A CALDERA SEQUENCE IN THE EARLY PRECAMBRIAN,

FAVOURABLE LAKE VOLCANIC COMPLEX, NORTHWESTERN ONTARIO

A Thesis
Presented to the
Faculty of Graduate Studies
of

The University of Manitoba

In Partial Fulfillment
of the Requirements
for the degree

Master of Science

1

by

PETER STANLEY BUCK

February, 1978



A CALDERA SEQUENCE IN THE EARLY PRECAMBRIAN,
FAVOURABLE LAKE VOLCANIC COMPLEX, NORTHWESTERN ONTARIO

BY

PETER STANLEY BUCK

A dissertation submitted to the Facuity of Graduate Studies of
the University of Manitoba in partial fulfillment of the requirements

of the degree of

MASTER OF SCIENCE

©71978

Permission has been granted to the LIBRARY OF THE UNIVER-
SITY OF MANITOBA to lend or sell copies of this dissertation, to
the NATIONAL LIBRARY OF CANADA to microfilm this
dissertation and to lend or sell copies of the film, and UNIVERSITY
MICROFILMS to publish an abstract of this dissertation.

The author reserves other publication rights, and neither the
dissertation nor extensive extracts from it may be printed or other-

wise reproduced without the author’s written permission.



(1)
ABSTRACT

A steeply overturned, Early Precambrian, felsic ro intermediate

vent facies metavolcanic formaticn cccupies a caldera or volcanic graben

in the easteru part of the Favourable Lake moLavoicanlc~meLascdlwentury
belt, northwestern Ontario. The caldera has a res cted extent with

well defined margins and in the expeosad cross ssction is about 6.2 km

long and uwp to 1870m deep, The formation, informally termed fo fmatlon

H, consists dominantly of andesitie and dacitic pyroclastic rocks and

flows and minor volcanie epiclastic rocks regionally metamorphosed to

low or middle greenschist facies. Yormation H is subdivided into four

members that represent major volcanic pulses,

tiated during the final

r-'v

The caldera or volcanic graben was in
stages of growih of a subaqueocus to subacrial mafic shield volcano.

Collapse coutinued during suhsequent felsic to intermediate, domin antly

g
explosive,;subaerial velcanism which infiiled the depression. Source
vents, as indicated by the distribution of flows and coarse pyroclastic
rocks, were neav the margins of the caldera. Collapse appears (o have
been coeval with felsic to intermediate volcanism, and this probably
caused the collapse and withdrawal of support from the nagma chamber.
The formationm is thickest in the central and southern parts, aud the
wagnitude of collapse is greatest along the southern boundary; collapse
probably simulated a trap-door wmovement. Following velcanism, formation
E underwent a period of vapid ercsion, and coarse sandstone and conglomey-
ate were deposited in an alluvial fan and shallow-water eanvirvonment
bounded by the margins c¢f the caldera.

vMetavolcanic formation H differs | exturally, m}ﬂ@tﬁl cally, and

chemically from other felsic to intermediate, greeaschist-facies

eservation of primary textures,
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(i1)

highef biotite content, local pfesérvatioﬁ of'ﬁrimary plagioclase
composition, local presence of garnet, widespread occurrence of pyrite
and pyrrhotite, presence of muscovite-rich buff alteration zones, and
greater metascmatic changes in major element compositioms. Graphical
plots employing major elements and normative mineral compositions show

a wide séatter due to metasomatic changes, but the formation H rocks
retain calc-alkaline chemical characteristics. The most obvious chemical
changes are depleted CalO and total alkalies, and both depleted and
'enriched Nazo and KZO compared to unaltered Precambrian and Cénozoic
felsic to.intermediate calc--alkaline vocks. Chaunges in SiOz, MgO and FeO
(total) may also occur, but are difficult to detect. These features
suggest that fofmation H underwent a period of pervasive synvolcanic
metamorphism and metasomatism, in the-form of hot¥spring and fumarolic
activity, prior to the vregional greenschist metamorphic event. Local
muscovite~rich, buff alteration zones occur in several p%oximal vent
facies sequences and have undergoﬁe stronger chemical changes and
recrystallization than the bulk of the formation; they are probably zones

of more intense fumarolic or hot-spring activity related to source vents.
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INTRODUCTION

GENERAL STATEMENT

In the eastern part of the Early.Precambrian, isoclinally folded,
Favourable Lake metavolcanic-metasedimentary belt northwestérﬁ Ontario,
( Fig. 1), five volcanic cycles have been recognized (Ayres, 1977). Most
cycles comprise an early mafic effusive phase and a later, dominantly
pyroclastic, felsic to intermediate phase. 1In the second cycle the
1ate¥ phase consists of a lower mafic to intermediate sequence,
informally termed formation G, overlain by a felsic to intermediate
sequence, informally termed formation H, which has a restrictedlfield
occurrence within an Qverturned structural depression that appears to
have formed by volcanic collapse. Gold, silver, lead, and zinc bearing
quartz veins have been mined from the upper part of the‘formation
(Ayres, in preparation). This study focuses on se&eral aspects of
formation g: 1) characteristics, origin, facies, and environment.of
emplacement of volcanic products, 2) the origin of the étructural
depression and its relationship to volcanism, and 3) metasomatism. .

Most studies of Early Precambrian volcanism have been more
concerned with the stratigraphic framework than with the details of
the stratigraphy (e.g. Goodwin, 1967; Goodwin and Ridler, 19703
Wilson et al, 1974). The emphasis has been on broad stratigraphic;
lithologic and chemical changes, and their implication regarding
volecanic evolﬁtion of metavolcanic—metasedimentary belts, tectonics
and metallogenesis. These studies are necessary but should be
complemented by detailed stratigraphic studies. This study shows the>
importance of detailed work for accurately solving fundamental

volcanological and geochemical problems such as those stated above.
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In addition, this study is unique because volcanic collapse

structures have not been recorded in other Early Precambrian volcances.
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METHCDS OF STUDY
The eastern part of the Favourable Lake metavolcanic-
metasedimentary belt was mapped between 1965 and 1972'by Ayrés

(1970, 1972, 1974) at a scale of 1:15,840 for the Ontario Division
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of Mines. This mapping outlined the»basic stratigraphy of the
belt (Ayres, 1977) and the possible caldera origin of formation
H.

In the summer of 1974, the author spent two months
re-examining and mapping férmation H in detail. Data was compiled -
on 1:7920 aerial photographs enlarged from 1:15,840. This phase of
the program deiineated the stratigraphy and established the genesis'
of some units. A further two weeks were spent in the field during
the summer of 1975 to study specific problem areas that arose fxom
the initial field and laboratory study.

About 450 samples were collected and about 250 of these were
studied in thin-section. Detailed macroscopic studies were made of
fragmental rocks and scme of these samples were studied by etching
sawn surfaces with HF solution for thirty seconds to accentuate
.textures. Twenty-four samples were modally and chemically analysed
and two additional analyses were provided by Ayres. Chemical o
analyses were done by répid methods : Si, Ai, Fe (total), Mg, Ca,

K, Ti and Mn, were determined by X-ray fluorescence spectrometry;
P_0_ by colorimetry; FeO by decomposition of the sample in HF and

25

1:4 H2804 solution titrated with K2Cr207 (sodium diphenylamine

sulphanate was used as indicator); and HZO (total), S and CO2 by -

induction furnace procedures.
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NOMENCLATURE AND CLASSIFICATION

Metavolcanic Rocks

Modal colour index (Ayres, 1969) is a useful field and
laboratory criteria for compositional classification of meta-
volcanic rocks. Colour index is the total amount of ferromagnesium
minerals: actinolite, hornblendg, biotite, chlorite, chloritoid,
garnet, pyroxenes and olivine. It is an approximate measure of
chemical composition because: 1) minerals forming the colour index
contain most of the iron and magnesium in metavolcanic roéks, and
2) iron and magnesium decrease with increasing silica content.

Ayres (1969) defined three colour index groups for subalkaline rocks:

Compositional Group Colour Index
mafic : - greater ﬁhan.35
intermediate 15 to 35
felsic - o less than 15

Correlation of these éroups Qith chemical dafa by Ayres kl§6§)
showed that the boundaries between these three groups are in the
andesite and dacite fields.

In this study colour index could not be precisely used
because of the fine-grain size of the roéks, rapid variationé in
the field and heterolithic nature of some units. Petrographic and
field study found that colour indicies are in the mafic to inter-
mediate range for formation G rocks, and in the'felsic to.intermed-
iate range (2 to 35) for most formation H xrocks. Petrograéhic
measurements of colour ihdex for formation H felsic to intermediate
metavolcanic rocks may have errors of as much a; 20 percent

because of fine-grain size,
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Volcaniclastic Rocks

At present there are no formally established classification
schemes or nomenclature for volcaniclastic rocks. This has led to
confusion and different usage of terms by different authors. To
alleviate this problem mosf recent studies in North America,
including this study, adopt classification schemes and nomenclature
of Fishexr (1960b, 1961, 1966)and Parsons (1969).

The term "volcaniclastic" as defined by Fisher (1961, 1966)
embraces the entire spectrum of .clastic rocks composed in part, ox
entirely of volcanic fragments formed by any mechanism or oxigin,
and emplaced in any physiographic environment. Volcaniclastic
rocks can be classified both genetically and on the basis of
particle size. Of these two classifications, the genetic is the
more useful for determining facies and the nature and environment
of volcanism.

Parsons (l969j'genétically subdivided volcaniclastic rocks
into autoclastic, alloclastic, pyroclastic, and epiclastic types.
Hyaloclastite is treated as a pyroclastic rock by Parsons (1969)
but should be considered as a separate and distinct type. Criteria
for genetic subdivision (Parsons, 1969) of volcahiclastic rocks
incluae: 1) size, shape, coﬁposition, texture and abﬁndance of
fragments, 2).combosition, texture, and amount of matrix, 3)
sorting, and 4) primary structural features. The five genetic
types listed in Figure 2 will be defined (after Fisher, 1960b, 1961,
1966; Parsons, l969;(and Macdonald, 1972) to alleviate any
confusion in nomnenclature, | |

Autoclastic (Fig. 2) refers to brecciation of solid ox
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~A. FRICTION [~ DIRECTLY TRANSPORTED ————>}
i) Flow breccia | A MASS MOVEMENT
b i) Crumble broccia l i} Lahar {debris and mud flow)
B. EXPLOSION | i) Avalanche and slumping
T 8 Fuwa Y
l—{2) ALLOCLASTIC | . .
1) Intrusion = By '
3 if) Explosion — d—3iv) Exirusiva » [
L) Intrusive — |
t— (3) HYALOCLASTIC- ~m e o e e mm e .
1 (4 PYROCLASTIC
e A, PRIMARY = —e —= ' e s o e e e 3.8, SECONDARY B
i) Subcerial ii) Subsquocus i) :A;msl.rr:;ver('r;et;l i) Fluvial
. a) Lahar {debris
. and mud {flow)
(¢) Vulcanian - ili) Wind blown
A4 (v} Strombolion . . {b) Avalanche and 4
(¢} Pyroclastic flow - slumping
{d} Phreatomegmatic
{e) Vent %11}
L {5) EP!CLASTIC4
A. MASS MOVEMENT . .
) Lahar (debris and mud flow)
ii) Avalanche and slumping
B. FLUVIAL - . .
, C. WIND BLOWM ¢

Fig, 2 Volcaniclaétic cycle and types of volcaniclastib ;ock types
(Parsons, 1969) and.tﬁeir'subdivision. The'dashed lines denote

fapid and restricted transport of unconsolidated-volcanic ffagments
during ﬁheieruption‘phase. Much of this movement is triggered by
prbcesses,reiated to volcaniéﬁ; such as rainfall, earthquakes and
unétable slopes. The-continuouS'lines denote erésion of consolidated

volcanic rocks and-transport of resultant fragments to form epiclastic

volcanic rocks, All processes and rock types are gradational.
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semi-solid lav; by ekplosive disruption by gases contained within a
lava flow; by gravity collapse and'fléWage of "domes and éf flows, or
by a combination of these prbcesses (Fisher, 1960b; Parson, 1969).

Alloclastic (Fig. 2) refers to brécciation of pre-existing rock
or solid or semi-solid magma by volcanic processes beneath the earth's
surface. Alloclastic rocks are of three basic types: 1) intrusion
breccia formed by forceful injection of magma intc wallrock, 2)
explosion breccia formed by explosive disruption of wéllrocks and magma,
and 3) dintrusive breccia formed by movement and injection of the otherx
- two types. All three types may be extruded to form fragmental flows
(Parséns, 1%69).

Hyaloclastic breccias are formed by the flaking off, or decrep-
itation, éf the surfaée 5f lava by sudden chilling in:water and in
places is closely asscciated with pillowed flcws(.Macdonald, 1972).

Unconsolidated autoclastic, extruded alloclastic, and hyalo-
_clastic rocks_may»be transported rapidly from thevoriginal site of
emplacement by fluvial or mass movement processes shortly after
initial emplacement (Fig. 2). Recognition of such transported deposits
would be difficult and is beyond the scope of this study.

Pyroclastic rocks are produced by explosive_ejection of fragments
from a vent, and comprise two major gréups: primary and secondary
(Fig. 23 TFisher, 1961, 1966). In primary pyroclastic rocks the
fragments were not moved from the original site of‘emplacement prior
to lithification, whereas in secondary pyroclastic rocks the fragments
were moved short distances by fluvial, mass movement and atmospheric

processes prior to lithification but during the eruption stage.
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Primary pyroclastic rocks are subdivided into five‘baéicvgenetic -
types ( Fig. 2) depending on the meéhanism and enefgy of the explosion
(Parsons, 1969). Most of these can form in both subaerial or subaqueous
environments. ’

Secondary pyroclastic rocké are éubdivided according to the
depositional process (Fig. 2). Mass movement types can occur in
subaerial or subaqueocus environments and form by movement of large
volumes of particles in: 1) debris or mudflows formed by saturation
and viscous movement of debris (iahars), and 2) avalanches or slumping.
Fluvial types are stream or alluvial deposits if formed under subaerial
conditions or marine sediments if deposited under subaqueous conditions.
Atmospheric types form by the movement of particles by wind with deposit-
ion in either subaerial or subaqueous environments. The amount of
transportation is such that the pyroclastic origin of the clasts can
still be recognised. With additional transport secondary pyroclastic
~rocks grade into epiclastic rocks in which the pyroclastic originlof the
clasts can no‘longer be determined. Restrictéd transport of unéonsolidat~
ed or poorly consolidated alloclastic breccias could lead to major
problems in distinguishing secondary alloclastic deposits from secondary
ﬁyroclastic rocks.

Pyrociasfic fragments are further classifiea on their‘mode of
origin (Macdonald, 1972, p. 123). Essential fragments are derived
from tﬁe magma source and may be eiﬁher magmatic or fragments ova
solidified magma; they are partly or entirely glassy. Accessofy
fragments are derived from pre;existing rocks formed by the volcano

during previous eruptions; they are termed lithic and are partly
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or wholly crystalline. Accidental fragments are &efiVed from non-
volcanic rocks or volcanic rocks formed during.pefibds of véicanismv
preceding.the birth of the voicano from Which théy ﬁere ejected. |
Epiclastic volcanic rocks (Fig. 2) are mechanically
‘deposited sédiments’consisting of weathered and eroded products of
pre—existing, consolidated or unconsolidated volcanic ;ocks
(Fisher, 1961, 1966) plus a variable proportion of non-volecanic
clasts. As for secondary pyroclastic rocks, epiclastic rocks are
subdivided according to the processes by which detritus was
deposited: mass movement, fluvial, and atmospheric (Fig. 2). It
is important to note that epiclastic and pyroclastic rocks
differ in amount of trans?ort and in some cases, processes
of fragmentation but not necessarily in processes of
depositipn( Fisher, 1966). Epiclas;ic should not be interchanged
with sedimentary which includes pyroclastic and epiclastic products
and thus, does not imply special compositions of the clasts or
special processes of formation.
Most stratovolcanoes consist of "vent or cone complex facies"

and "alluvial or epiclastic facies" as shown in Figure 3 (Parsons,

T

1969; Smedes»a;d Prostka, 1972). The vent facies consists of flows,
high level intrusions and primary and secondary‘pyroclésticvrocké in
varying proportions. Outward from the volcanic centre the vent facies
interfingers and grades into alluvial facies aﬁrons of epiclastic
volcanic rocks and airfall tuff pyroclastic flows and some lahars.

The alluvial facies is characterised by a decrease in section thickness,
bed fhickﬁéés, and élast size, and an incregse.in sbrting and rounding

‘away from the volcanic centres, as described by Smedes and Prostka



- 1] =

*(2L6T ‘eyasoxg pur gopawmg)

OUBDTOAOJRILS B JO SOTORI TETANTTE PuUR JUSDA BUTMOUS UOTIOOS=SSOXD OTAVUSYDS *g BTJI

#n
[IDJAID PUD $)20. 3145D|01dD
OIUDO|OA pautDsb--aulL .

S3DV4 IVIANTIVY 3NIS

$)00J 214SD|21dd 3!

~UDDJOA pUD 211SD|201Ad
pauipb-suyy Jouiw
a1013Wo0|bUOD 21UDD|OA

S310V4
IVIANTY 3SYV0D

asDaJoap

suojsniiul pup
- }ingfauoisydoy
‘D15084G ¢ sMO}

S3I0V4d LN3A

azisuibi9




- 12 -
‘(1972) in the Absaqua volcanic field, Wyoming and. Montana. Thus, vent
facies grades into coarse—grained alluvial facies which in turn grades
into fine-grained alluvial facies (Fig. 3). Because pyroclastic
and epiclastic rocks form the bulk of most felsic and intermediate
. volcanoes, their distinction is ecritical for determining facies and
consequently the size, morphology, and Vent.area of a volcano.

The fragmental rocks in formation H are largely primary and
secondary pyroclastic rocks with some epiclastic units, minor auto-
clastic breccia, and rare alloclastic breccia (Table 2). 1In formation
H genetic classification of the primary pyroclastic rocks, and
distinction among primary pyroclastic, secondary pyroclastic and
epiclastic rocks, particularly fine-grained types, are difficult.

These difficulties arise because of 1) destruction of primary

textures by metamorphism, 2) gradational nature of pyroclastic and
epiélastic rocks, 3) absence of the third dimension because of a
homoclinal section, and 4) discontinuous outcrop. Consequently in this
study no further genetié subdivision of primary pyroclastic rocks

is made. Secondary pyroclastic rocks are subdivided into fluvial

and mass movement types.

The pyroclastic and epiclastic rocks of formation H are further
subdivided into non-genetic, particla-size categories. Several different
particle size classifications have been proposed for both pyroclastic and
epiclastic rocks (Figher 1966). Because of tﬁe gradational nature
of pyrqclastip and epiclastic rocks, identical‘size categories must
be used for both rock types (Fishef, 1961, 1966).. The Wentworth

scale (1922) for sediments and its modification for pyroclaétic rocks
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TABLE 1. Grade size limits and names of consolidated
and uncoisolidated volcaniclastic debris
GRADE PYROCLASTIC EPTCLASTIC
SIZE Unconsolidated | Consolidated || Unconsolidated | Consolidated
ILIMITS Fragments Deposits Fragments Deposits
(mm) Fisher, 1951 Wentwoxrth 1922 | Fisher, 1961
volcanic
boulders boulder
blocks breccia conglomerate
~256 and and
bombs agglomerate )
o volcanic
cobble cobble
{ conglomerate
- 64
. volcanic
lapilli lapillistone pebble pebble
conglomerate
- 2
Asand volcanic
sandstone
-1/16
ash tuff silt volcanic
siltstone
~-1/256
clay volcanic
claystone
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( Fisher, 1961) is the classification used herein. Grade size limits

and endfmémbef terms for rocks énd uﬁconsqlidated material are listed
in Table 1. Mixture terms, lapilli-tuff and tuff-breccia, are
cqmmonly applied to pyroclastic rocks with ﬁragments_coarser than
2mm and abundant tuffaceouS'matriX. Precise bouﬁdaries for eﬁd~meﬁber
and mixture terms are not formally dgfinedvand therefore depend on
individual choice. In this study mixture terms are giveﬁ to rocks
containing 30 to 70 percent tuffaceous material in addition to lapilli
(lapilli-tuff) or blocks (tuff-breccia).

 Table 2 gives the genetic types and broad size cagetories
of volcaniclastic rocks in formation H and basic criteria for
subdivision. | | |

REGIONAL GEOLOGICAL SETTING

.The Favourable Lake belt (Fig. 1) is an isoclinally folded
sequence of Early Precambrian metévolcanic;Ametasedimentary, and
metagabgroié £ocks flanked by intrusive graniticigatholiths. The
belt has a west—~ to northwest-trend, ranges in width from 3 to
13 km and extends from Northwind Lake, northwestern Ontario, 160 km
wéstward into eastexn Manitoba. It is widest and most complex at
the east end (Fig. 1, Ayres, in preparatioﬁj.and>it‘is in this
area that recent geélogical investigationé héve been concentrated (this
study; Ayres, 1970, 1972, 1974, 1977; Raudsepp, 1975). Metamorphic
grade ranges from greenschist to amphibolite facies (Ayres, 1974, in

preparation).
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The metavelcanic-metasedimentary sequence has a thiékness
of 7.5 km and despite the disruptive éffects of widespread fédlté
ing, isoclinal faulting, and numefous ﬁetagabbro intrusions, 15
formations have been recognised (Table 3). The formations have
been given informal alphabet'designations (Table 3) for three main.
reasons (Ayres, 1977): 1) the stratigraphy is tentative, 2)
the formations are restricted to the Favourable Lake metavolcanic-
metasedimentary beli and consequently have restricted geographic
distribution, and 3) even if formal nomenclature was warranted,
there are insufficient geographic names in the area to name all
the formations. The formations represent parts of five volcanic
cycles, the middle three of which are characterised by progressive
compositional change from early effusive mafic voicanism to 1éter
explosive felsic to intermediate volcanism (Tablé 3). In cycle
3 the felsic to intermediate‘phase is noﬁ exposed, and instead,
volcanic sedimentary rocks derived in ﬁart from coﬁcomitant felsic
to intermediate volcanism form the upper part of the cycle. The
mafic flow sequence is missing in cycle 1 and is presumed to have
been removed by emplacement of granitic batholiths (Ayres, 1977).
Cycle 5 unconformably overlies the other cycles and is largely
intermediate metavolcanics.

Numerous gabbro, peridotite, and pyroxenite sills and dikes
intruded the volCanic—sedimenfary éequence prior to regibnal
metamorphism and are probably related to mafic volcanism. = These
form both single-~phase complexes, és at the base of formations G
and H in cycle 2 (Fig. 5), or multiphase complexes as in cycle 3

-t

(Raudsepp, 1975).



" TABLE

Cycle

Cycle

Cycle

Cycle

Cycle

3'

5
Formation
4
Formation
Formation
3
Formation
Formation
Formatioh
2
Formation

Foxmation

Formation

Formation
Formation
1 -

Formation
Formation
Formation

Formation

N

Stratigrapny in the eastern part of the Favourable
Take belt (after Ayres, 1977)

intermediate pyroclastic rocks and sandstone
™ .

. felsic to intermediate tuff and sandstone

mafic flows

intermediate lapilli-tuff
sandstone and conglomerate

mafic flows

siltstone, sandstone and‘congloﬁerate

felsic to intermediate pyroclastic rocks and
flows

mafic to intermediate pyroclastic rocks and
flows

marble, chert and siltstone

mafic flows

argillite, siltstone and sandstone

felsic flows .

mafic flows

intermediate to felsic flows and pyroclastic

rocks
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Felsic to intermediate intrusive activity began during
volcanism wiﬁh emplacement of sills and dikes that méy'bé féederé
for volcanism. Several of these have been 1qcated in fbrmation H
(Fig. 5). Major felsic to intermediate intrusive activity that
AAAAA resultéd:in the emplacement of‘granitic>bétholiths post-dates
volcanism and was probably coeval with foiding and metamorphism.
Igﬁeous activity ended with intrusion of postfbaﬁholith'
unmetamorphosed intermediate to ultramafic dikes and sills. One
of these intrﬁsions,»a north-northeast-trénding diabase dike

occurs in formations G and H just west of Borthwick Creek ( Fig. 5).
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CALDERA SEQUENCE

INTRODUCTION

Cycle 2 comprises five north-northwest- to‘northwest~trending
formations with an aggregate thickness of 2300m (Table 3, Fig. 4).
Formation E, the lowermost formation, is up to 2200m thick and
comprises pillowed and massive mafic flows. It appears to represent
a subaqueous shield volcano erupted on the flank of an older strata-
volcano represented by cycle 1 (Ayres, 1977). These ﬁafic flows are
separated from overlying felsic to intermediate metavolcanic rocks
of formations G, H and I, by thin, discontinuous siltstone, chert,
and marble units of formation F that appears to represent a quiescence
in volcanism.

Formation H, thé southern paft of formation G,»and the northern
part of formation I occupy a galdera in”formation‘E, steeply overturned
to the west by regional isoclinal folding (Figs. 4 and 5).  These
formaﬁions have a maximum thickness of 1870m and are termed the caldera
sequence (Fig. 5). TFormation H, which has a maximum thickness of
1400m, is the dominant caldera-filling phase in the present cross-sectiom.
The present exposure of the caldera sequence represents a near-vertical
cross—section through the caldera.

In the south, the caldera sequence is abruptly truncated by
east-trending faults and by the Setting Net Lake stock which appears
to have been intruded along part of the caldera margin. In the north,
the éequence thins and is truncated by a northeast-trending fault
(Fig. 5). The upper surface of the caldera sequence was originally
sub-horizontal.. The relationship of the caldera sequence ﬁith under-

lying formations E and F is obscured by the Setting Nethreek fault,
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slightly discordant mefagabbro and metaquartz diorite sills, and
thick overburden. Formation F is.oﬁly piésent at the northern end
of the caldera.

That part of formation G north of the caldera (Fig. 4) is a
lentlcular unit of monollthologlc and heterolithologic volcanl—
clastic rocks up to 450m thick (Ayres, 1977). It consists of two
facies: 1) a thicker, near-vent and partially reﬁork?d sequence
of thick-bedded breccia and tuff-breccia, and 2) a thinner marginal
sequence of wgll—bedded tuff and tuffaceous sandstone, which appear
to be the reworked alluvial equivalent to the coarser‘breccia. The
southern part of formation G, occupying the caldera, appears to be
related to a second vent near the south end of the caldera.

Metasedimentary formation I comprises a proximal facies and
a distal greywacke facies, separated by a lateral distance of 2 km.
‘Both fgcies consist partly of detritus eroded from fﬁrmation H. The
proxiﬁal facies was deposited in an alluvial fan and shallow-water
eﬁvironment ét the top of the caldera and is co-extensive with, and
unconformably oVerlies‘formation H. The greywacke facies is a
- marine turbidite, and it appears to be a more distal equivalent of the
. proximal facies, deposited south of the caldera on the éuter slope of a
shield volcano represented by formation E (Ayres, 1977).

All members of the caldera sequence have been metamorphosed
under regional greenschist facies conditions. Formation H however,
differs mineralogically, texturally and chemically from other felsic
to intermediate formations of similar metamorphic grade elsewhere
in the Favourable Lake metavolcanic-metasedimentary beltn These

differences, which will be amplified below, suggest that formation H
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underwent volcanic-related metasomatism prior to regional greenschist
facies métamorphism. Also, this metasomatism affected formation G
and the basal conglomerate of formation I within the caldera;

FORMATION G

Within the caldera, mafic to intermediate metavolcanic formation
G has a maximum thickness of 270m in the south and gradually thins
northward (Fig. 5). It consists of-metamorphosed basaltic and andesitic
proximal vent-facies flows in the south and distal vent-facies pyroclastiC'
rocks in the north. Modal analyses are listed in Table 4, the metamorphic
mineral parageneses in Table 5, and chemical analyses in Table ll.

In the south the flow sequence is abruptly truncated by the
Setting Net Lake stock but in the north it interfingers with formation
H forming two tongues each with a maximum thickness of 120m (Fig. 5).
The upper, tongue has a blunt northern termination that may be a primary
feature or a result of subsequent faulting. The iower tongue appears
to thin northward, and'inﬁerfiﬁger with distal vent facies pyroclastic
rocks, but this felationéhip.is ﬁncertain becéuse of disfuption by a
metagabbro .intrusion (Fig. 5).

Individual flows could not be defined in the field because of
their: 1) fine-grain size, 2) uniform appearance, 3) absence of
brecciated margins, and _4) poor exposure. However, petrographic study
showed wvariable textures and colour indices that may indicate the
presence of several flows in each tongue. The precise number of
flows and flow thicknesses could not be defined. Both aphyric and
porphyritic flows are present, with aphyric flows preddminating;

Aphyric flows can be subdivided into three broad types, on the basis

of colour index, the petrographic characteristics which are summarized
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TABLE 4 (continued)

Notes

1. Modal analyses detarminad petrogrephically, except for
7! which was determined by X-—raqy diffraction

2. FORMATION G. Flows, proximal vent facies: 158,180,
199
Primary_lapillistone, distal vent facies: 71

3. FORMATION H. Fiows, proximal vent facies
member H—2:394
member H—4: (northern facivs)
18,19,37,38,476,
478
(southern facies}
261,423,426,445
Volcaniclastic rocks,
Primary tuft — proximal vent tacies
member H—+ H3/22
member H—4 268
- distol vent facies
member H—I 95
member H~3: 228
Fluvial tuff = distal to proximal vent facies
member H~4: 285
— distal vent facies
ki . member H—3: 224
ine primar, .
lupillittuff y -~ distal vent facies
member H—2: 183

Primary breccia .,
— proximai vent facies

fragment

member H-4: 308
Yolcanic
litharenite — proxtmal 19 distal veat facies

member H~2¢ 382

Qugriz_diorite, northern pluton: 398
southern pluton: 84
4. FORMATION H BUFF ALTERATION ZONES.
Flows :19,394,423

Breccia: 308
Tuff: H3/22
3. Chemical analyses for all samples are presented in
Table W, '

6. Sampie locations ara piotted én Figure 5.
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. -~ TABLFE 5. -Metamorphic mineral assemblages

IWT'ERMEDIATE TO MAFIC FLOWS AND PYROCIASTIC ROCKS IN FORMATION G
actinolite + albite + epidote ¥ chlorite % guartz * biotite %

carbonate

PEISIC TO INTERMEDIATE FLOWS, PYROCLASTIC AND INTRUSIVE RCCKXS IN -
FORMATION H | | |

1) biotite + albite + quartz + epidote ¥ chlorite * muscovite
2) chlorite + biotite + albite + guartz + muscovite

3) muscovite + albite + quartz z epidote % biotite * chlorite;

rare garnet and actinolite
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in Table 6 along with those for porphyritic flows. There are no
obvious mineralogical diffefencés; apart froﬁ reiétive abundances of
- minerals, between the flow types.

Aphyric flows and the groundmass of porphyritic flows c;nsist of
‘discrete, uniformly distributed plagioclase crystals enclosed Sy an
interlocking mat of acicular actinolite and minor chlorite. Primary,
euhedral, tabular plagioclase shapes are preserved by pseudomorphic
aggregates of albite with or without some epidote and chlorite. Several
samples with a grain size less than 0.2mm contain acicular albite which
appears to have parfly preserved features, such as s&ailow tail crystal
shapes indicative of quench origin. The actinolite mat lacks obvious’
primary textures. However, the enclosure of plagioclase crystals by
this mat may be indicative of primary ophitic, subophitic or isogranular
‘textures. Porphyritic rocks contain up to 5 percent 0.5 to 2mm,
.tabular, euhedral to énhedral aggregates of actinolite which are probably
pseudomorphs after primary pyroxene phenoérysts, and up to 10 percent
tabular aggregates of epidote that may be pseudomorphs after plagioclase
phenocryéts. Rare rounded vesicles and quartz amygdules were observed.

Pillows are conspicuously absent, and flow brecciation was only
observed in a lenticular inclusion in the metagabbro sill.

A subvertical mafic to intermediate dike, about 10m wide occurs in
the lower part of formation H immediately overlying formation G near
the southern margin of the caldera (Fig. 5). Macroscopically the dike
is mineralogically and texturally similar to the aphyric flows. The
presence of the dike may indicate renewed mafic to intermediate volcanism

higher in the sequence, although no comparable flow or pyroclastic units

were found in formation H.



*eToneIq

MOTI exex ATUO
pur smorTTd IO
S30'3U0D SNOTAJO
ON "SUOT3DUTISTP
TBeIN]X9] SNOTAQO
InNoY3ITM pauterb
-duty ATwxoyTun

“93TqTe pue
o1 TTouTIOR
‘93 TSTOZOUTTO
sjoptde
taytalkd

JO SuTeA

§°0 ueyly
SS9 ssew
-punoxb

o3 dn
sasikao
~ouayd

SMOTZ
otxAuyde 03 XBTTWTS SSRWPUNOIDH

*sasixoousyd ssetrootrherd
Texpeyns ydaowopnesd Arqeqoxd
aeyy sjoptde o senebaxbbe
xeTnge) jusoxed QT o3 dn

*23TaxAd pur 83TTOUTIOR
Aq peoerdex ATsnoydiowopnasd
sasdxooueyd susxoxldd Tezpoyue
03 Teapsyne queoxad g o3 dn

(05 o3 s¢)
OILTMAHRIOL ¥

weys
sS9T

*UOTINGTIISTP 93T30Tq Ayoied
*93Txkd peojeuTwssSsTQg

*93TSTOZOUTITD
pue ajoptde jo s3setqoadydiog

sbutuutml Axeutrad

peaxeseoxd ATxood “o3TIOTYD

n pue satnuexb ajoptde " 91 TqTe
Jo sojeboabbe o3 pozTTTRISAIODI

ATsnoydiowopnesd ST oseroorberd

*SWIX 93TIOTUD pPo
~1BTOST 9ARY 93TTOUTIOR Uy} JO SWOS

*aseTooTberd xeTnoToR

Aysxex pue xeTuqel ‘Teapsune
BursoTous sUjeT S3TTOUTIOR
IRTNOTOR JO Jewl BUTHO0TIDIUL

(Ta)

(8)

(aT)

(T)

(05 L)
OT¥AHAY °€

(0§ o3 s¢)
OIdAHAY °2

(se o3 ST)
OT¥AHAY °T

HONVIVHEdIY
araTd

SN
YHIHIO

(um)
AZIS
NIVID

AD0TYIENIN SSOUD

(SeOTPUT ANOTOD)
SHJIXL MOTH

9 uotjeurioy Ut sadAl MOTI 93RTPAUIIZUT O3 DTIRW JO SOTISTIIORIBUD

‘9 HI9VYL




- 29 -

The northern -distal vent facies is 20 to 200m thick, although
relations at'tﬁe north end of the unit are disfupted by metagabbro
and quartz diorite plutons. It is mainly primary ﬁonolitholigicA,
to heterolithologic lapillistone and minor tuff, except at the
northend where tuff appears to predominate. South of Borthwick
Creek, relations between formations Gvand H are obscured by the
discordant quartz diorite sill and poor outcrop, but the formations
apparently interfinger. North of Borthwick Creek, contact relations
are better exposed and the formations are in sharp contact, except
locally where there is minor interlayering of pyroclastic rocks
with volcanic sandstone and argillaceous rocks of formation H.

Also, north of Borthwick Creek, fqrmation G pyroclasﬁic rocks
beéome less mafic and consist of alternafing intermediate and felsic
to intermediate layers that may have been derived'from two volcanic
sources. Unlike adjacent formafion H, most of the facies appear to
have been strongly deformed. Two well-developed, discordant secondary
foliations are present, and fragments are strongly flattened with
indices of elongation of as much as 5:1. Although deformation
hampers study of the fragments, they appear to have been originally
rounded to angular and poorly to modefately sorted; they ranged in
size from less than 2mm in tuff to 30mm in lapillistone. Metamorphic
recrystallization and fine internal grain size of'fragments hampers
determination of fragment compositions. Fragments are aphyric and
consist of varying proportions of chlorite, actinolite and albite, in
heterolithologic units, and of either actinolite or chlorite iﬁ
monolithologic units. Because of recrystallization the matrix is

difficult to identify, but is commonly less than 5 percéﬁt and has a

metamorphic mineralogy similar to the fragments.
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North of Borthwick Creek, some beds contain ac;inolite—rich
fragments in a fine—grained quartz matrix that may be recrystallized
chert.

FORMATION H

Introduction

Férmation H has a strike length of.6.2 km and varies in.thickness
from 1400m in the south to about 300m in the north (Fig. 5). It consists
dominantly of metamorphosed felsic to intermediate pyroclastic rocks
_and flows of andesitic and dacitic composition. The major lithofacies
(Fig. 5) are: 1) 15 percent flows, 2) 22 percent’pfimary-tuff, 3) 8
percent fluvial tuff, 4) 7 percent undifferentiated tuff, 5) 21 percent
primary lapilli-tuff and lapillistone; 6) 2 peréent fluvial lapillistbne,
7) 4 percgntvuqdiffgrentiated 1gpillistone, 8).19 percent laharic
lapilli-tuff and tuff-breccia, 9) 1 percent priméry breccia and
agélomefate, 10) 1 percent volcanic epiclastic rocks, and 11) minor
intrusive breccia. The‘formation also contains minor conglémerate, chert,
and ferruginous chert. In additiom, the quartz diofite sill at the base
of formation H is interpreted, from field relations and textural features
to be an integral part of the volcanism that produced formation H. The
dominance of primary pyroclastic rocks, flows, aqd high-level quartz-
diorite intrusions, with respect to epiclastic volcanic rocks indicate
that formation H is a vent facies.

The formation is subdivided into four members (Figs. 5 and 6) each
of which represents a major pulse of volcanism. Members are informally
designated H-1 to H-4.

Contacts between individual pyroclastic and some epiclastic units
are difficult to define because of: 1) fine-grain size of some units

2) destruction of primary textures by recrystallization, 3) paucity of
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diagnostic features,isuch as upiqqe fragment’types that distiﬁggish
individual units, 4) rapid'lateral and diffueevvertical grain size
variations, or 5) limited exposure. Consequently map boundaries,
particularly in the southern part of formation H (Fig. 5), are
arbitrary and based on major clast eize'changes determined from o
both field and petrographic study. |

Units tend to be lensoidal (Fig. 5) reflecting restricted
distribution of volcanic products, irregularities in primary volcanic
surfaces, and perhaps erosion during volcanism. Most units have
north~ﬁorthwesterly ﬁren&s and dip steeply between 7O°Aeast and 70°
west. The northern end of the formation (Fig. 5) is gently folded
about a near—vertical axis producing northwesferly trends. Well
defined bedding planes were observed only in a few pyroclastic and
epiclastic units because mest units are either cheracterised by gradual
grain size changes or have thick bedding; Thin bedding (less than 1 m
thick) defined by compositional or grain size veriations is best
developed in fluvial tuff and lapillistone, and in epiclastic volcanic
rocks. Graded beds were observed in only a few epiclasfic and
pyroclastic units. Normal graded beds in epiclastic units face west—-
ward, but both normal and reversed graded beds were observed in primary’
pyroclastic units. Members H-1, H-2, and H~4, are characterised by-
crude normal or reversed grading.

Tﬂe volcanic rocks have been recrystallized to fine-grained
aggregates of quartz, plagioclase, and micas which resulted in partial
to complete destruction of primary textures, especially in fine-grained
pyroclastic and epiclastic rocks. Primary volcanic minerals are poorly

preserved. Minor relict primary plagioclase with compositions between
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_Anzo.and-AgBS was obsgrved (Table 4) but most plagioclase ig rep}aced -
pseusomorphously by albite, biotite, chlorite, and muscovite. Quartz =
phenocrysts are rare and are gemerally recrystallizéd to monocrystall-
ine aggregates. Three metamorphic minera} assemblages can be
identified (Table 5). Assemblagé (1), which is charécterised.by’a
high_bidtite content, is most common. Assemblage (2) is of minor
imbértanée‘and is intimately aésociﬁﬁed with assemblége (1).
Assemblage {3) is muscovite-rich and occurs near vents as large
irrégular zones discordant with the stratigraphy, as small irregular
zones in flows, as reaction rims on bombs in agglomerate, and as thin
selvages adjacent to quartz veins. These zones are termed buff
alteratibn.- Minor minerals in all assémblages are apatite, zircom,
tourmaline, pyrite, pyrrhotite, iron-titanium oxide, leucoxene and
rarely carbonate. Modal analyses are presented in Table 4,

The strong degree of recrystallization‘and the occurrence of
mineral assemblages (‘1) and (3) are uniqﬁe to formation H and do
not characterise cher felsic to intermédiate rocks of similar
metamorphic grade outside the caldera which will be discussed 'in a
“later section. These features together with chemistry (Table 11),
inaicate that forhation H underwent metasomatism during volcanisﬁ.
Assemblage (1) probably represents a pervasivé hot-spring aﬁd
fumarolic alteration whereas assemblage (3) represents locally

intense hot-spring and fumarolic activity close to vents.
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Lifﬁoldgz
Flows

Felsic to intermediate flows (Fig. 5) are commonly 1enticulér,
between 10 and 90 m thick, and -between 400 and 1320 m long; they
commonly form seduénces up to 140 m thick. Thé high thickness:
length ratio is probably indicative of high flow viscosities and
most flows are probably close to source vents. In flo& sequences,
individual flows can be accurately defined only where they are
separated by thin pyroclastic units or have brecciated margins.'
Chilled contacts were observed rarely. Where these features are
absent, textural and mineralogical variations indicate the presence
of two or more flows, but flow contacts are difficult té define,
Consequently, boundaries between flows in Figure 5 are commonly
arbitrary and are only drawn where diagnostic. evidence are present
and textural variations can be traced along strike for more than
several tens of metres. Modal analyses of flows are presented in
Table 4 and chemical analyses in Table 11,

Both porphyritic and aphyric flows are present and their
petrogréphic characteristics are‘listed in Table 7. Porphyritic
flows form about 80 percent of all flows. Porphyritic flows can
be broadly subdivided into two types: . 1)vthose ﬁontaining only
plagioclase phenocrysts and forming about 90 percent of porphyritic
flows, and 2) those containing both plagioclase and quartz
phenocrysté (Table 7). 1In all porphyritic flows, plagioclase
phenocrysts have a uniform size (C.1 -~ 5mm) and distribution
(Fig. 7), and random and/or preferred orientations. Alﬁﬁough

recrystallized, their primary, euhedral, tabular shapes are well
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preserved by pseudomorphs of albite, epidote, muscovite and biotite. .

Primary oligoclase—éndesine (An —.An35) phenocrysts are preserved

20
in parts of several flows. Quaftz phenocrysté have uniform size

(0.25 to 0.50 mm) and distribution throughout a flow and despite
fécfy;tallization have well p;esérved pfimary subhedral, corroded,
equant shapes.

In strongly altered flows, plagioclase phenocrysts are largely
replaced by muscovite and may be difficult to distinguish from
.the groundmass which is also replaced dominantly by muscovite. In
some flows biotite is the major replacement mineral of plagioclase;
forming 25 to 50 percent of the pseudomorphs (Table 4). 1In addition,
biotite forms irregular to tabular aggregates (0.25 to 2 mm) that
may Bé éompleteiy replaced piagioclase phenocrysts or méfic pheno—.
crysts.

The groundmass in all porphyritic flows hasArecrystaliized
to fine-grained (less than 0.1 mm) quartz, plégioclase, biotite,
chlorite,‘muscovite, epidofe; trace garnet and toutmaline, and rare
actinolite. Biotite forms 10 to 40 percent of the groundmass (Table 4).
The high biotite content in the groundmass and plagioclase pseudomorphs
bf some flows is one of the unique features of formation H (both flows
and pyroclastic rocks). Such abundant biotite does not appear to be
a normal metamorphic effect because it is rare in flows and pyroclastic
rocks of similar composition and metamorphic grade, outéide of the
caldera (Ayres, pers. comm.). As discussed in a later section its

presence in formation H may be the result of hydrothermal alteration.
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¥ig. 7. Photomicrograph of a porphyritic felsic to intermediate
flow with uniformly distributed and aligned plagioclase phenocrysts and
a fine~grained recrystallized groundmass of plagioclase and quartz,
that may have been originally glassy. Plagioclase phenocrysts are
replaced pseudomorphously by albite and minor sericite, chlorite and

biotite. Crossed nicols.



- 38 -

‘In étfongly'altéred flows muscovite is a major component of the
»groundmass.

The lack of preserved primary textures and ﬁhe uniformly
fine-grain size of the groundmass suggest that it may have been -
originally giassy;’ Crystallization of most phenocrysts briofvgo
extrusion and formation of a glassy groun@mass after extrusion
could account for the uniform distribution and size of phenocrysts
in flows.

Aphyric flows contain 85 to 90 percent randomly oriented or
aligned, subhedral to euhedral, 0.1 to 1 mm plagioclase and 10
to 15 percent anhedral, 0.05 - 0.5 mm quartz. Plagioclase has been
replaced pseudomorphously as descfibed above and in Tablev7 for

vplagioclase phenocrysts in porphyritic flows.- Circuiar bibtife
aggregates (0.25 to 1 mm) may be completely replaced plagioclase or
mafic crysfals,

Primary flow foliationm, 1iﬁeation, andAlayering are well
developed within and near the margins of‘some flowﬁ and are
distinctly different from, and are commonly discordant to, poorly
deﬁeloped metamorphic foliation and lineation produced by
micaceous minerals. Primary foliation and lineation are defined
by aligned plagioclase crystals and may be present in all fiow types
(Table 7). Flow layers are only present in porphyritié flows and
are 1 to 3 mm thick; they are recognised by: 1) healed parting planes,
2) variation in composition, 3) variation in phenocryst size, 4)
variation in phenocryst content, and 5) variation in phenocryst
alignment, whereby different layers show different average
orientation directions of plagioclase phenocrysts with regard to

layer ovieutation. At the hase of Viowa the attitude of
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"foliations, lineations and layers vary frbm parallel to the basal
contact to as much.as 40° discordant. Parélleliém of these
structures would be expected near the basal contact becaﬁse of
marginal shear between the viscous flow and underlying surface.

The origin of the discordant treﬁds is unknown, although ‘they
probably reflect shear directions duriﬁg magma flow. Primary

flow foliation and lineation were ébserved in the‘centrai‘parts

of only a few flows, where they are parallel or slightly discordant
to flow contacts. In the central and upper parts of one flo&, in

the southern part of member H-4, inclined layering loeally folded
into a detached antiform was observed. Similar inclined and

folded flow layers have been found in Cenozdic rhyolite flows ‘
(Christiansen and Lipman, 1966) and can be used to deteirmine £low
directiqns. However, there is insufficient data‘to apply this c;iteria
to the caldera flows.

Autobrecciation occurs as marginal zones up to 4 m thick in
most flows. It occurs less commonly as isolated lenticular zones
up to 3 m thick within flows and comprises the entire thickness, of
' pért of one flow in member H-4 near the mine. The latter example
maybe a flowfront or margin, but this cannot be proven heré because
of faulting. Autobreccia zonés are monolithic; the fragments- are
identical in mineralogy and texture to the massive flow zone,
angulaf to subangular, 5 cm to 0.5 m in size, and poorly sorted
(Table 8). Matrix is less than 10 percent and its priﬁary ﬁature
is indeterminate because of replacement by quartz, muscovite,
actinolite, pyrite, and pyrrhotite. The breccia grades,into-the

massive flow zone. Rare spines projecting 1 m into the brecciated
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top, from the upper surface of the massive flow zone were observed
in one flow in the southern part bf member H-4,

| Tuff

Tuff forms lenticular units ranging in thickness from léss
"than 1m to 300 m and up to 1800 m loﬁg. Units appear to be
fhickly bedded, with bedding thicknesses greater than 1 m. Thin
bedding (6 cm to 1 m), and normal grading were rarely observed..
Tuffs areksubdivided info priﬁary and secondary types; their
characteristics are listed in Table 8,modal analyses in Table 4,
and chemical analyseé in Table il.

Primary Tuff: Primary tuff contains 10 to 50 percent identifiable

essential and accessory rock fragments, and 50 to 90 percent
matrix~like material (Table 8). Most identifiable rock fragments

"are felsic to intermediate, porphyritic and aphyric varieties, and

. tuff may be heterolithic or monolithic depending on the degree of
textural variation. Other fragment types occur locally (Table 8);
Porphyritie ffagments contain plagioclase phenocrysts that are
replaced pseudomorphously by single grains of albite or aggregates

of albite, biotite and muscovite. -Aphyric fragments, the groundmass
in porphyritic fragments, pyroclastic fragments, pumiceous fragments,‘
amygdaloidal fragments, and the matrix-like material have |
recrystallized to fine-grained (less than 0.05 mm) quartz, plagioclase,
muscovite and biotite. The secondary mineralogy and fine-grain size
within these fragments suggest that they may havé been originally
glassy, with the matrix-like material representing granules and

shards of glass whose borders are no longer identifiable because of
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Volcaniclastic rock types in formation H and their characteristics

41
FRAGMENTS
;{3(;}};5 — - SORTING MATRIX Sgg;ggi?;l’ FIELD RELATIONS
Type & abundance Origins Size Shape
1. Autoclastic 90%; monolithic; same mineralogy Flow 2 cm to 0.5 m angular to sub- nonsorted 10 percent; indeterminate 1. No bedding.
Brecciated and textures as the massive flow angular. because of replacement by 2. Occurs at flow margins, as
flows zone. quartz, actinolite and lenticulaxr, concordant and
Fe~sulphides. discordant zones within
flows, and rarely involves
the entire flow,
3. Grades into the massive flow
zone,
2. Alloclastic 70 to 80%; monolithic to Pre-existing 1 to 15 em Subangulaxr. nonsorted 20 to 30 percent; vuggy 1. Discoxdant to adjacent units. In proximal vent facies.
Intrusive heterolithic, felsic to intex- rocks around and smokey quartz of 2, Sharp and diffuse contacts.
breccia mediate, varying from porphy- the vent. probable hydrothermal 3. Fragments adjacent to contacts
ritic with a diversity of origin. may be elongated and aligned
textures to aphyricj; minor parallel to contacts.
guartz and sedimentary fragments. 4. Absence of tectonic cataclasis
and schistosity.

3. Pyroclastic 10 to 50% identifiable rock Essential: 3, Tuff: < 2 mm; Rock fragments: Tuff: Indet~ Tuff: absent if the fine- 1., Extensive and lenticular 1. Proximal vent facies:
A. Primary fragments in tuff, 30 to 70% in 4, 8, and 10, types 5, 7, and angular to sub~ erminate because grained matrix-like units, . associated with flows
(1) Tuff, fine lapilli-tuff, and greater than Accessory: 5, 8 up to 4 mm. angular; types grain size of material was originally 2. Massive to thick bedding, and coarse-grained

lapilli- 70% in lapillistone., In order of 6, and 9. Lapilli—tuff: 4 and rarely 2 glass particles glass particles of the generally > 1 m; rare thin to primary pyroclastic
tuff, decreasing abundance the main Essential or 1 mm to 3 cm, have concave is not known. same size as identifiable thick bedding bhetweeh 6 cm and rocks.
and fragment types are: Accessory: 1, with 30 to 70% borders because Lapilli-tuff and fragments. 1 m. 2. Distal vent facies:
fine 1. Felsic to intermediate, 2, and 7. between 2 mm and of vesicle Lapillistone: Lapilli~tuff and 3. Rare normal grading. associated with fine-
lapilli- porphyritic with euhedral 2 cm. controlled poor to good. Lapillistone: 30 to 70% grained primary and
stone pseudomorphosed plagioclase Iapillistone: breakage; in lapilli-tuff and < 30% secondary lapilli-
phenocrysts (1 mm) in a fine=- 1 mm to 3 cm Pumice: in lapillistone; composed tuff and lapillistone
grained groundmass. ’ with > 70% collapsed to of fragments similar to and secondary tuff.
2. Pelsic aphyric composed between 2 mm form lenses. the coarsex fraction and
dominantly of quartz and and 3 cm. Crystals: possible glass; identif-

plagioclase.
3. Quartz-dioritic.
4., Biotite-rich
Rare types are:
5. Felsic to intermediate tuff.
6. Mafic to intermediate.
7. Felsic to intermediate,
amygdaloidal.
8. Pumiceous.
9. Sedimentary.

10. Plagioclase crystals.
Monolithic units: contain only
type 1 or type 2.

Heterolithic units: contain 2
or more fragment types.

Tuff: also contains 50 to 90%
matrix~like material that
probably represehts glass shards
and granules of similar size as
the identifiable fragments bhut
are not texturally preserved
because of recrystallization to
fine~grained quartz, plagioclase,
biotite, sericite and epidote.

broken and
corners may or
may not be
rounded.

iable fragments << 2 mm
in size.
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(continued)
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FRAGMENTS
'l;?]C?ib SORTING MATRIX S??;];EEER‘:L FIELD RELATIONS
Type & abundance Origins Size Shape
3. Pyroclastic >80%. In order of decreasing Essential: Lapillistone: Lapilli and Poor. <20%; lack of data on 1. Lenticular units. Proximal vent facies
cont'd abundance the fragment types bombs. 2 to 10 cm with blocks: sub- fragment types, but they 2. Massive to well stratified co~extensive with flows,
(ii) Coarse are: Accessory: 3, > 70% between angular to probably include rock with layers up to 1 m thick
lapilli~ 1. Felsic to intermediate, 2, and 4. 2 and 6.4 cm. angular. fragments, and minor defined by variation in
stone, porphyritic with euhedral Essential and Breccia: 5 to Bombs: rounded. crystals and recryst- fragment sizes.
breccia pseudomorphosed plagioclase Accessory: 1 160 cm. allized glass fragments 3. local noxmal and reverse
and phenocrysts (1 mm) in a fine- and 2. Agglomerate: < 2 mm in size. graded layers.
agglo- grained groundmass. Monolitic units bombs up to 30
merate 2. Felsic aphyric composed of contain cm in diameterx,
dominantly quartz and essential frag- and blocks up
plagioclase. ments and to 3 m.
Rare types are: heterolithic
3. Mafic to intermediate. units contain
4. Sedimentary. essential and
Monolithic tzges: rare; comprise accessory “
either type 1 or type 2 fragments fragments,
Heterolithic types: mixtures of
type 1 and 2 or only type 1 with
a diversity of textures.
B. Secondary > 90%; monolithic to hetero-~ Derived from Tuff: 2 mm. Subangular to Moderate. Tuff: O to 5%. As for primary tuff. Proximal and distal vent
(i) Fluvial lithic, identifiable rock frag- primary tuff, Lapillistone: rounded. Iapillistone: < 10%; facies with greater
tuff ments of types 1, 2, 3 and 10 as lapilli~tuff 2 mm to 1.5 cm. Composition is masked by abundance in distal
and in primary tuff, lapilli-tuff and fine recrystallisation, but it vent facies.
fine and fine lapillistone; type 10 lapillistone, probably consists of rock
lapilli- (plagioclase crystals) is minor. and therefore fragments and crystals
stone the origins < 2 mm in size.
are as for
these rock
types.
(ii) Laharic 30 to 70% in lapilli-tuff and Derived from Bimodal; Subangular. nonsorted Lapilli=-tuff and tuff- 1. No bedding or grading. Distal vent facies.
lapilli- tuff~-breccia; 70 to 80% in mass movement coarse fraction breccia: 30 to 70% 2., Lenticular units of varying
tuff, lapillistone; heterolithic; of unconsol- 1 to 7 em in Lapillistone: 20 to 30% lateral extent.
lapilli- types 1, 2 and 3 as in primary idated primary lapilli-~tuff Rock fragments and minor
stone coarse lapillistone, breccia pyroclastic and lapillistone crystals < 2 mm in size.
and and agglomerate, with types 1 material, and and 3 to 15 cm
tuff- and 2 predominating. therefore the in tuff breccia.
breccia original .
origins are the
same as for the
primary pyro- -
clastic source
rocks.
4. Epiclastic 80 to 95% rock fragments, up to Volcanic << 2 mm. Subangular: to Good. < 5% indeterminate 1. Thin lenticular units. Proximal and distal
Volcanic 15% plagioclase crystals and up provenance; rounded. because of recrystall- 2. Poor to good bedding with vent facies with
sandstone to 10% quartz crystals; Exact nature of ization. thicknesses ranging from greater abundance in

litharenite has < 5% plagioclase
crystals and feldspathic
litharenite has 5 to 15%
plagioclase crystals; hetero-
Llithic; rock fragments are

similar to types
primary tuff.

1 and 2 in

source rocks is
indeterminate.

0.3 to 30 cm.

3. Normal grading. ,

4. Scour, flame and slump
structures.

distal vent facies.
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reérystdllization. Biotite contentvis variablé and can be as high‘as‘
30 to 45 percent (Table 4). In places it is the sole mineral replacing
rock fragments (Table 8) and it is commonly a major component of the
matrix—like material. The high biotite content and its distribution
‘are unique to formatidn H, and-aé discussed for .felsic to intermediate

flows are possibly due to hydrothermal alteration. Amygdules in

- felsic to. intermediate fragments are composed of quartz and epidote.

Mafic to intermediate fragments have colour indices between

15 and 35 and are mineralogically and texturally gimilar to aphyric,

mafic to intermediate flows of formation G. They are probably
accessory.

Separéte'plagioclase crystals, which are replaced pseudomorphously
by albite and minor biotite and muscovite, are normally a minor
const%tuent. However, near the_quartz dioritg siil (Fig. 5)'some
tuff units contain abundant phenocrysts and glomerocrysts of
_plagioclase and fragments of fine to medium-grained equigranular
interlocking plagioclase.' The restricted occurrence of these
fragment types and their resemblance to plagioclase in the quartz
diorite sill, suggests a genetic relationship. The sill was probably
emplaced during early stages of caldera filling and was a high—ievel |
magma chamber feeding pyroclastic eruptions higher in the séquence.

Rock fragments are angular to subangular, although boundaries

of most felsic to intermediate fragments are partly masked by

‘recrystallization. Figures 8a and 8b show a monolithic tuff with

well preserved, recrystallized, dominantly aphyric rock fragments.
Tuff units containing porphyritic fragments with poorly. preserved

fragment boundaries, plagioclase crystals, and a high matrix content
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Fig. ga. Photomicrograph éf primary tuff, from a stratified’ -
-primary tuff-lapillistone unit, with poor to moderately sorted angulaxr
rock fragments. Concave boundaries probably formed by conchoidal fracture:
The fine-grained biotite-rich matrix may have been originally glassy.

Plane light.
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Fig. B8b. As 8a but under crossed nicols showing fine-grained
recrystallization of fragments. Fine and uniform grain-size within

fragments shows that they were monolithic and possibly glassy.
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of what may have been primary glass shardsAsuperficiaily

resemble porphyritic felsic to intermediate flows, but they

can be distinguished from flows by criteria listed in Table 9.

Some aphyric, felsic and biotite-rich fragments have concave

boundaries ana.equant to 'Y' shapes (Fig. 9) due to vesicle

controlled bteakage. Flattening of these clasts was not

observed. Pumice forms fléttened, elongated frégments with wispy f

ends and an internal foliation formed by vesicle collapse (Fig. 10).
Fragments are normally less than 2 mm except for pyro-

‘ clastic, amygdaloidal and pumiceous fragments which are up to 4 mﬁ.'

Sorting is commcnly indeterminate because of the high content of

matrix-like material and destruction of primary textures in this

phase. Tuff containing a high proportion (up to 70 percent) of

rock fragments appeaw to be poorly to moderatelyvsorted.

Secondary Tuff: Secondary tuff is monolithic to heterolithic and

contains more than 90 percent subangular to rounded, moderately to
well sorted identifiable rock fragments, minoxr plaéioclase
crystals and less than 5 percent matrix (Table 8). Thé_rock
fragmenés are felsic to6 intermediate, porphyritic and aphyric
types. Other fragment types that are found in‘primAry tuff.(Table
8) are absent in'secondary tuff. The nature of the métrix is
difficul£ to determine because of recrystallization, but it
seems to consist of rock fragments and minor plagioclase crystals
with perhaps minor glass shards and granules.

A most significant feature of secondary tuff, distinguishing
it fgom primary tuff, isAits well preserved primary textufe. This -

reflects the high content of crystalline rock fragments and the
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TABLE 9.

Textural criteria distinguishing between strongly

recrystallized, massive felsic to intermediate tuff
units and porphyritic felsic to intermediate flows

TUFF

Variable phenocryst content

and size in adjacent samples.

Non-uniform phenocryst dis-
tribution in individual thin

sections.

Abrupt textural variations in

thin section.

Sstrong local concentration
and size variation of
phenocrysts due to their

occurrence mainly in clasts.

Variable phenocryst shape due
to fragmentation,

Rare rounded plagioclase
glomerocxysts lacking
protrusions of individual

crystals.

Absence of phenocryst

alignment.

Stronger recrystallization
with poor to moderate
preservation of primary

textures.,

Irregular weathered out-

crop surface in scme units.

FLOWS
Relatively uniform phenocryst
content and size in adjacent
samples.
Uniform phenocryst distribution
in individual thin sections.

No textural variations.

No concentrations except in some

flow layers.

Commonly euhedral, no evidence

‘of fragmentation.

Rare well developed plagioclase
glomerocrysts, with angular
crystal corners projecting into

groundmass.

Plagioclase phenocryst alignment

is common.

Moderate recrystallization with
good preservation of primary

textures.

Smooth weathered outcrop surface

with fine grained aphyric or

porphyritic textures.



Fig. 9. Photomicrograph of primary tuff with partly preserved primary
texture. An amygdaloidal lapillus at the top and smallex biotite-rich,
ash-sized aggregates (darker grey) are the only identifiable rock fragments.
ﬁote the concave borders in some biotite~rich fragments suggesting that ‘

shape was partly vesicle contro;led. Light-coloured, matrix-like material

lacks primary texture and may have been originally glass. 'Plane light.



Fig. 10. Photomicrograph of primary tuff with an elongated flattened
pumice fragment in the centre. The vague internal foliation may have been

formed by vesicle collapse. Plane light.
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paucity or absence of a fine-grained recrystallized phase representing

possible original glass shards and granules.

The occurrence of secondary tuff in the vent facies, the>high
content, rounded shape,‘and moderate sorting of rock fragmeqts,
the similarity of fragments to the dominant identifiable rock fragment _
types in primary tuff, the‘absence.or paucity of glass shards and
granules, and the low content of matrix suggest that the rock.fragments

in secondary tuff were derived from poorly consolidated primary tuff

by fluvial processes during the eruption phase.

Lapilli~tuff, Lapillistone,
‘Breccia and Agglomerate

Primary Types: Primary lapilli-tuff, lapillistone, breccia and

agglomerate occur as lenticular units up to 300 m thick and

1780 m long. Both monolithic and heterolithic units are present,

with heterolithic units up to 50 m thick commonly occurring near the
base of pyroclastic accumulations, the upper parts of which are
monolithic units and flows. The basal contact of the heterolithic
units with underlying tuff or flows islgharp; the uppgf contact with
overlying flows is sharp and with overlying monolithic pyroclastic
units either sharp or gradational. 1In some accumulations, there is no
variation in absolute fragment size range but in others the upber
monolithic units are coarser than the basal heterolithic units. Where

present this reverse grading may indicate that the initial phase of the

~eruption was more explosive. Bedding, with thicknesses less than 1 m,

and both normal and reversed grading are locally present.
In the following discussion and in Table 8 the character-

istics of fine lapillistone (2 mm to 2 cm lapilli) and coarse
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lapillistone (2 to 6.4 cm lapilli) are treated separately
because of differences in the range of fragment types. Fine
lapillistone is discussed with fine lapilli—ﬁgff and coarse
lapillistone with breccia and agglomerate because of similar ranges
of fragment types in the two groups. No coarse 1apilli—tﬁff was
observed.

Fine lapilli~tuff and lapillistone are monolithic to
heterolithic and consist of subangular to angular; poorly to well
sorted, identifiable rock fragments and plagioclase crystals, and
fine-grained (less than 0.05 mm) aggregates of quartz,'plagioélase,
muscovite, and biotite, that may be recrystallized glass granules
and shards. The rock fragments include all types found in tuff
(Table 8) with felsic to intermediate,vpofphyritic and aphyric
varieties being most common. Monolithic units contain only aphyric
fragments, as shown for a tuff in Figure 8b, and heteroiithic units
contain both aphyric and porphyritic fragments; Lapilli-tuff and
lapillistone consist of two gradational particle size fractions:

1) 1apilli consisting of 2 mm to 2 cm rock fragments, and 2) ash
matrix of less than 2 mm rock fragments, which have similar composit-
ions and textures to the lapilli, recrystallized glass shards and
granules, and rare plagioclase crystals. Of the two fractions, matrix
forms 30 to 70 percent in lapilli-tuff and less than 30 percent in
lapillistone.

Coarse lapillistone, breccia, and agglomerate (Table 8) are
monolithic to heﬁerolithic and consist of two, commonly gradational
poorly sorted size fractions. The coarse fraction 2 to 10 cm forms

more than 80 percent of the unit. It comprises subangular to angular
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lapilli in 1apillisténe, 5 to 160 cm subangular to_angular lapilli
and blogks in'breccia, and rounded bombs (Fig. 11) ﬁp toA30 cm-and
subangular to angular blocks up to 3 m (Figs. 11 and 12) in agglomerate.
The fine fraction-forms less than 20 percent of the unit and is an ash
(less than 2 mm) matrix. The matrix is poorly known because of
difficulty in sampling glaciated outcrops, but it probably consists
of rock fragments, rare plagioclase crystals an& recrystallizéd_
glass particles, similar to matrix in lapilli-tuff and fine
lapillistone. The term agglomerate is used for units with more
than 10 percent bombs; the maximum content of bombs in agglomerate
is about 40 percent. Agglomerate is confined to the northerﬁ part
of member H-4 (Fig. 5). The range of fragment types is more limited
_than in primary tuff, lapilli~tuff, and fine lapillistone, but, as
in these rock units, felsic to intermediate, poiphyritic and aphyric
types .predominate (Table 8).

Monolithic units contain aphyric fragments and héterolithic
units contain both aphyric and porphyritic fragments. The bombs
"in agglomerate are fine-grained and commonly characterised by
distinct internal concentric layering with layers up to 0.5 cm
thick and by a 1 to 5 cm thick outer rim (Fig. 11). All of the
layers, including the outer rim, differ in colour indices and in
content of muscovite, actinolite and to a lesser extent garnet.
The outer rim is characterised by a high muscovite content and
the presence of éctinolite and/or garnet, minerals that are.rare
elsewhere in the formation. The rounded shape of the bombs and
the presence of concentric layering in most bombs suggests: 1) the

bombs are essential and originated as clots of ejecte&Amagma, and



Fig. 11. Rounded bomb (30 cm diameter) with reaction rim and

internal concentric layers in agglomerate in the northern proximal

vent facies of member H~4 about 300 m southwest of the No. 1 shaft.
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Fig. 12. Subangular block in agglomerate; northern proximal vent

facies of member H-4, about 300 m southwest of the No. 1 shaft.
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2) that the layering is primary, with the outer rim forming gither
by rapid cooling or alteration shortly aftef_deposition and the
internal layering by the cooling process. The present mineralogy
of the layers, however, formed by subsequent metamorphism. ‘Some
~of the blocks in agglomerate have well developed flow layering.

The origin of the suBangular to angular fragménts is more
difficult to determine than the bombs in agglqmerate. The -occur-
rence of heterolithic units at the base, and monolithic units
nearer the top of pyroclastic accumulations, suggests a commoﬁ
evolutionary cycle. The heterolithic fragments produced by the
initial phase of eruption could have several origins: 1) slumped
earlier formed pyroclastic and autoclastic breccias around the
vent prior to the eruptive phase; the fragments would be dominantly
accessory, 2) blasted and ejécted from pre-exiéting pyroclastic
and autoclastic breccias and flows within and around the vent
during the earliest phase of the eruption; the fragments would be
dominantly accessory, 3) a combination of 2) above with fragments
from the magma; the fragments would be accessory énd'essential, and
4) a combination of all of the above sources. Of the above 2) was
probably the dominant process. As eruption proceeded, the magmatic
compopent increased in importance and the monolithic units were
derived largely from the magma; fragments are dominantly essential.
The mixture of bombs and blocks in agglomerate may have resulted
from slumping aroﬁnd the venf during an eruption or more probably .
be magmatic, with the blocks derived from a slightly more viscous
magma.

Secondary Types: The coarser secondary pyroclastic rocks comprise

both fluvial and laharic units and their characteristics are listed
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in Table 8. Fluvial units consist of lapillistone whereas
laharic units consist dominantly of lapilli-tuff and ﬁinor tﬁff—
breccia and lapilliétone. Iaharic units are more common than
fluvial units, and consequently coarse secondary pyrocl%stic rocks
as a whole have a higher lapilli-tuff to lapillistone rati§ than
coarse primary pyroclastic rocks. Also, coarse>secondary
pyroclastic rocks have a lower maximum size range of fragments.
Fluvial lapillistone units are up £o 100 m thick and 1500 m

Jong. They occur with fluvial tuff and primary tuff and fine
lapillistone in the distal vent facies (Fig. 5) and as thin lenses,
which could not be mapped because of their poor exposure, in laharic
sequences. They are heterolithic to monolithic and consist of
mere than 90 percent subangular to rounded,.moderately sorted, 2 mm
to 1.5 cm rock fragments and less than 10 percent tuffaceous
matrix. The rock fragments are dominantly felsic to intermediafe
porphyritic and aphyric varieties similar to the dominant fragment
types in primary lapillistone. The nature of the matrix is
masked by recrystallization,. but it probably consists dominantly
of rock fragments and minor plagioclase crystals. No single
criterion sufficiently distinguishes secondary lapillistone from
primary lapillistone, but rather a combination of criteria
including better sorting,-gréater rounding of fragments lower
maximum size range of the rock fragments, and the absence of
fine-grained recrystallized glass fragments.

Heterolithic laharic units and sequences rangé in thickness
from 20 to 470 m and in length from 180 to 2800 m. Internal bedding

is absent and no grading was observed. In contrast to other

!
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pyroclastic rocks, lahars have a bimodal fragment sizg distribution
(Fig. 13) comﬁrising a 1 to 15 cm coarse fraction and a fineéfractipn
or matrix less than 2 mm in size. The matrix forms 30 to 70 percent
of lapilli-tuff (Fig. 13) and tuff-breccia and 20 to 30 peféent 6f
lapillistone. Both fractions comprise similar subangular to
rounded rock fragments, the only difference being in size. The
matrix also contains minor rounded plagioclase cfystalé; no glass
fragments were observed. The rbck.fragments are dominantly felsic
to intermediate, porphyritic and aphyric types (Table 8) similar to
fragment types in coarser primary pyroclastic rocks. Some laharic
units contain up to 15 percent mafic to intermediate fragments,
whereas in coarser primary pyroclastic rocks this fragment type
is rare.

It is difficult to uwmequivocally determine the origin of
the fragments, particularly the mafic to intermediate fragménts,
the presence of which is probably significant.. The occurrence of
the mafic to intermediate fragments may indicate rapid erosion
of parts of formation H thereby exposing formation G, collapse
of the mafic wall rocks of the caldera, renewed mafic to
intermediate volcanism in the caldera, or transport of material
into the caldera from the dissected formation G come north of the
caldera. None of these processes can be proven or disproven,
although the rarity of intermediate to mafic fragments in other pyro-

clastic units supports an extra-caldera origin. Despiﬁe the problems of
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Fig. 13. Weathered surface of laharic lapilli-tuff showing bimodal
grain-size distribution of subangular lapilli in tuffaceous matrik;

central part of the upper laharic sequence in member H-2.
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determining the origin of the fragments, lahars are classified as
pyroclastic, formed by mass movement of pyroclastic fragments,
rathexr than epiclasﬁic for the following reasons: 1) the
‘predominance of felsic to intermediate fragments identiéal to
fragmenté in primary byroclastic rocks, 2) the léck of |
evidence for formation of the fragments by erosion, 3) the
lack of intercalated volcanic epiclastic rocks, as occurs in the
alluvial or epicléstic facies of most stratﬁvolcanoes, and 4) the:
relatively close proximity to flows and.primary pyroclaétic rocks.
Velcanic Epiclastic Units

Volcanic epiclastic rocks comprise volcanic argillite and
sandstone (Fig. 5). The characteristics of argillite are not
included in Table 8 because petrographic da?a is limited and
primary textures have been completely destroyed by recrystallization.

Volcanic Argillite: These units are up to 60 m thick but their strike

length is unknown because of faulting. As used herein, argillite
includes siltstone and claystone and is characterised by well
developed layering and moderately developed bedding élane foliation,

Tt consists of alternmating layers with different proportions
of plagioclase, biotite, quartz, actinolite, epidote, chlorite and
pyrite. The layers are less than 2 mm thick and represent primary
compositionally different beds. In places argillite is>graphitic.

Argillite is classified as volcanic because of its
restricted occurrence in vent'sequences (Fig. 5). It probably
formed by the settling of fine windblown ash or fluvial silt and
clay in shallow watex.

Volcanic Sandstone: These units have maximum thicknesses of 37 m
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and strike lengths of 500 m. They contain rounded, moderately to
well sorted sand-sized material comprising 80 to 95 percent heterolithic
felsic to intermediate porphyritic and aphyric volcanic clasts, up
to 15 percent plagioclase, and up to 10 percent quartz} matrix forms
less than 5 percent of the sandstone (Table 8). Plagioclase clasts
and plagioclasé phenocrysts in volcanic fragments are replaced pseudo~
morphously by single grains of albite rather than aggregates. These
pseudomorphs have better developed twinning than plagidclase clasts
and phenocrysts in tuff and most'flows where pseudomorphs are albite
aggregates. Quartz occurs as single grains and as %ecrystallizeq
polycrystalline aggregates. Volcanic sandstone can be petrographically
subdivided into litharenite and feldspathic litharenite, with felds-
pathic litharenite containing 5 to 15 percent plagioclase clasts
(Fig. 14) and lithareﬁite containing less than 5 percent plagioclase
clasts. Clast sorting and rounding are bétter developed in feldspathic
litharenite than in litharenite. The better sorting and rounding
implies that the increase in plagioclase is due to more revorking
rather than to differences in provenance. Plagioclase is more
resistant to abrasion than rock clasts and its abundance is thus an
indicator of maturity (Pettijohn et al,1972).

Volcanic sandstones have poorly to well developed bedding
with thicknesses ranging from 0.3 to 30 cm. Normal graded bedding
is developed on a local scale and indicates that beds face west.
Primary scour, flame and slump structures are present but were
observed only in thin—section°
Designation of the sandstone as epiclastic is based on

fragment heterogeneity, better rounding and sorting, Bétter developéd

bedding, and higher content of plagioélase clasts and in places
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FPig. 14. Photomicrograph of volcanic feldspathig litharenite

showing broken and rounded plagioclase clasts that were originally phenocrysts.

The fine-grained material between crystal clasts are sand-sized rock fragments

'

but their boundaries are not distinguishable under crossed nicols.
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quartz clasts compared to secondary tuff. The nature of the fragments
indicates the provenance for the sandstone was volcanic.
| | Alloclastic Units
Two discordant intrusive breccia unité between 3.5 and 5 m wide

have been traced for strike lengths of 100 to 160 m, in the northern
proximal vent facies of member H-4, north and south of the mine
workings (Fig. 5). The units are 45 to 75° discordant to host-
rocks. The contacts of the northern unit are sharp‘whereas those
of the southern unit are sharp to diffuse. They are mcnolithic te
heterolithic and consist of. dominantly subangular, nonsorted, felsic
to intermediate aphyric and porphyritic volcanic fragments between
1 and 15 em in size (Table 8). _Locally, the fragments adjacent to'
the contacts are elongated and aligned parallel to the contact whereas
in the centre of the units, fragments are equanf. Matrix forms 20
to 30 percent of the unit and consists of vuggy or smokey quartz.

| The matrix is probably of hydrothermal origin and could have
provided the medium for mobilization and intrusion of the fragments.’
Alternatively, the matrix may have been deposited from fumarolic
‘activity after the intrusion of the breccia replacing the original
matrix. The shape and composition of the fragments, alignment of
fragments adjacent to contacts, sharp and discordant contacts, the
apparent restricted occurrence of these units to proximal vent facies,
and possibly the nature of the matrix, indicate that the units are
intrusive brececias related to volecanism and may form part of original

vents. They are not tectonic breccias.
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‘Conglomerate, Chert and Ferrugiﬁous_chert

Oﬁly one- small conélomerate unit, 10 tov4O m.thick; was .
found in formation H. It is in the lower lahar sequence in .
member H-2 (Fig. 5). It consists of 40 peréent, welllrounded
pebbles and cobbles, 1 tb 10 cm in diameter, and:60 percent medium
to coarse-grained sandstone matrix. The conglomerate was not
classified as volcanic because volcanic clasts were not unequiv—
ocally recognized. The pebbles and cobbles are medium-grained with
felsic and felsic to intermediate compositions suggesting that they
‘may have been derived from quartz diorite plutons. Bedding is well
developed, with larger pebbles and cobbles in beds 10 to 18 cm
thick and small pebbles in beds 1 to 2 cm thick.

Chert and ferruginous chert units range in thickness from
20 to 50 m, have. strike lengths of 600 m,and are closely associated
with volcanic argillite and proximal and distal vent facies
pyroclastic rocks in member i -1 (Fig. 5), Chert consisté of
alternating fine-grained, granular, qua;tz layers 2 mm to 2 cm
thick and actinolite plus chlorite layers less than 1 mm thick.

Ferruginous chert comprises alternating layers consisting
of: 1) 75 to 80 percent actinolite, 5 to 10 percent epidote and
clinozoisite and 10 to 15 percent disseminated and finely layered
pyrite and pyrrhotite, in 2 to 4 cm thick layers, and 2) 83
pergent quartz, 5 percent biotite, 2 percent disseminated pyrite
and pyrrhotite, and 10 percent disseminated or finely layered
actinolite, in 1 mm to 2 cm thick layers.

Quartz Diorite

Metamorphosed quartz diorite forms two sill-like plutons
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which have a maximum thicknesé of 400 m and a combined strike
length of 3.5 km in formation G and the.nortﬁern part of formation
H (Fig. 5). WNarrow sills and dikes up to 10 m thick occur:
elsewhere in formation H. The_main plutons may be part of a
‘éingle pluton or two separate plutoné, but poor exposure and
faulting in the Borthwick Creek area hampers determination cf
their relationship. Quartz diorite was metamorphosed under
greenschist facies conditions similar to those that affected
the country rocks.

The plutons have shafp, sinuous to straight, chilled upper
contacts, although chilling is difficult to document because
grain size variations near the contact are masked by metamorphic
effects. The lower contacts are not exposed. The plutons are
slightly discordant to-the ﬁetavolcanic sequenée and- contain lent—
icular to irregular inclusions of both formation G and formation H.
They are composite intrusions but phases are not shown on Fig. 5
because of poor exposure and the restricted occurrence of some
phases. Contacts between phases vary from sharp and sinuous to
straight with chilled and unchilled margins, to diffuse where
phase boundaries can be inferred only by rapid textural changes.

Primary porphyritic, equigranular and granophyric textures
are commdnly preserved with porphyritic phases predominating in
the southern pluton and equigranular phases in the northern pluton.
Equigranular phases range in grainéize from 0.1 to 1.75 mm
and consisp of interlocking, subhedral, tabular plagioclase and
interstitial anhedral quartz. Granophyric intergrowths of quartz

and plagioclase occur in parts of the northern pluton. The
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ﬁlagioclase was originally oligoclase to andesine (An20 to An35)
but is lérgely replaced pseudomorphously by albite, minor biotite,
muscovite, epidote, and chlorite, and rare carbonate. Locally,
muscovite is the major pseudomorphous phase. Two modal and
chemical analyses ofvrocks from equigranularvphéses, one fromkthe
southern pluton (sample 84) and the other from the northern pluton
(sample 398), and presented in Tables 4 and 11 respectively. They
show that these rocks are mineralogically and chemically similar
in both plutons.

V Porphyritic phases contain 15 to 35 percent euhedral, tébular,
1 to 3 mm long plagioclase phenocrysts, 1 to 5 percent, subhedral
to rounded, 0.5 to 4 mm quartz phenocrysts, and 60 to 85 percent
groundmass. Plagioclase phenocrysts were originally oligoclase

to andesine (An,. to An35) but are largely replaced pseudomorphously

20
by albite, minor biotite, muscovite, and epidote, and rare carbonate.
Muscoyite locally is the major pseudomorphous phase. The groundmass ’
consists of albite and quartz, minor epidote, chlorite, biotite,
gnd muscovite, and trace Fe-Ti oxide, pyrite or pyrrhotite and
apatite. Groundmasé textures are partly recrystallized, but where
primary, they consist of éubhedral to euhedral plagioclase and anhedral
quartz with a grain size up to 0.75 mm. Where recrystallized, ground-
mass grain size is less than 0.1 mm, and the fine grain size may
indicate that parts of the groundmass were originally glassy.

The plutons are part of formation H because: 1) their occufr—
ence is restricted to formgtiqn H and therefore.the caldera,
2) they are compositionally similar to formation H, 3) fhey

appear to have been the source for some of the rock fragments
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in adjacent pfiﬁary tuff units, the conglomerate in the lahar
sequence in member H-2, and metasedimentary rocks in formation I
where it overlies formation H, 4) the presence of granophyric
texture, the possible presence of original glaésy groundmass,
and éhilled contacts suggest tﬁat the plutons Qere emplaced at
a high crustal level close to the surface, and 5) they have
undergone metasomation which was restricted to formation H.

Stratigraphy

Subdivision of formation H into four vent facies members
(Figs. 5 and 6), termed H-1, H-2, H-3 and H-4, assists understanding
of the lithologic complexities, deciphering of the history of
volcanism, and location of source vents. Members are defined by
major, systematic vertical lithologic and genetic variatiomnsj each
member represents a major pulse of volcanism. Most member boundaries
are relatively well defined because vertical changes are commonly
abrupt. However, there are areas, for example the top of member
H-2, where lithologic chénges appear_grédétional and the member
boundary is arbitrarily defined.

Members H-1, H~2 and H-4 are further subdivided (Fig. 6), using
lateral lithologic and genetic variations and prbximity of source
vents, into: 1) a proximal vent facies compfiéing flows and
primary breccia, agglomerate, lapillistone, lapilli-tuff and tuff,
in varying proportions, and only minor secondary pyroclastic
rocks and volcanic epiclastic rocks, and 2) a distal vent facies
comprising primary tuff, fluvial tuff, fine primary and fluvial

lapillistone and lapilii—tuff, and laharic lapilli~tuff, iapillistoné_
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andAtuff-bregcia in varying proportions, minor epicl;stic
volcanic rocks, and rare flows and coarse primary pyroclastic
rocks. | |

Facies boundariesb(Fig. 6) within members are arbitrarily'
defined because lateral chahges are gradational. Member H - 3
comprises only distal vent facies. The characteristics of the
members are summarized in Table.1lO.

Coérse alluvial facies consisting dominantly of volcénic
conglomerate and fine alluvial facies comprising volcanic sand=-
stone and siltstone and airfall fuff (Smedes and Prostka, 1972)
do not occur in the formation.

Member H - 1

Member H - 1 (Table 10) is the lowermost member and is
confined to the south and central parts of the caldera‘where it
overlies and interfingers with formation G (Fig. 5). The restricted
extent appears to be mainly controlled by pre—-existing topography,
but a smaller caldera size during early felsic to intermediate
volcanism also may have played a role. The southern portion of
the member (Fig. 5) is abruptly truncated by the Setting Net Lake
.stock, which may have been intruded along the margin of the caldera;
and the northern portion is disrupted by quartz diorité and meta- '
gabbro sills.

There appears to be a northward decrease in both clast size
and thickness of individual units and an increase in volcanic
epiclastic units, suggesting that the member consists of a southern

proximal vent facies and a northern distal vent facies (Figs. 5

and 6).
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Southern Proximal Vent Facies: This facies is divided into two

units by séveral mafic to intermediate flows of formation G that.
form a northward terminating tongue (Figs. 5 and 6). The lower
unit, composed of fluvial tuff and lapiliistone, wedges out ‘south-
ward against mafic to intermediate flows of formation G. It may
have been deposited on a northward-facing slope formed by eruptidn
of the underlying flowsT Vents responsible for this unit were
probably not in the immediate vicinity. The upper unit is more
directly vent related and comprises a sequence of primary lapilli~
stone overlain, in the south, by primary tuff with minor inter-
calated flows. Chert, ferruginous chert, and volcanic argillite,
in places graphitic, form lenses up to 50 m thick at or near the
base of both units. These sedimentary units appear to represent
periods of quiescence that broadly correspond td the transitioun from
effusive mafic to intermediate volcanism of formgtion G to explosive
felsic to intermediate volcanism of formation H. Silica in chert
and ferruginous chert may have been derived from fumarolic or hot
spring activity during quiescent periods. | )

The distribution of the primary lapillistone, which ranges
in thickness from 40 to 200 m (Fig. 5), appears to be controlled
by pre-existing topography. The unit is thickest north of the hill
formed by the mafic to intermediate flow tongue. North of the
flow front, there is a lateral gradatibn in clast size and composition,
and in the abundance of matrix-like material that probably represents
recrystallized glass shards. Maximum clast size decreases from
30 mm in the south to less than 3 mm in the north, where the umit
is more tuffaceous. There is a concomitant change in clast composition

from monolithic with dominantly rock fragments and minor matrix,
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similar to but ‘coarser than the tuff in Figures 8a and ib, to hetero-
lithic with dominéntly recrystallized vitric fragments. Fragments in
the southern part of the unit are entirely aphyric felsic to inter—-
mediate types (Fig. 8b) but in the northern part biotite—riéh,
amygdaloidal, and pumiceous fragments (Fig. 10) are present., The
unit also contains well developed normal graded beds that.range
in thickness from-6 cm to 1 m. | )
South of the flow front the lapillistone thins and is
heterolithic with a méximum fragment size of 30 mm. Fragments
observed in this part of the unit include porphyritic and aphyric
felsic to intermediate types and minor mafic to intermediate types
and chert derived from the immediate basement rocks.
The lateral changes in the lapillistone iqdicate that the
southern part of the unit was closer to the vent. The overlying
tuff, which représents the end of a caldera filliﬁg.event thickens
southward and may have banked up against the caldera wall. It contains
less than 20 percent identifiable fragments; glass shards, subsequently
recrystallizéd, were prébably the major fragment type. The dégiee
of reworking, as shown by textural changes (Table 8) increases
upward and was concomitant with waning volcanism.

Northern Distal Vent Facies: This facies interfingers with

pyroclastic rocks of formation G and, although it is poorly exposed
and disrupted by faults and the quartz diorite and gabbro

intrusions, it appears to thin northward (Figs. 5 and 6). The facies
comprises thin interlayered lenses of primary and secondary tuff,
lapilli-tuff and lapillistone, volcanic argillite andi¥itharenite,

and minor heterolithic breccia and felsic to intermediate flows.
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Deposition appears to have occurred at lower topsgraphic levels
than the southern proximal vent facies because of greater reworking
‘'with some of the material défived from the proximal vent facies.

Some primary tuff units near the base of the facies and near
the quartz diorite sill (Fig. 5) contain clasts derived from the sill,
suggesting that the sili was emplaced close to the surface, perhaps.as
a dome, and was the sdurce for some of the lower units. The restricted
occurrence of thin, coarsé lapillistone and breccia units close to
the sill supports this proposal. The observed upper contacts of
the quartz diorite appear to be intrusive indicating that the &ent
was not in the presently exposed section through the caldera; but
could not have been far removed. This possible vent may have been
subsidiary to the main vent further south.

Near the top of the facies some primary tqff units that
overly the formation G pyroclastic lenses have well defined,
alternating mafic to intermediaté, and felsic to intermediate beds.
These units interfinger with volcanic argillite and litharenite. Al-
though it is difficult to determine the origin of the tuff units from
criteria listed in Table 8, it is proposed that the compositiénal
bedding reflects leccal subaqueous emplécement of airfall fragments
from two separate volcanic centres. -

Member H-2

Member H-2 (Table 10) is the only member at the north end
of the caldera, it extends most of the way across the'caldera to
pinch out near the presumed souéh margin. The northern end of the
member overlies qﬁartz diorite and is truncated by a north to
northeast trending fault (Figs. 5 and 6). The»latera%\extent of the
member indicates that at this stage the caldera had almost reached

its maximum dimensions.
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The restricted extent of flows and primary lapilli-tuff and
lapillistone to the northern part of the member and of laharic lapilli-
tuff to the south indicates that the member comprises a northern

proximal vent facies and southern distal vent facies (Figs. 5 and 6).

Northern Proximal Vent Facies: In this facies a basal primary tuff,
lapilli-tuff, and lapillistone sequence is overlain by a sequence of
porphyritic to aphyric felsic to intermediate floﬁs with thin inter-
flow units of primary tuff, lapilli-tuff and lapillistone.

At .the south end of this facies, at least four flows are
present and the flow sequence has a maximum thickneéss of 300 m.

Only one flow is known to extend to the north margin of the caldera
(Fig. 5). The flow sequence rapidly thins and pinches out southwards,
where it is intertongued with litharenite, feldspathic litharenite,
and laharic lapilli-tuff of the southern distal facies. The
restricted extent of the flows indicates closeness to source vents
and that the source vents apparently do not coincide with the>
existing caldera margin.

The origin of tuff and lapilli-tuff is variable, particularly
in the south where they appear to be mixed primary and secondary
£ypes. Further north the pyroclastic rocks appear to be domiﬁantly
primary. |

Southern Distal Vent Facies: This facies is more extensive than

the northern proximal vent facies and consists dominantly of laharic
lapilli-tuff with minor intercalated tuff, volcanic litharenite,
feldspathic litharenite, and conglomerate (Fig. 5).

Two laharic sequences, which differ in textural variability and
range of fragment composition, can be recognized southﬂbf‘the fault

along Borthwick Creek. In places, lenses of tuff and fine-grained lapilli~
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stone, of possible primary origin, occur between the two sequénces.
Although the nature of the laharic sequence north of Borthwick
Creek is poorly understood because of poor exposure, it appears

to be equivalent to the upper sequence south of the fault.
Stratigraphic relations north of the fault indicate that the lower
flows of ;he proximal vent facies are coeval With,-énd the upper
flows younger than, the upper laharic sequence. Thus the lower
sequence soutﬁ of and terminated by the fault, wéuld be older than
the flows.

The lower sequence is heterolithic lapilli-tuff, lapillistoné
and tuff-breccia that contain felsic to intermediate fragments,
(Table 8),>have a bimodal grain size distribution, and have a
chaotic stratification with abrupt vertical and. lateral grain size
chaqges. In the northern part of the sequence, lapilli-tuff and
lapillistone predominate and have a coarse size fraction between
30 and 64 mm, and 20 to 30 percent tuffaceous matrix; some
lapillistoné lenses may be fluvial. In the south-the 1ahars are
dominantly lapilli-tuff and tuff-breccia with fragments up to
150 mm and 30 to 50 percent matrix. They interfinger, near
the base, with underlying tuffaceous rocks of member H-1.

The lahars are probably subaerial because the chaotic strat-
ification implies that individual units were emplaced in channels
eroded into underlying laharic units, similar to the situation
described by Waldron (1967) at Iraih-Volcano, Costa Rica. The
northward thickening of the lower sequence (Fig. 5) appears to be
controlled by pre-existing topography with emplacement .confined to
a depression in member H-1l. This depression was formed by prefer-

ential deposition of mafic to intermediate flows of formation G
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and primary tuff of member H-1 near the margin of the caldera, possibly
aided by collapse in the centre of the caldera. The northward

decrease in overall grain.size, emplacement of the sequence in a
depression, suggest a southern source. The EXact provenancé is

unknown but the similarity df fragments tolﬁhose in coarse primary
‘lapillistone and breccia suggests that the source is a coarse

proximal Qent facies ﬁét exposed in the present section.

In contrast to the lower sequence, the upper sequence is
characterized by gradual grain size changes and individual units are
more continucus along strike. It has a bimodal clast size distribution
with 40 percent tuffaceous matrix and 60 percent lithic fragments.
Seventy-five percent of the fragments are felsic to intermediate,
similar to those in the lower sequence, but twenty-five percent
are mafic to intermediate, and appear to have been derived from
férmatioﬁ G; such mafic to intermediate fragments are fare in the
lower sequence. The size of the clasts gradually varies along strike but
the size variation is opposite to that observed in the lower sequence.
In the nérth, south of Borfhwiék Creek, ciasts range £from 5 to.64 friind
whereas in the south they are 2 to 30 mm. The provenance for the
upper sequence is difficult to determine without knowledge of the
third dimension, but several comments can be made. Firstly, the
flow relations which support a build-up of material to the north and
the southward decrease in grain size indicate a potential northern
source., Secondly, the high proportion of mafic to intermediate
clasts indicates that the provenance is not the proximal vent
facies exposed in the present cross-—section becauée no‘formation

G units are exposed in the cross-section at this stratigraphic level.
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A potential source is unconsolidated coarse intermediate pyroclastics
and these unifs are exposed immediately below member H-2.

Member H-3

MEmbér H-3 (Table 10) is confined to the south and‘central'
parts of the caldera. The southern end is abruptly truncated by an
east-trending fault, that aﬁpears to be a primary boundary fault
of the caldera, and by the Setting Net Lake stock which appears to
have been intruded along the boundary fault (Fig. 5). The northerq'
part of the member pinches out.

The member consists mainly of pyroclastic rocks, but genétic
and grain size subdivision of the pyroclastic rocks is difficult
because of poor exposure, rapid vertical and lateral grain size
variations, and metamorphism. Consequently, unit boundaries shown
on Fig. 5 are arbitrary and reflect broad scale, grain size
changes. GCenetic subdivision into primary and secondary types is
based on petrographic data because diagnostic macroscopic features
were not observed. Despite these problems the member is considered
to be entirely distal vent facies because of the predominance of tuff,
the fine-grain size of lapilli-tuff and lapillistone, and the paucity_
of flows (Figs. 5 and 6, Table 10).

The upper unit of the member is poorly exposed north of Borthwick
Creek. This unit has been designated as undifferentiated tuff
(Fig. 5) because of its poor exposure and the predominance of
tuff in the few outcrops south of the Creek.

The central part of the member near Borthwick Creek is an
interlayered sequence of porphyritic flows, primary and undifferent-
jated tuff, lapillistone and rare breccia. To the south the sequence
is generally similar, although flows and undiffenentiated pyroclastic

rocks are less abundant. The maximum fragment size in the pyroclastic
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rocks is 3 cm.

Negr Borthwick Creek the discordant attitude of the flows
define (Fig. 5) a northward facing slope caused by progressive
northward expansion of the pyroclastic sequence:. The marked northward
increase in thickness of the overlying undifferentiated tuffi is partly
due to this northward slope, but it may also reflect, inpart, a
depression in member H-2. The rapid thinning of the undifferentiated
‘tuff further north reflects the positive topographié expression of
the proximal vent facies flows of member H-2. Although the depression
in member H-2 may have been exaggerated by later faults,it is probablg
that it formed by post-depositional collapse before deposition of
‘member H-3 and the build-up of flows to the north. The discordant
attitude of the flows indicates a progressive Euild—up of the member
from south to north.

The northward expansion of the member was caused by the
restriction of early volcanism to the southern part of the caldera
and the build up of material against the margin, followed by a
northward shift in vent positions as volcanism continued.

Member H-4

Member H~4 (Table 10) occupies most of the upper part of
the caldera (Figs. 5 and 6). It is thickest at the south end where it
is truncated by an east-trending fault that appears to represent the
original boundary of the caldera. The northern end of the member
~is uncertain, but it appears to be truncated abruptly by a post-
caldéra fault (Fig. 5).

The member is a diverse sequence comprising proximal vent
facies at the north and south ends, separated by a ceﬂéral distal

vent facies (Fig. 6). This relationship suggests that source vents
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were at the north and south ends of the caldera. Contact relations
between the facies provide insight into‘the development of the
member. To the south the distal vent facies underlies and grades
into the ﬁroximal vent facies, whereas to the north it appe;rs to
‘overlie the proximal vent facies. Thus,volcanism was not coeval
throughout the member but progressed from north to south.

Flows and primary lapillistone predominate in both proximal
vent facies, but tﬁe northern facies différs from the southefn
facies in having less primary tuff and flows, and more primary
breccia and agglomerate.

Northern Proximal Vent Facies: Primary lapillistone, breccia, and

agglomerate units separated in places by flows form most of
this facies (Fig. 5). The proportion of breccia and agglomerate
is greater here than anywhere else in the present cross-section
of the caldefa. The lateral extent of many.units cannot be détermined
because of offset along numerous east-trending faults (Fig. 5). As
shown by the contact between formations H and I and by unit
boundaries, the faults prodﬁced only limited vertical offset
(horizontal in reference to the present ground surface). However, the
apparent lack of correlation between the fault blocks indicates that
units must be lenticular and that there must be considerable horizontal
offset (vertical in reference to the present ground surface) along
the faults. The faults are post-caldera but are synvolcanic because
many faults contain quartz veins tﬁat are probably related to late-
stage hydrothermal activity. .

The coarser nature of the pyroclastic rocks, as compared to

other proximal vent facies units in the formation, indicates either
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that the area is closer to the vent, or a waning in intensity of
volcanism, or perhaps both. The coarsest units are in the southern
part of the facies near the No. 1 Shaft (Fig. 5) and there is a
progressive decrease in grain size northwérd. Southward thére is
an abrupt transition tb the distal vent facies.

The coarsest and best exposed agglomeraté unit is at the top
of the facies about 300 m south of the No. 1 Shaft (Fig. 5); it is
80 m thick and overlies sharply a thin tuff unit. The agglomerate
is variable in texture and composition. The lower 5 to 7 m comprises
angular, heterolithic, felsic to intermediate lapilli; the angularity
and heterolithic nature of the fragments and the lack of bombs
suggest that ﬁany of the early erupted fragments were derived
from older units rather than new magma. The central zone appears
to be monolithic and consists of rounded bombs and angular to subangular
blocks; this suggests that.as the eruption continued, the magma became
the major source for ejecta. The upper 3 to 5 m is a mixed zone
. that includes fragments from the basal brecciated zone of the
overlying flow. Mixing was probably caused by friction during
movement of the flow over unconsolidated ejecta.

‘The coarse pyéoclastic unit north of the No. 1 Shaft (Fig. 5)
comprises interlayered breccia, agglomerate, coarse (3 to 6 cm)
lapillistone, and minor fine (2 to 4 mm lapililistone. The breccia
and coarse lapillistone appear to be heterolithic with angular to
subangular, poorly sorted fragments. Fine lapillistone forms,
well bedded lenses; up to 3 m thick and 6 to 9 m long, that appear to

have infilled depressions in the irregular surface of the breccia
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and coérse lépillistone. Rock fragments in these lenses are
subangular to rounded and well sorted; these features indicate
some reworking possibly by fluvial processes. _ -

This unit is transected by two generations of minor east—
trending faults. Early faults have tightly healed, irregular surfaces
‘deflected by the fragments and have only minor quartz infilling and
cataclastic textures; they are p?obably penecontemporaneous with
deposition. Late faults have straight surfaces that transect frag—
ments and have prominent quartz infilling and cataclastic textures;
they afe synvolcanic but post-1lithification.

The lapillistone units (Fig. 5) are heterolithic and contain
only sparse blocks. Lapilli-tuff and tuff are.relatively rare
and form isolated massive lenses up to 40 m thick, mainly in the
northern part of the facies.

Discordant, intrusive alloclastic breccias that may represent
source vents were found 180 m south of the No. 1 Shaft and 150 m
. north of the No. 2 Shaft (Fig. 5). The units trend beﬁween 90° and
1200, are about 3 m wide, and have been traced for distances of 150 m.
Although outcrop exposure is poor, the southern unit may be associated
with, and represent the source vent for, the overlying coarse breccia
and agglomerate untt.

Another feature indicating closeness to source vents is the
close association of flows and coarse pyroclastic rocks (Fig. 5).
Flows afe most common in the south of the facies and this feature
together with the southward increase in grain size in the pyroclastic

rocks, points to southern source vents which would have been near
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the centre of the caldera. The abrupt-tranéition to the south with
the distal vent facies reflects the younger age of the distal vent
facies and progressive burial of the volcanic edifice represented
by the proximal‘vent facies. The trend of the uppermost flow in
the south part of the proximal vent facies represents the initial
dip of the edifice.

Central Distal Vent Facies. This facies is poorly exposed and little

known. It appears to comprise a lower sequence of fluvial tuff im
the south and laharic lapilli~tuff and tuff-brececia in the north,
both of which are overlain by an upper tuffaceous sequence.

Southern Proximal Vent Facies: Lenticular, porphyritic flows with

a maximum thickness of 150 m and an average thickness of 30 m are
present throughout the facies. In the uppermoé; flow sequence

there is an abrupt lateral textural change that appears to indicate
the presence of two or more lenticular flows and, or ash-flow

tuff units separated by a steep contact (Fig. 5). Both units have
the same general thickness. The northern two outcrops are
texturally uniform with 20 éercent plagioclase phenocrysts andi
appear to be a lenticular flow about 1200 m long and 80 m thick.

In the southern two outcrops the sequence has a variable phenocryst
content: quartz phenocrysts are ubiquitous but there is a variable
quartz to plagioclase phenocryst ratio. In addition,minor accessory
rock fragments are locally present, and the groundmass is very fine-
grained and was probably glassy. Based on phenocryst contents, one
interpretation, as shown on Figure 3 is that the southern sequence
comprises three flows with slightly different pheﬁocrysp contents.
Boundaries between flows were not observed in the field. An

alternative interpretation is that the wmit represents an ash-flow
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tuff sequence deposited in a depression between the porphyritic flow
on the north and the caldera wall on the south. This interpretation
is supported by the variable phenocryst population (Ross and Smith,
1961; Lipman et al. 1966; Williams and McBirmey, 1969), the presence
of accessory clasts, and the similarity in thickness of the southern
unit and the northern flow? although the similar thickness could be
the result of subsequent erosion. Broken phenocrysts which.WOulé
be diagnostic of ash flow origin were not identified in the unit
because recrystallization has largely destroyed grain boundaries.
On the basis of the limited data, the autbor.prefers the ash flow
origin, although the units are shown as flows oanigure 5, because
the data are inadéquate to introduce a new lithologic unit. This
is the only place in formation H where ash-flow-tuff has been
tentatively identified.

“Both primary tuff and lapillistone show an upward progression
from heterolithic to monolithic. The basal tuff unit (Fig. 5) is
heterolithic and contains pyroclastic, sedimentary, and mafic to
intermediate fragments in addition to the dominant aphyriec and
borphyritic felsic to intermediate fragments. Tuff units higher in
the sequence (Fig. 5) contain only aphyric and porphyritic felsie
to intermediate fragments, but this tuff is termed monolithic
because many seemingly aphyric, ash-sized fragments may have been
derived from sparsely porphyritic units.

Heterolithic lapillistone contains both aphyric and porphyritic
fragménts with variable phenocryst contents. The basal lapillistone
unit contains fragments of the immediately underlying flow sequence
which is characterized by well developed flow foliatiom. Monolithic

units higher in the sequence contain only porphyritic fragments and are
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difficult to distinguish from flow breccia.

Thé vertical change from heterolithic to monolithic suggests
that early eruptions ejected fragments of pre-—existing rock -from within
the vent in addition to new magma, but as volcanism proceeded the
magma became the sole source for ejecta.

The southern part of the two uppermost lapillistone units
(Fig. 5) appear to have been reworked, possibly as Tahars. They
contain rounded, heterolitbic fragments and up to 30 percent matrix.

The extreme south end of the facies is a wedge-shaped fault block
(Fig. 5), of porphyritic flows and thin interflow primary tuff units.
This cannot be directly related to the remainder of the facies.

FORMATION I - SEDIMENTARY ROCKS

There are two distinct facies of formation T (Fig. 4): a
northern shallow-water facies that is coextensive with formation H
(Fig. 5) and a southern deep-water facies that is physically separated
from both the northern facies and formation H (Ayres, in preparation)-.
The northern facies comprises a lower sandstone and conglomerate member,
that ranges in thickness from O to 100 m, and an upper sequence of
érgillite, siltstone, intermediate to mafic tuff, chert, and ferruginous
chert with an average thickness of 50 m. The southern facies is a
turbidite sequence of greywacke and minor conglomerate and is at least
2.5 km south of the caldera. Although formation I was not part of the
present study, a summary of the sandstone and conglomerate of the
northern facies is included here because they appear to have been
derived from formation H and deposited in the caldera.

The northern facies unconformably overlies formation H. North
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of Borthwick Lake, deposition and facies'relationships in the lower
sandstone and conglomerate member were partly controlled by topo-
graphic irregularities in the underlying volcanic surface (Fig. 5);

relief on this surface was up to 125 m. The irregular surface is

probably a combination of volcanic constructional processes, offset

on early faults, and minor erosion. South of Borthwick Lake (Fig. 5),
the lower member has a more regular thickness, lacks rapid facies
changes, and appears to have been deposited on a relatively smooth

surface that may be a primary volcanic surface resulting from

extrusion of flows and/or ash flows. Depbsition cf the sandstone
and conglomerate appears to have smoothed out the topographic
irregularities north of Borthwick Lake.

The sandstone north of Borthwick Lake is feldspathic litharenite
and litharenite (Ayres, in preparation) and is characterised by, 1)
a high content of rounded volcanic fragments of medium to coarse sand
size, 2) a low content of rounded to angular, sand-size quartz and
plagioclase, with a high qﬁartz to plagioclase ratio, 3) dispersed
rounded volcanic pebbles, 4) a low matrix content, 5) rare rounded
to subangular chert clasts and 6) a well preserved primary texture.
Volcanic fragments are mainly aphyric to locally porphyritic and
felsic to interméediate. Quartz, although commonly recrystallized,
consists of mono- and polycrystalline varieties, indicating a
compoéite provenance. Limited chemical study by Ayres (in prepara-—
tion) showed that the sandstone is chemically similar to volcanic
rocks of formation H. The sandstone has well developed bedding, in
part graded, with thicknesses between 1 cm and 9.6 m. Local cross-—

bedding, ripple marks, and flame structures were ohserved.



~ 84 -

The conglomerate is interbedded with the sandstone and
contacts are sharp to gradational. Based on dominant clast types,
two distinct types of conglomerate can be distinguished: volcani-
clastic conglomerate and porphyry conglomerate (Ayres, in preparat-
ion). The volcaniclastic conglomerate is a polymictic pebble to
boulder paraconglomerate consisting of 30 to 60 percent rounded
clasts in a medium to coarse sand matrix that contains ubiquitous
pyrite. Fine-grained, aphyric to porphyritic, felsic to intermediate
volcanic clasts, that are identical to lithologies in formation H,
form 80 to 90 percent of the clast population. Minor clast types
include chert, white vein quartz, green mica schist, and mafic to
intermediate volcanic rocks. Porphyry conglomerate is a polymictic
cobble to boulder orthoconglomerate consisting of 70 to 80 percent,
rounded to subangular clasts in a quartz-poor sandy matrix.

Aphyric to porphyritic, felsic to intermediate clasts pfedominate
but they have a greater compositional heterogeneity than clasts

in volcaniclastic conglomerate and do not resemble lithologies found
in the exposed section of formation H. Minor clasts are similar to
those in the volcaniclastic conglomerate. Porphry conglomerate

is restricted to the top of the sandstone and conglomerate member
and is only 15 m thick. The abrupt change in the nature of the
conglomerate presumably reflects a change in provenance and/or
transport regimes. Bedding is poorly developed in all conglomerate.

South of Borthwick Lake, the lower member consists dominantly
of sandstone, and conglomerate is less abundant than in the lower
member north of the lake. The sandstone contains up to 40 percent

quartz and plagioclase, with the remainder being fine~§rained lithic
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clasts, presumably of volcanic origin, and minor matrix. Also it is
finer—grainédg better sorted and more thiﬁly bedded than the sandstone
north of the lake. Because of the finer grain size, primary <textures
are poorly preserved.

| Mafic conglomerate and sandstone form a major unit immediately
north of Borthwick Lake and local interbeds elsewhere. These units
are identical to the volcaniclastic sandstone and conglomerate except
for a higher content of mafic to intermediate clasts.

The similarity of most clasts in the volcanic sandstone and
conglomerate to lithologies in formation H suggests that most of the
detritus was derived from formation H. However, source area must be
outside of the exposed section, because, except for one or two low hills,
formation H is completely covered by sandstone and conglomerate
(Ayres, in preparation). North of Borthwick Lake the member probably
was deposited rapidly in an alluvial fan and shallow-water environment
with local agitation. This is supported by 1) topography of the pre-
sedimentation surface, 2) thick bedding in some units,l 3) local cross-
bedding and ripple marks, &) high lithic content of sandstone indicat-
ing immaturity, 5) numerous conglomerate interbeds and occurrence
of pebbles in sandstone.

The member south of Borthwick Lake appears to be a more distal
unit that deposited in a quiescent shallow~water environment. This
is supported by laminar bedding, greater maturity, lack of conglomerate
interbeds, and lack of cross-bedding.

The restricted occurrence of the mafic sedimentary rocks and

their interbedding with more normal volcaniclastic rocks indicate a
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different source. Because the mafic unit occurs in the centre of

the caldera, the source is probably within the caldera and represents
renewed mafic to intermediate volcanism near Borthwick Lake. This
volcanism may have formed cones that separatgd the northern and
southern parts of the sandstone and conglomerate member, at least

on the plane of the exposed sectiom.

The depositional environment, immaturity, compcsition, and
extent of the sandstone and volcanic conglomerate support a
restricted depositional basin whose extent was controlled by
formation H. This basin is most likely the caldefa produced during
formation H volcanism. The deposition of the sediments indicates
that the caldera was not completely filled by products directly
produced by volcanism.

The abundant chert and the general fine-grained nature of
the ﬁpper member suggests that it was deposited in a quiet aqueous
environment, probably a lake that occupied the caldera.

ENVIRONMENT OF VOLCANISM

Formation E, which represents the early mafic phase of cycle
2 is pillowed and appears to have been emplaced in a subaqueous
environment. Following this phase, and associated with the
developﬁent of the calderé, felsic to intermediate volcanism of
formations G and H appear to have been subaerial. Clear cut
environmental indicators sgch as pillows are lacking but the broad
characteristics of formation H, the characteristics of flows in
formations G and H, and the origin of formation I all support
subaerial volcanism. -
Formation H consists dominantly of felsic to in;ermediate»

pyroclastic rocks which are normally restricted to shallow-water and
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subaerial environments. Formation of pyroclagtic rocks is controlled
primarily by gas content of the magma and ‘the degree of exsolution
of each gas phase. Explosive eruption probably occurs only when the
volume of exolved gases approaches the volume of the magma, and
this can occur only under low pressure conditions characterizing
shallow-water and subaerial environments (McBirney, 1963; McBirney
and Murase, 1971). Much pyroclastic debris is tramsported from the
site of original emplacement (Parsons, 1969; Fisher 1960b, 1961,
1966) by various subaqueous and subaerial processes. In formation
H many of the pyroclastic rocks have been transported short
distances, but they lack bedding and sedimentary structures indicat-
ive of aqueous environments. This suggests rapid deposition by
subaerial sheet flow or stream movement. Also the chaotic stratif-
ication in lahars of member H-2, which is similar to lahars in
modern subaerial stratavolcanoes, suggests subaerial emplacement in
erosion channels. If the secondary pyroclastic rocks are largely
subaerial, then the primary pyroclaétic rocks which occupy higher
topographic areas and are the source for the secondary éyroclastic
rocks, must also be subaerial.

The epiclastic rocks in formation H have a high content of rock
fragments from coeval units and a restricted extent. Both features
are indicative of subaerial stream deposition and not of deep-or
shallow-water marine environments. The restricted occurrence of>chert
and argillite in member H-1 which is mainly primary and secondary

pyroclastic rocks of probable subaerial origin indicates that quiet,

-shallow water, possibly lucistrine environments occurred during early

stages of caldera filling.
The absence of pillows, pillow breccia, and hyaloclastic rocks

in flows of formations G and H, also suggest subaerial emplacement.
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These structures are not developed in all subaqueous flows, particularly
those of more felsic composition, but their total absence in caldera
flows may be an environmental indicator.

The nature of clasts in sandstone and conglomerate in the lower
member of formation I indicates that detritus was eroded from formation
H and, therefore, that the source was subaerial. Deposition of detritus
probably occurred in a subaerial alluvial fan environment at the top

of the caldera.

In summary, the dominance of felsic to intermediate pyroclastie
rocks, the characteristics.of secondary pyroclastic rocks of fluvial
and laharic origins, and the local derivation of formation H and
formation I epiclastic rocks suggest that volcanism was largely
subaerial. The origin and extent of the upper meﬁber of formation I,
and the occurrence of chert and argillite in formation H suggest that
pyroclastic rocks were emplaced locally in shallow lakes that formed

in the caldera during periods of volcanic quiescence.
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ALTERATION AND METAMORPHISM

During the Early Precambrian, formation H and adjacent units
were regionally metamorphosed under low to middle greenschist condit-
ions (as defined by Winkler, 1967). Detailed analysis of thig
metamorphism is beyond the scope of this thesis. The follbwing
discussion summarises textural and mineralogical characteristics related
to the two main types of volcanic alteration, and associated metamorphism:
restricted buff alteration, and pervasive recrystallization.

Discordant to concordant buff alteration zones (assemblage 3,

Table 5) are present near the top of the proximal vent facies of

member H-1 and the northern proximal vent facies in member H-4. These
zones are characterized by a lighter colour, higher muscovite content
and stronger recrystallization. The alteration in member H-1 has
affected mainly the upper tuff unit but the thickﬁess of the alteration
zoné is not known because of poor outcrop. The alteration in member
H-4 is up to 400 m thick and has gffected all rock types in this member
and possibly the lower conglomerate of formation I. Smaller, more
discrete alteration zones occur in flowé, and along thé margins of
metamorphosed quartz veins and fault controlled quartz-actinolite veins
(Adams, 1976). All buff alteration zones, except the discrete zones in
flows, have a close spatiél relationship to metamorphosed Cu, Zn, Pb, Ag,
and Au mineralization.

Mineralogically aﬁd texturélly, the remainder of formation H differs
from other felsic to intermediate units of similar metamorphic grade in
the Favourable Lake metavolcanic-metasedimentary belt (Ayres, in
preparation) and from greenschist facies, felsic to intermediate meta-—
volcanic rocks at Lake of the Woods, norphwestern Ontario. The most

important differences characterising formation H are:
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1) Primary textures are less well preserved in tuff and in some
flows because of pervasive recrystallization to fine-grained,
quartz-feldspar aggregates. This may in part reflect a high
primary glass content, but the differences in groundmass l
textures of flows cannot be due simply to differences in glass
content.

2) Very fine-grained biotite is more abundant whereas actinclite
is generaily absent.

3) Pervasive muscovite-rich buff alteration zones, which are
characterized by stronger distruction of primary textures, occur
in proximal vent facies sequences.

4) Prograde garnet occurs in the muscovite-rich rocks in the buff
alteration zones.

5) Epidote, which should be a common phase at this metamorphie
grade because of the breakdown of plagioclase, is relatively
rare.

6) Pyrite and pyrrhotite are widespread.

These differences must reflect variations in one or more of,

1) the nature of the primary rock wumits, as for example glass

content, 2) synvolcanic alteration, or 3) conditions of regional

metamorphism.

The differences cannot be due to regional metamorphism
because pressure and temperature conditions must have been essentially
the same in formation H as in adjacent units. Furthermore a high
primary glass content, although possibly responsibie for less well
preserved primary textures in tuff, cannot explain the dgstruction
of primary texturés in flows and large fragments, nor the Widespréa&
occurrence and habit of biotite. It is thus concluded that the

differences probably reflect a pervasive, pre-metamorphism alteration
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that was restricted to formation H, although the present mineralogy is
the result of later regional metamorphism. The alteration was
apparently caused by a fluid phase that had unrestricted access and
mobility in formation H. This is most likely during or shortiﬁ aféer
deposition, when porosity was high and the formation still contained
some primary heat and gases which were emitted both from degassing

of units and from the subjacent magma chamber.

Tt is thus proposed that the alteration was related to cooling
and to fumarelic and hot spring activity at the surface of the wmit.
The pervasive biotite-rich alteration represents subsurface reactions
that were facilitated by the high primary glass content. The buff
alteration zones which occur close to proposed source vents, where
degassing would be most intense, represent surface fumarclic or hot—
spring activity. Extension of the buff alteratioﬁ zone, in the north
proximal vent facies of member H-4, into the basal conglomerate of
formation I suggests rapid erosion of formation H and sedimentation
contemporanecus with hot~spring or fumarolic activity. The extensive
chert and ferruginous chert in the upper member of formation I

probably reflects continued hot-spring activity.
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CHEMISTRY

INTRODUCTION

Major and trace element chemical analyses (Table 11) were
.made on 26 samples (Fig. 5) as follows:

1) 3 samples from mafic to intermediate flows and 1 sample
from a mafic to intermediate primary lapillistone unit, in formation
G.

2) 1l samples from felsic to intermediate flows in members
H =~ 2 and H - 4, Duplicate samples were collected from two flows

(18 and 19; 476 and 478).

3) 9 samples from felsic to intermediate pyroclastic and
epiclastig units in all members of formation H, and

4) 2 samples from the quartz diorite intrusion.

Samples 308 and H 3/22 are from widespread buff alteration
zones and samples 19, 394 and 423 from smaller but similar zones
in felsic flows.

Barth norms were calculated volatile~free afﬁer removing
H20 (total), CO2 and S and recalculating analyses to 100 percent.
Fe203/FeO is high in several samples and Fe203 was  therefore
adjusted to compensate for possible oxidation. The upper limit for
Fe203 was determined from the following equation (Irvine and Baragar,
1971) ¢

% Fe203 = % TiO2 + 1.5
If the Fe203 value is less than this, no adjustment was made( but
if it is greater the excess was converted to FeO. This adjustment.‘
however, may be invalid in alteration studies because oxidation
may be part of alteration rather than due to sﬁbsequent me tamorphism.

Plots of the chemical data on various diagrams (Figs 15,

18, 19, 20, 21, and 22) show considerable scatter which crudely
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indicates that formation H has undergone widespread alteration, as
anticipated from mineralogical and textural studies. If unaltered,
the plots should show relatively small scatter because formatioms

G and H appear to be erupted from the same, or closely related
magma reservoirs. The purpeses of the chemical study were to
establish, 1) the broad stratigraphic extent of alteration, 2) the
relationship, if any, between lithology and alteration, 3) the

major chemical changes to facilitate classification, and 4) a

-bbasis for future detailed study.

Metasomatism of Precambrian rocks metamorphosed under green—
schist facies conditions can commonly be detected by high HZO

(total), CO, and S contents (Wilson et al., 1965). However, except

2

for high S in some samples, volatile contents are relatively low and

nof indicative of metasomatism (Table 11). Ideall& metasomatism should
be studied by comparing altered samples with unaltered equivalents from
similarAlithologic units in the same area. This procedure could not be
followed because of insufficient sémples and because the alteration

appears to have affected all parts of formation H. Consequently, cale-

“alkaline control suites were selected from both unmetamorphosed:

Cenozoic sequences and metamorphosed but apparently unaltered Early
Precambrian sequences (see Figs. 15 and 17). Calc-alkaline suites
were chosen because, after broad adjustments are made for chemical
changes, the study samples appear to be calc-alkaline (Fig. 22}.
Prior to adjustment, the samples show a wide dispersion and straddle
the tholeiite-calc-alkaline field boundary on the A1203 - normative
plagioclase plot (Fig. 22) and on other diagrams used: for
classifying subalkaline rocks (e.g. Miyashiro, 1974; diaéfam not:.
shown). Both Early Precambrian and Cenozoic suites were used

because of possible primary chemical differences between Early
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Precambrian and Cenozoic calc-alkaline volcanism (Baragar and
Goodwin, 1969; Hart et al. 1970; Glikson, 1971; Jolly, 1975).
Major différences proposed by Baragar and Goodwin (1969) are lower
.A12032 Fe203, NaZO and KZO’ and higher FeO, MgO and volatiles in
Early Precambrian rocks compared to Cenozoic equivalents.

Metasomatic changes involving depletion in Ca0O and Na20,
and both enrichment and depletion, KZO were the easiest to detect
(Figs. 15 and 18; Table 12), Changes in other oxideslﬁere not as
readily detected by graphical techniques, but their apparent behaviour
can be summarized as follows:
1) SiOz'appears unchanged in most samples but enrichment is inferred

in several samples,

2) MgO and FeO appear to be depleted in some samples,
3) Al,0, appears unchanged in most samples, |

273

4) TiO2 and PZOS appear unchanged, and
5) MaO appears unchanged except in sample 308 which is from a buff

alteration zone.

METASOMATISM

Lime and Alkalies

Changes in lime and alkalies can be broadly determined on a

X,0+Na,0 - A120

9 2 - Ca0 ternary diagram (Fig. 15) in which formation H

3
samples show a wide scatter and are mainly outside of the restricted
field of umaltered Cenozoic and Early Precambrian calc-alkaline rocks.
Most formation H samples plot above the unaltered field toward the

A1203 corner. This could reflect addition of A1203 but except for

a few samples, such as, 423 which coqtgins 19.38vpercent“;.’-\l.2103 (Table.ll),

the raw chemical data do not support the major additions of A1203
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Fig, .15. Caption on next page.
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Fig., 15. Portion of the K0 + NazO ““'A1203 - Ca0 ternary
diagram showing the wide scatter of the study samples above the
unaltered field.

Triangles - formation G mafic to intermediate flows; . open circle
- formation G mafic to intermediate primary lapillistone; sguares
- formation H felsic to intermediate flows; dots = foxrmation H felsic
to intermediate volcaniclastic rocks; diamonds ~ quartz diorite intrus—
ive rocks; asterisks beside samples denote buff alteration.

The unaltered field enclosed by the dashed line was determined by
élotting about 85 apparently unaltered but metamorphosed, Early
Precambrian calc=-alkaline samples (Andrews,'l964; Goodwin, 1967;

Baragar and Goodwin, 1969; Jolly, 1975; Morrice, unpublished} and

about 85 unaltered, unmetamorphosed, Cenozoic calc-alkaline

samples from a wide range of island arc ernviromments (Kuno, 1959;

Fiske et al 1963; Ewart and Stipp, 1968; Jakes and White, 1969, 1972;
Seigers et al., 1969; Taylor 1969, Gill, 1970: Rubel, 1971; Pichler and
Zeil, 19723 Condie and Swenson, 1973; Higgins, 1973; Colley and Warden
1974; Keller, 1974; Lopez~Escobar; in press; Miyashiro; 1974). The un-
altered field includes samples with silica content between 50 and 76 per—
cent. The trend of the field defines the behaviour of the three parametres
with increasing SiOz, with low SiO2 samples at the right end of the field

and high SiO, samples at the left end.

2
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Necessary to produce the observed data points. 'Furfhermore simple
addition of A1203 would not cause such a wide scatter in the data.
Thus this plot reflects mainly depletion of Ca0 and alkalies, although
slight additions of A1203 may have taken plaée.

Four formation H samples plet in, but close to the upper
boundary of the unaltered field (Fig. 15). Three of these (38, 183
and 228) have the lowest A1203 contents of formation H samples
(Table 11) and this partly controls their position in the field.
Although it is difficult to determine whether the A1203 content of
these samples is primary or depleted, the position of these samples
near the upper boundary of the field in conjunction with low A1203
indicates that Ca0 and/or alkalies are depleted. If Ca0 and alkalies
had not been depleted ther the samples should plot in the lower part
of the unaltered field because of their low Ale3 content.

Two samples {158 and 199) from mafic to intermediate flows in
formation G also plot in the unaltered field (Fig. 15) and lack obvioug
changes in the three parameters. One flow sample (160) plots slightly
outside the field due to possible Ca0 enrichment. The mafic to
intermediate pyroclastic sample (71) plots above the field as a
result of depletion in Ca0 and alkalies.

The semi-quantitative effect of changes in lime and alkalies can
be illustrated by reference to Figure 16. In this figure an unaltered
calc—alkaline dacite from Bougainvilie, Solomon Islands (Taylor, 1969),
which has a similar SiO2 content (65.1 percent Si02) to some of the
formation H samples, has been subjected to various changes. Line 1
shows‘the shift in composition of the sample as total alkalies are
depleted and A1203 and Ca0 remain constant. Line 2 shows the effect

of decreasing Ca0 when the other components remain constant. Lines
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Fig. 16. Caption on next page.
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Fig. 16. Portion of the KZO + NaZO —_— A1203 — (Ca0 ternary diagram
showing the effects of changing total alkalies and Ca0 when A1203 remains
constant. An unaltered calc-alkaline dacite (A), with 65.1 percent SiOZ’ from

Bougainville, Solomon Islands (Taylor, 1969) is used to illustrate the

changes. The solid arrows indicate the directions in which the dacite

composition would shift if: total alkalies were depleted — line 1;
lime was depleted — line 2; total alkalies were enriched — line 3; or
lime was enriched — line 4. Points a, b, ¢, d, and e illustrate the

effect of specific total alkalies and lime depletions of 'A' and correspond
to the field occupied by formations G and H samples in Figure 15. The

changes made for these points are:

Ca0 A1,0 K,0+Na,0 % Variatiom

273 2 2 Ca0 K,0+Na,0
A 5 16 7 -— —_
a 2 16 7 -60 —
b 3 16 5.6. -40 -20
c 2 16 2.8 -60 -60
d 3.5 16 4.9 -30 -30
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3 and 4 show respectively the effects of increasing alkalies and
increasing lime with the other components remaining constant. Lines

1 and 2 are the most pertinent to this study because most of the
formation G and H samples plot between these lines above the wnaltered
field (Fig. 15) as a result of depletion of both Ca0 and alkalies with

A120, remaining constant. The changes are shown semi-quantitatively in

3
Table 12.

The behaviour of the individual alkali oxides can be examined
on the alkali igneous spectrum diagram (Figs. 17 and 18) of Hughes
(1972). Hughes studied unaltered Phanerozoic igneous rocks, and
found that rock suites defined trends with positive slopes on a
K20+Na2

confined to a portion of the diagram which he termed the igneous

0 versus (KZO/K20+N320) x 100 plat. These trends were

spectrum, and within which all unaltered rocks shéuld plot. Stauffer
et al (1975) proposed a modification in the lower boundary curve
(Fig. 17) to include island-arc tholeiitic rocks previously omitted
by Hughes, and this modified boundary is used in the present study.
According to Hughes (1972), in samples that plot outside the igneous
spectrum primary, KZO and Na20 contents have been modified. Hughes
also observed that most spilites plot on the NaZO side of the igneous
spectrum (Fig. 17) and have accordingly undergone Na,0 metasomatism.
Examination by the author, of 94 Early Precambrian, intermediate,
calc—-alkaline metavolcanic rocks with low volatile contents, showed
a very wide scatter (Fig. 17). Most samples plotted either in the
ingeous spectrum or in the NaZO field; many of the samples on thekNaZO
side of the boundary were in the spilite field. The meaning of this
distribution is not certain. It may reflect KZO depleti;ﬁ or N320=

addition, or both, of Early Precambrian samples which was not indicated
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Fig. 17. The alkali igneous spectrum diagram of Hughes (l§72)
with the fevised lower boundary proposed by Stauffer et al (1975)
to include island-arc tholeiitic rocks. 1In this diagram samples
with strongly medified alkali contents would plot outsidé thé
igneous spectrum. The spilite field as defined by Hughes (1972}
is shown also and generally falls outside of the igneous spectrum.
For comparison 94 metamorphosed but apparently unaltered Early
Precambrian calc-alkaline volcanic rocks are plotted‘(Andrews, 1964;
Goodwin, 1967; Baragar and Goodwin 1969; Jolly 1975; Morrice
unpublished). Many of the samples plot above Hughés' uppef boundary
and this may indicate either lower primary KZO content§ in the Early
Precambrian samples, oxr more likely, Na_O metascmatism that was.not

2

recognized by other tests.
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by their volatile content (as is the case for the caldera samples),
or lower primary KZO contents in Early Precambrian rocks. Metasomatism
appears to-be the most acceptablé alternative because when the samples
are plotted by geographic areas (not shown in the diagram), they still
have a wide scatter and do not define trends with positive’slopes.
Each geographic area represents one or more volcanic suites, and by
analogy with unaltered suites, each suite should define a definite trend
with a positive slope if the low K,0 is a primary feature. This
suggests that present tests for alteration of Early Precambrian meta-
volcanic rocks are inadequate.
When the study samples are plotted on the igneous spectrum
diagram (Fig. 18) the most conspicuous feature is their wide range
of KZO/NaZO ratios indicating strong alkali metasomatism. The nature
of changes in NaZO and KZO are shown semi~quantitétively in Table 12.
Most samples plotting in the igneous spectrum (Fig. 18) either
have primary KZO and NaZO contents, or metasomatic effects have
been minor. Two samples (158 and 160) from mafic to intermediate flows
in formation G plot close to positions of similar unaltered rocks
studied by Hughes (1972) and probably have not been affected by alkali
metasomatism (Table 11). TFormation H samples, however, are more
scattered and this probably indicates subtle, K20 and Na20 changes.
Although some flows do plot in the sirongly metasomatised fields, the
predominance of flows over pyroclastic rocks in the igneous spectrum
field suggests that flows will give a better approximation of primary
Na,0 and K

2 2

within the igneous spectrum are flows (Fig. 18). Four flow samples

O contents than pyroclastic rocks. Most formation H samples

(18, 37, 261, and 478) plot close to positions of similar unaltered

rocks studied by Hughes (1972) and would appear to be unaltered (Fig. 18).
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Fig 18. The alkali igneous spectrum diagram of Hughes (1972)
showing the wide lateral spread of the study samples indicating
alkali metasomatism. Symbols as in Figure 15. Lines for pure
Nazo and K20 netasomatism are shown and arrows and signs denote
directions for addition and depletion.

Unaltered major reck types from Hughes (1972) are ThB =
tholeiitic basalt, Hal.B - high-alumina basalt, AB - alkali-

olivire basalt, And - andesite, Da - dacite, HW~Mug - hawaiite-

mugearite.
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However, they plot above the unaltered field in Figure 15 indicating
small alkali depletions (Table 11). One sample from a buff alteration
zone within a flow (394) probably had a similar primary mineralogy to
sample 18, but it plots farther away from the positions of similar
unaltered rocks (Hughes, 1972). This is probably the result of KZG.
enrichment because the trend of the tie-line parallels the pure KZG
metasomatism trend. Sample 445 plots in the alkali-basalt field
but mineragraphic work indicates that it probably originally plotted
in the dacite field. This divergence is probably a reéult of Nazo
and KZO enrichment because the trend of the fie—line is divérgent to
those for pure NaZO and KZO depletion.

Samples in the Na,O0 field (Fig. 18) probably reflects NaZO
enrichment (Table 12). This is best shown by samples 476 and 468
from the same flow. The trend of the line joining these two samples
parallels the trend for pure Na,0 metasomatism (Fig. 18). Sample
382 has probably undergone KZO ‘depletion in addition to NaZO enrichment
because the S:‘LO2 content is equivalent to that in dacite, and a line |
joining the sample to the unaltered dacite field has a divergent trend
to those foi pure N320 and KZO metasomatism.

Samples in the KZO field (Fig. 18) reflect KZO enrichmeﬁt and

Na.O depletion (Table 11). This is illustrated by samples 18 and 19

2
from the same flow. A line joining these samples defines a trené
intermediate between the trends for pure KZO and pure NaZO metasomatism.
If formation H samples originally plotted close to the unaltered
andesite to dacite trend in the igneous spectrum (Hughes 1972; Fig. 18}
as mineralogical observations suggest, then shifting of the samples

to their present positions would define a trend slightly closer to

that for pure NaZO metasomatism. This suggests that NaZO depletiomn
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was slightly more dominant than K20 enrichment.

Four of the five samples from the strohgly recrystallized buff
alteration zones (19, 308, 423, and H3/22) plot fartherest away from
the igneous spectrum boundary in the KZO field. This suggesté that
the intensity of recrystallization is directly proportional to Na20
depletion and KZO enrichment.

One mafic to intermediate flow sample (199) from formation G
which is chemically'similar, except for higher KZO content, to
sample 160 in the igneous spectrum, plots outside the igneous-
spectrum (Fig. 18). This is probably a result of stronéer K20
enrichment than NaZO depletion because the trend of the tie~line
parallels the pure KZO metasomatism trend.

Table 12 shows semi-quantitatively the effects of lime and
alkali metasomatism by reference to figures 15, lé and 18. Ca0 and

Na,O0+K,0 changes are determined by establishing for each sample the

2 2
approximate starting point within the unaltered field in Figure 15
on the basis of 8102 content and using A in Figure 16 as a control.
The majority of samples (for example, 476, 478, and 268) would
probably replot close to A in the waltered field (Fig. 16) because of -
similar SiO2 contents. Thus, the changes in the study samples can be
determined by comparing directly their position outside the unaltered
field in Figure 15 with the changes in A in Figure 16. A few samples
(for example 71) would replot away from A, but the changes can be
approximated by transposing alteration trends from A to the point.

Na,0 and K20 changes are determined from Figure 18. Although A1203

2
contents may have changed in some samples, they are not shown in .

Table 12 because they are difficult to quantify. Such changes are

probably small.
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TABLE 12. The nature of CaO, KZO + NaZO, and K20 changes and their
relation to normative corundum content and normative plagioclase.

and their composition.

SAMPLE CHANGES IN NORMATIVE NORMATIVE PLAGIO~
NO. CORUNDUM CLASE/CHANGE IN
cao + N N,
a0 K,0fNa,0  Na,0  K,0 COMPOSITION

FORMATION G

(1) Pyroclastic rocks

71 - +,0 +,0 o} 7.4 -~ 33.2

(ii) Flows

158 [¢] o] o] o] [o] 0 43.0
160 0,+ o] [¢] [¢] o 0,+ 59.5
199 o] + o,~ + o] 0,+ 60.6

FORMATION H

(i} Pyroclastic rocks

95 - - - o,+ 5.6 + 50.5
183 o o -,0  +,0 1.1 o} 30.2
224 O,~ C,+ - + 0.9 + 57.2
228 0,- 0,+ 0 O, +- 1.4 o - 35.5
263 o,- - - 0,+ 3.7 + 50,0 RS
285 o —~— - o 1.3 + 67.8
%308 - - — + 10.2 + 65.2 )
382 — o + - 2.7 - 16.2
*13/22 - - - + 5.3 + 55.2

18 - - - - 2.9 o 30,1
*19 —— - e + 8.2 + 59.6 }
37 o - - - 1.8 + 40.6
38 o - - + 0.3 + 43.0
261 o - - - 0.5 + 41.0 1
*394 - + o + 6.4 ~ 17.4
*423 -- - _ + 14.2 + 52.9
. 426 o - - o) 2.2 + 64.5
445 0 - - = 3.6 + 42.1
476 - + + 0,- 2.6 - 12.0 ~
478 - - - - 2.9 0 30.1 .

(ii) oQuartz diorite intrusive rocks

84 - + ++ o,~ 2,5 - 12,3
398 etad + +4 O,~ 1.6 - 16.8

Key to Symbols

i

- 0 = no detectable change

% = buff alteration zone

]

+ small increase; ++ = large increase

i

small decrease; -— large decrease

l.
0
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Changes in lime and alkalies can have profound effects on
normative mineralogy. Normative corundum is low or absent in
unaltered rocks, but is relatively high in samples that are strongly
depleted in Ca0 and/or alkalies. These depletions cause excess A1203
because not all of the available A1203 should be incorporated in
normative plagioclase and orthoclase; the greater the depletions the
higher the normative corundum content. The same depletions can also
cause higher normative quartz contents because less SiOé is incorp-
orated in normative plagioclase and orthoclase. Lime and alkali
depletions also affect the normative plagioclase composition, which
‘becomes more albitic if Ca0 is depleted and Na,0 enriched and more
anorthitic if Ca0 is enriched aﬁd Na20 depléted. The effect of -
metasomatism on normative corundum content and normative plagioclase
composition is shown in Table 12, The effect on nﬁrmative quartz.
is not shown because the effect of SiO2 metasomatism, as will be
discussed bélow, is difficult to determine:

The behaviour of CaO, Nazo'and K,0 in the major lithofacies
of formations G and H can be summarized as follows:

1) Mafic to intermediate flows from formation G show only
limited alteration with possible Ca0 enrichment in sample 160 and
K,0 enrichment and possible Nazo depletion in sample 199.

2) The single sample of mafic to intermediate primary
lapillistone in formation G (71) is depleted in CaO and possibly
enriched in Na20.

3) Felsic flows from formaﬁion H have undergone variable
metasomatism ranging from weak depletions in Ca0 and alkalies to strong

depletion in Ca0 and Na20, and moderate depletion and enrichment in Kzﬁa
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4) Pyroclastic rocks from formation H have undergome stronger
and more widespfead changes than flows because of their greater
permeability and higher surface area and glass content. As in flows
the nature of the changes vary, although most samples show CaO, and

Na,0 depletion and both depletion and.enrichment of KZO’

2
5) Quartz diorite intrusions appear to be strongly depleted
in Ca0, enriched in Na,0, and possibly slightly depleted in KZO'
6) The buff alteration zones are characterized by strong €a®
depletion and either strong Na,0 deéletion and moderate K70 depletion
or strong K50 enrichment with no detectable change in Na20.

Ferromagnesian Elements and Silica

Determination of MgO, FeO (total) and SiO2 variations by
graphical techniques is difficult because of, 1)} their wide
primary variation, 2} lack of a suitable constant'against which
to study these elements, and 3) lack of obviously unaltered sampies.
In Figures 19 and 20 MgO and FeQ are plotted against Si0,. In both
diagrams, the samples show a negative correlation which may be a
primary feature because this trend characterizes differentiated,
unaltered rock suites, or it may indicate reciprocal changes in
ferromagnesian elements and SiOZ.

This correlation may be a primary feature, although the wide
scatter of points, particularly in the 65 to 75 percent SiO2 range
indicates metasomatic modification. Four samples (19, 308, 394
and 423) from the buff alteration zones have very low MgO and total
FeO contents. Sample 19 is from the same flow as sample 18 and
comparison of these samples, suggests that the buff alteration zones.
represented by these samples are depleted in MgO and FeO and possibly

enriched in §i0,. An exception to this depletion is sample H3/22 which



MgO

Wt. %

- 113 -

7 .60
a
- 7199 4H3/22
o T .o
of! |
S| 58
| 2240
4 L
228
viaa 382
3 7 =asg
' 285 984
. | 377 308 183
2 . 478%%  $308
476
4208 gog A0
A  x394a 268
#423 445
1 l ! ! !

55 60 65 70 75
WT,O/O SIOZ

" Fig. 19. Silica - magnesia variation diagram showing the wide

variation of both silica and magnesia contents. Symbols.as in Figure 15.



- 114 -

I"' 07
(2 b 07
m .
L IO B §H3/22
__: al99
| @so
o 8
—
~2 A 2240 &0 ° 2261
o e A - '
- o 158 22§°@476
4 L 848839 4x
398 |
%308
| 445
2 - x]98™
| i | | i

55 60 65 70 75
Wi.% SiO»p

Fig. 20. sSilica -~ total FeO variation diagram showing the wide

variation of silica and total iron contents. Symbols as in Figure 15..



- 115 -
appears to have been enriched in MgO and total FeO because these
oxides have the same abundance as in mafic to inﬁermedi;te flows
from formation G (Figs. 19 and 20).

Mafic to intermediate flow samples from formation € do not
show MgO, total FeO and SiO2 changes on these diagrams. A sample
(71) from a mafic to intermediate pyroclastic unit has a higher total
FeQ content than flows (Fig. 20) of equivalent SiO2 content, and the
Fe0 content may have been metasomatically increased.

In summary, it is apparent that.determinatiqn of metasomatie
changes of other elements on SiO2 variation diagrams is diffieult
becausé of the strong possibility that SiO2 itself was mobile.
Although the scattered plot of formation H samples is indicative of
metasomatic change it is impossible to determine whether MgO, total
FeO or SiO2 were mobile. Changes cen be determined only in the buff
alteration zones using samples from the same flow (18 and 19) as
the basis for comparison. These zones appear to be depleted im
MgO and total FeO and enriched in SiOz, except sample H3/22 which
appears to have enriched MgO and total FeO.

CLASSIFICATION

Classificatién of metasomatized rocks is diffiecult unless the
chemistry can be readjusted to primary values by comparison with um—
altered equivalents. Although this is obviously impossible in the
present study, the samples can be broadly classified by determining
the effect of chemical changes on classification parameters and by
comﬁariné the more strongly altered with the least altéred sampleé-o
In the alkalies—silica diagram of Irvine and Baragar (1971), all
samples plot in the subalkaline field (Fig. 21). The wide scatter
and lack of a definite trend is due to metasomatism, but the meta—

somatism probably merely shifted points within the subalkaline field.
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The strong alkali depletion in many samples (Table 12) could not have
shifted any samples from the alkaline to the subalkaline field.
The maximum observed alkali depletion is about 60 pércent and the
most strongly depleted saﬁples plot in the lower part of the .
subalkaline field.

The subalkaline field comprises tholeiitie and calc—alkaline
suites. The most significant chemical difference between these
two suites is their A1203 content which is shown by the A1203.-
normative plagioclase diagram (Fig. 22}. Even though Early Precambriaﬁ
calc—alkaline metavolcanic rocks appear to have lower A1203 contents
than their Cenozoic counterparts (Baragar and Goodwin, 1969) they can
still be identrified on this diagram (Irvine and Baragar, 1971).

Formation B and G sampies are widely scattered in Figure 22
and plot in both the tholeiitic and calc-alkaline fields. The wvari-
ation is mainly in the normative plagioclase parameter and reflects
Cad and NaZO metasomatism which modifies normative plagioclase
composition, (Table 12}, if A1203'remains constant. The relative
change in normative plagioclase composition due to this metasomatism
is illustrated in Figure 22 by arrows attached to the more altered
samples. The arrow gives the direction in which samples would shift
if mormative plagioclase compositions were readjusted to their primary
values; the magnitude of shift is mot known. No arrow is éésigned to
samples in which the shift is relatively minor.

In formation H weakly metasomatized samples have normative plagioclase
compositions between AnzO and An40. Most metasomatized samples with
higher normative An contents shift to lower values when readjusted,

whereas those with lower An contents shift to higher values. Most of

the altered sampies would probably replot in the Anzo to AnAO compositiom-
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rénge aﬁd would be in the calc—alkaline field. Of the 8 formation H
samples in the tholeiitic field, most would shift into the calc~
alkaline field. Several samples however, especially 38, 183,. and
228, would remain in the tholeiitic field because of low A1203 contents.
Considering the nature of formation H, it is unlikely that both calc-
alkaline and tholeiitic suites are present. Those samples that
remain in the thpleiitic field after adjustment, probably have been

depleted in AlZO these samples have the lowest A1203 contents analysed

33

(Table 11).
Sémples from mafic to intermediate flows in formation G also

plot in both the tholeiitic and calc-alkaline fields (Fig. 22). Sample

158 which plots in the calc—alkaline field lacks detectable Ca0 and

NazO changes, and its normative plagioclase composition (An43) would not

be changed. Samples 160 and 199 plot in the tholeiitic field but

both samples have been altered. Sample 160 is apparently enviched in

Ca0 and 199 depleted in Nazo. If normative plagioclase compositions

(An60) are readjusted to primary values the samples Wouid shift

towards the field boundary, but the magnitude of change is probably

not great enough for them to shift into the calc-alkaline field. The

mafic to intermediate pyroclastic sample (71) which has a decreased

normative plagioclase composition,plots in the calc—-alkaline field.

.This sample would probably replot between An43 and An60 in the

calc~alkaline field. Thus formation G appears to comprise both

tholeiitic and calc-alkaline suites but this dual nature may be an

artifact of alteration. Slight changes in A1203 or more changes in

normative plagioclase composition could result in all samples plotting

in the same field.
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" Without knowing the magnitude of changes in normative plagioclase:

compqsition and the degree of MgO and total FeO metasomatism it is
difficult to determine rock types. However formation H was probably
andesite and dacite and formation G probably basalt and andesite.-
PROCESSES OF METASOMATISM
Although water is an important catalytic agent in greenschist
metamorphism, pore and adsorbed water probably will transport elements
only a few millimeters (Winkler, 1967). Therefore, this grade of
metamorphism is probably largely isochemical and the rocks are a closed
thermodynamic system. An exception to this rule occurs when intensive
shearing accompanies metamorphism (Stauffer et al, 1975). 1In formation
H, metamorphic grade is greemschist facies and foliation is not strongly
developed. Yet strong metasomatism has occurred. This anomaly plus
mineralogical features mentioned previously and other featurés summar—
ized below, suggest that metasomatism pre-—dated regional greenschist
facies metamorphism. These include:
1) the almost ubiquitous occurrence but variable extent of alteration
in formation H,
2) the restriction of alteration and strong recrystallization to
formation H,
3) the development of the formation in a caldera that would have been
a natural locus for vent related hydrothermal activity,.such as
hot springs and fumaroles,
4) the dominantly clastic nature and high glass content of the formation
must have made it susceptible to alteration,
*5) the occurrence of buff alteration zones near former volcanie
centres suggesting hot spring or fumarelic activity associated

with the vents, and
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6) the common.occurrence of alteration in similar Cenozoic
environments.

Two types of metasdmatism are recognizable in formation H:
restricted buff alteration and more widespread, less intense alteration.
The buff alteration zones occur near proposed volcanic centres at
the top of members H-1 and H-4, as local patches within flows, and:
as. selvages adjacent to fgult—controlled quartz-actinolite~sulphide
veins that may have formed during vdlcanism. The location and
intense metasomatism of these zones suggest that they resulted from
Iocalized hydrothermal activity probably related to fumaroles or
hot springs. The fault-related alteration may have had a complex
history with metasomatism beginning during volcanism and continuing
through to regional metamorphism (Adams, 1376}.

The more widespread metasomatism affected most of formation H,
and required unlimited mobility of the fluid phase. This mobility
would have been facilitated by the dominantly clastic nature of the
formation, and to a lesser extent by faults formed during volcanism,
and by flow features such as autobreccia, internal flow foliatiom,
vesicles, and cracking of the glass during cooling. The fluids may
have been 1} magmatic, 2) meteoric, or 3) a combination of mag—
matic and meteoric. Meteoric water probably predominates in such
widespread altevration. This proposal is based on experimental studies
(Burham, 1967} and recent studies by Craig (1966, 1969) of the Red Sea
and Salton Sea geothermal systems which concluded that magmas do not
contain large quantities of water and‘that meteoric water is the
dominant fluid phase in geothermal systems. Cold meteoric water
was probably heated by hot country rocks and by mixing with

ascending magmatic gases which would have caused circulation upwards:
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through the porous parts of the formation.

The reactive capacity of the fluids depends upon numerous

i

variables, particularly fluid chemistry, rock composition, temperature,
pressire, and time. Formation H, primary pyroclastic rocks and fiows
apparently consisted largely of glass, a phase particularly unstable
and susceptible to chemical reaction (Boles and Coombs, 1975).
Temperature controls the rate of the reactioné and, in conjunction
with porosity, the circulation of the fluid phase. Heat may have

been derived from: 1) low level magmatic sources such as the quartz

diorite intrusions or the underlying magma chamber, 2) retained
volcanic heat produced by the concentration and rapid accumulation
and burial of volcanic products in this area, and, or 3) retrograde'
hydration reactions which are exothermic and self-accelerating
provided that material can be supplied and removéd with the rate of

reaction (Zen and Thompson, 1974).
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CALDERA ORIGIN

Any model formulated to explain the restricted occurrence

of formation H must comsider, 1) the overall shape of the confining

~ structure, 2} the nature and origin of lateral boundary structures,

3} the nature and signficance of volcanic products occupying the
structure, 4} co—extensive distribution of the northern broximal
sedimentary facies of formation I with formation H, and 35) the
restriction of pre-greenschist facies alteration to formation H.
The confining structure could be due to three possible
processes, some of which could be combined:
1} pre-depositional erosion,
2} post—depositional tectonic disruption, or
3) syn—volcanic collapse of part of a volcano.
EROSIQN
Formation of the depression by pre-depositional erosicn does
not appear to be a tenable model for the following reasons:
1Y no erosional debris from the underlying basaltic sequence
is present near the base or margins of the structure,
2} the structure is bounded by faults, and
3} the model imposes no constraints for restricting felsiec
tc intermediate volcanism to the depression and such a
relationship would be fortuitous.
TECTONIC DISRUPTION
The metasedimentary-metavolcanic sequence has undergone tectonic
deformation and the restricted occurrence of formation H may be
the result of tectonic faults. The ends of the formation are
truncated by faults (Fig. 5), but, the age of the faglts is un~
certain. Syn-volecanic faults are undoubtedly present in the -

metavolcanic sequence but they would be difficult to recognise
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because af subsequent metamorphism and deformation. Furthermore
many synvoelcanie faults were probably reactivated during tectonic
deformation. Because of this potential reactivation of old faults
tectonic fault movement is mot a priori evidence that the fault
is of tectonic origim.

Study of fault traces bounding the formatiom is hampered by
poor expasure. The folded north end of the formation is truncated
by a north to mortheast—trending fault (Fig- 5) that has major late
tectonic movement probably pest-dating folding. However, the
fault could have beem initiated much earlier.

Fault relatfonships at the south end of formations G, B and
I are complex (Fig. 5). The upper boundary fault bifurcates dovnwards.
The southern branch is well exposed in cutcrop as a cataclastic and
schistaze zome up to I0m wide, and folfations in adjacent rocks
parallel the fault trend. The northern branch is not exposed and
its presence is interpreted from abrupt lateral facies changes im
adfacent rocks. Regiomal study by Ayres (in preparation} suggests
that these faults are truncated omn the Ilower (east} side by a late
north—trending fault that is best develaped in granitic batholiths
south of Setting Net Lake. This fault apparently terminates
immediately nmorth of the upper boundary faults (Fig. 5. In the
lower part of the sequence the boundary faults trend northeést and
east and are offset about 600m north of the upper boundary faults
(Fig. 5). The downward (eastward) extent of the lower boundary
faults is neot known because of poor cutcrop and intrusiom by the
Setting Net Lake stock. The faults are overlain by the upper part
of the sequence and there is no apparent offset in the overlying units.

The apparent truncatiom of the lower boundary faults by the
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upper part of formation H could be explained by twb tectonic models:
1) the upper and lower boundary faults were once the same but were
offset by the later north~frending fault, or 2) the lower boundary
faults and north-trending fault formed an intersecting pair bbunding
a mafic wedge. Both models appear untenable because there is no
evidence for the northward extension of the north-trending fault.
Furthermore, the first model requires left lateral movement along
the north-trending fault, but work by Ayres (in preparation)
~indicates that movement further south is dominantly right lateral.
Therefore, the offset between the upper and lower boundary faults
is probably not a tectonic feature. The lower southern boundary
faults are mosf likely synvolcanic and related to deposition of
formation H.

Although the upper southern boundary faults-have undergone
tectonic movement, truncation of formations H and I entirely by late
faults is difficult to explain unless there was considerable lateral
tectonic movement in reference to the original horizontal sufface.

The tectonic model imposes no constraints for the near-vent
character of formation H and the facies distribution within the
formation, the restricted depositional environment of formation I,
or the pervasive pre-greenschist alteration restricted to formation H.

VOLCANIC COLLAPSE

Because of the shortcomings of the previous models, it is
proposed that the structural depression is a cross-section of an
overturned caldera or graben formed by volcanic collapse. Calderas
formed in this way are quasi-circular depressions greater than 1.5 km

in diameter ‘(Macdonald, 1972) and associated with pre—existing vents,
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whereas volcanic grabens are linear down-faulted depressions commonly
associated witﬁ rift zones. The overall shape and dimensions of the
cross-section of the structural depression are compatible with those
of recent calderas such as Vatukoula, Fiji (Denholm, 1966), Aoba
(Warden, 1970) and Ambrym (McCall et al, 1971), New Hebrides, and
Krakatoa, Indonesia (Williams, 1941; Williams and McBirney, 1968);

Although the origin of the boundary faults is difficult to
determine because of tectonic deformation, available evidence indicates
that the lower boundary faults at the south end of formations G and H
are synvolcanic. Units in the upper part of formation H extend
across the faults without apparent offset. The apparent truncation
of formation G and the lower parts of formation H thus reflects
deposition within a caldera formed by collapse; the boundary fault
was the wall of the caldera. The amount of collapse on this boundary
was about 1000 m. The upper boundary faults have undergone tectonic
movement, but they probably aiso represent the original caldera boundary.
The offset between the southern upper and lower boundary faults suggests
outward enlargement of the caldera as volcanism continued. Thus the total °
collapse at the south end would be 1600 m. The thinning of formation
H northward suggests that the collapse was analogous to the trap door
type of caldera (Ridley, 1971) in which collapse is concentrated on one
side with the other being hinged.

Formation H is a vent facies with source vents located within
the structure as in numerous recent calderas. 'Thus, this model
explains the restricted nature of the felsic to interﬁediate volcanism.
Following termination of the volcanism, the caldera was apparently

still a negative area and this controlled the distribution of formation I.
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The cross-section through the caldera provides an opportunity

to study the nature and significance of infilling products and history

of volcanism (Fig. 23).

Stage 1.

Stage 2.

Stage 3.

Stage 4.

Stage 5.

Early subaqueous to subaerial shield-building mafic voléénism
(formation E).

Following termination of mafic volcanism there was a hiatus
during which formation F was deposited. Volcanism resumed

to the north with the construction of a major pyroclastic
cone (northern part of formation G).

Collapée at the summit or on the flanks of the shield volcano;
restricted volcanism within the caldera. During collapse the
nature of the volcanism changed, producing effusive to
explosive mafic to intermediate products (southern part

of formation G) followed by dominantly explosive felsic to
intermediate products (formation H) which infilled most of
the caldera. Collapse occurred in a series of stages that
more or less kept pace with infilling.

Cessation of felsic to intermediate volcanism and collapse,
followed by fumarolic activity and rapid erosion of the

upper part of formation H. Detritus was deposited in an
alluvial fan and shallow-water environment confined by the
top of the caldera.

Quiescent interval during which chert, tuff, and argillite

were deposited in a lake confined by the caldera.

Similar caldera collapse on shield volcanoes with subsequent

volcanism restricted to the caldera have been reported from calderas

in the Hawaiian Islands (Williams and McBirney, 1968), Masaya caldera,

Nicaragua (Williams and McBirney, 1968), Ambrym (McCall et al 1971)

and Aoba (Warden, 1970) calderas, New Hebrides. In many recent
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STAGE |. Subaqueous 1o subagerial mafic shield volcanism

STAGE 2 Cessation of mafic shield volcanism followed by local sedimentation
end cone—building intermediate volcanism

STAGE 3 Collapse of the shield volcano and infilling of the caldera by
' explosive intermediate to felsic volcanism

STAGES 4 Cessation of calderg—filling volcanism followed by fumarolic

i and 5 activity, erosion, and sedjmentation at the top of the caidera

E°-3Formation E — mafic flows C]Formotion F— marbie, chert and siltstone
Formoﬁon G(northern part)~intermediute pyrcciastic rocks

FormationH— felsic to intermediate pyroclastic rocks and flows
(includes the southern part of formation G)

Formation | —siltstone, sandstone and conglomerate
I

'Fig; 23. Stages of development prior to, during, qu following

volcanic collapse.
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volcanoes, formation of calderas heralds changes in volcanism, with
eruption of more felsic and pyroclastic products.
Recognition of the four members and the proximal and

distal vent facies of formation H not only elucidates the
phases and nature of volcanism, but also the relationship between the
phases §f volcanism and stages of collapse forming the caldera. The
apparent lack of collapse breccias (Idipman, 1976) and the stratigraphic
relationships within formation H suggest that volcanism and collapse
were synchronous. Although it is difficult to determine the mechanism
controlling collapse, synchronous volcanism and collapse pfobably
indicate that collapse resulted from the eruption of felsic
to intermediate products within the caldera, thereby removing sdpport~
from the underlying magma chamber.

The southern part of formation G and“member H - 1 represent
the first major period of volcanism which was associated with the first
period of collapse. Early volcanism during this period comprised
effusive, mafic to intermediate phases and explosive felsic to inter-
mediate phases. As volcanism continued the exp;osive, felsic to
intermediate phase became the dominant phase. Aléhough the northern
margin of the caldera probably formed during this period of collapse, it is
obscu;ed by subseguent faulting and the intrusion of quartz diorite
and gabbro sills, Collapse appears to have been greatest at the-
southern margin of the céldera. Proximal vent facies units and the
majority of source vents are near the southern margin of the caldera
and the units are thickest in the south because of accumulation against
the wall of the caldera or differential collapse. These units decrease,
in thickness to the north and interfinger with distal vent facies

units in the northern part of the caldera.
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Member H-2 comprises effusive and explosive felsic to intermediate
phases and represents the second major period of volcanism; it extends
ﬁost of the way across the present cross-section of the caldera. vIt
is the only member exposed at the north end of the caldera which may
indicate that this period of volcanism was accompanied by a second
period of collapse which enlarged the caldera northward. Source vents
are near the northern margin of the caldera and as a result, proximal
vent facies units accumulated against the wall of the caldera. To the
south the proximal vent facies interfingers with distal vent facies
1ghars which eventually pinch out near the southern margin of the caldera.

Member H-3 occurs in the southern and central parts of the
‘caldera and is a distal vent facies which represents the third major
period of volcanism. Although proximal vent facies units are not
exposed in the present cross-section of the membér, the thick accumu-
lation of pyroclastic rocks suggests that volcanism was dominantly
explosive. The southern part of the member accumulated against the
southern wall of the caldera which may indicate further collapse on
this margin, during this period of volcanism. The northward thinning
and eventual pinching out of the member suggests that collapse was
greatest in the south and central parts of the caldera.

Member H-4 occurs in the southern and central parts of the
caldera and represents the fourth and final major period of volcanism
and collapse. The member consists of a northern and southern proximal
vent facies and a central distal vent facies. Stratigraphic relations
indicate that volcanism was earlier in the north than in the south.
The northern vent facies, which forms a modified cone, was produced by

NS

dominantly explosive volcanism. There does not appear to have been
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concomitant volcanic collapse. The southern proximal vent facies,

which was produced by both explosive and effusive volcanism, overlies
the initial southern boundary of the caldera because collapse at
this stage enlarged the caldera southward. Units in this. facies
accumulafed.against the upper, southern wall of caldera because
of the close proximity of source vents to the margin of the
caldera.

Active volcanism was followed by a period of fumarolic and

hot spring activity and erosion of formation H. Detritus in the

lower part of formation I was deposited in alluvial fan and shallow-
water environments confined by thé top of the caldera which had not
been completely filled by volcanism. This period of sedimentation
was followed by a more quiescent period of lacustrine sedimentatiom
represented by the upper part of formation I. The lake was
probably within the northern part of the caldera.

The location of many of the source vents near the margins of
the caldera may indicate that they are related to boundary faults
controlling collapse, as in the Masaya caldera, Niéaragua (Williams and
McBirney, 1968}).

Evidence for collapse has not been found in formations that
underlie formation G. This does not discount the collapse model because
1) synvolcanic boundary faults would be difficult to locate in meta
basaltic sequences because of their uniform appearance and poorly
defined stratigraphy, 2) boundary faults may have been destroyed
by felsic and mafic intrusions (Fig. 1), or 3) more likely there

was major offset along the Setting Net Creek fault (Fig. 5);
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CONCLUSTIONS

Tn the past, volcanological research in Early Precambrian meta-
volcanic -metasedimentary sequences has focused mainly on regional strati-
graphy and geochemistry. This has provided a framework that SHould be
used for more detailed research on the stratigraphy. Study of formation '
H shows the importance of detalled stratigraphic analysis for decipher-
ing volcanological development of Early Precambrian volcanic sequences.
This type of analysis is a prerequisite for a comprehensive understand-
ing of the geochemical characteristics and variation within volcanic
sequences,

Formation H is unique because it represents a cross-section of -
a felsic to intermediate vent facies sequence occupying a volcanic
depression, probably a caldera, steeply overturned by Late Precambrian
isoclinal folding., The formation consists predominantly of a complex
accumuiation of felsic to intexrmediate pyroclastic rocks that, despite
recrystallization during regional greenschist facies metamorphism, can
be broadly subdivided into primary and secondary types. Primary pyro-
clastic rocks contain lithic and vitric fragments and were not moved
from their original site of emplacement after ejection. Secondary

types consist of lithic fragments that were transported from their

otiginal sight of emplacement during or shortly after the eruptive stage
and prior to lithification. Glass and pumice are rate in secondary pyro-

clastic rocks because they are readily broken down during transportation.

Transportatiqn of pyroclastic fragments, closely following volcanic
emplacement, is probably a common process on the upper slopes of
stratovolcanoes because initial deposits are unconsolidated, depositional
slopes are unstable, and rainfall and earthquakes during the eruption ada

to instability. Transportation that probably involved reworking by
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sheet, rill, and stream erosion and mass movement by debris flows can
be recognized in formation H.

On the basis of major, systematic, vertical, lithologic changes
and genetic variations, four vent facies members can be recognized.
The members in turn are subdivided into proximal vent facies and distal
vent facies on the basis of lateral lithologic and genetic variations.
Proximal vent facies comprise flows and primary pyroclastic rocks that
were deposited cloée to source vents. Distal vent facies comprise
primary tuff, fluvial and laharic pyroclastic rocks, and minor volcanic
epiclastic rocks that were deposited further away from the source vents.
Both of these subdivisions are useful because they elucidate the history
of volcanism, the relationship between volcanism and volcanic collapse,
and the location of source vents in the cross—sgction of the caldera.

The members represent four major periods of volcanism, each of which
was apparently coeval with a period of collapse. Collapse was probably
the trapdoor type with the magnitudes of collapse being greater at the
south boundary of the caldera than at the north. The concentration of
proximal vent facies near the northern and southern boundaries of the
caldera indicate that source vents were located in the caldera and
that they were peripheral feafures some of which may have been related
to boundary faults cont;olling collapse. Felsic to intermediate
volcanism was  dominantly explosive, except in the proximal vent facies
in member H-2 and the southern proximal vent facies in member H-4 where
effusive phases were as equally important as eiplosive phases. Following
volcanism formation I sediments deposited in shallow-water and alluvial
fan environments confined by the top of the caldera Whiph had not been

completely filled by volcanism.
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Felsic to intermediate volcanism was apparently subaerial. This
is indicated by the composition and explosive nature of volcanism, the
absence of pillows, the high degree of reworking in distal vent facies,
the absence of submarine sedimentary features, the local occurrence
of conglomerate in formation H, the probable deposition of many lahars
in erosion channels, the erosion of the upper part of formation H, and
the deposition of extensive formation I conglomerate in an alluvial
fan environment.

Texturally, mineralogically, and chemically, formation H differs
from other greenschist facies felsic to intermediate metavolcanic rocks
in the area, suggesting that it underwent an episode of metasomatism
prior to the regional metamorphic event and probably during volcanism.
Textural and mineralogical features include intense destruction of
primary textures, high biotite content, presence of muscovite-rich
buff-alteration zones, widespread pyrite occurrence and the local
presence of garnet in the buff-alteration zones. Chemically there is
a marked depletiop in lime and total alkalies, and depletion and
enrichment in Na20 and KZO’ and magnesia and total iron appear to
have been mobile. Isolated changes in silica could not be proven
but can not be discounted. The origin of metasomatism was probably
hot spring activity.

Classification of metasomatised samples is meaningless unless
chemical changes can be determined. When these changes were taken
into account it was found that formation H was originally calc-alkaline,
andesite and dacite although samples now span the tholeiitic to calc-

alkaline field boundary.
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