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ABSTRACT‘

A
1

'The Tertiary rocks of‘the Carmanah Gxoup Vancouver
Island, are composed of marine clastlcs dexxved from
’andesltlc volcanie and dlorltlc 1ntru31ve source rochs.
The Escalante, Hesquxat and Sooke Bay formations are
upward successxve formatlons of the Carmanah Group

Sandstones f:om all three formatlons are 11th1c
arkoses and feldspathlc 11tharen1tes. A dlfferent .
paragenetlc sequence of authigenic mlnerals was observed
in each formatlon. ‘'The Escalante Formatlon at'the type
1ocai1ty contaxns pyrlte,‘regularly 1nterstrat1f1ed
chlorite/smectite rims, plagioclase and.K—feldspar o

-~

overgrowths and'laumontite cement. The overlylng beds of

the Hesquiat Formatlon contain randomly 1nterstrat1f1ed

chlorlte/smectlte, smectlte, ca1c1te cement and locally;

0 2

chlorlte, kaollnlte and quartq The Sooke Bay Formatlon"

3, /

contalns smectlte rlms and ca1c1te cement
Slnce detr1tal modes in sandstones from each .
formation’ are 81m11ar, the dlfferences in dlagenetlc:

products llkely result from dlfferent depths of bur1a1

fluld flow and (or) tectonlc hlsbory. A progre551Ve
. \f‘..

decrease in the orderlng of. chlorlte/smectlte ‘at . »,f'

stratlgraphlcally hlgher levels suggests that depth of

burial may have lnfluenced 1ts formatlon. Lateral jf

s LT

: varlatlons in the degree of orderlng may have been caused ;g.

e .
——— ‘

-

L



A |

by localizedjareas of higher temperatures created by

Lntrusxon of Tertlary stocks

The dlstrlbutlon of authlgenlc mlnerals in the
Hesquiat Formatlon corresponds to the location of faults.
Authlgenlc mlnerals formed after the development of

secondary poroslty in rocks from highly fractured parts bf

! § ' \ : . \

the sectlon.

The.. authlgenlc mlneral assemblage in the Sooke Bay

—

‘}Formatxon reflects early dlagenet1c processes in the

'deposltlﬁnal env1ronment wlthout subsequent changes due
, i ) = ) . ‘ ! v
to burlal and upllft..\ ! Co i

- l
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List of Abbreviations

The following abbreviations are used in this study:
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=
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-

Mineralogy

Qm
Qp
P1

KE

Det
—  Cmt

Por

i

1

)i}

1

)|

siltstope

= argillaceous sandstone
coarse~grained saridstone
medium-grained sandstone

cePnglomerate

from thin section:

monocrystalline quartz grains

polycrystalline quartzose grains

plagioclase

potassium feldspar grains

volcanic rock fragments

sedimentary rock fragments

)]

I

accessHory minerzls ;
detrital component
cement

porosity

total quartz component

total feldspar component

total lithic component
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I. INTRODUCTION

A. Purpose

The purpose of this study is to describe and
interpret the diagenetic changes in Tertiary olustio rocks
of the Carmanah Group, Vancouver Island. :1nterpretation
will focus on the relationships between diagenesis and.
rock type,‘depositional environment and tectonism.,

The Carmanah Group comprises the Escalante, Hesquiat
and Sooke Bay formations. It is composed of marine
conglomerates sandstones and shales, derlved primarcily
from andesltxc volcanic and dioritic lntrusxve source
rooks The large proportlon of volcanic rock fragments
and plagloclase grains in the detrital fraction result in
clastic rocks which are compositionally unstable.
Although the three formations which comprise the Carmanah
Groﬁp have similar source terranes, they were deposited in
‘different environments. The Escalante Formation consists
of a shallow marine basal conglomerate Wthh grades
upwards into progressxvely deeper water deposxts of the
Hesquiat Formation. The Sooke Bay Formation consists of °
fluvial and deltaic sandstones and conglomerates (Muller
et a1.,.1981). ~

Widespread faulting in the Nootka Sound area (Figure
1.1) has affected both Tertiary sedimentary rocks and the
underlying strata. Most of the faults visible in the

sedimentary strata are steep and show minor amounts of .




. .

i) Sedimentary | Rocks
[H]I[ﬂ Volcanic Roéi;s
Intrusions
| F;re-Tertiary Rocks

T

. BRITISH
CoLumMBIA
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.

0 50 100
| st ———————1

Km

Figure 1.1. Distribution of sedimeﬁtary rocks of
the Carmanah. Group and the location
of study areas in relation to
regional geology of Vancouver Island
and northern Washington.
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lateral displacement,lW%th the exoeption.or n’ﬁfovp Lo
weetward—dipping thrust fault onféesquxat Pvnlnoula whxch

has displaced Carmanah Group rocks (Cameron, 1980) . Thi§§
widespread faultlng is likely to have influenced ground- ,

water flow and to have created tondu;ts for flumd movemené

- - r

through sedlmentary and volcanic rocks ‘which, othenwxse,

=

. b b
have low permeabilities. . T “h
The three .principal objectives of‘this'study are:
(1) to determine how the composition, anxn size and N ‘ r
1‘

texture of ﬂetrltal phases lnfluence physical and chemlcal
diagenesis; (2) to interpret the conditions wthh
prevailed during and after defosition; *(3) to detefmine

whether rocks in fault zones show different diaoenetic

-

patterns than those which are undisturbed.

Y

B. Geological Background . —~
Vancouver Is land is part of a contlnen tal margin -that

has been tectonlcally active since at least Late e

. Cretaceous time. Most of the island is composed of Middle .

-Paleozoic and Jurassic volcanic~plutonic complexes resting
on gneiss-migmatite terranes, and overlain by

Permo-Pennsylvanian and Cretaceous clastic rocks,

;v respectively. All of these comprise the Insular Belt, the

most westerly ‘tectonic subdivisionlof\the Canadian Cord- -
illera. Fragments of the Pacific Belt, con51st1ng of Late
Jurassic to Cretaceous slope and’ trench dep051ts, schist, -

Eocene basalts and basic crystalllne rocks frlnge-the'west‘



and south coasts (MQller, 1977a;b).

Upper Focene;to Pliocene rocks of the Carmanah Group
(Muiler et al., 1981) were deposited in the Tofino
Basxn, wh;ch is cohsidered to be a fore-arc ba51n formed
at the juncture of the North Aherlcan and Juan de Fuca
Plates (Brandon, 1985- Yorath et al., 1985). At present ‘ ‘
the easternmost extent of th{s basin consists of isolated
outcropsgﬁlong_the west coast ,0f Vancouver Island-‘the
western limit‘is not known. Late Eocene to Plrocene age
sedxmentary rocks were also encountered in six Shell

' Id

'vCanada wildcat wells drilled on the continental shelf

»
il

(Shouldice, 1971). - .

In the Nootka Sound and Carmanah Point areas the
Carmanah Group rests unconformably on Pa1e0201c and
Mesozoic amphibolite, metasedimentary‘rocks and'quartz
diorite'offtheiwestcoast‘Complex and on early Jurassic‘

: volcanlc rocks of the Bonanza Group (Flgure 1. 2) The
- best- exposures of the Escalante and Hesqulat formatlons

are on Hesqu1at Penlnsula and Nootka Island. At these

localltles the Escalante Formatlon is about 150 m thlck

£

and the Hesqu1at Formatlon is. 1100 1200 m thlck. On ) w
Nootka Island, sandstones, tentatlvely a351gned to the | l
Sooke Bay Formatlon (Cameron, 1980), are 1n fault - contact
with the top of the Hesqu1at Formation b }

" In the Sooke area only the Pllocene Sooke Bay . :

Formatlon 1s subaerrzzy exposed ‘An\offshore‘well in £
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Figure 1.2.

)

Stratlgraphlc correlatlon of the Carmanah
Group, Vancouver Island and. formations in .
“northern Washlngton (modlfled after Muller

et al., 1981

) .0




thls area encountered over}2000 m of Pllocene sedlmentary
rocks (Shouldlce, 1971). "The Sooke Bay Formatlon over~
lles metamorphlc rocks of the Leech Rlver Formatlon,
thole;rtlc basalt of the Metchosln Formatlon and Sooke,
lIntruslon gabbro.l Tertlary _strata, equlvalent in age and

deposltlonal environment to Carmanah rocks, are exposed

nalong the north coast of the Olymplc Penrnsula, Washlngton

- L]

(Figure l l) o S R

c. PreVious Work I o E \
The Carmanah Group conslsts of three fornations: the
hasal Escalante Formation (Bancroft, 1937), the Hesquiat
Formation/(deletZKy,.1975b),'and“the Sooke'Bay Formation
(Muller,ﬁ1§77); ~ "Sooke Formatlon" - as flrst descrlbed by
. Clapp (1910), was renamed Soqxe B8 Formation (Muller,
.1977) to’ avold confu51on between it and "Sooke Gabbro"

' ?
'7"Sooke Intru51ons" (Clapp and Cooke, 1917), names whlch

are also in general use. l
Sedgmentary rocks exposed in the Carmanah 301nt and :

‘Sooke areas were flrst recognlzed.as Tertlary 1n « by

' Merrlam (1896) Rocks on Hesqulat Peninsula were . |
',recognlzed as "the oldest Tertlary sedlments thus far
'hfound on Vancouver Island" (Bancroft,_1937) Untrl 1954
when Jeletzky descrlbed them as Tertlary; '‘most of the
other clastlc rocks in the Nootka Sound area were |

g'con51dered to be Cretaceous in age" (Brewer, 1921-

Dolmage, 192l) Studles by Shouldlce (1971) and Tlffln et



, l (1972) descrxbed the offshore geology and the régibnal‘

Y

oy tectonlc patterns Muller et al (l981) presentnd the only

. .comprehenslve dQNcrlptlon, to date, of the Carmanah broup ‘;//,
There are no. known detalled mlneraloglcal studres of
sedlmentary rocks of the Carmanah Group |

)

’Sooke Area and Carmanah Poxnt

»

‘The: sedlmentary rocks of the Sooke: area were studled
“by Clapp (1912), and Clapp and Cooke (1 17) They |
- described a sectlon, conSLdered to be "Sooke Formatlon"“
along Klrby Creek and the coastl;ne east of the creek v
fmouth.i Clarke and Arnold (1923) studled the fauna in this
.formatlon and named Clapp and Cooke's section as the type
Sectlon (Muller, 1981) Cox (1962) and Russell (1968)
worked on palynology and vertebratemfoSSLls, respectlvely.
Merrlam (1896) and Clarke and Arnold (1923) concluded ' -
: that the Sooke strata exposed at Carmanah P01nt were older
.than those:n the Sooke area: Thelr conclu51ons were based L
‘on palaeontologlcal studles. In. 1973 Snavely, McLeod and |

Muller conflrmed thls age dlfference, after study1ng

‘fOSSll materlal from the same 1oca11t1es (Muﬁler, 1981)

i
'

.Nootka Sound Area- _

| One of the early works .in the Nootka Sound area.

, deflned the Escalante Formatlon type sectlon, located at
Escalante P01nt (Bancroft 1937) " The most recent and
'detalled studles of Tertlary clastlc rocks in the area are

‘those of Jeletzky (1954 1975) and‘Cameron (1980).



Jeletzky deflned and descrlbed the type Hesqulat section
and studled macro~fossils contalned in both the |
'Hesqulat and Escalante formatrons. His 1Lthologlcal |
d*’crlptlons were based on megascoplc examlnatlon only.
Cameron (1980) concentrated on the mlcrofaunal assemblages;
of these same formatlons and examined the rocks to

o

determine the dep051tlonal and tectonic history of the

area.

D.  sampling and Analytical Qethods
’OutcrOp.samples were used for this study. - Most of .
rthe samples from the Nootka Sound area were collected by
B E.B. Cameron (Geologlcal Survey of Canada, Pac1flc
Geosc1ence Centre, Sldney, B. C )s His pr1n01pal 1nterest
was the mlcrofauna contalned in shales. However;_he also
sampled Some sandstone and conglomerate beds w1th1n the
major resistant members. To complete the m1551ng lltho— '
: loglc units and to obtaln more detailed coverage, a | |
sampllng program was carrled out durlng the summer of
1984. Samples collected from the Hesqulat Type sectlona
| and Carmanah P01nt were from t1da1 flats exposed only at

low tlde. The outcrops sampled in the Sooke area were .

1nland or formed coastal bluffs above t1de level ‘ all had

e

.~ heavy tree cover.

In most areas, the low permeablllty of the sandstones

'and conglomerates has 1nh1b1ted,weather1ng except for the
oI
outer 1 to 2 centlmetres.. Thxs weatherlng rlnd was D



dlscarded prlor to mlneraIOglcal analyses." weatherlng ls
more lntense in the Sooke area, S0 separatlon of the'
weathered materlal may hqye been less complete
Petrographlc Analyses'

Thin SeCtlonS ‘were made. from seventy six sandstone‘
-‘fand conglomerate ‘samples. Thin section blanks were cut
p-perpendlcular to bedding. All sections were impregnated'
with blue epoxy; Several of the sectlons contalnlng
carbonate cement. were stalned with alizaran red to
1dent1£y the Presence of calc;te Point counts were done.
for representatlve samples from Hesqulat Penlnsula and the
Sooke area; 500 polnts were used for sandstones and
conglomerates. Partlally altered or replaced detrltal
grains were cla551f1ed accordlng to thelr orlglnal
f‘comp051tlon The . cr1ter1a proposed by chklnson (1970)

)

_ were/Fsed to 1nterpret the compOSLtlon of detrltal gralns.v

LS

x—ray lefractlon Analyses o ;_‘;’ | . dﬁq;_'
Rock samples were crushed by hand and the detrltal‘
‘gralns larger than 2 mm were removed by pa551ng the e
,crushed samples through a No. 10 51eve.‘ The <2 mm
Imaterlal was mlxed with 125 ml of 4 per cent sodlum
‘_hexametaphosphate solutlon ‘and left to soak for 8. hours to
Tfurther dlsperse the part1cles. These slurrles were then
'dlspersed in dlstllled water. Clay size partlcles of”’ <2 pm”‘

‘and 2-20 pm were separated by repeated settllng and

"decantatlon u51ng settllng t1mes calculated accordlng to



\

Stoke's Law, After separatlon, NaOCl. was added to each
size fractlon and the samples were heated to*60° ¢ for two:
days to destroy 4Ry organic materlal present Samplesl
were repeatedly washed ‘with dlstllled water using a high
speed centrifuge. The <2 pm slze fractlon was then split

' i
+
into three portlons one was saturated with 2 molar Ca2

solution, another saturated with 2 molar K and one left -
"as is", The saturated samples were washed and
‘ LR

freeze drled Q\

mixed w1th dlstllled water and suctloned onto ceramic
dlSCS, resultlng in orlented samples’. The discs were
‘analysed usrng a Phllllps X-ray dlffractometer w1th
‘graphlte flltered Co K- alpha radlatlon and scannlng speed
of 1 degree two- theta per minute. X-ray diffractograms
: were obtalned for ‘each sample, fol 13w1ng the treatments
and condltlons used by Ignasiuk et al. (1983)

_rCa saturated disc; 54% humidity,

. Ca- saturated dlSC, glycolated;humidity not‘

controlled

K~saturated dlSC ' zero, humldlty and 54% humldlty,
’K saturated dlSC after heatlng at 300 c for 3 hours,
and‘ |

K-saturateq disc‘after‘heating,at‘550°C"forf2‘hours.



| are‘present in this.slze fraction, The.2~20uxn

- Size~fraction of most samples was also‘analysed using
unsaturated,'oriented samples. Prlor to analyses, the
2~20 p m s;ze fractlons (and all other samoles analyzed‘
-at 54 per cent humldlty) were equlllbrated for 24 hours
over a magneslum nitrate solutlon- The humldlty | f
conditions establlshed for all’ samplés were malntalned
throughout the X-ray dlffractlon analyses.

The relatlve proportions of clay minerals in the
<2pm 51ze fractlons were estlmated'uslng peak areas
(Biscaye, 1965). The areas of the’ kaOllnlte (001),
llllte (001), smectite (001) and chlorlte/smectlte'
(00114/00117) were measured on charts of Ca saturated
ethylene glycolated samples The chlorlte (001) peaks
.were measured on X- ray dlffractlon charts of samples‘
| whlch were K saturated and heateé to'JSO C. . The |
follow1ng factors were used (Blscaye, 1965)

}l)‘smectlte x 1
2)ichlor1te‘x 1 ‘l'”.‘ RN .
- .3) kaolinite x 2
j4)c1111te x 4

5) chlorlte/smectlte x 1.

To account for" the overlap of the chlorlte (002)

‘.and kaollnlte (001) peaks at 7A the welghted kaollnlte

‘ \

area was subtracted from the chlorlte area. All

'welghted areas were summed and recalculated t§;100‘per

~'§&x

1)
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'

a"‘"y?

éoﬁt. The calculated percentagee were rounded to the
l“ to ) :
e dr&at or 10 per cent, which is the greatest

i

. }“

3. %02
’!

(
accurncy to’béaexpected using this method . (Brown and

Brindley, 1980).

.Scanniog Electron Microscopy (SEM) ‘ )
AnalyseS‘Qere‘made of rock chips from the

u‘unweathered portxons of several samples. The chips

i "\

"

l were: mounted on stubs us&ﬂg 511ver paint and . . .
sputter Coated thh 20 nm of gold.’! ~ The prepared stubs
Rwere aoalysed usxng a Cambrldge ‘Stereoscan .S250 with
acceleratxqg vol tage fixed at 2§JKEV and a Kevex system
7000 ﬁor energy diSpersive X-ray anaiysis (EDAi The
chemlcal CompOSLtlon of mineral’ phases observed in SEM
waﬁe obtalned uslng spot analysis 1n areii;ﬂygre count
rates- of at least 700 counts per second coq;é be . |
reached. The qUal;tatlve chemical analyses and the

observed crystal or grain morphology were used in

N

‘conjunctlon to identify spec1f1c mlnerals.



T 1I. MINERALOGY OF THE CARMANAR GROUP

A ‘ESCALANTE FORMATION
The Escalante Formatlo£ is the basal unjt oflthe'
Carmanah Group (Muller et al., 1981). The type section is
located at Escalante Point and consists of gonglomerate
and sandstone unconformably overlying metavolcanijc rocks
of the Westcoast Complex. Escalante Formation strata are
also exposed at Tatchy Point, east Hesquiat Peninsula,
Nootka Island and Flores Island (Figure 2.1). In the type
area this formation consists of a basal conglomerate'bed
| g/;;ading upward into pebbly grit and then into calcareous
sandstone. The conglomerate and grit nﬁlts are about 10
metres thick and contain several lenticular beds with a
concentration of broken shell fragments. The conglomerate
'.contalns subrounded tq rounded diorite and metavolcanlc
pebbles and boulders whigh are poorly sorted and measure
up to 40 cm in dlameter (Plate 2.1a). ‘Sandstones comprise |
the remaining 130‘m of the section. Minor beds\of shelly
conglomerate and’ numerohs calcareous concretlons are found
"in the. sandstone. Carbonaceous rema1ns or crab exo-
skeletons form the central core of most of the
.concretlons, whlch range up to 60 cm across but average
about 10 cm in Size (Plate 2. lb) ‘
Westcoast Complex rocks Crop out on the northwestern
edge of Escalante Island (Flgure 2 2) and are overlain by

conglomerates of ‘the Escalante Formation. Based on these

—
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field relationships Cameren (1980) concluded thuf a
west-dipping thrust fault is present between the island
and the mainlard. Tnxs fault regetltlon is also seen on
_the east side of Hesquiat Peninsula (Figure 2.2). At this
locality, the Escalante Formation is"approximately 90 m
thick. It thins to the southeast and is represented on
Flores Island by about 50 m of sandstone resting
unconformably on Bonanza Voleanicsr(Cameronq 1980). oOn
Nootka i1sland, northweet of the type area, approximately
150 m of sandstone and grit, internedded'with argiliaceeus
sandstone, overlie amphibolite of the Wes®coast Complex
(Figure 2.1). Based on microfaunal analyses, éameron
(1973, 1980) suggested that’ the Escalante Formatlon at the
type section may be older than at the other localltles. 
Throughout the Nootka Sound area the contact with the
cverlying Hesquiat Formation 'is gradational.
Interpretatlons of the dep051t10na1 env1ronment of
the Escalante Formatlon are based on- foramlniferal
assemblages (Cameron, 1980) and macro:nvertebrates.
(Jeletzky 1954 1973 1975b; Cameron, 1980). The coarse
gralned basal strata of the type sectlon contaln few

*

foramlnlfers., A small number of 1n situ specimens, found
70 m above the gese of the sectlon,lsuggest dep051t10n in
lower nerltlc to upper bathyal water depths (Cametbn,
1980). Foraminiferal assemblageS}erm the uppermost

strata of tne type section and those from Nootka Island

15 .
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and Flores Island indicate, deposxtlon in bathyal water
depths (Came;on, 1980) . Jeletzky (1973 197Sb) examinedl
molluscan faunas from the Escalante Formation on Flores
Island and East Hesqulat Peninsula (Flgure 2.1).. He
1nterpreted the faunal ,assemblage from the base of the
-formatlon to be‘lndicative of littoral to supratldal and
‘1nner nerltlc water depths, and the’ assemblage from the
"upper parts of the formatlon to be 1nd1cat1ve of Lnner
nerltlc or outer llttoral water depths. This
lnterpretatlon has‘been questioned because.the concen—
\traeionlof shallow water-pelecypods within lenticular
conglomerate beds at the type sectlon and at other

localltles suggests some transport occurred prlor to-

'dep031t10n (Cameron, 1980; Muller et al., 1981).

'DETRITAL MI&ERALOGY OF SANDSTONES AND CONGLOMERATES
The detrltal m;neralogy of sandstone and conglom-'
erate from outcrops on Hesqulat Penlnsula, Flores Island
3and Nootka Island was determlned by thin- sectlon‘and bulk
R X—ray dlffractlon analyses.l All samples contaln abundant

~volcan1c rock fragments, dlorlte and quartz dlorlte'
‘-fragments, plagloclase, K- feldspar and blotlte: Mlnor
components 1nc1ude sedlmentary and metamorphlc rock
'fragments, hornblende, chlorlte, sphene and opaques (Table
Ca. 1. | | |

The pebbles in the conglomerates are subrodnded to

’rounded (Plate 2. la),‘ the detr1tal gralns in. the

N

-
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sandy matrix are‘suban§ lar to subrounded. In the

a "

sandstones,,detrxtal gralns are subangular to

Asubrounded

Estlmatlons of detFltal modes by polnt counting

w p0551ble only in samples in whlch;detrltal gralns

were’ coated with clay. Samples in whléh thlS coatlng
was not present were too hlghly altered to make
posltlve 1dent1f;cat10ns. The average detrltal mode
for Escalante Formatlon sandstones from Hesqulat

»

Peninsula 1s QllF38L51 (Table 2.1). Based on the

.‘proportlons of detrltal components these rocks are

c1a551f1ed as feldspathlc lltharenltes accordlng to the

1

Ischeme of Folk (1968; Flgure 2. 4). - | . ‘ ;

L

Authlgenlc clay rims and laumontlte cement have

iV'occluded all por051ty in sandstones and conglomerates

from the ‘base’ of the Escalante Formatlon at the’ type" .

sectlon (Plate 2 2a b) Only sllght alteratlon of

‘detrltal gralns has. occurred ~'volcan1c rock fragments'
=have been partlally replaced by laumontlte (Plate 2 Za)
'These rocks show " no v151b1e evidence of deformatlon on

.outcrop or hand specxmen scale. T ‘,",p

f
In contrast, the localltres sampled at east Hesqulat

-k

Penlnsula are adjacent to the fault mapped by. Cameron‘

20

(1980 Flgure 2. 2) Prlor to faultlng, the rocks at thlS -



‘A ESCALANTE ” Q

’ ‘ QUARTZARENITE
. 0, .
~.® HESQUIAT . | 957[\ : “
.- SOOKE BAY ‘ '

. . SUBARKOSE|SUBLITHARENITE

Q= TOTAL QUARTZOSE GRAINS
F = FELDSPAR GRAINS + GRANITE FRAGMENTS
L== UNSTABLE LITHIC FRAGMENTS + CHERT

Figure 2.4, Trlangular dlagram show1ng tompOSLtlon of .
‘ o " detrital framework grains, Escalante, Sooke
Bay and Hesqulat formatlons oo
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locatlon were flrmly 1ndurated as\lndlcated by the cleanu-

breakage of pebbles and granules Rellct patches of .
1aumontlte cement occur in a sandstone from locallty El
(Flgure 2.3). Thls sample contalns hlghly altered
detrltal grains, and ‘point counts indicate unusually hlgh
poroslty (26%). Dlssolutlon of detrltal gralns also
‘occurred in other. sandstones from the base of the
Escalante Formatlon at east Hesquiat Peninsula (Plate

2 4a,c) Removal of authlgenlc cement may have exposed o

the detrltal gralns to fluids Whlch caused their . B

alteratlon

AUTHIGENIC MINERALS IN THE ESCALANTE FORMATION

——

Slltstones, sandstones and conglomerates from the

Escalante Formatlon were analysed us1ng optlcal mlcros—'

copy and SEM to determlne the dlstrlbutlon and’ morphology

- of authlgenlc cray mlnerals.- Authlgenlc phases 1dent1£1ed

in thln section . 1nclude° rlms and pore fllllngs of clay
mlnerals-' laumontlte and ca1c1te cement°’ and euhedral

pyr;te, alblte and quartz crystals.. X-ray dlffractlon

analyses of the <2;lm and 2- 20pm size fractlons were used

to 1dent1fy the clay mlnerals. “t"j.' r,,

”All rock§ from the type area contaln abundant mlxed—'

h,q

layer chlorlte/smectlte and lesser amounts of’ chlorlte,‘rw

T

ca1c1te, pyrlte and zeolltes (Table 2 2) Smectlte,,

kaollnlte and 1L41teeare mlnor phases or are not present

in these samples. Samples from east Hesqu1at Penlnsula “

22
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tontaln less chlorlte/smectlte and more chlorlte than
rochs from the type area.l Samples of Escalante Formatlon
from Flores Island do not contain chlorlte/smectxte and
“contaln a greater amount of smectrte (Table 2 2) .

Laumontlte cement is common 1n sandstones and
conglomerates from the base of the type section (Plate‘
2.2; Table 2. 2) It also occurs in the basal sandstone‘on
'Nootka Island (Flgure 2.1). These basal rocks also
contaln minor amounts of calc1te cement (Plate 2 Sa)
Calcrte cement is common in all rock types from the upper
part of the type section and is the only .cement in

lsandstones from the Escalante Formatron on Plores Island

(Flgure 2. 1) a ( . . .

'Pyrite‘

. Authlgenlc pyrlte occurs in all rock types in the
iEscalante Formatlon Most of the pyrlte 1n sandstones and
‘conglomerates formed ln or adjacent to volcanlc rock
fragments (Plate 2. 2a) jIn the flner gralned rocks from

lthe type sectlon, authlgenlc pyrlte developed adjacent to

(Plate 2. lb) Authlgenlc pyrlte occurs as framb01ds or as
1nd1v1dua1 crystals (Plate 2 Bf h) L

Chlorlte/Smectlte

o,

Chlorlte/smectlte 1s abundant 1n 511tstone, sand—

!

stone and conglomerate samples from the Escalante o

24

! shell fragments and carbonaceous debrls and in concretlonS' o



Formatlon type area (Table 2, 2) It is present in

~equivalent rocks from east Hesqulat Penlnsula and is not

present in the sandstones from klores Island (Table 2.2).-
Chlorlte/smectlte occurs as a graln coatlng and

developed perpendlcular to graln surfaces (Plates 2.2b and
N .

+2.3a). It also coats authlgenlc pyrlte (Plate 2. 3h)

—y
Chlorlte/smectlte was ldentlfled by x ray d;ffractlon

‘ analyses.’ X-~ray dlffractlon patterns of Ca saturated,.

glycolated samples show a superlattlce dlffractlon at 31R

U

This indicates a regular alternatlon of 14 & chlorrte and“

17 A smectlte layers (Blatter et al 1973; waer; 1981).
After heatlng K- saturated samples to 550° C the dlffractlon

patterns show dlagnostlc dlffractlons at 23A and 12 X

'
L

(Flgure 2 5)

Ordered chlorlte/smectlte occurs in - samples from the -

lowermost 50 m of the Escalante Formatlon at the type

fsectlon (Flgure 2. 6) A comparlson of the jOOZ)31 and

'(004)31 d;ffractlon values for chlorlte/smectlte 1n these

‘samples w1€h dlffractlon values calculated by Hower (1981)

/

» 1ndlcate chlorlte 1ayers comprlse 45 60 per cent of the

chlorlte/smectlte (Table 2 3)

Randomly 1nterstrat1f1ed chlorlte /smectlte occurs in

‘samples from the uppermost beds exposed southwest of the

fault at east Hesqﬁlat Penlnsula (Flgure 2. 7) . The

o R
’(001)14/(001)17 and (002)14/(002)17 dlffractlon values for

‘ the randomly 1nterstrat1f1ed chlorlte/smectlte 1nd1cate

!
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Figure 2.5,. X-ray diffraction patterns of regularly
interstratified chlorite/smectite, <2 pm
size fraction, Escalante Formation
conglomerate, sample location EP2.
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Figure 2.6. X-ray diffraction patterns of <2 pm nize
ﬁraction, oriented discs, calcium saturated and
glycolated samples,

All four samples are from within 50 m of the bagal
contact at Escalante Point and contain authigenic,
regularly interstratified chlorite/smectite, chlorite and
laumontite. Chlorite/smectite is abundant in
fine-grained sandstone (A), pebble conglomerate (C) and
- coarse—~grained sandstone (D). The siltstone (B) is
cemented with calcite, and contains greater amounts of
chlorite relative to chlorite/smectite. Calcite in the
pebble conglomerate is from shell fragments crushed
during sample preparation.

Diffractogram (A) ié at a scale of 2 x 10 counts/second;
diffractograms (B), (C) and (D) are at a scale of 1 x 10
counts/second.

-
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Figure'2.7. X-~ray diffraction patterns of the <2Zpm
fraction of Escalante Formation samples. All patterns
are calcium saturated and glycolated samples. 4

Conglomerate (A)‘from'FlorES Island contains abundant
smectite and lesser amounts' of chlorite and illite.
Siltstone (B) and conglomerate (C) were collected 50 m
above the basal contact at east Hesquiat Peninsula, above
the fault; chlorite occurs in both!samples. ‘

(C) contains minor amounts of ordered chlorite/smectite,
indicated by a weak diffraction at 31K and a shoulder on
the chlorite (002) diffraction. Ordered chlorite/
smectite is also, present in coarse,grained sandstone; (D)
from 50 m above the base of the formation, but collected

below the fault.

Comparison of the relative intensities of the 3114 Cld
diffraction in these samples and samples from Escalante
Point (Figure 2.6) indicates that poorly-ordered
chlorite/smectite occurs at east Hesquiat Peninsula.

‘ ’

Diffractograms (A) and‘(B) are at a scale of 1 x 10 counts
ver second;" diffractograms (C) and (D) are at a scale of
2 x 10 counts per second. : '



31

02

., (uonotpos 0Y0D) G2 ‘sabibeg

(4d

2

ot

09 4

(4d

oz

Ot 1




0-5 pnr‘ccnt‘chloritezlayors (Table 2.3).

»

M

Zcollites ‘ f. o C o .
Laumontxte cement 1s common in sandstones an!
conglomerates f rom the type area (Plates 2.2 2. 4 and
2.5). Another calcic zeolite} tentatively'identlfled as.
houlandlte, occurs in a flne grained. sandstone from the
type area. Examination by SEM reveals blocky, tabular
crystals withln ‘pore spaces (Plates 2. 3c and 2 5b) and
elongate pyramidal crystals developlng on graln surfaces
(Plate‘2;3e). 'Analyses with EDA snows’both forns contain
Ca, Si and Al as majorvcomponents,.and minor Fe. ' The
.blocky crystals contain less‘canium relative to‘the

r'y

elongate c;ystais (Plates 2.3d and 2;3f)ﬁ Laumontite
[

cement and heulandlte crystals cover and partlally envelop
".authlgenlc chlorlte/smectlte, whlch %ndlcates that the
zeolites fo;med;after-the clay rims (Plates 2.2b and

2.3c).
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\\ S ‘ PLATE 2.1

A Escalante Formation conglomerate‘containing'ﬂbuhdbd‘
S | -

gquartz diorite pebbles, andesite pebbles and shells

-in a sandy matrix: Outcrop photograph. "Bscalante

e

 point, sample-locality EP3. Pen = 14 cm. o
B. Rusty~weathering concretion in fine-grained
argillaceous sandstone of the Escalante Formation.

Crab ;emains'form the core. Outcrop photograph.-

_Escalante Point, sample locality EP8. Hammer *= 35

cm.






- 6on detrital rock fragments:. -'Authigehic pfrite

.sandstone, sample locality EP1.

PLATE 2.2

. - ' Sy,

Authigenic, mixed~layerAchlorite/smectité.(CS) rfms

framboids - (Py) formed within volcanic rock fragments.,
Laumontite cement (L), with characteristic

well—develdped éleaggée,‘fiIIS‘pore space. Thin

section photom&éroqraph; plain polarizéd light, ficld
N N A ) .

of view = 2.0mm x 1.3mm, Escalante Formation
: LT : 4 o i

K

_Authigehic‘chlorite/sméctiﬁe*(cs) rim developed

perpendicular to grain surface and predating =

L~

‘Laumonﬁité cement (L) . Thin section photomicrograph,

‘érOSsed"nipols, field of viéew = 0.5 mm x. 0.3 mm,

“Escalaﬁte‘Formatign‘sandstdhe,‘Sémpfe lotéiity EP1.:

! .
”

[}






’ - PLATE 2.3
A. Agthigenic, regularly interstratiflwd
chlorite/smectite (‘c‘s') coatin'g‘detrital c_;x'ain. EDA -
(photograph B) 1nd1cates the, presence of Pe, Ca, Mg,

Si, and Al. SEM photomlcrograph Escalante Formatxon

conglomerate,:sample 1ocallty FPB , S

C. Zeolite (%) crystalslforming over chlorite/smectite
grain coating- The zeolite is tentatiyely'identified
astheulandite, based on the "coﬁfin—shaped"‘

“morphology, EDA‘(photograph‘D) which indicates Ca,

Al, Fe, Al and Si, and X-ray.diffraction analysis.
. ’ B 0 '
SEM photomicrograph. Escalante Formation sandstone,

LY

sampletlocality EP5.
» 1 3

E. Frbrous m1nera1 (arrow) developed on surface of
,1aumont1te cement. EDA analy51s (photograph F) /
‘ suggests that 1t is Calc1te. SEM photomlcrograph v

jEscalante Formatlon sandstone, sample EPS."

‘G,i ’Authigenlc pyrlte ﬁramb01d formed on a mat of,

1nd1v1dua1 pyrlte crystals. SEM photomlcrograph,

{

scalante Formatlon sandstone, sample locallty B4

1

"H. nlarged view of authlgenlc pyrlte crystals (Py)
~which aré coated w1th authlgenlc chlorlte/smectlte
(CS) SEM photomlcrograph Escalante Formatlon

sandstone, sample locallty E4






‘Ephotomlcrog:aph, Escalante Formatlon sandstone;

tfsample iOcality‘EPS. ; T ‘“‘f,.

O ‘
Rlate 2.4

vPlagioelase;feldspak Qvergrowth (AO)‘on,purtinlay

di§solved'detrital grain. EDA”(photograph n) shows

Na, Al and Si, 1ndlcat1ng the overgrowth mqy be

“albite. SEM photomlcgpgxaph, Esoqlanto roxmutlon

.

sandstone, sample locality El.

‘Detrltal plagloclase graxn (Pl) show1ng prfferentlal

(¢

dissolution along twln planes (arrow) TSEM

photomlcrograph,_Escalante Formet&on sandstone,

saﬁpleflocaliﬁy E4 .

g Anthigenic'chlorite‘(Chl) and quartz (Q) in pore

spaoe.‘ SEM photomicrograph, Escalante Formation'

sandstone, sample 10caiity El.

K—feldspaf ovefgrbwth'(KF).on detrital K—feidspar
host. Comp051tlon of overgrowth shown by EDA
ana1y51s (photograph F).. SEM photomlcrograph

Escalante Formatlon sandstone, sample locallty El.

: Authlgenlc chlorlte/smectlte (CS) which’ predates the

edevelopment of authlgenlc K- feldspar.‘ SEM

B

fPhotograph of EDA results for authlgenlc K- feldspar

‘”shown in photomlcrograph G






PLATE 2.5

Laumontite (l.) and ca}cite (Ca) cements. AQrdpt
terminations of laumontite crystals along boundary '

suggests that calcite postdates laumontite.

-

Authigenic pyrite framboids (Py) adjacent ta volcanic

rock fragment. Thin section photomicrograph, crossed

"

nicols with 1/4 A plate inserted, field of view =

2.0 mm x 1.3 mm, Escalante Formation sandstone,

\
"

\

sample locality EPl. .

‘'Zeolite (Z) developed in pore space. Volcanic rock

fragment (Lv), plagioclase (P1l). Thin section

photomicrograph, crossed nicols, field of view = 2.0

mm x 1.3 mm, Escalante Formation sandstone, sample

»

16cality EP1. - \






" PLATE 2.6 ° *

Y

Laumontit® cement (L) which exhibits a'qood biaxial
negatlve () flgure, is 19ngth slow and has 2V = 30.
Clay rim (arrow) surroundlng igneous rock fragment.
Thin section photomicrograph, 'crossed nicols with

1/4 A plate ipserted, field of view = 1.0 mm x 0.65
mm, Escalante Formation sandstone, sample locality EP

1.

Albitg»overgrOWth (qy) in optical continuity with
altered plagioclase graip.(Pl).. Albite in contact

with zeolite pore fill (z).. A concentration of clay
L4 "

minerals. (arrow)/gccurs at the boundary betwoen _
”»

altered and unaltered plagioclase.  Thin sectlon

Qhotomicrograph, crossed nicols with 1/4 A plate

inserted, field of view = 1.0 mm X 0.65 mm, sample

1

locality EPI.
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B. . HESQUIAT FORMATION

lhe Hesquiat Formation conformably overlies the

'Escalante Formatlon The type section is'located along

the west coast of Hesquiat Peninsula (Figure 2.2, 2.3).
The rocks in the type section consist of sandy shale,
graded beds of shale slltstone sandstone, sllghtly

arglllaceo&s sandstone, pebbly mudstone and conglomerate.

. e

' Silty shale and mudstone, 1nterbedded'w1th mlnér amounts
.o "k.

EL)
A :
o Penlnsula

of siltstone and sandstone"oomprise the: Hesquiat Formation

on Nootka Island and Flores Island.
The entire sequence is interpretednas a scries of
upper to midﬁbathyal'turbidite deposits (Cameron, 1980).

The prox1ma1 facies are exposed on western Hesqulat Penin-

. sula- and at a few localltles on Flores Island Tht dlstal

fac1es are exposed on Nootka Island and eastern Hesqu1at

The thlckness of the Hesqu1at Formatlon type sectlon

-

has been the subject of controversy between Jeletzky |

(1975b) and Cameron (1930) Jeletzky estlmated that the

.formatlon was between 2135 m (7000 ft.) and 3050 m (10, 000

ft.) thlck (1954, 1975b) In hls initial report cn the .

'Tertlary sedimentary rocks of the Nootka‘Sound area

' Jeletéky (1954) states:

The only seemingly complete section of the rocks of
Divisipn C on Hesquiat Peninsula was: ‘measured on its ©
‘western side of the northeast limb. of the Hesquiat
syncline. 1In view of the fact that all individual.
beds, 11thologlcal zones, and ma jor mappable 11tho—,

as



4
logical phaécs of this division are strongly
.lenticular, the thickness given may be considered as
only roughly approximate. fThe circumstance that the"
rocks of Division C are often badly faulted,

sheared, and locally strongly contorted in this
section has further reduced the' precision of the

measurements made.

| Cameron (1980) suggested a thickness of + .
aoproximately llOO‘m for the'type Hesqgfat Formation.
tThls estlmate was based‘Onjcorrelation‘of foraminiferal-
assemblages between continuous sections'whlch‘were
apparently unfaulted (Figures 2.2 and 2. 3). -Cameron
examlned outcrops exposed at low tide on. Escalante Island
‘(Flgure 2.2) and identified a contact between meta-A ”
'volcanlc rocﬂ and condlomerate._ Based on field |
;’observatlons he concluded that the basal conglomerate and
the overlylng sandstones are part of ‘the Escalante_
-Format;on.‘ From these. observatlons lt is ev1dent that a
thrust fault caused reDetltlon of 600 m of strata near the
dbase of . the sectlon. Cameron also recognlzed repetltuon
tof strata hlgher in the" sectlon on the ba51s of: foramln-
iferal .zones. The relatlve 1mportance a5319ned to.
repetltlon of sectlon explains the dlscrepency between the
estlmates of thlckness glven by Jeletzkyhand Cameron.,

Cameron s estlmate of the thlckness of the Hesqulat

‘Forhatlon is used in thls study for several reasons.r

Samples colleeted by Cameron and correlated with his

foramlnlferal zones formed the 1n1t1a1 materlal avallable

for the study Also, the locatlons at whlch samples were‘

. . ~
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collected by the author were established using Camcron's

—ifield logs of outcrop sections - Several major faul

‘lndlcated on these logs are .Clearly VlSlle in the

exposures of Hesqulat Formation at” east Hesqulat Pcninsula.
and between Homais Cove and Spllt Cape (Plguro 2 2)
.
' The Hesqu;at Formatlon consists of two- dlstlnct | x
members which alternate throughout the sectlon (Ilgurc

2:5). The reslstant member. is composed of normally graded

beds of shale and sandstone cut by beds of chaotlc pcbble

‘ conglomerate (Plate 2. 7a,b). The graded beds have sharp

~

lower contacts and sole marks are common in the sandstone

(Plate 2 8) The conglomerate beds have very abrupt lower

contacts and 1ncorporate rare rlp up clasts of shale ,lt

is not p0551b1e to correlate 1nd1v1dua1 conglomerate beds,,

'la

rally between the Sectlons descrlbed by Cameron

580) Howeveﬂ, the thlckest of thesn beds can be- .

"1followed for up to’ 500 m along strlke The second metmber -

—

~;s‘composed:of shale and thln/§ bedded shale flne gralned

sandstone'(Plate-2u9a). It separates the more resxstant

.

‘. members and predominates 1n the lower parts of the

‘section. Lo ;" \V

. Jeletzky (1954) descrlbed the Hesqulat Formatlon bed
by bed. Based on ‘this fleld study he lelded the

formatlon 1nto seven succe851ve re51stant and rece551ve

members.’ These members were also recognlzed by Cameron

f(1980), although on the ba31s of foramlnlferal . '\\;
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.assemblages, he concluded that several of them were fault
repetitions‘of the same members. " The chaotic structure of

.

the sandstonc and conglomerate deposrts comprlslng the‘
xeslstant members suggests that they were dep051ted/as a

result of mass— flow processes (Cameron, 1980)

"

The first recessxve member crops out south of
scalante P01nt,(Flgure 2.2) and comprlses the uppermost

18) m of sectlon BC 71- -1 and all of section BC 71-2 -
(Flgure 2. 3) ‘It is the tranSLtlonal unlt between*the
o O

.scalante and Hesquiat Formatlons,and ‘consists of 1nter—
.

bedded shale, 811tstone and fine gralned sandstone
Rusty weatherlng calcareous concretlons are common in this
memberq~' S l ' SRR . B

. ‘The flrst re51stant member is exposed at the tOp of
sectlons BC 71 l BC 71—2 BC 71-5 and at the base ofiBC-

71-7 (Flgure‘2‘3) It 1s located abouf 200 n |
stratlgraphlcally above the base of the Hesqulat For-

‘matlon and has an average thlckness of" 25 m, but 1t varles
flaterally, some lenses being about 50 m th1ck There is an ff
roroslonal dlsconformlty between thls member and the under—‘

:dlylng shales and sandstones of the flrst recessive l |

member 'The upper contact 1s covered by the channel

.rbetween éscalante P01nt and. Escalante Island (Flgure 2 2) : p:
- ThlS member con81sts of pebbly mudstone gradlng upward
1nto hlghly arglllaceous sandstone and conglomerates. The

e

gconglomerate 1s matrlx—supported and contalns subangular

e
e



. b

to subrounded quartz drorlte and.metavolcanlc pebblvu und
‘sandstone and shale fragments from the beds below, Who
conglomerate is similar 'in overall appearance to.the basal
conglomerate &f the‘Escayante Formation, but-contarnup
caicareous.cément{ "‘_ - o o

A ' The second reslstant member is located at the top of‘
section BC 72-9 (F;gure 2.3). It is separated. from the
flrst resxstant member | by 250 m of thinly~ bedde shale,
‘511tstone and sandstone. "It consists of approxrmately 80 .
"m of coarse-grained sandstone, and coarse to medlum pebble
conglomerate,‘both 81m11ar in comp051tlon to those of the
first re51stant unit, but the conglomerate has a sandjer}
7matr1x; ‘The entlre member rs cut by a series of mlnor |

lateral faults trendlng southwest and west ‘ The upper

dcontact 1s covered but is belleved to be the locatlon of

[

‘da fault (Cameron, 1980) F

The thlrd reszstant member crops out near the top: of

“sectlon BC 72 10 and con51sts almost entlrely of conglom—

'fberate. It 1s 40 m tthk has an er051onal lower contact’

,_'volcanlc boulders, up to 1 m across, are,,

7w1th the underlylng arglllaceous sandstone and grades'

;'upward 1nto thlnly bedded grltty sandstone. Subroundtd

s v

“ncorporated an

'the pebbly conglomerate.i Few faults affect‘thls member.

o

h» o fIn thls study the fourth flfth and sxxt‘ res;Stant’

members orlglnally descrlbed by Jeretzky (1954 are

«conSLdered to be fault repetltlons of a. 51ngle‘m mber,



e

designated as unit.four.f This member is at least 100 m

thick in the Qpllt Cape area and forus the promontory on
thcvsouthwest shore of Barchester Bay (Flgure 2. 2) In:
both localltles, pebble conglomerate predomlnates over
coarseagralned sandstone and pebbly mudstone

lncorporated rn the conglomerate are subangular sandstone .

pebbles, probably derived from underlylng units, ‘irregular -

blocks of volcanlc rock measurlng up to lS m, across,

N

\ quartz diorjte pebbles and boulders, and blocks of sand~
stone posslbly derlved from "older formatlons (Cameron,
1980). Thlb unlt is hlghly fractured and is cut by a -
magor left lateral transform f@/lt '

+ The flft9 and uppermost resistant unit 1s located at
the top of sectlons BC 72- 15, . BC. 74 4 and BC 74 =5 (Flgure
»2!3) It con51sts malnly of medlum to. coarse gralned sand-
‘:stones, althouqh lenses of medlum to coarse pebble |
conglomerate are also present.' The sandstone exhlblts'
both parallel beddlng and cross beddlng and contalns
abundant carbonaceous remalns and mlca.e‘l | |

I M . .
! ’ . i

| DE'I‘RITAL MINERALOGY R

Sandstone samples were cla551f1ed on the basis of

petrographlc analyses.. In many samples recognltlon of the

: orlglnal compOSLtlon of detrltal gralns 1s compllcated by
alteratlon and replacement by calc1te, chlorlte and (or)

mlnerals._ Only those samples in whlch these re—

gments ‘were not complete werL useful for modal poxnt



counts. The average detrltal c0mposltlon of seven sand-
stones from the Hesqurat Formatlon rs QZ7F35L38 (1ablo
2 1). The llthlc component is malnly VOlcanJC rock
fragments, the feldspar component is almost cntxrcly
plagloclase (An 30 35). Based on. the rclatlve porccntages
iof detrltal components, these rocks Are classlflcd as
lltth arkOSes or feldspathlc lltharenltes (Flgure‘Z.é).
Accessory mlnerals, comprlslng 1 to }O per cent of: the .
fdetrltal fractlon, lnclude blotlte, muscovite, chlorlte,
Ihornblende, Opaque minerals and carbonaceous mator1al
'(Table 2. l) Mrca and carbonaceous debrls are most
abundant in thlnly lamlnated sandstones and are conccn~
vtrated wlthln 1nd1v1dua1 laminae (Plate 2. lla) g e '
Sandstones and conglomerates from the fourth and

flfth res;stant members contarn hlghly altered feldspar

gralns,and volcanlc rock fragments Alteratlon appears to

\v

-

: nfbe due to partlal replacement by calc1te (Plate 2. IZa)

. a p . |
'foLlow ﬁby a later stage of ca1c1te dlssolutlon (Plate
2. lg P01nt counts of these samples show hlgher quart7

-_values and more authlgenlc kaollnlte than in. rocks from

‘h‘the lower re51stant members “in whlch calc1te cement was '

‘\(stlll 1ntact (Table 2. 1) The apparent elevatlon 1n

E quartz values may reflect the complete alteratlon of. some
”_plagloclase and volcanlc rock fragments.'
'AUTHIGENIC MINERALS IN SANDSTONES AND CONGLOMERATES

) Authlgenlc mlnerals in the Hesqulat Formatlon were

51
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\ . '

)d(ntlfled using. optlcal mlcxoscopy, SLM and X-~ray

‘dxf{rattlon analyses Cdlcxtc Cement and kaollnlte were'

-

“the only authigenic phases clearly visible in thin ‘ .
sections of sandstones and conglomerates. SEM and X~ ray
‘dlffnactxon were used to Ldentlfy other fine~ gralned

phnsc< and thelr relatlve abundance. Chlorxte, smectite,

 mixed-layer chlor;te/smect;te,‘kaollnlte, quartz and

Lo .
" e

calcite were identified (Table 2.4),

‘éhlorite‘

Chlorlte occurs as a replacement of volcanlc rock
&

£ragments 1n sandstones from the hlghly fractured parts of
the sectlon. X~ ray dlffractlon results 1nd1cate that the
chlorite is iron- rlch The (001) dlffract;on,ls.less

1ntense than the (002) and (004) diffractibns,ﬁindicative

4

of cham051te (Brown and Brlnoley, 1980). EDA analyseS"
ealso 1nd1cate an iron- rlch comp051t10n (Plate 2 10e)
Chlorlte also ovcurs as a pore fllllng phase.‘ it‘
eeveloped as rosettes or bladed crystals and is usually
 assoc1ated with authlgenlc quartz and kaollnlte. Textural
;relatlonshlps 1nd1cate that chlorlte predates qpartz‘
(Plate 2. lOc and 2 10d) ‘The relatlve t1m1ng of chlorltevﬂ
1and kaollnlte deveIOpment is not as clear.,‘Chlorlte is
most common adjacent to graln surfaces andnkaollnlte most‘
_common w1thin pore spaces suggestlng that chlorlte '
a"predates kaollnlte._“ | | o " '
meegtlte.‘f .

Smectite occurs as -a grain coating in a finé grained
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sandstone frnh‘the first rcecessive member (Plate 2.9a).
o . : Y ,

Thre value of 'the smectite (001) diffraction for a

glycolated sample is 16.8A (Table 2.3), and the (002)

"

diffraction overlaps thce low angle, side of the chlorite

(002) diffraction. This suggests that the smectitc

@ N
contains about 5 per cent chlorite layers.,

. i.n shalos, sandstones 'and

Smectite is also-prese

i

conglomerates from tho remain xg'of the type section

{Table 2.4; Flgure 2.8). Authigenic clay rims are absent

4An sandstones and canglomerates from the resistant members
of the Hesquiat Formation, and crystalline smectite was

not obscrved in samples analysed using SEM. This sugdests

that -smectite is a detrital ‘phase in these rocks.
. Chlorite/Smectite

Chlorite/smégtité'occurs as’ a minor phase in
-

calcaredus siltstone and fine grained sandstone from the

first recessive member (Tables 2.3, 2.4). The - )

Y A

sUperlattice diffrdction at 313-is=¢haractefistic of an

ordered 1nterstrat1f1ed chlorlte/smectlte. Sharp peaks on

"

. the x ray dlffractlon charts suggest that 1t is a‘

‘

» well~crystall1;ed authlgenlc phase although no obviously .

'-authigenic crystals were seen with SEM. oo

ﬁahdpmly interstrat}fied.chquite/smectite occurs in
| fine grained sandstsne‘frém_the basé of section BC 71J7
r(#féqfe‘b.B;vistle 2!4)! The value’ of the (-
(901) (001) 17 dlffractlon is 13 38, suggesting that

. !



/ T

Figure 2.8, Reprosentative Xtray difrraction pattoernn of
the <2 pm fraction of samples from tha resistant units of
the Heosquiat Formation. ‘

Medium grained sandstones from highly fractured parts of
the formation at cast Hesquiat peninsula (C) and sSplit
Cape (B) contain abundant chlorite, illite and Kaolinite.
The chlorite (002) diffraction overlaps kaolinite (001)
diffraction at. 78 , but the (004) and (002) diffractions
are separated on the peak at 3.5k .. .

Conglomerate (A) from the top of the section contains
abundant smectite and lesser amounts‘pf chlorite and

kaolinite. : o r

-

All diffractograms are at a scale of 1 x 10 counts/second.,
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chlorite/smectite in this sample contains about 70 por
cent chlorite layers (Figure 2.8).
Kaolinite |

Kaolinite occurs in sandstone and conglomerat e
‘samples from all resistant units in the Hesquiat
Formation.* It also occurs in rocks from the tvecesaive
‘nnits,vexcept those comprising the first recessive member
(Table 2.4)¥ on X-ray diffraction charts of the <2 um
size fraction, the presence of kaolinite and‘ohlorité‘is
indicated by resolution of the large peak at 3.5A into
3.58A and 3.55A components, the kaolinite (002) and
chlorite (004) diffractions; respectively (Figure 2.8). °
‘After heatinglto 550 °C, the kaollnite (001) peak aty?R is
diminlshed, indicating partial destruction o[.the |
kaolinite structure. | |

Kaolinite is most abundant in the highly [racturcd
sandstones and conglomerates of the fourth resistant unxt,
which crops out at Split Cape(Fiqure 2.2). Large pntchesof
authlgenlc kaollnlte occurs in these samples and: may have
replaced detrltal gralns (Plate 2.12a,b).

Kaolinite occurs as well aevelooed stacks of tabular
fcrystals whlch“rangevin width from 2;lm.to 8 pm and
average aoout 6 pm across (Figure 2.10f). <Several large

i

patches of authigenic kaolinite cover the surfaces of

[

- plagioclase grains. It could not be determined whether

the kaolinite was directly replacing plagioclase or

e ~




whether the detrital grains were a substrate upon. which

kaolinite was precipitated. ; / \
Other Fin;~greined Phases

;eldspar and qQarcz are the mosc common nonjclay
minerals in the <21pm and 2-20 pm size fractions. The
feldspar is plagloclase, as identified,onlx—raY,

. diffraction charts By a major peak at 3.18A and by

several smaller diagnostic peaks, including one at 6.39A.

Quartz was identificd by peaks at 3.34A and 4.26A (Fiqure-

" 2.8). '
'Authigenic quartz occurs with chleritevand'kaollnite
in sandstones and conglomeratcs {Plate 2.10c¢c,d and f).
Tcxtural relatlonshlps suggest that quartz formed after
chlorlte (Plate 2.104), and may have formed at the same
time as authlgenlc kaolinite (Plate 2.10f). ~
Lalcltet | |

Calcite cement.is‘common in sandstones and

conglcmcrateslih.the Hesquiat‘Formation. Authlgenlc

"
N

alc1te in. sandstone from the flrst re51stant member
*completely fills 1ntergranular pore space (Plete 2. llb)
The detrltal grains in thlS sample have not been altered
or replaced by calcite. Samples ffom hlgher in the type
'scctlon also contaln calc1te cement, but most of the
calc1te ‘in these focks has been partfally or totally

dts-(lved (Plate 2. 12a b). Ca101te also replaces plag-

joclase grains‘(Plate,Z.IZa)l~ It appears chat the

>
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dissolution

N

voids in plagioclase grains may have tesulted

from. the removal of this .replacement calcite (Plat.

2.12b).



' PLATE 2.7

l

" Chaotic pebble conglomerate comprising the resistant

member of Hesquiat Formation. Outcrop photograph.
Southwest éide‘of Barchester Bay, west Hesquiat

Peninsula.

3

Flame structure 1in resistant member, Hesquiat

v

Formation. Outcrop photograph. “Mouth of Goodwater

‘Creek, west Hesquiat Peninsula.

t A
. ' Lo






PLATE 2.8

_Soles of sandstone beds (ihverted'glabs) with flute
| casts and grooves. Sandstone beds of the resistant

~unit of the Hesquiat Formation cropping out at-

: ‘ | o
Leclair Point, east H?squiat Peninsula.

i,

i

Outcrop photograph of sandstOne_bed of previous

photograph, Leclair Point, east Hesguiat Peninsula.

[
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) member, Hesquiat Formation. Clay is 1dent1f1ed as

PLATE 2.9

Interbedded sandstbne,'siltstone and shale typical of

the recesslve membgr of the’ Hesqulat Formatlon,

'

Qutcrop photograph, west Hesquiat Penxnsula.A

‘Clay coating (Sm) on unaltered detrital'grains\in

flne gralned sandstone from the first recessive

[

smectite by X-ray diffraction analyses. ‘Thin section‘

‘photomlcrograph plain. polarized 1ight, field of view

= 2 Omm x 1.3mm, sample locallty Wl.

" ‘ B . ..






pPlate 2.10

Authigenic kaolinite (K)‘which postdates authigenic

chlorite.,  EDA of chlorlte (Photograph B)

Andtcates that it is, lron ~rich. SEM photomlcrograph

Ebcalante Formation, sample 1oca1xty E3. K S

AuthfgeniC*quartz (Q) engulfing‘authigenic chlorite
(Chl). EDA of chlorite (Photograph E) indicates that
1ﬂﬂps 1ron ~rich. SEM photomlcrograph, Hesquxat

Pormatlon sandstone, sample locallty W22.
f

‘Enlarged viewlshowing‘thac authigenic chlorite (Chl)

predates authigenic‘Quartz (Q). SEM photomicrograph,

Hesquiat Formation sandetone, sample‘locality W22.

Poorly—develooed termination on authigenic quarti ’

‘crystal (Q) suggests that 1t postdates or is coeval
'wlth authlgenlc kao inite (X). SEM - photomlcr091a9h,iﬁ

"Hesqu1at Formation sandstone, sample locallty w22.

r‘ . . /
Authlgenlc smectlte (Sm) coatlng detrltal graln in

|

‘”sandy matrix of a conglomerate.' EDA. spectrum
n(Photograph H) shows a hlgh proportlon of ca whlch
amay be from ca1c1te cement. SEM photomlcrograph

‘Sooke Bay Formatlon conglomerate, sample locallty S9,

( g
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jPlate 2.11

Authlgenlc pyrltf framboids (Py) associated with

. \ ~

#
bxotxte (B) and lcalcite shell fragmenﬁ (Ca) -

i
Eiotlté shelf\fragments and- carbonaceous debris are

concenttated along 1am1natxon surfaces,, Thln 'section

photom%crOgraph crossed nicols, field of view =

2.0mm‘x 1.3mm, sample locality W2. o )

A N

Sandstone with calcite cement (Ca) completely
f . ooyl
s

~ 4 {

‘occluding intergranular pore space and p?esérving

volcqnlc rock frqgments (Lv) and plagloclase LPl).

Thln section photomlcrograph crossed nicols, fleld

1

»

of v1ew = 2. 0mm$x 1. 3mm,‘Hesqu1at Formatxon

/ i . a
)

sandstone, sample locallty W8






Plate‘2.12

Dotritai plagioclase grain completely replaced by 
authigenic kaolinite (K). Calcite (Céf cement and
grain replacement appear to havg undergone'somg
dissolution (arrows). Thin section photomicrograph,

crossed nicols, field of view = 2.0mm x 1.3mm,

Hesquiat Formation sandstone, sample locality W22.

Detrital- plagloclase graln (Pl) showing preferentlal

dissolution aIOng twin planes (arrow). Hallte (na)

.
U

fills poref;'-Thln sectlon photomlcrograph, crossed

nicols, fleld of view = 2.0mm X 1.3mm,:H;:§u1at

kY
"

Formation sandstone, sample locdlity W22.

. . ) . .
- :
" 1






Plate'2.l3

A, Conglomezate and sandstone of the Sooke Bay Formation

dlrectly overlyxng the pollshed surface of Metch051n

VOlcanxcs (lower right of photo) Outcrop

photogfaph, Ching Beach, Sooke :area.

B. 'Shell bed in sandstone unit, Sooke Bay Formation,

Campers .Cove, Carmanah Point area.
~ i ‘;"" ’

)
. N '
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Plate 2.14

'A; ‘Authggenic sméctitel(Sm) has formed rimsvon dettita}
érainsuand‘predates patches'of zeolite (?) cement
(arrow). Thin sectioA-pgotpmicrogfaph, plgiq:. |
polarized lgght;Hfield of view 2.0mm x.1.3ﬁm, Sooke.
éay‘Formation“sand;tbne}'sample locéligy-sfb.f‘

VB. Calcite‘cemeﬁt-(staingd red) in sahéy‘maﬁrix of
conélaﬁeraté. Thin-section pﬂoﬁBm%crograph, cfossed_

,vfhicols, fiéld of yie& =.2.Qmm x 1.3mm, Sooke Bay. 

Formation conglomerate, sample localitx§S9.‘ ',f;,
, . . S AT
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C. ‘SOOKE‘BAYlFORMATIO&

The Sooke Bay Formation;lslthe uppermost formation in
the Carmanah Group. ‘Along‘the southwest coast of‘ . '
vancouver Island the Sooke Bay Formatlon lies uncon- ~ | ‘
formably on lower Eocene Metch051n Volcanlcs (Plate
2.13a). The’ type sectlon is located along Klrby Creek
KClapp and Cooke, 1917) and consists of about‘ISO‘m of-
sandstone'and oonglomerate. uIn the Nootka Sound area the
Sooke ﬁay ?ormation is exposed on Nootka Island at Bajo.
Pant (Flgure 2 1) ThlS outcropnls geverely faulted but
the formation xs e tlmated to be approxlmately 20 m thlck

,a‘

It overl;es 1nter; dded sandy shale and sandstone of the

t Hesquiat“FormatiOn; the contact relatlonshlp 1s, however, !
uncertaln (Cameron, 1980) t The Hesqulat and Sooke Bay
formatlons also crop out at Carmanah‘901nt,¢where they i

appear to be separated by a mlnor unconformlty (Muller et

al., 1981) Lo '- o “ ..!: ’:-,. ”-;‘; o ‘ ’
_ The Sandstone and conglomerate whlch oompflse the T
Sooke Bay Formatlon are well sorted-7*some are cross-,f;; SRR

ﬁhds and other beds contaln well preserved shells (Plé!b

2 13b) ‘ These characterlstlcs and palaeontologlcal data,ﬁg

A

g PR \\
S
oLk
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of angular grains of plagloclase, quartz, magnetlte and
.volcanrc rock fragments, and mlnor amounts of brotlte,
muscov1te, epidote, %roﬁene and chlorlte (Table 2. 1)

- -

The plagloclase and volcan&c rock fragments appear to be

unaltered. The sandstones and conglomerates contain
little or no detr1ta1 matrlx._.Rellable estimates of
detrital modes in samples from: the Sooke Bay Formation. are

—dlfflcult to obtaln.‘ Most of the rocks are poorly

-

consolldated and thln'sections’show a high proportion

‘ : . ‘ g
The‘conglomerates consist of subangular to rounded

‘of plucked grains. . . - . L -, .

'fragments of metabasalt and gabbro, and a sandy matrlx

81m11ar in texture and comp051t10n to.the sandstone Eeds.
B Shell fragments and ca1c1te cement are common, and the‘ o

'clay coatlngs on . detr1ta1 gralns(are thln or absent (Plate “thf '

¥ . ! . o i ) ' L o ER

LI
’ L

f 2. 14b) T k ,

; . RN L
J . ' CRE . .

;1f,'Detr1ta1 gralns 1n sandstones are cemented by tthk

‘ w 4“.,.

fgrlms of clay mlnerals._ Zeollte cement 1s present 1n trace

e e mey a

'iiamounts in all sandstone samples, w1th the exceptlon‘of7 S

AR L RO S



plagioclase,,calclte and ampﬁlbole‘are‘also present in the‘,
d<2 pm siZe fractlon (Table 2;4) ' Kayllnlte and :,- W‘:“;‘t.
‘chlorlte/smectlte were not detected in any samples. | a
Smectlte |
Smectlte constltutes 85- 55 per cent of the clay
mlnerals pre!bnt in the <2 pm 512e fractlon (Table 2. 4)
It 1s identified on X~ ray dlffractograms by a,strong (001)

, NI
»dlffractlon at 173 (Flgure 2:9). Authlgenlc smectlte<

.

developed on the surfaces of " detrltal gralns in sandstone‘

a4

\samples‘(Plate,2.14a), 'Smectlte‘also occurs as thln
,Vcoatings on detrital grains in‘the‘saﬁdypmatrix‘OE‘the‘
‘ - . L ‘
. conglomerate (Plate 2. 10g h) g S

-Ca1c1te

N SIS T Cp

Ca101te cement 1s common 1n conglomerate«(Plate
t2 14b) Sandstone samples COntaln only mlnor amounts of

ﬂ‘ca1c1te cement assoc1ated~w1th shel] fragments.*‘i'w"ﬂfLJ, e
Cd : S , ,\'* '
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#- F1‘§;u{e 2 x ray dlffractxon patterns of smectite xn, o -
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D. PARAGENETIC SEQUENCE S
4 . ‘ n . . " .
. : ' . |.

The relatlve tlmlng of authlgenlc mlneral deqplopment
evand alteratlon of detrltal phases was determlned on-bhe ‘

basis of textural relatlonshlps and thelr dlstrlbutlon

- B
Each - of the stages in

ons w;thln the

‘through the stratlgraphlc sectlons
o
. thlé sequence marks a unlque set of condltl

deposftlohal or post dep051t10na\'sett1ng, although in

' I

sltuatgons where condltlons were changing rapldlynsome

i »" : .

mlnerals mayk\ave formed out. of equlllbrlum w1th the“

1 1 K
enV1ronment)

Mlneral assemblages in the three formatlons

dlffer $0, they w111 be con51dered separately.,

-
-
. wr . , . \ .

Escalante Formatlon'
. SN
Thln sectlons and SEM reveal the followlng paragenetlc
’ s v e b [
sequence 1n the Escalante R%rmatlon.‘ -

.“.;4 i '*,,,-

‘ﬁﬁy' 1) pyr&te + early concretlonary caIC1te,

1 “Q”*Zi" lorlte/smectlte r1ms + quartz overgrowths,

3) alblte and K feldspar overgrowths,aﬁd

4) laumontlte (and heulandlte) cementatlon + calc1te .

cementatlon (Flgure 2 10)

s »

All of the phases occur 1n rocks from thﬁ type area at
4 - \ o’ .

Escalante P01nt.. In these samples chlorlte/smectlte k
A e B

completely coats detrital gralns (Plate 2 2a, 2 3a,p2 6a).

IR -

80

.

;.palor’to‘compaotlon.n The clay rlms were preserved by the‘ﬂhkf"””ﬁ
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\ deuiital plagioclase grains and albite overgrowths (Plate
2;6b},]and between detrital rock fragments and authigenic
©quartz crystals (Plate 2.6a). Chlorite/sméctite also
formed prior to authigenic K-feldspar (Plate 2.49) . -
Sandstones and ‘conglomerates of thé Esgalanté
Formaéion‘exposed at east Hesquait éeninsula,are fractured
and faulted (Figure 2.2) dnd are more highly altered Jﬁan
rocks at_thé type area (Figure 2.2; Plate 2.4a,c).
Samples from east Hesquiat Peninsula contain a late

diagenetic asSemblage of chlorite, kaolinite and quartz

(Plates 2.4d; 2.10a; Figure 2.10).

Hesquiat Formation

The first recessive member of the Hesquiat Formation
contains chlorite/smectite, laumontite and pyrite (Table
2.4; Plate 2.1la). The sequence of minetal formation ;n
this member is similar to that in_the Escalaqte Formatiqn.
Pyrite was the first authigenic phase'tb form, followed by
chlorite/smectite and laumontite. -

Authigenic clay rims, pyritehand laumontite are

absent in samples from other members in the formation.

Calcite cement is the mést abundant diagenetic phase in

4

these samples (Plate 2.11b), and apparently precipitated

early enougﬁ to significantIQ.réduce the porosity and

protect detrital gralns from alteration (Figure 2 11)
Dlssolutlon of calcite cement created secondary

porosity in sandstones and conglomerates from the .highly

82



83

UOTI U0 9311052

UDTIRUSWSD 33 TOTRD

- SWTX 33T3o8uWs
C e A

l-nlsllnllJWIIl. 31IAd reuoTyTsodspuds

z3xenb otusbTyzne

, : 11T3-220d s30T
UOTINTOSSTP wﬂwﬂ;mu

ST R

mhd&W@Hmm Jo wausoeridax

U TIRUSEO I3TOTED

1IT3-2x0d s3tuTioRy

| UOTANTOSSTP 3RO

NOTIVIRIQT
A $400s

; ( !

NOTIDARIOT
IVINDSTT

‘SuoctiewWaoy

- Keg ayoos pue letabssy ay3 ur ssousanbas OST3isusbereq -11°g mulmwh m




N

faulted parts of the section (Plate 2.12a,b). The
sequence of minerals formed Zfter dissolutioﬁ of calcite
is ) : ‘ :
. 1) chlorite, |

2).kaoliQite 4+ quartz and f

’3) seéondary calcite (Plage 2L10; Fngre 2.11).
Sooke Bay Formation

Three ‘authigenic phases'ﬂLreh%dentified in samples

f rom outé;oPs in close_proximiﬂy to the type locality.

" The. sequence of mineral emplacement is:

1)« pyrite,

2) smectite and

»

3) calcite cement + trace amoun;s?of zeolite cement

\

(Table 2.11). | N
Smectite forms grain coatings thch are abundant in
the s#ndsténes (Plate 2:14a).énd present in lesser
quantities in conglomerates gPlate 2.10g9,h). Analéime
cement was found in a sandsténe and a conglomerate from

oné‘locality. This occurrence may be of doubtful value

for interpretive purposes, because both samples were from

highly weathered outcrop.

v
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IIL. DISCUSSION

The clastic rocks of the Carmanah Group are similar

—

in deflrital composition to other arc-derived sédimentqry
\\\\ggsfs exposed along the northeast Pacific margin
(Gal oway; 1974, 1979; Burns and Ethridge} 1979; Helmold
-and yan de Kamp, 1984; Chan, 1985). The most abundant
détrital phases in these rgcks are plagioélase feldspar
and andesitic rock fragments. Minor phases include |
deﬁrital pyroxene, amphibole and mica. Phis composition
results in a numbeﬁ of possible diagen;tic reactions,
egpecially hydration and carbonizéfion reactions in the
early diagenetic envifonment and,dehydratidﬂ reactions at
greater burial depths (Galloway, 1974; Sﬁrdam and Boles,
1979). 1In a regional study of four arc-related basins,
Gal’owav 71974) concluded tﬁat temperature was the
domipant control on diagenetic reactions in the
‘mineralogically unstable sandstones which occur in these
basins. Other studies of volcanoclastic rocks have
"suggested that the amount and type of vélcanic detritus
and the compostitions of fluids interacting with the rock,
are equally impoftant influences on diagenetic reactions
(Stéﬁart; 1974; Boles, 1974; Surdamvané Boles, 1979). 5
| The téxturél‘maturity of volcanic sandstones and

conglomerates is also significant, primarily because the

— .

presence of detrital matrix can limit the contact between

85
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., . : . : I'&\‘
.reactive detrital grains and fluxds A study of‘&urbidite

sandstones from western Oregon concluded that 1ow pOrosxty

and permeability, resultlng from rapxd deposxtxon and 7\

burlal of poorly sorted sedxments, prevented the ' ‘,
\

development of authlgenxc clay rims and zeollte cement f

(Chan, 1985). Although fewer dragenetic redct;ons are |

( i .“ \

llkely ‘to occur in volcanoclastlc rocks thh low porosxty
and permeability, the local availability of ions from un—‘
stable 1ithic,fragments, plagioclase and mafic mlnerals‘é
allows‘some reactions to proceed without the movement of jt
large volumes of fluid through the rocks. ’
Authlgenlc clay rims on framework gralns are a -
common dlagenetlc feature in the Escalante and Sooke Bay ,
‘formatlons (Flgures 2.10‘and 2.11). This feature has also‘\
been reported in several other formations composed of |
-volcanoclast:c rocks, Jn whrch solutlon of volcanlc rock
fragments, pyroxene and amphlbole have prov1ded the
necessary components to’ form authlgenlc clays (Lerbekmo,

1957; Galloway,‘1974- - Merino, 1975; Burns and Ethrldge,

1999; Dav1es et al., 1379 Chan. 1985)

-
S

. In the Hesqulat Formatlon,.authlgenlc mlnerals
llndlcatlve of early dlagenetlc reactlons occur only 1n‘the ;:
;flrst recessrve unlt, whlch comprlses the trans;tlonal N

unit between ‘the’ Hesqulat and Escalante iormatlons (Fxgure;7
3.1). In the mlddle and—upper parts of~the format10n,,* '

dlagenetlc processes were pro%:;ly 1nh1b1ted by the low

l“‘ 5o

'
\~ . o
" .
. . .
-
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permeability; the sandstone and conglomerate beds are

A

~laterally discontlnuous and are separated by shale units.
Most of the authlgenlc nlnerals occur in sandstone and
conglomerate unlts whlch have been fractured and faulted,
- and llkely developed.as a reBult of increased fluid flow

.tHrough these parts of the section.

A.  INITIAL COMPOSI‘I‘IQIN OVFIS‘ANDSTOIEJES’; AND CONGLOMERATES
| tDetrital modés‘in sahdstones‘and conglomerates from
‘the Nootka Sound area indicate that the Escalan&e and |
Hesqulat formatlons had a mlxed volcanlc plutonrc source
terrane. Quartz values are generally less than 40 per
«Qﬁent and are 1owest in samples {£om\the‘base.of the
IEscalante Formationl“The detrital comoosition‘of these
| ;rocks closely reflects ‘the mlneralogy of the underlylng '
andesite unlt Sllghtly hlgher quartz values in the
Hesqulat Formatlon may be the result of sedJmeht-reworklng

l

'prlor to dep051t10n, or a source area farther 1nland whlch

N I3
/e
/

ﬁ:would 1nc1ude granlte andﬁgranod1or;te of‘the Island
,‘intrusions (Figure'in)
Sandstones from the exposures of the Escalante

‘Formatlon on east Hesqulat Penlnsula and Flores Island

bconta1n sllghtly more . detrltal quartz than sandstones at%\ :

~ the type secfion. The hlgher quantz values in these L cks.
probably reflect the contrlbutlon of sedlment derlve

the metagraywacke and tuff, argllllte and bre001a whlch

4
A

from-
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underlie these two areas.

_\

The detrltal composltxon of the sandstones and -

‘ I

‘ conglomerates from the Sooke Bay Formatlon also refleCts “ o

~

‘the compﬁsition pf the.underlying bedrock. Wegthering-of

the ‘Metchdsin Volcanics and Sooke Intrusion resulted in Vo

sediments containing abundgnt hornblende, pyroxene, ' .

'plagioclase'and volcanic roek fragments.
‘ . . . | o ,
Rocks from all three~f?rmations in the Carmanah
/ ‘ _ B
GfBup have 51m11ar detrltal domp031t10ns.' Accordingly,
o t '

the variations in authigenic: mlneralogy among these uni'ts )

/

must relate to differences in deposltional environment,
fluid chemistry, temperature and (or) tectonic history.

'B. DIAGENESIS OF THE ESCALANTE FORMATION

, Pyrite and Caléite were the first authigenic
LR
m1nerals to*form in the Escalante Fornatlon, and probably

‘lndlcate reduc1ng.cond1t10ns in the dep051t10na1 .
env1ron?ent. “Pyrlte occurs wlthln'organxcﬁremelns_and
volcanlc rock fragments. ‘The fOrmation of authigenie
pyrlte.as a replacement of plant reméins‘and withinwshellf
"fragments is well documented as an early dlagenetlc

‘reactlon 1n marlne env1ronments where bacter1a1 reductlon
of sulphate to H,S and HS™ Has occurred (Merino, 1975'
.Berner, 1981) ~Reduc1ng copdltlons in the dep051t10naf K

env1ronment of the Escalagte Formatlon WOuld also cause

ot ! s
the alteratlon of magnetlte and 11men1te to pyrlte. ‘Both ‘ EEP

. . : . . . .



oxides are common constituents‘of the andesite and quartz
' » . E ".\ | .

diorite which underlie the type area and which‘comprise

the majority of rock fragments in the’ basal conglomerate

]
and overlying sandstone ot '
Pn\ -

The concretrons in the upper part &f the tYPe area
# &

contaln 1ron poor .calcite cement. The composxtlon of the
calcite and the presence of authlgenrc pyrlte in the

‘ \
concretlons and ‘the surroundlng sandstones and slltstones\

[

suggedts that“the calcite cement formed in the sulphate—
.reductlon zone. Nonferroan carbonate\concretlons Rfobably\
occur in this zone" because the . prec1p1tatlon of pyrite has .
reduced tne concentratlon of 1ron ;n solutlon to very low

"1evels (Gautler and Claypool 1984) J‘

" . . t .§ .‘ /,“ . \
Orlgln of Chlorlte/smectlte . \\
& .
Authlgenlc,chlorlte/smectlte occurs 1n sedlmentary,
' I

-

‘hydrothermal and 10w—grade metamorphlc envrronments.
Occurrences whlch have been dOCumented and ascrlbed to"
'these env1ronments 1nc1ude~ (1) chlorlte/smectlte, w1th

vassoc1ated dolomrte, ca101te, 1111te and chlorlte, formed

“1n hyposallne'restrlcted marlne env1ronments (Almon et .

»

‘al., 1976) and (2) evaporltlc lake env1ronments (Apr11 ,«f'ﬁ

- 1981); 3)- chlorltdégloctahedral smectlte as a product of

"hydrothermal aIteratlon of dake rock and d1ke 1ntruded

l
P\,

.ishales (Blatter et al., 1973), and (4) chlor1te/sme§t1te.'

”‘as a decomp051tlon product of ferromagne51an mlnerals



’

'subjected to low~grade metamorphic condltlons (IlJLma and

Utada, 1971; Kimbara, 1973, Hof fman’ and_Hower, 1979).
The authigenic mineral assemblage in the Escalante
Formatlon contains chlorlte/smectxte and 4eolltes and does

not contaln dolomlte Or, evapor;tlc mxnerals (Figure 3 1).

This mlneral assocxatlon suggests that the

chlorlte/smectlte may have developed.ln response to hydro-

‘thermalfor low-grade metamorphic alteration, rather than

‘ ' . -
in the sedimentary envirofiment. . —

‘

The climateAat theltime of deposition of the Escalante

Formation may have prevented the formation of

chlorlte/smectlte in the dep051tlona1 env;ronment, The

—;\»,

plant remains. in the fine- gralned sandstone and $iltstone .

’comprlslng the upper part of. the sectlon at Escalinte

Cam

‘Point 1nd1cate a hum1d cllmate at the tlme oé.dep051tlon.'

Nacrollora in the rec6551ve un1t whlch conformably over-

‘lles the Escalante Formatlon were 1dent1f1ed as a mlxture

"

of temperate and trop1ca1 ‘forms (Jeletzky, 1975a, p- 17):

:Humld condltlons preclude the £nrmatlon of o

—

chlorlte/smectlte in the sedlmentary env1ronment because‘

9

evaporltlc concentratlon of maqn931um does not occur

(Apr11 1981)

The formatlon of chlorlte/smectlte is not fully

'understood but one ge§éra11y accepted model proposes that“

[

2 1 layer 5111cates, exposed to. magne51um—r1ch flulds,.,‘g‘

_aggrade by flxatlon of brucxte sheets in 1nter1ayer space.
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élattervet al (1973),‘suéaepki et al. ‘(1977)'and April
I(1980, 1981) have propésed that smectlte and degraded o
llllte were the precursor mlnerals ‘ Chlorlte/smectlte has‘-
been synthe31zed egperlmentally from Mg- saturated dlocta—

- hedral smectlte lp the presence of a MgCl solutlon at 400°

a

¢ (Eberl, 1978). _ e . | o
"' | ‘ Id‘hydrothermal and low grade metamorphlc envlron~‘ ‘
ments, hydrotnermal flulds or the alteratlon of volcanic

:rock fragmepts and ferromagneslan m nerals have been
proposed as possxble sources of magnesium. Scheldegger

and Staﬁes (1977) concluded that the format;on of

nontro ﬁte followed by saponlte in recent sedlments from

“the P ru-Trench resulted from alteration of tholeitic

~basalts at temperatureS'of:300-400°C This sequenCe of

mrneral formatlon indicated that flu1dsrw1th1n the o .
/ .
edims nt vere 1n‘t1ally iron=rich, but became enrlched . s

M'_w1th Mg+ and K* as alteratlon of basalts contlnued.- Ilji@a{
/‘.and Utada (1971) studled a bur1a1 metamorphlc sequence
/ B of volcanoclastlc rocks from the Uetsu geosyncllne, Japan.
lFrom drlll hole data they concluded that chlorlte/smectlte
' resulted from alteratlon of ferromagne51an mldérals at,
3temperatures of approx1mate1y‘25 C. They also noted that
'smectlte was present only in samples from the upper part
drlll hole at temperatures less thah 95°cC. ‘

.

,'t 1s posslble that the chlorlte/smectlte in then

‘Escalante Formatlon had a smectlte precursor Smectite is




N -~

abSent‘in the basal beds of thettvpe'section\which contain
highly ordered chlorxte/smectlte, and 1n the middle or
upper parts of the formation where poorly ordered and
randomly 1nterstrat1f1ed chlor;te/smect;te occur: (Flgure
3.1). The clay coatlngs and pore~f1111ng materlal in a

* sandstone collected 290 m above the basal contact consist
primarily of ;mectite‘(FiQUre'B 1) This dlStrlbuthn
suggests that smectlte may orlglnally have been present
throughout the sectlon Theymost 1ntense alteratlon ‘took f
piace dlrectly above the basal contact. Alteratlon becamefl
progress;vely léss intense farther from the basal contact

Platter et al. (1973) reported a 51m11ar aLteratlon

pattern in shales lnltlally composed of smectlte. ‘They

) P

‘concluded that the,smectltes had been altered to

chlorrge/smectlte by flu1ds accompanylng the 1ntru51on of

—_—

dlkes,h Well ordered chlollte,smectlte developed

adjacent to the' dlke, it graded 1nto poorly ordered

chlorlte/smectlte within 1 m of the dyke contact, and an

‘a

expan51ble mlxed—layer phase and chlorlte at dlstances :

‘ farther from the contact. o R

Dlagene81s of the Escalante Formation. may have been"

’1nfluenced by late Eocene 1ntru51ons. The Catface
Vlntru51ons crop out\south and northeast of Hesqulat
yPenlnsula (Flgure 2. 1) ‘ _An 1ntru51ve contact w1th the

sedlmentary rocks of the Carmanah Group has not been

pfound, but K- Ar .age determlnatlons of the Flores Island

. ‘93




Intrusxons and the Hot Sprxngs Stock (Figure 2 1) -place

the Lntrusxve actlvrty durlng the upper Eoce *”t lower °

s>

Oligocene (Mul er, et al., 1 981).

¥
L
\

The compl te

chloriteéégectxte in the basal, conglomerates and sand"

. stones of the Escalante Formatlon on Nootka Is\and and

Escalante Poxnt (Flgure 3. 1) may have taken place as
‘hydrothermal flulds moved through thls porous and |
permeable unlt along the contact wlth the underly;ng
vo%ca;ac‘rock. The presence of poorly-ordered: o
chlorite/smectite and smectltelln the 'uppermosf beds:at
the tYpé'section‘snggests that‘smectite wastnot completely
altered'(Figure‘3.i). ‘Fine—gfainedusandstones and silt-
Istonesfprédominate in this‘partﬁof-the section : -the low.
permeabilrtytin.this zone‘may hane‘restrictea the contact
'}betWeenﬁ@EactiQe‘detrital compoﬁé%ts and,hydrothermal'
hsflulds. Lower permeablllty\ls apparently notathe majoT“'
‘.control however, because ordered chlorlte/smectlte is-

E abundant in srltstone and flne—gralnegiiandstonefrom the
Alower part of the sectxon~' Onh the assumptlon that a hlgh
:volume of flow through the basal conglomerate was
aqcompanled,by the hlghest temperatnres, the less;

f permeabieroéks in theﬂoveriyingheds‘wouLd-have been
‘ affected by.iqwer temperatu;es;'

:_If‘the hydrotherﬁal event'tOOR‘place SimultanethIY

_with depoéition of the sedimentary rocks of the Carmanah

7]

A




Group, as suggested by Muller et al

P

in ordering of chlorite/smectite at stratigraphically

higher levels may reflect decreasing temperatures of the

hydrothermal fluids with time. Micropaleontological

collections from the type section, east Hesquiat

Peninsula, and Flores Island (Figute 3.1) indicate
progressively younger ages for the basal heds at each of
these localities (Cameron, 1980)." The 'lack of any
chlorxte/smectlte in the basal sandstone on Flores Island

may indicate that it was deposited after the main thermal

-

‘event. .

N

[
’

Factors Controlling Zeolite Distribution '
i Y/ '
The 1imy{;d distribution of Aaumontite and
heulandlte cements in the Nootka Sound area 1s another

lndxtatlon that an lntru51ve event may have affected the

sedxmentary rocks now exposed on Hesqulat Peninsula.

Laumontite cement ‘occurs in conglomerate and sandstone

from the type sectlon and east Hesquiat Peninsula, and in

,

the flrstlgécesslve unit of the Hesqguiat Formation

'(Figures 3.1.and 3.2). The basal Sqndstone from Flores

Island contaxns calcxte cement and there 1s no 1nd1cat10n
‘l:

of ahgearller stage of zeolite cementatlon.

(1981), the decrease
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of 1aumontite in these rocks has been related to deep
burial and regional metamorphic events at approximately 29
Ma (Tabo;, 1972; .Stewart, 1974). Thé distribucion was
also controlled by local variations in lithology;
laumontite developed in sandstones containing voleanit
detritus and did not deQelop in finer-grained,
feldspathic, or. calcareous rocksl(Stewart, 1974) .

There is no direct evidence indicating the maximum
depth to which the Escalante Formation was buried, or the
temperature regime in the Tofino Basin during late Eocene
and Oligocene time. A minimum depth of burial can be
estimated from the combiﬂ;d thickness of the Escalante and
Hesquiat formations (Figure 3.1). Both the top and base
of the Hesquiat Formation are expozed dn Nootka Island,
although the top may be in f&ult contact with the
overl/iné Sooke Bay Formation. The Hesguiat Formation is
1200 m thick: consequently, the basal beds of the
Escalante Formation were buried at least 1350 m deep.

The degree of mechanical compaction visible in
sandstones and conglomérates from Eécalante Formation at
Nootka Island,,Escalanﬁe Point and east Hesquiat Peninsula
suggests these rocks were probébly not buried_more than
2500 m prior to the development of authigenic |

chlorite/smectite rims or laumontite cement. Detrital

biotite is highly deformed, but volcanic rock fragments

~a



and plagioclase graifgs retain their original shape (Plates

2.2; 2.5). Helmold and van de Kamp (1984) found that
.strong deformation of biotite occurred in sandstones
buriéd to 2500 m, and‘defonmnﬁon of volcanic rock
fraéments»occgrred in sandstones buried to 2500-~3500 m.
If rocks of the Escalant@ Formation were guried to greater
depths after the development of laumontite, the cement
would reduce the effects of compagtion.

Hof fman and Hower (1979)4reported that ordered
chlorite/smectite aﬁd'laumontite coexist at temperatures

_of aboqg_}00~200°cﬁ‘ To- attain these temperatures at
relatibely shallow depths of burial requires an extremely
high geothermal ggadient or an intr;sive heat source. . The
distribution of chlorite/smectite and 1aumontité in
laterally equivalent sections of the Escalante Formation
(Figure 3.1) suggests local temperature variations were
vpresent in the Nootka Sound area.

Studies of authigenic laumontite and heulandite
indicate that these minerals are stable in alkaline pore
fluids of 1oQ Pco , and that temperature and pressure are
important but less éritical'controls on theif stability

s

(Stewart and Page, 1974; Davies et al., 1979; Surdam and

Boles, 1979; Crossey et al., 1984). - Both

chlorite/smectite and laumontite are stable in alkaline

\

fluids. There is no direct evidence available regarding

97
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\
but lt appears likely that slight Varlatlons in Pco,
controlled the development of laumontxte and calcite
cements, A siltstone bed exposed near the base of the
type sectlon contains abundant carbonaceoﬁs debris,
mollusc shells‘and calcite cement. The adjacent
fine-~graine@ sandstone bed does not contain as much
organic matter and contains. laumontite and calcite cements.
Cementation of both beds occurred at approximately
1he same time (Figure 3.1). Fluids within the siltstone
probably contained CO2 produced during decomposition of
organic matter, so calcite was stable. The low ‘
‘;meabxllty of this horizon may have limited the move-
| ment of CO2 into the adjacent sandstone beds. '

The late-stage authigenic mineral assemblage in -
samples from the highly fractured and faulted strata at
east Hesquiat Peninsula consists of calcite,.kaolinite and
quartz (Figureu3.1). -This assemblage can result from”the
breakdown of laumontite in fluids of low or moderate pH or
‘high Pco,, at tempefatures of i5—150°C as indicated by the
following reactions (Crossey et al., 1984):

Laumontite-+CO2 =»ca1cite-+kaolinite4-2'quattz-+JH{O, or

N

Laumontite+2H+

kaolinite+2quartz+3ﬂz0+'Ca+
tThe first reaction involves a 10% decrease in volume, and
the second a 28% decrease. Either or both of these

reactions may account for the high secondary porosity

(26%) in a sandstone. from. the base-of-the- sectlon




' " The destabilization gf laumohtite in sandstones and [
" conglomerates from east Hesquiat Peninsula probably
uccu:red after faulting provided a pathway for fluid move-
ment (Figure 3.1). The shearing of-volcanie and diorite
pebbles and granules in the cohglomerate indicates that
the basal units were highly indurated when fault movement
‘occurred. The fluids moving along the fault hey have had

high CO2 levels developed from interaction with the under-

lying volcanic rocks, or consisted of meteoric water.
N .

C. DIAGENESIS OF THE HESQUIAT FORuATION

The first recessive unit contains fn early d
diagenetic assemblage of pyrite and calcite concretions
and a later assemblage of chlorlte/smectlte and zeolltes
(Flgure 3.1). This suggests that the processes aCthe in A
'the Escalante Formatlon also affécted thlS vrit.
| ;Qf? " There is an abrupt decrease\ln the number of
authigenic phases‘at the centact hetween the first
recessive unit and the overlying‘saugstgne and
.conglomerate (Figure 3.1). 1In the f%rst resistant unit,
late-stage calcite partially replaees detrital grains ahd
occurs as ‘cement. It is the most comhon diagenetic
mineral throughout the remainder of the formatien.

The decrease in the number of diagenetic mlnerals

llkely reflects the change from normal marine sedlment—

atlon in the flrst recessive member to rapid deposztlon
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@ .
and burial of the overlying turbidite deposits. Chanu ’
(1985) found that sandstones deposited by mass flow

processes contained fewer authigenicvghases;than<sanar.
stones'deposited in.shallow marine or deltaic\ | |
environments. She concluded that lower initial porosity -
" and permeability in\the-turbidite sandstoneshorevented the

 development of authigenic clay rims and pore~fﬁlling

cements.

Fluid movement in the Hesduiat Formation seems to
‘have been confined to fault zones.’ The‘sandstones and
conglomerates affected by faultlng contain authigenic |
'vchlorlte, kaollnlte and quartz (Figure 3. l) .Calcite’
) gralns -and plagloclase gralns were dlssolved, creatlng
secondary por051ty., '
Dlssolutlon of calcrte.and plaglociase requrred the
._rntroduct1on of ac1d1c water 1nto these rocks The flulds
«probably orlglnated at depth and moved along fractures in
7 the underlylng volcan1c rooh Metamorphlc decarbonatlon
reactlons produce carbon d10x1de gas, and so 1ncrease Pco
Mln the assoc1ated fIULdS (Schmldt ‘and McDonald 1979).
Thermal maturatlon of ordanlc matter 1s frequently cited
. as a source of CO wh1ch comblnes w1th water to produce

2
vcarbonlc ac1d (Schmldt and.McDonald, 1979'. Hursx and

Irwln, 1982) ﬁ Evolutlon of CO2 from organlc matter is noth

Y

| 11ke1y 1n the Hesqulat Formatlon, the shales encountered

in offshore wells were reported to have Iow organlc

hl




‘Dﬁ DIAGENESIS OF THE SOOKE BAY FORMATION.“

content (Shouldice, 1971) and the shale. outcrops on Nootka
- Island and Hesqulat Penlnsula are,llght coloured and

Contaln only mlnor amounts of organlc matter._

»g"
B

o
1

The . authlgenlc phases 1n the Sooke Bay Formatlon

probably formed  in the deposltlonal env1ronment andrat

shallow burlal depths (Flgure 2 11). Clapp (1912)

i

‘concluded that the sandstones and. conglomerates exposed in

the Sooke area (Flgure 1.1) had not- been buried more than

Lo

150 m. Textural features support Clapp s conclu51on,

‘framework gralns in sandstone and conglomerate show no

'ev1dence of compactlon (Plates 2. 14a,b) The most common

’

dlagenetlc ‘pPhases 1n the Sooke Bay Formatlon are . smectlte

a

. rims in sandstones and ca1c1te cement in. conglomerates

(Flgure 3.1). Smectlte rlms 1n the conglomerate are. thln

or‘absent, suggestlng that the prec1p1tat10n of calc1te

decreased por051ty and llmlted the alteratlon of detr1ta1

grains to clay mlnerals. =

'\Z

101



 IV. CONCLUSIONS

) .
B oy \

¢ ) . ' , I
[ . ¥ i . '
& S . . Cal o

Sandstones from all three formatlons comprxs;ng the

Carmanah GrOup were derlved from a. mixed volcanlc plutonxc

[ -

source terfane'and can be classlﬁled as feldspath;c v”dddV}”:.‘u‘

lrtharenltes and llthlc arkoses.]‘Plagroclase feldspar and

andesltlc roék fragments are the most abundant detrltal

'

a

constutuents.x'Desplte the smmllarltywi ‘detrltal

]

com9051t10n, dlcferent authlgenlc mlnerals developed 1p

“ Sy ¢ A e , .
" each Eormatron."‘ T (g‘: SR 'Lﬂ,‘ﬁ;jﬁ"wj e

- “ . : A
Y - ’n ," . ,/‘ l b N Do (R
AL

The greatest number of diagenetlc.phases ~‘}U7 ja:ﬁ{,f:,”

1 " A

v
D

: crystallgved in. the Escala 1ite Fbrmation and the basal beds

s 1 PO

of the Hesqulat FOLmatlon, whlch are fhe oldest and most

deeply burled st%ata in the Carmanah Gr up (Flgure 3 1)

B

The decomp051t10n of organlc matter "n the dep051tlonal R

en&ironment rés ulted 1n the prec1p tatlon of pyrlte and"t

-

calc1te cement. The formatlon of a) thlgenlc ,fﬂ

chlorlte/smectlte and the : prec1p1tat10n of laumontlte.;

,

cement 1s est1mated to have occurred at bur1a1 depths of ’

i [ b

less than 2500 m,‘and may ‘have resulted from'hlgher heat‘
flowﬂcaused by late Eocene early Ollgocene 1ntrusxons |
'(Flgure 3.2).. The absence of. chlorlte/smectlte and
laumontlte in the Escalante Formatlon on Flores Island may

be due to shallower depths of bur1a1 or lack of proxxmlty

to 1ntru51ve rock bodles.

e llmlted.number of dlagenetic»changes'occurredi

B
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Carmanah Group, from time of deposition to.the present.

. B. Sooke Area- B. Flores Island C. West Hesquiat Peninsula '
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‘during the deposxt;on and burlal of the Hesquiat

.Formatlon ‘ Reduclng cond;t;ons did not develop 1n the

'sandstones and conglomerates whlch comprlse the res;stant

,
)

. members, probably because rapid deposltlon and burial by

mass~flow processes prevented the decay of carbonaceous

.'debrxs. Ca101te was the only authlgenlc mﬂneral

,prec1p1tated 'in the burlal environment. ' .

The authlgenlc smectLte and calcite cement in the
Sooke Bay Formatlon preclpltated at bdrlal depths less

than 150 m. This formatlon has not been affected by

;ntrusxve act1v1ty or maJor fault dlsplacement (Flgure

”‘,3.2), and the authigenic m1nera1 sulte ls typ1cal for a

permeable volcanoclastlc un1t It may be representatlve

ﬁof the dlagene31s of the Escalante Formatlon, prlor to

%hydrothermal alteratlon.‘.

N . , . :
Crystalllzatlon of authlgentc mJnerals in the

Escalante and Hesqu1at formatlons also occurred during’

‘104

uPllft (Flgure 3. 2) ‘ A perlod of crustal deformatlon and‘;f

, upllft in, the mlddle Mlocene was suggested by Shouldlce

*(1971) Thls was accompanled by the development of . faults-

1n the Nootka Sound area whlch were probably condu1ts*for

‘fluld mlgratlon. The most 1ntense dlssolutlon of cement :

and framework gralns occurred in rocks sheared by

vnorthwest trendlng faults, located nean the base of the

“Hesqulat Penxnsula, and by other northeasterly faults

exposed"on the penlnsula.. The latest dlagenetlc phases;




o

\

recognized developed in these faulted“and‘fracturgg rocks,

“likely in contact with meteoric water.

v
. "

[
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