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A steeply overtuTne<Í, EarLy Pre-carnbrian, ielsic Eo ínterraeclj.¿ite

vent facies neLal'olcani'c fcr-naticn Lrccupies, e calcJ.era or volc¿nic graben

in ttre easte-r-ü par-t of Ëhe Favr:ur¿bl-e f,.ake mcrtavolcanic-m"tr=åd-¡*unteïy

beic. norËhwesLern O;.itario, The caldera has a ïestricte¿r exËgrlt, ',¿íth

well- defirred rnal-gin:-= anc in the expcst:d r.ross eeet.ion:'_s abcut 6.2 km

J"ong and up Êc 1870¡n deep" Tl¡e fr:¡:matioir, :'-nformaily terned t-o'nnation

ÌI, consists ioninaritly of andesj.Ëi-c and Cacj.ti.c pyrocl¿lsEíÉ rocics arid

flows and 'nín6ç volcanic epíciasi:ic :'.;cks regioualiv meEaü.olrphosed to

loi'¡ or niCdle g-reensehisi facies. l'crrniatir,¡n H ís subdî.¡j-deci into four

members that r:epreseni major vo_ì_ca.nj-c pulses.

The ca.ldere or rzolca-ni-c grabee ú¡í-:.s iu:i ciateri during the final

stâges of gror^rth of a subaqueous Eo subacrial mafic sl¡iel<l vo-1-cancr.

(. 1J

ABSTRACT

Collapse corrtinued clurii-tg sclrse<lriei:t feisic Èo inierm¡:<iiaEe, .,lolrinarrtly

e:;.¡)lo,:iversubac'-zi-eii -¡cican:ir;n *-irich infit¡ lect. tlie rlepressáo¡r. Source

veÊts, as indícaLec by Ehe d:l'-stríbutiol of fl.or¡s ancl coarse pSrroclastíc

rocks, lr'ere near the i:argins oî the caldera, coJ_iapse appeaïs co have

been coeva.l lv-iih fel-sic to interreedia-ie volcanism, and thí.s prabably

car:scd ihe col-l-apse anC ruilhdrai;a1- of suitparË from Ëhe maglra chanber.

The fornation is È-hickesÊ in Èire centräl and southe-rn païts. a'1cl the

tagnitude of collapse is greatest ¿r1 ong lhe southern boundary; col]-a.ose

prcbably sis,ulaied a trap-cloor rroveilent. Foll_or,¡ing .¡olcanísn, fcr,lation

lI underçvent a pericd oí raLpid erc;si-or-r, and coarse sand.sr-cne ar-.d congicner-

ate l./ere clepcsitetl in an alltrviai fan and, shallov¡-water enviTonnenË

bounded by the mai:gÍ-ns cf the ca.L<ìera.

i'fetavc.lcanic forrnation H dífíe-rs ie>lt-urally. arí-neralogical.ly. anrl

ctreriical].y frora oiher fel'sic i-o in-tern¡:diate, areenschist-facj,es

met¿rvcicanic;ochs in ÈÌre area in poorer preservatiori of priroarl: textures.



hígher blotite content, local preservation of primary plagíoclase

composítion, J-ocal presence of ga::net, widespread occrrrrence of pyrite

arnd pyrrhotite, presence of rnusco¡¡ite-rich buff al-tet:ation zôr\es, and

gïeater metasomaËic changes in najor eleuent compositions. Gtaphical-

ploËs empl-oy-ing najor elements and normatíl'e rnineral conposiËions shorq

a v¡ide scatter dtre to metasomatíc r:hanges, but the for-maticn H rocks

::etain calc-alkaline chemical characteristics. The most ob-.rÍous chemical

changes are deple¿ed CaO and total alkaLies, and both dcpletecl anci

(ii)

enriched NarO and KrO corupared to unaltered Precambrían anrl Cenozoíc

feJ-sic to i.ntermediate calc--alkal-ine r-ocks. Changes i-a SiOr_, I'igO and FeO

(total) may also occur, but are difficuli Ëo detect. These features

suggest tha-È form.aLion 11 uaderr¿ent a period of pervasive synvolca.nic

meËamorphism and metasomatism, :'-n the fo-rm of hot*spr:ing and ftn:arolÍc

acL-í-vi.Ëyr pri-or to ttre regionerJ- greenschi.s.L metamorplric e./ent. Lccal-

muscovite-rich, birff atËeration zones occur in ser¡eral prox:inal venÈ

facíes sequences and have undergone strongeï chemicai ciranges ancl

recr:ystall:,-zatíon than the bulk of the forraation; Ehey are pi:obil.bly zones

or" mcre intense fumarolic or hot-spri-ng activity re-la-fed tc source vents"
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In the eastern part of the EarLy Precambrían, ísoclinally folded'

Favourable Lake metavolcanic-metasediment,ary belt northrrrestern Ontario,

( Fig. 1), five vol-caníc cycles have been recognized (Ayres, L977). Most

cycles comprise an early mafic effusive phase and a laEer, dominantly

pyroclastic, felsic to intermediaËe phase. In the second c¡icle the

later phase cousists of a lovrer mafic to intermediate sequencer

ínformally ternned fornation G, overlain by a felsic to intermedÍate

sequence, informally termed fornation H, rvhj-ch has a restricied field

occurlence within an overturned structural depression that appears to

have formed by rrolcanic collapse" Gold, silver, 1ead, and zinc bearing

quaítz veins have been mined from the upper part of the formation

(Ayres, in prepa,ration). This study focuses or, "..r"t"I 
aspects of

formati-on g: 1) characËeristics, origin" facies, aircl environrnent of

emplacement of volcanic products , 2) Ëhe origin of the sËructural

depression and its relaËionship to volcanísm, aad 3) metasomatism'

Most studies of Early Precambrian volcanism have been more

concerned rvith Ëhe sËratigraphie framework than r,rith Lhe details of

the stratigraphy (e.g. Goodwin, L967; Goodv¡in and Ridler, L97O;

tr^lilson et al , Lg74). The emphasis has been on broacl sLraËigraphic'

liÈhologic and chemical- changes, and their inplícation regardíng

volcanic evolution of metavolcanic-meËasedimen-uary belts, tectonics

and metallogenesis. These studíes are necessary but shotrld be

complemented by detailed stratigraphic sÈudies. This study shorvs the

importance of detaíled rr¡ork for accurately solving fundamental

vol-canological and geochernical problems such as those stated above.

-1-
INTRODUCTION

GENERÂL STATEMENT
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METHCÐS OF STUDY

The eastern part of the Favourable Lake metavolcanic-

metasedimentary belt was mapped between 1965 and Lg72 by Àyres

(1970| 1972t L974) at a scale of l:15r840 for the Orrtario Division

L-- !L i--^1 Resea.rclrpy Llr(; t\d. u-L(Jlr4!

by funds from Western

Fellowship and a



of Mines" This mapping outlined the basic stratigraphy of the

belt (Ayres , L977) and the possÍbi e caldera origín of formation

H.

re-examining anC mapping formation H in debail. Data was compj-led

on 1:7920 aeri-al photographs enlarged from 1:15,840. This phase of

the program delineated ttre stratigraphy and established 'Ehe genesis

of some units. A further two weeks $/ere spent in the field during

the summer of. J-975 to study specific problem areas that arose from

the initi-a1 field and laboratory study.

ebout 450 samples were collected and about 25O of. tltese were

stuCied in thin-section. DetaiLed macroscopic studies were made of

fragrnental rocks and some of these samples were studied by etching

sawn surfaces v¡ith HF solution for thirty secon<ls to accentuate

textures. TVenty-four samples ivere modally and chemicall-y analysed

and two additional analyses vrere provìded by Ayres. Cb.emical

analyses were done by rapid methods : Si, Al, Fe (total), Mg" Ca,

K, Tj. and Mn, were determined by X-ray fluorescence spectromehry;

P^0- by colorimetry; FeO by decomposition or the saurple in HF and25
L:4 H^SO" solution titrated with K^Cr^O- (sodium diphenylarninez+¿¿t
sulphanate \¡ras used as indícator) ; and HrO (total) , S and CO, by

induction furnace proceclures.

In the summer of L974, the author spent two months

-4



Moda1 colour index (Ayres' 1969) is a useful field and

Iaboratory criteria for compositional classification of meta-

NOMENCI.ATURE AND CLASSIFICATICD{

I4etavolcanic Roclcs

volcanic rocks. Colour index is the total a-mount of ferromagnesium

minerals: actinolite, hornblende, biotite, chlorite, chloritoid'

garnet, pyroxenes and olivine. It is an approximate measure of

chernical composii-ion because: 1) minerals forming the colour index

contai¡r most of the iron and rnagnesium in metavolcaníc rocks, and

2) iron and magnesium decrease wiilr. increasíng silica content.

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

-5-

intermediabe

felsic

Correlation of these groups

showed that the boundaries

andesite and dacite fields.

Cornposilional Group

mafic

In this study colour index could not be precisely used

because of the fine-grain size of the rocks, rapid variations in

the field and heterolithic nature of some units. Petrographic and

field study found that colour indicies are in the mafic to inÈer-

mediate range for formation G rocks, and in the felsic to intermed-

iate range (2 to 35) for most formaÈion H rocks. Petrographic

measurements of colour index for formation H felsic to intermediate

metar¡olcanic rocl<s rnay have errors of as much as 20 percent

l:ccause o.[ f--j.rrr:-cfra in size.

C-olour Ind%

greater tJ:an 35

15 to 35'

: --Iess tnan 15

r'/ith chemical data by Ayres (1969)

between these 'bhree groups are in the



At present there are no formally established classification

schemes or rromenclature for volcaniclastic rocks. This.has led to

confusion and different usage of terms by clifferent authors" To

alleviate tJlis problem most recent studies in North America,

including this study, adopt classification schemes and nomencl-ature

of Fisher (f960b, L96L, L966)and Parsons (1969).

VolcaniclasLic Rocks

-6-

The term I'volcaniclastic" as d.efined by Fisher (1961 | 1966)

embraces the entire spectrum of.clastic rocks coÍtposed in part, or

entírely of volcanic fragmeirts formed by any mechanism or origin,

and emplaced in any physiographic environment. volcaniclastic

rocks can be classified both geneticalty and on the basís of

particle size" of these two classificationa, the genetic is the

more useful for determining facies and the nat,ure and envj-ronment.

of volcanísm.

Parsons (1969) genetically subdivided volcaniclastic rocks

ínto autoclastic, alloclastic, pyroclastic, and epiclastic types.

H.yaloclastite is treated as a pyroclastic rock by Parsons (f969)

but should be considered as a separate and distinct type. Criteria

for genetic subdivision (Parsons I L96g) of volcaniclastic rccks

include: 1) Size, shape, composition' texture and abundance of

fragments, 2) composition, texture, and amount of matrix, 3)

sorting, and 4) primary structural features. The five genetic

types listed in Figure 2 will be defined (after Fj-sher, 1960b, 196I,

L966¡ Parsons , L969i and t'Iacdonalcl' T972) to alleviate any

c o¡r ftr. s'i on i:l .nc;iLr:I'ic -i- o- r',rrre,

Autoclastic (Fig. 2) refers to breccia'tion of solid or



AUTOCLASTIC- - -: -- -Þ----1
A. FR¡CT¡ON

i) Flc¡¡ brecclo

| ¡) Crumblo brøccio

B. E*XPLOS|OII

ALLOCLAST¡C
l) lntnrsion - h

i t) Explosion - ùl--p lv) ExlruslvÐ ',

li ¡) l¡¡ln¡sivo - y'

-7-

HYALOCLASîIC-----+--- I

P/ROCL}.STiC

I

ï- 
* ptn Ecn-v TRANSPoRTED

A. PRtTdARY----'---+,-----Þa.
l) Ssbaeriol ¡ ¡) Subcqusotø

A. MÀSS MOVEMEN-Í

i) Lohcr (debr¡g ond mud flow)

¡l) Avolonche ond olumplng

B. FL¡JVIAL1
I

I
t

I

(o) wtcqnlo¡r
(b) Stronboli¡n
(c) Pyrocloslic fbø
(o) Phrealorncgmctle
(e) Vent llll

EPICLASTTC

A. ÈIÂSS MOVEMENT

l) Lohor (debris ond mud ftowl
i i) Avoloncho ond slumging

FLTMAL

WIND BLOV'M

Fíg. 2 Volcaníclastíc cycle an<l types of volcaníclasti'c rock types

(Parsons , Lg6g) and their subdivision. The dashed lines denote

raFiri âncl restricted transport of unconsolidated volcanic fragnnents

during Èhe .eruption phase. Much of thís movement is trigge.r:ed by

processes related to volcanism, such as rainfall, earÈhqualces and
¡

unstai¡le slopes. The continuous J-ines denote erosíon of.'consolidated

volcanic rocks and transporÈ of resultant. fragments to forrn epiclaslic

volcanic rocks, All processes and roclc types are gradational.
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semi-solid lava by explo3ive disruption by gases contained withín a

lava flor¡; by gravíty collapse and flowage of dome's and of flows, or

by a combínation of these processes (nisher, 1960b; Parson , 1969).

Alloclastic (Fig. 2) refers to brecciation of pre-existing rock

or solid or semi-so.lid rnagma by volca-níc processes beneath the earthrs

surface. Alloclastic rocks are of three basic types: 1) intrusíon

breccia formed by forceful injection of magma Ínto r,¡allrock, 2)

explosion breccia forn¡ed by explosive disruptÍon oe *ålltocks and magrna,

anC 3) inËrusive i¡reccia formed by movement and injection of the other

Ëwo types. All three Ëypes may be extrudecl to f orm fragruental flov¡s

(Parsorrs , L969) .

Hyaloelastíc breccias are folmed by the flaking off, or decrep-

itation, of the surfase of t"rrt by sudden chilling in r¡¡ater and in

places is closely assocíaEed with píllowed flows( [IacConaLð,, 7972).

Unconsolidated autoclastic, extruded alloc1astic, and hyalo-

clastic rocks may be transported rapidly from the original site of

emplacement by fluvial or mass movement processes short.ly after

initial emplacement (Fig. 2) " Recognition of such transported deposits

woulC be difficult and is beyond the scope of this study.

Pyroclastic rocks are produced by explosive ejection of fragments

from a vent, and comprise Ëwo major groups: 
.primary and secondary

(Fig. 2; Fisher, L96L, L966). In primary pyroclastic rocks the

fragments \^rere not moved from the original sit,e of emplacement prior

to lithificaËion, whereas in secondar:/ pyroclastic rocks the fragments

v/ere moved short disËances by f1-uvial, mass movement and atmospheric

processes prior to lithificatíon but during Ëhe eruption sËage.

-B-



Primary pyroclastic rocks

types ( Fig. 2) depending on the

(Parsons, L969). Most of these

envíronmenËs "

Secondary pyroclastic rocks are subdivided according to the

depositional process (Fig. 2). Mass movement types can occur ín

subaerial or subaqueous environments and forrn by movement. of large

volumes of particles in: 1) debris or mudflows forned by saËuratíon

and viscous movement of debris (lahars), and 2) avalanches or slumpíng,

Fluvial cypes are stream or alluvÍal deposiËs íf formed under subaeríal

conditions or marine sediments if deposited under subaqueous conditions.

Atmospheríc types form by the movement of parËicles by wind wiËh deposit-

ion in either subaerial or subacueous environments. The amounË of

transportaËion is such that the pyroclastic origin of the clasts can

still be recognísed. I^Iith additional transport secondary pyroclasËic

rocks grade into epiclasti-c rocks in r,¡hich Ehe pyroclastic origin of the

clasts can no longer be determined. Restricted transport of unconsolidaË-

ed or poorl-y consolidated alloclastíc breccias could lead t,o major

probleus in distínguishing secondary alloclasÈic deposits from secondary

pyroclastic rocks "

Pyroclastic fragments aïe further classified on their mode of

origin (Macdonald, L972, p. I23). EssenËial fragments are derived

from the magma source and may be either magmatic or fragments of

solidified magma; they are partly or enËire1y glassy. Accessory

fragmenËs are derived from pre-existing roclcs formed by the volcano

during previous eruptions; they aïe terned lithic and are parÈly

-9*

are subdívided inËo five basic genetic

mechanism and energy of the explosion

can form in both subaeríal or. subaqueous



or r¡rhol-ly crystalline. AccidenÈal fragments are åeríved from non-

volcanic rocks or volcanic rocks formed during periods of volcanism

preceding the bírth of the volcano from which they were ejected.

Epiclastic volcanic rocks (Fig. 2) are mechanically

deposited sediments'consisting of rveathered and eroded producEs of

pre-existing, consolidated or unconsolidated volcanic rocks

(Fisher, Lg6L, Lg66> plus a variable proportion of non-'¡olcaníc

clasts. As for secondary pyroclastic rocks, epiclastic rocks are

-10-

subdivided aecordíng to the processes by which det.rítus was

deposiÈed: mass movemerit, fluvial, and atmospheric (Fig" 2).

is ímportant to note that epiclastic a.nd pyroclastic rocks

differ ín amount of transport and in some cases r Pïocesses

of fragmentatíon but not ne-cessaril)t ín processes. of

deposiiíon( Fisher, 1"966). Epiclastic should not be interchanged

¡^rith sedimentary which includes pyroclasËic and epiclastic products

and thus, does not imply special compositions of the clasts or

special processes of formatíon.

Most straËovolcanoes consist of ttvenË or cone complex faciestt

and "al1uvia1 or epiclastic faciesr as shorrrn ín Figure 3 (Parsons,

1969; Smedes and Prostka, 1972). The vent facies consists of flows,

hígh leve1 intrusions and pri.mary and secondary pyroclasLíc rocks in

varying proportions. OuËward from the volcanic centre the vent facies

interfingers and grades inËo alluvial facies aprons of epiclastic

volcanic rocks and. airfall tuff, pyroclasËie florvs and soile lahars

The alluvíal facies is characterised by a decrease in section t?ríckness"

bed thíckness, and clast size, a¡rd an inq.rease in sorting and rounding

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

TÈ
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(L972) ín the Absaroka volcanic field, i,rlyomj.ng ancl. Montana. Thusrvent

facies grades into coarse-grained a11uvia1 facies r¿hich ín turn grad.es

into fine-grained a11uvial facies (Fig. 3). Because pyroclastic

and epiclastic rocks form the bulk of most felsic and intermediate

volcanoes, their dístinction is criËical for determining facies and

consequently the size, morphol0gy, ancl vent area of a volcano.

The fragmental rocks ín formaËion H are largely -primary and

secondary pyroclastic rocks r,¡ith some epiclastic units, mínoL auto-

clastic breccía, and rare alloclasËic breccia (fa¡te 2). In formaËion

H genetic classífícation of the primary pyroclastic rocks, and

distincti.on among primary pyroclastic, secondary pyroclastic an<l

epiclastic rocks, partÍcu1ar1y fíne-grained. types, are <iiffícult.

These diffieulties arise because of 1) destruction of primary

textures by metamorphism, 2) gradational nature of pyroclastic and

epiclastíc rocks, 3) absence of the third dimensíon because of a

homoclínal section, and 4) discontinuous outcrop. Consequently in this

study no further geneÈic subdivision of primary pyroclast-ic rocks

is made. secondary pyroclastic rocks are subdivide<l into fluvial

and mass movemenL types.

The pyroclastíc and epíelasËic rocks of formatíon H are further

subdivided into non-genetic, particle-size categories. Several differenÈ

partícle size classifications have been proposed for both pyroclastic ¡nd

epiclastic rocks (Figher 1966). Because of the grad.ational nature

of pyroclastic and epiclastíc roclcs, ídentical size categories must

be used for both rock types (Fisher, Lg6r, 'Lg66). The ì¡lentworth

scale (7922) for sedíments and its modifícatíon for pyroclastic rocks

-L2-



TABT,E 1"

-13-

Grade size límits and names of consolidated
and uncoilsofirlaied volcaniclastic debris

Unconsolidated

Fisher,1951

ConsoliCated

breccia
and

agglomerate

Unconsolidated

-t/t6

!'ientwcrth :L922

EFTCLASTIC

-I/2s6

boulders

Conso]-idated
29Ë,rs-:-!.Ê.

Fisher, 1961

vol cani c
boul-der

congiomerate

volcanic
cobÌ¡le

conglomerate

r¡cl carlic
pebbie

conglornerate

volcanic
sandstone

volcanic
siltstone

vol-canic
claystone
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( Flsher, l-961) is the classification used herein. Grade síze l-lnits

and end-member terms for roclcs and unconsolidaËed maÈerial are l1sted

in Table l-. Mixture terms, 1apil1í-tuff and tuff--breccia, are

commonly applied Ëo pyroclastic rocks with fr:agpents coarser than

2mm and abundant tuffaceous matrix. Precíse bound.aries for end.-member

and mixture terms are not formally defined and therefore depend on

índividual choice. In this sttrdy rnixt.ure tel'ms are gi.ren to rocks

containi-ng 30 to 70 percent tuffaceous material in addition to 1apt1Ll

,(1apí11i-tuff) or blocks (tuff-breccia).

Table 2 gives the genetíc types and broad size cagetories

of volcaníclastic rocks in formaËion H and basic cri¿eria for

subdívision.

-L6-

The Favourable Lake belt (Fíg. 1) is e.n isoclínali-y folded

sequerrce of Early Precambrj-an metävolcanic, metasedirnenËary, and

metagabbroic rocks flanked by intrusive granític batholiths. The

belt has a \,rest- Ëo northwest-trend, ranges in width from 3 to

13 kin and extends from Northwind Lake, norËhwesËern Ontario, 160 km

westward into eastern Manitoba. It is widest and most complex at

Ëhe east end (Fig. 1, Ayres, in preparation) and it is ln this

area Ëhat, ïecent geoJ-ogical ínvestigaÈions have been concenËïated (this

study; Ayres, I97O, L972, L974, L977; Raudsepp, L975). Metamorphic

grade ranges from greenschist to amphibolite facies (Ayres, L974, in

preparation).

REGIONAI GEOLOGICAL SETTING



The metavolcanic-metasedímentary sequence has a thickness

of 7.5 lcm and despite the dísruptive effects of widespread fault-

íng, isoclinal faulting, and numerous metagabbro intrusions, 15

formations have been recognised (faUte 3). The formaÈions haïe

been given inforrnal alphabet designations (Table 3) for three main

reasorrs (Ayres, L977): 1) the stratigraphy is tenÈaLive' 2)

the formations are restricted to the Favourable Lake metal'olcanic:

metasedimentary belt and consequently have restrícted geographic

distribution, and 3) even if formal nomenclature Irlas warranËed,

there are ínsufficient geographic nâmes in the aTea Èo name all

the formations. The formations represent parts of fj.ve volcanic

cycles, the nríddle three of r¿hich are characterísed by progressive

compositional change from early effusive mafic ..oi"t,í=t to later

explosive felsic to int.ermediate volcanism (Table 3). In cycle

3 the felsic to intermediate phase is not exposed, and insteaC¡

volcanic sedimentary rocks derived in part from concomitanË felsíc

Ëo inËermediate 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 cyeles and is largely

in terrne diate me tavolc.anics

Numerous gabbro, peridotiËe, and pyroxenite sills and dikes

intruded the volcanic-sedimentary sequence prior to regional-

metamorphísm and are probably related to mafic volcanism. These

forn bofh single-phase complexes, as at the base of formations G

and H in cycle 2 (Tig. 5), or multiphase complexes as Ín cycle 3

(Raudsepp , Lg75)

-L7-



TABLE 3" Stratigraphy in the eastern part of the Favourable
lþke belt (after Ayres , L977)

Clcle 5

Form-ation P - intermediaèe pyroclastic rocks and sandstone

Cycle 4

-tB-

Formation N -

Formation M -

Cþzcle 3

Formation L

Formation K

Formation J

QcLe 2

felsic to intermed.iate tuff and sand.stone

mafíc flows

internediate lapiIli-tuff

sandstone and conglomerate

mafic flows

Form.ation I - siltstone, sandstone and conglomerate

Formation H - fel.sj-c to intermediate pyrocl.astj-c rocks and

Formation G -

Formation F -

Formation E -

Clcle 1

flows

mafic to intermediate pyroclastic rocks and

flows

marble, chert and siltstone

mafic flows

Forrnation D

Formation C

Formation B

Formation A

- argiLlite, siltstone and sandstone

felsic flows

mafic flows

intermediaie to felsic flows and pyroclastic

rocks



Fe1sic to intermediate intrusír,'e activity began during

volcanisrn with emplacement of sills and dikes that, may be feederS

for volcanism. Several of these have been located in formation H

(FiS. 5). Major felsic to intermedíate intrusive activity that

resulted in the emplacem.ent of granitic batholiths post-dates

volcanism and rvas probably coeval with folding and metamorphism.

Igrieous activity ended with intrusion of post-baEholith

unmetamorphosed in'termediate t,o ultramafíc di-]<es and si1ls. One

of these intrusions, a north-northeast-trending diabase dike

occurs in formaËions G and H just west of Borthr^rick creek( FÍg. 5).
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' Cycle 2 comprises fj-ve north-northrvest- Èo norËhv¡est-Erentlíng

formations with an aggregate thickness of 23OOn (table 3, fig. /r).

Formation E, the lowermost formaËion, is up to 22Otm thick and

comprises pillowecl and massíve mafic f1ows. It appears to represent

a subaqueous shield volcano erupted on the flank of an older strata-

volcano ïepresenËed by cycle 1 (Ayres, 1977). These mafÍc flot¡s are

separaËed from overlying felsíc to intermedíate metavolcaníc rocks

of formatíons G, H and I, by !hin, discontínuous siltstone, cherË,

and marble units of formation F that appears to represent a quiescence

in volcanism.

Formation II, the southern part of formation G, anC the northern

part of formation I occupy a caldera in formation E, steepLy overturned

Ëo the west by regional isoclinal foldíng (Figs. 4 anð' 5). These

formations have a maximum thickness of 1B7Om and are termed the caldera

sequence (Fig. 5). Formatíon H, rvhich has a maxímum thickness of

14OOm, is the dominanL caldera-fil1-ing phase in Èhe present cross-sectiot-

The present exposure of the caldera sequence represents a near-vertical

cross-section through the cal-dera.

In the south, Lhe caldera sequence ís abruptly truncated by

easË-Ërendíng faults and by the Setting Net Lake stock r+hích apPears

to have been intruded along paTX of the caldera margin. In the northr

the sequence thíns and is truncated by a northeast-trending fault

(Fíg. 5). The upper surface of the caldera sequence rvas origínally

sub-horizont,al. The relationship of the caldera sequence with under-

IyÍng formatíons E and F ís obscured by the Settíng NeÈ bt""t fault,

-20-
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slightly discordant metagabbro and metaquartz dj.orj.te sills, and

thick overburd.en. Fcrmation F ís only present at the northern end

of the caldera.

That part of formation G norEh of the calclera (Fíg. 4) is a

lenticular unit of monolithologic and heterolithologic volcani-

clastic rocks up to 45om thick (Ayres, L977). rt consists of tr+o

facies: 1) a thj.cker, near:vent and partially rernrorked sequence

of thÍck-bedded breccia and tuff-breccia, and 2) a thinner marginal

sequence of well-bedded tuff and tuffaceous sandstone, which appeat

to be the reworlced alluvial equivalent to the coarser breccia. The

southern part of formation G, occrrpyi-ng the caldera, appears to be

related to a second vent near the south end of the caldera.

Metesedimentary formation r comprises a proxímal facies and

a distal greywacke faeies, separated by a lateral digtance of 2 krn.

Both facies consisË partly of detritus eroded. -from formaËion H. The

proximal facies rvas depositecl in an al lu-¡iaL fal and shallor\i-water

environmenÈ at the top of the caldera ancl is co-extensive with, and.

unconformably overlies formaËion H. The greywacke facies is a

marine turbidite, and it appears to be a more dj-stal equivalent of the

proximal facj-es, deposiÈed south of the cald.era on the ouËer slope of a

shield voLcano represented by formation E (Ayres , 1977).

'411 nembers of the caldera sequence have been metamorphosed

under regional greenschist facies conditions. Fornation H howeger,

differs mineralogically, texturally and chemically from other felsic

Èo intermediate fornations of símilar metamorphic grade elser¿here

in the Favourable Lake metavolcanic-metasedimentary belt.. These

differences, which will be amplifiecl belor,z, suggesË that formation II

-22-



underrìrent. volcanic-relal-ed metasomat.ism prior to regional greenschfst

facies metamorphism. Also, this metasomatísm affected formation G

and the basal conglomerate of formation I withín Ehe caldera.

FORMATTON G

ltriLhin the caldera, mafíc to intermediate metavolcanic forrnation

G has a maximum thickness of. 27Om ín the south and gradually thins

norÈhward (Fig. 5). ft consists of metamorphosed basaltic and andesitic

proximal venË-facies flov¡s in the south and dístal vent-facies pyroclastíc

rocks in the north. Modal analyses are lísted in Table 4, the metamorphic

mineral parageneses in Table 5, and chemical analyses in Table 1L"

In the south the flow sequence ís abruptly truncated by the

Settíng Net Lake stock but. in the north it interfíngers rvíth formation

H forrníng tr,¡o tongues each r¿ith a maxj.murn thickness of 12On (Fig. 5).

The upper. tongue has a blunÈ northern termination that ma1' Lre a primary

feature or a result of subsequent faul ting. The lorver tongue eppears

to thin norËhr,¡ard, and inLerfinger vrith rJisfal vent facíes pyroclastic

rocks, but this relationshíp i" ,*""ttain because of disruption by a

metagabbro. j.ntrusion (l'íg. 5).

IndÍvi-duat flows could not be define<l in the field because of

their: 1) fine-grain size, 2) uniform appearance, 3) absence of

brecciated margins, and 4) poor exposure. However, peËrographic study

showed variable textures and colour indices Lhat may indicate Èhe

presence of several flows in each tongue. The precise number of

flows and flow thicknesses could noË be defined. Both aphyric and

porphyritic flows aïe present, with aphyric flows predominating.

Aphyric flor,¡s can be subdivided into three broad types, on the basÍs

of colour index, Èhe petrographic characteristics r¡hich are suîlmarizeð
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TABLE 4 (continued)

l. llgdql onalyses dettrm¡h9d p6lroqrcph¡colly, e¡cepl for

?t wh¡ch wos determinod by X-rqt dillroctto¡

Z FORI?AT¡ON G. Flows, proximol ve¡1 focios¡ 158'160'

r99

Pil8o r-t-!9ijl!:!9!-9, d !s r' t renl toc tes' 7 |

3- FORMATúil H. Flows' Þror¡mol vent focies

momber H-2,394
member H-4' (ñorlhern focies)

18,19,37,38,476'

478
(s@lhern loci6s'

26t,423'426,443

Vo¡con¡closl¡c rocks'

Primory lufl - ptoximol vont locios

mtmÞcrH-l' H3l22
mcmbar tl-4' 268

- d¡.lol vcnl loc¡os

mlhber H-l' 95

mcmber H-3 228

Fluviol luff - distql l.o protimol vonl locigs

F!ñbqr H-4, 285

- dittol v€nt toc¡€s

mcmbor H-3' 224

'#i"tiiti" - d¡srol vonr rocr.s 
^-mcmb€r H-2'183

Prlnory broccio pro¡¡mol yoñt foct6!frqgmonl 
m.mbcr H-4' 3o8

Yolc oo I c
lilhotan¡lr - plo¡lnol fo di!lol v'ni tocÉl

mrnbor li-2' 382

Quort¡ dior¡lo ' 
narlhorn plulon' 398

¡oulhcrn Plulon, 84

4, FORMAIION H BUFF ALTERATTOT{ ZONES.

Flor¡ : 19,394,423

Broccio:3OB
'?!11| Ht/22

5. ChGnlcol enoly¡!r fot oll 5ompl'r arc Plorrnl0d In

Tobl. ll .

6. Sdmplo tocofionô orâ plotlod én Figuro 5'

Nofes
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A. II{I'ERMEDIATE TO MAFIC FIOV\IS AND PYROCIA,STIC ROCKS IN FORMATION G

actinolite + albite + epiclote * ctrlorite t quartz t ¡iotite t

carbonate

- TABLE 5. Metamorphic mineral assemblages

Þ FEI'SÎC TO II{TERMEÐTATTE FI.oVJS, PYROCLq,STIC AND TI.{TRUS.TVE ROCKS IN

FORMATION H

L) biotite + albite + quartz +

2) chlorite + biotite + albiie

3) muscovite + albite + quartz

rare garnet and actinolite

epidote

+ quartz

j epidote

j chlorite I muscovite

+ muscovite

t biotite t chLorite;



in Table 6 aLong with those for porphyrític flows. There are no

obvious mineralogical differences, apart. from relative abundances of

minerals, between the flow Ëypes

Aphyríc flov¡s and the groundmass of porphyritic flows consist of

discrete, trniformly distributed plagioclase cryst,als enclosed by an

int.erlockíng mat of acicular actinolite and rnínor chlorite. Primary,

euhedral-, tabular plagioclase shapes are preserved by pseudomorphic

aggregates of albiËe with or wj-thout some epidote and chlorite. Several

samples v¡ith a graín size less than O.2mm conÈain acicular albire which

appears Ëo have partly preserved features, such as sr¿allow Eail crystal

shapes indicative of quench origin. The actínolite mat lacks robvious

primary textures. However, the enclosure of plagioclase crystals by

this mat may be indicative of prímary ophític, subophitic or isogranular

textures. Porphyritj-c rocks contain up to 5 percent 0.5 to 2mm,

tabular, euhedral to anhedral aggregates of actinolite rvhich are probably

pseudomorphs after prímary pyroxene phenocrysts, and up to 10 percenË

tabular aggregates of epidote that may be pseud.omorphs after plagioclase

phenocrysts. Rare round.ed vesicles and qtJartz amygdules r,¡ere observed.

Píllows are conspicuously absent, and florv brecciation was only

observed in a lentícular inclusion in the metagabbro si11"

A subvertical nafic to inËermediaËe dike, about 1Om wíde occurs in

the lower parË of formation H inmediately overlying format,ion G near

the southern margin of the caldera (Fig. 5). Macroscopically the díke

is mi¡sa¿logically and Ëexturally similar Lo the aphyric flows. The

presence of the dike may indical-e renewed mafic to intermediaËe volcanísm

higher ín the sequence, although no conrparable flov¡ or pyroclastic units

were found in formatíon H"
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The northern disLal vent facíes ís 2O to 20om thíck, althoggh

relations at the north end of the unÍt are_ disrupted by metagabbro

and quartz diorite plutons. It is mainly primary monolitholigic .

to heterolithologic lapillistone and minor tuff, except at thè

northend where tuff appears to predominate. SouËh of Borthwick

Creek, relations between fornatíons G and H are obscured by the

discordanx quartz diorite si1l and poor ouEcrop, but the formations

apparently interfínger. North of Borthwick Creek, conÈact relatíons

are better exposed and Ëhe forrnations are ín sharp contaet, except.

loeal1y where there is minor interlayering of pyroclastíc rocks

wj-th volcanic sandstone and argillaceous rocks of formation H.

Also, north of Borthwick Creek, formation G pyroclas.tic rocks

become less mafic and consist of alternating intermediate and felsic

to internediate layers Ehat may have been derived'from two volcanic

sources. Unlike adjacent forrnation Ii, rnosÈ of the facies appear Èo

have been sËrongly deformed. Two well-developed, discordant secondary

foliations are present, ànd fragmenÈs are strongly flattened r,rith

indíces of elongation of as much as 5:1. Although deformation

hampers study of the fragmenËs, they appear to have been originally

rounded Ëo angular and poorly to moderaËely sorted; they ranged in

size from less than 2rm in tuff to 3omrn in 1api11istone. Metamorphic

recrystallization and fine ínternal grain síze of.fragments hampers

deËerminaËion of fragment compositions. Fragments are aphyric and

consist of varying proporËions of chlorite, actinoliËe and albiËe, in

heterolithologíc uniËs, and of either act.inolite or chloríte in

rnonolithologic uníts. Because of recrystaLLízaÈíon the matrix is

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

metarilo::phic mincralogy siinilai: to the Jlragments.
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North of Borthwíck creek, some beds contain actinolíte-rlch

fragments in a fíne-grained qvatxz matrix Ëhat may be recrystallized

chert

FORMATION Ti

Introduction

Formation H has a strike length of 6.2 km and varies in thíckness

from l4otlm in the south Ëo about 3OOm in the north (Fig. 5). It consísts

dominantly of metamorphosed felsic to intermediaLe pyroclastic rocks

and flows of andesitíc and dacitic composítion. The major lithofacies

(Fig. 5) are: 1) 15 percenr flows, 2) 22 percent primary tuff, 3) I

percent fluvíal tuff, 4) 7 percent undifferentiated Ëuff, 5) 21 percent

primary 1apillËtuff and lapillistone, 6) 2 percent fluvial lapíllístone,

7) 4 percent undífferentiated lapillistone, B) 19 percent laharic

lapilli-tuff and tuff-breccia, 9) 1 percent primary breccia and

agglomerate, 10) 1 percent volcanic epíclastic rocks, and 11) minor

intrusive breccia. The formation also contains mÍnor conglomerate, chert,

and ferruginous chert. In adclítion, the qlrat.1z dioriËe silf at the base

of formatíon II is interpreted, from field relations and Ëextural features

Ëo be an integral parË of the volcanism that produced formation II- The

domínance of primary pyroclastic rocks, flows, and high-leveJ- quartz-

diorite intrusions, with respect to epiclastic volcanic rocks índicaËe

that formation H is a vent facies"

The formation is subdivided into four members (I'igs. 5 and 6) each

of which represents a major pulse of vol-canism. Members are informally

designated H-l to H-4.

Contacts between indivídual pyroclastic and some epiclastic units

arp- difficul-t to define because of : 1) firre-grain size'òf =o*u units

?) rlos.ir-rrcl-iolr o'F nr-imarw 1.ê-.(ïlrr^ês bv tecrrzstal.-l i z¡1-ion - 3) natrcity of.'---.--.-J!L]'''||||,LJLl..\Lr¡:vv¡/./---.J



F
ig

. 
6 
" 

D
is

rr
ib

ur
io

n

Ë
o 

F
ig

ur
e 

5 
fo

r 
lit

ho
lo

gí
es

.

N

F
O

R
M

A
T

IO
N

 H
m

em
be

rs

ffi
 H

-+
'n

+ (.
/)

H
-3

F
=

 H
-2

[\]
 n

-t

fo
 c

ie
s

of
 m

em
be

rs
 a

nd
fa

cí
es

 i
n 

fo
rm

at
io

n 
H

. 
R

ef
er

[ì¡
:'l

 p
ro

xi
m

ol
 v

en
l f

oc
ie

s

ffi
 g

uo
ttt

 c
lio

rit
e 

in
iru

si
on

s

ffi
 r

on
ru

nr
oN

 G

di
sf

ol
 v

en
l 

fo
ci

es

sc
ol

e

I H rJ

lk
m



diagnostic features, such as unique fragmenË types that dístinguish

in<lividual units , 4) rapid IaËeral and diffuse vertic aL graín size

variations, oT 5) límited exposure. ConsequentL.y map boundaries,

parËicularly ín the southern part of formation H (Fig. 5), are

arbitrary and based on major clast síze changes deternÍned from

both field and petïographic study.

Uníts tend Ëo be lensoidal (Fig. 5) reflecEing restricted

distríbution of volcanic produets, írregularities in primary volcaníc

surfaces, and perhaps erosíon during volcanism. Most uníts have

north-northrqesterly trends and dip sËeeply between 7Oo easË and 7Oo

west. The northern end of the formation (Fig. 5) Ís gently folded

about a near-vertÍcal axis producing northwesterly trends. I^Iell

defined beddíng planes r,rere observgd only in a few pyroclastic and

epiclastíc units because most units are either characterised by gradual

grain size changes oi havã thick bedding. Thin beddirrg (less than 1 m

thíck) defined by compositÍonal or grain size variations ís best

developed in fluvial tuff and lapillisÈone, and in epiclastic volcanic

rocks. Graded bed.s were observed in only a few epiclastic and

pyroclastic units. Normal graded beds in epiclastic units face west-

ward, but both normal and reve.rsed graded beds were observed irr prímary

pyroclastic units. Members H-1, H-2, and H-4, are characterised by

crucle normal or reversed grading.

The volcanic rocks have been recrysËalLized to fine-grained

aggregates of quarÈ2, plagioclase, and micas whích resulted in partial

Ëo complete destrucÈion of primary texÈures, especially in fine-grained

pyroclasÈíc and epiclastic rocks. Primary volcanic níner.als are poorl-y

preserved. l4inor relict primary plagioclase rvith coroposiLions between
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An.^ and'An^- was observed (fable 4) but most plagíoclase ís replaced- ¿v -J)

pseusomorphously by albite, biot,ite, chlorite, and muscovite. Quartz

phenocrysts are rare and are geneïally recrysËallized to monocrystall-

ine aggregates. Three metamorphic mineral assemblages can be

identified (Table 5). Assemblage (1), whích is characËerised by a

high biotite conLent. ís most coflìnon. Assemblage (2) is of minor

ímportance and is intimately associal-ed wiÈh assernblage (1) .

Assemblage (3) is muscovite-rieh and occurs near vents as large

irregular zones discordant with the sLratigraphy, as small irregular

zones in f1ows, as reacËion rims on bombs in agglomerate, and as thin

selvages adr-acenË xo qvar:uz veins. These zor,es are termed buff

alterat.ion. lfínor minerals in all assemblages aïe apatite, zíTcort,

Èourmalíne, pyr:ii:e, pyrrhotite, iron-titanir¡m oxide, leucoxene and

rarely carbonate. Modal analyses are presented ín Table 4.

The strong degree of recrys taLLízatíon and the occurrence of

mineral assemblages ( 1) and (3) are unique to formaËion H and do

not characÈerise other felsíc to ínËermediate rocks of similar

meËamorphic grade out.side the caldera which will be discussed'in a

l-ater section. These feaËures Èogether with chemístry (Table .11) 
,

indicate that formation H underwent met.asomatism during volcanism.

Assernblage (1) probably represents a pervasive hot-spríng and

fumarolíc alteratíon whereas assemblage (3) represents locally

inËense hoË-spring and fumarolic act.ivity close Ëo vents.
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Felsic to íntermediate flor,¡s (Fíg. 5) are corunonly lenticular,

between lO and 9O m thick, and'beEween 40O and L32O m long; they

commonly form sequences up to 14O m thíck. The hígh thickness:

length ratio is probably indicative of high flow viscosiEies and

most. flovrs aie probably close to source vents. In flou' sequences,

individual flows can be accurately defined only vrhere they are

separated by thin pyroclastic units or have brecciated margíns.

Chí11ed cont.acts were observed rarely. Lrhere these features are

absent, textural and mineralogical r,'ariations indicate the presence

of two or more flor,¡s, but flow contacts are difficult to define,

Consequently, boundaries between flows ín !'igure i 
"t" 

commonly

arbítrary and are only dralm rvhere diagnostíc evídence are present

and texi:ura1 variatíons can be traced along strike for more than

several tens of metres. Modal analyses of flows are presented'ín

Table 4 and chemical analyses in Table 11.

Both porphyritic 4nd aphyric flows are present and their

petTographíc characteristics are lísted in Table 7. PorphyritÍc

flows form about 8O percenË of all flows. Porphyritic flows can

be broadly subclivided into t\,üo Èypes: 1) Ëhose contaÍníng only

plagioclase phenocrysts and forming about 90 percent of porphyritic

florvs, and 2) those containing both plagioclase and quartz

phenocrysts (Table 7). In all porphyrítíc flows, plagioclase

phenocrysts have a uníform size (0.1 - 5mm) and disËribution

(Fig. 7>, and random and/or preferred orientatíons. Although

recrysÈallízecl , their primary, euheclral , tab'.rlar shapes are rve1l

-34-
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preserved by pseudomo¡phs of albite, epídote, muscovite and bíotíte.

Primary oligoclase-andesinu (hZO - e:S) phenocrysts aïe preserved

in parts of several f1ows. Quartz phenocrysts have uniform sÍze

(O.25 to O.5O mm) and distríbution throughout a flow and despíte

iecrystallizarion have well preserved primary subhedral, corroded,

equant shapes.

In strongly altered flows, plagiociase phenocrysËs are largely

replaced by muscovíte and may be difficult to distinguish from

the gror.rndmass r¿hich is also replaced dominantly by muscovite. In

some flor¡s bioËíËe is the major replacernent mineral of plagioclase,

forming 25 to 5O percent of the pseudomorphs (Table 4). In additicn,

biotite forms irregular Èo tabular aggregates (O.25 to 2 nm) that

may be completely replaced plagioclase phenocrysts or mafic pheno-

crysts

The groundmass in all porphyritic flor'rs has recrystallízed

to fine-grained (less than O.1 rnn) quartz, plagioclase, biotiËe,

chlorite, muscovite, epidote, trace gaïnet and tour-malíne, and rare

actinolite. Biotj-te forms 1O to 40 percent of the groundmass (Table 4).

The high biotite content in the groundmass and plagioclase pseudomorphs

of some flows is one of the unique features of foruaLj-on H (both flows

and pyroclastíc rocks). Such abr¡ndant 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, outside of the

caldera (Ayres, pers. comm.). As discussed in a laËer section íts

presence in formation H may be the result of hydrothermal alteraËíon.
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Fig" 7 " photomicrograph of a porphyritic felsic to intermediate

fiow with uniformly distributed and aligned plagioclase phenocrysts and

a fine-grained recrystallized groundmass of plagioclase and quartzt

that may have been originally glassy. Plagioclase phenocrysËs are

replaced pseudomorphously by albite and minor sericite, chlorite and

biotite. crossed nicols"
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In strongly altered flows muscovite is a major component of the

groundmass.

The lack of preserved primary textures and Èhe uniformly

fine-graín size of the groundmass suggest that. it may have been

or-íginally glassy; Crystallízation of most phenocrysts príor to

extrusíon and formation of a glassy g::oundmass after extrusion

could accourrt for the uniform distribufion and síze of phenocrysts

in flows.

Aphyric flows contain 85 to 9O percent randomly oriented or

aligned, subhedral- to euhedral, 0.1 to 1 mn plagioclase and 1O

to 15 percent anhedral, O.O5 - O.5 mm quartz. Plagioclase has been

replaced pseudomorphously as described above and ín Table 7 f.or

plagíoclase phenocrysts in porphyriÈic flows. cireular biotíte

aggregates (0.25 to 1 rnrn) may be compleËely replaeed plagioclase or

mafic c'rystals

Primary flow f oliatíon, lineaËíon, and layeríng â.re r¡rê11

developed within and near the margins of some flor¿s and are

distinctly different from, and are corumonly discordant to, poorly

developed metamorphíc foliation and lineaËion produced by

micaceous minerals. Primary foliation and líneation are defined

by aligned plagioclase crystals and may be presefit in all flow t¡'pes

(Table 7). Flow layers are only presenË in porphyritic flows and

are 1 to 3 rnm thick; they are recognísed by: 1) healed partíng planes,

2) variation in composítion, 3) variation in phenocryst size, 4)

variation in phenoeryst content, and 5) variation in phenocrysü

alignmenË, whereby different layers show different average

orientation directíons of plagioclase phenoclysts wíth regard to

.l.l,l,lri;¡¡-' r-.:- j.cr'ii-r'r.tioll- Ài ì-lre il¡l'-l¡ of i.i¡,-"';:.1 tilc :¡i-f :i triilc rl-l



folíations, lineations and layers vary from parallel to the basal

contact Ëo as much as 4Oo discordant. Parallelism of these

stTuctures r¿ould be expected near the basal contact because of

margínal shear between the viscous flow and underlying surface.

The orígin of the tliscord.ant trends is unknown, although'they

probably reflecË shear directions during magma flow. Prímary

flow foliation and lineatíon were observed in the central parts

of only a few fl-or,¡s, vrhere they are parallel or slíghtly discordant,

to flow contacts. In the central and upper parts of one flow, ín

the southern part of member H-4, inclined layering loeally folded

into a detached antiform was observed. SÍmíl.ar inclined and

folded flow layers have been found in Ceno zoíc rinyolite flows

(christíansen and Lipman, Lg66) and. can be used to determine flow

directions. Holvever, there is insuffícient data to apply this criteria

to the caldera flows"

AuÈobreccíation occurs as rnarginal zones up Ëo 4 m Lhick in

most f1ows. It occurs less commonlv as isolated lenticular zones

up to 3 m thick wíthin flor¿s and comprises the entire thickness, of

part of one flov in member H-4 neat the mine. The latter example

maybe a flowfront or margin, but this cannoË be proven here because

of faulting. Autobreccia zones are monoliLhic; the fragments are

identical in mineralogy and texture to the massive flow zone,

angular to subangular, 5 cm to 0.5 n in size, and poorly sorËed

(Table 8). Matrix j-s less than IO percent and iÈs primary nature

is indeterminate because of replacement. by quarù2, muscovite,

actinolite, pyríte, and pyrrhotite. The breccia grades.into the

massive flow zone. Rare spínes projecLíng I rn int.o the brecciated
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top, from the upper surface of the massive Í.Low zone

in one flor,¡ in the souËhern part of member H-4.

Tuff

Tuff forms lenticular uniËs rangíng in thiclcness from less

than 1 m to 3OO m and up to 1BOO m long. Units appear to be

thickly bedded, with bedding thicknesses greater Ëhan 1 n. Thín

bedding (6 cn to 1 m) , and normal grading \,rere rarely observed,

Tuffs are subdivided ínto prÍ.mary ancl secondary types; their

characteristics are listed in Table Brmodal analyses ín Table 4,

and chemícal analyses in Table l-l-.

Priroary Tuff: Primary tuff contaíns 1O to 5O percent identifiable

essentía1 and accessory rock fragments, and 50 to 9O percent,

matrix-like material (Table 8). MosE j-dentifíabl.e rock fragments

are felsic to inÈermediate, porphyritic and aphyric varieties, and

tuff may be heterolithic or monolithic depending on the degree of

textural varíatíon. Other fragment types occur locally (Tab1e B),

Porphyrítie fragments contain plagioclase phenocrysts that are

replaced pseudomorphously by single grains of albite or aggregates

of a1bíte, bioÈite and muscovite. Aphyríc fragments, the groundmass

ín porphyritic fragments, pyroclastic fragments, pumiceous. fragments,

arnygdaloidal fragments, and the matríx-like material have

recrystallized to fine-grained (less than O.O5 mn) q:uartz, plagioclase,

muscovite and biotite" The secondary mineralogy and fine-grain size

withín these fragments suggest Ëhat they may have been originally

glassy, with the matrix-líke materíal representing granules and

shards of glass whose borders are no longer identífiable. because of
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TABLE 8" Volcaniclastic rock tvpes in formation H and their characteristics 4T

ROCK

TYPES

FRAGMENTS
SORTING !]ÀTRIX

STRUCTURÀL
IIEATURNS

FTELD REL\TIONS

Type & abundance origins Srze Shape

l. Autoclastic
--EãõlãEua

f lo¡vs

90e¡; monolithic; same mineralogy
and textures as the massive flovr

FIort 2cmto0.5m Angular to sub-
angular.

nonsorted 'ì n nÊr^Ênl-: i n.lêf Þhi nate
because of replacement by
dtl5F+2 ¡¡fì nnli fo :nA

Fê-c,rlñhi.lêc

I. No bedding.
2. Occurs at flovJ margins, as

lÊnf i.rrlãr. ¡nncnrdant and
discordant zones within
flows, and rarely involves
the entire flow.

3. Grades into the massive floH

fn proximal venL facies2. AllÕclastic
Intrusave
breccia

7ñ +^ Onq. -^h^r i +hi ^ {/ v LU ou o t rlrurru¿I LLrtu EO

hptern'l i fhi ¡ Fê l ci 
^ 

fO inEer-

mediate, varying from porphy-
rifiô t.'ith â dì\/êrcitv of
tÊvfrrrêq ln enhwricr ninof
quartz and sedimentary fragments.

Þâ-âvì cf ì hd

rocks around
the vent.

lto15cm S ubangular nonsorted 20 to 30 percentr vu99y
and smokey quartz of
probable hydrothemal
oragÌn.

'I nic..rdãnf tô âdiå.ênt units.
2. Sharp and diffuse contacts.
3. Fragments adjacent to contacts

n¡r¡ ho olnn¡:ta^ ãñâ ãl i ôñêd
n¡r¡llol t^ -^ntå^fcyqrq!!L !

4. Absence of tectonic caLaclasis
¡nd c¡hi ct^ci tv

A,r^^l ¡cti ^
À. Primary

(i) Tuff , fine
Iapi Lli-

and
fine
lapi lLi-
s tone

l0 to 508 identifiable rock
Frålñêntc i h t,,F€ rn to 701 in

ãnd drêåcer Lrrdrr

70!È ln lapillistone. In orcier of
¡lc¡roasìnc ¡hnnrì¡¡^e fhe main
f rãffiâht f r'ñôê âFô.

l. Felsic to intemediate,
porphyritic wj-th euhedral
pseudomorphosed plagioc lase
nhênñ.rwqfq ll mml in a fine-
grained groundmass.

2 nelçi. ânhwri¡ ¡nnnosed
rìo¡ìnnnfIw ñF õrìâri-z and
plagioclase.

? 
^r1ãr¡r -/i^vi f i ^

4. Biotite-rich
Þârô f1,hôê ârÃ.

5. Felsic to intemediate tuff,
6. Mafic to intemedi-ate.
7. Fels.ic to intermediate,

q¡"yYue!ufqêr.

8. Pr¡niceous.
q cÀd i hôh+â Fr,

10. Plagioclase crystals.
Ilonolilhic units: contain only
tvpã-r-ãi-tvÞe z.
Heterolithíc units: contain 2

or more fragment types.
Tuff: also contains 50 to 90?
matrix-like material that
nrnh¡hlrr ranracoìrtc ñt --- ôÈ^v^-y!v!q!rt !LPrçrL¡ruJ yra>Þ rrrqlqr
Anrl ôrânrìlêc nf cìmi lâI' Size aS
i-hê idêrf i Éi¡r'ìo fvaments but
ãrê nôf fÊvfr.rå1 1., nrcserved
ho¡aIce ôf rê.rvcfål lization to
fine-grained quartz, plagioclase,
hin¡ìta qari¡ita :ñd êñi'-lôfê

Essential: 3
4, 8, and 10.
Accessory: 5,
6, and 9.
Essentìgl or
À^^aêc^rlr. 1

2, and 7.

Tuff:
tylEs 5, 7, and
Bup to4 m.

1*t"3c^,
with 30 to 70t
between 2 m and
2 cm.
fÉpillistone r

lmto3cm
with > 708
between 2 m
and 3 cm.

Þ^^L ç/Þffiôhiè.

-'

angular to sub-
angulart types
4 and rarely 2

have concave
borders because
of ves.ic Le
contro Iled

PL]Jnlce:
ô^l I âñcê^ tô

fom lenses.
:æ'
broken and

m¡r¡ ¡¡t ho

rounded.

Tuff: Indet-
eminate because
ôrãì h ci zê ôF

^lãêê 
ñârfì^lêê

is not known.
Iåpilli-tuff and
Iapillistone:
ìM^r f 

^ 
ñ^^d

Tuff: absent if the fane-
ñrãi hê^ m:tri w-l ì Lo

material was originally
d1âcê ñãrfi¡1ac nÉ tha

same size as identifiable
fragments.
E¡Jr rrr-Lur r d¡¡u
ïãFITIi.EõãJJo to zot
in lapj"lli-tuff and < 301
in lapillistonet composed
of fragiments similar to
the coarser fract.ion and
onssihle olass: ìdentif-
iablefragments(2m
in size.

Extensive and lenticular
units.
¡lassive to thick beddj-ng,
generally ) 1 m; rare thin to
tshi-L hêddìñd hêtuêêh 6 Ctn and
lm.
Räre nomal grading.

Proximã 1 vent facies:

2.

associated witÌl flovJs
ãnd -^^ r<ê-drã i nêd
nrim¡rr¡ h/tô-lácrì -
rocks,
Distal vent facies:
associated w.ith fine-
nr-inaâ nrìm>rr¡ ¡nd
co^nnâ:rr¡ l:nil1i-

and secondary tuff.



TABLE I (continued)
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ROCK

TY P]jS

FRÀGIlENTS

SORTING ¡lATRtX
STRUCTURCL

FEÀTURES
FTELD RELqTTONS

Type & abundance Si-z e Shape

3. È¡r..1å<ti^

cant rd
(ii) Coarse

lapi lli-
stone /
breccia
and
agg Lc-
merate

(Ì) ¡ IUVraI
tu-f i

fine
lapi lli-
stone

(ii) Laharic
Lapi Ili-

lapj. lli-
stone
and

breccia

>80t. ln order oI decreasing
abundance the fragment types
are:
L Felsic to intemediate,

nñrnhvri fì 
^ 

trì fh ê',hedral

pseudomorphosed plagioc lase
ñhÊnñ^'vche 1ì mmì i_¡ a fine-
dr¡ì hêÀ dr^'rndmãcc

). Fêlci^ ånhvr'ì. -^mnosed of
rlñhi nånf lw ôrìârt? ãnd

plagioc lase.
Pârê fr¡ñêê ãrê.

3. Ilafic to intermediate.
4. Sedimentåry.
À1ôhô1i thi ^ ti'hôe. :i comprrse
êì Fhêr t\'ñê I ôr t\rñê , Frãñêntc
Hêfêrôl ì fhi ¡ i-vnos. mì.xtures of
f r¡no I :nâ , ñY 

^ñll, 
+r,ñô I t.'ì +h

¡ ¿ìi r¡ar<i r\r ôf fêets,1rac

E_!senlisl:
bombs .
À^^ôêc^F\,. ?

-'-'

2, and 4.
Essential and
À^-âêc^Fr,. l

and ¿
Monolitic units
contarn
êcêônti âl Fráñ-

ments and
heterolithic
units contain
^^^^*+i -r --r

accessory

Iapi llistone :
2 to 10 cm with
> 70å between

2 and 6.4 cm.
Breccia: 5 to
160 .*
Àddl 

^ñôrrÊô.

rro*rt=-SE:o
^ñ 

iñ diâhÂfar

and blocks up
to3m.

Iapi lli and
blocks; sub-
.hd,1I ãr f 

^

angular.
Eombs: rounded.

(20e;; lack cf data on
Frã.mên I f vnêc hrrt tbor,

probably include rock
FrÞñênt c ¡ nd -ì -^-

.ri/ctâlc :hâ ra^ñ'êf-

¡l lize¡ì dlâcc Frâdñâñts.Y!qrr !!qY¡rLç¡rLr

<2 m in size.

1. L€nticular units.
2. trlassrve to rvell strêtified

with layers up to 1 m thick
.lefinê.1 hv r¡¡ri:¡ìnn ln
r!eYrL,c¡rL 5¡¿Es.

3, I¡cal normal and reverse
graded layers.

Proximal vent facies
co-extensive eil-h flows,

> 90eót monolithic to hetero-
I i rhi ^ ì Á^-!i Fi îÈ1^ r.-L frãd-

' and 10 asLyPc> tt ¿, r

an prrmary tuff, lapilli-tuff
ån.l li nê l:ni I ì i <tônê. fl,ñê ì n
(plagioclase crystals) is minor.

Derived from
P!1'Lrd! y Lur r,

and fine
1¡nìllic¡nno

ancl therefore
thp ¡ri¡i¡c

are as for
these rock
types.

Tuff: 2 m.

---l-*-t" f.S cm.

Subangular to
rounded.

l'loderate. Tuff : 0 to 5e¡,

I¿pillistone: ( lO?i
Composition is ¡¿gþgfl by
rê.rvcfâI1i<:¡i¡n h¡rI it
probably consists of rock
fragments and crystals
<2 m in size.

Àê F^r ñrihrrr, !'rçf Prcximal and distal vent
f¡¡i oc r.,ì f h -rô:rêr
abundance in distal
vent facies.

30 to 7Ot in lapilli-tuff and
t,tFF-hro¡¡iâ. ?ô +^ qôa ',, -- -,i In
lapillistoner he terolithic ;
types 1, 2 and 3 as in primary
^¡¡rco 1:nì llìêf^ñô hrêuudr5c ldyrr! lreCCIA
ãn.l ãõd1ômêråtsô r^,ì th f\'ñôë l
ar¡u ¿ PrEquilr¡¡d Lf r¡9 .

Derived from
mass movement
of unconsol-
idated prj-mary
ñ\rr^-ì âqti ^

therefore the

¡rini¡c árê thê

primary Pyro-
cÌastic source
rocks .

Bimoda I t
coarse fraction
ItoTcmin

and lapillistone
and 3 to 15 cm

in tuff breccia.

S ubangular nonsorted IËpilli-tuff and tuff-
breccia: 30 to 70eo

IÉpillistcne: 20 to 30t
Rock fragments and minor
crystals(2minsize.

No bedding or grading.
Iênticular units of varying
lateral extent.

Distal vent facies

4. Epiclastic
Volcanic
sandstÕne

80 to 95'; rock fTagments, up to
ìq'nì¡ai¡¡1:ca ¡rr¡ct:lc ¡-Ä ',^
ts^ lô". drârt? ¡vr¡ef:lc.
litharenite has < 5t pl.rgj-oclase
crystals and feldspathic
litharenite has 5 to 15t
plagioclase crystalsi hetero-
lithic¡ rock fragments are
simi l¡r fÕ l-vmc 1 ãnd 2 in
prrmary tuff.

Vo lcanic
Provenance i
Exact nature of
source rocks is
indeteminate.

<2 m. S ubangular
rounded.

Good. < 5eó indeteminate
ho¡¡,,ca nf ro¡vr¡<fr I I -

i zati on.

l. Thin lenticular unlts.
2. Poor to good bedding v¿ith

thicknesses ranging fron
0.3 to 30 m.

3. Normal grading. 
.

4. Scour, flame and slump

Proximal and distal
vent facies with
ñrÞâfôr rh',ñA-n^ô iñ

distal vent facies.



recrystallization. Biotite conËent

30 to 45 percent (Table 4). In places it is the 'sole mineral replacíng

rockfragments(Tab]-eB)anditiscommonlyamajorcomPonent.ofthe

mat'rix-likemaËerial.Thehighbiotítecontentanditsdistribution

areuniquetoformationH,andasdiscussedfor'felsictointermediate

flowsarepossiblyduetohydrothermalalteratíon.Anrygdulesin

felsic to. intermediate fragmenËs are composed of quartz and epidote'

MafictoirrËermediatefragmentshavecolourindicesbet'vreen

15 and 35 and are mineralogically an<1 texturally síui1-ar to aphyríc'

mafic to intermediate flows of formation G' They are probably

accessory.

separate plagioclase crystals, which are replaced pseudomorphously

byalbireandminorbiotiteandmuscovite,arenormallyaminor

constituenË, However, near the quart.z diorite siii (Fig' 5) some

Ëuff units contain abundant phenocrysts and glomerocrysts of

plagioclaseandfragmentsoffinetomedium-grainedequigranular

interlocking plagioclase' The resËricted occurrence of these

fragmentLypesandtheirresemblanceLoplagioclaseinthequartz

diorite sill, SuggestS a genetic relationship. The sill was probably

emplacedduringearlyStagesofcalderafillirrgandwasahigh-i.evel.

magma chamber feeding pyroclastic eruptions higl'rer in the sequence'

RockfragmerrËsareangulartosubangular,althoughboundaríes

of most felsic Ëo intermediate fragmenËs are partly masked by

recrystallization, Figures Ba and Bb shorv a monoliËhic tuff with

wellpreserved'ïecrystallizedrdominantlyaphyricrockfragments'

Tuffrrnitscontainingporphyritiefragmentswithpoorlypreserved

fragment boundaries, plagioclase crystals' and a high matrix content

43

ís variable and can be as high as
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Fig" g:a. photomicrog¡raph of pri-mary tuff , from a stratifie&'

primary tuff-Iapillistone unit, with poor to moderatety sorted ang:ular

rock fragrments. Concave boundaries probably formed by conchoidal fracture'.

The fine-grained biotite-rich matrir< may have been originally glassy;

Plane light"
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Fig. I b. As 8 a but under crossed nicols showing fíne-grained

recrystallization of fragrments. Flne and unifonn graitr-size within

fragments shows that they were monoLitl'ric and possibly glassy"



of what may have been primary glass shards superficiaily

resemble pcrphyritic felsic to intermedíate flows, but they

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

Some aphyric; felsic and bioti.te-rich fragments have concave

boundaries and equant to rY' shapes (Fig. 9) due to vesicle

controlled breakage. Flattening of these clasts was not

observed. Pumice forms flatÈened, elongated fragments with wispy

ends and an internal folíation formed by vesicle collapse (FiS. 10).

Fragments are normally less than 2 mm except for pyro-

clastic, amygclaloidai- and pumiceous fragirnents v¡hich are up to 4 rmn.

Sorting is commonly indeterminate because of the high content of

matrix-like material and destructíon of primary textures in this

phase. Tuff containing a high proportj-on (up to 70 percent) of

rock fragnients appeaß to be poorly to moderately sorted-

Seconda-ry Tuff: Secondary tuff is monolithic to heterolithic and

contains more than 90 percent subangular to rounded¡ moderately to

well sorted identifiable rock fragments' minor plagioclase

crystals_ and ress than 5 percent matrix (Table 8) ' The rock

rragrnents are felsic to intermediate, poryhyritic and aphyric
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types. Other fragrnent types ttrat are found in primary tuf f (Table

B) are absent in secondary tuff. The nature of Lhe matrix is

difficult to determine because of recrystallization, but it

seems to consist of rock fragmenÈs and minor plagioclase. crysÈals

l+ithperhaps minor glass shards and granules.

A most significant feature of secondary tuff, dísÈinguishing

it from primary tuff, is its well preserved primary texture. This ,

reflecËs the high content of crystalline rock fragments and the



TABLE 9. Textural criteria distinguishing between strongly
recrystallized, massive felsic to intermediate tuff
units and porphyritic feJ.sic to intermedíate fl_ows

1. variable phenocryst contenÈ Relatively uniform phenocryst
and size in adjacent samples. content and size in adiacent

samples.

2" Non-uniform phenocryst dis- Uniform phenocryst distrjlrr¡tion
tribution in individuar ttrin i¡r indiviclual thin sectíons.
secE,Lons.

3. ^Abrupt textural variations in No textural variaticns.
ttri¡r section"

TUFF

4" strong rocal concentration No concentrations except i¡¡ scrne

and size variation of flcn¡ lavers.
phenocrysts due to thei-r
occurrence mainly j¡r clasts.

5. variable phenocrl'st, shape due cormnonly euhedral, no evidence
to fragmentation. .of fragmenèation-

6. Rare rounded plagioclase Rare wetl developed. plagíoclase
glomerocrysts lacking glomerocrysts, with angular
protrusions of indívid.uar crystar corners projecti¡g into
cryst-a1s" groundmass.

FLCHS

7 " .Absence of phenocryst
e 1 i mmon{-

8. stronger recrystallization Moderate recrystalJ-ízation with
with poor to moderate good preservation of primary
preservation of primarl' texèures.
textures 

"

9" rrregular weathered out- smooth weathered outcrop surface
crop surface in some units. with fine grained aphyric or

porphyritic texÈures.

Plagioclase phenocryst alignmenÈ,

is congnon.
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Fig. 9 . photomicrograph of primary tuff with partly preserved primary

texture. An amygdaloidal lapilius at the top and smaller biotite-richt

ash-sízed aggregates (darker grey) are tJ:e only identifiable rock fragments"

Note the concave borders ín some biotite-rich fragiments suggesting that

shape was partly vesicle controlled. Light-coloured, matrix-Iike material

lacks primarl texture and may have been originally glass. Plane J-ight.
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rig. l-0. Photomicrogiraph of primary

pumice fragment in the centre. The vagrue

formed by vesicle eollapse" Plane ligbt"

Èuff witlt

internal

an elongated flattened

foliation maY have been



paucity or abserice of a fíne-grained recrystallized phase representing

possible origínal glass shaids and granules.

The occurrence of secondary trttf in the'vent facies, 'the high

content, rounded shape, and moderate sorting of rock fragmenËs,

Ëhe simílarity of fragments to the dorninant identifiable rock- fragment

types in primary tuff, the absence or paucity of glass shard.s and

granules, and Ëhe 1oi,r content of matrix suggest that the rock fragments

ín secondary tuff were derived from poorly consolidaËed primary tuff

by fluvial processes during Ëhe eruption phase.

Lapil1í-Ëuf f , LapÍ1listone,

Breccia and Agglomerate

Primai:v Types: Primary lapilli-tuff, lapillístone, breccía and

agglomerate occuï as lenticular units up to 30O m thick and

17BO m 1ong. Both monolithic and heterolithic uníts are pïesent,

v¡ith heterolÍthic unit.s up to 5O m thick commonly occurring near the

base of pyroclastic accumulations, the upper parts of r'rhich are

monoliËhic units and flows. The basal contact of the heterolithic

uniËs with underlying tuff or flows ís sharp; the upplï contact, with

overlying flows is sharp and rvith overlying monolithic pyroclastíc

units eiÈher sharp or gradatíonal. Tn some accumulaËions, there is no

variation in absolute fragment size range but ín others the upper

nnonolithic uníLs are coarser than the basal heterolithic uni-Ës. Where

present this reverse gradíng may indicate ËhaË Ëhe iniËial phase of the

eruption r^7as rnore explosive. Bedding, with thicknesses less than 1 m,

and boLh norrnal and reversed grading are locally present.

In the following discussion and in Table B the character-

istics of fíne lapillistone (2 rnrn to 2 cm lapi1li) and .coarse
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lapil1-istone (2 to 6.4 cm 1-apí11i) are treaËed separately

because of differences in the range of fragment types. r'ine

lapillístone is discussed \,/ith fine lapilli-tuff and coarse

lapillistone wiEh breccia ancl agglonerate because of similar ranges

of f ragmenÈ types in the t\^ro groups. No coarse 1apilli-tuf f ivas

observed.

Fine lapilli-tuff and lapíllistone are monolithic to

heterolithic and consist of subangular to angular, poorly to vrell

sorËed, identifiable rock fragments and plagioclase crysË41s, and

fine-grained (1ess than o.05 mm) aggregates of quarEzr'pLagioclase,

muscoviËe, an,j biotiËe, that may be recrystal].ízed glass granules

and shards. The rock fragmenis include all types found ín tuff

(Table B) rvith felsíc to intermediate, porphyrític and aphyríc

varieties being most cotrmon. Monolithíc units åontaín only aphyric

f ragmenËs, as shornrn for a tuf f ín Figure Bb , ancl heterolíthic trniËs

conËain both aphyric and porphyritic fragments. Lapilli-tuff and

lapíl1-isCone consist of two gradaLional parËícle síze ftactions:

1) 1apil1í consisting of 2 mn to 2 cm rock fragmenËs, and 2) ash

matrix of.less than 2 mm rock fragments, which have sj-milar composit-

ions and textures t.o the lapi1-1i, recrystaLLLzeá glass shards and

granules, and rare plagioclase crystals. Of the two fractions, matrix

forms 3O to 7O percent in lapíl-li-Luff and less than 3O percent in

lapillistone.

coarse lapillistone, breccia, anci agglornerate (Table B) aÛe

rnonolithic to heterolithic and consist of two, comnonly gradational

poorly sorÈed size fractíons. The coarse fraction 2 to 1O cm forms

more than 80 percent of the uniË. It comprises subangular to angular
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lapilli ín lapi1-lístone, 5 to 160 cm subangular Lo angular lapilli

and blocks in breccia, and rounded bombs (Fig. 11) up to 30 cm and

subangular Ëo 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

(1ess tlnarr 2 rnm) matrix. The matrix ís poorly known because of

difficulty in sampling glaciate<l outcrops, but it probably consists

of rock fragments , rare plagioclase cryst.als and recïystallized

glass parÈícles, símilar Ëo naËïíx in lapílli-tuff and fine

lapillistone. The'term agglomerate ís used for units with more

than 1O percent bombs; the maximum content of bombs in aggloneïate

is about 40 percent. Agglomerate is confined Ëo Ëhe northern part

of member H-4 (Fig. 5). The range of fragment types is more linited

Èhan in primary Ëuff, 1apílli-tuff, and fine lapillistone, brtË, as

in these rock units, fel-sic to íntermediate, porphyritíc and aphyric

types predominate (Tab1e 8) "

Monolithic units conËain aphyric fragments and heterolÍthic

units contain both aphyric and porphyritic fragments. The bonbs

ín agglomerate are fine-grained and conrnonly characterised by

distj-ncË internal concentric layering with layers up to 0.5 cm

thick and by a 1 Ëo 5 cm thick outer rim (Fig. 11). Al.l of the

layers, including the outer rim, differ in colour indices and in

content of muscovite, acËinolite and Ëo a lesser extenË garnet.

The outer rim is characterised by a high muscovite content. and

Ëhe presence of actinolíte and/or garnet, minerals that are rare

elsewhere in the formation, The rounded shape of Èhe bombs and

the presence of concenËric layering in most bombs suggesÈs: 1) Ëhe

bombs are essential and originated as clots of ejected'magma, and
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Fig. 11, Rounded bonb (30 cm diameÈer) with reaction

'inÈernal concenÈric layers in agglomerate in the northern

vent facies of member H-4 about 3OO n southwåst of the No.

rim and

proximal

I shaft"
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Fíg" L2. Subangular block in agglomerate; northern proximal vent

facíes of member H-4, about 3OO u souÈhwest of the No" 1 shaft"



2) that the layering is prímary, with the outer ri,m forming either

by rapid cooling or alteration shortly after. deposition and the

ínternal layering by the coolíng 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 subangulaï Èo angular fragments ís more

difficult to determine than Ëhe bombs ín agglomerate. The occur-

rence of heterolithic units at the base, and monol-ithic units

nearer the top of pyroclastíc accumulations, suggests a cofinnon

evolutio¡ary cycle. The heterolíthic fragurents produced by Èhe

initial phase of eruption could have several origins: 1) slunped

earlier forned pyroclastic and auioclastíc breccias around the

vent prior to the eruptive phase i the fragmenËs r,¡ould be domínanËly

accessory , 2) blasted and ejected from ptu-u.*i"tíng pyroclastie

and autoclastíc breccias and flows -,,¡ithin and arotrrd the ienL

during the earliest phase of the erupËion; the fragrnenËs would be

dominantly accessory, 3) a combination of 2) above with fragmenËs

from the magma; the fragments would be accessory and essent.íal-' and

4) a combínaÈion of all of Ëhe above sources.. Of the above 2) was

probably the dorninant process. As erupËion proceeded, the magmatic

componenE increased Ín imporËance and Lhe monoliËhic r¡nits r,¡ere

derived largely from the magna; fragments are dominantly essent.ial.

The mixture of bombs and blocks in agglomerate may have resulted

from slumping around the vent during an eruption or more probably

be magmatic, wiÈh the blocks derived from a sliþhtly more vlscous

magma.

Secondary Types: The coarser secondary pyroclastic rocks comprise

both fluvial and laharic uníts and their characterist.ics are lÍsted
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in Table 8. Fluvial units consist of 1apí1listone whereas

laharic units consist. dominantly of Iapitlí-tuff and minor tuff-

breccia and lapillistone- Ia.haric units are more common than

fluvial units, and consequently coarse secondary pyroclastic rocks

as a whole have a higher lapilli-tuff to lapillistone ratio than

coe.rse prinary pyroclastic rocks. AIso, coarse second.ary

pyroclastic rocks have a lower maxirmrm size range of frag;ments"

Fluvial lapill-istone units are up to 100 m thick and l50O m

long. 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, j:l laharic

sequences. They are heterolithic to monolithic ano consist, of

more than 90 percent subangrrlar to roundedr.mode;:aiely sorted, 2 mm

to 1"5 cm rock fragments and less than 10 percent tuffaceous

matrix. The rock fragments are dominantly felsic to intermed.iate

porphyritic and aphyric varieties similar to the dominant fragrmenE

types in primary lapillistone" The nature of the matrix is

masked by recrystall-izationr. but. it probably consisËs dominantly

of rock fragments and minor plagioclase crystals. No single

criterion sufficiently distingrrishes secondary tapillislone from

primary lapillistone, but rather a cornbination of criteria

including better sorting, greater rounding of fragments lower

maximum síze range of the rock fragments, and the absence of

fíne-grained recrystallized glass fragments

Heterolithíc laharic trniËs and sequences range Ín thickness

from 2O to 47O m and in length from 1BO to 2B0O in.. Internal bedding

is absenL and no grading was observed. In contrast to other
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pyroclastlc rocks, lahars have a bimodal- fragment. size distríbution

(Fig. 13) comprising a 1 to 15 cm coarse fraction and a fine-fracËion

or matríx less Ëhan 2 mm in size. The matríx forins 30 to 7O percenË

of lapilli-tuff (Fig. 13) and tuff-breccia and 2O to 3O pereenË of

lapillistone. Both fractíons comprise si.milar subanguLar to

rounded rock fragments, the only difference being in size. The

matríx also contains rninor rounded plagíoclase cïystals; no glass

fragments were observed. The rock fragmenËs are dourinanËly felsÍc

to intermedíate, porphyritic and aphyric types (Table B) similar to

fragment types in coarser primary pyroclastic rocks. Some laharíc

units contaín up to 15 percent mafic to íntermediate fragments,

whereas in coarser primary pyroclastic rocks this fragment Ë,ype

is rare.

It is dífficult to unequivocally deterrnine Èhe orígin of

Ëhe fragments, païticularly Ëhe mafic to intermediate fragrnenËs,

the presence of which ís probably significant. The occurrence of

the mafic to intermediate fragments may índJ-caËe rapid erosion

of parts of formation H thereby exposing formation G, collapse

of the nafic wall rocks of the caldera, renewed mafic to

intermediate volcanism ín the caldera, or transport of material

into the caldera from the dissecËed formation G cone north of the

caldera. None of these processes can be proven or disproven,

although the rarity of intermediate to mafic fragments ín other pyro-

cl-astic uníËs supports an exÈra-caldera origín. Despite Ëhe probleurs of
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Fig. i3. Weathered surface of laharíc lapíll-i-tuff showing biurodal

grain-size d.istribution of subangular 1api11i in tuffaceous maËrix;

central part of Ëhe upper laharic sequence in member H-2"



determining the origin of the fragiments, lahars are classified as

pyroclastic, formed by mass movement of pyroclastic fragments,

rather than epiclastic for ttre following reasons: I) al.

predominance of felsic to intermediate fragments identícal to

fragments in primary pyroclastic rocks, 2) the laclc of

evidence for formation of the fragments by erosion, 3) the

lack cf intercalated volcanic epiclastic rocks ' as occui:s in the

alluvial or epiclastic facies of most stratovolcanoes, and 4) the

relatively close proximity to flows and primary pyroclastic rocks'

Volcanic Epiclastic Units

Volcanic epiclastic rocks comprise volcani c argillite and

sandstone (nig. 5). The characteristics of argilfite are not

included in Table I because petrographic data is li,mited and

primary textures have been completely C.estroyed by recrystallization-

Volcanic Argiltite: These units are up to 60 m thick but their strike
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length ís unknown because of faulting. As used hereín, argillite

includes silÈstone and claystone and is characterised by well

developed layering and moderately developed bedding plane ioliation.

It consists of alternating layers with different proportions

of ptagioclase, biotite, qaart-z, actinolite, epidote, chlorite and

pyrite. The layers are less than 2 mrn thick and represent primary

coinpositionally different beds. In places argíllite is graphitic.

Argillite is classified as volcanic because of its

restricted occurrence in vent seguences (Fi-g. 5) " It probably

formed by the settling of fine v¡indblown ash or fluvial silE and

clay in shallow water"

Volcanic Sandstone: These units have maximum thicknesses of 37 m



and strlke lengths of 5oo m. They contain rounded, mod.erately to

well sorted sand-sized material comprising BO to 95 percenÈ heterol-lthic

felsic to.íntermediate porphyritíc and aphyric volcanic clasts, up

to 15 percenË plagioclase, and up to l0 percent quartzi matiíx forms

less than 5 percent of the sandstone (raule B). plagioclase clasts

and plagioclase phenocrysts in volcaníc fragments are replaced pseudo-

morphously by single grains of albite raËher than aggregates. These

pseudomorphs have better developed twinning than plagíoclase clasts

and phenocrysts in tuff and mosË flows where pseudomorphs are albite

aggïegates. Quartz occurs as single grains and as recrys.tal-1-.Lzed.

polycrystalline aggregates. Volcanic sandstone can be petrographically

subdivÍdec1 into litharenite and feldspathic lithareníte, with felds-

pathic lithareníËe conËaining 5 to 15 percent plagioclase clasts

(Fíg. 14) and litharenite containing less than 5 per:cent p1agioclase

clasts. Clast sorting and rounding are betËer developetl ín feldspathic

litharenite than ín litharenite. The better sortÍng and. rotrrd.ing

inplies that fhe. increase in plagioclase is due to more rernrorkÍng

raÈher than to differences in proveriance. plagioclase is more

resistant to abrasíon than rock clasts and its abundance is thus an

indícator of maËurity (petrijohn eË a],.L972).

volcaníc sandstones have poorly to well developed bedding

r¡iËh thicknesses ranging from 0.3 to 3o cm. Nornal graded bedding

is developed on a 1ocal scale and indicates that beds face west.

Prímary scour, flame and. slump structures are presenE but, were

observed only in thin-section"

Designation of Èhe sandstone as epiclasÈíc is based on

fragment heterogeneíty, betËer rounding and sorËirrg, b.tt.r developed

bedding, and higher contenE of plagiodase clasts and ín places
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F.ig" L4. Photomicrograptr of volcanic feldspathiq litharenite

showing broken and rounded plagioclase clasts that were oríginally phenocrysts"

The fine-grained material betrr¡een crystal clasts are sand-sized rock fragnents

but their boundaries are not distinguishabl-e under crossed nicols"
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quartz clasts comPared to secondary tr¡ff.

indicates the provenance for the sandstone

A1loclastic Units

Troo discordanË íntrusive breccía units between 3.5 and 5 m r+ide

have been traced for strike lengths of 1OO to 160 m, ín the northern

proximal vent facíes of menber H-4, north and south of the míne

workíngs (Fig. 5). The uniËs are 45 to 75o discordant to hosÈ

rocks. The corìtacËs of the northern uniÈ are sharp v¡hereas those

of the southern t¡nit are sharp to diffuse. They are nonolithic Èo

heterolithic and consist of dominantly subangular, nonsorted, felslc

Ëo íntelmediate aphyric and porphyritic volcaníc fragments beËween

1 and 15 cm in size (Table B) " Locally, the fragments adjacefit Ëgt

the contacts are elongated and alígned parallel to Èhe contacË whereas

in the centïe of the units, fragmenEs are equanù. Þiatrix forms 2O

to 30 percent of the unit and consísts of vuggy or snokey quartz"

The maËríx is probably of hydrothermal orígin and could have

provided Èhe medium for mobílÍ-zatíor. and intrusion of the fragrnents.'

Alternatively, the matrix may have been deposited from fumarolie

.activity after the intrusion of the breccia replacing the original

matrÍx. The shape and composition of the fragmenËs" alignmenË of

fragments adjacent to contacts, sharp and discordanË contacËs' Ëhe

apparenË restricted occurrence of these uníts to proximal vent. facíes"

and possíb1y the naÈure of the matrix, indícate fhat the uníts are

intrusi.ve breccias related to volcanism and may form part. of orígínal

verits" They are not Ëectonic breccias"

The nature of the fragmenËs

volcanic.



Conglomerate, Chert and Ferruginous Chert

Only one small conglomerate unit, l0 to 40 m thick; was

found in formation I{. It is in the lower lahar sequence in

nember H-2 (rie. 5). It consists of 40 percent, vrell rounded

pebbles and cobbles, I to 10 cm in diame|er, and 60 percent medium

to coarse-grained sandstone matríx. The conglonerate 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 qrdlari']z dj-orite plutons. Bedding is well

developed¡T.^¡ittrlargerpebblesandcobblesinbedsl0tolScm

thick and small pebbtes in beds I co 2 cm thick-

chert and ferruginous chert units range in thickness from

2O to 50 m, have sbrike lengths of 600 rnrârld are closely assocíated

with volcanic argillite and proximal and dì stal vent facíes

pyroclastic rocks in member H - I (Fig. 5) " Chert consists of

alternating fi-ne-grained, granula r r qtJarLz layers 2 mm to 2 crn

thick and actinolite plus chlorite layers less than I mm thick"

Ferruginous chert comprises alternating layers consisting

of: 1) 75 to 8O percent actínoIite, 5 to 10 percent epidote and

clinozoisite and 10 to 15 percent disseminated and finely layered'

pyriÈe and pyrrhotite, Ln 2 to 4 cm thick layers' and 2) 83

percent quartz, 5 percent biotite, 2 percent disseninated pyrite

and pyrrhotiter and 10 percent disseminated or finely layered

actinolite, in 1 mm to 2 cm thick layers"
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QvarEz Ðiorite

Metamorphosed quartz diorite forms trvo sill-like plutons



which have a maxímum thíckness of 4OO m and a combined strike

length of 3.5 kur in formation G and the northern Part of formatíon

H (Fig. 5). Narrow sills and dilces up to 1O m thick occur'

elsewhere in formation H. The main plutons may be part ot a

single pluton or tr¡/o separate plutons, but poor exposure and

faulting in Ëhe Borthwick Creek area hampers det.ermination of

their relationshíp. QuarËz diorite was metamorphosed un<ler

greenschist facies condítions siroilar to those that affected

the country rocks.

The plutons have sharp, sínuous to stïaight, chilled uPper

contacts, although chilling is difficult to docurnent because

grain size varíatíons near the contact are masked by rnetanorphic

effects. The lower contacts are not exposed. lhe plutons are

s1-ightly díscordant to the meEavolcanic sequence and contain l-enË-

icular to írregular inclusions of bo'ch formation G and formation 11.

They are composite íntrusions but phases are noL shor¡n on Fig. 5

because of poor exposure and the restricted occurrence of some

phases. Contacts between phases vary from sharp and sinuous to

straighË rrrith chilled and unchj-lled margins, to diffuse where

phase boundaries can be inferred only by rapíd textural changes'

Prímary porphyritic, equígranular and granophyric textures

are commonly preserved with porphyritic phases predominatíng in

the southern pluton and equigranular'phases in the northern pluton.

Equigran.ular phases range in graínsize from 0.1 to 1.75 nn

and consist. of ínterlocking, subhedral, tabular plagioclase and

interstiÈia1 anhedral quartz, Granophyric inÈergror^¡ths of quartz

and plagioclase occur ín parts of the northern pluËon. The
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plagioclase \^ras originally o1ígoclase to an<lesíne (hZO to Anrt)

but is largely replaced pseudomorphously by albíte, minor biotite'

muscovite, epidote, and chlorite, and rare earbonate. Local'ly,

muscovite is the major pseudomorphous phase. Two modal and

chemical analyses of rocks fron equigranular phases' one from Ëhe

southern p1uËon (samp]e 84) and the other from the northern pluËon

(sample 398), and p::esenLed in Tables 4 arrð.11 respectívely. They

show that these rocks are mineralogically and chemically similar

in both plutons.
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Porphyriti-c phases contaill 15 to 35 percent euhedral, tabulart

1 to 3 mm long plagioclase phenocrysts, 1 to 5 percent, subhedral

to rounded, O.5 to /r mm quartz phenocrysts, and 60 to 85 percent'

groundmass. Plagioclase phenocrysËs were origirially oligoclase

to andesine (hZO to Anrr) but are largely replaced pseudornorphously

by albite, mínor biotite, muscovite, and epídote, and rare carbonate.

Muscovite locally is Ëhe major pseudomorphous phase. The groundmass'

consists of albite and quartz, mínor epídoËe, ch1-oriEe, biotíÈe,

and muscovite, and trace Fe-Ti oxide, pyrite or pyrrhotite and

apaËíte. Groundmass textures aÏe part,ly recrystall-ized, but r'¡here

primary, they consist of subhedral to euhedral plagioclase and anhedral

quartz \,Iith a graín size up to 0.75 rnm. Where recrystalTízed, ground-

mass grain size is less Ëhan O.1rnm, and the fíne grain size may

indicate that parÈs of the groundmass \¡Iere oríginally glassy"

The plutons are part of forinaÈion H because: 1) their occurr-

ence is restricÈed to formaËion H and Ëherefore Èhe caldera,

2) they are compositionally sirn-ilar Eo formation H, 3t Ëhey

appear Èo have been the Source for some of the rock fragments



in adjacent prímary tuff uníÈs, the conglomerate ín the lahar

sequence in uember H-2, and, metasedímentâry rocks in formation I

r^rhere it overlies formation H , 4) the presence of granophyric

texture, the possible presence of original glassy groundmass,

and chilled conÈacts suggest that the plutons rvere emplaced al-

a high crustal level close to Ëhe surface, and 5) they have

undergone netasomation r¿hich rnTas restricËed to formation H.

Stratigraphy
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Subdivision of formatíon II into four vent facies members

(Figs. 5 and 6), termed H-L, H-2, H-3 and H-4, assists understanding

of the lithologic complexities, decíphering of the history of

volcanism, and location of source vents. Members are defined by

major, s)¡steuatic vertícal lithologic and genetic variaEions; each

member represents a major pu1 se of volcanism. lufost member botuldaríes

are relaËively well defined because vertical changes are courmonly

abrupt. However, there are areas, tox exãmpl-e the top of member

H-2, r''here Iithologíc changes aPpeaï gradational and the member

boundary is arbítraríly defined"

Members H-1, II-2 and H-4 are further subdivided (Fig. 6), using

laEeral lithologic and genetic variations and proximity of source

vents, ínto: 1) a proximal venË facies comprising flows and

primary breccía, agglomerate, lapillistone, lapilli-tuff and tufft

in varyíng 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 lapilli-tuff, and l-aharíc 1api11i-tuff., lapillistone



and tuff-breccia in varyíng proportions, minor epiclastic

volcanic rocks, and rare flows and coarse prírnary pyroclastic

rocks

Facies boundaries (Fig. 6) within members are arbitrarily

defined becai:se lateral changes are gradational. Member H - 3

comprises only dístal vent facies, The characteristics of the

members are sumnarjzed in Table.l0.

Coarse alluvial facies consisting dominantly of volcanic

conglomerate and fine alluvial facies comprising voJ-canic sand-

stone and siltstone and airfall Luff (Smecles and Prostka, Lg72)

do irot occur ín the formation.

Member H - I

MemberH-1(TablelQisthelowerrnostrn'em'berandis

confined to the south and central parts of the caldera where it

overlies and interfingers with formation G (fiS" 5). The restricted

extent appears to be maÍnly controlled by pre-existing topography,

but a smaller caldera size during early felsic to intermediaLe.

volcanism also may have played a role. The southern portion of

the member (r'ig. 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 diorite and meta-

gabbro sills"

There appears to be a northward decrease in both clast size

and thickness of individual units and an increase in vo.lcanic

epiclastic units, suggesting that the member consists of a southern

proximal vent facies and a northern distal '¡ent facies (Figs. 5

and 6).
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Southern Proximal- Vent Facíes: This facies ls dividerl into two

uníts by several mafíc to intermediate flows of formation G that

form a northward terminating tongue (Figs. 5 arLd 6). The lower

gnit, composed of fluvial tuff and lapillistone, wedges ouË'south-

rrard againsÈ mafic to inËermedíate flows of formation G' It may

have been deposited on a northr¿ard-facing slope forme'd by eruption

of the underlying florvs. Vents responsible for this unit were

probably not in Ëhe immediaËe vicinity. The upper tiniË is more

directly vent related and comprises a sequence of prímary lapilli-

stone overlain, iu the souËh, by prímary tuff wíth minoÏ inter-

calated flor¿s. Chert, ferruginous chert, and volcanic argillite'

in places graphitic, form lenses up to 50 rn thick aË or near the

base of boÈh units. These sedimentary units appear to repTesent

períods of quiescence that broadly correspond tct the transítion from

effusíve mafic .to intermediate volcanism of formatíon G to explosive

felsie to intermediate volcanism of formation H. Silica in cherL

and ferruginous chert uray have been derived from ftrmarolic or hoË

spring activity during quiescent periods

The disÈribution of the primary lapillistone, rvttich ranges

in thíckness from 4O to 2OO m (Fig. 5), appears Eo be con¡rolled

by pre-existing topography. Trhe uniË is thickest north of the hill

forned by the mafie to inËermedíaËe florv tongue. North of the

flow front, there i-s a lateral gradat.ion in clast size and composítion,

and in the abundance of matrix-1ike material that probably rePresent.s

recrystallízed glass shards. Maximum clast size decreases from

3O mm in the south to less than 3 mm in the north, where the unit

is more tuffaceous. There is a concomitant change in clast composiÈion

from monolithic v¡iËh dominanËly rock fragment.s and minor ma¡rix'
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sinílar to bu¡ coarser than the tuff ín Figures Ba and íb, to hetero-

lithic wíth doninanÈly recrysÈallirzed. vitric fragments. FragmenÈs in

the southern païË of the unit are entilely aphyric felsic to. inter-

mediate types (Fig. Bb) buÈ in the northern part biotite-rich,

arnygdaloidal, and pumíceous fragments (Fig. 10) are present. The

unit also cohtains well rleveloped ¡ormal graded beds that range

in thickness from 6 cm to 1 m'

South of the flow front the lapillístone thins and is

heterolithíc with a maximum fragment size of 3O rrm. Fragments

observed in thj-s part of the unit include porphyritic and aphyríc

felsic to intermediate types and minor mafic to intermediat-e types

and chert deríved from the immediaÈe basement rocks.

The lateral changes in Ëhe lapil-lístone indj.cate that the

souËhern part of the uniË was closer to the vent. The overlying

tuff, which represenËs the end of a caldera filling event thíckens

southr¿ard and may have banked up against the caldera wal1. It. contains

less than 2O percent identifiable fragments; glass shards, subsequenËly

recrystallized, rllere probably the najor fragment tyPe. The clegiee

of rer^rorking, as shor¡n by textural changes (latte B¡ increases

upward and was concouuitant with waning volcanism.

Northern Distal Vent Facíes: This facies interfíngers rvith

pyroclastic rocks of fo-rnation G and, although it is poorly exposed

and disrupted by faults and the qlrart_z diorite and gabbro

intrusíons, ít appears to thin northward (Fígs. 5 and 6). The facíes

comprises thín interlayered lenses of primary and secondary tuff,

lapí1-li-tuff and lapillistone, volcanic argillite and..lítharenÍte"

and mínor heterolithic breccia and felsic to Íntermediate flows"



Depositíon appears to have occurred aË lower topographic levels

than the southern proximal vent facj-es because of greater reworking

with some of the maËerial derived from the proximal vent facies.

some prímary tuff units near the base of Ëhe facies and near

the quaïtz dioríte sill (Fíg. 5) concain clasls deríved from the si1-1'

suggesting thaË the sil1 was emplaced close to the surface' perhaps as

a dome, and \^/as the source for sorne of the l-ower units. The resËricted

occurrence of thín, coaïse lapíllistone and breccia_units close to

the sil1 supports this proposal. The observed upper contacts of

the quartz diorite apPeaT to be intrusíve índicating that the vent

rnras not in the presently exposed section through the caldera; buË

could not have been far removed. This possible vent may have been

subsÍdiary to the nìain vent fureher south.

Near Ëhe top of ttr.e facies sone primary tuff uníts that

overly the formation G pyroclasËíc lenses have well defined,

alter.nating mafic to intermediate, and felsic to intermediate beds.

These units interfinger with volcanic argillite and litharenite. A1-

though ii is difficult to determine the origin of the tuff units from

criËeria lísted ín Table B, it. is proposed that the compositional

bedding reflects local subaqueous emplacement, of aitf.aLL fragments

-7L-

from two separate volcanic cenLTes"

Member H-2

of the caldera, it extends most of Lhe way across the caldera to

pinch out riear the presumed south margin. The northern end of the

member overlies quartz díorite and is truncated by a north to

northeast trending fault (figs. 5 and 6). The lateral .extenË of the

member indicates that at this stage the caldera had almost reached

its maximum dÍmensiorts"

Member H-2 (fatte tO) is the only member aË the north end



The resËricËed exËent of flov¡s and prímary lapillí-tuff and

lapíllístone to the northern part of the member and of laharic lapilli-

tuff to the south indicates that the member comprises a northern

proximal vent facíes and southern disCal- vent facies (Figs.'5 and 6).

Northern Proximal Vent Facíes: In this facies a basal- primary tuff,

lapilli-tuff, and lapillistone seqtlence is overlain by a se-quence of

porphyritic to aphyric felsic Èo íntermediate flows \dith thin inËer-

flow units of primary tuff, 1apiIli-tuff and lapillistone.

At Ëhe south end of thi-s facies, aË least four flows are

present and Ehe flow sequence has a maximum thíckness of 3OO m.

Only one flow is knor,rn to extend to the north margín of the caldera

(Fig. 5). The flow sequence rapídly thins and pinches out southvrards,

where it ís ini-ertongued r¿ith litharenite, feldspathic lítharenite'

and laharic lapilli-tuff of Ëhe souËhem disËai.'facies. The

restricted. extent of the flows indícates closeness Eo source vents

and that the source vents apparently do not coincide with the

existing caldera margin.

The origin of tuff and lapilli-Èuff is variable, particularly

in the south where they appear to be mixed prímary and secondary

types. FurËher north the pyroclasËic rocks appear to be domínanËly

primary.

Southern Distal Vent Facies: This facies ís more extensíve than

the northern proximal vent facies and consist,s dominantly of laharic

lapi1li-tuff with minor inËercalated tuff, volcanic litharenite,

feldspathíc lithareníËe, and conglomerate (Fig' 5)"

T1¿o laharic sequences, which differ in textural variabilíty and

range of fragment, composition, can be recognized souttr'òf tne fault

along Borthwick Creek. In places, lenses of tuff and fíne-grained lapillt-
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stone, of possíble primary orígín, occur between Lhe two sequences.

Although the nature of the laharic sequence north of Borthwlck

creek is poorly understood because of poor exposure, it appears

to be equÍ-val-ent to the upper sequence south of the faul-t.

SËratigraphic relations north of the fault indicate that the lol"er

flows of the proxímal vent. facies are coeval- with, anci the upper

flows younger Ëhan, the upper laharic sequence. Thus the lov¡er

seqqence south of and Ëerminated by the fault, rvould be ol-der Lhan

the flows.

The lower sequence is heterolithic lapi11Í-Cuff, lapí11istone

and tuff-breccía that contain felsic to intermediate fragmenÈs'

(Table B), have a birnodal grain síze distribuËion, and have a

chaotic stratifícatíon wiEh abrupt vertícal and.lateral grain síze

changes. In the northern part of the sequence, lapilli-Ëuff and

1-apillistone predominaËe and have a coarse size fracLion betr'¡een

30 and $\ mrf , artd 20 to 30 percent tuffaceous matÏix; some

lapillis¡one lenses may be fluvial. In the south thg lahars are

dominantly lapilli-tuff and tuff-breccia l,/ith fragments up to

15O mn and 30 to 50 percent. matrix. They Ínterfinger, near

the base, with underlying tuffaceous rocks of member II-1"

The lahars are probably subaerial because Ëhe chaotic strat-

ification ímplies that individual units were emplaced in channels

eroded into underlyíng laharic units, simi-lar to the situation

described by Waldron (1967) at Traíu Volcano, CosLa Rica. The

northward thickening of the lower sequence (Fig. 5) appears to be

controlled by pre-exisÈing topography rvith emplacemenL.confined Ëo

a depression ín member H-1. Thls depression rvas formed by prefer-

enÈial deposition of mafic to l-ntermediate flor¿s of formation G
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and primary xuf.f. of mernber H'l near the nargín of the caldera, possíbly

aíded by collapse in the centre of the caldera. The northward

decrease ín overall grain síze, emplacement of the sequence in a

depression, suggest a southeïn source. The exacÈ nto...rr"r,"a ,"

unknov¡n but the sirnilarity of. ftagments Ëo those in coarse primary

lapillistone and breccÍa suggests that the source is a coafse

proximal vent, facies not exposed in Ëhe present section.

In contrast to the l-ower sequence, the upper sequence ís

characterized by gradual grain size changes and índi',ridual uníts are

more continuous alòng strike. It has a birnodal clast size distribution

wíth 4O percent tuffaceous matrix and 60 Percent lithic fragments.

Seventy-five percenË of the fragments are felsíc t.o intermediate '
símilar Lo those in the lower sequence, buË twenty-five percenË

are mafíc to interrnediat-e, and appear to have been derived from

formaËion G; such mafic to intermediate fragments aïe rare ín the

lower sequence. The size of. the clasts gradually varíes along sËrike but

the size variation is opposite to that observed in Ëhe lor,^¡er sequerice.

In the north, souËh of BorËhwick Creek, clasts range from 5 ¡e S( rnm

r,ihereas in the south they are 2 Èo 30 mxû. The provenance for. the

uppeï sequence is difficult to determine rviËhout knowledge of the

third dimension. but several conments can be made. Firstly' the

flow relations rvhich support a build-up of material to the norLh and

the southvrard decrease in graín size indicate a poËential northern

source. Secondly, the high proportion of mafic to intermediate

clast,s indicates that. Ëhe provenance is not the proxímaL vent

facies exposed in l-he present cross-secËion because no formatfon

G gnits are exposed in Èhe cross-section at Lhis sËratígraphic leve1,

-74-



-75-
A potentíal source ís unconsolidated coarse intermediate pyroclastics

andtheseunitsareexposedimnedíatelybelor¡memberH-2.

Member H-3

MemberH_3(TablelO)ísconfinedtothesouEhandcentral

parts of the cal-dera. The. souËhern end is abruptly truncated by an

east-trending fault, that appears to be a primary boundary fault

ofthecaldera,andbytheSettingNetLakestockrvhÍchaPpearsto

have been intruded along the bor¡ndary fault (Fig. 5). The northern

part of Ëhe member Pinches out'

Thememberconsistsmainlyofpyroclasticrocks,buËgenetic

andgrainsízesubd.ivisionofthepyroclasticrocksisdifficult

because ef poor exPosuïe, rapid vertical and lateraL gtair. síze

varíatíons,andmetamorphism.ConsequenËly,rrniËboundariesshornrn

on Fig. 5 are arbiErary and reflect broad scale '' 
grain sLze

changes. Genetic subdívisíon into primary and secondary types is

based on petrographic data because diagnosEic macÏoscopíc feaEures

were not observed. DespiËe these problems the member is consídered

to be entírely distal vent facies because of the predominance of tuff'

Ëhe fine-grain síze of lapilli-tuff and lapillistone, and the paucity

of florvs (Fígs. 5 and 6, Table 1O)'

TheupperrrnitofËhememberispoorlyexposednorthofBorthr+ick

creek. Thís unit has been designated as undifferentiated tuff

(Iig. 5) because of its pooÏ exposure and the predominance of

tuff in the few outcrops south of the Creek'

ThecenËralparËofthemembernearBorthl+ickCreekisan

interlayered sequence of porphyritic flows, primary an<l undifferent-

iated tuff, lapillístone ancl rare breccia. To the south the sequence

ís generally similar, although flows and r-rndiffenentiated pyroclastic

rocks are less abr¡ndant. The maxímum fragment size in Ëhe pyroclastic



rocks ís 3 cm.

Near Borthvrick Creek the ciíscordant attítude of the flows

defÍne (Fig. 5) a norËhward facing slope caused by progressive

northward expansion of the pyroclastic sequence. The marked northward

increase ín thickness of the overlying undifferentiated Ëuff is partly

due to this northward s1ope, but it may also reflect, inpaît, a

depressíon i1 member H-2. The rapid thinning of the undifferentiated

t.uff further north reflects the positive topogropnið expression of

the proximal vent facies flows of menrber H-2. Al-though Ehe depressíon

in member H-2 may have been exaggerated by later faults, it is probable

that it formed by post-depositíonal collapse before deposítion of

member H-3 and the build-up of flows Ëo the north. The discordant

attitude of the flows índicates a progressive buíld-up of the member

from south to north.

The north\,raïd expansion of Ëhe member r¡¡as caused by the

ïestriction of early volcanísm to the southern part of Ëhe caldera

and the build up of material agaínst the rnargin, followed by a

northward shíft ín vent positions as volcanism continued.

Member II-4

Member H-4 (Table 1O) occupies most of the upper part of

the caldera (Figs. 5 and 6). It is thíckest at the south end rvhere it

is trr¡ncated by an easË-trending fault Ëhat appears Ëo 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-

caldera fault (Fíg. 5) "

The member is a diverse sequence comprising proxímal vent

facÍes at the north and south ends, separat-ed by a central disÈal

venÈ facies (Fig. 6), This relationship suggests that source vents
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\¡rere at the north and south ends of the caldera. Contact relaËions

between Èhe facies provide insight ínto Ëhe development of the

member. To the south the distal vent facies underlies and gracles

into the proxirnal vent facíes, whereas to the north it appears Ëo

overlíe the proximal vent facies. Thusrvolcanism was not coeval

throughout the member but progressed from north to south.

Flows and primary lapillistone predomínate in both proxím.al

vent facies, but the northern facies differs frorn the southern

facies in havíng less primary tuff and flor¿s, and more primary

breccia and agglomerate

Northern Proximgl Vent Facies: Primary lapíllistone, breccia, and

agglomerate units separated in places by flows form most of

Ëhis facj-es (Fíg. 5). The proportion of breccia and agglonerate

ís greater here than anywhere else in the present cross-section

of the calclera. The lat.era1 extent of many units cannot be Ceter¡n-ined

because of offset along numerous easË-tïending faults (Fig. 5). As

shor^¡n by the contact between formations H and I and by unit

boundaries, the faults produced only limíted vertical offset

(horízontal in reference to the present ground surface). However, the

apparent lack of correlation beËrveen Ëhe fault blocks indicates that

units must be lenti-cular and that there must be considerable horizontal

offset (verËícal in reference to Ëhe present ground surface) along

the faults. The ,faults are post-caldera but ar:e synvolcanic because

many faults contain quartz veins that are probably related to late-

stage hydrothermal activitY.

The coarser nature of the pyroclastic rocks, as 
::mpared 

Ëo

other proximal vent facies units in the formation, indicates eíther
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thaE the area is closer to the vent, or a rnraníng in íntensity of

volcanísm, or perhaps both. The coarsest uniËs are ín the southern

part of the facies near the No. I Shaft (Fig, 5) and Èhere is a

progressive decrease in grain size northward. Southward thdre is

an abrupL trarrsiËion to the distal vent facies.

The coarsest and best exposed agglomerate uniË is aÈ the top

of Ëhe facies about 3OO in south of the No. 1 Shafr (Fie. 5); it is

BO ra thick and overlies sharply a thin tuff trnit. The agglomerate

is variable in Ëexture and eomposition. The lower 5 xo 7 m comprises

angular, heterolithíc, felsic to intermediate lapilli; the angularity

and heterolithic nat,ure of the fragments ancl the lack of bombs

suggest that many of the early erupted fraguents u'ere derived

from older trnits rather than new magtna. The central zone appears

to be monolithic anC eonsists of rounded borubs and angular to subangular

blocks; thís suggests that as the erupËj.on 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 durÍ-ng

movement of the flow over unconsolídated ejecËa.

The coars" py=o"l"stic unit north of the No. 1 Shaft (Fig. 5)

comprises interlayered breccia, agglomerate, coarse (3 to 6 cm)

lapillistone, a.nd minor fine (2 to 4 rnn lapiilistone. The breccia

and coarse lapí1listone appear to be het.erolithic wiËh angular to

subangular, poorly sorted fragments. Fine lapillistone forms,

well bedded lenses, up to 3 rn thick and 6 Ëo 9 m 1ong, that appe ar to

have infílled depressions in the irregular surface of the breccia
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and coarse lapillisÈofie. Rock fragmenÈs in these lenses are

subangulaï to rourided and vell sorted; these features indicate

some rev/orking possibly by fluvial processes-

Thís r¡nit is transected by tr,Io generatíons of mínor east-

trendíng faults. Early faults have tightly healed, irregular surfaces

deflected by the fragments and have only minor quaTtz infillíng and

cataclastic textures; they are probably penecoritempolafleous wíth

deposition. LaËe faults have straight surfaces that transect frag-

ments and have prorainelt qvarLz infi11Íng and cataclastic Ëextures;

they are synvolcanic but post-lithificatíon-

The lapillistone uniÈs (Fíg. 5) are heterolithic and contain

only spai:se blocks. Lapilli-tuff and tuff are relaËively rare

and foma Ísolated massive lenses up to 40 m thic'k, maínly ín the

riorthern part of the facíes"

Discordant. inÈrusive allcclastic breccias that may represenË

source venËs u'ere found 18O m south of the No. 1 Shaft and 15O m,

north of rhe No. 2 Shaft (Fig. 5). The unítstend between 9Oo and

LlOa, are about 3 m wide, and have been traced for distances of 15G n-

Although outcrop exposure is poor, the southern unit rnay be associaËed

with, and represent the source venÈ for, the overlyíng coarse breccía

and agglomerate utiË.

Another feature indÍcatíng closeness to source vents is the

close association of flot's and coarse pyroclasÈic roeks (fig. 5)'

Florvs are mosË cortrtron in the south of the facies and this feature

togeËher ivíth the southward íncrease in grain size in the pyroelastic

rocks, poinLs to southern source vents which would have been near



the centre of the caldera. The abrupt transition Ëo the south with

the distal vent facies reflects Èhe yotnger age of the distal vent

facies and progressive burial of Ëhe volcanic edifice represented

by the proximal venÈ facies. The trend of the uppermost flow íc

the south parÈ of the proximal vent facies repl:esents the ínitial

dip of Lhe edífíee-

Central Distal r,/ent Facies. This facíes ís poorly exposed and little

known. IÈ appears Èo comprise a lower sequence of fluv-ial Èuff ín

the south and laharie lapi1li-tuff and tuff-breccía ín the north,

both of which are overlain by an upper tuffaceous sequence.

Southern Proximal VenL Facies: Lentícular, porphyritic flor^¡s v¡ith

a m¿rximum thickness of l5O m and an average Ehickness of 3O m are

pïesent Èhroughout Ehe facies. In the uppenÌtost flow sequerice-

there ís an abrupÈ lateral textural ehange thaÈ appears to indicate

the presence of t-uro or more lenticular flows and, or ash-flow

tuíf units separated by a steep contacÈ (Fig. 5). Both units have

the same general thickness- The northern two ouËcrops are

texturally tmíform with 20 percenÈ plagíoclase phenocrysts ané

appear Èo be a lentícular flow abouË 12OO n long and BO rn thÍck-

In the southern È$¡o ouËcrops the sequence has a variable phenocrysÈ

conËenÈa qvaîtz phenocrysts are ubiquitous but Èhere ís a variable

qva:rLz to plagíoclase phenocrysÈ raÈío, In additionrminor accessory

rock fragments are locally present, and. Ëhe grorrndmass is very fine-

grained and was probably glassy. Based on phenocryst conËents, one

interpreÈaÈion, as shown on Figure 5 is that the southern sequence

comprises three florss wiÈh slightly different phenoerysË contents"

Bourrdaries betrn¡een flo'^'s v¡ere not observed in the field- Ar¡

alternative inÈerpreËaÈion is that Èhe tnriÈ renresents an ash-flow.,
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tuff sequence deposíted ín a depression between the porphyritic flow

on Ëhe north and the caldera wall on the south. This inEerPretation

is supported by the variable phenocryst population (Ross and Smitht

L96L; Lipman et al. L966; I^Iílliams and McBirney, L969), the presence

of accessory clasËs, and the sirnilarity in thíckness of the southerrt

unít and the northern f1ow, al-though the sinilar thickness could be

the result of subsequent erosion. Broken phenocrysts which would

be diagnostic of ash flor,r origin \^/ere not identified j-n the uníË

because recrystallization has largely desLroyed grain boundaríes"

On the bp-sís of the lirnÍted data, the author prefers the ash flot*

origin, although Ëhe units aïe shown as flows on Figure 5, because

the data are inadequate to introduce a new lithologic uníË. Thís

is the only place in formation H ¡vhere ash-florv-Euff has been

tentaËively identifíed"

Both primary tuff and lápillístone show an upward progressíon

from heterolithic to monolíthic. The basal tuff uniË (Fig" 5) ís

heterolithic and contains pyroclasËic, sedimentary' and mafic to

intermediate fragmenËs in addition to the dominant aphyric and

porphyrític felsic to ínteïmediate fragments. Tuff units hígher ín

the sequence (Fig. 5) contain only aphyric and porphyritic feJsie

to intermediate fragments, buË this tuff is Ëermed monolithie

because tnany seemingly aphyric, ash-sized fragments may have beerr

deríved from sparsely porphyritic units-

Heterolithic lapillistone contains both aphyric and porphyrític

fragments with variable phenocryst contents. The basal 1apillÍstone

unit ccntaíns fragments of the- ín¡-'nediately urderlying florv sêqr¡sns*'

which is characterized by well developed flow foliaÈion. Monolithic

uníts higher in the sequence conËaín only porphyritic fragnents and are
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dífficult to distinguish from flow breccla-

The vertical change from heterolithic to monolithic suggests

that early erupEions ejected fragments of pre-existing rock'from !üithírÈ

Èhe vent, ín addition to nel^t magma, but as volcanísm proceeded the

magna becarne Èhe sole source for ejecta.

The southern part of the two uPpermost lapillistone rmiËs

(Fig. 5) appear to have been reworked, possíbly as rahars" They

contain round.ed, heterolifhic fragrnents ancl up to 3O percent matrix'

The extreme south end of the facies is a wedge-shaped fault block

(Fig. 5), of porphyriric flows and thin interflow primary tuff uníts.

This eannot be clírectly related to tlìe remaínder of the facies'

FORMATION I - SEDIMENTARY ROCKS

There aïe tÍ/o dísÈinct facies of forraatiori I (Fig- 4): a

northe-rn shallor.¡-i¿ater facíes that is coextensive r,¡ith formaËíon ltr'

(Fig. 5) and a southern deep-water facies that is physically separated

from both the northern faeies and formaËion H (Ayres, in preparation)''

The northern facies comprises a lor;,ier sandstone and conglomerate membert

that ranges in thickness from O to 1OO m, and an upper sequence of

argillíte, siltstone, intermediaËe to mafic tuff, cherÈ, and ferruginous

chert with an average thickness of 50 n. The southern facies is a

turbidite sequence of greywacke and minor conglomerate ancl is at leasË.

2.5 kn south of the caldera. Although format.ion I was not part of the

present study, a summary of the sandstone and conglomerate of the

northern facies is íncluded here because they appear to have beerr

derived from formation H and deposited in the caldera"

The northern facies unconfornably overlíes forrnation H" North



of Borth!¡-ick Lake, deposition and facies relationshíps ín Èhe lower

sandstone and conglomerate member r¡lere partly control-led by topo-

graphic irregularities in the underlying volcanic surface (Fig. 5);

relief on this surface \^/as up to 125 rn. Ihe irregular surface ís

probably a combínation of volcaníc constTuctional processes, offset

on early faulgs, ancl minor erosion. SouËh of Bc¡rËhwick Lake (Fig. 5) r

the lower member has a mole regular'thickness, lacks rapíd facíes

changes, and appears to have been deposited 6ln a relatively smooth

surface that may be a primary volcanic surface resulËing from

extrusion of flows arrð/ot ash flows. Deposition of the sandstone

and conglomerate appears to have smcoÈhed out the Ëopographic

irregularitíes north of Borthr'rick Lake"

The sandstone north of Borthrviek Lake is feldspathic litharenite

and lithareníte (Ayres, in preparation) and is characterised by' 1)

a high conËent of rounded volcaníc fragments of medi.t¡m to coarse sand

síze" 2) a low content of rounded to angular, sand-size quar¡z and

plagioclase, with a high quartz to plagioclase ratio, 3) dispersed

rorrnded volcanic pebbles, 4) a 1or'r natrix contenË, 5) rare rounded

Ëo subangular chert clasts and 6) a r,rell preserved primary texture'

Volcanic fragments are mainly aphyric to locally porphyritic and

felsic Ëo intermediate. Quartz, although co¡nmonly recrystalLízed,

consists of mono- and polycrystalline variet.íes, índicating a

composite provenance. Liu¡-ited chemical study by Ayres (in prepara-

tion) shoved that Lhe sandstone is chemically sínilar to volcanic

rocks of formaEion H. The sandstone has well developed bedding, in

part graded, w-ith thicknesses between 1 cm and 9.6 m" Loeal cross-

beciding, ripple maïks, and flarne strucËures \,/e1e observed,
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contacËs a.re sharp to gra<lational . Based on dominant clasË typest

two dístinct types of conglomerate can be distinguíshed: volcanl-

clastic conglomerate and porphyry conglomerate (Ayres, in pr'eparat-

ion). 'Ihe volcaniclastic conglomerate is a polyrnictic pebble to

boulder paraconglomerate consístíng of 30 to 6O percent rounded

clasts ín a medium to coarse sand matrix that contains ubiquitous

pyríEe. l'ine-grained, aphyric to porphyritic, felsíc to intermedÍate

volcanic clasts, that are identical to líthologies in formation H,

form B0 to 90 percent of the clast population. Minor clast types

include chert, whiËe veín quartz, green mica schist' and mafic to

interrnediate volcanic rocks. Porphyry congl-omeraEe is a polymictíc

cobble to boulder orthoconglomerate consisting of 7O to BO percent,

rounded to subangular clasts in a quartz-poor sàdy rnatrix.

Aphyric to porphyritic, felsic to intetrmediate clasts pre-dominate

but they have a greater compositional heterogeneíty than clasts

in voleaniclastíc conglomerate and do not resemble lithologies found

in Èhe exposed section of formation H. Minor clasÈs are similar to

those in the volcaniclastic conglomerate. Porphry conglonerate

ís restricted to the top of the sandsËone and conglomerate member

and ís only 15 m Èhick. The abrupt change in the nature of the

congl-omerate pïesumably reflects a change in provenance and/or

transport. regimes. Bedding is poorly developed in all conglomerate.

South of Borthwiclc Lake, Ëhe lower member consisÈs dorninantly

of sandstone, and conglomerate is less abundanÈ than in the lower

member north of the lake. The sandstone contains up to 4O percenË

quartz and pJ-agioclase, with the remainder being fine-giained l-ithlc

The congloüerate is ínterbedded with the sandstone and
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clasts, presumably of volcanic origín, md mínor maËrix. Also ÍË Ís

finer-grained, better sorted and more thinly bedded than the sandstone

norÈh of the 1ake. Because of the fíner gtaín síze, primary textures

are poorly preserved.

Mafic conglomerate and sandstone form a major unit. immediately

north of Borthw-ick Lake and loca1 inËerbeds elsewhere. These units

are identical to the volcanicl-astíc sandstone and conglomeral-e except,

for a higher content of mafic to intermediate clasts.

The siurilarity of most clasts in the volcanic sandstone and

conglomerate to lithologies in formation H suggests Ëhat most of the

detïitus was dejrived from formatíon H. However, source area must be

outside of the exposed sectíon, because, excepL for one or tr^ro low hills'

formation H is compl-e.tely covered by sandsl-one and conglomerate

(Ayres, in preparation). North of Borthrvick Lake the member probably

was deposited rapidly in an alluvial fan and shallovr-T^7ater envíronment

with local agication. This is supported by 1) topography of the pre-

sedimenËation surface, 2) Èhick bedding in some uniËs, 3) 1ocal cross-

bedding and ripple marks, 4) high lirhic conËent of sandstone índicat-

ing Ímrnaturity, 5) numerous conglomerate j.nËerbeds and occurrence

of pebbles in sandstone.

The member south of Borthwick Lake appears to be a more distal-

unit Ëhat deposited in a qtr-iescenL shallow-waÈer environment. This

is supported by laminar bedding, greater maÈurity, lack of conglomerate

interbeds, and lack of cross-bedding.

The restricted occurrence of the mafic sedimentary rocks and

Ëheir interbedding with more normal volcaniclasËic rocks'indicate a
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different source. Because the mafie unit occurs ín Lhe centre of

the caldera, the source is probably within the caldera and represents

renewed mafic to interrnedíate volcariism near Borthwíck Lake.' This

volcanism may have formed cones thaË separated Èhe northern and

southern parts of the sandstone and conglomerate memberr at leasË

on the plane of the exposed section.

The deposítional eavironment, irmraturity, eomfosition, and

extent of Ehe sandstone and volcaníc conglomerate support a

restïicted depositional basin whose exlenË \¡Ias controlled. by

formation H. This basin ís most likely the caldera producecl cluring

formation H volcanism. The deposition of the sedirnents indicates

that the caldara r¡/as not cornpletely frl]-ed by products direetly

produced by volcanism.

The abundant chert and the general fine-grained nature of

Èhe upper member suggests that it was deposited in a quieÈ aqueous

environüent, probably a lake that oceupied the caldera"

ENVIRON}'iENT OF VOLCANISM

Formation E, which repïesents Ëhe early mafic phase of cycle

2 is pillor"¡ed and appears to have been emplaced ín a subaqueous

environuenË. Following this phase, and associated with the

development of the caldera, felsic to intermediate volcanism of

formations G and II appear to have been subaerial. Clear cuË

environmental indicators such as pillows are lacking buË the broad

characteristics of formation H" the characÈeristics of flows Ín

formations G and II, and the origin of formation I all support
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For¡aaËion H consists dor:rinanÈ1y of felsic

pyroclastic rocks which are nornally restricted

to

Èo

intermedÍate

shalloi+-v¡ater ané



subaerial environments. Formatíon of pyroclastic rocks is controll-ed

primarily by gas contenË of the magma and:the degree of exsolution

of each gas phase. Explosíve eruption probably occurs only when the

volume of exol-ved gases approaches the volume of Ëhe magma, and

this can occur cnly under lor+ pressure conditions character|zing

shallov¡-water and subaeríal environments (McBirney, L963; McBirney

and Murase, L97'L). l"Íuch pyroclasEic debris is transported from the

site of original emplacement (Parsons, L969; Fisher 1960b, L96L,

Lg66) by various subaqueous and subaerial processes' In formaËíon

H many of the pyroclasËic rocks have been transporËed short

distances, but they lack bedding and sedimentary structures índícat-

ive of aqueous environments. This suggests rapid deposítion by

subaerial sheet flor¡ or stïeam movement. Also the chaoEic stratif-

ication in lahars of rnenber H-2, whích is similar'Lo lahars in

modern subaerial stratavolcanoes' suggests subaerial emplacement in

erosion channels. If the secondary pyroclastic rocks are large1-y

subaerial, then the primary pyroclastic rocks which occupy higher

topographic areas and are the source for the secondary pyroclasEic

rocks, must also be subaeríal.

The epielast.ic rocks in formation H have a high content of rock

fragmenËs from coeval r:niËs and a restricted extent. Both features

are indicative of subaerial strearn deposition and not of deep-or

shall0w-water marine environments. Ïhe restricted occurrence of chert

and argillite in member H-l whích is mainly prímary and secondary

pyroclasËíc rocks of probable subaerial origin indicates that quieË,

shallow I¡Iater, possibly lucistrine environments occurred during eatLy

stages of caldera filling

The absence of pillorvs, pillow breccía, and hyaloclastic rocks

in flows of formaËions G and H, also suggest subaerial- emplacement.

-87-



-BB-
These sgructures are noË developed ln all subaqueous flows, part.icuLarly

those of more felsic composition, but their total absence in caldera

flows may be an environmental indícator

The nature of clasÈs in sandsËone and conglomeïaËe in thä lower

member of formation I índicates that detrit.us r,¡as eroded from formaËioa

H and, therefore, that the source was sttbaerial. DeposiÈíon of detritus

probably occurred in a subaerial alluvial fan environmeriË at the top

of the caldera.

In summary, the domínance of felsic to intermediate pyroclastic

rocks, the characteristics of secondary pyroclasËic rocks of fluvial

and laharic origins, and the local derivation of formation II and

formation I epíclastic rocks suggest that volcanism r+as largely

subaerial. The origin and extent of the upper member of EorinaEion I"

and the occurrence of chert and argillite in formation H suggest thaË

pyroclastic rocks were emplaced locally in shallorv lakes that forrned

in Èhe caldera during periods of volcanic quiescence.



Duríng the Barly Precambrían, formation H and adjacent units

were regionally metamorphosed under low to ÍÉddle greenschisË condit-

íons (as definecl by l^Iinkler , Lg67). Detailed analysis of this

metamorphism Ís beyond the scope of this thesis. The following

discussion sunmarises textural and mineratrogical characteristics related

to the two main types of volcaníc alteration, and asso-ciated metamorphism:

restrÍcted buff alLeration, and pervasíve recrystaLLízation'

Discordant Ëo concordant buff alteration zones (assembla8e 3t

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

member H-l and the northern proxímal vent facies in rnember I1-4' These

zones are characterized by a ligl'rteT colour, higher muscovite content

and stronge? TecTystall-izaËion. The alteratíon in member H-l has

affected rnainly the upper tuff unít but the thickness of the alteratíon

zone is not knorn¡n because of poor outcrop. The 'alteration in member

H-4 is up t,o 4oo m thick and has affected all rock types in this member

and possibly the lower conglomerate of formation I. srnaller' moÏe

discrete alteration zones occur in flor¡s, and along Ëhe margins of

metamorphosed quarËz veins and fault controlled quarÈz-actinolite veíns

(Adams, Lg76). All buff alteratíon zofles' excepË the discrete zones Ln

flows, have a close spat.íal relationship to metamorphosed Cu, Zn, Pb, A8,

and Au mineralizaËíon.

lufineralogically and texËurally, the remainder of formation H díffers

from other felsic to intermedíate uniËs oî sirnilar metamorphic grade ln

the Favourable Lake metavolcanic-metasedimentary belt (Ayres, Ln

preparation) and from greenschlst facies, felsic to íntermediate meËa-

volcanic rocks at Lake of the I,{oods, northwestern Ontario. The most

important differences characterising forraation H are:

A!IEB4II9I_ AND METAMORPHT sl"Î
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f) Primary textures are less well preserved. in fuff and in some

flows because of pervasive recrystallízation to fine-grainedn

quartz-fel<lspar aggregates. This may in part reflecË a high

prímary glass cofitent, but. Ëhe differences in gror:nclmass

textures of flows cannot be due sinply to differef¡.ces in glass

contenÈ.

Z\ Very fine-graíned biotite is more abtrndaat whereas actioelite

ís generailY abseut-

3) Pervasive muscovite-rich buff alteraÈion zones, which are

charac|erized by stronger distruction of primary texluresr occur.

in proxímal vent faeies sequences.

4) prograde ganÌet occurs ín the n'.usco.¡íie-rich rocks in Ëhe buff

alteration zones.

5) Epidote, which should be a common phase aL thís ne¡anorPhic

grade because of the breakdor,rn of plagioclase, is relativel-y

rare.

6) Pyrite and pyrrhotite are widespread-

These differences musË reflect varia¡ions in one or more of,

1) the nature of Èhe primary rock r:niÈs, as for example glass

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

neÈamorphism-

The differences calrnot be due Ëo regional meta¡lorphism

because pressure and temperature conditions must have been essentially'

the same in formaE.ion I1 as in adjacenÈ units- Furthermore a high

prirnary glass eontent, although possibly responsibie for less well

preserved primary ÈexÈures in Èuff" eannoÈ explain the desÈructíon

of primary textures ín flows and large fragments' nor the r¡idespreaõ

occurrence and habit of biotite. IÈ is thus concluded that Èhe

differences probably reflect a pervasive" pre-neËamorphism alÈeraÈioa
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ËhaÈ was resÈricted to formation E, although the present mineralogy ís

the result of later regional metamorphism. The alÈeration was

apparenËly caused by a fluid phase fhat had unrestricted access and

uobil-ity in forioation E. T,his is most l-ikely duríng or shorÈiy afËer

deposition, when porosÍty was high and the formation still contained

some primary heat and gases which were emitted both from degassing

of ur¡iÈs alrd from the subjacenÈ in^agma ehau,ber.

It is thus lrroposed thaË the alteraÈion was related to coolÍag

ar¡d Ëo fumarolic arrd hot spring acËiv-iËy at Èhe surface of Ehe rmiÈ-

The pervasive biotite-rich alteration represenÈs subsurÍace reastioûs

thaË were facilitated by the high prímary glass conEent. The buff

alËeratíon zones r.¡hieh occur close to proposed source ventsr r¿here

degassing r¿ou1d be most intense' represefìt surface fumarolic or hot-

spriag aetí-rrÍty, Extensioa of the buff alteration zorLe, ín the north

proximal vent faeies of member H-4n into the basal congloneraÈe o-f

formatioa I suggests rapid erosion of forn¿Ëíon E and sedimentatiorr

cor.tenporaneor¡s with hot-spring or frmarolie activ-ity. The extensive

chert arrd ferruginous eherË in the upper u.ember of formatíoc. I

probably reftr-eets eontinued hoÈ-spriag acËitríË¡r-
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Major and trace element chemical analyses (Table 11) rvere

.made on 26 samples (Fig. 5) as fol1or^¡s:

1) 3 samples from mafic to j.ntermediate flows and I sample

from a mafic to intermediate primary lapillistone unit, in formatÍon

G.

2) lt sarnples from felsic to internediate 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 intermerliate pyroclastic and

epíclastic units in all members of formation H, and

4) 2 samples from the quartz diorite intrusic¡n.

Samples 308 and H 3/22 are from wìdespread buff alteration

zones ancl samples 19, 394 and. 423 from smaller but simj.lar zones

in felsic flows.

Barth norms were calculated volatile-free after removing

H^O (total), Co^ and S and recal-culating analyses to l-00 percent-22
Fe^o^/Feo is high in several samples and Fe^o- was therefore23' 23
adjusted to compensate for possible oxidation. The upper limit for

Fe^O^ was determined fromthe following equation (Irvine and Baragart
z5

1971):

%Fe2O3 = ZTiOz+1.5

ff the Fe^O^ value is Less than this, no adjusûnent was made, buÈ.
¿5

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 subsequent metarnorphísm.

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

18, 19, 20, 2L, and 22) show considerable scatter which crudely
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ínrli.cates that formation H has undergone widespread aLbetaXion' as

anticipaËed from mineralogical and texËural studíes. If unaltered'

the plots should shorv relatively small scatter because formations

G and H appear to be erupËed from the same' or closely related'

magma reservoirs. The purposes of Ëhe chernical study hTere to

esrablish, 1) the broacl stratígraphic extent of altera¿íon, 2) the

relationship, if any, between lithoLog:¡ and alteraÈíon, 3) Ëhe

major chemical changes to facilitate classifícation, and 4) a

basis for future detailed studY.

Metasomatism of Precambrian rocks meÈauorphosed uncler greerr-

schist facies conditions can connnonly be detected by hígh ilt0

(total) , COZ and S contents (trrli1son et al . , Lg65). Hor,rever' excepË

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

not indicative of meËasomatism (Table 11). Ideally loetasomaÈísm should

be studíed by cornparing altered samples wíth unaltered equivalents from

similar lithologic units in the same area. This procedure could not be

fo11o,¡ed because of insufficient samples and because the alËeration

appears to have affected all- parts of formation II. Consequently, calc-

alkaline control- suites were sel-ected from boËh r:nmetamorphosed'

Cenozoíc sequences and metamorphosed but apparently tnalt.ered Early

Precambrian sequences (see Fígs. 15 and 17). Calc-alkaline suiËes

were chosen because, after broad adjustments are made for chemícal

changes, the study samples appeaï Ëo be calc-alkaline (Fig. 22)-

Prior to adjustment,, the samples show a wide dispersion and sËraddle

the tholeiite-ca1c-a1ka1ine field bor:ndary on the 41203 - normatíve

plagioclase plot (Fig. 22) and on oÈher diagrans used'for

classifying subalkaline rocks (e.g, Miyashiro, Lg74; diagran noe

shown). Both Early Precambrian and Cenozoic suites were used

because of possible prlmary chemical- differences between Early

-95-



Precambrlan and Celozoic calc-alkalíne volcanism (Baragar and

Gocdwín, L96g; Hart, et 41. L97O; Glikson, I97L; Jolly, 1975).

Major differences pïoposed by Baragar and Goodvrin (1969) are lower

ALZO3, Ferorr NarO and KrO, and higher FeO, MgO and volatiles'in

Early Precambrian rocks compared to Cenozoic equivalents.

Metasomatic changes involving depletion in CaO and NatO,

and both enrichmenÈ and depletion, K2O v¡ere the easiest to detect

(I,igs. 15 and 18; Table 12). Changes in other oxides iere not as

readily detected by graphical techniques, but Ëheir apparent behaviour

can be summarized as follows:

1) SiO2 appears unchanged ín most samples but enrichment is inferred

in several samples,

2) MgO and FeO appear to be depleted ín some samples,

3) dZO: appears unchanged ín most samplec,

4) TiO, and PrO, attear unchanged, and

5) luhrO appears unchanged except in sample 3OB whích is from a buff

alteration zone.

-96-

Changes in lirne and alkalies can be broadly deÈermined on a

KrO+NarO - 41203 - CaO ternary diagram (Fig. 15) ín which formatÍon II

samples show a wíde scatter and are mainly outside of the restricted

field of uualtered Cenozoic and Early Precambrian calc-alkaline rocks.

Most formation H samples plot above the unaltered fíel-d Èoward the

41203 coïner. This could reflecË addition of A1-rO, but excepË for

a fe¡¡ samples, such asr 423 which contains 19.38 percent 41203 (Table 11)'

Ëhe raw chemical data do not support the major additions of AlrO,

METASOI"IATISM

Líme and Alkalíes
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-98-

SiS. 15. Portion of the KZO + Na2O -'OLZOS - 
CaO ternary

diagram showing the wide scatter of the study samples above the

unaltere<l field.

Triangles - formatíon G mafic to íntermediate flowsi . open cLrcLe

- formation G m.afic to intermediate primary lapillistone; squares

- forrnation H felsic to intermediate flows; dots - formation H felsíc

to intermediate volcaniclastic roeks; diamcnds - quartz clioríte intrus-

ive rocJcsi asÈerisks beside samples denote buff alteratíon.

The unaltered field enclosed by the dashed line was determined by

plotting about 85 apparently unaltered buê meËamorphosed, EaxLy

Precambrian calc-alkaline samples (Andrev¡s , Lg'o4; Goodwin , L967 ¡

tsaragar and Goodwin, L969¡ Jolly, 1975î Mcrrice, unpublished) and

about 85 unaltered, unmetamorphosed, Cenozoíc calc-alkalíne

samples fr:om a wide range of ísland a::c environments (Kuno, L959¡

Fiske et a-l L963¡ Ewart and Stípp, L96gi Jakes and White, L969r 1972i

Seigers et al. " Lg6g; Taylor-Lg6g, cí11, L97O: Rubel, L}TL; Píchler and

ZeíI, 79723 Condie and Swenson, L973; Higgíns, L973; Colley and Warden

L974; Ke11er, 1974; Lopez-Escobar, ín press; [iyashí'ro, L974). the un-

alËered field íncludes samples wíth silíca content beËween 5O and 76 per-

cenË. The trend of the field defínes the behaviour of Ëhe Ëhree patar.ettes

\^rith íncreasing SíOZ, r,/íth low SíO, sarnples at the right end c.¡f ehe fíe1d

and high Sio^ samples at the left, end-
¿



necessary Ëo produce the observed data points. Furthermore slmple

addition of A1rO3 would not cause such a vride scatter in the data.

Thus rhis plot reflects mainly depletion of CaO anci alkalies, although

slight additíons of A1rO, may have taken place.

Four formation H samples plot in, but close to the upper

boundary of the unalËered field (Fig. 15). Three of these (38' 183

ar.d 228) have the lorvest A1rO, contents of formation H- sampl.es

(Table 11) and this partly conÈrols their position in the field.

Although it ís diffícult to determine whether the I\LZO3 conLent of

these sarnples is primary or depleted, the posíÈion of these samples

near the upper boundary of the field i-n conjunction vrith lolr 41203

indicates that CaO andfor alkalies are depleted. If CaO and alkalíes

had not been depleted then the sampies shoul-d plot in the lower part

of the trnaltered fiel-d because of their low 4120, contenL.

Two samples (158 and 199) from mafic to íntermediate flows ín

formation G also plot ín the unaltered field (Fig. 15) and lack obvious

changes in the three parameters. One flow sample (160) plots slightly

outside the field due to possíble CaO enrichment. The nafic to

intermediate pyroclastic sample (71) plots above the field as a

result of depletion ín CaO and alkalies.

The semi-quantitative effect of changes in lime and alkalÍes can

be illustrated by reference to Figure 16. In Ëhis figure an r:nalËered

calc-alkaline dacite from Bougainvil-le, Solomon Islands (Taylor , L969) '
which has a sinilar SiO, content (65.1 percent SiO2) to sonÌe of the

formation H samples, has been subjected to various changes. Line 1

shows the shift ín eomposition of the sample as total alkalíes are

depleted and AlrO, and CaO remain constant.. Line 2 shor¿s the effect

of decreasing CaO when the other components remain constant. Lines

-99-
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Fíg. L6. Portlon of tl-re K20 + NarO - Ã1.203 - CaO ternary díagram

showing the effects of changing total a-1ka1íes and CaO rvhen A1rO, remalns

consËarit. An unal-tered ealc-alkalíne dacite (A), with 65.1 percent SíO' from

Bougainville, Solomon Islands (Taylor, L969> is used to illustrate the

changes. The solid arrorüs indicate the directions in r,¡hich the daciÈe

composítion would shift if: total alkalies were clepleted - 
line 1;

lime was ci-epleted 
- 

line 2; total alkalies lrere enriched - line 3; or

lime was enriched - 
line 4. Points â, b, c, d, and e íllustraËe the

effect of specific Ëotal alkalies and lime depletions of tA' and correspond

to the field occupie<i by formations G and H samples in Figure 15. The

changes made for these points are:

-101-
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3 and 4 show respectively the effeets of increasíng alkalies and

inereasing lime r¿ith Ëhe other componenÈs remaining consÈant" Lines

1 and 2 are the most pertinenË to this study because most of the

formation G and H samples plot between these lines above the ,¡naltered

field (Fig. 15) as a result of depletion of both CaO and alkalies r'ríth

41203 remaining constant. The changes are shororr semí-quantitatively Ín

Table L2.

The behaviour of the individual alkali oxides can be examíned

on the a1kali igneous spectTum diagram (Figs. 17 and 18) of Hrrghes

(L972). Hughes studied unaltered ?hanerozoíe igneous rocks, and

found that rock suiËes defined trends with positive slopes on a

KrGl-NarO versus (K2O/K2O+NarO) x 10O ploË. These trends r¡rere

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

spectrum, and i,ríthin r^¡hich all unaltered rocks should p1ot. Stauffer

et a1 (1975) proposed a modíficaËion in Ëhe lower boundary eurve

(Fig. L7) Ëo inclu<ie island-arc tholeiitic rocks prevíously omitted

by Hughes, and this modified bor-mdary is used in the present sÈudy.

According to Hughes (L972), in samples that plot outside the igneous

spectrum prímary, KrO and NarO contents have been modified. Ilughes

also observed that most spilites plot on Èhe NarO side of the ígneous

spectrum (Fig. L7) and have accordingly undergone Na2O meËasomaÈism.

Examinatíon by the author, of 94 EarLy Precambrian, inÈermediate"

calc-alkaline metavolcanic rocks with lor¿ volatile contenÈs, showed

a very wide scatter (Fig, L7) " MosÈ samples plotted either in Ëhe

ingeous spectrum or in the NarO field; many of the samples on Èhe NarO

side of the boundary were i.n the spilite field" The meaning of thfs

distributÍon is not certain. IÈ may refleeÈ KtO depletion or NarO'

addition, or both, of Early Precambrian sarnples r.rhich was not indicated
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Fig. L7. The all<ali igneous spectrum díagram of Hughes (L972,

with the revised lower boundary proposed by Stauffer et aL_ (L9751

to include island-arc tholeiitic rocks. In this diagram samples

with strongly modifíed alkali contents would. plot outsidè the

igneous spectrum- The spilite field as defined by Hughes (L972,

is shown also and. generally fall.s outside of the igneous spectrum.

For comparison 94 metamorphosed but apparently. unaLtered early

Precambrían calc-alkaline volcanic rocks are plotted (Andrews, L964¡

Goodwin, L967 ¡ Baragar and Goodwin 1969; Jolly L975¡ Morrice

unpublished). Many of the samples plot above Hughesr upper bound.ary

and, this may ind.icate either lower primary KrO contents in the Early

Precanbrian samples, or more likely, NarO metasomatism that was not

reccarnized by other tests.

-LOA-



by thelr volati|e contefit (as is Èhe case for the caldera samples) ,

or loTr/e]: primary KrO contents in EarLy Precambrian rocks. MetasomatÍsm

appears to be the mosË acceptable alternative because when Ëhe samples

aïe plotted by geographic areas (not shor,rn ín the diagram) , they stii-l

have a r¡irle scatter and do not define Ërends with positive slopes'

Each geographic aïea represents one or more volcanic suites, and by

analogy with unaltereci suites, each suite should define a <lefínite Ërend

with a positive slope if the 1-ow K2o ís a prímary 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 KrO/NarO ratios indicatíng strong alkali metasomatísm. The nature

of changes in NarO and KrO are shov¡n semi-quantitátjvel.y in Table L2.

I'Iost samples plottíng in the igneous spectTurn (Fíg. l-B) either

have primary KrO and NarO contents, or meLasomatic effecËs have

been minor. Two samples (l-58 and 1-60) from mafic Ëo intermediate flows

in formaÈion G plot close to posítions of sinilar unaltered rocks

srudied by Hughes (L972) and probably have not been affect,ed by a1kalí

metasomatisn (table 11). Forma¡ion H samples, however, are more

scattered and this probabl-y indicates subË1e, K2O and NarO changes.

Although some flows do plot in the siïongly meÈasomaÈised fields, the

predominance of flor¡s over pyToclastic rocks in the igneous sPectrum

field suggests that flows will gíve a better approximation of primary

NarO and KrO contents than pyroclastic rocks. Most formaËion H samples

within the igneous spectrum are flows (Fig. 19). Four flow samples

(18, 37, 26L, and 478) plot close to positions of similar unaltered

rocks srudied by Hughes (Lg72) and would appear to be unaltered (Fig" 18).
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Fig 18, The alka1i igneous spectrum diagram of Hughes (L972)

showing the wide lateral spread of the study samples indicating

a1kali metasomatism, Symbols as in Figure 15. Lines for pure

Naro and Kro metasomatism are shown and arrows and signs denote

directions for addition and depletion.

Unaltered major rcck types from Hughes (L972) are ThB -

tholeiitic basalt, IIal.B - high-a1umína basalt,_AB - alkali-

olivire basalt, And - andesite, Dâ - dacite, ¡IW-Mug - hawaiite-

mugearite

-]-O7-



However, they plot above the unaltered field in Figure 15 índicatíng

snall allcali depletions (fabte 1t). One sample from a buff alteratíon

zone within a flow (3g4) probably had a simílar primary mineralogy Co

sample 18, buÈ ie plots farther away from the positions of siiuilar

unaltered rocks (Ilughes, Lg72), This is probably the result of KtG

enrichment because the Ëïend of the tíe-line para11e1s the pure Kt&

netasomaÈisrn Èrend,. Sample 445 plots in the alkali-basalt fielC

but mineragraphíc r.¡ork indicates that it probably originally plotted

in the dacite field. This divergence is probably a. result of Nar0

a,nd l^rl enrichment because the trend of the tie-line 15 dilreÏ$eni to

those for pure NarO and KrO depletíon.

samples in rhe Naro field (Fie. 18) probably reflects Naro

enrichment (Table 12). This is best shov¡n by sarnples t+76 and 468

from the same flow. The trend of the line joining these two saraples

parallels the trend for pure NarO meËasomatism (Fíg. 18) " Sample

382 has probably r:ndergone KrO depletion in additíon Ëo l'IaZO enríchmerrË

because the SíO, coriËent ís equivalent to that in dacite, and a trine

joiaing the sample to the r¡rialtered dacite field has a divergent trend

to Ëhose for pure NarO and KrO metasomatísu-

Saruples ín the KrO field (Fig. 18) reflect K2O enrichment an,i

-108-

NarO depletion (Table 11) " Thís is illustrated by samples 18 and 19

from Ëhe same flow- A line joiníng these samples defines a Èrend

inËermediaËe between the trends for pure I(rO and pure NarO metasomatíslE'

If formaËion H samples originally ploËted close Ëo Ëhe unaltered

andesite Ëo daciËe trend in the igneous spectrum (Hughes 1972; Fig' t'8)

as mineralogical observaÈions suggest' then shifting of the sanples

to Èheir presenË posítions would define a trend slightly closer to

ÈhaÈ for pure NarO metasomatism. This suggesÈs that NarO dePletísn'



-109-

was slightly more dominant than KrO enrichmenË'

. Four of the five samples from Ëhe sUrongly recrystallized buff

alteraËion zones (Lg,3O8r 423, and Tl3l22) plot fartherest away from

the igneous spectrum boundary in the Kro field. Thís suggests thaË

the intensíty of recrystallization is direcÈly proportional Èo liar0

depietion and KrO enrichment.

ûne mafic to intermediate flow sample (r99) from fornation G

which is chemically sim-ilar, except for higher KrO content, to

sample 160 ín the ígneous spectrum, plots outside the igneous'

speetïum (Fig. 13). This is probably a result of stronger KrO

enrichmenÈ than Na.ro depleti.on because the trend of the tie-line

parallels the pure KrO metasomatism trend'

Table 12 shor,¡s semí-quanËitatively Ëhe effects of líme and

alkali tnetasomatisrn by reference to figures 15, 16 anci 18' CaO and

NarG.l-Kr0 changes are determined by establishing for each sample the

approximate starting point \^Tithin ihe unaltered field in Fígure 15

on the basis of SiO, contenE and using A ín Figure 16 as a control'

The majority of samples (for exampLe,476,47B, and 268) would

probably replot elose Èo A in the unalËered field (Fig. 16) because of

similar SiO, conËents. Thus, the changes in the study samples can be

determined by comparing directly their posiËion outsíde the trnaltered

field in Fígure 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

approxímated by transposing alteration trends from A to the poínt.

Naro and K2o changes are determined from Figure 18. Although ÃL243

conËents may have changed in some samples, they are not shorm ln

Table 12 because they are difficulË Èo quantify" Such changes are

probably snall"



TABLE 12. The nature
relation to normative
and their composition.

of CaO, K20 * NarO, and KrO chanBes and theír
corundum contenË and normatíve plagioclase -

SAÈlPLE
NO.
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C¡TANGES IN

K2C+Na2O Na2O

158

160

199

(1) PyroclasÈic rocks

FOR}ßÎTON G

o

*2o

(ii) Flows

NORrrlÀÎM NOIì1]ÀTIVE PIÀGIO-
coRUsDUr'r crese/cHarce tH

CO}lPOSITION

oooo
oooo
* or- + o

95

183 0

224 o,-
224 O,-
263 Or-

2A5 0

^JUö

342

xfß/22

FORMÀTION H

(i) ryroclastic rocks

o

cr*

o

- o,-l'

-,o *ro
-.Þ
O o,+'

- o,+

o

+

+-
+

IB
*19

370
380

26L O

*394

*423

426 0

445 0

476

474

or*

1.t
o.9
1A

1.3

2.7

fv.f

50. 6

lii) Flows

+ 5o.5

o 30.2

+ 57.2

- 35,5

+ 5O.0

+ 67.8

+ 65.2

- L6.2

+ 55.2

+

+ +

+

f

a4

398

2.9
It

1.8

0.3

o.5
o.9

L9.¿

2.2

¿.9

)Q

Key to S!¡mbols

o = no detecbable change

+ = smal-l increasei

- = small decreasei

(ii) Quartz diorite inlrusive rocks

o 30.1

+ 40.6

+ 43.o

+ 41.0

- L7.4

-r 52.9

+ 64.5

+ 42.L

- L2.O

o 3Ò.1

.t-+

++

-F+ = Iafge increase

-- = large decrease

L.6

L2.3

16.8

* = buf¡ alEeratíon zone



Changes ín lime and alkalies can have profowrd effects on

normative mineralogy. Normative corundum is low or absent Ín

r¡raltered rocks, buË is relatively high in samples that. are strongly

depleted in CaO ar d/or alkalies. These depletions cause e*""r'r de03

because not all of the avaí1ab1e [ZOg should be incorporated in

nonnaËive plagioclase and orthoclase; the greater the depletions the

hígher the normatíve corundr:m content. The same depletions can also

cause higher normatíve qua:..tz conÈents because less SiO, is incorp-

orated ín normative plagíoclase and orthoclase. Líme and alkalí

depletions also affect the nornative plagioclase composiÈíonn which

becomes more albitic if CaO is depleted and Na2O enriched and nore

anorthític if CaO is enriched and NarO depléted. The effect of

Detasoúatism on normative corundum content and normatil-e plagíoclase

composition ís sho'"yn 1n Table 12. The effect on normative quart,z.

is not. shov¡n because the effect of SiO, metasomatisn, as will be

díscussed below, is díffícu1t to determine;

The behaviour of CaO, NarO and KrO in the uajor lithofaeies

of formations G and Il can be surnmarízed as follows:

1) I'fafic to inËermediaËe flows from formation G show only

linited alteration wíÈh possible CaO enríchment in sample 160 and

K2O enrichment and possible NarO depLetion in sanple 199"

2) The single sample of rnafic to intennediaËe primary

lapillistone in fornation G (71) is depleted in CaO and possibly

- 1l_1 -

enriched in NarO.

metasomatism ranging from rn'eak depletj.ons in CaO and alkalies Èo strong

depletion in CaO and NarO, æd moCerate depleËion and. enrichment in KrG.

3) Felsic flows from formation H have undergone variable



+t Pyroclastic rocks from formaE,ion Il have undergone strongeI.

and more w-idespread changes than flows because of their greater

permeability and higher surface area and glass contenÈ. As ín flows

Èhe naÈure of the changes \taryt although ltrost samples shor¡ CaO; and

NarO depleÈion ¡nd both depleËion and.enrichment of KrO'

5) Quartz diorite intrusíons appear to be strongly depls¡s¿

in cao, enriched in Na2o, and possíbly slíghtly depleted in K2o-

6) The buff alËeratíoc zoÏres.are characÈerized by strong CaO

depletíon and either stïong NarO depletion and moderate K2O depletíon

or sËrong K2O enrichment with no detectable change in Naro-

Ferromagnesian Elements and Silica

DeÈerrniaa.ríon of Mgo, Feo (toual) and sio2 variations by

graphical teehniques is díffículË because of" 1) theír wÍde

primary varíatíon, 2) lack of a suitable constafit againsË which

to study these elements, and 3) lack of obviously r:naltered samples-

In Figures 19 and 20 MgO and FeO are plotted agaínst SiOZ. In both

diagrams, the samples shor,f a negaÈíve correlation which may be a

primary feature because this trend characterizes differentíaËedn

tmaltered rock suites, or it may indicate reciprocal changes in

ferromagnesían elemenÈs and SiOr-

This correlation may be a prírnary ieaËure, although Ëhe wide

scatter of poinÈs, Particularly in the 65 to 75 percent SiO2 raûge

indicates 1netasonaÈic modífication. Four samples (19' 3OB, 39t+

a*ð, 423) from Ëhe buff alteraÈiqn zolles have very low MgO and total'.

FeO cofiÈefrÈs. Sample 19 is from Èhe same fl-oçr as sauple 1B and

comparison of these samples, suggests Èhat the buff alËeraÈiori zoûes

represerited by Èhese samples are depleted in MgO and FeO and possibly

enriched in SiO". Aû exception Èo Èhis depletion is sample H3l2Z wtricf¿

-LLa_



7 å160

^lgg

o7l

6

-113-

?4

+H3/22
@

o95

t5B
^À

ñ
;
ts

224 ø

3

' 228
ø

l8a 382
o ts39

2 Sq ø84

37* ¡eB LB3
4 7 BÉ€ ä3OB

^az 6426æ ö';; ;lex394ø u268

55 60 65

rig. L9" Silica - magnesia variation diagram

variation of both silica ancl magnesía contents.

"*+zz

wr.%
70

$ ¡cz

84 45

showing the wide

Synbols as in Figure l_5.



-LL4-

()
q)
tr- ro

bB
!--

i2 o7l

gHZ / ZZ

al9 9

Q6o

*
+j

=

285
224o *95 ø478

rSga 
ffie26f

4lg,a47 6

42;& ,382 FLolB3'v du 38
849439 4a

"?qevvv x3Og
)F4 2 3e @""

@268 
44s

*lg8 @

Fis" 20" sirica - total Feo variation di.agram showing the wide

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

55 60 65 70
wt,o/o si 0 e

75



-115-
appeatrs Èo have been enriched in MgO and Ëotal FeO bec.ause Ë,hese

oxides have the same abundance as ín mafic to intermediate florvs

from fornation G (rigs. 19 and 2O)-

Mafic Èo intermediate florv samples from Eormation G do äoÊ

show MgO, t.oË.al FeO and SiO, changes on these diagrams. A sarrple

(71) from a mafic Èo intermediate pyroclastic trníÈ has a hígher total

FeO conÈenÈ Èhan flor^¡s (Fig. 2O) of equí-valent SiOz col}tent, and the

FeO content maT have been netasomaÈícally increased.

In srrrnary, iË is apparent that.determínaticn of netasornatíe

changes of other elements on SLO, varíatíon diagrnms is díffieult

because of the sËrong possibility thaË SiO, ítself was mobile-

AJ-though the scattered plot of fornaÈíon II sauples is indícaÈive of

metasornãtic ehaage iË ís impossíble to deternine whether !ígO, toÈal

FeO or SíO, r.iere nobile. Changes epn be deternined only in the buff

alteration zones using samples from the same flornr (18 and 19) as

the basis for comparison. These zones appear Ëo be depleted ía

MgO and ÈoËal FeO and enriched in SiO' except sample H3/22 r¡híeh

appears Èo have enriched MgO and total FeO-

CLASSIFICATTON

Classifi.caËion of metasomatized rocks is dífficult urless the

cheuistry can be readjusËed to primary values by comparison with r¡n-

altered equivalenËs- Although this ís obwiously ímpossible in Ëhe

presenË sÈudy, the sarrples can be broadly elassified by deteñLíning

Èhe effeet of chemical changes on classificaËion parateters aud by

couparing Èhe more strongly altered wi.Èh the leasË altered samples.

In Èhe alkalies-silíca diagram of lrrrine and Baragar (L97Lj u all

sarrples ploÈ ín the subalkaline fíeld (Fig. 21). fhe wiàe scaËter

and lack of a definiËe Èrend is due to Betasomatismn buË the meËa-

somaÈism probably merely shifeed poinÈs withín Èhe subalkaliae field*
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The strong alkali depletion in many sarrples (Table t2) could not have

shifted any sanples from the allcalíne Èo Èhe subalkaline fiel-d-

T.he mariuum observed alkali depletion is abouÈ 60 percent and the

raost sÈrongly depleted samples plot irr the lower parÈ of

subal-kaline field.

The subalkaline field comprises tholeiitie and calc-alkalíne

suítes. The mcsË signÍficanË chemical difference beEween these

tsrso suites is rheir ÞJrO, conÈent rvlr:ich ís shor"'n by the ÆZtl-

rrormaÈive plagioclase díagram (Fig. 22j. Even though Early Precambriæ

calc-alkaline meÈavolcanic rocks appear to have lower ÑZOl conÈents

tharr their Cenozoic. cotaterParts (Baragar and Goodwin , L969) Ëhey carr

sEilt be identified on this diagran (frçrine and Baragar, f971)

pearn¡tion E and G sampies are r'¡-idely scattered in Ei-.giure 22

æd plot ín both Èhe tholeiitic end ealc-alkaline fíelds. The vari--

ation is maic.ly in the norneÈive plagíoclase para$ecer and reflecÈs

CaO aad NaZO meËasomatism whj-ch modífies normative plagioclase

conrpositioc" (Table L2> , if &ZO¡ remaíns constaflt- The relatíve

change in normati¡¡e plagioclase composition due Èo this metasomatis¡c

is illustrated in Figure 22 by arron's aËtached to the more altered

salr¡rles- The arrow gíves the direcÈioo in which samples would shifÈ

if normaeive plagioclase couposiÈions were readjusted to their primary

values; the magnitude of shift is not kaown. No arrow is assigned Ëo

sau¡rÏ-es in which the shift is relaËively minor-

-LLI-

Ia formatioc, H weakty metasouatized samples have normatíve plagioclase

composiÈisas beËr,fe"t hZO and AnOO" MosÈ meÈasomatized samples with

higher p.ormative An contenÈs shifÈ Èo lor¿er values r¿hen readjustedt

r¿hereas those ro.iÈh lower An eontents shift to higher values. MosÈ of i

the alÈered saruples would probably reploË in the h2o ao *4O .o*osíËioc
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range and r"ould be in Ëhe calc-alkalÍne fíeld. Of the B formation II

samples in the thol-eiitic fielcl , most r'rou1d shíft into the calc-

alkaline field. Several samples however, especÍally 38, 183r. and

22Brrvould remain in the tholeiitic field because of 1ow AL.O3 contents-

Considering the naLure of formation H, it is r:nlikely that both calc-

alkaline and Ëhoieíitic suiËes are present,. Those samples that

remaín in the tholeiític field after adjustment, probably have been

depleted in Alr0r; these samples have the lowest Al2O3 contents analysed

(Table 11).

Samples frorn mafíc to intermediate flows ín formaElon G also

-LLg-

plot in both the tholeiitic and calc-alkalíne fields (Fig. 22). SampJ-e

158 whích plots in the calc-alkaline fiel-d lacks detectable CaO and

NarO changes, and its normative plagioclase composition (4n43) would not

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

boLh samples have been altered. Sample 160 is apparenÈly enríc1-re<L in

CaO and 199 depleted ín NarO. If normative plagioclase composiËions

(An6O) are readjusted to primary values the samples r'¡ould shift

tor^¡ards the field boundary, but Èhe magnítude of change ís probably

not greaË enough for them to shifÈ into the calc-alkaline field. The

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

normalive plagioclase composition,plots in the calc-alkaline field.

This sample r¿ou1d probably reploË between AnO, and AnUO in the

calc-alkalÍne fie1d. Thus formation G appears to comprise both

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

artifact of alteration. S1-ight changes in A1rO, or more changes ín

normative plagÍoclase composition could result in all samples plott,ing,

in the same field.
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I^lithout knowíng the magnítude of changes in normative plagioclase

compositíon and Èhe degree of MgO and total FeO metascmatism it is

difficult to determíne rock types. However formation H was probably

andesite and dacite and formatíon G probably basalt and andes.ite.

PROCESSES OF METÀSOMATISM

A1 chough T¡racer is an important caLalytic agent in greenschist

metamorphism, pore and adsorbed water probably v¡ill transport- eleoenËs

only a fer" laillimeters (tlinkler, 7967). Therefore" this grade of

met.amorphism ís probably largely isochemical and the rocks are a closed

thermodynamíc system. An exception to this rule occurs when íntensive

shearing accompanies üetamorphísm (Stauffer s! a1, L975). In foruation

H, metamorphic grade is greenschist facies and foliation is not sÈrongly

developed. Yet strong metasomatism has occurled. This anomaly plus

mineralogical features meutioned previously and other features suflmar-

ized below, suggest that metasomatism pre-<lated regional greenschíst

facies metamorphism" These ínclude:

1) the almost ubiquiËous occurrence but varíable extenË, of alteratíon

in formatÍon H,

2) the restrictíon of alteration and strong recrystalLizaXion- to

formaËíon II,

3) the development of the formation in a caldera Ëhat vrould have beea

a natural locus for vent relaÈed hydrothermal activity, such as

hot springs and fumaroles,

4> the dominantly clastic nature and high glass eontent of the formaËíoa

must have made iÈ susceptible Ëo alteratiori'

5) the occurïence of buff alÈeration zones near fonner volcanic

cenÈres suggesting hot spring or fumalolic activity associated

with the vents' atd



6, the cornmon.occurrence of alÈeration in símilar tenozoic

enrrironuents-

Tr,ro types of metasomatism are recognizabTe in formaÈí-on E:

TestricÈed buff alt.eration and more w-idespread, less intense aLtera:uían.

The buff alÈeraÈion zones oecur near proposed volcanic cenEres aË

the top of members H-1 and II-4, as loeal patches r¡rithj,n fLor,us, and

as selvages adjaeenË to faulË-confr:olled qwerxz-aeÈínolite-sulphide

veins Ëhat. may ha-¡e formed duríng volcanism, The location and

intense meËasomatísm of these zoîes suggest that they resulËed frou

locaJ.ized hydrothernal actirrity probably related to fumaroles or

hot springs. The fault-related alteration nay haye had a eouplex

history rs-ith meEasomaLísm begíaníng duríng volcanisu. and concínuíng

Lhrough to regioaal netamor-phísm (Ada-s" L976> "

The more wídespreaC meËasomatism affecÈed mosÈ of fornaËíon I[,

and requíred unlínited nobiliËy of Lhe fluid phase. Thís nobilíry

would have been facilitated by the dour-inanËly clastic nature of the

formationr ¡cd Èo a lesser extent by faults formed dtrríng volcanísrn,

æ.d by flor.¡ features such as autobreccia" internal flow folíaËíoc,

vesicles, ¡nd crackíng of the glass duriag cooling. The fluids maJr

have been l) nagmatic, 2) meÈeoríc, or 3) a combínaËíon of mag-

matic :nd meËeoric. Meteoric vÍaËer probably predomínates ia such

widespread alÈeraÈíon- Thís proposal is based on experirnental sËudíes

(Burha'r¡, A967\:nd recenË studies by Craíg (i966r 7969') of Ëhe Red Sea

and SalÈoa Sea geoÈhernal sysËems i¡hich coneluded that uagmas do noË

conÈaÍn large quar¡Èities of waÈer and thaÈ meteoric water is the

domíoant fluíd phase in geothermal systemc. Cold meteoric water

r+as probably heaÈed by hot couoÈry rocks and by rnixing \d-iÈh

ascending xnagmaÈic gases which would have caused circul-aËion uprrards

- LZL.
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through the porous parts of the formation"

variables, particularly fluid cheur-istry, rock courpositíon, temperature'

pressúre, and tiure. Formation H, prinary pyroclastic rocks aäd flows

apparently consisted largely of glass, a phase parÈicularly unstable

and susceptible to chemical reaction (Boles and coombs, L975) .

Temperature controLs the rate of the reacÈions and, in conjuncÈíon

wiËh porosi¡y, the circulation of the fluid phase. Heat may have

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

diorite íntrusions oï Èhe gnderlyíng magma chamber, 2) retaíned

volcanic heat produced by the concentration and rapid accuuulatíon

and burial of volcanic products in Èhis area, and, or 3) retrograde

hydration reactions whích are exoËhelmic and self-acceleraËíng

provided that matería] can be supplied and removed vrith Ëhe Tate of

reaction (Zen and Thompson, 1974).

The reacLive capaciÈy of the fluids depends upon fiumerous



Aay model- formulaËed to explaín Èhe restrícËed occurrence

of formaÈíoa H must consider, l-) the overall shape of the confining

5Èrueture , 2) the naÈure and origin of laËeral botmdary sÈructures'

3) the naÈure and signficance of volcaníc producÈs o."rrpyirrg th*

sËr6eÈure, 4, co-exterisíve dístribution of the norÈhern proximal

sedírnenËary facies of for¡nation I r,¡íth formation H, and 5) Ehe

resÈríeÈion of pre-greenschÍst facies alteratíon Ëo fonnation I[-

The confiaíng strueËure eould be due Ëo three possible

processes, soule of which could be coubined:
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1) pre-deposiËional erosíoa'.

2, posÈ-depositional tectonic disrupÈioa, or

t) s¡m-volcanic collapse of parx of a vole¡no.

EROSION

FormaË.ion of the depression by pre-deposítíonal erosiorr does

n.oË appear to be a Ëenable model for the follotuing reasons:

t) u.o erosional debris from Èhe und.erlying basaltie sequence

is preseat near the base or margíns of the sÈrucËuret

the sÈructure is bor¡nded by faults, and

the model iuposes Do constraints for resËrícting felsíe

Ëc inËermedíaÈe volcanism to the depressíoo and sueh a.

relationship would be fortrriËous-

TECTONIC DISRUPTIOIS

rì.

3)

The meÈasedimenÈary-EeËavolcaníc sequence has undergone tectonie

defornatisn and the resÈricted oeeurrenee of formation E nay be

Èhe resulË of tectonic faults" The ends of the formaÈíon are

ÈnmeaÈed by faults (Fig. 5) " but" Èhe age of the faults is r.u¡-

cerÈaín- S¡rn-vclcanic faults are r¡r¡doubÈedly present ía the '

mp¡si.6lg=nie sequence but they would be difficult to recoFcise



because of subseque.Et uetamorphi.sm and deforn¿tion- Furthermore

nÉrrly synvolc¡níe faults were prebably reaetivated during tectoÊic

deforsation. Because of this potential reactivation of old faults

Ëectonie farrtt ltrovemeEt is, noË a- priori evidence that the f,ault

is of, Ëeetor¡í c. oiri.gi.n-

Study of fault trac.es botndíng the forrnaËion is hampered by

pootr exposure- The fold,ed norLh end of the formaÈion is trun'caËed

by a. nor:tih Ëo, no,rdre.ast-treudü¡g faultr (EiC- 5) thaË has major l¿69

tectonic novernierrt probably. posg-datírlg fo'I-ding. Iloweve'r, |ulae

fault couf-d. have beerr initíated much earlier-

- L2â, -

Fauf.t relatíonships aË rlie south end of formaËions G' E æð

I are complex (FiS- 5). The t4rper bor-mdary fault bifurcaEes dcv¡nr,rards-

Iire southern bra¡rciì i5 ¡qsl l exposed in outcrop as a cataclasËie ar¡d

schistoze zo11e up Lo l0m wide" and folíations in .adjacer:tr rÛcÎ€s

parallel the fault trend. The norther:'n branch is not exposed aad

iËs p,resence is Í-nterprreÈed fro¡c abrupt ]-ateral faeies changes ír't

adjaeenË roeks- Regional sÈu¿y b¡r- Ayres (in preparation) suggesËs

tfuat these fau[ts are trurrcaËed on the ]ou¡er (east] side by a f'aÈe

no,rEh-trrendíng fanr]-È that is bestr developed iIr graaiEic batholiths

south of SetrËing trIeÈ Lake- Thís faulË a{tparertly termínaËes

ítrnmedíaËely uo,rr:h o,f tlíe upper bo,rmdary' fauf-ts (Fig. 5) - trn the

lower parÊ of tJie sequenee the boundary faults trend northeasË acd

east *r¡d are offset abotrË 6OOm no::eh of, tfue upper botrrdary fautr'ts

(Brg- s) - Tte drownr¿ard (easmrard) exÈenË of the lor,uer bormdar¡r

fautts is nog lborøn becan¡se of poor orxËclrop and Íaerusioe by ttre

SetË1Ð.g Net Lske sËock- The faultrs atre overlaie by the upper ParË

of tlre seque4ce *n,d tftere ís no apparect offseÈ in the overlying r¡niËs-

T,he açrparel3È tnmcatíon of the lswer botm.dary far¡lts by the



upper part of formaEion H could be explafned by trn/o tecËoníc models:

1) the upper and. lower boundary faults \^/ere once the sarne buË were

offset by the laËer north-trenclíng fault, or 2) the lorver boundary

faulÈs and north-trending fault formed an íntersecÈing pair bãunding

a mafic wedge. Both models appear untenable because there is no

evidence for the northward extension of the north-trending faul-t"

.Furthermore, the first model requires left lateral movemenË al-ong

the north-trendí.ng fault, but work by Ayres (in preparation)

indicates that movement further souËh is dominanËly right 1ateral.

Therefore, the offset between the upper and lower boundary faults

is probably not a Ëectonic feat,ure. The lower southern bor:ndary

faults are nost likely slmvolcanic and related to deposi-tion of

formation H.

AlËhough Ëhe upper southern boundary faults have undergone

tectoníc mo-¿ement, truncatj-on of formati'ons H and I entírely by late

faults is difficulL Ëo explain unless there was considerable lateral

t.ectonic movemenË in reference to the orígínal horizontal surface.

The tectoníc model ímposes no constraints for the near-venË

characËer of formation H and the facies distri-bution r¿ithin the

formatíon, the restricted depositional environment of formatíon f,

or the pervasive pre-greenschist alteraÈion restricted to fornation H"

VOLCANIC COLLAPSE

Because of the shortcomíngs of the prerrious models, ít Ís

proposed thaË the structural depression is a cross-section of an

overturned caldera or graben formed by volcanic collapse. Calderas

formed in this $iay are quasi-circular depressions greater than 1.5 kre

in diamet,er (Macdonald, lg72) and associated wiÈh pre-.*i"tirrg venËs,
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whereas vol-canj-c grabens are linear down-faul Eed depressions commonly
::'

assocíated r^¡ith rift. zones. lhe overall shape and dÍmensions of the i

cross-section of the structural depression are compatíbl-e with those

of recent calderas such as vatukoula, Fiji (Denholm, L966), Aoba

(I,/arden, 1970) and Ambrym (t'tccall et al, L97I), New Hebrides, and

Krakatoa, Indonesia (will-íams, L94L; tr^Iilliams and McBirney, 1968).

Although the orígin of the boundary faults is difficult to

deterrnine because of tectonic deformatíon, available evidence indícates

that the lower boundary faults at the south end of formations G and H

are s)mr,/o1canic. Units in the upper part of formation H extend

acïoss the faults without apparenË offset. The apparent truncation

of formaËion G and the lower par¡s of formaËion H thus reflects

deposition within a caldera formed by collapse; the boundary fault

was the wall of the caldera. The amor:nt of collapse on this boundary

$/as about 1OOO m. The upper boundary faults have undergone tectoníc

movement, but they probably also represent the original caldera boundary.

The offset betr¿een the southern upper and lower boundary faults suggests

outward enlargemenÈ of the caldera as volcanism continued. Thus the Ëota1

collapse aË the south end would be 160O m. The thinning of formatíon

H northward suggests thaE the eollapse vras analogous to Ëhe trap door

type of caldera (Ridley, L97L) in which collapse is concentrated on one

side v¡ith the other being hinged.

Formatíon H is a vent facies with source venLs located within

the st.ructure as in numerous recent cal-deras. Thus, this model-

explains the restricted nature of the felsic to inËermediate volcanísm.

Following tennination of the volcanism, the caldera I^Ias apparent.ly

st111 a negatÍve area and this controlled the distríbution of formation I.
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The cross-sect.íon through the caldera provides an opportunity

to study the nature and significance of infillíng producËs and history

of volcanism (Fíg. 23).

Stage 1. Early subaqueous to subaerial shield-buílcling mafic voLcanism

(formation E) "

Stage 2. Following termination of mafic vol-canism there r,tras a híatus

durÍng r¡hich formation F was deposited. Volcanism resumed

to the north wíth the construction of a major pyroclastíc

cone (northern part of formaËion G).

Stage 3. Collapse at the summit or on the flanks of the shield volcano;

resËrícted volcanísm wj.thin the caldera. During collapse the

nature of the volcanism changed, producing effusive to

explosive mafic to intermediate products (scuthern parË

of formation G) followed by ciominantly explosive felsic to

intermediate products (fornation H) which infilled most of

the caldera. Collapse occurred in a series of stages EhaË

more or less kept pace with ínfilling.

Stage 4. CessatÍon of felsic to intermediate volcanism and collapse,

follorved by fumarolic activity and rapid erosion of the

upper part of formation H. Detritus rvas deposited in an

alluvial fan and shallow-waÈer environmenÈ confined by Ëhe

Ëop of the cal-dera.

Stage 5. Quiescent ínterval during which chert, tuff, and argillite

were deposited in a lake confined by the caldera.

Simil-ar caldera collapse on shíe1d volcanoes wíth subsequent

volcanism resËricted to the caldera have been reported from cal-deras

in the Hawaiian Islands (l^Ifllíams and McBirney, 1968), Masaya caldera,

Nicaragua (Wtl1íans and McBlrney, 1968), Ambrym (McCal-l et al L97L)

and Aoba (I{arden, 1970) calderas, New Hebrides. In many recent
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STAGE 2

¡
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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

dísta1 vent facies of format.ion H not only elucidares thej

phases an<l nature of volcanism, but also the relationship between the

phases of volcanism and stages of collapse forming the caldera. The

apparent lack of collapse breccias (Lipman, L976) and the stratigraphic

rel-ationships within formation H suggest that volcanism and collapse

were synchronous. Although it is difficult to determine the mechanism

controlling collapser synchronous volcanism and collapse probably

indicate that collapse resulted from the eruption of felsíc

to intermed.iate products within the caldera, thereby removing support

from the underlying mag-ma chamber.

The southern part of formation G and member H - I represent

the first major period of volcanism which was associated v¡ith 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 explosive, felsic to

intermediate phase became the d.ominant phase. Although the northern

margin of the caldera probably formed during this period of collapse' it ís

obscured by subsequent faulting and the intrusion of quarbz diorite

and gabbro sills. Collapse appears to have been greatest at the

souLhern margin of the caldera. Proximal vent facies units and the

majority of sourcê vents are near Èhe southern margin of the caldera

and the qnits are Ëhickest in the south because of accunulation against

the ¡¿all of the caldera or differential collapse. These units decrease,

in thickness to Ëhe north and ínterfinger with distål vent facies

units in the northern part of Ëhe caldera.
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Member H-2 compríses effusive and explosíve felsic to intermediate

phases and represents the second major period of volcanism; it extends

most of the way across the present cross-section of the caldera' f-t

ís the only member expos.ed at the north end of the caldera which may

indícate that this períod of volcanism was accompanied by a second

period of collapse which enlarged the caldera northward. Source vents

are near the northeïn margin of the caldera and as a result, proxímal

vent facies units accumulated against the r.rall of the caldera' To the

south the proximal vent facies interfingers with distal vent facies

lahars which evenËua11y pinch out neaï the southern ntargin of the caldera.

Member H-3 occurs in the southern and cenËral parËs of the

caldera and is a dístal vent facies which Tepresents the third major

period of volcanism. Although proximal vent facies trnits are not

exposed in the present cross-section of the member, the thick accumu-

lation of pyroclastic rocks suggesËs that volcanisn rvas dominantly

explosíve. The southern part of the member accumulated againsË the

souËhern wall of the caldera rshích nay indicate further collapse on

this margin, during this períod of volcanism. The northrvard thinning

and event.ual pinching out of the member suggests that collaPse \¡las

greatest in the south and central parts of the caldera.

l{ember H-4 occurs .in 
Ëhe southern and central parËs of the

caldera and represents Ëhe fourth and fínal major period of volcanísm

and collapse. The member consists of a northern and southern proximal

venÈ facíes and a central distal vent facies. Stratigraphic relations

indicate that volcanísm was earll-er in the north than in the south'

The northeïn vent facies, which forms a nodífied coner 
]as 

produced by

doninantly explosive volcanism. There does not aPpear to have been
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concomit,ant. volcanie collapse. The southern proximal r¡ent facíeso

wtúch was produced by both explosive and effusive volcanísm, overlies

the inítial southern boundary of Èhe caldera because collapse aË

this stage enlarged the caldera southward. Units ín this. facíes

accr¡mulated againsÈ the upPer, southern wal1 of caldera because

of the close proxinity of source vents Èo the margin of the

caldera.

AcÈive volcanism was follornred by a period of fumarclic aad

hot spring activity and erosion of formation IL DeËritus ín Ëhe

lovrer part of formation I r,ras deposited in alluvi aL fa¡ and shallow-

\¡rater environments confined by the top of the caldera v¡h-ich had not

been completely filled by volcanisn. This period of sedimenËatíorr

was followed by a tnoïe qu-iescent period of 1 acusLrine sedimentatioû

represented by the upper parÈ of for¡nation I. The lake was

probably within Ëhe northern ParË of the caldera"

The location of many of the source vents near the nargins of

the caldera may indicaËe that they are related Èo borndary faults

controlling collapse, as in the Masaya caldera, Nicaragua (I^Ii11iaus and

McBirney, 1968)-

Evidence for collapse has noÈ been found in formations thaE

r¡ncierlie forma¿ion G. This does noÈ discor:nt the collapse model because

1) slmvolcanic bor:ndary faults would be difficult to locaËe in meta

basaltic sequerices because of theír uniforrn appearanee and poorly

defined sÈrat,igraphy, 2) bor-rndary faults may have been desËroyed

by felsic and mafic inËrusiotls (Fig. 1), or 3) more líke1y there

was major offset along the SetËing Net Creek fault (Fig- 5).



In the past, volcanological research ín Early Precambrían meta-

volcanic -metasedimentary sequences has focused mainly on regionai 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 ímportance of detailed stratigraphic analysis for dec-ipher-

ing volcanological development of Early Precambrian volcanic sequences.

This type of analysís 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 internediate vent facies sequence occupying a volcanic

depression, probably a caldera, steeply overturned by Late Precambrian

isoclinal folding. The formation consists predominantly of a complex

accumulation of felsíc to intermediate pyroclastic rocks that, despi-te

recrystallization during regional greenschist facies metamorphism, can

be broadly subdivided into primary and secondary types. trrimary 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 fragiments that were transported from their
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otiginal sight of emplacement during or shortly after the eruptive stage

and prior to lithífication. Glass and pumíce are rare in secondary pyro-

clastic rocks because they are readily broken down during t.ransportatÍon.
Transportation 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 adh

to instability. TransporËation that probably involved reworking by
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sheet, rill, and strean erosíon and mass movement by debrís fl-ows can

be recognized in formation H.

On the basj-s of major, systematic, vertical , líthologic chairges

and genetic variations, four vent facies members can be tu"ogrrir.d.

The members in Lurn are subdívíded into proximal venË facies and distal

vent facies on the basís of lateral 1íËhologic and genetíc variatlons.

Proximal vent facies comprise flows and priruary pyroclastic rocks Ehat

urere deposited close to source vents. Distal vent facies comprise

prímary tuff, fluvial and laharic pyrocl-astic rocks, and minor vol-canic

epiclastic rocks that were deposited further arvay from Ëhe source vents.

Both of these subdivisions are useful because they elucidate the history

of volcanism, the relationship betv¡een volcanism and volcaníc co1-lapse,

and Ëhe location of source vents in the cross-section of the caldera.

The members represent four major períods of vo.lcanism, each of whích

rÀras apparently coeval wíth a period of collapse. Collapse was probably

Ëhe trapdoor type wíth the magnitudes of collapse being greater at the

soutlì boundary of the caldera than at the norËh. The concentration of

proximal vent facies near the northern and southern bor:ndaries of the

caldera indicate that source vents were located in the caldera and

that they were peripheral features some of rrhich may have been related

to boundary faults controlling collapse. Felsic t.o intermediate

volcanism r¿as,dominantly explosive, except in the proxímal vent facies

in member H-2 and the southern proximal vent facíes in member H-4 where

effusíve phases r¡/ere as equalty imporËant as explosive phases. Following

volcanism formation I sediments deposited ín shallow-water and alluvial

fan environments confined by the Èop of the ealdera whlch had not been

completely filled by volcanism.



Fel-síc to intermedíate volcanísm \,/as apparently subaerial . This

is tndícated by the compositíon and explosive naLure of volcanísm, the

absence of pillows, the high degree of reworking in distal vent facies,

the absence of submarine sed.imentary feaËures, the local o."Ltt.rr"u

of conglomerate in formation H, the probable deposition of many lahars

in erosíon channels, the erosion of the upper part of formatíon Il, and

the deposition of extensive formation I conglomerate in an alluvial

fan environüent.

TexturaLLy, uineralogically, and chem:ically, formation H differs

frou other greenschist facies felsic Ëo intermediaEe metavolcanic rocks

in the area, strggesËing thaË it underwent an episode of metasoruaËism

prior to Ëhe regional- metamorphic event and probably duríng volcanism.

Textural and mineralogical features include intense destruction of

prímary textuïes, high biotite content, presence of rnuscovite-rích

buff-alteration zones, widespread pyrite occurrence and the locaI

pïesence of garnet in the buff-alteration zones. Chemícally there is

a marked depletion in lime and total alkalies, and depletion and

enrichment in NatO and K2O, and magnesia and total íron appear to

have been rnobile. fsolated changes in silica could not be proven

bu¿ can not be discounted. The origin of metasomatísm was probably

hot spring actirrity'

Classifícation of metasomatised samples is meaningless r¡nl-ess

chemical changes can be determined. ltrhen these changes were Èaken

ínto account iÈ was found thaË formation H rrras originally calc-alkaline'

andesite and d.aciËe although samples no\,r span the tholeíitic Èo calc-

alkalíne fiel-d boundary.

-L34-
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