36. Photomicrographs of Cedar District sandstone. Both,

crossed nicols, note carbonate fragments (CF) and
replacement (C) and biotite (B) Sample 28.



Matrix

Material considered to be matrix (see figure 37) consists of

clay (a certain amount of which is diagenetic) , and fine, inter-

granular clastic material. Dott's (1964) definition of matrix as

material less than 0.03 mm in size set the limit for the intergranu-

lar clastic material, which consists of quartz, feldspar, epidote,

and the phyllosilicates. Percentages of matrix were determined

by point counting coupled with estimates by visual inspection of

the entire slide. However, all of the sandstone samples contain

small amounts of matrix, averaging less than 10% of the detrital

fraction.

Diagenesis

Because determining ancient depositional environments also

involves determining the original composition of the rock, it is

necessary to be able to subtract that material which formed post-

depositionally at presumably low temperatures within the sedimentary

deposit (Williams, Turner, and Gilbert, 1954) . The large amount

of unstable detrital grains present in these sandstones, preserved

as a result of rapid deposition and burial, give diagenesis an impor-

tant role and it is my intention here to describe its effects on

the compositions of the rocks.

Authigenic cements and secondary materials include calcite,

chlorite, iron oxide, feldspar and quartz overgrowths, pyrite, and

laumontite. Microscopic investigation of textural relationships

shows that the diagenetic sequence closely imitates that described



Figure 37. Scanning electron photomicrograph showing mica grain
(M) set in a fine-grained matrix. White bar scale
is 10 tim. Extension-Protection Fm. lithic wacke.
Sample 72.
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by Galloway (1974) . The effects of compaction and formation of

cements have destroyed most of the sandstone porosity (see figure

38)

The most common post-depositional components in these sand-

stones are calcite and chlorite. Replacement and alteration of

framework grains is a common feature (see figure 39). Calcite,

the abundance in the rock samples varying considerably over the

area, occurs as a sparry calcite cement, as replacement of frame-

work grains (particularly feldspar) , and as fracture filling. The

proximity of the collection point for sample 16 (see figure 40)

to a 8-10 cm.-thick fossiliferous bed may explain the origin of

the calcite cement for this sandstone. Chlorite occurs as detrial

grains, but is largely secondary after framework grains and as an

authigenic precipitate filling pore spaces. Biotite and lithic

rock fragments are seen altered to the distinctive light olive green

chlorite.

Other diagenetic products include iron oxide, which forms as

an alteration product after biotite, amphibole and clino-pyroxenes,

and authigeriic pyrite. Authigenic pyrite is seen only in the Haslam

Formation sandstones. Feldspar and quartz overgrowths (see figures

41 and 42) were distinctive cementing agents only in the upper

Extension-Protection Formation and post-date other cements with

the overgrowths plugging any leftover pore space. Laumontite was

observed in the coarser sandstones of the lower Extension-Protection

Formation but was not found to be common. Stewart and Page (1973)

in their study of Nanaimo group sandstones found the zeolites

laumontite and heulandite to be widely developed as authigenic
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Figure 38. Scanning electron photomicrograph of lower Extension-
Protection medium-grained sandstone. Note overall
lack of significant porosity. White bar scale is
1000 pm. Sample 72.
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Figure 39. Interface between grain boundary and matrix
(possible alteration and/or replacement)
White bar scale is 10 urn. Sample 72.



Figure 40. Photomicrographs of upper Extension-Protection
calcite-cemented sandstone. Both, crossed nicols

and same magnification. Note biotite (B) , quartz

(Q) , metamorphic rock fragment (MRF) , calcite
cement and replacement (C) . Sample 16.
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Figure 41. Photomicrograph of upper Extension-Protection
sandstone. Note feldspar (F) with overgrowth
on upper part of grain, polycrystalline quartz
(PQ) , biotite (B) , epidote (E) . Crossed nicols.
Sample 15.
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Figure 42. Photomicrographs of upper Extension-Protection
Formation feldspathic arenite. Above, crossed

nicols. Below, plane light. Note biotite (B)

muscovite (N) , twinned feldspar (F) , quartz with
overgrowth (QO) , grain angularity and tight pack-

ing. Sample 30.
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minerals in the coarser grained carbonate-poor rocks. The finer

grained nature of most of the rocks studied here, as well as the

presence of carbonate, may have inhibited the growth of laurnontite

and instead promoted the growth of phyllosilicate cement.

The effects of surficial weathering were observed in a sand-

stone from the Extension-Protection Formation (see figure 43)

Minute burrows (see figure 44) are recognized in Cedar District

fine-grained sandstones.
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Figure 43. Photomicrographs of upper Extension-Protection Fm.
sandstone. Above, crossed nicols. Note quartz (Q)

feldspar (F) , muscovite (M) . Below, plane light.
Note reddish alteration of biotite. Sample 15.



Figure 44. Photomicrograph of Cedar District feldspathic
arenite. Note muscovite (M) , biotite (B)

and burrow structure (Bu) - Crossed nicols.
Sample 31.
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Conglomerate Pebble Counts

Extension-Protection conglomerate was sampled at two places on

Bare Point. Sampling at each spot was done by reaching behind my

back and randomly picking two hundred pebbles from float, weathered

directly off the conglomerate unit. Identification of conglomerate

clasts was accomplished later in the laboratory with the aid of

a binocular microscope. Visual inspection of the conglomerate

clasts showed them to be largely chert with subordinate sandstone

fragments. Results of pebble counts are displayed by figure 45.

This sample is somewhat biased because of the greater ability of

the more resistant conglomerate clasts, such as chert, to withstand

the effects of weathering.

Thin sections from two large hand samples of conglomerate were

made to determine matrix composition. Petrographic analysis showed

the chert pebbles to be cut by veins of polycrystalline quartz,

framework constituents to also include metamorphic polycrystalline

quartz and volcanic rock fragments. Framework grains are set in

a fine-grained matrix consisting of abundant chert, undulatory

quartz, normal quartz, polycrystalline quartz, schist fragments,

biotite, volcanic rock fragments, and minor iron oxide.
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Formation and Sample
Lithology --Kep-- --Kep--

Bare Pt. #1 Bare Pt. #2

Chert 76 91

Sandstone (V. poorly sorted) 19 3.5

Porphyritic volcanic 0.5

Aphanitic volcanic 2 1

Quartzite

Igneous (Diorite)

2 4

0.5

Granitics -- 0.5

n=200

Figure 45. Lithologies of Extension-Protection conglomerate.



Clay Mineralogy of the Haslam Formation

The clay fractions of two Haslam mudstone-siltstone samples

were analyzed by X-ray diffraction. The areas of collection for

these samples are labeled 4 and 54 on figure 30.

Lab Procedure

A ball mill, with its tumbling barrel loaded with two steel

balls, was used to crush and disaggregate the samples. After centri-

fuging to concentrate clays, each sample was split into two parts,

one then washed with a magnesium solution, the other a potassium

chloride solution. Oriented slides of the clay were prepared for

X-ray diffraction by the paste method (Theissen and Harward, 1962)

The slides were subjected to characterization treatments done

to control cation saturation and hydration. Seven characterization

treatments were run of each sample and included:

1) Mg-saturated, 54% relative humidity (RH)

2) Mg-saturated, ethylene glycol solvated, 54% RH

3) Mg-saturated, glycerol solvated, 54% RH

4) K-saturated, dried at 105 C, dry air

5) K-saturated, 54% RH

6) K-saturated, heated to 300 C for 2 hours, dry air

7) K-saturated, heated to 550 C for 2 hours, dry air

Results

X-ray diffraction patterns for samples 4 and 54 show mica, chlor-

ite, chloritic intergrade, and possibly kaolinite to be present.
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In sample 54 (see figure 46) bA and 14A reflections, persist-

ing through all the treatments, indicate the presence of mica and

chlorite, respectively. The sharpness of the peaks also indicates

good crystalline structure for these minerals. The presence of

kaolinite is possible because of 7A reflections with a peak collapse

at 500 C heating, but a positive identification in the presence of

chlorite is difficult.

In sample 4 (see figure 47) mica is again present and recog-

nized by bA reflections. Chloritic intergrade is present as well

and recognized by a broad zone of reflection around 12-17A. A peak

expansion with Eth. Glycol treatment and collapse with heat treatment

is also characteristic of chboritic intergrade. As in sample 54,

kaolinite is again suspected.
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Figure 46. X-ray diffraction patterns for Haslam mudstone.
Sample 54.
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Figure 47. X-ray diffraction patterns for Haslam mudstone.
Sample 4.
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STRUCTURE

In the thesis area, deformation of the Cretaceous formations is

the result of post-Cretaceous faulting, with relatively little fold-

ing. Factors leading to recognition of faults include offset of

formational contacts, abrupt changes in strikes and dips, linear

features such as fault-line scarps, and juxtaposition of strati-

graphically separated formations. In addition, several zones are

extensively slickensided, brecciated, sheared, and mineralized.

Faults consist basically of two sets: one striking west to

northwesterly (largely strike faults) and one striking north to

northeasterly (see figure 48)

The major northwest-trending faults are high angle faults up-

thrown along their southwest side exposing Paleozoic Sicker Group

rocks. The central northwest-striking boundary fault zone between

Sicker rocks and Haslam mudstone is exposed along Highway #1 as

an extensively fractured, brecciated, and sheared zone approximately

200 feet wide. Northwest-striking faults also bound an upthrown

block of Sicker rocks along the Chernainus River. Strata of the

Haslam Formation on the southwest downthrown block are overturned

by drag against the upthrown block. These faults are marked by

5-15 feet wide zones of shearing, slickensides, and gouge. Farther

south along the Chemainus River, northwest- to west-striking faults

in the Sicker volcanics are associated with quartz-chlorite-sericite

schists which are isoclinally folded. The fault zones are exten-

sively mineralized and related to adjacent porphyry copper deposits.

The regional strike of Late Cretaceous formations is also
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northwest. The dips of bedding gradually steepen toward the east,

a feature attributed to a major northwest-striking fault located

seaward of the Shoal Islands. This northwest-striking fault is

the Ganges fault, a high angle reverse fault upthrown along its

southwest side and exposed on Saltspring Island (Hanson, 1976)

North- to northeast-striking faults are subparallel cross faults,

cutting northwest-striking faults at a few places. The strikes of

abundant joint patterns measured on the Shoal Islands closely parallel

these northeast fault trends. The major north- to northeast-striking

fault, exposed along Highway l and continuing through the Shoal

Islands, appears to have had a component of left lateral strike

slip displacement.

The structure of the thesis area is very characteristic of

a general pattern for post-Cretaceous faulting affecting the entire

Nanaimo group outcrop area. Muller and Jeletzky (1970) describe

the structure as consisting of tilted fault blocks and attribute

the extensional type faulting to Late Cretaceous to Tertiary differ-

eritial uplift of Vancouver Island. Sutherland-Brown (1966) sug-

gested that faults are related to movement of basement blocks along

reactivated lines of weakness. Sicker basement rocks display the

effects of being subjected to a greater amount of deformation than

Cretaceous rocks and small scale isoclinal folding along the

Chemainus River is probably the result of an earlier compressional

style of deformation or, as Muller and Jeletzky (1970) have sug-

gested, local compression in fault zones.
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ECONOMIC GEOLOGY

Porphyry Copper Deposits

Large porphyry copper deposits have been found in the Sicker

Group, particularly the Myra Formation. During the years 1903-1907,

one productive mine on Mount Sicker was the most important copper

producer of coastal British Columbia (Clapp and Cooke, 1912) Three

mines on Mount Sicker, from 1898-1964, yielded a total production

of 305,787 tons consisting of 37,666 ounces of gold, 802,795 ounces

of silver, 19,892,359 pounds of copper, 362,852 pounds of lead,

4,246,371 pounds of zinc, and 9,853 pounds of cadmium (Clapp and

Cooke, 1912)

The two abandoned mine shafts located on the west side of the

Chemainus River at station 102 are part of a mineralized region ex-

tending from Mount Sicker in a N 70°W direction to Mount Brenton.

Mineralization occurs in a 1,000 to 1,500 feet wide zone of chloritic

schist. Ore bodies found at station 102 were small and not of eco-

nornic value (Report of Minister of MInes, 1902)

Productive ore bodies on Mount Sicker were found enclosed in

a single lens of ore occurring in a synclinal trough of quartz-

sericite and graphitic schists. The lens is surrounded and cut by

dikes of Sicker gabbrodiorite porphyrite. The ore is largely chalco-

pyrite, with subordinate pyrite, sphalerite and galena. Gangue mm-

erals include barite, quartz and calcite (Clapp and Cooke, 1912)

The Sicker Group volcanics and metal-rich solutions are believed

to have come from one magma chamber. Later metamorphism and deforma-

tion converted the chertytuffs and rhyolite porphyries of the Myra
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Formation to schists and caused migration of the mineralizing solu-

tions. The ore bodies are the result of migration of the mineraliz-

ing solutions to the schistose rocks where they became concentrated

(Stevenson, 1948)

Most of the ore has been recovered and none of the mines are

active today. Muller (1980) , however, believes that additional ore

bodies, although probably small, have yet to be discovered.

Petroleum

The petroleum potential of the thesis area does not appear favor-

able. Although possible structural and stratigraphic traps, as well

as source beds, do exist in the thesis area, potential reservoir

rocks are generally lacking. The sandstones are characterized by

extremely low porosity, the result of rapid deposition, cementing

agents, and the effects of diagenesis. Burial of the sediments,

although certainly deep enough for maturation of any hydrocarbons,

probably also contributed to loss of porosity.
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GEOLOG I CAL HI STORY

The Nanaimo Group rocks were deposited on rocks of the Insular

Belt, an allochthonous terrane believed to have been accreted to

the continent sometime during Mesozoic time (Dickinson, 1976; Davis

et al., 1978) . The Nanaimo Basin has been described as a fore-arc

basin (Dickinson, 1976; Muller, 1977a) , a pull-apart basin developed

along a Late Cretaceous transform margin (Pacht, 1978) , and as an

intra-massif fore-arc basin (Dickinson and Seely, 1979) . Whatever

its origin, the great thicknesses of the Nanaimo group sediments

indicate that strong subsidence of the basin must have been con-

current with vast supplies of sediment coming into the basin, pri-

manly from the west and southwest.

Marine transgression during middle Late Cretaceous time (San-

tonian) began the first cycle of sedimentation of the Nanaimo Group.

Thick marine mudstones of the Haslam Formation were deposited over

the entire thesis area, probably in the main seaway. Deposition

basinward would have occurred on an irregular surface of Paleozoic

basement rock and, closer to the shoreline, over sediments of the

Cornox Formation. The Comox Formation probably underlies the Haslam

Formation in parts of the thesis area, but it is not exposed because

of downfaulting or erosion from upthrown blocks. Deposition of the

Comox Formation on Saltspring Island shows that sands and gravels

(which emanated from a highland of Paleozoic rocks (Hanson, 1976)),

were shed northeastward as alluvial fans or fan deltas. Periodic

uplift and erosion of land areas resulted in river transport of

coarser clastic material into the marine environment. Sands were
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rapidly deposited and buried, presumably in a somewhat sheltered

shallow marine environment, thereby preserving unstable mineral

constituents. Occasional storm activity also resulted in coarser

clastics being transported seaward. This first cycle of sedimen-

tation ended with uplift and an abrupt regression resulting in sub-

aerial exposure and erosion of the Haslam Formation.

The second depositional cycle, resulting in deposition of the

Extension-Protection and Cedar District Formations, began in early

Campanian time. The two formations represent a transition west

to east from nonmarine to offshore marine deposition. Coarse sedi-

ment was eroded off uplifted areas of Sicker Group rocks to the

west and southwest and transported eastward by braided river sys-

tems. The basal conglomerate of the Extension-Protection Formation

was deposited as alluvial fans and fan deltas over the eroded surface

of the Haslam Formation. Small deltas of short-headed streams caused

projections of coarser grained sediments into a shallow marine envi-

ronment. Finer grained sediments were deposited in interchannel

areas oron the flanks of streams as they emerged from valleys onto

the delta plain (Flores, 1975) . Transition laterally from basal

conglomerate to fine-grained sandstone was seaward on the delta

plain where wave processes were dominant. Rapid deposition and

burial resulted in preservation of unstable constituents. On the

delta plain, rapid deposition caused entrapment of large amounts

of water and dewatering under load resulted in convolute bedding.

The Cedar District Formation represents deposition in the delta

front or pro-delta environment. Deposition was primarily by settling

of silt and clay-size particles out of the water column in a quiet
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water area where laminations were preserved and burrowing was an

active process. Slow deposition was occasionally interrupted by

an influx of coarser material. Rhythmically bedded sequences are

most likely the result of deposition from turbidity currents.

Slumping off the delta front could have initiated a turbidity flow.

In the lower Cedar District Formation on Saltspring Island, rhythmi-

cally bedded sequences, described as turbidites, contain complete

Bouma sequences (Hanson, 1976)

Overall, the second depositional cycle represents a thick trans-

gressive shelf sequence caused by a Cretaceous eustatic rise and/or

shelf subsidence. The transition, towards the east, displays a

seaward decrease in grain size and a seaward increase in laminated

beds and amount of bioturbation. In the marine environment wave

processes produced ripple marks and littoral drift caused some trans-

port parallel to the shoreline during Cedar District deposition.

One large (10 feet) cross bedding set in the Cedar District Forma-

tion is evidence of littoral drift.

Post-Cretaceous faulting probably resulted in a large amount

of erosive activity which removed much of the Cretaceous cover.

Tilted fault blocks resulted in the preservation of some of the

less resistant units such as Haslam mudstone. Faulting in the

thesis area is attributed to uplift of Vancouver Island and/or de-

pression of the Georgia basin (Muller and Jeletzky, 1970) . Ero-

sive activity was even more severe during the Pleistocene when conti-

nental and piedmont glaciers scoured Vancouver Island.
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APPENDIX I

MODAL ANALYSES OF SANDSTONES
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Key to Appendix I

NQ = normal quartz

UQ undulatory quartz

PQ = polycrystalline quartz

VRF volcanic rock fragments

MRF metamorphic rock fragments

IRF intrusive rock fragments

SRF = sedimentary rock fragments
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Appendix I. Modal Ana1ses of Haslam Sandstone Samples.

Sample No. 13 1)4 23 )7 as i

FHAME'ORK TOTAL 78 83 89 83 86 88
Quartz Total L2 Lj)4 38 23 31 ai

NQ 5 T 6 3 3 T
UQ 18 27 10 5 29
PQ 3 3 7 5 1 a
Chert 16 1)4 15 11 22 6

Feldspar Total 20 29 29 LO 35 27Plagioclase 8 13 12 16 13 12
Orthoclase - - 1 1 - -
Microcline - - - - - -Ijndiffer. 12 16 16 21 25 i5

Hock Frag. Total 7 5 1b 13 2 a
VRF a 2 9 9 2 -

3 3 5 1 -
IRF - - - T - -
SRF - - 3 - T

Micas Total 2 5 6 1 T 5Biotite T 2 1 - 1

Muscovite T T 1 T - L.Chlorite 2 3 1 T T 3

Fe-bearing Total 7 T 2 7 26 5Epidote 2 T 2 3 3 2
Clinopyroxene 3 T - 2 5 2
Clinoarnphibole 2 - - - - -Pyrite - - T 1 9 aOthers - - T 1 9 T

CENT TpTAL 3 3 3 9 T 2Calcite T - 1 9 T 1

Chlorite 3 3 2 T T TIron-oxide - T T - - 1
Quartz - - - - - -
Lausrxontite - -. - - - -

MATRIX TOTAL 16 ia 5 8 12 10Detrital 6 7 a a 6 7Clay 10 7 a 6 -Aburid. diag.? + + - - - -

VOIDS - T - - - -

GRAII SI2E v.f. v.f. v.f. v.f. v.f. v.i.
nOO
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Appendix I. Modal Analyses of Ext.-Prot. Sandstone Samples.

Sample No. 15 16 19 18 29 30

FRAMEWORK TOTAL 88 66 87 96 99 93
Quartz L6 38 5L LO 6 51

NQ 31 30 35 27 L3 !O
UQ 10 6 6 7 13 9
PQ T 6 5 T T
Chert 1 2 7 1 2 2

Feldspar Total 33 13 114. L5 25 29
Plagioclase 13 8 8 19 11 7
Orthoclase 2 T - - - 1

Microcline - - - - T -
Undiffer. 18 5 6 26 114. 21

Rock Frag. Total 3 5 2 9 1 T
VRF - 1 1 7 - T
MRF 3 1 2 1 T
IRF T - - T - -
SRF - - - - - T

Mjcas Total 6 10 16 2 13 13
Ejotite 5 9 1L 2 10 10
Muscovite 1 1 1 T 2 1

Chlorite - T 1 T 1 2

Fe-bearing Total T - 1 T
14.

Epidote T - 1 T 2 -
Clinopyroxene T - - - - -
Clinoamphibole T - - - - -
Pyrite - - - - - -
Others T - T - 2 -

CEMENT TOTAL L 33 3 T 1

Calcite T 33 - - - -
Chlorite 2 T - T T 1

Iron-oxide 2 T 3 T T
Quartz T - T - - T
Lau.montite T - - T - -

MATRIX TOTAL 8 1 9 1 1 6
Detrital 2 - 6 T 1 1

Clay 6 1 3 1 T 5
Abund. diag.? + + - -4- - +

VOIDS - - - - - -

GRAIN SIZE f. f. f. med. C. f.

r14OO
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Appendix I. Modal Analyses of Ext.-Prot. Sandstone Samples.

Sample No. 33 63 6L 72

FRAMEWORK TOTAL 87 86 91 88
Quartz Total 39 31 23 14.2

NQ 5 5 T 16
¶JQ 8 10 6 7
PQ 8 10 8 2
Chert i8 6 9 17

Feldspar Total 9 16 18 114.

Plagioclase 7 12 10 7
Orthoclase - - - 1

Microcline - - - -
Undiffer. 2 8 6

Rock Frag. Total 36 29 35 27
VRF 15 T 6 15
MRF 16 29 29 12
IRF 2 - T -
SRF 3 -

Micas Total T 2 2 5
Biotite T T 5
Muscovite - 1 2 -
Chlorite - 1 - -

Fe-bearing Total 3 8 13 -
Epidote 3 8 13 -
Clinopyroxene - - - -
Clinoamphibole T - - -
Pyr'ite - - - -
Others - - - -

CEMENT TOTAL 6 1

Calcite - 1 T -
Chlorite 2 5 1

Iron-oxide 2 - - T
Quartz - - - T
Laumontite - - - -

MATRIX TOTAL 9 6 2 11
Detrital 6 5 T
Clay 3 1 2 7
Abund. diag.? + - - ++

VOIDS - 2 3

GRAIN SIZE cs. . Cs. med.

nLLOO
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Appendix I. Modal Analyses of Cedar fist. Sandstone Samples.

Sample No. 28 31

FRAMEWORK TOTAL 77 91
Quartz Total 5L 55

NQ. 16 17
UQ 31 35
PQ 1 1

Chert 3 2

Feldspar Total 11 23
Plagioclase 3 9
Orthoclase - -
Microcline T T
TJndiffer. 5 iL

Rock F'rag. Total 6
VRP - -
MRF - 1

IRF - -
SRF 5 5

Micas Total 7 7
Biotite 6 5
Muscovite 1 1

Chlorite T 1

Fe-bearing Total T -
Epidote T -
Clinopyroxene - -
CJ.inoamphibole - -
Pyrite -
Others - -

CEMENT TOTAL 2
Calcite 13 -
Chlorite 1 2
Iron-oxide T -
Quartz - -
Laumontite - -

MATRIX TOTAL 9 7
Detrital

3
Clay 5
Abind. diag.? - -

VOIDS - -

GRAIN SIZE v.f. v.f.

n=L400




